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Background

Extracellular vesicles (EVs) are particles wrapped in a lipid bilayer membrane and are
naturally released from cells. This kind of cargo vessel is a nanostructure, which mainly
transfers lipids, proteins, various nucleic acid fragments, and metabolic components to
neighboring cells or distant parts of the body through the circulatory system. EV is of
great significance to the communication mechanism between cells. This Special Issue
aims to collect articles to enhance our understanding of the biological characteristics of
EVs and their potential applications. It features a set of high-impact articles from leading
experts in the field. Through a rigorous peer-review process, a total of nineteen articles
were accepted, including eight original research articles, ten review articles, and one
communication article.

Biology of EVs

Menck et al. [1] summarized the current knowledge about the biology and compo-
sition of microvesicles (MV), as well as their role in the tumor microenvironment (TME).
Increasing evidence shows that although MVs are biologically different, they have the
tumor-promoting properties of endosomal-derived small exosomes in TME. Due to their
larger size, they can be easily collected from the patient’s blood and characterized by
conventional flow cytometry using excess molecules expressed on their surface.

Żmigrodzka et al. [2] reviewed the biogenesis and cargo molecules of platelet extracel-
lular vesicles (PEV), as well as their effects on cancer progression. During platelet activation
or apoptosis, PEV is formed, which presents a highly heterogeneous EV group and is the
most abundant EV group in the circulatory system. Since the role of platelets in cancer
development is well known, and PEV is the most abundant EV in the blood, its possible
impact on cancer growth has been strongly discussed. The crosstalk of PEV can promote
proliferation, change TME, and promote the formation of metastasis. In many cases, these
functions are related to specific cargo molecules transferred from PEV to recipient cells.

Today, in multiple studies exploring TME, the interaction between tumors and macro
phages is certainly interesting. Among them, tumor-associated macrophages include a
subgroup that has a variety of tumor-promoting effects (including general immunosup-
pression) in tumor development, which can be identified based on the high expression of
mannose receptor/CD206 [3].

Radiation affects not only target cells, but also neighboring cells that have not been
exposed to radiation. This response is described as radiation-induced bystander effects
(RIBE). Molecular communication between irradiated and unirradiated adjacent cells can
trigger RIBE and out-of-field (distance) effects. Cagatay et al. [4] evaluated the changes
in the spectrum of exosomes and the role of exosomes as possible molecular signaling
mediators for radiation damage. After 24 hours and 15 days of irradiation, exosomes
derived from the whole body or partial body of irradiated mouse organs were transferred
to recipient mouse embryonic fibroblast (MEF) cells. The changes in cell viability, DNA
damage and calcium, reactive oxygen species, and nitric oxide signals were compared with
exosome-treated MEF cells from unirradiated mice. Their results showed that whole and
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local irradiation would increase the number of exosomes and induce changes in MEF cells
treated by exosomes.

EV Isolation and Characterization

Many isolation techniques typically discard large EVs in the early stage of sEV or
exosome isolation protocols. Johnson et al. [5] described the stepwise separation and
characterization of large EV subsets in a medulloblastoma cell line using fluorescent light
microscopy, transmission electron microscopy, and tunable resistance pulse sensing. They
developed a labeling and strict gating strategy to explore the expression of EV markers
(CD63, CD9, and LAMP 1) on a single EV in a wide heterogeneous population. Their
data strongly support the exploration of large EVs in clinical samples to obtain potential
biomarkers, which are very useful in diagnostic screening and disease monitoring.

EV concentrations often result in low final yields or severe contamination of vesicle
samples, which greatly limits further applications and data reproducibility, and contami-
nation greatly affects a wide range of functional studies. Simon et al. [6] described a new
combination of three well-known methods (size exclusion chromatography (SEC), Western
blotting, and transmission electron microscopy) to obtain medium to high yields of EVs
while reducing protein contamination. They believe that this method may have great
benefits for in vitro and in vivo functional studies.

Efforts have also been made to standardize the separation and characterization tech-
niques of sEV. Current protocols often result in the co-separation of soluble proteins or
lipid complexes with other EVs. Bordas et al. [7] reported an optimized protocol for the
isolation of sEV from human and murine lymphoid tissues. To separate sEV from freshly
resected human lymph nodes and mouse spleen, two different methods were compared:
(1) ultracentrifugation on a sucrose density pad and (2) a combination of ultracentrifu-
gation and SEC. The purity of sEV preparations was analyzed using Western blotting,
nanoparticle tracking analysis, and electron microscopy. Their results clearly demonstrated
the superiority of SEC in improving the yield and purity of sEV.

On the other hand, it is questionable whether clinical laboratories can conduct in-
depth research through flow cytometry to evaluate EV surface cargo in various diseases.
Lucchetti et al. [8] reported the difficulty of evaluating small and medium-sized EVs
through traditional flow cytometry. Running a sample of medium EVs stained with
equal amounts of Calcein-green and Calcein-violet, they found that the cluster detection
produced false double positive events. This phenomenon was significantly reduced by
sample dilution, but it was not completely eliminated. In addition, running highly diluted
samples required a longer cytometer time. Their findings question the routine applicability
of traditional flow cytometry in EV analysis.

Therapeutic Potential of EVs

It is well known that the potential use of EVs as therapeutic agents lies not only in
their cell membrane-bound components but also in their cargo. Jurj et al. [9] highlighted
the characteristics of EV involvement in cancer cells, paying special attention to those
molecular processes that were affected by EV cargo. In addition, they explored the role
of RNA types and proteins carried by EVs in triggering the drug resistance phenotype.
Interestingly, in various in vivo and in vitro studies and multiple clinical trials, engineered
EVs have been proposed as therapeutic agents.

The composition of exosomes and the possibility of interacting with cells make exo-
somes a multifaceted regulator of cancer development. Lorenc et al. [10] discussed the role
of tumor-derived exosome (TEX) in the progression of prostate cancer and the potential
use of exosomes in the management of prostate cancer. The biophysical properties of EVs
(such as stability, biocompatibility, permeability, low toxicity, and low immunogenicity)
are the key to the successful development of innovative drug delivery systems. EV has
enhanced circulation stability and biological barrier permeability, so it can be used as
an effective chemotherapy carrier to improve the regulation of target tissues and organs.

2



Int. J. Mol. Sci. 2021, 22, 9586

Exosomes can deliver different types of cargo and target specific cells. They may help
deliver chemotherapy drugs, natural products, and RNA-based cancer gene therapy [11].

The combination of ultrasound and microbubbles has been shown to trigger cancer
cells to release EVs. Yuana et al. [12] used microbubbles-assisted ultrasound (USMB) to
load the model drug CellTracker green fluorescent dye (CTG) or bovine serum albumin
coupled with fluorescein isothiocyanate (BSA FITC) into primary human endothelial cells
in vitro. They found that USMB loaded CTG and BSA FITC into human endothelial cells
and triggered the release of EVs containing these compounds in the cell supernatant within
two hours after treatment. The amount of EV released seems to be related to the increase
in ultrasound acoustic pressure. They concluded that USMB can load model drugs into
endothelial cells and trigger the release of EV-carrying model drugs, highlighting the
potential of EV as a drug nanocarrier for future cancer drug delivery.

Sun et al. [13] elaborated about the role of EV in the development of cancer therapeu-
tics. They emphasized that some EVs (such as tumor exosomes) have a tumor-homing
tendency, which has led to the use of EV as a drug carrier to effectively provide cancer
treatment. The results of preclinical research and early clinical trials were mainly reviewed.
For example, a phase I clinical trial designed to evaluate the ability of plant sEVs to prevent
oral mucositis during chemotherapy and radiotherapy of head and neck cancer revealed
the potential of using plant sEVs to reduce side effects during cancer treatment. It was
also reported that isolating fibroblast-like mesenchymal cell-derived sEV and loading
siRNA or shRNA targeting KRAS mutation (KrasG12D) could more effectively inhibit the
progression of pancreatic ductal adenocarcinoma in vitro and in vivo compared with other
drug carriers.

Interestingly, human breast milk (HBM) is an irreplaceable source of nutrition for
early infant growth and development. Kim et al. [14] reviewed the various components
of HBM (especially exosomes and miRNA) and their therapeutic potential for cancer.
Milk-derived exosomes play a variety of physiological and therapeutic functions in cell
proliferation, inflammation, and immune regulation, mainly due to their cargo molecules
(such as proteins and miRNA). Exosomal miRNA is not affected by enzymatic digestion
and acidic conditions, and it plays a key role in immune regulation and cancer. In addition,
milk-derived exosomes have been developed as drug carriers for the delivery of small
molecules and siRNA to tumor sites.

Although cancer treatments encounter physiological obstacles in TME, they must be
delivered to their target to improve efficacy and reduce toxicity. Choi et al. [15] summarized
the biological function and therapeutic potential of exosomes as diagnostic biomarkers and
drug delivery vehicles for cancer treatment. They also explored whether exosomes could
be used as effective nanocommunicators to promote drug design for personalized cancer
immunotherapy.

Despite the tremendous technological advances in the treatment of head and neck
squamous cell carcinoma (HNSCC), the overall survival rate is usually low. Ebnoether
and Muller [16] summarized the diagnostic and therapeutic applications of exosomes in
HNSCC. They also reviewed the impressive preliminary results obtained in recent studies.

Since TEX is involved in the crosstalk between cancer and immune cells, it plays a key
role in suppressing the anti-tumor immune response to promote tumor progression. Most
of the available information about the molecular composition and function of TEX was
obtained using small EV (sEV) isolated from the supernatant of cancer cell lines. However,
new data linking plasma TEX levels to cancer progression focuses on TEX in the peripheral
circulation of patients as a potential biomarker for cancer diagnosis, development, activity,
and response to treatment. Zebrowska et al. [17] published an article on the signaling
of melanoma cell-derived sEV, with particular emphasis on exosome-mediated signal
transduction between melanoma cells and the host immune system. They argue that the
signaling of TEX may impact melanoma progression.

Dobra et al. [18] initiated the first proteomic study comparing whole-serum and serum-
derived sEV. They aimed to determine the characteristic protein fingerprints associated with
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central nervous system (CNS) tumors. A total of 96 human serum samples were obtained
from four patient groups (glioblastoma multiforme, brain metastases from non-small-cell
lung cancer, meningioma, and lumbar disc herniation). Among the 311 identified proteins,
10 whole serum proteins and 17 serum-derived sEV proteins showed the highest difference
between each group. A total of 65 proteins were significantly enriched in serum-derived
sEV samples, while 129 proteins were significantly reduced compared with whole-serum
sEV samples. Based on principal component analysis, serum-derived sEV was more
suitable for distinguishing patient groups and has a greater potential for monitoring CNS
tumors than whole-serum sEV.

Glioblastoma is a devastating disease, and there is an urgent need for biomarkers that
can predict prognosis. Tzaridis et al. [19] analyzed a set of serum microRNAs (miRNAs)
in the EV from glioblastoma patients and examined their relevance to the prognosis of
these patients. Using RT-qPCR and CD44 immunoprecipitation (sinusoidal endothelial
cell + CD44), the levels of 15 miRNAs in EVs separated by SEC were compared with
those of glioblastoma patients and healthy volunteers. Combining miR-15b-3p in serum or
miR-106a-5p in CD44 immunoprecipitation EVs with any of the other three miRNAs in
CD44 immunoprecipitation EV could stratify the prognosis of glioblastoma patients.

Transporting the biologically active cargo of MVs to target cells can affect their fate
and behavior and change their microenvironment. Szyposzynska et al. [20] evaluated
the biological activity of MV derived from human immortalized mesenchymal stem cells
of adipose tissue-origin (HATMSC2-MVs) against two ovarian cancer cell lines ES-2 and
OAW-42. They prove that HATMSC2-MVs can effectively metastasize to ovarian cancer
cells and inhibit cell proliferation, apoptosis, and/or necrosis through different pathways,
which may be related to the presence of different anti-tumor factors secreted by ES-2 and
OAW-42 cells.

Conclusions

We hope that all these efforts will improve our understanding of the EV world and
provide some insights into its potential clinical applications. With its multiple encapsulated
macromolecules and powerful extraction platform, we envision a more comprehensive
understanding of EV biology through multi-omics approaches.
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Abstract: Extracellular vesicles (EV) are secreted by all cell types in a tumor and its microenvironment
(TME), playing 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.

Keywords: microvesicles; biomarker; cancer; tumor microenvironment; therapy

1. Introduction

Tumor development is a multistep process that is accompanied by various cellular reprogramming
events in which cells acquire the hallmarks of cancer cells to gain and sustain abnormal growth and
invasive capacity [1]. The complex process of tumor formation and spreading not only depends on the
tumor cells themselves but also requires rewiring of the surrounding stromal cells. This can be induced
by cell intrinsic events (genetic or epigenetic aberrations) or by external factors originating from direct
cell–cell contact or from indirect cell communication. While soluble factors, such as chemokines,
cytokines, and growth factors, have long been known for their role during tumor development,
extracellular vesicles (EV) have recently attracted increasing attention as mediators of intercellular
communication. Conserved from prokaryotes to eukaryotes, the secretion of EV is observed in all
cell types [2]. The term EV encompasses all types of secreted membrane-enclosed vesicles, which are
highly heterogeneous. 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 cells [3,4]. Although 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 properties [5]. In order to avoid terminological
ambiguities, the term “small EV” was coined for EV harvested at > 100,000 g. However, since most
authors still use the term Exo, we will adhere to this nomination throughout the review.

In cancer, EV have been shown to be essential for various steps during tumor initiation and progression.
By horizontal transfer of bioactive molecules between cancer cells and the neighboring stroma, EV interfere

Int. J. Mol. Sci. 2020, 21, 5373; doi:10.3390/ijms21155373 www.mdpi.com/journal/ijms7



Int. J. Mol. Sci. 2020, 21, 5373

with signaling and regulation of gene expression in the recipient cell. Thus, the malignant cells can
convert the phenotype of surrounding benign cells into a tumor-supporting one and create a favorable
environment for cancer progression and metastatic spread. 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 in [6]). However, more recently, accumulating evidence points to a
plethora of different ways in which MV are involved in the various steps of tumor progression.

In this review, we discuss the current knowledge about the role of MV during cancer
development and shed light on how these insights can be exploited clinically for cancer diagnostics.
Moreover, we highlight the divergent features of MV compared to Exo as cancer therapeutics and
illustrate the various ways in which MV can either promote or counteract cancer therapy. For this
purpose, we specifically included studies in which EV were harvested at 10,000–20,000 g and collectively
refer to them as MV.

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 [7]. 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 cytometry [7,8].

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
function [9–11]. In 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 Exo [8]. Although ultracentrifugation has been criticized
for inducing vesicle aggregation and thus affecting downstream applications [12–14], 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 mechanisms [15]. Since the density
of MV and Exo is comparable, they cannot be separated on sucrose gradients easily [11]. 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 [16]. 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
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(reviewed in [17]). 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 [7]. This includes the analysis
of marker protein expression comprising (i) transmembrane, (GPI)-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 [18]. 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 available [19]. 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 [19].

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 [7]. 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) [20]. 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 in [21]). Apoptotic bodies, which are larger
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in size, also externalize phosphatidylserine on their surface [22,23]. 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
in [24]). MV formation and release are also affected by the lipids ceramide and cholesterol [25].
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 [26], 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
release [27]. 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 ([4]). 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 Exo [29], 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 MV [30].

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 cells [31,32]. The molecular composition of the MV membrane closely resembles
that of the parental cell [33]. It is enriched in phospholipid lysophosphatidylcholine, sphingolipid
sphingomyelins, acylcarnitine, and fatty acyl esters of l-carnitine [34]. ARF6, a key regulator of
MV biogenesis, was shown to mediate MV surface molecule selection by recruiting proteins such as
ß1 integrin receptor, major histocompatibility complex (MHC) class I and II molecules, membrane
type 1-matrix metalloproteinase (MT1-MMP), vesicular SNARE (v-SNARE), and vesicle-associated
membrane protein 3 (VAMP3) to tumor MV [27]. 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 [35].

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 LO [9]. 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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5. Role of Cancer-Associated MV and Their Protein Cargo in Tumor Progression

EV-mediated cell–cell communication within the tumor microenvironment (TME) is highly
complex and has recently been comprehensively reviewed in [36,37]. The role of EV in promoting
tumor progression has mostly been elucidated in studies on mixed populations of EV without focusing
on a specific subpopulation. Therefore, the specific contribution of MV in this complex process
remained enigmatic for a long time. However, with increasing awareness of the presence of large MV,
accumulating evidence has begun to unravel the tumor-promoting role of MV in TME communication,
as described below by selected examples. The function of MV largely depends on their bioactive
cargo, in particular the shuttling of tumor-specific proteins to the surrounding cells. While researchers
initially concentrated on the role of nucleic acids transported via EV (e.g., DNA, mRNA, or miRNA),
the focus has more recently shifted towards the analysis of the EV proteome. The protein content of
MV has been found to be strikingly different from that of the Exo proteome and is enriched in proteins
involved in microtubule/cortical actin and cytoskeleton networks, ARF6, its effector phospholipase D2,
and parts of the ESCRT family (ESCRT-I) [27,38]. Carrying these bioactive cargo molecules, MV are
able to influence either the adjacent tumor cells in an autologous way or the neighboring stromal cells
in a heterologous kind of cell–cell communication.

MV-mediated autologous communication transfers oncogenic traits between tumor cells, resulting
in enhanced tumor growth and progression. One example is multiple myeloma in which MV shed by
the cancer cells were shown to enhance tumor cell proliferation and thereby stimulate tumor growth [39].
Interestingly, this effect was related to the enrichment of the extracellular matrix metalloproteinase
inducer (EMMPRIN/CD147) on the tumor MV. This protein is known to be frequently overexpressed
in solid tumors as well as in some lymphomas and leukemias [40]. In line with this finding, another
study in breast cancer cells showed that the highly glycosylated isoform of EMMPRIN in particular
is present in high levels on breast cancer cell-derived MV and stimulates tumor cell invasion via
activation of p38/MAPK signaling [11]. Strikingly, a similar, high-EMMPRIN expression was also found
on blood MV from patients with metastatic breast cancer where it was co-expressed with the tumor
marker Mucin-1 (MUC1/CA 15-3) [11]. Another tumor-specific factor implicated in pro-tumorigenic
tumor–tumor crosstalk via MV is the truncated oncogenic form of the epidermal growth factor receptor
(EGFR), EGFRvIII, which is commonly expressed in aggressive brain tumor cells. It was shown
that MV secreted by U373 glioma cells contained EGFRvIII, enabling them to transfer malignant
characteristics from highly aggressive tumor cells to EGFRvIII-negative, more benign tumor cells,
thereby promoting their oncogenic transformation [41]. Hence, MV are convenient communicators
within the TME that can either mediate the horizontal transfer of oncogenic material or activate
oncogenic signaling pathways in neighboring cancer cells, stimulating their proliferative, survival,
mitogenic, and angiogenic potential and shifting them to a highly invasive phenotype.

In addition to tumor–tumor communication, MV were also found to mediate reciprocal crosstalk
between the tumor and the surrounding stroma cells. Such heterologous interactions were observed,
for instance, between tumor cells and surrounding immune cells, being seemingly essential for cancer
immune evasion. As shown for breast cancer cells, the secretion of both tumor MV as well as Exo
induced the expression of Wnt5a in tumor-associated macrophages. Macrophage Wnt5a was then,
in turn, delivered to breast cancer cells via macrophage-derived MV and Exo, where it activated
ß-catenin-independent Wnt signaling, leading to increased tumor invasion [42]. This example
indicates that EV-based cell–cell communication can occur bidirectionally in a reciprocal loop and
reprogram tumor-associated immune cells towards a tumor-supporting phenotype. The finding that
MV-enriched preparations isolated at 50,000 g induced the differentiation of monocytes producing the
anti-inflammatory cytokine IL-10 further supports this notion [43,44]. In line with this, early stimulation
with tumor MV triggered macrophage polarization towards an anti-inflammatory phenotype with
decreased anti-tumor cytotoxic potential [45].

Apart from macrophages, other immune cells can be affected by MV, such as the T cells. As T
cells represent the first line of the immune defense, tumor cells seem to have established strategies
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to suppress T cell activity and dampen antitumoral immune response by exploiting MV-mediated
cell–cell communication. For instance, leukemia-derived MV deliver miRNAs to T cells, which then
interact with their targets, resulting in a T cell exhaustion phenotype [46]. Moreover, MV released
by irradiated breast cancer cells were shown to carry an increased amount of immune-modulating
proteins, such as programmed cell death ligand 1 (PD-L1). Via transfer of this immunosuppressive
protein, tumor MV inhibited cytotoxic T cell activity and enabled tumor growth [47].

Tumor cell-derived MV were also shown to modulate fibroblasts in the tumor stroma. Stimulation
of fibroblasts with prostate cancer MV converted them to an activated phenotype and triggered the
release of tumor-promoting fibroblast MV [48]. Similar observations were made in oral squamous
carcinoma when normal human fibroblasts were treated with tumor-derived MV [49]. In this study,
the switch to cancer-associated fibroblasts (CAF) was mainly mediated via metabolic reprogramming
of the fibroblasts to aerobic glycolysis, with an increase in glucose uptake and lactate secretion.
Co-culturing the generated CAF with oral squamous cell carcinoma cells again led to enhanced
cancer cell invasion and migration. Interestingly, MV-induced fibroblast activation and spreading
seems to occur in particular in the stiff matrix environment that is typically found in the tumor
periphery [50]. Tumor MV are also able to modulate angiogenesis within the primary tumor. In a study
on a mixed population of MV and Exo, normal endothelial cells were found to endocytose tumor EV,
which activated PI3K/Akt signaling and promoted the motility as well as the tube formation activity
of the endothelial cells [51]. As the pro-angiogenic factor vascular endothelial growth factor (VEGF)
has been found on MV and Exo, this might be one important factor contributing to the stimulatory
effect of tumor MV on endothelial cells [52]. Of note, MV transport a unique 90 kDa form of VEGF
that has only a weak affinity for bevacizumab, the clinically used monoclonal anti-VEGF antibody,
which might thus be ineffective in blocking MV-mediated activation of the VEGF receptor (VEGFR) [53].
Similarly, MV derived from multiple myeloma cells were shown to transfer CD138, a myeloma cell
marker, to endothelial cells. This stimulated the endothelial cells to proliferate, invade, and secrete the
angiogenic factors IL-6 and VEGF to promote tube formation [54]. Taken together, these observations
emphasize the important role of MV in tumor–stroma crosstalk during tumor progression.

Using the same mechanisms as discussed above, MV were found to modulate the surrounding
environment beyond the primary tumor by shaping the formation of pre-metastatic niches over long
distances. In pancreatic cancer, tumor MV were able to enter the liver microcirculation and extravasate
through the vessel wall in a CD36-dependent manner where they were taken up by perivascular
macrophages and primed the liver metastatic niche [55]. Furthermore, the highly metastatic melanoma
cell line B16F10 releases large amounts of tumor MV into its surroundings. These MV were found to be
able to induce metastasis formation in BALB/c mice, which are normally resistant to the B1610 tumor
cell line [56]. Metastatic niche formation might be essentially influenced by tumor MV uptake into
organ-specific macrophage populations, and this uptake seems to be further influenced by systemic
changes such as inflammation [57]. However, further in vivo studies are required to characterize
the uptake kinetics and to clarify which cells are specifically targeted by tumor MV during systemic
spreading. In summary, an increasing number of studies confirms that MV play a critical role in
cell–cell communication within the TME and support local tumor growth and progression as well as
tumor spreading to distant sites through the priming of metastatic niches (Figure 1).
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Figure 1. Microvesicles (MV) shaping the local tumor microenvironment (TME) and distant metastatic
niches to promote tumor growth. On the one hand, MV shed from the plasma membrane of
tumor cells act in an autologous way on other tumor cells by transferring oncogenic cargo and
stimulating pro-tumorigenic signaling. On the other hand, MV are able to mediate heterologous
cell–cell communication by acting on cells present within the TME, such as macrophages, T cells,
fibroblasts, or endothelial cells. As a result, these cells become activated and change their phenotype
to enhance tumor growth. Once the tumor has gained access to the circulation, tumor MV can be
distributed throughout the body and mediate cargo transfer and cell–cell communication at distant sites.
This induces the formation of pre-metastatic niches that offer a favorable environment for subsequent
seeding of tumor cells in secondary organs.

6. Analysis of MV in Peripheral Blood

MV have been successfully detected in almost all body fluids, including saliva [58], urine [59],
cerebrospinal fluid [60], breast milk [61], ejaculate [62], synovial fluid [63], bronchoalveolar lavages [64],
and blood, wherein they were described as early as 1967 by Peter Wolf as “platelet dust” [65].
The advantage of body fluids apart from blood is that they contain MV specifically enriched for the
cancers drained by them. Nevertheless, some of these liquids are either difficult to obtain or provide
additional methodological problems. For instance, MV in urine are of special interest as biomarkers
for urothelial cancers. However, their isolation poses two additional challenges: (1) the most abundant
protein in urine, the Tamm–Horsfall protein, associates and co-precipitates with EV, and (2) standard
protocols pre-clear urine samples at 17,000 g to deplete the urinary sediment, and thus also deplete the
MV contained within. Therefore, the number of studies on MV in urine meeting the criteria mentioned
in the introduction is very limited. Since blood is the most thoroughly studied body fluid, as well as
the most likely application route for using MV with regard to diagnostic and therapeutic interventions,
we chose to focus this review on MV in blood.

When isolating MV from blood, several studies have shown that the choice of anticoagulant
used for blood collection has a critical influence on the obtained MV, although the results seem to
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be contradictory. While the use of protease inhibitors, either sodium heparin or a mix of hirudin
supplemented with a factor Xa inhibitor, was initially recommended because of the high number of
preserved MV [66], other reports have argued for the use of sodium citrate since the lower numbers of
MV might point to less artificial MV shedding [67]. In contrast, Jamaly et al. recently used various
anticoagulants to isolate MV and measure their total plasma concentrations by NTA without finding
any significant differences in numbers [68]. Apart from total MV numbers, the isolation of MV from
serum drawn into lithium heparin tubes seems to result in the aggregation of platelet-derived MV,
with sticky vesicle pellets and a reduction in platelet MV numbers, thereby specifically affecting
certain MV subpopulations [69,70]. In addition to the anticoagulant, other preanalytical factors such as
centrifugation, temperature, freeze–thaw cycles, or agitation can influence MV in blood samples,
which should be taken into account when setting up isolation protocols for clinical studies [66,67,71].
However, long-term storage of plasma samples without repeated freeze–thaw cycles seems feasible
without significant MV loss [67,69,72]. Another important factor for the analysis of large MV in blood
is the initial removal of platelets and blood cells to obtain platelet-poor plasma (PPP). Since PPP is
often prepared by centrifugation at 2500–3000 × g, this step might result in a significant loss of larger
MV, which already pellet at this force [9]. It has been proposed that two centrifugation steps at 1500× g
might be preferable for MV isolation [70]; however, more elaborate sorting methods might be required
to specifically isolate larger EV from blood.

A current study by Brennan et al. compared different EV isolation methods, including
ultracentrifugation, density gradient centrifugation, and size exclusion chromatography, as well as
different combinations thereof, for their potential to isolate EV from plasma [73]. While none were
found to be clearly superior, the authors showed that the isolation method significantly affected
the yield, size, and degree of contamination with serum (lipo)proteins [73]. This must therefore be
considered carefully on the basis of the planned downstream application. Unfortunately, the study
was conducted on whole EV preparations, and thus it is again unclear whether the results are also
applicable for larger MV. A novel approach to specifically reduce the contamination of plasma EV
preparations with lipoproteins is to use anti-apolipoprotein B (ApoB) antibody-coated magnetic
beads prior to EV isolation [74]. However, the method might lead to a high loss of vesicles.

The preferred method for analyzing MV from clinical samples is flow cytometry because of its
wide availability in most labs and clinical centers, its capability for rapid preparation and acquisition
of a large number of samples, as well as its potential for standardization. Since the size threshold of
standard flow cytometers is ~300 nm (see [75] for a current instrument comparison), this allows the
quick measurement and quantification of MV protein expression in contrast to Exo, which have to be
coupled prior to analysis to larger latex beads following a time-consuming protocol. Protocols exist for
staining of single or multiple markers on plasma-derived MV for flow cytometry [76,77]. Even though
flow cytometry might not allow the detection of very small MV <300 nm and thus not reproduce
the whole spectrum of MV in blood, several studies have successfully demonstrated the potential
of flow cytometry for measuring MV-associated cancer biomarkers, as discussed in detail below.
However, analysis of MV samples by flow cytometry bears several pitfalls, and the settings should be
chosen with care to avoid misinterpretation of the results [78]. When measuring MV by flow cytometry,
their presence should be confirmed by additional methods such as NTA or electron microscopy as the
correct sizing of vesicles by flow cytometry can be challenging [79]. When discriminating MV from
background noise using annexin V staining, the use of saline was recommended since the routinely
used PBS seemed to create artificial nano-sized vesicles and could thus lead to false positive results [80].
Another pitfall is that the insoluble fraction of immune complexes and MV have overlapping size
profiles, which might interfere with their flow cytometric analysis. To confirm that MV and not immune
complexes are measured, samples can be treated with low concentrations of detergents (e.g., 0.05%
Triton X-100), which lyse MV, thus resulting in a loss of signal in contrast to immune complexes that
keep their fluorescent signal [63]. Recently, another label-free approach called flow cytometry scatter
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ratio (Flow-SR) has been introduced to discriminate MV <500 nm from lipoprotein particles, which are
highly abundant in plasma samples [67].

Apart from flow cytometry, there are protocols for surface profiling of plasma MV by antibody
microarrays. However, this is a semiquantitative method and thus more useful for initial screening of
patient samples for the expression of potential novel biomarkers [81]. In summary, the current studies
have shown that isolation and analysis of MV from human biofluids, such as plasma, is feasible using
standard laboratory equipment. However, it is clear that transparent reporting and standardization
of protocols are highly important for implementing and translating MV as novel biomarkers and
therapeutics into the clinic [82,83].

7. MV Levels in Cancer Patients

Most studies have focused on measuring total MV levels in the plasma of cancer patients. In this
context, it must be kept in mind that tumors can secrete large numbers of apoptotic bodies under
therapy due to the massive induction of apoptosis in the tumor tissue. Apoptotic bodies can have a
similar size as MV and are equally characterized by an externalization of phosphatidylserine, a marker
that is often used to identify MV by flow cytometry. Hence, care should be taken to include only
patients prior to treatment into these studies. While the observed results are very contradictory,
the majority of reports have documented increased MV levels in cancer patients compared with healthy
controls. Augmented MV levels have been detected by flow cytometric quantification, mostly using
TruCount Beads, in the plasma of patients suffering from gastric cancer [84], lung cancer [85], breast and
pancreatic cancer [86,87], and colorectal cancer [88], as well as in most hematologic malignancies
including chronic lymphocytic leukemia (CLL) and multiple myeloma [89–91]. The same trend
has been confirmed for hepatocellular carcinoma by measuring MV protein levels by bicinchoninic
acid assay (BCA) [92]. In contrast, two studies investigating heterogeneous cohorts of patients with
different types of advanced cancers did not detect significant differences in total plasma MV numbers
by flow cytometric quantification or analysis of MV protein content [69,93]. Similar observations
were made by a novel capture/imaging approach in glioblastoma patients [94]. Another report
quantified the total number of annexin V+MV by flow cytometry and found a significant decrease of
MV levels in patients with colorectal cancer and benign colorectal diseases compared with healthy
controls [95]. The discrepancy between the observations might be due to the methods used for MV
quantification, the composition of the patient and control cohorts, or diverging effects in different cancer
subtypes. Patient selection criteria and the clinical setting of sample acquisition (before/during/after
treatment) are not always conclusively reported in the studies, which could be another reason for the
heterogeneous results.

While the increased levels of MV in hematologic malignancies could be explained by additional
vesicle shedding from the large numbers of cancer cells in blood, the source of the elevated MV counts
in solid tumor patients remains undefined. In these patients, plasma levels of tumor MV might depend
on the access of the tumor to the circulation or might originate from other blood cell populations as a
reaction to the growing tumor. Other limitations are that all the studies are either single center studies;
include a very small number of patients; or have compared MV levels between cancer patients and
younger, healthy controls. It was recently found that total MV levels were higher in healthy, untreated
elderly than in younger individuals, which might have biased the results [96].

An argument for a specific increase in MV levels in cancer patients is that MV levels seem to
increase with advanced tumor stages and have been found to be elevated in late stage metastatic
breast cancer [86,87], colorectal cancer [88], hepatocellular carcinoma [92], or CLL [90] compared
with early stage patients. Of note, a significant increase was already observed in stage I colorectal
cancer patients compared with healthy controls [88]. In line with this, total MV levels decreased
1 month after surgery in hepatocellular carcinoma patients and have thus been suggested as a potential
diagnostic biomarker [92]. Moreover, higher MV levels in blood might additionally serve as a
prognostic biomarker since they were found to correlate with a poor clinical outcome in glioblastoma

15



Int. J. Mol. Sci. 2020, 21, 5373

or CLL [90,97]. In contrast, in lung cancer, an increase in MV in blood was associated with better
progression-free survival [85]. An interesting finding was the detection of very large vesicles (1–14 μm),
measurable with the established CellSearch system used for the analysis of circulating tumor cells
(CTCs) [98]. These epithelial cell adhesion molecule (EpCAM)+/cytokeratin CK+/CD45- large vesicles
without nuclei were present at frequencies one order of magnitude higher than CTCs and were elevated
in the plasma of prostate, breast, and colorectal, but not lung cancer patients, with high numbers
correlating with shorter overall survival [99]. While these vesicles have not yet been validated to be
“true EV” using the MISEV guidelines, their discovery might represent one additional opportunity of
translating EV as biomarkers into the clinic using an instrument already applied in diagnostics.

8. MV as Cancer Biomarkers

The growing number of in vitro studies demonstrating that cancer cells shed large numbers
of EV with tumor-specific material has fueled interest in using EV as biomarkers in the clinic.
Most investigations thus far have focused on the detection of tumor-derived vesicles within the
complex mixture of plasma EV. This seems to be a promising strategy for gaining information about the
genetic makeup of the tumor and identifying targetable characteristics, in particular for solid tumors,
which are not directly accessible without invasive procedures (e.g., pancreatic cancer, glioblastoma).
In contrast to the classical soluble “tumor markers” in the serum, MV also allow for detection of
non-secreted, membrane-bound, or even intracellular molecules. Thus, the MV-based liquid biopsy
enlarges the spectrum of detectable tumor-associated factors that could help not only with regard to
diagnosis but also with accurate patient risk stratification and therapy monitoring. Since tumors seem
to gain access to the circulation quite early [100], tumor MV in blood are believed to be of potential
interest as early diagnostic biomarkers. In contrast to the extremely sparse CTCs, they are present
in significantly greater numbers, which might improve detection sensitivity. Recently, tumor EV,
consisting of a mixture of small and large vesicles, were shown to be able to pass the intact blood–brain
barrier in an orthotopic glioblastoma xenotransplant model of human cancer stem cells as well as in
glioma patients [101]. In line with this finding, EV carrying tumor-specific alterations were detected in
the blood of patients with low-grade glioma, most of whom still had an intact blood–brain barrier [101],
thus further supporting the concept of using EV as early cancer biomarkers. Another important
point is that tumors are known to be highly heterogeneous [102], a circumstance that currently gains
more and more attention with the novel single cell analysis technologies. While a biopsy taken
from a limited area within the tumor only partly mirrors the molecular composition of the whole
tumor, EV are believed to give a more comprehensive picture. This might apply also to patients with
advanced, metastatic cancer, considering that metastases often differ from the primary tumor, as well as
among each other, and might thus express different markers or potential therapeutic targets [103,104].
Interestingly, an early study in glioblastoma described the detection of oncogenic EGFRvIII transcripts
in plasma-derived EV in two patients who had been diagnosed as EGFRvIII-negative on the basis of a
tumor tissue biopsy [105]. Thus, it may be speculated that EV might mirror tumor heterogeneity more
accurately than limited biopsies.

When aiming at the specific detection of tumor-derived MV in blood, the first step is to identify
cancer-specific factors that are not expressed on MV shed by other cell populations. Therefore, a thorough
characterization of tumor MV is necessary, which usually has been performed on cancer cell line-derived
vesicles for later translation to patient samples. A recent report has suggested that MV reflect the cellular
transcriptomic landscape better than Exo and can thus give valuable information about mutation status or
gene amplifications that can be used for cancer diagnostics [106]. In line with this, hallmark oncogenic
fusion transcripts (e.g., BCR-ABL1, TEL-AML1, MLL-AF6) as well as other specific tumorigenic transcripts
(e.g., HOXA9, MEIS1) were found in MV of leukemia cell lines [107,108]. Similarly, in a glioblastoma
model, genomic DNA (gDNA) sequences of tumor-associated genes were identified with a distinct
distribution in either apoptotic bodies, MV or Exo isolated from human cancer stem cells, or from the
blood of xenotransplanted mice, including specific detection of PIK3CA, EGFR, AKT1, and MDM2
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sequences in MV [101]. However, the question remains as to whether analysis of vesicle-associated
transcripts is superior to mutation detection based on cell-free DNA. Encouraging results have been
obtained in this context by the group of Krug et al., who demonstrated increased sensitivity in detecting
EGFR mutations in the plasma of lung cancer patients with a combined analysis of circulating tumor and
EV DNA compared to circulating tumor DNA alone [109].

MV and Exo have been shown to differ in their RNA composition [10]. While several population-
specific microRNAs have been identified for both MV and Exo, there seems to be a trend that miRNAs
are relatively more enriched in Exo and mRNAs in MV [106,110,111]. In addition, an enrichment
compared with the whole cell has been observed as several miRNAs that were almost undetectable in
colorectal cancer cell lysates (<5 transcript per million (TPM)) were found at high levels (>1000 TPM)
in the respective MV and Exo from the cells [111]. However, it is currently unclear whether sufficient
amounts of RNA molecules are shuttled to EV in order to functionally influence recipient cells,
as several critical reports have revealed that most RNA species are present at frequencies of much less
than 1 copy per EV [106,110,112]. Therefore, the focus of the rest of this review is on MV-associated
proteins that have the additional benefit that they could be used not only as biomarkers, but also for
specific drug delivery and targeting. The protein content of EV has been evaluated largely by Western
blotting, flow cytometry, as well as different proteomic approaches. While shot-gun proteomics was
initially used to thoroughly characterize the whole EV proteome, novel targeted proteomic acquisition
strategies such as selected (or multiple) reaction monitoring (SRM/MRM) allow the detection of a
predetermined selection of specific target peptides with high sensitivity and quantitative accuracy [113].
These methods thus facilitate the discovery and large-scale validation of biomarker pipelines in
complex biological samples (e.g., blood) [114]. In a recent study, SRM/MRM was successfully employed
to identify novel potential biomarkers for prostate cancer on Exo in urine [115], demonstrating its
potential for future EV-related biomarker studies.

The MV proteome has been proposed to be more similar to the cellular proteome than that
of Exo [35]. However, not all proteins from the cellular plasma membrane are found on MV,
and some are highly enriched, which suggests specific sorting mechanisms [116]. An overview of
MV-associated tumor antigens that have been successfully detected in the blood of cancer patients and
used as biomarkers is presented in Table 1. In hematologic malignancies, MV carrying the respective
malignancy-associated antigen (e.g., CD38 for multiple myeloma, CD30 for Hodgkin lymphoma) were
detected in cancer patients but were almost undetectable in healthy controls [91]. Similar observations
have been made for solid tumors. In one of the earliest studies, the oncogenic receptor human epidermal
growth factor receptor 2 (Her2/Neu) was identified and significantly elevated on blood-derived MV
from gastric cancer patients [84]. Meanwhile this finding has been confirmed for colorectal cancer [117].
In the largest study to date of a cohort of 330 cancer patients with advanced solid tumors and
103 healthy, non-cancer controls, the number of MV carrying the tumor antigen EMMPRIN were
found to be increased with advanced tumor stage [69]. Expanding the analyses on MV co-expressing
EMMPRIN together with other tumor-associated molecules, such as epithelial cell adhesion molecule
(EpCAM/CD326), MUC1/CA 15-3, or EGFR1, the numbers were not only significantly elevated in
cancer patients versus controls but also associated with poor overall survival, thus suggesting that MV
might indeed represent valuable prognostic cancer biomarkers. EpCAM is among the most studied
antigens as it is known to be overexpressed on tumors of epithelial origin and is thus a bona fide
tumor marker. The combination of EpCAM with other tissue-specific markers such as, for instance,
the asialoglycoprotein receptor 1 (ASGPR1), exclusively expressed in liver cells, allowed the separation
of patients with liver disorders into patients with or without liver tumors (including hepatocellular or
cholangiocellular carcinoma) [118]. In line with this, the EpCAM+/EMMPRIN+MV levels correlated
with tumor size in colorectal cancer patients and decreased after surgical removal of the tumor [118,119].
In yet another study performed on plasma samples from metastatic prostate cancer patients, caveolin-1
(CAV1) was found on 5–10% of large EV (1–10 μm) isolated by filtration, but with a size profile similar
to the 10,000 g pellet, whereas it was barely detectable in healthy controls [120].
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Table 1. Common tumor antigens detected on patient-derived MV.

Marker Cancer Subtype Method Reference

CD13 Leukemia (AML/CML)
Myelodysplastic syndrome Flow cytometry [91]

CD138 Multiple myeloma Flow cytometry [89]

CD19
Non-Hodgkin lymphoma

Leukemia (CLL)
Morbus Waldenström

Flow cytometry [91]

CD30 Hodgkin lymphoma Flow cytometry [91]

CD38 Multiple myeloma Flow cytometry [91]

c-Met Gastric cancer Western blot [84]

Caveolin-1 Prostate cancer Flow cytometry [120]

EGFR
Colorectal Flow cytometry

Western blot
[76]
[117]

GBM Immunofluorescence [94]

EGFRvIII GBM Immunofluorescence [94]

EMMPRIN

Various Flow cytometry
Western blot

[11]
[76]

Colorectal cancer
Lung cancer

Pancreas carcinoma
Flow cytometry [119]

Gastric cancer Western blot [84]

EpCAM

Breast cancer
Lung cancer

Head and neck cancer
Colorectal cancer
Pancreatic cancer

Flow cytometry [76]
[119]

GBM Immunofluorescence [94]

EpCAM/EMMPRIN
Colorectal cancer

Lung cancer
Pancreas carcinoma

Flow cytometry [119]

EpCAM/ASGPR1 Hepatocellular carcinoma
Cholangiocarcinoma Flow cytometry [118]

FAK Breast cancer Western blot [87]

HepPar1 Hepatocellular carcinoma Flow cytometry [121]

Her2/Neu
Gastric cancer Flow cytometry [84]

Colorectal cancer Flow cytometry
Western blot [117]

MUC1

Breast cancer
Pancreatic cancer Flow cytometry [86]

Breast cancer Flow cytometry
Western blot [11]

Breast cancer
Lung cancer

Head and neck cancer
Flow cytometry [76]

From the thus far published MV biomarker studies, one can deduce that the population of tumor
MV carrying the respective tumor antigens constitutes up to 5–10% of the total MV in blood of advanced
cancer patients [69,94,120]. A recent study has profiled MV at the single vesicle level and proposed
that there is a huge heterogeneity among MV, and that not all MV, even from the same cell line,
carry the respective tumor markers [94], which further hampers the detection of tumor MV in blood.
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Moreover, especially low-abundance tumor MV might be concealed in the heterogeneous mixture
of blood MV, which might necessitate the development of novel protocols for specific enrichment of
tumor MV populations. One suggestion is to remove the platelet-derived MV prior to analysis [70]
since they represent the largest MV population in blood. A protocol was recently published for
isolating different subpopulations of small and large EV from solid tumor tissue, in this example from
melanoma [122,123]. This is an important step that will now allow for isolation of MV from primary
tumor tissues and metastases to define not only tumor-specific but even patient-specific biomarkers.
The comparison of MV profiles from the tumor tissues (primary tumor/metastases) with MV present in
body fluids might then provide information on clonal evolution and serve as the basis for therapy
selection and monitoring.

9. MV Biomarker Signatures

The studies conducted thus far have shown that while single MV-associated biomarkers are
often elevated in the blood of cancer patients, each of the antigens alone failed to reliably distinguish
cancer patients from healthy controls, mainly due to low sensitivity. In contrast, combinations
of several markers have proved to be of superior diagnostic value, such as the combination of
EMMPRIN/EpCAM/MUC1/EGFR, which reliably separated cancer patients from healthy controls with
a high AUC value of 0.85 [69]. It seems likely that more comprehensive signatures comprising cancer
subtype-specific markers can even further increase sensitivity and specificity. Importantly, it has to
be considered that the overexpression of certain oncogenes might impact MV protein profiles as was
shown for breast cancer for the oncogene Src for Exo [124] or Her2/Neu, which was shuttled along
with its associated proteins onto MV and Exo [125]. The resulting specific signatures have already
been successfully used for the correct determination of breast cancer subtypes from serum EV [126].
Compared to soluble cancer biomarkers, which often suffer from low specificity and a high rate of false
positive results, the strength of MV is their potential as biomarker platforms that simultaneously carry
multiple markers, allowing for the recognition and detection of specific patterns.

10. The Microvesicle Reactome in Blood

Several conditions, such as hypoxia, inflammation, exercise, or nutrition, influence levels of
MV subpopulations in blood (reviewed in [127]). It might thus be worth considering the fact that
not only the analysis of tumor MV in blood but also changes in blood MV composition or the
markers on distinct blood MV subpopulations might give information about cellular transformation
(Figure 2). Although, for example, endothelial cell-derived MV were detected at elevated levels
in some hematologic malignancies [91], a slight increase was observed in platelet- as well as
leukocyte-derived MV in solid tumor patients [69,88,128]. An analysis of the phospho-proteome of
MV and Exo isolated from plasma samples of breast cancer patients by ultracentrifugation described
156 unique phosphosites, which differed significantly between the vesiculome of healthy individuals
and patients [129]. More specifically, in the blood of gastric cancer patients, the levels of MV carrying
the chemokine receptor CCR6 were elevated. The cell type of origin, however, remained unclear [84].

Among the EV subpopulations, MV are considered the main source of tissue factor (TF) activity [130].
Higher amounts of MV with TF activity were detected in the plasma of metastatic cancer patients,
suggesting their use as novel markers for venous thromboembolism, a common complication in advanced
cancer patients [131]. In addition to TF, phosphatidylserine, whose exposure on the outer membrane
is a typical feature of all MV, can further induce thrombin generation [132]. This potential side effect
should therefore be carefully taken into account when considering the application of MV as therapeutics,
although first studies in mice did not show an effect of the injected MV on coagulation [133].

Taken together, analysis of the whole mixture of plasma vesicles does not only detect the presence
or absence of tumor EV but yields more comprehensive information since it additionally mirrors the
reaction of immune and other cells against the tumor EV.
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Figure 2. The microvesiculome in blood. The growth of a tumor is accompanied by secretion of
circulating tumor cells (CTCs) as well as of tumor-derived soluble factors and MV. When encountering
any of these components, benign blood cells can become activated and react by shedding their own,
altered MV. Taken together, this results in changes in the composition as well as expression pattern of
MV in the blood of cancer patients. Liquid biopsy-based MV sampling should therefore not only be
focused on the detection of tumor MV, but also on alterations in non-tumor blood MV.

11. MV for Therapy Monitoring

First studies have revealed the potential of MV for monitoring therapeutic responses in cancer
patients. Krishnan et al. reported that plasma levels of CD138+ MV corresponded with therapeutic
response in individual multiple myeloma patients [89]. In general, total levels of MV were found to
decrease after surgical removal of the tumor, which was generally associated with a better outcome [92,97].
In line with this, the number of EpCAM+MV decreased 10 days after surgery in colorectal cancer patients,
although the effect was not seen for EpCAM+/EMMPRIN+MV [119]. This might be explained by the
additional presence of EMMPRIN on platelet- and immune cell-derived MV [11], which are directly
influenced by the surgery. Prolonged high levels of total EV or endothelial cell-derived CD144+MV after
chemotherapy seem to predict a poor clinical response and were found to be associated with shorter
progression-free and overall survival [134,135]. The same trend was observed in glioblastoma patients
showing tumor progression after radiochemotherapy who generally exhibited higher MV levels compared
with patients with pseudoprogression or stable disease [136]. Moreover, an increased concentration
of large and small EV prior to therapy was associated with failure of chemotherapy in breast cancer
patients [134]. Taken together, these results demonstrate that MV levels not only mirror the presence of
tumor, but that MV might also have a protective role against chemotherapeutic agents.

12. MV and Cancer Therapy

As discussed above, MV collected by liquid biopsies can give valuable information about
targetable characteristics in the growing tumor and thus be used as an innovative read-out for targeted
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therapy decisions and patient stratification for personalized medicine. However, it has also become
clear that MV can interfere with cancer treatment and limit therapeutic success. On the one hand,
MV have been identified as transporters for P-glycoprotein (MDR1) and multidrug resistance-associated
protein 1 (MRP1), two plasma membrane multidrug efflux transporters, and have thus been recognized
as vehicles for spreading multidrug resistance from resistant to sensitive tumor clones [137,138].
On the other hand, cancer cells export cytotoxic agents via their MV during chemotherapy as has been
shown, for instance, for doxorubicin, cisplatin, gemcitabine, or docetaxel [133,139,140]. Cancer cells
seem to shed higher numbers of MV during treatment, and it has been suggested that the potential of a
cell to shed MV correlates with its resistance to treatment [140]. Therefore, it seemed to be a promising
strategy to inhibit MV release in order to increase treatment efficiency. Indeed, the combination
of chloramine and bisindolylmaleimide-I, two inhibitors blocking the release of both MV and Exo,
highly increased apoptosis in cancer cell lines treated with chemotherapeutic agents [141]. In another
study, reducing MV shedding by inhibition of calpain via siRNA or the specific inhibitor calpeptin
significantly elevated intracellular levels of docetaxel. This increased the susceptibility of the cell to
chemotherapy, allowing for treatment with lower doses of chemotherapeutic agent at higher efficiency
in vitro as well as in a xenograft mouse model in vivo [139]. Considering the toxic effects of general
inhibition of EV secretion, it still remains elusive as to whether this strategy is feasible for human
patients or whether it will be possible to specifically target such inhibitors to the tumor tissue.

Another mechanism as to how EV can impede cancer therapy is that cancer cells have been shown
to export therapeutic targets such as CD20, Her2/Neu, or PD-L1 onto Exo [142–144] that capture the
administered therapeutic antibodies and shield the tumor cells from attack, resulting in therapy failure.
Moreover, Exo have been recently shown to transfer resistance-mediating cargo from stromal to cancer
cells [145]. Whether the same mechanisms indeed also apply for large MV is currently unknown.

Considering the evidence for a tumor-supporting role of MV, they should also be regarded as
novel targets for therapeutic approaches. This notion is supported by a study by Keklikoglou et al.
showing in a mixed population of MV and Exo that chemotherapy induces the release of Annexin
A6 (ANXA6+) EV from murine breast cancer cells. When these chemotherapy-induced ANXA6+ EV
were injected into the tail vein of mice, they activated endothelial cells to produce the chemokine Ccl2,
which led to the expansion of Ly6C+CCR2+ lung monocytes and thus pre-conditioned the lungs for
the seeding of breast cancer metastases [146]. Similar observations of EV-mediated pre-metastatic
niche formation have been made for melanoma [147]. In line with these findings, MV isolated from
cancer patients induced a tumor-supporting phenotype in human macrophages ex vivo and highly
increased the invasive potential of benign breast cancer cells, while MV isolated from healthy controls
had no such effect [69].

13. MV as Cancer Vaccines

Although the studies presented thus far argue for an unfavorable role of MV in hampering cancer
therapy, the final two chapters discuss how MV could also be exploited positively with regard to
therapeutic interventions. In a first study, Zhang et al. reported that while the immunization of
mice with PBS or tumor cell lysates failed to prevent the growth of subsequently injected tumor
cells, mice treated with tumor Exo or MV developed tumors in only 87.5% or 50% of the animals,
respectively [148]. These initial results suggested that tumor MV, which are enriched in a multitude
of tumor-specific proteins (see Table 1), could serve as a novel, cell-free source of tumor antigens
that are more immunogenic than other parts of the tumor cells, including tumor Exo. A possible
explanation for their superior efficacy compared with Exo might be the presence of DNA as well as
mitochondrial fragments inside MV that discriminate them from Exo and might provide an additional
immunostimulatory signal for innate immune cells. However, more studies are required to confirm
the differential immunogenic effect of MV and Exo and explain the potential difference.

In general, the anti-tumor immune response is believed to occur largely via cytotoxic CD8+ T cells
activated by tumor antigen-presenting dendritic cells. Since immunization with tumor MV prior to
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tumor growth is hardly possible in human patients, strategies will have to be developed to treat already
existing tumors. Indeed, in the above-mentioned study, the injection of tumor MV into mice with
already growing tumors failed to induce a sufficient activation of T cells [148]. Instead, the injection of
dendritic cells primed with tumor MV overcame the problem of inadequate T cell activation, enhancing
T cell infiltration in the tumor tissue as well as tumor cell killing [148]. Mechanistically, incubation
of dendritic cells with tumor MV induced dendritic cell maturation with concordant upregulation
of the co-stimulatory molecules CD80 and CD86, increasing their homing to the tumor-draining
lymph nodes [148,149]. Further evidence that the use of MV as tumor vaccines might indeed lead
to successful anti-tumor immune responses has been provided by a recent study by Pineda et al.
who harvested MV from C6 rat glioma cells and subsequently administered them to rats, which had
been inoculated with a subcutaneous C6 glioma. MV vaccination increased the number of infiltrating
T cells in the tumor tissue, induced tumor cell apoptosis, and led to a reduction of tumor growth [150].
Interestingly, it might even be possible to deliver future MV vaccines orally, as it was discovered that
tumor MV injected intragastrically into mice are taken up by intestinal epithelial cells in the ileum and
transferred by transcytosis to dendritic cells at the basolateral side that can subsequently induce T cell
activation and anti-tumor immune responses [151]. However, this treatment was only successful with
concordant anti-acidic agents, as MV are sensitive to degradation by gastric acid.

Thus far, clinical studies testing the efficiency of tumor cell- or Exo-based vaccines have shown
only limited efficiency and it remains to be seen whether this trend is different for MV. The efficiency
of tumor MV vaccines will critically depend on whether it will be possible, on the one hand, to find
ways of boosting their efficacy in eliciting an anti-tumor immune response, while, on the other hand,
limiting their immunosuppressive functions.

14. MV as Vehicles for Drug Delivery

The finding that EV transport bioactive molecules (e.g., proteins, metabolites, or nucleic acids)
raised interest early on in terms of their use as a novel drug delivery system. Compared with cell-based
therapeutics, EV have the advantages that they do not possess the potential for transformation or
unlimited growth, they are known to cross biological barriers such as the blood–brain barrier, and as
non-living material they can be stored or transported more easily and be modified with more aggressive
manipulation techniques. Another positive aspect is their natural origin, which makes them more
biocompatible than artificial liposomal drug carriers, with enhanced stability, less immunogenicity,
and less liver toxicity [152]. In general, EV as drug carriers offer protection for their content, such as
from enzymatic degradation, which enhances cargo stability in biofluids. EV can be modified with
several approaches to increase their bioactive potential, including either manipulation strategies for
the secreting cell, such as genetic manipulation, cell stress, or hypoxia, or post-isolation loading
methods, such as electroporation, sonication, heat-shock, or EV transfection. A current overview of the
techniques, their advantages, and their limitations is presented in [153,154]. Although most methods
have been solely tested for Exo, the majority should be equally applicable to MV, considering the
similarities in their biophysical makeup.

The first report on MV as a drug delivery system was published by Tang et al., who successfully
used chemotherapy-loaded MV to inhibit tumor growth in a murine hepatocarcinoma ascites model,
as well as in severe combined immunodeficient (SCID) mice injected with ovarian cancer cells [133].
Delivery was even successful to solid tumors when MV were injected intravenously [133]. In a
first in vivo approach, the same group tested the therapeutic potential of intrathoracic injections of
cisplatin-loaded tumor MV in six end-stage, cisplatin-resistant lung cancer patients. The injections
greatly reduced the number of tumor cells (>95%) in the metastatic malignant pleural effusions in
three of the six patients, suggesting an efficacy of the MV injections and also their ability to reverse
drug resistance [155]. However, the treatment did not show any benefit in the other three patients,
raising the question about the underlying reasons for the treatment failure. Two clinical trials are
currently registered to further explore the potential of MV as therapeutic tool in cancer: a phase I/II
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study investigating the use of red blood cell-derived MV loaded with methotrexate in the treatment of
malignant ascites (clinicaltrials.gov identifier: NCT03230708), and a phase II study aimed at generating
methotrexate-loaded autologous tumor MV from malignant effusion and testing their effect on tumor
growth and immune regulation (clinicaltrials.gov identifier: NCT02657460).

The majority of the conducted studies thus far has used EV from mesenchymal stem cells as native
vehicles for therapeutic applications, and none of them has observed significant side effects [156].
Alternatively, red blood cell-derived EV have been suggested especially for the delivery of RNA drugs
since they are easily available, do not contain DNA, and can be easily modified by electroporation [157].
However, in mouse models, their systemic administration as drug carrier was found to only be
feasible for the therapy of leukemias, while successful delivery to solid tumors required intratumoral
injections due to the otherwise low target organ specificity [157]. In general, EV biodistribution seems
to depend on the kind of cell used for EV production, the EV delivery route, the dosage, and the
uptake efficiency [158]. After systemic injection, a major part of the injected EV is trapped in the liver,
spleen, or lung [158,159], which on the one hand might limit EV distribution to other organs, but on
the other hand might be used for specific cargo delivery to these organs. Several engineering strategies
are currently being tested to improve EV circulation kinetics and increase targeting to specific cell
populations [160]. A hallmark of MV is that phosphatidylserine is exposed on their outer membrane
surface, a feature which distinguishes them from Exo. Since externalized phosphatidylserine is a
recognition signal for macrophages and triggers phagocytosis [161], MV might be superior for drug
delivery to this specific cell population.

Interestingly, a recent report suggested that the choice of MV or Exo as drug carrier influences
the intracellular delivery route of the transported cargo. While MV-loaded paclitaxel was mostly
delivered by membrane fusion and endocytosis, Exo-loaded paclitaxel was predominantly taken up by
endocytosis into prostate cancer cells [162]. Moreover, MV seem to promote drug entry into the nucleus,
even into highly resistant tumor-repopulating cells [155]. Since the mechanism of internalization and
intracellular trafficking significantly affects the functional efficiency of the delivered drug, further
research aiming at elucidating the different fates of MV- and Exo-delivered cargo will help to choose
the most accurate EV delivery system for a given drug.

While MV are larger and therefore allow for packaging larger amounts of drug molecules, it could be
more difficult for them to penetrate into the tissue due to their size. One solution that has been presented
suggests isolating MV from tumor cells grown in and adapted to soft fibrin gels, which resulted in the
shedding of less stiff MV [163]. These softer MV with a higher capacity for deformation showed enhanced
extravasation into the tumor with deep tissue penetration and, as a result, enhanced treatment efficacy
when loaded with the chemotherapeutic agent doxorubicin [163]. Moreover, a weaker extravasation was
observed in non-tumor tissue compared with MV isolated from cells cultured in 2D [163], suggesting less
toxicity. A problem for both MV and Exo seems to be their limited lifespan in circulation. For fluorescently
labeled pancreatic tumor MV injected into healthy mice, the signal was cleared after 60 min, while the
majority of MV were already lost within 15 min after injection [164].

Taken together, while both Exo and large MV have been shown to possess the potential for drug
delivery, more comparative studies are required to evaluate common as well as diverging features
of both EV populations as therapeutic vehicles. Both still suffer from the lack of scalable, specific,
cost-effective production and isolation methods as well as poor drug loading efficiency, problems that
need to be solved for their standardized use in the clinic. Moreover, heterogeneity and batch-to-batch
variability are known to strongly influence their therapeutic efficacy [165].

15. Concluding Remarks and Future Perspectives

Over the past decade, an increasing number of reports has indicated that plasma membrane-derived
MV are a distinct vesicle population with some common but also several diverging features compared
with the smaller Exo. While most researchers have focused on the analysis of Exo, MV offer several
advantages as diagnostic and therapeutic tools. In particular, their isolation is easier and less
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time-consuming and does not necessarily require ultracentrifugation with its associated problems of
vesicle aggregation, damage and loss, and instrument availability. Additionally, protocols are available
for their rapid and thorough characterization by standard flow cytometry, a technique that is already
well-established in routine clinical diagnostics. Interesting findings also include the possibility for
delivery of larger amounts of drugs or distinct classes of biomolecules (e.g., mRNA) by MV compared
to Exo, as well as more successful targeting of MV cargo to the nuclear or cytosolic compartment,
aspects that surely require further exploration.

It has become clear that MV have a multifaceted influence on cancer therapy, as summarized in
Figure 3. They can not only serve as innovative tools for targeted drug delivery but should also be
considered as important therapeutic targets when developing novel treatment strategies. Therefore, it will
be highly advantageous to further elucidate the molecular mechanisms underlying MV formation and
secretion in order to learn how MV biogenesis, especially in cancer cells, can be specifically inhibited
or modulated therapeutically. However, at present, the lack of standardization, multicenter studies,
and technical challenges, such as storage, production, quality control, and targeted delivery, still hamper
the use of MV as diagnostic and therapeutic tools in cancer and must be overcome for them to be
exploitable in the clinic.

Figure 3. MV in cancer therapy. The figure summarizes the roles of MV in cancer therapy. Once a tumor
has gained access to the circulation, circulating tumor MV in blood can be used as biomarkers in liquid
biopsies. Moreover, they can mediate therapy resistance by capturing or exporting the administered
anti-cancer drugs. Due to their role in therapy resistance and tumor microenvironment crosstalk
resulting in pre-metastatic niche formation, they should be regarded as a novel therapeutic target.
However, MV can also have a beneficial role in cancer therapy as they represent promising novel
drug delivery systems with the benefits of high biocompatibility as well as opportunities for specific
targeting and crossing of biological barriers. Vesicular functions, which have only been reported for
endosomal-derived small exosomes (Exo) and lack experimental proof for MV, are highlighted in grey.
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117. Stec, M.; Baj-Krzyworzeka, M.; Baran, J.; Węglarczyk, K.; Zembala, M.; Barbasz, J.; Szczepanik, A.; Zembala, M.
Isolation and characterization of circulating micro(nano)vesicles in the plasma of colorectal cancer patients
and their interactions with tumor cells. Oncol. Rep. 2015, 34, 2768–2775. [CrossRef] [PubMed]

118. Julich-Haertel, H.; Urban, S.K.; Krawczyk, M.; Willms, A.; Jankowski, K.; Patkowski, W.; Kruk, B.;
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Abstract: Extracellular vesicles (EVs) are a diverse group of membrane-bound structures secreted in
physiological and pathological conditions by prokaryotic and eukaryotic cells. Their role in cell-to-cell
communications has been discussed for more than two decades. More attention is paid to assess the
impact of EVs in cancer. Numerous papers showed EVs as tumorigenesis regulators, by transferring
their cargo molecules (miRNA, DNA, protein, cytokines, receptors, etc.) among cancer cells and
cells in the tumor microenvironment. During platelet activation or apoptosis, platelet extracellular
vesicles (PEVs) are formed. PEVs present a highly heterogeneous EVs population and are the most
abundant EVs group in the circulatory system. The reason for the PEVs heterogeneity are their
maternal activators, which is reflected on PEVs size and cargo. As PLTs role in cancer development is
well-known, and PEVs are the most numerous EVs in blood, their feasible impact on cancer growth is
strongly discussed. PEVs crosstalk could promote proliferation, change tumor microenvironment,
favor metastasis formation. In many cases these functions were linked to the transfer into recipient
cells specific cargo molecules from PEVs. The article reviews the PEVs biogenesis, cargo molecules,
and their impact on the cancer progression.

Keywords: extracellular vesicles; exosomes; ectosomes; neoplasia

1. Introduction

The number of research work and scientific papers that discuss the involvement of cell-derived
extracellular vesicles (EVs) in multiple physiological and pathological processes has increased
rapidly during the last two decades. EVs might have an influence on target cells by delivering
ligands and signaling complexes, and transferring mRNA and transcription factors that cause the
epigenetic reprograming of recipient cells. EVs are submicron spherical membrane bound structures,
that are generated by different prokaryotic (termed as membrane vesicles) and eukaryotic cells [1–3].
EVs nomenclature take into account their cellular origin and size. Their size ranges between
10 nm to 5 μm and comprises three heterogeneous populations of vesicles—exosomes (EXSMs),
ectosomes (ECTSMs) also named microparticles (MPs), and apoptotic bodies (ABs) [4,5]. EVs actively
secreted form parental cells with a diameter of 10 to 100 nm are named EXSMs, and those with a
diameter ranging between 100 nm to 1 μm are ECTSMs. Lipid bilayer membrane protects their cargo
from enzymes like proteases and ribonucleases [6]. The largest of EVs are ABs (with diameter 1–5 μm)
represented by clumps of material generated during the late stage of cell apoptosis [5–7].

During activation, maturation, proliferation, stress, aging, or apoptosis, cells shed EVs into the
extracellular space [8]. Their presence in a number of body fluids including—urine, synovial fluid,
bronchoalveolar lavage fluid, saliva, and bile was confirmed [7,9–11]. In the bloodstream, EVs are
released by—erythrocytes, leukocytes, platelets (PEVs), megakaryocytes, and endothelial cells [10,12].
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In addition, EVs are also secreted by cancer cells known as tumor-derived extracellular vesicles
(TEVs) [4,12]. In both healthy subjects and those with a variety of pathologies, peripheral blood is a
rich source of EVs, where the most abundant population are PEVs. Their percentage ranges between
70 to 90% of all EVs in the plasma of healthy individuals [13–15].

In 1967, Peter Wolf described “platelet dust”—a subcellular material derived from thrombocytes
in the plasma and serum of healthy individuals [16,17]. This was a milestone in medicine research,
allowing further examinations evaluating PEVs involvement in physiological and pathological
processes. PEVs share many functional features with PLTs. These tiny fragments smaller than
platelets (PLTs) were secreted during PLT activation and were known to be crucial in coagulation and
clot formation [16,18]. Despite the fact that PLTs play a crucial role in hemostasis, PEVs coagulation
capacity is several dozen higher than PLTs [19]. Platelets microparticles (PMPs) are enriched in tissue
factor (TF), coagulation factors, and dozens of them expose about 3-fold higher phosphatidylserine
(PS) concentration on the outer membrane than PLTs [20]. The coagulation process initiated by TF
connection with coagulation factor VII, activates coagulation cascade. Activated PLTs, PMPs PS + offer
a catalytic surface for the coagulation and binding of consecutive clotting factors. Moreover, in healthy
individuals, the presence of integrin αIIbβ3 (CD41/CD61) on PMPs supports fibrin clot formation [21].
In various bleeding disorders, abnormalities in PMPs functions and their reduced number in blood
were reported [22]. On the other hand, their increased amount was presented in thrombotic state and
other pathologies [23]. PLTs of patients described by Castaman are unable to shed PMPs, conversely to
patients with Scott syndrome in which the PMPs number is adequate, but the incorrect translocation of
PS impairs prothrombinase activity, and causes hemorrhagic diathesis [22]. Patients with immune
thrombocytopenia have higher PEVs level than healthy individuals, which might be an evolutionary
way to prevent blood loss and maintain tissue integrity [24]. Additionally, contemporary papers showed
that PEVs might be a potential biomarker or prognostic factor in other pathologies—inflammatory,
cardiovascular, and autoimmune diseases, solid tumors and hematological malignancies [14,25].

In this review, the role of PEVs in the cancerogenesis, tumor growth, and metastasis formation
in distant organs is reported. Furthermore, the possible evaluation of PEVs as markers for cancer
detection, and effectiveness of anticancer treatment is discussed.

2. EVs Biogenesis and Elimination

Based on the current knowledge, the mechanism of EVs formation and secretion to the extracellular
space vary, depending on the EXSMs or ECTSMs descent. The EXSM definition was originally used
for microparticles secreted from variety of cultured cells, thereafter, Johnstone and colleagues in 1987
explained the mechanism of transferrin receptor loss during reticulocytes maturation via secretion of
nanosize vesicles; for this term EXSMs is used [26]. The latest research confirmed that the pathways of
EVs biogenesis might differ between the parental cells types and EVs secretion, which does not seem
to be accidental [1,27].

2.1. ECTSMs Formation

The blebbing of the plasma was documented in apoptosis during ABs formation, but it was
confirmed as well in ECTSMs biogenesis. Changes in lipid components affect the rearrangement within
plasma membrane. This process is initiated by an increased level of intracellular calcium ions. It causes
activation of floppase and scramblase enzymes and inhibition of flippase (Figure 1) [1,8]. The membrane
phospholipids—PS and phosphatidyl-ethanolamine, are vertically translocated from the inner leaflet
to the outer cell membrane surface. The rearrangement breaks the bonds between cytoskeleton and
cell membrane phospholipids. Partial degradation of actin filaments leads to restructuring of the
cytoskeleton filaments, which favor formation of ECTSMs [1,8,10].
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Figure 1. Extracellular vesicle biogenesis and secretion. The exosomes (EXSMs) generation begins with
the membrane bulging into the lumen of the ESE. Part of them form a part of the plasma membrane
(recycling endosome), others are converted into multi vesicular body (MVB). Members of the Rab family,
Rab27a and Rab27b, are involved in MVB transport and fusion with cell membrane. Transmembrane
protein complex SNARE enables the MVB to dock with the cell membrane that leads to release of
EXSMs to extracellular space. Ectosome (ECTSM) are formed directly by cell membrane blebbing.
This process is initiated with an increase in intracellular calcium that causes the activation of enzymes—
floppase and scramblase and the inhibition of flippase. This causes the rearrangement of phospholipids
in the cell membrane, as well as results in breaking bonds between cytoskeleton and partial degradation
of actin filaments. During formation of EXSMs and ECTSMs, mRNA and miRNA that are located in
cytoplasm are randomly entered.

The fast phospholipid membrane remodeling and PS exposure are relevant for PLTs physiological
procoagulant response in hemostasis. PMPs formation in the circulation could result from PLTs
activation via multiple agonists, high shear stress or apoptosis [20,28]. In the high shear rate, the loss of
membrane integrity is initiated through the dislocated connection between the membrane glycoprotein
Ib receptor (CD42b) and PLTs cytoskeleton, which began PMPs formation [20]. Natural PLTs activators,
such as thrombin or collagen, induce PMPs formation via transmembrane integrin receptor gpIIb/IIIa
(CD41/CD61) or tetraspanin 29 [29]. Altogether, these observations become the starting point for
subsequent works assessing, how different types of PLTs activators induce PMPs formation, and how
they affect the heterogeneity of PEVs population. Noticeably, a research conducted in 2017 confirmed
that PS negative tubular PMPs population with structural similarities to filopodia could be formed
during PLTs activation. Lack of PS expression on their surface implied that during their formation,
there is no PS translocation [30].

2.2. EXSMs Formation

EXSMs generation begins with the inward bulging of the plasma membrane by endocytosis
into the cytoplasm lumen. It leads to forming early sorting endosomes (ESEs) (Figure 1) [1].
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Part of ESEs is returned into plasma membrane, other under the Rab5 control are changed into
late endosomes or multivesicular bodies (MVBs) [1,10]. During this process, proteins and antigens
are packaged into intraluminal vesicles (ILVs) and the budding of the ESEs membrane transform
into MVBs [31]. Four protein subunits of the endosomal sorting complex required for transport
(ESCRT) machinery are involved in this process. ESCTR-III is essential for the scission of ILVs
into MVBs lumen. Cargo clustering and membrane budding can occur by ESCRT-dependent or
-independent machinery [1]. ESCRT-0 recognizes ubiquitinated proteins (cargo) by the hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs), in association with clathrin. This complex
helps ESCRT I and II to connect with ESCRT 0 and ubiquitinated cargo, on the part of the endosomal
membrane, where it will finally pullulate. ESCRT III connects with the complex and ultimately bud
ILVs into the endosome [32]. The MVBs fuse with the plasma membrane to secrete the ILVs as exosomes
or absorb with lysosomes for their degradation [1]. Members of Rab family, Rab27a and Rab27b,
are essential mediators in transport of MVBs and its fusion with cell membrane. Transmembrane protein
complex SANRE enables dock EXSMs with cell membrane that leads to the release of EXSMs to
extracellular space (exocytosis). Increased concentration of calcium ions is one of the EXSMs secretion
regulators [33]. Targeting selected Rabs via specific inhibitors modulates their structure or secretory
function and becomes a new promising strategy of limiting EXSMs formation, both by PLTs and cancer
cells. Wang et al. showed in a pre-clinical study, that elevated number of PMPs in patients with sepsis
after intravenous administration of small GTPase inhibitor NSC23766, reduced PMPs secretion for
about 87% [34,35].

Aatonen et al. showed that PMPs and platelet derived EXSMs (PdEXSMs) biogenesis is also
observed by non-activated PLTs [36]. Examination potency of various agonists on EVs formation
confirmed that Ca2+ ionophore is the strongest agonist, these include—thrombin, collagen, LPS,
TRAP-6, and the weakest one is ADP [36]. Moreover, authors considered that Ca2+ ionophore causes
vesiculation in unselective way or fragmentation and ABs formation, and should be advisedly used as
agonist. The strongest PdEXSMs activators are thrombin and collagen or collagen-related peptide XL.
Interestingly, the proteins cargo in PdEXSMs derived from stimulated PLTs was richer than from resting
PLTs [36]. Nowadays, the utility of EXSMs as a new diagnostic cancer marker is extensively studied.
Recent work performed by Lea et al. showed an increased number of EXSMs with PS expression in
peritoneal fluid and plasma of patients with ovarian carcinoma [37]. It confirmed that, when PS is
routinely used as a PMPs marker, it is also present on cancer derived EXSMs and causes a possibility
to exploit these results in early diagnostic tests of women with ovarian malignancies [37].

2.3. EVs Elimination and Impact of Storage Conditions on PEVs Number

The PEVs rapid clearance from circulation varied depending on their molecular content, and the
induction signal in different species [38,39]. As they have pro-coagulant and pro-inflammatory nanosize
structures, their rapid turnover is essential for prevention of thrombotic diseases. PMPs turnover
in rabbits is less than ten minutes, compared to people where PMPs were shown in circulation
for more than 3 h [20,38,39]. Flumenhaft found that mice PMPs are eliminated from bloodstream
within 30 min [40]. PEVs could be phagocytized after their opsonization with thrombospondin
or complement components C3b [40]. The PS on the PMPs outer leaflet of the plasma membrane
is recognized by macrophages and it originates a signal to remove them. Moreover, the role of
lactadherin (LA) in clearance of EVs from circulation is discussed [41]. LA secreted by macrophages
and adipocytes is also detected on the circulating PMPs. An increased PEVs level was observed
in lactadherin–deficient mice, which could suggest the role of LA as a one of “eat-me” signals for
phagocytosis [41]. Dasgupta et al. showed that developmental endothelial locus–1 in endothelial cells
mediates PS-positive PMPs elimination via endocytosis [17,42]. Shorter half-life of ECTSMs, compared
to EXSMs in blood, might arise from the higher concentration of membrane lipids in ECTSMs and
activity of phospholipase A2 in serum [43]. Furthermore, EXSMs elimination via IgM immunoglobulins
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binding to lipid lysophosphatidylcholine was reported and liver macrophages were shown to be
crucial elements of EXSMs clearance [43,44].

In EVs analysis, preanalytical steps standardization is crucial for the minimization of false results
of PEVs number and their quality tests. Different anticoagulants could activate PLTs during blood
collection and storage. Wisgrill et al. confirmed that the EVs number and their functionality is stable in
sodium citrate for 8 h in room temperature (RT), after blood samples collection [45]. In EDTA, routinely
used in clinical practice, PMPs and erythrocytes′ derived EVs count is stable for 48 h in RT [45]. Thus,
it could be an alternative when the collected samples are stored before analysis [45].

3. Content of Platelet Extracellular Vesicles

Physiological or pathological processes in parental cells define their EVs cargo and biological
properties. As described above, the PEVs formation, membrane composition and specific markers
expression on the outer membrane leaflet depends on the PLTs activators (Ca2+ ionophore,
adenosine diphosphate, thrombin, collagen, epinephrine) [20]. Most of the EVs circulating in
plasma are classified as PEVs based on their surface receptors. Nevertheless, heterogeneity of
PEVs surface receptors starts discussion about EVs derived from megakaryocytes (Mk-EVs), as a part
of PEVs subpopulation [46]. The EVs phenotyping conception to distinguish PEVs from Mk-EVs
involves the usefulness of cluster of differentiation (CD) CD41/CD61 as a constitutive marker for both
PLTs and Mks, while CD62P and CD107a act as a PLTs activation markers [47]. Flaumenhaft et al.
showed that mouse and human Mk-EVs are PS/CD41/CD61 positive and CD62/CD107a negative [46].
In support of this finding, after irradiation of bone marrow, the CD61 positive EVs population largely
disappears from mice circulation, whereas CD62P remains unchanged [48]. A study by Brisson et al.
showed that small PMPs population—PS negative and CD41 positive, is a result of cell membrane
shedding without PS redistribution. Moreover, PMPs could contain organelles like mitochondria
and dense granules [30]. EVs are identified based on their size and expression of characteristic
surface markers. PS expression is an a ECTSMs marker, when the presence of tetraspanin CD63 is
used for EXSMs identification. During PLTs activation, both ECTSMs and EXSMs are CD63 positive
but the CD63 expression is higher on EXSMs. It could be useful for determining the purity of the
EXSMs population [30,49]. A characteristic of PEVs is the diversity of their surface markers and cargo.
PEVs display a wide array of bioactive molecules like adhesion molecules, chemo- and cytokines,
apoptosis regulators, miRNAs. They also harbor a broad spectrum of coagulation factors, enzymes,
complement proteins, and bioactive lipids (Table 1). PEVs express glycoprotein (gp) IIb/IIIa, Ib,
IIa, as well as P-selectin and a lysosome-associated glycoprotein-1 (LAMP-1). C-type lectin domain
family 1-member B (CLEC-2) and gp VI expression was documented on Mk-EVs [17]. PdEXSMs are
substantial with proteins from α granules, whereas ECTSMs are substantial with lipid mediators and
mitochondrial proteins [17,50].

Molecules presented on PEVs were involved in triggering receptors on the target cells or
regulating them via bioactive molecules, signaling molecules or a plethora of genetic material including
miRNAs [51]. PEVs can interact with donor cells in multiple ways—(i) stimulation via signaling
complex, using specific PEVs surface receptors and lipids; (ii) transfer membrane receptors and
adhesion molecules; (iii) horizontal transfer of heterogeneous proteins, miRNAs, bioactive lipids,
and other factors including infectious particles (prions) or even organelles (mitochondria) [3].
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PEVs are able to transfer receptors expressed on their surface (i.e., CD41, CD61, CD184, CD62P,
PAR-1) to recipient cells (monocytes, myeloblasts, hematopoietic stem cells) and induce their adhesion or
proliferation [3,27]. PEVs functional gpIIb/IIIa (CD41/CD61) transferred to neutrophils, activated NF-κB,
in response to GM-CSF and enhanced inflammation [77]. Tang and colleagues showed that PEVs
transfer arachidonate 12-lipoxygenase to mast cells, which increased synthesis of one of the negative
regulator of inflammation lipoxin A4 (LXA4) [27,55]. Thus, PEVs play both positive and negative role
in inflammation response, depending on the target cell.

PEVs are rich in sphingosine 1-phosphate, metalloproteinases, heparyanase, PDI, and arachidonic
acid (AA) [3]. Transfer of AA by PMPs to monocytes and endothelial cells induced by prostanoids and
cyclooxygenase 2 synthesis enhances these cells interactions [3]. Treatment of human umbilical vein
endothelial cells (HUVECs) with PEVs showed intensification of angiogenesis and cell proliferation
versus activated charcoal treated PEVs (removed nonpolar lipids), where a reduction of these effects
was observed. This experiment showed that PEVs lipid components were involved in HUVECs
stimulation [27,78]. The horizontal transfer of non-coding RNAs via EVs regulates gene expression by
post-transcriptional repression. miRNA from parental cells encapsulated in EVs was protected from
ribonuclease activity in circulation [51]. In human’s, several PMPs miRNAs were detected, e.g., miR-19,
miR-21, miR-22, miR-126, miR-133, miR-146, miR-185, miR-223, and miR-320b [3]. Moreover,
it was confirmed that PEVs miRNA was transferred to macrophages, endothelial, and cancer cells.
In macrophages, MiR-126–3p transferred from PEVs led to decreased ATF3 and ATP1B1 expression and
protein synthesis [27]. Recently presented data support the notion of PEVs tumor microenvironment
infiltration and interaction with cancer cells via the mechanisms described above.

4. PEVs in Cancer Progression

PEVs are highly interesting group of EVs because of their percentage participation in bloodstream,
as well as their increased number in patients with cancer, such as glioblastoma, gastric, lung and
skin cancer, and other diseases. This makes them potentially useful as a diagnostic marker [79].
It is known that PLTs facilitate cancer metastasis. Moreover, the number of papers that discuss PEVs
contribution in cancerogenesis increased recently [51,80]. EVs as cell-to-cell messenger molecules can
start phenotypic and functional changes in donor cells, by reaching the recipient cells and delivering
EVs content. PEVs are also discussed as potentially early markers of disease progression.

4.1. PEVs in Tumor Angiogenesis

The cancer cells without blood circulation can grow up to 2 mm3 in diameter, forming a tumor
and then stop and undergo apoptosis or necrosis [81]. Growth of the vascular network is pivotal for
the cancer cells survival, proliferation, as well as metastatic spread of cancer [81]. Angiogenesis is
essential for formation of a new vascular network that supplies nutrients, oxygen, and immune
cells, and also removes waste products of cellular metabolism. Therefore, angiogenesis is a critical
factor in the progression of cancer. The tumor microenvironment (TME) consists of diverse cellular
populations, including tumor cells, endothelial cells, fibroblasts, infiltrating immune cells (monocytes,
macrophages, neutrophils, mast cells, T cells), extracellular matrix, and newly formed blood vessels [79].
The PEVs interaction with TME components could reveal their functions in cancer progression.
Newly stirring blood vessels permit tumor growth, which is critical in cancer progression. Interestingly,
Happonen et al. demonstrated a mechanism of PEVs transfer to human aortic endothelial cells (HAECs)
and HUVECs [82]. PS-positive PEVs are taken up by phagocytosis via tyrosine kinase receptor Axl,
and its ligand protein Gas6 on endothelial cells [82]. Janowska-Wieczorek et al. used lung cancer
cell lines to elucidate PEVs importance in cancer angiogenesis [83]. After PEVs stimulation of IL-8
(about 35-fold), vascular endothelial growth factor (VEGF) (3-fold) and scatter factor (4-fold) mRNA
expression increased in the A549 cell line [83].

PEVs delivery of bioactive molecules like cytokines or microRNA to recipient cells could
regulate tumor growth [84]. miRNAs are small non-coding RNAs that regulate gene expression
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post-transcriptionally. Anene et al. demonstrated regulatory angiogenesis miRNAs transfer from
PEVs to HUVECs cells during co-culturing on extracellular matrix gel [85]. A robust capillary-like
structure formation and simultaneously decreased synthesis of anti-angiogenic thrombospondin-1
(THBS-1) was observed. miRNA Let-7 a from PEVs was delivered to HUVECs and targeted THBS-1
mRNA to induce angiogenic responses of HUVECs [85]. Blood vessel formation is controlled by a
balance between localized production of pro- and anti-angiogenic molecules and changes in THBS-1
concentration is the key determinant of this “angiogenic switch” [85]. PEVs ability to bind TF and the
platelet-activating factor potentiates their pro- angiogenic competence even more [86].

Pan et al. demonstrated that after incubation, PEVs with HUVECs cells miR-223 level in endothelial
cells increased, which promoted glycation end-product-induced vascular endothelial cell apoptosis
via targeting insulin-like growth factor 1 receptor [87]. Another work showed that HUVECs cells
preferentially uptake miR-223 from PEVs generated by thrombin-activated PLTs [4,88]. This leads
to the formation of functional Argonaute 2 (Ago2) miR-223 complexes. These complexes are able to
regulate gene expression and protein level for ephrin A1 and F-box/WD repeat-containing protein 7 in
HUVECs cells and conduces apoptosis [4].

Increased angiogenesis in TME could be a result of metalloproteinase-1 (MMP-1) transfer, as well
as increased MMP-9, VEGF, and IL-8 mRNA expression in lung cancer cells lines, after co-incubation
with PEVs [83]. Moreover, PEVs molecules from α granules like VEGF, platelet-derived growth factor
and fibroblast growth factor are a component of their cargo with pro-angiogenic properties.

4.2. PEVs in Migration, Invasion, and Metastasis

A key for distant metastases formation is cancer cells passage through the newly formed vascular
walls in primary tumor, surviving in the circulation, and finally proliferation at the distant tissue.
In solid tumors, vasculature is highly permeable, allowing the possibility to PEVs infiltration to TEM
and contact with cells. A great number of studies indicate the PEVs involvement in cancer progression
and some discuss their anti-cancer properties. Michael et al. showed that PEVs have the ability to
infiltrate murine and human tumors [84]. This ability creates conditions for the horizontal transfer of
miRNA-24, which targets mitochondrial mt-Nd2, and Snora75. This entails mitochondrial dysfunction
and results in an increased cancer cell apoptosis [84].

Bakewell and colleagues showed that platelets gpIIb/IIIa antagonists minimize formation of
distant metastasis from B16 melanoma cells in bones, due to the inhibition of the interaction between
cancer cells and PLTs [89]. Lung cancer cell line A549 increases adhesiveness to the fibrinogen and
HUVECs, after receiving CD41 from PEVs. PEVs chemoattract lung cell lines from 2.5 to 7-fold more
than the control [83]. Moreover, evaluation of PEVs interaction with lung cancer cell lines confirmed
the activation of mitogen-activated protein kinase (MAPK) MAPK p42/44 and AKT, signaling pathways
participating in proliferative responses [83]. Murine lung cells covered by PEVs injected intravenously
into mince resulted in significant increase metastasis formation in lungs and bone marrow [83].
Transfer onto the surface of donor cells CD184-, a chemokine receptor type 4 from PEVs and respond
to stromal cell-derived factor 1, which is rich niche in bone marrow in the murine model, confirmed
their high metastatic potential [83]. Moreover, activation of cyclin D2 by PEVs in lung cancer cell lines
could change the phenotype of cancer cells into a more invasive phenotype. Similar observations were
made in human squamous carcinoma or breast cancer cell lines in murine in vivo model [90].

Interestingly, Gasperi and colleagues confirmed the modulatory influence of polyunsaturated fatty
acids (PUFAs) diet, especially the ω3 and ω6 on cellular processes in carcinogenesis [62]. The PUFAs ω3
cancer preventive activity is well known, in contrast to high concentration ofω6 in diet, which correlates
with higher risk of breast and prostate cancer [62,91]. Their role in cancerogenesis is related to changes in
fatty acids compositions of membrane rafts in cells membranes. PEVs contains miR-126 and miRNA-223,
which are important players in tumorigenesis. VEGF-dependent proliferation of endothelial cells is
stimulated by miRNA-126, while miRNA-223 inhibit formation of new blood vessels by targeting
endothelial β1 integrin [92]. Gasperi et al. examined the influence of increased level of PUFAs ω6
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on both PEVs formation and their cargo [62]. The newly formed PEVs had an increased amounts of
miRNA-123 and miRNA233. Breast cell line BT549 blocked its cell cycle and decreased cell migration
after internalizing PEVs [62].

A Tang et al. study revealed an important PEVs role in the epithelial-to-mesenchymal transition
of ovarian epithelial cancer cell line (SKOV3). miR-939 transfer leads to enhanced invasion and
cancer progression [93,94]. Tropomyosin 3 (TPM3) contributes cancerogenesis in thyroid papillary
carcinoma and esophageal squamous cell carcinoma by fusing neurotrophic receptor tyrosine kinase 1
and PDGF receptors [95]. Yao et al. demonstrated increased TPM3 mRNA in PLTs and revealed their
transfer by PEVs into breast cancer cells and promotion of an invasion [94]. Moreover, in patients with
distant metastases, compared to subjects without metastases TPM3 mRNA in PLTs was significantly
increased [94].

Another interesting issue is the ability of cancer cells to educate PLTs. Zarà et al. demonstrated
that breast cancer cell lines—highly aggressive MDM-MB-231 and MCF7 could educate PLTs to produce
PEVs in an amount similar to that after thrombin activation [96]. Next, those PEVs were co-cultured
with cancer cells to investigate if the newly formed PEVs impact cells. Only in the MDM-MB-231
cell line, authors observed cells activation and phosphorylation of p38MAPK and myosin light chain.
Moreover, increased migration and invasion was noted. This experiment showed that PEVs can
novel paracrine-positive feedback mechanism initiated by MDA-MB-231 to escalate their invasive
phenotype [96].

PEVs formed by PLTs during apoptosis-like process show surface gpIIb/IIIa, and PS and stimulate
their own phagocytic removal by monocytes, moreover, they are able to change macrophages into
M2 macrophages [97,98]. In contrast to effect on endothelial cells, after PEVs miR-223 transfer into
gastric cell line SGC7901, increased proliferation and invasion in vitro, as well as decreased apoptosis,
was observed. This showed that horizontal miRNA transfer via PEVs could have diverse effect
contingent on donor cells [4,99]. Another noteworthy experimental work showed that peripheral blood
mononuclear cells (PBMCs) isolated from patients with B-precursor acute lymphoblastic leukemia
had increased apoptotic markers CD95, active caspse-3, and an increased number of apoptotic cells,
after two days of co-culturing with PEVs [100].

Cancer cells transmigration from circulation into the tissues is mediated likewise by tissue-specific
enzymes, the majority of which belongs to the MMP family. Dashevsky et al. confirmed transfer of
MMP-2 and its′ increased secretion from Cl-1 cells after co-culturing with PEVs. Interesting observation
was made when Cl-1 cells were incubated with PEVs lysate. Values of MMP-2 concentration and
secretion were similar to that after cells co-culturing with PEVs. It suggests that the transfer of MMP-2
is not dependent only on PEVs internalization. The other possible candidates for increased MMP-2
value might be free miRNA from PEVs lysate or lysophosphatidic acid (LPA) as an MMP-2 activator
presented on PLTs and in prostate cancer cells [101].

Natural killer (NK) cells efficiently recognize and kill circulating tumor cells of almost any
origin, but their effectiveness in TME is discussed. PEVs miR-183 transfer into NK cells suppressed
activator adapter DAP12 and suppressed their cytolytic functions in tumor-associated NK cells [102].
PEVs could also horizontally transfer functional miR-126–3p into primary human macrophages.
The PEVs dose-dependent down regulation of miR-126–3p targets CCL4, CSF1, and TNF was observed.
Decreased secretion of cytokines/chemokines was correlated with reprogramming into phagocytic
macrophages [88,103]. The role of TF in angiogenesis and metastasis formation is well documented,
therefore, the role of TF-positive PEVs in tumor growth seems clear. Another interesting aspect of
PEVs as a potentially important immune checkpoint in cancer biology is a presence of PS on PEVs
surface. PEVs as an abundant source of PS might be a possible ligand for PS receptor (PSR) on the
immune cells. Activation of PS–PSR pathway leads to the inhibition of innate and adaptive immune
response in TME, as well as in circulation [104]. The new oncotherapy strategies examined the PSR
inhibitors as a new anticancer target, but only a highly selective inhibition strategy could be applied in
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the cancer treatment. Table 2 summarize PEVs pivotal role in crosstalk between PLTs and other cells,
particularly with cancer cells (Table 2).

Table 2. The role of PEVs in cell-to-cell communication. PEVs secreted from activated PLTs transfer to
target cells and their cargo promotes phenotypic changes and novel functions in donor cells.

Target Cell PEVs Derived Factors/Molecules Functional Changes (References)

A549, CRL 2066, CRL 2062, HTB
183, HTB 177 lung CCL;

LCC * CCL
CD41, CD61

CD184

(+) adhesion to fibrinogen and
HUVECs [83]

(+) metastatic potential [83]
(+) mRNA expression of angiogenic

factors (MMP-9, VEGF, IL-8) [83]
(+) proliferation and chemoinvasion [83]

HUVECs miRNA Let-7a
miRNA-223

(−) synthesis THBS-1 anti-angiogenic
molecule [85]

(+) apoptosis by IGF-1 [4,87]

MC-38 colon CCL, LCC * CCL miRNA-24 (+) apoptosis [84]

BT549 breast CCL miRNA-123
miRNA-233

(−) migration [62]
(−) cell cycle [62]

SKOV3 ovarian CCL miRNA-939 (+) invasion via TPM3 [94]
(+) progression [94]

MDM-MB-231 breast CCL (+) invasion [96]
(+) migration [94]

SGC7901 gastric CCL miRNA-223 (+) proliferation and invasion [4,105]
(−) apoptosis [4,105]

PBMCs from patients with ALL CD95
Caspase-3 (+) apoptosis [100]

Cl-1 prostate CCL MMP-2
miRNA? (+) migration [101]

macrophages PS, gpIIb/IIIa
miR-126-3p

polarization into macrophage M2 [97]
(−)CCL4, CSF1, TNF [88]

NK cells miR-183 (−) cytolysis [102]

Abbreviations: CCL-cancer cell line; * murine cell line; (+) increase; (−) decrease.

5. The Potential of PEVs as Diagnostics Cancer Biomarkers

PEVs number in blood was raised about twice in myeloproliferative neoplasms, compared to
healthy controls, up to four times in oral cancer and colorectal subjects and more than ten times in breast
cancer patients [86,106]. The highest concentration of PEVs, more than 30-fold, was noticed in patients
with IV stage of gastric cancer. In each group, the highest PEVs concertation were demonstrated in
advanced cancer stages and in patients with distal metastases [86,106–108].

Investigation in patients with non-small cell lung cancer (NSCLC) categorized based on disease
progression, showed the significantly higher number of circulating EVs from activated or apoptotic
PLTs and from endothelial apoptotic cells, compared to healthy subjects. Changes in EVs levels in
different stages of NSCLC showed that serial measurements of circulating PEVs are valuable prognostic
biomarkers, mainly in the advanced stages of NSCLC [109].

PEVs as source of anionic phospholipids and TF on their surface are one of the important
factors of procoagulant activity. Data demonstrated by Ren et al. showed the significantly increased
number of EVs and PEVs in patients with oral squamous cell carcinoma (OSCC) in peripheral blood.
PEVs level was also positively correlated with clinical stage and with fibrinogen concentration and
patients hypercoagulable state [107]. Mege and colleagues showed correlations between increased
PEVs number and the stage of the disease in patients with pancreatic cancer and colorectal cancer.
They suggested that PEVs concentration in blood could be a useful marker for evaluation of the disease
progression in these types of neoplasia [110].
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Yenigürbüz et al. described another aspect of increased PEVs number in patients with neoplasia.
Thromboembolism is one of the complications during induction of therapy in pediatric acute
lymphoblastic leukemia (ALL) patients [111]. Children with ALL have increased levels of ABs,
PEVs, endothelial-derived, and tissue factor-positive microvesicles during induction therapy. Further
studies are needed to confirm the PEVs contribution in thromboembolism during the induction
therapy period in children with ALL [111]. Similar observations were made in adult patients with
myeloproliferative neoplasia, where the number of TF positive PMPs and endothelial derived EVs
was significantly increased, which might also play a role in thrombotic complications in that group of
subjects [112]. Tjon-Kon-Fat et al. demonstrated that tumor educated PLTs are a source of prostate
cancer biomarkers [113,114]. In this context it seems to be interesting to evaluate the presence and role
of EVs generated from tumor-educated PLTs.

6. The Potential of PEVs in Cancer Therapy

The paradigm of using nanoparticulate pharmaceutics as delivery vectors was established
over the past decade [56]. To use EVs as drug transporters, their pharmacokinetics should
be analyzed. Mice models of EXSMs distribution showed that the route of administration,
EXSMs origin, and concentration critically influenced their biodistribution [115]. In the mice model,
after intraperitoneal and subcutaneous administration of EXSMs, they preferentially localized in the
pancreas and gastrointestinal tract. Whereas, intravenous administrated EXSMs were detected in the
spleen and the liver [116]. In addition, EXSMs loaded with therapeutic anti-miRNA could be transferred
locally into tumor or systemically. Other therapeutic strategies in cancer therapy were elimination
of EXSMs from blood or prevention of EXSMs fusion with target cell [117,118]. Various strategies of
using EXSMs in anticancer therapy are characterized in the literature, but more research is still needed.

In an elegant study, Kailashiya et al. documented that doxorubicin-loaded PEVs (doxo-PEVs)
were taken by HL60, K562 cells (leukemia cell lines), and blast cells, in whole blood harvested from
patients with newly diagnosed leukemia. Doxo-PEVs were uptaken by cells via P-selectin ligands and
integrins. Moreover, doxo-PEVs transfer into leukemia cells was higher, compared to free doxorubicin,
which could be used to increase the effectiveness of the therapy and minimize the side effects of
drugs [56]. Gasperi et al. showed that PEVs with miR-126 and with miR-223 increased sensitivity of
BT549 cells to the cisplatin chemotherapy [62].

PEVs drug-loaded could be a natural vectors-targeted medications. Engineering them from
autologous platelets in large quantity and storing for several days, seems to be a new biocompatible
and non-immunogenic new-generation medicine. However, to make PEVs applicable and efficacious in
clinical treatments, some of their underlying functions still need to be better researched and understood.

7. Summary

PEVs biogenesis depends on different signals that control their formation from PLTs. The role
of PEVs in various physiological conditions, like hemostasis, or pathological like inflammation or
atherosclerosis was confirmed. This review focused on the PEVs participation in cancerogenesis.
A better understanding of the biology of PEVs and the mechanisms that allow them to function
as mediators in cell-to-cell communication in cancer growth, could become a contribution to the
development of new therapeutic strategies, which could also be applicable in cancer. Moreover,
determining the number of PEVs and their cargo becomes a useful diagnostic marker or prognostic
factor for the different clinical stages in a variety of neoplasia. Knowledge about the formation of
distinct PEVs types dependent on PLTs activators could lead to the development of specific techniques
for PEVs-mediated drug delivery to cancer cells, or to TME, to modulate their immune response
or angiogenesis.
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Abbreviations

ABs apoptotic bodies
ALL acute lymphoblastic leukemia
CD cluster of differentiation
CCL cancer cell line
CLEC-2 C-type lectin domain family 1-member B
ECTSMs ectosomes
ESCRT endosomal sorting complex required for transport
ESE early sorting endosomes
EVs extracellular vesicles
EXSMs exosomes
HAECs human aortic endothelial cells
HUVECs human umbilical vein endothelial cells
ILVs intraluminal vesicles
LA lactadherin
LAMP-1 lysosome-associated glycoprotein-1
LPS lipopolysaccharide
LXA4 lipoxin A4
MAPK mitogen-activated protein kinase
Mk-EVs EVs derived from megakaryocytes
MMP metalloproteinase
MVBs multivesicular bodies
MPs microparticles
NSCLC non-small cell lung cancer
OSCC oral squamous cell carcinoma
PBMCs peripheral blood mononuclear cells
PdEXSMs platelet derived exosomes
PEVs platelets extracellular vesicles
PLTs platelets
PMPs platelets microparticles
PUFAs polyunsaturated fatty acids
RT room temperature
TEVs tumor derived extracellular vesicles
TF tissue factor
TGF-β1 transforming growth factor beta 1
THBS-1 thrombospondin-1
TLR-4 toll-like receptor 4
TME tumor microenvironment
TPM3 tropomyosin 3
VEGF vascular endothelial growth factor
vWf von Willebrand factor
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10. Żmigrodzka, M.; Guzera, M.; Miśkiewicz, A.; Jagielski, D.; Winnicka, A. The biology of extracellular vesicles
with focus on platelet microparticles and their role in cancer development and progression. Tumour. Biol.
2016, 11, 14391–14401. [CrossRef]

11. Van der Pol, E.; Böing, A.N.; Gool, E.L.; Nieuwland, R. Recent developments in the nomenclature, presence,
isolation, detection and clinical impact of extracellular vesicles. J. Thromb. Haemost. 2016, 14, 48–56.
[CrossRef] [PubMed]

12. Menck, K.; Bleckmann, A.; Wachter, A.; Hennies, B.; Ries, L.; Schulz, M.; Balkenhol, M.; Pukrop, T.; Schatlo, B.;
Rost, U.; et al. Characterisation of tumour-derived microvesicles in cancer patients’ blood and correlation
with clinical outcome. J. Extracell. Vesicles 2017, 1, 1340745. [CrossRef] [PubMed]

13. Laroche, M.; Dunois, C.; Vissac, A.M.; Amiral, J. Update on functional and genetic laboratory assays for the
detection of platelet microvesicles. Platelets 2017, 3, 235–241. [CrossRef] [PubMed]

14. Italiano, J.E., Jr.; Mairuhu, A.T.; Flaumenhaft, R. Clinical relevance of microparticles from platelets and
megakaryocytes. Curr. Opin. Hematol. 2010, 6, 578–584. [CrossRef] [PubMed]

15. Berckmans, R.J.; Nieuwland, R.; Böing, A.N.; Romijn, F.P.; Hack, C.E.; Sturk, A. Cell-derived microparticles
circulate in healthy humans and support low grade thrombin generation. Thromb. Haemost. 2001, 4, 639–646.

