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Abstract: Extracellular vesicles (EVs) are membrane-coated nanovesicles actively secreted by almost
all cell types. EVs can travel long distances within the body, being finally taken up by the target cells,
transferring information from one cell to another, thus influencing their behavior. The cargo of EVs
comprises of nucleic acids, lipids, and proteins derived from the cell of origin, thereby it is cell-type
specific; moreover, it differs between diseased and normal cells. Several studies have shown that
EVs have a role in tumor formation and prognosis. It was also demonstrated that ionizing radiation
can alter the cargo of EVs. EVs, in turn can modulate radiation responses and they play a role in
radiation-induced bystander effects. Due to their biocompatibility and selective targeting, EVs are
suitable nanocarrier candidates of drugs in various diseases, including cancer. Furthermore, the cargo
of EVs can be engineered, and in this way they can be designed to carry certain genes or even drugs,
similar to synthetic nanoparticles. In this review, we describe the biological characteristics of EVs,
focusing on the recent efforts to use EVs as nanocarriers in oncology, the effects of EVs in radiation
therapy, highlighting the possibilities to use EVs as nanocarriers to modulate radiation effects in
clinical applications.
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1. Introduction

Radiotherapy is one of the essential treatment modalities for cancer, applied alone or in combination
with chemotherapy or other treatment modalities. According to statistics, approximately 50% of
cancer patients receive radiotherapy [1]. The major obstacle of radiotherapy, causing the failure of
treatment and often the recurrence and metastasis of the tumor, is the radioresistance of cancer cells.
Consequently, great effort has been made to study the causes and mechanisms of radioresistance,
to find modalities to overcome radiotherapy tolerance of cancer cells and to increase radioresistance of
normal cells in the tumor microenvironment.

The extracellular environment of multicellular organisms contains various mobile membrane-coated
structures, called extracellular vesicles (EVs) [2]. EVs have a diameter of 50-5000 nm, and they are
actively excreted by cells. Emerging evidence supports that active release of EVs into the extracellular
environment is a universal cellular process [2-4]. EV release is amplified by stress responses, including
response to ionizing radiation (IR) [5,6]. EVs can circulate in body fluids throughout the organism and
transport different molecules originating from parent cells. This horizontal transfer of various nucleic
acids (microRNAs (miRNA), short interfering RN As (siRNA), mRNAs, long noncoding RNAs (IncRNA),
DNAs), proteins, receptors, enzymes, and lipids to specific recipient cells to activate downstream
signaling pathways and, thus, influence the cellular metabolic state, physiology, and function supposed
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to be the most important role of EVs [7-11]. EVs can regulate gene expression through the novel
translation of delivered mRNAs and post-translational regulation through miRNAs [7].

Therefore, as natural carriers, EVs are important mediators of intercellular communication at short
and long distances [2,4,12] regulating a broad range of physiological cellular processes in both normal
and diseased states, including tumor development. Cell signaling pathways are affected by the delivery
of different RNA species to target cells via EVs. Small RNAs could be suitable therapeutics, but they
are difficult to be delivered in the target cell, because they are very prone to RNA degradation in the
extracellular space. Moreover, crossing the plasma membrane is also difficult since they are negatively
charged and have higher molecular weight. Hence, when packed into EVs and, thus, protected by
a lipid bilayer, RNAs are more efficiently transported to the target. It was also demonstrated that
EVs may act as antigen-presenting vehicles to stimulate immune responses and lead to activation of
T-lymphocytes [13,14]. On the other hand, tumor cells and cells in tumor microenvironments secrete
EVs that may contribute to tumor progression by promoting angiogenesis and tumor cell migration in
metastasis [15-18]. Moreover, tumor-derived EVs may have immunosuppressive effects, inhibiting
cytotoxic activity of NK cells, suppressing proliferation of NK-cells and T-lymphocytes, and blocking
T-cell directed apoptosis [19-21]. EVs may also modulate the susceptibility/infectability of the recipient
cell to viruses and prions [3].

On the other hand, EVs have the ability to protect against intracellular stress [22-24], thus,
they may be utilized for therapeutic purposes. Moreover they can be engineered to carry certain
therapeutic drugs or RNAs, miRNAs, siRNAs. Having similar size as other synthetic nanocarriers,
but being able to avoid degradation and escape recognition by the body’s immune system, they have
the potential to be used as nanocarriers for modulating radiation effects.

For the use of EVs as nanocarriers, first we need to understand the interaction between EVs and
cells, both in terms of EV release and uptake. In the first part of the paper we review the current
knowledge about EV formation, release as well as uptake and internalization in the receptor cells.
We also review the methods of EV engineering and the currently used modalities of EVs as nanocarriers.
The role of EVs in chemotherapy resistance was extensively studied; the effects exercised by EVs on
radioresistance are much less investigated. This review aims to summarize the functions of EVs with
an emphasis on radiotherapy-associated features and the possibilities to use EVs as radiation modifiers.

2. Biological Characteristics of EVs

2.1. EV Types and Biogenesis

EVs are complex structures composed of a phospholipid bilayer with membrane proteins, carrying
soluble cytosolic components of the donor cell.

EVs can be divided into three main groups (exosomes, microvesicles, and apoptotic bodies) on the
basis of their cellular mechanisms of generation and size distribution (Figure 1). The different types of
vesicles are present at the same time in the extracellular environment.

Exosomes were first described by Trams et al. [25]. They are released both by healthy cells
and by tumor cells, and are found in abundance in blood, saliva, urine, and breast milk [2,26].
Exosomes have a diameter of 50-100 nm, overlapping the size range of viruses [2,4]. They are
formed inside the early endosomes by inward budding of the membrane, thus generating
intraluminal vesicles [26,27]. Multivesicular bodies (MVBs) containing intraluminal vesicles marked
with tetraspanins or lysosomal-associated membrane proteins fuse with the plasma membrane
and secrete the vesicles from the cell in a controlled manner [14,28]. These exocytosed vesicles
are called exosomes. Exosome markers include proteins involved in their endosomal biogenesis,
such as Alix, tumor susceptibility gene 101 protein (TSG101), tetraspanins (CD63, CD81, CD9),
and lysosomal-associated membrane proteins (LAMP1 and LAMP2) [29-31].
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Figure 1. Types, release, and composition of extracellular vesicles. Based on their generation and size

distribution EVs can be divided into exosomes, microvesicles, and apoptotic bodies. Exosomes are
formed inside endosomes by inward budding of the membrane, generating multivesicular bodies
(MVB). Exosomes are released by fusion of MVB with the plasma membrane. Microvesicles (MV)
arise as a result of direct budding and fission of the plasma membrane from the cells. Apoptotic
bodies are formed during apoptosis, from outward blebbing of the cell surface. EVs are composed
of a phospholipid bilayer with membrane proteins (immuno-regulatory molecules such as MHCI,
MHCII, integrins, tetraspanins, receptors, heparan-sulfate proteoglycans (HSPG), annexins, cholesterol,
sphingolipids, ceramides), carrying soluble cytosolic components of the donor cell, such as miRNAs,
mRNAs, signaling proteins, cytoskeletal proteins, enzymes, and lipids.

Microvesicles (MVs) have a diameter of 50-1000 nm, overlapping the size range of bacteria. They
are generated by budding/blebbing of the cell membrane [2,4,14]. MVs may contain proteins, mRNA,
miRNA, membrane receptors, and even infectious agents (viruses, prions) [3].

Finally, apoptotic bodies were first described by Kerr (1972) [32]. Apoptotic bodies have a diameter
of 1-5 um, they are released as blebs of cells undergoing apoptosis, and they may contain organelles,
fragmented DNA, and oncogenes [33,34].

Since the currently available EV isolation methods are not fully suitable to discriminate between
these categories [4], and the core properties such as size, morphology, composition and markers are
actually overlapping [35], it is probable that studies declaring to investigate either exosomes or MVs
analyzed instead a mixture of EV types. Therefore, the current guidelines of EV studies suggest
“extracellular vesicle” as a generic name for all these vesicles naturally released from cells and delimited
by a lipid bilayer [36], unless their MVB origin can be clearly demonstrated [37].

2.2. EV Composition

The composition of EVs primarily depends on the type and maturation state of the donor cell [38]
but environmental stressors could also influence it. The cargo of EVs includes mRNA, miRNA,
other small noncoding RNAs (e.g., tRNA, siRNA) and long noncoding RNA [7,39,40], genomic DNA
fragments [41], proteins, and lipids (Figure 1).

EVs have been demonstrated to selectively incorporate RNA [42]. For instance, some miRNA
may be specifically loaded into EVs by a regulated process, as their levels in EVs are higher than those
in donor cells [7]. It was demonstrated that transferred mRNA can be translated to new proteins in the
recipient cells [7], and transferred miRNA is able to modulate gene expression [38,42], indicating that
they are functional in their new location.
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EV composition is highly complex with hundreds to thousands of various proteins on both the
outside and inside of EVs. Exosomes carry protein families associated with their endosomal origin,
such as Alix and TSG101 [43]. EVs are also enriched in membrane proteins that are known to cluster
into microdomains at plasma membranes or at endosomes, such as tetraspanins (e.g., CD63, CD81,
CD82, CD53, CD37) [29,44]. Moreover, they contain proteins associated with lipid rafts, ‘conserved’
proteins (heat shock proteins, cytoskeleton proteins, metabolic proteins, MHC proteins), and cell-type
specific proteins [31,45,46].

Regarding lipid species, the amounts of several lipids, such as phosphatidylinositol,
phosphatidylethanolamine, sphingomyelin, and phosphatidylserine were found to be higher in
EVs than in donor cells [47].

2.3. EV Uptake

For the delivery of their cargo, EVs must first bind to the target cell surface and then internalize
either by fusing directly with the plasma membrane or with the endosomal membrane following
endocytosis and delivering the cargo to the cytoplasm [38,48]. Some studies suggest that EVs can be
incorporated uniformly by every cell type [49], but there is much evidence for the selective targeting
of specific cells [50-52]. When compared the internalization efficiency of a brain tumor cell line and
astrocyte derived EVs in tumor cells, the uptake of astrocyte-derived EVs was significantly lower than
that of tumor-derived EVs [53]. Similarly, mantle-cell lymphoma (MCL) derived EVs were selectively
taken up by MCL cells and less by T-cell leukemia and bone marrow stroma cells [54]. Target cell
specificity is probably determined by adhesion molecules, such as tetraspanins and ECM proteins
(e.g., laminin and fibronectin) [55,56]. It was demonstrated that only minor changes in exosomal
tetraspanin complexes strongly influenced target cell selection in vitro and in vivo [52]. These small
transmembrane proteins on the EV surface, with a role in cell adhesion and migration may help
target the EVs to certain cell types. Several tetraspanins—CD63, CD9, and CD81—are the most
well-known EV markers [57]. In addition to tetraspanins, integrins [58] and proteoglycans [59,60] from
the surface of EVs are the key molecules for selective binding, resulting in targeted biological effects.
Tetraspanins interact with integrins on recipient cell membranes and promote EV-cell docking [52,61,62].
For example, Tspan8-CD49d complexes were described in the EV uptake by rat aortic endothelial
cells [63]. EVs with Tspan8-CD49d complex on their surface were internalized by endothelial and
pancreatic cells through the ligand ICAM-1 (CD54) [52]. Hoshino et al. demonstrated that different
exosomal integrins were associated with metastasis at different organs: exosomal integrins o34
and o431 with lung metastasis, while exosomal integrin 35 to liver metastasis. Inhibition of these
integrins decreased exosome uptake and metastasis [58]. Interaction with tetraspanins is required for
viruses to enter the cell [64] and it is proposed that EV-cell binding, EV uptake and targeting could
occur through similar processes [52,57].

EV uptake by recipient cells can be very rapid, as EVs were identified inside cells from 15 min
after initial introduction to phagocytic cells [65]. The mechanisms that mediate the uptake of EV
cargo to target cells seem to be highly variable [48,61]. A wide range of evidence suggests that EV
(both exosome and MV) uptake is typically an energy-dependent process that can occur through
more than one mechanism and that requires a functioning cytoskeleton of the recipient cell [48,61].
Intraluminal vesicles are transported by the cytoskeleton and fuse with the endosomal membrane
where they deposit their cargo [48]. Although the energy-dependent endocytic process appears to be
the main mechanism for EV uptake, passive membrane fusion is also a possible entry route [38,66,67].
The mechanism by which EVs are internalized may vary among different cell types, and may influences
their biological effects on recipient cells [65].

The endocytic routes used by EVs for internalization are diverse, such as clathrin-dependent
endocytosis, caveolin-mediated uptake, phagocytosis, macropinocytosis, and lipid-raft mediated
internalization [48,65,68] (Figure 2). Clathrin-dependent endocytosis induces membrane curvature
around the EV developing a clathrin-coated vesicular bud, which is released to the cytosol through
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membrane scission, then it undergoes a clathrin un-coating in the cytosol and finally fuses with the
endosome [69,70]. Caveolae are small, cave-like invaginations in the cell membrane, rich in cholesterol,
sphingolipids, and caveolins, which can be internalized into the cell [71,72]. During phagocytosis,
the cell cytoskeleton is rearranged to create a cup-shaped invagination around the EV, which is then
internalized via membrane scission creating an endosome [65,73]. During macropinocytosis, the cell
rearranges its cytoskeleton to generate plasma membrane ruffles that fold back on themselves around
the EV, forming a lumen of a macropinosome [74,75]. Lipid rafts are membrane microdomains rich
in protein receptors, sphingolipids, and cholesterol [71]. EVs may also exert their function on cells
by direct interaction between membrane molecules of EVs and receptors of the target cells [56] or by
vesicle-cell membrane fusion to deliver EV cargo into the cytosol of the target cell [38]. High level of
lipid rafts in EV membrane may facilitate their fusion with the plasma membrane [76].
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Figure 2. Mechanisms of EV uptake. EVs can be internalized by cells through different endocytic
processes. During phagocytosis, the cytoplasm creates invaginations around the EV, which is then
internalized creating an endosome. During macropinocytosis, plasma membrane ruffles fold back on
themselves around the EVs, forming a lumen of a macropinosome. Clathrin-dependent endocytosis
induces membrane curvature around the EV. In caveolin-mediated endocytosis caveolae (small, cave-like
invaginations in the cell membrane) with EVs inside are internalized into the cell. Intracellularly,
they develop chlatrin- or caveolin-coated vesicles, fuse with endosomes and deliver the cargo. EV uptake
can occur by interaction of EVs with lipid rafts. Lipid rafts are involved in both clathrin- and
caveolin-mediated endocytosis. Another possible way for EVs to deliver their cargo to recipient cell is
by passive fusion with the plasma membrane.

It is not known yet what the decisive mechanism for the EVs to “choose” an internalization route
is, but it seems likely that a heterogeneous population of EVs enters into a cell via more than one route.
The used internalization route appears to depend both on the type and origin of EVs, and target cell
type [51,77]. Determining which pathway the internalization will follow and whether these processes
result in cargo delivery and functional changes would be essential to use the EVs as nanovehicles.
A suitable approach may be to first follow the delivery of a cargo ubiquitously present in all type of
EVs to determine under which conditions the physiological effect takes place [37].

3. EVs and Radiation

The interplay between EVs and IR was less studied as compared to the impact of EVs on cancer
cells in general. Nevertheless, in the last years a number of studies emerged regarding both the impact
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of irradiation on EVs’ composition and function [78-82] and the effect of EVs on the behavior of cells
after IR [83].

3.1. Role of EVs in Radiation-Induced Bystander Effects

The conventional model in radiobiology states that the effects of IR on living organisms are
caused by direct damage to a cellular target, particularly DNA, as a result of direct absorption of
radiation energy or by indirect effects of reactive oxygen species (ROS). ROS are produced from
radiolysis of water and cause molecular damages by chemical reactions, due to their unpaired electrons.
The radiation-induced DNA damages can be various base modifications, single or double strand breaks,
DNA-DNA and DNA-protein cross-links, and different chromosome aberrations [84]. This concept
has changed over time, since many studies proved that not only can cells directly hit by radiation beam
be damaged, but there are similar changes in the neighboring “bystander” cells, in distant cells or in
the progenies of irradiated cells [85]. As opposed to the previously described “targeted” effects, these
are called non-targeted effects of IR. When non-targeted effects of IR occur in the progeny of irradiated
cells, they are called genomic instability, and when they occur in non-irradiated neighboring or distant
cells, they are called local or systemic bystander effects [86-88].

Radjiation-induced bystander effects (RIBE) consists of radiation induced adaptive responses [89],
low-dose hypersensitivity [90], damage in DNA such as micronuclei formation, mutations, sister
chromatid exchanges, modified gene expression, alteration in the miRNA profile, induced oxidative
stress, and cell death [10,11,91-95]. RIBE emerge in non-irradiated cells that have received damaging
signals from directly irradiated cells via intercellular communication [96-99]. Activated DNA damage
response pathways (e.g., p53) are required for irradiated cells to secrete bystander effectors [100].
It is likely that multiple pathways are involved in the RIBE. Intercellular communication can be
mediated through cell-cell contact (gap junction) [101] or transfer of secreted soluble molecules. Soluble
transmitting factors could be cytokines, including interleukins [93,102], TGF-f3 [103], TNF-« [94,104],
nitric oxide (NO) [103,105], Ca fluxes [106] ROS [96], and miRNA [107,108].

There is growing evidence that radiation-induced genomic instability and bystander effects
are partially mediated by EVs [8-11,109]. For instance, it was shown that nonirradiated cells
showing a bystander effect could themselves induce bystander effects in other naive cells through
EVs released [110]. In this mode of intercellular communication, signal molecules packed in EVs are
prevented from dilution and degradation by extracellular enzymes in the extracellular environment.

Increasing evidence supports that EV release is elevated in a dose-dependent manner after IR
through activation of stress-inducible pathways of EV secretion [17,110]. This process was shown to be
stimulated by DNA damage activated P53-transcription factor [100,111].

However, data on radiation-induced changes in EV content is limited [9,10,17,91]. It was
demonstrated that EV mediated miRNA (e.g., miR-21, miR-34c) transfer plays important role in
RIBE [9-11], and proteins could also be important [110].

3.2. Role of EVs as Natural Nanocarriers in Radio- and Chemotherapy

Multiple studies showed that EVs from different tissues have a role in modulating radio- and
chemotherapy responses of tumors. Most of the studies found that native, unmodified EVs can
enhance resistance of tumor cells to radiotherapy or reverse radiation injuries, more rarely do they have
sensitizing effects. EVs mediate radiation resistance by inhibiting apoptosis [81,112], interfering with
cell cycle regulation, delivering proteins that increase tumor cell survival or inducing DNA repair [113].
Furthermore, they can induce the generation of cancer stem cells through epithelial-mesenchymal
transition (EMT) and have important roles in remodeling the microenvironment by the tumor cells,
mediating hypoxic injury or adaptation to hypoxia [114] (see Figure 3).
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Figure 3. Functions of extracellular vesicles with a role in modulating radiation response. EV-extracellular
vesicle; CSC-cancer stem cell; EMT-epithelial-mesenchymal transition.

