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Abstract. Tumor cells have developed various mechanisms
in defense against applied treatment, which prevent their total
elimination from an organism. One of the underestimated
mechanisms of defense is secretion of highly specialized double-
membrane structures called exosomes. They play a crucial role
in the control of the local microenvironment and intracellular
communication. It has been shown that the exosomes can be
carriers of various proteins, lipids, miRNAs and mRNAs. There
are extensive data concerning the influence and participation
by exosomes in metastasis and cancer progression. It has been
demonstrated that exosomes are involved in multidrug resistance
mechanisms, radiation-induced bystander effect and epithelial-
mesenchymal transition. Furthermore, exosomes are able to
form a premetastatic niche and enable the escape of cancer cells
from recognition by host immune cells. Moreover, exosomes
are responsible for the formation of vessels. This indicates the
significance of secreted extracellular vesicles in the develop-
ment and prognosis of cancer. The aim of the present review is
to briefly describe the role of exosomes in tumor biology.
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1. Introduction

The tumor microenvironment plays a crucial role in the
control of the host immune response, cancer development
and the formation of distal metastases. One of the mechanism
that could explain the ability of cancer cells to resist the toxic
effects of drugs and radiotherapy is through the release of
highly specialized and functional bilayer membrane structures
called exosomes. Recently, the different types of extracel-
lular vesicles have been intensively investigated according to
their cargo, which could be used as a source of information
concerning prognosis, patient condition and the effectiveness
of applied treatment.

Exosomes were initially described by Trams et al in the
1980s. Exoxomes were found to indicate the presence of
extracellular vesicles containing active 5'-ectonucleotidase
released from different types of normal and cancer cell
lines (1). In 1987, Johnstone et al demonstrated the appear-
ance of multifunctional vesicles, which are involved in
reticulocyte maturation (2). Exosomes can be obtained from
various body fluids such as amniotic fluid, ascites, nasal
lavage fluid, saliva, serum, plasma, breast milk, urine, cere-
brospinal fluid, as well as from cell culture medium (3-5).
At first, it was thought that exosomes were secreted by cells
as a waste cargo. However, the development of molecular
techniques has brought new insights into their function as a
crucial factor in cell-cell communication and in the regulation
of the tissue microenvironment (6-8). The complexity of their
structure has been confirmed by many studies, which has led
to development of a database (http://microvesicles.org; http://
exocarta.org) describing the content of the vesicle cargo. It has
been detected that this extracellular vesicle can be a carrier of
as many as 92,897 proteins, 584 lipids, 4,934 miRNAs and
27,642 mRNAs.

The amount of detected exosomes in patients diagnosed
with cancer and autoimmune diseases was found to be
increased compared to healthy controls. This confirms the
significant role of exosomes in the development and progres-
sion of various types of diseases. However, the mechanisms
and the recognition of specific exosomal cargo content
involved in the progression of disease are still a challenge for
researchers. Many data suggest that according to different
physical (ionizing radiation, heat) or chemical factors (low
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Figure 1. General characterization of the extracellular vesicle population based on size and origin. MVB, multivesicular body.

pH level, increased concentration of calcium, oxidative stress,
hypoxia), the content and amount of vesicles secreted by the
same cell lines can be totally different. This suggests how
cells communicate and how they accommodate to unfavorable
conditions via exosome release (9-12).

2. The types and biogenesis of different extracellular
vesicles

The three main types of double membrane structures can be
distinguished: apoptotic bodies, microvesicles (ectosomes)
and exosomes. They have various pathways of formation and
protein content (Fig. 1). During programmed cell death, the cell
divides itself into small membrane irregular-shaped apoptotic
bodies. They are carriers of degraded nuclei, DNA fragments,
histones and other organelles. The size of apoptotic bodies
is heterogeneous (from 50 nm to 5 ym), resulting in various
sedimentation of these structures (1,200-100,000 x g) (13).
Ectosomes are a membranous vesicle population from the
cell surface membrane. The ectosome size is in the range
100-1,000 nm, which allows their isolation by centrifugation
with a speed of 10,000-100,000 x g. They have a similar content
of cell surface proteins as cells derived from ectosomes. The
third population of vesicles are cup-shaped, double membrane
structures called exosomes. Exosomes are isolated mostly by
ultracentrifugation (=100,000 x g). Exosomes are secreted
from intracellular compartments (Fig. 2). Early endosomes
are formed via non-clathrin or clathrin-mediated endocytosis.
After formation of late endosomes by acidification of early
endosomes, the multivesicular bodies (MVBs) are formed by
the invagination of endosomal membranes. Inside an MVB,
intraluminal vesicles (ILVs) are present (14). They have various
cargo contents, such as ribonucleic acids (miRNAs, mRNAs),
proteins (receptors, enzymes, immunomodulatory molecules,
proangiogenic factors, apoptosis ligands, endosomal origin
proteins, signaling molecules, tetraspanins), lipids (ceramide,
cholesterol, sphingomyelin) and viral particles (15-17). MVBs
filled with ILVs can undergo lysosomal degradation or can be