16. Wolf, P. The nature and significance of platelet products in human plasma. Br. J. Haematol. 1967, 3, 269–288.
[CrossRef]

17. Melki, I.; Tessandier, N.; Zufferey, A.; Boilard, E. Platelet microvesicles in health and disease. Platelets 2017, 3,
214–221. [CrossRef]

18. Van der Pol, E.; Harrison, P. From platelet dust to gold dust: Physiological importance and detection of
platelet microvesicles. Platelets 2017, 3, 211–213. [CrossRef]

19. Sinauridze, E.I.; Kireev, D.A.; Popenko, N.Y.; Pichugin, A.V.; Panteleev, M.A.; Krymskaya, O.V.;
Ataullakhanov, F.I. Platelet microparticle membranes have 50- to 100-fold higher specific procoagulant
activity than activated platelets. Thromb. Haemost. 2007, 97, 425–434.

20. Aatonen, M.; Grönholm, M.; Siljander, P.R. Platelet-derived microvesicles: Multitalented participants in
intercellular communication. Semin. Thromb. Hemost. 2012, 1, 102–113. [CrossRef]

21. Zubairova, L.D.; Nabiullina, R.M.; Nagaswami, C.; Zuev, Y.F.; Mustafin, I.G.; Litvinov, R.I.; Weisel, J.W.
Circulating microparticles alter formation, structure, and properties of fibrin clots. Sci. Rep. 2015, 5, 17611.
[CrossRef] [PubMed]

22. Castaman, G.; Li, Y.-F.; Battistin, E.; Rodeghiero, F. Characterization of a novel bleeding disorder with isolated
prolonged bleeding time and deficiency of platelet microvesicle generation. Br. J. Haematol. 1997, 96, 458–463.
[CrossRef]

23. Chen, Y.; Xiao, Y.; Lin, Z.; Xiao, X.; He, C.; Bihl, J.C.; Zhao, B.; Ma, X.; Chen, Y. The role of circulating
platelets microparticles and platelet parameters in acute ischemic stroke patients. J. Stroke Cereb. Dis. 2015,
10, 2313–2320. [CrossRef] [PubMed]

24. Álvarez-Román, M.T.; Fernández-Bello, I.; Jiménez-Yuste, V.; Martín-Salces, M.; Arias-Salgado, E.G.; Rivas
Pollmar, M.I.; Justo Sanz, R.; Butta, N.V. Procoagulant profile in patients with immune thrombocytopenia.
Br. J. Haematol. 2016, 5, 925–934. [CrossRef] [PubMed]

47



Int. J. Mol. Sci. 2020, 21, 5195

25. Kim, H.K.; Song, K.S.; Park, Y.S.; Kang, Y.H.; Lee, Y.J.; Lee, K.R.; Kim, H.K.; Ryu, K.W.; Bae, J.M.; Kim, S.
Elevated levels of circulating platelet microparticles, VEGF, IL-6 and RANTES in patients with gastric cancer:
Possible role of a metastasis predictor. Eur. J. Cancer 2003, 2, 184–191. [CrossRef]

26. Johnstone, R.M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte
maturation. Association of plasma membrane activities with released vesicles (exosomes). J. Biol. Chem.
1987, 19, 9412–9420.

27. Edelstein, L.C. The role of platelet microvesicles in intercellular communication. Platelets 2017, 3, 222–227.
[CrossRef]

28. Schoenwaelder, S.M.; Yuan, Y.; Josefsson, E.C.; White, M.J.; Yao, Y.; Mason, K.D.; O’Reilly, L.A.; Henley, K.J.;
Ono, A.; Hsiao, S.; et al. Two distinct pathways regulate platelet phosphatidylserine exposure and
procoagulant function. Blood 2009, 3, 663–666. [CrossRef]

29. Dale, G.L.; Remenyi, G.; Friese, P. Tetraspanin CD9 is required for microparticle release from coated-platelets.
Platelets 2009, 20, 361–366. [CrossRef]

30. Brisson, A.R.; Tan, S.; Linares, R.; Gounou, C.; Arraud, N. Extracellular vesicles from activated platelets:
A semiquantitative cryo-electron microscopy and immuno-gold labeling study. Platelets 2017, 3, 263–271.
[CrossRef]

31. Mashouri, L.; Yousefi, H.; Aref, A.R.; Ahadi, A.M.; Molaei, F.; Alahari, S.K. Exosomes: Composition,
biogenesis, and mechanisms in cancer metastasis and drug resistance. Mol. Cancer 2019, 75. [CrossRef]
[PubMed]

32. Meldolesi, J. Exosomes and ectosomes in intercellular communication. Curr. Biol. 2018, 8, R435–R444.
[CrossRef] [PubMed]

33. Hessvik, N.P.; Llorente, A. Current knowledge on exosome biogenesis and release. Cell Mol. Life Sci. 2018, 2,
193–208. [CrossRef] [PubMed]

34. Catalano, M.; O’Driscoll, L. Inhibiting extracellular vesicles formation and release: A review of EV inhibitors.
J. Extracell. Vesicles 2019, 9, 1703244. [CrossRef]

35. Wang, Y.; Zhang, S.; Luo, L.; Norstrom, E.; Braun, O.O.; Morgelin, M.; Thorlacius, H. Platelet-derived
microparticles regulates thrombin generation via phophatidylserine in abdominal sepsis. J. Cell Physiol. 2018,
2, 1051–1060. [CrossRef]

36. Aatonen, M.T.; Ohman, T.; Nyman, T.A.; Laitinen, S.; Grönholm, M.; Siljander, P.R. Isolation and
characterization of platelet-derived extracellular vesicles. J. Extracell. Vesicles 2014. [CrossRef]

37. Lea, J.; Sharma, R.; Yang, F.; Zhu, H.; Ward, E.S.; Schroit, A.J. Detection of phosphatidylserine-positive
exosomes as a diagnostic marker for ovarian malignancies: A proof of concept study. Oncotarget 2017, 9,
14395–14407. [CrossRef]

38. Rand, M.L.; Wang, H.; Bang, K.W.; Packham, M.A.; Freedman, J. Rapid clearance of procoagulant
platelet-derived microparticles from the circulation of rabbits. J. Thromb. Haemost. 2006, 7, 1621–1623.
[CrossRef]

39. Rank, A.; Nieuwland, R.; Crispin, A.; Grützner, S.; Iberer, M.; Toth, B.; Pihusch, R. Clearance of platelet
microparticles in vivo. Platelets 2011, 2, 111–116. [CrossRef]

40. Flaumenhaft, R. Formation and fate of platelet microparticles. Blood Cells Mol. Dis. 2006, 2, 182–187.
[CrossRef]

41. Abdel-Monem, H.; Dasgupta, S.K.; Le, A.; Prakasam, A.; Thiagarajan, P. Phagocytosis of platelet microvesicles
and beta2- glycoprotein I. Thromb. Haemost. 2010, 2, 335–341.

42. Dasgupta, S.K.; Le, A.; Chavakis, T.; Rumbaut, R.E.; Thiagarajan, P. Developmental endothelial locus-1
(Del-1) mediates clearance of platelet microparticles by the endothelium. Circulation 2012, 13, 1664–1672.
[CrossRef] [PubMed]

43. Record, M.; Silvente-Poirot, S.; Poirot, M.; Wakelam, M.J.O. Extracellular vesicles: Lipids as key components
of their biogenesis and functions. J. Lipid. Res. 2018, 8, 1316–1324. [CrossRef] [PubMed]

44. Charoenviriyakul, C.; Takahashi, Y.; Morishita, M.; Matsumoto, A.; Nishikawa, M.; Takakura, Y.
Cell type-specific and common characteristics of exosomes derived from mouse cell lines: Yield,
physicochemical properties, and pharmacokinetics. Eur. J. Pharm. Sci. 2017, 1, 316–322. [CrossRef]

45. Wisgrill, L.; Lamm, C.; Hartmann, J.; Preiβing, F.; Dragostis, K.; Bee, A.; Hell, L.; Thaler, J.; Ay, C.;
Pabinger, I.; et al. Peripheral blood microvesicles secretion is influenced by storage time, temperature, and
anticoagulants. Cytometry A 2016, 7, 663–672. [CrossRef]

48



Int. J. Mol. Sci. 2020, 21, 5195

46. Flaumenhaft, R.; Dilks, J.R.; Richardson, J.; Alden, E.; Patel-Hett, S.R.; Battinelli, E.; Klement, G.L.;
Sola-Visner, M.; Italiano, J.E., Jr. Megakaryocyte-derived microparticles: Direct visualization and distinction
from platelet-derived microparticles. Blood 2009, 5, 1112–1121. [CrossRef]

47. Vajen, T.; Mause, S.F.; Koenen, R.R. Microvesicles from platelets: Novel drivers of vascular inflammation.
Thromb. Haemost. 2015, 2, 228–236. [CrossRef]

48. Rank, A.; Nieuwland, R.; Delker, R.; Kohler, A.; Toth, B.; Pihusch, V. Cellular origin of platelet-derived
microparticles In Vivo. Thromb. Res. 2010, 126, e255–e259. [CrossRef]

49. Heijnen, H.F.; Schiel, A.E.; Fijnheer, R.; Geuze, H.J.; Sixma, J.J. Activated platelets release two types
of membrane vesicles: Microvesicles by surface shedding and exosomes derived from exocytosis of
multivesicular bodies and alpha-granules. Blood 1999, 11, 3791–3799. [CrossRef]

50. Dean, W.L.; Lee, M.J.; Cummins, T.D.; Schultz, D.J.; Powell, D.W. Proteomic and functional characterisation
of platelet microparticle size classes. Thromb. Haemost. 2009, 102, 711–718. [CrossRef]

51. Menter, D.G.; Kanikarla-Marie, P.; Lam, M.; Davis, J.S.; Kopetz, S. Platelet microparticles: Small payloads
with profound effects on tumor growth. Noncoding RNA Investig. 2017, 15. [CrossRef] [PubMed]

52. Sadallah, S.; Eken, C.; Martin, P.J.; Schifferli, J.A. Microparticles (ectosomes) shed by stored human platelets
downregulate macrophages and modify the development of dendritic cells. J. Immunol. 2011, 11, 6543–6552.
[CrossRef] [PubMed]

53. Falati, S.; Liu, Q.; Gross, P.; Merrill-Skoloff, G.; Chou, J.; Vandendries, E.; Celi, A.; Croce, K.; Furie, B.C.;
Furie, B. Accumulation of tissue factor into developing thrombi in vivo is dependent upon microparticle
Pselectin glycoprotein ligand 1 and platelet P-selectin. J. Exp. Med. 2003, 11, 1585–1598. [CrossRef] [PubMed]

54. Diamant, M.; Nieuwland, R.; Pablo, R.F.; Sturk, A.; Smit, J.W.; Radder, J.K. Elevated numbers of tissue-factor
exposing microparticles correlate with components of the metabolic syndrome in uncomplicated type 2
diabetes mellitus. Circulation 2002, 19, 2442–2447. [CrossRef]

55. Tang, K.; Liu, J.; Yang, Z.; Zhang, B.; Zhang, H.; Huang, C.; Ma, J.; Shen, G.X.; Ye, D.; Huang, B.
Microparticles mediate enzyme transfer from platelets to mast cells: A new pathway for lipoxin a4
biosynthesis. Biochem. Biophys. Res. Commun. 2010, 3, 432–436. [CrossRef]

56. Kailashiya, J.; Gupta, V.; Dash, D. Engineered human platelet-derived microparticles as natural vectors for
targeted drug delivery. Oncotarget 2019, 56, 5835–5846. [CrossRef]

57. Baj-Krzyworzeka, M.; Majka, M.; Pratico, D.; Ratajczak, J.; Vilaire, G.; Kijowski, J.; Reca, R.;
Janowska-Wieczorek, A.; Ratajczak, M.Z. Platelet-derived microparticles stimulate proliferation, survival,
adhesion, and chemotaxis of hematopoietic cells. Exp. Hematol. 2002, 5, 450–459. [CrossRef]

58. Gelderman, M.P.; Simak, J. Flow cytometric analysis of cell membrane microparticles. Methods Mol. Biol.
2008, 484, 79–93.

59. Abid, H.M.N.; Meesters, E.W.; Osmanovic, N.; Romijn, F.P.; Nieuwland, R.; Sturk, A. Antigenic
characterization of endothelial cellderived microparticles and their detection ex vivo. J. Thromb. Haemost.
2003, 11, 2434–2443. [CrossRef]

60. Thiagarajan, P.; Tait, J.F. Collagen-induced exposure of anionic phospholipid in platelets and platelet-derived
microparticles. J. Biol. Chem. 1991, 36, 24302–24307.

61. Rozmyslowicz, T.; Majka, M.; Kijowski, J.; Murphy, S.L.; Conover, D.O.; Poncz, M.; Ratajczak, J.; Gaulton, G.N.;
Ratajczak, M.Z. Platelet- and megakaryocyte-derived microparticles transfer CXCR4 receptor to CXCR4-null
cells and make them susceptible to infection by X4-HIV. AIDS 2003, 1, 33–42. [CrossRef] [PubMed]

62. Gasperi, W.; Vangapandu, C.; Savini, I.; Ventimiglia, G.; Adoro, G.; Catani, M.V. Polyunsaturated fatty
acids modulate the delivery of platelet microvesicle-derived microRNAs into human breast cancer cell lines.
J. Nutr. Biochem. 2019, 74, 108242. [CrossRef] [PubMed]

63. Gilbert, G.E.; Sims, P.J.; Wiedmer, T.; Furie, B.; Furie, B.C.; Shattil, S.J. Platelet-derivedmicroparticles express
high affinity receptors for factor VIII. J. Biol. Chem. 1991, 26, 17261–17268.

64. Brill, A.; Dashevsky, O.; Rivo, J.; Gozal, Y.; Varon, D. Platelet-derived microparticles induce angiogenesis and
stimulate post-ischemic revascularization. Cardiovasc. Res. 2005, 1, 30–38. [CrossRef]

65. Fox, J.E.; Austin, C.D.; Boyles, J.K.; Steffen, P.K. Role of the membrane skeleton in preventing the shedding of
procoagulant-rich microvesicles from the platelet plasma membrane. J. Cell Biol. 1990, 2, 483–493. [CrossRef]
[PubMed]

49



Int. J. Mol. Sci. 2020, 21, 5195

66. Podor, T.J.; Singh, D.; Chindemi, P.; Foulon, D.M.; McKelvie, R.; Weitz, J.I.; Austin, R.; Boudreau, G.; Davies, R.
Vimentin exposed on activated platelets and platelet microparticles localizes vitronectin and plasminogen
activator inhibitor complexes on their surface. J. Biol. Chem. 2002, 9, 7529–7539. [CrossRef]

67. Barry, O.P.; Praticò, D.; Savani, R.C.; FitzGerald, G.A. Modulation of monocyte-endothelial cell interactions
by platelet microparticles. J. Clin. Investig. 1998, 1, 136–144. [CrossRef]

68. Barry, O.P.; Kazanietz, M.G.; Praticò, D.; FitzGerald, G.A. Arachidonic acid in platelet microparticles
up-regulates cyclooxygenase-2-dependent prostaglandin formation via a protein kinase C/mitogen-activated
protein kinase-dependent pathway. J. Biol. Chem. 1999, 11, 7545–7556. [CrossRef]

69. Boilard, E.; Nigrovic, P.A.; Larabee, K.; Watts, G.F.M.; Coblyn, J.S.; Weinblatt, M.E.; Massarotti, E.M.;
Remold-O’Donnell, E.; Farndale, R.W.; Ware, J.; et al. Platelets amplify inflammation in arthritis via
collagen-dependent microparticle production. Science 2010, 5965, 580–583. [CrossRef]

70. Sims, P.J.; Faioni, E.M.; Wiedmer, T.; Shattil, S.J. Complement proteins C5b-9 cause release of membrane
vesicles from the platelet surface that are enriched in the membrane receptor for coagulation factor Va and
express prothrombinase activity. J. Biol. Chem. 1988, 34, 18205–18212.

71. Raturi, A.; Miersch, S.; Hudson, J.W.; Mutus, B. Platelet microparticleassociated protein disulfide isomerase
promotes platelet aggregation and inactivates insulin. Biochim. Biophys. Acta 2008, 12, 2790–2796. [CrossRef]
[PubMed]

72. Böing, A.N.; Hau, C.M.; Sturk, A.; Nieuwland, R. Platelet microparticles contain active caspase 3. Platelets
2008, 19, 96–103. [CrossRef] [PubMed]

73. Mause, S.F.; von Hundelshausen, P.; Zernecke, A.; Koenen, R.R.; Weber, C. Platelet microparticles:
A transcellular delivery system for RANTES promoting monocyte recruitment on endothelium. Arter. Thromb.
Vasc. Biol. 2005, 7, 1512–1518. [CrossRef] [PubMed]

74. Maroney, S.A.; Haberichter, S.L.; Friese, P.; Collins, M.L.; Ferrel, J.P.; Dale, G.L.; Mast, A.E. Active tissue
factor pathway inhibitor is expressed on the surface of coated platelets. Blood 2007, 5, 1931–1937. [CrossRef]
[PubMed]

75. Gambim, M.H.; do Carmo, A.; Marti, L.; Veríssimo-Filho, S.; Lopes, L.R.; Janiszewski, M. Platelet-derived
exosomes induce endothelial cell apoptosis through peroxynitrite generation: Experimental evidence for a
novel mechanism of septic vascular dysfunction. Crit. Care 2007, 5, R107. [CrossRef] [PubMed]

76. Pfister, S.L. Role of platelet microparticles in the production of thromboxane by rabbit pulmonary artery.
Hypertension 2004, 2, 428–433. [CrossRef]

77. Salanova, B.; Choi, M.; Rolle, S.; Wellner, M.; Luft, F.C.; Kettritz, R. Beta2-integrins and acquired glycoprotein
IIb/IIIa (GPIIb/IIIa) receptors cooperate in NF-kappaB activation of human neutrophils. J. Biol. Chem. 2007,
38, 27960–27969. [CrossRef]

78. Kim, H.K.; Song, K.S.; Chung, J.H.; Lee, K.R.; Lee, S.N. Platelet microparticles induce angiogenesis in vitro.
Br. J. Haematol. 2004, 3, 376–384. [CrossRef]

79. Saber, S.H.; Ali, H.E.A.; Gaballa, R.; Gaballah, M.; Ali, H.I.; Zerfaoui, M.; Abd Elmageed, Z.Y. Exosomes are
the driving force in preparing the soil for the metastatic seeds: Lessons from the prostate cancer. Cells 2020,
3, 564. [CrossRef]

80. Doyle, L.M.; Wang, M.Z. Overview of extracellular vesicles, their origin, composition, purpose, and methods
for exosome isolation and analysis. Cells 2019, 7, 727. [CrossRef]

81. Nishida, N.; Yano, H.; Nishida, T.; Kamura, T.; Kojiro, M. Angiogenesis in cancer. Vasc. Health Risk Manag.
2006, 3, 213–219. [CrossRef] [PubMed]

82. Happonen, K.E.; Tran, S.; Mörgelin, M.; Prince, R.; Calzavarini, S.; Angelillo-Scherrer, A.; Dählback, B. The
Gas6-Axl protein interaction mediates endothelial uptake of platelet microparticles. J. Biol. Chem. 2016, 20,
10586–10601. [CrossRef] [PubMed]

83. Janowska-Wieczorek, A.; Wysoczynski, M.; Kijowski, J.; Marquez-Curtis, L.; Machalinski, B.; Ratajczak, J.;
Ratajczak, M.Z. Microvesicles derived from activated platelets induce metastasis and angiogenesis in lung
cancer. Int. J. Cancer 2005, 5, 752–760. [CrossRef] [PubMed]

84. Michael, J.V.; Wurtzel, J.G.T.; Mao, G.F.; Rao, A.K.; Kolpakov, M.A.; Sabri, A.; Hoffman, N.E.; Rajan, S.;
Tomar, D.; Madesh, M.; et al. Platelet microparticles infiltrating solid tumors transfer miRNAs that suppress
tumor growth. Blood 2017, 5, 567–580. [CrossRef]

85. Anene, C.; Graham, A.M.; Boyne, J.; Roberts, W. Platelet microparticle delivered microRNA-Let-7a promotes
the angiogenic switch. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 8, 2633–2643. [CrossRef]

50



Int. J. Mol. Sci. 2020, 21, 5195

86. Lazar, S.; Goldfinger, L.E. Platelet microparticles and miRNA transfer in cancer progression: Many targets,
modes of action, and effects across cancer stages. Front. Cardiovasc. Med. 2018, 5, 13. [CrossRef]

87. Pan, Y.; Liang, H.; Liu, H.; Li, D.; Chen, X.; Li, L.; Zhang, C.Y.; Zen, K. Platelet-secreted microRNA-223
promotes endothelial cell apoptosis induced by advanced glycation end products via targeting the insulin-like
growth factor 1 receptor. J. Immunol. 2014, 1, 437–446. [CrossRef]

88. Laffont, B.; Corduan, A.; Rousseau, M.; Duchez, A.C.; Lee, C.H.C.; Boilard, E.; Provost, P.
Platelet microparticles reprogram macrophage gene expression and function. Thromb. Haemost. 2016,
2, 311–323.

89. Bakewell, S.J.; Nestor, P.; Prasad, S.; Tomasson, M.H.; Dowland, N.; Mehrorta, M.; Scarborough, R.; Kanter, J.;
Abe, K.; Phillips, D.; et al. Platelet and osteoclast beta3 integrins are critical for bone metastasis. Proc. Natl.
Acad. Sci. USA 2003, 24, 14205–14210. [CrossRef]

90. Liu, S.C.; Bassi, D.E.; Zhang, S.Y.; Holoran, D.; Conti, C.J.; Klein-Szanto, A.J. Overexpression of cyclin D2 is
associated with increased in vivo invasiveness of human squamous carcinoma cells. Mol. Carcinog. 2002, 3,
131–139. [CrossRef]

91. Shahidi, F.; Ambigaipalan, P. Omega-3 polyunsaturated fatty acids and their health benefits. Ann. Rev. Food
Sci. Technol. 2018, 9, 345–381. [CrossRef] [PubMed]

92. Shi, L.; Fisslthaler, B.; Zippel, N.; Frömel, T.; Hu, J.; Elgheznawy, A.; Heide, H.; Popp, R.; Fleming, I.
MicroRNA-223 antagonizes angiogenesis by targeting β1 integrin and preventing growth factor signaling in
endothelial cells. Circ. Res. 2013, 113, 1320–1330. [CrossRef] [PubMed]

93. Tang, M.L.; Jiang, L.; Lin, Y.Y.; Wu, X.L.; Wang, K.; He, Q.Z.; Wang, X.P.; Li, W.P. Platelet microparticle
mediated transfer of miR-939 to epithelial ovarian cancer cells promotes epithelial to mesenchymal transition.
Oncotarget 2017, 8, 97464–97475. [CrossRef] [PubMed]

94. Yao, B.; Qu, S.; Hu, R.; Gao, W.; Jin, S.; Ju, J.; Zhao, Q. Delivery of platelet TPM3 mRNA into breast cancer
cells via microvesicles enhances metastasis. FEBS Open Biol. 2019, 12, 2159–2169. [CrossRef] [PubMed]

95. Yu, S.B.; Gao, Q.; Lin, W.W.; Kang, M.Q. Proteomic analysis indicates the importance of TPM3 in esophageal
squamous cell carcinoma invasion and metastasis. Mol. Med. Rep. 2017, 15, 1236–1242. [CrossRef] [PubMed]

96. Zarà, M.; Guidetti, G.F.; Boselli, D.; Villa, C.; Canobbio, I.; Seppi, C.; Visconte, C.; Canio, J.; Torti, M. Release of
prometastatic platelet-derived microparticles induced by breast cancer cells: A novel positive feedback
mechanism for metastasis. TH Open 2017, 2, e155–e163. [CrossRef]

97. Burnouf, T.; Goubran, H.A.; Chou, M.L.; Devos, D.; Radosevic, M. Platelet microparticles: Detection and
assessment of their paradoxical functional roles in disease and regenerative medicine. Blood Rev. 2014, 4,
155–166. [CrossRef]

98. Vasina, E.M.; Cauwenberghs, S.; Feijge, M.A.; Heemskerk, J.W.; Weber, C.; Koenen, R.R. Microparticles from
apoptotic platelets promote resident macrophage differentiation. Cell Death Dis. 2011, 9, e211. [CrossRef]

99. Li, J.; Guo, Y.; Liang, X.; Sun, M.; Wang, G.; De, W.; Wu, W. MicroRNA-223 functions as an oncogene in
human gastric cancer by targeting FBXW7/hCdc4. J. Cancer Res. Clin. Oncol. 2012, 5, 763–774. [CrossRef]

100. Yaftian, M.; Yari, F.; Ghasemzadeh, M.; Fallah, A.V.; Haghighi, M. Induction of apoptosis in cancer cells
of pre-B ALL patients after exposure to platelets, platelet-derived microparticles and soluble CD40 ligand.
Cell J. 2018, 1, 120–126.

101. Dashevsky, O.; Varon, D.; Brill, A. Platelet-derived microparticles promote invasiveness of prostate cancer
cells via upregulation of MMP-2 production. Int. J. Cancer 2009, 8, 1773–1777. [CrossRef] [PubMed]

102. Sadallah, S.; Schmied, L.; Eken, C.; Charoudeh, H.N.; Amicarella, F.; Schifferli, J.A. Platelet-derived ectosomes
reduce NK cell function. J. Immunol. 2016, 5, 1663–1671. [CrossRef] [PubMed]

103. Laffont, B.; Corduan, A.; Plé, H.; Duchez, A.C.; Cloutier, N.; Boilard, E.; Provost, P. Activated platelets can
deliver mRNA regulatory Ago2 microRNA complexes to endothelial cells via microparticles. Blood 2013, 2,
253–261. [CrossRef] [PubMed]

104. Park, M.; Kang, K.W. Phosphatidylserine receptor-targeting therapies for the treatment of cancer.
Arch. Pharm. Res. 2019, 7, 617–628. [CrossRef] [PubMed]

105. Li, B.; Antonyak, M.A.; Zhang, J.; Cerione, R.A. RhoA triggers a specific signaling pathway that generates
transforming microvesicles in cancer cells. Oncogene 2012, 45, 4740–4749. [CrossRef]

106. Zhang, W.; Qi, J.; Zhao, S.; Shen, W.; Dai, L.; Han, W.; Huang, M.; Wang, Z.; Ruan, C.; Wu, D.; et al. Clinical
significance of circulating microparticles in Ph- myeloproliferative neoplasms. Oncol. Lett. 2017, 2, 2531–2536.
[CrossRef]

51



Int. J. Mol. Sci. 2020, 21, 5195

107. Ren, J.G.; Man, Q.W.; Zhang, W.; Li, C.; Xiong, X.P.; Zhu, J.Y.; Wang, W.M.; Sun, Z.J.; Jia, J.; Zhang, W.F.; et al.
Elevated level of circulating platelet-derived microparticles in oral cancer. J. Dent. Res. 2016, 1, 87–93.
[CrossRef]

108. Dymicka-Piekarska, V.; Gryko, M.; Lipska, A.; Korniluk, A.; Siergiejko, E.; Kemona, H. Platelet-derived
microparticles in patients with colorectal cancer. J. Cancer Ther. 2012, 6, 898–901. [CrossRef]

109. Wang, C.C.; Tseng, C.C.; Chang, H.C.; Huang, K.T.; Fang, W.F.; Chen, Y.M.; Yang, C.T.; Hsiao, C.C.; Lin, M.C.;
Ho, C.K.; et al. Circulating microparticles are prognostic biomarkers in advanced non-small cell lung cancer
patients. Oncotarget 2017, 44, 75952–75967. [CrossRef]

110. Mege, D.; Panicot-Dubois, L.; Ouaissi, M.; Robert, S.; Sielezneff, I.; Sastre, B.; Digant-George, F.; Dubois, C.
The origin and concentration of circulating microparticles differ according to cancer type and evolution:
A prospective single-center study. Int. J. Cancer 2016, 4, 939–948. [CrossRef]
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Abstract: Immunosuppression at tumor microenvironment (TME) is one of the major obstacles
to be overcome for an effective therapeutic intervention against solid tumors. Tumor-associated
macrophages (TAMs) comprise a sub-population that plays multiple pro-tumoral roles in tumor
development including general immunosuppression, which can be identified in terms of high
expression of mannose receptor (MR or CD206). Immunosuppressive TAMs, like other macrophage
sub-populations, display functional plasticity that allows them to be re-programmed to inflammatory
macrophages. In order to mitigate immunosuppression at the TME, several efforts are ongoing
to effectively re-educate pro-tumoral TAMs. Extracellular vesicles (EVs), released by both normal
and tumor cells types, are emerging as key mediators of the cell to cell communication and have
been shown to have a role in the modulation of immune responses in the TME. Recent studies
demonstrated the enrichment of high mannose glycans on the surface of small EVs (sEVs), a subtype
of EVs of endosomal origin of 30–150 nm in diameter. This characteristic renders sEVs an ideal
tool for the delivery of therapeutic molecules into MR/CD206-expressing TAMs. In this review,
we report the most recent literature data highlighting the critical role of TAMs in tumor development,
as well as the experimental evidences that has emerged from the biochemical characterization of sEV
membranes. In addition, we propose an original way to target immunosuppressive TAMs at the TME
by endogenously engineered sEVs for a new therapeutic approach against solid tumors.

Keywords: tumor-associated macrophages; tumor microenvironment; macrophage polarization;
mannose receptor; exosomes; extracellular vesicles; HIV-1 Nef

1. Introduction

Both immunosuppression and genetic escape are formidable weapons through which tumors
can elude host immune surveillance. Solid tumors develop in a quite complex context, referred
to as tumor microenvironment (TME) [1,2], which is composed of both cellular and non-cellular
elements, usually resulting in an immunosuppressive behavior. Counteracting such a general effect
would favor both spontaneous and therapeutic anti-tumor immunity, hence critically contributing to
control tumor cell growth. Therefore, subverting TME immunosuppression represents a major goal for
anticancer immunotherapies.

Both normal and tumor cells constitutively release membrane-bilayered vesicles, commonly
referred to as extracellular vesicles (EVs) [3,4]. They differ in the mechanisms of biogenesis and
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secretion, giving rise to the generation of a heterogeneous population of vesicles with different sizes
and contents [5,6], which include small EVs (sEVs) or exosomes and microvesicles or ectosomes.
Exosomes are vesicles of 30–150 nm diameter generated by inward budding of endosomal membranes
to form intraluminal vesicles that accumulate in intracellular organelles called multivesicular bodies
(MVBs). MVBs ultimately fuse with the plasma membrane, thereby releasing intraluminal vesicles into
the extracellular environment (Figure 1). On the contrary, ectosomes are 100–500 nm vesicles shed
by direct budding from the plasma membrane [7,8]. Different types of EVs often show overlapping
features that make difficult to obtain relatively pure preparations when purified from cell-conditioned
media or biological fluids. In this review, we will use the term sEV to refer to EV types co-isolated by
typical purification methods and exosomes to distinguish EV whose subcellular biogenesis strictly
derives from multivesicular bodies/endosomes [8].

Figure 1. Electron microscopy of multivesicular bodies (MVB) and small extracellular vesicles (sEVs)
(a) TEM micrograph of multivesicular bodies with intraluminal vesicles in Mel501, a melanoma cell
line (b) SEM (Scanning Electron Microscope). Micrograph of sEVs purified from conditioned medium
of Mel501 cells by differential centrifugations. Courtesy of Francesca Iosi and the Microscopy Area of
the ISS Core Facilities.

SEVs carry a complex cargo of nucleic acids, proteins, and lipids that largely reflects the
characteristics and the functional state of the cells they originate from, and that will be delivered to
neighboring or distant cells [9,10]. As a result, the functions of those recipient cells will be modulated
by sEVs in a manner that is strictly dependent on the nature of producer cells, making sEVs central
players in intercellular communication and reprogramming of target cells [11]. Ectosomes generation
is a much less known process that requires the accumulation of their cargo at the cytosolic surface of
specific plasma membrane microdomains [7,12].

SEVs-mediated transfer of molecular and genetic material from one cell to another, either locally
or at long distance, is a key contributor to the mechanisms of intercellular communication involved
in various physiological and pathological conditions [13–15]. Moreover, for these reasons, sEVs are
now considered powerful tools for clinical applications, including advanced diagnostics, therapeutics,
and regenerative medicine [16–19].

The molecular composition of sEVs is determined by the cell type of origin as well as by
the intracellular pathway followed en route to their release into the extracellular space [8,20,21].
This heterogeneity confers to sEVs distinct properties, such as tropism to certain organs, and uptake by
specific cell types. In the case of tumor-derived sEVs, these events often lead to the impairment of
immune responses at TME [22], also favoring pre-metastatic niche formation and metastasis [23,24].

In tumor cells, sEV biogenesis and ultimately sEV composition is a complex and regulated
process, which involves many different molecules associated with the sEV biogenesis pathway [4,25].
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Whatever the cell type of origin, sEVs can be characterized, although not exclusively, by the presence
of different types of cell surface proteins, such as tetraspanins, (i.e., CD9, CD81, CD63), ESCRT
(endosomal sorting complex required for transport) proteins (Alix and TSG101), integrins, RNA,
DNA, lipids such as ceramide and the atypical phospholipid, lysobisphosphatidic acid (LBPA) [26],
and oligosaccharides [27].

TME exerts a key influence on tumor cells, and the resulting sEVs, responsible for proteins
and genetic material transfer from primary tumor cells, play a crucial role in metastatic colonization
and in the formation of the pre-metastatic niche, driving recipient cells to acquire a pro-tumorigenic
phenotype [23,28]. The selective conditions present in TME, such as the generation of a hypoxic [29]
and acidic environment [30], strongly influence sEV secretion by tumor cells, thus contributing to the
malignant tumor phenotype. Furthermore, sEV membrane composition reflects TME changes and
conceivably influence and control the different mechanisms of entry or interaction of sEVs with target
cells supporting tumor growth [31,32].

Interestingly, it has been described that major players of immunosuppression at the TME, i.e.,
immunosuppressive tumor-associated macrophages (TAMs), express on their surface high levels of
mannose receptor (MR, CD206) [33]. The MR is an endocytic receptor with a high affinity for high
mannose oligosaccharides, glycans highly enriched on the surface of sEVs [34]. In this review, literature
data regarding both TAM functions and the molecular structure of sEVs are reviewed. In addition, we
propose an original way to exploit typical molecular signatures of both TAMs and sEVs to counteract
the immunosuppression at the TME.

2. The Tumor Microenvironment

In solid tumors, cancer cells are embedded within a milieu that favors their proliferation and
comprises both cellular and non-cellular components. Fibroblasts, endothelial cells, and essentially all
types of immune cells are part of the TME [35,36]. Among non-cellular components, tumor-derived
sEVs play a key role in immune suppression. TME composition can vary among different tumors,
and between primary and metastatic neo-formations in the same patient, and is tightly associated with
the clinical outcome of cancer patients.

TMEs can be categorized based on different criteria. In terms of abundance of tumor-infiltrating
cytotoxic CD8+ T lymphocytes (CTLs), TMEs can be distinguished in either hot/inflamed, with the
highest content of CTLs, or cold/desert, with a virtual absence of infiltrated CTLs [37]. TME core
infiltrated by CTLs represents a favorable condition for an effective anticancer immune response, both
spontaneous and induced by immunotherapeutic interventions.

TME is populated by different kinds of immune cells having immune suppressive actions.
Among these are myeloid-derived suppressor cells, neutrophils, CD4+ Treg lymphocytes,
and immunosuppressive M2-like TAMs [38]. These latter cells can represent up to 50% of the
tumor mass, and play a key role in the immune evasion at TME by secreting proteases, angiogenic
factors, and pro-tumoral products. The functional plasticity of TAMs modifies their phenotype and
activity in response to a great number of microenvironmental stimuli, although the mechanisms that
determine the different polarization states are still to be elucidated [39]. These different functional
states often coexist and can significantly vary between different tumors [40,41]. TAMs can also dispose
at the tumor margin, where they can interact with CTLs, thus inhibiting their infiltration towards
tumor cells [42]. For all these reasons, immunosuppressive TAMs have been identified as a major
cell target for novel designs of cancer immunotherapies focused on improving the overall anti-tumor
immune response. A schematic representation of cells populating TEM is illustrated in Figure 2.
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Figure 2. Schematic representation of cells populating the tumor microenvironment (TME).

3. The TAM-Mediated Immunosuppression at the TME

A large number of macrophages infiltrate solid tumors, thereby influencing several aspects of
tumor development [43]. The most relevant effects include suppression of anticancer immunity,
angiogenesis promotion, and support for metastasis. Macrophages are recruited at TME, in response
to the secretion by tumor cells and other TME cell types, of a number of chemoattractant soluble
factors, including vascular-endothelial growth factor A (VEGF-A) [44], chemokine ligand 2 (CCL2) [45],
and colony-stimulating factor 1 (CSF-1) [46].

TME-populating macrophages can be schematically distinguished in M1- and M2-like
macrophages. M1-like macrophages show both pro-inflammatory and immune-stimulatory properties,
thus exerting an anti-tumor function. On the other hand, M2-like macrophages favor tumor angiogenesis
and immunosuppression. Such a distinction, although useful from both therapeutic and diagnostic
points of view, is now outdated, due to the identification of a large number of intermediate subclasses,
i.e., up to 19 [47]. They have been identified through most recent transcriptomic techniques, e.g.,
single-cell mass cytometry and single-cell RNA sequencing [48–50], and in vivo represent a continuum
of functional phenotypes with intermediates showing overlapping features.

TAMs can be characterized by the expression of different surface markers [47,51], distinct metabolic
changes [52,53], and a broad transcriptional repertoire with the involvement of key transcription
factors, which can be activated by the environmental signals received. In particular, members of the
signal transducer and activator of transcription (STAT), peroxisome proliferator-activated receptors
(PPARs), interferon regulatory factor (IRF), and nuclear transcription factor-κB (NF-κB) families are
essential for macrophage polarization toward the M1 profile [41,54,55].

M2-like TAMs contribute to tumor angiogenesis by secreting soluble factors inducing endothelial
cell proliferation, including VEGF-A, interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)α, CXCL8,
and fibroblast growth factor (FGF)-2 [56]. In particular, the secretion of VEGF-A by perivascular
TAMs can increase vascular permeability and access of tumor cells to peripheral blood circulation [57].
On the other hand, the production of proteases, e.g., matrix-metalloproteases, induces degradation of
extracellular matrix and the consequent liberation of embedded soluble factors released by both cancer
and stromal cells having pro-tumoral effects and favoring metastasization.

TAM-mediated immunosuppression at TME is essentially mediated by three concurrent
mechanisms: (i) Release of soluble immunosuppressive factors, e.g., IL-10, CCL22, and transforming
growth factor (TGF)-α as well as factors recruiting regulatory T cells (Treg) [58]; (ii) expression of
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ligands for lymphocyte suppressor factors PD-1 and CTLA-4, i.e., PDL-1 and CD80, as well as other
checkpoint inhibitors with similar functions, including B7-H4, V-domain Ig suppressor of T cell
activation (VISTA) [59], and vascular endothelial receptor (CLEVER) [60], and (iii) starving the TME of
l-arginine, i.e., an essential factor for T-cell activity, through the release of arginase-1 [61]. Figure 3
illustrates the principal mechanisms of TAM mediated immunosuppression at the TME.

Figure 3. Principal mechanisms of tumor-associated macrophage (TAM) mediated immunosuppression
at the tumor microenvironment (TME).

The multiple immunosuppressive signals at play within the TME greatly reduce the efficacy
of current immunotherapies. Therefore, new strategies to effectively reprogram the various
immunosuppressive cell types at the TME are urgently needed.

4. Re-Programming of TAMs

Immunosuppressive TAMs represent a privileged therapeutic target for the treatment of solid
tumors, especially in the case immune checkpoint blockers (ICBs) are used. Given the enormous
therapeutic value of TAMs re-education towards M1-like macrophages to promote tumor regression,
much attention has focused on effective strategies aimed at targeting TAMs, including the blockade
of the M2 phenotype, enhanced activation of M1 macrophages and reprogramming of TAMs toward
M1-like phenotype [58,62–65]. Many of these different approaches against immunosuppressive TAMs
have been summarized in Table 1 and strategies directed at TAM reprogramming illustrated in Figure 4.
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Table 1. Selected strategies to target tumor-associated macrophages (TAMs).

Mechanism of Action Active Agent Vehicle Carrier Target References

Depletion of M2 TAMs Shiga toxins Shigella Flexneri
attenuated strain TAMs [66]

Immunotoxins TAMs Receptors [67,68]

Bisphosphonates (e.g.,
clodrolip, zoledronic acid) Liposomes TAMs, Kupffer cells [69,70]

Trabectedin TAMs [71]

Tyrosine Kinase Inhibitors
(e.g., Dasatinib, Bosutinib)

endothelial and myeloid
cells in TEM, TAMs [72,73]

Inhibition of
circulating monocyte

recruitment into tumor

CCR2 inhibitors;
anti-CCR2/CCL2 blocking

antibodies
TAMs CCR2 [45,74–76]

Antagonists of
CXCL12/CXCR4 axis TAMs CXCR4 [77,78]

anti-CSF-1R antibody TAMs CSF-1R [79,80]

neutralizing CD11b
antibody CD11b on Myeloid Cells [81,82]

Blockade of M2
Phenotype

Tyrosine kinase inhibitors or
drugs blocking STAT3 TAMs STAT3 [83,84]

drugs blocking STAT6 TAMs STAT6 [85]

Enhanced Activation
of M1 Macrophages Th1 cytokines like IFN-γ TAMs STAT1 stimulation [86,87]

metformin TAMs AMPKα1
stimulation [88]

toll-like receptor agonists,
CpG-ODNs; PI3Kγ deletion TAMs NF-κB stimulation [89–91]

Reprogramming TAMs
Toward M1-Like

Phenotype
mRNAs; miRNA Targeted

Nanocarriers TAMs [92,93]

siRNA Different types of
Nanoparticles TAMs [94–96]

anti-CD40 antibody TAMs CD40 [97–99]

anti-MARCO antibody TAMs MARCO [100]

gefitinib/vorinostat
Trastuzumab-modified

Mannosylated
Liposomes

TAMs MR [101]

Drug free Mannosylated
Liposomes TAMs MR [102]

RP-182 Peptide TAMs MR [103]

AMPKα1, AMP-activated protein kinase; CCL2, C–C chemokine ligand 2; CCR2, C–C chemokine receptor type
2; CSF-1, Colony-Stimulating Factor 1; CSF-1R, colony-stimulating factor 1 receptor; CXCL12, C–X–C motif
chemokine 12; CXCR4, C-X-C chemokine receptor type 4; CpG-ODN, unmethylated cytosineguanine (CpG)
oligodeoxynucleotides; IFN-γ, interferon gamma; MARCO, macrophage receptor with collagenous structure; MR,
mannose receptor/CD206; NF-κB, nuclear factor kappa B; PI3Kγ, phosphoinositide 3-kinase; STAT, signal transducer
and activator of transcription.

Promising results have been obtained with direct activation of M1-like macrophages by Th1
cytokines like IFN-γ [87], and by targeting toll-like receptors (TLR) and/or CD40 with agonists and
monoclonal antibodies [97–99]. However, the onset of systemic inflammation limited the therapeutic
efficacy of these approaches in vivo, and additional investigations are ongoing to circumvent this
hurdle. In any case, considering the functional plasticity of macrophages, re-educating M2- versus an
M1-like macrophage phenotype currently appears the most attractive therapeutic option.
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Figure 4. Scheme of current strategies for tumor-associated macrophage (TAM) reprogramming.

A major hindrance to effective targeting of immunosuppressive TAMs is represented by the
scarcity of specific protein markers expressed on M2 macrophages. Some potential targets, whose
expression also correlates with poor prognosis, have been investigated. Among them, the selective
targeting of MARCO (macrophage receptor with collagenous structure) with monoclonal antibodies
has been recently used to promote a switch to an M1-activated phenotype [100].

Increasing evidence suggests that a valuable alternative is represented by targeting the MR, which
is highly expressed on M2, but not M1 macrophages [92,103–105].

5. The Mannose Receptor in M1 Polarization

MR is expressed on TAMs where is a prototypical marker of M2-type activation. It is also expressed
on the surface of immature dendritic cells (DCs), liver sinusoidal endothelial cells, and other tissue
macrophages. Earlier studies have demonstrated that MR expression is strongly down-regulated by
IFN-γ [106], and upregulated by interleukin-4 (IL-4) [107]. The MR is a 175 kDa Type I integral membrane
protein that belongs to the family of C-type lectin receptors and binds glycoconjugates terminated in
mannose, fucose, or N-acetil-β-d-glucosamine (GlcNAc) in a calcium-dependent manner [108–110].
The receptor contains three distinct extracellular domains, i.e., an N-terminal cysteine-rich domain (CR)
that binds sulfated carbohydrates, a fibronectin type II domain (FNII) that binds collagen, and eight
tandem C-type lectin carbohydrate-recognition domains (CRDs) [111,112]. CRDs have only weak
affinity affinities for single sugars, and several CRDs need to be clustered to achieve high-affinity
binding to oligosaccharides. This clustering allows for the internalization of mannosylated proteins
and other exogenous molecules, including allergens and microbial products.

MR is a highly effective clathrin-dependent endocytic receptor that constantly recycles between the
plasma membrane and the early endosomal compartment [111]. Most part of MRs is intracellular, while
only ∼15% of the cellular pool can be found on the cell surface. Like other members of the C-type lectin
receptor family, the MR undergoes conformational changes upon ligand binding or as pH decreases in
intracellular compartments [111,113]. Once acidification takes place in the endosomal compartment,
the MR dissociates from its ligands, and the empty receptor recycles back to the plasma membrane.

Several approaches have been adopted to target the MR and selectively deliver therapeutic
nanoparticles. Among these, drug-free mannosylated liposomes have been shown to induce effective
anti-tumor activity by enhancing the expression ratio of CD86/MR [102]. In another study, mannosylated
nanoparticles suitable for intracellular delivery of drug carriers have been shown to selectively target
with high specificity MR expressing macrophages [104].
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MR conformational changes that occur upon ligand binding have been recently exploited to target
M2 macrophages and induce reprogramming toward M1 phenotypes. For instance, precision targeting
with short peptides showed some potential for the intracellular delivery of therapeutically relevant
molecules [114]. In addition, a very recent report showed that direct binding of MR with a synthetic
peptide (RP-182), i.e., an analogue of naturally occurring antimicrobial peptides, activates phagocytosis
and autophagy in M2-like macrophages, reverting these cells into an anti-tumor M1-like phenotype
with increased M1 cytokine production and phagocytosis of cancer cells [103].

On the other hand, also cell-secreted sEVs can be considered attractive candidates to specifically
target M2-like macrophages via the MR, since they expose high mannose and other classes of N-linked
oligosaccharides on their surface [115,116].

6. Extracellular Vesicles for Anti-Tumor Therapy

Pioneering studies have shown that sEVs secreted by DCs pulsed with cancer peptides successfully
eradicate established tumors in mice [117]. Furthermore, tumor-derived EVs are a source of neoantigens
that, once internalized by DCs, could cross-prime CD8+ T cells and lead to tumor rejection [118]. Since
these early studies, the field of sEVs-based cancer therapeutics has attracted many efforts, and sEVs
have emerged as promising tools for targeted drug delivery. Despite a growing interest in these
nanovesicles as natural carriers, there are still many open questions that need further investigation.
For example, specific recognition by target cells is of fundamental importance for an effective delivery
of bioactive molecules. EVs uptake may occur via receptor-mediated endocytosis or phagocytosis, or
direct fusion with the plasma membrane. Some studies have pointed at integrins [24] and scavenging
receptors [119] as mediators of EVs targeting, but current knowledge on this matter is rapidly evolving
and has been recently comprehensively reviewed [5,7,120–122].

The different modes of sEV uptake may result in distinct localization and functional effects of
the sEVs components, but it is still unknown whether a specific route of entry is to be preferred for a
successful transfer of EVs cargo. Thus, understanding through which mechanisms sEVs deliver their
content into target cells is a central point that needs to be further elucidated. To the best of current
knowledge, while either non-selective uptake or direct fusion with the plasma membrane of target
cells seem to be the preferential mechanisms of bulk sEV incorporation (Figure 5) [123], alternative and
more specific routes of uptake may depend on the characteristics of surface components of both sEV
and target cells.

Figure 5. Fluorescent sEVs uptake by different cell lines. Confocal fluorescence microscopy images
of green fluorescent sEVs derived from melanoma Me665/1 cells transferred on (a) CHO cells and
(b) Me665/1 cells in nonspecific conditions [66]. Blue-fluorescent nuclei are stained with DAPI.
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Tumor-derived EVs can be efficiently taken up by DCs for antigen processing and cross-presentation
to tumor-specific CTLs [124]. Immature DCs (iDCs) internalize EVs more efficiently than mature DCs,
whereas mature DCs retain more EVs on the cell surface [125]. The surface of iDCs harbors sugar-binding
C-type lectin receptors (CLRs) [126,127], which is a characteristic shared with M2-like macrophages.

Glycomic studies conducted to date demonstrate that surface glycoprofiles of sEVs contain high
amounts of mannose and other classes of N-linked oligosaccharides [27,34,128,129] making them
suitable ligands for the MR. Recently, it has also been shown that mannose-modified serum sEVs
display elevated uptake by murine DCs [116]. This evidence, together with a number of studies
showing that mannosylation of both liposomes [102] and synthetic nanocarriers [130,131] enhance
cellular uptake by M2 macrophages, inducing stimulation and polarization of macrophages toward
the M1 phenotype, point to sEVs as powerful ligands of M2 macrophages. Furthermore, the affinity
of EVs membrane components (i.e., proteins, lipids, and glycans) for certain tissues greatly affects
biodistribution of EVs in vivo, thus, encouraging studies aimed at altering the surface of EVs to
improve targeting to selected organs. Many different strategies have been adopted, but there is now
accumulating evidence that carbohydrates on the vesicle surface participate in the recognition and
uptake of EVs by phagocytes. Interestingly, manipulation of surface glycans on EVs either by removal
of sialic acid [132] or by treatment with N-glycosidases [133,134] alters the uptake capacity of different
cells. In the first case, the change also affects the in vivo biodistribution of sEVs showing accumulation
of desialylated sEVs in the lungs. Altogether, these results point to the importance of N-glycosylation
in cellular uptake, but since different cell types respond differently to glycosylation changes appears
evident that the cell to be targeted, with its endowment of specific protein receptors, represent the
cornerstone of receptor ligand recognition.

7. Molecular Basis of TAM Re-Programming by Engineered sEVs

The subversion of TAM-mediated immunosuppression at TME through macrophage transcriptional
reprogramming represents a quite attractive option for anticancer combined immunotherapy. Like normal
cells, tumor cells also constitutively release sEVs, which interact primarily with TME cell constituents.
SEVs, as naturally occurring vesicles, have a low intrinsic immunogenic profile, are able to avoid, at least in
part, the degradative pathway and possess the ability to overcome the blood-brain barrier. Consequently,
they have emerged as an important means to deliver therapeutic agents. In this context, engineering
tumor-derived sEVs with molecules inducing an inflammatory-like macrophage phenotype would be
instrumental in alleviating the immunosuppression at TME. Over the past few years, several engineering
strategies have been devised to manipulate tumor-derived sEVs in order to induce cellular and innate
immunity. SEV engineering can be carried out either at the level of producer cells or directly on purified
sEVs. The different approaches used mostly depend on cargo properties, such as hydrophilicity,
hydrophobicity, and molecular weight, as each method has a different loading capacity. For example,
chemicophysical methods like electroporation are widely used for loading relatively large molecules.
such as siRNA or miRNA into sEVs [19]. Particularly for cancer research, the observation that exosomal
miRNAs effectively engage target mRNA and suppress gene expression in recipient cells has been
heavily favored. Due to the availability of various cellular engineering methods, different types of
RNAs that are released via sEVs have also been exploited and recently reviewed [11].

During the past decade, many efforts have been devoted to transfect sEV-producing cells
with plasmids encoding protein sequences that, once uploaded in the nanovesicles, are able to
alter the phenotype of target cells [135–138]. However, a method to target M2 macrophages with
sEVs capable of inducing their reprogramming to M1 anti-tumor phenotype is not yet available.
One major hurdle in EVs research for an effective therapeutic application is represented by the
lack of optimized isolation, characterization and quantification procedures. Various purification
techniques, such as differential ultracentrifugation, density gradients, precipitation, filtration, size
exclusion chromatography, and immunoisolation are currently used to obtain less heterogeneous
sEVs preparation; however, quantification often relies on the total protein content of EVs. Fluorescent
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labeling techniques are more accurate and have the main advantage that track EVs in vivo [139,140].
The different approaches for TAMs reprogramming by engineered EVs are schematically illustrated in
Figure 6.

Figure 6. TAMs reprogramming by engineered EVs.

8. HIV-1 Nef Protein as Effector of TAM Reprogramming

A plausible candidate for reprogramming M2 macrophages is the Human immunodeficiency
virus (HIV)-1 Negative Regulatory Factor (Nef) protein [141], a 27 kilodalton (kDa) scaffold protein,
which lacks enzymatic activities. After synthesis at free ribosomes, Nef reaches both intracellular
and plasma membranes with which it tightly interacts through its N-terminal myristoylation. Nef
acts as a scaffold/adaptor element in triggering activation of signal transducing molecules like p21
PAK-2, NF-κB, STATs, ERK1/2, Vav, and Src family kinases. In most cases, signal activation occurs
upon Nef association with lipid raft microdomains at cell membranes [142–144]. The fact that also sEV
membranes are enriched in lipid raft microdomains explains why Nef can be found in EVs [145–149].

Cumulate literature data demonstrate that the presence of Nef inside macrophages induces
a strong pro-inflammatory response. In particular, Nef switches on the transcription of many
inflammatory genes, as well as the release of inflammatory factors like CCL3, CCL4, IL-1β, IL-6,
TNF-α [150,151], and interferon gamma (IFN)-γ [152]. This potent pro-inflammatory response is
mediated by the activation of several signal transduction molecules, including STAT-1, 2, and 3, NF-κB,
JNK, ERK1/2, and MAPK [153,154]. The inflammatory effects of Nef on macrophages depends on four
glutamate-acidic cluster domain located at 62–65 amino acid position [155].

Data from many independent investigation groups strongly support the idea that Nef associates
with EVs at low levels [156,157]. Conversely, we identified a Nef mutant incorporating in sEVs/EVs
at quite high levels [158]. This Nef mutant (referred to as Nefmut) is defective for the most part of
Nef functions, including down-regulation of cell membrane receptors, Nef-associated kinase (NAK)
activation, an increase of HIV expression [159]. Nevertheless, it maintains an unaltered acidic cluster
domain that correlates with the induction of cell activation in antigen-presenting cells when it is
delivered by nanovesicles [160].

Considering this evidence, one may hypothesize that the delivery of Nefmut-engineered EVs inside
M2-TAMs would be instrumental in re-educating macrophages at TME from an M2-like to an M1-like
phenotype. In the case of solid tumors, this design could be applied through a quite simple strategy,
i.e., tumor cell engineering for Nefmut expression through retroviral vector-mediated transduction.
In this way, only actively replicating cells at the TME, hence preferably tumor cells, are expected to
be transduced. Nef-engineered tumor-derived sEVs may diffuse within TME, thereby preferentially
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entering MR positive TAMs in view of the mannose expressed on the sEV surface. Once internalized
by macrophages, Nefmut might switch on intracellular signals—ultimately leading to the release
of pro-inflammatory factors. These factors might act in an autocrine/paracrine loop to induce the
reprogramming of macrophage transcriptional profile toward the M1-like phenotype (Figure 7).

 

Figure 7. Scheme of the proposed mechanism for TAM reprogramming. Tumor cells are transfected
with retroviral vectors expressing Nefmut (Nef-RV). Nef-engineered sEVs (Nef-sEV) are then released
into the TME infiltrated with M2 like macrophages expressing the mannose receptor (MR/CD206). MR
mediated uptake of Nef-Sev might induce polarization of M2 into M1 like macrophages—ultimately
leading to the release of pro-inflammatory factors.

Eventually, this mechanism, which essentially hijacks the sEV-mediated intercellular
communication at the TME, is expected to alleviate the immune suppression at the TME, thereby
favoring the action of anticancer adaptive immune responses.

Hopefully, once supported by experimental confirmation, this design would have a therapeutic
utility in the battle against solid tumors.

9. Conclusions

Immunosuppression at TME protects cancer cells from both spontaneous and artificially generated
host immune responses. Hence, subverting immunosuppression should be considered a priority
for any anticancer immunotherapeutic strategy. Even if M2-like TAMs are major players, other cell
types contribute to the general immunosuppression at TME, including CD4+ Tregs lymphocytes,
myeloid-derived suppressor cells, and neutrophils [42]. Similar to macrophages, neutrophils can
polarize in pro- and anti-tumor phenotypes, depending on the stimuli they receive at TME. Interestingly,
it has been reported that IFN-γ can polarize neutrophils towards an anti-tumor phenotype [161].
Considering the quite high levels of IFN-γ transcripts induced by Nef in macrophages, the delivery of
Nefmut-engineered, tumor-derived sEVs to M2-like TAMs is expected to have paracrine anti-tumor
effects also on neutrophils that populate the TME.

The strategy we propose is certainly only one of many potential new anti-tumor therapeutic
approaches that the manipulation of sEVs/EVs can offer. The increase in knowledge of the sEV/EVs
biology, mainly regarding the mechanisms of cell entry, will favor the implementation of new and
more efficient therapeutic approaches against tumors and infectious diseases.
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Abstract: Molecular communication between irradiated and unirradiated neighbouring cells initiates
radiation-induced bystander effects (RIBE) and out-of-field (abscopal) effects which are both
an example of the non-targeted effects (NTE) of ionising radiation (IR). Exosomes are small membrane
vesicles of endosomal origin and newly identified mediators of NTE. Although exosome-mediated
changes are well documented in radiation therapy and oncology, there is a lack of knowledge
regarding the role of exosomes derived from inside and outside the radiation field in the early and
delayed induction of NTE following IR. Therefore, here we investigated the changes in exosome
profile and the role of exosomes as possible molecular signalling mediators of radiation damage.
Exosomes derived from organs of whole body irradiated (WBI) or partial body irradiated (PBI) mice
after 24 h and 15 days post-irradiation were transferred to recipient mouse embryonic fibroblast
(MEF) cells and changes in cellular viability, DNA damage and calcium, reactive oxygen species and
nitric oxide signalling were evaluated compared to that of MEF cells treated with exosomes derived
from unirradiated mice. Taken together, our results show that whole and partial-body irradiation
increases the number of exosomes, instigating changes in exosome-treated MEF cells, depending on
the source organ and time after exposure.

Keywords: exosomes; ionising radiation; non-targeted effects; signalling

1. Introduction

Radiation affects not only targeted cells but also non-irradiated neighbouring cells, a response
described as radiation-induced bystander effects (RIBE). Molecular communication between irradiated
and unirradiated neighbouring cells initiates RIBE and out-of-field (abscopal) effects [1]. Abscopal effects
are not always categorised as completely separate from RIBE, and both are examples of non-targeted
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effects of ionising radiation (NTE) [2]. NTE, particularly RIBE, represents a plethora of other biological
effects such as DNA damage, epigenetic changes, changes in proliferation, and apoptosis observed
in non-targeted cells and tissues that have received molecular signals produced by irradiated cells
via intercellular communication through cell gap junctions or through soluble secreted factors [3–8].
A relatively new mechanism that has been identified for mediating RIBE by soluble secreted factors is
intercellular communication via exosomes.

Exosomes, which are one type of cell-derived vesicle, exist in different biological conditions
and serve as an important additional pathway for signal exchange between cells. They are small
(30–120 nm of diameter) membrane vesicles of endosomal origin that are secreted by normal or
pathological cells into the microenvironment [9–12]. Exosomes carry a variety of bioactive molecules
including proteins, mRNA, microRNA, DNA, and lipids [13–17]. Exosomes can serve as mediators
of cell–cell communication. Upon internalisation, they can release their bioactive cargo molecules,
which can change molecular profile, signalling pathways, and gene regulation in the recipient
cells [18]. Although functions of exosomes have been extensively studied in many fields, including
neurodegenerative diseases [19–21] and cancer [22–27], their roles in radiobiology have not been
recognised until recently. Exosomes secreted by irradiated cells are likely to engage in various
aspects of the systemic response to ionising radiation (IR), including RIBE, as well as abscopal
effects. Recent studies have shown that exosomes derived from irradiated cells can cause ionising
radiation-induced effects in unirradiated recipient cells [28–31]. Moreover, studies have also shown
that exosomes play a role in RIBE in cancer cells and resistance to radiotherapy [32–36]. Mechanistically,
IR causes changes in exosomal secretion patterns and content of exosomal cargo of the target cells,
which can cause RIBE in the bystander cells as shown in several in vitro studies. [30,32,37–39].

In vivo partial body irradiation (PBI) constitutes a major problem in radiation protection,
with contradictory evidence suggesting that PBI may contribute to and/or protect against detrimental
health effects. PBI exposures are the norm in diagnostic radiology, radiation therapy and occupational
exposures and may have significant implications for systemic consequences and human health effects
at low and intermediate doses of ionising radiation [40–43]. However, to date, only limited mechanistic
studies are available in understanding the consequences of PBI effects.

Diagnostic X-rays are the primary human-made source of radiation exposure to the general
population, accounting for 14% of the total annual exposure worldwide from all sources. Estimates of
risk of cancer from these exposures are ranged from 0.6% to 3.0% based on the annual number of
diagnostic X-rays undertaken in developed countries [44]. For a better understanding of the underlying
processes, epidemiological evidence mounting this risk should be augmented with radiobiological
justifications. Moreover, radiation is the mainstay of cancer therapy, as radiotherapy is used in more
than 50% of localised patients and is an indispensable component of comprehensive cancer treatment
and care [45,46]. Therefore, it is vital to elucidate key mechanisms that could increase the risk of
secondary malignancies, which could be developed as a result of non-targeted effects.

The risks posed by partial body as well as whole body exposures after both low, and therapeutic
doses for cancer and non-cancer endpoints can be evaluated for radiation protection purposes if
there is a plausible and consistent mechanism for detriment, a dose–response relationship that
allows risk assessment, and biomarkers of response available for molecular epidemiological analysis.
Exosomes can be ideal candidates as both prognostic and predictive biomarkers to monitor the radiation
response and risk assessment given that radiation affects not only the production of exosomes but also
their composition.

Growing evidence has suggested that radiation therapy can result in an increase in the release
of exosomes and increase in oncogenic materials within the exosomes. Studies with glioblastoma
multiforme cell lines have shown that radiation can elevate exosome release with a molecular profile
containing an abundance of molecules essential for cell motility such as connective tissue growth factor
(CTGF) mRNA and insulin-like growth factor binding protein 2 (IGFBP2) protein [32]. Evidence also
showed that head and neck squamous cell carcinoma (HNSCC) FaDu cells release exosomes with
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a different proteome profile compared to the unirradiated control cells [47]. Other studies carried
out with irradiated HNSCC cells demonstrated that exosomes carry pro-survival signals following
ionising radiation [34]. Exosome transfer from stromal to breast cancer cells can regulate therapy
resistance pathways including the STAT1 pathway. It has been recently reported that in glioblastoma,
exosomes increase the cancer cell’s ability to survive radiation by increasing oncogenic cargo and
decreasing tumour-suppressive cargo [48].

Despite the extensive range of studies that have been carried out in exosome-mediated functions
in radiation therapy and oncology, there is a lack of knowledge regarding the role of exosomes derived
from inside and outside of the radiation field in the initial and delayed induction of non-targeted
effects of ionising radiation. We have therefore investigated the role of exosomes as possible molecular
signalling mediators of radiation induced out-of-target effects/RIBE. Exosomal characteristics were
investigated by qNano analysis, TEM, Western blot and Raman spectroscopy. In vitro functional effects
were investigated by transfering exosomes derived from whole body irradiated (WBI) or partial body
irradiated (PBI) mice after 24 h and 15 days post-irradiation to recipient mouse embryonic fibroblast
(MEF) cells and evaluating their effect on cellular viability, DNA damage and calcium, reactive oxygen
species and nitric oxide signalling compared to that of exosomes derived from unirradiated mice.
Taken together, our results show that whole and partial-body irradiation increases the number of
exosomes, instigating changes in exosome-treated MEF cells, depending on the source organ and time
after exposure.

2. Results

2.1. Characterisation of Exosomes

Exosomes were extracted from plasma at 24 h and from organ samples (brain, liver, and heart)
at 24 h and 15 days post different IR exposure conditions by the ultracentrifugation method.
Exosome concentration and their size distribution, presence of exosome markers and the biochemical
profile of exosomes were evaluated by qNano analysis, TEM, Western blot and Raman spectroscopy.
Significant differences were particularly observed in exosome number between samples, as fully
described below.

2.1.1. Characterisation of Exosomes by qNano

Exosome size and concentration of 2 Gy WBI and PBI mice organs (brain, liver, and heart) and
plasma samples were assessed by using a tunable resistance pulse sensing (TRPS) system via qNano
after 24 h and 15 days after irradiation (Figure 1).

Although exosome concentration levels varied for all organs and plasma, they were increased
in the brain, liver, heart, and plasma of both 2 Gy X-ray irradiated WBI and PBI mice compared to
the 0 Gy control groups after 24 h post-IR. Exosome concentrations in PBI mice organs showed a more
dramatic increase compared to the WBI organs, while plasma obtained from WBI irradiated mice
showed a higher level of exosomes compared to the plasma obtained from PBI mice.

For 15 days post-IR samples, exosome concentrations increased in the brain, liver, and heart of
both 2 Gy WBI and PBI mice compared to the 0 Gy control groups. Taken together, the results show
that ionising radiation can increase the yield of exosomes derived from 2 Gy mice organs after 24 h
(Figure 1a–d) and 15 days (Figure 1e–g) following irradiation.

qNano analysis also showed that the exosome suspensions had a relatively narrow size distribution
(70–130 nm) for all samples. Differences in the mean diameter of exosomes were significant for
2 Gy WBI and PBI brain samples compared to the unirradiated controls, whereas no significant
difference in exosome size was observed between liver, heart, and plasma samples and their
controls [30], indicating that ionising radiation can also alter the size distribution of exosomes
in an organ-specific manner.
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Figure 1. Concentration (exosome/mL) and size (nm) distribution of exosome suspensions obtained
from (a–d) 24 h post ionising radiation (IR) and (e–g) 15 days post-IR 2 Gy whole body irradiated (WBI)
and 2 Gy partial body irradiated (PBI) mouse compared to unirradiated mouse organs (brain, liver,
heart) and plasma. Bars represent mean ± SD; significance was tested by Student’s t-test (* p < 0.05,
** p < 0.01, *** p < 0.001).
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2.1.2. Characterisation of Exosomes by Transmission Electron Microscopy (TEM)

Exosome suspensions were investigated by transmission electron microscopy for size. Negative
staining of exosome suspensions showed vesicular structures in the anticipated size range and classical
exosome morphology, as shown in Figure 2a.

 
(a) 

(b) 

Figure 2. Confirmation of presence of exosomes. (a) TEM micrographs of exosomes. Representative
images 1:10 or 1:100 diluted plasma exosome samples. (b) Western blot analysis of exosomes for CD63.
Lane 1 protein ladder, lane 2: total cell lysate, lane 3: unirradiated (0 Gy) plasma sample, lane 4:2 Gy
WBI plasma protein and lane 5:2 Gy PBI plasma protein sample.
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2.1.3. Characterisation of Exosomes by Western Blot

The presence of exosomes in extracted samples was confirmed by Western blot analysis against
exosome marker CD63. A representative Western blot analysis for plasma exosome samples is shown
in Figure 2b. CD63 bands of samples were observed in the predicted molecular weight (26 kDa),
which further confirms the presence of exosomes together with findings from qNano analysis and
electron microscopy.

2.1.4. Characterisation of Exosomes by Raman Spectroscopy

Exosomes were also analysed by Raman spectroscopy, a label-free method based on light scattering
which provides a biochemical profile of the sample [49,50]. Partial least squares discriminant analysis
(PLSDA) showed good separation of the Raman spectral data from exosomes from brain, heart, and liver
into control, PBI and WBI groups at 24 h and 15 days post-irradiation (Figure 3a,b). The spectral
differences were based on changes in nucleic acid and protein features and these will be analysed in
more detail in future work.

 
(a) 

Figure 3. Cont.
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(b) 

Figure 3. Raman spectroscopy of exosomes (a) 24 h post-IR: (A) mean Raman spectra from exosomes
from brain of control, PBI and WBI mice at 24 h post irradiation, (B) PLSDA scatterplot of Raman
spectral data from exosomes from control (blue), PBI (pink) and WBI (red) brain, (C) mean Raman
spectra from exosomes from heart of control and WBI mice at 24 h post irradiation, (D) PLSDA
scatterplot of Raman spectral data from exosomes from control (blue) and WBI (red) heart, (E) mean
Raman spectra from exosomes from liver of PBI and WBI mice at 24 h post irradiation, (F) PLSDA
scatterplot of Raman spectral data from exosomes from PBI (pink) and WBI (red) liver. (b) Fifteen days
post-IR: (A) mean Raman spectra from exosomes from brain of control, PBI and WBI mice at 15 days
post irradiation, (B) PLSDA scatterplot of Raman spectral data from exosomes from control (blue),
PBI (pink) and WBI (red) brain, (C) mean Raman spectra from exosomes from heart of control and WBI
mice at 15 days post irradiation, (D) PLSDA scatterplot of Raman spectral data from exosomes from
control (blue) and WBI (red), (E) mean Raman spectra from exosomes from liver of control, PBI and
WBI mice at 15 days post irradiation, (F) PLSDA scatterplot of Raman spectral data from exosomes
from control (blue), PBI (pink) and WBI (red) liver.
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2.2. Effects of Exosomes from WBI and PBI Mice on Bystander MEF Cells

2.2.1. Effects of Exosomes on Cell Viability

The effects of exosomes on cell viability were evaluated by using the MUSE Cell analyser.
The results in Figure 4a show that 24 h post-IR, 2 Gy WBI brain, 2 Gy WBI liver, 2 Gy PBI liver and
2 Gy PBI heart exosomes significantly reduced the viability/survival of MEF cells. However, cells that
received plasma exosomes did not show a significant change in the cell viability levels. High levels
of cell death responses were observed in cells that received 15 days post-IR exosomes derived from
organ samples, particularly the brain and liver, suggesting that exosomes can transfer long-lived
signal-inducing radiation-induced genomic instability, as shown in Figure 4b. Moreover, a significant
decrease in cell viability was also observed in cells treated with 15-day WBI and PBI exosomes compared
to those that received 24-h WBI and PBI exosomes. Surprisingly, cells that received 0 Gy liver exosomes
showed a high level of cell death compared to those that received WBI and PBI exosomes at the delayed
time point (15-day exosomes), suggesting that delayed cell death can also be induced by exosomes
derived from unirradiated liver cells. More investigations are needed to confirm this.

 
(a) 

 
(b) 

Figure 4. Viability of mouse embryonic fibroblast (MEF) cells treated with (a) 24 h post-IR and (b) 15 day
post-IR exosomes obtained from organs and plasma of 2 Gy WBI or PBI mouse compared to unirradiated
mouse organ and plasma exosomes. Data groups were obtained by triplícate measurements (* p < 0.05,
** p < 0.01, *** p < 0.001).
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2.2.2. Effects of Exosomes on DNA Damage

DNA Damage in Comet Tail

Total DNA damage in the comet tail was measured in order to assess the role of exosomes obtained
from 2 Gy WBI or PBI organs and plasma on the induction of DNA damage on the MEF recipient
cells. As shown in Figure 5b–e, an increase in DNA damage was observed in 24 h post-IR brain, liver,
heart, and plasma exosome-treated cells compared to unirradiated control groups. For brain and heart
samples, significantly higher DNA damage was observed in MEF cells treated with 24 h 2 Gy WBI
mice exosomes, while treatment with plasma exosomes from both 2 Gy WBI and PBI mice caused
significantly higher DNA damage in MEF cells compared to unirradiated control treated MEF cells.

Similarly, as shown in Figure 5f–h, a significant increase in DNA damage was also observed in
MEF cells treated with 15 days post-IR 2 Gy WBI and PBI brain, 2 Gy PBI liver, and 2 Gy WBI and
PBI heart exosomes compared to their corresponding controls treated with unirradiated exosomes.
In addition to the immediate bystander signal effects transferred by exosomes, exosome-transferred
long-lived signals also have an ability to induce DNA damage responses in the treated cells.

γH2AX Immunostaining

In order to further evaluate DNA damage in terms of Double-strand breaks (DSBs)γH2AX
immunostaining was carried out in MEF cells treated with 2 Gy PBI or WBI mice organ and plasma
exosomes and unirradiated organ exosomes for both 24 h and 15 day time points. DSBs were
significantly higher in MEF cells treated with all 24 h post-IR organ exosomes and plasma exosomes,
as shown in Figure 6b–e, while the highest levels of DSBs were observed in MEF cells treated with
24 h post-IR brain exosomes, as shown in Figure 6a,b. The foci count was not significant for 15 days
post-IR exosome-treated MEF cells (Figure 6f–h), suggesting that 15 day post-IR exosome-induced
DNA DSBs could be faithfully or unfaithfully repaired. Alternatively, severely DSB damaged cells may
have been removed from culture, as significantly delayed cell death was observed in the treated cells,
so the γH2AX method was unable to detect the breaks in the 15 days post-IR exosome-treated samples.

(a) 

Figure 5. Cont.
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Figure 5. Comet assay showing the induction of DNA damage in MEF cells. (a) Representative
fluorescent microscope images of untreated MEF cells and comet tails in treated MEF cells.
(b–e) Induction of DNA damage in MEF cells treated with 24 h post-IR exosomes, (f–h) 15 day
post-IR exosomes obtained from organs, and plasma of 2 Gy WBI or PBI mouse compared DNA damage
in MEF cells treated with exosomes obtained from unirradiated mouse organ exosomes. Percentage of
DNA in the comet tail was scored in 200 cells treated for each group. Statistical analysis was performed
using the Mann–Whitney U Test (* p < 0.05, ** p < 0.01, *** p < 0.001).
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(a) 

Figure 6. Cont.
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Figure 6. γH2AX foci formation in MEF cells after 24 h treatment with 24 h and 15 days post-IR organ
and plasma of 2 Gy WBI or PBI mouse compared to unirradiated mouse organ exosomes treated cells.
(a) Representative 63X fluorescent microscope images of MEF cells. Arrows indicate the location of
γH2AX foci (Alexa488), cells were counterstained with 4′,6-Diamidine-2-phenylindole dihydrochloride
(DAPI). (b–e) Bars represent the mean γH2AX foci formed per cell ± SEM after treatment with 24 h
post-IR exosomes and (f–h) 15 day post-IR exosomes obtained from organs and plasma of 2 Gy WBI or
PBI mouse compared to corresponding unirradiated mouse organ and plasma exosomes (* p < 0.05,
** p < 0.01, *** p < 0.001).
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Chromosomal Aberrations

Chromosomal damage was assessed in metaphase chromosomes of MEF cells treated with 24 h
post-IR exosomes and 15 day 2 Gy WBI and PBI mice post-IR exosomes. As shown in Figure 7b–e,
chromosomal aberrations were increased significantly in MEF cells treated with 24 h post-IR WBI brain,
heart, and plasma and PBI liver exosomes compared to the MEF cells treated with control organs and
plasma exosomes. However, chromosomal aberrations do not show significant differences between
treatment groups for MEF cells treated with 15 days post-IR exosomes, as shown in Figure 7f–h.
The findings suggest that exosomes derived from organs and plasma are able to induce chromosome
aberrations in the MEF cells only at early time point, while the exosomes’ role in inducing chromosomal
damage was reduced to the control level at the late time point post-exposure. This could be due to
the ability of the cells to repair the damage at this time point of analysis.

2.2.3. Role of Exosomes as Signalling Mediators

To further investigate the role of exosomes as mediators of radiation induced damage, calcium,
reactive oxygen species (ROS), and nitric oxide (NO) were monitored in real time in MEF cells exposed
to media containing exosomes from organs and plasma as well as from unirradiated, WBI, and PBI mice.

Calcium Signalling

Increases in intracellular calcium were measured using the calcium-sensitive dyes Fluo 3 and Fura
Red. Rapid calcium fluxes were induced in MEF recipient cells following addition of exosomes from
brain, heart and liver from WBI and PBI mice but not from sham irradiated mice at 24 h (Figure 8a–c)
and 15 days (Figure 8d–f) post-irradiation. Similarly, rapid calcium fluxes were induced in MEF
recipient cells following addition of exosomes from plasma from WBI and PBI mice but not from sham
irradiated mice at 24 h post irradiation (Figure 8g).

 
(a) 

Figure 7. Cont.
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Figure 7. Chromosome analysis of MEF cells treated with 24 h and 15 days post-IR organ and plasma
of 2 Gy WBI or PBI mouse compared to unirradiated mouse organ exosomes treated cells. (a) Normal
and aberrant metaphase of MEF cells treated with exosomes derived from 24-h post-IR brain exosomes
isolated from control (0 Gy), 2 Gy WBI and PBI mouse. Mean chromosomal aberrations/cell in MEF cells
treated with (b–e) 24-h and (f–h) 15-day post-IR exosomes obtained from organs and plasma of 2 Gy
WBI or PBI mouse compared to corresponding unirradiated mouse organ exosomes. Chromosomal
aberrations (total) were scored in 100 metaphase spreads in cells treated with corresponding exosomes
for 24 h. Bars represent mean chromosomal aberrations per cell ± SEM, significance was tested by
Fisher’s exact test. (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 8. Intracellular calcium levels in MEF cells as indicated by the ratio of fluorescence emissions
from the calcium sensitive dyes Fluo-4 and Fura Red after addition of media containing exosomes from
(a–c) 24 h post-IR organs (d–f) 15 days post-IR organs and (g) 24 h post-IR plasma of 2 Gy WBI or PBI
mice compared to corresponding unirradiated mouse organ and plasma exosomes.

ROS and NO Signaling

Production of ROS in MEF cells was measured using a fluorescent dye, CM-H2 DCFDA. The data
were expressed as mean fluorescence intensity normalised to each respective control. Significant ROS
production was observed within 5 min of addition of exosomes from brain, heart and liver from WBI
and PBI mice at 24 h and 15 days post irradiation and within 5 min of addition of exosomes from
plasma from WBI and PBI mice at 24 h post irradiation as shown in Figure 9a.

Similarly, NO levels were measured using a fluorescent dye, 4-amino-5-methylamino-2,7-
ifluorofluorescein diacetate (DAF-FM). Again, the data were expressed as mean fluorescence intensity
normalised to each respective control. Significant NO production was observed within 5 min of addition
of exosomes from brain, heart and liver from WBI and PBI mice at 24 h and 15 days post-irradiation
and within 5 min of addition of exosomes from plasma from WBI and PBI mice at 24 h post-irradiation
(Figure 9b).
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Figure 9. (a) Intracellular reactive oxygen species (ROS) levels in MEF cells as measured using CM-H2
DCFDA fluorescence after addition of media containing exosomes from brain, heart and liver from
mice (A) 24 h and (B) 15 days after whole or partial body irradiation and (C) from plasma from mice
24 h after whole or partial body irradiation. Data are presented as mean ± SD after each sample was
normalised to its respective control. (b) Intracellular NO levels in MEF cells as measured using DAF
fluorescence after addition of media containing exosomes from brain, heart, and liver from mice (A)
24 h and (B) 15 days after whole or partial body irradiation and (C) from plasma from mice 24 h after
whole or partial body irradiation. Data are presented as mean ± SD after each sample was normalised
to its respective control.

3. Discussion

Exosome research is a new and growing field in radiobiology. To date, growing evidence supports
the observation that ionising radiation can induce increased exosome release as well as changes in
exosome content in in vitro models [32,34,51,52]. However, there is a lack of knowledge regarding
the profile of exosomes released from directly irradiated versus abscopal organs and the systemic
non-targeted effects of IR caused by those exosomes. Therefore, in the present study, we first
investigated the organ responses to 2 Gy X-ray, a radiotherapeutic dose of ionising radiation, in terms
of exosome profile including exosome concentration and size. Subsequently, we explored the role of
these radiation-derived exosomes in the induction of cell death and DNA damaging effects in recipient
MEF cells. Finally, the role of exosomes as mediators of radiation-induced damage was investigated by
measuring calcium, ROS, and NO in exosome-exposed MEF cells.

Our data suggested that exosome yield can vary according to the organ type and whether exosomes
were derived from directly irradiated organs (obtained from whole body irradiated animals) or abscopal
organs (obtained from partial body irradiated animals). Differences in exosome concentrations between
organs were also observed upon early (24 h post-IR) and delayed time (15 days post-IR) points.

Only significant change for size distribution of exosomes was observed in 24 h post-IR mice
brain where WBI and PBI mice organs had an increased size distribution of exosomes compared to
the unirradiated samples.

Although all three organs, the brain, liver, and heart, showed organ-specific exosome secretion
levels, they exhibited a highly similar pattern of secretion when whole body and partial body
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irradiated sample organs were compared to their unirradiated counterparts at 24 h of post irradiation
(Figure 1a–c). Both WBI and PBI organs showed a significantly increased level of exosome
concentrations, particularly in the brain and liver, while exosome concentration levels were highest in
PBI organs. One of the well-explained mechanisms of exosome release is linked to radiation-induced
DNA damage and induction of the p53-related additional pathway of exosome biogenesis and secretion,
which in turn leads to a significant increase in exosome release [52]. The same pattern of exosome
secretion was also observed for all three organs at the delayed time point (Figure 1e–g).

Analysis of plasma samples from WBI and PBI mice, on the other hand, also showed significantly
higher yield of exosomes for irradiated mice, albeit showing higher levels for WBI mice compared to
PBI mice (Figure 1d). In addition, there was no alteration in size distribution between plasma samples.

Several studies support the involvement of exosomes in mediating RIBE in vivo and
in vitro [29,30,37,53–55]. Bystander signals can be communicated through exosomes that can result in
functional changes in target cells either by receptor-mediated interactions or by transfer of various
bioactive molecules such as proteins, mRNA, miRNA or bioactive lipids carried by exosomes [56,57].
Therefore, in subsequent steps of our study, we interrogated whether WBI and PBI mice organ and
plasma exosomes have an impact on the survival and DNA stability of recipient MEF cells.

It is evident from the literature that radiotherapeutic doses of X-ray can induce cell survival in
cancer cell line models [34,48]. However, there has been a lack of information regarding impact of
exosomes derived from both directly irradiated and abscopal organs on normal cells such as MEF cells,
which was our model system in this study. Data showed that those exosomes from both early and
delayed time points have an ability to reduce recipient MEF cell viability (Figure 4a,b). Albanese and
co-authors showed that levels of TNFSF6 exfoliated on extracellular vesicles were increased following
IR, suggesting a mechanism for abscopal and bystander effects after irradiation [58] which can also be
one possible explanation for our findings.

Finally, we attempted to explore DNA damaging effects of exosomes in our model system as
another aspect of bystander effects. Our findings show that both WBI and PBI organs and plasma
induce DNA damage and chromosomal aberrations in the recipient MEF cells, where the extent
of DNA damage was found to be organ and time specific. The amount of DNA in the comet tail
showed significant results for both WBI and PBI organs when compared to MEF cells that received
unirradiated organ and plasma exosomes as both early and delayed effects of IR, as depicted in Figure 5.
Conversely, only early effects were significant when DSB foci (Figure 6b–e) or chromosomal aberrations
(Figure 7b–e) were investigated. An absence of significant DNA DSBs or chromosomal aberrations in
MEF cells that received delayed time point exosomes can be explained by the repair of DNA DSBs
or removal of cells from the population (Figures 6f–h and 7f–h) as a delayed time point response to
IR. It has been shown that the phosphorylation status of critical DNA damage repair proteins can
be changed by exosomes released from breast cancer cells [59]. Moreover, exosomes from irradiated
HNSCC cells were shown to enhance DNA repair in unirradiated recipient cells [34].

In addition, our study showed the involvement of exosomes in mediating radiation damage by
increasing calcium levels (within 30 s) and inducing ROS and NO (within 5 min) following addition
of exosomes from brain, heart and liver from WBI and PBI mice at 24 h and 15 days post-irradiation
and from plasma from WBI and PBI mice at 24 h post irradiation. Calcium, ROS, and NO signalling
has been shown previously in bystander cells exposed to media from irradiated cells [60–64], and to
exosomes from irradiated cells [29].

4. Materials and Methods

4.1. Animal Breeding, Irradiation and Sample Collection

Animal studies were performed according to the European Community Council Directive
2010/63/EU, approved by the local Ethical Committee for Animal Experiments of the ENEA on
01/10/2017 with the project identification code No.004/2017- SEPARATE, and authorized by the Italian
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Ministry of Health (n◦ 539/2018-PR). Eighty days of age C57 BL/6 female mice were either whole body
irradiated (WBI) or partial body irradiated (PBI) with 2 Gy X-rays or sham irradiated (0 Gy).

For partial body exposure, the upper two-thirds of the adult mouse body was shielded,
whilst exposing the lower one-third. At two different time points (24 h and 15 days) post-irradiation,
animals were sacrificed by perfusion, washing out the blood and running physiological saline through
the vascular system. The brains, livers and hearts were collected, snap frozen in liquid nitrogen,
and stored at −80 ◦C for later exosome collection. Furthermore, at 24 h post-irradiation, animals were
sacrificed, blood was collected and blood plasma were separated and snap frozen for later exosome
extraction. All the samples were shipped to Oxford Brookes University (OBU) for exosome isolations
as described below.

4.2. Exosome Isolation

The procedure of exosomes isolation from mouse organs (brain, liver and heart) were adapted
from a protocol that has previously been established by Polanco et al. [65]. Briefly, organs (brain,
liver and heart) were slowly defrosted, dissected and gently homogenised before being incubated
in 7 mL of 20 units/mL papain (LS003119, Worthington, Lakewood, NJ, USA) in RPMI-1640 (R7388,
Sigma, St Louis, MO, USA) for 20 min at 37 ◦C. Similarly, the reaction was stopped with 14 mL of
ice-cold RPMI. The homogenised samples were then gently disrupted by pipetting with a 10 mL
pipette, which was followed by a series of differential 4 ◦C centrifugations at 300× g for 10 min, 2000× g
for 10 min, and 10,000× g for 30 min. However, the plasma samples were slowly defrosted, collected in
falcon tubes and then similarly subjected to serial centrifugations at 300× g for 10 min, 2000× g for
10 min, and 10,000× g for 30 min. The supernatants from the 10,000× g centrifugations were passed
through 0.45 μm and then 0.22 μm syringe filters, and then centrifuged at 120,000× g for 90 min at
4 ◦C to pellet exosomes. Exosome pellets were resuspended either in PBS or in exosome resuspension
buffer (4478545, Invitrogen, Carlsbad, CA, USA) for downstream experiments.

4.3. Tunable Resistance Pulse Sensing (TRPS) via qNano

Exosome size and concentration were measured using TRPS via qNano machine (Izon Science™,
Lyon, France), as described by Al-Mayah et al. [30], in which sample particles are driven through
the nanopore (NP100 mm) by applying a combination of pressure and voltage.

Each particle causes a resistive pulse or blockade signal, which is detected and measured by
the application software. Blockade magnitude is directly proportional to the volume of each particle [66],
while blockade frequency is used to determine particle concentration [67]. Finally, magnitude and
frequency values are converted to respective particle properties as size and concentration by normalizing
against a known particle standard such as carboxylated polystyrene calibration nanoparticles.

4.4. Transmission Electron Microscopy (TEM): Morphological Analysis

In addition to qNano analysis and Western blotting to confirm existence of exosomes derived
from organs and plasma, samples were morphologically analysed by electron microscopy [68]. In brief,
1:10 or 1:100 diluted exosome suspensions in PBS were incubated on formvar-coated and charged
nickel grids (200 mesh) for 2 min. They were then fixed in 2.5% glutaraldehyde for 10 min, and then
washed three times in 0.1 M phosphate buffer by dipping onto the surface of a water droplet and then
stained with 8 μL of 2% aqueous uranyl acetate for 2 min. The stain was drawn off with cartridge
paper to leave a thin negative stain. The grids were then examined and photographed under Jeol
JEM-1400 Flash transmission electron microscope, with a Gatan OneView 16 Megapixel camera.

4.5. Western Blot

Western blotting has frequently been used for identifying and determining proteins, as one of
the most commonly used methods in laboratories. It has also been utilised as a semi-quantitative
technique in order to compare the expression of proteins in the cells and tissues [69].
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Exosome proteins were extracted by using Total Exosome RNA and Protein Isolation kit (4478545,
Invitrogen, Carlsbad, CA, USA). The protein content was measured using the modified Bradford
assay using a Coomassie solution and Pre-Diluted Protein Assay Standards (23208, Thermo Scientific,
Waltham, MA, USA). Exosome proteins were mixed with LDS sample buffer (NP0007, NuPAGE,
Invitrogen, Carlsbad, CA, USA), and 30 μg from each sample were separated in a 4–20% polyacrylamide
Mini-PROTEAN®TGX Stain-Free™ gels (456-8095, Bio-Rad, Hercules, CA, USA) and transferred
onto AmershamTM HybondTM PVDF membrane (10600090, GE Healthcare, Little Chalfont, UK).
The membranes were blocked in 5% BSA and were incubated with the primary antibodies CD63
(ab 217345, Abcam, Cambridge, UK), in 5% BSA for 2 h at 1:1000 dilution. Membranes were washed
three times with PBS-T which was followed by incubation with Goat Anti-Rabbit IgG H&L Alexa
Fluor® 488 (ab150077, Abcam, Cambridge, UK) at 1:10,000 dilution for 1 h.

4.6. Raman Spectroscopy

A LabRam HR confocal Raman instrument (HORIBA, Northampton, UK) was used for spectral
acquisition. Manual calibration of the grating was carried out using the 520.7 cm−1 Raman line of
crystalline silicon. Dark current measurement and recording of the substrate and optics signal was
also performed, for data correction. As a source, a 532 nm laser of ~12 mW power was focused by
a 100 X (MPlanN, Olympus, NA = 0.9) objective onto the sample; and the resultant Raman signals were
detected using a spectrograph with a 1200 g/mm grating coupled with a CCD. Raman spectra were
acquired in the 400 to 1800 cm−1 region. Multiple calibration spectra of 1,4-bis(2-methylstyryl) benzene
were recorded along with each sample acquisition. All spectra were subsequently wavenumber
calibrated using in-house developed procedures in Matlab v.9.3 (Mathworks Inc., Natick, MA, USA).
The instrument response correction was performed using the spectrum of NIST Standard Reference
Material (SRM) no.2242.

Raman spectroscopic data were pre-processed (normalization, baseline subtraction, etc.) using
in-house developed protocols within the Matlab (The Mathworks Inc.) environment and corrected
spectra were subjected to Partial Least Squares Discriminant Analysis (PLSDA).

4.7. Cell Culture and Exosome Treatments

Mouse embryonic fibroblast (C57 BL/6) (ATCC®SCRC-1008™) cells (MEF-BL/6-1) were grown
in ATCC-formulated Dulbecco’s modified Eagle’s medium (30-2002, ATCC, Manassas, VA, USA) in
the presence of 15% Fetal Bovine Serum (FBS) and 1% penicillin (P4333, Sigma, St Louis, MO, USA) and
5% CO2. A total of 1.5 × 106 MEF cells were treated with exosomes obtained from tissue corresponding
to the 1:5 of the organ mass in15 mL for 24 h prior to experiments.

4.8. Cell Count and Viability

Cell count and viability were measured by using Muse™ Count and Viability Cell Dispersal
Reagent (MCH100107, Merck, Millipore, Kenilworth, NJ, USA) and Muse™ Cell Analyzer (0500-3115,
Merck, Millipore, Kenilworth, NJ, USA) as described by Laka et al. [70]. Briefly, 380 μL Muse™
Count and Viability reagent was added to 20 μL cell suspensions in PBS, and incubated for 5 min.
Then, cell viability was measured in Muse™Cell Analyzer according to the dilution factor, 20. Viability
percentages were evaluated. Each sample was analysed in triplicates.

4.9. Alkaline Single Cell Gel Electrophoresis (Comet Assay)

Single-cell gel electrophoresis, or the comet assay, is a sensitive method to quantify total DNA
damage (double-strand breaks, single-strand breaks and base damage) in individual cells [71,72].
The comet assay was carried out as described by Al-Mayah et al. [28]. Briefly, microscope slides
were coated with 1% normal melting point agarose (NMPA) (A9539, Sigma, St Louis, MO, USA),
and were allowed to dry overnight. The coated slides were then placed on a metal tray on ice.
Twenty thousand cells were resuspended with 200 μL of 0.6% low melting point agarose (LMPA)
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(BP165-25, Fisher Scientific, Pittsburgh, PA, USA) and placed immediately onto chilled pre-coated
slides. The slides were then transferred to a Coplin jar, which was filled with cold alkaline lysis buffer
(2.5 M NaCl, 100 mM EDTA pH 8.0, 10 mM Tris-HCl pH 7.6, and 1% Triton X-100, pH 10), and the jar
was kept at 4 ◦C overnight.

The slides were then moved to a horizontal electrophoresis tank filled with electrophoresis buffer
(0.3 M NaOH and 1 mM EDTA, (pH 13) at 4 ◦C for 40 min. The electrophoresis was run for 30 min,
at 19 V, 300 A. Slides were neutralized with neutralizing buffer (0.4 M Tris-HCl, pH 7.5), washed with
distilled water, and immediately stained with a 1:10,000 dilution of Diamond Nucleic Acid Dye (H1181,
Promega, Madison, MA, USA). The slides were analysed using fluorescent microscopy and Comet
Assay IV Image Analysis Software (Perceptive Instruments, Bury St Edmunds, UK). Tail intensities
were evaluated for comparisons.

4.10. γH2AX Immunostaining

To investigate DNA damage in the exosome-treated cells, γH2AX Immunostaining assay was
adapted from Zhang et al. [73]. Briefly, cells, fixed with 25% acetic acid in methanol, were dropped on
slides and air-dried. Then cells were permeabilised with 0.2% Triton X-100 in PBS for 10 min. The cells
were then blocked with 3% BSA in PBS for 1 h at room temperature (RT). Cells were incubated with
γH2AX monoclonal antibody (ab26350, Abcam, Cambridge, UK) at 1:500 dilution overnight at 4 ◦C.
Then, cells were washed three times with PBS-T and incubated with the secondary antibody conjugated
with Alexa Fluor 488 (ab150113, Abcam, Cambridge, UK) for 1 h at RT at 1:1000 dilution. Cells were
washed again three times with PBS-T and then mounted with anti-fade reagent containing DAPI.

4.11. Chromosome Analysis

Chromosomal preparation for Giemsa solid staining technique was carried out as described
by [30]. Briefly, exosome-treated cells were incubated with 20 ng/mL demecolcine (D1925, Sigma,
St Louis, MO, USA) for 1.5 h in a humidified 5% CO2 incubator at 37 ◦C. Cells were collected and
centrifuged 300× g for 10 min at RT. Cell pellet was re-suspended with 0.075 M KCL as hypotonic
solution for 20 min at 37 ◦C. The hypotonic cell suspensions were centrifuged at 200× g for 10 min at
RT after addition of few drops of 25% acetic acid in methanol 3:1 fixative. Next, the cell pellet was
fixed twice with 25% acetic acid in methanol. Fixed cells were dropped onto clean slides, and stained
using the Giemsa solid staining technique. Slides were mounted and at least 100 metaphases were
analysed per group.

4.12. Live Cell Imaging

Intracellular calcium levels were determined using Fluo 3 and Fura Red (Invitrogen/Molecular
Probes, BioSciences, Dublin, Ireland) and ROS and NO were followed in real time using the fluorescent
probes 5-(and 6-)chloromethyl 2,7 dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2 DCFDA)
(Invitrogen/Molecular Probes) and 4-amino-5-methylamino-2,7-ifluorofluorescein diacetate (DAF-FM)
(Invitrogen/Molecular Probes) respectively, as previously described (Lyng et al., 2006).

Briefly, MEF recipient cells were grown on 35 mm glass bottom culture dishes (Mat Tek Corporation,
Ashland, MA, USA; # P35 G-0-20-C). Twenty-four hours after plating, cells were washed twice with
a buffer containing 130 mM NaCl, 5 mM KCl, 1 mM Na2 HPO4, 1 mM CaCl2 and 1 mM MgCl2
(pH 7.4) and incubated with 3 μM Fluo 3 and 3 μM Fura Red acetoxymethyl esters for 1 h and with
5 μM CM-H2 DCFDA or DAF-FM for 30 min in the buffer at 37 ◦C. Subsequently, the cultures were
washed three times with buffer. All dyes were excited at 488 nm and fluorescence emissions at
525 (Fluo 3, CM-H2 DCFDA and DAF-FM) and 660 nm (Fura Red) were recorded using a Zeiss LSM
510 confocal microscope. Exosomes were added after 60 s when a stable baseline had been established.
All measurements were performed at room temperature.
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4.13. Statistical Analysis

For exosome size, diameter and viability data, significance was tested by Student’s t-test
using raw data. Each experiment was carried out in triplicate. Analysis showed no significant
inter-experimental variation; therefore, data from these experiments were pooled. For analysis of
comet assays, statistical analysis was performed using the Mann–Whitney test, utilising the median of
the raw data. Meanwhile, chromosomal analysis and γH2AX immunostaining data were subjected
to Fisher’s exact test. Data were considered statistically significant if p-value was lower than 0.05
(* p < 0.05, ** p < 0.01, *** p < 0.001).

5. Conclusions

In this study, we provide the first insights into the in vivo systemic effects of early and delayed
effects of X-ray irradiation in terms of exosome profile and bystander effects. Taken together, the findings
show that exosome yield is organ-specific and can be significantly increased in both directly irradiated
and abscopal organs. On the other hand, changes in the levels of survival and DNA damage in MEF
cells, receiving PBI or WBI exosomes, were not necessarily correlated with the increase in exosome
yield in different radiation conditions or time points. Those manifested bystander effects in MEF
cells also differed as early and delayed responses to ionizing radiation. The role of exosomes in
mediating radiation damage was shown by rapid calcium fluxes and induction of ROS and NO in
MEF recipient cells following addition of exosomes from WBI and PBI mice, but not from unirradiated
mice. Altogether, these results draw attention to the content of those exosomes, which can be the key
to understand the observed effects. Further studies such as miRNA expression profiles and proteomics
will help to discover the molecules that are responsible for the observation of bystander effects in
recipient cells.
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NTE Non-targeted effects
RIBE Radiation induced bystander effects
IR Ionizing radiation
MEF Mouse Embryonic Fibroblast
DSB Doublestrand break
WBI Whole body irradiation/irradiated
PBI Partial body irradiation/irradiated
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Abstract: Extracellular vesicles (EVs) are heterogeneous in size (30 nm–10 μm), content (lipid, RNA,
DNA, protein), and potential function(s). Many isolation techniques routinely discard the large EVs at
the early stages of small EV or exosome isolation protocols. We describe here a standardised method to
isolate large EVs from medulloblastoma cells and examine EV marker expression and diameter using
imaging flow cytometry. Our approach permits the characterisation of each large EVs as an individual
event, decorated with multiple fluorescently conjugated markers with the added advantage of
visualising each event to ensure robust gating strategies are applied. Methods: We describe step-wise
isolation and characterisation of a subset of large EVs from the medulloblastoma cell line UW228-2
assessed by fluorescent light microscopy, transmission electron microscopy (TEM) and tunable
resistance pulse sensing (TRPS). Viability of parent cells was assessed by Annexin V exposure by
flow cytometry. Imaging flow cytometry (Imagestream Mark II) identified EVs by direct fluorescent
membrane labelling with Cell Mask Orange (CMO) in conjunction with EV markers. A stringent
gating algorithm based on side scatter and fluorescence intensity was applied and expression of EV
markers CD63, CD9 and LAMP 1 assessed. Results: UW228-2 cells prolifically release EVs of up to
6 μm. We show that the Imagestream Mark II imaging flow cytometer allows robust and reproducible
analysis of large EVs, including assessment of diameter. We also demonstrate a correlation between
increasing EV size and co-expression of markers screened. Conclusions: We have developed a
labelling and stringent gating strategy which is able to explore EV marker expression (CD63, CD9,
and LAMP1) on individual EVs within a widely heterogeneous population. Taken together, data
presented here strongly support the value of exploring large EVs in clinical samples for potential
biomarkers, useful in diagnostic screening and disease monitoring.