EVs may promote tumor cell survival following irradiation by induction of DNA repair
mechanisms. In an in vitro model of head and neck cancer, production of EVs was elevated by
irradiation, and these EVs through miRNA transfer induced accelerated DNA repair, thus enhancing
radioresistance [115,116]. EVs from irradiated breast cancer cells were taken up by human
primary mammary epithelial cells, inducing an increased phosphorylation of ATM, Histone H2AX,
and checkpoint kinase 1 (Chk1) in recipient cells indicating the induction of DNA damage repair
responses [117]. In another study, both murine and human MSC derived-EVs were able to ameliorate
radiation damage to murine bone marrow cells by stopping the radiation induced growth inhibition,
DNA damage, and apoptosis [118].

In donor cells, EVs can mediate therapy resistance by decreasing intracellular drug
concentrations [81,119] or, similarly, by reducing intracellular levels of tumor suppressive miRNAs.
Furthermore, EVs can inhibit pro-apoptotic signaling by sequestering and/or removing the pro-apoptotic
proteins or miRNAs from the cells. It was found that EVs from cells transfected with caspase-3 contained
higher levels of caspase-3 as compared to the donor cells. Moreover, these vesicles were taken up by
untransfected cells, but these cells did not undergo apoptosis [120]. In colorectal cancer, miR-145/-34a
withdrawal from cancer cell-derived EVs increased 5-fluoruracil resistance of these cells by decreasing
apoptosis [121].

In recipient cells EVs can increase intracellular levels of certain miRNAs and proteins with role in
radiation or chemotherapy response. Apoptosis inhibition can be initiated by the surface receptors
carried by the EVs which can activate anti-apoptotic pathways [119]. IL-6 or CDA41 (integrin o-IIb)
transferred by EVs inhibited apoptosis of tumor cells [119,122,123]. Furthermore, EVs can interfere
with several other anti-apoptotic signaling pathways, such as p38, p53, JNK, Raf/MEK/ERK, mTOR
and PI3k- Akt [81,124,125] to induce radio- and chemotherapy resistance. Another mechanism by
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which EVs can confer resistance to therapy-sensitive tumor cells is by transmitting transcription factors
and miRNAs that alter cell cycle control. MiR-222, transferred by EVs from drug-resistant cancer cells
to drug-sensitive cell, transferred the docetaxel resistance to originally drug-sensitive cells as well.
The authors have shown that miR-222 from EVs downregulated PTEN pathway, inhibiting cell cycle
arrest [126,127].

EVs can further increase radiation resistance by promoting cell migration causing cancer cells
to leave the irradiated area. It was demonstrated that EVs derived from irradiated squamous head
and neck carcinoma cells conferred a migratory phenotype to recipient cells through enhancement of
Akt pathway [78]. Similarly, in glioblastoma cells radiation affected the molecular composition of EVs
towards a migratory phenotype [17].

If tumor cells enter in dormancy - which is characteristic to cancer stem cells [128]—they can escape
the damaging effects of irradiation, since they have a slow rate of cell cycling and IR can kill mainly the
proliferating cells. Cancer stem cells are the most radioresistant cells within a tumor, whereas non-stem
cancer cells are more radiosensitive. EVs were shown to be able to transfer this therapy resistance from
resistant to sensitive cells, through miRNAs [127]. EVs can induce a cancer stem cell-like phenotype
and dormancy in tumor cells [129,130]. This was demonstrated with EVs originating from bone
marrow niche, which triggered dormancy of metastatic breast cancer cells [130]. EVs isolated from
conditioned medium of carcinoma-associated fibroblast promoted clonogenicity and tumor growth
of cancer stem cells upon treatment with 5-fluorouracil or oxaliplatin [131]. In diffuse large B cell
lymphoma model, EVs induced a cancer stem cell (CSC) like phenotype and dormancy through
WNT pathway, associated with doxorubicin resistance [132]. Breast cancer fibroblast derived EVs
induced a CSC like phenotype in breast cancer cells, associated with radiochemotherapy resistance [73].
In another study, EVs induced de-differentiation of lung carcinoma cells to a more CSC-like phenotype
and reduced cell cycle progression, leading to methotrexate resistance [74,75].

The first steps of radiation damage are radiation-induced energy deposition, then generation of
ROS. EVs were shown to contribute to both generation of ROS and protection against them. EVs can
deliver NOX2 from activated macrophages to injured neurons to confer ROS generation, mediating
axon outgrowth [133]. On the other hand, MSCs and MSC derived EVs have been reported to inhibit
ROS and reduce oxidative stress through secretion of ROS scavengers such as superoxide-dismutase
and protect injured cells against ROS by transporting anti-inflammatory cytokines [134]. MSC-derived
EVs can mediate repair of radiation-induced bone marrow stem cell injury. Quesenberry et al. found
that MSC-EVs injected intravenously following 500 cGy irradiation of mice, leads to the recovery
of peripheral blood counts and restoration of the engraftment of bone marrow, and inhibition of
irradiation-induced gene expression in peripheral blood and bone marrow. They also demonstrated
that both murine- and human-derived vesicles are effective against radiation-induced injury and that a
mixture of exosomes and MVs has superior effects compared to either exosomes or MV alone [135,136].

In the process of tumor formation, due to high proliferation rate, extensive hypoxic regions
develop in the tumor. The microenvironment of hypoxic tumor cells confers a more aggressive cancer
phenotype and worse prognosis. Radiotherapy is also less effective on hypoxic cells, because, beside
the direct effects of radiation, the DNA damaging effect of IR takes place mainly via ROS, and in
low oxygen environment, less ROS are produced, and, consequently, DNA damage is reduced [137].
One explanation of this radiosensitizing effect of oxygen is the oxygen fixation hypothesis. According
to this hypothesis DNA lesions that are produced by IR can be repaired under hypoxia but are fixed
with the chemical participation of molecular oxygen. Nevertheless, this hypothesis does not take
into consideration the role of enzymatic DNA repair [138]. The quantitative measurement of the
oxygen effect is the oxygen enhancement ratio, the ratio of doses under hypoxic vs. aerated conditions
necessary to produce the same level of cell killing.

In the regulation of the hypoxia-adaptation mechanisms, EV-mediated crosstalk between cancer
cells and stroma is very important [114]. The effects of tumor or stroma derived EVs on tumor cells
within hypoxic microenvironment in regulating different features of cancer have been extensively
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investigated [139-147]. It was demonstrated that under hypoxic conditions, tumor cell-derived EVs are
actively released into the tumor microenvironment and by transporting different regulatory miRNAs
and signaling proteins, have essential roles in tumor growth and invasiveness, angiogenesis, drug- and
radiation resistance, cancer stemness, and metastasis [114,148]. Jung et al. showed that EVs released
by hypoxic cancer cells are preferentially taken up by hypoxic cancer cells and these EVs could be
engineered to carry anticancer drugs. Moreover, uptake of engineered EVs caused increased apoptosis
and slower tumor growth in vivo [149]. In this context, EVs could be ideal nanocarriers to deliver
radiosensitizers for hypoxic cancers.

In order to reverse the radiation resistance mediated by the miRNAs in the EV cargo, it is
possible to knockdown certain miRNAs via EVs. MiRNA inhibitors can be loaded directly in EVs
similar to miRNA loading [150]. MiR-21 was inhibited in macrophage cell-derived EVs by loading a
miRNA-inhibitor in EVs, and resulted in regulation of gastric cancer cell proliferation [151]. Similarly,
anti-miR oligonucleotides can be loaded successfully in EVs in order to inactivate a specific miRNA.
The delivery of anti-miR-9 to the resistant glioblastoma multiforme cells through EVs sensitized the
cancer cells to Temozolomide, as shown by increased cell death and caspase activity [152].

EVs with radiosensitizing properties can be obtained by selection of donor cells. It is known that
EVs derived from MSCs, can have radiosensitizing effects. In a melanoma mouse model combination of
RT and MSC derived EVs had therapeutical benefit, with a control of tumor growth and metastases [153]

Another possibility is to enhance radiosensitivity of tumor cells is by reprogramming CSCs via
EVs. Using adipose derived stem cell EVs with osteoinductive potential, it was possible to induce
osteogenic differentiation of CSCs, with the loss of CSC -like phenotype and properties, consequently
becoming more radiosensitive [154].

4. Why are EVs Good Nanocarriers?

The ideal nanocarriers as drug delivery agents must avoid degradation, escape recognition by the
body’s immune defenses, have reduced clearance rates, high cellular uptake, should show targeted
delivery of loaded therapeutics and should have controlled release of cargo molecules upon selective
stimuli [155].

Based on several characteristics such as their nanoscale dimension, biocompatibility and the
ability to target the tissues, EVs have been proposed for a long time as natural nanocarriers. Examples
of currently used nanocarriers include liposomes, polymeric nanoparticles, micelles, carbon nanotubes,
gold nanoparticles, solid lipid nanoparticles, and dendrimers, but all have major drawbacks, such as
poor biocompatibility, limited intrinsic targeting ability, poor cellular uptake, and tissue toxicity [155]
(Table 1). Out of these nanocarriers, only liposomes and polymeric nanoparticles were used in clinical
trials [156]. Even for liposomes, toxicity, lack of stability, and ability to evade the host immune
system remain a concern [157]. Polymeric nanoparticles seem more stable than liposomes but their
biocompatibility is still poor [156].

EVs have the potential to be unique nanocarrier system, because they possess most of the properties
of being a good delivery vehicle. EVs naturally transfer their cargo to recipient cells [158], they possess
a high stability: they are difficult to be degraded, due to the protective lipid bilayer membrane,
and due to their small size, thus they can travel through the body without being degraded [159].
EV membrane structure is similar to that of cells [160], but compared to the plasma membrane of
the cell, EV membranes are enriched in cholesterol, sphingomyelin, annexin, phosphatidylserine,
and glycosphingolipids [161], their internal cargo being protected. They are present in all biofluids,
released from all different cell types in the body. They show high biocompatibility because of their
natural origin, so they do not activate the immune system.

Moreover, EVs do not accumulate in different tissues for long-term, causing low systemic
toxicity. Due to their small dimensions, they can even cross tissue barriers, such as the blood-brain
barrier [159,162]. It was hypothesized that EVs travel by transcytosis through endothelial cells, entering
the endothelial cells via the endocytic system and leave them through multivesicular bodies [163,164].
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EVs have enhanced cellular uptake compared to several synthetic drug delivery systems because
of their natural ligand-receptor and internalization system: they have key proteins on their surface
such as tetraspanins and integrins which will determine the rate of uptake. The cellular targeting and
the specificity are also facilitated by certain chemokines, antigen recognition and certain membrane
molecules (e.g., integrins) which selectively attach to certain cell types making the cargo delivery
specific for designated cell-types.

EVs, as they have a native cargo, can be loaded by various methods with different drugs with high
loading efficiency (see later). Although cells naturally release just a limited amount of EVs, the large
scale, clinical-grade production of EVs is possible, for example high-density cell culture in bioreactors

were applied in drug industry [165,166].

Table 1. Examples of nanocarriers with their advantages and limitations.

Type of Nanocarrier

Advantage

Disadvantage

Liposomes [156,167]

Biocompatibility; can be loaded
with both hydrophobic and
hydrophilic compounds; low
toxicity; can easily fuse with cell
membrane

Lack of long-term stability and
ability to evade the host immune
system

Polymeric nanoparticles
[156,167,168]

Biocompatibility and
biodegradability; higher stability;
targeted drug delivery;
nonimmunogenicity; low toxicity

Toxic degradation, toxic
monomers aggregation; difficult to
scale-up

Polymeric micelles [168]

Controlled drug release; increased
solubility of lipophilic compounds

Low loading capacity; usable just
for lipophilic drugs

Carbon nanotubes [169]

Ease of cellular uptake; high drug
loading capacity; biocompatibility;
specificity to cells,

High toxicity, difficult to degrade

Gold nanoparticles [170]

Can be prepared in broad range of
sizes, are easy to modify

Biocompatibility and toxicity
issues

Solid lipid nanoparticles [167]

Low cost; easy to scale-up; good
physical stability; good tolerability

Low drug loading; low
controlability of drug release

Dendrimers [168]

Increased solubility of lipophilic
compounds

Toxicity; high cost of synthesis

Extracellular vesicles

Natural origin, biocompatibility,
high stability, low toxicity, capacity
to evade immune degradation,
possible targeted delivery

Presence of own cargo with
possible diverse effects, lack of
standardized isolation and loading
methods

The application of EVs as nanocarriers has also its limitations: first of all, EV isolation and
procession are not standardized yet [36], and second, the mechanisms of EV release and uptake are still
insufficiently described. EV detection following uptake is also technically challenging and although
diverse methods exist (reviewed by [171]) they all have advantages and disadvantages (Table 2).
Moreover, in some cases when EVs were used as nanocarriers, activation of the immune system was
observed. Furthermore, long-term EV stability and in vivo EV toxicity have been scarcely investigated
and to date, only a few clinical trials have been performed [172].
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Table 2. Detection methods of EVs with their advantages and limitations.

Detection Methods

Principles of Detection

Advantages

Limitations

Dynamic light
scattering [173]

Measuring EV size
distribution

Accurate, reliable, and
repeatable particle size
analysis in very short
time; Size measurement
of molecules with
MW <1000Da; very low
sample volume

Low refractive index of vesicles
makes problematic to
distinguish MVs from

polydispersed and size
heterogeneous samples

Nanoparticle Tracking
Analysis [174]

Quantification of
nanoscale particles in
liquid suspension
moving under Brownian
motion

Detection of single
vesicles with a diameter
<50nm

Only semi-quantification;
Inaccurate with size
heterogeneous samples and
particle aggregates;
Considerable intra-assay count
variability

Electron microscopy

Measuring the size and
morphology of EVs

Direct assessment of
morphology and size;
small sample amount

Time consuming; size and
morphology modifications
during sample preparation

Flow cytometry
[175,176]

EV characterization with
fluorescent antibodies
EV counting

Quantitative and
qualitative
characterization of EVs
using specific markers

Detection limit of flow
cytometers (>100 nm,
Nonspecific: swarming effect,
detection of protein/antibody
aggregates

ELISA/ Western Blot
[177]

EV characterization and
quantification using
specific antibodies

Standard immunological
methods; specific
characterization of EV
protein markers

Time consuming; possible
detection of non-EV proteins;
nonspecific information on EV
concentration/size/distribution

Surface plasmon
resonance [178]

Label-free detection of
ligand binding to target
receptors immobilized
on a sensing surface

Measures the total mass
of EVs, including
proteins, lipids, and
nucleotides; small
sample volumes

Inadequate quality control and
normalization across study
groups;

Atomic force
microscopy [179]

EV three-dimensional
topography

Fast; small sample
amount

Size and morphology
modifications due to sample
dehydration

EV-based nanocarrier systems can be used in two different modalities, based on their cargo:
natural EVs, when the EV is used to carry different molecules as it is secreted by cells, and EVs modified
by externally loading different bioactive molecules into them.

5. Cargo Loading in EVs

Bioengineered or “artificial” EVs are constructed for different purposes: to increase traceability,
targetability or to introduce therapeutic cargo inside EVs.
EVs can be exogenously loaded with nucleic acids such as small RNAs and DNA such as plasmids.

Moreover, they can be loaded with water-soluble drugs, due to their hydrophilic core [180].

The methods used for loading of EVs with therapeutic cargo can be classified into three categories:
(1) engineering parental cells with DNA encoding therapeutically active compounds or miRNA, siRNA
oligonucleotides which are then released in EVs; (2) loading parental cells with a foreign material, e.g.,
a drug, which is then incorporated into EVs; and (3) direct modifications of EVs previously isolated
from parental cells ex vitro.

(1) Indirect EV modification via bioengineering of parental cell: with this approach, parental cells
are genetically modified prior to EV isolation. As a result, isolated EVs will carry the therapeutic
drug/molecule produced by the engineered cells. The genetic modifications aim to introduce genes
of therapeutic proteins, or plasmids containing the therapeutic gene in the cell. With this approach
Haney et al. transfected macrophages ex vivo with a plasmid DNA encoding catalase, an antioxidant



Int. J. Mol. Sci. 2019, 20, 5527 12 of 29

enzyme. Cargo of EVs secreted by these cells contained increased amount of catalase mRNA, pDNA
and active catalase. Moreover, they demonstrated that EVs efficiently transferred their content to target
cells resulting in de novo protein synthesis [181].

Loading of therapeutic RNA cargo in EVs is also possible by transfecting oligonucleotides of
interest (MRNAs, [182], miRNAs [183-185] siRNAs [162]) directly into parent cells [186]. Transfection
of precursor miRNA oligonucleotides in mesenchymal stem cells also resulted in loading of miRNAs
into EVs [187,188]. These oligonucleotides will be delivered by EVs into target cells inducing (mRNA)
or reducing (miRNA, siRNA) transgene protein expression. This way degradation of different RNAs
by RNAses is avoided [182,189].

Another purpose of indirect EV engineering is the modification of cell-surface tetraspanins, in
order to control targeting, because only minor differences in the tetraspanin panel have a strong
influence on target cell selection [52]. Several groups used this approach to introduce tracking agents
such as fluorescent proteins or luciferase reporters in tetraspanins [190-192]. Stickney et al. constructed
a set of fluorescent reporters at selected sites of tetraspanin CD63 for both the inner and outer surface
on exosomes, allowing stable integration and exosomal display of the fluorescent protein via gene
transfection. Their system was capable of continuous production, secretion, and uptake of EVs [192].
Similarly, EVs can be targeted towards certain cell types by inserting different molecules on their surface
that bind to receptors on particular (e.g., cancer) cells; consequently, they can selectively accumulate in
the target sites. In addition to the characteristic EV tetraspanins (CD63, CD9, CD81), lactadherin (C1C2
domain) [193,194], lysosome-associated membrane glycoprotein 2b (Lamp-2b) [162], platelet-derived
growth-factor receptors (PDGFRs) [182] were successfully engineered. Cells were transfected with
a fusion cDNA, consisting of the gene of the chicken egg ovalbumin, OVA (cargo) and the gene of
lactadherin C1C2 domain, a protein localized in membranes and secreted in association with EVs,
resulting in the loading of EVs with OVA proteins [194].

(2) As a second approach, parental cells can be treated with therapeutic agents before EV isolation,
which then are packaged in EVs. A variety of chemotherapeutic drugs were loaded in EVs using this
strategy, ex. Paclitaxel, using MSC [195] or Hep2G [196] cells, etoposide, irinotecan, epirubicin, and
mitoxantrone [196] using Hep2G cells, doxorubicin, gentamicin, 5-fluorouracil using macrophages [197],
or carboplatin using Hep2G cells [196] or macrophages [197]. With this approach, to overcome the
relatively low loading efficiency, macrophages are frequently used as parent cells, because they actively
engulf basically any type of foreign particles. Several studies applied this approach; in particular,
iron-oxide nanoparticles have been loaded into cells together with different therapeutic agents. As a
result, the uptake of the drug by the cells as well as the uptake of EVs by recipient cells are enhanced
and kinetically modulated and spatially controlled under magnetic field [198-200]. Another strategy
to increase loading efficiency is to increase concentration of the material and incubation time [191] or
to use liposomes as delivery systems since they easily fuse with cell membranes [201]. As mentioned
above, loading parental cells with the therapeutic material has the drawback that the incorporation has
low efficiency, only a small percentage of the material packed in the cell will be loaded into the EVs.
From this point of view, direct modifications of EVs ex vivo can achieve higher efficiencies.