led to fuse with the surface plasma membrane, where ILVs
are released as exosomes. Secretion and the composition of
exosomes are dependent on a protein complex called endo-
somal sorting complexes required for transport (ESCRT),
composed of five distinct molecules, which are involved in
stabilization of the size and cargo of ILVs (18). The fusion of
the MVB with the plasma membrane is the final step before
secretion of exosomes into the extracellular environment. It
has been suggested that the fusion of exosomes with the plasma
membrane requires soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNAREs), which form the
anchor-complex between the vesicular and plasma membrane
SNARE:s (19,20). Furthermore, vesicles are secreted by taking
advantage of small GTPases Rabl1, Rab22, Rab27, proteins
which are involved in vesicular transport (21-23).

Besides the physiological function of exosomes, such as
cellular communication and transfer of signals i.e. neuron
communication, exosomes can be used by cancer cells to
manipulate the local environment (24,25). Many data suggest
that increased secretion of functional cancer exosomes into
the extracellular environment is involved in the progression
and formation of metastases (Fig. 3) (26-29). Some of the
mechanisms connected with treatment failure, progression of
the disease, and an explanation of those via exosome secretion
will be further described in this review.

3. The role of exosomes in radiotherapy resistance

The radioresistance of cancer cells is acquired by hypoxia,
genetic heterogeneity of cancer cells (TP53 mutants) or an
efficient mechanism of DNA repair (30,31). Tumor irradiation
results in the secretion of exosomes, which are messengers for
surrounding cells. Data have revealed changes in the cargo
of exosomes, which plays a pivotal role in cancer survival.
One of the studies suggested that radiotherapy can induce
the increased viability of cancer cells by releasing exosomes
containing survivin, which is a member of the IPA gene family
involved in inhibition of the apoptosis signaling pathway.
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Figure 2. The biogenesis of exosomes. Early endosomes (2) are formed from the cell plasma membrane (1) via non-clathrin or clathrin-mediated endocytosis.
Multivesicular bodies (MVBs) are formed by the invagination of endosomal membranes. Inside an MBV, intraluminal vesicles (ILVs) (3) are present which
have various cargo content (tetraspanins, ESCRT protein complex, ceramides). Dependent on the function and cargo content, MVBs can be directed to fuse
with lysosomes (4) to degrade all cargo or to fuse with the plasma cell membrane to release the ILVs as exosomes (5).
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Figure 3. The role of tumor-derived exosomes in the progression of cancer. RIBE, radiation-induced bystander effect; EMT, epithelial-mesenchymal transition;

ECM, extracellular matrix.

This may enhance the cancer cell survival fraction, which is
connected with a poorer outcome for patients. Moreover, the
secretion of exosomes was not increased, while the concentra-
tion of survivin was higher in HeLa irradiated cells (3 Gy) in
comparison with non-irradiated cells (32).

It was demonstrated that exosomes participated in cancer
progression after X-ray irradiation of various glioblastoma
cell lines. After irradiation with a 4-Gy dose of irradiation,
the exosome secretion increased in a dose-dependent manner.
However, after irradiation, the released exosomes were more
chemoattractant for tumor cells and were better taken up by
recipient cell human endothelial umbilical cord vein cells
(HUVECs). The migration and invasive markers such as
connective tissue growth factor (CTGF) and insulin-like
growth factor binding protein 2 (IGFBP2) mRNA levels
were increased in exosomes isolated from irradiated cells

in comparison with exosomes derived from non-irradiated
cells (11).

