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Abstract

Introduction: Tumor-derived exosomes (TEX) and their role in tumor progression by
accelerating angiogenesis are of great current interest. A better understanding of the mechanisms
underlying TEX-blood vessels cross-talk may lead to improvements in current diagnosis,
prognosis and treatment of cancer.

Areas covered: For solid tumors, an adequate blood supply is of critical importance for their
development, growth and metastasis. TEX, virus-size vesicles which circulate freely throughout
body fluids and accumulate in the tumor microenvironment (TME), have been recognized as a new
contributor to angiogenesis. TEX serve as a communication system between the tumor and various
normal cells and are responsible for functional reprogramming of these cells. The molecular and
genetic cargos that TEX deliver to the recipient cells involved in angiogenesis promote its
induction and progression. The targeted inhibition of TEX pro-angiogenic functions might be a
novel therapeutic approach for control of tumor progression.

Expert opinion: TEX circulating in body fluids of cancer patients carry a complex molecular
and genetic cargo and are responsible for phenotypic and functional reprogramming of endothelial
cells and other normal cells residing in the TME.
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1.0 Introduction

The tumor microenvironment (TME) is organized by the developing tumor to promote its
growth [1]. The TME consists of tumor stroma, which surrounds blood vessels and tumor
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cells and is crucial for tumor growth, drug resistance and metastasis [2,3]. A novel attempt
to explain the molecular and genetic changes which tumor cells induce in the surrounding
tissues and the host immune system has recently focused on extracellular vesicles (EVs).
The subset of EVs with a diameter of 30—-150 nm is known as “exosomes”. These virus-size
membrane-bound vesicles serving as a universal communication system and are distributed
like viruses in the interstitial fluid [4]. They circulate freely throughout body fluids,
delivering “messages” to and from cells residing in the TME [5]. Exosomes are produced by
all cells, but tumor cells are especially active exosome producers, potentially because the
presence of stress or hypoxia stimulate tumor cells to increase exosome production [6].
Radiochemotherapy has also been reported to increase exosome production [7]. Exosomes
carry a variety of signaling molecules, both receptors and ligands, on their surface
membrane, and in their lumen are microRNAs (miRNAs), mRNA and DNA. Also, enzymes
and various soluble factors are present in the vesicle lumen. These components of the
exosome cargo partially mimic the content of the parent tumor cell [8]. They are biologically
active and can trigger functional responses in targeted responder cells. Tumor cells secrete
millions of exosomes and distribute them throughout the TME. Patients with cancer,
especially those with advanced or metastatic disease, have greatly increased numbers of
exosomes in the plasma compared to healthy blood donors [8]. The intercellular
communication of the tumor exosomes usually runs bidirectionally between the tumor cells
and the surrounding tissue. The cellular reprogramming driven by exosomes is dependent
not only on the nature of the parent cell, but also on the recipient cell, which undergoes
genetic and molecular alterations induced by an interaction with exosomes [9].

In the TME, exosomes mediate autocrine, juxtacrine and paracrine interactions [8,10]. The
modulation of the microenvironment by tumors and the formation of a pre-metastatic niche
is regarded as one of the major reprogramming events exosomes mediate [11]. Tumor-
derived exosomes referred to as “TEX” play an important role in suppression of antitumor
immune responses and thus in promoting tumor progression [9]. TEX are also involved in
tumor angiogenesis and appear to modulate mechanisms responsible for the blood vessel
development. In this review, we summarize current information available for the role TEX
play in the process of angiogenesis.

2.0 Exosome Isolation for In vitro and In vivo Studies

Exosomes can be isolated from supernatants of tumor cell lines or body fluids using many
different methodologies. These have been recently reviewed [12]. The most commonly used
method for exosome isolation is based on differential ultracentrifugation [13]. However, the
exosome quality and recovery may not be optimal, and the time of the procedure and
equipment needed for ultracentrifugation are not practical for handling of large numbers of
specimens. An alternative to ultracentrifugation is concentration of large volumes using
ultrafiltration devices [14]. We prefer to use size exclusion chromatography for isolation of
exosomes from plasma samples as well as cell culture supernatants, because the method
allows for a removal of most, albeit not all, “contaminating” plasma proteins (albumin and
immunoglobulins). Also, isolated exosomes, which elute in a void volume, are
morphologically intact, non-aggregated and functional [15]. To date, no standardized,
universally-accepted method for exosome isolation from supernatants of cells or human
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body fluids exists, and the quality of isolated exosomes remains an important and
challenging variable in various studies. Compared to the isolation from cell culture
supernatants, where exosomes originate exclusively from the cultured cells, the plasma-
derived exosomes are mixtures of vesicles originating from many different tumor and non-
tumor cells. The separation of TEX from non-tumor-derived exosomes in plasma of cancer
patients using immunoaffinity capture has been recently reported by our group [16].

