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Extracellular vesicles (EV) are secreted by all cell types in a tumor and its microenvironment (TME) and play an essential
role in intercellular communication and the establishment of a TME favorable for tumor invasion and metastasis. They
encompass a variety of vesicle populations, among them the well-known endosomal-derived small exosomes (Exo), but
also larger vesicles (diameter >100 nm) that are shed directly from the plasma membrane, the so-called microvesicles
(MV). Increasing evidence suggests that MV, although biologically different, share the tumor-promoting features of Exo in
the TME. Due to their larger size, they can be readily harvested from patients’ blood and characterized by routine methods
such as conventional flow cytometry exploiting the plethora of molecules expressed on their surface. In this review we
summarize the current knowledge about the biology and the composition of MV as well as their role within the TME. We
highlight not only the challenges and potential of MV as novel biomarkers for cancer, but also discuss their possible use
for therapeutic intervention.
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| 1. Introduction

On the basis of various characteristics, ranging from size, biogenesis, cell of origin, morphology, and content, EV are
categorized into four main classes: endosomal-derived small exosomes (Exo) (50-150 nm), plasma membrane-derived
middle-sized microvesicles (MV) (100-1000 nm), and large oncosomes (LO) (1000-10,000 nm), as well as apoptotic
bodies (500-4000 nm) that are released from dying cellsii2. Aithough commonly used to categorize EV, this classification
has been challenged by recent evidence demonstrating that, for instance, the Exo contain further subtypes with different
biological and biochemical propertiestZl.

While much attention has been paid to the role of Exo in cancer, the function of the larger MV is still poorly defined. This
seems surprising, since MV, in contrast to Exo, are easily accessible in patients’ blood and are characterizable by routine
methods that should make them ideal candidates for “liquid biopsies”. Additionally, MV have long been known for their
involvement in metastasis formation. This was initially attributed to their procoagulant activity, favoring the formation of
microthrombi and facilitating the extravasation of the thus captured circulating tumor cells (reviewed in4l). However, more
recently, accumulating evidence points to a plethora of different ways in which MV are involved in the various steps of
tumor progression.

| 2. Preparation of MV

In order to decipher the role of MV in cancer development and progression, effective methods are required that allow for
the stringent isolation of pure MV populations from different cell types and biological fluids. A major caveat in MV research
is that the currently available isolation methods potentially co-isolate LO or Exo, yielding a mixed population of EV. This
may explain many of the apparently conflicting results in the field of EV research. To address this major challenge, new
technologies are under development, but they are not yet suitable for laboratory use. In an endeavor to standardize the
experimental procedures and limit experimental variability in the field, scientists of the International Society of Extracellular
Vesicles (ISEV) published a position paper indicating the appropriate methods for isolation of EV from cells or biological
fluids and highlighting the current knowledge and major caveats of these procedures®. A variety of methods are available
on the basis of different principles for enriching the various EV subpopulations, including density gradient centrifugation,
size-exclusion chromatography, precipitation via volume-excluding polymers, immunoaffinity capture methods, high-
pressure liquid chromatography, field flow fractionation, and flow cytometry2l€l,

To date, differential centrifugation is still the method of choice for isolating MV since it yields a reasonably good separation
of MV from Exo with regard to protein and RNA content as well as functionlZBI&, |n principle, samples are spun down at
2000 g to initially pellet large EV such as LO, followed by centrifugation at 10,000-20,000 g to sediment the middle-sized
MV, while ultracentrifugation at 100,000 g leads to a harvest of small ExolSl. Although ultracentrifugation has been