(3) An alternative strategy is to directly load the therapeutic cargo in isolated, purified EVs.
Within ex vivo loading of EVs we can distinguish passive and active loading methods. Passive loading
strategies rely on spontaneous interactions between the EV and the cargo, meaning that the loaded
materials are co-incubated with EVs [202]. Generally, lipophilic small molecules, such as curcumin [203]
and the anticancer drugs doxorubicin [204] or paclitaxel [205] were loaded successfully into EVs with
this method. The main advantage of the passive loading methods is that they are relatively simple and
do not require the addition of other substances into the system. The main drawback of these methods
is the low loading capacity.

Active loading methods involve membrane permeabilization strategies. For example,
electroporation of isolated EVs is commonly used to transiently permeabilize the EV membrane
to enhance the uptake of exogenous miRNA [182,206], siRNA [162,207], and other small molecule
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compounds and drugs [202]. Transient permeabilization of EV membrane with saponin treatment was
also proposed for loading of exogenous material directly into EVs [208,209]. Saponin interacts with
cholesterol, generating new pores in the membrane, and the drugs can enter through these pores into
EVs. With saponin permeabilization, one concern is the in vivo hemolytic activity of saponin [210].
Alternatively, sonication was used as well for encapsulating materials into EVs. With this method,
the EV membrane is sheared by a sonicator in order to create new pores were the drugs can diffuse
into EVs. As an example, catalase, which is a larger protein, was loaded in EVs using several
different methods such as incubation at room temperature, freeze/thaw cycles, sonication, extrusion,
or permeabilization with saponin, and sonication resulted in the highest loading efficiency [209].

Each strategy has its advantages and limitations and the efficiency of the EV based drug delivery
depends on a variety of factors. When making a choice, one should take in consideration the type of
therapeutic cargo, characteristics of both donor and recipient cell types, and conditions suitable for a
specific type of EV cargo [211]. Cell-based EV loading strategies typically package only a small fraction
of their content into the EVs, making the loading efficiency very low. In contrast, direct loading of ex
vivo EVs makes possible that most part of the modified content enters the vesicle. While the limitation
of passive loading approaches is the relatively low loading capacity, the limitation of active loading
strategies is that the EV membrane can be disrupted during the procedures, compromising the integrity
and functionality of them. Moreover, direct loading into EVs is more efficient and uniform method,
as it is possible to pool EVs from different isolations, resulting in a high amount of EVs, which then can
be loaded with the therapeutic cargo. On the other hand, EVs already carry numerous proteins and
nucleic acids, which lower the loading capacity. The success of this method requires also a complete
understanding of structural characteristics of EVs.

6. Potential Role of EVs as Drug Delivery Nanovehicles in Radiotherapy

Engineered EVs have been used for targeted drug delivery and gene therapy in a variety of studies
thus have the possibility to become radiosensitizing agents as well. Similar to the loading of EVs with
any therapeutic cargo, radiosenzitising effects may be achieved by loading three different cargo types:
(1) small molecular formulation drugs; (2) radiosensitizing proteins or other natural molecules; or (3)
various small RNA specimens such as siRNAs or miRNAs (Figure 4).

"

Small molecular formulation drugs

Oxygen mimetics

Hypoxia specific drugs

Traditional radiochemotherapeutic
drugs |

—»

Natural radiosensitizing
compounds

EV
A%
EETTT

RadiosensitizingmiRNA, siRNA

Tumor cell

CELL DEATH

Figure 4. Schematic diagram depicting the potential roles of extracellular vesicles as nanocarriers for
radiosensitizing agents.
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(1) Classical cancer radiosensitizers, including oxygen mimetics and hypoxia-specific cytotoxins
are small-molecule formulation drugs. Oxygen is the prototype of radiosensitizers, acts by damage
fixation, using its two unpaired electrons to produce new free radicals, initiating a chain reaction [212].
Oxygen mimetics are small biomolecules with similar characteristics, usually compounds with a nitro
group with free electrons (nitroimidazoles: misonidazole, etanidazole, pimonidazole, nimorazole, etc.).
Hypoxia-specific drugs are bioreductive agents which are selectively toxic to hypoxic cells. These
pre-drugs are metabolized into toxic compounds under hypoxic conditions, damaging hypoxic cells.
Examples of hypoxia-specific drugs are Tirapazamine, SN30000, and AQ4N [212-216]. All these small
molecules are potentially excellent radiosensitizers, but their major shortcomings are their poor tumor
penetration, lack of specificity and dose-limiting toxicity in case of oxygen mimetics [212], while for
hypoxic radiosensitizers, although preclinical studies were promising, early clinical trials showed
either too high toxicity, or no survival advantage [217]. Due to their small size, it might be possible
loading these compounds in EVs with the aim of increasing specificity and stability and with this,
reducing toxicity on non-target tissues.

Traditional chemotherapeutic drugs, such as paclitaxel and doxorubicin have been successfully
loaded into EVs several times [195,204,218,219]. Etoposide, irinotecan, epirubicin, mitoxantrone,
gentamicin and 5-fluorouracil delivery through EVs are also under investigation [196,197]. Many of
these drugs have been shown to have radiosensitizing properties as well [220], constituting the
standard treatment regimens together with radiotherapy for many solid tumors. Although, to the best
of our knowledge, their radiosensitizing effects as EV-delivered drugs have not been evaluated yet,
they might have therapeutic benefits. Paclitaxel, docetaxel, and doxorubicin were already evaluated as
nanoparticle delivered radiosenzitizers, but using different nanoparticle formulation [221-223]. Their
delivery through EVs might further increase target specificity and the stability of the compounds,
EVs being able to avoid degradation and recognition by immune system, as opposed to the synthetic
nanoparticles used in these studies.

(2) One example of small molecules loaded in EVs as therapeutic cargo is curcumin, frequently
used against a variety of diseases, but mainly as an anti-inflammatory agent [203,224,225]. On the
other hand, curcumin is a very interesting molecule in terms of radiobiology as well: it was frequently
reported to act as a radiosensitizer for various cancers (pediatric, lymphoma, sarcoma, prostate,
gynecologic, pancreas, liver, colorectal, breast, lung, head and neck, and glioma), reviewed by [226,227].
Furthermore, there are several data showing that curcumin has radioprotector effects on normal
tissues [226]. It was hypothesized that curcumin exerts its radioprotective effects by reducing oxidative
stress and inhibiting inflammatory responses, whereas the radiosensitizing activity might be due to the
upregulation of genes responsible for cell death [227] and suppression of NFkB [226]. Consequently,
it is possible that delivery of curcumin through EVs to normal and/or tumor cells could be a successful
approach for a radiosensitizing purpose.

STATS3, redox-sensitive transcriptional factor is a proven key mediator of radioresistance [228].
As protein cargo, STAT3 inhibitors were also successfully loaded into EVs [229] and selectively delivered
to target cells, inducing apoptosis. Therefore it might be possible that the use of STAT3 inhibitors via
EV delivery might show radiosensitizing effects in tumors.

(3) MiRNAs and siRNAs are small, ~22 nucleotide-long RNAs that have been used as a very
effective target-specific gene silencing tool for various diseases. MiRNAs are noncoding RNAs found
in living organisms with a role in post-transcriptional regulation, which exert their function by
complementary pairing with mRNA molecules and silencing them. SiRNAs are double-stranded
RNA molecules. Their role is similar to that of miRNAs, the silencing of the expression of specific
genes with complementary nucleotide sequences, by binding and degrading mRNA after transcription.
Both miRNA and siRNA loading in EVs was successfully applied by various methods for a variety of
diseases as described above. Therefore, loading radiosensitizer miRNAs in EVs might be considered,
as the use of “naked” miRNAs is limited because of their lack of stability in body fluids, the inability to
cross biological barriers which would be compensated by EV delivery. SiRNAs and miRNAs constitute
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an emerging therapeutic tool in modulating radiation response, since they can modulate a broad
range of signaling pathways governing radiation response, such as DNA repair, histone modifications,
cell cycle checkpoint control, ROS formation and the antioxidant defense system and other signaling
pathways [230]. There are plenty of data showing the radiosensitizing potential of different miRNAs.
We will shortly review the most recent findings in this field. These data suggest that miRNAs would
be useful radiosensitizers when loading in EVs.

Inhibition of RADS51, a key molecule in DNA repair has been used for radiosensitizing tumor
cells [231]. Potentially this effect can be achieved with a higher efficiency through EV-loaded inhibitors:
in a study, inhibition of RAD51 was achieved through siRNA against RAD51 loaded in EVs [232].
EV delivery of the siRNA into target glioma cells resulted in RAD51 gene silencing and reproductive
cell death of recipient cancer cells [232].

Another approach for radiosensitizing is targeting elements of DDR pathways. Ataxia-telangiectasia
mutated (ATM) kinase, a key signaling protein in DDR, regulating cell cycle checkpoint activity and
DNA repair was shown to be a target of various miRNAs in diverse tumor types, such as miR-421 in
neuroblastoma [233], miR-101 [234], and miR-30 [235] in lung cancer. Overexpressing miR-182 targeted
BRCAL1, an important gene for homologous recombination, inhibiting DNA repair and radiosensitizing
tumor cells [236]. MiR-101 exerts its radiosensitizing effects by targeting both ATM and DNA-PK, which
are key factors in non-homologous end joining repair [234]. miR-890 and miR-744-3p were shown
to inhibit DDR and repair in prostate cancer [237]. P53, the key factor in DNA-damage checkpoint
activation and apoptosis can be targeted by miR-125b, miR-504, and miR-33 [230]. Furthermore,
miR-30a and miR-205 modulate radiosensitivity of prostate cancer cells by TP53INP1 [238]. Cdc25a,
another important checkpoint signaling kinase is a direct target of miR-21 and let-7 [230], and their
overexpression leads to enhanced radiosensitivity. MiR-339-5p was shown to enhance radiosensitivity
in multiple ways, by targeting Cdc25A in head and neck cancer [239] and by inducing G0/G1 arrest
and apoptosis in lung cancer [240]. Histone modification and chromatin remodeling required in DDR
also can be targeted by specific miRNAs. MiR-328 sensitizes cells to radiotherapy by targeting histone
H2AX both in osteosarcoma [241] and lung cancer [242]; furthermore, in lung cancer mir-138 [243] and
miR-30a [235] were also found as radiosensitizing agents via H2AX targeting.

Furthermore, miRNAs can induce radiosensitivity by targeting other pathways, independent
of DDR. Mir-122 induced radiosenitization of lung cancer cells by inhibiting stress response [244].
Interestingly, up-regulation of miR-122 in breast cancer cells with acquired radioresistance promoted
cell survival. Authors suggested that miR-122 differentially controlled radiosensitivity by a dual
function as a tumor suppressor or oncomiR depending on cell phenotype [245]. Proteins regulating
the formation of ROS were also shown to be regulated by miRNAs. MiR-21 downregulates the
scavenging of ROS, by targeting SOD2 and SOD3, members of the superoxide dismutase (SOD) family,
resulting in increased radiosensitivity. The mitogen activated protein kinase (MAPK) pathway and
PI3K/Akt/mTOR pathways have a central role in radiotherapy. Using inhibitors of these pathways
have been for long tried as radiosensitizers. MiRNAs seem to be suitable tools in this approach as well.
It was demonstrated in several studies that let-7 has radiosensitizing effects acting by suppressing
MAPK pathway through KRAS [230]. Mir-875 enhances radiosensitivity by suppressing EGFR in
prostate cancer [246], miR-200c in lung cancer cell by targeting VEGFR2 [247] and in breast cancer cells
by increasing apoptosis and DSB [248].

All these miRNAs represent potential radiosensitizing agents, but their targeted delivery still
has major drawbacks. In body fluids RNAs are unstable, due to the rapid degradation by RNAses.
Thus, the main challenge remains their delivery to the target tissue without being degraded. Other
shortcomings of systemic delivery of miRNAs are particle aggregation, the high percentages of liver
toxicities reported, stimulation of immune responses, uptake by macrophages, inefficient uptake by
target cells and inefficient endosomal release [249]. To overcome these barriers, several nanovehicles
are under investigation. Adding EVs to these systems might lead to development of a good carrier
system for radiosensitizing miRNAs.
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7. Concluding Remarks

EVs are widely recognized as efficient mediators of intercellular communication. Emerging
studies deal with the use of EVs as safe and efficient drug and gene delivery vectors for many
diseases. It has been recognized that EVs possess superior characteristics as drug delivery systems,
such as their natural origin, ability to target specific tissues and long-term stability. For these reasons,
we suggest that, while the use of artificial nanomaterials and nanosystems, such as gold nanoparticles
as radiosensitizing agents, is already under investigation, the use of EVs as naturally-occurring
nanocarriers for radiosensitizing agents has also vast therapeutic potential. Most importantly, miRNAs
are very efficient modulators of radiation response, with a potential to be radiosensitizing agents for
tumor cells at the clinical level, if a safe and efficient delivery system would be available. On the
other hand, the miRNA content of unmodified EVs might be considered a druggable target for
radiosensitization purposes as well, miRNAs mediating radiation resistance could be knocked down
by inhibitors.

Since the use of EVs as nanocarriers is still in its infancy, although in the last years significant
progress has been made, there are still several drawbacks and shortcomings such as the lack of
consensus on the best EV isolation method and the most efficient loading method, the still insufficient
targeting, and the lack of toxicity data in the absence of in vivo studies and clinical trials. One major
drawback which has to be solved might be the fact that EVs, as cell-derived vesicles, carry their
own cargo originating from the donor cell and, depending on their origin and context, some EV
content (especially miRNAs) could mediate radioresistance to the cells. Furthermore, it is known that
miRNAs are highly related to various diseases, including cancer. Moreover, the same miRNA could
be beneficial in some health condition and detrimental in others [250]. For this reason, how exactly
the release of these miRNAs from engineered EVs would influence tumor behavior, including its
response to radiation, need to be cautiously explored. Thus, future research is needed to solve this
contradiction. One possibility might be to choose the donor cell carefully as EV characteristics and
contents reflect the cell of origin. For example, with the selection of a suitable model in which the
miRNA causing the opposite effect is not naturally expressed [251,252], the unwanted effects might be
controlled. From this point of view, the cargo loading method into EVs which involves the loading
of parental cells with non-native materials involving “hijacking” cellular biosynthesis to favor the
production of specific endogenous material with the desired radiosensitizing properties might be
favorable. By supplementing cell culture medium with foreign metabolites, this approach allows these
metabolites to be incorporated and produced in the cells, at the expense of the original metabolites.
Another possibility for counterbalancing the not desired effects of EV native cargo is to knockdown an
unwanted miRNA—in case the EV composition is well-known—for example, by transducing the cells
with anti-miRNA oligonucleotides [152].

Another major task is to fully elucidate the cargo packaging mechanisms of EVs. Several cargo
sorting mechanisms have been identified for EVs, but, to date, the process is not completely understood.
Currently, the lack of methods to interfere with this cargo sorting also hampers their use. An effective
selective mechanism especially for EV miRNA sorting system would greatly improve the possibilities
to use EVs as carrier systems.

Taken together applying EVs as agents for modifying the biological effects of radiation could
be a challenging, but intriguing, attempt that requires further research. The use of EVs for delivery
systems in radiobiology requires full understanding of the nature of the donor cells, EV composition,
cargo sorting mechanisms, and consent in methods of purification and loading. It is crucial to carefully
study the biological characteristics of EVs and to weigh their benefits and disadvantages for modifying
radiation responses. Thus, we can hypothesize that with continuous efforts to overcome these issues,
EV-mediated delivery of radiosensitizing drugs, miRNAs and other biotherapeutics may result in a
selective reduction of radiation resistance of tumor cells, and radiotherapy for cancer patients would
become more efficient.



Int. J. Mol. Sci. 2019, 20, 5527 17 of 29

Author Contributions: Conceptualization: T.S. and K.L.; writing—original draft: T.S. and R.H.; writing—review
and editing: T.S., R.H., G.S. and K.L.; funding acquisition: G.S. and K.L.

Acknowledgments: This work was funded by the Euratom Research and Training Program 2014-2018 (CONCERT,
under grant agreement number 662287) and from the Hungarian National Research, Development and Innovation
Office (grant number: NKFI-124879).

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the design, execution,
interpretation, or writing of the study.

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

Maier, P.; Hartmann, L.; Wenz, F.; Herskind, C. Cellular Pathways in Response to Ionizing Radiation and
Their Targetability for Tumor Radiosensitization. Int. J. Mol. Sci. 2016, 17, 102. [CrossRef]

Gyorgy, B.; Szabo, T.G.; Pasztoi, M.; Pal, Z.; Misjak, P,; Aradi, B.; Laszlo, V.; Pallinger, E.; Pap, E.; Kittel, A.;
et al. Membrane vesicles, current state-of-the-art: Emerging role of extracellular vesicles. Cell. Mol. Life Sci.
2011, 68, 2667-2688. [CrossRef]

Ratajczak, J.; Wysoczynski, M.; Hayek, F; Janowska-Wieczorek, A.; Ratajczak, M.Z. Membrane-derived
microvesicles: Important and underappreciated mediators of cell-to-cell communication. Leukemia 2006, 20,
1487-1495. [CrossRef]

Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200,
373-383. [CrossRef] [PubMed]

Beer, L.; Zimmermann, M.; Mitterbauer, A.; Ellinger, A.; Gruber, E; Narzt, M.S.; Zellner, M.; Gyongyosi, M.;
Madlener, S.; Simader, E.; et al. Analysis of the Secretome of Apoptotic Peripheral Blood Mononuclear Cells:
Impact of Released Proteins and Exosomes for Tissue Regeneration. Sci. Rep. 2015, 5, 16662. [CrossRef]
[PubMed]

Lehmann, B.D.; Paine, M.S.; Brooks, A.M.; McCubrey, J.A.; Renegar, R.H.; Wang, R.; Terrian, D.M.
Senescence-associated exosome release from human prostate cancer cells. Cancer Res. 2008, 68, 7864-7871.
[CrossRef] [PubMed]

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9,
654-659. [CrossRef]

Al-Mayah, A.H,; Irons, S.L.; Pink, R.C.; Carter, D.R.; Kadhim, M.A. Possible role of exosomes containing
RNA in mediating nontargeted effect of ionizing radiation. Radiat. Res. 2012, 177, 539-545. [CrossRef]

Xu, S.; Wang, J.; Ding, N.; Hu, W.; Zhang, X.; Wang, B.; Hua, J.; Wei, W.; Zhu, Q. Exosome-mediated microRNA
transfer plays a role in radiation-induced bystander effect. RNA Biol. 2015, 12, 1355-1363. [CrossRef]
Szatmari, T.; Kis, D.; Bogdandi, E.N.; Benedek, A.; Bright, S.; Bowler, D.; Persa, E.; Kis, E.; Balogh, A.;
Naszalyi, L.N.; et al. Extracellular Vesicles Mediate Radiation-Induced Systemic Bystander Signals in the
Bone Marrow and Spleen. Front. Immunol. 2017, 8, 347. [CrossRef]

Rastogi, S.; Hwang, A.; Chan, J.; Wang, J.Y.J. Extracellular vesicles transfer nuclear Abl-dependent and
radiation-induced miR-34c into unirradiated cells to cause bystander effects. Mol. Biol. Cell 2018, 29,
2228-2242. [CrossRef] [PubMed]