3.0 TEX and Neovascularization

The growth of new vessels, which begins at an early point of tumor development, has been
related to the levels of exosomes the tumor produces. Glioblastomas, for example, are highly
vascularized in comparison to other solid tumors [17]. They produce TEX, which influence
the proliferation of endothelial cells (ECs). EVs secreted by glioblastomas contain
angiogenic proteins and have pro-angiogenic properties both /in7 vitroand in vivo[18,19].
Other solid tumors, such as pancreatic carcinoma or breast cancer, also produce exosomes
that induce neovascularization [20,21]. In addition to these and other solid tumors, the
exosomes produced by chronic myelogenous leukemia (CML) cells have been reported to
influence the blood vessel formation by directly interacting with ECs [22,23]. In these
studies, TEX were found to be potent inducers of angiogenesis /n vitroand in vivo through
functional reprogramming and phenotypic modulation of ECs. Specifically, they were able
to stimulate proliferation, migration and tubulogenesis of ECs [19,24-27]. These angiogenic
effects were observed using TEX derived from tumor cell lines and also with exosomes
isolated from the urine of bladder cancer patients and exosomes from the blood of patients
with various types of cancer [25,28-30]. In addition to modulating the formation of new
blood vessels, TEX might also promote lymphangiogenesis [25], although little information
is currently available on the TEX involvement in the formation of lymphatic vessels.

4.0 Uptake of Exosomes by ECs

In the TME, exosomes interact with ECs and other tissue or immune cells to accelerate
tumor angiogenesis. The exosome-induced changes in these various cells are dependent on
the exosome internalization. Whereas exosomes were observed to interact with T cells via
surface-mediated receptor-ligand interactions, ECs internalize exosomes produced by cancer
cells within 2—-4 h [18,23,31-33]. Image analyses using confocal microscopy showed that
ECs readily uptake exosomes labeled with the PKH26 dye within first 4 h of co-incubation
[23,34]. Cells utilize a variety of mechanisms for the uptake of exosomes, e.g. phagocytosis,
micropinocytosis or lipid raft-mediated internalization [35-37]. The main uptake mechanism
used by ECs is presumably endocytosis [38]. Immediately after internalization, exosomes
localize to the perinuclear region as demonstrated in Figure 1. During /n vitro tubular
formation, exosomes move to the cell periphery and enter into extending pseudopods [23].
At this point, exosomes are found predominantly in clusters. After complete remodeling, the
neighboring ECs probably transport exosomes to other ECs and to other tissue cells in the
TME through nanotubular structures visible by confocal microscopy. This appears to be the
mechanism for communication via exosomal messages between ECs within the tubule
network as well as between ECs and surrounding tissue cells [23,34]. Although the uptake of
TEX by ECs is the most commonly described event in the literature, other mechanisms,
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which do not require TEX uptake, probably also occur, as indicated in Figure 2C and
discussed below. Specifically, the receptor-ligand type interactions are also used by TEX to
alter behavior of EC [39].

5.0 Molecular Mechanisms Used by TEX for EC Reprogramming

Reprogramming of recipient cells by exosomes through the transfer of mMRNA, miRNAs and
proteins leads to identifiable stable changes in their functional profile [18,19]. In addition,
signals delivered by exosomes to receptors on recipient cells activate the relevant molecular
pathways and also contribute to altered cellular responses [28]. Recent reports indicate that
TEX take advantage of the molecular pathways operating in recipient cells and may
rearrange the components of these pathways (e.g., by inducing protein aggregation), thus
altering their activity [40].