Keywords: extracellular vesicles; imaging flow cytometry; biomarker reservoirs; cancer diagnostics;
disease monitoring; large EVs

1. Introduction

The term extracellular vesicle (EV) refers to particles released from cells which are delimited by a
lipid bilayer, but do not contain a nucleus [1]. EVs are heterogeneous in biogenesis [2], size, and content.
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They range in size from 30 nm exosomes [3] to oncosomes up to 10 μM [4], and contain cargo of all
biomolecule categories [5]. Attempts to categorise EVs primarily by surface marker expression have
been confounded by the recognition that many of the markers previously considered to be subset- or
derivation-specific, are actually present on multiple or even all classes of EVs [6]. Delineation and
characterisation of specific EV subsets is an essential goal to achieve a better understanding of EV
biology [7], yet there are no techniques that accurately quantify EVs across the full EV size range,
or combine quantification with the ability to screen for EV marker expression or EV content.

Small EVs are characteristically isolated by high-speed centrifugation at 100,000× g [8], and include
both EVs derived intracellularly from late endosomes and released by exocytosis (exosomes), and other
small EVs not derived from endosomes (3). Multiple commercial solutions exist for the isolation of
exosomes from a variety of biological fluids including tissue culture supernatant, plasma, and urine.
In contrast, there are no commercially available solutions for the isolation of large EVs. As a result,
isolation methods vary, and knowledge of large EV content and function in biological samples is
relatively lacking. Large EVs, defined as >200 nm by recent guidelines set out by the International
Society of Extracellular Vesicles [1], include cancer cell-derived oncosomes, dead cell-derived apoptotic
bodies and platelets, and are visible by light microscopy [9]. In published literature, EVs larger than
1 μm have historically been assumed to be apoptotic bodies [10]. However, we and others [4] have
demonstrated that viable cell cultures produce large EVs which do not have the ultrastructural features
reminiscent of fragments of apoptotic cells.

EVs are released by all cells providing an efficient mechanism of cell to cell communication [11].
Increasing evidence points to key roles for EVs in cancer diagnosis, prognostication, and surveillance
of cancer [12]. Large EVs from prostate cancer cells were shown to contain tumour-specific
biomarkers [4,13] and mediate intercellular transfer of bioactive molecules including miRNA [14].
We previously reported a population of large EVs released by leukaemic cells which were actin-rich
and contained intact organelles [15]. These large EVs could be internalised by normal stromal cells
and induced a switch in the preferred metabolic pathway of the recipient cells [9]. Additionally,
we found that leukaemia-derived EVs expressed a surface marker indicative of their parent cell
(CD19) and could be detected in the peripheral blood of murine models and patient bone marrow
plasma [9]. Taken together, our previous work and existing large EV literature suggest that large EVs,
often discarded in techniques to isolate smaller EVs and exosomes, could be considered as extensive
reservoirs of biomolecules useful to study EV biogenesis and function, and to identify clinically relevant
biomarkers for disease detection and treatment monitoring [16,17].

The principle advantage of characterising large EVs as single events by imaging flow cytometry is
the potential for simultaneously identifying parent cell, EV, and tumour markers. We report for the
first time a characterisation of size distribution and EV marker expression in this heterogeneous EV
population, undertaken in accordance with the most recent international consensus guidelines for EV
research from the International Society of Extracellular Vesicles [1].

In this proof of concept study, we set out to: (1) highlight the abundance of large EVs produced by
cells derived from the malignant brain tumour medulloblastoma in vitro; (2) describe variations in the
expression of established EV markers in the large EV population; (3) describe how the Imagestream
(ISX) can address sample heterogeneity by facilitating high throughput, single event EV analyses.
We describe a protocol to isolate intact large EVs without cell contamination, from cells growing in
serum-free medium, using gravity flow filtration combined with low-speed centrifugation. Our data
show the breadth of heterogeneity in the size and marker expression of large EVs isolated from a single
cell line and serves to highlight the importance of sample purity, isolation techniques and experimental
controls as we seek to identify tumour-specific EV markers for use in the clinic.
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2. Results

Large EVs from the medulloblastoma cell line UW228-2 are visible with light microscopy, can be
isolated from viable, serum-free cell culture supernatant with intact membranes, and contain a
polymerised actin cytoskeleton. A proportion of these large EVs express reported EV markers.

In this study the large EV isolation SOP was applied to the SHH-driven medulloblastoma cell line
UW228-2. In accordance with the recently published international consensus MISEV2018 guidelines [1],
we demonstrated the existence and membrane integrity of large EVs using both light and electron
microscopy (Figure 1A,B). The pan-EV marker CD63 was expressed by parent medulloblastoma cells
and a proportion of large EVs in viable cultures (Figure 1A). Large EVs also exhibited an active
cytoskeleton indicated by the polymerised actin marker Phalloidin, but did not stain for DAPI,
indicating that they did not contain nuclear double-stranded DNA. EV membrane integrity, size,
and intra-vesicle content was examined by transmission electron microscopy (TEM) (Figure 1B).
Isolated EVs were spiked with medulloblastoma parent cells for comparison and adhered to ACLAR
film coated with CellTak prior to TEM. Serial sections demonstrated that the EVs had a limiting
membrane, internal organelles but no nucleus, and were independent from cells. By contrast, cells had
internal organelles including a nucleus and cytoplasmic protrusions indicative of filopodia.

Cells were grown in serum-free medium for 24 h prior to EV isolation, staining, and analysis.
Experimental conditions were optimised to eliminate false positive membrane labelling or bovine
EV contamination [18]. To assess whether growth in serum-free medium resulted in increased cell
apoptosis, phosphatidyl serine exposure on the surface of cells was examined. Figure 1C indicates the
quadrant gating strategy applied using positive controls and the comparison of cells grown in standard
culture versus serum-free conditions. Imaging flow cytometry was also performed to visualise Annexin
V/PI staining on parent cells (Figure 1D). In triplicate experiments, there was no significant difference
between the viability of cells cultured in complete or serum-free media (Figure 1E). Figure 1F provides
a workflow for the isolation and characterisation of large EVs used in this study. At the time of each
EV isolation, total parent cell count and viability was assessed using trypan blue exclusion and found
to be 7.9 × 106 cells (98% viable), 8.3 × 106 cells (99% viable), and 6.8 × 106 cells (98% viable).

Figure 1. Cont.
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Figure 1. Immunofluorescence: UW228-2 cells and large extracellular vesicles (EVs) are CD63+.
Medulloblastoma cell lines produce large extracellular vesicles (EVs) which can be harvested from
serum-free conditioned media after 24 h. (A) Medulloblastoma cells produce EVs in vitro which
contain polymerised actin and CD63, but no nucleus. The medulloblastoma cell line UW228-2 was
cultured on glass bottom plates for 24 h; fixed and probed for the tetraspanin and EV marker CD63
(FITC—green). Polymerised actin was labelled using Alexa Fluor 555 phalloidin (f-ACTIN—red).
Nuclei were counterstained with DAPI (DAPI—blue). Images of large EVs (yellow arrows) and cells
were captured using the Perkin Elmer Operetta system at ×40 magnification. The individual images
were captured in black and white using the appropriate emission filters and a coloured composite image
created using Columbus software. Scale bar represents 20 μM. (B) Transmission electron microscopy:
UW228-2 cell and adjacent large EV with limiting membrane. Large EVs have a limiting membrane,
contain organelles but no nucleus and are < 6 μm in size. Cells and EVs were applied to Poly-D-lysine
coated ACLAR film and fixed with glutaraldehyde before processing for Transmission Electron
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Microscopy. Serial sections were taken to assess sample purity, EV membrane integrity, size, and content
comparative to the parent cell. Images were captured using a Biotwin Philips TECNAI G2 microscope
at ×1900 magnification. Scale bar represents 5 μM. Left panel shows a cell and a large EV. Right panel:
serial sections taken through the entire EV (4 images shown). The wide-field image shows an EV
of 5.5 μM diameter at its central plane of focus, alongside a parent medulloblastoma cell of 18 μM.
(C) Flow cytometry: Cell viability Annexin V/PI assessment. Cell apoptosis was assessed by flow
cytometry. Unstained cells (i) and cells treated with 200 μM Etoposide (ii; Annexin V positive gate) or
heated (iii; PI positive gate) provided positive controls which were used to assign accurate quadrant
gates to bivariate scatter plots showing PI versus Annexin V APC. Live cells appear in Q4, Annexin only
in Q2 (Early apoptosis), dual labelled in Q3 (Late apoptosis) and PI only (Dead cells). UW228-2 cells
were cultured for 24 h in complete media (iv; DMEM with 10% FBS) or serum-free media (v; DMEM
only). Representative plots of triplicate experiments shown. (D) Imagestream (ISX) analysis: Annexin
V/PI assessment in cells. Imaging flow cytometry allows visual distinction between early and late
stages of apoptosis. Cells in standard culture conditions were labelled using an Annexin FITC/PI
kit and examined using the Imagestream (ISX) Mark II. Images were captured at x60 magnification
and representative gallery images demonstrate Annexin V FITC only membrane labelling, indicating
early apoptosis (upper panels) and dual Annexin V FITC/PI labelling, indicating late apoptosis (lower
panels). (E) Cell viability prior to EV isolation. UW228-2 cells can be cultured in serum-free conditions
for 24 h with no loss in viability. No difference in viability could be seen between culture conditions:
Percentage unlabelled cells (live), Annexin V positive only (Early apoptosis), Annexin V and PI positive
(Late Apoptosis) or PI positive only (DEAD) after 24 h in complete (grey bars) or serum-free medium
(open bars). (F) Large EV isolation and characterisation. EV isolation protocol from cultured cells
was optimised to harvest large EVs with minimal processing. Cells were seeded into large flasks
(225 cm3) and allowed to adhere. Media was changed after 24 h for 50 mL serum-free DMEM and cells
cultured at 37 ◦C for a further 24 h. Trypsinised cells were collected by 2 successive centrifugation
steps at 300× g 5 min keeping the supernatant each time. EV containing supernatant was filtered
using a double layered 5 μm pore nylon membrane by gravity. Filtered, cell-free supernatant was
centrifuged at 2000× g for 30 min using a bench top centrifuge with swing out buckets. The resulting
cell and EV pellets were processed appropriately for the downstream technique: For flow cytometry
cells were processed and analysed separately, whilst cells were spiked into wells for direct comparison
by microscopy.

2.1. EVs are Highly Heterogeneous and Differentially Express EV Markers

A reliable fluorescence marker was essential to demarcate EVs from background scatter events.
Cell mask orange (CMO) is a fluorescent plasma membrane label composed of amphipathic molecules
comprising a lipophilic moiety for membrane loading and a negatively charged hydrophilic dye
for anchoring of the probe in the plasma membrane. We performed a titration using the parent
cells with serial dilutions of the dye in serum-free media ranging from 1 in 1000 (5 μg/mL) to 1 in
100,000 (50 ng/mL) (Figure 2A) and found that 2.5 μg/mL (1 in 2000) was an optimal concentration
providing high median fluorescence intensity without saturation. Using the Imagestream Mark II
(ISX) we confirmed that the final concentration of CMO labelled EVs in a typical preparation did
not result in coincidence events or swarm which could lead to false positive results when looking
at multi-colour labelling. Serial dilutions of CMO labelled EVs showed a linear decrease in objects
per mL (Figure 2B(i)) with an increasing dilution factor, whilst the fluorescence intensity remained
stable across the dilutions (Figure 2B(ii)). To facilitate reproducible reporting across experiments and
to offer a means to standardise EV measurements, we determined the minimum MESF value for
CMO+ events which would distinguish between unstained and CMO labelled EVs using our staining
protocol, as described elsewhere [19]. Figure 2C shows a representative bivariate plot (i) of the low,
medium-low, medium-high, and high fluorescence bead populations. The histogram (ii) was used
to determine the MFI of each peak and log fluorescence intensities were converted to MESF values
using information supplied by the manufacturer (iii). Linear regression of log MFI versus log MESF
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(iv) was used to calculate the MESF corresponding to the minimum fluorescence intensity of events
within the designated CMO+ gate as follows. The maximum MESF values of the unstained EVs in
each experiment were: Replicate 1: 271.42 =MESF 48.23; Replicate 2: 271.0 =MESF 49.27; Replicate 3:
272.88 =MESF 42.48. Therefore, to set a standardised lower threshold of detection which could be used
across replicate experiments we assigned a lower MESF threshold for CMO+ events of 50 (Example
shown in Figure 2C(v)). We therefore report here CMO+ events as number of events >MESF 50.

Previous reports have identified that lipid dye aggregates can mimic EVs when using fluorescence
lipid markers [20]. We used Triton-X 100 treatment [21] of fully labeled EVs to disrupt EV signals
demonstrated by a loss of CMO + events (Figure 2D(i)). Figure 2D(ii) shows an overlay of unstained
EVs, fully stained EVs and fully stained EVs treated with Triton-X 100. The MFI of the post-Triton-X
100 treated sample is reduced to the level of the US-EVs.

Figure 2. Cont.
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Figure 2. Cell Mask Orange can label EVs to enable standardisation across experiments. (A) Cell
Mask Orange (CMO) labelling was optimised by titration using parent cells. Serial dilutions from 1
in 1000–100,000 were used to label parent UW228-2 cells and analysed by flow cytometry. A clear
relationship between CMO concentration and fluorescence intensity is shown. (B) ISX: Objects/mL
reduce with increased sample dilution (i) whilst CMO intensity remains constant (ii). Sample
dilution was used to validate EV staining protocol. Using a CMO dilution of 1 in 2000 (2.5 μg/mL),
the Imagestream acquired fewer CMO positive objects per ml with increasing dilution of CMO labelled
EVs (i), whilst the CMO fluorescence intensity in channel 03 was maintained (ii). (C) Quantibrite PE
Beads were run at the time of each experiment and used to assign molecules of equivalent soluble
fluorochrome (MESF) values to the CMO intensity of labelled EVs. (Representative example from a
single experiment shown) Quantibrite PE beads were acquired at the time of each experiment to assign
MESF value. Quantibrite PE beads were separated on a bivariate plot of intensity against side scatter (i).
The fluorescence intensity of each bead set was gated on the histogram (ii) and assigned a MESF value
according to the number of PE molecules per bead as provided by the manufacturer (iii). Log MFI
against Log MESF provided a standard curve for each acquisition (iv). Regression analysis was used
to extrapolate the equivalent MESF value for CMO intensity for unstained and labelled samples (v)
which enabled lower threshold for CMO intensity to be set to distinguish between unstained and CMO
labelled EVs. Representative experiment shown. MESF 50 was subsequently used to set the lower
CMO+ threshold to standardise across experiments. (D) CMO labelling was diminished following the
addition of detergent. CMO positive (CMO+) EVs could be distinguished from unstained EVs by ISX
(i). Treatment of the same sample with Triton-X 100 diminished the CMO labelling (ii). Exported .fcs
files from the same acquisition were overlaid using FlowJo 10.6 (Ashland). The fully stained sample
(orange) shows increased fluorescence intensity in channel 3. The same sample post Triton–X treatment
(blue) showed a reduction in fluorescence intensity to a similar level of the unstained sample (grey).

2.2. Large EVs Size Distribution and Quantity was Assessed Using Tunable Resistance Pulse Sensing (TRPS)

At the time of each preparation, an aliquot of freshly isolated EVs was assessed using the qNano
GOLD particle counter to ascertain EV size distribution (diameter) in terms of percentage population
(%) and concentration (particles/mL) prior to labelling for ISX analysis. Using a series of 3 overlapping
Nanopores (Figure 3A(i)), each with an optimal size range which spans a total size of approximately
275 nm to 5.7 μm, we assessed the size range of particles in the EV preparations. Representative
profiles of diameter against percentage population are shown for a single sample using NP600, NP1000,
and NP2000 Nanopores (Figure 3A(ii–iv)). By selecting overlapping Nanopore sizes, the same calibrator
beads (1000 nm) could be used and therefore it was possible to overlay the resulting profiles to visualise
the total large EV population within each sample (Figure 3A(v)). As expected, the EVs present in
each biological replicate were heterogeneous in size. However, the size range of EVs across biological
replicates was consistent (250 nm to 6 μm); with some variation in the median diameter per sample. Size
is presented with a bin of 100 (nm) and in each case the most prevalent large EVs were detected using
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the NP600. The median size across the replicates using the NP600 for comparison were 250–350 nm
5.15 × 107; 450–550 nm 1.7 × 107, and 250–350 nm 2.8 × 108. The starting volume of EV-containing
media used per replicate was 100 mL. The resulting pellet was re-suspended in a total of 700 μL PBS
(prior to labelling). As an example, applying this dilution factor (142.86) to the first replicate equates
to 7.4 × 109 EVs specifically of the 250–350 nm size range that were released by 7.9 × 106 UW228-2
cells (NB cell count at harvest) in 24 h into 100 mL serum-free media. It should be noted that due to
the number of washes and centrifugation steps during the isolation, this can only be considered as
an illustration of the quantity of EVs produced. The total larger EVs as counted using the NP2000
(935 nm − 5.7 μm) were less common but are nevertheless abundantly present in concentrations of
2.3 × 108, 6.9 × 108 and 2.1 × 109 in the 100 mL harvested media from this particular cell line. The total
particle count for each Nanopore size, across 3 biological replicates is shown in Table 1. It should be
noted that the counts shown are not cumulative as they represent the same sample analysed across
3 Nanopore sizes.

Figure 3. EV size and quantity was assessed by Tunable Resistance Pulse Sensing (TRPS) using the
qNANO instrument (iZON Science) and compared to diameter masks in the ISX IDEAS software.
(A) Three Nanopores of over-lapping size ranges were used to determine the particle diameter and
concentration in each EV preparation (i). Size profiles were established for each individual Nanopore
(ii NP600; iii NP1000; iv NP2000). The overlaid profiles of diameter by concentration provided by the
3 Nanopores show a size range of 250 nm and 6μm against a common calibrator bead of 1000 nm
(representative sample shown) (v). (B) Calibration beads of known size were used to determine the
most accurate diameter mask. The masks available within the ISX IDEAS software for diameter analysis
were compared. The 3 which assigned the most accurate sizes according to manufacturer specified
beads sizes were the Object, Erode and Adaptive Erode masks. These were compared across bead size
by applying the mask (ii) visualising a scatter plot (iii) and histogram for each mask type. For the size
range within our EV preparations, we found the Erode mask to be the most accurate (iv).
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Table 1. Total particle count using different Nanopore sizes (qNANO) in biological replicates.

- NP600 NP1000 NP2000

1 8.4 × 108 3.8 × 106 1.6 × 106

2 4.9 × 107 1.4 × 107 4.8 × 106

3 5.0 × 108 4.4 × 107 1.5 × 107

Size calibration beads were used to determine the most appropriate diameter mask to use for ISX
analysis of EV diameter. The bead sizes provided by the manufacturer were 1, 2, 4, 6, 10, and 15 μm.
We used the feature tool in IDEAS to apply a range of different diameter masks to the bright field
image of the beads (Figure 3B(i)). We selected bright field for this using non-labelled beads because
the Quantibrite beads showed over exaggeration of EV size, possibly due to saturation and flare of
fluorescence. The beads were visualised on bivariate plots of diameter versus side scatter (channel 06).
Density plots (Figure 3B(ii)) allowed the bead populations to be gated individually and subsequent
histograms (Figure 3B(iii)) to be viewed. We compared the diameters for each bead population
assigned using the Object, Adaptive Erode and Erode Masks against the manufacturer specified size
(Figure 3B(iv)) and found the Erode mask on the bright field image, using 3 pixel reduction to be the
most comparable.

2.3. Fluorescence Membrane Labelling Can Be Used to Distinguish EVs from Background and Speed Beads

We devised an analysis template within IDEAS which comprised a hierarchical gating strategy
aimed at characterising heterogeneous large EVs (Figure 4A). All buffers were filtered using a 0.2 μm
filter and samples were acquired for 5 min to avoid recording different amounts of background per
acquisition. Speed beads were included. The speed beads and CMO− events were defined using density
plots of channel 03 (CMO) versus channel 06 (side scatter) intensity (Gate i). Running acquisition buffer
only (left side) and unstained EVs (centre) showed the instrument detected a high level of background
with low to medium side scatter. Labelling with the cell membrane dye (CMO) therefore helped to
distinguish between the low CMO intensity/low side scatter EVs and background detected in both the
acquisition buffer and unstained sample (right side). Applying a gate to capture low Raw Max Pixel
events (channel 06—SSC: Gate ii) eliminated those events with saturated side scatter, including the
speed beads. Outliers in the side scatter versus CMO intensity plots were individually inspected and
found to be dual events comprising a speed bead (CMO−, high SSC) and an EV (CMO+, low SSC)
which occupied the flow chamber at the same time. This resulted in aberrant events with both high
CMO intensity and high SSC and was therefore excluded from further analysis.

Events classed as CMO+ at this point were included in the initial CMO+ gate (Gate iii). Within
the same acquisition, we ran the Quantibrite PE beads which enabled a minimum threshold for
CMO+ events to be calculated and converted to MESF units, as described. The lower MESF cut off
for this experiment was defined at >50 and a further gate on the CMO intensity histogram (Gate iv)
captured all CMO+ events with an MESF >50 for downstream analysis. The proportion of CMO+
events as a percentage of all events acquired over the 5 min period varied across 10 replicates (mean
18.73% ± 1.2 SEM) CMO+MESF > 50; Figure 4B). A final gate was included to eliminate outliers which
were either high CMO intensity but appeared on the bright field image to be membrane fragments
(Gate v) or were not assigned a diameter due to lack of bright field image focus. This stringent gating
strategy was designed to eliminate any events which could not be further analysed for EV marker
expression or diameter.
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Figure 4. Optimised acquisition by Imaging flow cytometry and florescence membrane labelling can
distinguish large extracellular vesicles from background and enable multiplex labelling. (A) Hierarchical
gating can confidently refine the EV population for characterisation. Samples were acquired for 5 min
using the ISX INSPIRE software and all events visualised using bivariate plots for fluorescence intensity
in channel 03 (CMO) and channel 06 (side scatter). Initial gates for speed beads and CMO− events
were set using the Acquisition buffer only and unstained EV samples included in each run (Gate i).
These gates were applied to the labelled samples. Saturated events were excluded from the analysis by
gating on the histogram plot: Raw Max Pixel for Channel 06 (Gate ii) thus removing the speed beads
and very high side scatter events. An initial CMO + gate was placed (Gate iii). A lower fluorescence
threshold of MESF > 50 in channel 3 (CMO) was set in each experiment using the regression analysis of
Quantibrite PE Beads as described. The CMO + gate was anchored using co-ordinates for the equivalent
fluorescence intensity and a further CMO +MESF > 50 gate applied to the histogram (Gate iv). Finally,
a refined gate was used to eliminate outliers (Gate v). The analysis template was set for each experiment
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and applied to all samples. (B) Percentage positive CMO+ events (MESF> 50). The percentage of CMO+
events (MESF > 50) is represented by an orange dot for 10 replicate experiments. Black bar represents
mean 18.73% (± 1.2 SEM). (C) A compensation matrix was applied to all samples. The compensation
wizard was used to create a matrix which was applied to all samples. (D) Single, double, and triple
labelling protocols were used for compensation and accurate gating. Dual labelled EVs provided
Fluorescence minus one (FMO) controls for (i) AF647; EVs labelled with CMO and CD63 BV421) or (ii)
BV421; (EVs labelled with CMO and LAMP1 AF647) and used to set positive gates. (E) UW228-2 cells
were used to optimise multiplex labelling. Cell mask orange (CMO) provides a general membrane
label (i) and could be used to co-label with EV markers CD63 BV421 and CD9 AF647 (ii) or CD63 BV421
and LAMP1 AF647 (iii). Representative gallery images from IDEAS software are shown.

We tested a number of approaches to apply compensation to our data in consultation with the
manufacturer’s specialists. Initially, we attempted to construct a matrix using single stained EVs;
however, the single pixel fluorescence was insufficient for the in-built compensation Wizard to assign
a matrix. Next, we tried single stained parent cells, but the compensation matrix formulated by the
wizard resulted in over-compensation and negative fluorescence intensity events. Over-compensation
was thought to be due to the imbalance between the strong fluorescence signal resulting from cell mask
orange, a membrane marker which indiscriminately labels lipids, and relatively weak fluorescence
signal from target specific antibodies. These experiments were originally performed using a FITC
conjugated CD63 antibody, however we found the level of adjustment required between channel 02
(FITC) and channel 03 (CMO) contributed to the negative populations. We re-optimised using the
same CD63 antibody clone (HSC6) conjugated to BV421 (channel 07) which is spectrally more distinct
from CMO. Finally, we found that using commercially available compensation beads labelled with
our antibodies and acquired in the channels used for our study, in conjunction with assisted manual
adjustment, provided the most reproducible compensation matrix.

We combined CMO with BV421 and AF647 and Fluorescence Minus One (FMO) controls for each
fluorophore were used to set positive gates (Figure 4D). The parent UW228-2 cells were screened for
expression of the EV markers chosen for this study: CD63, CD9, and LAMP1 as defined in the latest
MISEV guidelines [1]. Multiplex labelling was performed using the following combinations: CMO
with CD63 BV421 and CD9 AF647; or CMO with CD63 BV421 and LAMP1 AF647.

2.4. Multiplex Labelling Reveals Heterogeneity in EV Marker Expression

The proportion of CMO+ only events varied across the 10 replicates (Figure 5A). The mean
percentage positive CMO+ (MESF> 50) events (63.3%± 4.6 SEM) which did not demonstrate expression
of any EV markers included in this study were designated CMO only. Considering the single EV
markers, the proportion of EVs positive for each EV marker varied CD63 19.0%, (± 2.2 SEM), CD9 mean
10.3% (± 0.5 SEM); LAMP1 47.6% (± 3.8 SEM). These data shown LAMP1 to be the most prevalent EV
marker screened in this study.

Figure 5. Cont.
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Figure 5. Isolated large EVs can be triple-labelled and individual events can be scrutinised
post-acquisition. (A) The proportion of CMO+ events expressing a single EV marker varied across
replicates. The percentage positive events within the CMO+MESF > 50 gate which expressed either no
EV marker (CMO only), CD63, CD9, or LAMP1 varied across replicates. Black bar represents the mean
across 10 (CMO or CD63) or 5 (CD9 or LAMP1) replicates. CMO only 63.3% (± 4.6 SEM), CD63 only
19% (± 2.2 SEM), CD9 (± 0.5 SEM) only 10.3% and LAMP1 only 47.6% (± 3.8 SEM). (B) UW228-2 cell
derived EVs differentially express EV markers CD63 and CD9, or both. EVs were labelled with CMO,
CD63 BV421 and CD9 AF647. CMO + events (MESF > 50) were analysed for co-expression with CD63,
CD9 or both. Quadrant gating of bivariate plots for fluorescence intensity in channel 07 (BV421) and
channel 11 (AF647) demonstrated single labelled (CMO+ only), dual and triple labelled EV populations
(i). Percentage positive in each quadrant is shown. Representative experiment. Gallery images display
examples of individual events from each of the 4 quadrants (ii). Bright Field (BF) and side scatter (SSC)
channels are shown alongside CMO, CD63 BV421 and CD9 AF647. Of the CMO+MESF >50: 75.1%
(± 3.0 SEM) were CMO + only; 13.3% (± 2.4 SEM) expressed CD63 BV421 and 3.5% (± 0.8 SEM)
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expressed CD9 AF647. 7.1% (± 1.1 SEM) of the CMO+ events expressed both CD63 and CD9.
(C) UW228-2 cell derived EVs differentially express EV markers CD63 and LAMP1, or both. EVs were
labelled with CMO, CD63 BV421 and LAMP1 AF647. CMO+ events were analysed for co-expression
with CD63, LAMP1 or both. Quadrant gating of bivariate plots for fluorescence intensity in channel 07
(BV421) and channel 11 (AF647) demonstrated single labelled (CMO+ only), dual and triple labelled
EV populations (i). Percentage positive in each quadrant is shown. Representative experiment. Gallery
images display examples of individual events from each of the 4 quadrants (ii). Bright Field (BF) and
side scatter (SSC) channels are shown alongside CMO, CD63 BV421 and LAMP1 AF647. Of the CMO+
MESF >50: 54.1% (± 4.3 SEM) were CMO + only; 2.8% (± 0.4 SEM) expressed CD63 BV421 and 25.6%
(± 2.7 SEM) expressed LAMP1 AF647 whilst 18.0% (± 2.8 SEM) of the CMO + events expressed both
CD63 and LAMP1. (* p = 0.0159 or 0.0317; ** p = 0.0079). Mann Whitney U test.

Differential expression and co-expression of EV markers was examined between five replicate
experiments. Representative bivariate plots of AF647 intensity against BV421 intensity (Figure 5B(i) and
Figure 5C(i) for CD63/CD9 and CD63/LAMP1, respectively), and representative galleries (Figure 5B(ii)
and Figure 5C(ii)) of EVs displaying each labelling combination taken from the quadrant plots are
shown. The proportion of EVs which co-express EV markers within each gate for the five replicates
is shown in Figure 5B(iii) and Figure 5C(iii). Where the EVs were labelled for CMO, CD63 BV421,
and CD9 AF647 (Figure 5B(iii)): 75.1% (± 3.0 SEM; yellow) were CMO only, 13.3% (± 2.4 SEM; purple)
were CMO + CD63 + CD9 -; 3.5% (± 0.8 SEM; red) were CMO + CD63 – CD9 + and 7.1% (± 1.1 SEM;
blue) were CMO + CD63 + CD9 +. There were significantly fewer CD63 − CD9 + EVs compared with
CD63 + (p = 0.0079) only or CD63+ CD9 + EVs (p = 0.0159). Similarly, there were fewer EV co-expressing
CD63 and CD9 compared with CD63+ alone (p = 0.0317). (Mann Whitney U test). Considering the EVs
labelled with CMO, CD63 BV421 and LAMP1 AF647 (Figure 5C(iii)). 51.4% (+/− 4.3 SEM; yellow) were
CMO+ only, a comparatively low 2.8% (± 0.4 SEM; purple) were CMO + CD63 + LAMP1 –; whilst 25.6%
(± 2.7 SEM; red) were CMO + CD63 − LAMP1 + and 18% (± 2.8 SEM; blue) co-expressed both CD63
and LAMP1. There were significantly more EVs which expressed LAMP1 compared with CD63 alone
(p = 0.0079) and more expressing both CD63 and LAMP1 compared with CD63 alone (p = 0.0079).

2.5. ISX Allow Correlative Analyses of Diameter with EV Marker Expression for Phenotyping

We applied the Diameter Mask; Erode (M01, 3) in IDEAS software to all fully labelled replicates
using the Batch analysis function and compared the range of diameters present within the CMO+
MESF> 50 gate. Figure 6A shows single event diameters within the 10 replicates. This median diameter
(indicated with the black line) varied significantly across the replicates (922–1129 nm: Kruskal-Wallis;
p > 0.0001). However, these data represent EVs isolated as 3 biological replicates and when each
replicate is analysed using ANOVA there was no significant difference between the median diameters
of each EV preparation. There was a clear correlation between EV diameter and CMO intensity as
shown in Figure 6B. Regression analysis was performed on the individual exported feature values
from each replicate (2 representative plots are shown from different biological replicates) (p < 0.0001).

Figure 6. Cont.
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Figure 6. The ISX can accurately assign diameter to large EVs and facilitate individual event analyses
to phenotype heterogeneous EV populations. (A) The median diameter of CMO + EVs from UW228-2
cells was comparable across 10 samples. The erode mask was applied to the bright field images of
those EVs which were included in the CMO+ >MESF 50 gate. The diameter of individual events within
this gate was exported from IDEAS into PRISM for analysis. This figure shows a median diameter
(represented by the black bar) of 922–1129 nm across the 10 samples and visualises the broad size range
within each sample. (**** p > 0.0001 Kruskal-Wallis test). (B) The fluorescence intensity of the CMO
was proportional to EV diameter. Bivariate plots showing CMO intensity against diameter consistently
demonstrates a proportional relationship between EV size and intensity of the membrane label across
samples run in triplicate experiments. 2 representative samples shown. (Regression analysis p < 0.0001).
(C) Comparison of EV phenotypes across triplicate experiments. Individual histograms displaying
EV diameter for each phenotype demonstrated differential size ranges according to EV marker(s)
expression (i a and i b). In each case, those labelled with CMO only and not expressing either CD63,
CD9 or LAMP1 have a smaller median diameter compared with EVs expressing CD63 and/or CD9 or
LAMP1 (ii a and ii b). In both cases, those EVs co-expressing both CD63 with CD9 (iii a) or CD63 with
LAMP1 (iii b) are significantly larger than CMO only. (** p < 0.005, *** p < 0.0004, **** p < 0.0001).

We found that large EVs are heterogeneous in both diameter and EV marker expression. Histogram
plots of individual events exported from the quadrant positive gates show the different diameter
range and frequency within each phenotypic subgroup (Figure 6C(i)). Representative acquisitions

112



Int. J. Mol. Sci. 2020, 21, 8723

from a single replicate are shown. ISX analysis facilitates the comparison of individual EV diameters
from within each phenotype (Figure 6C(ii)). A representative plot for all CMO + (MESF > 50) in a
single replicate of each phenotype is shown and the black bars represent the median diameter for each
subgroup. Within this typical replicate, the median diameter and range for each subgroup was as
follows: All CMO >MESF 50 1.1 μm (362 nm–6.2 μm), CMO only 1.0 μm (362 nm−5.4 μm), CMO+
CD63+ CD9− 1.8 μm (362 nm–5.1 μm), CMO+CD63− CD9+ 1.8 μm (362 nm–4.7 μm), and CMO+CD63+

CD9+ 2.5 μm (362 nm–6.2 μm). When considering the second phenotype: All CMO >MESF 50 1.4 μm
(362 nm–6.2 μm), CMO only 1.1 μm (362 nm–4.6 μm), CMO+ CD63+ CD9- 1.7 μm (362 nm–4.5 μm),
CMO+ CD63− CD9+ 1.6 μm (362 nm–5.6 μm), and CMO+ CD63+ CD9+ 2.2 μm (362 nm–6.1 μm).
In each case the median diameter increases in size with accumulating EV marker expression.

When considering all 5 replicates; we compared the mean diameter for each subgroup
(Figure 6C(iii)). For the first group (left panel): CMO only 0.89 μm (±0.03 SEM), CMO+ CD63+

CD9− 1.53 μm (± 0.1 SEM), CMO+CD63− CD9+ 1.76 μm (±0.17 SEM) and CMO+CD63+ CD9+ 2.19 μm
(±0.18 SEM). Those EVs expressing either CD63 (p < 0.0004) or CD9 (p < 0.0010) were significantly
larger than EV which did not (CMO only). For the second subgroup (right panel) the mean diameters
were as follows: CMO only 0.84 μm (±0.04 SEM), CMO+ CD63+ CD9− 1.06 μm (±0.12 SEM), CMO+
CD63− CD9+ 1.31 μm (±0.12 SEM), and CMO+ CD63+ CD9+ 2.02 μm (±0.07 SEM). In this group,
those EVs expressing CD63 only were not significantly larger than those which did not. However,
EVs expressing LAMP1 were larger (p < 0.005). In both cases, those CMO + EVs co-expressing 2 EVs
markers: either CD63 and CD9, or CD63 and LAMP1 (blue) were significantly larger than those which
do not carry the markers screened in this study. (**** p < 0.0001. Un-paired t-test).

3. Materials and Methods

3.1. Cell Line

UW228-2 cells were kindly provided by DTW Jones (DKFZ, Heidelberg, Germany). Cells were
grown in DMEM with L-glutamine (Lonza, Manchester, UK; cat: R8758) supplemented with 10% FCS
(SIGMA, Gillingham, UK; cat: F9665) in Corning 225 cm2 Angled Neck Cell Culture Flask with Vent
Cap (Fisher Scientific, Leicestershire, UK; cat: 431082) at 37 ◦C with 5% CO2 in normoxia. Cell lines
were passaged with 1 × Trypsin-EDTA (Lonza, UK; cat: T3924). All cell lines tested negative for
Mycoplasma and all were authenticated in-house (CRUK-Manchester Institute) by examination of a
total of 21 loci across the genome using the Powerplex 21 System (Promega, Southampton, UK).

3.2. Cell Culture

For each experiment, cells were seeded at 2.5 × 106 cells in 50 mL DMEM 10% FBS (complete
media) per 225 cm3 tissue culture flask and allowed to adhere overnight. On day 2 media was
switched to 50 mL serum-free DMEM for 24 h prior to EV isolation and cell preparation. Conditioned
media (containing EVs) was removed, and the cells washed x2 with PBS before trypsinisation using
1 x Trypsin-EDTA (Lonza, Manchester, UK; cat: T3924). Cell counts and viability were checked at
the time of EV harvest using the trypan blue exclusion assay (0.4% Trypan blue solution; SIGMA;
Gillingham, UK; cat T8154).

3.3. Vesicle Isolation

Large EVs were harvested using a standard operating procedure (SOP) as previously reported
(Figure 1F) [15]. For each experiment, EVs were isolated from the serum-free, conditioned media from
2 × 225 cm2 flasks (pooled; total 100 mL). Cell culture supernatant (conditioned media: CM) was
centrifuged in 2 tubes to remove cells (300× g 5 min, ×2) and filtered using a double layered 5 μm
pore nylon Sieve (Fisher Scientific, Leicestershire, UK; cat 12994257). The supernatant was collected
and centrifuged at 2000× g for 30 min and prepared for ISX analysis. Centrifugation steps were
performed using an Eppendorf 5702 bench top centrifuge with an A-4-38 rotor. All EV preparations
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were performed on the day of analysis and not stored. Experimental procedures for EV isolation have
been submitted to the EV-TRACK database (EV TRACK ID: EV190013) [22].

3.4. Chemicals and Reagents Including Antibodies

3.4.1. Apoptosis Assay

UW228-2 cells were seeded at 1 × 105/well into 6 well plates (Corning; Fisher Scientific,
Leicestershire, UK; cat CL S3516) and incubated at 37 ◦C overnight in DMEM containing 10%
FBS. Triplicate wells were cultured in complete media or switched to serum-free DMEM for 24 h before
screening with Annexin V APC/PI using the Apoptosis detection kit (Biolegend UK, London, UK;
cat 640932) according to the manufacturer’s instructions. 30,000 events were acquired using the LSR
II flow cytometer with lasers for APC (640 nm laser, emission captured at 660 nm) and PI (488 nm
laser with emission captured at 575 nm). Positive controls were generated to inform accurate gating:
cells were treated with 200 μM (UW228-2) Etoposide (SIGMA; Gillingham, UK; cat E1383) for 24 h
(Apoptotic cells: Annexin V), or heated at 56 ◦C for 10 min prior to labelling (Dead cells: PI).

3.4.2. Immunofluorescence Microscopy

Cells and EVs were immobilised onto CellCarrier 96 well plates (Perkin Elmer; Bucks, UK;
Cat 6005550), fixed with 3.7% paraformaldehyde, permeabilised with 0.2% Triton X in PBS and probed
using anti-human CD63 antibody (Clone: H5C6, Biolegend UK, London, UK; Cat: 353005) directly
conjugated to FITC and counterstained for polymerised actin using 0.2 × Alexa Fluor 555 Phalloidin
(Fisher Scientific, Leicestershire, UK; cat A34055) and 300 nM DAPI (Biolegend UK, London, UK,
422801). Images were captured using the Perkin Elmer Operetta system (Perkin Elmer; Bucks, UK) at
×40 magnification.

3.4.3. Transmission Electron Microscopy (TEM)

EVs were immobilised onto ACLAR (poly-chloro-tri-fluoro-ethylene (PCTFE) film) coated with
Corning CellTak (Fisher Scientific, Leicestershire, UK; cat 354240) and fixed with glutaraldehyde in
sodium cacodylate buffer (pH 7.2) followed by post-fix staining with osmium tetroxide and uranyl
acetate (supplied in-house by the FBMH Core Facility). Preparations were dehydrated and embedded
in resin to allow serial 60–200 μm sections to be taken. Images were captured using a Biotwin Philips
TECNAI G2 transmission electron microscope.

3.4.4. Tunable Resistance Pulse Sensing (TRPS)

Size and quantity were determined by Tunable Resistance Pulse Sensing (TRPS) using the qNano
GOLD instrument (iZON Science, Christchurch, New Zealand) as per manufacturer’s instructions.
The principles are discussed elsewhere [23]. We analysed an aliquot of isolated EVs alongside
downstream analyses using overlapping sizes of Nanopores (NP600, NP1000, and NP2000) to provide
a full picture of EV size distribution and quantity.

3.4.5. Cell Mask Orange Labelling

100 mL (2 × 50 mL) EV containing media was used to harvest large EVs for each experiment as
described and the 2000× g pellets re-suspended in either (1) 2 mL serum-free DMEM or (2) 2 mL Cell
Mask Orange (CMO: 2.5 μg/mL in serum-free DMEM) (Fisher Scientific, Leicestershire, UK; cat C10045)
and both were incubated at 37 ◦C for 10 min.

3.5. Antibody Labelling

See Table 2 for antibody details and manufacturer information. Antibody titrations were performed
for each antibody using parent cells and EVs. In all cases, the maximum recommended volume
(5 μL) provided the greatest fluorescence signal from the EVs. Antibody only controls (no EVs) were
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included in the ISX analysis and showed no fluorescence events above the unstained gate in each
case. Both CMO labelled and unlabelled EVs preparations were washed by addition of 5 mL 1%
BSA/PBS and centrifuged at 2000× g for 30 min. The pellets were re-suspended in 700 μL 0.2 μm
filtered 1% BSA/PBS and split into 7 × 100 μL aliquots. For each labelling combination, 5 μL directly
conjugated primary antibodies were added simultaneously as follows: Non-CMO labelled EVs were
used for unstained, single labelled CD63 BV421, CD9 AF647, or LAMP1 AF647 and CMO FMO controls
(×2) (BV421 + AF647: both antibodies were screened). The final aliquot was used to establish EV
concentration and diameter range using TRPS analysis on the qNANO. The CMO labelled EV pellet was
re-suspended in 700 μL 0.2 μm filtered 1% BSA/PBS and split into 7 × 100 μL aliquots. CMO labelled
EVs were used as single stained (CMO+ only), AF647 FMO (CMO + BV421), BV421 FMO (CMO +
AF647), and multiplexed CMO + CD63 BV421 + either CD9 AF647 or LAMP1 AF647. Antibodies
were incubated for 1 h on ice in the dark. EVs were washed by addition of 500 μL 0.2 μm filtered 1%
BSA/PBS and centrifuged at 2000× g for 30 min. Resulting pellets were re-suspended in 75 μL 0.2 μm
filtered 1% BSA/PBS for ISX analysis. Fully labelled EV preparations were treated post-acquisition with
0.1% Triton-X 100 and acquired again to demonstrate loss of fluorescence due to antigen degradation.

Table 2. Chemicals and Reagents Including Antibodies.

Reagent Manufacturer Catalogue No.

Cell mask orange: plasma membrane
marker Thermo Fisher Scientific C10045

Annexin V APC/PI: Apoptosis assay Biolegend 640932

Alexa Fluor 555 phalloidin: Polymerised
actin cytoskeleton Thermo Fisher Scientific A34055

Speed beads: Imagestream flow
calibration Amnis 400041

Quantibrite PE Beads Beckton Dickinson UK 340495

Antibody Clone Fluorophore Isotype Manufacturer Catalogue No.

Anti-human CD 63 H5C6 BV421 Mouse IgG1, k Biolegend 353030

Anti-human CD9 MEM-61 AF647 Mouse IgG1 Fisher
Scientific 15317424

Anti-human LAMP 1 H4A3 AF647 Mouse IgG1, k Biolegend 328611

3.6. Imagestream Acquisition

Sheath buffer (PBS without calcium and magnesium: SIGMA, Gillingham, UK; Cat D5652) was
filtered using 0.2 μm bottle top filters (SIGMA, Gillingham, UK, Nalgene: FIL8184) to minimise
background signal. Internal instrument calibrations were performed before every run according to
manufacturer’s guidelines using the ASSIST Calibrations to include: camera synchronisation, spatial
offsets, dark current, bright field crosstalk coefficient, core stage position, horizontal laser, side scatter,
and a retro illumination scheme to maximise the amount of light incident. This was followed by a
series of internal operations designed to measure performance including excitation laser power, bright
field uniformity, and focus. Specific laser powers used for this study are detailed in Table 3.

Table 3. Settings used for Imagestream.

Laser Channel/Filter Power mW Parameter

405 Ch07/435–80 nm 120 BV421

561 Ch03/577–35 nm 200 CMO

785 Ch06/762–35 nm 70 SSC

642 Ch11/702–85 150 AF647
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Speed beads with an exaggerated irregular surface were incorporated into every analysis for
internal calibration. A dedicated laser was assigned to assess side scatter (CH 06; SSC: 785 nm laser).
For each experiment, a separate readout was obtained from 0.2 μm filtered 1% BSA/PBS acquisition
buffer alone. All events were acquired for 5 min and visualised using bivariate plots of side scatter
against fluorescence intensity.

For cells, 10,000–30,000 total events were acquired. EVs were acquired for 5 min at ×60 magnification
using lasers as described (Table 3) (Image stream, Amnis, Seattle, WA, USA). The ×60 objective provides
a Numerical Aperture of 0.9 enabling resolution of 0.3 μm2/pixel [19].

4. Compensation

Antibody labelled compensation beads (anti-mouse compensation beads: BD Biosciences, San Jose,
CA, USA; cat 552843) were used to acquire single colour controls within the channels used for this study.
The final compensation matrices were constructed by the wizard (INSPIRE) with manual adjustment
in consultation with the manufacturer’s specialist adviser and applied to the .rif files of all controls,
dual and triple labelled EVs. Data were analysed using the IDEAS software (v. 6.2, Amnis, Seattle, WA,
USA). The compensation matrices and analysis template were applied using the batch processing tool
to all .rif files to produce .daf files for each sample. FCS files were exported and uploaded onto the
Flow Repository according to the requirements.

5. Mask Selection for Assessment of EV Diameter

We investigated which of the diameter masks available within the IDEAS software would be
most accurate for EVs. We used non-fluorescence size calibration beads (Fisher Scientific—UK Ltd.,
Loughborough, UK; cat F13838) to validate the masks. The beads were acquired using the same laser
powers and settings as the EV preparations and analysis templates were constructed to identify which
mask fitted most closely to the bead diameter according to the manufacturer’s instructions. We found
that applying the diameter mask Erode (03; indicating 3 pixel erosion) to the bright field channel
most closely assigned the correct diameter. This mask formed part of an analysis template which was
applied to all samples using the batch analysis tool.

6. Molecules of Equivalent Soluble Fluorochrome (MESF) Calculation

To enable comparisons between experiments, Molecules of Equivalent Soluble Fluorochrome
(MESF) values were calculated as previously described [19,24]. Quantibrite PE beads (BD Biosciences,
San Jose, CA, USA; Cat: 340495. Lot: 90926) were the closest available calibration beads for the
fluorescent channel used to detect Cell Mask Orange labelled EVs. A fresh aliquot of lyophilised
Quantibrite beads was reconstituted for each run, and 5000 events were acquired using the identical
laser settings for each fluorophore as described. The SSC laser (channel 06) was adjusted to ensure the
beads could be visualised on the bivariate plots and therefore each bead could be gated as a separate
population and the median fluorescence intensity recorded. The CMO+ events were then analysed for
expression of the EV markers included in this study: CD63, CD9 and LAMP1.

7. Discussion

Our principal aim was to develop a standardised method for the isolation and characterisation of
individual large EVs, which could be further developed for phenotyping large EVs from clinical samples.
The value of the Imagestream to the field of EV characterisation has been explored elsewhere [19,24,25].
However, reports focussing on the large EV populations, frequently discarded during small EV isolation
protocols, are rarely present in the current literature.

By using in vitro cultures, we were able to use the ideal conditions to generate EVs and optimise
experiments. Specifically, by culturing in serum-free media, we eliminated contamination from bovine
EVs present in FBS [18] and subsequent false positive fluorescence signals from serum lipoproteins [20].
Nevertheless, harvesting large EVs from any source presents challenges as cells or cell debris, including
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intracellular vesicles released due to parent cell membrane rupture from early centrifugation steps, can
contaminate the subsequent EV pellets. For the EVs to be truly extracellular prior to isolation, the outer
membrane of accompanying cells must not be ruptured by mechanical or chemical means during initial
harvest. The centrifugation speeds we have used here are low compared to some commonly reported
EV isolation protocols [26] to specifically preserve large EV membrane integrity. Electron microscopy
remains the sole technique that can examine individual EVs and EV preparations for sheared cell
fragments, but it is neither quantitative nor high throughput. In addition, whilst TEM is widely
used for EV investigation, it cannot perhaps distinguish between bone fide EVs and other particles.
In this case, cryoEM or CLEM (correlative light and electron microscopy) which facilitates overlaid
fluorescence or gold labelled antibody binding and EM would prove more informative. It is necessary
to use a combination of techniques to explore the quantity, quality, and biology of EVs. All techniques,
many originally designed for analysing cells, have technical challenges when applied to considerably
smaller entities. For flow cytometry, background scatter events due to particles in the sheath fluid
are an anticipated phenomenon which is rarely reported. In the work we report here, a high level of
background appeared within the same gate as unstained EVs and persisted despite 0.2 μm filtration of
sheath fluid. Our protocol is therefore reliant on strong and uniform, membrane-bound fluorescence
labelling in order to assign an initial gate that separates potential EVs from speed beads or background
scatter events. However, we found that the lower fluorescence intensity threshold to define CMO
positive events was not clearly distinct from the instrument background. This was likely due to a
combination of EV size and relative fluorescence intensity. As recommended elsewhere [19] we used
commercially available fluorescent beads of known intensity (Quantibrite) to provide a means to assign
standardised units (MESF) and therefore a mathematical cut-off for our CMO+ gate. We acknowledge
that calibration beads differ in the physical properties of EVs, in particular the refractive index, which
can affect the intensity of scattered light, a particularly important consideration for the study of smaller
EVs. PE was the closest available fluorophore to CMO and used as a standard for channel 03 on the ISX.
CMO is a membrane label incorporated into the plasma membrane, and emits a greater fluorescence
compared with a target-specific, conjugated antibody. This hampered the use of FITC alongside CMO
as the spectrally close fluorophores led to overcompensation between channels 02 (FITC) and channel
03 (CMO). BV421 was a successful alternative but the difficulties encountered raised concerns about
trying to further multiplex with additional fluorophores using this platform.

The challenges for choosing the correct technique(s) to analyse EVs have been well described
elsewhere [27]. For detailed advice on considerations for EV separation or enrichment methodologies
and recommended steps for EV characterisation, we recommend referring to the MISEV guidelines;
a position paper prepared by the international EV community to support EV research [1]. A major
challenge now is to adapt the protocol we describe for the analysis of large EVs from biological fluids.
Clinical samples are more complex: EVs from a single cell type as described here offer the ideal model
for characterisation, however clinical samples contain heterogeneous EVs from numerous cells [10].
EV isolation has been reported from peripheral blood with some correlations to clinical outcome
in other cancers [28,29]. We have previously identified leukaemic EVs in patients’ bone marrow
plasma. This was possible using a marker which identified the cell of origin (B cell marker CD19)
and understanding that the bone marrow of a leukemia patient is primarily composed of malignant B
cells [9]. However, surface markers for Medulloblastoma cells are less well known, rather molecular
signatures define subgroups in this cancer type [30]. Investigating surface marker expression on
medulloblastoma cell-derived EVs would help to develop a more rapid screening tools. The value
of a liquid biopsy to diagnose brain tumours in the clinic is clear and some suitable candidates have
been identified in Glioblastoma [31,32]. A next step could be to investigate EVs released by primary
medulloblastoma cells although the requirements for optimal culture conditions to generate sufficient
material will add additional complexity. In the case of medulloblastoma, ideally, EVs circulating in
either the cerebrospinal fluid or peripheral blood for comparison to matched primary tumour-derived
EVs would be of considerable interest.
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Our SOP is likely to exclude most small EVs and exosomes, expected to be present in the
supernatant discarded at the final step (2000× g). Experiments to isolate these for comparison are
on-going. One classification we examined in this study was the distinction from apoptotic bodies.
Demonstration of intact EV membranes, a lack of fragmented nuclei staining (DAPI) and evidence that
EVs were derived from viable cells supported our assertion that the EVs analysed were not apoptotic
bodies or cell debris [33]. It might be possible to further distinguish these populations using molecular
profiling. Other studies suggest that these EV subgroups display distinct RNA profiles [34] an approach
which is reliant on pure populations and therefore robust and meticulous isolation protocols.

Our data show that large EVs are ubiquitous and whilst absolute quantification is not yet within
reach, we demonstrated similar size profiles using two independent techniques: TRPS and ISX.
We have previously identified EVs of up to 6 μM using immunofluorescence, ISX and TEM [15].
However, validating the quantity and size range has only been possible using the qNANO instrument.
The qNANO employs TRPS technology to quantify EV count in a given sample and assign a size
relative to a calibration bead of known diameter. It is currently the only instrument which can provide
this information across the large EV population which spans 250 nm up to 6 μm (from our cells). Other
platforms are restricted to small EVs (<1 μM) due to the measurements being reliant on Brownian
movement (e.g., Nanosight and Zetaview). We found the most prevalent EV populations to be around
250–450 nm; however, we consistently detect EVs with a much larger diameter range in every cell line
we have screened to date. We remain cautious not to define these as oncosomes; as although derived
from cancer cells, we have not yet demonstrated their oncogenic potential [4].

Whilst fluorescence intensity alone cannot be used to quantify protein expression levels due
to low level antigen expression on EVs, we did observe patterns of differential expression. In EV
literature, 3 principle markers are used to define EVs: CD63, CD9, and CD81. CD63, however, has been
identified as a pan-EV marker, present in all defined EV subgroups to date [6] and therefore CD63
was our preferred initial marker. However, large EVs are as yet poorly characterised and we found
that CD63 was not the most abundant EV marker in our study. CD63 is a tetraspanin which has been
used as a selection tool for immuno-capture experiments and also for tracking EV release [35,36].
Based on our observations, if a full EV repertoire was of interest, then a cocktail of multiple markers
should be considered as screening with CD63 alone will likely fail to capture a significant proportion
of EVs. We found LAMP1, previously identified on exosomes and EVs from a variety our cell types
and biological fluids [37], was significantly more prevalent.

We also show here that the majority of large EVs did not express any of the three markers screened.
We did observe a significant increase in the median diameter of individual EVs which expressed 1 or
more markers compared to none (CMO only), in each of the experiments performed. Further, across all
replicates, those EVs which co-expressed 2 markers (CD63+CD9, or CD63+ LAMP1) were significantly
larger than those without. Others have suggested that larger EVs are likely to accommodate a greater
number of tumour-derived molecules than exosomes [13] and data presented here would support that
hypothesis. Further investigations to define a broader panel of large EV markers followed by more
comprehensive techniques, such as proteomic profiling, would help to fully phenotype the large EVs
population. From a clinical perspective, it is likely that large EVs will be a rich source of biomarkers of
benefit to the study of human disease. Standardised protocols and instruments capable of measuring
multiple markers are key to moving the field forward and expanding the interest from exosomes only.

The research we report here demonstrates that high resolution, high throughput imaging flow
cytometry is an exceptional tool offering the unique ability to quantify and analyse individual events
within heterogeneous EV populations. We set out to develop an isolation protocol consisting of minimal
manipulation and processing which may abrogate, mask, or indeed elicit changes in EV structure or
biology, which could impact on any functional read outs in downstream experiments. Indeed, fully
understanding the biological consequence(s) of EV release or uptake by recipient cells is an essential
part of the field and will advance with new technologies and innovation.
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Abstract: Extracellular vesicles (EVs) are nanosized structures able to carry proteins, lipids and
genetic material from one cell to another with critical implications in intercellular communication
mechanisms. Even though the rapidly growing EVs research field has sparked great interest in the last
20 years, many biological and technical aspects still remain challenging. One of the main issues that
the field is facing is the absence of consensus regarding methods for EVs concentration from biofluids
and tissue culture medium. Yet, not only can classic methods be time consuming, commercialized
kits are also often quite expensive, especially when research requires analyzing numerous samples
or concentrating EVs from large sample volumes. In addition, EV concentration often results in
either low final yield or significant contamination of the vesicle sample with proteins and protein
complexes of similar densities and sizes. Eventually, low vesicle yields highly limit any further
application and data reproducibility while contamination greatly impacts extensive functional studies.
Hence, there is a need for accessible and sustainable methods for improved vesicle concentration
as this is a critical step in any EVs-related research study. In this brief report, we describe a novel
combination of three well-known methods in order to obtain moderate-to-high yields of EVs with
reduced protein contamination. We believe that such methods could be of high benefits for in vitro
and in vivo functional studies.

Keywords: extracellular vesicles; size exclusion chromatography; differential ultracentrifugation

1. Introduction

Even though extracellular vesicles (EVs) have been described as ‘useless cell debris’ for decades,
they have been recognized lately as key constituents of inter-cellular communication pathways [1,2].
EVs are lipid bilayer membrane-enclosed particles that are naturally released from cells [3]. Such cargo
vessels transfer lipids, proteins, various fragments of nucleic acids and metabolic components to
adjacent cells or to distant sites in the body, mainly through the circulatory system. For these reasons,
EVs have been reported to play central roles in both normal and pathological conditions, such as
pregnancy and cancer [1,4,5]. Similarly, EVs also play a unique role in spreading various pathogens
like viruses and prions from one cell to another [6].

EVs can be classified into two clearly defined subtypes based on their sizes, namely “small EVs”
(sEVs) with a size between 50–200 nm, or “medium/large EVs” (m/l EVs) with a size range between
200 nm–1 μm in diameter. This nomenclature is now preferred to the classic, yet quite vague, terms
“exosomes”, “microvesicles” or “oncosomes”, as high heterogeneity in terms of size, marker expression
and origins have been reported for each subpopulation, leading to overlaps between them [2].

Interest in the EVs has significantly grown in the medical research community over the past decade.
Indeed, a thorough and comprehensive description of such EVs-dependent pathways may provide
new inputs to develop effective treatments [5,7]. Mostly focusing on the sEVs subtype, the field has
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failed so far to establish essential technical standards, such as an optimal sEVs concentration/isolation
method [1,2]. Thus, there is no consensus regarding that important matter whatsoever, raising
important concerns regarding data reliance and reproducibility. As a matter of fact, currently available
methods for sEVs concentration can hardly provide both high yield and high purity at once [8,9].
Consequently, such lack of effective techniques directly affects biomarker discovery and functional
studies for which description of exclusively sEVs-related mechanisms and cargo is needed.

EVs are most commonly separated and concentrated from cell culture conditioned medium or
human biofluids by differential ultracentrifugation (UC). This method allows for the separation of small
particles, such as m/l and sEVs, from other larger ones, such as cell debris, based on their respective
density and size, through successive increases of centrifugation forces and time. Differential UC is easy
to perform, moderately time-consuming and does not require much technical expertise. Nonetheless,
even when the parameters are optimized, the process results in a mixture of EVs concentrated along
with particles of the same buoyant density and size range. In other words, large proteins and protein
aggregates contaminate the EVs preparation. The co-isolated non-EVs structures are most often
lipoproteins such as APOA1/2 or APOB, and Albumin [10]. Alternatively, researchers use various
different methods such as size exclusion chromatography (SEC), filtration, precipitation, density
gradients or immuno-isolation [2]. Yet, such protocols are not perfect as the final yield is often low
and the purity is not optimal. In addition, these methods are usually commercialized in the form
of expensive kits, altogether making them hardly applicable to extensive in vitro functional studies.
For all these reasons, combining some of these methods seems to be the only sensitive strategy
to substantially improve both the purity and the concentration of the final EVs preparation [2,10].
In theory, SEC makes it possible to separate the EVs from other particles, mainly proteins complexes
and lipoproteins based on their size, through running a sample on a column made of resin with a define
pore size. Consequently, such methods should help purify EVs samples obtained through UC [11,12].

For all these reasons, the present study has been undertaken in an attempt to improve the purity
of sEVs preparation with the extra goal to maintain an important final concentration so that extensive
functional studies are feasible. To do so, we have: (1) concentrated putative sEVs through UC, followed
by (2) SEC in order to exclude protein contaminants from the assumed sEVs preparation. Finally,
(3) an extra step was performed post-SEC using a centrifugal filter device in order to improve the
concentration of the final sEVs samples. The final concentrated sEVs are therefore less contaminated
as compare to sEVs separated using UC. Moreover, although there was a marginal loss during the
process, we observed that the structure and size of sEVs were intact following all these steps.

2. Results and Discussion

Despite a constant and rapid evolution of the techniques and methods in the EVs field, researchers
are yet to reach a consensus regarding the particle concentration step that is critical for any EVs-focused
study [13]. However, they largely agree on the higher performance of combinational protocols
over single-method approaches, even though proper EVs isolation/purification still seems unrealistic.
Indeed, obtaining high concentrations of EVs coupled to acceptable sample purity is still hardly
feasible [1,2]. Yet, reaching such a goal would be of high value for current functional studies, as it
would make it possible to perform reliable and reproducible experiments for deciphering EVs-specific
mechanisms. Indeed, as mentioned in the latest update to the MISEV2018, highly purified EVs should
be used when one wants to associate a function or marker expression to vesicles as compared with
other potentially present particles [2].

In the present study, conditioned medium was collected from confluent glioblastoma (GBM) cells.
Differential UC was then performed so that the original putative sEVs samples could be obtained.
Following, nanoparticles analysis (NTA) was employed to determine the concentration of particles in
the original samples (1.63 × 1011 particles/mL, Figure 1A).
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Figure 1. Nanoparticle tracking analysis and protein concentration measurement in initial
ultracentrifugation sample and fractions from size exclusion chromatography (Step 1 and 2). Particle
samples obtained following step 1 and 2 of the 3 method-combination protocol were processed
to nanoparticle analysis (NTA) and protein concentration measurement. (A) NTA of the initial
ultracentrifugation (UC) sample. Sample was diluted (1/50) in filtered sterile phosphate buffer
solution (PBS) and measured using a Nanosight NS300. (B) NTA of the fractions from size exclusion
chromatography (SEC). The initial UC sample was processed through SEC and fractions were measured
by NTA. Fractions were diluted (1/20) in filtered PBS and measured using a Nanosight NS300. (C) Protein
concentration measurement in the SEC fractions. Protein concentration was measured using a Nanodrop
200. The mean ± SEM of n = 5 independent experiments is shown.

SEC was performed following this initial step. As shown in Figure 1B, NTA measurements
revealed the presence of particles of the sEVs sizes mainly in SEC fractions 2, 3 and 4 (0.43, 2.70 and
0.74 × 1010 particles/mL, respectively). In addition, further Nanodrop analysis showed that SEC
fractions 2, 3 and 4 (8.6, 23 and 11 μg/mL, respectively) showed the highest protein content, confirming
the detection of putative EVs in the earliest fractions (detection of sEVs-associated proteins) and
suggesting the presence of protein contaminants in the latest (Figure 1C).

Accordingly, fraction 3 was pooled with either fraction 2 or 4 and concentrated in a 100 μL of
sterile phosphate buffer solution (PBSs). NTA of this final sample showed a particle concentration of
3.84 × 1010 particles/mL, which was 4.2× lower as compared to the original concentration obtained by
UC (Figure 2A,B).

Western blotting for sEVs markers, namely CD9 and HSP70, fibronectin (FN1) and described EVs
sample contaminant albumin (BSA), was then performed. Data revealed exclusive expression of CD9
and HSP70 in both the original UC and final putative sEVs samples, validating the EVs concentration
by both the UC method and the three method-combination protocol. The expression of EVs markers
was lower in the final sEVs as compared to the UC sample (Figure 3A). BSA expression was mostly
observed in the initial UC sample, fraction 5, fraction 6 and fraction 10. In addition, as shown in
Figure 3A, a decrease of the FN1 expression was observed in the final sEVs sample as compared to
the original UC sample. Yet, FN1 expression was also detected in all the SEC fractions with a slight
decrease in fractions 7 and 8, and a slight increase in fractions 9 and 10.
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Figure 2. Comparison of particle concentration in final putative sEVs sample versus ultracentrifugation
sample and fractions from size exclusion chromatography (Step 3). Final putative sEV sample was
obtained following concentration of selected size exclusion chromatography (SEC) fractions using
an Amicon Ultra 0.5 device – 30k. (A) Nanoparticle tracking analysis (NTA) of the final putative
sEV sample. Sample was diluted (1/50) in filtered PBS and analyzed using a Nanosight NS300.
(B) Particle concentration of the initial UC sample, fractions from SEC and final putative sEVs sample.
The mean ± SEM of n = 5 independent experiments is shown.

Figure 3. Validation of sEV concentration and decreased protein contamination. (A) Western blotting
detection of fibronectin (FN1), bovine serum albumin (BSA), HSP70 and CD9 in initial (UC), final sEVs
and SEC fractions. (B) TEM detection of sEVs (×20k magnification and zoom). Red arrows show sEVs.
Representative pictures are shown. Scale bar = 500 μm.

Finally, transmission electron microscopy (TEM) was performed in order to observe the
structure/membrane integrity of the final sEVs sample as compare to the original UC one (Figure 3B).
As seen in Figure 3B, final particles appear very similar structure wise as compare to original ones
from the UC sample, displaying an apparently intact lipid bilayer membrane. Particle concentration
appeared much lower in the final sample as compare to the original UC sample, confirming the NTA

126



Int. J. Mol. Sci. 2020, 21, 3071

observations. Moreover, fewer debris and sEVs aggregates could be observed in TEM pictures of the
final sEVs sample, as compared to the original UC one.

Using our combination of methods, we observed that our final sEVs samples presented with
fewer debris and particle aggregates as compared to our original samples obtained by UC. Altogether,
it appears that our three method-combination protocol produced concentrated sEVs samples with
enhanced purity as compared to the commonly used UC protocol. We can therefore confirm that
combining UC and then SEC, in this order, allows: 1) to use large amounts of cell culture conditioned
medium/biofluids for high sEVs concentrations and 2) to separate particles from protein contaminants
found in the UC concentrated preparations. Final centrifugal concentration then allows for reducing
sample dilution due to SEC.

Our present method might be especially valuable for in vitro functional studies, as one of
the strengths here is to make possible using very large volumes (>100 mL) of starting material.
The final concentration of sEVs in this way is high enough to perform multiple validation and further
functional/phenotypic experiments with the same sample, thus increasing data impact. In addition,
even though SEC columns that allow for EVs separation from large volumes are finally emerging,
they are still very costly and a few of them would be required in case of repeated usage. Our present
UC/SEC combination takes advantage of the SEC impact on sample quality without the requirement of
multiple columns in order to process such starting material. Alternatively, here we propose a rather
cheap and sustainable method that consecutively has more potential for a wide use and would allow
for a better standardization of techniques among teams. As the EVs community is in need of a general
improvement of data specificity, we believe our easily accessible alternative could be of great help,
especially to small research teams.

For the same reasons, our method combination could also benefit the biomarker discovery in
EVs [5]. For instance, better separation of EVs from freely circulating material, such as apoliproteins,
in blood would allow for improved identification of EVs-specific biomarkers. As, for example,
cancer-derived EVs are believed to travel very long distances to set up metastatic sites, improved
plasma-derived EVs concentration could have highly sensitive clinical applications [5]. Nevertheless,
as mentioned in the MISEV2018, definitive association of a biomarker with EVs might not be essential
to such application. According to the authors, even if it just co-isolates with EVs, such biomarker is
valuable as long as it can be associated to any clinical benefit (for diagnosis or prognosis for example) [2].
Yet, one could argue that better EVs separation leading to higher sample purity might provide more
specific and thus more effective and stringent EVs-associated biomarkers.

Despite that such a novel method can represent progress towards standardization, there is still
room for improvement. For instance, while the decrease of particle concentration we could observe
at the end of the protocol should be mostly due, in theory, to the actual purification process, it could
also be due to material loss during the many handling, transfer and filtration steps. Furthermore,
as we used only one GBM cell line for the present study, we have to acknowledge that our three
method-protocol might present variable efficacy when performed with CM derived from cell lines or
primary cells of different origins. Indeed, as we also observed in previous studies, EVs production and
cargo are highly affected by their cell origin [5]. Nevertheless, even though an extended work would
confirm such assumption, we believe that our present three method-protocol to be applicable to any
sorts of biofluids, including CM from immortalized and primary cell lines. Furthermore, extended
comparison of our present protocol to other available method combinations will be needed in the near
future in order to fully assess its efficacy [14]. Finally, while the present protocol is optimized for the
specific recovery of sEVs, which received most of the field attention over the last 10 years, interest
in m/lEVs and larger particles is slowly growing [15]. As these EVs sub-populations might also be
involved in key mechanisms in both normal and pathological conditions, there is a growing need
for innovative methods for precise and reliable separation of these different EVs sub-populations.
For instance, an additional SEC step could be added to the present protocol, following the 10,000× g
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UC step in order to separate m/lEVs from other membrane debris and contaminants. Such work would
then be a highly valuable follow-up study to the present report.

3. Materials and Methods

3.1. Cells and Reagents

U118 glioblastoma (GBM) cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Sigma-Aldrich, Gillingham, UK). Cell line culture medium was supplemented with 100 Units
mL−1 penicillin, 100 μg mL−1 streptomycin, 2 mM L-glutamine (PSG, Sigma-Aldrich, Gillingham, UK)
and 10% heat inactivated fetal bovine serum (FBS, Sigma-Aldrich, Gillingham, UK).

3.2. Differential Ultracentrifugation for Extracellular Vesicle Concentration

In order to collect sEVs derived from GBM cells, cells were seeded in 4 to 5 × 175 cm2 flasks and
grown in 10% FCS medium until they reach confluence. Then, cells were washed with sterile PBS
and 15 mL of corresponding serum free medium was added to each flask for 24 h. Following this
incubation, conditioned medium (CM) was collected from each flask, pooled together in 2 × 50 mL
falcon tubes and kept at either 4 ◦C for a very short time (up to 24 h) or at −20 ◦C for longer periods
(up to 6 months) before sEV concentration. In accordance with the latest Minimal Information for
Studies of Extracellular Vesicles (MISEV2018), cell count at time of collection was recorded and used
to normalize the final sEV concentration (particles mL−1 per cell). Cell number and viability were
measured using a Countess™ cell counter (Thermo Fisher Scientific, Life Technologies, Paisley, UK)
following mixing of the cell suspension with 0.4% Trypan blue. Only CMs harvested from cell culture
with >90% viability were stored.

Concentration of sEVs was performed using an UC-based protocol [13]. Every step of the
concentration protocol was performed at 4 ◦C. In total, 20 mL of stored CM was pipetted into each UC
tube. An initial 300× g centrifugation was performed for 10 min to discard any floating cells from the
CM, followed by a 10 min centrifugation step at 2000× g to remove any floating cell debris and dead
cells (Hettich Universal 320R centrifuge, DJB Labcare Ltd., Newport Pagnell, UK). A 10,000× g UC
step (Beckman optima LE 80-k ultracentrifuge, Beckman Type 70 Ti rotor, Beckman polypropylene
centrifuge 14 × 89 mm tubes, full dynamic braking, kadj = 15,638, Beckman Coulter Ltd., High
Wycombe, UK) was then performed for 30 min to remove any further cell debris and potential large
vesicles (m/lEVs) from the CM. Finally, a first 100,000× g UC run was performed for 1 h 30 min to pellet
the putative sEVs from the CM (Beckman optima LE 80-k ultracentrifuge, Beckman Type 70 Ti rotor,
Beckman polypropylene centrifuge 14 × 89 mm tubes, full dynamic braking, kadj = 494). Supernatant
was stored at −20 ◦C. The UC pellet was then washed in filtered sterile PBS and centrifuged again
for 1 h 30 min at 100,000× g in order to discard contaminants. The final pellet was re-suspended
in 100 μL filtered sterile PBS and immediately characterized through nanoparticle tracking analysis
(NTA). Protein concentration (μg/mL) of the final UC preparation was determined using a Nanodrop
200 spectrophotometer (Thermofisher Scientific, Life Technologies, Paisley, UK) (Figure 4).
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Figure 4. Three method-combination for concentrating EVs derived from cell culture medium. Cells are
grown to confluence in 4 × 175 cm2 flasks to produce conditioned medium. Conditioned medium is
then processed through the differential ultracentrifugation (UC) protocol in order to obtain an initial
UC sample (step 1). The initial UC sample is then processed through a size exclusion chromatography
column (SEC - Izon qEV single column) in the aim to separate putative EVs from protein contaminants
(step 2). Following measurement of the particle and protein concentration, SEC fractions of interest
are then pooled together and concentrated using Amicon ultra 0.5 devices (step 3). Final validation
experiments confirm the sEVs concentration and the decreased protein contamination of the sample.

3.3. Size Exclusion Chromatography for Extracellular Vesicle Separation from Protein Contaminants

Following the initial UC step, 20 μL of the original preparation (out of 100 μL) was kept at −20 ◦C
for further analysis. The rest of the preparation (~80 μL) was diluted in filtered sterile PBS in order to
reach a final volume of 150 μL. SEC was performed using qEV single size exclusion columns (separation
size = 70 nm, iZON science, Oxford, UK). According to the manufacturer’s recommendations, the SEC
column was first equilibrated using sterile PBS before the sample (150 μL) was loaded. As stated by
the manufacturer, loading a 150 μL sample at the top of the column results in a 1 mL void volume
and fractions of 500 μL. Following loading of the sample at the top of the column, fractions (20 in
total) of 500 μL were immediately collected and kept on ice. First 7 fractions were then characterized
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through NTA. Protein concentration (μg/mL) of all fractions was determined using a Nanodrop 200
spectrophotometer (Thermofisher Scientific, Life Technologies, Paisley, UK). Fractions were then stored
at −20 ◦C (Figure 4).

3.4. Concentration of SEC Fractions

SEC fractions with the highest concentrations of particles (as stated, based on NTA data) were
concentrated in an Amicon Ultra 0.5 device – 30k (Merck milipore, Watford, UK). The centrifugal filter
device was pre-rinsed with filtered PBS. Samples (500 μL at once) were loaded to the filter device
and centrifuged at 14,000× g for 5–10 min at 4 ◦C. The putative concentrated sEVs preparation was
characterized through NTA and was further processed or stored at −20 ◦C (Figure 4).

3.5. Nanoparticles Tracking Analysis (NTA)

Vesicle concentration and size were determined using a Nanosight© NS300 and the Nanosight©
NTA 3.2 software (Malvern Instruments, Malvern, UK). The following conditions were applied for the
NTA analysis at the Nanosight instrument: temperature was 20–25 ◦C; viscosity was ~0.98cP; camera
type was sCMOS; laser type was Blue488; camera levels were either 14 or 15; syringe Pump Speed
was set to 70 AU; 5 measurements of 60 s each were recorded. Graphs show an average of at least
4 experiments.

3.6. Coomassie Blue Staining

Samples were loaded, as stated, on 10% tris-glycine gels and run at 180 V and 40 mA for 100 min.
The gels were then stained with Quick Coomassie Stain (Generon, Slough, UK) at room temperature
overnight. Excess stain was removed through deionized water washes. Gels were viewed and captured
by Criterion Stain Free Imager (Biorad, Watford, UK).

3.7. Western Blotting

Characterization of the sEVs was performed through western blotting by measuring the expression
of the EV membrane associated marker CD9 (mainly associated with light sEVs) and Fibronectin
(mainly associated with dense sEVs), and EV cytosolic marker HSP70 [2,15]. Standard western blotting
protocol was performed as described before [16]. For the EV marker analysis, comparable amount
of sEVs (as stated) was loaded on the SDS gel. Primary antibodies: anti-BSA (Merck Millipore
07–248, 1/500 dilution, Merck-Millipore, Watford, UK), anti-CD-9 (System Biosciences EXOAB-CD9A-1,
1/10000 dilution), anti-Fibronectin (Abcam ab2413, 1/1000 dilution), anti-HSP-70 (System Biosciences
EXOAB-HSP70A-1,1/10000 dilution, Cambridge Bioscience, Cambridge, UK). Secondary antibodies
used: Polyclonal Goat Anti-Rabbit/Mouse Immunoglobulins/HRP (Dako P0447/8, 1/3000 dilution,
Agilent, CA, USA) antibodies and Anti-Rabbit Immunoglobulins/HRP (ExoAb antibody Kit, System
Biosciences EXO-AB-HRP, 1/3000 dilution, Cambridge Bioscience, Cambridge, UK). Chemiluminescence
was observed using a UVP Chemstudio instrument (Analytik Jena, London, UK) and the Vision Works
software. All experiments have been repeated at least 3 times.

3.8. Transmission Electron Microscopy

Transmission electron microscopy (TEM) has been performed on putative sEVs preparation in
order to visualize and assess/confirm the size range of the vesicles, as described before [13]. Samples
were visualized using a JEOL JEM1400-Plus (120 kV, LaB6) microscope (JEOL Ltd., Welwyn Garden
City, UK) equipped with a Gatan OneView 4K camera at × 20 k magnification. In total, 10–15 pictures
per grid were taken.
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4. Conclusions

Overall, the present study establishes an easy and affordable method for sEVs separation that
provides both improved sample purity and particles’ concentration. We believe that the present
3 method-combination protocol will have a great potential for future in vitro functional studies.
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Abstract: Small extracellular vesicles (sEVs) are nanoparticles responsible for cell-to-cell
communication released by healthy and cancer cells. Different roles have been described for
sEVs in physiological and pathological contexts, including acceleration of tissue regeneration,
modulation of tumor microenvironment, or premetastatic niche formation, and they are discussed as
promising biomarkers for diagnosis and prognosis in body fluids. Although efforts have been made
to standardize techniques for isolation and characterization of sEVs, current protocols often result
in co-isolation of soluble protein or lipid complexes and of other extracellular vesicles. The risk of
contaminated preparations is particularly high when isolating sEVs from tissues. As a consequence,
the interpretation of data aiming at understanding the functional role of sEVs remains challenging
and inconsistent. Here, we report an optimized protocol for isolation of sEVs from human and
murine lymphoid tissues. sEVs from freshly resected human lymph nodes and murine spleens
were isolated comparing two different approaches—(1) ultracentrifugation on a sucrose density
cushion and (2) combined ultracentrifugation with size-exclusion chromatography. The purity of sEV
preparations was analyzed using state-of-the-art techniques, including immunoblots, nanoparticle
tracking analysis, and electron microscopy. Our results clearly demonstrate the superiority of
size-exclusion chromatography, which resulted in a higher yield and purity of sEVs, and we show
that their functionality alters significantly between the two isolation protocols.

Keywords: extracellular vesicles; exosomes; small extracellular vesicles; isolation; purification;
size-exclusion chromatography; ultracentrifugation; sucrose density cushion; lymph node; spleen;
solid tissue

1. Introduction

Extracellular vesicles (EVs) are lipid bilayer-enveloped nanovesicles secreted by both eukaryotic
and prokaryotic cells and carrying cargos of proteins, lipids, and nucleic acids [1,2]. EVs contain both
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surface and luminal factors which can be used as markers for specific EV populations representing
the different biogenesis pathways [3,4]. Although the definition of EVs is continuously being refined,
currently three main subtypes of eukaryotic cell-derived EVs can be distinguished based on their size,
composition, and cellular origin—small EVs (sEVs or exosomes, 30–150 nm), microvesicles (MVs,
100 nm−1 μm), and apoptotic bodies (1–5 μm) [5,6]. Unlike MVs, which originate from direct budding
of the plasma membrane, sEVs stem from the endocytic compartment and are released after fusion
of multivesicular bodies with the plasma membrane [5,7]. Due to the secretory release mechanism
of MVs, it is well recognized that their cargo mirrors the cytoplasmic and surface composition of the
parental cell. In contrast, several studies on sEV loading reported a specific enrichment or depletion of
cellular proteins or RNAs in their cargoes, and several sorting mechanisms have been suggested [8–12].

sEVs have been shown to be taken up by various recipient cell types such as myeloid, stromal,
and neuronal cells, among many others [13]. The delivery of sEV cargoes into recipient cells can
lead to both transcriptional and proteomic changes as a result [1,14,15]. Depending on the origin of
the sEVs and the recipient cells, sEV uptake can affect diverse biologic processes, e.g., inflammation,
angiogenesis, immune response, or composition of the extracellular matrix [1]. Besides their functional
properties, sEVs and their content, in particular microRNAs, are also discussed for their potential as
diagnostic and prognostic biomarkers in pathological conditions [1,16]. More recently, researchers
explored sEVs as a new therapeutic tool for targeted drug delivery [17,18].

Due to their large spectrum of action, the interest of the scientific community for sEVs has
increased exponentially over the last few years. However, many technical limitations are encountered
during isolation and purification of sEVs. In particular, the isolation of sEVs from solid tissues
remains challenging, limiting studies with primary patient material and causing a biased use of cell
line-derived sEVs. To overcome this limitation, we aimed to improve the isolation and purification of
sEVs from lymphoid tissues of human and murine specimens by comparing two different isolation
protocols. The first protocol is based on differential centrifugation combined with ultracentrifugation
on a sucrose density cushion as previously described [19], whereas the second protocol combines
differential centrifugation with size-exclusion chromatography (SEC) using the commercially available
single qEV 35 nm columns from IZON (Izon, Christchurch, New Zealand) [20]. Previous studies have
already compared the efficiency of qEV IZON columns with other accepted sEV isolation techniques
and reported higher yields and quality of the final product, in particular for isolation of sEVs from
plasma samples [21,22].

As starting material, we used three biopsies of lymph nodes (LNs) collected from patients
with B-cell lymphoma and three spleens from a B-cell lymphoma mouse model [23,24]. By directly
comparing the amount, purity, and functionality of sEVs obtained for both sample types with the two
protocols, we demonstrate the superiority of the SEC-based isolation technique for lymphoid tissues.

2. Results

2.1. Isolation and Purification of sEVs from Human Lymph Nodes

Two protocols for sEV isolation from lymphoid tissues were performed in parallel on the same
starting material to compare their efficiency in terms of (1) total amount of recovered sEVs, (2) purity
of sEV preparation, and (3) reproducibility. After manual dissociation of LN biopsies of three
B-cell lymphoma patients, the supernatants of the cell suspensions were collected and processed by
differential centrifugation. The resulting pellets (100 K pellet) containing sEVs and soluble proteins
and lipids was resuspended and split into two equal parts each, which were then combined either
with SEC on IZON columns or differential centrifugation combined with ultracentrifugation on a 40%
sucrose density cushion as illustrated in Figure 1. An identical volume of PBS (250 μL) was used
for the final resuspension of sEVs isolated from IZON columns and the sucrose density cushions
(“cushion”). Nanoparticle tracking analysis (NTA) revealed that the resuspended pellet from the
“cushion” preparation as well as fractions 1 and 2 collected from the IZON column were enriched in
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the characteristic sEV size profile, with IZON fraction 2 accounting for the peak fraction (Figure 2A,
left). SEV size profiles were also detected in the IZON fraction 3, although in lower concentrations.
The absolute number of particles yielded from IZON peak fractions as assessed by NTA was 3.9- to
10.3-fold higher than the sEV particle number recovered using the sucrose density cushion (Figure 2A,
right). We then performed protein quantification using a bicinchoninic acid (BCA) assay (Figure 2B,
left). Due to their smaller size, protein complexes are able to enter the pores of the IZON column,
and their elution is delayed, which can be observed as a second protein peak in the fraction F7 collected
later [20,25]. The absolute amount of proteins recovered from IZON peak fractions was lower than the
one obtained in the respective “cushion” preparation (1.4- to 2.2-fold lower; Figure 2B, right) which
was less than the fold change detected by NTA for particle numbers. Calculation of the particle/protein
ratios revealed lower values for “cushion” preparations compared to IZON fractions in two of the
three samples (Figure 2D). Therefore, we hypothesized that the sucrose density cushion approach led
to a larger amount of protein complexes co-isolated with the sEVs. The mean particle size and size
distribution of sEVs were similar in IZON fractions 1 and 2 and the “cushion” preparation with 153,
157, and 148 nm for the peak IZON fractions, and 155, 163, and 152 nm for the corresponding “cushion”
preparations (Figure 2C,E). In line with our hypothesis, immunoblot analysis revealed a lower signal for
exosomal surface markers FLOTILLIN-1, CD81, CD9, and the luminal marker TSG101 in the “cushion”
preparations compared to IZON fractions 1 and 2 for the same amount of protein loaded (Figure 2F and
Figure S1). As our study is one of the first to focus on solid tissues, we thoroughly validated the presence
of contaminant proteins as recommended by the MISEV guidelines [26]. We neither detected the Golgi
marker GM130 nor the mitochondrial marker CYTOCHROME C in both preparations. Surprisingly,
we detected the endoplasmic reticulum (ER) protein CALNEXIN in sEVs isolated with both protocols.
However, the amount of CALNEXIN in the sEV preparations was lower in comparison to the parental
cell lysate (Figure 2F and Figure S1). Although partial contamination of the samples with cellular debris
cannot be excluded, the presence of CALNEXIN but no markers from other cell organelles might be
indicative for a specific sEV biogenesis pathway involving the ER in lymphoma cells. In addition, the
IZON fraction F2 and “cushion” samples were analyzed by transmission electron microscopy (TEM).
The results illustrate that the SEC isolated samples allow a clear identification of sEVs for all of the
three samples. However, we observed a higher heterogeneity in the “cushion” preparations, with sEVs
barely detected in two out of three samples (Figure 2G). Employing immuno-electron microscopy,
we confirmed the presence of the immune receptor MHC Class II (HLA-DR) on the surface of sEVs
isolated by both approaches and thereby validate their immune cell origin (Figure 2H).

135



Int. J. Mol. Sci. 2020, 21, 5586

Figure 1. Experimental outline of the comparison of size-exclusion column-based (SEC) versus
density-based small extracellular vesicle (sEV) isolations. Supernatant of dissociated lymphatic tissues
was separated by differential ultracentrifugation and the resulting 100 K pellet was resuspended and
split into two equal parts for direct method comparison. Equal volumes were loaded on either SEC
columns or on a sucrose density cushion. Resulting sEV fractions were compared for yield, purity
and functionality.
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Figure 2. Comparative isolation and characterization of sEVs from human lymph nodes (LN).
Size-exclusion column (SEC) fractions (F0= void volume, 1 mL; F1, F2, F3, F4, F5, F6, F7= serial fractions,
250 μL) and cushion fraction (pellet resuspended in 250 μL) were analyzed by nanosight tracking
analysis (NTA), bicinchoninic acid (BCA) protein quantification, immunoblotting, and transmission
electron microscopy (TEM). (A) Left: particle concentrations in IZON fractions F0–F7 and “cushion”
fraction for three different human LN samples measured by NTA. Right: Absolute number of detected
particles as sum of fraction 1 and fraction 2. For each sample, the particle concentration was normalized
to the final volume of elution. (B) Left: BCA protein quantification for IZON fraction F0–F7 and
the “cushion” fraction. Right: Absolute amount of protein in fraction 1 and fraction 2 (the protein
concentration was normalized to the final volume of elution). (C) Mean particle size for IZON fraction
F0–F7 and the “cushion” fraction analyzed by NTA. (D) Ratios of particles per protein amount are
plotted for IZON and “cushion” fraction. (E) Representative particle distribution profile for IZON
fraction 2 sample (left) and “cushion” sample analyzed by NTA (Sample LN221). (F) Immunoblotting
analysis of FLOTILLIN-1, CD81, CD9, TSG101, CALNEXIN, CYTOCHROME C, and GM130 for
indicated IZON fractions, the “cushion” fraction and parental cell lysates for one LN sample. (G) TEM
images of IZON fraction 2 and the “cushion” fraction for the three indicated samples. (H) Immunogold
electron microscopy for HLA-DR of one human LN sample (sample LN221). Scale bar: 200 μm.
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2.2. Isolation and Purification of sEVs from Murine Spleen

Spleens from three mice with B-cell lymphoma were dissociated and processed as outlined in
Figure 1. Similar to human LN samples, NTA results revealed an enriched particle concentration
in IZON fractions 1 and 2, with fraction 2 being the peak fraction (Figure 3A, left). For one of the
samples, sEVs were mainly detected in fractions 2 and 3, a difference we attribute to manual loading
and elution of the IZON column. The absolute number of particles isolated was 4.8- to 27.7-fold
higher in the IZON peak fractions in comparison to the respective cushion preparations (Figure 3A,
right). The protein concentrations measured by BCA were more similar between IZON fractions and
“cushion” and might be attributed to protein complexes co-isolated with the sEVs in the “cushion”
preparation (Figure 3B, left). The absolute amount of proteins recovered was 1.4- to 2.6-fold higher in
the IZON preparations in comparison to the respective cushion preparations (Figure 3B, right). In line
with these results, the particle/protein ratios were drastically reduced for “cushion” preparations in
comparison to IZON fractions (Figure 3D). The mean particle sizes were 154, 142, and 157 nm in
the IZON peak fractions, and 114, 143, and 155 nm for the corresponding “cushion” preparations
(Figure 3C). Those results imply that, for one preparation at least, the obtained product was different
when using the SEC or the sucrose density cushion approach. Additionally, we observed a difference
in the size distribution profile depending on the isolation protocol used, which might be explained
by different EV subpopulations isolated by the different approaches (Figure 3E). Immunoblot results
confirmed the exosomal identity of the particles in fractions 1, 2, and 3 and the cushion fraction by
positive bands for the surface marker FLOTILLIN-1 but also the luminal markers ALIX and TSG101 in
the IZON fractions 1–3 and in the “cushion” preparations (Figure 3F and Figure S2). FLOTILLIN-1
was only detected in IZON fractions, and TSG101 showed varying intensities being highly present in
the “cushion” fraction while only weakly detected in the IZON fractions. Together with the variance in
NTA size profiles, the immunoblotting results further suggested that different sEV subpopulations
were isolated. Irrespective, we could exclude mitochondrial contaminations by ATP5A being absent
from all sEV fractions (Figure 3F and Figure S2). In concordance with the human LN data, CALNEXIN
could again be detected in sEV fractions from both protocols. The quality and purity of the sEV
isolations was further assessed by TEM (Figure 3G). We noted a high heterogeneity among the samples
for the “cushion” preparations, with one sample highly enriched in lipidic structures (Figure 3G).
Interestingly, we noticed the recurrent presence of small dark structures of an approximate size of
10 nm exclusively in “cushion” preparations (Black arrows, Figure 3G). A closer look at the particles
revealed a specific geometrical shape, typical for ferritin (Figure 3H) [27,28]. We further observed a red
color of the sEV pellets and suspensions which is typical for a contamination with erythrocyte-derived
protein, strengthening our hypothesis (Figure 3I).
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Figure 3. Isolation and characterization of murine spleen sEVs. (A) Left: SEV concentration in the
different IZON Fractions and “cushion” preparations for three samples analyzed by NTA. Right:
Absolute number of particles in indicated preparations. For each sample, the particle concentration
in the two peak fractions or in the cushion product was normalized to the final volume of elution.
(B) Left: protein quantification in the indicated preparations assessed by BCA assay. Right: absolute
amount of protein in indicated preparations (the protein concentration was normalized to the final
volume of elution). (C) Mean particle size of all fractions and the “cushion” preparations analyzed by
NTA. (D) Ratios of particles per protein amount are plotted for IZON and “cushion” fraction. (E) One
representative particle distribution profile for an IZON fraction 2 (left) and a “cushion” preparation
analyzed by NTA (Spleen 42704). (F) Immunoblotting analysis of FLOTILLIN-1, ALIX, TSG101,
CALNEXIN, and ATP5A for the different IZON fractions, the “cushion” preparation and parental cells
for one spleen sample (spleen 224). (G) Transmission electron microscopy (TEM) images of IZON peak
fraction and “cushion” preparation for the three indicated samples. (H) TEM image of ferritin-like
structures found in “cushion” preparations. (I) Pictures of the sEV pellet, resuspended sEVs prior to
application on the sucrose density cushion, and final pellet in PBS before resuspension.
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2.3. Functional Analysis of sEVs Isolated by the Two Different Protocols

We and others have previously reported that tumor-derived sEVs (TEX) are able to induce an
immunosuppressive phenotype in monocytes in vitro, with a typical upregulation of surface PD-L1
and HLA-DR [29–31]. We compared the potential of murine TEX isolated from three spleen samples
using the two different approaches regarding their ability to induce such a phenotype. Both TEX
preparations (IZON and “cushion”) induced PD-L1 upregulation in monocytes, although to various
degrees (Figure 4A and Figure S3 for gating strategy). However, for two of the three samples, “cushion”
preparations did not induce an upregulation of HLA-DR (Figure 4B). These results indicate that both
protocols resulted in sEV samples that induce a different immunosuppressive phenotype in monocytes.
We also analyzed the expression of the activation marker ICAM-1 (CD54) in monocytes treated with
TEX, which showed a much more drastic upregulation with the “cushion” preparations compared to
the SEC-isolated TEX in all 3 analyzed samples (Figure 4C).

Figure 4. Response of murine monocytes upon tumor-derived sEVs (TEX) treatment.
Bone marrow-derived monocytes were treated with 5 μg of the indicated sEV preparations for
8 h and analyzed by flow cytometry gating on CD11b+F4/80++CX3CR1+Ly6C+ cells (n = 3 mice per
sEV preparation). (A) Top: percentage of PD-L1 positive cells among CD11b+F4/80+CX3CR1+Ly6C+
monocytes. Bottom: representative histogram including isotype antibody staining as negative
control (IgG). (B) Percentage of MHC-II/HLA-DR positive cells among CD11b+F4/80+CX3CR1+Ly6C+
monocytes. Bottom: representative histogram including fluorescence-minus-one (FMO) staining as
negative control. (C) Top: ICAM-1/CD54 expression presented as normalized mean fluorescence
intensity (nMFI). Bottom: representative histogram. p-values were determined by one-way ANOVA
with Tukey’s multiple comparisons test. * p < 0.05; ** p < 0.0021; *** p < 0.0002; **** p < 0.0001.

3. Discussion

Multiple isolation approaches have been proposed for sEV preparations, including commercially
available kits, ultrafiltration, polymer precipitation, immune-affinity capture, size-exclusion
chromatography, ultracentrifugation, and ultracentrifugation combined with density cushion [32,33].
The selection of the isolation technique must consider the subsequent usage of the sEV preparations.
Yield is generally prioritized when performing RNA or DNA sequencing. However, contamination with
protein or lipid complexes must be avoided for proteomic analysis or functional assays. The sources and
risk of protein contamination are even higher when isolation of sEVs is performed from solid tissues
that require mechanical or enzymatic dissociation. Here, we compared two different protocols to isolate
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sEVs from solid lymphoid tissues: differential centrifugation combined to SEC using commercially
available IZON columns and differential centrifugation combined to ultracentrifugation on sucrose
density cushions. Although a total of three human LN and three mouse spleens are shown in our
manuscript, our results are representative of larger cohorts of samples regularly analyzed in our
laboratory. Both approaches led to efficient isolation of sEVs as shown by size characterization
based on NTA analysis and the presence of exosomal markers by immunoblotting. However, further
characterization of the preparations using BCA assay, TEM, and functional assay led us to conclude
that the SEC approach is superior in terms of purity, quantity, and reproducibility.

In particular, our results strongly suggest that isolation of sEVs by the sucrose density
cushion isolation protocol results in a more severe co-isolation of protein complexes with the sEVs.
Using immunoblotting, we excluded contamination by mitochondrial and Golgi-derived proteins.
We speculate that the presence of cellular debris in the supernatant of the dissociated tissues, which
would lead to the sample contamination, was efficiently avoided by the rapid isolation of sEVs following
organs’ resection. However, the ER-derived protein CALNEXIN was found in sEV preparations using
both isolation approaches. Such contamination likely results from the tissue dissociation. However,
further investigations are required to verify that the presence of ER-proteins but not of proteins
of other organelles could be the result of a specific packaging mechanism of tumor-derived sEVs.
Furthermore, we also observed the presence of ferritin-like proteins in spleen sEVs isolated by the
sucrose density cushion but not the SEC approach. The presence of ferritin seems to indicate an
erythrocyte contamination. However, addition of erythrocyte lysis buffer to the supernatant would
result in an increased release of hemoglobin. As erythrocytes are easier to separate from sEVs than
hemoglobin, we do not recommend the usage of such buffer.

Previous studies focusing on plasma-derived sEVs reported lipoproteins as the main contaminants
of sEV preparations [34–37]. Unfortunately, lipoproteins cannot be efficiently discriminated from sEVs
when performing NTA analysis. However, contamination by lipoproteins of low and high density in
sEV preparations seem less important when using the SEC-isolation approach [34–36]. In our study,
we noticed the presence of large lipidic structures in one of the three murine samples isolated with
the sucrose density cushion but not with SEC. Additional immunoblots are required to conclude on
lipoprotein contamination in sEVs isolated with both approaches. A solution to limit lipoprotein
contamination would be the combination of both SEC and sucrose density cushion. However,
combination of isolation methods often results in a drastic loss of material. Other possible sources of
contamination include secreted proteins, and extracellular matrix proteins. Investigations on such
contaminants remain challenging, as these proteins could be considered as well as of exosomal origin.

We also would like to emphasize that ultracentrifugation combined with density cushion and
differential centrifugation combined with SEC are isolation techniques that are based on the density
or the size of EVs, respectively. Thus, it is possible that the use of a unique isolation protocol may
impact on the distribution of sEV subpopulations in the preparations. In line with this hypothesis,
different sEV marker proteins were enriched in sEVs isolated from spleens by the two different methods:
sEV preparations obtained using the SEC approach were enriched in FLOTILIN-1 and ALIX but not
TSG101, whereas the “cushion” preparations did show an enrichment in ALIX and TSG101 but not
in FLOTILIN-1.

We previously reported that treatment of monocytes with TEX induces the upregulation of surface
PD-L1 and major histocompatibility complex (MHC) II/HLA-DR. We compared the capability of TEX
preparations of both isolation protocols to induce such a phenotype, using an identical amount of sEVs
based on protein quantification. Treatment of monocytes with “cushion” preparations resulted in a
more heterogeneous response of those two markers in comparison to SEC preparations, indicating
different amounts of contaminant proteins from one “cushion” preparation to another. In particular,
MHC II surface expression was increased when monocytes were treated with IZON preparations but
not with “cushion” preparations, for two of three preparations. Yet, it is known that sEVs secreted by
antigen-presenting cells are enriched in MHC II molecules, and that sEVs can promote the transfer of
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functional MHC II/antigen complexes to recipient cells [38,39]. On the contrary, we observed a higher
upregulation of the monocyte activation marker ICAM-1 upon treatment with “cushion” preparations.
These results highlight that contaminant proteins can interfere with biological results and lead to
an incorrect conclusion of sEV-induced phenotypes. ICAM-1 expression on monocytes is a general
activation marker and its upregulation can be induced by cytokines, lipoproteins, LPS etc. [40,41].
Given these results, we suspect that the PD-L1 upregulation observed in monocytes treated either with
the IZON preparations or the “cushion” preparations is the consequence of monocytes’ activation mainly
by sEVs, whereas induced expression of ICAM-1 results from both sEVs and non-sEV contaminants.
These results raise the hypothesis that soluble pro-inflammatory cytokines, secreted in B-cell lymphoma
microenvironments, might contribute to the contamination in the “cushion” preparations, although
further investigations would be required for firm conclusion.

As a conclusion, we strongly recommend the usage of SEC for sEV isolation from solid tissue
represented here by lymphoid tissues. Multiple controls should be performed to validate the purity
of the samples. Such controls include extensive immunoblotting of positive and negative exosomal
markers. Reaching a complete purity of sEVs from biofluids or solid tissue seems unrealistic.
Nevertheless, immunoblotting results in parallel to NTA analysis can provide a reliable estimation of
preparations’ contamination by protein complexes. TEM remains an indispensable tool to validate the
presence and integrity of sEVs and to assess the amount of contamination by lipid complexes.

4. Materials and Methods

4.1. Animals

Eμ-TCL1 mice on C57BL/6 background were kindly provided by Carlo Croce (Ohio State
University). C57BL/6 wild-type (WT) mice were purchased from Charles River Laboratories (Sulzfeld,
Germany). Adoptive transfer of Eμ-TCL1 tumors was performed as previously described [42,43].
Briefly, 1–2 × 107 B-cells enriched from Eμ-TCL1 splenocytes were transplanted intraperitoneally (i.p.)
into C57BL/6N WT animals. B-cell enrichment was performed using EasySep™Mouse Pan-B Cell
Isolation Kit (Stemcell Technologies, Vancouver, BC, Canada), yielding a purity above 95% of CD5+
CD19+ cells. Tumor load was assessed in the blood every week using flow cytometry as the proportion
of CD5+ CD19+ cells among CD45+ cells. Animals with a tumor load >90% in peripheral blood were
sacrificed; spleen was isolated and mechanically dissociated in PBS. All animal experiments were
carried out according to institutional and governmental guidelines approved by the local authorities
(Regierungspräsidium Karlsruhe, permit number G98/16, approved on 13 July 2016).