Fonseca, P.; Vardaki, I.; Occhionero, A.; Panaretakis, T. Metabolic and Signaling Functions of Cancer
Cell-Derived Extracellular Vesicles. Int. Rev. Cell Mol. Biol. 2016, 326, 175-199. [CrossRef] [PubMed]
Admyre, C.; Johansson, S.M.; Paulie, S.; Gabrielsson, S. Direct exosome stimulation of peripheral human T
cells detected by ELISPOT. Eur. J. Immunol. 2006, 36, 1772-1781. [CrossRef] [PubMed]

Thery, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. Nat. Rev.
Immunol. 2009, 9, 581-593. [CrossRef]

Rak, J. Microparticles in cancer. Semin. Thromb. Hemost. 2010, 36, 888-906. [CrossRef]

Hood, J.L.; San, R.S.; Wickline, S.A. Exosomes released by melanoma cells prepare sentinel lymph nodes for
tumor metastasis. Cancer Res. 2011, 71, 3792-3801. [CrossRef]

Arscott, W.T,; Tandle, A.T.; Zhao, S.; Shabason, J.E.; Gordon, L.K.; Schlaff, C.D.; Zhang, G.; Tofilon, PJ.;
Camphausen, K.A. Ionizing radiation and glioblastoma exosomes: Implications in tumor biology and cell
migration. Transl. Oncol. 2013, 6, 638-648. [CrossRef]


http://dx.doi.org/10.3390/ijms17010102
http://dx.doi.org/10.1007/s00018-011-0689-3
http://dx.doi.org/10.1038/sj.leu.2404296
http://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
http://dx.doi.org/10.1038/srep16662
http://www.ncbi.nlm.nih.gov/pubmed/26567861
http://dx.doi.org/10.1158/0008-5472.CAN-07-6538
http://www.ncbi.nlm.nih.gov/pubmed/18829542
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.1667/RR2868.1
http://dx.doi.org/10.1080/15476286.2015.1100795
http://dx.doi.org/10.3389/fimmu.2017.00347
http://dx.doi.org/10.1091/mbc.E18-02-0130
http://www.ncbi.nlm.nih.gov/pubmed/29975106
http://dx.doi.org/10.1016/bs.ircmb.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27572129
http://dx.doi.org/10.1002/eji.200535615
http://www.ncbi.nlm.nih.gov/pubmed/16761310
http://dx.doi.org/10.1038/nri2567
http://dx.doi.org/10.1055/s-0030-1267043
http://dx.doi.org/10.1158/0008-5472.CAN-10-4455
http://dx.doi.org/10.1593/tlo.13640

Int. J. Mol. Sci. 2019, 20, 5527 18 of 29

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hannafon, B.N.; Ding, W.Q. Intercellular communication by exosome-derived microRNAs in cancer. Int. |.
Mol. Sci. 2013, 14, 14240-14269. [CrossRef]

Liu, C; Yu, S,; Zinn, K,; Wang, J.; Zhang, L.; Jia, Y.; Kappes, ].C.; Barnes, S.; Kimberly, R.P,; Grizzle, W.E.;
et al. Murine mammary carcinoma exosomes promote tumor growth by suppression of NK cell function.
J. Immunol. 2006, 176, 1375-1385. [CrossRef]

Zhang, H.G.; Grizzle, W.E. Exosomes and cancer: A newly described pathway of immune suppression.
Clin. Cancer Res. Off. . Am. Assoc. Cancer Res. 2011, 17, 959-964. [CrossRef]

Clayton, A.; Mitchell, ].P,; Court, J.; Mason, M.D.; Tabi, Z. Human tumor-derived exosomes selectively impair
lymphocyte responses to interleukin-2. Cancer Res. 2007, 67, 7458-7466. [CrossRef] [PubMed]

Baixauli, F.; Lopez-Otin, C.; Mittelbrunn, M. Exosomes and autophagy: Coordinated mechanisms for the
maintenance of cellular fitness. Front. Immunol. 2014, 5, 403. [CrossRef] [PubMed]

Desdin-Mico, G.; Mittelbrunn, M. Role of exosomes in the protection of cellular homeostasis. Cell Adhes.
Migr. 2017, 11, 127-134. [CrossRef] [PubMed]

Takahashi, A.; Okada, R.; Nagao, K.; Kawamata, Y.; Hanyu, A.; Yoshimoto, S.; Takasugi, M.; Watanabe, S.;
Kanemaki, M.T.; Obuse, C.; et al. Exosomes maintain cellular homeostasis by excreting harmful DNA from
cells. Nat. Commun. 2017, 8, 15287. [CrossRef] [PubMed]

Trams, E.G.; Lauter, C.J.; Salem, N., Jr.; Heine, U. Exfoliation of membrane ecto-enzymes in the form of
micro-vesicles. Biochim. Biophys. Acta 1981, 645, 63-70. [CrossRef]

Vlassov, A.V.; Magdaleno, S.; Setterquist, R.; Conrad, R. Exosomes: Current knowledge of their composition,
biological functions, and diagnostic and therapeutic potentials. Biochim. Biophys. Acta 2012, 1820, 940-948.
[CrossRef] [PubMed]

Hurley, ].H.; Boura, E.; Carlson, L.A.; Rozycki, B. Membrane budding. Cell 2010, 143, 875-887. [CrossRef]
Simons, M.; Raposo, G. Exosomes—vesicular carriers for intercellular communication. Curr. Opin. Cell Biol.
2009, 21, 575-581. [CrossRef]

Zoller, M. Tetraspanins: Push and pull in suppressing and promoting metastasis. Nat. Rev. Cancer 2009, 9,
40-55. [CrossRef]

Mathivanan, S.; Ji, H.; Simpson, R.J. Exosomes: Extracellular organelles important in intercellular
communication. J. Proteom. 2010, 73, 1907-1920. [CrossRef]

Jelonek, K.; Widlak, P.; Pietrowska, M. The Influence of Ionizing Radiation on Exosome Composition,
Secretion and Intercellular Communication. Protein Pept. Lett. 2016, 23, 656-663. [CrossRef] [PubMed]
Kerr, J.E; Wyllie, A.H.; Currie, A.R. Apoptosis: A basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br. J. Cancer 1972, 26, 239-257. [CrossRef] [PubMed]

Bergsmedh, A.; Szeles, A.; Henriksson, M.; Bratt, A.; Folkman, M.].; Spetz, A.L.; Holmgren, L. Horizontal
transfer of oncogenes by uptake of apoptotic bodies. Proc. Natl. Acad. Sci. USA 2001, 98, 6407-6411.
[CrossRef] [PubMed]

Holmgren, L.; Szeles, A.; Rajnavolgyi, E.; Folkman, J.; Klein, G.; Ernberg, 1; Falk, K.I. Horizontal transfer of
DNA by the uptake of apoptotic bodies. Blood 1999, 93, 3956-3963. [CrossRef]

Bobrie, A.; Colombo, M.; Raposo, G.; Thery, C. Exosome secretion: Molecular mechanisms and roles in
immune responses. Traffic 2011, 12, 1659-1668. [CrossRef]

Witwer, K.W.; Soekmadji, C.; Hill, A.F.; Wauben, M.H.; Buzas, E.I; Di Vizio, D.; Falcon-Perez, ] M.; Gardiner, C.;
Hochberg, E; Kurochkin, I.V,; et al. Updating the MISEV minimal requirements for extracellular vesicle
studies: Building bridges to reproducibility. J. Extracell. Vesicles 2017, 6, 1396823. [CrossRef]

Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Thery, C. Specificities of secretion and uptake of exosomes and
other extracellular vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9-17. [CrossRef]
Montecalvo, A.; Larregina, A.T.; Shufesky, W.J.; Stolz, D.B.; Sullivan, M.L.; Karlsson, ].M.; Baty, C.J.;
Gibson, G.A.; Erdos, G.; Wang, Z.; et al. Mechanism of transfer of functional microRNAs between mouse
dendritic cells via exosomes. Blood 2012, 119, 756-766. [CrossRef]

Bellingham, S.A.; Coleman, B.M.; Hill, A.F. Small RNA deep sequencing reveals a distinct miRNA signature
released in exosomes from prion-infected neuronal cells. Nucleic Acids Res. 2012, 40, 10937-10949. [CrossRef]
Kim, K.M.; Abdelmohsen, K.; Mustapic, M.; Kapogiannis, D.; Gorospe, M. RNA in extracellular vesicles.
Wiley Interdiscip. Rev. RNA 2017, 8. [CrossRef]


http://dx.doi.org/10.3390/ijms140714240
http://dx.doi.org/10.4049/jimmunol.176.3.1375
http://dx.doi.org/10.1158/1078-0432.CCR-10-1489
http://dx.doi.org/10.1158/0008-5472.CAN-06-3456
http://www.ncbi.nlm.nih.gov/pubmed/17671216
http://dx.doi.org/10.3389/fimmu.2014.00403
http://www.ncbi.nlm.nih.gov/pubmed/25191326
http://dx.doi.org/10.1080/19336918.2016.1251000
http://www.ncbi.nlm.nih.gov/pubmed/27875097
http://dx.doi.org/10.1038/ncomms15287
http://www.ncbi.nlm.nih.gov/pubmed/28508895
http://dx.doi.org/10.1016/0005-2736(81)90512-5
http://dx.doi.org/10.1016/j.bbagen.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22503788
http://dx.doi.org/10.1016/j.cell.2010.11.030
http://dx.doi.org/10.1016/j.ceb.2009.03.007
http://dx.doi.org/10.1038/nrc2543
http://dx.doi.org/10.1016/j.jprot.2010.06.006
http://dx.doi.org/10.2174/0929866523666160427105138
http://www.ncbi.nlm.nih.gov/pubmed/27117741
http://dx.doi.org/10.1038/bjc.1972.33
http://www.ncbi.nlm.nih.gov/pubmed/4561027
http://dx.doi.org/10.1073/pnas.101129998
http://www.ncbi.nlm.nih.gov/pubmed/11353826
http://dx.doi.org/10.1182/blood.V93.11.3956
http://dx.doi.org/10.1111/j.1600-0854.2011.01225.x
http://dx.doi.org/10.1080/20013078.2017.1396823
http://dx.doi.org/10.1038/s41556-018-0250-9
http://dx.doi.org/10.1182/blood-2011-02-338004
http://dx.doi.org/10.1093/nar/gks832
http://dx.doi.org/10.1002/wrna.1413

Int. J. Mol. Sci. 2019, 20, 5527 19 of 29

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kahlert, C.; Melo, S.A.; Protopopov, A.; Tang, J.; Seth, S.; Koch, M.; Zhang, J.; Weitz, J.; Chin, L.; Futreal, A;
et al. Identification of double-stranded genomic DNA spanning all chromosomes with mutated KRAS and
P53 DNA in the serum exosomes of patients with pancreatic cancer. J. Biol. Chem. 2014, 289, 3869-3875.
[CrossRef] [PubMed]

Mittelbrunn, M.; Gutierrez-Vazquez, C.; Villarroya-Beltri, C.; Gonzalez, S.; Sanchez-Cabo, F.; Gonzalez, M.A ;
Bernad, A.; Sanchez-Madrid, F. Unidirectional transfer of microRNA-loaded exosomes from T cells to
antigen-presenting cells. Nat. Commun. 2011, 2, 282. [CrossRef] [PubMed]

van Niel, G.; Porto-Carreiro, I.; Simoes, S.; Raposo, G. Exosomes: A common pathway for a specialized
function. J. Biochem. 2006, 140, 13-21. [CrossRef] [PubMed]

Escola, ].M.; Kleijmeer, M.].; Stoorvogel, W.; Griffith, ].M.; Yoshie, O.; Geuze, H.]. Selective enrichment of
tetraspan proteins on the internal vesicles of multivesicular endosomes and on exosomes secreted by human
B-lymphocytes. J. Biol. Chemn. 1998, 273, 20121-20127. [CrossRef] [PubMed]

Thery, C.; Regnault, A.; Garin, ].; Wolfers, ].; Zitvogel, L.; Ricciardi-Castagnoli, P.; Raposo, G.; Amigorena, S.
Molecular characterization of dendritic cell-derived exosomes. Selective accumulation of the heat shock
protein hsc73. J. Cell Biol. 1999, 147, 599-610. [CrossRef] [PubMed]

Andre, F; Schartz, N.E.; Movassagh, M.; Flament, C.; Pautier, P; Morice, P.; Pomel, C.; Lhomme, C.;
Escudier, B.; Le Chevalier, T.; et al. Malignant effusions and immunogenic tumour-derived exosomes. Lancet
2002, 360, 295-305. [CrossRef]

Laulagnier, K.; Motta, C.; Hamdi, S.; Roy, S.; Fauvelle, F; Pageaux, J.F.; Kobayashi, T.; Salles, ].P.; Perret, B.;
Bonnerot, C.; et al. Mast cell- and dendritic cell-derived exosomes display a specific lipid composition and
an unusual membrane organization. Biochem. J. 2004, 380, 161-171. [CrossRef]

Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J. Extracell.
Vesicles 2014, 3. [CrossRef]

Zech, D.; Rana, S.; Buchler, M.W.; Zoller, M. Tumor-exosomes and leukocyte activation: An ambivalent
crosstalk. Cell Commun. Signal. 2012, 10, 37. [CrossRef]

Sancho-Albero, M.; Navascues, N.; Mendoza, G.; Sebastian, V.; Arruebo, M.; Martin-Duque, P.; Santamaria, J.
Exosome origin determines cell targeting and the transfer of therapeutic nanoparticles towards target cells.
J. Nanobiotechnol. 2019, 17, 16. [CrossRef]

Horibe, S.; Tanahashi, T.; Kawauchi, S.; Murakami, Y.; Rikitake, Y. Mechanism of recipient cell-dependent
differences in exosome uptake. BMC Cancer 2018, 18, 47. [CrossRef] [PubMed]

Rana, S.; Yue, S.; Stadel, D.; Zoller, M. Toward tailored exosomes: The exosomal tetraspanin web contributes
to target cell selection. Int. ]. Biochem. Cell Biol. 2012, 44, 1574-1584. [CrossRef] [PubMed]

Toda, Y.; Takata, K.; Nakagawa, Y.; Kawakami, H.; Fujioka, S.; Kobayashi, K.; Hattori, Y.; Kitamura, Y.; Akaji, K.;
Ashihara, E. Effective internalization of U251-MG-secreted exosomes into cancer cells and characterization
of their lipid components. Biochem. Biophys. Res. Commun. 2015, 456, 768-773. [CrossRef] [PubMed]
Hazan-Halevy, I.; Rosenblum, D.; Weinstein, S.; Bairey, O.; Raanani, P; Peer, D. Cell-specific uptake of mantle
cell lymphoma-derived exosomes by malignant and non-malignant B-lymphocytes. Cancer Lett. 2015, 364,
59-69. [CrossRef]

Denzer, K.; van Eijk, M.; Kleijmeer, M.].; Jakobson, E.; de Groot, C.; Geuze, H.J. Follicular dendritic cells carry
MHC class II-expressing microvesicles at their surface. J. Immunol. 2000, 165, 1259-1265. [CrossRef]
Segura, E.; Guerin, C.; Hogg, N.; Amigorena, S.; Thery, C. CD8+ dendritic cells use LFA-1 to capture
MHC-peptide complexes from exosomes in vivo. J. Immunol. 2007, 179, 1489-1496. [CrossRef]

Andreu, Z.; Yanez-Mo, M. Tetraspanins in extracellular vesicle formation and function. Front. Immunol. 2014,
5,442. [CrossRef]

Hoshino, A.; Costa-Silva, B.; Shen, T.L.; Rodrigues, G.; Hashimoto, A.; Tesic Mark, M.; Molina, H.; Kohsaka, S.;
Di Giannatale, A.; Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature
2015, 527, 329-335. [CrossRef]

Christianson, H.C.; Svensson, K.J.; van Kuppevelt, T.H.; Li, J.P.; Belting, M. Cancer cell exosomes depend on
cell-surface heparan sulfate proteoglycans for their internalization and functional activity. Proc. Natl. Acad.
Sci. USA 2013, 110, 17380-17385. [CrossRef]

Purushothaman, A.; Bandari, S.K.; Chandrashekar, D.S.; Jones, R.].; Lee, H.C.; Weber, D.M.; Orlowski, R.Z.
Chondroitin sulfate proteoglycan serglycin influences protein cargo loading and functions of tumor-derived
exosomes. Oncotarget 2017, 8, 73723-73732. [CrossRef]


http://dx.doi.org/10.1074/jbc.C113.532267
http://www.ncbi.nlm.nih.gov/pubmed/24398677
http://dx.doi.org/10.1038/ncomms1285
http://www.ncbi.nlm.nih.gov/pubmed/21505438
http://dx.doi.org/10.1093/jb/mvj128
http://www.ncbi.nlm.nih.gov/pubmed/16877764
http://dx.doi.org/10.1074/jbc.273.32.20121
http://www.ncbi.nlm.nih.gov/pubmed/9685355
http://dx.doi.org/10.1083/jcb.147.3.599
http://www.ncbi.nlm.nih.gov/pubmed/10545503
http://dx.doi.org/10.1016/S0140-6736(02)09552-1
http://dx.doi.org/10.1042/bj20031594
http://dx.doi.org/10.3402/jev.v3.24641
http://dx.doi.org/10.1186/1478-811X-10-37
http://dx.doi.org/10.1186/s12951-018-0437-z
http://dx.doi.org/10.1186/s12885-017-3958-1
http://www.ncbi.nlm.nih.gov/pubmed/29306323
http://dx.doi.org/10.1016/j.biocel.2012.06.018
http://www.ncbi.nlm.nih.gov/pubmed/22728313
http://dx.doi.org/10.1016/j.bbrc.2014.12.015
http://www.ncbi.nlm.nih.gov/pubmed/25498500
http://dx.doi.org/10.1016/j.canlet.2015.04.026
http://dx.doi.org/10.4049/jimmunol.165.3.1259
http://dx.doi.org/10.4049/jimmunol.179.3.1489
http://dx.doi.org/10.3389/fimmu.2014.00442
http://dx.doi.org/10.1038/nature15756
http://dx.doi.org/10.1073/pnas.1304266110
http://dx.doi.org/10.18632/oncotarget.20564

Int. J. Mol. Sci. 2019, 20, 5527 20 of 29

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

French, K.C.; Antonyak, M.A.; Cerione, R.A. Extracellular vesicle docking at the cellular port: Extracellular
vesicle binding and uptake. Semin. Cell Dev. Biol. 2017, 67, 48-55. [CrossRef] [PubMed]

Berditchevski, F.; Odintsova, E. Characterization of integrin-tetraspanin adhesion complexes: Role of
tetraspanins in integrin signaling. J. Cell Biol. 1999, 146, 477-492. [CrossRef] [PubMed]

Nazarenko, I; Rana, S.; Baumann, A.; McAlear, J.; Hellwig, A.; Trendelenburg, M.; Lochnit, G.; Preissner, K.T.;
Zoller, M. Cell surface tetraspanin Tspan8 contributes to molecular pathways of exosome-induced endothelial
cell activation. Cancer Res. 2010, 70, 1668-1678. [CrossRef] [PubMed]