Little is known about the mechanisms responsible for the induction by TEX of tumor
angiogenesis. The increased angiogenic capability of recipient cells interacting with TEX
was characterized in different types of cancer by studying pro-angiogenic proteins, which
are carried by TEX (Figure 2B). The proteomic content of TEX has been shown to play an
important part in cancer progression and, especially, in angiogenesis [41,42]. The TEX
content of proteins with pro-angiogenic properties differs widely in different tumor types as
indicated in Table 1. However, it is likely that the different protein rosters for TEX derived
from various tumors might reflect the investigators’ bias in selecting the proteins as
experimental targets. Glioblastomaderived exosomes carry Angiogenin, VEGF, TGFp, IL-6,
IL-8, TIMP-1 and TIMP-2. Moreover they carry proteolytic enzymes (MMP2 and MMP9)
and the CXCR4 chemokine receptor [19,43]. Multiple myeloma-derived exosomes carry
VEGF, bFGF, MMP-9, HGF and Serpin El among others [27]. In nasopharyngeal
carcinoma, pro-angiogenic proteins including intercellular adhesion molecule-1 (ICAM-1),
CD44 variant isoform 5 (CD44v5) and MMP13 are upregulated, whereas angio-suppressive
protein, thrombospondin-1 (TSP-1) is down-regulated in TEX [24,44]. Studies of TEX
obtained from colorectal carcinoma ascites carry proteins which might be involved in tumor
progression, including Tetraspanin-8 and Plexin B2, which are known to be involved in
angiogenesis [45]. Melanoma-derived exosomes carry the proangiogenic proteins IL-6,
VEGF and MMP2 [46]. An important protein for exosome-facilitated angiogenesis in lung
adenocarcinoma is sortilin [47]. TEX containing sortilin are able to upregulate expression
levels of angiogenic proteins such as endothelin-1, IL-8, TSP-2, uPA and VEGF in ECs.
Sortilin has been reported to promote the release of exosomes by tumor cells [47].

In breast cancer, Annexin Il is an important angiogenesis-promoting protein. Maji et al. [21]
demonstrated, that Annexin Il is present in exosomes and promotes tPA-dependent
angiogenesis /in vitroand in vivo. In exosomes derived from bladder cancer, EDIL-3 (EGF-
like repeats and discoidin I-like domain-3) has a potential influence on the cell migration
and angiogenesis and is overexpressed in urine-derived exosomes from bladder cancer
patients compared to healthy donors’ exosomes [28]. In aggregate, angiogenesis appears to
be driven, at least in part, by the variety of angiogenic proteins carried by TEX as well as
exosomes produced by reprogrammed normal cells residing in the TME.
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Another putative mechanism for tumor progression and enhanced angiogenesis via
exosomes is heparanase. This enzyme is upregulated in tumors, and it enhances TEX
secretion by tumor cells. Furthermore, it regulates the protein cargo of exosomes by
upregulating levels of syndecan-1, VEGF and HGF. The recipient ECs showed an increased
invasion and tube formation after interacting with heparanase-positive exosomes [48].

A crucial step for cancer progression is the activation of a myofibroblast-rich stroma.
Prostate cancer exosomes triggered TGFpI-dependent fibroblast differentiation, to a
distinctive myofibroblast phenotype, enhancing angiogenesis /in vitro and promoting tumor
growth /n vivo [49].

TEX bearing tetraspanin (Tspan8) have been shown to efficiently induce angiogenesis upon
internalization by ECs. Through regulating angiogenesis-related genes TEX enhanced EC
migration, proliferation and vessel sprouting. Tspan8 also contributed to the maturation of
endothelial progenitor cells (EPCs) [50]. In exosomes from nasopharyngeal carcinoma cells,
HS1-associated protein X-1 (HAX-1) was enriched in TEX and when transferred to ECs, it
increased the proliferation, migration, and angiogenic activity of these cells [51].

6.0 Genetic Reprogramming of ECs by TEX

Based upon the results of several studies, transfer of MRNAs is one of the mechanisms used
by TEX for reprogramming of recipient cells (Figure 2C and D). Exosomes derived from
colorectal cancer cells are enriched in mMRNAs such as CDK8, ERH and RADZ21, which are
mainly related to the cell cycle. This implies that TEX promote EC proliferation by mRNA
transfer and, therefore, enhance tumor progression through stimulation of angiogenesis
[19,52].