4.2. SEV-Free RPMI Medium

Fetal calf serum (FCS) (Gibco, Carlsbad, CA, USA) was ultra-centrifuged at 100,000× g for 18 h at
4 ◦C. FCS supernatant was filtered through a 0.22μm filter. RPMI 1640 medium (Thermo Fisher Scientific
Inc., Waltham, MA, USA) was supplemented with 10% sEV-free FCS and 1% penicillin/streptomycin
(Gibco, Carlsbad, CA, USA). The medium was filtered through a 0.22 μm filter prior to use.

4.3. Isolation of Lymph Node Supernatants

Patient lymph node (LN) samples were obtained after the study protocols’ approval by local
ethics’ committees from the Department of Medicine V of the University Clinic Heidelberg according
to the declaration of Helsinki, and with patients’ informed consent. LN samples were collected directly
after biopsies from patients with diverse B-cell lymphomas. LNs were placed in 0.9% NaCl solution
and processed immediately. Each LN was cut in small pieces with a maximum size of 2 mm. Cells were
released in 50 mL of RPMI medium supplemented with sEV-free FCS (10%), Penicillin-Streptomycin
(1%) and l-Glutamine (1%).
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4.4. Isolation of Murine Spleen Supernatants

Entire spleens from three adoptively transferred Eμ-TCL1 mice were collected in 7 mL of
0.22 μm-filtered PBS each. Spleens were mechanically dissociated using MACS dissociator (Miltenyi
Biotec, Bergisch Gladbach, Germany), using the program “m_spleen_01”.

4.5. Differential Centrifugation

Collected supernatants of human LN and mouse spleen were centrifuged at 300× g for 10 min
at 4 ◦C in a swing-out centrifuge to remove cellular debris. Resulting supernatants were transferred
into new collection tubes and centrifuged at 2000× g for 20 min at 4 ◦C to remove larger apoptotic
bodies. Resulting 2000× g supernatants were transferred into new collection tubes and centrifuged at
10,000× g for 40 min at 4 ◦C to remove MVs. Resulting 10,000× g supernatants were transferred into
ultracentrifugation tubes (#5031, Seton Sci., Petaluma, CA, USA), and centrifuged at 100,000× g for
2 h at 4 ◦C on a Beckman Optima L-70 ultracentrifuge (Beckman Coulter GmbH, Krefeld, Germany)
using a 40 Ti Swinging-Bucket Rotor. Resulting 100,000× g pellets were resuspended in 400 μL of
0.22-μm-filtered PBS and split in half for direct method comparison described below.

4.6. SEV Isolation on Sucrose Density Cushion

This protocol was adapted from a previous protocol established in our lab [19]. The half volume
of the resuspended 100,000× g pellet was filled up with 0.22-μm-filtered PBS to 7 mL. The diluted
pellet fraction was carefully applied onto 4 mL of a 40% sucrose cushion with a density of 1.12 g/mL
without disturbing the cushion and centrifuged at 100,000× g for 2 h at 4 ◦C. The most upper PBS phase
of around 6.5 mL was discarded. The following 3.5 mL high-density sucrose fraction containing the
sEVs was recovered. The pellet was left untouched to avoid contaminating the sEV fraction with high
molecular weight protein complexes. The sEVs were recovered by washing in 0.22-μm-filtered PBS by
adding 7 mL of 0.22-μm-filtered PBS and centrifugation at 100,000× g for 2 h at 4 ◦C. The resulting sEV
pellet was resuspended in 250 μL of 0.22-μm-filtered PBS.

4.7. SEV Isolation on Single qEV 35nm Columns, IZON

Single qEV 35 nm columns (Izon, Christchurch, New Zealand) were allowed to reach room
temperature for 30 min. The resuspended pellet fraction (200 μL) was added onto the column. As soon
as the sample volume was taken up by the column, 0.22-μm-filtered PBS was added to the top of the
column tube. The following fractions were collected: F0 (1 mL = void volume of the column) and F1 to
F7 (250 μL each), according to the manufacturer’s instructions.

4.8. Bicinchonic Acid (BCA) Assay and Nanoparticle Tracking Analyzis (NTA)

Protein concentration of sEV samples was assessed employing Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific Inc., Waltham, MA, USA). 9 μL of each sEV sample was lysed with 1 μL
of 10× RIPA buffer (Abcam, Cambridge, UK) and incubated for 30 min on a rotating wheel at 4 ◦C.
Samples were then centrifuged at 17,000× g for 20 min at 4 ◦C. Resulting supernatants were subjected
to the BCA assay according to the manufacturer’s instructions. Absorbance was assessed with the
use of a MITHRAS LB 940 plate reader (Berthold Technologies, Bad Wildbad, Germany). Particle
quantification of sEV samples was performed via NTA using NanoSight LM10 equipped with a 405 nm
laser (Malvern Instruments, Malvern, UK). For the NTA analysis, samples were diluted 1:500 to 1:1000
in 0.22-μm-filtered PBS. Camera level and detection threshold were set up at 13 and 5, respectively.
The absence of background was verified using 0.2-μm-filtered PBS. For each sample, four videos of
60 s each were recorded and analyzed using the NTA 3.0 software version (Malvern Instruments,
Malvern, UK).
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4.9. Immunoblotting

SEVs and respective parental cells were lysed in RIPA buffer (Abcam, Cambridge, UK), and whole
protein lysates were quantified via BCA™ Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Per lane, 2.8 μg (human samples) or 3.4 μg (mouse samples) of protein were loaded onto 10%
polyacrylamide gels. Following SDS-PAGE and protein transfer, membranes were blocked in 5% bovine
serum albumin in Tris-buffered saline (TBS)-Tween 0.1%, and primary antibodies against FLOTILLIN-1
(1:1,000, Cell Signaling Technology, Danvers, MA, USA, #18634), CD81 (1:400, ProSci Inc., San Diego,
CA, USA, #5195), CD9 (1:1000, Cell Signalling Technology, Danvers, MA, USA, #13174), TSG101
(1:1000, BD Bioscience, San Jose, CA, USA, #612697), ALIX (1:1000, Cell Signalling Technology, Danvers,
MA, USA, #2171) CALNEXIN (1:500, GeneScript, Piscataway, NJ, USA, #A0124040), CYTOCHROME
C (1:750, GeneScript, Piscataway, NJ, USA, #A0150740), GM130 (1:1000, Cell Signaling Technology,
Danvers, MA, USA, #12480), ATP5A (1:1,000, Abcam, Cambridge, UK, #ab14748) were used in indicated
dilutions in 5% bovine serum albumin in TBS-Tween 0.1%. Signals were visualized after secondary
antibody hybridization by chemiluminescence detection reagent (Bio-Rad Lab, Hercules, CA, USA,
#1705061) with GE Healthcare Amersham Imager 600 (GE Healthcare, Chicago, IL, USA).

4.10. Electron Microscopy (EM)

SEV fractions were adsorbed onto glow discharged carbon coated grids, washed in aqua bidest
and negatively stained with 2% aqueous uranyl acetate. For immuno-EM, carbon-coated formvar
grids were used and the immune reaction was performed after buffer wash including incubation
with blocking agent (Aurion, Wageningen, The Netherlands), dilution series of primary antibody
HLA-DR (Santa Cruz, Dallas, TX, USA #sc-51618) and Protein A-Au reporter (CMC, UMC Utrecht,
The Netherlands). Micrographs were taken with a Zeiss EM 910 or EM 912 at 100 kV (Carl Zeiss,
Oberkochen, Germany) using a slow scan CCD camera (TRS, Moorenweis, Germany).

4.11. Functional Assay

Murine monocytes were isolated from the bone marrow of C57BL/6 mice by magnetic depletion
(EasySep™Mouse Monocyte Isolation Kit, STEMCELL Technologies Inc., Vancouver, BC, Canada).
5 × 104 cells were cultured in 48-well plates in sEV-free RPMI medium and treated for 8 h with 5 μg
of the respective sEV fractions referred above, as determined by BCA assay. Changes in PD-L1,
HLA-DR and ICAM-1 expression were evaluated by flow cytometry (BD LSR Fortessa, BD Biosciences,
San Jose, CA, USA). The following antibodies were used: PD-L1-PerCP (Biolegend, San Diego, CA,
USA, #46-5982-82), HLA-DR-AlexaFluor700 (eBiosciences, San Diego, CA, USA, #56-5321-82), CD54-PE
(Biolegend, San Diego, CA, USA, #116108), CX3CR1-BV711 (Biolegend, San Diego, CA, USA, #149031),
Ly6C-APC-Cy7 (Biolegend, San Diego, CA, USA, #128015), CD11b-PeCy7 (Biolegend, San Diego, CA,
USA, #101216), F4/80-FITC (Biolegend, San Diego, CA, USA, #123107), and the viability dye eFluorTM
506 (eBiosciences, San Diego, CA, USA, #65-0866).

4.12. Statistical Analysis

Results of the functional analysis were analyzed for statistical significance with GraphPad PRISM
8.0 software (GraphPad Software, San Diego, CA, USA), using one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparisons. The differences between means were considered significant
if p ≤ 0.05. The results are expressed as the means ± standard deviation.

4.13. EV Track

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase
(EV-TRACK ID: EV200073) (Van Deun J, et al. EV-TRACK: transparent reporting and centralizing
knowledge in extracellular vesicle research. Nature methods. 2017;14(3):228–32).
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You may access and check the submission of experimental parameters to the EV-TRACK
knowledgebase via the following URL: http://evtrack.org/review.php. Please use the EV-TRACK
ID (EV200073) and the last name of the first author (Bordas) to access our submission.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/15/
5586/s1.
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Abstract: Intense research is being conducted using flow cytometers available in clinically oriented
laboratories to assess extracellular vesicles (EVs) surface cargo in a variety of diseases. Using EVs of
various sizes purified from the HT29 human colorectal adenocarcinoma cell line, we report on the
difficulty to assess small and medium sized EVs by conventional flow cytometer that combines light
side scatter off a 405 nm laser with the fluorescent signal from the EVs general labels Calcein-green
and Calcein-violet, and surface markers. Small sized EVs (~70 nm) immunophenotyping failed,
consistent with the scarcity of monoclonal antibody binding sites, and were therefore excluded from
further investigation. Medium sized EVs (~250 nm) immunophenotyping was possible but their
detection was plagued by an excess of coincident particles (swarm detection) and by a high abort rate;
both factors affected the measured EVs concentration. By running samples containing equal amounts
of Calcein-green and Calcein-violet stained medium sized EVs, we found that swarm detection
produced false double positive events, a phenomenon that was significantly reduced, but not totally
eliminated, by sample dilution. Moreover, running highly diluted samples required long periods of
cytometer time. Present findings raise questions about the routine applicability of conventional flow
cytometers for EV analysis.

Keywords: extracellular vesicles; exosomes; flow cytometry; immunophenotyping; swarm detection

1. Introduction

Extracellular vesicles (EVs) are membrane-surrounded structures released in the intercellular
environment and blood stream by a large variety of cells. EVs shuttle lipids, proteins, RNA, DNA,
and other metabolites between cells and tissues. They diverge into two main subgroups according
to their biogenesis and release mechanism: microvesicles (150–1000 nm in diameter, MVs) shed
from the plasma membrane, and exosomes, which are generally smaller in size (30–150 nm in
diameter, EXOs) originating from the endosome as intraluminal vesicles enclosed within multivesicular
bodies [1]. EVs are central in regulating multiple physiological processes—e.g., tissue repair, stem cell
maintenance and coagulation—and pathophysiological processes—e.g., cancer, neurodegenerative
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diseases and viral infections [2]—because of their ability to transfer biological content. Since EVs
are found in accessible body fluids and express a variety of bioactive molecules of the cells of origin,
intense research is being conducted to understand EVs’ potential as biomarkers for personalized
medicine, and to develop relatively simple and fast methods to assess EVs in translational studies
using high-throughput technologies.

Indeed, a number of techniques are potentially suited to assess individual EVs, including electron
microscopy, resistive pulse sensing, nanoparticle tracking analysis, dynamic light scatter (DLS),
and flow cytometry [3]. However, only the latter technique is able to combine high-throughput and
adequate speed allowing EVs evaluation in translational studies and in a routine clinical setting.
Several custom-constructed flow cytometers or last generation modified cell sorter, with optimized
fluidics and flow cell design, have been developed to detect extremely small particles [4,5]. However,
these instruments are not optimally suited for other more common applications in clinical settings,
mostly cell immunophenotyping. Paradoxically, it is in the clinical setting that EVs are currently most
extensively investigated by flow cytometry in a variety of pathological processes.

The current generation of commercial flow cytometers include highly complex and sensitive
instruments, which are optimized to assess lymphocytes and other similar sized cells. Commercially
available flow cytometers routinely measure light scatter in the forward scatter (FSC) and right angle,
or side scatter (SSC), directions, and the two parameters combined provide a good foundation to
begin cell population analysis. To identify a particle, the scattered light must exceed the triggering
threshold, which must be set to exclude the optical and electronic noise. This is easily accomplished
when analyzing micrometer-sized particles, such as cells and the largest EVs, e.g., apoptotic bodies.
Conversely, smaller EVs generate scatter signals that may be extremely low and fall within the range
of the optical and electronic noise; because the intensity of the scattered light attenuates exponentially
with size (the sixth power of particle size) [6], these EVs remain hidden in the background.

In the cytometry of EVs with conventional flow cytometers, FSC is generally less used than SSC,
as only particles with a diameter larger than the typical 488 nm wavelength excitation provided by
the standard blue laser preferentially scatter (in fact diffract) light in the “forward” direction. SSC is
better suited to identify particles with diameters smaller than the wavelength of the incident laser
light, because SSC is a measure of mostly refracted and reflected light. However, SSC signal intensity
also depends on the ratio between the particle size and the wavelength of the incident laser light.
To improve resolution, conventional flow cytometers have been developed to measure the SSC off the
violet laser (hereafter referred to as VSSC) instead of blue laser SSC (hereafter referred to as BSSC),
as the 405 nm wavelength of the violet laser compared with the 488 nm wavelength of the blue laser is
closer to EVs size [7].

In the present study, we explored the feasibility to identify small/medium sized EVs (size range 70
to 300 nm) by a conventional flow cytometer, equipped with blue and violet laser excitation sources,
designed to be used in clinical setting for a wide range of applications (CytoFLEX S, Beckman Coulter,
Milano, Italy) [8].

We demonstrate that immunophenotyping of small sized EVs (in the 100 nm size range) is in
fact not feasible, not even when the staining involves very abundant surface molecules, showing that
conventional flow cytometry is inadequate for these EVs assessment. Additionally, we show that the
flow cytometry analysis of medium sized EVs (around 250 nm) is plagued by an excess of coincident
particles (swarm detection)—a limitation that must be considered when formulating schemes for EVs
studies using conventional flow cytometers.

2. Results

2.1. EVs Generation and Flow Cytometer Set Up

EVs were obtained from the HT29 (human colorectal adenocarcinoma) cell line. EVs isolation
and characterization are detailed in [9] and Supplementary Information) and shown in Figure S1.
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The window of analysis was determined by VSSC and fluorescence parameters using fluorescent
Megamix-Plus FSC polystyrene microbeads (Figure S2). The superiority of VSSC over BSSC in terms of
resolution is shown in Figure S2. During apoptotic cell death, apoptotic exosome-like vesicles similar
in size and in certain surface marker expression—e.g., CD63—are released in culture supernatant [10],
so we collected supernatant for EVs purification only when cell culture viability exceeded 90% by
trypan blue exclusion.

2.2. Identification of Small and Medium Sized EVs by VSSC and Calceins

In the cytometry of EVs, fluorescence is less affected by background noise than light scatter.
Thus, the poor resolution of dim light scatter signals generated by EVs can be improved by adding a
fluorescent label as parameter. Among several available fluorescent labels potentially useful for EVs
staining [11], we chose Calceins (Calcein-green and Calcein-violet) [12]. Calcein probes are best suited
to avoid possible interferences related to staining of cell membrane fragments and non-intact EVs
following ultracentrifugation procedures [13], because they require hydrolysis by intracellular esterases
to become fluorescent, and, therefore, identify only metabolically active, intact vesicles, which can
transform the non-fluorescent dye into the fluorescent form [12]. Moreover, these probes have little to no
spectral overlap with each other and with the other fluorochromes we used, minimizing compensation
and spreading error [14].

Unless otherwise stated, we adopted 1.5 μg/mL of EVs (by Bradford assay) in a solution with
either Calcein-green or Calcein-violet at final concentration of 1 μM in filtered PBS. Most experiments
were performed using Calcein-green; thus, Calcein will refer to Calcein-green, unless otherwise stated
(Figure 1).

Figure 1. Calcein stains intact extracellular vesicles (EVs). Violet side scatter (VSSC)/Calcein-green
fluorescence profile of EVs incubated with Calcein-green at 37 ◦C (left and right panels) and 4 ◦C
(middle panel). The low temperature prevented the non-fluorescent Calcein from being converted into
the green fluorescent form inside EVs, indicating that free dye does not contribute to the observed
fluorescence pattern. Triton-X-100 treatment abrogates Calcein fluorescence at 37 ◦C (right panel).
Using Calcein-violet produced identical results.

To confirm previous observation [12] that Calceins only stain intact EVs, an EVs sample was
incubated with the dyes at 4 ◦C, as this temperature inhibits internal esterase activity and, therefore,
prevents the non-fluorescent Calcein form conversion to the fluorescent form. Data in the left and
middle panel of Figure 1 were generated by staining samples with Calcein at 37 ◦C and 4 ◦C, respectively.
EVs remained non-fluorescent when incubated at low temperature. Subsequently, as any disruption
of plasma membrane, obtained with detergents, leads to leakage of the dye from particle, we treated
Calcein-stained EVs with Triton-X-100. In accordance with a previous report [12], positive events
disappeared following Triton-X-100 treatment, thus excluding the contribution of free esterases to
Calcein signal (Figure 1, right panel).

Calcein staining was dim to moderate, yet the distinction between positive and negative events,
remained discernible by visual inspection (Figure 1, left panel). These findings seem at odds with those
of De Rond et al. [15] that deemed Calcein as scarcely sensitive. We can only conjecture as to why our
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findings differ from previous results because the lack of a detailed description of the gating strategy
and particle size in the De Rond study [15] make a comparison difficult.

After demonstrating that the inclusion of Calcein as a second parameter was viable to identify
EVs, we applied this procedure to purified medium and small sized EVs

The left panel of Figure 2a shows that, in purified medium sized EVs preparations, most Calcein
positive events generated a VSSC signal that roughly corresponded to that of the 100 nm microbeads
(Figure S2a, left panel). Thus, owing to the medium sized EVs distribution of 210 ± 49 nm (Figure S1),
it can be inferred that these EVs generated a scatter signal with intensity comparable to that of the
100 nm polystyrene beads. This is well in line with the notion that the inner refractive index of EVs is
less than 1.4, which is considerably lower than that of polymer beads (generally ~1.6) [16].

Figure 2. Immunostaining of purified medium and small sized EVs, (a) and (b), respectively. Both in
(a) and (b), two populations can be visually discerned based on the intensity of the VSSC signal
(horizontal red line). (a) Left panel, in this representative experiment the percentage of events with
high VSSC signal intensity was 84%. Second panel from left, to demonstrate specificity of staining
and set the quad markers, the binding of brilliant violet-conjugated CD63 (BV-CD63) moAb was
blocked by pre-incubation with unlabelled CD63 moAb prior to staining with the BV-CD63 moAb
(isoclonic control). Third panel from left, only a marginal amount of events reacted with the BV-CD63
moAb, consistent with the non-exosomes (EXOs) nature of these particles. Fourth panel from left,
to demonstrate specificity of staining and set the quad markers, the binding of FITC (Fluorescein
isothiocyanate)-conjugated anti- Phosphatidylserine (PS) moAb was blocked by pre-incubation with
unlabelled anti-PS moAb prior to staining with the anti-PS moAb (isoclonic control). Right panel,
a detectable proportion of medium sized EVs expressed PS demonstrating that immunophenotyping
EVs of that size is feasible. (b) Left panel, in this representative experiment, the percentage of events
with high VSSC (P1) and low (P2) signal intensity was 43% and 57%, respectively. Middle panel,
isoclonic control. Right and far right panels, BV-CD63 staining in P1 and P2 populations, respectively.
BV-CD63 moAb reacted only with events in the P1 region, consistent with the EXOs nature of these
particles. Values in regions show percentages of positive events. We addressed the issue of possible
BV-CD63 fluorescence quenching by Calcein because of the spectral characteristics of BV fluorochrome
and run side by side small sized EVs stained with only BV-CD63 or double stained with BV-CD63 and
Calcein. (c) Representative western bot assay showing the preferential expression of CD63 by small
sized EVs. Red lines = analysis gates; red circles = EVs population analyzed.

A Calcein positive particle population (~15% in six independent experiments) with a clearly
lower VSSC signal intensity was also visible (Figure 2a left panel). We hypothesized that these events
reflected contaminating small sized EVs deriving from imperfect ultracentrifugation procedures,
which remained undetected by the DLS analysis because of their low frequency. EVs are defined
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according to their modality of generation, rather than size. However, microvesicles (MVs) are generally
larger than exosomes (EXOs), thus, we inferred that small sized EVs samples were mostly EXOs and
medium sized EVs samples were mostly MVs. It is known that CD63 and CD9, two tetraspanins,
are specially enriched in EXOs membranes and scarcely expressed by MVs [17,18], and Western blot
analysis of small and medium sized EVs samples showed that only the former exhibited a strong
reactivity for CD63 (Figure 2c). Thus, Calcein-stained medium sized EVs samples were incubated with
monoclonal antibodies (moAbs) to CD63 and CD9, to determine the origin of particles with lower
VSSC signal intensity in medium sized EVs samples. Virtually no particle stained positive for CD63
(Figure 2a, second panel from left). Although these findings suggests a non-EXOs nature of these
particles, this issue will be discussed again below. The moAb to CD63 marginally stained particles in
the high VSSC region—a finding consistent with the low CD63 expression by MVs [17,18].

MVs stained positive for anti-Phosphatidylserine (PS) antibody, demonstrating that the
immunophenotyping of medium sized EVs is possible [19] (right panel, Figure 2).

Running purified small sized EVs, we observed that a large proportion of Calcein positive particles
was located in the high VSSC region (Figure 2b, left panel), which is a region that corresponds to that
of the ~250 nm sized particles (Figure 2a, left panel) and therefore, visibly exceeds the size of these EVs
(68 ± 7 nm by DLS, Figure S1). We reasoned that these particles could be aggregates, possibly generated
by high-speed centrifugation [20]. In the cytometry of cells, the aggregate issue is usually addressed
by checking the height, area, and width of the FSC and/or SSC pulse. In the cytometry of EVs,
the exceedingly small pulse makes this conventional doublet discrimination impossible, because the
magnitude of difference in any pulse parameter between an aggregate and a single event is small,
and requires the resolution of a linear scale, which is unfeasible, as scatter parameters require a
logarithmic scale. To determine the origin of larger particles in small sized EVs samples, we incubated
small sized EVs samples with the moAb to CD63 and CD9, and analyszd the staining in relationship
with VSSC signal intensity. Figure 2b, third panel from left, shows that CD63 staining was detectable
only in particles with high VSSC signal intensity (Figure 2b, right panel), particles with low VSSC
signal intensity remained non-fluorescent. These data supports our hypothesis that particles with
high VSSC signal intensity were aggregates. However, it remains unclear why such a large proportion
of aggregates remained undetected by DLS analysis. Although it is held that DLS fails to detect
small proportions of aggregates in otherwise homogeneous EVs preparations [21], the proportion of
aggregates we observed in our experiments is too large to remain undetected. We hypothesize that
the cytometer preferentially detected aggregates due to their larger size, while most non-aggregated
particles are below the VSSC threshold, and are simply not “seen” by the instrument. An alternative,
not mutually exclusive explanation, is that the larger particles are coincident events (swarm detection),
an issue that is addressed below.

2.3. Particles in the Low VSSC Signal Region Do Not Stain for Tetraspanins Because of an Insufficient Number
of Binding Sites

As outlined above, findings in Figure 2 indicated that the nature of the events in the low VSSC
region in both the small and medium sized EVs samples could not be assessed by staining for the typical
small sized EVs (mostly EXOs) markers. The analyses of medium sized EVs indicated that ~250 nm EVs
were positioned in the high VSSC region (Figure 2a), and the intensity of the scattered light attenuates
exponentially with size [21], so we infer that the EVs size in the low VSSC region should be considerably
lower, possibly around 70 nm, in line with DLS data. Studies showed that the number of antigenic sites,
which can react with a fluorochrome-labelled moAb on the surface of an EV in this size range, is around
10/15 epitopes, which is too scarce to generate a fluorescence signal detectable by a commercial flow
cytometer [22–24]. Thus, we hypothesized that the absence of EVs immunolabeling in the low VSSC
region reflected insufficient target epitopes. To verify this hypothesis, we mimicked fluorescence
generated by the anti-tetraspanins fluorochrome-conjugated moAbs using FITC-conjugated mouse
IgG (Immunoglobulin G) bound to 50 nm–sized anti-mouse IgG microbeads. The experiments were
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performed at various microbeads/FITC-conjugated mouse IgG ratios. No fluorescence signal was
ever detected in the low VSSC region (Figure 3 left and middle panel). To insure that the amount of
FITC-conjugated mouse IgG was enough to produce a detectable fluorescence signal in the presence of
particles carrying a suitable number of binding sites, the lowest amount of FITC-conjugated mouse IgG,
which was incubated with the 50 nm microbeads, was incubated with larger (3μm) microbeads coated
with anti-mouse IgG. In this condition, FITC-conjugated mouse IgG generated a brilliant fluorescence
signal (Figure 3 right panel). We also ascertained by fluorescence microscopy that FITC-conjugated
mouse IgG made the 50 nm–sized anti-mouse IgG microbeads fluorescent (Figure 3, lower panels).

Figure 3. Fifty nm-sized anti-mouse IgG microbeads do not bind enough FITC-conjugated mouse IgG
to generate a measurable fluorescence signal. Anti-mouse IgG microbeads background fluorescence
(top left panel) and anti-mouse IgG microbeads coated with FITC-conjugated mouse IgG fluorescence
(top middle panel). The same amount of FITC-conjugated mouse IgG generates a brilliant fluorescence
signal when incubated with larger-sized (3 μm) microbeads coated with anti-mouse IgG (top right

panel). Fluorescence microscopy analysis of anti-mouse IgG microbeads carrying FITC-conjugated
mouse IgG (lower panel). Red lines in top panel = analysis gates.

Thus, assessing the surface cargo of small sized EVs is a difficult task using conventional flow
cytometers, because the fluorescence signal may remain hidden in the background.

2.4. Swarming and Abort Rate Affect EVs Detection

Unlike cells, EVs are not prone to align and traverse the laser path in a single row and separated
from each other because of their small size. Therefore, swarm detection is the most common cause
for spurious or artifactual results in the cytometry of EVs. As outlined above, we found that
immunophenotyping of small sized EVs (in the size range of most EXOs) was essentially impossible.
In a clinical setting, immunophenotyping is the most common approach to identify the EVs populations
of interest in bodily fluids. Therefore, small sized EVs were excluded from further investigation,
and we focused on medium sized EVs to investigate how swarm detection affected their analysis.

Studies suggested that the occurrence of swarming detection can be verified by serial sample
dilution experiments [24–26]; upon dilution, the number of particles simultaneously traversing the
laser beam should progressively reduce to a single particle, and the number of counted events should
then decrease linearly in response to further dilution. Concomitantly, the intensity of fluorescence
signal generated by the many particles coincidentally traversing the laser beam should progressively
decline upon dilution and finally remain stable, which is consistent with analysis of single particles.

Thus, we quantitated changes in measured medium sized EVs concentrations and fluorescence
intensity at various sample dilutions. Concentration (events/l) was calculated using the volumetric
measurement featured in the CytoFLEX S cytometer (CytoFLEX S, Beckman Coulter, Milano, Italy).
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A relation between particle concentrations measured by the cytometer and sample dilutions
was noted, which was more evident at higher dilutions, leading to hypothesize the occurrence of
detection as single event (Figure 4, left panel). However, the fluorescence signal intensity never levelled
completely (Figure 4 center panel). Collectively, these findings suggest that dilution reduces but does
not fully prevent swarm detection.

Figure 4. Four-fold dilutions experiments comparing changes in estimated Calcein-stained MVs
concentration, fluorescence intensity and abort rate yielded not univocal results. Left panel,
the measured MVs concentration decreased in proportion to the dilution suggesting single particle
detection. Middle and right panel, fluorescence intensities and the abort rate, respectively,
almost levelled only at the last four dilutions as it is the case for single particle detection. Data are from
one experiment representative for the other four experiments conducted.

As a result of swarming, the flow cytometry of EVs is plagued by a high abort rate; the electronics
is still processing the previous pulse and aborts the new event that, consequently, is lost to analysis.
Thus, we hypothesized that if EVs were detected as single events as a consequence of dilution, the abort
rate would be concomitantly reduced. Figure 4, right panel, shows that the abort rate declined
upon dilution, a finding that concurs with data shown in the left and center panels, supporting the
progressive decrease of swarm detection. Of note, minimizing swarm detection required a progressive
increase of flow cytometry time; at the highest dilution a single run required ~40 min (including
washing to prevent carry-over) to collect at least 5000 Calcein positive events.

Subsequently, we approached the issue of swarm detection using a model that included
Calcein-green MVs mixed with Calcein-violet medium sized EVs (final concentration in the tube
0.325 μg/mL each) at a 1:1 ratio just before the flow cytometry run. Under these experimental conditions,
any double-stained event undoubtedly denotes more than one EVs coincidentally traversing the laser
beam. Data in Figure 5a demonstrate the presence of a sizeable number of double positive events
in samples containing Calcein-green and Calcein-violet medium sized EVs, consistent with swarm
detection. Consistent with the concomitant presence of several particles in the flow chamber, the VSCC
signal of Calcein-green/Calcein-violet double positive EVs was higher than that of either Calcein-green
or Calcein-violet single positive EVs.

To provide further experimental evidence of swarm detection and its impact, medium sized EVs
samples, containing Calcein-green medium sized EVs mixed with Calcein-violet medium sized EVs,
were run at higher flow rates to increase the sample fluid stream size and to boost coincidences. Thus,
the samples were run at 10 μL/min—the lowest flow rate allowed by the instrument—30 μL/min
and 60 μL/min. Consistent with a progressive increase of particles, simultaneously illuminated by
the laser beam, the percentage of the double stained population increased in step with the flow rate
(Figure 5b left panel) [23–25]. Additionally, the abort rate was enhanced, which further indicated the
concomitant presence of several particles simultaneously traversing the laser beam, which were too
close together to be processed as single events (Figure 5b right panel). Interestingly, swarm detection
and the concomitant high abort rate reduced the number of particles detected. In the experiment
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depicted in Figure 5, the number of particles/μL was 25.2 × 103, 17.3 × 103 and 10.6 × 103 at 10 μL/min,
30 μL/min and 60 μL/min, respectively.

Figure 5. Two aliquots of the same medium sized EVs preparation were separately labelled, one with
Calcein-green and the other with Calcein-violet, kept refrigerated and mixed at 1:1 ratio just before
analysis. (a) Flow cytometry profile (green and violet fluorescence) of medium sized EVs marked
individually with Calcein-green (left plot) and Calcein-violet (middle plot). The two Calceins stained
medium sized EVs with comparable efficiency and the fluorescence signal of each dye did not interfere
with the other. In the mixture (right plot), the two dyes identified single stained particles (either
Calcein-green or Calcein-violet) and double-stained particles. Double-stained particles are visible in
the upper right quadstat gate. These particles are indicative of coincident events, as there should not be
double positive events when the two markers in comparison (Calcein-green and Calcein-violet) are
not present on the same event. Samples were run at 10 μL/min. Values in panels show percentages of
positive events. (b) Same sample as in (a), but run at the different flow rates featured in the cytometer.
The frequency of double stained events (left panel) increased in step with the flow rate indicating that
several particles were simultaneously traversing the laser beam as a consequence of the enlarged size
of sample fluid stream. Consistent with the presence of several particles in the laser beam illuminated
simultaneously, the abort ratio also increased (right panel) in step with the flow rate. Data are from one
experiment representative for the other three experiments conducted. (c) The mixture of Calcein-green
and Calcein-violet medium sized EVs were diluted to further explore the effect of high dilution on
swarm recognition. Samples were run at 10 μL/min. The percentage of double positive events declined
with dilution and close to zero at the lowest concentrations. Red lines = analysis gates.

After demonstrating swarm detection impact on EVs analysis, we used the
Calcein-green/Calcein-violet model, to test again how dilution may reduce coincidences contributing
to overcome the problem. To this end, the Calcein-green/Calcein-violet medium sized EVs mixture was
progressively diluted yielding a final concentration of 0.04 μg/tube, and the samples were run at the
lowest flow rate allowed by the instrument. The proportion of double positive events declined with
dilution and approximated to zero (Figure 5c), comforting data obtained in the dilution experiments
carried out using Calcein-green stained medium sized EVs (Figure 4). Confirming the preceding
experiments (Figure 4), minimizing double positive events entailed a long flow cytometer time
(≥ 40 min).
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3. Discussion

In the era of precision medicine, considerable interest using flow cytometry exists to assess both
quantitative and phenotypic EVs characteristics in patients suffering from a variety of diseases in
the hope to reveal clinically relevant EVs subpopulations. Moreover, the presence of EVs in readily
accessible sources e.g., blood, urine, and cerebrospinal fluid, makes EV flow cytometric characterization
particularly appealing to monitor diseases in longitudinal studies. Unfortunately, EVs size, which is
well below that of whole cells, pushes flow cytometry to the edge of its lower reliability limits.

Within recent years, several dedicated flow cytometric approaches have been developed
and refined for single EVs counting and for studying EVs heterogeneity in terms of surface
markers [4]. Such methods generally demand extensive operator expertise for sample preparation
and, most importantly, require dedicated instrumentation for sample acquisition and data
analysis, which is unfeasible for most clinically oriented flow cytometry facilities using standard
nonspecialized instruments.

In the present study, we investigated in depth whether small/medium-sized EVs (50 to 250 nm
size range) can be detected by a conventional flow cytometer (CytoFLEX S, Beckman Coulter) designed
primarily for common applications, mostly cell immunophenotyping. Using calibrated microbeads,
we were able to show that the VSSC, i.e., the SSC signal off the 405 nm laser, is much more effective
than the BSSC signal, i.e., the SSC signal off the 488 nm laser in detecting EVs, as already reported [7].
However, even the VSSC signal fells short to discriminate EVs over the background generated by
particulate, which survived extensive buffer filtering, and by electronic noise of the system. In fact,
EVs recognition was only possible by the concomitant assessment of VSSC and the fluorescence signal
produced by the general fluorescent Calcein dyes.

Perhaps the most important application of flow cytometry in the EVs study is the purported
ability to evaluate their surface cargo by staining with fluorochrome-conjugated monoclonal antibodies.
We found that immunophenotyping of small sized EVs, i.e., below the 100 nm range, in our experience,
was impossible. Our data show that the immunofluorescent signal generated by EVs of that size
becomes measurable only when generated by multiple particles that traverse the laser beam at the
same time and emit enough fluorescence to be detected, whereas single particles remain underneath
the fluorescence sensitivity. Notably, these conclusions were drawn by staining for markers expressed
at the highest possible level on the surface of the particle, emphasizing that they will extend to all
the less expressed surface markers. While we cannot exclude that effective staining may depend on
type/source of EVs and the markers being evaluated, the present findings cast doubts on the view that
conventional flow cytometer is a convenient tool to explore such small sized EVs. This view is in line
with the early literature indicating that a single EV of that size carries around 10 epitopes; one would
not expect this particle to bind enough fluorescent moAb molecules to be detected by conventional
flow cytometers [22,23]. Thus, great caution must be exerted when interpreting immunophenotyping
data on small sized EVs. Additional uncertainties exist performing small EVs immunophenotyping;
early work showed that the attachment of large labels to antibody molecules resulted in reduced
antibody binding even to surface antigens of whole cells [27]. Notably, some of the commonly used
fluorophores (PE—240 kDa, PE-Cy7—255 kDa) exceed the antibody size itself and attenuation by bulky
fluorophores in multicolor flow cytometry has been reported [28].

The conclusion that assessing surface cargo of EVs in the EXOs size range (50–70 nm) by
conventional flow cytometry is questionable seems to be in contrast with some earlier data, in which
anti-CD63 moAb reportedly stained EXOs [29]. Comparisons are difficult because of several factors
that might have affected the results, such as the modality to set the boundary between negative and
positive events, the use of an isotype rather than of a more reliable isoclonic control, and the type of
instrument. However, differences in the capabilities of the Apogee A 50 dedicated cytometer used in
that study [24], and the CytoFLEX S conventional cytometer in our study, to resolve artificial particles
of ~100 nm size, do not seem to be relevant; the Apogee A 50 depicts large angle light scatter (LALS)
compared with fluorescence profiles of FITC-labelled latex beads included in our study, which closely
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resemble plots depicting VSSC/FITC-labelled beads. Moreover, a comparison of our results with
those by Van der Pol et al. [24], suggests that the sensitivity of the scatter signals of the Apogee A
50 dedicated cytometer and the CytoFLEX S conventional cytometer is similar, as the Apogee A 50
dedicated cytometer was able to detect single 102 nm polystyrene beads [30], as we did with the
CytoFLEX S. However, it should be emphasized that our conclusions, which are based on 50 nm beads
as a model for small particles immunophenotyping, cannot be generalized, as different fluorescent dyes
and/or different excitation sources and/or different detection devices might provide different results.
This issue, as well as other related questions, will be addressed in future studies. In this scenario, in a
recent paper, the CytoFLEX was reported to detect EVs as small as 60 nm, triggering with VSSC and
immunophenotyping [8]. While it is possible that the surface antigen density on the EVs used in that
study was much higher than that of the EVs we tested here, it should be noted that the swarming
issue was not addressed, so that it cannot be excluded that multiple small sized EVs coincidentally
traversing the laser spot may have contributed to the detected fluorescence signal.

Immunophenotyping was possible in larger EVs, in the 250 nm size range. However,
their assessment was plagued by swarming—a finding in line with several earlier publications [24–26].
We also confirmed that swarming could be minimized by extensive sample dilution [24–26].
Unfortunately, in translational studies, particle concentration in a given sample is most often unknown,
and quite hard to predict. Thus, one should measure each given sample at various dilutions, which is
unfeasible in clinically oriented laboratories. Moreover, minimizing coincidences by running high
diluted samples comes at the cost of very long cytometry times (up to more than half an hour in our
experience) to collect enough events of interest—a constraint hardly compatible with applications in
clinical research. Notably, a (unknown) portion of double stained EVs reported in immunophenotyping
studies may in fact represent coincident events, because overlooked swarm detection injects ‘polluted’
events into the cytometry data [22].

In conclusion, our study emphasizes the inherent difficulties in investigating the surface cargo of
small sized EVs (in the EXOs size range ~50–70 nm). Conventional flow cytometry does detect surface
cargo of relatively large sized EVs (in the MVs size range ~200–300 nm). However, we must be aware
of the intrinsic limitations due to swarm detection.

A limitation of the present study is that data were generated using CytoFLEX S as example of a
commercially available last generation flow cytometer designed for a wide spectrum of applications,
which does not necessitate labor intensive manual hardware adjustments and calibrations. We do
not have direct knowledge of the performance of other commercial instruments offering the same
features to assess EVs, and we are not aware of side-by-side comparative tests performed using
the same EVs preparation. This latter point is quite an important one, as knowing what size and
level of fluorescence a given platform is able to detect will allow for comparisons amongst different
instruments, and even of the same producer, which is an important issue for standardization, and,
therefore, reproducibility. We are now designing studies to allow the conversion of scattering intensity
in arbitrary units to diameter distribution and of fluorescence intensity to MESF (Molecules of
Equivalent Soluble Fluorochrome) to better define the detection limits of each instrument [31].

4. Methods

4.1. Reagents

Calcein-AM green (referred to as Calcein-green) and Calcein-AM violet (referred to as
Calcein-violet) were purchased from Life Technologies. Both dyes were solubilized in DMSO to
produce a 100x stock solution (1 mM). The nonionic detergent Triton X-100 was purchased from
Thermofisher. Mouse anti-human brilliant violet-conjugated CD63 (BV-CD63, clone H5C6) and mouse
anti-human R-phycoerythrin (PE)-conjugated CD9 (PE-CD9, clone HI9a) monoclonal antibodies
(moAbs), as well as unconjugated identical (isoclonic control) CD63 and CD9 moAbs were purchased
from BioLegend, Inc. Fluorochrome-conjugated moAbs were centrifuged before using to minimize
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the antibody aggregates commonly found in commercial preparations. Fifty nm sized microbeads
carrying goat anti-mouse IgG (H+L) F (ab’)2 fragments were purchased from Miltenyi Biotec (referred
to as anti-mouse IgG microbeads). These beads are made of very dense material to be paramagnetic,
a feature that implies a refraction index at least comparable to that of polystyrene beads. The VSSC
threshold we used in all experiments included events producing a signal one and half decade lower
than that generated by the smallest polystyrene beads (100 nm) included in the Megamix-Plus
FSC mix (Supplementary Figure S2a and Supplementary Information), so we speculated that the
Miltenyi 50 nm beads might become visible if made fluorescent. FITC Mouse IgG1, κ Isotype Control
(clone MOPC-21) was purchased from BD Biosciences. Megamix-Plus FSC consisting in 100 nm,
300 nm, 500 nm, and 900 nm microbeads were purchased from BioCytex. Rainbow Calibration
Particles consisting in a series of beads with eight different predefined levels of fluorescence intensity,
including nonfluorescent beads, were purchased from BD Biosciences. VersaComp 3μm beads were
purchased from Beckman Coulter.

4.2. EVs Staining by Calcein-Green and Calcein-Violet, and Anti-Tetraspanins moAbs

Calcein-green and Calcein-violet are essentially colorless and non-fluorescent until hydrolyzed.
Once inside the EVs, the lipophilic blocking groups are cleaved by nonspecific esterases. As a result,
Calceins are trapped inside the EV and emit a green or a violet fluorescence signal (emission max
516 nm and 450 nm, respectively) following excitation with a blue (488 nm) or violet (405 nm) laser.
After some preliminary experiments, the incubation time was set at 20 min at 37 ◦C, final concentration
1 μM All staining steps were carried out in filtered PBS.

In immunophenotyping experiments, EVs, which had been previously loaded with Calcein,
were incubated with moAbs to CD63, CD9, Anti-Phosphatidylserine for 30 min at room temperature
(RT). All moAbs were used at concentration of 1.25 μg/mL−1. All moAbs were used at 1:20 final
dilution. To assess moAb non-specific binding, Calcein-loaded MVs and EXOs were incubated
with a five-fold excess of identical unlabelled moAb (isoclonic control) before being reacted with
the fluorochrome-conjugated moAb. Under these conditions, all specific binding sites of the
fluorochrome-conjugated moAb are blocked by the large excess of unconjugated antibody and
non-specific staining can be measured. Summary of reagents used for flow cytometry experiment are
shown in Table 1.

To avoid false positive events, moAbs were centrifuged using 0.22 μm centrifugal filter tubes and
a fixed angle single speed centrifuge (~750× g) at RT for 2 min. The flow through was collected and
used for immunophenotyping experiments. In each staining session, the moAbs were run in filtered
PBS alone to check signal from antibody aggregates that survived centrifugation.

4.3. Microbead Experiments

The 50 nm anti-mouse IgG microbeads served to mimic the low amount of binding sites available
on an EXO-sized particle. These microbeads are designed to bind the largest possible number of
moAb molecules per surface unit. The microbeads (5 to 10 μL directly from original bottle) were
incubated with FITC-conjugated mouse IgG (final dilution 1:20 in filtered PBS) for 30′ at 4 ◦C in
rotation. For comparison, the same amount of FITC-conjugated mouse IgG was incubated with 5 μL of
larger sized beads (VersaComp 3 μm beads, Beckman Coulter, CytoFLEX S, Beckman Coulter, Milano,
Italy), coated with anti-mouse IgG.
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4.4. Flow Cytometry

EVs were analysed using a CytoFLEX S instrument equipped with blue (488 nm) and violet laser
(405 nm) excitation sources. The instrument is able to collect SSC off the blue laser (BSSC) and the violet
laser (VSSC). The set-up of the instrument is a critical point for EVs analysis, so the flow cytometer was
first calibrated using the 8-Peak Rainbow Beads. The linear regression equation between the predefined
fluorescence intensity values of the fluorescent microbeads and the instrument’s response in histogram
channel values was then computed at several photodiode gains. The best gain was then determined
for each fluorescent channel and used throughout all experiments. The Megamix-Plus FSC beads
emitting a FITC-like fluorescent light of different sizes (100, 300, 500, and 900 nm), used throughout all
experiments, served to establish the best photodiode gains for BSSC and VSSC, which produced the
smallest coefficient of variation. Megamix-Plus FSC beads were also used for daily standardization.
All signals were collected in log area mode, except the VSSC, which was also collected in log height
mode and served as threshold parameter. Time delays between lasers were optimized and controlled
by the standard daily QC start-up procedure.

To ensure system and reagent cleanliness, the sample line was washed with sterile distilled water
filtered through 100 nm filter before each flow cytometry run, and the same fluid was used as sheath
fluid. The sheath fluid tank was thoroughly rinsed with the filtered water. In between samples,
the sample line was flushed by boosting filtered PBS and Coulter Clenz® Cleaning Agent (Beckman
Coulter, CytoFLEX S, Beckman Coulter, Milano, Italy) and clean distilled water to minimize carry-over.

Unless otherwise stated, EVs samples were run at the lowest rate allowed by the instrument
(10 μL/min) to maintain the diameter of the sample stream as small as possible. Data were acquired
and analysed by the CytExpert 2.2™ software (version 2.2, CytoFLEX S, Beckman Coulter, Milano,
Italy). EVs number was measured using the cell-counting feature of the instrument that relies on a
calibrated peristaltic pump for sample delivery.

To tighten the pulse window and thus reducing the background for small-particle analyses,
the event rate setting feature implemented in the CytoFLEX S instrument was set to “high”, according to
manufacturer’s instructions.

4.5. Western Blot Analysis

The EVs (microvesicles or exosomes) were lysed using lysis buffer (50 mmol/L Tris-HCl pH 7.2,
5 mmol/L MgCl2, 50 mmol/L NaCl, 0.25%, 0.1% SDS, and 1% Triton X-100) containing protease
inhibitors (2 mmol/L phenyl methyl sulfonyl fluoride, 10 mg/mL aprotinin, and 2 mmol/L Na3VO4,
100 mmol/L NaF). Protein concentration was assessed using the Bradford method (Bradford protein
assay kit II, Bio-Rad, Hercules, CA, USA), with BSA used as a standard. EVs extracted proteins
(5–10 μg) were resolved by SDS PAGE (Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis)
10% under reducing or non-reducing conditions, and were transferred to PVDF blotting membranes
(GE Healthcare, Solingen, Germany) and analyzed using the enhanced chemiluminescence kit for
Western blotting detection (Advansta, WesternBright TM ECL, Bering Drive San Jose, CA, USA).
CD63 primary monoclonal antibody was used following suppliers’ (dilution, 1:500; sc-5275; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). This antibody recognizes the glycosylated forms of CD63
(30–60 kDa).

4.6. Fluorescence Microscopy

The 50 nm anti-mouse IgG microbeads (5 μL directly from original bottle) were incubated with
FITC-conjugated mouse IgG (final dilution 1:20 in filtered PBS) for 30′ at 4 ◦C in rotation. All images
were collected with a Nikon ECLIPSE TE2000-S (Chiyoda, Tokyo, Japan) inverted microscope equipped
with: 20× objective (Numerical aperture 0.4), filters TRITC, FITC, and UV, and a Nikon Digital Camera
DXM1200F (Chiyoda, Tokyo, Japan). The images were analyzed with NIS Elements BR 2.10 software.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/17/6257/s1,
Figure S1: Size and morphology of isolated MVs and EXOs from HT29 cell line supernatant following differential
centrifugation. Figure S2: VSSC is superior to BSSC to detect nanosized particles.
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Abstract: Communications among cells can be achieved either via direct interactions or via secretion
of soluble factors. The emergence of extracellular vesicles (EVs) as entities that play key roles in
cell-to-cell communication offer opportunities in exploring their features for use in therapeutics;
i.e., management and treatment of various pathologies, such as those used for cancer. The potential
use of EVs as therapeutic agents is attributed not only for their cell membrane-bound components,
but also for their cargos, mostly bioactive molecules, wherein the former regulate interactions with
a recipient cell while the latter trigger cellular functions/molecular mechanisms of a recipient cell.
In this article, we highlight the involvement of EVs in hallmarks of a cancer cell, particularly focusing
on those molecular processes that are influenced by EV cargos. Moreover, we explored the roles
of RNA species and proteins carried by EVs in eliciting drug resistance phenotypes. Interestingly,
engineered EVs have been investigated and proposed as therapeutic agents in various in vivo and
in vitro studies, as well as in several clinical trials.

Keywords: extracellular vesicles; cancer; therapeutic agents; cell-to-cell communication

1. Introduction

Both solid and hematological malignant tumors are not isolated entities. In fact, they
involve complex systemic networks involving cell-to-cell communications between tumor cells
and accompanying modified cells. Moreover, both tumor progression and invasion are sustained by a
complex microenvironment. This is comprised of networks of components, including cancer-associated
fibroblasts, endothelial cells, lymphocytes, and macrophages, as well as secreted factors and elements
of the extracellular matrix. Interactions among neighboring cells through a direct cell–cell contact is
essential for tumor growth and development, while intercellular communication provides a complex
system of secreted factors [1].
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To manage all components present in multicellular organisms, cellular communication is critical.
McCrea et al. wrote an inspirational quote on the intercellular communication “the music that
the nucleus hears” [2]. Communication involves sharing of information through several signaling
mechanisms that are either direct (intracrine/autocrine and juxtacrine) and/or indirect (endocrine,
paracrine, and synaptic) communications [3]. In this regard, all types of cells have been shown to release
and receive both soluble factors and membrane-derived vesicles, the latter receiving increasing attention
in the past decades [4]. The first instance of the presence of membrane-derived vesicles is observed in
reticulocytes, wherein released vesicles would remove transferrin receptors from the cell, an important
step in their maturation to erythrocytes [5]. Early on, these membrane-derived vesicles have been
initially deemed as cellular “garbage bags”. Subsequently, numerous studies have been undertaken to
investigate membrane-derived vesicles detected on primary cells [6]; i.e., primary cells of the immune
and nervous systems, and cancer cell lines [7]. It has been reported that extracellular vesicles (EVs)
can be isolated from various bodily fluids, as they play important roles in the management of various
normal physiological processes, including stem cell maintenance [8], immune surveillance [9], tissue
repair [10], and blood coagulation [4].

It is reported that physical and molecular characteristics of EVs have impacts on various biological
processes, including cancer development, progression, and metastasis [11]. Moreover, small sizes of EVs
offer critical properties, including immune system escape, biocompatibility, and biodegradability, as
well as transfer of their contents into both neighboring and distant cells. During biogenesis, EVs acquire
important bioactive molecules that regulate several biological processes. Thus, cancer-derived EVs have
been largely described as possessing both pro- and antitumor functions. For example, tumor-derived
EVs interact with immune cells by delivering negative signals and interfering with their antitumor
functions. By suppressing immune cell functions, EVs promote cancer progression and facilitate tumor
escape. Moreover, EVs carry important molecules and factors that either directly or indirectly influence
several processes, including development and maturation, as well as antitumor activities in immune
cells [11]. Conversely, antitumor effects of EVs have been observed in dendritic cell-derived EVs, and
these are capable of being used in immunotherapy [12].

It has been observed that EVs are tightly linked to tumorigenesis [13], spread of pathogenic agents
and viruses (e.g., the Human Immunodeficiency Virus-1 [HIV-1]), amyloid-β-derived peptides [14],
and α-synuclein [15] (linked to Alzheimer’s and Parkinson’s diseases). Due to varied compositions of
EVs, they have been deemed useful in the fields of both diagnostics and therapeutics [16]. Moreover,
EVs can be potentially useful in serving as drug delivery vehicles by transporting several molecular
species as part of normal cell-to-cell communication.

In this review, we will discuss the potential and role(s) of EVs in modulating both physiological
and pathological processes, as well as how these entities can be used as therapeutic agents [17].

2. The War Waged Inside the Cell

EVs are described based on their size, cellular origin (endosome- or plasma membrane-derived),
biological function, and biogenesis process. Moreover, when described based on their biogenesis, EVs
are cataloged into apoptotic bodies, microvesicles, and exosomes [18]. These major classes are cell-based
vesicles having diameters ranging between 30 and 2000 nm (Table 1). Furthermore, these entities exhibit
different properties that help distinguish them among all main classes of EVs. Differences among
different EV classes are based on the content, size, route of biogenesis, and surface markers [19].

One of the largest cell-based vesicles is those of apoptotic bodies that are released by any type of
cell once apoptotic processes are activated. Specifically, apoptotic EVs are generated during plasma
membrane blebbing during apoptosis, as these are phagocytosed by macrophages and then fused with
lysosomes [20]. Generally, these EVs are known to carry nuclear fragments and cellular organelles as a
result of cell fragmentation [20]. Furthermore, these EVs are characterized by a flip of phosphatidylserine
along an external layer, a permeable membrane, and expression of phagocytosis-promoting signals
(calreticulin [21] and calnexin [22]), as well as chemokines and adhesion molecules, including ICAM3
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and CX3CL1/fractalkine, and MHC class II molecules [23]. These are all important for direct antigen
presentation CD4+ T cells and immunological memory activation [23].

Microvesicles, also known as ectosomes, are usually larger than 0.2 μm in size, and they are
released outward from the plasma membrane via budding or shedding into the extracellular matrix.
The process of microvesicle formation is mediated through a complex process involving cytoskeletal
protein contraction and phospholipid redistribution [24]. During biogenesis, microvesicles are mainly
composed of a plasma membrane and of cytosolic-associated proteins [19]. Microvesicles are involved
in several key functions, including intercellular communication, signal transduction, and immune
regulation. In particular, these entities mediate tumor invasion, inflammation, metastases, stem-cell
renewal, and expansion [25]. During biogenesis, microvesicles receive important structural components,
including Flotillin-2, Annexin V, integrins, selectin, CD40, and metalloproteinase [26].

In contrast, exosomes are between 30–100 nm in size, and are generated using the endosomal
pathway [25]. Exosome biogenesis begins with the formation of early endosomes that undergo
inward (or reverse) budding and then subsequent formation of intraluminal vesicles (ILVs), and
referred to as multivesicular bodies (MVBs) or late endosomes. As a final step, late endosomes
may either directly fuse with lysosomes, wherein the endocytosed cargo is degraded, or they may
fuse with the plasmalemma releasing its ILVs (exosomes) to the extracellular space [25,27]. ESCRT
(endosomal sorting complexes required for transport) is a molecular complex that plays an important
role in MVB formation and regulation (Figure 1). Specifically, ESCRT is formed from the other four
molecular complexes, including ESCRT-0, -I, -II, and -III. These multi-protein complexes are responsible
for different functions, depending on their components. ESCRT-0 is dependent on ubiquitin and
determines clustering of the cargo, ESCRT-I and ESCRT-II play important roles in bud formation,
and ESCRT-III determines scission of vesicles. In addition, accessory proteins (VPS4 ATPase) are
implicated in the final steps of ESCRT functions, namely of dissociation and recycling. In many studies,
other ESCRT-independent pathways of MVB formation have been observed [28]. Some classes of
molecules implicated in ESCRT-independent mechanisms of exosome biogenesis are represented by
proteolipid proteins, tetraspanins, and heat shock proteins [29].

Figure 1. Biogenesis mechanisms of EVs, exosomes, and microvesicles. Endocytosis, an active process,
begins with the generation of endosomes after cells are internalized within the extracellular fluid
material to form internal vesicles and early and late endosomes. Furthermore, multivesicular bodies
(MVBs) are formed via inward budding of a late endosomal membrane. Moreover, MVBs can fuse with
either the plasmalemma, releasing their cargo into extracellular space, or with lysosomes, wherein their
contents are degraded.
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In general, following MVB fusion with the plasmalemma, exosomes are secreted from cells.
This mechanism is regulated via two mechanisms, constitutive and inducible. The constitutive
mechanism is managed by a plethora of molecules, including heterotrimeric G-proteins, flotillins, and
glycosphingolipids [30], while inducible secretion is determined by stress stimuli, including thrombin,
DNA damage, hypoxia, heat shock, and lipopolysaccharide (LPS) stimulation [27].

Table 1. Major characteristics of EVs.

Characteristics Exosome Multivesicular Body Apoptotic Body References

Size Homologous 30–100 nm Heterogenous 100–1000 nm Heterogenous 1–5 μm [31–33]

Origin Multivesicular bodies fusion
with cellular membrane

Direct outward budding or
blebbing from the cellular

membrane

Cellular membrane blebbing
during cell death, cellular

debris
[33,34]

Density 1.13–1.19 g/mL 1.25–1.30 g/mL 1.16–1.28 g/mL [35]

Contents
Nucleic acids (DNA,

mRNAs, miRs), lipids,
specific proteins

Nucleic acids (DNA,
mRNAs, miRs), lipids,

specific proteins

Cellular organelles, cytosolic
content (RNAs, fragmented

DNA, proteins)
[33]

Protein
components

Multivesicular body
biogenesis (ALIX, TSG101),
tetraspanins (CD9, CD63,

CD81, CD82)

Death receptors (CD40
ligands), Cell adhesion

(selectins, integrins)

Transcription and protein
synthesis (histones) [25,36]

Lipids Lipidic molecules from the
donor cells (include BMP)

Lipids from plasma
membrane and resemble the
donor cells (without BMP)

Characterized by
phosphatidylserine

externalization
[36,37]

Mechanism of
release

Constitutive and/or cellular
activation, depends on the

cell type of origin

Cytoskeleton
rearrangements, generation

of membrane curvature,
vesicle release, relocation of
phospholipids to the outer

membrane

Rho-associated kinase I and
myosin ATPase activity [37–39]

Determinant of
controlled contents

The cellular origin and
physiological state of the cell No direct correlation The cellular origin and

stimuli [35]

Markers

Membrane impermeable (PI
negative), CD63, TSG101,

Alix, flotillin, tetraspanins,
HSP70, HSP90

Membrane impermeable (PI
negative), selectin, integrin,

flotillin-2, Annexin A1

Membrane permeable (PI
positive), histone, DNA,

Annexin V
[25,32]

MV, microvesicle; BMP, bone morphogenetic protein; PI, propidium iodide.

During biogenesis, exosomes receive critical bioactive molecules from donor cells, including
nucleic acids, lipids, and proteins, that are specific for each cell type [40]. For composition of both
exosomes and microvesicles, the following components are important: mRNAs, microRNAs (miR),
non-coding RNAs, DNAs (mtDNA, ssDNA, and dsDNA), mRNA cytoplasmic proteins, and lipid
raft-interacting proteins (Figure 2) [41]. Recent attention has focused on understanding how DNAs
are packaged within EVs. In this regard, several research groups have reported on the presence of
DNAs (mtDNA, ssDNA, and dsDNA) in EVs secreted from various types of malignancies, including
melanoma, breast, lung, pancreas, and prostate cancer [42]. However, there is little knowledge of the
origin, biological significance, and mechanism of DNA packaging in EVs. Conversely, few studies have
reported that DNA is located along the outer surface and not within EVs [43,44]. Thus, it is proposed
that outer surfaces of EVs are capable of interacting with proteins, nucleic acids, and other molecules
regulating motility, aggregation, and various other important processes for EVs [45]. Furthermore,
cargos within these vesicles can influence recipient cells [46], thus suggesting that exchanges of EV
cargos between either normal or cancer cells may represent an effective and efficient intercellular
communication when cells have particular physiological behaviors, but these are dramatically altered
in cancer cells. Alongside nucleic acids, exosomal proteins are specific, and they are present in
endocytic compartments of donor cell membranes, as well as in cellular membranes, the nucleus, the
cytosol, and the Golgi apparatus, as well as in the endoplasmic reticulum and mitochondria, but at
lower frequencies for these latter two organelles [47]. Tetraspanins (CD9, CD63, CD81, and CD82)
are among some of the most typical proteins present in exosomes, alongside GPI-anchored proteins
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and receptors. Moreover, within interiors of exosomes, several molecular species of a parent cell are
encased, and these are represented by structural components, heat shock proteins, chaperones, and
enzymes involved in metabolic processes, among many others (Figure 2) [17,27].

Figure 2. EVs’ cargo profile. EVs are secreted by a wide range of cells, normal and tumor, having the
capacity to deliver various bioactive molecules including nucleic acids, specific proteins, and lipids
from the donor cells to recipient cells

Interestingly, EVs are carriers of essential soluble immune mediators, including cytokines and
chemokines. Several cytokines, such as IL-1α, IL-1β, IL-6, IL18, and IL-32, are engulfed within EVs.
In endothelial cell-derived apoptotic bodies, IL-1α is present; whereas, IL-18 is associated with EVs
shed from surfaces of macrophages. Additionally, IL-6 and IL-32 are secreted by mast cells upon IL-1
stimulation [48]. Moreover, heat-stressed tumor cells have been shown to release EVs with different
CCL compositions compared to their nonstressed counterpart [49].

3. EVs Isolation and Characterization

EVs can be isolated from different biological fluids (plasma, serum, saliva, milk, and urine,
among others), as well as from cell culture supernatants. There are several available methodologies to
remove undesirable particles from samples of interest. In cell cultures, EVs are separated from other
components of cell media using differential centrifugation. This technique utilizes centrifugal force
to separate contaminants from EVs, along with several necessary steps to remove cells, cell debris,
and large microvesicles in order to obtain purified EVs [50]. Another isolation technique, density
gradient centrifugation, separates EVs into specific layers in different solutions (sucrose, iohexol,
and iodixanol) depending on their buoyant densities [51]. In this method, subcellular components,
including mitochondria, endosomes, and peroxisomes, are successfully separated into distinct layers
within the density gradient solution [52]. In yet another method, size-exclusion chromatography
utilizes porous beads to separate biomolecules based on their hydrodynamic radii [53]; thus, biological
samples are filtered through a column of porous beads of radii smaller than those of EVs [54]. Similarly,
filter-based enrichment methods also depend on the sizes of EVs for separation, but instead of porous
beads, sieves are used. Further, antibody enrichment methods are based on selecting for markers
specific for EVs, such as CD9, CD63, and CD81, thus serving as complementary to size-based methods,
thereby capable of specific selection of EVs [55]. Recently, acoustics and/or microfluidics methods have
been developed that will isolate EVs in label-free and contact-free manners [56,57]. In addition, EVs can
be separated from biological samples via precipitation using different chemicals, such as polyethylene
glycol (PEG), sodium acetate, or protamine. It has been reported that using PEG, both EVs and proteins
are precipitated into a pellet that can be further analyzed [58]. Similarly, magnetic beads coated with
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antibodies for common EV surface proteins (CD9, CD63, and CD81) are used [59]; whereas, a fluidic
technique, ExoTIC (exosome total isolation kit), utilizes step-wise nanoporous membranes to trap
molecules or particles of specific sizes, thereby allowing for smaller molecules and particles to flow
through a membrane filter [60]. This latter method may be deemed as the most accurate size-based
method used to isolate EVs from biological samples with a high yield of intact EV structures.

As EVs, of nano-sizes, must be quantified and evaluated for purity, there are several methods
that can determine the numbers of vesicles released and cell type (detection of surface antigens), as
well as EV morphological traits [61]. Dynamic light scattering (DLS) is based on a particle’s Brownian
motion in solution, used to measure the size distribution of particles, as well as their zeta potentials,
measuring diameters of particles ranging between 1 nm and 6 μm [62]. However, this technique
does not provide any biochemical data of purified EVs [62]. In another technique similar to DLS,
nanoparticle tracking analysis (NTA) is used to measure concentration, count, and size distribution of
EVs based on their Brownian motion; moreover, this technique can measure smaller-sized EVs, ranging
from 1 to 1000 nm [63]. In yet another technique, flow cytometry is used to indirectly quantify EVs as
it is based on using specific antibodies that accurately recognize EV markers from a liquid medium.
However, flow cytometry cannot evaluate the complex profiles of subsets of EVs. Similar to DLS and
NTA, flow cytometry is capable of providing data on EV size, count, and distribution [64]. Finally,
both EV purity and quality can be determined using transmission electron microscopy (TEM) wherein
standard traits, such as cup-like structures and lipid bilayers, can be determined [65]; whereas, EV
purity can be assessed based on presence or absence of protein markers [50].

4. Biological Roles of EVs

EVs, particularly exosomes, play important roles in cells by influencing several biological
processes. Their effects on receptor cells can be exerted via various mechanisms, such as phagocytosis,
direct receptor binding, and receptor-dependent internalization. Thus, EVs can deliver information
through a wide range of mechanisms, thereby playing important roles in tissue repair [10], stem
cell maintenance [8], and immune surveillance [9]. Due to their pleiotropic actions, EVs have been,
time and time again, deemed as signalomes.

It has been reported that EVs can influence activities of immune cells present both in the tumor
microenvironment and in the circulatory system [66]. Once EVs are internalized into targeted cells,
they release their cargo and exert their role by activating different biological mechanisms. EVs can
mediate the activation of immune cells by promoting proliferation and survival of hematopoietic stem
cells, as well as activation of monocytes [67], B lymphocytes [66], and NK cells [68]. EVs can also
inhibit immune responses via regulation of NK and CD8+ cell activities [69] and activation of Treg cells,
as well as inhibition of dendritic cell (DC) maturation [70] and formation [71]. For those EVs derived
from stem cells, they have been demonstrated to regulate stem cell maintenance with implications in
tissue regeneration [72]. In addition, it has also been shown that EVs can modify stem cells to develop
into either a liver cell phenotype [73] or a lung phenotype [74].

5. Pathological Roles of EVs

It is important to point out that EVs can be secreted by malignant or deregulated cells. During
biogenesis processes, EVs are loaded with important bioactive molecules from malignant cells
that influence the phenotype(s) of target cells. It has been reported that EVs are implicated
in the formation of a premetastatic milieu throughout the body [75]. Moreover, EVs are also
involved in other critical biological processes and have the capability of stimulating tumor
progression [13]. This process is sustained by EVs via delivery and release of their targets into
a target cell(s). Alongside tumor progression, EVs have the capability of carrying out other critical
processes, including cell proliferation, tumor growth [76], angiogenesis [77–85], matrix remodeling,
metastasis [75,86–96], immune escape [69,97–109], resistance to apoptosis [110–113], deregulation
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of energetic metabolism [114–117], sustaining proliferative signaling [94,118–120], evading growth
suppression [121–123], deregulating and tumor-promoting inflammation [100,124,125] (Figure 3).

Figure 3. A schematic representation of the impact of tumor-derived EVs on the hallmarks of cancer.
Pro-oncogenic molecules can be transported through the cellular membrane by EVs and microvesicles.
Molecules transported via EVs have been reported to contribute to each of the hallmarks of cancer.
Abbreviations: ER, endoplasmic reticulum; MVBs, multivesicular bodies

5.1. Promoting Cell Proliferation and Resistance to Apoptosis

EV transfer can modify particular signaling pathways in the target cell, modifying proliferation
and resistance to apoptosis, among other processes. For example, it has been reported that in
gastric cancer, cell proliferation can be enhanced through exosomal transfer of CD97 that activates
the Mitogen-Activated Protein Kinase (MAPK) pathway [126]. In chronic myeloid leukemia, it has
been observed that cellular proliferation is promoted via induction of phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) and MAPK pathways [127]. For instance, melanoma-derived EVs
transfer PDGFR-8, which in turn activates the PI3K/AKT pathway in target cells [128]. Moreover,
PI3K/AKT and MAPK pathways are reported to be activated in both gastric and bladder carcinomas
by EVs [129]. In addition, EVs derived from glioblastoma are reported to promote cell proliferation in
a CLIC1-dependent manner [130]. Soekmadji et al. have demonstrated that EVs derived from prostate
cancer cells cultured in the presence of androgens are enriched in CD9, which promotes proliferation
of androgen-deprived cells [131]; whereas, Matsumoto et al. have reported that mice injected with
melanoma-derived EVs result in accelerated in vivo growth of murine melanomas [132].

EVs can also alter target cell(s) via their miR content as it has been shown that miR-93-5 from
esophageal cancer-derived EVs inhibits phosphatase and tensin protein (PTEN) expression stimulating
cell proliferation [133]. Other important examples of EVs’ role in stimulating cell proliferation has
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been reported in colon cancer wherein EVs carry higher levels of miR-200b and miR-193a [134] and of
pancreatic cancer-derived EVs loaded with miR-23b-3p and of papillary thyroid cancer-derived EVs
loaded with miR-222 [135]. Furthermore, it has been observed that tumor-derived EVs actively transfer
miR-106a-5p, miR-891a, miR-24-3p, and miR-20a-5p that promote cell proliferation via alteration of
Microtubule Affinity-Regulating Kinase1 (MARK1) signaling in human nasopharynx cancer [136].
Moreover, EV miR-302b is delivered from lung carcinoma cell lines to target cells, leading to cell
growth inhibition via the TGFβRII/ERK signaling pathway [137], while EV miR-584 accelerates cell
proliferation in hepatocellular cancer cells [138].

5.2. Promoting Cell Migration

In addition to their effects on cell proliferation, EVs secreted by tumor cells can also alter
the migratory status of malignant cells. EVs derived from nasopharyngeal carcinoma carrying
epithelial-mesenchymal transition (EMT)-inducing signals, including HIF1α, TGFβ [98], and matrix
metalloproteinases (MMPs), were reported to improve the migratory capacity of tumor cells [139].
Interestingly, EVs from a hypoxic prostate cell line have been shown to lead to increased mobility and
invasiveness in a naïve human prostate cancer cells [140]. Moreover, EVs secreted from muscle-invasive
bladder cancer contributed to decreased levels of E-cadherin as well as to enhanced migration and
invasion in uroepithelial cells [141,142]. In another study, EV miR-105 was reported to stimulate
invasion in both the respiratory and central nervous systems by inhibiting ZO-1 in endothelial
cells, leading to enhanced cell migration [143]. Furthermore, it has been observed that EV miR-21
stimulates invasion of esophageal tumor cells by activating the programmed cell death 4 (PDCD4)/
c-Jun NH2-terminal kinase (JNK) axis [90].

5.3. Sustaining Angiogenesis

It has been reported that induction of a mutated epidermal growth factor receptor variant
III (EGFRvIII) in glioma cells would lead to increased vesiculation and transfer of the mutated
EGFRvIII to other cells and to increased vascular endothelial growth factor (VEGF) production [94].
In addition, it has been observed that EVs from primary glioblastoma cells are loaded with miRs
that influence angiogenesis [76]. Recently, it has been demonstrated that EGFR can be transferred to
endothelial cells wherein expression of VEGF is induced along with subsequent autocrine activation of
VEGF-R2 [77]. Thus, these findings suggest that EVs can result in tumor growth by stimulating cancer
cell proliferation and activating angiogenesis in adjacent endothelial cells [77]. Kim et al. have reported
that sphingomyelin expressed on tumor cells-derived EVs stimulate processes, such as migration and
angiogenesis, in endothelial cells [144]. It has been observed that such EVs secreted by tumor cells are
enriched in MMPs as well as in CD147. These components have been proposed to play roles in both
hydrolysis of the extracellular matrix and initiation of angiogenesis [145]. Interestingly, it has also been
observed that pSTAT5 can be transferred to endothelial cells via EVs, and that it is capable of activating
ERK1/2 along with subsequent angiogenesis stimulation [146]. Moreover, miR-214 is also responsible
for promoting angiogenesis by suppressing Ataxia Telangiectasia Mutated (ATM) expression and
preventing senescence [147]. In fact, mesenchymal stem cells-derived EVs have also been shown to
stimulate the angiogenesis process, as demonstrated in vivo in an ischemic heart model [148].

Colon cancer cells have been shown to transfer miR-25-3p to endothelial cells not only by
stimulating angiogenesis but also by increasing vascular permeability [149]. EVs secreted by
hepatocellular carcinoma cells have been shown to transfer miR-103 to endothelial cells, leading to a
reduction in the integrity of endothelial junctions, and thereby increasing vascular permeability [150].
The angiogenesis process has also been shown to be stimulated by miR-145-5p and miR-14-3p from
lung cancer-derived EVs [151]. Moreover, in lung cancer cells, release of EV miR-21 stimulates
angiogenesis in nontumor lung cells [90]. In another study, miR-9 exhibits proangiogenic activity by
reducing expression levels of the SOCS5 gene and by promoting Janus kinase/signal transducers and
activators of transcription (JAK-STAT) signaling, thereby supporting migration of endothelial cells and
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tumor angiogenesis [152]. Furthermore, increased expression levels of EV miR-9 can differentiate an
osteoblast precursor cell line into osteoblast cells and upregulate angiogenesis via an AMPK-dependent
pathway [153].

From a therapeutic perspective, it has been observed that EVs can be used to shed bevacizumab,
an anti-VEGF antibody, thus leading to decreased efficacy in glioblastoma [154]. Additionally, some
cancers are capable of secreting VEGF isoforms with reduced affinities for bevacizumab, leading to
another therapy escape mechanism [155]. Another antiangiogenic agent commonly used throughout
the field of oncology is sorafenib. Hepatocellular carcinoma-derived EVs have been shown to activate
the HGF/MET/AKT pathway in sensitive hepatocellular carcinoma cells, thereby inducing sorafenib
resistance. Moreover, it has been observed that more invasive cell lines are capable of better inducing
sorafenib resistance compared to less invasive cell lines, thus demonstrating that different malignant
subclones are capable of sharing their acquired resistance [156].

It has been reported that sorafenib induces increased expression of linc-ROR in EVs secreted by
hepatocellular carcinoma cells [157]. EVs have also been shown to transfer resistance to sunitinib, a
similar compound to sorafenib, to hepatocellular carcinoma subclones [157], as well as to different
subclones of renal cell carcinoma [158].

5.4. Immune System Evasion

One of the important functions of the immune system is to recognize and to destroy particular
cells that present alterations when compared to self-antigens of unaltered (normal) cells. However,
this function can be evaded by malignant cells either by changing surface antigens of malignant
cells or by influencing the immune system. The role(s) of EVs in this process has been reported in
various studies [80]. It has been demonstrated that EVs secreted from tumor-derived macrophages
are enriched with particular miRs that enhance the local invasion of breast cancer cells [103]. In fact,
the effects induced by EVs are related to modulation of the immune response. Furthermore, it has
been demonstrated that EVs of tumor cells are capable of promoting immune escape by determining
regulatory T cell expansion [159] and by shedding FAS ligand (FASL), as well as by inducing CD8+T
cell apoptosis and increasing expression of the MMP9 gene in melanoma cells [79,160].

Recently, it has been reported that EVs can express PD-L1, thus suppressing activities of antitumor
T-cells [161]. Moreover, it has been observed that EV PD-L1 expression is inversely correlated
with nivolumab and pembrolizumab response [162]. These findings are of particular importance
in checkpoint blockade therapy as this reveals that EVs can act as decoys for therapeutic agents.
As checkpoint blockers, this would allow for adjustment of the dosage of therapy by taking into
consideration EV expression of particular markers, such as PD-L1. In other cancers, such as head
and neck squamous cell carcinoma, it has been observed that there are differences between EV cargos
in patients experiencing relapse compared to those who remain in remission at two years following
ipilimumab therapy [163]. More specifically, it has been observed that for patients in remission, at two
years, have lower numbers of EVs positive for both CD3 and CTLA4. Conversely, it has been shown
that patients who relapsed after two years have increased numbers of EVs derived from Treg cells,
thus demonstrating the importance of EVs in mirroring the T-cell response to tumor cells [163].

Immunomodulatory effects of EVs have also been reported in gastric cancer [164]. It has been
observed that EVs isolated from gastroepiploic veins have shown increased levels of TGF-β1 expression
for patients presenting either lymph nodes or distant metastasis. This finding has demonstrated the
role of EVs in preparing an immunosuppressive premetastatic niche for engraftment of circulating
tumor cells [164]. Although not explored in the abovementioned study, it is likely that checkpoint
inhibitors could reverse these observed generated immunosuppressive premetastatic niches along
with reduced probability of gastric cancer reaching advanced stages.

In other studies, it has been observed that EV miR-212-3p from pancreatic cancer cells have
degraded RFXAP mRNAs in dendritic cells (DCs), leading to immune tolerance by minimizing
expression of MHC II [165]. Furthermore, hypoxic tumor cells-derived EVs influence functions of
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natural killer (NK) cells by delivering miR-23a and TGFβ [166], while miR-214 secreted from human
embryonic kidney cells induces immunological tolerance responses in CD4+ T-cells [167].

5.5. Transferring Mutations

Tumor-derived EVs have DNA fragments that can be transferred to recipient cells [45]. It has
been reported that resistant melanoma cells can activate the MAPK pathway in sensitive melanoma
cells through an EV-mediated truncated ALK transfer [168]. Moreover, EVs positive for EGFRvIII
have been shown to activate both MAPK and PI3K/AKT pathways [94]; whereas, β-catenin-mutated
colon cancer cells are reported to transfer their mutation to β-catenin wild-type cells along with
subsequent activation of the β-catenin/WNT pathway [169]. In addition, a mutated SMAD4 is observed
to be transferred from resistant to sensitive ovarian cancer cells, leading to an increased platinum
resistance [80].

6. EVs in Cancer Stem Cells

As EVs play important roles in cancer cells, it is known that particular subpopulation(s) within a
malignant mass, cancer stem cells (CSCs), present significant chemoresistance and are generally deemed
as seeds for relapse [170]. EVs derived from CSCs are reported to transfer particular information to
other cells. For example, EVs derived from renal cell carcinoma stem cells have been shown to carry
a specific miR signature that influences levels of PTEN in target cells. This change is functionally
translated into increased EMT followed by a subsequent increase in frequency of metastasis [88,171].

EVs derived from glioblastoma stem cells contain miR-21, which can be transferred to endothelial
cells, leading to upregulation of angiogenesis via the miR-21/VEGF pathway [172]. In another study,
macrophages treated with glioblastoma cancer stem cell-derived EVs can skew macrophages to an
anti-inflammatory phenotype (M2), associated with increased expression of PD-L1 on surfaces of these
cells, thus demonstrating immunosuppressive roles of these EVs [173]. On the other hand, EVs from
thyroid CSC spheroids can induce a stem cell-like phenotype in recipient cells by increasing levels of
SOX2. Moreover, it has been shown that EVs derived from these cells also increase the EMT through
SLUG upregulation [174].

EVs from CSCs have also been shown to influence the immune system, as EVs derived from
colorectal CSC are reported to increase IL-1β in neutrophils, thereby inducing a pro-inflammatory
environment [175].

7. EVs in Drug Resistance

One of the most heavily investigated characteristics of EVs is their ability to transfer resistance to
particular therapeutic compounds. This is due to their capability of transferring specific molecular
traits, such as efflux pumps or pathway regulation, thus rendering a phenotype better adapted to a
particular selected therapeutic strategy [80]. Often, efflux pumps are transferred from resistant to
sensitive cells [176–180]. These efflux pumps induce tumor resistance, corresponding to the transfer
of ATP-binding cassette (ABC) family members, of which the multidrug resistance 1 (MDR1) and
multidrug resistance-associated protein 1 (MRP1) have attracted attention in oncology [176–180]. More
specifically, MRP1 can be transferred from resistant acute promyelocytic leukemia to sensitive cells [176].
Additionally, in breast cancer, MDR1 can be induced by EVs through the activation of NFATc3 [181].
On the other hand, it has been demonstrated that p-STAT3 can be transferred to 5-fluorouracil-sensitive
colorectal cancer cells to increase their resistance to 5-fluorouracil [182]. Furthermore, it has been
observed that CLIC1 can be transferred to gastric cancer cells, thereby increasing levels of MDR1 and
BCL2 and leading both to increased drug efflux and decreased apoptosis [183].

It is important to point out that other important molecular species, including both coding and
non-coding RNAs, can also be transferred in EVs, which can also contribute enhanced cell resistance to
various drug/compound treatments.
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As platinum compounds are important components of the oncology arsenal, studies have been
undertaken to assess transfer of resistance to these compounds. Often, it has been demonstrated that
miRs influence resistance to platinum. For example, miR-19b influences resistance to platinum in
colon cancer [184], while both miR-425-3p and miR-96 influence resistance to platinum in lung cancer
cells [185,186]. Moreover, transfer of lncRNA HOTTIP increases resistance to platinum in gastric cancer
cells, while increased serum HOTTIP lncRNA is associated with poor response to platinum [187].
Furthermore, coding RNAs are reported to influence sensitivity to platinum. For example, transfer of
DNMT1 mRNA increases the resistance of ovarian cancer to platinum compounds [188].

Several other compounds are reported to be transferred through EVs as well For example,
resistance to 5-fluorouracil in colon cancer cells is induced by both miR-145 and miR-34a [189],
while the resistance of breast cancer cells to both adriamycin and tamoxifen are mediated by miR-222
transfer [190,191], and resistance of pancreatic cancer cells to gemcitabine is mediated by miR-155
transfer, leading to TP53INP1 modulation [192].

Interestingly, some pathways are more frequently targeted by some of the miRs, it has been
reported that the PI3K/AKT pathway can be targeted by miR-21 in breast cancer cells [193] and by
miR-1238 in glioblastoma cells [194].

8. EVs Used as Diagnostic Markers

EVs have been deemed as useful diagnostic markers in detecting the presence of a disease once
the characteristics of malignancy are known. However, current methodologies for isolation and
characterization of EVs are costly and not sufficiently standardized for de novo diagnostic protocols.

Nevertheless, one set of markers useful for diagnostics consists of fusion genes present in an
assessed disease. These fusions occur more or less frequently depending on various malignancies,
with hematologic malignancies, sarcomas, and prostate cancer presenting the most frequent fusion
events [195]. For example, presence of BCR-ABL fusion genes in EVs, secreted by chronic myelogenous
leukemia (CML) [18], in a patient’s plasma correlate with remission status in CML patients [196].
Although this approach cannot be directly transferred to a clinical diagnosis, as CML can be easily
assessed in a patient’s blood, this can serve as an example for use in solid tumors, such as prostate
cancer. The prostate cancer malignancy presents gene fusions in ~50% of cases, particularly of the
TMPRSS2–ERG fusion gene as it is highly frequent [197]. Such an approach requires use of urine
samples as isolated EVs present alterations in RNA signature(s) compared to those of control samples,
including presence of the TMPRSS2–ERG fusion gene [198].

However, several common cancers do not present high frequencies of fusion genes. As a result,
alternative strategies must be explored. For example, HER2-HER3 dimers from EVs have been assessed
in HER2-positive breast cancer patients participating in a clinical trial (NCT04288141). Although the
primary objective of this study was to identify a marker for resistance to anti-HER2 therapy, assessment
of HER2-HER3 dimers from EVs may aid in identifying the tumor load in HER2-positive breast cancer
patients (NCT04288141).

One of the most common alternative approaches under consideration for use of EVs as biomarkers
is that of the dosage of the RNA species, particularly of miRs, determined by qRT-PCR followed by
protein assessment, using either ELISA or mass spectrometry [199]. However, a major problem that
may arise, particularly in assessing RNAs content in EVs, is that of sensitivity of RNA species to
particular transport and storage conditions. Moreover, it has been observed that RNA assessment has
rarely made it to a clinical setting, as these assessments have been generally constrained to viral loads,
particularly of RNA viruses.

Thus, future studies should focus on either genetic or proteomic markers present in EVs, as these
are more likely to be amenable for clinical implementation.
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9. EVs Used in Anti-Cancer Therapy

In recent years, accumulated knowledge of characteristics and cargos of EVs has suggested that
these structures could serve as valuable biomarkers for diagnostic/prognosis, as well as therapeutic
agents for treatment of various pathologies [200]. The emergence of EVs in cancer therapy serves as a
valuable nanotechnology to overcome major worldwide cancer management problems [201]. Currently,
there are many studies recommending use of EVs as delivery vectors for treatment of various cancer,
following manipulation and engineering of these EVs to carry various molecules useful as therapeutic
agents (Figure 4) [61,202,203].

Figure 4. Properties of EVs useful in serving as drug delivery systems. These EVs consist of a lipid
bilayer and an aqueous core, as they can incorporate hydrophilic drugs, hydrophobic drugs, nucleic
acids (DNA, RNA), and proteins, as well as compounds (targeting ligands, covalent bonding, and
imaging agents) that can be specifically attached to surfaces of EVs.

Overall, use of EVs as delivery agents will aid in the transport of internal cargo via enhanced
endocytosis, thus protecting the contents from degradation. In contrast to liposomes or other
nanoparticles used as carriers, EVs can serve as ideal bioparticles for targeted therapies [204,205].
Interestingly, it is suggested that biodistribution of EVs is influenced by cell origin and characteristics,
with cell-specific tropism, thereby highlighting their potential use in the field of precision medicine [206].
In this arena, studies have reported on the efficiency of EVs as biocompatible drug vectors, as well as
exhibiting low cytotoxicity and immunogenicity, and demonstrating their internalizing capabilities
within a cell, as well as crossing the blood–brain barrier [207,208]. These EVs are capable of encapsulating
various molecules, such as siRNA, miR, and various chemotherapeutics [207]. For example, Ma et al.
have demonstrated that EVs carrying anti-cancer compounds can be absorbed by regenerated tumor
cells, thus offering opportunities for their use in overcoming acquired drug resistance during cancer
therapy [208]. Furthermore, it is reported that EVs are more likely to be internalized under acidic
conditions; therefore, tumor cells are preferentially targeted by EVs rather than cells from surrounding
healthy tissues [209]. Moreover, paclitaxel-loaded EVs have been used to improve the efficiency
of treatment in multidrug-resistant tumor cells [210]. Recently, it has been demonstrated that
tumor-derived EVs exhibit tropism toward their parental tumor cells [211], wherein engineered EVs,
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derived from fibrosarcoma and cervical cancer cell lines encapsulating the drug Doxil, are monitored
both in vivo and in vitro using either HT1080 or HeLa tumors/cell lines. As expected, mice treated
with Doxil-encapsulated EVs have higher levels of Doxil at the tumor site than those treated with Doxil
alone, thereby reducing nonspecific cytotoxic effects of this drug [211].

In another study on small cell lung cancer (SCLC), sFlt-1-enriched EVs (soluble fms-like tyrosine
kinase-1) are reported to act as tumor suppressors in mice via suppression of angiogenesis and
induction of apoptosis in SCLC tumor cells [212].

Furthermore, in vitro and in vivo experiments of colorectal cancer cells revealed that EVs carrying
miR-128-3p enhanced sensitivities to oxaliplatin by targeting Bmi1 and MRP5 genes [213]. In another
study, the inhibitory effects on cell proliferation and EMT of miR-34c were evaluated using EVs
derived from mesenchymal stem cells for delivery of miR-34c into nasopharyngeal carcinoma cell lines,
and increased sensitivity to radiotherapy was observed [214]. Moreover, EVs delivering miR-199a-3p
successfully suppressed both invasion and proliferation of ovarian cancer cell lines [215].

Currently, numerous clinical trials are investigating potential uses of EVs for either
diagnostic/prognostic purposes or for therapeutic treatments of cancer (Table 2). These clinical
trials assessing the use of microvesicles underlines their critical roles in malignancies. For example,
some of these ongoing studies are evaluating engineered EVs for use as therapeutics for the treatment
of pancreatic cancer. While in a completed phase II clinical trial, a vaccine developed with tumor
antigen-loaded dendritic cell-derived EVs for NSCLC patients responsive to induction chemotherapy
have yielded promising results [216]. It is reported dendritic cell-derived EVs manufactured with
IFN-γ serve as a viable immunotherapeutic for NSCLC patients [216]. Moreover, this construct boosts
NKp30-dependent NK cell functions, but without adverse consequences on antigen-specific T cell
responses when used as maintenance immunotherapy for these NSCLC patients [216].

Table 2. Clinical studies exploring the use of EVs in cancer research studies.

Clinical Trial Identifier/Phase Status Malignancy Investigated EVs Use

NCT03236675/active, not recruiting NSCLC Detection of EML4-ALK fusion transcripts and T790M EGFR mutation

NCT03108677/recruiting Osteosarcoma Biomarkers for lung metastases, based on the RNS profile

NCT03985696/recruiting Non-Hodgkin B-cell Lymphomas Investigate EVs roles in immunotherapy, as carriers of therapeutic targets
(CD20, PDL-1)

NCT03217266/recruiting Soft tissue sarcoma Detection of cell-free circulating tumor DNA mutations.

NCT02310451/unknown Melanoma Investigation of the effect of EVs produced by senescent melanoma cells

NCT03800121/recruiting Sarcoma Biomarkers for recurrence.

NCT03102268/unknown Cholangiocarcinoma Characterization of the ncRNAs in tumor derived EVs

NCT03911999/recruiting Prostate cancer Investigation of the relationship of urinary EVs and the aggressiveness of
prostate cancer

NCT03711890/recruiting Pancreatic cancer Diagnostic biomarkers

NCT02869685/unknown NSCLC Detection of PD-L1 mRNA in plasma EVs

NCT03488134/active, not recruiting Thyroid cancer Urine exosomal proteins as biomarkers

NCT04258735/recruiting Breast cancer Diagnostic makers in a genomic panel

NCT02862470/active, not recruiting Thyroid cancer Urine EVs for the use as prognostic biomarkers

NCT01159288/completed NSCLC Treatment as tumor antigen-loaded dendritic cell-derived EVs

NCT04227886/recruiting Rectal cancer Biomarkers for toxicities and response to neoadjuvant therapy

NCT03608631/not yet recruiting Pancreatic cancer Treatment - mesenchymal stromal cells-derived EVs with KRAS G12D siRNA

NCT01779583/unknown Gastric cancer Prognostic and predictive biomarkers

NCT03874559/recruiting Rectal cancer Diagnostic biomarkers

Abbreviations: EVs- Extracellular vesicles; ncRNA–non-coding RNA; NSCLC–non-small cell lung cancer; PDL-1-
programmed cell death ligand 1; siRNA–silence interfering RNA.

All the abovementioned features of EVs render them as suitable candidates for targeted therapies,
especially for cancer. However, there are some challenges in attempts for use in broad applications
for cancer therapy, such as lack of standardized methods of isolation and purification of EVs, and
challenges in identifying optimized methods for loading EVs with therapeutic compounds [217–219].
As of now, there are several studies on the use of engineered EVs loaded with different molecules/drugs
for in vitro and/or in vivo experiments in cancer research, and these are summarized in Table 3.
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10. Conclusions

EVs represent particles released from both normal and malignant cells that have important
biological roles in ensuring cell-to-cell communication, not only for neighboring cells but also for
distant cells. EVs are classified as EVs, multivesicular bodies and apoptotic bodies, of different sizes,
origin, and protein and lipid compositions. These EVs play critical roles in pathological states of
cells, regulating all hallmarks of cancer cells and resistance to drug treatments, thus highlighting the
potential of these entities in the management of cancer. EV capabilities in carrying different active
biomolecules, such as different RNA species, DNA, and proteins for targeting recipient cells without
triggering immune responses, have rendered them as valuable biological entities for use as therapeutic
agents that can overcome the shortcomings of complex diseases, such as cancer.
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Abstract: Prostate cancer (PCa) is the second most common cause of cancer-related mortality among
men in the developed world. Conventional anti-PCa therapies are not effective for patients with
advanced and/or metastatic disease. In most cases, cancer therapies fail due to an incomplete depletion
of tumor cells, resulting in tumor relapse. Exosomes are involved in tumor progression, promoting
the angiogenesis and migration of tumor cells during metastasis. These structures contribute to
the dissemination of pathogenic agents through interaction with recipient cells. Exosomes may
deliver molecules that are able to induce the transdifferentiation process, known as “epithelial to
mesenchymal transition”. The composition of exosomes and the associated possibilities of interacting
with cells make exosomes multifaceted regulators of cancer development. Extracellular vesicles
have biophysical properties, such as stability, biocompatibility, permeability, low toxicity and low
immunogenicity, which are key for the successful development of an innovative drug delivery
system. They have an enhanced circulation stability and bio-barrier permeation ability, and they can
therefore be used as effective chemotherapeutic carriers to improve the regulation of target tissues
and organs. Exosomes have the capacity to deliver different types of cargo and to target specific
cells. Chemotherapeutics, natural products and RNA have been encapsulated for the treatment of
prostate cancers.

Keywords: extracellular vesicle; precision oncology; cancer biomarker; prostate cancer

1. Introduction

Prostate cancer (PCa) is the most common solid malignancy, with a high mortality in men [1]. In
many cases, successful treatment of prostate cancer is difficult due to the late detection and rate of
metastasis [2]. Importantly, the tumors of many patients with prostate cancer become refractory to
androgen therapy and progress to metastatic castration-resistant disease [3]. An effective treatment
course of prostate cancer patients requires predictive biomarkers in metastatic castration-resistant
prostate cancer that support individual therapy [4]. Liquid biopsies, circulating tumor cells, exosomes
and circulating nucleic acids have been developed as minimally invasive assays to monitor PCa
patients [5]. Exosomes are extracellular vesicles (EVs), which may serve as novel tools for various
therapeutic approaches, including drug delivery [6], anti-tumor therapy, pathogen vaccination,
immune-modulatory and regenerative therapies. They are secreted by cells and detected in various
biological fluids, and they can serve as biomarkers for cancer diagnosis, prognosis and therapy [7].
The presence of EVs in urine was discovered in 2004 [8]. It is believed that urinary EVs originate
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from epithelial cells of the urogenital system, which includes the organs involved in reproduction and
urine excretion. Urine has additional advantages relating to cancers of the urogenital system, since
the composition of urine directly reflects changes in the function of associated organs. Blood-specific
prostate antigen (PSA) remains the most widely used biomarker in the detection of early prostate
cancer, but new biomarkers, like exosomal miRNAs, have been proposed to increase specificity and
distinguish aggressive from non-aggressive PCas [9]. It has been shown that urinary markers can aid
in the decision-making process regarding whether to carry out a prostate biopsy and in the design of a
therapeutic strategy [10]. Urinary exosomes and their cargo, especially miR-21 and miR-375, have
become an emerging source of biomarkers in the detection and prognosis of PCa [11]. Moreover,
the expression of serum exosomal miRNAs induced by radiotherapy may have potential value as
prognostic and predictive biomarkers PCa [12]. Exosomes are also promising carriers of drugs and
other therapeutic molecules targeting prostate cancer, but there are still several challenges relating to
their use as drug carriers [13].

2. Structure and Function of Exosomes

Exosomes are small (from 30 to 120 nm in diameter) extracellular vesicles (EVs) (Figure 1). Their
lipid bilayer membrane, with a width of 5 nm, protects them from the negative action of RNases
and proteases. Exosomes have a longer retention in circulation in comparison to polymersomes or
liposomes [14]. This characteristic originates from transmembrane protein (CD47-SIRPα), which
prevents exosomes from being phagocytosed [15]. Moreover, the double membrane structures contain
various cargo, such as miRNAs, proteins (e.g., tetraspanin CD63, CD81, CD82, CD53 and CD37, as well
as cystolic proteins), lipids (e.g., sphingomyelin, cholesterol and generally saturated fats) and viral
particles [16], and their presence depends on the origin cells and organism’s health conditions. The
proteins in exosomes include endosomal, plasma and nuclear proteins [17]. Therefore, in comparison
to cellular proteins in prostate cancer, those in exosomes have a higher level of glycosylation [18].
Moreover, proteins enriched in exosomes include those relevant for individual exosomal biogenesis
pathways and for exosome secretion. The Minimal Information for Studies of Extracellular Vesicles
2018 highlights three categories of markers that must be found in isolated extracellular exosomes. They
include at least one transmembrane/lipidbound protein or cytosolic protein and one negative protein
marker [19]. The cargo present in extracellular vesicles can be transferred and alter signaling pathways
in recipient cells [13]. For example, exosomes from metastatic prostate cancer cells showed high
contents of miR-21 and miR-141, which are responsible for the regulation of osteoclastogenesis and
osteoblastogenesis. Cancer-derived exosomes can promote epithelial–mesenchymal transition (EMT)
via miRNAs. They play an important role in the conversion from benign to malignant cancers [13] and
in the regulation of the response to docetaxel, such as miR-34 in prostate cancer cells and cell-derived
exosomes targeting Bcl-2. This shows the great influence of extracellular vesicles on the drug resistance
of prostate cancer cells.

Exosomes are released by the exocytosis of multivesicular bodies (MVBs), developed from early
and then late endosomes [20]. Those naturally occurring membrane particles mediate intercellular
communication by delivering molecular information between cancer and stromal cells, especially
cancer-associated fibroblast (CAFs) [14]. Cancer cell-derived EVs cause very diverse effects and may
depend on their target cells, which appear to take them up in several ways, such as receptor/lipid raft
endocytosis, phagocytosis, micropinocytosis or fusion with the plasma membrane [17]. Some exosomes
can reduce the anti-cancer immune response, interact with specific membrane receptors [9] and promote
a suitable microenvironment, while others may cause drug resistance and the failure of antibody
therapy involving RNA species and protein delivery [21]. Recent studies point out that exosomes
released from the tumor microenvironment can regulate (also by tethering TGFβ) a proliferation, a
reduction of apoptosis, a promotion of angiogenesis and, finally, an evasion of immune surveillance
(Figure 2). Moreover, exosomes can provide candidate biomarkers for prostate cancer, contribute to
tumor progression and, after a loss of environment homeostasis, promote tumor metastasis [18].

194



Int. J. Mol. Sci. 2020, 21, 2118

Figure 1. Schematic diagram of an exosome.

Figure 2. Role of prostate cell-derived exosomes in cancer progression. Exosomes regulate stromal
cells, impair immune cells and alter the microenvironment, which could lead to tumor growth and
metastasis. Exosomes are also responsible for drug resistance.

3. Tumor-Derived Exosomes in Cancer Progression

3.1. Tumorigenesis

Tumorigenesis or carcinogenesis is the process of an uncontrolled multiplication of cells or
deregulated apoptotic cell death, which leads to the formation of cancer. Exosomes derived from
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prostate cancer cells, which have become the common object of scientists’ interest, are implicated in
creating a premetastatic niche [13]. It is a microenvironment that is especially favorable to cancer cells
composed of different cell types, like fibroblasts, lymphocytes, epithelial cells, matrix molecules, factors,
such as growth factors, and cytokines [22]. Exosomes influence the immune system in a premetastatic
niche through various mechanisms. Prostate cells are involved in producing tumor-derived secreted
factors (TDSFs), including VEGF, TNF-α and interleukins in response to the local inflammatory niche.
First, TDSFs stimulate the recruitment of myeloid cells and immune cells to the pre-metastatic niche.
Furthermore, the expression of inflammatory factors is upregulated by stromal cells under the influence
of TDSFs. Moreover, tumor-derived exosome content enhances the pre-metastatic niche [23]. Tumor
exosomes possess the capacity to support the migration of immune cells, like neutrophils, macrophages
and regulatory T to secondary sites, thereby reducing immune response against tumors and inhibiting
antigen-presenting cells, such as dendritic cells. These nanoparticles could impair the function of
T-cells and NK-cells via the blocking, proliferation, activation and provision of apoptosis [23,24].

3.2. Tumor Progression

Recent research suggests that exosomes isolated from the prostate cancer microenvironment are
an important factor in the progression of this type of cancer. The increase in the mass of prostate
tumors may be the result of tumor stem cell proliferation, which possess a self-renewing ability [13,25].
Prostate cancer exosomes, as the carriers of many lipids, proteins and RNAs, can affect the proliferation,
angiogenesis and survival of cancer cells, as well as their ability to avoid immune surveillance [26].
Exosomes, which form in the tumor microenvironment, transport, among other things, miRNAs (miRs,
short noncoding RNAs that are responsible for the regulation of gene expression). miR-20a, miR-21
and miR-125b cause the inhibition of apoptosis and survival, promoting the effects of cancer cells.
miRNA-221 and miR-222 are responsible for cancer growth. miR-92a and miR-17-92 are involved in
the promotion of angiogenesis, as a result of an increased proliferation and migration of endothelial
cells. It has been shown that miR-210 is responsible for the induction of metastasis by EMT promotion.
miR-21, miR-100 and miR-139 induce fibroblast migration by increasing the expression of MMP-2,
MMP-9, MMP-13 and RANKL. miR-21, miR375 and miR-141 overcome low androgen conditions
during distant metastasis. miR-1290 and miR-375 are connected with a poor patient prognosis. miR-409
downregulates tumor suppressors, like RSU1 and STAG2, and promotes cancer cell tumorigenesis. The
ANXA6/LRP1/TSP1 complex causes tumor growth induction. miR-126 and miR-146a are involved in
tumor suppression [27–30]. Moreover, exosomes, with a structure rich in lipids, especially cholesterol
and sphingomyelin, can modulate the lipid composition of the target cells, disturbing their homeostasis.
A study on prostate cancer has shown that the accumulation of cholesterol esters in prostate cancer cells
is associated with tumor progression and metastasis. This was confirmed by studies, using synthetic
exosomes carried out by the Lombardo Group, which showed that exosomal lipids can increase the
tumor aggressiveness, metastatic progression and drug resistance of pancreatic cancer cells [31].