criticized for inducing vesicle aggregation and thus affecting downstream applications2IL2l  these studies were
conducted on the 100,000 g Exo pellet. It is unclear to what extent these problems also apply to the 10,000 g MV pellet as
well. Another popular method to separate EV from contaminations with non-vesicular proteins or RNA aggregates is
ultracentrifugation of EV samples on density gradients. However, the typically used sucrose gradients lack sufficient
resolution to separate EV that have slightly different densities and are released by different mechanismsl23l. Since the
density of MV and Exo is comparable, they cannot be separated on sucrose gradients easilyld. Likewise, precipitation
methods such as protein organic solvent precipitation (PROSPR) have been demonstrated to co-isolate MV, but the
preparations were mainly enriched in smaller Exo, with MV being only a minor side population®!. Immunoaffinity capture
methods rely on antibodies for specific EV surface markers that are coupled to beads and used to isolate specific vesicle
subpopulations. Due to the current lack of specific markers for MV, this method has been scarcely used for the
preparation of MV. Currently, novel micro-/nano-based devices for MV isolation from clinical samples are being developed
(reviewed inl2l). However, one major problem is that the thus isolated vesicle preparations have often been poorly
characterized and it is unclear whether they yield MV with a purity comparable to sequential centrifugation protocols. The
same applies to methods originally established for Exo isolation such as precipitation or size-exclusion chromatography.
While none of the currently available isolation procedures for MV and Exo yield pure vesicle populations, but rather MV- or
Exo-enriched fractions, more effective techniques that separate pure MV from Exo might help to shed light on their distinct
cell biological features such as biogenesis, uptake, and cargo trafficking routes. Then again, from a clinical viewpoint, the
isolation of pure MV populations might not be absolutely necessary for their use as biomarkers, since recent studies have
demonstrated the potential of MV for cancer diagnostics or therapy monitoring, even when the preparations contain some
smaller Exo.

No matter which method is chosen for EV isolation, the researchers of the ISEV community highly recommend validating
the obtained EV by different techniques®. This includes the analysis of marker protein expression comprising (i)
transmembrane, (GPl)-anchored, as well as cytosolic EV marker proteins (e.g., CD63, CD9, Alix, Syntenin, Rgap1, along
with negative controls consisting of (ii) non-EV co-isolated proteins (e.g. ApoB, albumin), (iii) proteins typically present in
non-EV subcellular structures such as the Golgi or endoplasmatic reticulum (e.g., GM130, Calreticulin, histones), and (iv)
secreted proteins (e.g., collagen, epidermal growth factor (EGF), interleukins). Moreover, EV should be characterized by
at least two distinct techniques including their visualization by, for instance, electron or atomic force microscopy, as well as
the analysis of their biophysical properties via, for example, nanoparticle tracking analysis (NTA) or Raman spectroscopy.
Nanoparticle tracking analysis (NTA) is the most suitable method for analyzing the isolated MV in terms of quantification
and sizing. NTA tracks the Brownian movement of laser-illuminated particles and calculates the diameter based on the
Stokes—Einstein equation&. While NTA remains the most commonly used method for quantitative MV analysis, other
methods such as tunable resistive pulse sensing or dynamic light scattering are also availablel™. However, a major
limitation of these methods is that they cannot efficiently analyze larger vesicles and that they do not yield any information
on the molecular composition of the MV. They are, therefore, combined with other methods such as tunable resistive

pulse sensing and Raman spectroscopy or NTA with fluorescence labelling to obtain more information about the isolated
MV,

A major caveat in MV research is that the currently available isolation methods potentially co-isolate LO or Exo, yielding a
mixed population of EV. This may explain many of the apparently conflicting results in the field of EV research. To address
this major challenge, new technologies are under development, but are not yet suitable for laboratory use. In an endeavor
to standardize the experimental procedures and limit experimental variability in the field, scientists of the International
Society of Extracellular Vesicles (ISEV) published a position paper that indicated the appropriate methods for isolation of
EV from cells or biological fluids and highlighted the current knowledge and major caveats of these procedures!®!.
Furthermore, the researchers of the ISEV community highly recommend validating different techniques for various cell
types and biological fluids. A crowdsourcing knowledge base was established to create further transparency with regards
to experimental and methodological parameters of EV isolation (http://evtrack.org)t8l. This platform encourages
researchers to upload published and unpublished experiments, thereby creating an informed dialogue among researchers
about relevant experimental parameters. This represents a major step in facilitating standardization in EV, as well as MV,
research.