Another putative mechanism of EC reprogramming is described by Lang et al. [9]. Long
noncoding RNAs (IncRNAs) were reported to promote angiogenesis. Specifically, long
intergenic non-coding RNA CCAT2 (linc-CCAT2) was found to be overexpressed in glioma
cells and was carried by glioma cell-derived exosomes. The transfer of linc-CCAT2 to ECs
by exosomes enhanced /n vitroand in vivo angiogenesis, upregulated VEGFA and TGFp
levels and conferred greater resistance to hypoxia-induced apoptosis to recipient cells
[18,53].

A related mechanism implicated in reprogramming of ECs by exosomes involves transfer of
miRNAs (Figure 2C and D). Numerous miRNAs are enriched in TEX and upon inter-
cellular TEX transfer are reported to regulate biological properties of ECs [54,55]. Table 2
lists miRNAs with pro-angiogenic properties carried by TEX. Once delivered to recipient
cells, these miRNAs proceed to induce transcriptional changes that eventually culminate in
alteration of cellular proteins [55]. In lung cancer, miR-21 transferred in exosomes has been
shown to play an important role in carcinogenesis. It is expressed by cancer cells and
secreted to recipient cells mainly through TEX. In recipient cells, miR-21 increases the
expression and secretion of VEGF and stimulates 7 vitro angiogenesis by ECs [56].
Moreover, miR-23a and miR-210 also participate in lung cancer progression. They are found
in plasma of patients with lung cancer patients, suggesting that not only exosome-bound but
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also circulating miRNAs are involved in angiogenesis [29,57]. In addition, miRNAs
enclosed in exosomes, especially miR-192, can also mediate anti-angiogenic effects [58].
The delivery of miRNAs by TEX represents a special advantage, because miRNAs carried in
the vesicle lumen are protected from enzymatic degradation and thus are more stable
compared to miRNAs freely circulating in plasma. Because of the key role the transfer of
miRNAs plays in angiogenesis, therapeutic targeting of miRNAs may be one way of
potentially inhibiting pro-angiogenic functions of TEX.

7.0 Environmental Factors Promoting Angiogenesis

Hypoxia is one of the main driving forces of tumor angiogenesis. Up to a size of 2-3 mm3,
the supply of the tumor tissue occurs via diffusion through the surrounding tissue. In this
tissue, cell proliferation and cell death are in equilibrium. When tumor tissue grows beyond
the limit of oxygen diffusion, hypoxia triggers vessel growth by signaling through hypoxia-
inducible transcription factors [59,60]. When cancer cells are exposed to hypoxia, the
exosome production increases and leads to increased levels of signaling in the TME [6].
Exosomes derived from hypoxic cells show no differences in their size distribution and
morphology compared to exosomes from normoxic cells. Normoxic and hypoxic exosomes
are internalized by ECs in the same manner [29,61-63]. While the expression of exosome
markers such as CD63, CD81 and HSP70 in exosomes remains constant in some studies,
other studies describe higher expression of these markers on TEX from hypoxic cells
[29,61,62]. While there exists some controversy regarding the similarity between exosomes
derived from normoxic vs hypoxic cells, it appears that the protein cargo of exosomes is
significantly influenced by hypoxia. For example glioma-derived exosomes from U373MG
cells cultured under hypoxic conditions had higher levels of lysyl oxidase homolog 2
(LOXL2) and IGFBP3 and IGFBP5 than exosomes from the same cells cultured under
normoxic conditions [64]. Also, Kucharzewska et al. [25] published a study, which
demonstrates that hypoxia in glioblastomas leads to a distribution of exosomes that appeared
to significantly alter the phenotypic characteristics of ECs in contrast to exosomes from
normoxic cells. ECs treated with TEX from hypoxic cells significantly stimulated
proliferation, migration and tube formation compared to TEX from normoxic cells. Similar
results were shown for the proliferation of pericytes. Several components of TEX such as
IGFBP3 and IL-8 were found to be hypoxia-regulated on the mRNA level and also at the
protein level. The protein cargo and the molecular characteristics of TEX reflected the
hypoxic status and aggressiveness of the tumor [25]. Similar results were reported for lung
cancer cell- and leukemia cell-derived exosomes. Besides altered phenotypic characteristics,
the exosomes of hypoxic lung cancer cells promoted angiogenesis and increased the
permeability of ECs, leading to cancer cell intravasation/extravasation [29,61]. Cancer cells
and their exosomes have altered miRNA profiles under hypoxic conditions which affects the
behavior of ECs [61]. Table 3 lists the miRNA species upregulated under hypoxia, and while
these data are mainly derived from one study, they highlight the potential for qualitative
differences between TEX generated in normoxic vs hypoxic conditions [6,61,63,65]. Levels
of miR-210 are upregulated soon after hypoxic exposure and increase gradually up to 72h
[63]. miR-210 can be transferred to ECs and induce angiogenesis /in vitro and in vivo [29].
Similar to miR-210, miR-135b has strong proangiogenic effects in multiple myeloma [63].
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After being transferred to ECs, it enhances neovascularization /n vivo and regulates HIF-1
signaling in ECs. In colorectal cancer the increased angiogenesis through hypoxia is
inhibited by blocking Wnt4. The Wnt4 upregulation is hereby dependent on HIFI a [66].
Since hypoxic conditions prevail in the TME, it is important to conduct future studies of
TEX and their cargo under hypoxic conditions to simulate the TME. Although the cell
culture under hypoxia requires special technical equipment, it is a promising approach to
searching for biomarkers which would best reflect the hypoxic status of the patients’ tumor.