4. Exosomes as another mediator of the radiation-induced
bystander effect

It has been observed that radiation of tumors can cause damage
to healthy cells, even when they are not exposed. This effect is
called radiation-induced bystander effect (RIBE). RIBE causes
DNA damage, genomic instability (GI), cell death and micro-
nucleation of healthy cells (33). Two methods for delivering
information from irradiated cells to radiated cells have been
observed. These were through cell gap junctions or soluble
factors [reactive oxygen species (ROS) and reactive nitrogen
species; interleukin (IL)-6 and -8; tumor necrosis factor-o
(TNF-0); transforming growth factor 1 (TGF-B1)] (33-35).
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Exosomes, as a carrier of RNA, can deliver messages
to distal and surrounding cells (36). In irradiated cells, it
was observed that RNA molecules delivered by exosomes
induced GI and RIBE. This was demonstrated on exosomes
derived from the medium of an irradiated breast cancer cell
line (MCF-7). After irradiation of cells with 2 Gy of X-rays,
the medium was collected and incubated with non-irradiated
cells. Comet degradation tail assay indicated the presence of
increased DNA damage in the early and late passages of cells
co-incubated with irradiated conditioned medium exosomes
in comparison with exosomes isolated from the non-irradiated
cells. To confirm the participation of exosomal RNA in GI,
exosomes isolated from medium of irradiated and non-irra-
diated were treated with RNase. No changes were noted in
early effects, but late effects of GI were observed. There was
no explicit conclusion concerning the type of RNA (miRNA or
RNA) involved in these changes (37). The authors suggested
miRNA participation, due to its ability to cause epigenetic
changes or additional influence of unknown proteins carried
by those vesicles (38).

Another study by Jella et al demonstrated the correlation
between exosomes secreted via irradiated cells, as a mediator
of RIBE in a human keratinocyte cell line. Media from irradi-
ated (y-ray doses, 0.005, 0.05 and 0.5 Gy) HaCaT cells were
used. It was revealed that exosomes isolated from the medium
of irradiated cells were involved in the production of ROS
and decreased viability of non-irradiated cells. Additionally,
increased influx of calcium was induced by exosomes derived
from irradiated cells, which is a typical signal of irradiation
exposure or mechanical stress (39,40).

5. Role of exosomes in drug resistance

Multidrug resistance (MDR) in cancer cells is caused by
various mechanisms which allows them to resist cytostatic
and cytotoxic effects of applied drugs. It is mostly caused
by membrane protein ATP-binding cassettes (ABCs), which
enable the exclusion of cytotoxic substances from the intracel-
lular environment (41,42). Another cause of MDR is through
the variable activity of cytochrome P450, which is caused by
various genetic variants of the CYP gene family. They are
related to a more efficient metabolism of drugs by cancer cells,
resulting in a decreased cytotoxic effect of applied drugs (43).
Furthermore, many tumors have developed efficient systems
for DNA-damage repair, where DNA is a target of most anti-
cancer drugs (31,44,45).

Data suggest that exosomes play a pivotal role in the lack
of response to cytostatic treatment. This hypothesis was
confirmed by investigation of the influence of cisplatin on a
resistant ovarian cancer cell line. It was demonstrated that an
increased release of exosomes was associated with drug admin-
istration. Moreover, the drugs were effluxed in vesicle cargo.
The increased expression of genes involved in cellular trans-
port such as copper-transporting ATPase 1 (ATP7A), ATPase,
Cu** transporting, B polypeptide (ATP7B), MDR-associated
protein 2 (MRP2) was observed after cisplatin treatment of
ovarian cancer (46).

Breast cancer cell lines with overexpression of HER2
(SKBR3, BT474) and HER1 (MDA-MB-231) were found
to display resistance to applied trastuzumab and lapatinib
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(tyrosine kinase inhibitor). The decrease in effectiveness was
caused by release of HER2-positive exosomes. Furthermore,
hepatocyte growth factor (HGF) and epidermal growth factor
(EGF) induced increased secretion of exosomes into the
extracellular space. Drug attachment to tumor cell surface
receptors was found to be decreased due to the binding to
receptors expressed on the vesicle surface, which caused the
limited effectiveness of therapy. However, co-incubation of
cells with HER2-exosomes increased the proliferation of cells.
Moreover, the analysis of serum-derived exosomes from a
group of patients with early and advanced HER-positive breast
cancer indicated a higher affinity to trastuzumab of exosomes
obtained from advanced breast cancer patients (47).

Xiao et al demonstrated the role of exosomes in cisplatin
resistance of lung cancer cell line A549 and showed the
potential role of exosomes as carriers of information in
response to cytotoxic stress. Cisplatin caused increased
secretion of exosomes in comparison with non-treated cells.
Cells co-incubated with exosomes derived from cisplatin-
treated cells demonstrated higher proliferation and increased
viability in comparison with cells treated with cisplatin alone.
Additionally, the expression of genes involved in DNA repair
and miRNAs related to drug resistance are increased, which
enable cells to decrease their sensitivity to a second response
of applied cisplatin (48).