It is well known that exosomes secreted by prostate cancer cells under hypoxic conditions
increase the invasiveness, mobility and EMT in native PC cells and promote the transformation of
fibroblasts into myofibroblasts. Moreover, under these conditions, lipid accumulation (triglycerides,
bis-monoacylglycerolphosphate, ceramides, cholesterol, etc.) increase in PCs, which leads to increased
exosome secretion by hypoxic tumor cells [32].

Exosomes also participate in the regulation of the progression of prostatic tumors, as the carriers of
numerous proteins. These vesicular structures, as carriers of TGF-β, can induce the above-mentioned
transformation of fibroblasts into myofibroblasts (CAFs) by the activation of TGF-β/Smad3 signaling or
independent SMAD signaling pathways and promote neoangiogenesis. Webber found that exosomal
TGFβ1 induces a highly aggressive myofibroblast phenotype, with a high proangiogenic activity [13,33].
ITGA3, ITGB1, ITGB4 and ITGB3 are exosomal proteins involved in the progression of prostate cancers.
These integrins are responsible for the promotion of the migration and invasion of epithelial cells by the
activation of Src phosphorylation in recipient cells. The matrix metalloproteinases MMP-9 and MMP-14
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promote cancer cell protection from apoptosis and intensify their mobility through the stimulation
of ERK1/2 phosphorylation. Subsequently, they prepare the metastatic site [26,27]. The next group,
ligands for the NKG2D and Fas receptors, causes tumor immune evasion by receptor downregulation
and silences the cytotoxic activity of NK cells and CD8+ cells. Caveolin-1 increases the survival of cancer
cells and their independence from androgens, and they also promote distant metastasis by the positive
regulation of fatty acid synthase activity. Hypoxia-inducible factor 1α (HIF-1α) promotes the initiation
and progression of metastasis by promoting the loss of E-cadherin. The tetraspanin–integrin complex
increases the adhesion of exosomes to the right cells. The epidermal growth factor receptor (EGFR)
induces tumor angiogenesis by the activation of the autocrine VEGF/VEGFR-2 pathway in endothelial
cells. Tyrosine-protein kinase Met induces metastasis and promotes a phenotype resistant to castration
therapy. Other exosomal proteins, c-Src tyrosine kinase, IGF-1R and FAK, induce angiogenesis by the
stimulation of the VEGF transcription within the tumor microenvironment [34–39].

It has also been shown that tumor-derived exosomes enhance interleukin-6 production in
myeloid-derived suppressor cells through the activation of Toll-like receptor 2 via the membrane-linked
heat shock protein, which promotes the autocrine phosphorylation of Stat3 and enhances the effect of
the immunosuppression of the immune system and the promotion of prostate cancer [40].

Exosomes secreted by prostate cancer cells are also involved in tumor metastasis in bone, which
is common in patients with this type of cancer. Recent studies have shown that prostate cancer
cell-derived exosomes mediate cell–cell communication in osteoblastic metastasis. On the other hand,
osteoblast-derived exosomes may regulate prostate cancer cell proliferation at the original site of tumor
development [41].

Exosomes secreted by tumor cells affect the stromal cells by stimulating the formation of
pro-proliferative and proangiogenic phenotypes in these cells. It has been shown that exosomes
secreted by cancer-associated fibroblasts increase the ability of prostate cancer cells to proliferate
and survive in low-oxygen and low-nutrient environments by inhibiting mitochondrial oxidative
phosphorylation and increasing anaerobic glycolysis [33,42].

3.3. Angiogenesis

Exosomes obtained from prostate cancer stem cells support tumorigenesis by promoting
angiogenesis, which, as a process of developing a new vasculature, is crucial for tumor growth
and migrations and is the main cause of metastasis and malignancy. A recent report has shown that
some conditions, like hypoxia or acidosis, enhance secreting exosomes in bodily fluids, and these
exosomes cause angiogenesis more frequently [30]. Studies have also reported that the expression of
E-cadherin and carbonic anhydrase 9 in exosomes could contribute to the angiogenesis process [43]. In
the case of prostate cancer, the process of vascularization is supported by the transfer of sphingomyelin
and CD147 via exosomes into endothelial cells [44]. Newly formed blood vessels are created to
facilitate tumor growth by transporting TDSFs and circulating tumor cells (CTCs) into secondary
tissues, thereby beginning vascular leakage [23]. Prostate cancer cell-derived exosomes, via the
activation of TGF-β\SMAD3 signaling, lead to the transformation of fibroblasts into myofibroblasts,
referred to as CAFs. The exosomes derived from these special kinds of cells are able to cause an
explosive growth of prostate cancer cells by transferring the miRNAs (miR-21 and miR-409) into
neighboring epithelia. miR-21 suppresses the expression of APAF1 (apoptotic peptidase activating
factor 1) and PDCD4 (programmed cell death 4) to inhibit apoptosis and make cancer cells resistant to
chemotherapeutics [13]. Increased angiogenesis and vascular permeability promote metastasis.

3.4. Metastasis

Tumor metastasis is a complicated process, including vascular leakiness and an alteration
of the microenvironment, in which exosomes are also involved. Initially, exosomes begin an
epithelial–mesenchymal transition (EMT) via miRNAs by losing their junction and adhesion ability.
Thus, epithelial tumor cells obtain mesenchymal cell properties and are responsive to malignancy [45].
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Exosomes support the formation of a pre-metastatic niche, and cells could then be found at the
vascularized organs, but metastasis cannot be developed randomly, but rather only in preferential
sites under the direction of exosomes. In the process of this expansion, the special kind of CTCs
(metastases-initiating cells (MICs)) are involved [46]. MICs can act on other cells by secreting exosomes
that reprogram adjacent stromal cells to create a more favorable tumor microenvironment in order to
support cancer growth and progression. As mentioned above, cancer-derived exosomes determine
organotropism. Prostate cancer possesses an affinity with bone. Exosomes obtained from prostate
cancer cells by osteoclast fusion and differentiation support transmission to this destination [47].
Furthermore, exosomes derived therefrom, through the activation of RANKL, FOXM1 and c-Myc,
support EMT [46]. As described previously, cancer cell-derived exosomes transfer various substances,
including integrins, which are responsible for organotropism. Integrin σ3 and β1 lead to the migration
and dissemination of epithelial cells. In addition, integrin avb6, expressed on the surface, is responsible
for the metastatic phenotype [48]. The tumor microenvironment contributes to the regulation of prostate
cancer progression through proliferation, angiogenesis and metastasis, and it also regulates immunity.

3.5. Tumor Immune Escape

The immune system is able to recognize transformed cells and eliminate them. Thus, tumors use
diverse mechanisms to escape from immune-mediated surveillance. Exosomes derived from prostate
cancer cells impair the cytotoxic function of lymphocytes and induce the apoptosis of CD8+ T cells [23].
In the first step, exosomes activate the T cell receptor, and the expression of Fas on the T cell is then
upregulated. Subsequently, FasL induces apoptosis directly via receptor CD 95/APO1 or indirectly
using dendritic cells [49]. Fas-mediated apoptosis, as an immune-evasive mechanism, may lead to
tumorigenesis, but it may also be responsible for drug resistance [49]. Some other mechanisms and
molecules may also contribute to T cell apoptosis. Among the substances carried by exosomes is the
programmed death ligand 1 (PDL-1). Exosomal PDL-1 plays the same role as tumor PDL-1. PDL-1
binds to its receptor, PD-1, expressed on the surface of activated T and B cells or macrophages, and
enables T cell apoptosis [50]. On the other hand, cancer-derived exosomes can not only cause the
dysfunction of T and NK cells by blocking the activation and proliferation or induction of apoptosis,
but also inhibit antigen-presenting cells and antitumor immune response [23]. While exosomes are
characterized by heterogeneity and a risk of developing metastasis, those nanoparticles could be used
as diagnostic and prognostic biomarkers for various cancers and as promising drug carriers.

4. The Potential of Exosomes in Prostate Cancer Diagnosis and Monitoring

EVs may be key biomarkers in the early diagnosis of prostate cancer and in a personalized
approach to treatment and to future patients’ prognosis [26]. EVs in the blood and urine of prostate
cancer patients contain unique prostate-cancer-specific contents, which are biomarkers of prostate
cancer and cancer metastasis [51,52]. Exosomes present many different proteins on their surface. These
proteins can act as epitopes, which are recognized using different mono- or polyclonal antibodies. A
dedicated assay has been established to determine if the exosomes in blood plasma can serve as markers
for prostate cancer [51]. Additionally, several EV-derived proteins have been investigated as potential
cancer biomarkers in clinical settings [53]. Several urinary exosome proteins showed a high sensitivity
and specificity for prostate cancer as individual biomarkers, and combining them in a multi-panel
test has the potential for a full differentiation of prostate cancer from non-disease controls [52].
Liu et al. showed that exosomes from prostate cancer are highly enriched with PSA, representing
characteristics of the original PCa cells [54]. Current evidence indicates that the strongest candidates
for intercellular communications in PCa are exosomal RNAs [55]. The EV-derived RNAs have also
been assessed in terms of their potential as cancer biomarkers in clinical samples. Yang et al. confirmed,
through meta-analysis, that plasma exosomal miRNAs have a high diagnostic value for prostate cancer
patients [56]. Hessvik et al. identified 36 exosomal miRNAs as biomarker candidates for PCa in clinical
studies [57]. In prostate cancer, plasma vesicles, isolated using the precipitation-based ExoQuick
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method, identified miR-1290 and miR-375 as potential prognostic biomarkers in castration-resistant
prostate cancer (CRPC), since their level correlates with a poorer overall survival (p < 0.004) [58,59].
Joncas et al. demonstrated that the exosomal androgen receptor splice variant (AR-V7) is correlated
with lower sex steroid levels and with a poor prognosis in CRPC patients [60]. For prostate cancer,
the expression of the AR-V7 RNA in CTCs was identified as a predictive marker for response to
enzalutamide (anti-androgen) and abiraterone (anti-androgen and CYP17 inhibitor) [61]. Whether the
AR-V7 transcript can also be measured in plasma EVs and serve as a biomarker was investigated by
Del Re et al. [62]. Using the exoRNeasy purification method, EV-RNA was extracted, and the AR-V7
transcript was detected, preferentially in patients resistant to enzalutamide or abiraterone treatment.
This study, as well as other studies, shows the biomarker potential of plasma-derived EV-RNA and the
advantages with respect to the cost, ease of workflow and likelihood that all (heterogeneous) tumors are
represented by a specific EV population. Communication between a tumor and its environment in PCa
via extracellular vesicle (EV) RNAs is a potential mechanism of bone metastasis [63]. It has been shown
that exosomal miR-375 significantly promoted osteoblast activity [64]. Krishn et al. proved that prostate
cancer sheds the αvβ3 integrin in vivo through exosomes. The exosomal αvβ3 integrin has been
shown to promote aggressive phenotypes in many types of cancers and may be clinically useful as a
non-invasive biomarker to follow prostate cancer progression [65]. Another paper has reported survivin
as a plasma-derived EV biomarker through the isolation of total EVs by the ultracentrifugation-based
method for prostate cancer [66]. It has been shown that exosomes released by irradiated prostate cancer
cells are enriched in B7-H3 protein (CD276), which has been identified as a diagnostic marker [67].
Furthermore, the serum exosomes of prostate cancer patients undergoing radiotherapy had increased
levels of HSP72, which plays a key role in the stimulation of pro-inflammatory immune responses [68].
Additionally, urinary exosomes are a promising non-invasive biomarker, with a potential use in the
diagnosis, prognosis and monitoring of prostate cancer [69].

5. The Potential of Exosomes in Prostate Cancer Therapy

5.1. Exosomes as Drug Carriers for Prostate Cancer Therapy

Extracellular vesicles have biophysical properties, such as stability, biocompatibility, permeability,
low toxicity and low immunogenicity, which are key to successful drug delivery systems [70]. They
have an enhanced circulation stability and bio-barrier permeation ability, and they can therefore be
used as effective chemotherapeutics carriers to improve the regulation of target tissues and organs [71].
Chemotherapeutics, natural products and RNA were combined for the treatment of prostate, breast,
pancreatic, and lung cancers, as well as glioblastoma [14]. Exosomes have the capacity to deliver
different types of cargo and to target specific cells (Figure 3). They have been tested for the delivery of
different therapeutic agents in in vitro and in vivo experiments [72]. EVs can be used as carriers to
deliver therapeutic agents to tumor cells, leading to an effective tumor cell killing, while minimizing
the side effects of the drugs [73]. It has been shown that mesenchymal stromal cells are able to package
and deliver active drugs through their membrane microvesicles (MVs) [74]. Additionally, Tian et
al. demonstrated that exosomes modified by targeting ligands can be used therapeutically for the
delivery of doxorubicin to tumors [75]. Additionally, Qi et al. confirmed that drug-loaded exosomes
enhanced cancer cell targeting under an external magnetic field and suppressed tumor growth [76].
Saari et al. confirmed that cancer cell-derived EVs can be used as effective carriers of Paclitaxel to
autologous prostate cancer cells by increasing its cytotoxicity [21]. The simultaneous application of
either radiation technology or nuclear medicine with exosomes are promising tools for the realization
of the enhancement of targeting strategies using radiation technology [77].
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Figure 3. Exosomes are promising drug carriers in prostate cancer therapy.

5.2. Precision Therapy

Exosomes have been shown to be crucial for the development of drug resistance in patients with
prostate tumor. In 2017, Del Re et al. assessed AR-V7 as a predictor of resistance to hormonal therapy
by highly sensitive digital droplet polymerase chain reaction in plasma-derived exosomal RNA. They
found that both the median progression-free survival (20 vs. 3 months; p < 0.001) and overall survival
(8 months vs. not reached; p < 0.001) were significantly longer in AR-V7-negative vs. AR-V7-positive
patients [62]. Exosome-derived microRNAs also contribute to PCa chemoresistance [78] and can act
as surrogate biomarkers of tumor response to taxanes [79]. It has been observed that the transfer of
exosomes (in particular, MDR-1/P-gp) from docetaxel-resistant cell lines to the DU145, 22Rv1, and
LNCap PCa cell lines induces an acquired resistance to this drug [80]. In the same view, Kawakami et
al. reported that β4 (ITGB4) and VCL in exosomes could be useful markers of PCa progression, which
is correlated with taxane resistance [81]. Interestingly, high serum exosomal P-glycoprotein levels are
associated with resistance to docetaxel, but not to cabazitaxel, thus representing a potential biomarker
for guiding the decision-making process of PCa patients [82].

There is currently also a list of challenges that remain in the era of individualized or person-specific
targeting of cancer. EVs are being pursued as intercellular vectors for RNA-based therapy (both
miRNAs and siRNAs), with a documented efficacy in animal models of disease. For example, the
in vivo suppression of prostate cancer has been achieved through the exosome delivery of the tumor
suppressor miRNA, miR-143, in mice [83].

6. Concluding Remarks and Future Directions

Increasingly, studies confirm the potential of exosomes as therapeutic vehicles for cancer treatment.
Exosomes can transfer cargos with both an immunoregulatory potential and genetic information.
They can decrease tumor cell invasion, migration and proliferation by enhancing immune response,
cell death and sensitivity to chemotherapy. Exosomes have a high potential for both as diagnostic
and therapeutic agents in immune therapy, vaccination trials and regenerative medicine. The native
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structure and unique cellular functions of exosomes give them a great potential as natural drug/gene
delivery vehicles, but developing efficient and reliable isolation methods is necessary to fully utilize
their potential [84]. The use of exosomes in clinical applications must be further investigated in
order to establish standards for exosome characterization and manipulation [85]. The most important
thing is to choose optimal methods for engineering exosomes and ensuring the safety of engineered
exosomes in clinical trials [86]. Furthermore, the translation of EVs into clinical therapies requires their
categorization as active drug components or drug delivery vehicles [6]. It is also necessary to clarify
the composition and action mechanism of the various substances in exosomes and determine how to
obtain highly purified exosomes and the right dosage for their clinical use [15]. Another important
therapeutic use of EVs could be cancer vaccination [87]. In brief, exosomes are very promising tools for
the future theranostics of prostate cancer, but their use first requires solutions for the many challenging
issues remaining.
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APAF1 apoptotic peptidase-activating factor 1
AR-V7 androgen receptor variant 7
CAFs cancer-associated fibroblast
CRPC castrate-resistant prostate cancer
CTCs circulating tumor cells
EGFR epidermal growth factor receptor
EMT epithelial–mesenchymal transition
EV extracellular vesicles
FASL ligand Fas
HIF-1α hypoxia-inducible factor 1α
HSP heat shock proteins
ITGB4 integrin β4
MICs metastases-initiating cells
miR micro RNA
MMP matrix metalloproteinase
MVBs multivesicular bodies
PCa prostate cancer
PDCD4 programmed cell death 4
PDL-1 programmed death ligand 1
PSA prostate specific antigen
RANKL receptor activator for nuclear factor κB ligand
RSU1 Ras suppressor protein 1
siRNA small interfering RNA
STAG2 cohesin subunit SA-2
TDSFs tumor-derived secreted factors
TGFβ transforming growth factor β
VCL vinculin
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Abstract: Extracellular vesicles (EVs)-carrying biomolecules derived from parental cells have achieved
substantial scientific interest for their potential use as drug nanocarriers. Ultrasound (US) in
combination with microbubbles (MB) have been shown to trigger the release of EVs from cancer cells.
In the current study, the use of microbubbles-assisted ultrasound (USMB) to generate EVs containing
drug cargo was investigated. The model drug, CellTracker™ green fluorescent dye (CTG) or bovine
serum albumin conjugated with fluorescein isothiocyanate (BSA FITC) was loaded into primary
human endothelial cells in vitro using USMB. We found that USMB loaded CTG and BSA FITC into
human endothelial cells (HUVECs) and triggered the release of EVs containing these compounds in
the cell supernatant within 2 h after treatment. The amount of EV released seemed to be correlated
with the increase of US acoustic pressure. Co-culturing these EVs resulted in uptake by the recipient
tumour cells within 4 h. In conclusion, USMB was able to load the model drugs into endothelial cells
and simultaneously trigger the release of EVs-carrying model drugs, highlighting the potential of
EVs as drug nanocarriers for future drug delivery in cancer.

Keywords: drug delivery; extracellular vesicles; lysosome; nanocarriers; ultrasound

1. Introduction

A major problem of drug delivery in cancer is that drugs cannot always efficiently bypass the
multiple biological barriers. In most of the tissues, the endothelial lining is dense and does not permit
the rapid exchange of materials such as drugs between the blood and the interstitial tumour space.
Improvements in the drug delivery system to treat cancer including the delivery vehicles may improve
the efficacy and safety of drugs [1,2].

Nanosized-lipid bilayer vesicles, known as extracellular vesicles (EVs), carry biomolecules such
as proteins, lipids and genetic information that originated from the host cells [3]. The nanometre
size and targeting modalities enable EVs to penetrate the interstitial tumour space. When EVs are
loaded with a drug, this drug cargo can be delivered and transferred to dedicated cancer cells [1,4].
In general, drugs can be loaded into host cells allowing their natural mechanism to package drugs into
EVs, also known as endogenous loading [5]. Drugs also can be exogenously loaded into EVs after
isolation/purification steps using physical or chemical methods [6]. The feasibility and safety of EVs
also have been shown in human clinical trials [7]. Thus, EVs hold potentials as drug nanocarriers.

Ultrasound (US) in combination with gaseous microbubbles (MB), beyond their common use
for diagnosis, represents an emerging approach for localized drug delivery [8,9]. Under the action
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of US waves, MBs transiently affect the permeability of biological barriers (e.g., cell membrane,
endothelial lining), thus leading to the uptake and enhanced accumulation of drugs in the region
where the US-induced pressure surpasses a certain threshold [10,11]. Despite the potential benefits of
USMB-guided drug delivery, the micron size of MB used in this system limits their action exclusively
to the vascular bed [12,13]. Thus, future refinements in USMB-guided drug delivery to enhance drug
uptake to the targeted tumour cells are warranted.

Recently, we showed that EVs with a diameter of less than 200 nm were released from head-and-
neck cancer cells (FaDu) in vitro for up to 4-fold at 2–4 h after USMB [14]. The fact that USMB triggered
a rapid release of EVs shows the significance of this technology to generate EVs and opens opportunities
for us to study whether the drug-loaded EVs can be generated following the loading of the drug into
the host cells using USMB.

In this study, we used human endothelial cells (HUVECs) as an in vitro model. CellTracker™
green fluorescent dye (CTG) and bovine serum albumin (BSA) with fluorescein isothiocyanate (FITC)
conjugate were used as model drugs. These compounds have distinct characteristics: CTG could freely
pass through cell membranes and be transformed into a cell-impermeant fluorescent product in the
cytosol, whereas BSA FITC conjugate could pass through cell membranes via endocytosis. Different
US acoustic pressures (0.6, 0.7 and 0.8 MPa) were applied to load CTG and BSA FITC into HUVECs.
Cells and cell supernatants were harvested and measured to investigate if model drugs were present
in the cells and EVs. Subsequently, we highlighted the potential use of EVs as drug nanocarriers by
demonstrating the uptake of drug-loaded EVs generated by USMB after 4 h being co-cultured with the
recipient cancer cells, FaDu and MDA-MB-231 human breast carcinoma cells. Finally, we utilized the
Cre-LoxP system to confirm these findings [15].

2. Results

2.1. Loading Model Drugs into Cells

Using the bright-field microscopy, we observed that directly after US application at 0.6, 0.7 and
0.8 MPa, most cells remained attached to the culture chamber (Figure 1A). Increasing the pressure
to 1 MPa detached almost 50% of the cells from the surface of the culture chamber, and therefore
this condition was not used further in this study (Figure 1A). Untreated and USMB-treated HUVECs
(0.6, 0.7 and 0.8 MPa) were harvested and stained using propidium iodide (PI) to determine the
percentage of live and dead cells using flow cytometry. The percentages of live and dead cells in
treated samples were comparable with the untreated samples (Figure 1B). These results indicated that
the US acoustic pressures 0.6, 0.7 and 0.8 MPa could be used safely for loading the model drug into
cells in vitro. We observed that HUVECs could be loaded directly with CTG by incubating CTG for
30 min (Figure 1C). However, USMB did not enhance the loading of CTG in HUVECs (Figure 1C).
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Figure 1. Human endothelial cells (HUVECs) stained with CellTracker™ green fluorescent dye
(CTG) and treated at different ultrasound (US) acoustic pressures. Microscopy pictures of HUVECs
captured before (untreated) and directly after US treatment (0.6, 0.7, 0.8 and 1 MPa) are presented at
10× magnification (A). Afterwards, cells were harvested and stained with PI to determine live and
dead cells. The mean percentages of live and dead cells are presented (B). US acoustic pressures of
0.6, 0.7 and 0.8 MPa were tested to increase CTG signal intensities in HUVECs after incubation of
CTG for 30 min (C). Untreated condition was HUVEs after incubation of CTG for 30 min. After 2 h of
post-USMB, HUVECs were harvested and measured using flow cytometry (C). The mean fluorescent
intensities (MFI) of CTG were presented (C). As a control, HUVECs without CTG staining were used.
MFI results presented are the mean of two independent experiments.

By using USMB, our objective was to increase the delivery of BSA FITC into the cells. We found
that loading BSA FITC using different US acoustic pressures was not correlated with the increase
of BSA FITC signal in the cells. At 0.6 MPa, BSA FITC signal intensities in HUVECs measured by
flow cytometry were the highest compared to untreated and treated HUVECs at 0.7 and 0.8 MPa
(Figure 2A). Using a fluorescence microscope, we observed that BSA FITC was present in the HUVECs
after treatment with different US acoustic pressures (0.6, 0.7 and 0.8 MPa) and also in the untreated
HUVECs (Figure 2B).
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Figure 2. HUVECs loaded with bovine serum albumin conjugated with fluorescein isothiocyanate
(BSA FITC) before and after USMB application at different acoustic pressures. After administering BSA
FITC with USMB, HUVECs were incubated for 1 h and then, the medium was refreshed. After 2 h,
HUVECs were harvested and measured with flow cytometry to quantify the BSA FITC signal, depicted
as MFI (A). The results presented were the mean of two independent experiments. These cells were also
stained with a nuclear stain, DAPI (blue) and a lysosomal marker, LTRD (B). Co-localisation of red and
green colours indicate the presence of BSA FITC in the lysosomal compartment (B). These images were
representative images taken at 60×magnification using a fluorescence microscope (Keyence BZ9000,
Mechelen, Belgium).

This BSA FITC signal was co-localised with LysoTraker™ Red DND-99 (LTRD) staining in
HUVECs, especially after US treatments (Figure 2B). The presence of this molecule in the lysosomal
compartment of these cells possibly indicates the degradation of BSA in this compartment. We also
co-administered HUVECs with DQ-Red BSA and MB before application of US at 0.6, 0.7 and 0.8 MPa
to check if lysosomes were involved in the degradation of BSA. The bright red spots which were
indicative for de-quenched fluorescence molecules of DQ-Red BSA when reaching the degradative
endo-lysosomes, were detected in HUVECs after US treatment (Figure S1). These red spots were absent
in untreated HUVECs (Figure S1). Thus, these results confirmed the presence of BSA in lysosomal
compartments after US treatment.

2.2. Triggering EV Release Containing Model Drug Cargo

Using anti-CD9 and anti-CD63-coated magnetic beads, we captured EVs from the cell supernatants
of HUVECs which have been incubated with CTG for 30 min and treated with USMB. USMB triggered
an increased release of EVs from HUVEC shown by an increased level of mean fluorescent intensity
(MFI) of EVs positive for CD9 and CD63 after USMB treatment especially at 0.8 MPa compared to
the untreated, 0.6 and 0.7 MPa conditions (Figure 3A,B). EVs captured by anti-CD9 and anti-CD63
beads carried CTG and the MFI levels of CTG seemed to increase when US acoustic pressures were
increased (Figure 3A,B). The measurement of the same cell supernatants using a micro flow cytometer
showed that the concentrations of EVs exposing CD9 and CD63 increased 2- and 3-fold subsequently
after USMB compared to untreated counterparts, especially at 0.7 and 0.8 MPa (Figure 3C). These EVs
also carried CTG and their concentration was significantly higher at 0.8 MPa (p < 0.05, Figure 3C).
The percentages of EVs positive for CD9 or CD63 which carried CTG generated by USMB at 0.8 MPa
are about 20% and 37% respectively.
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Figure 3. Extracellular vesicles (EVs)-containing supernatants of HUVECs after CTG and USMB
treatments measured using flow cytometry. EVs were captured by anti-CD9 and anti-CD63 beads
in the supernatants of CTG-stained HUVEC followed by USMB treatment. These EVs were stained
with anti-CD9 and anti-CD63 detection antibodies. The MFI of CD9 and CD63 levels in untreated
and USMB treated samples (0.6, 0.7 and 0.8 MPa) were quantified using flow cytometry (A,B). These
captured CD9 EVs and CD63 EVs carried CTG (A,B). Samples were measured in triplicate and these
were data from two independent experiments. The same samples were measured using a micro flow
cytometer. Anti-CD9 and -CD63 were used to detect EVs bearing CD9 and CD63 antigens present in
the cell supernatants (C). Total EVs carrying CTG and EVs exposing CD9 or CD63 which carried CTG
were also quantified in the same samples (C). Results are reported in EVs per mL sample. These were
data from two independent experiments. As controls, EVs without CTG were used and all results
presented have been corrected from these controls (A–C). Statistical analysis was performed using
one-way ANOVA followed by Tukey’s test. The p value < 0.05 was considered significant (*).

HUVECs loaded with BSA FITC also released EVs containing BSA FITC (Figures 4 and 5).
These EVs from the cell supernatants were captured by anti-CD9 and anti-CD63 beads (Figure 4A,B).
As controls, BSA was used and EVs present in the supernatant of HUVECs were measured. EVs exposing
CD9 and CD63 generated by USMB showed higher BSA FITC fluorescent signal (BSA FITC MFI) than
the BSA FITC signal detected from EVs generated by untreated counterparts (Figure 4A,B). However,
the increased MFI levels of BSA FITC were not correlated with increasing US pressures. Using the micro
flow cytometer, we could detect the concentration of EVs carrying BSA FITC increased significantly
at the conditions of 0.7 and 0.8 MPa (2.4 × 106/mL and 2.2 × 106/mL; Figure 4C) compared to the
untreated conditions. The percentages of EVs positive for CD9 or CD63 which carried BSA FITC
generated by USMB at 0.7 MPA are about 12% and 25% respectively, whereas these generated by USMB
at 0.8 MPA are about 10% and 18% respectively. Because of the sensitivity of the micro flow cytometer
in measuring single EVs, differences in EV concentrations in condition media of HUVEC treated using
different US pressures were detectable.
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Figure 4. EVs-containing supernatants of HUVECs after co-administration of BSA FITC and MB
followed by US treatments measured using flow cytometry. Anti-CD9 and anti-CD63 capture assays
coupled to flow cytometry measurement were used to detect CD9 and CD63 EVs present in the
conditioned media of HUVEC co-administered with BSA FITC together with MB. Anti-CD9 captured
EVs with CD9 on the surface, whereas anti-CD63 captured EVs with CD63 on the surface. Anti-CD9
and anti-CD63 were used as the detection antibodies (A,B). The MFI of CD9 and CD63 levels in
untreated and USMB treated samples (0.6, 0.7 and 0.8 MPa) and also the BSA FITC signals in these
captured CD9 EVs and CD63 were quantified (A,B). Samples were measured in triplicate and these
were data from two independent experiments. The same samples were measured by the micro flow
cytometer. Anti-CD9 and -CD63 were used to detect EVs bearing CD9 and CD63 antigens present in
the conditioned media (C). Total EVs carrying BSA-FITC, indicated by EVs exposing CD9 and CD63,
which carried BSA-FITC were quantified in the same samples (C). Results are reported in EVs per mL
sample. These were data from two independent experiments. EVs with BSA were used as controls and
all results presented have been corrected from these controls (A–C). Statistical analysis was performed
using one-way ANOVA followed by Tukey’s test. The p value < 0.05 was considered significant (*).

To visualise EVs carrying BSA FITC, we also performed immunogold electron microscopy.
We used anti-CD9 and anti-CD63 to detect EVs exposing CD9 and CD63 on their surface. Anti-mouse
IgG secondary antibody labelled with 6-nm gold particles was used to trace EVs exposing CD9 or
CD63. To investigate whether these EVs were carrying BSA FITC, we stained the samples with
anti FITC secondary antibody labelled with 10-nm gold particles. We found that CD9-exposing EV
carried BSA FITC (Figure 5A). Some CD63-exposing EVs carried BSA FITC (Figure 5B). In Figure 5C,
EV carrying BSA FITC was clearly detected. Negative controls were samples containing EVs with BSA
(Figure 5D–F). EVs imaged by electron microscopy mostly have a diameter of around 100 nm. This
is also confirmed by NTA measurements (Figure S2). These results show that HUVECs which were
loaded with BSA FITC released EVs carrying BSA FITC after USMB treatment.
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Figure 5. Immunogold electron microscopy of cell supernatant containing EVs derived from HUVEC
treated with USMB (0.7 MPa) in the presence of BSA FITC as a model drug. EVs were stained with
anti-CD9 or anti-CD63 and the detection antibody was anti mouse IgG secondary antibody labelled
with 6-nm gold particles (A,B). IgG1 isotype control was used as a control for anti-CD9 and anti-CD63
staining (C). Anti FITC secondary antibody labelled with 10-nm gold particles stained BSA FITC present
on EVS (A–C). As controls, cell supernatant containing EVs with non-conjugated BSA processed and
stained in the same manner (D–F).

2.3. Uptake of EVs Carrying CTG and BSA FITC

We performed flow cytometry measurement to quantify the EV uptake by FaDu and MDA-MB-231
after 4 h of co-culturing. The uptake of EV carrying CTG or BSA FITC is shown by the percentages
of positive cells for CTG or BSA FITC (Figure 6A,B). After co-culturing with undiluted EVs carrying
CTG, there were 0.3% FaDU cells and 0.5% MDA-MB-231 cells positive for CTG (Figure 6A). We also
monitored the uptake of EVs containing CTG by MDA-MB-231 cells at 0, 2 and 4 h using a fluorescent
microscope (Figure S3). After co-culturing for 4 h, only 2–3 cells per 1.7 cm2 were positive for CTG.
Thus, the overall results show that the uptake of EVs containing CTG by these cancer cells was low.
The same cancer cells took up more EVs carrying BSA FITC (Figure 6B). Particularly, 9.7% of the FaDu
cells and 30.5% of the MDA-MB-231 cells were positive after co-culturing with undiluted EVs carrying
BSA FITC as detected by flow cytometry (Figure 6B).
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Figure 6. Uptake of EVs containing CTG or BSA-FITC by FaDu and MDA-MB-231 cells. EVs containing
CTG (A) or BSA-FITC (B) at a concentration of 50% and 100% were co-cultured with FaDu or
MDA-MB-231 cells for 4 h. The uptake of these EVs was measured by using flow cytometry. Percentages
of FaDu and MDA-MB-231 cells exposing CTG or BSA FITC after EV uptake at 4 h-time point are
presented (A,B accordingly). Control conditions were cells co-cultured with EVs which contained
no CTG or BSA FITC. Percentages of the positive cells have been corrected for their controls and the
uptake of EVs was normalized to 1 × 109 particles/mL.

We also stained the cells with the lysosomal tracker, LTRD, and nucleic acid stain DAPI, to localize
the presence of EVs containing BSA FITC in the cells. Using fluorescent and confocal microscopes,
we observed that EVs containing BSA FITC were taken up by cells and they were not present in the
lysosomal compartment of these cells (Figure 7A,B). The FITC fluorescent signal was observed in
the cell cytoplasm or in the vicinity of the cell nucleus (Figure 7A,B accordingly, and Supplementary
Video S1).

Figure 7. Uptake of EVs containing BSA FITC by FaDu cells. FaDu cells were co-cultured with EVs
containing BSA FITC (undiluted). After 4 h, cells were washed with acid wash buffer followed by PBS
and fixed prior to staining. LTRD probe (red) was used to stain lysosome and DAPI (blue) to stain the
nucleus. Merged images show the uptake of BSA FITC by FaDu cells. BSA FITC signal (green) seems
to be present in the cell cytoplasm (A, merged) or in the vicinity of the cell nucleus (B, merged).
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To confirm the uptake of EVs by recipient tumour cells and the release of their cargo in these
cells, we co-cultured EVs containing Cre recombinase with T47D receptor cells. The expression of
Cre recombinase in EVs has been confirmed by PCR (Figure S4). The colour switch from red to green
when receptor cells took up EVs containing Cre recombinase was monitored using a fluorescence
microscope and flow cytometer (Figure 8A,B). Using a fluorescent microscope, we monitored the
uptake of EVs containing Cre recombinase (100% concentration) at 0, 2 and 4 h (Figure 8A). At 2 h,
we could not detect the green Cre-LoxP cells. At 4 h, we located green Cre-LoxP cells (2 cells/0.7 cm2

chamber slide, Figure 8A white arrow). Flow cytometry analysis also shows that Cre-LoxP cells were
present after co-culturing T47D recipient cells with EVs containing Cre recombinase at a concentration
of 50% and 100% (Figure 8Bi,ii). Cells co-cultured with EVs without Cre recombinase served as
control (Figure 8Biii). The percentage of green Cre-LoxP cells increased with increasing concentration
of EV containing Cre recombinase (7.33% to 10.5%; Figure 8Bi–ii). A red-to-green colour switch
observed in reporter-expressing T47D human mammary cells after co-culturing USMB-generated EV
carrying active cre recombines confirms the uptake of EVs and transfer of their active cargo into the
recipient cells.

Figure 8. Uptake of EVs carrying Cre recombinase by T47D recipient tumour cells. Undiluted (100%)
EVs carrying Cre-recombinase were added to T47D recipient cells (red). At 0, 2 and 4 h, bright
field and fluorescent images were taken (A). Images were taken at 10× magnification at time point
0. Other images were taken at 20× magnification. Cre-LoxP cells which have a green fluorescent
colour were located and shown with a white arrow, both in the bright field and fluorescent images.
This uptake was also monitored using flow cytometry. Flow cytometry measurements were performed
to assess the presence of Cre-LoxP cells which exposed green fluorescent signal after the co-culturing of
EVs carrying Cre recombinase at a concentration of 50% and 100% for 4 h (Bi–ii). Controls were cells
that were co-cultured with EVs without Cre recombinase (Biii).
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3. Discussion

In the current study, we observed that increased US acoustic pressure is not always favourable
for drug loading. By increasing US acoustic pressure to 1 MPa, cells were already detached from the
culture chamber. Lammertink et al. [16] reported that HUVEC detachment was already observed
after the application of 0.5 MPa. However, in that study HUVEC was grown on collagen-coated
OptiCellsTM which may explain this discrepancy. We also noticed that as CTG could freely pass
through cell membranes, incubation for 30 min was already sufficient to stain/load HUVECs with CTG
and therefore, applying USMB had no additional effect. In the case of BSA FITC loading, applying
USMB at 0.6 MPa enhanced the loading. However, increasing US acoustic pressure to 0.7 or 0.8 MPa
did not further enhance the loading of this molecule into cells. Based on the degradation of DQ-Red
BSA and the de-quenching of the fluorescence after USMB loading, it was likely that our model drug
was trapped and degraded in the lysosomal compartment. In conclusion, the type of the model drug
is one of parameters which may influence the loading using USMB. It is also clear that this loading
would not be optimal if the model drug would be trapped in the lysosomal compartment.

Our previous findings indicated that levels of EVs exposing CD9 or CD63 significantly increased
at 2 and 4 h after USMB [14]. Therefore, we measured EVs containing CTG or BSA FITC in the
cell supernatant 2 h after USMB treatment. The concentration of EVs containing CTG was 3-fold
higher than the concentration of EVs containing BSA FITC, especially when the highest US acoustic
pressure was applied (0.8 MPa). This difference may be caused by the mechanism through which
these compounds are taken up and sorted by the cells [17]. As CTG could freely enter cell membranes
and reside in the cytosol, this compound may avoid endosomal entrapment and perhaps easily be
packed into EVs. In contrast, BSA FITC which was internalised by cells via endocytosis may lead to
the delivery of endocytosed cargo into the endosomal-lysosomal degradative pathway, influencing
the packing of this cargo into EVs [18,19]. It may be necessary to reduce the lysosomal function to
prevent the drug compound degradation after internalization and eventually increase the release of EV
containing drug [19,20].

Multiple different cellular entry routes are available for EVs and other nanoparticles to cross a
cell’s plasma membrane during in vitro and in vivo cell exposure. This cell uptake likely depends
on the type of recipient cells and the EV cargo [17,21,22]. In our study, EVs prepared in a similar
manner were internalised 2–3-fold more by MDA-MB-231 than FaDu cells. We observed that EVs
containing CTG were taken up less than EVs containing BSA FITC. As EVs containing BSA FITC
were not observed in the lysosomal compartment indicating that multiple or perhaps independently
contributing pathways are involved in EV internalisation processes.

In conclusion, we have demonstrated the feasibility of USMB to load model drugs into endothelial
cells allowing the cell’s natural mechanism to generate EVs and package this compound into EVs.
Co-culturing these EVs with FaDu and MDA-MB-231 cells resulted in the uptake of EVs and the release
of model drug cargo in these cells. These results highlight the potential of EVs as drug nanocarriers for
drug delivery.

4. Materials and Methods

4.1. Cell Culture

HUVECs (pooled donors, Lonza, Verviers, Belgium) were cultured in endothelial cell growth
medium 2 with supplement mix (PromoCell GmbH, Heidelberg, Germany). MDA-MB-231 (ATCC®

HTB-26™, LGC Standards GmbH, Wesel, Germany) and FaDu (ATCC® HTB-43™) cells were
cultured in high glucose Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich, Zwijndrecht,
The Netherlands) and 10% foetal bovine serum (FBS) (Sigma-Aldrich). For FaDu cells, this medium was
also supplemented with 1% non-essential amino acid (Sigma-Aldrich, Zwijndrecht, The Netherlands).
MDA-MB-231 expressing Cre recombinase and T47D receptor cells were a kind gift from Prof. Raymond
Schiffelers and these stable cell lines have been generated as described by Zomer et al. [15]. MDA-MB231

216



Int. J. Mol. Sci. 2020, 21, 3024

cells expressing Cre recombinase were cultured in high glucose DMEM, whereas T47D receptor cells
were cultured in DMEM: F12 medium (Lonza, Breda, The Netherlands). In these culture media,
10% FBS, 1% penicillin-streptomycin (Fisher Scientific, Landsmeer, The Netherlands) and 5 μg/mL
puromycin (Fisher scientific) were added. All cells were maintained in standard cell culture flasks in a
humidified incubator at 37 ◦C and 5% CO2 and passaged twice a week to maintain 80% confluency.

4.2. Cell Preparation for USMB

For USMB experiments, cells were prepared according to our previously reported method [14].
Briefly, cells were seeded in cell culture chambers (treated CLINIcell® 175 μm thick polycarbonate
walls, 25 cm2) (Mabio, Tourcoing, France) 1 day prior to USMB. Media used for maintaining cells
in the culture chambers are the same media for maintaining cells in the culture flasks. Except for
HUVECs, medium M199 containing L-glutamine (Sigma-Aldrich) and 20% FBS was used. Prior to
USMB treatment, these culture media were filtered using 100 KDa centrifugal filter units (Amicon
ultra-15, Merck Millipore, Amsterdam, The Netherlands) to deplete EVs related to bovine serum.

4.3. Loading Model Drug Using USMB

SonoVue™ (Bracco, Milan, Italy) lipid shelled MB, encapsulating sulphur hexafluoride gas
(SF6) were used in the USMB experiments [23]. Microbubbles (MB) were prepared according to the
manufacturer’s guidelines.

For co-administrating CTG, cells were first washed with phosphate-buffered saline (PBS) and
incubated with 10 nM CTG in serum-free medium for 30 min. As a negative control, cells without
CTG were used. Prior to USMB, MB (700 μL) were mixed with 9.5 mL EV-depleted serum-containing
medium. This MB-containing medium (final concentration of 0.7–3.5 × 108 MB) was then injected
and the cell culture chamber was placed upside down, allowing the MB to rise by floatation towards
the cells, ensuring close contact between cells and MB. For co-administrating BSA FITC, cells were
first starved for 4 h in serum-free medium before BSA FITC (50 μg/mL) and MB were administered.
As a negative control, non-conjugated BSA was administered at the same concentration. We also used
DQ-Red BSA (Fisher scientific) to observe the loading of BSA by USMB. Once DQ-Red BSA has reached
the degradative endo-lysosomes, it is broken down into smaller fragments which lead to fluorescence
de-quenching shown as bright red spots in endo-lysosomes [24], and therefore tracking the location of
this molecule in the cell.

Cells and MB were exposed to pulsed ultrasound (10% duty cycle, 1 kHz pulse repetition
frequency and 100 μs pulse duration) with varying acoustic pressures at 0.6, 0.7 and 0.8 MPa peak
negative pressure (PNP) as was calibrated using a 125 μm glass fibre hydrophone (Precision Acoustics,
Dorchester, UK). The piezoelectric unfocused single element transducer with a diameter of 20 mm
(Precision Acoustics) operating at 1.5 MHz was placed at the bottom of a water tank, 8 cm below a cell
culture chamber frame. The water surface was another 12 cm above the frame and heated to 37 ◦C.
When exposing cells to US, the cell culture chamber was mounted in the frame and moved over the
transducer for 80 s to expose the whole cell culture chamber surface, which resulted in a total exposure
of approximately 5 s for each area of the cell culture chamber [14,25]. For USMB treatment control,
untreated cells were used.

After US exposure, CTG-treated cells were washed carefully with PBS and incubated for another
2 h in EV-depleted serum-containing medium. For BSA FITC-treated cells, we first incubated these cells
for 1 h before they were washed carefully with PBS and incubated for another 2 h. After incubation,
the conditioned medium was harvested and centrifuged at 300× g for 10 min at room temperature (RT)
to remove detached cells and large cellular debris. Conditioned medium containing EVs was collected,
snap-frozen in liquid nitrogen and stored at −80 ◦C for EV measurements. Attached cells in the cell
culture chamber were detached using trypsin-EDTA solution (Sigma-Aldrich). After serum-containing
medium was added, cells were pelleted by centrifuging at 250× g for 3 min at RT. To wash cells,

217



Int. J. Mol. Sci. 2020, 21, 3024

cold PBS was added and cells were pelleted again. Finally, cells were re-suspended in 300 μL PBS
containing 0.5% BSA and used for flow cytometry measurement.

4.4. Flow Cytometry Measurement

The cell suspension was mixed with 5 μL of 10 μg/mL propidium iodide (PI) (Fisher Scientific)
and incubated for 5 min. Up to 10,000 events were measured using BD FACScanto II (Becton Dickinson,
CA, USA) and the fluorescent intensity of CTG or BSA FITC together with PI was monitored.

For EV measurement using flow cytometry, conditioned medium containing EVs was thawed
quickly at 37 ◦C. We captured EVs using immuno-magnetic beads and measured these EV-bead
complexes using BD FACScanto II according to our previously reported method [14]. Using 96-well
round-bottom plate 70 μL conditioned medium containing EVs was mixed with 10 μL ExoCap magnetic
capture beads CD9 or CD63 (JSR Life Sciences, Leuven, Belgium) to obtain end concentration of
6 × 104 beads per sample. This mixture was incubated overnight at 4 ◦C with gentle agitation. On the
next day, the magnetic plate separator was used to hold EV-bead complexes during washing steps.
The supernatant was removed and 100 μL 0.5% BSA-containing PBS (0.45 μm filtered) was added
followed by gentle agitation to wash EV-bead complexes for 5 min at RT. After placing the plate on
top of the magnetic plate separator, the supernatant was removed. Hundred microliter of diluted
mouse anti-human CD9, mouse anti-CD63, or the corresponding mouse IgG1 isotype control coupled
to Alexa Fluor 647 were added to the respective wells (see Supplementary Table S1 for the dilutions
and manufacturer). This mixture was incubated at RT in the dark for 30 min with gentle agitation.
Lastly, the plate was again placed on top of the magnetic plate separator and the antibody/isotype
control solution was removed. The plate was washed once with 100 μL 0.5% BSA-containing PBS
per well. Samples containing EVs attached to the beads were re-suspended in 250 μL 0.5% BSA/PBS
and measured using FACS canto-II. Two independent experiments were performed and from each
experiment, samples were measured in triplicate to assess the levels of CD9 and CD63.

The concentration of EVs exposing CD9 or CD63, and EVs carrying CTG or BSA FITC were
measured using the A60-Micro flow cytometer (Apogee Flow Systems, Hertfordshire, UK). This flow
cytometer enables the measurement of biological particles down to about 100 nm diameter by light
scatter [26]. Twenty microliter of conditioned medium containing EVs was incubated with 2.5 μL of
mouse-anti human CD9 coupled to PE and 2.5 μL of mouse-anti human CD63 coupled to Alexa Fluor
647. As negative controls, mouse IgG1 isotype controls coupled to PE and to Alexa Fluor 647 were
used (please see Supplementary Table S1 for the dilutions of antibodies/isotype controls and their
manufacturer). The mixture of samples with antibodies or IgG1 isotype controls were incubated for
15 min and diluted to 225 μL before being measured with flowrate 3.01 μL/min for 120 s.

4.5. Immunogold Electron Microscopy

To investigate whether BSA FITC was carried by EVs after USMB, immunogold electron microscopy
was performed as described previously [14,27]. EVs from conditioned medium collected from
USMB-treated HUVEC in the presence of BSA FITC or non-conjugated BSA were measured. A thin
layer of carbon on the 100 mesh formvar-carbon-coated copper grids (Electron Microscopy Sciences,
Hatfield, PA, USA) was evaporated using a carbon-vacuum evaporator according to the manufacturer’s
instructions (Edwards Auto 306, West Sussex, UK) just before sample application. Grids were floated
directly on top of 10 μL of cell supernatant containing EVs and incubated for 7 min at RT. The grids
were washed three times using PBS (0.22 μm filtered). Next, the grids were incubated in a blocking
solution (Aurion, Wageningen, The Netherlands) for 30 min at RT followed by washing three times
with 0.1% BSA-c (Aurion). For double immuno-labelling, the grids were incubated overnight at
4 ◦C in a mixture of 20 μL of mouse anti-human primary antibody (anti-CD9 or anti-CD63 antibody).
For negative controls, mouse IgG1 isotype control was used. Unbound antibodies were removed from
the grids in six washing steps by placing the grids on top of 0.1% BSA-c solution. Afterwards, the grids
were incubated with 10 μL goat anti mouse IgG secondary antibody labelled with 6-nm gold particles
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(Aurion) for 1 h at RT. Grids were washed six times with 0.1% BSA-c before incubation with 10 μL
mouse anti-FITC labelled with 10-nm gold particles for 1 h at RT. Dilutions of the antibodies, isotype
control and immunogold particles can be found in Supplementary Table S1. Grids were washed again
six times with 0.1% BSA-c, followed by three times washing with PBS. To fix the labelled sample,
the grid was incubated for 5 min with 2% glutaraldehyde (Sigma-Aldrich) and washed six times with
milli-Q water. Next, the grids were transferred to 0.4% uranyl acetate in 2% methyl cellulose and
incubated for 10 min. Excess solution on the grids was removed by blotting the grid at a 45◦ angle once
from the side of the grid with filter paper. Grids were imaged using a Tecnai 12 electron microscope
(FEI, Fisher Scientific) operated at 80 kV. Images were recorded at 60,000x magnification and processed
using ImageJ [28]. The presence of a 6-nm gold particle on the EV surface indicated the presence of
CD9 or CD63 on EV surface, whereas the presence of a 10-nm gold particle indicated the presence of
BSA FITC in EV.

4.6. EV Isolation and Concentration

Before the EV isolation, the Amicon® ultra centrifugal filter 100 kDa (Merck Millipore) was
washed with EV-depleted serum-containing medium by centrifuging at 4000× g for 30 min. The eluate
was thrown. Next, 4 mL of supernatant containing EV with CTG, BSA FITC, or Cre recombinase which
was collected after USMB treatment on HUVEC cells was added to the filtration device and centrifuged
at 4000× g for 30 min. The eluate was thrown and the filter was washed once with EV-depleted
serum-containing medium followed by centrifuging at 4000× g for 30 min. Finally, the EV concentrate
was collected and the same medium was added up to get 750 μL EV suspension. As negative controls,
the supernatant containing EVs without model drug that was generated at the same USMB condition
was used.

4.7. Uptake Assay

Prior to the uptake assay, 70,000 cells (FaDu, MDA-MB231, or T47D reporter cells) were plated
in the 8-chambers Millicell® EZ slides (Merck Millipore) and incubated overnight. From 750 μL EV
suspension, 500 μL was added to the cells (100% concentration). The rest of this EV suspension was
added to cells in another chamber (50% concentration) and 250 μL EV-depleted serum-containing
medium was added to fill up the chamber. We also performed a nanoparticle tracking analysis
(NTA) to estimate the concentration of EVs added for co-culturing [29] (Supplementary Procedure S1).
Cells were co-cultured with EVs and measured at time points 0, 2 and 4 h using a fluorescent microscope
(Nikon Ti2-U from Nikon Instruments Europe BV, Amsterdam, The Netherlands; EVOS FL from Fisher
scientific). At 4 h-time point cells were washed with PBS and followed by acid wash buffer (0.5 M
NaCl, 0.2 M acetic acid) to remove EVs which were on the cell surface and not taken up. Cells were
washed once more with PBS before fixing with 4% paraformaldehyde (Sigma-Aldrich) or harvesting
them for further analysis. For fluorescence microscopy measurement, fixed cells were stained with
50 nM LysoTraker™ Red DND-99 (LTRD) (Fisher Scientific) to stain the cell lysosomal compartment
and one drop of Fluoroshield with DAPI (Sigma-Aldrich) to stain the cell nuclei; and imaged using a
confocal microscope (TCS SP5 X, Leica Microsystems B.V., Amsterdam, The Netherlands). For flow
cytometry measurement, cells were detached using trypsin-EDTA solution. After serum containing-
medium was added, cells were pelleted by centrifuging at 250× g for 3 min at RT. The supernatant was
carefully removed and cells were finally re-suspended in 300 μL PBS containing 0.5% BSA for flow
cytometry measurement using BD FACScanto II. The uptake of CTG, BSA FITC and Cre recombinase
by cells was measured at wavelength 530/30 nm.

4.8. RT-PCR

To detect Cre recombinase gene expression in T47D reporter cells, RT-PCR was performed.
T47D receptor cells after 4 h of co-culturing with EV containing Cre recombinase were harvested.
The cell pellet was dissolved in 1 mL Trizol (Fisher Scientific) per 1 million cells. The cell lysate
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was incubated at RT for 10–20 min. This lysate could be frozen at −20 ◦C prior to RNA isolation.
For RNA isolation, chloroform (Sigma) was added to the cell lysate at a dilution of 1:5. The mixture
was shaken vigorously for 15 s and then incubated for 2 min at RT. Next, this mixture was centrifuged
for 15 min at 12,000× g at 4 ◦C. The upper aqueous phase was collected and 1 μL of GlycoBlue (Fisher
Scientific) was added. Isopropanol (Merck Millipore) at a dilution of 1:2 was added to each sample
and vortexed thoroughly. The sample was incubated for 10 min at RT and then centrifuged for 10 min
at 12,000× g at 4 ◦C. The supernatant was carefully removed and the pellet was resuspended in 80%
ethanol (Merck Millipore) at the same volume as the cell lysate. Next, the sample was centrifuged
for 5 min at 7500× g at 4 ◦C. The supernatant was carefully removed and the pellet was air-dried for
10–15 min at RT. RNA was reconstituted in 20 μL nuclease-free water (Fisher Scientific) and quantified
by Nanodrop (DeNovix Inc., Wilmington, DE, USA). The cDNA was prepared using Superscript 4
(Fisher Scientific) according to the manufacturer’s instructions. The cDNA was amplified using a PCR
with Cre-specific primers (forward primer: 5′ GCCTGCATTACCGGTCGATGC 3′; reverse primer:
5′ GTGGCAGATGGC GCGGCAACA 3′) [15]. Thermal cycle conditions used for all reactions were as
follows: 5 min at 95 ◦C, followed by 40 cycles consisting of denaturation for 15 s at 95 ◦C, annealing for
30 s at 58 ◦C and extension for 1 min at 72 ◦C. PCR reactions were concluded with incubation for 7 min
at 72 ◦C to complete the extension of all synthesised products. PCR products were then visualised on a
1.5% TAE agarose gel (Roche Diagnostics, Manneheim, Germany).

4.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 (La Jolla, CA, USA). ANOVA (one-way)
followed by Tukey’s multiple comparison tests were used to analyse and define significant differences
between samples (untreated, 0.6, 0.7 and 0.8 MPa). Differences were considered significant when
p-values were <0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/8/3024/s1.
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Abstract: Extracellular vesicles (EVs) are small lipid bilayer-delimited nanoparticles released from
all types of cells examined thus far. Several groups of EVs, including exosomes, microvesicles,
and apoptotic bodies, have been identified according to their size and biogenesis. With extensive
investigations on EVs over the last decade, it is now recognized that EVs play a pleiotropic role in
various physiological processes as well as pathological conditions through mediating intercellular
communication. Most notably, EVs have been shown to be involved in cancer initiation and
progression and EV signaling in cancer are viewed as potential therapeutic targets. Furthermore,
as membrane nanoparticles, EVs are natural products with some of them, such as tumor exosomes,
possessing tumor homing propensity, thus leading to strategies utilizing EVs as drug carriers to
effectively deliver cancer therapeutics. In this review, we summarize recent reports on exploring EVs
signaling as potential therapeutic targets in cancer as well as on developing EVs as therapeutic delivery
carriers for cancer therapy. Findings from preclinical studies are primarily discussed, with early
phase clinical trials reviewed. We hope to provide readers updated information on the development
of EVs as cancer therapeutic targets or therapeutic carriers.

Keywords: extracellular vesicle; microvesicle; exosome; cancer therapeutic; drug carrier

1. Introduction

Extracellular vesicles (EVs) are a generic term referring to several groups of small lipid
bilayer-delimited particles generated through various cellular processes and released from all types
of cells investigated thus far. These membrane vesicles, including microvesicles (also known as
microparticles or ectosomes), exosomes, and apoptotic bodies, all lack a functional nucleus and are
unable to replicate themselves. They are constantly released from cells and are involved in a variety of
physiological as well as pathological processes. The initial discovery of EVs can be tracked back to
1946 when ultracentrifugation pellets were found to be associated with the activation of platelets and
procoagulant properties in human plasma [1]. In the 1980s, EVs released by reticulocytes were captured
by electronic microscopy and were considered “waste disposals” to remove waste materials during red
blood cell maturation [2,3]. However, EV-mediated transfer of genetic and cellular materials between
different cell types was recognized in the late 2000s by several research groups [4–8], thus establishing
EVs as messengers for intercellular communication with biological consequences.

Among all the EVs described, exosomes are defined by their small sizes (40–120 nm) and
endocytic origin and are most extensively characterized over the years. In the context of cancer,
it has been demonstrated that exosomes play a pivotal role in the tumor microenvironment by
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mediating intercellular communication among cancer cells and stromal cells, thereby promoting tumor
proliferation, metastasis, and chemo-resistance [9]. The contribution of exosomal signaling to tumor
progression has led to the development of therapeutic strategies targeting various steps of the exosomal
signaling processes (see Section 2). On the other hand, since exosomes are endogenously produced and
can be transferred among various types of cells, the potential of using these small vesicles as vehicles
for drug delivery has been actively explored (see Section 3). In this review, we will focus on recent
work in the development of cancer therapeutics targeting EV-mediated cellular processes or utilizing
EVs as vehicles for drug delivery. Furthermore, we will discuss the clinical trials that are ongoing or
completed using naturally produced EVs as cancer therapeutic vehicles. A simplified view of general
aspects of EVs is provided at the first section of this review.

2. EV Cargos and Functions

2.1. EV Nomenclature

EVs were initially called platelet dust, as they were vesicles derived from platelets. In the 1970s,
the term “extracellular vesicles” was used to describe calcifying globules in epiphyseal cartilage that
were observed by histochemical staining [10]. Since then, the nomenclature of EVs has significantly
evolved and EVs are now named primarily according to their sizes and biogenesis processes or the
way of release [11]. It is well accepted that there are three main subgroups of EVs that have been
identified thus far: (a) exosomes, (b) microvesicles (MVs, also named microparticles/ectosomes), and
(c) apoptotic bodies [12]. The most researched EVs are exosomes, which were firstly termed in the
1980s as a group of vesicles ranging from 40 to 120 nm in diameter, formed by the invagination
of the multi-vesicular bodies (MVBs) during the late endosome formation [2,3,13]. Differing from
exosomes, MVs are larger membrane vesicles (up to 1000 nm in diameter) which are produced by
direct budding from cellular membranes, whereas apoptotic bodies are even larger vesicles with
800–5000 nm in diameter and formed during programmed cell death [14,15]. Recently, a smaller group
of non-membranous nanoparticles termed “exomeres” (~35 nm) was also reported, which is likely
to be generated through a unique cellular process [16]. The overlap in sizes of different EV groups
and the difficulty in separating individual EV groups by current isolation techniques have hindered
our understanding of their biogenesis, molecular compositions, biodistributions, and functions. For
this reason, the International Society for Extracellular Vesicles (ISEV) provided guidelines on the
terminology and minimum requirements for defining EV populations in experimental research in 2014,
which was updated in 2018 (MISEV2018) [17]. Most notably, instead of using the terms exosomes
or MVs, the guidelines urge authors to name EV subtypes based on their physical characteristics,
such as size or density, with ranges being defined, biochemical compositions, and the experimental
conditions or cell of origin. In accordance with this recommendation, exosomes are considered
small EVs (sEVs), which is the term we used interchangeably with exosomes, wherever appropriate,
throughout this review.

2.2. EV Surface Markers and Cargos

EVs carry various biomolecules including proteins, RNA, DNA, and lipids. Each group of
biomolecules in EVs is often heterogeneous, primarily relating to different EV types, experimental
conditions, and their cellular origins [11]. The most characterized EV components are EV proteins and
RNAs, especially small RNAs [18]. EV surface protein markers have been critically examined in order
to establish specific markers for validating isolated EVs. The MISEV2018 guidelines provide several
groups of protein markers in evaluating isolated EVs as well as minimal requirements in experimental
data presentation when it comes to EV isolation and characterization [17].

It has come to a consensus that sEVs stably express specific transmembrane proteins such as
tetraspanins (most notably CD63, CD9, CD81), Major Histocompatibility Complex (MHC) class I
proteins (such as HLA-A/B/C), transferrin receptor, LAMP1/2, and others. These membrane proteins,
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especially tetraspanins, are frequently applied to validate isolated sEVs. In addition, cytosolic proteins
can also be specific markers for sEVs, including Alix, TSG-101, flotillins-1/2, annexins, and heat shock
proteins, among others. Cell- or tissue-specific EV markers have also been reported, such as TSPAN8
and EPCAM (epithelial cell), CD37 and CD53 (leukocytes), PECAM1 (endothelial cells), and ERBB2
(breast cancer). Given the heterogeneity of EVs, it is recommended that at least one membrane protein
marker, one cytosolic protein marker, and one non-EV protein marker have to be used to validate
the isolated sEVs from large EVs [16,17]. It has been recognized that proteins from the nucleus,
mitochondria, endoplasmic reticulum, and the Golgi complex are mostly absent in sEVs, which can
serve as negative control markers for these vesicles [19]. Enormous efforts have been placed on profiling
proteomes of sEVs and the comprehensive databases of sEV proteins can be found at: Vesiclepedia [15],
EVpedia [20], and ExoCarta [21].

sEVs contain various RNA species. However, most studies demonstrated that small non-coding
RNAs, such as microRNAs, are the major RNA species contained in sEVs, although the presence
of mRNA, rRNA, and tRNA in sEVs was also reported [22,23]. Typically, sEVs may contain
hundreds of microRNA species in various quantities that play important roles in intercellular
communication [7,23–25]. Both coding and non-coding RNAs seem to be functional through transferring
from host cells to the recipient cells [26–28]. Specific RNA profiles of sEVs derived from different
biofluids or tissues are categorized by several databases, including: Exobase [29], exRNA Atlas [30],
and miRandola [31].

DNA in sEVs has also been described, with DNA fragments originating either from the nucleus
or from the mitochondria. It seems that all genome DNA are represented randomly in sEVs,
which eliminates the possibility of selective DNA packaging [32–34]. While cancer cell-derived sEVs
may contain more genomic DNA than that from non-cancer cells [34], whether and how sEV DNA
contributes to intercellular communications in the tumor microenvironment, thereby affecting tumor
progression, remains to be determined.

2.3. EV Functions

It has long been known that cell-to-cell communication is a strategy utilized to facilitate
physiological and pathological processes in various organisms. However, the EV-mediated intercellular
communication was only recognized in recent years [7,23]. The double-layer lipid membrane of EVs
protects inside contents, allowing transfer of EV materials to surrounding cells or to distal organs via the
circulatory system. Most notably, sEVs have been considered potent vehicles to mediate intercellular
communication [11]. By transferring signaling molecules among different cell types, sEVs have been
shown to play pleiotropic roles in regulating cellular and physiological processes. This includes
participating in hemostasis by enhancing coagulation, regulating both innate and acquired immune
responses, involvement in pregnancy and embryonic development, as well as other physiological
events [35–44].

In addition to mediating intercellular communication, EVs may function as waste disposals
to remove unwanted cellular materials. In fact, sEVs were first observed to facilitate reticulocyte
maturation via cargo disposing [2,3]. In supporting this function of sEVs, several recent studies revealed
the cross-regulation of the EV pathway and lysosomal degradation pathway [45]. Two established
lysosome inhibitors, chloroquine and bafilomycin A1, were shown to enhance sEV release [46–48],
suggesting that sEVs may act as an alternate pathway for cell component degradation and clearance.
The involvement of sEVs in cellular homeostasis is further supported by the findings showing that
ubiquitin and ubiquitinated proteins are present in sEVs [49], along with selective lipids and other
soluble cellular components [50,51].

The role of sEVs in pathological processes has been evident, especially in cancer. Cancer progression
is a dysregulated and uncontrolled pathological process [52]. It is well described that cancer-derived
sEVs promote tumor development [53–55] by acting at different stages of cancer progression [56]
through various mechanisms. Evidence is provided to indicate that cancer sEVs are involved in
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enhancing tumorigenesis of epithelial cells [53,57], sustaining tumor angiogenesis [58,59], promoting
tumor growth [60,61], facilitating cancer cell invasion and metastasis [54,55,62,63], and contributing
to chemo-resistance [64,65] and immunosuppression [66,67]. These important findings of the
tumor-promoting effects of cancer sEVs lead to new cancer therapeutic opportunities that aim
at targeting cancer exosomal signaling processes, as discussed below.

3. EVs as Potential Therapeutic Targets in Cancer

Given the growing evidence of sEVs’ involvement in cancer progression, several strategies have
been tested or envisioned to target various steps of the sEVs signaling in order to block their tumor
promoting effect. These include targeting cancer sEV biogenesis and release, blocking sEV uptake by
recipient cells, eliminating circulating cancer sEVs, and removing specific components from sEVs that
contribute to cancer pathogenesis [68–70].

3.1. Suppressing sEV Biogenesis and Release

At the cellular level, sEVs are derived from the endosomal pathway. The invagination of endosomal
membranes generates intraluminal vesicles inside of the endosome, forming MVBs. These vesicles are
released by cells upon fusion of the endosome with the cellular plasma membrane and the released
vesicles are termed exosomes or sEVs [71,72]. The process of forming sEVs and releasing them
from cells requires a coordinated effort by various cytoplasmic proteins. This includes endosomal
sorting complexes required for transport (ESCRT) and tetraspanins necessary for intraluminal vesicle
formation, sphingomyelinase to generate ceramides vital for intraluminal vesicles’ formation and
sorting, and Rab27a and Rab27b critical for cellular endosomal trafficking [55,71,73]. In an early effort to
suppress sEVs’ biogenesis, GW4869, a sphingomyelinase inhibitor, was used, which reduced ceramide
generation and inhibited sEV formation [74]. Furthermore, attenuation of neutral sphingomyelinase 2
(nSMase2) in breast cancer cells by a knockdown approach reduced sEV formation and attenuated
sEV-associated miR-210 transfer, leading to the suppression of cancer cell metastasis in vitro and in
a xenograft mouse model [75]. However, the role of nSMase2 in sEV formation and secretion from
other cultured cancer cell lines remains unclear [76,77], compromising this approach of targeting sEV
biogenesis. Other potential strategies in targeting sEV biogenesis that have been tested or envisioned
include the use of Amiloride, an anti-hypotension drug, which reduced sEV yields by blocking
membrane-associated heat shock protein 72 (HSP72) in a STAT3-dependent manner in myeloid-derived
suppressor cells [78]; inhibiting the syndecan-syntenin-Alix signaling process, since the syndecan
heparan sulphate proteoglycans and their cytoplasmic adaptor syntenin, along with Alix and ESCRT,
control the formation of sEVs [79]; and targeting cellular molecules, such as Rab27a/b [70,73,80], Rab11,
Rab35 [81,82], TSG101, and TSAP6 [70], which are either related to sEV formation or trafficking and
secretion from cancer cells. Using a high-throughput screening approach, a recent study identifies
that manumycin-A (MA), a natural microbial metabolite, inhibits sEV biogenesis and secretion via
the Ras/Raf/ERK1/2 signaling in castration-resistant prostate cancer cells but not in normal prostate
epithelial cells [83], indicating a new compound that may serve as a cancer therapeutic via inhibiting
sEV biogenesis and secretion. In another high-throughput screening study, miR-26a was identified as
being involved in sEV secretion from prostate cancer cells [84], suggesting a new molecular target for
suppressing cancer sEV secretion.

3.2. Preventing EV Uptake

Several sEV uptake mechanisms have been recently proposed (Figure 1), including sEV membrane
direct fusion with plasma membrane, thereby releasing sEV contents to recipient cells [85,86],
and receptor-mediated endocytosis [87], clathrin- and caveolin-mediated endocytosis [88,89],
phagocytosis [90], and macropinocytosis [88,91]. Detailed regulation of each of the pathways and their
proportional contributions to sEV uptake remains to be further elucidated. It seems reasonable to
assume that the uptake to a large extent depends on sEV surface protein compositions and the type of
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cells in which the sEVs are internalized. Furthermore, irrespective of the uptake pathways, internalized
materials will be processed via the endosomal/lysosomal pathway [92]. While limiting cancer sEV
uptake by recipient cells is a potential strategy to block cancer sEV signaling and attenuate cancer
sEVs’ tumor-promoting effect, few studies have been published to support this strategy. Nevertheless,
evidence has been provided to indicate that it is feasible to modulate the sEV uptake process in
order to attenuate the sEV-induced effect in the recipient cells. Some examples include the following.
Autophagy inhibitors such as chloroquine, bafilomycin A, and monensin, were shown to significantly
inhibit sEV internalization into microglia, likely through altering vacuolar acidification [91]. Two
potent PI3K inhibitors, Wortmannin and LY294002, concentration-dependently inhibited sEV uptake
by macrophages, indicating that PI3K is essential for sEV phagocytosis [90]. Disruption of the actin
cytoskeleton using Cytochalasin D or Lantrunculin A inhibited sEV uptake by Human Umbilical
Vein Cells (HUVECs), confirming that an intact cytoskeleton facilitates sEV internalization [93].
Chlorpromazine, which blocks clathrin-mediated endocytosis, inhibited sEV uptake by ovarian cancer
cells [94] and endothelial cells [95], and heparin dose-dependently inhibited sEV uptake by glioblastoma
(GBM) cells [96] and bone marrow stromal cells [97]. These findings reinforce the notion that targeting
the uptake of cancer sEVs is a promising strategy in the development of new cancer therapeutics, and
future efforts should focus on small molecules capable of inhibiting cancer sEV uptake and suppressing
tumor progression.

 
Figure 1. sEV biogenesis, release, uptake, and contents. Created with BioRender.com.

3.3. Eliminating Circulating Cancer sEVs

The transfer of cancer sEVs through the circulatory system to distal organs has been reported to
promote tumor metastasis via various mechanisms, most notably by forming pre-metastatic niches
in the distal organs [55,62,98]. Considering that most cancer deaths are due to metastatic disease,
eliminating circulating cancer sEVs is presumably a great strategy to prevent cancer metastasis,
thereby reducing cancer mortality. The idea of “cleaning” the blood to prevent cancer metastasis has
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been tested many years ago. In the late 1980s, using a continuous whole blood UltraPheresis procedure,
plasma fractions with molecular weight less than 150 kDa were removed from patients with metastatic
cancer, which reduced tumor size and improved patient immune response and Karnofsky Performance
Status [99]. While this technique did not consider removing blood sEVs at the time, it inspired others
to develop new devices to remove cancer sEVs from patient plasma [64]. For instance, Hemopurifier®,
an affinity-based purifier developed by Aethlon Medical Inc. (San Diego, CA, USA), has been shown
to selectively capture viral particles (which have similar size as sEVs) in the plasmas of individuals
infected with Hepatitis C and Human Immunodeficiency Virus (HIV) [100,101], and this device is
being modified and tested for removal of Her2-positive breast cancer exosomes from patient plasma
([64], https://grantome.com/grant/NIH/R43-CA232977-01). Moreover, a phase I clinical trial using
Hemopurifier® in conjunction with pembrolizumab (Keytruda) in patients with advanced head and
neck cancer has been recently approved by the Food and Drug Administration (FDA) (NCT04453046).

In line with the strategy of eliminating circulating cancer sEVs, a recent report demonstrated,
in a xenograft nude mouse model, that treatment of the mice with human anti-CD9 and anti-CD63
antibodies (intravenous injection) disrupts cancer sEVs in the circulation and suppresses the pulmonary
metastasis of implanted human breast cancer cells, yet, has no effect on primary tumor growth of
the implants or metastatic ability of the cells in vitro [102]. These findings support the strategy to
suppress cancer metastasis via inhibiting the pro-metastatic functions of cancer-derived sEVs using
antibodies against their surface proteins. In addition, an innovative design of aptamer-functionalized
nanoparticles was shown to eliminate blood oncogenic sEVs into the small intestine, and attenuate
oncogenic sEV-induced lung metastasis in mice [103]. This technology utilized positively charged
mesoporous silica nanoparticles equipped with Epidermal Growth Factor Receptor (EGFR)-targeting
aptamers specifically recognizing and binding the negatively charged oncogenic sEVs and towing
them from blood to bile duct for elimination. This interesting study proves that it is feasible to
remove oncogenic sEVs selectively from the blood stream, thereby reducing tumor metastatic potential.
Further investigations are warranted along this line of research.

3.4. Targeting Specific sEV Cargo Components

Specific sEV components that mediate sEVs’ tumor-promoting activity are obvious potential cancer
therapeutic targets. Some of the targets have been recently explored in order to develop new cancer
therapeutics. As discussed above, antibodies against human CD9 and CD63, two well-established sEV
surface markers [17], were shown to disrupt oncogenic sEVs and inhibit tumor metastasis in a breast
cancer xenograft nude mouse model [102]. However, this experiment strategy of targeting human CD9
and CD63 is only applicable in a xenograft nude mouse model for selectively eliminating human cancer
sEVs from the blood, since CD9 and CD63 are expressed in sEVs released from both noncancerous and
cancerous cells in humans. Targeting of cancer-specific sEV components will be preferred to achieve
a cancer-specific effect. In this context, a recent report demonstrated that cytoskeleton-associated
protein 4 (CKAP4), a novel Dickkopf1 (DKK1) receptor, was selectively contained in sEVs from
pancreatic ductal adenocarcinoma (PDAC) cells, not in sEVs from normal cells. Various anti-CKAP4
antibodies were then utilized to block the interaction of DKK1 with sEV-associated CKAP4, resulting
in an inhibition of the proliferation and migration of PDAC cells and a prolonged survival of PDAC
xenograft nude mice [104], supporting further development of this targeting strategy.

In another report, miR-365 in macrophage-derived sEVs was found to significantly decrease
the sensitivity of PDAC cells to gemcitabine, and a miR-365 antagonist was able to reverse the
gemcitabine resistance of PDAC cells in vitro and in vivo [105], thus suggesting that targeting miR-365
in macrophage-derived sEVs renders PDAC cells more sensitive to gemcitabine. Similarly, miR-155
was found in PDAC cell-derived sEVs that mediates transfer of the gemcitabine resistance traits
from resistant PDAC cells to sensitive PDAC cells, conferring gemcitabine resistance of PDAC cells.
Targeting miR-155 or the exosome secretion of PDAC cells effectively attenuated the gemcitabine
resistance in PDAC cell lines and in xenograft nude mice [106]. Other cancer sEV-associated microRNAs,
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such as miR-21 and miR-1246, have also been found to be selectively enriched in cancer sEVs and
considered as therapeutic targets [107,108]. Since cancer sEVs selectively encapsulate certain microRNA
species [25,109–111], targeting cancer sEV-associated microRNAs will continue to be an attractive
strategy for the development of new cancer therapeutics.

Immune checkpoint protein inhibitors, such as PD1/PD-L1 inhibitors, are novel cancer therapeutic
targets which have revolutionized cancer therapy with great efficacy, even for those cancer patients
whom standard therapy has failed [112]. However, only 10%–30% of patients responded to checkpoint
inhibitor therapy [113]. The immune escape is partially due to the fact that tumor-derived sEVs
contain PD-L1, a PD1 ligand, which binds to PD1 on the surface of T cells and suppresses T cell
activation [66,67]. The sEV PD-L1 level was thus suggested to be a prognostic marker for anti-PD1
therapy response [114], and blocking sEV PD-L1 has been proposed to overcome the resistance to
anti-PD-1/PD-L1 antibody therapy [115]. Indeed, anti-PD-L1 antibodies were shown to block sEV
PD-L1, induce systemic anti-tumor immunity, and suppress tumor growth in a syngeneic colorectal
cancer model [67].

New oncogenic components in cancer sEVs are continuously being identified which may contribute
to tumor progression or chemo-resistance [116,117]. Efforts on targeting these sEV-associated oncogenic
molecules for cancer therapeutic development are expected to expand.

4. EVs as Drug Carriers in Cancer Treatment

Compared to artificial drug vehicles, such as liposomes, EVs are favored drug carriers [118]
because of their autologous nature that would prevent undesired immunogenicity and toxicity [119,120].
sEVs also possess high capacity of homing toward tumor cells when compared to liposomes [62,121],
implying that sEVs are more efficient in delivering drugs for cancer therapy. Furthermore, studies have
shown that sEVs are stable membrane vesicles under different pH values, temperatures, or freeze–thaw
cycles [122], and these properties can be further enhanced by surface modification [123], supporting
their potential compliance with good manufacturing practices (GMPs) in future clinical use. In addition,
as nano-sized particles, sEVs were shown to be able to cross the blood–brain barrier and the tumor
vasculature via enhanced permeability and retention (EPR), thereby potentially increasing accumulation
of nanoparticles in brain tumors [124–126].

Diverse techniques have been practiced to encapsulate cancer therapeutics by sEVs in order to
develop more efficient tumor-targeting vehicles. Here, we review the sEV loading strategies reported
in recent literature.

4.1. EV Sources and Loading Efficiency

Based on the heterogeneity of sEVs derived from various biological sources [18], it is safe to
assume that the source of the sEVs may relate to their drug loading efficiency and their therapeutic
efficacy. Indeed, experimental evidence has been provided to show that drug loading efficiency of
sEVs derived from pancreatic stellate cells (PSCs), pancreatic cancer cells (PCCs), and macrophages
significantly differ when doxorubicin was simply incubated with the sEVs, with those from PCCs
being most efficient. However, the doxorubicin-loaded macrophage sEVs are most effective in killing
cancer cells, indicating that higher loading capacity does not equal to high anticancer activity of
the drug-loaded sEVs [127]. This implies that both the biological source of the sEVs and the drug
loading efficiency need to be evaluated when sEVs are applied as drug carriers for cancer therapy.
In line with this concept, sEVs derived from mesenchymal stem cells (MSCs) are considered good
carriers for drug delivery because they possess low immunogenicity [9,128] and are well tolerated
in mice [129] and humans [130]. Both a miR-9 inhibitor and the chemo drug paclitaxel have been
successfully incorporated into sEVs derived from MSCs which inhibited tumor cell growth [131,132].
However, allogeneic MSCs may also be able to transfer immunogenic proteins, such as MHC
molecules, via secreted EVs, which might cause immunological responses [133]. Furthermore,
the immunogenicity of MSCs-derived EVs varies, depending on experimental conditions by which the
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EVs are produced [134]. Future efforts are required to closely monitor immunologic responses post
administration of MSCs-derived EVs and develop uniform procedures in preparing MSCs-derived
EVs. In addition to MSCs, sEVs from immature dendritic cells or self-derived dendritic cells were
also considered, possessing low immunogenicity and used to encapsulate siRNA or doxorubicin for
therapeutic applications [135,136]. Interestingly, cancer cell-derived sEVs were shown to have unique
targeting abilities homing to tumorous microenvironments [137]. sEVs from HeLa and patient ascites
were shown to deliver heterologous siRNAs to HeLa cells and cause cell death [138]. Autologous
sEVs were found to be safe and effective in delivering gemcitabine for pancreatic cancer therapy in
experimental model systems [139]. These results show that cancer cell-derived sEVs are promising
carriers for effective delivery of chemotherapeutic drugs or nucleotides. Given the tumor-promoting
activity of cancer-derived sEVs [53–55], the safety and long-term effect of these membrane vesicles as
drug-delivery carriers needs to be carefully evaluated.

4.2. Loading Therapeutics into sEVs via Donor Cells

Efficient loading of cancer therapeutics into a given sEV population can be critical when it comes
to drug efficacy. In this context, one loading strategy that has been described in packaging cancer
therapeutics into sEVs is to load cancer therapeutics into sEVs via donor cells, which is in contrast
to directly loading therapeutics into isolated sEVs. In this case, microRNAs have been most often
loaded into sEVs via the donor cells. For example, adipose tissue-derived MSCs were transfected with
a miR-122 expression plasmid to overexpress this microRNA and the sEVs derived from these cells
were highly enriched in miR-122. An intra-tumor injection of miR-122-enriched sEVs significantly
increased the efficacy of Sorafenib on inhibiting hepatocellular carcinoma in a xenograft nude mouse
model [140]. Functional delivery of miR-21 derived from glioma cells to the surrounding microglia
led to downregulation of specific miR-21 mRNA target genes [141]; likewise, sEVs from primary
glioma cells, stably expressing miR-302-367, were shown to enrich in miR-302-367 by internalizing
neighboring glioblastoma cells, and altering tumor development in vivo [142], and overexpression of
miR-146b in marrow stromal cells generated sEVs with high miR-146b content, which significantly
reduced glioma xenograft growth in rats [143]. More studies have been reported in testing the strategy
of loading microRNA inhibitors or mimics into sEVs via the donor cells for therapeutic applications,
as was recently reviewed [144].

An interesting study demonstrated that the chemotherapeutic paclitaxel (PTX) could be added
directly to the culture of MSCs to generate sEVs that are highly associated with PTX and significantly
suppress cancer cell proliferation [132]. However, this strategy of loading chemotherapeutics into sEVs
has been less explored, likely because of the loading efficiency, considering the potential metalizing of
PTX in treated cells. Instead, direct loading of chemotherapeutics and microRNA/siRNAs into the
isolated sEVs has been widely adapted for testing sEVs as drug carriers for therapeutic delivery.

4.3. Loading Therapeutics into Isolated sEVs

The lipid-bilayer membrane structure of sEVs favors encapsulating hydrophobic compounds
and molecules, which may directly integrate into the sEVs without disturbing their membrane barrier.
In contrast, hydrophilic compounds and molecules require permeabilization of the bilayer membrane
in order to be incorporated into the sEVs [145,146]. Various approaches have been proposed to
load hydrophobic and hydrophilic drugs or biological molecules into sEVs. The most common
approaches include opening up the pores in lipid membranes by physic forces, such as electroporation,
sonication, freeze and thaw cycles, and extrusion, and by chemical means, such as using transfection
reagents. The pros and cons of these methods for membrane permeabilization and cargo loading has
been reviewed elsewhere [147]. Therefore, we will only briefly discuss these loading approaches in
the following.

Direct incubation of therapeutics with sEVs at given temperatures and durations is a simple
strategy for loading drugs into sEVs. The loading efficiency mainly relies on the concentration of
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the drugs or molecules and their hydrophobicity. A proper loading can usually be achieved for
hydrophobic compounds without disturbing the integrity of the sEV membrane [132]. Nevertheless,
the loading efficiency is often lower compared to other loading approaches.

Electroporation has been a method widely used to introduce DNA or RNA into mammalian
cells [148,149], and is often applied for drug or nucleotide loading into sEVs [150,151]. The desired
sEVs will be co-incubated with the therapeutics and exposed to certain volts of electric fields to open
up the pores of the sEV membrane to allow the therapeutics to enter into the permeabilized sEVs.
This method has been preferentially applied when incorporating nucleic acids like siRNA, mRNA,
DNA, and microRNA, into sEVs [152]. Its loading efficiency is usually higher than incubation [139].
However, the main drawback of this method is the risk of damaging the EV membranes that may
cause aggregation of sEVs and precipitation of nucleic acids.

Sonication uses ultrasound energy transmitted through a sonicating probe that reduces the
rigidity of sEV membranes, thus allowing more therapeutic molecules to be incorporated into sEVs.
For example, PTX was loaded into sEVs more efficiently by sonication than electroporation and
incubation [139]. However, the sonicating probe produces consistent heat during the sonication and
the operation has to be done on ice, with intervals between strokes [153]. There is no doubt that
sonication may compromise the membrane integrity of sEVs, with the therapeutics occasionally being
attached to the outer membrane of the sEV, which affects the drug distribution in vivo [139].

The freeze and thaw approach takes advantage of the formation of ice crystals that temporarily
disrupt the sEV membrane, allowing therapeutic compounds to enter into the sEVs prior to
membrane reconstitution [154]. This method shows lower cargo loading compared to sonication- and
extrusion-based methods [155]. One to three cycles of freeze and thaw were usually performed during
drug incorporation, which may accelerate the degradation and aggregation of the sEVs [122,156].

Extrusion utilizes a lipid syringe extruder with pore sizes between 100 and 400 nm, which break
the sEV membrane physically and then mix with therapeutics. This method possesses high loading
efficiency when compared to freeze and thaw, sonication, and saponin treatment [155,157]. One can
imagine that the extrusion approach may cause damage of the sEV membranes as it does by sonication
and electroporation.

Saponin treatment and the use of common transfection reagents, such as cationic lipids, have also
been applied to load exogenous materials into sEVs. It was demonstrated to be an effective approach
for sEV encapsulation of therapeutic drugs when compared to electroporation [155]. While we would
expect more studies using the transfection approach for sEV loading, especially for loading of nucleic
acids, the chemical transfection reagent itself will need to be removed prior to delivering the sEVs to
target cells [157].

Through the above-mentioned approaches, multiple therapeutic agents in the forms of
DNA, microRNA, siRNA, porphyrins, proteins (catalase, stress-induced heat shock proteins),
and chemotherapeutics (curcumin, paclitaxel, docetaxel, gemcitabine) have been successfully loaded
into sEVs and tested for their therapeutic value [158–161]. Nonetheless, it remains to be determined
which approaches are most appropriate for loading specific agents into desired sEVs.

5. Clinical Trials Testing sEVs as Cancer Therapeutic Carriers

The potential of sEVs to serve as cancer therapeutic carriers and the promising results from
preclinical studies have led to clinical trials aimed to develop sEV-based cancer therapy. We searched
ClinicalTrials.gov and Pubmed.gov on 7 July 2020 and found 12 clinical trials testing sEVs as potential
cancer therapeutics or therapeutic carriers, with 8 of them being registered in ClinicalTrials.gov
(Table 1). Some of the clinical trials have reported their end results and others are still ongoing [162].
These clinical trials can be categorized according to their biological source of sEVs that are used as
therapeutic carriers, as discussed below. Note that these clinical trials are mostly in early stages, and
the definitive therapeutic value of sEVs for cancer therapy has yet to be determined.
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Table 1. Clinical trials of EV-based cancer therapy.

Disease Drug EV Source
Phase, n of

Patients
Status Reference

Malignant Pleural
Effusion

Methotrexate
Autologous

Tumor-Derived
Microparticles

Phase 2,
n = 90 Recruiting NCT02657460 1

Guo, M. [163]

Methotrexate Microparticles N/A,
n = 248 Recruiting NCT04131231 1

Chemotherapeutic
Drugs

Tumor Cell- Derived
Microparticles

Phase 2,
n = 30 Unknown NCT01854866 1

Tang, K. [164]

Cisplatin Tumor Cell- Derived
Microparticles

N/A,
n = 6 Completed Ma, J. [165]

Metastatic Pancreatic
Cancer KRAS 2 G12D siRNA MSC 3-Derived

Exosomes
Phase 1,
n = 28 Recruiting NCT03608631 1

Kamerkar, S. [166]

Head and Neck Cancer
Grape Extract Plant Exosomes Phase 1,

n = 60
Active, Not
Recruiting NCT01668849 1

Hemopurifier
Pembro-lizumab

Blood-Derived
Exosomes

N/A,
n = 12

Not Yet
Recruiting NCT04453046 1

Colorectal Cancer
Curcumin Plant Exosomes Phase 1,

n = 7
Active, Not
Recruiting NCT01294072 1

GM-CSF 4 AEX 5 Phase 1,
n = 40 Completed Dai, S. [167]

Non-Small Cell Lung
Cancer

Antigens Tumor Dex2 6 Phase 2,
n = 41 Completed NCT01159288 1

Besse, B. [168]

MAGE7 Tumor Antigens Autologous DEX 6 Phase 1,
n = 13 Completed Morse, M.A. [169]

Metastatic Melanoma MAGE7 3 Peptides Autologous DEX 6 Phase 1,
n = 15 Completed Escudier, B. [170]

1 The NCT# refers to a registered National Clinical Trial (NCT) which can be found at Clinicaltrials.gov,
2 Kirsten Rat Sarcoma (KRAS), 3 Mesenchymal Stem Cells (MSC), 4 Granulocyte- Macrophage Colony-Stimulating
Factor (GM-CSF), 5 Ascites- Derived Exosomes (AEX), 6 Dendritic Cell- Derived Exosomes (DEX), 7 Melanoma
Antigens (MAGE).

5.1. Clinical Trials Using Dendritic Cell-Derived sEVs (DEX)

In 2005, two phase I clinical trials were reported using autologous DEX as immune stimulants,
one for patients with metastatic melanoma, and another for patients with non-small cell lung cancer
(NSCLC) [169,170]. Similar procedures were used in isolating sEVs from patients and loading MAGE-3
antigens to the sEVs for these trials. In the metastatic melanoma trial, 15 patients were included and
received a 4-week outpatient vaccination course with antigen-loaded DEX given intradermally (1/10th)
and subcutaneously (9/10th) per week for 4 weeks. There was no major toxicity being observed and
some patients showed partial response and tumor repression. This is the first study to show the
feasibility and safety of DEX-based vaccination in melanoma patients. In the NSCLC trial, 13 patients
were enrolled, with 9 completing the therapy. The antigen-loaded DEX was given, intradermally
(1/10th) and subcutaneously (9/10th), 4 times at weekly intervals. Similar to the melanoma trial, no
major toxicity was observed during a 24-month follow up, and immune activation and stability of
disease was observed in some patients with advanced NSCLC. The success of this phase I trial led to a
phase II clinical trial for NSCLC in France (NCT01159288). In the phase II trial, DEX was upgraded from
the first-generation interferon gamma-free DEX (IFN-γ-free DEX) to a second generation (IFN-γ-DEX)
in order to enhance DEX-induced T cell responses. Twenty-four patients were recruited, and the results
confirmed that DEX boosts antitumor immunity in patients with advanced NSCLC with outstanding
safety [168]. Together, these clinical trials indicate a potential safe immunotherapy using DEX in
metastatic melanoma and NSCLC, and an enhanced efficacy of DEX when administered in combination
with IFN-γ.

5.2. Clinical Trials Using Ascites-Derived sEVs (AEX)

In 2008, a phase I study using autologous AEX combined with granulocyte-macrophage
colony-stimulating factor (GM-CSF) for colorectal cancer was completed [167]. Forty patients with
advanced colorectal cancer were included in the study and randomly assigned to AEX alone or AEX
plus GM-CSF groups. Patients received 4 subcutaneous immunizations at weekly intervals. Results
showed that both groups of patients tolerated the treatment well and AEX plus GM-CSF rather than
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AEX alone induces beneficial antitumor cytotoxic T lymphocyte (CTL) response. These findings
suggest that the immunotherapy of colorectal cancer with AEX in combination with GM-CSF is feasible
and safe, and may be applied for immunotherapy of colorectal cancer.

5.3. Clinical Trials Using Tumor Cell-Derived EVs

A preclinical study has confirmed the feasibility of using apoptotic tumor cells induced
by chemotherapeutic drugs to produce drug-packaging EVs [164]. Several anti-cancer drugs,
including methotrexate, doxorubicin, and cisplatin, were shown to be packaged into EVs released by
tumor cells, such as the mouse hepatocarcinoma tumor cell line H22 or the human ovarian cancer
A2780. These drug-containing EVs effectively killed tumor cells in murine models without typical
side effects, such as hair and/or weight loss or liver and/or kidney function impairment. Inspired
by these preclinical results, three clinical trials were consecutively registered to test the effects of
chemotherapeutic packed EVs in cancer patients (NCT01854866, NCT02657460, and NCT04131231).
Whereas findings from two of the trials remain to be reported, one of the trials published their results in
2019 [163], showing that autologous tumor EVs packed with methotrexate symptomatically improved
10 of 11 lung cancer patients with malignant pleural effusion. The methotrexate-packed EVs activated
antitumor effector cells including CTLs and TH1 in the pleural microenvironment and only caused
mild (grades 1 to 2) adverse events.

Tumor EVs packed with chemotherapeutics also contributed to reverse drug resistance of
malignant cells. Intrathoracic injection of cisplatin-packed tumor EVs in three end-stage lung cancer
patients eliminated 95% of tumor cells in the malignant fluids and ameliorated patient symptoms.
These therapeutic effects were absent in another three patients with intrathoracic injection of cisplatin
alone [165].

5.4. Clinical Trials Using Plant-Derived sEVs

sEVs derived from plants are unquestionably safer than those from tumor cells. Grapefruits were
found to yield higher sEVs (2.21 g/kg raw material) than grapes, tomatoes, bovine milk, or ginger [171].
Grapefruit-derived nanovectors (GNVs) were demonstrated to transport chemotherapeutic agents,
siRNA, DNA expression vectors, and proteins to different kinds of cells. Co-delivery of folic acid and
PTX by GNVs showed a therapeutic benefit in a mouse model of colon cancer [172]. These preclinical
results led to a phase I clinical study investigating the efficacy of plant sEVs conjugated with curcumin
that was orally delivered to patients with colon cancer (NCT01294072). Another phase I clinical trial
was designed to evaluate the ability of plant sEVs to prevent oral mucositis during chemo-radiation of
head and neck cancer (NCT01668849), which will shed light on the potential of using plant sEVs to
alleviate side effects during cancer therapy.

5.5. Clinical Trials Using Normal Fibroblast-Like Mesenchymal Cell-Derived EVs

A preclinical study has demonstrated that sEVs, derived from fibroblast-like mesenchymal cells
and loaded with siRNA or shRNA targeting KRAS mutation (KrasG12D), are significantly more
effective than other drug carriers in inhibiting pancreatic ductal adenocarcinoma (PDAC) progression
in vitro and in vivo [166]. Following the report, this research group initiated a phase I clinical trial
(NCT03608631) aimed at testing this approach in patients with stage IV PDAC bearing the KrasG12D
mutation. They will also evaluate median progression-free survival (PFS) and median overall survival
(OS) as secondary objectives.

6. Conclusions

Research on EVs in cancer has been intensified over the last decade. The involvement of
EVs, especially sEVs, in promoting cancer progression through intercellular communication is well
recognized. This leads to efforts focusing on targeting EV signaling or utilizing EVs as drug carriers
to develop novel cancer therapeutics. In this review, we have summarized recent progress in the
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development of EVs as cancer therapeutics, both in preclinical studies and clinical trials. Clearly,
most of the studies reported on targeting sEV signaling, such as EV microRNA signaling, are at
preclinical stages, and clinical trials are primarily related to developing EVs as therapeutic carriers
at relatively early phases. This indicates that, on one hand, significant progress has been made in
understanding how to better target EV signaling for the development of cancer therapeutics and the
safety of delivering EVs into humans as therapeutic carriers, and on the other hand, clinical efficacy of
EVs as therapeutic targets or therapeutic carriers remains to be determined. Compared to targeting EV
signaling, utilizing EVs as therapeutic carriers seems to be a more practical strategy in therapeutic
development and has advanced from preclinical studies to clinical trials. This is likely due to the fact
that targeting cancer-specific EV signaling remains a challenge, as clear distinction of cancer EVs from
healthy EVs has not been firmly established, and the heterogeneity of EVs is well recognized, which
renders it difficult in specific targeting of EV signaling. In addition, current technology in EV isolation
and validation needs to be improved, which also limits the effort in exploring EV signaling in cancer.
Ongoing EV research needs to focus on these challenges in order to establish clinically applicable
therapeutics targeting EV signaling in cancer. There are also challenges in the development of EVs as
therapeutic carriers [173], including production and purification of EVs on an industrial scale, potential
EV contamination with virus [100,174], and long-term side effects of tumor-derived EVs when they are
applied as therapeutic carriers. However, these challenges are mostly technological, not conceptual,
and hopefully can be overcome with concentrated effort. It is expected that EVs as therapeutic targets
or delivery carriers may soon open up new avenues in clinical management of malignant diseases.
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PD1 Programmed Cell Death Protein 1
PD-L1 Programmed Death-Ligand 1
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HeLa Henrietta Lacks Cells
PTX Paclitaxel
KRAS Kirsten Rat Sarcoma
DEX Dendrite Cell- Derived Exosomes
NSCLC Non-Small Cell Lung Cancer
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IFN-γ-free DEX Interferon Gamma-free Exosomes
IFN-γ-DEX Interferon Gamma-containing Exosomes
AEX Ascites-Derived Exosomes
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GNV Grapefruit-Derived Nanovectors
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Abstract: Human breast milk (HBM) is an irreplaceable source of nutrition for early infant growth
and development. Breast-fed children are known to have a low prevalence and reduced risk of various
diseases, such as necrotizing enterocolitis, gastroenteritis, acute lymphocytic leukemia, and acute
myeloid leukemia. In recent years, HBM has been found to contain a microbiome, extracellular
vesicles or exosomes, and microRNAs, as well as nutritional components and non-nutritional proteins,
including immunoregulatory proteins, hormones, and growth factors. Especially, the milk-derived
exosomes exert various physiological and therapeutic function in cell proliferation, inflammation,
immunomodulation, and cancer, which are mainly attributed to their cargo molecules such as proteins
and microRNAs. The exosomal miRNAs are protected from enzymatic digestion and acidic conditions,
and play a critical role in immune regulation and cancer. In addition, the milk-derived exosomes
are developed as drug carriers for delivering small molecules and siRNA to tumor sites. In this
review, we examined the various components of HBM and their therapeutic potential, in particular of
exosomes and microRNAs, towards cancer.

Keywords: human milk; nutrient; microbiota; exosomes; microRNAs; cancer

1. Introduction

Human breast milk (HBM) is an irreplaceable source of nutrition for early infant growth
and development. For this reason, the World Health Organization and the American Academy of
Pediatrics recommend exclusive breastfeeding for at least 6 months and to continue breastfeeding until
the age of 2 years [1–3]. It is widely known that HBM provides advantages for cognition and development
in the short and long term [3,4]. Breast-fed children are known to have a low prevalence of necrotizing
enterocolitis (NEC), gastroenteritis, otitis media, respiratory diseases, and acute diseases, as well
as obesity, inflammatory bowel disease, and diabetes [3,5,6]. In addition, breastfeeding for more than
6 months reduces the risk of acute lymphocytic leukemia and acute myeloid leukemia, and there is
evidence of reduced morbidity associated with lymphoma and other tumors [3,5–7]. Furthermore,
breastfeeding mothers show various short-term benefits and long-term positive effects on cardiovascular
disease, diabetes, and bone density [5]. In particular, breastfeeding is known to lower the risk of breast
and ovarian cancer.

Although various multinational companies are conducting research to develop breast milk
replacements, it has not yet been possible to completely replace breast milk by any method [8]. This is
because HBM contains various ingredients that have not yet been identified, so it is difficult to
artificially reproduce them. HBM contains not only nutritional components, such as macronutrients
and micronutrients, but also various non-nutritional proteins or cellular components, including immune
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components, hormones, and growth factors [9–11]. In recent years, studies on HBM components, such
as human milk oligosaccharides (HMOs) and fatty acids, have been actively conducted. The HBM
components that have not been well appreciated in the past, such as the microbiome, extracellular
vesicles (EVs) or exosomes, and microRNAs (miRNAs), are being examined, assisted by the development
of various testing techniques [11–13]. Some of these components consistently show no considerable
differences between regions and races, such as protein components and with regard to the energy
content. However, there are differences according to the diet or weight of the breastfeeding mother
in components such as vitamin A, vitamin D, water-soluble vitamins, and the composition of fatty
acids, and also in other components according to the underlying condition of the breastfeeding
mother [3,11,12]. In addition, the maturation, colonization, and immunity acquisition of immature
intestinal mucosa are obtained through breastfeeding, and the incidence of various diseases is lower in
breastfed infants than that in formula-fed infants. Considering these aspects, the HBM components,
such as the immune components and exosomes, would be helpful in predicting and treating diseases
in actual clinical practice.

In this article, we examined the various well-known components of HBM and those that are
currently being studied, focusing on exosomes. In addition, we described how these ingredients affect
the health of children and breastfeeding mothers and especially their potential use in diseases such
as cancer.