8.0 Cancer Stem Cell-Derived Exosomes in Angiogenesis

A subpopulation of cancer cells with progenitor characteristics, also described as cancer
stem cells (CSCs), might be involved in producing exosomes with a pro-angiogenic
potential. Although there is no difference in morphology and size, the CSC-derived
exosomes express CSC-specific markers, such as CD133, CD44, CD105 and CD90,
compared to normal bulk cells [33,67,68]. CD90(+) liver cancer cell-derived exosomes
affect ECs by promoting tube formation and cell-cell adhesion. After exosome treatment the
production and secretion of VEGF as well as its receptor in ECs was increased. Effects were
significantly increased compared to CD90(-) exosomes [33]. Similar results were found for
CD105(+) exosomes derived from renal cancer [67]. In prostate cancer, the stem cell-derived
exosomes have a different miRNA profile compared to the bulk cell derived exosomes [69].
Exosomes derived from a special subpopulation of cells with progenitor characteristics may,
therefore, represent a potential target for personalized therapies.

Several studies have shown, that TEX also mediate the epithelial-mesenchymal transition
(EMT) in various cancers. TEX are not only able to induce the EMT, but cells that undergo
EMT use exosomes for communication with ECs and those exosomes contain VEGF-
associated proteins and use Rac 1/PAK2 as an angiogenic promoter [70,71].

9.0 Therapeutic Targeting of TEX-promoting Angiogenesis

Investigations of TEX and the role they play in angiogenesis are essential for the future
development of new approaches for cancer therapy. New therapeutic strategies might emerge
based on the targeted elimination or silencing of angiogenesis-promoting TEX and thus
blocking their reprogramming activities. Because most types of cancer are characterized by
strong vascularization, it would be a significant advancement to identify the mechanisms
used by exosomes to promote angiogenesis and to acquire an understanding of how to
effectively inhibit TEX-driven angiogenesis and, therefore, improve the existing anti-
angiogenic therapies. One reported therapeutic approach of targeting TEX-induced
angiogenesis is Carboxyamidotriazoleorotate (CTO) for patients with CML [72]. While
imatinib is very effective for chronic phase CML, an imatinib resistance due to point
mutations can lead to decreased survival rates. CTO targets TEX-induced angiogenesis by
exosome-stimulated increase of cell-to-cell adhesion molecules and IL-8 expression in ECs.
Thus, CTO inhibits the adhesion of CML cells to ECs and blocks the exosome-stimulated
migration of ECs. The tube formation of ECs and angiogenesis in a matrigel plug model
were decreased after CTO treatment [72].
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Another therapeutic approach for targeting exosome stimulated angiogenesis in CML is
Curcumin [73]. The treatment of CML cells with Curcumin causes an increase of miR-21 in
released exosomes. Compared to the non-treatment group, Curcumin-treated exosomes are
depleted in pro-angiogenic proteins and enriched in proteins with anti-angiogenic effects.
Although exosomes are internalized by ECs, they lose their pro-angiogenic phenotype and
their pro-angiogenic effect after Curcumin treatment [73].

Hannafon et al. [74] reported that Docosahexaenoic acid (DHA), a preventative agent and an
adjuvant to breast cancer therapy, can target exosomes and, therefore, inhibits exosome-
driven angiogenesis. DHA treatments increased the number of exosomes internalized by
ECs and inhibited tube formation by ECs without affecting VEGF levels. The study
suggested, that mature miRNAs (miR-23b, miR-27b, and miR-320b), which are increased in
number in cancer cells and exosomes after DHA treatment, are responsible for anti-
angiogenic activity.