Thali, M. The roles of tetraspanins in HIV-1 replication. Curr. Top. Microbiol. Immunol. 2009, 339, 85-102.
[CrossRef] [PubMed]

Feng, D.; Zhao, W.L,; Ye, Y.Y; Bai, X.C.; Liu, R.Q.; Chang, L.F,; Zhou, Q.; Sui, S.F. Cellular internalization of
exosomes occurs through phagocytosis. Traffic 2010, 11, 675-687. [CrossRef] [PubMed]

Parolini, I.; Federici, C.; Raggi, C.; Lugini, L.; Palleschi, S.; De Milito, A.; Coscia, C.; lessi, E.; Logozzi, M.;
Molinari, A.; et al. Microenvironmental pH is a key factor for exosome traffic in tumor cells. J. Biol. Chem.
2009, 284, 34211-34222. [CrossRef]

Del Conde, I; Shrimpton, C.N.; Thiagarajan, P.; Lopez, J.A. Tissue-factor-bearing microvesicles arise from
lipid rafts and fuse with activated platelets to initiate coagulation. Blood 2005, 106, 1604-1611. [CrossRef]
Tian, T.; Wang, Y.; Wang, H.; Zhu, Z.; Xiao, Z. Visualizing of the cellular uptake and intracellular trafficking
of exosomes by live-cell microscopy. J. Cell. Biochem. 2010, 111, 488-496. [CrossRef]

Kirchhausen, T. Clathrin. Annu. Rev. Biochem. 2000, 69, 699-727. [CrossRef]

McMahon, H.T.; Boucrot, E. Molecular mechanism and physiological functions of clathrin-mediated
endocytosis. Nat. Rev. Mol. Cell Biol. 2011, 12, 517-533. [CrossRef]

Nabi, I.R; Le, P.U. Caveolae/raft-dependent endocytosis. J. Cell Biol. 2003, 161, 673—677. [CrossRef] [PubMed]
Nanbo, A.; Kawanishi, E.; Yoshida, R.; Yoshiyama, H. Exosomes derived from Epstein-Barr virus-infected
cells are internalized via caveola-dependent endocytosis and promote phenotypic modulation in target cells.
J. Virol. 2013, 87, 10334-10347. [CrossRef] [PubMed]

Swanson, J.A. Shaping cups into phagosomes and macropinosomes. Nat. Rev. Mol. Cell Biol. 2008, 9, 639-649.
[CrossRef] [PubMed]

Kerr, M.C,; Teasdale, R.D. Defining macropinocytosis. Traffic 2009, 10, 364-371. [CrossRef] [PubMed]

Lim, ].P; Gleeson, P.A. Macropinocytosis: An endocytic pathway for internalising large gulps. Immunol. Cell
Biol. 2011, 89, 836-843. [CrossRef]

Valapala, M.; Vishwanatha, J.K. Lipid raft endocytosis and exosomal transport facilitate extracellular
trafficking of annexin A2. J. Biol. Chem. 2011, 286, 30911-30925. [CrossRef]

Tian, T.; Zhu, Y.L.; Zhou, Y.Y,; Liang, G.F; Wang, Y.Y,; Hu, EH.; Xiao, Z.D. Exosome uptake through
clathrin-mediated endocytosis and macropinocytosis and mediating miR-21 delivery. J. Biol. Chem. 2014,
289, 22258-22267. [CrossRef]

Mutschelknaus, L.; Azimzadeh, O.; Heider, T.; Winkler, K.; Vetter, M.; Kell, R.; Tapio, S.; Merl-Pham, J.;
Huber, S.M.; Edalat, L; et al. Radiation alters the cargo of exosomes released from squamous head and neck
cancer cells to promote migration of recipient cells. Sci. Rep. 2017, 7, 12423. [CrossRef]

Abramowicz, A.; Wojakowska, A.; Marczak, L.; Lysek-Gladysinska, M.; Smolarz, M.; Story, M.D.; Polanska, J.;
Widlak, P.; Pietrowska, M. Ionizing radiation affects the composition of the proteome of extracellular vesicles
released by head-and-neck cancer cells in vitro. J. Radiat. Res. 2019, 60, 289-297. [CrossRef]

Yentrapalli, R.; Merl-Pham, J.; Azimzadeh, O.; Mutschelknaus, L.; Peters, C.; Hauck, S.M.; Atkinson, M.].;
Tapio, S.; Moertl, S. Quantitative changes in the protein and miRNA cargo of plasma exosome-like vesicles
after exposure to ionizing radiation. Int. J. Radiat. Biol. 2017, 93, 569-580. [CrossRef]

Steinbichler, T.B.; Dudas, J.; Skvortsov, S.; Ganswindt, U.; Riechelmann, H.; Skvortsova, L.I. Therapy resistance
mediated by exosomes. Mol. Cancer 2019, 18, 58. [CrossRef] [PubMed]

Jelonek, K.; Wojakowska, A.; Marczak, L.; Muer, A.; Tinhofer-Keilholz, I.; Lysek-Gladysinska, M.; Widlak, P;
Pietrowska, M. Ionizing radiation affects protein composition of exosomes secreted in vitro from head and
neck squamous cell carcinoma. Acta Biochim. Pol. 2015, 62, 265-272. [CrossRef] [PubMed]

Mrowczynski, O.D.; Madhankumar, A.B.; Sundstrom, ].M.; Zhao, Y.; Kawasawa, Y.I; Slagle-Webb, B.;
Mau, C.; Payne, R.A.; Rizk, E.B.; Zacharia, B.E.; et al. Exosomes impact survival to radiation exposure in cell
line models of nervous system cancer. Oncotarget 2018, 9, 36083-36101. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.semcdb.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28104520
http://dx.doi.org/10.1083/jcb.146.2.477
http://www.ncbi.nlm.nih.gov/pubmed/10427099
http://dx.doi.org/10.1158/0008-5472.CAN-09-2470
http://www.ncbi.nlm.nih.gov/pubmed/20124479
http://dx.doi.org/10.1007/978-3-642-02175-6_5
http://www.ncbi.nlm.nih.gov/pubmed/20012525
http://dx.doi.org/10.1111/j.1600-0854.2010.01041.x
http://www.ncbi.nlm.nih.gov/pubmed/20136776
http://dx.doi.org/10.1074/jbc.M109.041152
http://dx.doi.org/10.1182/blood-2004-03-1095
http://dx.doi.org/10.1002/jcb.22733
http://dx.doi.org/10.1146/annurev.biochem.69.1.699
http://dx.doi.org/10.1038/nrm3151
http://dx.doi.org/10.1083/jcb.200302028
http://www.ncbi.nlm.nih.gov/pubmed/12771123
http://dx.doi.org/10.1128/JVI.01310-13
http://www.ncbi.nlm.nih.gov/pubmed/23864627
http://dx.doi.org/10.1038/nrm2447
http://www.ncbi.nlm.nih.gov/pubmed/18612320
http://dx.doi.org/10.1111/j.1600-0854.2009.00878.x
http://www.ncbi.nlm.nih.gov/pubmed/19192253
http://dx.doi.org/10.1038/icb.2011.20
http://dx.doi.org/10.1074/jbc.M111.271155
http://dx.doi.org/10.1074/jbc.M114.588046
http://dx.doi.org/10.1038/s41598-017-12403-6
http://dx.doi.org/10.1093/jrr/rrz001
http://dx.doi.org/10.1080/09553002.2017.1294772
http://dx.doi.org/10.1186/s12943-019-0970-x
http://www.ncbi.nlm.nih.gov/pubmed/30925921
http://dx.doi.org/10.18388/abp.2015_970
http://www.ncbi.nlm.nih.gov/pubmed/26098714
http://dx.doi.org/10.18632/oncotarget.26300
http://www.ncbi.nlm.nih.gov/pubmed/30546829

Int. J. Mol. Sci. 2019, 20, 5527 21 of 29

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Sjostedt, S.; Bezak, E. Non-targeted effects of ionising radiation and radiotherapy. Australas. Phys. Eng.
Sci. Med. 2010, 33, 219-231. [CrossRef]

Reisz, J.A.; Bansal, N.; Qian, J.; Zhao, W.; Furdui, C.M. Effects of ionizing radiation on biological
molecules-mechanisms of damage and emerging methods of detection. Antioxid. Redox Signal. 2014,
21, 260-292. [CrossRef]

Butterworth, K.T.; McMahon, S.J.; Hounsell, A.R.; O’Sullivan, ].M.; Prise, KM. Bystander signalling:
Exploring clinical relevance through new approaches and new models. Clin. Oncol. 2013, 25, 586-592.
[CrossRef]

Morgan, W.F,; Sowa, M.B. Non-targeted effects induced by ionizing radiation: Mechanisms and potential
impact on radiation induced health effects. Cancer Lett. 2015, 356, 17-21. [CrossRef]

Nikitaki, Z.; Mavragani, L.V.,; Laskaratou, D.A.; Gika, V.; Moskvin, V.P; Theofilatos, K.; Vougas, K,;
Stewart, R.D.; Georgakilas, A.G. Systemic mechanisms and effects of ionizing radiation: A new ‘old’
paradigm of how the bystanders and distant can become the players. Semin. Cancer Biol. 2016, 37-38, 77-95.
[CrossRef]

Iyer, R.; Lehnert, B.E. Low dose, low-LET ionizing radiation-induced radioadaptation and associated early
responses in unirradiated cells. Mutat. Res. 2002, 503, 1-9. [CrossRef]

Joiner, M.C.; Marples, B.; Lambin, P.,; Short, S.C.; Turesson, I. Low-dose hypersensitivity: Current status and
possible mechanisms. Int. |. Radiat. Oncol. Biol. Phys. 2001, 49, 379-389. [CrossRef]

Szatmari, T.; Persa, E.; Kis, E.; Benedek, A.; Hargitai, R.; Safrany, G.; Lumniczky, K. Extracellular vesicles
mediate low dose ionizing radiation-induced immune and inflammatory responses in the blood. Int. J.
Radiat. Biol. 2019, 95, 12-22. [CrossRef] [PubMed]

Zhou, H.; Randers-Pehrson, G.; Waldren, C.A.; Vannais, D.; Hall, E.J.; Hei, TK. Induction of a bystander
mutagenic effect of alpha particles in mammalian cells. Proc. Natl. Acad. Sci. USA 2000, 97, 2099-2104.
[CrossRef] [PubMed]

Osterreicher, J.; Skopek, J.; Jahns, J.; Hildebrandt, G.; Psutka, J.; Vilasova, Z.; Tanner, ].M.; Vogt, J.; Butz, T.
Betal-integrin and IL-1alpha expression as bystander effect of medium from irradiated cells: The pilot study.
Acta Histochem. 2003, 105, 223-230. [CrossRef]

Burr, K.L.; Robinson, ].I; Rastogi, S.; Boylan, M.T.; Coates, P.J.; Lorimore, S.A.; Wright, E.G. Radiation-induced
delayed bystander-type effects mediated by hemopoietic cells. Radiat. Res. 2010, 173, 760-768. [CrossRef]
[PubMed]

Koturbash, I.; Zemp, F.; Kolb, B.; Kovalchuk, O. Sex-specific radiation-induced microRNAome responses
in the hippocampus, cerebellum and frontal cortex in a mouse model. Mutat. Res. 2011, 722, 114-118.
[CrossRef] [PubMed]

Azzam, E.I; De Toledo, S.M.; Spitz, D.R,; Little, ].B. Oxidative metabolism modulates signal transduction and
micronucleus formation in bystander cells from alpha-particle-irradiated normal human fibroblast cultures.
Cancer Res. 2002, 62, 5436-5442.

Wright, E.G.; Coates, PJ. Untargeted effects of ionizing radiation: Implications for radiation pathology.
Mutat. Res. 2006, 597, 119-132. [CrossRef]

Hamada, N.; Matsumoto, H.; Hara, T.; Kobayashi, Y. Intercellular and intracellular signaling pathways
mediating ionizing radiation-induced bystander effects. J. Radiat. Res. 2007, 48, 87-95. [CrossRef]

Hei, TK.; Zhou, H.; Ivanov, V.N.; Hong, M.; Lieberman, H.B.; Brenner, D.J.; Amundson, S.A.; Geard, C.R.
Mechanism of radiation-induced bystander effects: A unifying model. . Pharm. Pharmacol. 2008, 60, 943-950.
[CrossRef]

Komarova, E.A.; Diatchenko, L.; Rokhlin, O.W.; Hill, J.E.; Wang, Z.].; Krivokrysenko, V.I.; Feinstein, E.;
Gudkov, A.V. Stress-induced secretion of growth inhibitors: A novel tumor suppressor function of p53.
Oncogene 1998, 17, 1089-1096. [CrossRef]

Carruba, G.; Webber, M.M.; Quader, S.T.; Amoroso, M.; Cocciadiferro, L.; Saladino, F.; Trosko, J.E.;
Castagnetta, L.A. Regulation of cell-to-cell communication in non-tumorigenic and malignant human
prostate epithelial cells. Prostate 2002, 50, 73-82. [CrossRef] [PubMed]

Pasi, E; Facoetti, A.; Nano, R. IL-8 and IL-6 bystander signalling in human glioblastoma cells exposed to
gamma radiation. Anticancer Res. 2010, 30, 2769-2772. [PubMed]

Shao, C.; Stewart, V.; Folkard, M.; Michael, B.D.; Prise, K.M. Nitric oxide-mediated signaling in the bystander
response of individually targeted glioma cells. Cancer Res. 2003, 63, 8437-8442. [PubMed]


http://dx.doi.org/10.1007/s13246-010-0030-8
http://dx.doi.org/10.1089/ars.2013.5489
http://dx.doi.org/10.1016/j.clon.2013.06.005
http://dx.doi.org/10.1016/j.canlet.2013.09.009
http://dx.doi.org/10.1016/j.semcancer.2016.02.002
http://dx.doi.org/10.1016/S0027-5107(02)00068-4
http://dx.doi.org/10.1016/S0360-3016(00)01471-1
http://dx.doi.org/10.1080/09553002.2018.1450533
http://www.ncbi.nlm.nih.gov/pubmed/29533121
http://dx.doi.org/10.1073/pnas.030420797
http://www.ncbi.nlm.nih.gov/pubmed/10681418
http://dx.doi.org/10.1078/0065-1281-00710
http://dx.doi.org/10.1667/RR1937.1
http://www.ncbi.nlm.nih.gov/pubmed/20518655
http://dx.doi.org/10.1016/j.mrgentox.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20478395
http://dx.doi.org/10.1016/j.mrfmmm.2005.03.035
http://dx.doi.org/10.1269/jrr.06084
http://dx.doi.org/10.1211/jpp.60.8.0001
http://dx.doi.org/10.1038/sj.onc.1202303
http://dx.doi.org/10.1002/pros.10034
http://www.ncbi.nlm.nih.gov/pubmed/11816015
http://www.ncbi.nlm.nih.gov/pubmed/20683011
http://www.ncbi.nlm.nih.gov/pubmed/14679007

Int. J. Mol. Sci. 2019, 20, 5527 22 of 29

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Shareef, M.M.; Cui, N.; Burikhanov, R.; Gupta, S.; Satishkumar, S.; Shajahan, S.; Mohiuddin, M.;
Rangnekar, V.M.; Ahmed, M.M. Role of tumor necrosis factor-alpha and TRAIL in high-dose radiation-induced
bystander signaling in lung adenocarcinoma. Carncer Res. 2007, 67, 11811-11820. [CrossRef] [PubMed]
Matsumoto, H.; Hayashi, S.; Hatashita, M.; Ohnishi, K.; Shioura, H.; Ohtsubo, T.; Kitai, R.; Ohnishi, T.;
Kano, E. Induction of radioresistance by a nitric oxide-mediated bystander effect. Radiat. Res. 2001, 155,
387-396. [CrossRef]

Lyng, EM.; Maguire, P.; McClean, B.; Seymour, C.; Mothersill, C. The involvement of calcium and MAP
kinase signaling pathways in the production of radiation-induced bystander effects. Radiat. Res. 2006, 165,
400-409. [CrossRef]

Koturbash, L.; Zemp, FJ.; Kutanzi, K.; Luzhna, L.; Loree, J.; Kolb, B.; Kovalchuk, O. Sex-specific microRNAome
deregulation in the shielded bystander spleen of cranially exposed mice. Cell Cycle 2008, 7, 1658-1667.
[CrossRef]

Dickey, ].S.; Zemp, EJ.; Martin, O.A.; Kovalchuk, O. The role of miRNA in the direct and indirect effects of
ionizing radiation. Radiat. Environ. Biophys. 2011, 50, 491-499. [CrossRef]

Jella, K.K,; Rani, S.; O’Driscoll, L.; McClean, B.; Byrne, H.J.; Lyng, EM. Exosomes are involved in mediating
radiation induced bystander signaling in human keratinocyte cells. Radiat. Res. 2014, 181, 138-145. [CrossRef]
Al-Mayah, A.; Bright, S.; Chapman, K ; Irons, S.; Luo, P; Carter, D.; Goodwin, E.; Kadhim, M. The non-targeted
effects of radiation are perpetuated by exosomes. Mutat. Res. 2015, 772, 38—-45. [CrossRef]

Yu, X.; Harris, S.L.; Levine, A.]. The regulation of exosome secretion: A novel function of the p53 protein.
Cancer Res. 2006, 66, 4795-4801. [CrossRef] [PubMed]

Steinbichler, T.B.; Dudas, J.; Riechelmann, H.; Skvortsova, L.I. The role of exosomes in cancer metastasis.
Semin. Cancer Biol. 2017, 44, 170-181. [CrossRef] [PubMed]

Zhao, Y] .; Xie, L. Potential role of exosomes in cancer therapy. Precis. Radiat. Oncol. 2019, 3, 59-64. [CrossRef]
Meng, W.; Hao, Y.; He, C.; Li, L.; Zhu, G. Exosome-orchestrated hypoxic tumor microenvironment. Mol. Cancer
2019, 18, 57. [CrossRef]

Hazawa, M.; Tomiyama, K.; Saotome-Nakamura, A.; Obara, C.; Yasuda, T.; Gotoh, T.; Tanaka, I.; Yakumaru, H.;
Ishihara, H.; Tajima, K. Radiation increases the cellular uptake of exosomes through CD29/CD81 complex
formation. Biochem. Biophys. Res. Commun. 2014, 446, 1165-1171. [CrossRef]

Mutschelknaus, L.; Peters, C.; Winkler, K.; Yentrapalli, R.; Heider, T.; Atkinson, M.].; Moertl, S. Exosomes
Derived from Squamous Head and Neck Cancer Promote Cell Survival after Ionizing Radiation. PLoS ONE
2016, 11, €0152213. [CrossRef]

Dutta, S.; Warshall, C.; Bandyopadhyay, C.; Dutta, D.; Chandran, B. Interactions between exosomes from
breast cancer cells and primary mammary epithelial cells leads to generation of reactive oxygen species
which induce DNA damage response, stabilization of p53 and autophagy in epithelial cells. PLoS ONE 2014,
9, €97580. [CrossRef]

Wen, S.; Dooner, M.; Cheng, Y.; Papa, E.; Del Tatto, M.; Pereira, M.; Deng, Y.; Goldberg, L.; Aliotta, J.;
Chatterjee, D.; et al. Mesenchymal stromal cell-derived extracellular vesicles rescue radiation damage to
murine marrow hematopoietic cells. Leukemia 2016, 30, 2221-2231. [CrossRef]