2. Human Breast Milk Components

2.1. Nutritional Components (Macronutrients and Micronutrients)

As already known, HBM is mainly composed of macronutrients such as carbohydrates, proteins,
and fats, along with 87–88% water [11]. Among them, carbohydrates are the most important component
in HBM and play a critical role in infant nutrition. Although lactose is a major carbohydrate constituent
of HBM, HMOs, which have recently been attracting attention, are unique components of HBM
and are the third largest constituent of HBM. HMOs play a prebiotic role that affect the development of
intestinal colonization and gut microbiota immediately after birth, directly affecting immunity, and also
play a role in the production of short chain fatty acids [14,15]. The proteins in HBM are composed
of various peptides along with a mixture of casein and whey. These proteins play an essential role
in growth and development by being involved in the functionalization and organization of cells in
the human body [11]. As HBM is known to play an essential role in the development of the early
human immune system, whey proteins, such as alpha-lactalbumin, lactoferrin, and secretory IgA, play
an important role in the immune system and have antibacterial properties [10,16,17]. Fat accounts for
50% of the total nutrition supplied by HBM, is the second largest macronutrient, and plays an important
role in the development of the nervous system [18]. Fat in HBM varies according to the maternal diet
and body weight during pregnancy, so there are large regional differences [18].

In addition, HBM contains various vitamins and micronutrients, such as iron, calcium, zinc,
and copper. Although most of these micronutrients are sufficiently contained in breast milk, vitamin D
or vitamin K may require supplementation if exclusively breastfeeding due to insufficiencies [19,20].
The nutrient content of HBM varies depending on whether it is colostrum or mature milk, and the ratio
changes as lactation progresses. In addition, HBM fed to premature infants may have different
components from that fed to mature infants [11].

2.2. Non-Nutritional Components and Clinical Applications

In addition to the nutrient components, HBM contains various non-nutritional components,
bioactive proteins, and peptides. HBM is known to contain various hormones, such as parathyroid
hormone, insulin, and leptin, but their functions are not fully understood [11]. However, the roles of
many growth factors are well known. Epidermal growth factors play a crucial role in the maturation
and healing of intestinal mucosa, and neuronal growth factors are known to be necessary for
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the development of the enteric nervous system and immature intestine in newborns [10,11]. Moreover,
the insulin-like growth factor superfamily and vascular endothelial growth factor regulate erythropoiesis
and angiogenesis, respectively [10,11].

Considering the development of the immune system through breastfeeding, the formation of
a functional microbial community through colonization of microorganisms in the intestinal tract,
and the low disease incidence in breast-fed infants, various components of HBM have been studied for
their applicability in the clinic and infection [21]. Attempts have been made to use lactoferrin to treat
colon cancer, advanced stage non-small-cell lung carcinoma, newly diagnosed lung cancer, and breast
cancer in connection with regulating cellular growth and differentiation, playing an important role in
immune response [22–26]. Another immune component, alpha-lactalbumin, is known as HAMLET
(human alpha-lactalbumin made lethal to tumor cells) for its clinical applicability in oncologic
diseases. Through the intratumoral administration of HAMLET, damage to the intact brain in human
glioblastoma is minimized and tumor cell apoptosis is induced [27]. The effects of alpha-lactalbumin on
apoptosis and resolution have also been confirmed in human skin papilloma and bladder cancer [28,29].
The transforming growth factor β (TGF-β) contained in milk acts on immunomodulation and cell
proliferation and differentiation, particularly in pediatric Crohn’s disease, and is used for enteral
nutrition [21].

2.3. Microbiomes and Their Derived Extracellular Vesicles

Until the 20th century, HBM was considered sterile, and bacterial species identified in HBM
were believed to be due to contamination or infection. However, it was known to some researchers
that HBM also contains commensal bacteria, and rich and diverse communities have been identified
by new testing techniques such as Next Generation Sequencing [30–32]. Through these advanced
techniques, Staphylococcus and Streptococcus were found to be the predominant core genera in HBM,
despite differences in regions and test techniques [11]. In addition, Togo et al. confirmed the diversity
of human milk microbiota through a systematic review and identified commonly found species:
Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus agalactiae, Cutibacterium acnes, Enterococcus
faecalis, Bifidobacterium breve, Escherichia coli, Streptococcus sanguinis, Lactobacillus gasseri, and Salmonella
enterica [33].

The origin of the HBM microbiota remains unknown. The possibility of contamination of the skin
or oral cavity cannot yet be ruled out. In fact, Ramsay et al. confirmed milk-ejection reflux from
the mouth of the infant to mammary ducts during breastfeeding through ultrasound [34]. However,
an introduction of microbiota from an endogenous origin, such as glands, rather than contamination is
possible, since anaerobic gut-associated microbiota has been identified in breast milk. The maternal gut
microbiota may be absorbed through the maternal intestinal epithelium and present in the mammary
glands [35,36]. It is thought that these HBM microbes act as prebiotics with HMOs and indirectly affect
the infant gut and various extra-intestinal environments [37–40]. Through many studies conducted so
far, vertical transmission of HBM microbiota has been shown to play an important role in the initial
formation of infant gut microbiota. It is already known that there is a difference between the stool
microbiota of the infant and adulthood periods in breast-fed and non-breast-fed individuals, and a role
for HBM microbiota in human health is possible, as it is associated with a low incidence of various
diseases such as infectious diseases and allergies in breast-fed infants [41,42].

In addition to these microbiomes, HBM was also found to contain EVs of bacterial origin [12].
EVs are nanometer-sized membrane vesicles that have various bioactive functions in intercellular
communication. EVs were generally classified into exosomes (endocytic pathway), microvesicles
(plasma membrane), and apoptotic bodies (plasma membrane) according to their cargos, biogenesis,
and size [43]. Bacterial origin EVs are present in a variety of body fluids such as blood, urine, and stool,
but their role in breast milk remains unknown. At the genus level, HBM bacteria and bacterial EVs
show a significant difference. It is believed that bacterial origin EVs act on the host receptor to move
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bioactive molecules to host cells or to move the EVs themselves to host cells to play a role in infant gut
colonization and immunity [12].

3. Breast Milk-Derived Exosomes

Exosomes are small membranous extracellular vesicles secreted by most eukaryotic cells into
surrounding body fluids, such as blood, saliva, urine, cerebrospinal fluid, lymphatic fluid, and amniotic
fluid [44–46]. These vesicles are 40~100 nm in diameter and are involved in cell–cell communication by
transporting the bioactive cargo molecules, including DNAs, mRNAs, microRNAs, lipids, and proteins,
derived from the cells of origin to the target cells. Exosomes are also present in breast milk,
and the diverse health benefits of breastfeeding are attributed to exosomes, as well as to well-known
immunoregulatory components such as lactoferrin, lactalbumin, lysozyme, and sIgA [47,48].

Exosomes were first extracted from human colostrum and breast milk and characterized in
2007 [47], and subsequent studies have reported the isolation and characterization of milk exosomes
from cows, camels, buffalos, pigs, sheep, and pigeons [49–55]. Milk exosomes are secreted by
mammary gland epithelial cells and also released from milk fat globules during lactation [56]. Higher
concentrations of exosomes were detected in early milk collected at day 3–8 postpartum than in
mature milk collected at 2 months, whereas no significant differences were found in the expression of
marker proteins, such as the tetraspanins CD63, CD81, and the scavenger receptor CD36, between
early and mature milk [57].

3.1. The Role of Milk Exosomes in Cell Proliferation and Inflammation

Studies have reported that milk exosomes function in regulating cell proliferation and inflammation.
Hock et al. showed that rat milk-derived exosomes promote the viability and proliferation of intestinal
epithelial cells and intestinal stem cell activity [58], supporting the previous observations that HBM
reduces the incidence of NEC in infants [59–62]. Consistently, Martin et al. have also reported that
human milk-derived exosomes protect intestinal epithelial cells from cell death upon exposure to
oxidative stress [63]. Furthermore, a neonatal mouse intestinal organoid model and experimental
NEC in C57BL/6 mouse pups supported the protective activities of HBM exosomes by decreasing
inflammation and intestinal damage [64]. A reduction in intestinal damage has also been observed by
exosomes derived from pasteurized breast milk and raw breast milk, indicating that milk exosomes
are resistant to the pasteurization process. In addition, an increasing number of studies have reported
the protective effects of milk exosomes in various in vitro and in vivo NEC models, confirming
the critical role of exosomes in the prevention of NEC development in premature infants [65,66].

The anti-inflammatory effects of bovine milk-derived exosomes have also been shown in IL-1Ra(-/-)
and collagen-induced arthritis mouse models [67]. When administered orally by oral gavage or
drinking water, milk exosomes delay the onset of arthritis and reduce the swelling of ankle joints,
cartilage depletion, and bone marrow inflammation. In addition, the circulating levels of MCP-1,
IL-6, and anti-collagen IgG2a declined, accompanied by a decrease in mRNA expression of T-bet (Th1)
and ROR-γT (Th17) in the primary splenocytes. These results suggest the therapeutic potential of milk
exosomes in the treatment of autoimmune and inflammatory diseases.

3.2. Immunomodulatory Function of Milk Exosomes

Breast milk exosomes also show immunomodulatory effects. The Gabrielsson group demonstrated
that HBM-derived exosomes inhibit CD3-induced production of IL-2, IFN-γ, and TNF-α in peripheral
blood mononuclear cells (PBMCs), while increasing the number of FoxP3+ CD4+ CD25+ regulatory T
cells in PBMCs [47]. They also reported that MUC-1 expressed on HBM-derived exosomes binds to
DC-SIGN on monocyte-derived dendritic cells (MDDCs) and blocks HIV-1 infection and viral transfer
from MDDCs to CD4+ T cells [68]. In addition, human milk exosomes possess different phenotypes,
depending upon maternal sensitization and lifestyle, and differentially influence allergy development
in children [57]. For example, exosomes derived from mothers with an anthroposophic lifestyle
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are associated with a lower prevalence of allergic sensitization than those from non-anthroposophic
mothers. Cow milk-derived exosomes upregulate CD69 expression in NK cells and IFN-γ production in
NK cells and γδ T cells in the presence of IL-2 and IL-12 [69]. Furthermore, bovine milk exosomes induce
proliferation of macrophages and RAW264.7 cells and protect macrophages against cisplatin-induced
cell death [70]. These data suggest that milk exosomes potentially influence the immune system.

A proteomic analysis has been performed to compare the exosomal protein contents between
bovine colostrum and mature milk (mid-lactation period) [71]. The results revealed that exosomes from
colostrum are highly enriched in proteins implicated in the innate immune response, inflammatory
response, acute-phase response, platelet activation, cell growth, and complement activation, whereas
proteins implicated in transport and apoptosis are enriched in exosomes from mature milk [71].
A further proteomic analysis of bovine milk exosomes also reported that exosomal proteins map to
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with immunological functions such
as Fc gamma receptor-mediated phagocytosis, antigen processing and presentation, T cell receptor
signaling, B cell receptor signaling, and NK cell-mediated cytotoxicity [72]. Proteome studies supported
the immunoregulatory function of milk exosomes and suggested the importance of colostrum in
immune defense and immune system development during the early period after birth.

3.3. Milk Exosomes and Cancer

The chemopreventive effects of breast milk have been well studied in childhood leukemia
and lymphoma [73–77]. Martin et al. performed a systemic review and meta-analysis and showed
that ever having been breast-fed is inversely associated with the incidence of acute lymphoblastic
leukemia, Hodgkin’s disease, and neuroblastoma in childhood [78]. Similarly, a recent meta-analysis
and systemic review reported that 14–19% of all childhood leukemia cases might be prevented by
breastfeeding for 6 months or more, whereas breastfeeding for a short duration or non-breastfeeding
may be associated with a slightly increased risk of acute childhood leukemia [7,79]. Given the severity
and detrimental effects of these illnesses, any factor lowering the risk of childhood cancer would
be useful.

Reif et al. reported that HBM-derived exosomes promote the proliferation of normal colon
epithelial cells without affecting the growth of colonic cancer cells [80]. Although this study does
not show the direct antitumor effects of human milk exosomes, it suggests the beneficial function of
human milk exosomes through differential effects on normal cells compared to cancer cells. Bovine
milk-derived exosomes have revealed their intrinsic antitumor activity by inhibiting the proliferation
of various types of cancers, such as lung, prostate, colon, pancreatic, breast, and ovarian cancers [81].
Treatment of cancer cells with 50 μg/mL exosomal proteins for 72 h reduces cell growth by 8–47%
as assessed by MTT assay, suggesting the benefit of exosomes as delivery vehicles for anticancer drugs.
In addition, camel milk and its components have also been shown to exert antitumor effects in human
hepatoma (HepG2), human breast cancer cells (MCF7), and murine hepatoma (Hepa 1c1c7) [82,83].
Camel milk inhibits cell growth and induces apoptosis by activating caspase-3 and death receptor DR4
and accumulates intracellular reactive oxygen species in HepG2 and MCF7 cells [83]. Badawy et al.
demonstrated that camel milk and its exosomes inhibit the proliferation of MCF7 cells, accompanied
by a decrease in MCF7 migration, as measured by a wound-healing assay [53]. In tumor-bearing rats,
oral or local (in the tumor tissue) administration of camel milk and its exosomes significantly reduces
tumor weight and progression by inducing apoptosis and inhibiting oxidative stress, inflammation,
angiogenesis, and metastasis. Moreover, the numbers of CD4+, CD8+, and NKT1.1+ T cells increase in
the spleen following treatment with camel milk and its exosomes. Although exosomes show better
overall antitumor effects, the increase in the numbers of splenic T cells is more potent in milk-treated
rats, suggesting that camel milk possesses more immune-stimulating constituents than exosomes.

In contrast, breast milk exosomes may negatively influence some type of cancers. TGF-β isolated
from breast milk exosomes promotes the proliferation of breast cancer cells and epithelial–mesenchymal
transition (EMT), as demonstrated by changes in the actin cytoskeletal structure and loss of E-cadherin
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expression [84]. Since epithelial cells acquire migratory and invasive properties during EMT, TGF-β
in exosomes may lead to the transformation of normal cells and a change in breast cancer cells into
a more aggressive and invasive tumor.

4. Breast Milk-Derived Exosomal MicroRNAs

MicroRNAs are endogenous small non-coding RNA molecules that are 19~24 bp in length [85–87].
miRNAs interact with the 3′ untranslated region (UTR) of target mRNAs and control gene expression
post-transcriptionally. Ample studies have reported the function of miRNAs in diverse biological
processes, such as proliferation, differentiation, cell cycle, and cell death [88,89], and dysregulated
miRNAs are implicated in the development and progression of many human diseases [90,91]. In relation
to cancer, miRNAs may function as tumor suppressor genes or oncogenes, and accordingly, aberrantly
expressed miRNAs in particular types of cancer have been suggested as useful biomarkers for cancer
diagnostics and therapeutic targets [92–95]

HBM is highly enriched in miRNAs, with more than 1400 identified miRNAs [96–100]. Breast
milk miRNAs are thought to originate from the mammary epithelium and are present in the cells,
skimmed fractions, and lipid fractions of breast milk [98]. More miRNAs are detected in the cell
and lipid fractions of breast milk than the skimmed milk fraction, suggesting the importance of cell
and lipid fractions in the analysis of breast milk miRNAs [96,100]. Exosomes are mostly present in
the skimmed milk fraction, and exosomal miRNAs are often reported within breast milk miRNA if it
has not been specifically mentioned that exosomes were isolated from milk before miRNA extraction.

Studies have reported that milk exosomes protect exosomal miRNAs from enzymatic, chemical,
or mechanical degradation. When exposed to acidic conditions that mimic gastric and pancreatic
digestion, milk exosomes prevent the degradation of vulnerable miRNAs [101]. Commercial bovine
milk also protects miRNAs from acidic environments and RNase treatment, safely delivering miRNAs
into the digestive tract [102]. Subsequently, milk exosomes are taken up by intestinal epithelial cells by
endocytosis and moved into systemic circulation [103,104]. In addition, studies have shown that milk
exosomes containing miRNAs are absorbed into macrophages, PBMCs, and kidney cells, and regulate
gene expression in the target cells [67,105]. For example, upon incubation of normal intestinal CRL
1831 cells, K562 leukemia cells, and Lim 1215 colon cancer cells with milk exosomes, the expression
of miR-148a-3p, the most abundant miRNA in breast milk, is increased accompanied by a decrease
in the expression of DNA methyltransferase1 (DNMT1), a target of miR-148a-3p [106]. Although
the composition of breast milk and miRNAs vary depending on the maternal health and nutrition status
and lactation stage [107,108], miR-148a-3p is highly expressed in breast milk and conserved across
mammalian species, and other highly expressed miRNAs, such as miR-320, miR-375, and miR-99, are
also frequently found in different species [106].

4.1. Immune-Regulating miRNAs

Exosomal miRNAs contribute to the physiological and therapeutic functions of milk exosomes.
Several studies have reported that breast milk is rich in immune-regulating miRNAs, such as miR-125b,
miR-146b, miR-155, miR-181a, and miR-181b [108–110]. These miRNAs are known to regulate B
cell, T cell, and monocyte development, and control the innate immune response and cytokine
production (Table 1). Zhou et al. demonstrated that immune-regulating miRNAs are abundant in milk
exosomes [99]. Among the 453 pre-miRNAs detected in milk exosomes, 59 pre-miRNAs were immune
related, based on annotation in the Pathway Central database. For example, miR-30b-5p promotes
cellular invasion by directly targeting GalNAc transferase and immunosuppression by increasing
IL-10 [111], whereas miR-182-5p promotes helper T cell-mediated immune response upon induction
by IL-2 [112]. Other frequently found immune-related exosomal miRNAs are miR-148a-3p, miR-146a,
miR-146b-5p, miR-200a-3p, and miR-29a-3p [99,106,113]. These immune-regulating miRNAs may be
transferred into the infant body during breastfeeding and function in the development of the immune
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system [99]. Future studies extending beyond in silico analysis are needed to elucidate the mechanisms
by which individual miRNAs control immune responses in infants.

Table 1. Immune-regulating miRNAs in milk.

miRNA Immune Function Reference

miR-17 and miR-92 cluster B-cell, T-cell, and monocyte development [108]
miR-29a-3p Suppression of immune responses to intracellular pathogens by targeting IFN-γ [99]

miR-30b-5p Promotion of cellular invasion by directly targeting GalNAc transferase,
immunosuppression by increasing IL-10 [99,111]

miR-106 Regulation of IL-10 production [113]
miR-125b Negative regulation of TNF-α production, activation, and sensitivity [108]

miR-146b-5p Negative regulation of the innate immune response by targeting NF-κB signaling,
control of TLR and cytokine signaling [108,109]

miR-150 Control of B cell differentiation, pre- and pro-B cell formation or function [109]
miR-155 T- and B-cell maturation, the innate immune response [108,109]

miR-181a, miR-181b B-cell differentiation, CD4+ T-cell sensitivity and selection [108,109,113]
miR-182-5p Promotion of helper T cell-mediated immune responses upon induction by IL-2 [99,112]

miR-223 Neutrophil proliferation and activation [108,109]
miR-451 Regulation of Macrophage migration inhibitory factor (MIF) [113]

let-7i Toll-like receptor 4 expression in human cholangiocytes [108]

IFN-γ, interferon- γ; GalNAc, N-acetylgalactosamine; IL, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of
activated B cells.

4.2. Tumor-Associated miRNAs

In addition to immune-regulating miRNAs, milk exosomes also contain tumor-suppressive or
oncogenic miRNAs (oncomiRs) [114]. miR-148a-3p has been shown to function as a tumor suppressor
by targeting DNMT1, ERBB3, and ROCK1, which are all involved in the development, proliferation,
and metastasis of tumors [106,115–117]. Given that miR-148a-3p is highly expressed in breast milk but
less expressed in leukemia, miR-148a-3p in breast milk may be able to protect infants against childhood
leukemia [79,118,119].

In contrast, some well-known oncomiRs, such as the miR-21, miR-155, miR-223, and miR-17-92
clusters, have been found in breast milk [120]. Of note, Melnik suggested that miRNA-21-5p,
a highly expressed miRNA in human and cow milk, is one of the major environmental factors
eliciting melanomagenesis through exosomal transfer of miRNAs [99,121]. miR-21-5p downregulates
the expression of tumor suppressor genes, such as PTEN (phosphatase and tensin homolog), Sprouty1
and Sprouty2, and PDCD4 (programmed cell death protein 4), thereby promoting the initiation
and progression of malignant melanoma [122–124]. It has been proposed that an exogenous supply of
exosomal miR-21 through breastfeeding or milk consumption may enhance oncogenic miR-21 signaling
and lead to the transition of benign melanocytes to malignant melanoma [121]. Additionally, miR-155,
an oncomiR that enhances STAT3 expression by targeting SOCS1 (suppressor of cytokine signaling
1) and facilitates STAT3-mediated tumorigenesis, is also found in exosomes derived from bovine
colostrum, implying the association of milk exosomal miR-155 with tumorigenesis [113,125,126].

Nonetheless, studies that provide a direct evidence of the role of breast milk miRNAs in
the prevention or development of cancer are limited. Most studies reporting the function of milk
exosomal miRNAs are in silico analyses accompanied by Gene Ontology and KEGG pathway analyses.
Further investigations merging in silico analysis and in vitro and/or in vivo experimental validation
are required to determine any significant association between breast milk miRNAs and cancer.

5. Breast Milk-Derived Exosomes as Natural Carriers for Drug Delivery

As natural carriers of endogenous biomolecules, exosomes have remarkable advantages over
other drug delivery vehicles. Exosomes are biocompatible and low in toxicity and immunogenicity
and have long circulating half-lives [44,45]. Furthermore, they can cross many biological barriers such
as the blood–brain barrier and cytoplasmic membrane [127]. Accordingly, numerous exosome-based
delivery systems have been developed for targeted drug delivery by transporting small molecules,
proteins, and small interfering RNA (siRNA) to target tissues. In particular, milk exosomes possess
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unique benefits compared with those of other origins [128,129]. Milk exosomes can be obtained from
bovine milk enabling low-cost and mass production and show cross-species tolerance [128]. Moreover,
milk exosomes are stable in acidic environments and can be absorbed from the digestive tract in
humans, suggesting the potential use of milk exosomes as oral delivery vehicles of drugs that are
conventionally administered intravenously [130]. With additional modification for target-specific drug
delivery, milk exosomes have been widely investigated as promising carriers to transport diverse
biomolecules and chemotherapeutic agents.

5.1. Delivery of Small Molecules

Milk exosomes have been shown to deliver natural compounds isolated from plant resources, such
as celastrol, anthocyanidin, and curcumin [81,131,132]. When loaded onto cow milk-derived exosomes,
curcumin with poor oral bioavailability is taken up and shows enhanced antiproliferative effects compared
with free curcumin in Caco-2 cells [131]. Exosomal formulation of anthocyanidin (ExoAnthos) also
exerts greater antiproliferative effects than that of free Anthos in lung, breast, ovarian, colon, pancreatic,
and prostate cancers in vitro, and has higher antitumor efficacy in mice bearing A549 xenografts upon oral
administration [81]. In addition to the improvement in oral bioavailability, ExoAnthos is well tolerated
with no systemic toxicity, as determined by biochemical and hematological parameters. Similarly,
celastrol encapsulated in milk exosomes inhibits the proliferation of the non-small-cell lung carcinoma
cell lines A549 and H1299 in vitro, and shows greater antitumor effects in vivo without toxicity than that
of free celastrol [132].

Agrawal et al. demonstrated that paclitaxel-loaded milk exosomes (ExoPACs) inhibit the growth
of human lung tumor in athymic nude mice bearing A549 xenografts [133]. The ExoPACs are
highly stable in simulated gastrointestinal fluids and under cold storage conditions at −80 ◦C for
1 month, allowing oral delivery of paclitaxel. Furthermore, oral administration of ExoPACs maintains
the number and function of immune cells with reduced systemic and tissue toxicity in mice compared
with intravenous administration of the drug, indicating the safety and efficacy of drug-loaded
milk exosomes. Considering the discomfort and inconvenience of the intravenous route, the use
of milk exosomes would be beneficial for the oral delivery of chemotherapeutic agents with low
oral bioavailability.

5.2. Delivery of Nucleic Acid

Since the discovery of RNA interference mediated by siRNA, siRNAs have attracted much attention
as a new generation of therapeutics based on nucleic acid. Despite the promising therapeutic potential
of silencing gene expression in a sequence-specific manner, siRNAs have some intrinsic undruggable
properties [134,135]. They are readily degraded by nuclease in serum and tissue and cleared by renal
excretion or phagocytes in the reticuloendothelial system (RES). Negatively charged siRNAs are not
easily taken up by cells due to electrostatic repulsion, and endosomal escape is required for siRNAs to
reach mRNA targets, once internalized. To overcome the obstacles that limit the safe and effective
application of siRNAs, the chemical modification of their nucleotide components, including ribose,
phosphate, and base, as well as the special siRNA delivery systems, such as polymeric nanoparticles
and liposomes, have been extensively investigated [134,135].

In addition to the oral delivery of small molecule drugs, milk exosomes have also been
used for the delivery of siRNAs. siRNAs were loaded onto milk exosomes by electroporation
and chemical transfection, and their gene silencing activities were tested in multiple cancers in vitro [129].
The siRNA-loaded exosomes are resistant to RNase and taken up by cancer cells accompanied by
silencing of the target genes. Exo-siKRAS (siRNA against KRAS-loaded exosomes) suppresses
the proliferation of A549 in vitro and exhibits antitumor effects in A549 tumor-bearing mice upon
intravenous administration.

Similarly, siRNAs against bcl-2, an oncogene that inhibits apoptosis and promotes proliferation,
were loaded onto milk exosomes using an ultrasonic approach, and their antitumor activity was
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tested in vitro and in vivo [136]. The results demonstrated that exosiBcl-2 (siRNA against bcl-2-loaded
exosomes) inhibits bcl-2 expression followed by an increase in apoptosis and a decrease in cell growth,
migration, and invasion of cancer cells in vitro. An in vivo study also confirmed that intravenous
administration of exosiBcl-2 suppresses tumor growth in xenograft nude mice. In view of the advantages
of milk exosomes over other siRNA delivery vehicles, future studies are expected to establish optimal
methods for siRNA loading, surface functionalization, and administration routes to attain effective
antitumor therapies.

5.3. Targeted Dug Delivery

Despite excellent biocompatibility and low toxicity, exosomes from bovine milk may require
further modification for targeted drug delivery. Folate receptors are highly expressed on many types
of tumor cells, and accordingly, folic acid (FA)-conjugated milk exosomes have been generated for
enhanced delivery of siRNAs to tumor sites [129]. FA-functionalized milk exosomes show higher
accumulation in tumor tissue than non-FA milk exosomes and significantly inhibit tumor growth
in vivo.

CD44, a receptor for hyaluronic acid, is overexpressed in some types of cancer such as pancreatic,
lung, ovarian, and breast cancer [137]. For targeted cancer therapy, attempts have been made to generate
conjugates of membrane incorporating molecule DSPE-PEG200 and Hyaluronan (HA), a CD44-specific
ligand, which are then self-assembled into the phospholipid bilayer of milk exosomes [138].
The resulting HA-incorporated milk exosomes (HA-mExo) expose the HA ligand on the surface
of the exosomes and are loaded with doxorubicin to obtain HA-mExo-Dox, a doxorubicin-loaded milk
exosome with an HA ligand. The results showed that HA-mExo-Dox selectively delivers doxorubicin
to CD44-overexpressing cancer cells and exerts enhanced antitumor activity.

Another example of a tumor-targeting ligand is iRGD (CRGDK/RGPD/EC), a 9-amino acid
cyclic peptide that binds to ανβ3 and ανβ5 integrin on the endothelial cells of tumor vessels to
promote transcytosis across tumor vasculature [139]. After translocation, the iRGD ligand is cleaved by
an endogenous protease to yield a CRGDK/R peptide that serves as a ligand for the neuropilin-1 receptor
to activate the transport of co-administered anticancer drugs into tumors [140]. When iRGD peptides
are incorporated into milk exosomes, the oral administration of iRGD exosomes exhibits an increase
in penetration and accumulation into tumors compared with intravenously administered control
exosomes [130]. In contrast, the accumulation of iRGD exosomes in other organs, such as liver, heart,
lung, and spleen, is decreased. Considering the increased tumor accumulation and decreased systemic
distribution, iRGD exosomes might be used as promising delivery vehicles for chemotherapeutic
agents with a high antitumor efficacy and decreased off-target effects.

In addition, a milk exosome-based pH and light-sensitive drug carrier has been developed for
targeting an acidic and hypoxic tumor microenvironment (TME) [141]. Given that most solid tumors
exhibit a pH from 6.5 to 7.4, milk exosomes are conjugated to doxorubicin by a pH-sensitive imine bond,
which gets cleaved and releases doxorubicin in an acidic TME. Furthermore, photodynamic therapy is
introduced by encapsulating photosensitizer-chlorin e6 (Ce6) and the anthracene endoperoxide
derivative (EPT1) within milk exosomes. Upon exposure to 808 nm near-infrared light, Ce6
releases plasmonic heat that generates singlet oxygen from EPT1 and corrects hypoxia in TME.
This Exo@Dox-EPT1 nanocarrier shows enhanced antitumor effects and biocompatibility with less
cardiotoxicity caused by doxorubicin in an in vitro and in vivo mouse model of oral squamous
cell carcinoma.

6. Conclusions

With the significant advancements in technology analyzing nucleic acids, proteins, and microbiota,
HBM and animal-derived milk are now known to contain distinct bioactive molecules along with
renowned nutritional components, and their therapeutic roles are becoming appreciated. In particular,
milk-derived exosomes have gathered much attention owing to their intrinsic antitumor activities.
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The milk exosomes modulate immune function and suppress the proliferation of various cancer cells
in vitro and in vivo, and their chemotherapeutic function is mainly due to the exosomal miRNAs with
immunoregulatory and tumor-suppressive activities. The milk exosomes can also serve as oral delivery
vehicles for chemotherapeutic agents and siRNAs, and further modification of the exosomes with
a tumor-targeting ligand enables the targeted delivery of drugs to the tumor sites.

Given the physiological activity, safety, biocompatibility, and drug delivery potential,
the application of milk exosomes in cancer therapeutics are innumerable. Future studies are required
to demonstrate how individual bioactive components within exosomes exert biological function,
including antitumor activity, and to clarify any possible unwanted effects upon exosome treatment.
In addition, it would be important to establish a cost effective and standardized method to isolate,
purify, and manipulate exosomes from milk to ensure the quality of the exosomes for clinical
and industrial implementation.
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Abstract: Cancer therapeutics must be delivered to their targets for improving efficacy and reducing
toxicity, though they encounter physiological barriers in the tumor microenvironment. They also
face limitations associated with genetic instability and dynamic changes of surface proteins in cancer
cells. Nanosized exosomes generated from the endosomal compartment, however, transfer their
cargo to the recipient cells and mediate the intercellular communication, which affects malignancy
progression, tumor immunity, and chemoresistance. In this review, we give an overview of exosomes’
biological aspects and therapeutic potential as diagnostic biomarkers and drug delivery vehicles for
oncotherapy. Furthermore, we discuss whether exosomes could contribute to personalized cancer
immunotherapy drug design as efficient nanocommunicators.

Keywords: exosome; cancer; nanocommunicator; diagnostic biomarker; drug delivery vehicle;
personalized cancer immunotherapy

1. Introduction

Oncology drugs constitute the largest therapeutics section approved by the Center for Drug
Evaluation and Research, a division of the United States Food and Drug Administration [1]. Once cancer
metastasizes from the primary tumor to new sites at the time of detection, the survival rate of cancer
patients decreases substantially, posing a threat to overall health [2]. In recent times, an early diagnosis
of cancer via timely screening using liquid biopsy tools such as circulating tumor cells (CTCs) or
circulating tumor DNA (ctDNA) as well as extracellular vesicles (EVs) has received attention, and the
survival rate of cancer patients has increased with the development of treatment strategies [3,4].

Anticancer drug approval trends have changed since cancer chemotherapeutic agents were first
developed in the 1940s. Cancer chemotherapeutics show efficacy as well as side effects as they not
only interfere with the growth or division of cancer cells but also normal cells. Cancer cells even
evade anticancer drugs by mediating a cellular efflux of drugs or by reducing target gene expression.
They not only receive external signals but also transmit signals to form new blood vessels in cancer
tissues. EVs secreted by cancer cells transfer signals for cancer progression and metastasis [5].

As technical limitations associated with cancer chemotherapy have been recognized, and the
understanding of cancer biology has improved, the paradigm of research and development has
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shifted towards targeted therapy using monoclonal antibodies and small molecules that target
the signaling process of cancer cells. Recently, synthetic small molecules such as a FGFR
(fibroblast growth factor receptor) inhibitor (erdafitinib; Janssen Pharmaceutica, Beerse, Belgium),
CSF1R (colony-stimulating factor-1 receptor)/RTK (receptor tyrosine kinase)/FLT3 (FMS-like tyrosine
kinase 3) inhibitor (pexidartinib; Daiichi Sankyo, Tokyo, Japan), and exportin 1 inhibitor (selinexor;
Karyopharm Therapeutics, Newton, MA, USA), and biologics such as an antibody-drug conjugate
(ADC) targeting nectin-4 (enfortumab vedotin; Astellas Pharma, Tokyo, Japan), and ADC targeting
CD79B (polatuzumab vedotin; Genentech/Roche, South San Francisco, CA, USA) have been approved.
Interestingly, entrectinib (Genentech/Roche) simultaneously targets c-ROS oncogene 1 (ROS1),
ALK (anaplastic lymphoma kinase) RTKs, and tropomyosin receptor kinase proteins encoded by
neurotrophic tyrosine receptor kinase (NTRK) genes; it was approved as a biomarker-based treatment
for ROS1-positive and NTRK fusion-positive cancer. In the same vein, engineered EVs that carry
small interfering RNA (siRNA) or short hairpin RNA specifically targeting oncogenic KRAS mutation
showed their therapeutic potential in pancreatic ductal adenocarcinoma mouse models [6].

Despite the remarkable performance of targeted anticancer drugs, limitations have been associated
with the targeting of markers on the cancer cell surface, because cancer cells are genetically unstable,
and surface proteins in cancer cells change dynamically during disease progression [7]. The necessity of
developing new therapeutic approaches has emerged due to the genetic heterogeneity between cancer
cells and drug resistance mechanisms [8]. Since 2010, cancer immunotherapy drugs including CTLA4
(cytotoxic T-lymphocyte-associated protein 4) inhibitors, PD-1 (programmed cell death protein 1)
inhibitors, PD-L1 (programmed cell death ligand 1) inhibitors, and CAR (chimeric antigen receptor)-T
cell therapy have received a lot of attention. As cancer cells proliferate by evading the immune system,
cancer immunotherapy drugs interfere with the evasion mechanism or stimulate immune cells to
attack tumor cells [9].

However, cancer therapeutics encounter barriers against transport to target sites owing to the
elevated levels of solid stress, vascular network formation, interstitial fluid pressure, and density
of extracellular matrix (ECM) in the tumor microenvironment [10]. Nanocarriers can enhance the
permeability and retention of their cargo drugs in solid tumor tissues. Certain cancer therapeutics
need to be delivered to intracellular targets such as the cytosol or nucleus to elicit their proper
action [11]. Interestingly, nanosized EVs called exosomes, transfer their cargo nucleic acids and
proteins to the recipient cells via the cellular uptake of vesicles; this contributes to the intercellular
communication between tumor cells and bone marrow stromal cells. Recurrent mutations or specific
alterations of niches within hematopoietic cells of the bone marrow regulating the production of
blood and immune cells play roles in malignancy progression and chemoresistance [12]. In that
exosomes orchestrate immune cells in the tumor microenvironment through cell-to-cell signaling,
they have been tested for cancer immunotherapy in clinical trials. Dendritic cell (DC)-derived
exosomes (DEXs) showed modest efficacy in patients with metastatic melanoma and non-small cell
lung cancer (NSCLC) [13,14]. Autologous tumor-derived exosomes (TEXs) in combination with the
GM-CSF (granulocyte-macrophage colony-stimulating factor) could induce antitumor T lymphocyte
response in colorectal cancer [15]. TEXs can also provide diagnostic biomarkers, because they circulate
in biological fluids and the exosomal components enclosed in lipid membrane vesicles reflect the
characteristics of the cells of origin in the tumor tissue.

In this review, we aimed to provide a comprehensive overview of the biological aspects and
potential therapeutic applications of exosomes in cancer. Here, we also discuss whether exosomes
could contribute to personalized cancer immunotherapy drug design as efficient nanocommunicators.
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2. Biologic Aspects of Exosomes and Cancer

2.1. Exosome Biogenesis

Cells release EVs enclosed in lipid membranes into the extracellular environment. Exosomes,
microvesicles (MVs)/microparticles, and apoptotic bodies form a subgroup of EVs. They have been
defined by their biogenesis, size, or constituent molecules. The process of exosome biogenesis starts
with endocytic membrane transport through which the cell surface proteins can be recycled [16].
The perimeter membrane of endocytic vesicles buds inward during endosome maturation from the
early endosome to the late endosome [17]. Further invagination of the endosomal membrane into
the endosomal compartment forms intraluminal vesicles (ILVs) in the multivesicular body (MVB).
Subsequently, the MVB is either fused with the lysosome for degradation or release its contents in the
form of exosomes by merging with the plasma membrane [18]. This process of exosome formation is
different from that of MV/microparticle formation that takes place via outward budding directly from
the plasma membrane (Figure 1) [18].

The most well-known mechanism for packaging receptors internalized from the cell surface and
other exosomal cargo proteins in the late endosome membrane depend on the endosomal sorting
complex required for transport (ESCRT) machinery [19]. Cytosolic protein complexes composed of
ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT–III, together with accessory proteins, participate in binding
ubiquitinated cargo and sculpting MVB vesicles [20]. The addition of a regulatory ubiquitin protein
to the substrate is a reversible post-translational modification catalyzed by a ubiquitin-activating
enzyme, ubiquitin-conjugating enzyme, and ubiquitin ligase [21]. Even though it is debatable
whether the contents of MVBs are released into the extracellular medium or enter the lysosome under
certain circumstances, the tagging of misfolded or damaged proteins with ubiquitin plays a role
in maintaining intracellular protein levels for cell cycle regulation and is also associated with the
oncogenic processes [22]. For example, mutations in genes encoding components for ubiquitin ligase
activity lead to the development of renal cell carcinoma and breast cancer [23,24].

Alternatively, ESCRT-independent pathways are supported by MVB formation even in the
depletion of key subunits of ESCRTs [25]. Sphingolipids and cholesterol that are enriched in
detergent-resistant membrane domains may be involved in ubiquitin-independent protein sorting [26].
The sphingolipid ceramide also triggers the formation of ILVs in the late endosome that are destined
for secretion as exosomes [27]. Observation of human lymphoblastoid cells via immunoelectron
microscopy demonstrated low cholesterol labeling in the lysosome but high cholesterol labeling in the
MVB and exosomes [28]. Despite the possibility of ubiquitin-independent exosomal cargo sorting,
certain ESCRT components are involved in exosome formation. Apoptosis-linked gene 2-interacting
protein X (ALIX), an ESCRT accessory protein, contributes to the sorting of transferrin receptor into the
late endosome membrane and interacts with syntenin-linking syndecan-mediated signaling [29,30].
Hepatocyte growth factor-regulated tyrosine kinase substrate (HRS), an ESCRT-0 protein, is related to
exosomal secretion and antigen-presenting activity in DCs [31].

The pathways of packaging RNAs into exosomes are still unclear. Specific linear sequence
motifs that are shared by exosomal RNAs may function as cis-acting elements that target RNAs
to exosomes [32]. GW-bodies containing protein components of RNA-induced silencing complex
congregate with the endosome and MVB, where microRNA (miRNAs) are enriched. The exosome-like
vesicles secreted by MVBs are rich in GW182, which modulates miRNA loading or gene silencing [33].

2.2. Exosome–Cell Interaction and Biodistribution of Exosomes

After being secreted by the original cell into the extracellular space, exosomes circulate in body
fluids or are distributed into the tissue ECM [34,35]. Owing to their nanosize, they even penetrate
the nasal mucosa and bypass the blood-brain barrier [36]. Labeling and tracking exosomes using
fluorescence or bioluminescence helps us understand exosome–cell interaction and the biodistribution
of exosomes [37].
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Exosomes with lipid bilayer structures can be taken up into the recipient cell via membrane fusion,
clathrin-mediated endocytosis, caveolin-dependent endocytosis, macropinocytosis, or phagocytosis,
leading to the delivery of exosomal contents to the cytosolic space of the recipient cell (Figure 2) [38–41].
Exosomal cargo is then released by the acidification of the endo/lysosome compartment in the recipient
cell [42]. Receptor-ligand interactions between cell surface receptors and exosomal ligands may also
occur based on specific cell types, and mediate antigen presentation, cell signaling, the release of
soluble factor, disease progression, and immune surveillance [43].

Figure 1. The process of exosome biogenesis. The perimeter membrane of endocytic vesicles buds inward
during endosome maturation from the early endosome to the late endosome. Further invagination
of the endosomal membrane forms intraluminal vesicles (ILVs) in the multivesicular body (MVB).
Subsequently, the MVB is fused with the lysosome or release its contents in the form of exosomes
(top right). This process of exosome biogenesis is different from that of microvesicle (MV) shedding
(bottom). Receptors internalized from the cell surface and other exosomal cargo proteins are packed
in the late endosome either by endosomal sorting complex required for transport (ESCRT)-dependent
or ESCRT-independent pathway. ER: endoplasmic reticulum; ILV: intraluminal vesicle; MVB:
multivesicular body; MV: microvesicle; ESCRT: endosomal sorting complex required for transport; ALIX:
apoptosis-linked gene 2-interacting protein X.
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Figure 2. The illustration of exosome–cell interaction. Exosomes can be taken up into the recipient cell
via direct membrane fusion or endocytosis, leading to the delivery of exosomal contents such as DNAs,
messenger RNAs, long non-coding RNAs, enzymes, and signaling peptides or proteins to the cytosolic
space of the recipient cell. Receptor-ligand interactions between cell surface receptors and exosomal
ligands may also occur.

The diverse functions of exosomes are governed by the delivery of exosomal components,
including lipids, nucleic acids, and proteins such as tetraspanins, adhesion molecules, antigen-presenting
molecules, transmembrane receptors, MVB formation proteins, membrane trafficking proteins,
cytoskeletal proteins, enzymes, signaling proteins, and heat shock proteins (Figure 3) [44]. Finally,
clearance of exosomes from the body might take place via the liver, spleen, and kidneys with the
mononuclear phagocytic system [45].

2.3. The Biological Functions of Exosomes in Cancer

Exosomes function as unique intercellular communicators and debris managers for cellular
homeostasis [46]. Delivery of exosomal cargo mediates cell motility, immune responses, and reprogramming
of the tumor microenvironment. Whether exosomes promote cancer progression and escape from
immunosurveillance depends on the type of the cells of origin and malignancy at the time of exosome
release [47,48]. TEXs have autocrine and paracrine roles in cancer progression [49]. At the site of the primary
lesion, they carry fibronectin and proteinases, including membrane type 1-matrix metalloproteinase (MMP)
and MMP2, and facilitate adhesion and invasiveness of cancer cells [50]. Delivery of miRNAs via TEXs
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transforms fibroblasts into cancer-associated fibroblasts (CAFs) [51–53]. Meanwhile, fibroblast-derived
exosomes have been reported to stimulate directional movements of breast cancer cells, which is dependent
on Wnt-planar cell polarity signaling [54]. Exosomes secreted from CAFs are rich in disintegrin and
metalloproteinase domain-containing protein 10, which can enhance cancer cell motility via Notch receptor
activation and the GTPase RhoA signalling [55]. Adipocyte-derived exosomes have been shown to increase
migration and invasion of melanoma cells via fatty acid oxidation [56].

Figure 3. The illustration of exosomal components. The diverse functions of exosomes are governed by
the delivery of exosomal cargo proteins and nucleic acids to the recipient cells. Exosomal components
include lipids, nucleic acids, tetraspanins, adhesion molecules, antigen-presenting molecules,
transmembrane receptors, MVB formation proteins, membrane trafficking proteins, enzymes,
signaling proteins, etc. mRNA: messenger RNAs; lncRNA: long non-coding RNA; ICAM: intercellular
adhesion molecule; EpCAM: epithelial cell adhesion molecule; MHC: major histocompatibility complex.

Exosomes also regulate angiogenesis and vascular permeability [57]. A mucin-type podoplanin
glycoprotein, which is upregulated in certain types of cancer and incorporated into exosomes,
reprograms exosomal proteins and promotes lymphangiogenesis [58]. Uptake of leukemia-derived
exosomes containing miR-92a by endothelial cells enhanced endothelial tube formation [59].
Exosomes released by metastatic tumor cells led to endothelial hyperpermeability contrary to
the exosomes released by non-metastatic tumor cells [60]. Under hypoxia, miR-23a upregulation in
TEXs leads to the accumulation of hypoxia-inducible factor-1 α, enhancing angiogenesis, and inhibits
tight junction protein ZO-1, increasing vascular permeability [61].

After the intravasation of tumor cells, TEXs traveling through the bloodstream develop
“pre-metastatic niches” by modifying microenvironments in distant target organs and affecting
organ-specific stromal cells [62]. Exosomes from highly metastatic melanomas reprogrammed bone
marrow progenitor cells, resulting in exosome-mediated tyrosine-protein kinase Met signaling [63].
Uptake of exosomes derived from pancreatic ductal adenocarcinomas by Kupffer cells induced
transforming growth factor-β secretion and fibronectin production, which initiated liver pre-metastatic
niche formation [64]. Specific integrin expression patterns on TEXs were shown to correlate with
the localization of TEXs and organotropic metastasis [65]. Targeting the exosomal integrin α6β4 was
associated with lung metastasis, whereas targeting the exosomal integrin αvβ5 was associated with liver
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metastasis. TEXs can also enter sentinel lymph nodes and influence lymph node distribution of cancer
cells, which is driven by synchronized molecular signals that affect tumor metastasis [66]. Meanwhile,
reports indicate that exosomes from non-metastatic cells inhibit metastasis. Exosomes isolated from
non-metastatic patient sera suppressed experimental lung metastasis by increasing the number of
patrolling monocytes in the lungs and inducing macrophage differentiation, leading to immune
surveillance in the pre-metastatic niche [67].

As TEXs contain immunosuppressive ligands as well as immunostimulatory tumor-associated
antigens (TAAs), they can play roles in mediating tumor immunity [68]. Binding immune-inhibitory
ligands of TEXs to T cell receptors and IL-2 receptors leads to tolerogenic signals [69]. TEXs also induce
apoptosis of CD8+ T lymphocytes and differentiation of myeloid precursor cells and regulatory T cells.
They can also inhibit the cytotoxic functions of natural killer (NK) cells via downregulation of NK
group 2D, an NK-activating receptor that recognizes ligands on the surface of malignant cells as well
as TEXs [70]. Meanwhile, DEXs pulsed with tumor peptides activate cytotoxic T lymphocytes [71].
Mast cell-derived exosomes associated with antigens induce maturation of DCs. Antigen presentation
by DCs activates B and T cells [72].

Exosomes have also been reported to mediate cancer chemoresistance by cargo transfer [73].
Exosomes derived from drug-resistant breast cancer cells modulated the cell cycle and drug-induced
apoptosis, which might be dependent on selective miRNA patterns [73]. Restoration of miR-151a
via exosomes derived from temozolomide (TMZ)-resistant glioblastoma multiforme enhances
chemosensitivity to TMZ, whereas miR-151a loss drives TMZ resistance [74]. In cisplatin-resistant
tumor cells, acidic pH in the extracellular microenvironment reduces cisplatin uptake into tumor cells
and increases cisplatin levels eliminated via TEXs [75]. Exosomes isolated from fibroblast-derived
conditioned medium prime cancer stem cells and promote chemoresistance in colorectal cancer [76].
Transfer of exosomal RNA from stromal to breast cancer cells activates signal transducer and activator
of transcription 1 and NOTCH3 signaling, which regulate the expansion of chemoresistant cancer
cells [77].

3. Potential Therapeutic Applications of Exosomes in Cancer

3.1. Exosomes as Diagnostic Biomarkers for Cancer

3.1.1. Identification Techniques of Exosomes in Liquid Biopsy

As exosomes have the potential to be used as prognostic biomarkers, isolation and identification of
exosomes and their contents are also critical issues. For exosome isolation/purification, various methods
have been evaluated. The most common method is differential centrifugation at 300× g for 10 min,
2000× g for 10 min, and 10,000× g for 30 min, followed by ultracentrifugation at 100,000× g for
2 h. For higher purity of exosomes, gradient centrifugation using sucrose can also be used [78].
An immuno-isolation method using antibody-coated magnetic beads can also be used to obtain higher
purity and recovery rates. Rapid surface protein characterization using flow cytometry provides
additional benefits with this method [79]. However, only specific types of exosomes can be isolated
using this method, which can be considered as one of the limitations of this method. Currently,
exosome extraction kits such as the ExoSpinTM Exosome purification Kit (Cell Guidance Systems LLC;
St. Louis, MO, USA) and Total Exosome Isolation KitTM (Life Technologies; Waltham, MA, USA) are also
available. Typically, these kits use polymers such as polyethylene glycol with centrifugation to induce
exosome sedimentation [80]. Microfluidic technology enables rapid and precise isolation/purification
of exosomes with a very small volume of samples using a micro-electromechanical system [81].
Turbidimetry-enabled particle purification liquid chromatography based on the size exclusion principle
also has been proven superior in purification of EVs in biofluids [82]. Using biosensors is another
technique to determine exosomes with higher sensitivity and automated analysis [83]. For identification
of exosome contents, general methods such as polymerase chain reaction (PCR), next-generation
sequencing (NGS), and proteomics can be used.
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3.1.2. Applications of Exosomes as Diagnostic Biomarkers for Cancer

Liquid biopsy tools such as CTCs, ctDNA, and exosomes have advantages in non-invasive
diagnosis and prognosis over traditional tissue biopsy strategies. Prognostic potential of CTCs has
been already tested for monitoring epithelium-originating tumors in clinical trials [84]. However,
CTCs shed from the primary tumor are found as only a few CTCs per mL of blood among millions
of erythrocytes or leukocytes, and CTC enrichment techniques are needed for their detection [85].
Fragmented DNA shed from tumor cells may reflect the genetic signature of tumors [86]. Analysis of
ctDNA in blood is challenging because there is a small fraction of ctDNA among cell-free DNAs from
leukocytes in the blood sample [87]. In addition, the heterogeneity of tumor cells makes determining
tumor-specific mutation in the ctDNA sample difficult.

Compared to the limited amounts of CTCs or ctDNA in the bloodstream, exosomes can be detected
not only in blood but also in urine, cerebrospinal fluid, or lymphatic exudate [88,89]. Exosomes can be
actively involved in cellular communication by delivering various signaling molecules. They serve as
effective carriers, as the lipid bilayer can protect the contents and directly deliver them to the target cells.
Exosome contents include nucleic acids, enzymes, and various signaling proteins. The contents can
vary depending on the cells of origin. Therefore, the identification of exosomal contents can provide
important clues regarding the cells of origin, which makes them ideal biomarkers for the diagnosis of
diseases such as cancer, infection, metabolic, and neurodegenerative disorders [90,91].

As exosomes and their contents released from cancer cells display unique properties, many attempts
have been made to use TEXs as cancer diagnostic biomarkers (Table 1) [92]. TEXs play important
roles in facilitating tumor growth and are involved in every step of cancer development, including
angiogenesis, proliferation, metastasis, and fostering the tumor microenvironment by delivering
relevant genes, growth factors, and cell signaling molecules [93–95]. For example, exosomes isolated
from urine samples can be used to diagnose prostate cancer, bladder cancer, and glioblastoma. Typically,
exosomal proteins related to epidermal growth factor receptor (EGFR) pathways (resistin, α-subunit
of Gs protein, retinoic acid-induced protein 3, EGFR variant III, etc.) are present at diagnostic levels
and hence, can be used as reliable biomarkers [96–98]. Prostate-specific antigen, survivin, and prostate
cancer antigen 3 in exosomal contents can be also used for detecting prostate cancer [97,99,100].
Nucleic acids present in cancer exosomes, including miRNA, messenger RNA (mRNA), and long
non-coding RNA (lncRNA), can also be used as diagnostic markers. For example, unique nucleic
acids from exosomes have been identified in patients with glioblastoma [98]. Specific lncRNA,
LINC00152, was also identified in gastric cancer-derived exosomes, which makes it a useful diagnostic
biomarker [101]. miRNAs such as miR-21, -141, -200a, etc. can be detected in ovarian cancer patients,
and miR-17-3p, -21, etc. were identified in lung cancer patients [102,103]. The genetic mutation in cancer
patients is detectable by using exosome samples instead of CTCs or ctDNA. Exosomal RNA/DNA
demonstrated the diagnostic value for KRAS mutation in pancreatic cancer and EGFR mutation
in NSCLC [104–106]. BRAF mutation in EVs from lymphatic exudate of melanoma patients was
reported to be useful for the prognosis [107]. Therefore, identification of unique exosomal contents
corresponding to various types of cancers can help develop reliable diagnostic biomarkers (Figure 4).

3.2. Exosomes as Drug Delivery Vehicles for Oncotherapy

Exosomes are attractive nanovehicles for targeting cancer (Figure 4). As exosomes originate
from endogenous cells, they possess low immunogenicity and thus induce low toxicity and side
effects [108]. Exosomes are stable under physiological conditions. Owing to the presence of a lipid
bilayer, they can protect the contents from the immune system and various enzymes. Furthermore,
they demonstrate a homing capability by cell/tissue tropism with a longer circulation period, and can
also cross the blood-brain barrier [109]. Unlike liposomes or other synthetic drug delivery nanoparticles,
exosomes have characteristic membrane proteins and lipids that promote efficient targeting of exosomes
to the recipient cell [110]. Exosomes can also enhance the delivery of contents as they can be directly
fused or internalized into target cells. CD47, an integrin-associated protein upregulated in mesenchymal
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stem cells (MSCs), interacts with signal-regulatory protein, which helps inhibition of phagocytosis [111].
Thus, exosomes derived from fibroblast-like MSCs show the enhanced retention in the circulation in
mice [6]. As the average size of exosomes ranges from 30 to 200 nm, passive targeting of exosomes to
tumor tissue with enhanced permeability and retention effect can also be expected. With these benefits,
a number of clinical and preclinical trials have been conducted to utilize exosomes as delivery vehicles.

Table 1. Applications of exosomes as diagnostic biomarkers for cancer.

Exosome Contents Associated Molecule Target Disease Reference

Proteins
Resistin,
α-subunit of Gs protein,
retinoic acid-induced protein 3

Prostate, bladder cancer [96,97]

Epidermal growth factor receptor
(EGFR) variant III Glioblastoma [98]

Prostate-specific antigen, survivin,
prostate cancer antigen 3 Prostate cancer [97,99,100]

RNAs lncRNA, LINC00152 Gastric cancer [101]
miR-21, miR-141, miR-200a Ovarian cancer [102]

miR-17-3p, miR-21 Non-small cell lung cancer
(NSCLC) [103]

DNAs Mutant KRAS Pancreatic cancer [104]
EGFR T790M mutation NSCLC [105]
Mutant KRAS, TP53 Pancreatic cancer [106]
BRAFV600E mutation Melanoma [107]

EGFR: epidermal growth factor receptor; NSCLC: non-small cell lung cancer.

Figure 4. Potential therapeutic applications of exosomes in cancer. As exosomal components reflect the
characteristics of the cells of origin, many attempts have been made to use tumor-derived exosomes
(TEXs) as cancer diagnostic biomarkers. For identification of exosome contents, general methods
such as polymerase chain reaction (PCR), next-generation sequencing (NGS), and proteomics can be
used. Exosomes also have therapeutic potential as nanovehicles for drug delivery and personalized
cancer immunotherapy. TEX: tumor-derived exosome; PCR: polymerase chain reaction; NGS:
next-generation sequencing.
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3.2.1. Methods for Loading Drugs into Exosomes

A number of studies have demonstrated that drug-loaded exosomes show better outcomes
in inhibiting cancers, but the methods for loading drugs into exosomes also need to be explored
further because they are closely related to the stability and loading efficiency of the drugs. To date,
there are three types of drug loading methods for exosomes: exogenous loading, endogenous
loading, and liposome fusion loading [108]. Exogenous loading refers to the method that directly
entraps the drugs inside an isolated exosome with simple incubation, sonication, electroporation,
repeated freeze/thaw, and extrusion [112]. Simple incubation can be easily used, but the average
loading efficiency of paclitaxel into EVs was below 10%. Sonication can elevate the average loading
efficiency up to 28.29%, but affecting the loading amount of hydrophobic drugs by altering the
membrane of the exosome is an issue [113]. Typically, the exogenous loading method is advantageous
in maintaining the aqueous stability of drug-loaded exosomes over one month at 4 ◦C and 37 ◦C, but it is
limited by relatively low loading efficiency. Endogenous loading refers to a method that entraps desired
molecules in exosomes by modifying the cells of origin before the isolation of exosomes. For instance,
treating host cells with chemical drugs, such as paclitaxel, can induce the release of exosomes
loaded with paclitaxel [114]. For protein or gene delivery, host cells can be transfected with desired
genes, which facilitates the release of exosomes with desired proteins or genes [115]. Although the
endogenous loading method demonstrates a relatively high loading efficiency, it is difficult to quantify
the amount of content inside the exosome and maintain high purity. Exosomes used in membrane
protein engineering approaches protect their cargo proteins, but can be degraded by proteinase [116].
The liposome fusion method uses the hybridization of drug-loaded liposomes and exosomes by the
freeze/melting process. This fusion method exhibits higher loading efficiency, especially for loading
large plasmids, including CRISPR-Cas9 expressing vectors [117]. However, it is unclear whether
this hybridized liposome-exosome can maintain the unique properties of exosomes [118]. Hence,
further comprehensive evaluation of parameters such as targetability, half-life, and side effects for
hybridized liposome-exosome is required.

3.2.2. Delivering Chemical Drugs via Exosomes for Oncotherapy

As many of chemical drugs can act after being internalized into cancer cells, they need to diffuse
through the cell membrane to exert cytotoxicity, which is one of the factors reducing the efficacy of
drugs [108]. In this aspect, exosomes can be potential candidates for delivering chemical drugs directly
into the target cells. Many trials have been conducted to deliver chemical drugs such as paclitaxel,
doxorubicin, cisplatin, and curcumin by packaging into exosomes for the treatment of various cancers
(Table 2). For instance, paclitaxel-loaded exosomes isolated from MSCs, macrophages, and prostate
cancer cells enhanced antitumor efficacy against pancreatic, breast, prostate, and Lewis lung carcinomas
both in in vitro and in vivo studies [113,114,119,120]. Similarly, doxorubicin-loaded exosomes were also
examined either by using the mechanical extrusion method to obtain higher drug loading efficiency [121]
or surface engineering of exosomes to enhance targetability [122] for the treatment of colon and breast
cancers, respectively. Treatment with cisplatin-loaded exosomes could prolong the survival rate of
mice with ovarian cancer compared to the free cisplatin-treated group [123]. Pancreatic cancer-derived
exosomes containing curcumin also effectively induced apoptosis in pancreatic cancer cells [124].
These studies show that by using exosomes as delivery vehicles, chemical drugs can be delivered
more efficiently to target cells, which results in better outcomes.
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Table 2. Exosomes as drug delivery vehicles for oncotherapy in preclinical studies.

Therapeutic Molecules Exosome Origin Targeted Disease Reference

Chemical drugs
Paclitaxel Macrophage Lewis lung carcinoma [113]

MSC Pancreatic, breast cancer [114,119]
Prostate cancer cell Prostate cancer [120]

Droxorubicin U937 RAW264.7 Colon cancer [121]
DCs expressing iRGD Breast cancer [122]

Cisplatin Hepatocarcinoma cell Hepatocarcinoma [123]
Curcumin Pancreatic cancer cell Pancreatic cancer [124]
Proteins
TRIM3 Gastric cancer cell Gastric cancer [125]
CD-UPRT fusion protein HEK293T Schwannoma [126]
TRAIL K562 Lymphoma [127]
MHC class I/peptide
complex DC Breast cancer [128]

HSP70 Myeloma cell Myeloma [129]
EGFR nanobodies Myeloid leukemia cell Epidermal carcinoma [130]
SIRPα Embryonic kidney cell Colon cancer [131]
miRNA
miR-145-5p MSC Pancreatic cancer [115]
Let-7a HEK293T expressing GE11 Breast cancer with EGFR [132]
miR-146b MSC Glioma [133]
miR-122 MSC Hepatocellular carcinoma [134]
miR-335-5p Stellate cell Hepatocellular carcinoma [135]
miR-379 MSC Breast cancer [136]
miR-25-3p inhibitor Colorectal cancer cell Colorectal cancer [137]
siRNA
PLK-1 siRNA HEK293T +MSC Bladder cancer [138]
GRP78 siRNA MSC Hepatocellular carcinoma [139]
HSP27 siRNA Neuroblastoma cell Neuroblastoma [140]
mRNA
Cas9 mRNA Red blood cell Breast cancer [141]

PTEN mRNA Mouse embryonic fibroblast
serum Glioma [142]

ECRG4 mRNA Neuroblastoma cell Tongue carcinoma [143]

MSC: mesenchymal stem cell; DC: dendritic cell; TRIM: tripartite motif-containing protein; CD:
cytosine deaminase; UPRT: uracil phosphoribosyltransferase; TRAIL: TNF-related apoptosis-inducing ligand;
MHC: major histocompatibility complex; HSP: heat shock protein; EGFR: epidermal growth factor receptor; SIRP:
signal-regulatory protein; PLK: polo-like kinase; Cas: CRISPR associated protein; PTEN: phosphatase and tensin
homolog; ECRG: esophageal cancer related gene.

3.2.3. Delivering Therapeutic Proteins via Exosomes for Oncotherapy

As the efficacy of many proteins is limited due to several barriers such as short half-life, low delivery
rate, and induction of resistance, the use of appropriate delivery vehicles is one of the best ways to
achieve successful protein drug therapies. As exosomes can protect the contents from various enzymes
and the immune system, they can act as effective delivery vehicles for proteins. Proteins can be loaded
either inside or on the surface of the exosome, based on the mechanism of action of the drugs. However,
as therapeutic proteins are macromolecules, it is difficult to directly incorporate them into exosomes.
Therefore, genetic modification of the cells of origin leading to the expression of therapeutic proteins
in exosomes is usually preferred to prepare protein-loaded exosomes. Several preclinical studies
regarding protein-loaded exosomes are summarized in Table 2. For example, the delivery of tripartite
motif-containing protein 3 (TRIM3) using gastric cancer-derived exosomes successfully suppressed
the proliferation, migration, and metastasis of gastric cancer [125]. Similarly, apoptosis-inducing
proteins such as suicide-inducing fusion protein or TNF-related apoptosis-inducing ligand (TRAIL)
were loaded into exosomes, and this method could elicit substantially reduced tumor growth in in vivo
tumor models [126,127]. Some signaling-related proteins can be expressed on the surface of exosomes
to improve tumor immunity, such as the major histocompatibility (MHC) class I/peptide complex [128].
In other studies, immunogenic proteins such as HSP70 were loaded onto exosomes, which resulted in
enhanced antitumor T cell activity [129]. Some studies have shown that EGFR nanobodies anchored
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on exosomes via glycosylphosphatidylinositol (GPI) could bind to EGFR-expressing tumor cells with
higher affinity [130].

3.2.4. Delivering RNA Drugs via Exosomes for Oncotherapy

Similar to therapeutic proteins, delivery vehicles are an essential component of successful gene
therapy. Exosomes can protect genes from various enzymes, such as DNases and RNases, and can also
directly deliver genes inside the cells, which enhances their therapeutic efficacy. Different types of RNAs
such as mRNA, miRNA, and siRNA are promising candidates for the treatment of cancers. Studies on
exosome RNA delivery are summarized in Table 2. miRNAs are non-coding RNAs involved in the
regulation of gene expression. Pathophysiological conditions such as cancer are usually characterized
by abnormal expression of certain types of miRNAs, which suggests that targeting miRNAs could
be an effective way to treat cancer [144]. Treatment with exosomes overexpressing miR-122 showed
substantially elevated chemosensitivity in hepatocellular carcinoma [134]. As the downregulation of
miR-335-5p in both hepatocellular carcinoma and stellate cells acts as a pro-tumorigenic factor,
delivery of miR-335-5p-overexpressing exosome exhibited substantial tumor shrinkage in an
in vivo tumor model [135]. Similarly, treatment with miR-379-overexpressing exosomes significantly
suppressed tumor growth in a T47D breast tumor model [136]. In addition, miR-145-5p overexpression
inhibited the proliferation of pancreatic ductal adenocarcinoma and induced tumor cell apoptosis in
an in vivo model [115]. In addition, specific miRNA inhibitors could act as potential drug candidates.
For example, miR-25-3p is known to play an important role in facilitating colorectal cancer metastasis
and promoting angiogenesis by targeting KLF (Kruppel-like factor)-2 and KLF-4, which implies that
miR-25-3p can be a promising target for treating colorectal cancer. One study showed that treatment with
exosomes loaded with miR-25-3p inhibitor considerably attenuated the tumor metastasis of colorectal
cancer by balancing the level of miR-25-3p [137]. Silencing target genes using siRNA is another way to
inhibit tumor growth. As overexpression of polo-like kinase (PLK)-1 is associated with the development
of bladder cancer, one study showed that treatment with PLK-1 siRNA containing exosomes inhibited
bladder cancer growth [138]. Similarly, as GRP78 overexpression is implicated in the growth and
metastasis of hepatocellular carcinoma, treatment with GRP78 siRNA expressing exosomes resulted
in an efficacious antitumor response in a sorafenib-resistant hepatocellular carcinoma model [139].
HSP27, a member of the heat-shock protein family, is known to promote neuron maturation and can be
involved in the development of neuroblastoma. Treatment with Hsp27 siRNA-tagged exosome showed
a significant reduction in tumor growth of the neuroblastoma cell line SH-SY5Y [140]. mRNA can be
another candidate for anticancer therapy using exosome vehicles. Transferring CRISPR-associated
protein (Cas) 9 mRNA-expressing exosomes from red blood cells induced miRNA inhibition and
Cas9 genome editing effects in a breast cancer model [141]. Phosphatase and tensin homolog (PTEN)
and esophageal cancer-related gene (ECRG) 4 are classified as tumor suppressors and are generally
mutated in cancer cells. Therefore, treatment with exosomes expressing PTEN or ECRG4 mRNA could
inhibit the growth of glioma cells [145] and tongue squamous cell carcinoma cells, respectively [143].
These studies show that depending on the target, different types of RNA therapeutics can be chosen,
and the therapeutic efficacy of these drugs can be substantially enhanced by using exosomes as
delivery vehicles.

3.3. Exosomes into Personalized Cancer Immunotherapy Drug Design (Single or in Combination)

Exosomes can be used as cell-free vaccines owing to the fact that exosomes derived from
various donor cells, such as immune cells and cancer cells, are involved in fostering antitumor
immunity [146]. DEXs can perform important immunostimulatory functions, as DCs that act as sentinel
antigen-presenting cells play a crucial role in orchestrating cancer-specific adaptive immunity [147].
The surface of DEXs is characterized by various functional molecules for priming T cells such as MHC
class I/II and costimulatory molecules including CD40, CD80, and CD86 [148]. This can foster antitumor
immunity by inducing the activation of both innate and adaptive immunity. In several preclinical tests,
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treating DEXs could elicit antitumor effects and prolong the survival rate of tumor-bearing mice by
expanding the repertoire of tumor-specific cytotoxic T cells as well as activating naïve T cells [149].
DEXs are also known to induce NK cell-mediated cytotoxicity to inhibit tumor growth [150]. In order
to potentiate the efficacy of DEX as a therapeutic cancer vaccine, choosing an appropriate TAA and a
relevant adjuvant is essential. To date, both for human and preclinical studies, only MHC class I/II
binding peptides such as Epstein-Barr virus, melanoma-associated antigen, and melanoma antigen
recognized by T cells-1 have been used for DEX vaccine [13,14,151]. However, the use of peptide-based
DEX vaccine was not very effective in inducing antitumor effects due to modest activation of antitumor
immune responses [152]. Several studies have reported that a more intense adaptive immune response
can be induced with a DEX vaccine loaded with protein antigen [152,153]. This effect might be
attributable to the presence of a broad range of epitopes with protein antigens, which might be more
effective in activating various repertoires of tumor-specific cytotoxic T cells. These studies demonstrate
the ability of personalized DEX vaccines based on patient tumor lysates. Therefore, a more potent
DEX vaccine that can evoke strong antigen-specific responses can be manufactured with the loading
of an allogenic protein antigen. Based on other studies, B cells are required to boost antitumor
immunity, suggesting that epitopes, which activate B cells, are also needed for a successful DEX
vaccine [152,153]. These results also provide a rationale for utilizing personalized protein antigens as
cargo in DEX vaccines. General adjuvants such as interferon-γ and toll-like receptor agonists, including
polyinosinic:polycytidylic acid and CpG oligodeoxynucleotides can be used to potentiate the efficacy
of DEX vaccine. It is also known that the use of these adjuvants can result in the maturation of DCs
and ultimately produce more immunogenic DEXs [154]. DEXs derived from mature DCs are known to
express more costimulatory surface molecules including CD40, CD80, CD86, and intercellular adhesion
molecule -1 and MHC class I/II [149]. Even though the DEX vaccine seems to show promising outcomes,
several challenges remain until it can be widely used in clinics, as the research on this therapy is still at
an early stage. For example, it is not clear whether the mass production of personalized DEX vaccine
possessing a homogenous quality is available. At present, there are no clear guidelines regarding
the production of exosome-based therapeutics. Proper storage, maintenance of stability, and route of
administration for exosomes are also the issues to be considered [155].

Besides, CAR exosomes derived from effector CAR-T cells showed cytotoxic effects on cancer
cells [156]. Intravenous injection of CAR exosomes into a mouse xenograft model exerted potent
tumor growth inhibition. A combination of exosomal therapy with other immunotherapies such as
immune-checkpoint blockers, cytokines, adoptive T cell transfer, and cancer vaccines might be a good
way to elicit synergistic anticancer effects. For the combined utilization of CAR exosomes and CAR-T
cells, further clinical/preclinical studies are required, and the clinically applicable scheme should
be proposed.

4. Conclusions and Future Perspectives

Recently, cancer therapeutics has made great strides, and various clinical trials for targeted cancer
therapy or immunotherapy have been conducted singly or in combination. However, there remains
an unmet need, because only a few types of cancer patients are restrictedly responsive to current
immune checkpoint blockers. In order to elevate response rate for personalized immunotherapy,
prognostic biomarkers need to be established. As mentioned above, exosomal components can be used
as diagnostic biomarkers in liquid biopsy, nanovehicles for delivery of anticancer drugs, and mediators
between cells affecting tumor immunity. Detection of marker proteins or nucleic acids in circulating
exosomes shows potential for predicting patients’ clinical response [157]. “TEXs-on-chip” techniques
using patient-derived tumor spheroids obtained from liquid biopsy will be applicable in the near future.

In that vaccinating autologous exosomes obtained from patients can avoid allograft reaction
and carry tumor antigens, patient-derived exosomes have received attention as good candidates for
personalized immunotherapy. Using bone marrow aspirate from patients, MSCs are isolated and
expanded ex vivo, and then large scale of MSCs engineered with anticancer genes can be transplanted
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to patients for personalized treatment [158]. As exosomes released from MSCs acquire tropism toward
tumor locations and the corresponding receptors with the original MSC, they would mediate anticancer
activity [159]. Engineering techniques for enhancing therapeutic efficacy of these cell-free vaccines are
needed for the development of innovative personalized immunotherapy.
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Cas CRISPR-associated protein
CD Cytosine deaminase
CSF1R Colony-stimulating factor-1 receptor
CTC Circulating-tumor cell
ctDNA Circulating tumor DNA
CTLA4 Cytotoxic T-lymphocyte-associated protein 4
DC Dendritic cell
DEX Dendritic cell-derived exosome
ECM Extracellular matrix
ECRG Esophageal cancer-related gene
EGFR Epidermal growth factor receptor
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FGFR Fibroblast growth factor receptor
FLT3 FMS-like tyrosine kinase 3
GM-CSF Granulocyte-macrophage colony-stimulating factor
GPI Glycosylphosphatidylinositol
HRS Hepatocyte growth factor-regulated tyrosine kinase substrate
HSP Heat shock protein
ICAM Intercellular adhesion molecule
ILV Intraluminal vesicle
KLF Kruppel-like factor
lncRNA Long non-coding RNA
MHC Major histocompatibility complex
miRNA MicroRNA
MMP Matrix metalloproteinase
mRNA Messenger RNA
MSC Mesenchymal stem cell
MV Microvesicle
MVB Multivesicular body
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NGS Next-generation sequencing
NK Natural killer
NSCLC Non-small cell lung cancer
NTRK Neurotrophic tyrosine receptor kinase
PCR Polymerase chain reaction
PD-1 Programmed cell death protein 1
PD-L1 Programmed cell death ligand 1
PLK Polo-like kinase
PTEN Phosphatase and tensin homolog
ROS1 C-ros oncogene 1
RTK Receptor tyrosine kinase
siRNA Small interfering RNA
SIRP Signal-regulatory protein
TAA Tumor-associated antigen
TEX Tumor-derived exosome
TMZ Temozolomide
TRAIL TNF-related apoptosis-inducing ligand
TRIM Tripartite motif-containing protein
UPRT Uracil phosphoribosyltransferase
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Abstract: Exosomes are nanovesicles part of a recently described intercellular communication system.
Their properties seem promising as a biomarker in cancer research, where more sensitive monitoring
and therapeutic applications are desperately needed. In the case of head and neck squamous cell
carcinoma (HNSCC), overall survival often remains poor, although huge technological advancements
in the treatment of this disease have been made. In the following review, diagnostic and therapeutic
properties are highlighted and summarised. Impressive first results have been obtained but more
research is needed to implement these innovative techniques into daily clinical routines.

Keywords: head and neck squamous cell carcinoma (HNSCC); exosomes; cancer; biomarker;
diagnostic; therapy; liquid biopsy

1. Introduction

After the discovery of exosomes decades ago, they have moved into spotlight for various
applications. Their potential as promising biomarkers, especially in cancer, has led to new research
approaches making personalised medicine more reachable. In the field of head and neck cancer,
biomarkers that simplify diagnosis and treatment are scarce.

Head and neck cancer is the sixth leading cancer by incidence worldwide with a poor five-year
overall survival rate of 50% [1]. More than 90% are histologically head and neck squamous cell
carcinoma (HNSCC). Although progress has been made and therapies have been enhanced, survival
rate has not improved significantly. Eventually a lot of patients die due to metastasis and recurrences.

As diagnosis is tedious, needing a lot of clinical experience as well as resources, and the available
therapies are toxic and have a huge impact on quality of life, validated biomarkers would support
treatment stratification with improved outcome and reduced toxicity.

In this review, interaction within the immune system, potential diagnostic and therapeutic
applications of exosomes with focus on HNSCC are highlighted. Changes of exosomal levels with
cancer, under radiation and chemotherapy are discussed and therapeutic options like vaccination,
immunomodulation and elimination are studied.

2. Intercellular Communication by Exosomes

The first descriptions of exosomes date back more than 30 years. In 1983, a study group discovered
the “blebbing” of membranes from transferrin into red blood cells due to maturation of reticulocytes [2].
It was only later that the term exosome was born to describe this “blebbing”.

Exosomes were largely dismissed as means of cellular waste and had fallen into oblivion for many
decades. Things changed when their ability for intercellular communication, interaction with the
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immune system and possible use as a vector of drugs were identified [3]. To date, the exact definition
of exosomes has led to a lot of discussions. Different types of vesicles, such as exosomes, extracellular
vesicles (EVs) and microvesicles (MVs), have been used to describe similar properties intermixing.
Up to now, differences between them and exact functions have not been universally defined [4].
The current opinion describes exosomes as double layered nanovesicles (30–50 nm) originating from
the endosomal pathway, thus carrying, for example, tsg101 as a typical marker. They are released by all
cell types of the body and are present in extracellular spaces and liquids (e.g., blood, saliva, urine) [5].
They can be directly visualised by electron microscopy (see Figure 1). As seen in Figure 1, differential
centrifugation and size-exclusion chromatography, usually yields exosomes of different sizes. Typical
surface markers are tetraspanins (CD9, CD63, CD81) and Rab proteins (Ras-related in brain) [6].

Exosomes could be compared to hemerodromes in ancient Greece. Pheidippides is said to be the
first marathon runner and covered around 240 km in two days to ask for military support in the fight of
Marathon. Exosomes are, like Pheidippides, a messenger system allowing intercellular communication.
After this huge run, the hemerodrome Pheidippides is said to have collapsed and died [7]. This ancient
story may compare to exosomes that are mostly used up after transmission of the message.

Cancer cells especially are thought to use this communication system avidly. As such, they are
known to massively produce exosomes, called tumour-derived exosomes (TEX). During their formation,
they acquire lipids, nucleic acids and proteins from the parental cell [8]. Thakur discovered in 2014 the
representation of the whole cancer genomic DNA in exosomes [9]. TEX carry double-stranded DNA
representing the entire genome and reflecting the mutational status of parental tumour cells. From our
own results and that of others, we know that exosomes are able to interact with immune cells and
assist in tumour immune escape [10,11]. TEX take part in the development, progression and response
to treatment in cancer by alternating intercellular communication.

 
Figure 1. Representative electron microscopy picture by negative staining showing their typical
appearance and size range. The exosomes were isolated as described previously from the plasma of a
head and neck squamous cell carcinoma (HNSCC) patient [11].

Because of the described properties above, exosomes are ideal candidates to be used as biomarkers
and for implementation in new cancer therapies.

3. Exosomes in Cancer

Exosomes have gained attention in various cancer types as possible biomarkers. In pancreatic
cancer RNA, proteins and DNA in cancer-derived exosomes have been studied. Researchers found 3000
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proteins secreted in exosomes derived from pancreatic cancer [12]. Epidermal growth factor receptor
(EGFR) seemed to play an important role as binding leads to an increased activity of carcinogenesis
signal transduction pathway and binding of associated ligands (EGF, TGF-alpha) is enhanced in most
of pancreatic cancer types [13]. Through binding of EGF to EGFR tumour aggressiveness can increase
and enhance cell proliferation, migration and probably metastasis [14]. In 2015, Melo et al. described
glypican-1 (GPC1) as a specific surface marker for pancreatic cancer. It additionally was able to
distinguish normal control subjects from subjects with benign pancreatic lesions [15].

Kahlert et al. assessed possible participation of genomic DNA in cancer-derived exosomes
of patients with pancreatic ductal adenocarcinoma (PDAC). Fragments of genomic DNA could be
harvested in exosomes and KRAS as well as p53 mutations were detected, giving an opportunity for
profiling cancer. These findings underline their use to forecast prognosis and suited management [16].

In breast cancer, exosomal levels of CEA and CA 153 are linked with cancer progression [17,18].
The amount of miRNA in exosomes correlates with malignancy and prognosis [19,20]. A variety of
miRNA have been studied and showed an association with breast tumour subtype as well as stage [21].

Concerning the most frequent cancer worldwide, the protein NY-ESO-1 was found to have a
significant correlation with survival in lung cancer [22]. In non-small-cell lung cancer miRNA, miR-21
and miR-4257 in exosomes were upregulated in case of recurrence [23]. Decline in miR-51 and miR-373
in lung cancer patients was a factor of poor prognosis [24]. TEX also demonstrated a higher affinity
to EGFR resulting in activation of Akt/protein kinase B pathway and overexpression of VEGF and
finally augmented tumour vascularity [25]. Ueda et al. described CD91 as specific exosomal marker
for lung adenocarcinoma. A panel of exosomal surface marker CD91, CD317 and EGFR was able to
differentiate 75% of patients [26,27].

Studies of exosomes in patients with brain tumor showed that exosomes, depending on their
cargo, can be used to analyse tumor mutations and predict outcomes of therapy [28]. Analysis of
mRNA and total protein expression of patients with glioma after a vaccination trial could show a
relation to immunopathological and clinical parameters [29].

Peinado et al. found in 2012 that the size distribution and number of exosomes did not
alternate with clinical stage in patients with melanoma, though protein concentration showed a
tumour-stage-dependent rise, being highest at the WHO IV stage compared to normal controls and
other stages. Protein-poor exosomes in stage IV patients (< 50 μg/mL) showed a survival advantage [30].
Not only could changes in protein levels be detected, but also protein accumulation patterns. Exosomes
marked with radioactive iodine-131 in breast-cancer-bearing mice concentrated in the field of the
primary tumor as well as in the lung as a premetastastic niche. Moreover, after receiving cancer
treatment radioactivity in lung cells diminished and cancer promoting factors declined (VEGFR2,
ICAM-1, bFGF, KC, TNF-α, IL-6, IL-12, IL-10 and IL-13) showing a diminution of metastatic competency
of the exosomes [31].

These findings implicate similar results. Although a good approach is made, a well-founded,
stable biomarker in mentioned carcinomas has not been established up to now.

4. Diagnostic Application of Exosomes

4.1. Exosomal Blood Levels Correlate With Clinical Disease

To date, for diagnosis of HNSCC and many other cancers, we have to rely on clinical,
histopathological and radiological findings. Often a biopsy in the operating room with possible
side-effects is inevitable; however, a minimal tumour growth is needed for detection. Exosomes have
moved into scope as possible biomarkers, showing early changes in cell properties in real time and
being noninvasive.

Skog and his research group showed in 2008 a similar mutational pattern in blood exosomes and
glioblastoma cells [32]. In breast cancer, a correlation between rising levels in CEA and CA 153 in
exosomes and cancer progression could be shown [9,18,33]. In 2012, Peinado was able to demonstrate
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an increase in metastatic behaviour in advanced melanoma and exosomal levels in blood correlated
well with disease stage [30].

Coming to HNSCC results are very sparse. Studies could show a disease-activity-dependent
level of exosomes in HNSCC with advanced-stage tumours exhibiting an elevated level [34]. Other
authors showed similar results [35]. Patients had higher exosomal levels in plasma compared to
healthy controls. This is the first study describing action of exosomes in this kind of cancer [34]. Finally,
the amount of exosomes almost doubled with progression of cancer stage [36].

Aggravated stress situations like inflammation as well as cancer both lead to an increase of
exosomes as part of an enhanced intercellular communication, complicating the differentiation between
both [37].

Exosomes produced by normal hematopoietic cells mediate antitumour responses and maintain
homeostasis, whereas TEX profile changes during the course of disease and treatment. TEX are able to
reprogram the bone marrow, cell differentiation migration and organise metastatic tumour spread.
These results raised thoughts of a need to subcategorize exosomes as “immune-system-induced”
and “tumour-induced”, as functions differ [38]. The Whiteside group separated exosomes in
CD3positive-fractions (descending from T-lymphocytes) and CD3negative-fractions. Hereby, the fraction
of immune-derived and tumour-derived exosomes could be studied. In the course of disease,
CD3positive-exosomes alter their cargo and the ratio of CD3negative-exosomes increases, being a marker
for cancer progression [38,39]. Clinical response shows an association with found alternations in
exosomal cargo.

It has therefore to be considered that TEX show immunosuppressive functions and interference
with immune cells, and are used by cancer for tumour escape. A correlation with disease stage and
activity could be shown [10,36].

4.2. Isolation of Exosomes

Exosomes can be obtained from many body fluids, such as urine, liquor, ascites, saliva or blood of
patients [34,40,41]. However, the isolation process is still time-consuming [42–44]. Different research
groups may use various isolation techniques, which makes their comparison difficult [45]. The
international society for extracellular vesicles designed an online course to support with methods [46].
In 2013, a consensus paper for standardisation and isolation was released [47]. Our group uses initial
differential centrifugation and size-exclusion chromatography by means of columns. If exosomes will
be implicated in daily clinical routine, a standardised, time-saving procedure needs to be developed,
which is less prone to errors. Our group is working at the moment on rapid bead-based capturing of
exosomes for an easier isolation of exosomes, leading to a drastic time reduction and less vulnerability.

In the future, reproducible and reliable techniques are needed as monitoring tools in the clinical
setting. Some starting points have been set but still more results are needed. A huge potential will
be, as shown by Hong et al., the increased sensitivity of exosomes compared to standard diagnosis
techniques [48,49].

4.3. Advantages and Drawbacks of Exosomal Applications

As mentioned above, diagnosis of HNSCC is still strenuous, invasive and linked with great
medical expertise. Exosomes, as a potential new diagnostic tool, open up the era of liquid biopsy.
As blood collection is a standard procedure in clinical settings, it would be easily applicable to the
clinical routine. Further methods like flow cytometry, Western blot or electron microscopy are already
established and can be used for continuative examinations. Together with circulating tumor DNA
(ct DNA) and circulating tumor cells (CTC), a very sensitive panel for liquid biopsy can be built up,
leading to presumably higher sensitivity and earlier diagnosis compared to biopsy or radiography.
Initial promising results have been shown in colorectal cancer as well as breast cancer [50,51]. Scholer
et al. showed appearance of ct DNA in patients postoperatively after colorectal cancer and detected
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relapse 9.4 months earlier than CT scan [52]. Compared to ct DNA and CTCs, exosomes seem to be of
higher abundance and more stable, which makes them easier to apply into the busy clinical routine.

A persisting main drawback is the lack of standardisation of isolation techniques, which would
be important for comparison of results. Besides, platelets in blood seem to secrete exosomes avidly.
Already venepuncture and shear forces can lead to release of platelet-derived exosomes and falsification
of data [47]. Another not negligible influencing factor is alteration of exosomal levels by infections
and other diseases. Owing to the small size of exosomes ranging between 30–150 nm, direct analysis
is difficult.

Summing up, the potential of exosomes as diagnostic markers in terms of liquid biopsy is great
but prior to clinical application some questions have to be clarified.

4.4. Exosome Tropism and Building of a Premetastatic Niche

Biodistribution of TEX shows organ-specific colonisation due to exosomal integrins. Based on this
organotropism TEX seem to prepare a premetastatic niche. Clinical results showed that profiles of
integrin expression in plasma TEX could be prognostic factors to predict locations for future metastasis.
Exosomal integrins are proposed to promote adhesion, trigger signalling pathways and inflammatory
responses in target cells leading to educating the organ for expansion of metastatic cells [53]. Garofalo
et al. could not support the theory of exosomal integrins responsible for building of the premetastatic
niche in their work. They assume a special “receptor/ligand” combination on the exosomes responsible
for exosome tropism [54].

Further studies are needed to focus on the mechanism underlying cancer tropism in exosomes as
better understanding is important for use of exosome in delivery as theranostic agents and exosomal
integrins as a probable diagnostic factor.

4.5. Exosomal Alterations with Active Therapy

Changes of plasmatic level of exosomes could not just be shown in cancer but also under
active therapy. Patients who underwent surgery had a drastic reduction of plasmatic levels of
CD63+-exosomes, leading to the assumption, that the tumor mass is responsible for a high number of
circulating exosomes. In contrast, exosomes containing Caveolin-1 (CAV-1) increased after surgery
with the possible cause directed by inflammation [55]. According to Zorrilla et al. a lower level
of exosomes prior and after surgery is linked with increased life expectancy in oral squamous cell
carcinoma [55].

Interesting results were found by the group of Lisa Mutschelknaus. As radiation is a common
therapy in HNSCC, they discovered a radiation-induced change in the exosomal cargo. It promoted
AKT-dependent migration and motility in recipient cancer cells. The AKT pathway is one of the most
frequently mutated oncogenic pathways [56–58]. The effect was dose-dependent and is an explanation
for tumour immune escape and potential driving force for metastatic progression under radiation [59].

Our recent results showed a dramatic decrease of exosomal level seven weeks after primary,
combined radio-chemotherapy of HNSCC patients (see Figure 2, results unpublished). This preliminary
data demonstrates a positive correlation between clinical response and exosomal blood levels. Although
more patients have to be analysed these encouraging results points toward their possible successful
use to monitor the therapy.

291



Int. J. Mol. Sci. 2020, 21, 4344

Figure 2. Preliminary results: Mean exosomal levels in blood of three patients with active HNSCC before
(pre—week 0) and after (post—week 7) primary radio-chemotherapy. The exosomes were isolated as
described before [11]. Measurements were performed by Zetaviewer (Particle Metrix, Duesseldorf,
Germany). Statistical significance was calculated by a Student t-test.

5. Therapeutic Approaches Based On Exosomes

When it comes to therapeutic options, research results are even scarcer. At this point we want to
express a warning. Since we are still very early in this research field and the biology behind exosomes
is incompletely understood, the application of these new and innovative techniques, although of high
research interest, may cause unforeseen harm to patients, and so experiments should be well planned.

5.1. Modulation Of Immune System

An imbalance of the immune system might lead to overaction of the inflammatory pathway.
Inflammation gets induced through tissue damage or recognition of pathogens. Chronic inflammation
has been associated with an increased risk of malignant cell transformation [60,61]. If progression
of cancer takes place, different modulations within the immune system are required: apoptosis,
proliferation and angiogenesis. The culmination of inflammatory mediators (Stat3, IL-6, TNF-alpha)
guides to an immuno-suppression and following progression of cancer. Exosomes are able to participate
in this regulation and alteration of immune players with either inhibiting or promoting action.

Exosomes isolated from malignant ascites of ovarian cancer modulated the function of monocytic
cells [62]. Production and secretion of proinflammatory cytokines was induced, like interleukin,
tumour necrosis factor alpha via TLR2 and 4, leading to an activated nuclear factor as well as signal
transducer and activator of transcription (Stat3). The appearance of activated nuclear factor is often
observed in cancer cells and results in a more aggressive phenotype with tissue invasion, metastasis
and resistance to growth inhibition. [63] Communication between Stat3 and nuclear factor is important
for regulation among inflammatory and cancer cells. Apoptosis, angiogenesis and tumour invasion is
regulated making resistance towards immune surveillance possible [64].

Apoptosis, as one of the first steps for cancer progression, can be seen through activated T-cells via
expression of death ligands (FasL [65] and TRAIL [66]), leading to an evasion of immune surveillance.
Concluding modulation with release of FasL-positive exosomes is able to guide immune escape.
A regulation of T-cell apoptosis was exemplary shown in human colorectal cancer [67]. Adding up
impaired dendritic cell differentiation and suppression of natural killer cells has a similar effect [68,69].
In metastatic ovarian cancer, Yokoi et al. proved that cancer-derived exosomes induced apoptosis after
uptake by mesothelial cells perforated the peritoneum resulting in peritoneal dissemination [70].
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Concerning proliferation as an important modulation, exosomes derived from thrombin-activated
platelets showed an exciting potential for survival, proliferation and chemotaxis of hematopoietic
cells [71]. Besides they were capable of activating monocytes and B-cells [72].

Angiogenesis plays an important role during tumour growth, supplying oxygen and nutrition to
the cancer and showing effect on an exosomal level [73].

The induction of angiogenesis has been described by various research groups. In 2008, a promotion
of angiogenesis could be seen in exosomes secreted by glioblastoma cells [32]. In the same disease,
Svensson et al. noted activation of PAR-2 also in vascular endothelial cells. They have arisen
through induced angiogenesis after hypoxic treatment [74]. Later, mRNA of exosomes demonstrated
proliferation of vascular endothelial cells [75]. An impact while studying renal cancer cell line was seen
as CD105-positive exosomes led after affection of vascular endothelial cells to a promotion of growth.
CD105-negative cells maintained no effect [76]. Subsequently, promotion of angiogenesis was shown
in breast cancer, as miR-210 contained by exosomes seemed to have an impact on it and reversion by
suppression of exosomes secretion stated the contrary [77]. Similar findings were reported by Li et al.
in liver cancer cells [78].

The migration and invasion of cancer cells are subsequent important factors in metastasis. In colon
carcinoma, a transfer of TEX induced a rise of cell proliferation and chemoresistance [79]. In melanoma
cells of patients with advanced stages of carcinoma, bone marrow-derived cells were stimulated by
exosomes forming a metastatic niche and leading to a prometastatic phenotype [30]. Also, HSP90alpha,
as an exosomal surface marker, is able to activate plasminogen to lead to enhanced invasive capacity of
tumor cells [80].

Exosomes were studied in relation to T- and NK-cells, as well as macrophages. Exosomes possess
the ability of downregulating CD69 expression on CD4+ T-cells and interfere with T-cell activation.
Exosomes of cancer patients showed even higher immune suppression by decreased levels of CD69
expression. [34] These findings confirm results of other groups [11,81–83]. It is suspected that mRNA
expression and the translation into inhibitory proteins gets enhanced by TEX.

When looking at CD8+ T-cells, coincubation with TEX lets them undergo apoptosis [11].
TEX also exert effects on Treg-cells. The adenosine pathway is used by Treg-cells to operate

suppression. A downregulation of mRNA coding for this pathway genes was shown in Treg-cells after
coincubation with TEX. Also, TEX appear to activate resting Treg-cells through the increase of CD39
as well as CD73 production. Furthermore, calcium signalling is important for T-cell activation and
T-cell-dependent immune responses. Incubation with TEX showed a calcium influx in T-cells, which
was stronger than the response induced by dendritic cells [11].

The contribution of B-cells was, to date, not well respected. Results of our experiments could show
a suppression of activated B-cells by TEX, which seems to be another way TEX may exert protumour
effects (unpublished results).

The exact mechanism of immunomodulation through TEX is still unclear. An important part
seems to be the uptake of small noncoding RNA (microRNA, miRNA), which leads to alteration of RNA
expression and reprogramming of recipient cells [38]. This was, in particular, shown in immune cells,
which take up exosomes as B-cells, monocytes and dendritic cells [82]. miRNA leads to destabilisation
of RMA after binding and consecutive reduction of expression of the encoded protein [84]. Some of
exosomes-mediated post-transcriptional alternations are associated with horizontal transfer of miRNA
and oncogenic proteins from tumour cells to endothelial cells.

Exosomes having miRNA as their cargo are able to shape immune responses and seem responsible
for protumorigenic functions in the recipient cells.

TEX signalling happens through receptor binding either on the vesicle surface or an internalisation
by the recipient cell takes place. Our work could show that a direct surface interaction of exosomes
with T-cells is sufficient to transfer signals. There is no internalisation needed as seen in phagocytic
cells [11]. Internalisation and binding of TEX by B-cells and monocytes appeared to be time-dependent,
dose-dependent and recipient cell type dependent.
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Taken together, TEX take effect in antitumor immune functions and promotion of tumour
progression leading to a gain or loss of function in recipient cells and being an option used by
tumours as immune escape [30,38,85]. TEX play a dual part, having proinflammatory as well as
anti-inflammatory properties. Exosomes of healthy donors did not induce immunosuppression [86].

5.2. Loaded Exosomes as Targeted Drug Delivery

Yang et al. showed that unmodified exosomes are able to cross the blood–brain barrier to some
extent [87]. Brain exposure can, however, be increased by using certain brain-targeting ligands [88,89].

Exosomes can be modified using various techniques after isolation (exogenous loading):
freeze–thaw cycles, incubation, sonication, electroporation and extrusion.

On the contrary, modification can also be made during the formation of exosomes (endogenous
loading).

As a breakthrough, Batrakova managed to load exosomes exogenous with the chemotherapeutic
agent paclitaxel as the drug-delivery technique. Therapy was, with respect to lung metastasis within
mice and in vitro, a lot more successful, having effect even on multiresistant cells and reducing required
medication 50 times [90]. Loading drugs into exosomes seems a powerful way of delivering anticancer
drugs, but it may lead to increased toxicity, which has to be evaluated carefully.

Another study group loaded glioblastoma-derived exosomes with curcumin (an anti-inflammatory
drug) and administered it intranasal to animals with encephalitis. It led to a clinical amelioration with
induction of immune tolerance and apoptosis of activated immune cells [91].

Several groups studied the delivery of small interfering RNA (siRNA) into cells using exosomes
loaded with electroporation. Some report functional siRNA, others were unsuccessful in proceeding
with electroporation [89,92–94].

The endogenous approach uses direct transfection of RNA in interest cells, from which exosomes
are later derived. Loading with miRNA and siRNA was possible and functional delivery was shown
by various groups [94–98]. At the moment, limiting factors of this method are unknown alterations
made to the exosome donor cell due to transfection leading to the changed cargo of exosomes. Besides,
when conducting transfection, the produced side-products are copurified during isolation, features of
exosomes can be changed leading to false-positive effects.

These are promising results for using exosomes as drug delivery vehicles and could be the solution
to therapy-resistant cells as well as tumour immune escape.

A huge advantage, the possibility of exosomes to cross the blood–brain barrier, has to be
highlighted; this leads to a higher bioavailability regarding the therapeutic use of exosomes if drugs
of biologics are administered to them. Additionally, the toxicological effect is selective and targeted,
reducing systemic effects compared to conventional free drugs.

However, research is in the fledgling stages and loading of the vesicles can be challenging, with
probable alteration of exosomal membrane and function. Another known limitation is well known
in cancer research, that once the successful research moves on from animal models to humans, the
observed effects may be fading.

5.3. Modified Exosomes as Vaccinations

Already two decades ago, dendritic-cell derived exosomes were pulsed with tumour-cell peptides
and injected in immune-competent mice. An immunogenic rejection of the tumour was obtained [99].
Due to promising results two clinical trials against melanoma and non-small-cell lung cancer were
launched. Regrettably just a small number of patients benefitted from the vaccines.

Some years later, a phase I clinical trial was conducted in China. Extracellular vesicles (EV)
from ascites of colorectal cancer patients were taken and combined with granulocyte-macrophage
colony-stimulating factor (GM-CSF) to enhance antitumour dendritic cell activity. Patients benefited
from GM-CSF combined with EV but not from EV alone [100].
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The results show the successful use of exosomes to induce an antitumour immune response. From
previous vaccination trials performed in cancer, it is known that the antitumour response is not enough
to get rid of the cancer and new studies are being performed to combine immune-modulatory drugs
with vaccines to increase their efficiency.

5.4. Engineered/Designer Exosomes

The first approaches for delivery drug technologies in the context of loading already existing
exosomes have already been described above. This technology bears some problems like probable
missing tissue specificity and immunogenic potential.

Alvarez-Erviti et al. engineered exosomes with self-derived immature dendritic cells to reduce
immunogenicity and conducted them to express Lamp2b to realise tissue-specificity. Purified exosomes
were loaded with siRNA by electroporation fused to a peptide important in the treatment of Alzheimer’s
disease and injected intravenously. Results showed specific delivery to the brain with a knockdown of
mRNA and peptid by 60% [89].

Rashid et al. highlights further engineering of exosomes and their accumulated future hopes and
problems. The perfect cell used to engineer exosomes should be nonimmunogenic, have an unlimited
cell passage capacity without mutating, have an ability to produce itself abundantly and be easily
modified. They believe to have found these potentials in HEK293-Tcells. Mice with metastatic breast
cancer showed slower tumor growth after injection with engineered exosomes combined with a better
survival compared to control.

Based on HEK293-Tcells, Kojima et al. even took it a step further and designed exosomes
completely out of single components. Therapeutic catalase mRNA as cargo in exosomes showed
attenuated neuroinflammation in Parkinson’s disease as a positive results [101].

Designer exosomes are still in their fledgling stages but deliver promising results for further
research as drug-delivering technologies.

5.5. Exosomes in Immune-Modulatory Therapies

Therapy in HNSCC has been mainly limited to surgery and radio-chemotherapy in the past
few years. With growing understanding of the immune system and discovery of CTLA-4, PD-1, its
inhibiting functions and suitable antibodies through James Allison and Tasuku Honjo check-point
inhibition was found. Antibodies of CTLA-4 showed auspicious results in metastasised melanoma.
PD-1 was further studied in HNSCC.

PD-L1 is found on the surface of many cell types being a membrane-bound ligand and upregulated
in inflammation or malign situations. After binding to the PD-1 receptor on immune T-cells an activation
of T-cells gets suppressed important to keep inflammatory responses regulated, being a checkpoint
inhibitor. Tumor cells can adapt the mechanism to evade immune destruction [102]. After the discovery
of Honjo, an immune-modulatory treatment with anti-PD-1 treatment was developed, showing some
response in metastasised HNSCC. To date, it is the only FDA-approved immune-modulatory therapy
with successful results.

One of the great drawbacks remains the poor response rate of 10–30% with anti-PD-1
treatment [103]. In 2017, isolated exosomes of patients with HNSCC could be shown to carry PD-L1
and PD-1 [36]. PD-L1-carrying exosomes correlate with clinical stage, disease activity and prognosis.
Higher numbers of PD-L1positive exosomes leads to poorer prognosis. In contrast, PD-1-containing
exosomes did not match with the clinicopathological profile.

Plasma-derived exosomes in HNSCC showed biologically active PD-L1, which managed T-cell
dysfunction. Anti-PD-1 was able to reverse this suppression. Maybe exosomal PD-L1, but not PD-1, is
clinically relevant, possibly explaining reduced response rate with anti-PD-1 treatment and stratifying
clinical responders from nonresponders. [104,105]. Besides, the membrane-bound form PD-L1 was
also shown to be freely soluble in blood and other liquids (sPD-L1). Comparing exosome-bound PD-L1
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and sPD-L1 levels in HNSCC, the soluble form did not correlate with clinicopathological findings.
Results of other studies showed alternating results [106,107].