10.0 Conclusion

TEX appear to play an important role in tumor angiogenesis thus contributing to tumor
growth and metastasis. TEX carry angiogenesis-related proteins, transfer RNA, miRNAs and
proteins and induce phenotypic and functional changes in ECs and in other cells in the TME
that may also contribute to the vessel formation or growth. TEX emerge as potential
biomarkers of angiogenesis in cancer, and a putative target for anti-angiogenic therapies.
However, it will be up to future studies to further characterize the biological role of TEX in
tumor angiogenesis and to determine the clinical relevance of targeting TEX for inhibiting
pro-angiogenic effects. Current investigations of the TEX role in angiogenesis are limited by
a lack of a standardized method for exosome isolation from human body fluids. Another
hurdle is the separation of TEX from nontumor-derived exosomes. The nomenclature of EVs
has not been yet established, and the reasons for EV heterogeneity in size and cellular
origins are not yet clear. Nevertheless, we are convinced that a deeper understanding of the
TEX biology and their role in tumor angiogenesis will lead to improvements in current
diagnosis, prognosis and treatment of cancer.

11.0 Expert Opinion

Cancer development, growth and metastasis are intimately linked to angiogenesis, which is
regulated by a complex network of morphogenic and molecular pathways, soluble factors
and exosomes. The effects of TEX on the process of angiogenesis have been only recently
described. TEX were found to be potent inducers of angiogenesis /n vitroand in vivo
through phenotypic modulation and functional reprogramming of ECs and of collateral
tissue as well as immune cells in the TME. The mechanisms underlying pro-angiogenic
signaling of TEX appear to involve the delivery of angiogenesis-related proteins and the
transfer by TEX of RNA and miRNAs from the tumor to recipient cells. The growth of new
vessels, which begins at an early point of the tumor development, has been linked to the
levels of exosomes the parent tumor produces. Cancer cells are active exosome producers,
and plasma of patients with cancer is enriched in TEX. Total exosomes isolated from
patients’ plasma contain variable TEX levels, and separation of TEX from “contaminating”
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non-tumor-derived exosomes would likely facilitate molecular “profiling” and correlations
of the TEX cargo to vascular changes in the tumor and to clinical endpoints. As the TEX
molecular and genetic cargos recapitulate contents of the parent cell, they emerge as
potential non-invasive biomarkers of tumor-induced angiogenesis. This is encouraging for
the development of a “liquid biopsy” paradigm, which would allow for assessment of the
tumor angiogenic profile in real time and repeatedly. This liquid biopsy paradigm is an
attractive but as yet not validated approach to TEX as cancer biomarkers. The isolation from
body fluids of patients and profiling of TEX for their proangiogenic features is expected to
significantly contribute to the efforts of establishing TEX as future biomarkers of cancer
diagnosis, staging, response to therapy and prognosis. The use of TEX as biomarkers in
serial monitoring of cancer progression or of responses to antiangiogenic therapies promises
to greatly improve patient management and drug selection. Because TEX mimic the
properties of their parent cells and are surrounded by lipid bilayers which protect their
cargos from degradation en route, they have an advantage over soluble cancer biomarkers
[75]. The potential for non-invasive isolation of exosomes in large quantities from all types
of body fluids and their stability represent significant advantages compared to other forms of
a liquid biopsy such as circulating tumor cells or circulating free nucleic acids. Should TEX
prove to carry a marker or markers of angiogenesis that are specific for a given patients’
tumor, they could emerge as a tool for patient-specific diagnosis and fulfill the promise of
personalized anti-angiogenic therapy. Moreover, future efforts should focus on eliminating
or silencing TEX that selectively promote malignant, but not benign, angiogenesis, thereby
adding new treatment options to existing anti-angiogenic therapies.