Tumors are formed from distinct cell populations. This
heterogeneity of tumor structure leads to the occurrence of
sensitivity and resistance to applied treatment. It is related to
the genetic variability of cancer cells. Chen ef al demonstrated
the ability of breast cancer MCF-7 cells to transfer the resis-
tance to therapeutic drugs between their own cell population
(MCF-7 cells resistant to adriamycin, docetaxel) and MCF-7
cells sensitive to those drugs via exosomes. The apoptosis of
sensitive cells was decreased after treatment of the drugs. This
was achieved prior to co-incubation of cells sensitive to drugs
with exosomes derived from drug-resistant cells. Authors, by
profiling exosomal RNAs, have identified potential miRNAs
which could be involved in the horizontal transfer of chemo-
resistance via exosomes (miR-100, miR-222, miR-30a and
miR-17) (49).

6. Exosomes promote the invasion and spreading of tumors

In addition to the influence of external factors which trigger
increased secretion of exosomes by cancer cells, several
studies have demonstrated the participation of extracellular
vesicles in the expansion of tumor cells in the host organism.
The mechanism which is responsible for this outcome is
epithelial-mesenchymal transition (EMT). During EMT,
cells are altered at the molecular level and in regards to
cell morphology, which causes the increased potential for
migration. The E-cadherin level decreases, whereas levels
of N-cadherin and vimentin increase. Moreover, it has been
observed that production of extracellular matrix (ECM)
components, such as collagens and fibronectin, was also
increased. Cell shape is altered from a regular to a more
spindle-like shape, which results in the weakening of gap
junction connections and increased motility (50-53). EMT
can be induced by an interplay of various signaling pathways
mainly by participation of TGF-f1, Wnt proteins, EGF, HGF
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and MMPs (54-58). Moreover, the presence of these proteins
was confirmed in exosomal cargos, suggesting that EMT
mechanisms can be controlled by cancer-derived exosomes.
The TGF-f protein family carries out various significant
functions in organisms. Generally, during the healing process,
exosomes containing TGF-1 mRNA or TGF-f1 protein are
responsible for the formation of fibrosis in the epithelium by
increased production of ECM components (59). In tumors,
it was observed that exosomes derived from cancer cells are
enriched in TGF-p1 causing differentiation of fibroblasts into
myofibroblasts. Increased expression of a-smooth muscle actin
was noted after exposure of exosomes derived from various
cancer cell lines (58). Furthermore, it was found that cancer-
associated fibroblasts (CAFs) by exosome secretion are able to
induce the Wnt-PCP signaling pathway in breast cancer cells,
resulting in increased motility and invasiveness of cancer
cells (60). Additionally, the Wnt signaling pathway is signifi-
cant in exosome secretion via a Ca**-dependent mechanism,
which was indicated after exposure to recombinant WNT5A
of melanoma cells. WNTS5A secretion is correlated with poor
prognosis and advanced stage of disease in melanoma cancer
patients (61). The presence of WNTS5A is highly correlated
with increased secretion of exosomes containing IL-6, IL-8,
VEGF and MMP2. This promotes immunomodulatory and
proangiogenic properties of the tumor microenvironment,
enabling them to progress and form distal metastases (62).

The mechanism involved in cancer cell motility and
tumor invasive features was explained by activation of MMP2
by release of HSP90a via exosomes. In a breast cancer
cell line, released exosomes containing HSP90a induced
increased regeneration of the wound in a wound healing assay.
Furthermore, cancer cells after co-incubation with exosomes
demonstrated a less rounded shape and increased motility.
Similar results were obtained by addition of recombinant
HSP90a, which can explain its role in the induction of metas-
tasis and motility of cancer cells via secreted exosomes (63).
The motility of cancer cells was possible by activation of
MMPs through release into the environment of HSP9O0,
which was shown in MCF-7 GFP cells by increased ability to
penetrate collagen blocks (64).

The significant role of exosomes in the rapid spreading
of cancer cells was also displayed by their participation
in the process of the formation of vessels. This mechanism
is highly correlated with the presence of hypoxic areas in
therapy-resistant tumors. Increased potential to form neoves-
sels was observed in exosomes derived from glioblastoma
patients and cell lines. The exosome protein analysis indicated
increased levels of transcripts and proteins including IL-8,
VEGTF, which are crucial for vessel formation. Hence, it was
demonstrated that a hypoxic condition increased the ability
of cancer cells to migrate by upregulation of proteins such as
IGFB1 and IGFB3 in exosomes. Moreover, increased levels
of IL-8, caveolin 1 (CAV1), MMP9 and PDGF in exosomes
can be potentially used as an exosomal marker of hypoxia in
glioblastoma cancer patients, which is crucial for the effective-
ness of therapy (10,65). The promotion of angiogenesis and
the formation of lung metastasis were indicated by exosomes
obtained from CD105" renal cancer stem cells. These exosomes
displayed a higher potential for formation of vessels in vitro.
An increased number of lung metastases were observed in
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SCID mice pre-treated with CD105* exosomes before injec-
tion of renal cancer cells in comparison with pre-treatment of
mice with exosomes obtained from CD105" renal cancer cells.
This demonstrates the significance of the cancer stem cell
population and the role of exosomes in the invasive behavior
and resistance of tumors (66).