Tian, W,; Liu, S.; Li, B. Potential Role of Exosomes in Cancer Metastasis. BioMed Res. Int. 2019, 2019, 4649705.
[CrossRef]

Boing, A.N.; Stap, J.; Hau, C.M.; Afink, G.B.; Ris-Stalpers, C.; Reits, E.A.; Sturk, A.; van Noorden, C.J.;
Nieuwland, R. Active caspase-3 is removed from cells by release of caspase-3-enriched vesicles. Biochim.
Biophys. Acta 2013, 1833, 1844-1852. [CrossRef]

Akao, Y,; Khoo, F; Kumazaki, M.; Shinohara, H.; Miki, K,; Yamada, N. Extracellular disposal of
tumor-suppressor miRs-145 and -34a via microvesicles and 5-FU resistance of human colon cancer cells.
Int. J. Mol. Sci. 2014, 15, 1392-1401. [CrossRef] [PubMed]

Roccaro, A.M.; Sacco, A.; Maiso, P.; Azab, A K,; Tai, Y.T.; Reagan, M.; Azab, E,; Flores, L.M.; Campigotto, F.;
Weller, E.; et al. BM mesenchymal stromal cell-derived exosomes facilitate multiple myeloma progression. J.
Clin. Investig. 2013, 123, 1542-1555. [CrossRef] [PubMed]

Xu, EH.; Sharma, S.; Gardner, A.; Tu, Y.; Raitano, A.; Sawyers, C.; Lichtenstein, A. Interleukin-6-induced
inhibition of multiple myeloma cell apoptosis: Support for the hypothesis that protection is mediated via
inhibition of the JNK/SAPK pathway. Blood 1998, 92, 241-251. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/0008-5472.CAN-07-0722
http://www.ncbi.nlm.nih.gov/pubmed/18089811
http://dx.doi.org/10.1667/0033-7587(2001)155[0387:IORBAN]2.0.CO;2
http://dx.doi.org/10.1667/RR3527.1
http://dx.doi.org/10.4161/cc.7.11.5981
http://dx.doi.org/10.1007/s00411-011-0386-5
http://dx.doi.org/10.1667/RR13337.1
http://dx.doi.org/10.1016/j.mrfmmm.2014.12.007
http://dx.doi.org/10.1158/0008-5472.CAN-05-4579
http://www.ncbi.nlm.nih.gov/pubmed/16651434
http://dx.doi.org/10.1016/j.semcancer.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28215970
http://dx.doi.org/10.1002/pro6.66
http://dx.doi.org/10.1186/s12943-019-0982-6
http://dx.doi.org/10.1016/j.bbrc.2014.03.067
http://dx.doi.org/10.1371/journal.pone.0152213
http://dx.doi.org/10.1371/journal.pone.0097580
http://dx.doi.org/10.1038/leu.2016.107
http://dx.doi.org/10.1155/2019/4649705
http://dx.doi.org/10.1016/j.bbamcr.2013.03.013
http://dx.doi.org/10.3390/ijms15011392
http://www.ncbi.nlm.nih.gov/pubmed/24447928
http://dx.doi.org/10.1172/JCI66517
http://www.ncbi.nlm.nih.gov/pubmed/23454749
http://dx.doi.org/10.1182/blood.V92.1.241.413k28_241_251
http://www.ncbi.nlm.nih.gov/pubmed/9639523

Int. J. Mol. Sci. 2019, 20, 5527 23 of 29

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Wang, J.; Hendrix, A.; Hernot, S.; Lemaire, M.; De Bruyne, E.; Van Valckenborgh, E.; Lahoutte, T.; De
Wever, O.; Vanderkerken, K.; Menu, E. Bone marrow stromal cell-derived exosomes as communicators in
drug resistance in multiple myeloma cells. Blood 2014, 124, 555-566. [CrossRef]

Yu, Q.; Li, P; Weng, M.; Wu, S.; Zhang, Y.; Chen, X.; Zhang, Q.; Shen, G.; Ding, X.; Fu, S. Nano-Vesicles are a
Potential Tool to Monitor Therapeutic Efficacy of Carbon Ion Radiotherapy in Prostate Cancer. J. Biomed.
Nanotechnol. 2018, 14, 168-178. [CrossRef]

Chen, W.X,; Cai, Y.Q.; Lv, M.M.; Chen, L.; Zhong, S.L.; Ma, T.E;; Zhao, ].H.; Tang, ].H. Exosomes from
docetaxel-resistant breast cancer cells alter chemosensitivity by delivering microRNAs. Tumour Biol. |. Int.
Soc. Oncodev. Biol. Med. 2014, 35, 9649-9659. [CrossRef]

Chen, W.X,; Liu, XM.; Lv, M.M.; Chen, L.; Zhao, ].H.; Zhong, S.L.; Ji, M.H.; Hu, Q.; Luo, Z.; Wu, J.Z,;
et al. Exosomes from drug-resistant breast cancer cells transmit chemoresistance by a horizontal transfer of
microRNAs. PLoS ONE 2014, 9, €95240. [CrossRef]

Kusumbe, A.P; Bapat, S.A. Cancer stem cells and aneuploid populations within developing tumors are the
major determinants of tumor dormancy. Cancer Res. 2009, 69, 9245-9253. [CrossRef]

Bliss, S.A.; Sinha, G.; Sandiford, O.A.; Williams, L.M.; Engelberth, D.J.; Guiro, K; Isenalumhe, L.L.; Greco, S.J.;
Ayer, S.; Bryan, M,; et al. Mesenchymal Stem Cell-Derived Exosomes Stimulate Cycling Quiescence and
Early Breast Cancer Dormancy in Bone Marrow. Cancer Res. 2016, 76, 5832-5844. [CrossRef]

Ono, M.; Kosaka, N.; Tominaga, N.; Yoshioka, Y.; Takeshita, F.; Takahashi, R.U.; Yoshida, M.; Tsuda, H.;
Tamura, K.; Ochiya, T. Exosomes from bone marrow mesenchymal stem cells contain a microRNA that
promotes dormancy in metastatic breast cancer cells. Sci. Signal. 2014, 7, ra63. [CrossRef]

Hu, Y,; Yan, C.; Mu, L.; Huang, K; Li, X,; Tao, D.; Wu, Y.; Qin, J. Fibroblast-Derived Exosomes Contribute to
Chemoresistance through Priming Cancer Stem Cells in Colorectal Cancer. PLoS ONE 2015, 10, e0125625.
[CrossRef] [PubMed]

Koch, R,; Demant, M.; Aung, T.; Diering, N.; Cicholas, A.; Chapuy, B.; Wenzel, D.; Lahmann, M.; Guntsch, A;
Kiecke, C.; et al. Populational equilibrium through exosome-mediated Wnt signaling in tumor progression
of diffuse large B-cell lymphoma. Blood 2014, 123, 2189-2198. [CrossRef] [PubMed]

Kramer-Albers, E.M. Exosomes deliver ROS for regeneration. Nat. Cell Biol. 2018, 20, 225-226. [CrossRef]
[PubMed]

Xu, S.; Liu, C; Ji, H.L. Concise Review: Therapeutic Potential of the Mesenchymal Stem Cell Derived
Secretome and Extracellular Vesicles for Radiation-Induced Lung Injury: Progress and Hypotheses. Stem Cells
Transl. Med. 2019, 8, 344-354. [CrossRef] [PubMed]

Quesenberry, PJ.; Goldberg, L.R.; Aliotta, ].M.; Dooner, M.S.; Pereira, M.G.; Wen, S.; Camussi, G. Cellular
phenotype and extracellular vesicles: Basic and clinical considerations. Stem Cells Dev. 2014, 23, 1429-1436.
[CrossRef]

Quesenberry, PJ.; Aliotta, J.; Camussi, G.; Abdel-Mageed, A.B.; Wen, S.; Goldberg, L.; Zhang, H.G; Tetta, C.;
Franklin, J.; Coffey, R.J.; et al. Potential functional applications of extracellular vesicles: A report by the
NIH Common Fund Extracellular RNA Communication Consortium. . Extracell. Vesicles 2015, 4, 27575.
[CrossRef]

Graham, K.; Unger, E. Overcoming tumor hypoxia as a barrier to radiotherapy, chemotherapy and
immunotherapy in cancer treatment. Int. J. Nanomed. 2018, 13, 6049-6058. [CrossRef]

Ewing, D. The oxygen fixation hypothesis: A reevaluation. Am. J. Clin. Oncol. 1998, 21, 355-361. [CrossRef]
Wang, T.; Gilkes, D.M.; Takano, N.; Xiang, L.; Luo, W.; Bishop, C.J.; Chaturvedi, P; Green, ].].; Semenza, G.L.
Hypoxia-inducible factors and RAB22A mediate formation of microvesicles that stimulate breast cancer
invasion and metastasis. Proc. Natl. Acad. Sci. USA 2014, 111, E3234-E3242. [CrossRef]

Li, L; Li, C; Wang, S.; Wang, Z.; Jiang, J.; Wang, W.; Li, X.; Chen, J.; Liu, K;; Li, C.; et al. Exosomes
Derived from Hypoxic Oral Squamous Cell Carcinoma Cells Deliver miR-21 to Normoxic Cells to Elicit a
Prometastatic Phenotype. Cancer Res. 2016, 76, 1770-1780. [CrossRef]

Xue, M.; Chen, W,; Xiang, A.; Wang, R.; Chen, H.; Pan, J.; Pang, H.; An, H.; Wang, X.; Hou, H.; et al.
Hypoxic exosomes facilitate bladder tumor growth and development through transferring long non-coding
RNA-UCA1. Mol. Cancer 2017, 16, 143. [CrossRef] [PubMed]

Deep, G.; Panigrahi, G.K. Hypoxia-Induced Signaling Promotes Prostate Cancer Progression: Exosomes
Role as Messenger of Hypoxic Response in Tumor Microenvironment. Crit. Rev. Oncog. 2015, 20, 419-434.
[CrossRef] [PubMed]


http://dx.doi.org/10.1182/blood-2014-03-562439
http://dx.doi.org/10.1166/jbn.2018.2503
http://dx.doi.org/10.1007/s13277-014-2242-0
http://dx.doi.org/10.1371/journal.pone.0095240
http://dx.doi.org/10.1158/0008-5472.CAN-09-2802
http://dx.doi.org/10.1158/0008-5472.CAN-16-1092
http://dx.doi.org/10.1126/scisignal.2005231
http://dx.doi.org/10.1371/journal.pone.0125625
http://www.ncbi.nlm.nih.gov/pubmed/25938772
http://dx.doi.org/10.1182/blood-2013-08-523886
http://www.ncbi.nlm.nih.gov/pubmed/24563408
http://dx.doi.org/10.1038/s41556-018-0048-9
http://www.ncbi.nlm.nih.gov/pubmed/29476149
http://dx.doi.org/10.1002/sctm.18-0038
http://www.ncbi.nlm.nih.gov/pubmed/30618085
http://dx.doi.org/10.1089/scd.2013.0594
http://dx.doi.org/10.3402/jev.v4.27575
http://dx.doi.org/10.2147/IJN.S140462
http://dx.doi.org/10.1097/00000421-199808000-00008
http://dx.doi.org/10.1073/pnas.1410041111
http://dx.doi.org/10.1158/0008-5472.CAN-15-1625
http://dx.doi.org/10.1186/s12943-017-0714-8
http://www.ncbi.nlm.nih.gov/pubmed/28841829
http://dx.doi.org/10.1615/CritRevOncog.v20.i5-6.130
http://www.ncbi.nlm.nih.gov/pubmed/27279239

Int. J. Mol. Sci. 2019, 20, 5527 24 of 29

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Shan, Y,; You, B.; Shi, S.; Shi, W.; Zhang, Z.; Zhang, Q.; Gu, M.; Chen, ].; Bao, L.; Liu, D.; et al. Hypoxia-Induced
Matrix Metalloproteinase-13 Expression in Exosomes from Nasopharyngeal Carcinoma Enhances Metastases.
Cell Death Dis. 2018, 9, 382. [CrossRef] [PubMed]

Aga, M.; Bentz, G.L.; Raffa, S.; Torrisi, M.R.; Kondo, S.; Wakisaka, N.; Yoshizaki, T.; Pagano, ].S.; Shackelford, J.
Exosomal HIFlalpha supports invasive potential of nasopharyngeal carcinoma-associated LMP1-positive
exosomes. Oncogene 2014, 33, 4613-4622. [CrossRef] [PubMed]

Ramteke, A.; Ting, H.; Agarwal, C.; Mateen, S.; Somasagara, R.; Hussain, A.; Graner, M.; Frederick, B.;
Agarwal, R.; Deep, G. Exosomes secreted under hypoxia enhance invasiveness and stemness of prostate
cancer cells by targeting adherens junction molecules. Mol. Carcinog. 2015, 54, 554-565. [CrossRef] [PubMed]
Kucharzewska, P.; Christianson, H.C.; Welch, J.E.; Svensson, K.J.; Fredlund, E.; Ringner, M.; Morgelin, M.;
Bourseau-Guilmain, E.; Bengzon, J.; Belting, M. Exosomes reflect the hypoxic status of glioma cells and
mediate hypoxia-dependent activation of vascular cells during tumor development. Proc. Natl. Acad.
Sci. USA 2013, 110, 7312-7317. [CrossRef]

Panigrahi, G.K.; Praharaj, PP; Peak, T.C.; Long, J.; Singh, R.; Rhim, ].S.; Abd Elmageed, Z.Y.; Deep, G.
Hypoxia-induced exosome secretion promotes survival of African-American and Caucasian prostate cancer
cells. Sci. Rep. 2018, 8, 3853. [CrossRef]

Duan, P; Tan, J.; Miao, Y.; Zhang, Q. Potential role of exosomes in the pathophysiology, diagnosis, and
treatment of hypoxic diseases. Am. |. Transl. Res. 2019, 11, 1184-1201.

Jung, K.O.; Jo, H.; Yu, ].H.; Gambhir, S.S.; Pratx, G. Development and MPI tracking of novel hypoxia-targeted
theranostic exosomes. Biomaterials 2018, 177, 139-148. [CrossRef]

Zhang, D.; Lee, H.; Zhu, Z.; Minhas, ] K,; Jin, Y. Enrichment of selective miRNAs in exosomes and delivery
of exosomal miRNAs in vitro and in vivo. Am. J. Physiol. Lung Cell. Mol. Physiol. 2017, 312, L110-L121.
[CrossRef]

Wang, ].J.; Wang, Z.Y.; Chen, R.; Xiong, J.; Yao, Y.L.; Wu, J.H.; Li, G.X. Macrophage-secreted Exosomes
Delivering miRNA-21 Inhibitor can Regulate BGC-823 Cell Proliferation. Asian Pac. ]. Cancer Prev. 2015, 16,
4203-4209. [CrossRef] [PubMed]

Munoz, J.L.; Bliss, S.A.; Greco, S.J.; Ramkissoon, S.H.; Ligon, K.L.; Rameshwar, P. Delivery of Functional
Anti-miR-9 by Mesenchymal Stem Cell-derived Exosomes to Glioblastoma Multiforme Cells Conferred
Chemosensitivity. Mol. Ther. Nucleic Acids 2013, 2, €126. [CrossRef] [PubMed]

de Araujo Farias, V,; O'Valle, E,; Serrano-Saenz, S.; Anderson, P.; Andres, E.; Lopez-Penalver, J.; Tovar, L.;
Nieto, A.; Santos, A.; Martin, F; et al. Exosomes derived from mesenchymal stem cells enhance
radiotherapy-induced cell death in tumor and metastatic tumor foci. Mol. Cancer 2018, 17, 122. [CrossRef]
[PubMed]

Lee, K.S.; Choi, ].S.; Cho, Y.W. Reprogramming of cancer stem cells into non-tumorigenic cells using stem
cell exosomes for cancer therapy. Biochem. Biophys. Res. Commun. 2019, 512, 511-516. [CrossRef]

Goh, WJ.; Zou, S;; Ong, W.Y,; Torta, F; Alexandra, A.F; Schiffelers, RM.; Storm, G.; Wang, JW,;
Czarny, B.; Pastorin, G. Bioinspired Cell-Derived Nanovesicles versus Exosomes as Drug Delivery Systems:
A Cost-Effective Alternative. Sci. Rep. 2017, 7, 14322. [CrossRef]

Perez-Herrero, E.; Fernandez-Medarde, A. Advanced targeted therapies in cancer: Drug nanocarriers, the
future of chemotherapy. Eur. ]. Pharm. Biopharm. Off. ]. Arb. Fur Pharm. Verfahr. EV 2015, 93, 52-79.
[CrossRef]

Sercombe, L.; Veerati, T.; Moheimani, F; Wu, S.Y.; Sood, A K.; Hua, S. Advances and Challenges of Liposome
Assisted Drug Delivery. Front. Pharmacol. 2015, 6, 286. [CrossRef]

van der Vos, K.E.; Abels, E.R.; Zhang, X.; Lai, C.; Carrizosa, E.; Oakley, D.; Prabhakar, S.; Mardini, O.;
Crommentuijn, M.H.; Skog, J.; et al. Directly visualized glioblastoma-derived extracellular vesicles transfer
RNA to microglia/macrophages in the brain. Neurooncology 2016, 18, 58-69. [CrossRef]

Tominaga, N.; Kosaka, N.; Ono, M.; Katsuda, T.; Yoshioka, Y.; Tamura, K.; Lotvall, J.; Nakagama, H.; Ochiya, T.
Brain metastatic cancer cells release microRNA-181c-containing extracellular vesicles capable of destructing
blood-brain barrier. Nat. Commun. 2015, 6, 6716. [CrossRef]

Hood, J.L.; Wickline, S.A. A systematic approach to exosome-based translational nanomedicine.
Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2012, 4, 458-467. [CrossRef]


http://dx.doi.org/10.1038/s41419-018-0425-0
http://www.ncbi.nlm.nih.gov/pubmed/29515112
http://dx.doi.org/10.1038/onc.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24662828
http://dx.doi.org/10.1002/mc.22124
http://www.ncbi.nlm.nih.gov/pubmed/24347249
http://dx.doi.org/10.1073/pnas.1220998110
http://dx.doi.org/10.1038/s41598-018-22068-4
http://dx.doi.org/10.1016/j.biomaterials.2018.05.048
http://dx.doi.org/10.1152/ajplung.00423.2016
http://dx.doi.org/10.7314/APJCP.2015.16.10.4203
http://www.ncbi.nlm.nih.gov/pubmed/26028073
http://dx.doi.org/10.1038/mtna.2013.60
http://www.ncbi.nlm.nih.gov/pubmed/24084846
http://dx.doi.org/10.1186/s12943-018-0867-0
http://www.ncbi.nlm.nih.gov/pubmed/30111323
http://dx.doi.org/10.1016/j.bbrc.2019.03.072
http://dx.doi.org/10.1038/s41598-017-14725-x
http://dx.doi.org/10.1016/j.ejpb.2015.03.018
http://dx.doi.org/10.3389/fphar.2015.00286
http://dx.doi.org/10.1093/neuonc/nov244
http://dx.doi.org/10.1038/ncomms7716
http://dx.doi.org/10.1002/wnan.1174