| 3. Biogenesis of MV

MV directly bud off from the outer cell membrane. The shedding process comprises molecular rearrangements of the
plasma membrane regarding lipid and protein composition as well as Ca2+ levels. Ca2+-dependent aminophospholipid
translocases, flippases, floppases, scramblases, and calpain drive the translocation of phosphatidylserine from the inner
to the outer membrane leaflet, which is considered a typical characteristic of MV (comprehensively reviewed inltl),
Apoptotic bodies, which are larger in size, also externalize phosphatidylserine on their surface22l, Therefore, the



isolation of MV should be conducted solely from healthy and viable cells to avoid contamination with apoptotic bodies,
which otherwise can be difficult to discriminate from MV. Ca2+ levels regulate membrane rigidity and curvature and
maintain physical bending of the membrane, which leads to restructuring and contraction of the underlying actin
cytoskeleton enabling MV formation and pinching (reviewed inl22). MV formation and release are also affected by the
lipids ceramide and cholesteroll23l. Neutral sphingomyelinase activity, which hydrolyses lipid sphingomyelin into
phosphorylcholine and ceramide, was shown to be involved in Exo and MV release. Inhibition of the enzyme led to a
reduction in Exo release, while simultaneously increasing MV budding'?4!, which suggests that the release of both EV
subpopulations is interconnected, albeit on the basis of distinct biogenetic mechanisms.

In addition to lipids, enzyme machineries involved in cytoskeletal regulation play a key role in MV formation and budding.
One example is the small GTPase protein ADP-ribosylation factor 6 (ARF6), which stimulates phospholipase D (PLD) that
subsequently associates with extracellular signal-regulated kinase (ERK) at the plasma membrane. ERK activates a
signaling cascade downstream of the myosin light chain kinase (MLCK) that results in contraction of actinomyosin and
enables MV release22l. Similar to MV, LO are thought to derive from the plasma membrane. However, in contrast to MV,
the shedding of LO has been exclusively attributed to aggressive cancer cells that have acquired an amoeboid phenotype
to facilitate motility and invasiveness (). Other Rho family small GTPases such as RhoA and RHO-associated protein
kinases are equally important regulators of actin dynamics relevant for MV formation/28!. In addition, the endosomal
sorting complex required for transport (ESCRT), which is mainly known for its role in the biogenesis of Exol&d, is also
involved in MV formation and the last phase of their release. Interaction of arrestin domain-containing protein 1 (ARRDC1)
with the late endosomal protein tumor susceptibility gene 101 (TSG101) results in relocation of TSG101 from the
endosomal to the plasma membrane, which then induces the release of MVI28!,

| 4. Membrane Composition of MV

EV-mediated cell-cell communication requires targeting and uptake into the recipient cell to deliver the bioactive cargo,
which then induces functional and phenotypical changes. These events depend on the composition of the EV membrane,
as surface molecules on EV are responsible for binding and docking to recipient cells2J2%, The molecular composition of
the MV membrane closely resembles that of the parental cellBl. It is enriched in phospholipid lysophosphatidylcholine,
sphingolipid sphingomyelins, acylcarnitine, and fatty acyl esters of L-carnitine®2. ARF6, a key regulator of MV biogenesis,
was shown to mediate MV surface molecule selection by recruiting proteins such as R1 integrin receptor, major
histocompatibility complex (MHC) class | and Il molecules, membrane type 1-matrix metalloproteinase (MT1-MMP),
vesicular SNARE (v-SNARE), and vesicle-associated membrane protein 3 (VAMP3) to tumor MVI22l. Moreover, the
bioactive cargo of MV depends on the conditions the parental cells are subjected to, such as inflammation or other
stressors. An additional example is hypoxia, which induces recruitment of the RAS-related protein Rab22a to the site of
MV budding in breast cancer cells, thus influencing MV formation and loading!22!,

Since both LO and MV are derived from the plasma membrane, it is not surprising that some transmembrane proteins are
present on either of these EV. Analysis of protein marker expression on LO and MV revealed a common signature,
underlining the fact that the definition of MV-specific markers remains challenging. Of note, some of the markers initially
thought to be specific for Exo, including tetraspanins (CD9, CD63, CD81, HSP60, HSP70, HSP90), membrane
transporters and fusion proteins (annexin, flotillin), and multivesicular body (MVB) synthesis proteins (Alix, TSG101) were
also found in varying amounts on MV and LOW. The fact that, despite their different routes of origin, EV share some
common surface molecules and MV-specific markers are still lacking represents major challenges in EV research. It
further emphasizes that to correctly characterize EV populations it is indispensable to combine a variety of parameters in
addition to marker expression, such as size, sedimentation coefficient, and others.
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