Exosomal PD-L1 recently moved into the spotlight as a possible therapeutic target, as suppression
induces antitumour immunity and memory. Membrane-bound PD-L1 leads to diminished activity of
T-cells in lymph nodes. Blocking of exosomal PD-L1 leads to a reversion and suppression of growth of
local tumour cells.

Summing up, exosomal PD-L1 is an important regulator of tumour progression with the ability to
suppress T-cell activation. Inhibition can lead to antitumour immunity [108].

5.6. Blocking/Elimination of Exosomes

A group from Massachusetts observed an interesting finding: incubation of glioma-cell derived
exosomes with heparin led to a decreased transfer of exosomes between the parental and recipient
cell [109,110]. The blockage happened on the surface and not internally. Further studies concerning
the blocking of exosomes or removing them have, to our knowledge, not been conducted.

5.7. Challenges to Overcome Application of Exosomes

Exosomes may undergo morphological and functional changes during carcinogenesis, making
them elusive for therapeutic applications. In peripheral blood, tumour-associated antigens (TAA) can
be found also. Circulating anti-TAA antibodies appear years before clinical diagnosis and are present
in all tumor types [111–113]. Despite vast research, no specific TAA has been found for HNSCC. Maybe
a panel of expression markers will increase sensitivity and specificity.

6. Ongoing Clinical Trials with Exosomes in Cancer

In recent years, exosomes have risen to be a trending topic, and a lot of clinical trials have emerged.
At the moment, there are 85 active studies listed (www.clinicaltrials.gov, 05 June 2020). Owing to the
amount, we omit to list them all. Four studies are listed in the field of HNSCC and exosomes. Further
details are mentioned in Figure 3.

 

Status Study Title Conditions Interventions Locations

Edible 
Plant Exosome

Metformin

Exosomes

Nivolumab and 
BMS986205 

Exosome Testing 

Human Papillomavirus-
Positive 

Figure 3. Ongoing clinical trials in cancer involving exosomes in HNSCC.
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The first study investigates grape exosomes as a possible treatment of oral mucositis and examines
production of cytokines and immune responses to tumour exosomal antigens and metabolic and
molecular markers. The second study examines effects of metformin treatment during radiotherapy
on mucositis and change in exosomes and cytokines. The third study is led by Brystol-Myers Squibb.
A new biological is tested (BMS986205) for advanced-stage HNSCC. Exosomes are studied in a sidearm
and do not belong to the direct treatment. The last study conducted by University of New Mexico
analyses a prophylactical swab similar to the cervix PAP-swab and compares it with exosomal levels.

7. Conclusions

Since the discovery of exosomes some decades ago, an extended research occurred in this field.
Regarding diagnostic possibilities there have been potential approaches, especially within monitoring
of HNSCC shown for a follow-up marker (Figure 4). However, for implication in the clinical setting an
amendment, stabilisation and standardisation of isolation techniques is needed. Moreover, techniques
need to be quick and adequate to present a high sensitivity and specificity in clinical daily routine.
There are already ongoing studies.

Figure 4. Applications of exosomes in cancer treatment. Isolation technique and method of analysis
are written in brackets for the diagnostic purposes. Most research groups used size exclusion
chromatography with ultracentrifugation (UC) or flow cytometry (Flow). Some used Western blotting
(WB), plasmid transfection (Plasmid) or Fluorescence Activated Cell Sorting (FACS). List of papers
consists of a selection.

As in the case of diagnosing recurrences, there is as a complicating factor the hazard of
differentiation between recurrence and inflammation (e.g., as result to immunotherapy) as both
show increase in exosomal levels and exosomes play a key role in both pathways. This factor
aggravates the interpretation of immunotherapy either just being inflammation, tumor necrosis or
active recurrence.

In respect of therapeutic options, a great need of action is required. Immunotherapy by PD-1/PD-L1
inhibitors showed already the right direction. A targeted-oriented therapy would be the aim.

Prevailing setbacks in work with exosomes is the not completely understood biology behind them.
Therefore, application as targeted drug therapy is delicate as accurate changes and interactions are
not known.

Summing up, exosomes seem promising agents to be used for diagnostic or therapeutic purposes
in the future, but further studies, including of larger patient cohorts, are needed.
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Abstract: Small extracellular vesicles (sEV or exosomes) are nanovesicles (30–150 nm) released both
in vivo and in vitro by most cell types. Tumor cells produce sEV called TEX and disperse them
throughout all body fluids. TEX contain a cargo of proteins, lipids, and RNA that is similar but not
identical to that of the “parent” producer cell (i.e., the cargo of exosomes released by melanoma
cells is similar but not identical to exosomes released by melanocytes), possibly due to selective
endosomal packaging. TEX and their role in cancer biology have been intensively investigated
largely due to the possibility that TEX might serve as key component of a “liquid tumor biopsy.”
TEX are also involved in the crosstalk between cancer and immune cells and play a key role in the
suppression of anti-tumor immune responses, thus contributing to the tumor progression. Most of
the available information about the TEX molecular composition and functions has been gained using
sEV isolated from supernatants of cancer cell lines. However, newer data linking plasma levels of
TEX with cancer progression have focused attention on TEX in the patients’ peripheral circulation
as potential biomarkers of cancer diagnosis, development, activity, and response to therapy. Here,
we consider the molecular cargo and functions of TEX as potential biomarkers of one of the most fatal
malignancies—melanoma. Studies of TEX in plasma of patients with melanoma offer the possibility of
an in-depth understanding of the melanoma biology and response to immune therapies. This review
features melanoma cell-derived exosomes (MTEX) with special emphasis on exosome-mediated
signaling between melanoma cells and the host immune system.

Keywords: small extracellular vesicles (sEV); tumor-derived exosomes (TEX); melanoma cell-derived
exosomes (MTEX); proteomics; tumor microenvironment; biomarkers

1. Introduction

Small extracellular vesicles (sEV), also known as exosomes (EX), are virus-size (30–150 nm)
membrane-bound vesicles released by different cell types under both normal and pathological
conditions. They represent a subset of the heterogeneous group of extracellular vesicles (EV) that in
addition to sEV include larger (250–1000 nm) microvesicles (MV, ectosomes) and the largest (>1000 nm)
apoptotic bodies (AB). EV vary in size, biogenesis, release mechanisms, and biochemical properties.
sEV or exosomes are formed in the endosomal network as intraluminal vesicles (ILV) within the
multivesicular bodies (MVB) and are released to the extracellular space when MVBs fuse with the
cellular plasma membrane. In contrast, MV are produced by outward budding (“blebbing”) of the
plasma membrane, while apoptotic bodies are released when cells undergo the programmed cell
death [1–7]. At present, inconsistency in the EV nomenclature exists causing much confusion in the
field, which extends to the methodology for sEV isolation and characterization. Currently, the most
common vesicle isolation methods, including ultracentrifugation, do not adequately discriminate
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between various EV subsets. To ease confusion, a simplified nomenclature has been recently adopted
in the literature that distinguishes small EV (i.e., <200 nm) and medium/large EV (>200 nm). The class
of small EV consists mostly of exosomes, yet other types of EV, e.g., small MV, could also copurify with
this fraction [8–11]. In this review, the terms “exosomes” (EX) and (small) extracellular vesicles (sEV)
are used interchangeably for simplicity and to stay in line with the recent guidelines from International
Society for Extracellular Vesicles (ISEV) [8].

Among various subsets of EV in body fluids of cancer patients, tumor-derived exosomes,
called TEX, have attracted much attention as major mediators of intercellular communication in the
tumor microenvironment (TME) and as potentially promising diagnostic, prognostic, and predictive
biomarkers in cancer and other diseases. The knowledge of the molecular profiles and biology of
TEX offers the possibility of a deeper understanding of pathological processes involved in cancer
development and may provide important clinical information about disease activity and response
to treatment. Today, TEX are considered as prime candidates for a liquid tumor biopsy, and much
effort is being invested in validation of this concept. In this review, we summarize recent insights into
the biology and composition of melanoma cell-derived exosomes (MTEX) and provide an up-to-date
account of their pleiotropic role in melanoma progression and response to anti-melanoma therapies.

2. General Characteristics of sEV

sEV are produced and released by various cell types, including hematopoietic cells and a broad
variety of normal or malignant tissue cells [5,7,12,13]. sEV can be isolated from supernatants of
cultured cells or diverse body fluids, including blood, urine, saliva, breast milk, ascites effusions, bile,
tears, nasal secretions, amniotic, synovial, cerebrospinal, lymphatic, and seminal fluids [5,7,10,14–23].
The molecular content of sEV is of special interest, as it reflects the nature of parental cells.
sEV originating from different cell types share their general features, such as the structure of the bilayer
lipid–protein membrane and key molecular components. Their molecular cargo consists of proteins
(including cytoskeletal proteins, transmembrane proteins, tetraspanins, heat shock proteins, adhesion
proteins, enzymes, immunocompetent proteins e.g., death receptor ligands: tumor necrosis factor
ligand (FasL, CD95L or CD178) or TNF-related apoptosis-inducing ligand (TRAIL), check-point receptor
ligands such as: programmed death-ligand 1 (PD-L1), inhibitory cytokines such as: interleukin 10
(IL-10), IL-6, TNF-α, IL-1β, and TGF-β1, prostaglandin E2, major histocompatibility molecules MHC-I
and II, and tumor-associated antigens), nucleic acids (including DNA, RNA, miRNA, non-coding RNA),
lipids, and low-molecular-weight metabolites (including alcohols, amides, amino acids, carboxylic
acids, sugars). Proteomic analysis of exosome cargos revealed that some proteins are typical for most
of these vesicles (including proteins such as Rab2, Rab7, flotillin, and annexin; cytoskeletal proteins,
including actin, myosin, tubulin; or heat shock proteins, such as Hsc70 and Hsc90). Tetraspanins,
such as CD9, CD63, CD81, CD83, along with housekeeping proteins, ALIX (programmed cell death
6-interacting protein) and TSG101 (tumor susceptibility gene 101 protein), are widely considered
as exosome markers. However, in addition to the “common” set of components, sEV of different
cellular origins may also carry proteins that are cell-type specific [8–12,24]. It has been shown in many
studies that the molecular profile of TEX is distinct from that of sEV derived from non-malignant
cells such as dendritic cells (DC), T cells, and others [6,7,11–13,25]. However, it should be noted that
the discrimination of TEX from other types of sEV in patients’ plasma using, e.g., tetraspanins as
sEV-specific markers has been limited and currently, separation of TEX from total sEV in plasma has
not been readily available or reliably performed.

sEV circulating in body fluids represent a complex mixture of vesicles released by many different
cell types. The majority of studies of TEX present in body fluids of cancer patients are based on analyzes
performed with a mixture of sEV derived from different normal or pathological cells. Separation of
TEX from this mixture remains a challenge due to the lack of universal cancer-specific antigens that
could be targeted for TEX isolation. Nevertheless, a few studies that used specific membrane markers
for isolation of TEX from body fluids have been reported. Chondroitin sulfate proteoglycan 4 (CSPG4)
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was used for separation of melanoma-derived TEX, referred to as MTEX, from vesicles released by
non-malignant cells [26–28]. Glypican 1 (GPC1) was used to isolate TEX from plasma of patients with
pancreatic cancer [29], and prostate-specific membrane antigen (PSMA) was used to isolate TEX from
plasma of prostate cancer patients [30]. CD34 antigen, a unique marker of AML blasts, was used to
isolate TEX from the plasma of patients with acute myeloid leukemia [31]. Moreover, MAGE3/6 antigen
was used to identify TEX present in sera of patients with melanoma or head and neck squamous cell
carcinoma (HNSCC) [25]. In contrast to plasma-derived sEV, TEX isolated from supernatants of cancer
cell lines are putatively homogenous. These TEX derived from tumor cell lines are an excellent in vitro
model for investigations of interactions of TEX with other cells. In fact, much of what is known about
TEX signaling, uptake by responder cells, and reprogramming in TME is derived from in vitro and
in vivo studies of TEX isolated from supernatants of tumor cell lines.

sEV have gained interest due to their essential role in “normal” intercellular signaling and
communication, which impact the physiological balance and homeostasis as well as disease
progression. [1,6,32–36]. Importantly, sEV can modulate the phenotype/functions of recipient cells,
even those located in distant organs [2,3,35–38]. Moreover, the role of TEX in cancer progression has
been reported for many cancer types, including ovarian, prostate, breast, lung, colorectal and gastric
cancers, melanoma, and acute myeloid leukemia [26,37–44]. TEX are being intensively investigated
because they play a key role in the reorganization of the TME, remodeling functions of the cells
residing in the TME, and enhancing their contribution to tumorigenesis, metastasis, cancer immune
escape, as well as resistance to cancer treatment [34,44–54]. The potential role of TEX in cancer
biology is schematically illustrated in Figure 1. A better understanding of the mechanisms underlying
TEX-mediated reprogramming of normal cells in TME is expected to be clinically significant, leading
to improved cancer diagnosis/prognosis and treatment. In addition, TEX are considered to be an
attractive source of cancer biomarkers.

 
Figure 1. Role of tumor-derived small extracellular vesicles (sEV) (TEX) in cancer biology.
Tumor-derived exosomes (TEX) are involved in intercellular signaling and communication between
tumor cells and non-malignant cells residing in the tumor microenvironment. TEX reprogram these cells
to acquire functions favoring tumor growth and metastasis. TEX-induced changes include enhancing
cancer immune escape, remodeling of the tumor stroma, molecular and metabolic reprogramming,
and promotion of angiogenesis. Green arrows indicate the processes stimulated by TEX. Red lines with
blunt ends indicate processes inhibited by TEX.
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3. General Features of Melanoma

Melanoma is the most aggressive skin cancer whose incidence has been increasing worldwide.
Melanoma prognosis is generally poor, as it has a high potential for vascular invasion, metastasis,
and recurrence [55–57]. Primary melanomas detected in an early stage and completely removed
surgically show favorable outcome, with 5-year disease-specific survival rates of 99% [58]. However,
melanoma cells tend to metastasize to distant sites, most often to lungs and brain, while evading the
host immune system. Hence, the survival rate dramatically decreases when the cancer metastasizes,
and 1-year survival rate drops to 35%–62% [57,59], while 5-year survival rate drops to 25% [58].
Currently, surgery is the treatment of choice for patients with cutaneous melanoma, and the adjuvant
treatment scheme is usually tailored individually. Melanoma is sensitive to immune checkpoint
inhibitors, such as anti-CTLA4 (anti-cytotoxic T-lymphocyte-associated protein 4 or anti-CD 152)
and anti-PD1 (anti-programmed cell death protein 1 or anti-CD279) monoclonal antibodies (mAb),
and to small-molecule targeted drugs, such as serine/threonine-protein kinase B-Raf (BRAF) or
mitogen-activated protein kinase (MEK) inhibitors. Hence, different treatment schemes, including
radiotherapy and/or adjuvant treatments with anti-BRAF/MEK inhibitors and anti-PD-1 mAb are
currently used, depending on the patient’s clinical situation [60]. Despite these novel combinatorial
therapies, tumor escape from the immune control and development of primary or acquired therapy
resistance that occurs in about half of melanoma patients remain the major therapeutic barrier [61–63].
Melanoma cells communicate with other cells present in the TME, including components of the
immune system, via melanoma cell-derived exosomes (MTEX). Hence, in-depth knowledge of MTEX
composition and function is expected to bring better understanding of the mechanisms determining
the response of melanoma to treatments.

4. The Molecular Cargo of MTEX

4.1. The Proteome of MTEX

Recently, studies of proteomic profiles of cancer-derived sEV have been much intensified [64–67].
However, only limited data are available about the proteome of melanoma-derived TEX. A great part
of the available literature focuses on in vitro studies with TEX isolated from supernatants of various
melanoma cell lines [68–73]. Ex vivo studies performed with TEX isolated from the blood of melanoma
patients are rare [74]. It is important to emphasize that only sEV derived from melanoma cell lines are
“pure” MTEX, as those present in the plasma will be mixtures of sEV derived from many different cells.
The available studies of MTEX have utilized different proteomic approaches. Most of them are based
on shotgun LC-MS/MS strategies (i.e., tryptic digestion of proteins, followed by nano HPLC-MS/MS
analysis of the resulting peptides), while others are based on LC-MS/MS analysis of proteins separated
by 1D or 2D SDS-PAGE [75]. Currently available proteomic studies demonstrate differences in protein
profiles of MTEX in comparison to melanocyte-derived sEV [68,69]. In addition, MTEX derived
from melanoma cell lines with a different tumorigenic potential appeared to have distinct proteomic
profiles [70]. Moreover, proteomic analysis of sEV present in the plasma of melanoma patients and
healthy donors showed clear differences and revealed increased levels of TYRP2, VLA-4, and HSP70 in
patients’ samples [74]. However, the knowledge of the proteome in TEX produced by melanoma cells
remains rather limited, and the available data are difficult to compare because they represent distinct
experimental models. A summary of data on proteomics profiling of MTEX released by melanoma cell
lines is presented in Table 1.
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Table 1. Proteomics Profiling of Melanoma Cell-Derived Exosomes (MTEX) Released in Vitro by
Melanoma Cell Lines.

Cell Line
Method of MTEX
Purification and
Characterization

MS
Approach

Major Findings Ref.

MeWo,
SK-MEL-28

(human)

UC/TEM, WB,
1D/2D SDS-PAGE

MALDI-TOF
MS/MS

A few proteins identified in MTEX for the first time:
prostaglandin regulatory-like protein (PGRL), p120
catenin, syntaxin-binding proteins 1 and 2, septin 2

(Nedd5), ezrin, radixin, tryptophan/aspartic acid (WD)
repeat-containing protein 1

[68]

A375
(human) UC/TEM, NTA, WB LC-MS/MS

Different sets of proteins present in MTEX and
melanocyte-derived EV, including annexin A1, HAPLN1,
GRP78, endoplasmin precursor (gp 96), TUBA1B, PYGB),

ferritin, heavy polypeptide 1 (MTEX-upregulated),
annexin A2, syntenin-1, MFGE8, OXCT

(MTEX-downregulated)

[69]

MNT-1, G1,
501 mel,

SKMEL28,
Daju, A375M,

1205Lu
(human)

UC+SEC/WB, TEM,
NTA nanoLC-MS/MS

Different sets of proteins present in MTEX from
nontumorigenic, tumorigenic, and metastatic cell lines,

including EGFR, PTK2/FAK1, EPHB2, SRC,
LGALS1/LEG1, LGALS3/LEG3, NT5E/5NTD-CD73,

NRAS, KIT, MCAM/MUC18, MET specific for metastatic
cell lines

[70]

B16-F1
(murine)

UC+SEC/CEM,
DLS, IA-FCM uHPLC-MS

10 most abundant proteins: CD81, CD9, histones (H2A,
H2B, H3.1, H4), heat shock proteins (HSPA5/GRP78,

HSC71), syntetin-1
[71]

B16-F10
(murine)

UC+SEC,
UF+SEC/TEM,

NTA, WB
nanoLC-MS/MS

Different sets of proteins identified in low- and
high-density MTEX, including ACTN4 and CCNY

enriched in LD-MTEX and EPHA2 enriched in
HD-MTEX

[72]

Mel501
(human) UC+SEC/WB, CM RPLC-MS/MS

Different sets of proteins identified in MTEX released in
neutral and acidic environment (pH 6.7 and 6.0,
respectively), including HRAS, NRAS, TIMP3,

HSP90AB1, HSP90B1, HSPAIL, HSPA5, GANAB,
gelsolin, and cofilin upregulated in acidic conditions.

[73]

Abbreviations: methods of EX purification: UC—ultracentrifugation, UF—ultrafiltration, SEC—size-exclusion
chromatography; methods of EX characterization: NTA—nanoparticle tracking analysis, DLS—dynamic light
scattering, TEM—transmission electron microscopy, CEM—cryo-electron microscopy, CM—confocal microscopy,
WB—Western blotting.

4.2. Micro RNA Component of MTEX

Micro RNAs are small (19–25 nucleotides) non-coding RNAs that play an important role as
regulators of cell differentiation, metabolism, proliferation, or innate and adaptive immunity [76–78].
Micro RNA profiles of TEX differ from miRNA profiles of their donor cancer cells as well as from
profiles of sEV released by normal cells [78–81]. The majority of available works report miRNA
signatures of pure MTEX released in vitro by melanoma cell lines [69,82–90]. Moreover, a few studies
addressed miRNA composition of sEV derived from serum/plasma of melanoma patients [82,91–94].
Similar to proteomics data, few consistencies were observed among these studies due to different
models applied. Nevertheless, there were 6 MTEX-upregulated miRNA species reported in more
than one study: miR-494 [82,83], let-7c [69,84], miR-690 [84,85], miR-17 [84,91], and miR-494 [82,83],
while miR-125b was reported to be downregulated in MTEX or sEV from plasma of melanoma
patients [83,92]. Noteworthy, all the above mentioned miRs are known to be involved in cancer cell
invasion, migration, and proliferation as well as in inflammatory processes linked to tumorigenesis
and cancer progression [82–86,91,92].

Xiao et al. showed significant differences in miRNA content of exosomes isolated from normal
melanocytes and malignant cell lines (HEMa-LP and A375), respectively [69]. In this study, 130 miRNAs
were upregulated and 98 miRNAs downregulated in MTEX versus melanocyte-derived EX. The majority
of differently expressed miRNAs were associated with tumor aggressiveness, including fifteen miRNAs
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known to be associated with melanoma metastasis: miR-138, miR-125b, miR-130a, miR-34a, miR-196a,
miR-199a-3p, miR-25, miR-27a, miR-200b, miR-23b, miR-146a, miR-613, miR-205, miR-149, let-7c [69].
Another study reported enrichment of miRNA-494, which is known for its high metastatic potential,
in MTEX released by A375 cells. A series of functional experiments performed by Li et al. demonstrated
that intercellular transport of miR-494 in MTEX was responsible for melanoma metastasis [82].
Blocking of exosomal transfer of miR-494 by a knockdown (KO) of Rab27a induced cellular apoptosis
and inhibited tumor growth and metastasis in vitro and in human xenografts [82].

Another analysis of the miRs upregulated in sEV of patients with metastatic melanoma (miR-17-5p,
miR-19a-3p, miR-149-5p, miR-21, and miR-126-3p) focused on discovery of putative targets of these
miRNAs [91]. Among their targets were genes associated with skin response to UV irradiation, genes
coding the tumor protein p53 (TP53)/retinoblastoma protein (RB1) and genes related to the TGF-β/SMAD
pathway. Upregulation of miRNAs controlling TP53/RB1 activation and the TGF-β/SMAD signaling
pathway might play an important role in melanoma progression, as the TGFβ/SMAD pathway regulates
the G1/S checkpoint in normal melanocytes [91]. Moreover, miR-17 was identified as a potential oncomiR
not only in melanoma but also in other malignancies [93,94]. Association of miR-19a upregulation
with increased melanoma invasiveness was confirmed by Levy et al. [95]. Upregulation of miR-21 and
miR-19a is associated with increased proliferation, low apoptosis, invasiveness, and high metastatic
potential, as reported for various human tumor cells [96,97], while KO of miR-21 in B16 melanoma
cells reduced their metastatic potential [98,99]. The oncogenic properties of miR-21 may be a result
of down-regulation of the tumor suppressors: PTEN, PDCD4 and the antiproliferative protein BTG2.
In addition, miR-21 induced the IFN pathway with protumorigenic effects [98,99]. High abundance
of another oncomiR—miR-1246 was detected in MTEX isolated from patient-derived melanoma
cell lines, namely, DMBC9, -10, -11, and -12 [83,100]. Many other studies have confirmed its high
concentration in sEV from the plasma of patients with various cancers, including melanoma [101,102].
The overexpression of miR-222 in MTEX and cells is also associated with tumor initiation, differentiation,
increased cell motility, and invasion, as well as cancer progression [87]. MiR-222 inhibits anti-neoplastic
functions of p27, CDKN1B, and c-Fos by down-modulation of their gene expression, reduces apoptosis,
and allows proliferation by induction of the PI3K/AKT pathway [89]. Müller et al. showed the
importance of let-7a in melanoma development [103]. Let-7a regulates the expression of integrin β-3,
the promotor of melanoma progression. The loss of let-7a expression in MTEX derived from 8 different
melanoma cell lines resulted in higher integrin β-3 levels in melanoma cells, enhancing their migratory
and invasive potential [103]. Finally, let-7a was detected in serum EX as a factor differentiating stage I
melanoma patients from non-melanoma subjects [104]. Altogether, the literature supports the key role
played by miRs transferred by melanoma-associated TEX in oncogenesis and melanoma metastasis.

In addition to microRNA, MTEX contain mRNA transcripts of genes expressed in melanoma. Sets of
mRNAs with different abundance in MTEX and in melanosome-derived exosomes were identified,
including 945 transcripts associated with cancer and 364 associated with dermatological diseases [69].
Among upregulated transcripts there was DNA topoisomerase I (TOP1), which is known to be associated
with aggressive, advanced tumors and poor prognosis in melanoma [69,105]. Among downregulated
transcripts there were ATP-binding cassette, sub-family B, member 5 (ABCB5), which activates the
NF-κB pathway enhancing p65 protein stability [106] and is also known to be closely co-regulated with
melanoma tumor antigen p97 (tumor growth regulator—melanotransferrin, MTf) [107], and TYRP1
encoding tyrosinase-related protein 1, which is considered as an inhibitor of TYRP1-dependent miR-16
mediating tumor suppression [108,109].

5. Biological Activity of MTEX

The multi-level contribution of MTEX to tumorigenesis accounts for activation of biological
processes enabling cancer immune evasion, as well as molecular and metabolic remodeling of tumor
micro- and macro-environment, favoring cancer growth and metastasis. The in-depth knowledge
of the pleiotropic role of MTEX in the natural history of melanoma has a great potential clinical
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application in the disease diagnosis, treatment design, and prognosis of patient’s outcomes. MTEX
are involved in a plethora of functions involved in initiation, progression, and metastasis of tumors,
which is schematically depicted in Figure 2 (according to [26,37,73,74,83–150]). The most essential
functions of MTEX are addressed more specifically in the following sub-chapters.

Figure 2. Pleiotropic effect of MTEX on melanoma biology.

5.1. MTEX Participate in the Reprogramming of Immune Cells

Growth and progression of cancer involve the escape from the immune surveillance as the sine qua
non condition. Emerging evidence supports the idea that MTEX are involved in facilitating tumor escape
from the host immune system [33,44,47,49,110–117]. However, in most of the studies reported in this
context, melanoma cell lines were used as a source of MTEX. Düchler et al. showed that cancer-induced
immunosuppression was mediated by MTEX, and involved an antigen-specific mechanism [118].
The authors provided evidence that MTEX transferred MHC class I receptor proteins from cancer cells
to the surface of antigen-presenting cells (APC). At the same time, CD86 and CD40 (co-stimulatory
molecules required for differentiation and proliferation of T cells) were down-regulated, while the
production of immunosuppressive cytokine IL-6 was induced. Collaboration of TGF-β transported by
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MTEX was also demonstrated in this process. The authors hypothesized that MTEX-mediated transfer
of the combination of TAA-derived peptide-MHC complexes with immunosuppressive cytokines was a
part of antigen-specific tolerance induction enabling melanoma immune escape [118]. The mechanism
of melanoma immune escape is also related to the suppression of T cell functions. This can be attributed
to an increased level of PD-L1 in MTEX. This immunosuppression is driven by the interaction
between PD-L1 carried by MTEX and PD-1 receptors on CD8+ T cells, leading to inhibition of T-cell
functions [111,119]. MTEX are also enriched in Fas ligand (FasL) and APO2 ligand (APO2L)/TRAIL,
both known as inducing factors of T cell-apoptosis [120]. Another possible mechanism for the
suppression of T cell function by MTEX is through the upregulation of PTPN11 protein, which was
found to negatively regulate interferon, IL-2, and T cell receptor signaling pathways [121]. Wu et al.
confirmed that B16F0-derived MTEX are enriched with Ptpn11 mRNA and can increase PTPN11
dose-dependently in recipient cells. In addition to upregulating PTPN11 in lymphocytes, MTEX
derived from B16F0 locally suppressed responses of cells to IL-12 (anti-tumor immunity enhancer)
via inhibition of IL12RB2 expression in primary CD8+ T cells. These inhibitory mechanisms of the
immune cell response to IL-12 are complemented by B16F0 release of the Wnt-inducible signaling
protein 1 (WISP1) that blocks T cell response to IL-12 [121,122]. Furthermore, the cargo of MTEX might
alter mitochondrial respiration of cytotoxic T cells and up-regulate genes associated with the Notch
signaling pathway [84]. Immunosuppressive activity of MTEX depends on their ligands that engage the
T cell receptor (TCR) and IL-2 receptor (IL-2R). Recent studies showed that MTEX inhibited signaling
and proliferation of activated primary CD8+ T cells, inducing their apoptosis [25,32,90]. Furthermore,
MTEX significantly promoted conversion of CD4(+) T cells to CD4(+)CD25(+)FOXP3(+) T regulatory
cells (Treg) enhancing their suppressor functions [25]. Vignard et al. additionally confirmed decreased
TCR signaling in T cells as a result of the enrichment in miRNAs regulating TCR signaling and TNF-α
secretion (miR-3187-3p, miR-498, miR-122, miR149, miR-181a/b) in MTEX [90].

Accumulating evidence reveals that TNF is negatively regulated by miR-21. This may explain
the effects of miR-21 on cell proliferation, migration, invasion, and transformation associated with
excessive miR-21 levels in MTEX. Moreover, some results suggest that TNF can promote miR-21
biogenesis [123] as well as the turnover of PDCD4 in macrophages [124]. Yang et al. also showed that
increased levels of miR-21 associated with a decreased level of TNF were consistent with elevated IL-10
protein expression and increased Arg1 macrophage expression, which could explain poor immune
responses against cancer cells [98]. On the other hand, Fabri et al. reported that miR-21 which was
found to be enriched in MTEX might also act as a ligand by binding to receptors of the Toll-like
receptor (TLR) family members, murine TLR7, and human TLR8, in immune cells. Triggering the
TLR-mediated prometastatic inflammatory response in responder cells might promote tumor growth
and metastasis [125].

Stimulation of TLR2+ DC by tumor-derived TLR2 ligands was reported to drive inhibitory signals
leading to dysfunctional activity of DC in murine melanoma [126]. Modulation of immune response
by MTEX was confirmed by Zhou et al. [85]. They observed that B16-derived MTEX induced apoptosis
of CD4+ T cells in vitro and promoted the growth of tumor cells implanted in mice. The opposite
results were reported by blocking MTEX release (disrupting the expression of Rab27a), thus confirming
the proposed mechanism. Further, they showed that B16-derived MTEX induced activation of
caspase-3, caspase-7, and caspase-9, reducing the level of anti-apoptotic proteins, such as BCL-2,
BCL-xL, and MCL-1 in CD4+ T cells [85]. MTEX can also alter the functions of natural killer (NK) cells.
They were found to modulate the tumor immune responses by inhibiting the cytotoxic activity of NKs
and downregulating the expression of NKG2D, NKp30, NKP46, and NKG2C proteins on the surface of
NK cells [26,42,127].

5.2. MTEX Participate in the Reprogramming of TME

TME plays a major role in cancer growth and evolution. Diverse cells such as fibroblasts,
endothelial, epithelial, and mesenchymal cells or immune cells present in the TME might
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be reprogrammed by MTEX to favor tumor growth [45,56]. Accumulating data provide
evidence that MTEX promote epithelial-to-mesenchymal transition (EMT), which promotes
metastasis [46,48,55,57,128]. The mitogen-activated protein kinase (MAPK) signaling pathway is
activated during the MTEX-mediated EMT, with the involvement of Let-7i, a miRNA modulator of
EMT [104]. Furthermore, acquisition of the EMT-like phenotype is enforced by expression of other
key regulators of EMT induction, including ZEB2 and Snail 2 [119,129]. Upregulation of ZEB2 and
Snail 2 in primary melanocytes after co-culture with MTEX was confirmed by Xiao et al. This process
was accompanied by decreased expression of E-cadherin and increased expression of vimentin [104].
The interplay between MTEX and myeloid stem cells (MSCs) induce the emergence of a tumor-like
phenotype with PD-1 and mTOR overexpression in naïve MSCs in vitro and fast tumor progression
in vivo [119]. Interaction networks build basing on genes overexpressed in recipient cells upon
co-incubation with MTEX identified a variety of other exosomal molecules, apart from PD-1 and mTOR,
which might affect tumor progressions, such as MET, Ras, RAF1, Mek, ERK1/2, MITF, BCL2, PI3K, Akt,
KIT, JAK STAT3, or ETS1 [119].

MTEX transform fibroblasts into proangiogenic cancer-associated fibroblasts (CAF) in vitro and in vivo.
CAF are known to support development of pre-cancerous micro- and macro-environments [86,130,131].
Zhao et al. discovered that incubation of MTEX with fibroblasts resulted in a significant increase
of VCAM-1 expression, and this enhancement was even stronger when EX were derived from
highly metastatic melanoma cells [131]. Overexpression of miR-155 in MTEX was found to be the
trigger factor for the proangiogenic switch of fibroblasts into CAF [86]. MTEX-mediated delivery
of miR-155 to fibroblasts suppressed expression of cytokine signaling 1 (SOCS1), that activates the
JAK2/STAT3 signaling pathway which, in turn, regulates the expression of proangiogenic factors.
Elevated expression of vascular endothelial growth factor A (VEGFa), fibroblast growth factor 2 (FGF2),
and matrix metalloproteinase 9 (MMP9) in fibroblasts after incubation with MTEX was confirmed in
this study [86]. Shu et al. also reported the presence of exosomal miR-155 and miR-210 across six
melanoma cell lines [89] and showed that miRNA cargo of MTEX was capable of reprogramming the
metabolism of human adult dermal fibroblasts (HADF). In this study, miR-155 upregulated glucose
metabolism (i.e., increased glycolysis), while miR-210 decreased oxidative phosphorylation under
non-hypoxic conditions. Exposure of HADF to MTEX resulted in upregulated aerobic glycolysis
and downregulated oxidative phosphorylation in stromal fibroblasts, with consequently increasing
extracellular acidification [89]. Furthermore, the acidic environment led to upregulation of over 50% of
exosomal proteins involved in cancer progression in MTEX derived from the primary non-tumorigenic
MEL501 cell line [73]. The upregulated proteins were associated with focal adhesion, actin cytoskeleton
regulation, leukocyte trans-endothelial migration, regulation and modification of cell morphology,
HSP family proteins, proteoglycans related to cancer, small GTPase mediated signal transduction,
and epidermal growth factor receptor (EGFR) signaling pathways [73]. This shows that MTEX are
important contributors to changes in the TME that are responsible for creating favorable conditions
for the pre-metastatic niche. On the one hand accelerated aerobic glycolysis ensures more effective
energy production, but on the other hand, the acidic microenvironment drives immune suppression
and creates a pro-metastatic environment [73,89,132].

The pro-angiogenic effects of MTEX are well-documented. MTEX cargos are enriched in
pro-angiogenic cytokines, including IL-1α, FGF, GCS-F, TNFα, leptin, TGFα, and VEGF [107].
MTEX also mediate the transfer of miR-9 from melanoma to endothelial cells (EC), which triggers the
JAK-STAT pathway and enhances the migratory propensity of vascular cells as well as the formation of
a tumor-supporting vascular net [133]. Additionally, it was reported that increased WNT5A signaling,
which is known to promote melanoma metastasis, induced a Ca2+-dependent release of exosomes
containing the pro-angiogenic VEGF and MMP2 factors in melanoma cells [134].
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5.3. MTEX Can Modulate Tumor Progression and Invasiveness

In general, TEX may induce tumor growth in vitro and in vivo [135,136]. It was reported that
B16BL6-derived MTEX induced proliferation and inhibited apoptosis of murine melanoma B16BL6 cells,
while inhibition of MTEX release by the N-Smase inhibitor suppressed melanoma growth. Noteworthy,
the uptake of MTEX resulted in increased levels of cyclin D1, p-Akt (cell proliferation-related
proteins), Bcl-2 (survival-related protein), and decreased level of Bax (apoptosis-related proteins) [137].
Peinado et al. reported that the oncoprotein MET selectively enriched in MTEX released by metastatic
melanoma cells promoted the tumorigenic potential of melanoma [74]. Pre-conditioning of bone marrow
(BM) with MTEX obtained from a highly metastatic melanoma B16-F10 cell line promoted mobilization
of bone marrow-derived cells (BMDC), increasing tumor vasculogenesis, invasion, and metastasis.
Comparative analysis of the protein content in MTEX from highly metastatic and poorly metastatic
melanoma cells confirmed MET signaling as the principal mediator of BM progenitor cell “education”.
Pre-treatment of BM cells with B16-F10 MTEX resulted in HGF-induced S6 and ERK phosphorylation
compared to non-treated controls. Effectors of MET-mediated BM progenitor cell mobilization, i.e.,
S6-kinase (mTOR pathway) and ERK (MAPK pathway), are known mediators of HGF/MET signaling.
Further, the metastatic spread and organotropism of highly metastatic B16-F10 primary tumors were
reduced by the BM of mice “educated” with the low-metastatic B16-F1 MTEX that lacked the MET
receptor. These data suggested that non-metastatic MTEX might educate the BM and prevent metastatic
disease, a finding that is worth further exploration. Finally, it was confirmed that MET expression
was elevated in sEV circulating in the plasma of patients with metastatic melanoma [74]. Additionally,
influence of metabotropic glutamate receptor 1 (GRM1) expressed on melanoma cells was tested for cell
migration and invasiveness [138]. This neuronal receptor induces in vitro melanocytic transformation
and spontaneous malignant melanoma development in vivo. Moreover, modulation (decrease) of
GRM1 expression results in a decrease in both cell proliferation in vitro and tumor progression in vivo.
Isola et al. verified a hypothesis that exosomes released by a GRM1-positive (metastatic) cell line made
GRM1-negative (non-metastatic) cells acquire features characteristic for GRM1-positive cells, i.e., to
migrate, invade, form colonies, and exhibit anchorage-independent cell growth. They found that
acquiring these features was not connected with expression of this receptor on GRM1-negative cells.
Another aspect of the potential role of MTEX in tumorigenesis is analysis of specific RAB genes involved
in sEV secretion (RAB1A, RAB5B, RAB7, RAB27A) [74]. Rab27a is a regulator of protein trafficking and
melanoma proliferation [139]. Reduced expression of Rab27a resulted in decreased sEV production,
and in decreased release of pro-angiogenic factors (PlGF-2, osteopontin, and PDGF-AA) from tumor
cells, interfering with BMDC mobilization and tumor invasiveness [74]. These results are in line with the
latest findings of Guo and colleagues [140], who reported that the GTPase RAB27A was overexpressed
in melanoma patients and correlated with poor patient survival. A loss of RAB27A expression in
melanoma cell lines blocked invasion and cell motility in vitro, and spontaneous metastasis in vivo.
Furthermore, RAB27A-expressing MTEX promoted the invasion phenotype of melanoma cells in
contrast to MTEX without RAB27A [140]. All in all, these results suggest that RAB27A promotes the
biogenesis of a distinct pro-invasive MTEX subpopulation [74,140].

MTEX are also involved in preparation of metastatic niche for melanoma in lymph nodes and
lungs and in reprogramming of innate osteotropism of melanoma cells [74,141,142]. MTEX from a
highly-metastatic B16-F10 cell line promoted lymph nodes (LN) metastasis in mice [142] and were
detected after 24h in the interstitium of the lung, BM, liver, and spleen (organotropic sites for B16-F10
metastasis), but not in the circulatory system [74]. Several genes responsible for the recruitment of
melanoma cells (stabilin 1, ephrin receptor β4, and αv integrin), extracellular matrix remodeling
(Mapk14, uPA, laminin 5, Col 18α1, G-α13, p38), vascular growth (TNF-α, TNF-αip2, VEGF-B, HIF-1α,
Thbs1) [142], and effectors of pre-metastatic niche formation such as S100A8, S100A9 [74] were
upregulated by B16-F10 MTEX. The osteotropism of melanoma cells is related to the activation of the
SDF-1/CXCR4/CXCR7 axis. MTEX were found to promote osteotropism of not-osteotropic melanoma
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cells (SK-Mel28, WM266) in vitro through membrane CXCR7 up-regulation. Thus, MTEX were found
to contribute to bone metastasis in melanoma [141].

6. MTEX as Potential Clinical Biomarkers

MTEX present in body fluids of melanoma patients are a promising source of prognostic biomarkers
as a new type of so-called liquid biopsy. Alegre et al. performed an analysis of the established melanoma
biomarkers such as: MIA, S100B, and tyrosinase-related protein 2 (TYRP2) in sEV isolated from sera of
stage IV melanoma patients, patients with no evidence of disease (NED), and healthy donors (HD) [37].
The levels of MIA and S100B were significantly higher in melanoma patients in comparison to HD and
NED patients. Furthermore, patients with high EV concentration of MIA had shorter median survival
compared to those with lower MIA levels (4 versus 11 months; p < 0.05). Hence, the data suggest
the potential diagnostic and prognostic utility of MIA in plasma sEV [37]. Levels of MIA, along with
growth/differentiation factor 15 precursor protein (GDF15) showed a significant increase in the whole
secretome of uveal melanoma versus non-malignant cells [143], which was in line with the results of
Alegre et al. [37]. Tenga et al. showed that miR-532-5p and miR-106b present in serum sEV could be
used for classification of melanoma patients, including differentiation of patients with metastatic and
non-metastatic disease and stage I-II patients from stage III-IV patients [144]. In addition, miR-17,
miR-19a, miR-21, miR-126, and miR-149 were found to be expressed at significantly higher levels
in patients with metastatic sporadic melanoma compared to familial melanoma patients or healthy
controls [91]. On the other hand, levels of miR-125b in sEV were significantly lower in patients with
advanced melanoma compared with disease-free patients with melanoma and healthy controls, while
there was no statistical difference in the miR-125b levels between patients and controls when analyzing
serum samples [92].

Melanoma is sensitive to immune checkpoint inhibitors (such as anti-CTLA4 and anti-PD1
monoclonal antibodies) and small-molecule targeted drugs (such as BRAF inhibitors and MEK
inhibitors). However, many patients with melanoma fail to respond to these therapies, and the
mechanisms of resistance to a therapy are not understood [61–63,145,146]. The accumulating data
suggest the importance of MTEX in understanding these mechanisms and the role of MTEX as
predictive biomarkers of response to immune therapies and outcome [55–57,147]. Higher levels
of miR-497-5p in circulating sEV during MAPKi-based therapy of cutaneous metastatic melanoma
patients (with BRAFV600 mutations) were significantly correlated with progression-free survival
(hazard ratio of 0.27) [147]. Increased level of miR-497-5p was also associated with prolonged
post-recurrence survival in resected metastases from patients with metastatic III (lymph nodes)
and metastatic IV cutaneous malignant melanoma (CMM) [148]. Treatment with vemurafenib and
dabrafenib induced miR-211-5p up-regulation in melanoma-derived EV, both in vitro and in vivo,
thus promoting survival in parent melanoma cells despite a down-regulation of pERK1/2 by BRAF
inhibitors [146]. What is more, transfection of miR-211 in low-expressing miR-211–5p melanoma cells
resulted in enhanced proliferation of melanoma cells. What is more, 100-fold increase in miR-211–5p
expression in vemurafenib-treated miR-211-5p-transfected cells was found with no reduction of cells
proliferation upon BRAF inhibitor treatment. These findings suggest that miR-211-5p up-regulation
upon vemurafenib treatment allows these cells to survive and grow into a population of cells that
have reduced sensitivity to vemurafenib. Going further, inhibition of miR-211-5p in a vemurafenib
resistant cell line decreased cell proliferation. The outcome of the study of Lunavat et al. leads to better
understanding of possible mechanisms of acquiring by patients’ resistance to the BRAF inhibitors
treatment by showing that miR-211-5p can reduce the sensitivity to vemurafenib treatment in melanoma
cells by regulating cellular proliferation. [146]. Another group of “new drugs” used in the treatment of
melanoma are immune checkpoint inhibitors. Anti-PD-1 antibodies are frequently used in melanoma
treatment to rejuvenate anti-tumor immunity, and in the majority of patients the response is durable,
yet not all melanoma patients respond to this therapy [60,149]. Chen et al. reported positive correlation
between exosomal-PD-L1 (Exo-PD-L1) level and IFN-γ, both in vitro using melanoma cell lines and
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in vivo in patients with metastatic melanoma [111]. Upregulation of PD-L1 by IFN-γ in metastatic
melanoma leads to functional suppression of CD8+ T effector cells enabling melanoma growth and
metastasis. In part, this explains low response rate to anti-PD-1 therapy (pembrolizumab). The level
of circulating Exo-PD-L1 distinguished clinical responders from non-responders to pembrolizumab
treatment. Since the level of exosomal PD-L1 was altered early during the anti-PD-1 therapy, the authors
suggest that it might be an indicator of response to treatment [111]. A recent paper by Cordonnier et al.
describes monitoring of circulating Exo-PD-L1 in melanoma patients treated with immune checkpoint
inhibitors and BRAF/MEK inhibitors. This prospective clinical study confirmed a significantly higher
level of Exo-PD-L1 in plasma of melanoma patients compared to soluble PD-L1 and demonstrated that
the level of Exo-PD-L1 inversely correlated with patients’ response to therapy [150]. The results of
this clinical study provide a rationale for monitoring Exo-PD-L1 level as a potential predictor of the
melanoma patients’ response to treatment and outcome [150].

Clinical relevance of MTEX-based biomarkers is currently limited by the necessity of separation of
MTEX from other fractions of sEV circulating in body fluids. Recently, however, the anti-CSPG4 mAb
was used for the separation of MTEX and sEV produced by normal tissue from the plasma of melanoma
patients [26–28]. CSPG4+ MTEX captured from the plasma of melanoma patients are highly enriched
in melanoma-associated antigens (MAA) in comparison to CSPG4(-) non-MTEX, including CSPG4,
TYRP2, MelanA, Gp100, VLA4. Moreover, several immunostimulatory (CD40, CD40L, CD80, OX40,
OX40L) and immunosuppressive (PDL-1, CD39, CD73, FasL, LAP-TGFβ, TRAIL, CTLA-4) proteins
were enriched in MTEX compared to sEV purified from plasma of healthy donors [26,28]. Noteworthy,
looking at individual differences among proteins in the cargo of MTEX and non-MTEX, significant
correlations with disease activity were observed for both fractions of vesicles. For example, non-MTEX
ability to induce apoptosis of T cells positively correlated with the disease stage [28]. The obtained data
suggest that features of both MTEX and non-MTEX, as well as individual MTEX/total sEV ratios, might
be useful for monitoring melanoma progression [26,28]. In addition to CSPG4, other melanoma-specific
or enhanced proteins might also be considered as potential markers of MTEX. This includes several
melanoma-associated antigens (MAA-4, MAA-B2, and melanoma antigen recognized by T-cells) found
in MTEX released by 7 different melanoma cell lines with various phenotypic features (non-tumorigenic,
tumorigenic, metastatic) [70]. Moreover, several other cancer-related proteins (NRAS, Src, c-Met, c-Kit,
EGFR, MCAM, annexin A1, HAPLN1, LGALS1, GALS3, NT5E, and PMEL) were detected in MTEX
originating from various melanoma cell lines [69,70]. Therefore, several candidates for MTEX-markers
are known that could be used for the immune capture of MTEX circulating in the body fluids of
melanoma patients. Hence, the emerging concept of MTEX-based biomarkers of melanoma will meet
the necessary methodological support in the nearest future.

7. Future Directions

Although the number of publications reporting on sEV in melanoma is growing exponentially, the
resulting knowledge remains limited. Most likely, this is due to several factors that impede research
of sEV. First, no uniformly accepted nomenclature for EV has been established, creating havoc in
the definition of investigated EV. Further, no standardized procedures for the isolation of different
EV types exist, leading to differences in contamination levels and co-isolation of various vesicles.
The criteria and methods of EV characterization are also not clear and seem to change as we progress
in the understanding of the EV heterogeneity. Despite the recommendations updated yearly by the
International Society of Extracellular Vesicles (ISEV), published papers often provide incomplete data
creating further confusion. The emerging view of the complex biology of EV requires strict criteria for
the definition of phenotypes, genotypes, and functions of participating EV. Specifically, in a large body
of available data on melanoma-associated sEV in body fluids, their origin is often unclear. Until recently,
melanoma cell lines had been the only reliable source of MTEX. However, research performed with
vesicles produced by cell lines does not adequately reflect interactions taking place in body fluids or
tissues. Separation of MTEX from plasma by immune capture allowed for a more relevant evaluation
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of their characteristics and functions in disease and comparisons of data between individual patients.
While this represents considerable progress, ex vivo analysis of MTEX also provides only a limited
view of their biological agenda in the TME and the periphery. In vivo studies of MTEX in murine
models of melanoma are critical for the translation of signaling mediated by MTEX in vitro to cells,
tissues, and organs in animals. Correlative studies of MTEX and clinical endpoints in melanoma
progression, resistance, or response to therapies are growing in numbers and the concept of MTEX as a
liquid tumor biopsy is slowly crystallizing. Understanding of multicellular MTEX-mediated signaling
and their reprogramming activities in the TME opens a way for the use of MTEX-induced changes as
yet another biomarker of disease activity. The next step is to develop and implement reliable means
for the isolation and molecular characterization of MTEX from body fluids and tissues of patients
with melanoma. At present, these methods are in the discovery stage, and the emerging results are
promising not only due to successful subsetting of sEV into MTEX and non-MTEX, but also because of
evidence that mechanistic and functional studies of MTEX can yield new and previously unsuspected
information. For example, the ability of MTEX to simultaneously deliver to recipient cells multiple
and often contradictory, i.e., suppressive vs. stimulatory signals have alerted us to the possibility of
regulatory functions MTEX might exercise in vivo. Similarly, the realization that MTEX utilize surface
proteins as well as miRs to transmit signals to recipient cells alerts us to ask why these two signaling
pathways co-exist and how they impact the biology. As melanoma biomarkers, MTEX might provide a
more reliable diagnostic, prognostic, or outcome data than total sEV isolated from body fluids. Future
validation studies encompassing all aspects of MTEX isolation, characterization, and signaling will be
necessary to move the field forward and translate current knowledge to clinically applicable strategies
and methods. In this respect, antibody-based microarrays, multiparameter quantitative flow cytometry,
and targeted proteomics are emerging as the tools applicable to serial monitoring of MTEX in body
fluids of patients with melanoma. The future will likely see numerous such studies performed as part
of clinical trials designed to validate the roles of MTEX in the biology of melanoma.
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Abbreviations

AB apoptotic bodies
APC antigen presenting cells
BM bone marrow
BMDC bone marrow derived cells
CAF cancer-associated fibroblasts
CEM cryo-electron microscopy
CM confocal microscopy
DC differential centrifugation
DC dendritic cells
DLS dynamic light scattering
EC endothelial cells
EMT epithelial-to-mesenchymal transition
EV extracellular vesicles
EX exosomes
HADF human adult dermal fibroblasts
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IA-FCM immune-affinity flow cytometry
KO knockdown
MAA melanoma associated antigens
mAb monoclonal antibodies
MSC myeloid stem cells
MTEX melanoma cell-derived exosomes
MV microvesicles
MVB multivesicular bodies
NTA nanoparticle tracking analysis
SEC size-exclusion chromatography
SEM scanning electron microscopy
sEV small extracellular vesicles
TEM transmission electron microscopy
TEX tumor-derived exosomes
TME tumor microenvironment
UC ultracentrifugation
UF ultrafiltration
WB western blotting
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Abstract: Liquid biopsy-based methods to test biomarkers (e.g., serum proteins and extracellular
vesicles) may help to monitor brain tumors. In this proteomics-based study, we aimed to identify
a characteristic protein fingerprint associated with central nervous system (CNS) tumors. Overall,
96 human serum samples were obtained from four patient groups, namely glioblastoma multiforme
(GBM), non-small-cell lung cancer brain metastasis (BM), meningioma (M) and lumbar disc hernia
patients (CTRL). After the isolation and characterization of small extracellular vesicles (sEVs) by
nanoparticle tracking analysis (NTA) and atomic force microscopy (AFM), liquid chromatography
-mass spectrometry (LC-MS) was performed on two different sample types (whole serum and serum
sEVs). Statistical analyses (ratio, Cohen’s d, receiver operating characteristic; ROC) were carried
out to compare patient groups. To recognize differences between the two sample types, pairwise
comparisons (Welch’s test) and ingenuity pathway analysis (IPA) were performed. According to our
knowledge, this is the first study that compares the proteome of whole serum and serum-derived sEVs.
From the 311 proteins identified, 10 whole serum proteins and 17 sEV proteins showed the highest
intergroup differences. Sixty-five proteins were significantly enriched in sEV samples, while 129
proteins were significantly depleted compared to whole serum. Based on principal component analysis
(PCA) analyses, sEVs are more suitable to discriminate between the patient groups. Our results
support that sEVs have greater potential to monitor CNS tumors, than whole serum.
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1. Introduction

According to the World Health Organization (WHO), cancer is the second leading cause of death,
accounting for an estimated 9.6 million cases in 2018. Globally, 1 in 6 deaths is due to cancer [1].
The cancer burden continues to grow worldwide, exerting tremendous physical, emotional and
financial strain on individuals, families, communities and on health systems [2].

The diagnosis of central nervous system (CNS) tumors is based on CT and MRI scans, as well as
on the histopathological analysis of samples obtained by biopsy or via surgical resection. However,
these procedures are highly invasive, uncomfortable for the patient, bear a considerable risk of
complications and provide limited information on tumor status. Therefore, biomarkers appropriate
for monitoring disease progression and response to treatment are eagerly required. While repeated
MRI scans serve as the standard method to follow patients, it has little prognostic value for long-term
recurrence [3]. Thus, neuro-oncological research aims to identify novel biomarkers suitable for
monitoring CNS tumors in clinical practice [4].

Liquid biopsy is in the spotlight of biomarker-focused research, as body fluids are easily accessible
sources of biomarkers and are available with minimally invasive and low cost sampling procedures.
Also, multiple sampling allows the monitoring of disease progression and therapeutic response [5].
Every cell, including neoplastic cells, release molecular markers into the circulation. Tumor-derived
biomarkers include proteins, nucleic acids, circulating tumor cells, platelets and tumor-derived
extracellular vesicles that accumulate in urine, cerebrospinal fluid, saliva and blood [6].

Blood is the most easily accessible source for biomarkers, thus it is frequently used to assess disease
status in malignancies such as prostate, liver and ovarian cancers based on the serum concentrations of
PSA, AFP and CA125, respectively. In neuro-oncology, blood-based biomarkers are mainly used to
evaluate toxicity and safety of treatments to guide patient management. For example, myelosuppression
is a common risk associated with temozolomide treatment and radiotherapy, thus standard practice
dictates weekly tests of complete blood count, including whole blood cell differential and platelet counts
during definitive chemoradiotherapy [7]. Finding biomarkers for blood-based CNS tumor monitoring
is more challenging, as the blood-brain barrier (BBB) prevents the release of tumor-related biomarkers
into peripheral blood. However, it would have outstanding benefits in clinical patient management,
thus efforts to identify blood based biomarkers, including proteins, nucleic acids, circulating tumor
cells and extracellular vesicles are currently in the forefront of neuro-oncological research [8].

Extracellular vesicles (EVs) are promising cancer biomarkers accessible via liquid biopsy,
because they are cell-secreted, nano-sized and stably exist in all types of body fluids. EVs contain a
sample of the cytosolic milieu, including an abundance of DNA, RNA, proteins and other analytes,
while externally they also resemble their cell of origin [9]. EVs are small, lipid bilayer-enclosed vesicles
released by both cancer and non-cancerous cells into the extracellular space [10].

EVs secreted by cancer cells communicate with neighboring stromal cells or even with cells at
distant sites, inducing an alteration of the cell program [11,12]. Pre-metastatic niche formation has
been shown in several tumors, for example, in pancreatic, lung, colorectal and ovarian cancers [13–16].
Also, EVs may be taken up by immune cells, leading to immunosuppression [17]. More recently,
EVs have even gained a role in cancer diagnosis and therapy [18–20] as biomarker molecules that
may be identified in different primary tumors with high sensitivity and specificity [21]. Regarding
pancreatic cancer, Kalluri and colleagues found that glypican-1 (GPC1), a cell surface proteoglycan,
is specifically enriched in circulating exosomes (30–200 nm endosome-derived EVs). GPC1 is suitable
to differentiate early- and late-stage pancreatic cancer from benign diseases of the pancreas, with an
accuracy of 100% [22]. The available evidence also supports that tumor-derived EVs can cross the
BBB [23,24], however, currently no clinically relevant EV biomarkers are accepted for the monitoring
of CNS tumors.

Several studies report on gene or protein expression analyses of CNS tumor tissue (specifically,
glioblastoma), allowing to identify biomarkers that could be secreted into the blood and thus could be
detected from serum samples. Recent studies have aimed to identify one and two specific biomarkers
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for the reliable evaluation of actual tumor status [25–27] but none of these proteins alone was found to
be sufficiently specific and sensitive to serve as a monitoring marker.

Regarding that previous attempts to find surrogate serum markers for brain tumors have failed
when based on a single or only few candidate factors, we made an attempt to identify a characteristic
protein fingerprint of 10–20 candidate markers associated with CNS tumors.

For this purpose, 96 serum samples were collected from four patient groups according to the
criteria of the National Ethical Committee and proteomics analysis was performed using liquid
chromatography and mass spectrometry (LC-MS). The serum samples were obtained from patients
diagnosed with the two most common types of brain tumors [28], namely malignant glioblastoma
multiforme (GBM) and benign meningioma (M), as well as from patients with a prevalent brain
metastasis [29] originating from non-small-cell lung cancer (BM). Patients with lumbar disc herniation
served as controls (CTRL). Following a statistical selection, these four patient groups were compared
with respect to the identified proteins. In parallel, small extracellular vesicles (sEVs) were isolated
from the serum samples by differential centrifugation and proteomics and statistical analyses were also
performed on these sEV samples, allowing to compare the suitability of these two different sample
types. According to the best of our knowledge, this is the first study that compares the proteome of
whole serum and serum-derived sEV samples. Results from the proteomics analysis indicate that using
a protein fingerprint of serum-derived sEVs instead of analyzing whole serum increases the accuracy
of distinguishing between the clinical samples, that is, between the patient groups. Our results support
that sEVs have a greater potential for the proteomics-based monitoring of CNS tumors compared to
whole serum analysis.

2. Results

2.1. EV Samples Show sEV Properties with Similar Concentration and Size Distribution in the Different
Patient Groups

To verify the value of circulating extracellular vesicles as potential biomarkers for CNS tumors,
EVs were isolated from the serum of patients with glioblastoma multiforme (GBM), single brain
metastasis originating from non-small-cell lung cancer (BM) and meningioma (M), as well as from
control patients with lumbar disc herniation (CTRL). Each group included 24 individuals of both genders
with various ages. Extracellular vesicles were isolated from the sera by differential centrifugation and
were characterized by atomic force microscopy (AFM) and nanoparticle tracking analysis (NTA). Pools
of 6 samples were formed in all groups, allowing four parallel samples to be tested per group (see in
Section 4.1). Western blot analyses were also performed to demonstrate the EV nature (Figure S1).

EVs were divided into subtypes based on their size range, separating small EVs (sEVs) and
medium/large EVs (m/lEVs) [30]. AFM analysis revealed that the small EV subtype includes various
structures. Mean and mode diameters of the particles, represented by an average of the 16 sample
pools, were measured as 112 nm and 86 nm by NTA, respectively (Figure 1A).

The quantitative characterization of serum sEVs by NTA (Figure 1B) revealed no significant
differences between the four patient groups regarding the size and concentration of circulating sEVs.
However, within the groups high individual differences were observed in the measured parameters of
the sEVs.
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Figure 1. Characterization and quantitative properties of the small extracellular vesicle (sEV) samples.
(A) Atomic force microscopy (AFM) image of sEV isolates displays vesicles with diameters within the
range of 50–140 nm. The diagram shows the size distribution of the 96 sEV samples isolated from
the serum, presenting the mean +/−95% CI values measured by nanoparticle tracking analysis (NTA).
(B) Dot plots show the number and size distribution of small extracellular vesicles (sEVs) displayed in
mean size (left) and concentration (right) values for each sample pools (4 samples/group).

2.2. Statistical Analysis of LC-MS Data Reveals Characteristic Proteomic Fingerprints for Each Patient Group
and Informs on the Suitability of the Two Different Sample Types in Distinguishing CNS Tumors

We aimed to identify the differences between the four patient groups to reveal the characteristic
protein profiles associated with the CNS tumors in point. Using an intensity ratio of >2 or <0.5 with
Cohen’s d effect size of 2 as a cut-off, we investigated which proteins show reliable intensity difference
and which proteins can separate at least one group from the others based on a receiver operating
characteristic (ROC) analysis. Moreover, utilizing principal component analysis (PCA) with k-means
clustering, we were able to compare the suitability of the two different sample types to distinguish
between the CNS tumors in point. Figure 2 shows the flowchart of LC-MS data processing and the
results of the statistical analyses.

Proteomics analyses by LC-MS (Step 1) were performed on whole serum and sEV samples
obtained from patients with GBM, BM, M and CTRL. Individual samples (n = 24) in each group were
arranged into 4 pools (see in Section 4.1) to eliminate individual variances, reduce sample number,
shorten the time of LC-MS measurements and reduce the need for materials. The Data independent
acquisition (DIA) mode constructed spectral library revealed 311 proteins (see Table S1). Based on
Pearson’s correlation analyses (Step 2), one of the sEV control samples had to be excluded from further
statistical analyses (Table S2). After excluding unreliable proteins, as well as proteins with missing
values (Step 3), a total of 262 proteins remained for the final analysis.

330



Int. J. Mol. Sci. 2020, 21, 5359

Figure 2. Statistical analysis of the proteome of whole serum (left) and sEV samples (right). (A) The
flowchart shows the steps of selecting the proteins revealed by liquid chromatography and mass
spectrometry (LC-MS) (B) The diagrams visualize the results of the principal component analysis (PCA)
and k-means clustering. X and Y axes of PCA biplots show principal component 1 (PC1) and principal
component 2 (PC2) with explained variances. Arrows represent the coefficients of each protein for PC1
versus the coefficients for PC2, showing the significance of each protein in influencing PCs. Different
dots represent the 4 patient groups. Colors indicate the clusters formed by k-means clustering; ellipses
indicating the 95% confidence interval were constructed around the barycenters of the clusters.
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Following basic processing, up- and down-regulated protein discovery (Step 4) resulted in 41
whole serum proteins and 45 sEV proteins. In addition to comparing each CNS tumor group to CTRL,
between-group differences among the CNS tumor groups were also assessed in the protein selection
process. As clinically relevant incidence is an important consideration for selecting the proteins
identified, Cohen’s d effect size was adopted as an indicator of between-groups difference. The Cohen’s
d effect size analysis (Step 5) with a threshold of d > 2 yielded 10 and 21 proteins in the whole serum
and sEV samples, respectively. In the ROC analyses (Step 6) 10 whole serum proteins (MMP9, HSPB1,
CASP14, HBG1, IGHG4, DEFA1, VWF, HNRNPA1, S100A8, TLN1) and 17 sEV proteins (MMP9, HSPB1,
CASP14, HBG1, FGB, GGCT, PF4, S100A7, FN1, ANPEP, FLG2, HSPA8, IGLL1, MMRN1, S100A14,
SBSN, SPRR2E) were found to meet the AUC = 1 selection criteria. Table S3 includes the UniProt ID,
Gene symbol, ratio of intensity means > 2 or < 0.5 and Cohen’s d effect size > 2 parameters for the
selected proteins. The two sample groups shared four significantly altered proteins (highlighted in
Table S3), namely MMP9, CASP14, HBG1 and HSPB1.

Following protein selection, PCA (Step 7) was performed to visualize the dataset, where several
potentially correlated proteins were projected into a smaller number of variables. K-means clustering
(Step 8) on the whole serum PCA biplot resulted in 3 inhomogeneous or incomplete clusters. Calculated
cluster homogeneity and completeness scores are 0.56 and 0.73, respectively. In contrast to whole serum
samples, the clustering of sEV samples formed homogeneous and complete clusters, with homogeneity
and completeness scores of 1. The results of the PCA analyses and k-means clustering indicate
considerable differences between the whole serum and sEV samples (Figure 2B). We found that the
accuracy of distinguishing between various CNS tumors can be increased using a protein panel from
serum-derived sEVs, compared to analyzing whole serum samples.

2.3. Statistical Evaluation and IPA of LC-MS Data Revealed the Background of Suitability Differences between
Whole Serum and sEV Samples

2.3.1. Quantitative Changes of the Proteome May Affect the Suitability of sEV Samples to Provide
Biomarkers for CNS Tumor Status Monitoring

Statistical comparison of the proteome of sEV and whole serum samples was performed to reveal
quantitative differences affecting the suitability of different sample types to provide biomarkers for
CNS tumor status monitoring. Pairwise statistical comparison (Welch’s test) was used to identify
proteins significantly enriched or depleted in sEV samples compared to whole serum samples (Figure 3).
Sixty-five proteins were found to be significantly enriched in sEV samples, while 129 proteins were
significantly depleted (p < 0.05). Using our sEV purification protocol detailed in the Section 4,
we obtained a uniform particle size range of sEVs but the magnitude of quantitative changes in the
sEV versus whole serum proteome suggested the possible presence of lipoprotein and serum protein
contaminations. The level of apolipoproteins was decreased in sEV enriched samples (sEV/serum
mean ratio is 0.66), however this fraction could not be completely eliminated. Besides, well known
high abundance serum proteins (e.g., ALB) dominated the protein content of sEV enriched samples too.
However, the enrichment of non-tissue specific (ITGA2B, ITGB3, LGALS3BP), epithelial cell (CD5L)
and platelet related (STOM, TSPAN9) EV marker proteins [31] confirms sEV enrichment (sEV/serum
mean ratio is 26.58), while it also demonstrates the presence of sEVs produced during clotting.
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Figure 3. Quantitative comparison of the proteome of sEV and whole serum samples. Volcano plot
represents the observed changes in average MS intensities in paired sEV vs. serum comparisons. Protein
enrichment is marked with red and blue colored symbols in whole serum and sEVs, respectively.
Lipoproteins (empty red upside-down triangles), elements of our whole serum protein panel (red letters,
square symbols), sEV protein panel (blue letters, diamond symbols) and common members of the two
protein panels (purple letters) are highlighted. Values of –log (p) were obtained from paired Welch’s test
in sEV/serum comparisons. Density estimation of log2 (fold change) values is shown on top.

Among the 17 proteins of the sEV marker panel described in Section 2.2 only 6 were significantly
enriched in the sEV samples and 5 of the 10 proteins comprising the specific serum panel had higher
abundance in whole serum (Figure 3). These findings suggest that the better suitability of sEV enriched
samples to serve a biomarker source is not explained by a total increase in the abundance of specific
proteins. (Detailed proteomics findings, protein annotation and sEV enrichment data are available in
Table S1).

Additional sample processing (sEV isolation) may introduce higher technical variance in case of
sEV samples, thus it may reduce the analytical suitability of this sample type. Our analysis revealed a
similar level of variance for proteins quantified in each sample type (excluding contaminants)—median
coefficients of variation within each patient group were in the ranges of 20.78–23.87% for sEV and
20.21–24.45% for serum samples (see Figure S2 for CV distributions).

2.3.2. Biological Background Might Be Responsible for the Increased Suitability of sEV Samples to
Provide Biomarkers for CNS Tumor Status Monitoring

To gain insight into the biological background of the obtained proteomics data, IPAwas applied.
We performed ‘Core Analyses’ for whole serum and sEV data separately, yielding a list of significantly
influenced ‘Diseases and Functions’ in each patient group (p < 0.05). Using ‘Comparison Analysis,’
we were able to develop heatmaps covering the relevant systemic and tumor-related functions, as well
as the activated or inhibited immune functions (Figure 4A). Regarding whole serum samples, many of
the significantly influenced functions identified are related to CNS involvement and active immune
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regulatory processes but the patient groups are not clearly distinguished on the heatmaps (Figure 4A,
left panels). In contrast, on two of the three sEV proteome-based heatmaps M was evidently separated
from the malignant tumor groups (Figure 4A, right panels), where tumor progression-related functions
(e.g., angiogenesis, proliferation and migration of tumor cells) were detected to be highly activated
and the activated immune functions (e.g., cell movement or activation of myeloid cells) predominate
over inhibited immune functions (e.g., phagocytosis).

Figure 4. Ingenuity Pathway Analysis (IPA) analyses of whole serum (left) and sEV (right) data derived
from the LC-MS analysis. (A) Heatmaps show relevant ‘Diseases and Functions’ in three separated
panels related to systemic and tumor-related functions, as well as activated and inhibited immune
functions. Z-score indicates activation or inhibition rates of the relevant ‘Diseases and Functions‘ in the
three tumorous patient groups compared to the control group. * symbol indicates the shared diseases
and functions in whole serum and sEVs. (B) Networks display the selected 10 whole serum or 17 sEV
proteins (blue symbols) and their relationships (red lines). Top ten related ‘Diseases (highlighted in
orange symbols) and Functions (highlighted in grey)’ are connected by grey lines.

334



Int. J. Mol. Sci. 2020, 21, 5359

Next, we attempted to specify the common biological role of the characteristic protein profiles
identified. Therefore, we elaborated two networks containing the selected 10 and 17 proteins identified
based on whole serum and the sEV data, respectively (Figure 4B). Using the ‘Grow tool,’ the top
ten influenced ‘Diseases and Functions’ were integrated into the networks. In case of the whole
serum network (Figure 4B, left panel), nine different related ‘Diseases and Functions’ were identified,
including viral infection, apoptosis, necrosis or cell movement of phagocytes and myeloid cells and
only one was cancer-related. In contrast, the top ten influenced diseases identified on the sEV network
based on the identified 17 proteins (Figure 4B, right panel) were all tumor-associated, suggesting their
potential involvement in the pathophysiology of cancers.

3. Discussion

Non-invasive diagnostic tests are of outstanding clinical importance because of their minimal
burden and risk to the patient, their repeatability, low cost, high information content and easy
accessibility. In CNS tumors, a minimally invasive technique for describing the actual tumor status
should be particularly important. Conventional MRI tests commonly used for the monitoring of
CNS tumors are not absolutely appropriate for discriminating between various tumor types (e.g.,
cannot differentiate between glioblastomas and solitary metastases, CNS lymphomas or other glioma
grades [32]) and cannot distinguish recurrence from pseudoprogression. Brain biopsies, as another
option, are highly challenging and risky, especially when multiple sampling is required for long-term
follow-up [33]. For several cancer types, blood-based tumor markers, such as PSA, AFP and CA125
have been introduced into clinical practice and research for the identification of further noninvasive
biomarkers applicable for monitoring a wider scale of malignant diseases is ongoing [34]. However,
regarding CNS tumors these studies have generally failed, presumably explained by several reasons,
including (1) the barrier function of BBB (releasing less tumor ‘information’ into the systemic circulation),
(2) the presence of molecules released into the blood from other sources and (3) possibly because of the
complexity of tumor tissues (such as glioblastoma multiforme). These issues hamper attempts to use a
single or only a few biomarkers to diagnose and monitor CNS tumors.

Based on these considerations, we aimed to detect the characteristic protein fingerprint of some
common CNS tumors, trying to amplify the signal/information that brain tumors release into the
circulation. For this purpose, the protein content of 96 clinical serum samples and related sEV samples
isolated from the whole serum was measured by LC-MS. Serum samples were collected from three
brain tumor groups considered as the most common malignant, benign and metastatic brain tumors
(glioblastoma multiforme, meningioma [28] and brain metastasis of non-small-cell lung cancer [29])
and a control group (lumbar disc herniation).

To examine whether the proteomes of serum and sEV samples are suitable for differentiating
between the CNS tumors in point, that is, whether they are applicable to diagnose and monitor
the disease, the proteomes of these four patient groups were compared. The effectiveness of tumor
type distinction may be increased if the analysis is restricted to proteins which exhibit significant
between-group differences. Protein selection was carried out as described in literature [35] (using
ratio of intensity means; Cohen’s d effect size; ROC) but much stricter thresholds were applied
(>2, <0.5; d > 2; AUC = 1, respectively). Statistical selection yielded a collection of proteins whose
intensity showed significant between-group differences and thus these proteins could be reckoned
as the most suitable molecules for distinguishing between the tumor types examined. Specifically,
protein selection yielded a 10- and 17-membered protein panel for whole serum and sEV samples,
respectively. While none of these proteins appeared to be able to distinguish between the patient
groups individually, their combination was found to reliably discriminate between the different patient
groups suggesting that instead of a few candidates, a specific protein panel is required for a perfect
differentiation between various tumor types.

To evaluate group distinction efficiency, PCA with k-means clustering was carried out according
to literature [36]. Homogeneity and completeness scores of the clusters were calculated to measure the
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performance of k-means clustering. Cluster homogeneity and completeness mean that each cluster
contains only samples from the same group and all samples of a given group are assigned to the same
cluster. Both scores are bounded below by 0 and above by 1. A score of 1 indicates perfect homogeneity
or completeness. PCA revealed that sEV samples were more suitable for group distinction. Despite
carefully selected and perfectly identical statistical analyses for the two sample types, the homogeneity
and completeness scores for the whole serum analysis were 0.56 and 0.73, respectively, compared to
scores 1 and 1 for the analysis of sEV samples. The explanation for these findings is illustrated on a
PCA biplot (Figure 2). Regarding serum samples, the proteins that can separate two given groups by
the appropriate ratio and effect size may have similar intensities in other groups as well. For example,
DEFA1 is important in distinguishing the CTRL group from the BM and GBM groups, however,
it shows similar intensities in the GBM and BM groups, hampering the separation of these groups (see
DEFA1 arrow pointing between the BM and GBM groups in the whole serum PCA plot). Still, DEFA1
cannot be removed, because it plays a key role in separating the CTRL group from malignant tumors.
In contrast, the majority of the proteins identified in the sEV samples were able to separate any given
group from all the others.

To check whether the poorer performance of whole serum proteins in distinguishing between
the patient groups is attributed to the number of the proteins considered, we performed another PCA
analysis including only up- and down-regulated proteins selected from the whole identified panel (see
Figure 2, Step 4), yielding a similar number of proteins for the two sample types. The PCA analysis of
these 41 whole serum and 45 sEV proteins yielded similar results as the previous analysis of carefully
selected proteins only and the sEV sample type proved to perform better again. Although the sEV
sample was far from being perfect in this case (4 groups were recognized with a homogeneity score
of 0.66 and a completeness score of 0.66), the results for the whole serum analysis indicated that not
even the sample groups can be recognized based on these proteins only 2 groups were recognized,
homogeneity—0.07, completeness: 0.40) (Figure S3). These findings support that sEVs have a better
efficiency in distinguishing between various patient groups, irrespective of the order of magnitude of
proteins analyzed for the comparison of sEV and whole serum samples.

To investigate the background of our observations, we performed a quantitative proteomics
comparison of the two sample types. A quantitative evaluation of sEV purification protocols was
suggested based on quantitative LC-MS based proteomics approach, using enrichment analysis of
carefully selected sEV markers along with medium specific contamination marker proteins (e.g.,
lipoproteins and serum). To the best of our knowledge, we are the first group to quantitatively
compare the proteome of serum derived small extracellular vesicles with that of the original whole
serum samples. sEV enrichment may increase the relative abundance of proteins present in higher
concentration within sEVs and the increased signal-to-noise ratio may be beneficial for the quantitative
LC-MS analysis of such proteins. On the other hand, proteins in serum are originating from different
sources of the human body. Any fractionation (e.g., enrichment of a specific sEV population) may
decrease the suppressing effect of the uninformative protein fraction released from sources not specific
for the target disease. No association was revealed between being a sEV marker and sEV enrichment,
suggesting that it not the overall enrichment process that should be responsible for the increased
suitability of sEV samples to provide biomarkers for CNS tumor monitoring. Instead, the removal
of an uninformative protein fraction, providing a more specific sample, may explain why the sEV
sample is more applicable for distinguishing between various CNS cancer patient groups. Compared
to whole serum samples, EVs may be more suitable for investigating tumor related molecular patterns,
as the characteristic fingerprint molecules are present in higher concentrations in sEV samples and are
accompanied by less contaminating molecules that may bias the analytical findings.

To understand the biological background for our proteomics-based data, IPA was used for the
separate analyses of whole serum and sEV data. ‘Core Analyses’ were performed, yielding a list
of significantly influenced ‘Diseases and Functions’ comprising tumor-related functions as well as
activated or inhibited immune functions in each patient group (p < 0.05). ‘Comparison Analysis‘ was
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carried out to compare the affected ‘Diseases and Functions’ in the different patient groups. Regarding
whole serum samples, many of the significantly influenced functions identified were associated with
CNS involvement and active immune regulatory processes but the patient groups were not clearly
distinguished on the heatmaps. In contrast, on the sEV proteome-based heatmaps the benign M was
clearly separated from the malignant tumors, for which numerous tumor progression-related functions
(e.g., angiogenesis, proliferation and migration of tumor cells) were found to be highly activated.
The generated IPA heatmaps also revealed that the proteome of sEV samples may provide more specific
information on the immune reactions characteristic to the patient groups. We assume that activated
immune functions (e.g., cellular infiltration and migration of phagocytes) may play a crucial role in the
development of an immune-suppressive microenvironment, while antitumoral immune responses
(e.g., phagocytosis, inflammation) might be inhibited.

Serum is a dual source of biomolecular information on cancer, as it contains the molecules released
by cancer cells, as well as those released during the immune system’s tumor-specific responses [37].
Therefore, the differences observed in the serum vesicles isolated from different patient groups may not
only mirror tumor-specific processes but also those related to the associated immune responses [38,39].
Samples enriched in sEVs can offer an amplified source of relevant information, representing not only
the specific tumor tissue but also the associated immune responses. Thus, an appropriate protein panel,
covering both sources, may have improved efficiency for CNS tumor classification and monitoring.

In addition, the networks developed based on the IPA ‘Grow tool‘ demonstrated that the biological
background of the sEV-based characteristic protein profile is more specifically associated with the tumor
types compared with the whole serum based protein profile. The role of some of the proteins included
in the sEV-based characteristic protein profile has already been described, for example in GBM biology,
making these proteins promising targets for extracellular vesicle-based biomarker development [25].

In addition to the proteomics-based comparison of EV samples, we also examined the EV
concentration of individual serum samples. Interestingly, no significant differences were detected
between the four patient groups regarding the concentration of serum sEVs, with a mean size of
112.2 nm. Osti et al. observed higher EV plasma levels in GBM patients, brain metastases and
extra-axial brain tumors compared to healthy controls. Other researchers also demonstrated higher
EV concentration in tumorous patients, when unfractionated EV isolates [40] or a wider spectra of
EVs were analyzed [41,42]. However, other non-neoplastic diseases of the central nervous system
may also increase the number of small-sized circulating EVs, as it was demonstrated in acute ischemic
stroke [43] or multiple sclerosis patients [44]. Our vesicle number measurement results, as well as the
findings detailed above suggest that the elevated sEV concentration cannot be clearly attributed to
the presence of the tumor as immune responses or other systemic responses also contribute to the
circulating EV population. Our proteomics-based findings, coupled with the available literature data,
suggest that circulating small-sized EVs show important qualitative but not quantitative differences
between benign or malignant brain tumors and spinal disc herniation.

Liu and colleagues highlighted that serum is not the perfect choice for a representative sampling of
circulating EVs [45], as a high fraction of EVs may be lost during coagulation and also blood components
(e.g., platelets) may release microvesicles (MV) during clotting, altering the original MV content of
blood samples. However, serum is still the preferred sample form for blood-based clinical diagnoses
and it is a practical choice for future clinical developments. It should be noted that co-purification
of proteins [46] and lipoprotein particles [47] in EV isolation methods is a common and well known
challenge [31]. The presence of protein aggregates [48] and lipoproteins in sEV isolates may provide
additional explanation for the lack of increase in the concentration of enriched sEV particles in cancer
patients’ serum, contrary to literature data on plasma [49] or serum samples [40]. Efforts to eliminate
lipoproteins are described in numerous papers reporting on attempts to introduce more sophisticated
methods (e.g., combination of ultracentrifugation and size-exclusion chromatography) [50]. In fact,
these laborious and instrumentation demanding methods are of high importance in scientific research
of the molecular contents of EVs but they may not be applicable in routine clinical practice. Our sEV
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isolation protocol has several advantages, as it does not require expensive equipment or highly trained
professionals and the entire procedure (along with characterization) is performed within 4 h, therefore,
this technique could be easily incorporated into clinical practice.

Our quantitative proteomics results demonstrate that even a simple sEV enrichment protocol can
increase the diagnostic potential of serum samples for the identification and classification of patients with
different CNS cancers. This finding also supports that even a low-efficacy sEV enrichment/purification
method may be appropriate to enhance the analytical applicability of serum samples for CNS cancer
monitoring, however, in such cases a quantitative description of enrichment efficiency is definitely
required for the right interpretation of the analytical results [51].

In conclusion, our findings support that extracellular vesicles have a greater potential for the
monitoring of CNS tumors compared to whole serum samples. Using EV samples is a possible way
to amplify the signals released by brain tumors into the circulation. Given the easy-to-implement
isolation and enrichment protocol established in this study, the introduction of EV analysis would be
beneficial in clinical practice.

4. Materials and Methods

4.1. Patients

Blood samples of 96 patients treated between March 2015 and January 2018 in the Department
of Neurosurgery, University of Debrecen were analyzed. Samples were obtained from patients with
primary glioblastoma multiforme (GBM), meningioma (M) and single brain metastasis originating
from non-small-cell lung cancer (BM). Control samples (CTRL) were collected from patients with
spinal disc herniation without evidence of cancer. This non-tumor patient group served as control
group in comparison to the patients having different intracranial tumor to distinguish the effects
of tumorous processes from the CNS involvement on circulating sEVs. Each group contained 24
individuals with mixed ages and genders. As shown in the Table 1, six-sample-pools were created from
the individuals, allowing four parallel samples to be tested per group. Blood samples were collected
one day prior to neurosurgical procedure in each tumor case. None of the patients received radio- or
chemotherapy before tumor resection. Blood samples were stored by the Neurosurgical Brain Tumor
and Tissue Bank of Debrecen according to the criteria of the National Research Ethics Committee.
An informed consent form was signed by each patient; the study was conducted in accordance with
the Declaration of Helsinki. This study was carried out according to two ethical approvals, namely
51450-2/2015/EKU (0411/15), Medical Research Council, Scientific and Research Ethics Committee,
Budapest, October 30, 2015 and 121/2019-SZTE, University of Szeged, Human Investigation Review
Board, Albert Szent-Györgyi Clinical Centre, Szeged, 19 July 2019.

Table 1. Patient cohort 1.

� Glioblastoma
Multiforme

GBM GBM1 GBM2 GBM3 GBM4

Total No. of patients n = 24 n = 6 n = 6 n = 6 n = 6
Age, Median (range)

Mean
67 (33–82)

64.9
64.5 (38–82)

62.7
69.5 (33–76)

63.8
67.5 (49–74)

64.7
66.5 (63–77)

68.5
Sex (%), Male

Female
13 (54.2)
11 (45.8)

3 (50)
3 (50)

3 (50)
3 (50)

5 (83.3)
1 (16.7)

2 (33.3)
4 (66.7)

� Brain Metastasis BM BM1 BM2 BM3 BM4

Total No. of patients n = 24 n = 6 n = 6 n = 6 n = 6
Age, Median (range)

Mean
64 (42–82)

64
66.5 (51–82)

67.7
68 (62–71)

67.5
63.5 (42–81)

59.7
59.5 (53–64)

59.5
Sex (%), Male

Female
13 (54.2)
11 (45.8)

2 (33.3)
4 (66.7)

3 (50)
3 (50)

4 (66.7)
2 (33.3)

4 (66.7)
2 (33.3)

�Meningioma M M1 M2 M3 M4
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Table 1. Cont.

�Glioblastoma
Multiforme

GBM GBM1 GBM2 GBM3 GBM4

Total No. of patients n = 24 n = 6 n = 6 n = 6 n = 6
Age, Median (range)

Mean
60 (30–79)

58.0
54.5 (39–69)

53.5
62 (30–66)

53
61.5 (44–75)

59.3
66.5 (52–79)

66
Sex (%), Male

Female
4 (16.7)

20 (83.3)
0 (0)

6 (100)
0 (0)

6 (100)
1 (16.7)
5 (83.3)

3 (50)
3 (50)

• Control CTRL CTRL1 CTRL2 CTRL3 CTRL4

Total No. of patients n = 24 n = 6 n = 6 n = 6 n = 6
Age, Median (range)

Mean
50.5 (20–81)

52.9
46.5 (26–71)

46.5
47 (20–62)

45
70.5 (49–81)

67.2
52.5 (41–69)

53
Sex (%), Male

Female
9 (37.5)

15 (62.5)
2 (33.3)
4 (66.7)

4 (66.7)
2 (33.3)

4 (66.7)
2 (33.3)

4 (66.7)
2 (33.3)

1 The table summarizes the main characteristics of the patient groups examined. Each group (average values
highlighted in bald) included 24 individuals, converted into six-sample-pools to yield four samples per group for
further analysis.

4.2. Preparation of Serum Samples, sEV Isolation and Characterization

Blood samples were collected into BD Vacutainer SST II Advance Tubes (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA), allowed to clot for at least 1 h at room temperature and centrifuged
for 20 min at 3000× g, 10 ◦C to remove cells. Following the 3000× g centrifugation, the supernatant
serum was transferred to new Eppendorf tubes and centrifuged for 30 min at 10,000× g, 4 ◦C to
remove debris and large vesicles. One milliliter serum aliquot was diluted with DPBS (Ca2+-free,
Mg2+-free, Lonza Group Ltd., Basel, Switzerland) to 8 mL and ultracentrifuged for 70 min, at 100,000× g,
4 ◦C (polycarbonate tubes, fixed angle T-1270 rotor, Thermo Fisher Scientific, Waltham, MA, USA).
The pellet was resuspended in 100 uL DPBS and stored at −80 ◦C until further processing. This sEV
isolation protocol served to reach intermediate recovery and intermediate specificity according to
MISEV2018 [31].

SEVs were characterized by AFM (Oxford Instruments Asylum Research, Abingdon, UK),
as described previously [52] and NTA using a NanoSight NS300 instrument (Malvern Panalytical
Ltd., Malvern, UK) as it described below. Classical EV markers were presented by Western blot analyses
using NuPAGE reagents and an XCell SureLock Mini-Cell System (Thermo Fisher Scientific, Waltham,
MA, USA) according to manufacturer’s protocols. For detection of the CD81 and Alix markers, we used
rabbit anti-human CD81 (1:1000, Sigma-Aldrich, St. Louis, MO, USA) and rabbit anti-human Alix (1:1000,
Sigma-Aldrich, St. Louis, MO, USA) primary antibody and HRP-conjugated anti-rabbit IgG (1:1000,
R&D Systems, Minneapolis, MN, USA) secondary antibody.4.3. Quantitative analysis of sEVs by NTA.

As suggested by a recent study [53], sEVs were diluted in particle free DPBS and analyzed
using a NanoSight NS300 instrument with 532 nm laser (Malvern Panalytical Ltd., Malvern, UK).
The measurements were performed on the 16 sEV sample pools (described in 4.1). Six videos of
60 s were recorded for each sample under constant settings (Camera level: 15; Treshold: 4, 25 ◦C;
60–80 particles/frame) and analyzed to obtain data on size distribution and particle concentration.

4.3. Proteomic Analysis by LC-MS

4.3.1. ‘In Solution’ Digestion

Individual samples containing 20μg protein were diluted to 10μL with 0.1 M NH4HCO3 (pH = 8.0)
buffer; 12 μL 0.1% RapiGest SF (Waters, Milford, MA, USA) and 2 μL 55 mM dithioeritritol solution
was added and kept at 60 ◦C for 30 min to unfold and reduce proteins. A volume of 2 μL 200 mM iodo
acetamide solution was added to alkylate the proteins which were kept for an additional 30 min in
the dark at room temperature. The samples were digested overnight at 37 ◦C with trypsin (Thermo
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Scientific, Waltham, MA, USA, enzyme/protein ratio: 0.4 to 1). The digestion was stopped by addition
of 1 μL of concentrated formic acid.

4.3.2. LC-MS

The separation of the digested samples was carried out on a nanoAcquity UPLC, (Waters, Milford,
MA, USA) using Waters ACQUITY UPLC M-Class Peptide C18 (130 Å, 1.78 μm, 75 μm × 250 mm)
column with a nonlinear 90 min gradient. Eluents were water (A) and acetonitrile (B) containing
0.1 V/V% formic acid and the separation of the peptide mixture was performed at 45 ◦C with 0.35μL/min
flow rate using an optimized nonlinear LC gradient (3–40% B). The LC was coupled to a high-resolution
Q Exactive Plus quadrupole-orbitrap hybrid mass spectrometer (Thermo Scientific, Waltham, MA,
USA). The quantitative measurements of digested individual samples were performed in DIA mode.
The survey scan for DIA method operated with 35,000 resolution. The full scan was performed
between 380 to 1020 m/z. The AGC target was set to 5 × 106 or 120 ms maximum injection time. In the
400–1000 m/z region 22 m/z wide overlapping windows were acquired at 17,500 resolution (AGC target:
3 × 106 or 100 ms injection time, normalized collision energy: 27 for charge 2). The quantitative analysis
was performed in Encyclopedia 0.81 [54] using default settings after deconvolution, peak picking
and conversion of raw MS files to mzML format in Proteowizard [55]. A comprehensive spectral
library [56] of 10,000 human proteins was used for peptide identification. Protein quantities calculated
by the Encyclopedia software based on summed intensities of the automatically filtered peptides were
used in further statistical evaluations.

4.4. Statistical Analysis

The collected data about the whole serum and extracellular vesicles were reduced and analyzed
using statistical methods. Pearson’s correlation analysis was used to investigate the outlier samples [57],
contaminating proteins (cytokeratins) and proteins with missing values were excluded from the
proteomic data [58]. Data were log-transformed to reduce skewness and increase linearity [59].
Cohen’s d effect size was calculated to measure the difference between the protein intensity means,
outcomes in two different groups [60,61]. Pairwise ROC analysis allowed us to find those proteins
which can separate at least one group to the others [62]. The calculated ROC AUC (area under
the ROC curve) values are accepted if it equals to 1. In order to transform several (potentially)
correlated proteins into a (smaller) number of uncorrelated variables and visualize the dataset, PCA
with k-means clustering was performed [63–66]. Homogeneity and completeness scores of the clusters
were calculated to measure the performance of k-means clustering [67]. Two-tailed Welch’s t-test was
performed to identify the significantly enriched or depleted proteins in sEV samples. The statistical
analyses were performed using R statistical program (version 3.6.3 with pROC, FactoMineR, factoextra
and ggplot2 packages; Vienna, Austria), Python programming language (version 3.8, Scotts Valley,
CA, USA) and Perseus (MaxQuant, Munich, Germany). Values of p < 0.05 were considered significant
(see in Appendix A more detailed). GraphPad Prism 8 (San Diego, CA, USA) was used for further
data visualization.

4.5. In Silico Analysis of LC-MS Data

Protein data derived from the LC-MS were analyzed by the IPA (Qiagen Bioinformatics, Hilden,
Germany). Using fold change values, ‘Core Analysis’ were performed for whole serum and sEV data
separately to identify ‘Diseases and Functions,’ which can be significantly influenced by the described
proteomes (p < 0.05). After ‘Comparison Analysis,’ we created heatmaps of the relevant ‘Diseases
and Functions,’ that is, tumor-related and immunological functions showing regulatory differences
between the three CNS tumor groups. Activation z-score calculated by IPA indicates the extent and
direction of the effect that given proteins have on function/disease.

The selected 10 whole serum proteins and 17 sEV proteins were introduced to custom pathways
as well. Then, ‘Connect tool’ of IPA was used to reveal the relationships between these molecules and
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‘Grow tool’ was applied to search the top ten ‘Diseases and Functions’ assigned to the 10 whole serum
proteins or 17 sEV proteins. Results are displayed in two networks created by the IPA Path Designer.

Confidence level was set to ‘Experimentally observed’ for all IPA procedures, which enables
literature data-based analysis but excludes unproven predictions.

4.6. Data Availability

All datasets generated during the current study are available from the corresponding author upon
reasonable request.

We have submitted all relevant data of our experiments to the EV-TRACK [68] knowledgebase
EV-TRACK ID: EV200080.

5. Conclusions

Our study aimed to detect the characteristic protein fingerprint of the most common CNS tumors.
Intending to amplify the signal that brain tumors release into the circulation, in addition to the
whole serum’s, the protein content of the small extracellular vesicles isolated from the serum was
also examined.

Comparative proteomic analysis suggests that sEVs may be more suitable for investigating tumor
related molecular patterns, because these molecules are present in higher concentrations in sEV samples
compared to whole serum samples and have less ‘noise’ that may bias the analytical findings. In silico
analyses revealed that the biological background of the sEV-based characteristic protein profile of
the samples is more specifically associated with the tumor types compared with the whole serum
based protein profile. Samples enriched in sEVs can offer an amplified source of relevant information,
representing not only the specific tumor tissue but also the associated immune responses.

These findings revealed that circulating small-sized extracellular vesicles were more suitable for
separating different patient groups. The number of proteins applied for monitoring cannot be reduced
to a few individual molecules, instead, a specific protein panel is required for perfect differentiation.
To the best of our knowledge, we are the first group to quantitatively compare the proteome of serum
derived small extracellular vesicles with that of the original whole serum samples.

In conclusion, our findings support that extracellular vesicles have a greater potential for
monitoring CNS tumors, compared to whole serum samples. Considering that analyzing sEVs can be
performed easily, incorporating our method into clinical practice would be of great benefit.
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Abbreviations

AFM Atomic force microscopy
BBB Blood brain barrier
BM Brain metastasis originating from non-small-cell lung cancer
CNS Central nervous system
CTRL Controls – lumbar disc hernia patients
DIA Data independent acquisition
EVs Extracellular Vesicles
GBM Primary glioblastoma multiforme
IPA Ingenuity Pathway Analysis
LC-MS Liquid chromatography - mass spectrometry
M Meningioma
NTA Nanoparticle tracking analysis
PCA Principal component analysis
ROC Receiver operating characteristic
sEVs small extracellular vesicles

Appendix A. Detailed Description of the Statistical Analyses.

The collected data about the whole serum and extracellular vesicles were reduced and analyzed
using statistical methods. Pearson’s correlation analysis was used to investigate the outlier samples [57].
Contaminating proteins (cytokeratins) and proteins with missing values were excluded from the
proteomic data [58]. Data were log-transformed to reduce skewness and increase linearity [59].

Cohen’s d effect size was calculated to measure the difference between the protein intensity mean,
outcomes in two different groups. The formula of the Cohen’s d effect size

d =

∣∣∣X1 −X2
∣∣∣√

(n1−1)SD2
1+(n2−1)SD2

2
n1+n2−2

where X is the mean protein intensity in a given group, SD is standard deviation and n is sample
size [60]. In this study we say at least 2 effect size is necessary. It indicates that the mean of group 1
is at the 97.7 percentile of group 2, and the nonoverlapping area of the two distributions at least is
81.1% [61].

Pairwise ROC analysis allowed us to find those proteins which can separate at least one group to
the others [62]. The ROC analysis use the true positive rate (sensitivity) and the true negative rate
(specificity) at various threshold settings. Plotting the sensitivity against the 1-specificity we get the
ROC curve, under the area under this curve measure the separability of the given variable (protein).
AUC = 0.5 represents an unsuitable variable to the separate two groups. If AUC = 1, the separation
using the actual variable is error-free. In our study the calculated AUC (area under the curve) values
are accepted if it equals to 1.

In order to transform several (potentially) correlated proteins into a (smaller) number of
uncorrelated variables, and visualize the dataset, principal component analysis (PCA) with k-means
clustering was performed. The goal of PCA is to reduce a large number of correlated variables with a
set of uncorrelated principal components. These components can be thought of as linear combinations
of the original variables that are optimally weighted and derived from the correlation matrix of
the data [63].

K-means clustering was performed on the obtained PCA score plots by Hartigan-Wong
algorithm [64,65]. Optimal numbers of clusters were determined with Silhouette method and
these recommended values were used for clustering [66].

Homogeneity and completeness scores of the clusters were calculated to measure the performance
of k-means clustering Cluster homogeneity and completeness mean that each cluster contains only
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samples from the same group, and all samples of a given group are assigned to the same cluster.
Both scores are bounded below by 0 and above by 1. A score of 1 indicates the perfect homogeneity or
completeness. [67].

Two-tailed Welch’s t-test was performed to identify significantly enriched or depleted proteins in
sEV samples.

The statistical analyses were performed using R statistical program (version 3.6.3 with pROC,
FactoMineR, factoextra and ggplot2 packages), Python programming language (version 3.8) and
Perseus (MaxQuant). Values of p < 0.05 were considered significant. GraphPad Prism 8 was used for
further data visualization.
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Abstract: Glioblastoma is a devastating disease, for which biomarkers allowing a prediction of
prognosis are urgently needed. microRNAs have been described as potentially valuable biomarkers
in cancer. Here, we studied a panel of microRNAs in extracellular vesicles (EVs) from the serum of
glioblastoma patients and evaluated their correlation with the prognosis of these patients. The levels
of 15 microRNAs in EVs that were separated by size-exclusion chromatography were studied by
quantitative real-time PCR, followed by CD44 immunoprecipitation (SEC + CD44), and compared
with those from the total serum of glioblastoma patients (n = 55) and healthy volunteers (n = 10).
Compared to total serum, we found evidence for the enrichment of miR-21-3p and miR-106a-5p
and, conversely, lower levels of miR-15b-3p, in SEC + CD44 EVs. miR-15b-3p and miR-21-3p were
upregulated in glioblastoma patients compared to healthy subjects. A significant correlation with
survival of the patients was found for levels of miR-15b-3p in total serum and miR-15b-3p, miR-21-3p,
miR-106a-5p, and miR-328-3p in SEC + CD44 EVs. Combining miR-15b-3p in serum or miR-106a-5p
in SEC + CD44 EVs with any one of the other three microRNAs in SEC + CD44 EVs allowed for
a prognostic stratification of glioblastoma patients. We have thus identified four microRNAs in
glioblastoma patients whose levels, in combination, can predict the prognosis for these patients.

Keywords: biomarkers; glioblastoma; extracellular vesicles; microRNA; immunoprecipitation; CD44

Int. J. Mol. Sci. 2020, 21, 7211; doi:10.3390/ijms21197211 www.mdpi.com/journal/ijms347



Int. J. Mol. Sci. 2020, 21, 7211

1. Introduction

Glioblastomas lacking isocitrate-dehydrogenase (IDH) 1 or 2 mutations (IDH-wildtype glioblastomas)
are the most aggressive primary brain tumors, mainly occurring in adults, and exhibit
a dismal prognosis [1]. First-line treatment includes surgical resection if feasible, followed by
radiochemotherapy with temozolomide (TMZ) [2]. Despite a large number of studies on biomarkers
for glioblastoma, only one has regularly been applied for prognostic stratification in routine clinical
use: Promoter methylation of the O-6-methylguanine-DNA methyltransferase (MGMT) gene in tumor
tissue. Promoter methylation of the MGMT gene leads to impaired DNA-repair mechanisms and
not only correlates with superior survival, but also leads to a better response to TMZ treatment [3].
Based on this observation, novel data show an enhanced response of combination therapy with TMZ
and lomustine (CCNU) for patients with tumors harboring MGMT-promoter methylation, and this
intensified treatment does not compromise the patients’ quality-of-life [4,5]. Due to the limited number
of treatment options for recurrent disease [6], biomarkers capable of stratifying patients are crucial.

MicroRNAs (miRNAs) are non-coding single-stranded RNA molecules with a length of
21–25 nucleotides [7]. After initial processing in the nucleus by RNA polymerases II and III [8],
the precursor miRNA (pre-miRNA) is transported into the cytoplasm and then processed by the
cytoplasmic RNase III protein Dicer, thereby creating mature miRNA [7–9]. The purpose of the mature
microRNAs is complex, and not yet fully understood, but usually involves the regulation (mostly
repression) of gene expression by binding to either the 3′- or the 5′-untranslated region (UTR) of
mRNAs [8,10,11]. microRNAs are loaded into an Argonaute protein (Ago) as part of the RNA-induced
silencing complex (RISC) and are thereby protected from cytoplasmic nucleases [7].