Int. J. Mol. Sci. 2019, 20, 5527 25 of 29

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Record, M.; Carayon, K.; Poirot, M.; Silvente-Poirot, S. Exosomes as new vesicular lipid transporters involved
in cell-cell communication and various pathophysiologies. Biochim. Biophys. Acta 2014, 1841, 108-120.
[CrossRef] [PubMed]

Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.]. Delivery of siRNA to the mouse brain by
systemic injection of targeted exosomes. Nat. Biotechnol. 2011, 29, 341-345. [CrossRef] [PubMed]

Lener, T.; Gimona, M.; Aigner, L.; Borger, V.; Buzas, E.; Camussi, G.; Chaput, N.; Chatterjee, D.; Court, FA.;
Del Portillo, H.A ; et al. Applying extracellular vesicles based therapeutics in clinical trials—An ISEV position
paper. J. Extracell. Vesicles 2015, 4, 30087. [CrossRef] [PubMed]

Jarmalaviciute, A.; Pivoriunas, A. Exosomes as a potential novel therapeutic tools against neurodegenerative
diseases. Pharmacol. Res. 2016, 113, 816-822. [CrossRef]

Yoo, KW.; Li, N.; Makani, V,; Singh, R.N.; Atala, A.; Lu, B. Large-Scale Preparation of Extracellular Vesicles
Enriched with Specific microRNA. Tissue Eng. Part C Methods 2018, 24, 637-644. [CrossRef]

Mendt, M.; Kamerkar, S.; Sugimoto, H.; McAndrews, K.M.; Wu, C.C.; Gagea, M.; Yang, S.; Blanko, E.VR,;
Peng, Q.; Ma, X.; et al. Generation and testing of clinical-grade exosomes for pancreatic cancer. JCI Insight
2018, 3. [CrossRef]

Silva, C.O.; Pinho, J.O.; Lopes, ].M.; Almeida, A.J.; Gaspar, M.M.; Reis, C. Current Trends in Cancer
Nanotheranostics: Metallic, Polymeric, and Lipid-Based Systems. Pharmaceutics 2019, 11, 22. [CrossRef]
Kahraman, E.; Gungor, S.; Ozsoy, Y. Potential enhancement and targeting strategies of polymeric and
lipid-based nanocarriers in dermal drug delivery. Ther. Deliv. 2017, 8, 967-985. [CrossRef]

Sanginario, A.; Miccoli, B.; Demarchi, D. Carbon Nanotubes as an Effective Opportunity for Cancer Diagnosis
and Treatment. Biosensors 2017, 7,9. [CrossRef]

Singh, P; Pandit, S.; Mokkapati, V.; Garg, A.; Ravikumar, V.; Mijakovic, I. Gold Nanoparticles in Diagnostics
and Therapeutics for Human Cancer. Int. J. Mol. Sci. 2018, 19, 1979. [CrossRef]

Chiriaco, M.S.; Bianco, M.; Nigro, A.; Primiceri, E.; Ferrara, F.; Romano, A.; Quattrini, A.; Furlan, R.; Arima, V,;
Maruccio, G. Lab-on-Chip for Exosomes and Microvesicles Detection and Characterization. Sensors 2018, 18,
3175. [CrossRef] [PubMed]

Fuhrmann, G.; Herrmann, LK.; Stevens, M.M. Cell-derived vesicles for drug therapy and diagnostics:
Opportunities and challenges. Nano Today 2015, 10, 397-409. [CrossRef] [PubMed]

Lawrie, A.S.; Albanyan, A.; Cardigan, R.A.; Mackie, I.].; Harrison, P. Microparticle sizing by dynamic light
scattering in fresh-frozen plasma. Vox Sang. 2009, 96, 206-212. [CrossRef] [PubMed]

Oosthuyzen, W.; Sime, N.E.; Ivy, ].R.; Turtle, E.J.; Street, ] M.; Pound, J.; Bath, L.E.; Webb, D.].; Gregory, C.D.;
Bailey, M.A.; et al. Quantification of human urinary exosomes by nanoparticle tracking analysis. J. Physiol.
2013, 591, 5833-5842. [CrossRef]

Arraud, N.; Gounou, C.; Linares, R.; Brisson, A.R. A simple flow cytometry method improves the detection
of phosphatidylserine-exposing extracellular vesicles. . Thromb. Haemost. 2015, 13, 237-247. [CrossRef]
McVey, M.].; Spring, C.M.; Kuebler, WM. Improved resolution in extracellular vesicle populations using 405
instead of 488 nm side scatter. J. Extracell. Vesicles 2018, 7, 1454776. [CrossRef]

Kowal, E.J.K,; Ter-Ovanesyan, D.; Regev, A.; Church, G.M. Extracellular Vesicle Isolation and Analysis by
Western Blotting. Methods Mol. Biol. 2017, 1660, 143-152. [CrossRef]

Rupert, D.L.; Lasser, C.; Eldh, M.; Block, S.; Zhdanov, V.P; Lotvall, ].O.; Bally, M.; Hook, F. Determination of
exosome concentration in solution using surface plasmon resonance spectroscopy. Anal. Chem. 2014, 86,
5929-5936. [CrossRef]

Ashcroft, B.A.; de Sonneville, J.; Yuana, Y.; Osanto, S.; Bertina, R.; Kuil, M.E.; Oosterkamp, T.H. Determination
of the size distribution of blood microparticles directly in plasma using atomic force microscopy and
microfluidics. Biomed. Microdevices 2012, 14, 641-649. [CrossRef]

Jiang, X.C.; Gao, J.Q. Exosomes as novel bio-carriers for gene and drug delivery. Int. |. Pharm. 2017, 521,
167-175. [CrossRef]

Haney, M.].; Zhao, Y.; Harrison, E.B.; Mahajan, V.; Ahmed, S.; He, Z.; Suresh, P.; Hingtgen, S.D.; Klyachko, N.L.;
Mosley, R.L.; et al. Specific transfection of inflamed brain by macrophages: A new therapeutic strategy for
neurodegenerative diseases. PLoS ONE 2013, 8, e61852. [CrossRef] [PubMed]

Ohno, S.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K.; Mizutani, T.; Ohgi, T.;
Ochiya, T.; et al. Systemically injected exosomes targeted to EGFR deliver antitumor microRNA to breast
cancer cells. Mol. Ther. |. Am. Soc. Gene Ther. 2013, 21, 185-191. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bbalip.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24140720
http://dx.doi.org/10.1038/nbt.1807
http://www.ncbi.nlm.nih.gov/pubmed/21423189
http://dx.doi.org/10.3402/jev.v4.30087
http://www.ncbi.nlm.nih.gov/pubmed/26725829
http://dx.doi.org/10.1016/j.phrs.2016.02.002
http://dx.doi.org/10.1089/ten.tec.2018.0249
http://dx.doi.org/10.1172/jci.insight.99263
http://dx.doi.org/10.3390/pharmaceutics11010022
http://dx.doi.org/10.4155/tde-2017-0075
http://dx.doi.org/10.3390/bios7010009
http://dx.doi.org/10.3390/ijms19071979
http://dx.doi.org/10.3390/s18103175
http://www.ncbi.nlm.nih.gov/pubmed/30241303
http://dx.doi.org/10.1016/j.nantod.2015.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28458718
http://dx.doi.org/10.1111/j.1423-0410.2008.01151.x
http://www.ncbi.nlm.nih.gov/pubmed/19175566
http://dx.doi.org/10.1113/jphysiol.2013.264069
http://dx.doi.org/10.1111/jth.12767
http://dx.doi.org/10.1080/20013078.2018.1454776
http://dx.doi.org/10.1007/978-1-4939-7253-1_12
http://dx.doi.org/10.1021/ac500931f
http://dx.doi.org/10.1007/s10544-012-9642-y
http://dx.doi.org/10.1016/j.ijpharm.2017.02.038
http://dx.doi.org/10.1371/journal.pone.0061852
http://www.ncbi.nlm.nih.gov/pubmed/23620794
http://dx.doi.org/10.1038/mt.2012.180
http://www.ncbi.nlm.nih.gov/pubmed/23032975

Int. J. Mol. Sci. 2019, 20, 5527 26 of 29

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Pegtel, D.M.; Cosmopoulos, K.; Thorley-Lawson, D.A; van Eijndhoven, M.A.; Hopmans, E.S.; Lindenberg, ] .L.;
de Gruijl, T.D.; Wurdinger, T.; Middeldorp, ] M. Functional delivery of viral miRNAs via exosomes. Proc. Nat!.
Acad. Sci. USA 2010, 107, 6328-6333. [CrossRef] [PubMed]

Yang, M.; Chen, J; Su, F; Yu, B.; Su, F; Lin, L.; Liu, Y,; Huang, ].D.; Song, E. Microvesicles secreted by
macrophages shuttle invasion-potentiating microRNAs into breast cancer cells. Mol. Cancer 2011, 10, 117.
[CrossRef]

Akao, Y,; Iio, A.; Itoh, T.; Noguchi, S.; Itoh, Y.; Ohtsuki, Y.; Naoe, T. Microvesicle-mediated RNA molecule
delivery system using monocytes/macrophages. Mol. Ther. ]. Am. Soc. Gene Ther. 2011, 19, 395-399.
[CrossRef]

Mentkowski, K.I; Snitzer, ].D.; Rusnak, S.; Lang, ] K. Therapeutic Potential of Engineered Extracellular
Vesicles. AAPS J. 2018, 20, 50. [CrossRef] [PubMed]

Lou, G.; Song, X; Yang, F.; Wu, S.; Wang, J.; Chen, Z.; Liu, Y. Exosomes derived from miR-122-modified
adipose tissue-derived MSCs increase chemosensitivity of hepatocellular carcinoma. J. Hematol. Oncol. 2015,
8, 122. [CrossRef]

Wang, B.; Yao, K.; Huuskes, B.M.; Shen, H.H.; Zhuang, J.; Godson, C.; Brennan, E.P.; Wilkinson-Berka, J.L.;
Wise, A.F; Ricardo, S.D. Mesenchymal Stem Cells Deliver Exogenous MicroRNA-let7c via Exosomes to
Attenuate Renal Fibrosis. Mol. Ther. |. Am. Soc. Gene Ther. 2016, 24, 1290-1301. [CrossRef]

Pan, Q.; Ramakrishnaiah, V.; Henry, S.; Fouraschen, S.; de Ruiter, P.E.; Kwekkeboom, J.; Tilanus, HW.;
Janssen, H.L.; van der Laan, L.J. Hepatic cell-to-cell transmission of small silencing RNA can extend the
therapeutic reach of RNA interference (RNAi). Gut 2012, 61, 1330-1339. [CrossRef]

Suetsugu, A.; Honma, K.; Saji, S.; Moriwaki, H.; Ochiya, T.; Hoffman, R.M. Imaging exosome transfer from
breast cancer cells to stroma at metastatic sites in orthotopic nude-mouse models. Adv. Drug Deliv. Rev. 2013,
65, 383-390. [CrossRef]

Armstrong, J.P.; Holme, M.N.; Stevens, M.M. Re-Engineering Extracellular Vesicles as Smart Nanoscale
Therapeutics. ACS Nano 2017, 11, 69-83. [CrossRef] [PubMed]

Stickney, Z.; Losacco, J.; McDevitt, S.; Zhang, Z.; Lu, B. Development of exosome surface display technology
in living human cells. Biochem. Biophys. Res. Commun. 2016, 472, 53-59. [CrossRef] [PubMed]

Rountree, R.B.; Mand], S.J.; Nachtwey, ].M.; Dalpozzo, K.; Do, L.; Lombardo, J.R.; Schoonmaker, P.L.;
Brinkmann, K.; Dirmeier, U.; Laus, R.; et al. Exosome targeting of tumor antigens expressed by cancer
vaccines can improve antigen immunogenicity and therapeutic efficacy. Cancer Res. 2011, 71, 5235-5244.
[CrossRef] [PubMed]

Zeelenberg, L.S.; Ostrowski, M.; Krumeich, S.; Bobrie, A ; Jancic, C.; Boissonnas, A.; Delcayre, A.; Le Pecq, ].B.;
Combadiere, B.; Amigorena, S.; et al. Targeting tumor antigens to secreted membrane vesicles in vivo induces
efficient antitumor immune responses. Cancer Res. 2008, 68, 1228-1235. [CrossRef]

Pascucci, L.; Cocce, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Vigano, L.; Locatelli, A.; Sisto, F.;
Doglia, S.M.; et al. Paclitaxel is incorporated by mesenchymal stromal cells and released in exosomes that
inhibit in vitro tumor growth: A new approach for drug delivery. ]. Control. Release Off. ]. Control. Release Soc.
2014, 192, 262-270. [CrossRef]

Lv, L.H.,; Wan, Y.L,; Lin, Y,; Zhang, W.; Yang, M.; Li, G.L.; Lin, H.M.; Shang, C.Z.; Chen, Y.J.; Min, J. Anticancer
drugs cause release of exosomes with heat shock proteins from human hepatocellular carcinoma cells
that elicit effective natural killer cell antitumor responses in vitro. . Biol. Chem. 2012, 287, 15874-15885.
[CrossRef]

Jang, S.C.; Kim, O.Y.; Yoon, C.M.; Choi, D.S.; Roh, T.Y,; Park, J.; Nilsson, J.; Lotvall, J.; Kim, Y.K.; Gho, Y.S.
Bioinspired exosome-mimetic nanovesicles for targeted delivery of chemotherapeutics to malignant tumors.
ACS Nano 2013, 7, 7698-7710. [CrossRef]

Silva, A.K.; Luciani, N.; Gazeau, F.; Aubertin, K.; Bonneau, S.; Chauvierre, C.; Letourneur, D.; Wilhelm, C.
Combining magnetic nanoparticles with cell derived microvesicles for drug loading and targeting. Nanomed.
Nanotechnol. Biol. Med. 2015, 11, 645-655. [CrossRef]

Neubert, J.; Glumm, J. Promoting neuronal regeneration using extracellular vesicles loaded with
superparamagnetic iron oxide nanoparticles. Neural Regen. Res. 2016, 11, 61-63. [CrossRef]

Silva, A K.; Kolosnjaj-Tabi, J.; Bonneau, S.; Marangon, I.; Boggetto, N.; Aubertin, K.; Clement, O.; Bureau, M.E;
Luciani, N.; Gazeau, F.; et al. Magnetic and photoresponsive theranosomes: Translating cell-released vesicles
into smart nanovectors for cancer therapy. ACS Nano 2013, 7, 4954—4966. [CrossRef]


http://dx.doi.org/10.1073/pnas.0914843107
http://www.ncbi.nlm.nih.gov/pubmed/20304794
http://dx.doi.org/10.1186/1476-4598-10-117
http://dx.doi.org/10.1038/mt.2010.254
http://dx.doi.org/10.1208/s12248-018-0211-z
http://www.ncbi.nlm.nih.gov/pubmed/29546642
http://dx.doi.org/10.1186/s13045-015-0220-7
http://dx.doi.org/10.1038/mt.2016.90
http://dx.doi.org/10.1136/gutjnl-2011-300449
http://dx.doi.org/10.1016/j.addr.2012.08.007
http://dx.doi.org/10.1021/acsnano.6b07607
http://www.ncbi.nlm.nih.gov/pubmed/28068069
http://dx.doi.org/10.1016/j.bbrc.2016.02.058
http://www.ncbi.nlm.nih.gov/pubmed/26902116
http://dx.doi.org/10.1158/0008-5472.CAN-10-4076
http://www.ncbi.nlm.nih.gov/pubmed/21670078
http://dx.doi.org/10.1158/0008-5472.CAN-07-3163
http://dx.doi.org/10.1016/j.jconrel.2014.07.042
http://dx.doi.org/10.1074/jbc.M112.340588
http://dx.doi.org/10.1021/nn402232g
http://dx.doi.org/10.1016/j.nano.2014.11.009
http://dx.doi.org/10.4103/1673-5374.175043
http://dx.doi.org/10.1021/nn400269x

Int. J. Mol. Sci. 2019, 20, 5527 27 of 29

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.
218.

219.

Sarkar, D.; Vemula, PK.; Zhao, W.; Gupta, A.; Karnik, R.; Karp, ]. M. Engineered mesenchymal stem cells with
self-assembled vesicles for systemic cell targeting. Biomaterials 2010, 31, 5266-5274. [CrossRef] [PubMed]
Batrakova, E.V.; Kim, M.S. Using exosomes, naturally-equipped nanocarriers, for drug delivery. J. Control.
Release Off. ]. Control. Release Soc. 2015, 219, 396—405. [CrossRef] [PubMed]

Sun, D.; Zhuang, X.; Xiang, X.; Liu, Y.; Zhang, S.; Liu, C.; Barnes, S.; Grizzle, W.; Miller, D.; Zhang, H.G.
A novel nanoparticle drug delivery system: The anti-inflammatory activity of curcumin is enhanced when
encapsulated in exosomes. Mol. Ther. |. Am. Soc. Gene Ther. 2010, 18, 1606-1614. [CrossRef] [PubMed]
Tian, Y.; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, ].; Nie, G. A doxorubicin delivery platform using
engineered natural membrane vesicle exosomes for targeted tumor therapy. Biomaterials 2014, 35, 2383-2390.
[CrossRef]

Yang, T.; Martin, P; Fogarty, B.; Brown, A.; Schurman, K,; Phipps, R.; Yin, V.P.; Lockman, P.; Bai, S. Exosome
delivered anticancer drugs across the blood-brain barrier for brain cancer therapy in Danio rerio. Pharm. Res.
2015, 32, 2003-2014. [CrossRef]

Lee, Y.; El Andaloussi, S.; Wood, M.]. Exosomes and microvesicles: Extracellular vesicles for genetic
information transfer and gene therapy. Hum. Mol. Genet. 2012, 21, R125-R134. [CrossRef]

Cooper, ].M.; Wiklander, P.B.; Nordin, ].Z.; Al-Shawi, R.; Wood, M.].; Vithlani, M.; Schapira, A.H.; Simons, J.P;
El-Andaloussi, S.; Alvarez-Erviti, L. Systemic exosomal siRNA delivery reduced alpha-synuclein aggregates
in brains of transgenic mice. Mov. Disord. Off. |. Mov. Disord. Soc. 2014, 29, 1476-1485. [CrossRef]
Fuhrmann, G.; Serio, A.; Mazo, M.; Nair, R.; Stevens, M.M. Active loading into extracellular vesicles
significantly improves the cellular uptake and photodynamic effect of porphyrins. J. Control. Release Off. ].
Control. Release Soc. 2015, 205, 35—44. [CrossRef]

Haney, M.].; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z.; Patel, T.; Piroyan, A.; Sokolsky, M.;
Kabanov, A.V,; et al. Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release
Off. . Control. Release Soc. 2015, 207, 18-30. [CrossRef]

Podolak, I.; Galanty, A.; Sobolewska, D. Saponins as cytotoxic agents: A review. Phytochem. Rev. Proc.
Phytochem. Soc. Eur. 2010, 9, 425-474. [CrossRef]

Johnsen, K.B.; Gudbergsson, ].M.; Skov, M.N.; Pilgaard, L.; Moos, T.; Duroux, M. A comprehensive overview
of exosomes as drug delivery vehicles—Endogenous nanocarriers for targeted cancer therapy. Biochim.
Biophys. Acta 2014, 1846, 75-87. [CrossRef] [PubMed]

Wang, H.; Mu, X.; He, H.; Zhang, X.D. Cancer Radiosensitizers. Trends Pharmacol. Sci. 2018, 39, 24—48.
[CrossRef] [PubMed]

Cai, T.Y,; Liu, X W,; Zhu, H.; Cao, J.; Zhang, J.; Ding, L.; Lou, ].S.; He, Q.J.; Yang, B. Tirapazamine sensitizes
hepatocellular carcinoma cells to topoisomerase I inhibitors via cooperative modulation of hypoxia-inducible
factor-lalpha. Mol. Cancer Ther. 2014, 13, 630-642. [CrossRef] [PubMed]

Cowen, R.L.; Williams, K.J.; Chinje, E.C.; Jaffar, M.; Sheppard, EC.; Telfer, B.A.; Wind, N.S.; Stratford, L].
Hypoxia targeted gene therapy to increase the efficacy of tirapazamine as an adjuvant to radiotherapy:
Reversing tumor radioresistance and effecting cure. Cancer Res. 2004, 64, 1396-1402. [CrossRef] [PubMed]
Wang, J.; Guise, C.P; Dachs, G.U.; Phung, Y.; Hsu, A.-H.; Lambie, N.K,; Patterson, A.V.; Wilson, W.R.
Identification of one-electron reductases that activate both the hypoxia prodrug SN30000 and diagnostic
probe EF5. Biochem. Pharmacol. 2014, 91, 436-446. [CrossRef]

Steward, W.P,; Middleton, M.; Benghiat, A.; Loadman, PM.; Hayward, C.; Waller, S.; Ford, S.; Halbert, G.;
Patterson, L.H.; Talbot, D. The use of pharmacokinetic and pharmacodynamic end points to determine
the dose of AQ4N, a novel hypoxic cell cytotoxin, given with fractionated radiotherapy in a phase I study.
Ann. Oncol. Off. ]. Eur. Soc. Med. Oncol. 2007, 18, 1098-1103. [CrossRef]

Linam, J.; Yang, L.X. Recent developments in radiosensitization. Anticancer Res. 2015, 35, 2479-2485.