7. Tumor immune escape

The enhanced proliferation of cancer cells and their insta-
bility can cause the development of different types of
antigens (67,68). Under a physiological condition, immune
innate cells are responsible for the elimination of pathologi-
cally altered cells, which may potentially undergo malignant
transformation. However, various cancer cells have developed
various mechanisms, which enable them to avoid the immune
response. These processes include low expression of major
histocompatibility complex I (MHC I) and MHC II, muta-
tion or downregulation of tumor-associated antigens and
lack of adhesive molecules, which generate the tolerance of
the immune system. Another important pathway that causes
impairment of the response from host immune cells to the
presence of cancer cells is production of soluble factors acting
as immunosuppressive molecules i.e. VEGF, IL-10, TGFf1
and adenosine (69-72).

One of the mechanism leading to control of the immune
cells by cancer cells is production of immunosuppressive
adenosine in the presence of CD39 and CD73 on cancer
exosomes and on the surface of cancer cells. The degradation
of ATP to immunosuppressive adenosine via ectonucleotides
by T-regulatory (Treg) cells is one of the mechanism that
attenuates the response from T-effector (Teff) cells. However,
the activity of Teff cells is decreased by elevated intracel-
lular level of cAMP, which is the consequence of the binding
of immunosuppressive adenosine to the adenosine A2a
receptor (71,73). Tumor cells also taken advantage of the
adenosinergic pathway to increase their survival fraction. It
was shown that breast, colorectal, bladder, melanoma, meso-
thelioma and prostate cancer cell lines exhibit CD39 and CD73
on the surface of exosomes, which are enzymatically active
and able to influence the functionality of T-cells by production
of immunosuppressive adenosine (74).

TGF-P1 has various functions that include induction of
the differentiation of fibroblasts to myofibroblasts and regula-
tion of the expression of ECM components (58,75). However,
one important role of this protein is its inhibitory property
of silencing immune cell response particularly for NK cells.
Exosomes isolated from acute myeloid leukemia silenced the
response of NK cells via downregulation of NKG2D receptor
expression, caused by the presence of TGF-f1 and MICA/
MICB in the exosomal cargo (76,77). In contrast, the presence
of TGF-p1 and IL-10 in the microenvironment promoted the
proliferation of Treg cells and changed the Teff phenotype
from CD4*CD25 to Treg cells (CD4*CD25*FOXP3*) by
activation of the Foxp3 transcript factor (78). The increased
frequency of Treg cells in the blood of cancer patients indicate
their significant role in the prevention of tumor cells by their
suppressive properties (78,79).

Another pathway involved in the regulation of immune
cells in the tumor microenvironment and the silencing of their
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response towards primary cancer cells is secretion of vesicles
expressing FasL molecule on their surface. After binding of the
Fas ligand with the Fas receptor on activated immune cells, the
cells trigger reprogrammed cell death (80). Serum of oral squa-
mous cell carcinoma (SCC) and head and neck SCC patients
were enriched in FasL* exosomes, which caused the decreased
functioning of CD8* Jurkat cells. Additionally, the presence
of a high concentration of FasL in exosomes and serum were
correlated with poorer prognosis of cancer patients (81,82).
However, this mechanism is also significant under physi-
ological conditions. The release of FasL. and TRAIL-positive
exosomes by trophoblast cells was able to silence maternal
activated immune cells directed to the fetus (80).

8. Conclusions

The role of the tumor microenvironment and its interaction
via released exosomes is an appropriate model to describe and
explain many of the unknown mechanisms involved in the
progression and formation of metastases in cancer patients.
Recently, the role of exosomes in the progression and metas-
tasis of cancer cells has been widely reported and intensively
explored. Unique exosomal cargo contents can be used in the
future as potential predictive biomarkers, which enable the
observation of patients before and during treatment. However,
their full cargo is still not well known and the implications in
regards to the control of the local and systemic environment of
the host organism are not defined. However, the specific separa-
tion of only one extracellular membrane vesicle subpopulation
is problematic due to the wide size range, and characterization
of their content remains a challenge for researchers.
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