The role of microRNAs in glioblastoma has already been extensively examined. They have been
shown to be involved in invasiveness and proliferation (e.g., hsa-miR-21 or hsa-miR-15b) [12], to induce
angiogenesis [13], and to modulate the innate immune system by polarizing it towards M2 macrophages
and thereby inducing an immunosuppressive environment (hsa-miR-21 and hsa-miR-451) [13].
Interestingly, many of these functions require the trafficking of miRNA between cells, which occurs
through either gap junctions or the exchange of extracellular vesicles (EVs) [13,14]. While some
miRNAs are mainly found in miRNA-binding protein complexes, such as Ago-2, or high-density
lipoproteins (HDL), other types of miRNAs are uniquely packaged into EVs [15], which makes them
a potentially interesting biomarker in tumor diagnostics [16].

EVs are small particles formed by either direct budding of the plasma membrane (typically “large
EVs”) or by the fusion of a multivesicular endosome with the plasma membrane (typically “small EVs”),
thus releasing the EVs into the extracellular space [17]. In a recent study, we identified relevant protein
markers that are highly elevated in EVs from the serum of patients with glioblastoma, compared to
those from healthy volunteers (HV), and these proteins are capable of detecting tumor progression [18].
Many studies have identified microRNAs in the biofluids (e.g., cerebrospinal fluid (CSF), serum and
plasma) of patients with glioblastoma, which can be EV-independent [19] or contained in EVs [20].
While some reports have demonstrated the upregulation of microRNAs in patients with high-grade
glioma compared to low-grade glioma [21], no report has thus far shown the potential of microRNAs
in biofluids to stratify patients into different prognostic groups at critical time-points during treatment.
Moreover, it is unknown whether the detection of any relevant microRNAs in the serum of glioma
patients can be enhanced through specifically capturing tumor-derived EVs.

In this study, we evaluated suitable methods for the separation of EVs that could enrich the
potentially glioblastoma-relevant microRNAs within the samples. In addition, we tested whether these
microRNAs could serve as biomarkers to determine patient prognosis when purified from serum EVs
(EV microRNAs) or as microRNAs directly from total serum (total serum microRNAs).
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2. Results

2.1. Enrichment of Disease-Relevant microRNAs in Serum EV Samples Using Size-Exclusion Chromatography
(SEC) Followed by CD44-Based Immunoprecipitation

Our study included 55 patients in total, 26 (47.3%) of which were treated within the multicenter
Phase III CeTeG/NOA-09 trial [4] and 29 (52.7%) in the Division of Clinical Neurooncology of the
University Hospital of Bonn. The median age at diagnosis was 56 years (range: 19–77 years) and the
median overall survival was 2.35 years (range: 0.39–5.17 years). The vast majority of patients (53/55,
i.e., 96.4%) had IDH-wildtype tumors and MGMT promoter methylation was observed in 33 (60%)
cases (Table S1). Sampling was performed at the Q3 time point (i.e., the third quarter of the first year
after diagnosis, 6–9 months after the initiation of primary radiotherapy and chemotherapy) for 54/55
patients and in the fifth month for one patient. Consistent with previous results [21], serum from
glioblastoma patients showed a much higher concentration of small EVs (size range: 87–166 nm)
compared to HV when they were isolated by using size-exclusion chromatography (SEC, Figure 1A).
In order to specifically isolate relevant glioblastoma-associated EVs, we subsequently performed
immunoprecipitation using CD44 (SEC + CD44), which we had previously identified in a screen of
serum EV proteins as being important in tumor progression [18]. Using this technique, we were able to
capture a distinct EV subpopulation, as shown in Figure 1. Immunodetection was used to determine
the presence of EV marker proteins flotillin-1 and CD9. Calnexin, which is a protein associated with the
endoplasmic reticulum, serum protein albumin and apolipoprotein-A1 were absent or strongly reduced
after EV isolation via SEC + CD44 (Figure 1C). Transmission electron microscopy (TEM) analysis
showed that the CD44-enriched fraction mainly contained EVs with a size and shape typical of small
EVs (Figure 1B). The TEM images show that lipoprotein contamination present after SEC (Figure 1B,
left lane) is diminished after additional immunoprecipitation with CD44 beads (Figure 1B, middle
lane). To allow the quantification of SEC + CD44 EVs, they were effectively diluted from capture-beads
(visible as small black dots in middle lane pictures), as shown in Figure 1B, in the right lane.

Based on extensive screening of the literature, we selected 15 microRNAs that have been described
to be present and relevant in the serum and plasma of glioblastoma patients (Table S2). Out of these
15 pre-screened microRNAs, we identified eight that consistently had Ct values lower than 36 in our
glioblastoma patients. To determine if these miRNAs are more abundant in CD44-enriched EVs
(SEC + CD44 EVs) compared to miRNAs isolated from total serum, we studied the levels of these
microRNAs in the serum of glioblastoma patients (n = 55) at the Q3 time point. In total, we detected
an enrichment of five out of the eight microRNAs tested in SEC + CD44-purified EVs compared
to total serum (miR-21-3p, miR-106a-5p, miR-155-5p, and let-7a-5p with significantly higher levels
and miR-486-5p with a non-significant trend toward a higher level, Figure 2A–H). Two out of eight
miRNAs showed significantly higher levels in total serum compared to the purified EVs (miR-15b-3p
and miR-23a-3p, Figure 2), indicating that these miRNAs are not enriched in SEC + CD44 EVs.
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Figure 1. Yield and characteristics of serum-derived extracellular vesicles. (A) NTA of extracellular
vesicles (EVs) isolated from 500 μL serum by size-exclusion chromatography (SEC) to determine the
yield and particle size. The table states the mean particle concentration and mean modal size of
55 glioblastoma patients and 5 healthy volunteers (HV). Standard deviation is given in parentheses;
histograms: exemplary size distribution of glioblastoma-EVs measured by NTA. (B) Transmission
electron microscopy images showing the typical EV morphology. Scale bar represents, in all images,
200 nm in the upper row (30k ×magnification) and 100 nm in the lower row (110k ×magnification).
Images in the left lane show EVs after SEC, middle lane images show CD44-captured SEC-EVs,
and right lane images represent EVs that were diluted from CD44-beads. (C) Wes ProteinSimple
immunodetection confirming the presence of the EV-markers flotillin-1 and CD9 and the absence of
non-EV protein calnexin in SEC + CD44 EV preparations. Cell and total serum lysates were used as
positive controls for the non-EV marker calnexin, apolipoprotein A1, and serum albumin, respectively.
NTA = nanoparticle tracking analysis; cell lys = cell lysate of PBMCs (1:10) or glioblastoma cell line
Gli36 (1:100); Apo-A1 = apolipoprotein A1.

Figure 2. Comparison of microRNA detection in glioblastoma serum, depending on the source.
(A) miR-15b-3p, (B) miR21-3p, (C) miR-23a-3p, (D) miR-106-5p, (E) miR-155-5p, (F) miR-328-3p,
(G) miR-486-5p, (H) let-7a-5p. Depicted is the normalized expression ratio (2ˆdeltaCt) of eight
microRNAs (A–H) in total serum and in SEC + CD44-purified EVs from the serum of glioblastoma
patients (n = 55). Expression levels were compared using a Wilcoxon rank sum test. Note that
miR-15b-3p shows higher levels in total serum, as opposed to miR-21-3p and miR-106a-5p, which are
upregulated in SEC + CD44 EVs. For miR-328-3p, no consistent up- or downregulation was observed
between the two samples, which was partially because only 26/55 (47%) total serum samples were
above the limit of detection. Bars depict the median value and the interquartile range.
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When comparing SEC + CD44-purified EV microRNA from the serum of glioblastoma patients
to HV, we saw significantly higher levels of miR-15b-3p, miR-21-3p, miR-155-5p, and let-7a-5p in
glioblastoma patients (p = 0.01, p = 0.001, p = 0.01, and p = 0.008, respectively) and a non-significant
trend for miR-23a-3p and miR-106a-5p (p = 0.18 and p = 0.07, respectively), while no significant
difference was detected for miR-23a-3p, miR-328-3p, and miR-486-5p (p = 0.45 and p = 0.48 respectively,
Figure 3A–H).

Figure 3. MicroRNA expression in SEC + CD44 EV. Normalized expression ratio (2ˆdeltaCt)
of eight microRNAs (A–H) in SEC + CD44 EV from glioblastoma patients (n = 55) versus HV
(n = 10, average of two time points). (A) miR-15b-3p, (B) miR21-3p, (C) miR-23a-3p, (D) miR-106-5p,
(E) miR-155-5p, (F) miR-328-3p, (G) miR-486-5p, (H) let-7a-5p. Expression levels were compared using
the Mann–Whitney U test. Bars depict the median value and the interquartile range.

2.2. Four SEC+CD44-EV miRNAs and Total Serum miR-15b-3p Correlate with Survival
in Glioblastoma Patients

To evaluate the prognostic potential of different microRNAs, we correlated the normalized
expression ratio with the overall survival of glioblastoma patients (n = 55). miR-15b-3p, miR-21-3p,
miR-106a-5p, and miR-328-3p in SEC + CD44 EVs showed a significant correlation with survival,
with miR-15b-3p, miR-21-3p, and miR-328-3p exhibiting a negative correlation (high levels were
associated with an inferior prognosis) and miR-106a-5p a positive correlation (high levels were
associated with a better prognosis; Table 1A). While miR-15b-3p showed a weak correlation
(Spearman r=−0.27), miR-21-3p, miR-106a-5p, and miR-328-3p showed intermediate correlation values
(absolute Spearman r > 0.34). Interestingly, when considering total serum microRNAs, only miR-15b-3p
correlated with inferior survival (Spearman r = 0.4) and miR-328-3p was not measurable in 29/55 (53%)
patients (Table 1B). For all of the other microRNAs analyzed, no correlation with survival was found in
either SEC + CD44 EVs or total serum (data not shown).

Interestingly, we found distinct differences of miR levels in SEC + CD44 EVs, depending on the
MGMT promoter methylation status, with miR-15b-3p, miR-21-3p, and miR328-3p being enriched in
MGMT-non-methylated and miR-106a-5p in MGMT-methylated patient samples (Figure S1). For total
serum, we saw higher levels of miR-15b-3p in MGMT-non-methylated compared to MGMT-methylated
patient samples (Figure S2). When only assessing the prognostic potential of the above-mentioned
markers for MGMT-methylated patients, we observed a non-significant correlation with overall
survival for miR-21-3p and miR-328-3p in SEC + CD44 EVs (data not shown).

The four microRNAs that were identified as putative prognostic markers were selected for
dichotomous assessment based on the median of the normalized expression ratios and using
Kaplan–Meier curves for data visualization. To define the subgroups, we calculated the median
value of the normalized expression for each microRNA and split the patients into two groups, with one
group including patients with expression values lower than the median and the other group with
values equal to or higher than the median. In an analysis of single SEC + CD44 EV microRNAs,
we saw a curve separation for all four miRNAs, which was less pronounced for miR-15b-3p and
miR-328-3p (Figure 4A–D). Consistent with our correlation data, the subgroup of patients with levels
of miR-106a-5p higher than the median had a clear survival benefit compared to those with lower
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levels, as opposed to miR-21-3p, where high levels of the miRNA defined a prognostically inferior
group (Figure 4B,C).

Table 1. Correlation of the survival of 55 patients with microRNA levels from SEC + CD44 EV (A) or
total serum (B) using the Spearman’s rank correlation coefficient, r. Depicted are the Spearman r values
showing either a positive or negative correlation, the p value, and the degree of significance (* p < 0.05,
** p < 0.01, *** p < 0.001, n.s. = not significant). For miR-328-3p in total serum, no correlation with
survival was calculated because 53% of the values were non-measurable.

(A)

SEC + CD44 miR15b-3p miR-21-3p miR-328-3p miR-106-5p

Spearman R −0.2746 −0.4372 −0.3407 0.3501

p (two-tailed) 0.043 0.00008 0.011 0.009

p value * *** * **

(B)

Total serum miR15b-3p miR-21-3p miR-328-3p miR-106-5p

Spearman R -0.3947 0.0225 - 0.06753

p (two-tailed) 0.003 0. 78 - 0.62

p value ** n.s. - n.s.

Figure 4. Survival analysis based on the expression of SEC + CD44 EV microRNA. Depicted are
survival curves using a dichotomous assessment based on microRNA levels of SEC + CD44 EVs.
((A) miR-15b-3p, (B) miR-21-3p, (C) miR-106a-5p, (D) miR-328-3p) from glioblastoma patient serum
(n = 55). Red color indicates patients with values equal to or higher than the median and blue color
represents values lower than the median normalized expression ratio. Note that all four microRNAs
were able to stratify the patients into different prognostic subgroups, albeit not reaching statistical
significance. The p value for miR-21-3p is above the critical Benjamini–Hochberg value (0.03, Tables S3
and S4). Also note that for miR-106a-5p, higher values correlate with a better prognosis.

In analyses of single total serum microRNAs, we observed a clear curve separation for miR-15b-3p,
as opposed to miR-21-3p and miR-106a-5p (Figure 5A–C). For miR-328-3p, no Kaplan–Meier curve
was generated, because more than 50% of the values were below the detection limit.

2.3. Combination of SEC + CD44-EV- and Total Serum-microRNAs Allows Patient Stratification
into Prognostically Relevant Subgroups

We next sought to determine whether a combination of different microRNAs results allows a more
precise survival prediction compared to single microRNA analysis. Indeed, when we combined
the analysis of miR-15b-3p in total serum with each of the other three EV-contained microRNAs,
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the prediction of prognosis was improved (based on the p-value determined) compared to the single
microRNA analyses (Figure 6A–C).

Figure 5. Survival analysis based on total serum microRNA expression. Depicted are survival
curves using a dichotomous assessment based on microRNA levels ((A) miR-15b-3p, (B) miR-21-3p,
(C) miR-106a-5p) from total serum of glioblastoma patients (n = 55). Red color indicates patients with
values equal to or higher than the median and blue color represents values lower than the median
normalized expression ratio. For miR-328-3p, no graph was generated because more than 50% of the
values were non-measurable. Note that the separation of the curves based on miR-15b-3p is significant
after Benjamini–Hochberg correction for multiple testing (Tables S3 and S4).

When combining markers tested only in SEC + CD44 EVs, three of these combinations, always
including miR-106a-5p as one of the two microRNAs, yielded prognostically significant subgroups
(Figure 7A–C). Because comparing multiple variables can give a bias and lead to a high risk of
false significant results (type I error), we applied Benjamini–Hochberg correction [22]. Importantly,
the combinations of microRNAs in Figures 6 and 7, as well as miR-15b-3p in total serum (Figure 5A),
remained significant after this correction, as opposed to a single analysis of miR-21-3p (Figure 4B).

Figure 6. Survival analysis based on a combination of microRNA levels in total serum (t.s.) and/or
SEC + CD44 EVs (combinations: miR-15b-3p in t.s. plus (A): miR-21-3p in SEC + CD44 EVs; (B):
miR-106a-5p in SEC + CD44 EVs; (C): miR-328-3p in SEC + CD44 EVs). Depicted are survival curves
using a dichotomous assessment from glioblastoma patients (n = 55) in both SEC + CD44 separated
serum EVs and total serum. Blue color indicates patients whose microRNA profile fulfils both conditions,
while red color indicates patients whose profile fulfils at most one out of two conditions. Note that the
combination of miR-15b-3p in serum with each of these four microRNAs in SEC + CD44 EVs allowed
for a prognostic stratification of this patient population, even after Benjamini–Hochberg correction
(Table S1).

353



Int. J. Mol. Sci. 2020, 21, 7211

Figure 7. Survival analysis based on the expression of a combination of microRNAs isolated from
SEC + CD44 EV (combinations: miR-106a-5p plus (A): miR-15b-3p; (B): miR-21-3p in SEC + CD44
EVs; (C): miR-328-3p). Depicted are survival curves using a dichotomous assessment based on a
combination of microRNA levels from glioblastoma patients (n = 55) in SEC + CD44 separated serum
EVs. Blue color indicates patients whose microRNA profile fulfils both conditions, while red color
indicates patients whose profile fulfils at most one out of two conditions. Note that the combination of
miR-106a-5p with each of the other three microRNAs allowed for a prognostic stratification of this
patient population, even after Benjamini–Hochberg correction for multiple testing (Tables S3 and S4).

3. Discussion

In this study, we report on a new method for EV separation using the already established method of
size-exclusion chromatography (by using qEV columns from IZON®), followed by immunoprecipitation
with CD44-conjugated beads, thereby allowing specific enrichment of glioblastoma-associated EVs
from patient serum. Using this novel method for EV separation, as well as total serum analyses,
we identified a panel of four miRNAs suitable as biomarkers (alone or in combination) that allow for
the prognostic stratification of glioblastoma patients at a relevant time point of the disease course.

Glioblastoma is a devastating disease which is currently lacking established biomarkers to aid in
the prediction of prognosis and treatment decisions. Although progression-free survival (PFS) has been
discussed as a surrogate parameter for overall survival in clinical trials of glioblastoma [23], it is mainly
based on radiological findings [24,25], which are known to yield equivocal results [26]. Therefore,
identifying biomarkers which would predict prognosis at an early time point during treatment is
crucial. The median PFS is heterogeneous, and frequently ranges from 6 to 8 months [27,28]. In this
study, we therefore chose the third quartile (6–9 months after the start of the adjuvant treatment) as
a time for measuring microRNAs in serum and serum-derived EVs. Robust and feasible prognostic
biomarkers at this critical time-point could therefore be highly relevant for the course of disease and
help both patients and physicians in developing treatment strategies.

We have previously identified a key role for CD44, found on the surface of serum-EVs from
glioblastoma patients, in the detection of tumor progression [18]. Due to a high upregulation of CD44
in glioblastoma patients compared to HV, we hypothesized that the immunoprecipitation of EVs with
CD44 would lead to an enrichment of glioblastoma-specific EVs. The rationale for first separating the
EVs using SEC was to ensure a purer sample of CD44-carrying EVs and minimize the risk of capturing
EV-independent CD44, which is known to be present on various cell types, including T-cells and
macrophages [29]. Furthermore, we intended to reduce the amount of soluble CD44 in the sample,
which is shed by matrix-metalloproteases from the surface of tumor and non-tumor cells [30]. CD44 can
also be found on EVs from different non-malignant cells, such as B- or T-cells [31,32], thus, we cannot
exclude the possibility that some non-glioblastoma EVs are found in our SEC + CD44 EV fractions.
However, the analysis of SEC-enriched serum-derived EVs from HV showed significantly lower CD44
levels compared to EVs from the serum of glioblastoma patients, indicating that CD44-positive EVs are
enriched and highly relevant in glioblastoma patients [18]. This is in line with the intriguing hypothesis
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that glioblastoma is actually a systemic disease, as glioblastoma cells are known to affect non-tumor
cells [33], suggesting that the EV-composition of glioblastoma patients differs from that of HV and thus
could serve as a biomarker, irrespective of their origin.

The microRNAs selected for this project have all previously been studied in glioblastoma,
either in total serum or EVs [19,20,34–36]. While some of these papers report that the majority
of extracellular microRNAs are found bound to Ago [14], other studies claim that the majority
of extracellular microRNAs are found inside small or large EVs [15,37,38]. Either way, it is clear
that EV-associated microRNAs play a central role in intercellular communication and are capable
of regulating key oncogenic processes, such as metastasis formation [16,39]. Ebrahimkhani et al.
performed deep sequencing of exosomal microRNAs and discovered a panel of microRNAs that
were not only upregulated in EVs from glioma patients, but were also capable of discriminating
between IDH-mutated glioma and IDH-wildtype glioblastoma [34]. To account for differences between
microRNAs found in total serum and glioblastoma-associated EVs, we examined the microRNA levels
in both states and found a significant upregulation in four out of eight microRNAs, thus supporting our
rationale for an enrichment of the relevant microRNAs through this isolation technique. Intriguingly,
miR-328-3p, which was one of the microRNAs implicated in Ebrahimkhani et al. [34], did not show
an increased concentration in EVs, yet its levels correlated with survival in our glioblastoma cohort.
This finding underlines the importance of biological relevance rather than absolute quantitative changes
in biomarker concentrations. miR-23, albeit having no prognostic significance in our study, might
exude biological relevance based on its relatively strong increase in glioblastoma EVs. On the other
hand, miR-15b-3p was found at higher levels in total serum and possessed the highest prognostic
relevance using single microRNA analysis, while allowing for an even better stratification when
combined with other microRNAs in SEC + CD44 EVs. Therefore, our data suggest that both targeted
EV and total serum microRNAs should be studied for assessing the prognosis of glioblastoma patients.
Notably, this is, to the best of our knowledge, the first study highlighting the prognostic potential of
these biomarkers for glioblastoma patients.

The assessment of microRNA levels based on the MGMT methylation status showed that
microRNAs indicating a non-favorable outcome (miR-15b-3p, miR-21-3p, and miR328-3p) were
elevated in MGMT-non-methylated patient samples, while miR106a-5p showed lower levels compared
to MGMT-methylated samples, thereby possibly highlighting a correlation of microRNAs with
biologically aggressive tumors. While we only saw non-significant trends towards inferior survival for
MGMT-methylated patients showing higher levels of miR-21-3p and miR-328-3p (data not shown),
caution is warranted due to the low patient numbers.

All of the microRNAs from our prognostic panel have also been shown to carry important
biological functions in glioblastoma, although their up- or downregulation in glioblastoma has not
been conclusively resolved. miR-21-3p in EVs secreted by glioblastoma cells is known to promote
oncogenesis, angiogenesis, and microglia activation [13] and has unanimously been described to be
upregulated in the plasma of glioma patients [40], which is consistent with our data showing higher
levels of miR-21-3p in glioblastoma-EVs compared to HV, as well as prognostic significance in SEC +
CD44-purified EVs. The levels of miR-15b have also been shown to correlate with a high proliferation
of glioma cells in vitro [12], but the levels in the serum of glioma patients were lower compared to
HV [41]. Nevertheless, higher serum levels of miR-15b correlated with a higher WHO grade, thereby
indicating that more aggressive tumors exhibit higher ratios of this microRNA compared to less
proliferative tumors, which corresponds to the survival data in our study. Contradictory data have
been published regarding the roles of miR-106a and miR-328 in glioma. High levels of miR-106a in
glioma cells have been associated with reduced proliferation and increased apoptosis [12], but in other
publications, have been associated with invasiveness [42]. Zhi and colleagues identified Fas-activated
serine/threonine kinase (FASTK) as a direct target of miR-106a-5p and showed that a reduced expression
of miR-106a-5p or increased expression of FASTK is significantly associated with poor survival in
human astrocytoma patients [43], which is compatible with our data. While miR-328 has been shown
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to mediate the invasiveness of glioma cells via the downregulation of Secreted Frizzled-related protein 1
(SFRP1) [44], Ebrahimkhani et al. reported that serum EVs from glioblastoma patients exhibited lower
levels of miR-328 compared to HV [34]. Notably, the EVs used in this study were non-specifically
purified from whole serum. Therefore, it would be tempting to speculate that a more specific separation
of EVs using CD44 as a target antigen, and thereby enriching the population for glioblastoma EVs,
would lead to a correlation of high miR-328 levels with a lower prognosis, as was the case in our study
and as reported by Delic et al. [44].

In this study, we used serum as the biofluid source for miRNAs. While plasma used to be the
preferred biomaterial for conducting EV studies, because coagulation activates platelets, resulting
in an increased release of platelet-derived EVs [45], EVs and microRNAs are now increasingly
being evaluated from the serum of glioblastoma patients [19,34]. Intriguingly, large-scale studies
of different RNA subclasses, including microRNAs, in biofluids revealed only minor differences in
the concentrations between serum and plasma [46,47]. These differences increased substantially if
different RNA-extraction and EV-separation methods were applied, implying that both biofluids could
yield similar results when established and validated protocols are used for purification. In our study,
we used the miRNeasy kit by Qiagen for RNA extraction, as this method was identified as a suitable
extraction method for high-yield and high-quality exosomal RNA [47]. There is still debate over what
is the most suitable reference microRNA for calculating deltaCt. While some studies have used raw
Ct values or exogenous non-human microRNAs as a reference, newer studies have discouraged the
use of these conventions and instead recommend the use of at least one, and ideally two, microRNAs
as a reference [48]. Based on these findings, we had previously performed screening for suitable
reference microRNAs and identified miR-103 and miR-484 as two reliable housekeeper miRNAs
(data not shown).

This is, to the best of our knowledge, the first study defining a microRNA signature
(in EVs and cell-depleted serum) that shows a direct correlation with the survival of glioblastoma
patients, thereby allowing prognostic stratification. Moreover, we introduce a novel approach for
separating and enriching glioblastoma-specific EVs by combining size-exclusion chromatography
and immunoprecipitation with CD44 as a unique target antigen. This optimized enrichment of
glioblastoma-specific EVs leads to a more precise and sensitive prediction of prognosis compared to
an unspecific serum-derived microRNA analysis. These encouraging data remain to be confirmed in
larger prospective clinical trials, which could then pave the way for the introduction of an miRNA
biomarker signature for clinicians, using methods that are feasible and time-efficient for routine
diagnostic laboratories.

4. Materials and Methods

4.1. Ethical Approval

Studies on two cohorts of glioblastoma patients were separately approved by the Ethical
Committee of the University of Bonn (protocol number for patients treated in Bonn: 182/08 and
in the CeTeG/NOA-09 trial: 093/10) and on HV (Protocol number: 007/17).

4.2. Sample Collection

Serum was collected in 9 mL serum (S-Monovette, Sarstedt, Nuembrecht, Germany) tubes from
HV and glioblastoma patients. For glioblastoma patients, blood was drawn at the time of an MRI visit in
the third quartile period of their adjuvant treatment (i.e., 6–9 months after the initial diagnosis). For HV,
blood was drawn at two different time-points with a time interval of three months. After a resting
period of 30 min at room temperature (RT), the samples were centrifuged for 15 min at 2000× g at RT,
followed by a further centrifugation step for 20 min at 3000× g at 6 ◦C. After filtration with a 0.45 μm
filter, the serum was stored in aliquots at −80 ◦C.
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4.3. EV Separation

EVs from serum samples were separated by size-exclusion chromatography (SEC) using the
sepharose-based qEV columns (iZON Science, Christchurch, New Zealand), according to the
manufacturer’s recommendations. In short, 0.5 mL of serum was applied to the column and the EVs
were eluted with Hank’s balanced salt solution (HBSS). Next, 500 μL fractions were collected, fractions
8 to 10 were pooled, and a protease inhibitor (cOmplete, EDTA-free Protease Inhibitor Cocktail, Roche,
Mannheim, Germany) was added to a final one-fold dilution. Subsequently, the combined fractions
8–10 (in total, 1.5 mL) were used for immunoprecipitation with 50 μL CD44-conjugated MicroBeads
(CD44: Clone DB105) that were specifically designed for EV isolation and produced for this study.
Separation of the EV-bound MicroBeads was performed with μColumns using the μMACS separator,
according to the manufacturer’s protocol (all Miltenyi Biotec, Bergisch Gladbach, Germany). EVs were
eluted in 110 μL HBSS (ThermoFisher Scientific, Waltham, MA, USA) with protease inhibitor (Roche,
Mannheim, Germany).

4.4. Nanoparticle Tracking Analysis (NTA)

As previously described, ZetaView Nanoparticle Tracking (Particle Metrix, Meerbusch, Germany)
was used for NTA, according to the manufacturer’s guidelines [49].

4.5. Transmission Electron Microscopy (TEM)

TEM was conducted based on the protocol previously described by Bachurski et al. [49]. Briefly,
after loading 5 μL of an EV sample onto formvar-coated copper grids (Science Services, Munich,
Germany), the EVs were fixed with 2% paraformaldehyde for 5 min, washed with PBS, fixed again for
5 min with 1% glutaraldehyde, washed with ddH2O, and incubated with contrast dye (1.5% uranyl
acetate) for 4 min. Images were captured with a Gatan OneView 4K camera (Gatan, Pleasanton, CA,
USA) on a Jem-2100Plus microscope (JEOL) operating at 200 kV.

4.6. WesTM Simple Immunodetection

The presence of the EV markers CD9 and flotillin-1 and the absence of the endoplasmic-reticulum
protein calnexin in the purified EV samples were confirmed using WesTM Simple Western technology
with the Wes instrument (ProteinSimple, San Jose, CA, USA). In this study, 3 μL EVs were combined
with 1 μL 0.1 × sample buffer and 1 μL 5 × fluorescent master mix for each lane. Analyses for flotillin-1
(clone 18/flotillin-1; BD Biosciences, Dilution: 1:100), calnexin (clone: C5C9; Cell Signaling Technology,
Dilution: 1:80), apolipoprotein A1 (polylonal, R&D Systems, Concentration: 5 μg/mL), and human
serum albumin polylonal (R&D Systems, Concentration: 5 μg/mL) were conducted under reducing
(DTT-based buffer) conditions, while CD9 (clone D801A, Cell Signaling Technology, Dilution: 1:80)
analysis was run under non-reducing conditions and using the 12–230 kDa Wes Separation Module.
Anti-rabbit, anti-mouse, and anti-goat antibody detection modules (all from ProteinSimple) were
used, according to the manufacturer’s instructions. The default run conditions were changed to
stocking-gel uptake: 22 s; sample uptake: 15 s; primary-antibody: 90 min; and secondary-antibody:
40 min incubation. Data analysis was performed with Compass software (ProteinSimple).

4.7. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

RNA extraction was performed using the Qiagen Micro-RNeasy kit, according to the
manufacturer’s protocol (Qiagen, Hilden, Germany). Following RNA extraction, equal volumes
of the RNA samples were used for cDNA synthesis using a TaqMan Advanced miRNA cDNA
Synthesis Kit, according to the manufacturer’s protocol (ThermoFisher Scientific, Waltham, MA, USA).
qRT-PCR was performed by using a QuantStudio 7 with TaqMan Advanced Control miRNA Assay
(Table S2, both ThermoFisher Scientific, Waltham, MA, USA). miR-103a-3p and miR-484 were used
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as reference miRNAs (Table S2). The QuantStudio 7 PCR protocol included (1) enzyme activation at
95 ◦C for 20 s and (2) 40 cycles of denaturation (1 s at 95 ◦C) and annealing/extension (20 s at 60 ◦C).

4.8. Data Deposition

We have submitted all relevant data from our experiments to the EV-TRACK knowledgebase
(EV-TRACK ID: 200051) [50].

4.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (Version 8.2.1, La Jolla,
CA, USA). A Mann–Whitney U test was used to detect differences in the EV concentration,
as well as differences in microRNAs between glioblastoma patients and HV. To compare levels
of microRNAs isolated from total serum and SEC + CD44 EVs, a Wilcoxon signed-rank test was
applied. Survival curves were generated using Kaplan–Meier plots and groups were evaluated using a
log-rank test. The correlation of microRNA levels with survival was investigated using a nonparametric
Spearman’s rank correlation coefficient.

Since multiple microRNAs were tested, we corrected for multiple testing using the
Benjamini–Hochberg procedure [22]. Out of the measured microRNAs used for dichotomous survival
analysis, four out of four were measurable in SEC + CD44, but only three out of four in cell-depleted
serum (miR-15b-3p, miR-21-3p, and miR-106a-5p, but not miR-328-3p). Therefore, we included seven
groups in the single analysis and 21 in the two-fold combination analysis (Tables S3 and S4), leading to
a total of m = 28 groups. After ranking the p-values (value i, range 1–28) and defining a false discovery
rate (FDR = q) of 10%, we calculated the Benjamini–Hochberg critical value q*(i/m). If the log-rank
p value was below the Benjamini–Hochberg critical value, the p values were considered statistically
significant (*).

5. Conclusions

A panel of four microRNAs (miR-15b-3p, miR-21-3p, miR-106a-5p, and miR-328-3p) isolated
from extracellular vesicles that were purified using size-exclusion chromatography and CD44-based
immunoprecipitation in combination with total serum analysis allowed us to predict the prognosis of
glioblastoma patients. Further analyses in larger prospective clinical trials are still warranted before
these novel biomarkers become established in routine clinical practice.
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Abstract: Transport of bioactive cargo of microvesicles (MVs) into target cells can affect their fate and
behavior and change their microenvironment. We assessed the effect of MVs derived from human
immortalized mesenchymal stem cells of adipose tissue-origin (HATMSC2-MVs) on the biological
activity of the ovarian cancer cell lines ES-2 (clear cell carcinoma) and OAW-42 (cystadenocarcinoma).
The HATMSC2-MVs were characterized using dynamic light scattering (DLS), transmission electron
microscopy, and flow cytometry. The anti-tumor properties of HATMSC2-MVs were assessed using
MTT for metabolic activity and flow cytometry for cell survival, cell cycle progression, and phenotype.
The secretion profile of ovarian cancer cells was evaluated with a protein antibody array. Both cell lines
internalized HATMSC2-MVs, which was associated with a decreased metabolic activity of cancer cells.
HATMSC2-MVs exerted a pro-apoptotic and/or necrotic effect on ES-2 and OAW-42 cells and increased
the expression of anti-tumor factors in both cell lines compared to control. In conclusion, we confirmed
an effective transfer of HATMSC2-MVs into ovarian cancer cells that resulted in the inhibition of cell
proliferation via different pathways, apoptosis and/or necrosis, which, with high likelihood, is related
to the presence of different anti-tumor factors secreted by the ES-2 and OAW-42 cells.

Keywords: ovarian cancer cells; ES-2; OAW-42; microvesicles; adipose tissue origin mesenchymal
stem cells

1. Introduction

Today, ovarian cancer is one of the most dangerous types of cancer in women. This is associated
with a lack of screening tests and late diagnosis. Moreover, the disease has no symptoms in the early
stages. Currently, various ovarian cancer therapies are used depending on the histological type of
ovarian cancer, its stage, and the patient’s predisposition. Standard treatment is a surgery combined
with platinum-based chemotherapy [1]. Clinical trials focus primarily on an anti-angiogenic strategy
[Vascular endothelial growth factor (VEGF) inhibition] or on modulating the immune system [2].
An extremely important field in oncology is research focused on cancer stem cells (CSCs). Cancer stem
cells constitute a small population of tumor cells and play an important role in metastasis. Moreover,
these cells are resistant to widely used drugs, which often leads to tumor recurrence [3]. Thus, a search
for effective factors is needed that inhibit the biological activity of CSCs.

Mesenchymal stem/stromal cells (MSCs) are multipotent cells that reside in the majority of human
tissues and organs, and in steady-state conditions, are responsible for the maintenance of tissue
homeostasis [4,5]. Cells with MSC characteristics can be isolated from various source tissues, such as
bone marrow, adipose tissue, dental pulp, skin, skeletal muscle, or perinatal tissues, including the
umbilical cord, cord blood, Warton’s jelly, and amniotic fluid. The tissue source of MSCs affects their
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cellular phenotype and biological properties [6]. MSCs and their derivates are a promising tool in
clinical applications thanks to their high proliferative potential, longevity, and immunomodulatory
properties [7,8].

Extracellular vesicles (EVs), such as exosomes and microvesicles (MVs), play an important role as
mediators of cell-to-cell communication [9]. EVs are released by all normal, apoptotic, and neoplastic
cells [10]. The transport of bioactive cargo, such as proteins, lipids, or nucleic acids, into the recipient
cells may affect their phenotype and biological activity [11].

The tumor microenvironment consist not only of tumor cells, but also fibroblasts, smooth muscle
cells, immune cells, endothelial cells, and mesenchymal stem cells [12]. Cell-to-cell communication in
tumor niches takes place through direct contact between the surrounding cells and gap junctions or
through the paracrine activity of the cells (e.g., the release of soluble factors or EVs).

The effect of EVs derived from MSCs of different tissue origin on cancer cells is not well understood.
Different studies have confirmed the pro-tumorigenic [13] or anti-tumorigenic activity [14] of EVs
derived from MSCs on ovarian cancer cells. This effect depends on the origin of the MSCs, methods of
EV isolation, and tumor type [15].

The aim of this study was to examine the effect of MVs derived from immortalized human MSCs of
adipose tissue origin (HATMSC2-MVs) on the biological activity of two ovarian cancer cell lines: ES-2,
representing poorly differentiated ovarian clear cell carcinoma, and OAW-42, representing ovarian
cystadenocarcinoma, with different genetic backgrounds and therapeutic responses. These two cell
lines were characterized according to their phenotype and the secretion profile of cytokines and trophic
factors released in response to MV treatment. Moreover, we investigated the proliferation and cell
death processes/pathways (apoptosis and necrosis) of ovarian cancer cells in the presence of different
ratios of HATMSC2-MVs and target cells.

2. Results

2.1. Characterization of HATMSC2-Derived MVs

Size distribution of MVs was analyzed using dynamic light scattering (DLS). In the histogram,
a single distinct peak characteristic for MVs was observed, confirming the presence of a homogenous
population of MVs. The average size of MVs, assessed using DLS, was 456 nm (Figure 1a). The size of
individual MVs was confirmed using transmission electron microscopy (TEM) imaging (Figure 1b).

Isolation efficiency, using the flow cytometry method, revealed that the average number of
MVs was 172 × 106 MVs/mL (Figure 1c). A Bradford assay was performed to estimate the protein
concentration within the MVs, and the average protein concentration was assessed at 169.8 μg/mL.

2.2. Surface Marker Analysis of HATMSC2 Cells and HATMSC2-MVs

The HATMSC2 cells and HATMSC2-MVs were tested for the presence of MSC markers CD73, CD90,
CD105, the HLA ABC and HLA DR antigens, and the leukocyte marker CD45. The analysis confirmed
the presence of CD73, CD90, and CD105 on the surface of HATMSC2 cells. The cells were also positive
for the HLA ABC antigen and negative for the HLA DR antigen and for the pan-leukocyte antigen
CD45 [16]. Importantly, HATMSC2-MVs expressed surface markers typical for MSCs, including CD73
(50.50 ± 2.18% of the population), CD90 (90.67 ± 5.36% of the population), CD105 (45.32 ± 3.24% of the
population), and HLA ABC (88.20 ± 4.61% of the population). HATMSC2-MVs did not express HLA
DR or CD45 (Figure 2).
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Figure 1. Characteristics of HATMSC2-MVs (a) Representative HATMSC2-MV size distribution
histogram obtained using dynamic light scattering analysis. (b) Representative transmission electron
microscopy image of HATMSC2-MVs, bars represent 500 nm. (c) Representative dot plot showing
forward scatter (FSC) vs. side scatter (SSC). Gate R-1 shows the population of HATMSC2-MVs, and gate
R-2 represents the counting beads. HATMSC2-MVs—microvesicles derived from immortalized human
mesenchymal stem cells of adipose tissue origin.

Figure 2. Cont.
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Figure 2. Representative flow cytometry histograms of flow cytometry analysis of mesenchymal
stem cells markers (CD73, CD90, CD105, HLA ABC, HLA DR, and CD45) on HATMSC2 cells and
HATMSC2-MVs from three independent experiments. Cells and MVs were stained with selected
antibodies conjugated with fluorochromes. Blue filled histograms correspond to HATMSC2 cells and
HATMSC2-MVs labeled with defined antibodies, and empty histograms represent the isotype controls.
HATMSC2-MVs—microvesicles derived from immortalized human mesenchymal stem cells of adipose
tissue origin.

2.3. Internalization of HATMSC2-MVs into Ovarian Cancer Cells

The internalization of fluorescently-labeled HATMSC2-MVs into ovarian cancer cell lines was
analyzed using three-dimensional microscopic imaging. HATMSC2-MV co-culture with target cells
(ES-2 and OAW-42 cell lines) for 24 h resulted in the incorporation of the MVs into ES-2 and OAW-42
cells, as shown by green fluorescence (DiO) expression in the cytoplasm of the target cells across the
Z-stack slices (Figure 3a).

Figure 3. Cont.
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Figure 3. Internalization of HATMSC2-MVs into ovarian cancer cells. (a) Images from three-dimensional
microscopic analysis of HATMSC2-MV internalization into ES-2 and OAW-42 cells at different ratios.
The images were taken using an inverted microscope after 24 h of incubation with fluorescently-labeled
HATMSC2-MVs (scale bar: 20 μm). A set of representative orthogonal slices is shown. Each image in a
group consists of a large middle segment that represents the midpoint of the Z-stack in the xy plane;
a narrow top segment that represents the xz plane; and a narrow segment on the right that represents the
yz plane. The arrows point to MVs that have been taken up into the cell. (b) Bottom left panel, the bar
graph represents the mean fluorescence intensity (MFI) of ES-2 cells treated with fluorescently labeled
HATMSC2-MVs at different ratios. Untreated cells without MVs served as a control. Right panel,
flow cytometry analysis of HATMSC2-MV internalization. Empty histograms represent the control for
untreated cells, and blue filled histograms show the green fluorescence of ovarian cancer cells ES-2
and OAW-42 after HATMSC2-MV internalization at different ratios. The data represent mean ± SEM
values from three independent experiments performed in duplicate. *** p < 0.001 calculated vs. control,
### p < 0.001 calculated vs. The HATMSC2-MVs 5:1 treatment. HATMSC2-MVs—microvesicles derived
from immortalized human mesenchymal stem cells of adipose tissue origin.

Furthermore, the uptake of HATMSC2-MVs by ovarian cancer cells was confirmed by an increase
in mean fluorescence intensity (MFI), as analyzed using flow cytometry. The results showed a significant
increase in MFI in the ES-2 and OAW-42 cell lines treated with HATMSC2-MVs for both the ratios of 5:1
and 10:1 (the number of MVs to one target cell) compared to the control groups (p < 0.001). Moreover,
this effect was dose-dependent, and significant differences between the ratios 5:1 and 10:1 (p < 0.001)
were observed (Figure 3b).
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2.4. Anti-Proliferative Activity of HATMSC2-MVs

The anti-proliferative activity of HATMSC2-MVs was analyzed using the MTT assay. ES-2 and
OAW-42 cells were treated with MVs at four different ratios: 1:1, 5:1, 10:1, and 100:1. The HATMSC-MV
treatment caused a significant decrease in OAW-42 cell proliferation on day 3 (p < 0.01) at a ratio of
100:1 (Figure 4a). The anti-proliferative activity of the MVs used at a ratio of 100:1 in OAW-42 cells on
day 3 was also shown on a microscopic images of calcein-stained ovarian cancer cells (Figure 4b).

Figure 4. Effect of HATMSC2-MVs on the proliferation activity of ovarian cancer cells. (a) Proliferation
activity of ES-2 and OAW-42 cells cultured in standard conditions was measured using an MTT assay on
day 0, 1, 2, and 3 following treatment with HATMSC2-MVs at different ratios. Untreated cells without
MVs served as a control. The data represent mean ± SEM values from four independent experiments
performed in triplicate. ** p < 0.01 calculated vs. control on a given day. (b) Representative images
from microscopic analysis of the morphology of ovarian cancer cells treated with HATMSC2-MVs at
different ratios. ES-2 and OAW-42 cells were co-incubated with HATMSC2-MVs for 72 h. Afterwards,
the cells were stained with Calcein AM and images were taken using an inverted microscope (scale bar:
100 μm). HATMSC2-MVs—microvesicles derived from immortalized human mesenchymal stem cells
of adipose tissue origin.

2.5. Effect of HATMSC2-MVs on Cell Cycle Progression

The effect of HATMSC2-MVs on cell cycle progression was tested using flow cytometry analysis
of ES-2 and OAW-42 cells stained with propidium iodide. We observed an increase in the percentage
of cells in the sub-G1 phase (dead cells) in the samples treated with the MV ratio of 100:1 in ES-2 cells,
compared to the control group (mean 2.57 ± 0.54% vs. 0.79 ± 0.05%; p < 0.01). Similarly, in OAW-42
cells treated with the MVs ratio of 100:1, the percentage of cells in the sub-G1 phase increased to
15.66 ± 2.86% compared to 2.74 ± 0.48% in control group (p < 0.001). Moreover, in OAW-42 cells treated
with an MVs ratio of 100:1, the percentage of cells in the G0/G1 phase decreased from 63.06 ± 1.49% in
the control group to 55.87 ± 1.37% in the test group (p < 0.01), (Figure 5).
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Figure 5. Effect of HATMSC2-MVs on the cell cycle progression of ovarian cancer cells. (a) Representative
flow cytometry histograms showing cell cycle progression in ES-2 and OAW-42 cells treated with
HATMSC2-MVs at different ratios. Untreated cells without MVs served as a control. Arrows represent
the increased peaks in the sub-G1 phase of the cell cycle. (b) Percentages of cells in the sub-G1, G0/G1,
S, and G2/M phases were determined using Flowing Software 2. The data represent mean ± SEM
values from three independent experiments performed in duplicate. *** p < 0.001, ** p < 0.01 calculated
vs. control. HATMSC2-MVs—microvesicles derived from immortalized human mesenchymal stem
cells of adipose tissue origin

2.6. Proapoptotic Activity of HATMSC2-MVs

We examined the impact of HATMSC2-MVs on ovarian cancer cell survival. Cell death processes,
such as apoptosis and necrosis, were assessed using flow cytometry after 72 h of co-culture of
HATMSC2-MVs with ES-2 and OAW-42 cells at the ratios of 1:1, 5:1, 10:1, and 100:1. Untreated cells
served as a control. The obtained results revealed that the HATMSC2-MVs treatment affected cell
viability depending on the ratio of HATMSC2-MVs and cancer cells. The ratio of MVs 100:1 had the
greatest impact on cell viability, both in the ES-2 and OAW-42 cells (Figure 6).
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In ES-2 cells, the percentage of live cells treated with HATMSC2-MVs decreased to 61.23 ± 7.71%
for the ratio of 100:1 vs. control (89.65 ± 0.99%; p < 0.001). The average percentage of early apoptotic
cells increased to 8.22 ± 1.32% vs. control 1.95 ± 0.41%, (p < 0.001), whereas the average percentage
of late apoptotic cells increased to 11.75 ± 3.22% vs. control 2.79 ± 0.32%, (p < 0.01). The average
percentage of ES-2 necrotic cells increased to 18.81 ± 4.79% vs. control 5.72 ± 0.81%, (p < 0.01).

In OAW-42 cells, the percentage of live cells treated with HATMSC2-MVs decreased to
47.78 ± 10.11% for the ratio of 100:1 vs. control (86.17 ± 2.12%, p < 0.001). The average percentage
of late apoptotic cells increased to 18.53 ± 5.17% vs. control 1.57 ± 0.34%, (p < 0.001). The average
percentage of OAW-42 necrotic cells increased to 27.51 ± 5.04% vs. control 10.70 ± 2.02%, (p < 0.001).

Figure 6. Quantification of cell viability after treatment with HATMSC2-MVs for 72 h at different ratios,
determined using flow cytometric analysis of the apoptotic and necrotic cells via the double-staining
of ES-2 and OAW-42 cells with propidium iodide and Annexin V. The percentages of alive, early
apoptotic, late apoptotic, and necrotic cells were determined using Flowing Software 2. The data
represent mean ± SEM values from five independent experiments performed in duplicate. *** p < 0.001,
** p < 0.01 calculated vs. control, ns: non-significant results. HATMSC2-MVs—microvesicles derived
from immortalized human mesenchymal stem cells of adipose tissue origin.

2.7. Effect of HATMSC2-MVs on the Phenotype of Ovarian Cancer Cell Lines

To determine the effect of HATMSC2 -MVs on the phenotype of ovarian cancer cell lines treated
at the ratios of 10:1 and 100:1, we tested the presence of the CD34, CD44, CD133, SSEA4, CD73,
CD90, and CD105 markers using flow cytometry. The results showed that both cell lines, ES-2 and
OAW-42, were positive for the adhesion molecule CD44 (Figure 7). However, the expression of the
CD44 marker was higher (97.80% ± 2.20% of the population) for the ES-2 cells compared to OAW-42
cells (78.36% ± 3.20% of the population). Both ES-2 and OAW-42 cell lines were negative for CD34 and
CD133 and for the pluripotency-related marker SSEA4. An analysis of the expression of MSC markers
showed that both ES-2 and OAW-42 were positive for CD73 and CD90, whereas the CD105 marker
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was detected in ES-2 cells (98.20% ± 1.79% of the population), but not in OAW-42 cells (Figure 7a).
The HATMSC2-MVs treatment did not affect the phenotype of ES-2 and OAW-42 cells (Figure 7b).

Figure 7. Characteristics of human ovarian cancer cell lines before and after HATMSC2-MV treatment
at different ratios. (a) Representative histograms of flow cytometry analysis for surface markers (CD34,
CD44, CD133, SSEA4, CD73, CD90, and CD105) on the ES-2 and OAW-42 cell lines. The cells were
stained with selected antibodies conjugated with fluorochromes. Blue filled histograms correspond
to ES-2 and OAW-42 cells, labeled with defined antibodies, and empty histograms represent the
isotype controls. (b) The percentages of cells positive for selected markers were determined using
Flowing Software 2. The data represent mean ± SEM values from three independent experiments.
HATMSC2-MVs—microvesicles derived from immortalized human mesenchymal stem cells of adipose
tissue origin.

2.8. Effect of HATMSC2-MVs on the Secretion Profile of Ovarian Cancer Cell Lines

The effect of HATMSC2-MVs on the biological properties of ovarian cancer cells was determined
in all experiments at different ratios of MVs to cancer cells (1:1, 5:1, 10:1 and 100:1). However, the best
effect was seen when a ratio of 100:1 was used. Therefore, to determine the effect of HATMSC2-MVs on
the secretion profile of the ES-2 and OAW-42 cell lines, only the ratio of 100:1 was used. The secretion
profile was evaluated using a human cytokine antibody array (Figure 8a). Most of the 120 cytokines and
trophic factors identified in this analysis affect cancer cells either by promoting cancer growth or through
their anti-tumor properties. For the ES-2 cells treated with HATMSC2-MVs, among cancer-promoting
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cytokines and trophic factors, a decrease was observed for angiogenesis-related cytokines, such as
growth related oncogene-alpha (GRO-alpha) (by 53%), angiopoietin 2 (by 10%), VEGF (by 44%),
and VEGFD (by 8%), and for the pro-angiogenic and pro-inflammatory cytokines IL-6 (by 15%),
IL-8 (by 36%), MIP-1α (by 7%), and MIP-1β (by 8%). The levels of apoptosis-related TRAIL-R3
and TRAIL-R4 also decreased (by 10% and 14%, respectively). However, an increase was observed
in the levels of the pro-inflammatory cytokines IL-1α (by 18%), IL-1β (by 21%), MCP-1 (by 43%),
MIG (by 28%), TNFα (by 13%), IL-13 (by 6%), eotaxin (by 16%), and eotaxin-2 (by 21%), and growth
factors bFGF (by 9%), EGF (by 33%), and HGF (by 21%). On the other hand, we observed an increase
in the levels of several anti-cancer cytokines, such as IL-1 receptor antagonist (IL-1ra) (by 42%), IL-2 by
(21%), IL-2 receptor alpha chain (IL-2Ra) (by 13%), IL-12 (by 6% and 10% for the p40 and p70 subunits,
respectively), IL-15 (by 34%), and IFN-γ (by 43%). Nevertheless, the overall number of expressed
cytokines in the ES-2 cells was 92; however, the expression of a majority of these cells differed before
and after the HATMSC2-MV treatment (Figure 8b).

For the OAW-42 cells, the overall number of expressed cytokines increased from 58 in the control
group to 87 after the MV treatment. However, most of these cytokines did not show a major difference in
expression between the control and test groups. Among the tumor-promoting cytokines, we observed
a decrease in the levels of the pro-angiogenic and pro-inflammatory cytokines GRO-alpha (by 192%),
VEGF (by 34%), IL-6 (by 176%), IL-8 (by 204%), and RANTES (by 16%), and an increase in other
cytokines, such as eotaxin-2 (by 8%), eotaxin-3 (by 6%), IL-1β (by 24%), MIG (by 18%), TNFα (by 36%),
TGF-beta1 (by 21%), and -beta3 (by 34%), bFGF (by 15%), TRAIL-R3 (by 11%), and TRAIL-R4 (by 15%).
An increase in the levels of anti-cancer cytokines was similar as observed for the ES-2 cells. All data
were presented as a heat map (Figure 8b); selected cytokines which exhibited the largest differences
between the treated cells and the control group were additionally shown on a column graph (Figure 8c).

Figure 8. Cont.
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Figure 8. Effect of HATMSC2-MVs on the secretion profiles of ovarian cancer cell lines. (a) Scans of
representative antibody arrays for ES-2 and OAW-42 supernatants. Untreated cells served as a control.
The signal intensity for each antibody spot is proportional to the relative concentration of the antigen
in the sample. (b) Heat map of cytokine levels for the ES-2 and OAW-42 supernatants; magenta and
yellow indicate higher and lower expression limits, respectively. Outstanding values (above 100%
of positive control) are depicted in red. Data are normalized to the internal positive control spots,
which are consistent between the arrays and represent 100%. The data represent the mean from a
duplicate assessment. (c) Column graph representing selected proteins (equal to or above 10% of
the positive control). The data are presented as mean ± SEM values from a duplicate assessment.
HATMSC2-MVs—microvesicles derived from immortalized human mesenchymal stem cells of adipose
tissue origin.

3. Discussion

The paracrine activity of cells via EVs is an important link in cell-to-cell communication.
Recent research has shown that EVs derived from MSCs play an important role in tumor
microenvironment. Tumor cells secrete EVs to reprogram the mesenchymal stem cells present in
the tumor microenvironment. The reprogrammed MSCs release exosomes that affect other cells in the
tumor niche, such as fibroblasts, endothelial cells, and immune cells, inducing their pro-tumorigenic
activity [17]. However, the effect of MVs derived from outside the tumor microenvironment,
e.g., from the MSCs of adipose tissue origin, on cancer cells is not well understood and still debatable.
The purpose of this study was to analyze the biological behavior of two histologically different
ovarian cancer cell lines, ES-2 and OAW-42, in response to HATMSC2-MV treatment. In this study,
we investigated whether MVs derived from human immortalized MSCs of adipose tissue origin
may represent a new form of supportive therapy in ovarian cancer treatment. Flow cytometry and
microscopic analysis confirmed the internalization of HATMSC2-MVs into target cells. Moreover, in all
functional experiments, we used untouched MVs, but not the MVs lysate tested by different research
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groups [14]. We showed that treatment with HATMSC2-MVs gradually decreased the proliferation of
ES-2 and OAW-42 cells, depending on the dose; however, a significant effect was observed on day 3,
only for the OAW-42 cell line, when the highest ratio of HATMSC2-MVs of 100:1 (100 MVs per cell)
was used. Similar results were obtained by Reza et al. [14], who reported an anti-proliferative and
pro-apoptotic effect of ATMSC exosomes on ovarian cancer cells. The main mechanism involved in
the action of the exosomes was the transfer of different miRNAs into the recipient cells. However,
Reza et al. used protease or RNase-digested exosomes. The anti-proliferative activity of MVs derived
from BM-MSCs was also confirmed in vitro on the SKOV3 cell line and in vivo through an intra-tumor
injection of MVs into an established tumor generated by a subcutaneous injection of these cells into
SCID mice [18]. On the other hand, Dong et al. [19] showed that EVs derived from MSCs isolated from
the umbilical cord increased the proliferation of lung adenocarcinoma cells by transporting miR-410 to
target cells.

Further experiments involving an analysis of cell cycle progression and cell death processes, such as
apoptosis and necrosis, confirmed that HATMSC2-MV treatment affected cancer cell viability. The cell
cycle analysis showed that treatment with HATMSC2-MVs, at the ratio of 100:1, significantly increased
the percentage of cells of both cell lines in the sub-G1 phase compared to control; however, the increase of
OAW-42 cells in the sub-G1 phase was significantly higher compared to the ES-2 cell line. The increased
number of cells in the sub-G1 phase suggests that both ovarian cancer cell lines underwent cell death
via apoptosis. A similar pro-apoptotic effect of the bioactive factors derived from MSCs isolated from
human Wharton’s jelly and applied in the form of a conditioned medium or Wharton’s jelly-MSCs
lysate was observed in a study on the OVCAR3 and SCOV3 ovarian cancer cell lines, confirming the
anti-cancer properties of the MSC secretome [20]. The pro-apoptotic effect of HATMSC2-MVs on the
examined ovarian cancer cell lines was also confirmed through flow cytometry analysis of cell death
processes, distinguishing between apoptosis and necrosis. When HATMSC2-MVs were cultured with
ovarian cancer cell lines at the ratio of 100:1, we observed a significant increase in the percentage of
early and late apoptotic cells for the ES-2 cells, whereas in the OAW-42 cells, a substantial increase was
observed for late apoptotic cells. Moreover, in both cells lines, HATMSC2-MVs significantly increased
the percentage of necrotic cells. These results suggest that HATMSC2-MVs at a ratio of 100:1 induce
mechanisms governing ovarian cancer cell death via both apoptosis and necrosis. Studies on the
anti-cancer properties of the MSC secretome report that co-culture of MSCs of different tissue origin
with ovarian cancer cell lines increases apoptosis with varying effects [21]. Interestingly, the percentage
of apoptotic cells was higher when the supernatant derived from AT-MSCs was applied compared to
the supernatants derived from BM-MSCs and UC-MSCs [21].

Additionally, we assessed the secretion profile of ovarian cancer cell lines and the effect of
HATMSC2-MVs on the presence of the produced cytokines and trophic factors with different functions;
one set of bioactive factors is known to promote cancer cells growth and metastasis, and the second
set of cytokines is associated with anti-tumor properties. The differences in the secretion profiles of
the examined ovarian cancer cell lines correlated with the histological type of the tumor. ES-2 cells
were derived from clear cell carcinoma, with a good prognosis for the patient when diagnosed at an
early stage of the disease and poor survival when diagnosed at an advanced stage, because this type of
ovarian cancer is often more resistant to chemotherapy than serous cystadenocarcinoma, represented by
the OAW-42 cell line [22]. The presence of cancer-promoting cytokines and chemokines, such as IL-6,
IL-8, GRO-alpha, MIP-1α, MIP-1β, angiopoetin-2, and VEGF, which are associated with tumor growth,
metastatic properties, and a poor prognosis, was detected in the supernatants collected from both
ES-2 cells and OAW-42 cells. The application of HATMSC2-MVs resulted in a substantial decrease in
IL-6, IL-8, GRO-alpha, and VEGF secretion in both cell lines. IL-8 is a pleiotropic chemokine with a
dual function, which acts as a chemoattractant for neutrophils, inducing innate immune responses,
whereas in the ovarian cancer environment, it contributes to the pro-survival activity of tumor cells
and resistance to chemotherapy. A high production of IL-8 correlates with faster proliferation and
increases the potential of angiogenesis, adhesion, and invasion of platinum sensitive (PEA1 and PEO14)
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and platinum resistant (PEA2 and PEO23) cell lines [23]. Browne et al. demonstrated a significant
increase in the expression of IL-8 in specimens of the serous type of ovarian cancer compared to clear
cancer ovarian carcinoma tissue [24]. The HATMSC2-MVs markedly inhibit IL-8 production in both
examined cell lines in vitro. This effect can be used as a potential supportive therapy for ovarian
cancer treatment. IL-6 was present in the OAW-42 culture supernatant at a very high level, in contrast
to the ES-2 cells. It is well known that IL-6 plays a crucial role in the stimulation of inflammatory
cytokine production, tumor angiogenesis, cell proliferation, and tumor macrophage infiltration [25].
A high production of IL-6 by ovarian cancer cells contributes to tumor progression and correlates
with a poor prognosis [26]. The HATMSC2-MVs inhibit the activity of IL-6, and in conjunction with a
decreased level of IL-8, may exert suppressive effects on the ovarian cancer cell line. GRO-alpha and
VEGF were produced by ES-2 and OAW-42 cells; however, the GRO-alpha level markedly exceeded
the VEGF level. Both growth factors, GRO-alpha and VEGF, are important for tumor growth and
metastasis, especially in terms of supporting cancer angiogenesis. The diverse production of cytokines
and growth factors by ovarian cancer cells is associated with the biological activity of cancer cells
and may affect tumor progression, as reported in a study performed simultaneously on a set of 120
cytokines in ovarian cancer ascites [25]. Our study determined that HATMSC2-MVs substantially
reduced the secretion of GRO-alpha and VEGF in both cell lines. Numerous growth factors and
cytokines, including those assessed in our study, such as IL-6, IL-8, MCP-1, RANTES, GRO-alpha,
and VEGF, are involved in promoting tumor growth and ovarian cancer cell aggressiveness. Therefore,
characterizing cytokine secretion may provide information on the functional profile of cancer cells.
This may help to create targeted therapy for ovarian cancer, in which angiogenesis is inhibited by a
blockage of NF-κB, suppressing VEGF and IL-8 activity [27], or by targeting CXCR2, the key receptor
for the GRO-alpha and IL-8 chemokine activity [28]. RANTES (CCL5) level decreased only in OAW-42
cells after the HATMSC2-MVs treatment. RANTES is involved in trafficking immune cells into the
inflammation site and acts as a co-activator of T cells promoting the polarization of the immune
response towards the Th1 profile. In the ovarian cancer microenvironment, RANTES acts through
paracrine or autocrine signaling to promote tumor cell migration, invasion, and metastasis [29].
In contrast, MCP-1 was detected in supernatants collected from ES-2 cells, and its level increased after
the HATMSC2-MV treatment. The main function of MCP-1 in the tumor microenvironment is to attract
tumor-associated monocytes (TAMs) [30]. Research performed by Furukawa et al. [30] demonstrated
that the MCP-1 chemokine promoted the invasion and adhesion of the ovarian cancer cell line SKOV3,
contributing to the progression of tumors. Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-R3 and –R4 are known as the negative regulators of TRAIL-mediated apoptosis in cancer
cells [31–33]. The internalization of HATMSC2-MVs by the examined cell lines exerts a different effect
on ovarian cancer cells, and decrease the level of TRAIL-R3 and TRAIL-R4 in ES-2 cells and increase
their level in OAW-42 cell lines. The downregulation of TRAIL-R3 and TRAIL-R4 is associated with
an increased level of early apoptotic cells in the ES-2 cell line treated with the 100:1 ratio. A very
recent study, performed on a murine xenograft model, documented that the EVs isolated from the
TRAIL expressing cell line 293T in combination with cyclin-dependent kinase inhibitor (dinaciclib)
successfully inhibited the growth of human lung cancer cell lines NCI-H727 and A549 and the human
breast adenocarcinoma cell line MDAMB231 by inducing apoptosis [34].

The HATMSC2-MVs used in this study affect both histologically different cell lines, the ES-2 cells
and the OAW-42 cells, by increasing the production of tumor-suppressive cytokines, such as IL-1ra, IL-2,
IL-2Ra, IL-12-p40, IL12-p70, IL-15, and IFN-γ. Studies that used bioactive factors released to the culture
medium from Wharton’s jelly MSCs led to a similar inhibition of the proliferation of the ovarian cancer
cell line OVCAR3 through a decreased expression of oncogenic cytokines and growth factors and an
increased expression of anti-tumor related cytokines [35]. The anti-inflammatory properties of IL-1ra,
a naturally occurring inhibitor to IL-1, contribute to tumor growth inhibition by competitive binding
to IL-1 receptors blocking cancer-promoting activity of IL-1 [36]. The anti-proliferative effect of ovarian
cancer cell lines can be also supported by an increased production of IFN-γ following the exposure of
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cells to HATMSC2-MVs, as documented in both examined cell lines. It has been reported that IFN-α
and IFN-γ, applied in combination with IL-4 fused to Pseudomonas exotoxin, inhibit tumor growth in
an experimental mouse model of human ovarian cancer. The anti-tumor effect was accomplished by
the activation of the IFN signaling pathways and the subsequent activation of molecules inducing
apoptotic cell death [37]. Characterization of a wide range of tumor-promoting factors and anti-tumor
cytokines after ovarian cancer cell expose to HATMSC2-MVs provides information on how they affect
the production of functional cytokines and shed light on the mechanism altering the behavior of
ovarian cancer cells in response to MV treatment.

Consequently, we characterized the ovarian cancer cell lines ES-2 and OAW-42 for the presence of
CSC and MSC markers. The results showed that the ES-2 and OAW-42 cells were positive for CD44
and negative for CD133, and that the application of HATMSC2-MVs had no effect on the expression
of these markers. Similar results were reported by Tudrej et al., who showed that CD44 expression
was higher for ES-2 cells compared to OAW-42 cell lines [38]. They found a small subpopulation of
ES-2 cells positive for the CD133 marker expression (around 0.2%). However, we did not observe any
CD133 positive cells in our study. To our best knowledge, the expression of specific MSC markers on
ovarian cancer cell lines has been studied in the form of a single MSC marker as a potential therapeutic
target [39–42], whereas a complete analysis of MSC markers has been performed in a limited number
of studies concerning the biological activity of ovarian cancer cell lines [21]. Our results revealed
that both ES-2 and OAW-42 cells were strongly positive for CD73, and that HATMSC2-MVs had no
impact on CD73 expression. CD73, also known as cell surface nucleotidase, is an immunosuppressive
enzyme involved in tumor progression and metastasis, and its expression is associated with a poor
prognosis for high-grade serous ovarian cancer [42]. The functional inhibition of CD73 via either a
chemical compound or a neutralizing antibody reduced the tumorigenesis of primary high-grade
serous epithelial ovarian cancer cells [41]. In contrast, CD90 was present on a limited population of both
examined cell lines, and co-culture of ES-2 and OAW-42 cells with HATMSC2-MVs at a ratio of 1:10 did
not increase the expression of this marker. It was reported previously that the overexpression of CD90
inhibited the sphere-forming ability of SKOV3 cell lines and increased cell apoptosis. These studies
also suggest that CD90 may decrease cell growth through a downregulation of the expression of other
CSC markers, including CD133 and CD24 [40]. Interestingly, the CD105 molecule was detected only
on poorly-differentiated ES-2 cells, but not on the better-differentiated OAW-42 cells. This finding
confirmed the mesenchymal phenotype of ES-2 cells, which is associated with increased aggressiveness
and metastatic potential. The HATMSC2-MVs have no marked impact on CD105 expression in
either of the cell lines. Studies on the biological role of CD105 in ovarian cancer revealed that high
CD105, CD44, or CD106 expression was associated with drug resistance, an advanced stage of the
disease, poor differentiation, and high rate of cancer relapse [43]. The downregulation of CD105
expression with a clinically relevant CD105-neutralizing mAb (TRC105) inhibited high-grade serous
cancer metastasis, reduced ascites, and hampered the growth of abdominal tumor nodules in animal
models of ovarian cancer [39].

A systematic review, introducing the impact of experimental anti-tumor cellular therapies
involving MSCs of different human tissue origin, also highlights the possibility to use MSC secretome,
in the form of a conditioned medium or EVs, as a cell-free therapy to inhibit cancer growth [44]. Thus,
MVs may serve as a carrier for the delivery of therapeutic agents to target cells. A modification of
primary MSCs for the secretion of inhibitory growth factors and pro-apoptotic factors may be employed
to prepare the MVs carrying the pro-apoptotic signal and transport them to target ovarian cancer cells.
Thus, MVs may be applied as a supportive therapy to enhance the therapeutic effect of chemotherapy,
especially for multidrug resistant cancers.

In conclusion, we confirmed an effective transfer of HATMSC2-MVs into target ovarian cancer
cells, which affected the biological behavior of these cells. Our results revealed that HATMSC2-MVs
inhibit tumor cell proliferation in the two histologically distinct ovarian cancer cell lines via different
pathways, apoptosis and/or necrosis. This phenomenon, with high likelihood, is related to the
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secretion of the different anti-tumor factors by the ES-2 (representing poorly differentiated ovarian
clear cell carcinoma), and OAW-42 (representing ovarian cystadenocarcinoma) cell lines treated with
HATMSC2-MVs. However, further studies are needed to determine the possible mechanisms involved
in HATMSC2-MV-mediated effect on target cells, as well as to validate their anti-tumorigenic potential
with respect to cancer cells isolated from human tissues. Therefore, understanding the mechanisms
involved in the bilateral interaction between the MVs and ovarian cancer cells may be help to design
new treatment modalities for an effective anti-tumor cell-free therapy.

4. Materials and Methods

4.1. Cell Culture

The ES-2 cell line was purchased from ATCC (American Type Culture Collection, Manassas, VA,
USA) (catalog number: CRL-1978™). The cells were cultured in the DMEM and OptiMEM GlutaMax
media, mixed in equal proportions. The DMEM medium was supplemented with 10% FBS (Gibco,
Thermo Scientific, Carlsbad, CA, USA), a 1% penicillin/streptomycin solution (Gibco, Thermo Scientific,
Carlsbad, CA, USA) and L-glutamine (Gibco, Thermo Scientific, Carlsbad, CA, USA). The OptiMEM
GlutaMax medium was supplemented with 3% FBS (Gibco, Thermo Scientific, Carlsbad, CA, USA)
and a 1% penicillin/streptomycin solution (Gibco, Thermo Scientific, Carlsbad, CA, USA).

The OAW-42 cell line was purchased from ECACC (European Collection of Authenticated Cell
Cultures, Salisbury, United Kingdom) (catalog number: 85073102). The cells were cultured in the same
media conditions, mixed in equal proportions, and additionally supplemented with a 10 μg/mL insulin
solution (Sigma-Aldrich, St. Louis, MO, USA).

All cells were cultured in standard conditions (21% O2, 5% CO2, 95% humidity, 37 ◦C temperature).
Upon reaching 70–80% confluence, the cells were harvested with a 0.05% trypsin/0.02% EDTA (w/v)
solution (IIET, Wroclaw, Poland) and seeded onto new culture flasks.

The human mesenchymal stem cell line HATMSC2 was established in our laboratory using the
hTERT and pSV402 plasmids, as described in a previous study [16].

4.2. MV Isolation Using Sequential Centrifugation

MVs were isolated according to the well-established protocol developed in our laboratory [45]
based on the procedure introduced in the previous study [46]. HATMSC2 cells were cultured in
multi-layer cell culture flasks (Nunc TripleFlasks, Thermo Scientific, Carlsbad, CA, USA) using
DMEM + 10% FBS until they reached 75% confluence. Next, the cells were cultured in serum-free
media in hypoxic conditions (1% O2) for 48 h to enhance the release of MVs. The conditioned media
collected from the HATMSC2 cultures were mixed to obtain a homogenous starting material before the
isolation of MVs. In the next step, the conditioned media were centrifuged at 300× g for 10 min at 4 ◦C,
and at 2000× g for 10 min at 4 ◦C, in order to remove cellular debris and apoptotic bodies. Subsequently,
the supernatants were subjected to double centrifugation at 12,000× g for 30 min at 4 ◦C using a Sorvall
LYNX 6000 ultracentrifuge (Thermo Scientific, Carlsbad, CA, USA) with an intermediate washing step
in PBS (IIET, Wroclaw, Poland). The obtained MV pellets were resuspended in 150 μL of PBS and
stored at −80 ◦C.

4.3. Analysis of MVs

The size distribution of MVs was measured with DLS (Malvern Zetasizer, Malvern, UK).
The measurement was performed for 2 min at 25 ◦C. PBS was used to disperse the samples. Moreover,
to confirm the size of the MVs, the samples were analyzed using transmission electron microscopy
(TEM). The PBS-suspended MVs were placed on a carbon-coated copper grid (400 mesh) and incubated
for 1 min, and the excess liquid was removed with filter paper. Next, the samples were stained with
2% uranyl acetate, dried, and examined with a transmission electron microscope (JEOL, Peabody, MA,
USA) at 80 kV. The number of MVs was calculated using a BD Fortessa Flow Cytometer (BD Biosciences,
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San Jose, CA, USA) and fluorescent counting beads (CountBright™ Absolute Counting Beads for
flow cytometry, Thermo Scientific, Carlsbad, CA, USA). Prior to analysis, 10 μL of the MV sample
was diluted in PBS to a final volume of 300 μL, after which 50 μL of counting beads were added.
The threshold for the forward scatter (FSC) was set at 200. To determine the number of MVs in the
samples, 5000 counting beads were collected using a BD Fortessa Flow Cytometer (BD Biosciences,
San Jose, CA, USA). The data were analyzed using the BD FACSDiva Software (BD Biosciences, San Jose,
CA, USA). The number of MVs was calculated according to the CountBright™ Absolute Counting
Beads manufacturer’s instructions, using the ratio of MV events and the number of counting bead
events. The protein concentration of MVs was determined with a Bradford assay (Thermo Scientific,
Carlsbad, CA, USA) according to the vendor’s instructions. The MV samples or the BSA standard
were briefly incubated with the Bradford reagent for 5 min on a 96-well plate. The absorbance was
measured with a Synergy H4 plate reader (Biotek, Winooski, VT, USA) at 595 nm.

4.4. Flow Cytometry Analysis of HATMSC2 Cells and HATMSC2-MVs

HATMSC2 cells were detached using the trypsin/EDTA solution and incubated with PE-conjugated
antibodies specific for the human CD73 (clone AD2), CD90 (clone 5E10), CD105 (clone 266), HLA ABC
(clone G46-2.6), HLA DR (clone G46-6) (BD Biosciences, San Jose, CA, USA), and FITC-conjugated CD45
antibody (clone 2D1) (BD Biosciences, San Jose, CA, USA) and with the appropriate isotype controls
(BD Biosciences, San Jose, CA, USA) for 30 min at 4 ◦C. Afterwards, the labeled cells were washed
with PBS (IIET, Wroclaw, Poland) and analyzed using a FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA). The obtained data were processed using the CellQuest software (BD Biosciences,
San Jose, CA, USA). The histograms were created using Flowing Software 2. The surface markers of
the MVs were analyzed using a BD Fortessa Flow Cytometer (BD Biosciences, San Jose, CA, USA)
after staining with specific fluorophore-conjugated antibodies. MVs suspended in PBS were incubated
with PE-conjugated antibodies specific for human CD73, CD90, and CD105, HLA ABC, HLA DR,
and FITC-conjugated antibody for CD45 and with the appropriate isotype controls for 30 min at 4 ◦C.
The percentage of positive MVs was calculated using the BD FACSDiva Software (BD Biosciences,
San Jose, CA, USA).

4.5. Internalization of MVs

ES-2 and OAW-42 cells were seeded into a Lab-Tek II Chambered # 1.5 Coverglass system
(Nalge Nunc International, Naperville, IL, USA) at a density of 15 × 103 cells per chamber. Fluorescence
staining of the MVs was performed, as established in our recent study [45]. After washing with
PBS, the MVs were resuspended in the DMEM + 10% FBS and OptiMEM GlutaMax + 3% FBS
media (mixed in equal proportions), and added to the cells at a ratio of 5:1 (5 MVs per cell) and 10:1
(10 MVs per cell). The cells were incubated with MVs for 24 h and washed twice with PBS prior to
imaging. The internalization of the MVs into target cells was immediately analyzed at 37 ◦C using an
Axio Observer inverted microscope equipped with a dry 63x objective (Zeiss, Gottingen, Germany).
The labeled MVs were detected using an EGFP Filter set. Thirty Z-sections with a 0.6-μm interval were
recorded simultaneously in the brightfield and fluorescence channel. Optical orthogonal sectioning was
performed in order to visualize the internalization of the MVs. Images were obtained and processed
using the Zen Blue Software (Zeiss, Gottingen, Germany). A similar analysis of EV internalization using
fluorescence microscopy was previously described by Adamiak et. al. [47]. After 24 h of incubation with
MVs, the cells were washed once with PBS, detached using the trypsin/EDTA solution, washed once
more with PBS, and analyzed using flow cytometry with FACSCalibur (BD Biosciences, San Jose, CA,
USA). The cells were detected using the FL1 channel (480 nm). The histograms were created using
Flowing Software 2 (Perttu Terho, Turku Centre for Biotechnology, Finland).
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4.6. Proliferation Activity

The proliferation activity of ES-2 and OAW-42 treated with HATMSC2-MVs was measured using
the MTT assay. The cells were seeded on a 96-well plate at a concentration of 2 x 103 cells/well in the
DMEM + 10% FBS and OptiMEM GlutaMax + 3% FBS media (mixed in equal proportions); MVs at
a ratio of 1:1 (1 MV per cell), 5:1 (5 MVs per cell), 10:1 (10 MVs per cell), and 100:1 (100 MVs per
cell) were added to the cells. ES-2 and OAW-42 cells without MVs were used as a control. After 4 h,
24 h, 48 h, and 72 h, the absorbance of the formazan dye produced by living cells was measured using
a Wallac 1420 Victor2 Microplate Reader (Perkin Elmer, Waltham, MA, USA) at 570 nm. After 72 h
of co-incubation with HATMSC2-MVs, the ovarian cancer cells were stained using Calcein AM
(Thermo Fisher, Carlsbad, USA). 100 μL of Calcein AM (1 μM solution) were added to each well.
The cells were incubated for 15 min at room temperature. Images were obtained using an Axio Observer
inverted microscope equipped with a dry 10x objective (Zeiss, Gottingen, Germany). The labeled
cells were detected using an Alexa Fluor 488 Filter set. The images were processed with the Zen Blue
software (Zeiss, Gottingen, Germany).

4.7. Cell Cycle Analysis

The cell cycle analysis was performed based on previously published method [20,48]. The cells
were seeded on 24-well plates at a concentration of 12 × 103 in the DMEM + 10% FBS and OptiMEM
GlutaMax + 3% FBS media (mixed in equal proportions). MVs at a ratio of 1:1 (1 MV per cell),
5:1 (5 MVs per cell), 10:1 (10 MVs per cell), and 100:1 (100 MVs per cell) were added to the cells.
ES-2 and OAW-42 cells without MVs were used as a control. After 72 h, the cells were detached using
the trypsin/EDTA solution; the conditioned media were also collected and mixed with the respective
cell suspension samples. The samples were centrifuged at 1400 rpm for 4 min at 4 ◦C. After the
supernatant was removed, the cells were resuspended in ice-cold 70% ethanol and incubated for 30 min
on ice at 4 ◦C. Afterwards, PBS Ca2+ Mg2+ + 2.5% FBS was added to the cells, and the samples were
centrifuged at 1400 rpm for 5 min. This step was repeated twice. The cells were then resuspended in
a solution of propidium iodide in PBS (50 μg/mL) and RNase (20 μg/mL) and incubated overnight
at 4 ◦C. The cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
USA). The obtained data were analyzed using Flowing Software 2 (Perttu Terho, Turku Centre for
Biotechnology, Finland).

4.8. Cell Viability and Apoptosis Analysis Using Flow Cytometry

In order to determine the effect of HATMSC2-MVs on the viability of the cells, an Annexin V
Apoptosis Detection Kit (Thermo Scientific, Carlsbad, CA, USA) was used. ES-2 and OAW-42 cells were
seeded in a 24-well plate at a density of 25× 103 in the DMEM+ 10% FBS and OptiMEM GlutaMax + 3%
FBS media (mixed in equal proportions). Before the analysis, the cells were treated with MVs at a
ratio of 1:1 (1 MV per cell), 5:1 (5 MVs per cell), 10:1 (10 MVs per cell), and 100:1 (100 MVs per cell)
for 72 h. ES-2 and OAW-42 cells without MVs were used as a negative control. After incubation with
MVs, the cells were stained with Annexin V and propidium iodide according to the manufacturer’s
recommendations. The cells were analyzed for live (Annexin V negative and propidium iodide negative),
early apoptotic (Annexin V positive and propidium iodide negative), late apoptotic (Annexin V positive
and propidium iodide positive), and necrotic cells (Annexin V negative and propidium iodide positive)
using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). The analysis was performed
using Flowing Software 2 (Perttu Terho, Turku Centre for Biotechnology, Finland).

4.9. Flow Cytometry Analysis of Ovarian Cancer Cell Lines

In order to determine the effect of HATMSC2-MVs on the phenotype of ovarian cancer cell lines,
flow cytometry analysis was performed. ES-2 and OAW-42 cells were treated for 72 h with MVs at
a ratio of 10:1. ES-2 and OAW-42 cells were seeded in a 6-well plate at a density of 6 x 104 per well
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in the DMEM + 10% FBS and OptiMEM GlutaMax + 3% FBS media (mixed in equal proportions).
MVs were added to the cells at a ratio of 10:1. ES-2 and OAW-42 cells without MVs were used as a
control. After 72 h, the cells were washed with PBS, and the culture medium was replaced with DMEM
without FBS. Following a subsequent 24 h of culture in DMEM without FBS, the cells were detached
using the trypsin/EDTA solution and incubated with PE-conjugated antibodies specific for the human
CD34 (clone 8G12), CD44 (clone 515), CD133 (clone W6B3C1), CD73 (clone AD2), CD90 (clone 5E10),
and CD105 (clone 266) molecules and the PerCP-Cy5.5—SSEA4 antibody (clone MC813-70) (all from BD
Biosciences, San Jose, CA, USA) and with the appropriate isotype controls (BD Biosciences, San Jose, CA,
USA) for 30 min at 4 ◦C. Afterwards, the labeled cells were washed with PBS (IIET, Wroclaw, Poland)
and analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). The obtained
data were processed using the CellQuest software (BD Biosciences, San Jose, CA, USA). The histograms
were created using Flowing Software 2 (Perttu Terho, Turku Centre for Biotechnology, Finland).

4.10. Secretion Profiles of Ovarian Cancer Cell Lines

In order to determine the effect of HATMSC2-MVs on the secretion profiles of ovarian cancer cell
lines, a C-Series Human Cytokine Antibody Array C1000 (RayBio®, Norcross, GA, USA) was used.
ES-2 and OAW-42 cells were seeded in a 6-well plate at a density of 6 × 104 per well in the DMEM + 10%
FBS and OptiMEM GlutaMax + 3% FBS media (mixed in equal proportions). MVs were added to the
cells at a ratio of 100:1. The ES-2 and OAW-42 cells without MVs were used as a control. After 72 h,
the cells were washed with PBS, and the culture medium was replaced with DMEM without FBS.
Following the subsequent 24 h of culture in DMEM without FBS, the conditioned medium was
collected and centrifuged for 10 min at 300× g to remove cellular debris, and the cells were used for
flow cytometry analysis (see 4.9. Briefly, 2 mL of blocking buffer were applied onto the membrane
and incubated for 30 min at room temperature. Next, 2 mL of the supernatant collected from the
control and treated cells were incubated with the membrane overnight at 4 ◦C. Following a series of
washes, a biotinylated antibody cocktail was applied onto the membrane and incubated for 2 h at room
temperature. Unbound antibodies were removed with a series of washes, and the membrane was
placed in HRP-streptavidin and incubated for 2 h at room temperature. Following a third series of
washes, chemiluminescence was detected, and the bound proteins were visualized using an X-ray
film. Signal intensities were compared using the ImageJ software (MosaicJ, Philippe Thevenaz):
relative differences in the expression levels of each analyzed sample were measured and normalized to
the intensities of the positive control using the Protein Array Analyzer plugin. The obtained data were
analyzed automatically using the Microsoft® Excel-based Analysis Software Tool for Human Cytokine
Antibody Array C1000. The results were calculated as a percentage of expression, with positive control
set to 100% and negative control set to 0% (relative expression). The threshold was set to 10%. All results
equal to or above 10% were considered as real expression.

4.11. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 7 (GraphPad Software
Inc., San Diego, CA, USA). The data were compared using the one-way ANOVA test with Dunnett’s
multiple comparison. All results are presented as mean ± SEM values.
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Abbreviations

ATMSC Adipose tissue-derived mesenchymal stem cell
BM-MSC Bone marrow -derived mesenchymal stem cell
CSC Cancer stem cells
DMEM Dulbecco’s modified Eagle’s medium
EGF Epidermal growth factor
FBS Fetal bovine serum
FGF Fibroblast growth factor
FITC Fluorescein isothiocyanate
GRO Growth- regulated oncogene, CXCL1 chemokine
HATMSC Human adipose tissue mesenchymal stem cell line
IL Interleukin
MCP-1 Macrophage chemoattractant protein-1, CCL2 chemokine
MVs Microvesicles
MTT (3-(4,5-Dimetylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
PE Phycoerythrin
RANTES Regulated on Activation, Normal T Cell Expressed and Secreted, CCL5 chemokine
SSEA4 Stage Specific Embryonic Antigen 4
UC-MSC Umbilical cord -derived mesenchymal stem cell
VEGF Vascular endothelial growth factor

References

1. Al-Alem, L.F.; Pandya, U.M.; Baker, A.T.; Bellio, C.; Zarrella, B.D.; Clark, J.; DiGloria, C.M.; Rueda, B.R.
Ovarian cancer stem cells: What progress have we made? Int. J. Biochem. Cell Biol. 2019, 107, 92–103.
[CrossRef] [PubMed]

2. Cortez, A.J.; Tudrej, P.; Kujawa, K.A.; Lisowska, K.M. Advances in ovarian cancer therapy.
Cancer Chemother. Pharmacol. 2018, 81, 17–38. [CrossRef] [PubMed]

3. Bregenzer, M.E.; Horst, E.N.; Mehta, P.; Novak, C.M.; Repetto, T.; Mehta, G. The Role of Cancer Stem Cells
and Mechanical Forces in Ovarian Cancer Metastasis. Cancers 2019, 11, 1008. [CrossRef] [PubMed]

4. Keating, A. Mesenchymal stromal cells. Curr. Opin. Hematol. 2006, 13, 419–425. [CrossRef] [PubMed]
5. Klimczak, A.; Kozlowska, U. Mesenchymal Stromal Cells and Tissue-Specific Progenitor Cells: Their Role in

Tissue Homeostasis. Stem Cells Int. 2016, 2016, 4285215. [CrossRef] [PubMed]
6. Kozlowska, U.; Krawczenko, A.; Futoma, K.; Jurek, T.; Rorat, M.; Patrzalek, D.; Klimczak, A. Similarities

and differences between mesenchymal stem/progenitor cells derived from various human tissues. World J.
Stem Cells 2019, 11, 347–374. [CrossRef]

7. Hass, R.; Kasper, C.; Bohm, S.; Jacobs, R. Different populations and sources of human mesenchymal stem cells
(MSC): A comparison of adult and neonatal tissue-derived MSC. Cell Commun. Signal. 2011, 9, 12. [CrossRef]

8. Varderidou-Minasian, S.; Lorenowicz, M.J. Mesenchymal stromal/stem cell-derived extracellular vesicles in
tissue repair: Challenges and opportunities. Theranostics 2020, 10, 5979–5997. [CrossRef]

9. Camussi, G.; Deregibus, M.C.; Bruno, S.; Cantaluppi, V.; Biancone, L. Exosomes/microvesicles as a mechanism
of cell-to-cell communication. Kidney Int. 2010, 78, 838–848. [CrossRef]

10. Nawaz, M.; Fatima, F.; Vallabhaneni, K.C.; Penfornis, P.; Valadi, H.; Ekstrom, K.; Kholia, S.; Whitt, J.D.;
Fernandes, J.D.; Pochampally, R.; et al. Extracellular Vesicles: Evolving Factors in Stem Cell Biology.
Stem Cells Int. 2016, 2016, 1073140. [CrossRef]

11. Bobis-Wozowicz, S.; Kmiotek, K.; Sekula, M.; Kedracka-Krok, S.; Kamycka, E.; Adamiak, M.; Jankowska, U.;
Madetko-Talowska, A.; Sarna, M.; Bik-Multanowski, M.; et al. Human Induced Pluripotent Stem Cell-Derived
Microvesicles Transmit RNAs and Proteins to Recipient Mature Heart Cells Modulating Cell Fate and Behavior.
Stem Cells 2015, 33, 2748–2761. [CrossRef] [PubMed]

381



Int. J. Mol. Sci. 2020, 21, 9143

12. Albini, A.; Sporn, M.B. The tumour microenvironment as a target for chemoprevention. Nat. Rev. Cancer
2007, 7, 139–147. [CrossRef] [PubMed]

13. Du, T.; Ju, G.; Wu, S.; Cheng, Z.; Cheng, J.; Zou, X.; Zhang, G.; Miao, S.; Liu, G.; Zhu, Y. Microvesicles
derived from human Wharton’s jelly mesenchymal stem cells promote human renal cancer cell growth
and aggressiveness through induction of hepatocyte growth factor. PLoS ONE 2014, 9, e96836. [CrossRef]
[PubMed]

14. Reza, A.; Choi, Y.J.; Yasuda, H.; Kim, J.H. Human adipose mesenchymal stem cell-derived exosomal-miRNAs
are critical factors for inducing anti-proliferation signalling to A2780 and SKOV-3 ovarian cancer cells.
Sci. Rep. 2016, 6, 38498. [CrossRef]

15. Lindoso, R.S.; Collino, F.; Vieyra, A. Extracellular vesicles as regulators of tumor fate: Crosstalk among
cancer stem cells, tumor cells and mesenchymal stem cells. Stem Cell Investig. 2017, 4, 75. [CrossRef]

16. Kraskiewicz, H.; Paprocka, M.; Bielawska-Pohl, A.; Krawczenko, A.; Panek, K.; Kaczynska, J.;
Szyposzynska, A.; Psurski, M.; Kuropka, P.; Klimczak, A. Can supernatant from immortalized adipose tissue
MSC replace cell therapy? An in vitro study in chronic wounds model. Stem Cell Res. Ther. 2020, 11, 29.
[CrossRef]

17. Whiteside, T.L. Exosome and mesenchymal stem cell cross-talk in the tumor microenvironment.
Semin. Immunol. 2018, 35, 69–79. [CrossRef]

18. Bruno, S.; Collino, F.; Deregibus, M.C.; Grange, C.; Tetta, C.; Camussi, G. Microvesicles derived from human
bone marrow mesenchymal stem cells inhibit tumor growth. Stem Cells Dev. 2013, 22, 758–771. [CrossRef]

19. Dong, L.; Pu, Y.; Zhang, L.; Qi, Q.; Xu, L.; Li, W.; Wei, C.; Wang, X.; Zhou, S.; Zhu, J.; et al. Human umbilical cord
mesenchymal stem cell-derived extracellular vesicles promote lung adenocarcinoma growth by transferring
miR-410. Cell Death Dis. 2018, 9, 218. [CrossRef]

20. Kalamegam, G.; Sait, K.H.W.; Ahmed, F.; Kadam, R.; Pushparaj, P.N.; Anfinan, N.; Rasool, M.; Jamal, M.S.;
Abu-Elmagd, M.; Al-Qahtani, M. Human Wharton’s Jelly Stem Cell (hWJSC) Extracts Inhibit Ovarian Cancer
Cell Lines OVCAR3 and SKOV3 in vitro by Inducing Cell Cycle Arrest and Apoptosis. Front. Oncol. 2018,
8, 592. [CrossRef]

21. Khalil, C.; Moussa, M.; Azar, A.; Tawk, J.; Habbouche, J.; Salameh, R.; Ibrahim, A.; Alaaeddine, N.
Anti-proliferative effects of mesenchymal stem cells (MSCs) derived from multiple sources on ovarian cancer
cell lines: An in-vitro experimental study. J. Ovarian Res. 2019, 12, 70. [CrossRef] [PubMed]

22. Lisio, M.A.; Fu, L.; Goyeneche, A.; Gao, Z.H.; Telleria, C. High-Grade Serous Ovarian Cancer: Basic Sciences,
Clinical and Therapeutic Standpoints. Int. J. Mol. Sci. 2019, 20, 952. [CrossRef] [PubMed]

23. Stronach, E.A.; Cunnea, P.; Turner, C.; Guney, T.; Aiyappa, R.; Jeyapalan, S.; de Sousa, C.H.; Browne, A.;
Magdy, N.; Studd, J.B.; et al. The role of interleukin-8 (IL-8) and IL-8 receptors in platinum response in high
grade serous ovarian carcinoma. Oncotarget 2015, 6, 31593–31603. [CrossRef]

24. Browne, A.; Sriraksa, R.; Guney, T.; Rama, N.; Van Noorden, S.; Curry, E.; Gabra, H.; Stronach, E.;
El-Bahrawy, M. Differential expression of IL-8 and IL-8 receptors in benign, borderline and malignant ovarian
epithelial tumours. Cytokine 2013, 64, 413–421. [CrossRef] [PubMed]

25. Matte, I.; Lane, D.; Laplante, C.; Rancourt, C.; Piche, A. Profiling of cytokines in human epithelial ovarian
cancer ascites. Am. J. Cancer Res. 2012, 2, 566–580. [PubMed]

26. Coward, J.; Kulbe, H.; Chakravarty, P.; Leader, D.; Vassileva, V.; Leinster, D.A.; Thompson, R.; Schioppa, T.;
Nemeth, J.; Vermeulen, J.; et al. Interleukin-6 as a therapeutic target in human ovarian cancer. Clin. Cancer Res.
2011, 17, 6083–6096. [CrossRef]

27. Huang, S.; Robinson, J.B.; Deguzman, A.; Bucana, C.D.; Fidler, I.J. Blockade of nuclear factor-kappaB
signaling inhibits angiogenesis and tumorigenicity of human ovarian cancer cells by suppressing expression
of vascular endothelial growth factor and interleukin 8. Cancer Res. 2000, 60, 5334–5339.

28. Yung, M.M.; Tang, H.W.; Cai, P.C.; Leung, T.H.; Ngu, S.F.; Chan, K.K.; Xu, D.; Yang, H.; Ngan, H.Y.; Chan, D.W.
GRO-alpha and IL-8 enhance ovarian cancer metastatic potential via the CXCR2-mediated TAK1/NFkappaB
signaling cascade. Theranostics 2018, 8, 1270–1285. [CrossRef]

29. Long, H.; Xie, R.; Xiang, T.; Zhao, Z.; Lin, S.; Liang, Z.; Chen, Z.; Zhu, B. Autocrine CCL5 signaling
promotes invasion and migration of CD133+ ovarian cancer stem-like cells via NF-kappaB-mediated MMP-9
upregulation. Stem Cells 2012, 30, 2309–2319. [CrossRef]

382



Int. J. Mol. Sci. 2020, 21, 9143

30. Furukawa, S.; Soeda, S.; Kiko, Y.; Suzuki, O.; Hashimoto, Y.; Watanabe, T.; Nishiyama, H.; Tasaki, K.; Hojo, H.;
Abe, M.; et al. MCP-1 promotes invasion and adhesion of human ovarian cancer cells. Anticancer Res. 2013,
33, 4785–4790.

31. Heilmann, T.; Vondung, F.; Borzikowsky, C.; Szymczak, S.; Kruger, S.; Alkatout, I.; Wenners, A.; Bauer, M.;
Klapper, W.; Rocken, C.; et al. Heterogeneous intracellular TRAIL-receptor distribution predicts poor
outcome in breast cancer patients. J. Mol. Med. 2019, 97, 1155–1167. [CrossRef] [PubMed]

32. Abdollahi, T. Potential for TRAIL as a therapeutic agent in ovarian cancer. Vitam. Horm. 2004, 67, 347–364.
[PubMed]

33. Braga Lda, C.; Alvares da Silva Ramos, A.P.; Traiman, P.; Silva, L.M.; Lopes da Silva-Filho, A. TRAIL-R3-related
apoptosis: Epigenetic and expression analyses in women with ovarian neoplasia. Gynecol. Oncol. 2012, 126,
268–273. [CrossRef] [PubMed]

34. Ke, C.; Hou, H.; Li, J.; Su, K.; Huang, C.; Lin, Y.; Lu, Z.; Du, Z.; Tan, W.; Yuan, Z. Extracellular Vesicle Delivery
of TRAIL Eradicates Resistant Tumor Growth in Combination with CDK Inhibition by Dinaciclib. Cancers
2020, 12, 1157. [CrossRef]

35. Kalamegam, G.; Sait, K.H.W.; Anfinan, N.; Kadam, R.; Ahmed, F.; Rasool, M.; Naseer, M.I.; Pushparaj, P.N.;
Al-Qahtani, M. Cytokines secreted by human Wharton’s jelly stem cells inhibit the proliferation of ovarian
cancer (OVCAR3) cells in vitro. Oncol. Lett. 2019, 17, 4521–4531. [CrossRef]

36. Lewis, A.M.; Varghese, S.; Xu, H.; Alexander, H.R. Interleukin-1 and cancer progression: The emerging role
of interleukin-1 receptor antagonist as a novel therapeutic agent in cancer treatment. J. Transl. Med. 2006,
4, 48. [CrossRef]

37. Green, D.S.; Husain, S.R.; Johnson, C.L.; Sato, Y.; Han, J.; Joshi, B.; Hewitt, S.M.; Puri, R.K.; Zoon, K.C.
Combination immunotherapy with IL-4 Pseudomonas exotoxin and IFN-alpha and IFN-gamma mediate
antitumor effects in vitro and in a mouse model of human ovarian cancer. Immunotherapy 2019, 11, 483–496.
[CrossRef]

38. Tudrej, P.; Olbryt, M.; Zembala-Nozynska, E.; Kujawa, K.A.; Cortez, A.J.; Fiszer-Kierzkowska, A.;
Piglowski, W.; Nikiel, B.; Glowala-Kosinska, M.; Bartkowska-Chrobok, A.; et al. Establishment and
Characterization of the Novel High-Grade Serous Ovarian Cancer Cell Line OVPA8. Int. J. Mol. Sci. 2018,
19, 2080. [CrossRef]

39. Bai, S.; Zhu, W.; Coffman, L.; Vlad, A.; Schwartz, L.E.; Elishaev, E.; Drapkin, R.; Buckanovich, R.J. CD105 Is
Expressed in Ovarian Cancer Precursor Lesions and Is Required for Metastasis to the Ovary. Cancers 2019,
11, 1710. [CrossRef]

40. Chen, W.C.; Hsu, H.P.; Li, C.Y.; Yang, Y.J.; Hung, Y.H.; Cho, C.Y.; Wang, C.Y.; Weng, T.Y.; Lai, M.D. Cancer
stem cell marker CD90 inhibits ovarian cancer formation via beta3 integrin. Int. J. Oncol. 2016, 49, 1881–1889.
[CrossRef]

41. Lupia, M.; Angiolini, F.; Bertalot, G.; Freddi, S.; Sachsenmeier, K.F.; Chisci, E.; Kutryb-Zajac, B.; Confalonieri, S.;
Smolenski, R.T.; Giovannoni, R.; et al. CD73 Regulates Stemness and Epithelial-Mesenchymal Transition in
Ovarian Cancer-Initiating Cells. Stem Cell Rep. 2018, 10, 1412–1425. [CrossRef] [PubMed]

42. Turcotte, M.; Spring, K.; Pommey, S.; Chouinard, G.; Cousineau, I.; George, J.; Chen, G.M.; Gendoo, D.M.;
Haibe-Kains, B.; Karn, T.; et al. CD73 is associated with poor prognosis in high-grade serous ovarian cancer.
Cancer Res. 2015, 75, 4494–4503. [CrossRef] [PubMed]

43. Zhang, J.; Yuan, B.; Zhang, H.; Li, H. Human epithelial ovarian cancer cells expressing CD105, CD44 and
CD106 surface markers exhibit increased invasive capacity and drug resistance. Oncol. Lett. 2019, 17,
5351–5360. [CrossRef] [PubMed]

44. Christodoulou, I.; Goulielmaki, M.; Devetzi, M.; Panagiotidis, M.; Koliakos, G.; Zoumpourlis, V.
Mesenchymal stem cells in preclinical cancer cytotherapy: A systematic review. Stem Cell Res. Ther.
2018, 9, 336. [CrossRef] [PubMed]

45. Krawczenko, A.; Bielawska-Pohl, A.; Paprocka, M.; Kraskiewicz, H.; Szyposzynska, A.; Wojdat, E.;
Klimczak, A. Microvesicles from Human Immortalized Cell Lines of Endothelial Progenitor Cells and
Mesenchymal Stem/Stromal Cells of Adipose Tissue Origin as Carriers of Bioactive Factors Facilitating
Angiogenesis. Stem Cells Int. 2020, 2020, 1289380. [CrossRef] [PubMed]

46. Witwer, K.W.; Buzas, E.I.; Bemis, L.T.; Bora, A.; Lasser, C.; Lotvall, J.; Nolte-’t Hoen, E.N.; Piper, M.G.;
Sivaraman, S.; Skog, J.; et al. Standardization of sample collection, isolation and analysis methods in
extracellular vesicle research. J. Extracell. Vesicles 2013, 2. [CrossRef]

383



Int. J. Mol. Sci. 2020, 21, 9143

47. Adamiak, M.; Cheng, G.; Bobis-Wozowicz, S.; Zhao, L.; Kedracka-Krok, S.; Samanta, A.; Karnas, E.; Xuan, Y.T.;
Skupien-Rabian, B.; Chen, X.; et al. Induced Pluripotent Stem Cell (iPSC)-Derived Extracellular Vesicles Are
Safer and More Effective for Cardiac Repair Than iPSCs. Circ. Res. 2018, 122, 296–309. [CrossRef]

48. Matuszyk, J.; Cebrat, M.; Kalas, W.; Strzadala, L. HA1004, an inhibitor of serine/threonine protein
kinases, restores the sensitivity of thymic lymphomas to Ca2+-mediated apoptosis through a protein
kinase A-independent mechanism. Int. Immunopharmacol. 2002, 2, 435–442. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

384



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34 

Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-2218-0 


	Extracellular Vesicles   cover
	Extracellular Vesicles Biology and Potentials in Cancer Therapeutics.pdf
	Extracellular Vesicles   cover.pdf
	空白页面