Rani, S.; Ryan, A.E.; Griffin, M.D.; Ritter, T. Mesenchymal Stem Cell-derived Extracellular Vesicles: Toward
Cell-free Therapeutic Applications. Mol. Ther. J. Am. Soc. Gene Ther. 2015, 23, 812-823. [CrossRef]

Kim, M.S.; Haney, M.].; Zhao, Y.; Yuan, D.; Deygen, I.; Klyachko, N.L.; Kabanov, A.V.; Batrakova, E.V.
Engineering macrophage-derived exosomes for targeted paclitaxel delivery to pulmonary metastases:
In vitro and in vivo evaluations. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 195-204. [CrossRef]


http://dx.doi.org/10.1016/j.biomaterials.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20381141
http://dx.doi.org/10.1016/j.jconrel.2015.07.030
http://www.ncbi.nlm.nih.gov/pubmed/26241750
http://dx.doi.org/10.1038/mt.2010.105
http://www.ncbi.nlm.nih.gov/pubmed/20571541
http://dx.doi.org/10.1016/j.biomaterials.2013.11.083
http://dx.doi.org/10.1007/s11095-014-1593-y
http://dx.doi.org/10.1093/hmg/dds317
http://dx.doi.org/10.1002/mds.25978
http://dx.doi.org/10.1016/j.jconrel.2014.11.029
http://dx.doi.org/10.1016/j.jconrel.2015.03.033
http://dx.doi.org/10.1007/s11101-010-9183-z
http://dx.doi.org/10.1016/j.bbcan.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24747178
http://dx.doi.org/10.1016/j.tips.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29224916
http://dx.doi.org/10.1158/1535-7163.MCT-13-0490
http://www.ncbi.nlm.nih.gov/pubmed/24362462
http://dx.doi.org/10.1158/0008-5472.CAN-03-2698
http://www.ncbi.nlm.nih.gov/pubmed/14973055
http://dx.doi.org/10.1016/j.bcp.2014.08.003
http://dx.doi.org/10.1093/annonc/mdm120
http://dx.doi.org/10.1038/mt.2015.44
http://dx.doi.org/10.1016/j.nano.2017.09.011

Int. J. Mol. Sci. 2019, 20, 5527 28 of 29

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Choong, N.W,; Vokes, E.E.; Haraf, D.J.; Tothy, PK,; Ferguson, M.K,; Kasza, K.; Rudin, C.M.; Hoffman, P.C;
Krauss, S.A.; Szeto, L.; et al. Phase I study of induction chemotherapy and concomitant chemoradiotherapy
with irinotecan, carboplatin, and paclitaxel for stage III non-small cell lung cancer. J. Thorac. Oncol. Off. Publ.
Int. Assoc. Study Lung Cancer 2008, 3, 59-67. [CrossRef]

Werner, M.E.; Cummings, N.D.; Sethi, M.; Wang, E.C.; Sukumar, R.; Moore, D.T.; Wang, A.Z. Preclinical
evaluation of Genexol-PM, a nanoparticle formulation of paclitaxel, as a novel radiosensitizer for the
treatment of non-small cell lung cancer. Int. |. Radiat. Oncol. Biol. Phys. 2013, 86, 463-468. [CrossRef]
[PubMed]

Werner, M.E.; Copp, ].A.; Karve, S.; Cummings, N.D.; Sukumar, R; Li, C.; Napier, M.E.; Chen, R.C.; Cox, A.D,;
Wang, A.Z. Folate-targeted polymeric nanoparticle formulation of docetaxel is an effective molecularly
targeted radiosensitizer with efficacy dependent on the timing of radiotherapy. ACS Nano 2011, 5, 8990-8998.
[CrossRef] [PubMed]

Labussiere, M.; Aarnink, A.; Pinel, S.; Taillandier, L.; Escanye, ] M.; Barberi-Heyob, M.; Bernier-Chastagner, V.;
Plenat, F; Chastagner, P. Interest of liposomal doxorubicin as a radiosensitizer in malignant glioma xenografts.
Anti-Cancer Drugs 2008, 19, 991-998. [CrossRef] [PubMed]

Tian, T.; Zhang, H.X.; He, C.P; Fan, S.; Zhu, Y.L.; Qi, C.; Huang, N.P;; Xiao, Z.D.; Lu, Z.H.; Tannous, B.A.;
et al. Surface functionalized exosomes as targeted drug delivery vehicles for cerebral ischemia therapy.
Biomaterials 2018, 150, 137-149. [CrossRef]

Kalani, A.; Chaturvedi, P. Curcumin-primed and curcumin-loaded exosomes: Potential neural therapy.
Neural Regen. Res. 2017, 12, 205-206. [CrossRef]

Verma, V. Relationship and interactions of curcumin with radiation therapy. World J. Clin. Oncol. 2016, 7,
275-283. [CrossRef]

Jagetia, G.C. Radioprotection and radiosensitization by curcumin. Adv. Exp. Med. Biol. 2007, 595, 301-320.
[CrossRef]

Spitzner, M.; Ebner, R.; Wolff, H.A.; Ghadimi, B.M.; Wienands, J.; Grade, M. STAT3: A Novel Molecular
Mediator of Resistance to Chemoradiotherapy. Cancers 2014, 6, 1986-2011. [CrossRef]

Zhuang, X.; Xiang, X.; Grizzle, W,; Sun, D.; Zhang, S.; Axtell, R.C.; Ju, S.; Mu, J.; Zhang, L.; Steinman, L.; et al.
Treatment of brain inflammatory diseases by delivering exosome encapsulated anti-inflammatory drugs
from the nasal region to the brain. Mol. Ther. ]. Am. Soc. Gene Ther. 2011, 19, 1769-1779. [CrossRef]
Metheetrairut, C.; Slack, EJ. MicroRNAs in the ionizing radiation response and in radiotherapy. Curr. Opin.
Genet. Dev. 2013, 23, 12-19. [CrossRef]

King, H.O.; Brend, T.; Payne, H.L.; Wright, A.; Ward, T.A.; Patel, K.; Egnuni, T.; Stead, L.F,; Patel, A,;
Wurdak, H.; et al. RAD51 Is a Selective DNA Repair Target to Radiosensitize Glioma Stem Cells. Stem Cell
Rep. 2017, 8, 125-139. [CrossRef] [PubMed]

Shtam, T.A.; Kovalev, R.A.; Varfolomeeva, E.Y.; Makarov, E.M.; Kil, Y.V,; Filatov, M.V. Exosomes are natural
carriers of exogenous siRNA to human cells in vitro. Cell Commun. Signal. 2013, 11, 88. [CrossRef] [PubMed]
Hu, H.; Du, L.; Nagabayashi, G.; Seeger, R.C.; Gatti, R.A. ATM is down-regulated by N-Myc-regulated
microRNA-421. Proc. Natl. Acad. Sci. USA 2010, 107, 1506-1511. [CrossRef] [PubMed]

Yan, D.; Ng, W.L.; Zhang, X.; Wang, P.; Zhang, Z.; Mo, Y.Y.; Mao, H.; Hao, C.; Olson, ].J.; Curran, W.].; et al.
Targeting DNA-PKcs and ATM with miR-101 sensitizes tumors to radiation. PLoS ONE 2010, 5, e11397.
[CrossRef]

Guo, Y,; Sun, W.; Gong, T.; Chai, Y.; Wang, J.; Hui, B.; Li, Y.; Song, L.; Gao, Y. miR-30a radiosensitizes
non-small cell lung cancer by targeting ATF1 that is involved in the phosphorylation of ATM. Oncol. Rep.
2017, 37, 1980-1988. [CrossRef]

Moskwa, P; Buffa, EM.; Pan, Y.; Panchakshari, R.; Gottipati, P.; Muschel, R.].; Beech, J.; Kulshrestha, R.;
Abdelmohsen, K.; Weinstock, D.M.; et al. miR-182-mediated downregulation of BRCA1 impacts DNA repair
and sensitivity to PARP inhibitors. Mol. Cell 2011, 41, 210-220. [CrossRef]

Hatano, K.; Kumar, B.; Zhang, Y.; Coulter, ].B.; Hedayati, M.; Mears, B.; Ni, X.; Kudrolli, T.A.; Chowdhury, WH.;
Rodriguez, R; et al. A functional screen identifies miRNAs that inhibit DNA repair and sensitize prostate
cancer cells to ionizing radiation. Nucleic Acids Res. 2015, 43, 4075-4086. [CrossRef]

Xu, C.G; Yang, M.F; Fan, ].X.; Wang, W. MiR-30a and miR-205 are downregulated in hypoxia and modulate
radiosensitivity of prostate cancer cells by inhibiting autophagy via TP53INP1. Eur. Rev. Med Pharmacol. Sci.
2016, 20, 1501-1508.


http://dx.doi.org/10.1097/JTO.0b013e31815e8566
http://dx.doi.org/10.1016/j.ijrobp.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23708084
http://dx.doi.org/10.1021/nn203165z
http://www.ncbi.nlm.nih.gov/pubmed/22011071
http://dx.doi.org/10.1097/CAD.0b013e328313e172
http://www.ncbi.nlm.nih.gov/pubmed/18827564
http://dx.doi.org/10.1016/j.biomaterials.2017.10.012
http://dx.doi.org/10.4103/1673-5374.200799
http://dx.doi.org/10.5306/wjco.v7.i3.275
http://dx.doi.org/10.1007/978-0-387-46401-5_13
http://dx.doi.org/10.3390/cancers6041986
http://dx.doi.org/10.1038/mt.2011.164
http://dx.doi.org/10.1016/j.gde.2013.01.002
http://dx.doi.org/10.1016/j.stemcr.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/28076755
http://dx.doi.org/10.1186/1478-811X-11-88
http://www.ncbi.nlm.nih.gov/pubmed/24245560
http://dx.doi.org/10.1073/pnas.0907763107
http://www.ncbi.nlm.nih.gov/pubmed/20080624
http://dx.doi.org/10.1371/journal.pone.0011397
http://dx.doi.org/10.3892/or.2017.5448
http://dx.doi.org/10.1016/j.molcel.2010.12.005
http://dx.doi.org/10.1093/nar/gkv273

Int. J. Mol. Sci. 2019, 20, 5527 29 of 29

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

Luo, A,; Zhou, X,; Shi, X.; Zhao, Y.; Men, Y.; Chang, X.; Chen, H.; Ding, F; Li, Y; Su, D.; et al. Exosome-derived
miR-339-5p mediates radiosensitivity by targeting Cdc25A in locally advanced esophageal squamous cell
carcinoma. Oncogene 2019, 38, 4990-5006. [CrossRef]

Wang, J.; Jiang, M.; Xia, S. miR-339-5p Increases Radiosensitivity of Lung Cancer Cells by Targeting
Phosphatases of Regenerating Liver-1 (PRL-1). Med. Sci. Monit. Int. Med. ]. Exp. Clin. Res. 2018, 24,
8408-8416. [CrossRef]

Yang, Z.; Wa, Q.D.; Lu, C.; Pan, W.; Lu, Z.; Ao, ]. miR3283p enhances the radiosensitivity of osteosarcoma
and regulates apoptosis and cell viability via H2AX. Oncol. Rep. 2018, 39, 545-553. [CrossRef] [PubMed]
Ma, W.; Ma, C.N.; Zhou, N.N; Li, X.D.; Zhang, Y.J. Up-regulation of miR-328-3p sensitizes non-small cell
lung cancer to radiotherapy. Sci. Rep. 2016, 6, 31651. [CrossRef] [PubMed]

Yang, H.; Tang, Y.; Guo, W.; Du, Y;; Wang, Y,; Li, P; Zang, W.; Yin, X.; Wang, H.; Chu, H.; et al. Up-regulation
of microRNA-138 induce radiosensitization in lung cancer cells. Tumour Biol. ]. Int. Soc. Oncodev. Biol. Med.
2014, 35, 6557-6565. [CrossRef] [PubMed]

Ma, D,; Jia, H.; Qin, M,; Dai, W.; Wang, T.; Liang, E.; Dong, G.; Wang, Z.; Zhang, Z.; Feng, F. MiR-122
Induces Radiosensitization in Non-Small Cell Lung Cancer Cell Line. Int. ]. Mol. Sci. 2015, 16, 22137-22150.
[CrossRef] [PubMed]

Perez-Anorve, .X.; Gonzalez-De la Rosa, C.H.; Soto-Reyes, E.; Beltran-Anaya, F.O.; Del Moral-Hernandez, O.;
Salgado-Albarran, M.; Angeles-Zaragoza, O.; Gonzalez-Barrios, J.A.; Landero-Huerta, D.A,;
Chavez-Saldana, M.; et al. New insights into radioresistance in breast cancer identify a dual function
of miR-122 as a tumor suppressor and oncomiR. Mol. Oncol. 2019, 13, 1249-1267. [CrossRef] [PubMed]

El Bezawy, R.; Cominetti, D.; Fenderico, N.; Zuco, V.; Beretta, G.L.; Dugo, M.; Arrighetti, N.; Stucchi, C.;
Rancati, T.; Valdagni, R.; et al. miR-875-5p counteracts epithelial-to-mesenchymal transition and enhances
radiation response in prostate cancer through repression of the EGFR-ZEB1 axis. Cancer Lett. 2017, 395,
53-62. [CrossRef] [PubMed]

Shi, L.; Zhang, S.; Wu, H.; Zhang, L.; Dai, X.; Hu, J.; Xue, J.; Liu, T,; Liang, Y.; Wu, G. MiR-200c increases the
radiosensitivity of non-small-cell lung cancer cell line A549 by targeting VEGF-VEGFR?2 pathway. PLoS ONE
2013, 8, €78344. [CrossRef]

Lin, J.; Liu, C,; Gao, F,; Mitchel, R.E.; Zhao, L.; Yang, Y.; Lei, J.; Cai, ]. miR-200c enhances radiosensitivity of
human breast cancer cells. J. Cell. Biochem. 2013, 114, 606—615. [CrossRef]

Bader, A.G.; Brown, D.; Stoudemire, J.; Lammers, P. Developing therapeutic microRNAs for cancer. Gene Ther.
2011, 18, 1121-1126. [CrossRef]

Sun, Z; Shi, K;; Yang, S.; Liu, J.; Zhou, Q.; Wang, G.; Song, J.; Li, Z.; Zhang, Z.; Yuan, W. Effect of exosomal
miRNA on cancer biology and clinical applications. Mol. Cancer 2018, 17, 147. [CrossRef]

Alexander, M.; Hu, R.; Runtsch, M.C.; Kagele, D.A.; Mosbruger, T.L.; Tolmachova, T.; Seabra, M.C.;
Round, J.L.; Ward, D.M.; O’Connell, R.M. Exosome-delivered microRNNAs modulate the inflammatory
response to endotoxin. Nat. Commun. 2015, 6, 7321. [CrossRef] [PubMed]

Buck, A.H.; Coakley, G.; Simbari, F.; McSorley, H.].; Quintana, J.F.,; Le Bihan, T.; Kumar, S.; Abreu-Goodger, C.;
Lear, M.; Harcus, Y.; et al. Exosomes secreted by nematode parasites transfer small RNAs to mammalian
cells and modulate innate immunity. Nat. Commun. 2014, 5, 5488. [CrossRef] [PubMed]

@ © 2019 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/).


http://dx.doi.org/10.1038/s41388-019-0771-0
http://dx.doi.org/10.12659/MSM.910808
http://dx.doi.org/10.3892/or.2017.6112
http://www.ncbi.nlm.nih.gov/pubmed/29207178
http://dx.doi.org/10.1038/srep31651
http://www.ncbi.nlm.nih.gov/pubmed/27530148
http://dx.doi.org/10.1007/s13277-014-1879-z
http://www.ncbi.nlm.nih.gov/pubmed/24691972
http://dx.doi.org/10.3390/ijms160922137
http://www.ncbi.nlm.nih.gov/pubmed/26389880
http://dx.doi.org/10.1002/1878-0261.12483
http://www.ncbi.nlm.nih.gov/pubmed/30938061
http://dx.doi.org/10.1016/j.canlet.2017.02.033
http://www.ncbi.nlm.nih.gov/pubmed/28274892
http://dx.doi.org/10.1371/journal.pone.0078344
http://dx.doi.org/10.1002/jcb.24398
http://dx.doi.org/10.1038/gt.2011.79
http://dx.doi.org/10.1186/s12943-018-0897-7
http://dx.doi.org/10.1038/ncomms8321
http://www.ncbi.nlm.nih.gov/pubmed/26084661
http://dx.doi.org/10.1038/ncomms6488
http://www.ncbi.nlm.nih.gov/pubmed/25421927
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Biological Characteristics of EVs 
	EV Types and Biogenesis 
	EV Composition 
	EV Uptake 

	EVs and Radiation 
	Role of EVs in Radiation-Induced Bystander Effects 
	Role of EVs as Natural Nanocarriers in Radio- and Chemotherapy 

	Why are EVs Good Nanocarriers? 
	Cargo Loading in EVs 
	Potential Role of EVs as Drug Delivery Nanovehicles in Radiotherapy 
	Concluding Remarks 
	References