To implement many of the ideas advanced above, further studies of extracellular vesicles
(EVs) from human body fluids are required. An important immediate goal in the field of EV
research is to establish a uniform nomenclature, which recognizes the heterogeneity of EVs
in body fluids. Exosome isolation from other EVs in body fluids and reliable separation of
TEX from nontumor-derived vesicles are major hurdles that need to be resolved. For clinical
applications, high throughput isolation/separation techniques will be obligatory. While the
development of new exosome isolation techniques is proceeding, no standardized method
currently exists. Although it is acknowledged that subsets of exosomes exist, separation of
biologically-active TEX fractions from plasma is in infancy. The TEX profiles of angiogenic
molecular and genetic markers that convincingly and reliably detect malignant vessels will
have to be established. Next, validation of this profile in “liquid biopsy” specimens from
large patient cohorts will be necessary to begin efforts aimed at translating TEX profiling to
the daily clinical practice.

Since the first studies of exosome role in angiogenesis were reported in 2006, the field of
exosome research has rapidly grown. An improved understanding of exosome-driven
communication networks between the tumor and surrounding cells, including ECs, lends
support to the concept of future anti-angiogenic therapy targeting TEX. Because nearly all
malignancies are characterized by strong vascularization, and they all produce TEX, It
would be a significant advancement to identify mechanisms used by these exosomes to
promote angiogenesis. Then, it would only be another step to acquire an understanding of
how to effectively inhibit exosome-driven angiogenesis, thereby adding new options for
improving existing anti-angiogenic therapies.
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Article highlights box

TEX, virus-size vesicles, which circulate freely through system between
throughout body fluids and accumulate in the TME, serve as a
communication system between the tumor and various normal cells.

TEX appear to play an important role in tumor angiogenesis thus contributing
to tumor growth and metastasis.

TEX carry angiogenesis-related proteins, transfer RNA, miRNA and proteins
and are responsible for phenotypic and functional reprogamming of ECs and
other normal cells residing in the TME.

TEX emerge as potential biomarkers of angiogenesis in cancer, and a putative
target for anti-angiogenic therapies.

The characterization of TEX in body fluids of cancer patients and better
understanding of their pro-angiogenic activities are required for the
development of novel anti-angiogenic therapies.
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15 min

Figure 1:
ECs internalize TEX within 4h and immediately after internalization, TEX localize to the

perinuclear region. Shown are representative images of internalization of exosomes derived
from plasma of a head and neck cancer patient by HUVECs after 15min, 30min, 60min, 2h
and 4h of coincubation. Red fluorescence: exosomes, green fluorescence: F-actin, blue
fluorescence: nuclei. Scale bar: 20um (Figure was created in collaboration with
Saigopalakrishna S. Yerneni).
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Figure 2:
A schematic of EC reprogramming mediated by TEX. (A) Tumor cells produce and release

exosomes. (B) TEX carry a variety of angiogenic proteins and in their lumen are enzymes,
MRNA, miRNA and DNA. (C) TEX reach ECs carrying arrays or ‘bundles’ of several pro-
angiogenic proteins. TEX reprogram ECs either by ligand/receptor signaling (1) and/or
miRNA and mRNA transfers after fusion with the plasma membrane (2). ECs internalize
TEX via endocytosis, phagocytosis, micropinocytosis or lipid raft-mediated internalization
(3). All these pathways may result in an enhanced angiogenesis /n vitro and in vivo. The
molecular mechanisms engaged in EC reprogramming might include re-utilization of the
delivered proteins and/or de-novo protein transcription from altered mRNA. The ECs
reprogrammed by TEX express and secrete enhanced levels of angiogenic proteins. The
proliferation, migration, and angiogenic activity of ECs are increased.
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Table 1:

Proteins inducing tumor angiogenesis that are carried by TEX or exosomes produced by reprogrammed

normal cells in the TME ¢

Cellular origin of Angiogenic proteins Reference

exosomes

Tumor cells

Bladder cancer EDIL-3 [28]

Breast cancer Annexin 11, Heparanase, TGFR [21,48,62]

Colorectal cancer Plexin B2, Tetraspanin-8 [45]

Glioblastoma Angiogenin, CXCR4, FGFa, IL-6, IL-8, MMP2, [19,43]
MMP9, TGFB, TIMP-1, TIMP-2, VEGF

Glioma IGFBP1, IGFBP3, IGFBPS5, IL-8, LOXL2, VEGF [25,64]

Leukemia Heparanase [48]

Lung cancer Sortilin [47]

Malignant melanoma IL-6, MMP2, VEGF [43]

Multiple myeloma Angiogenin, Heparanase, HGF, MMP9, Serpin E1, [27,48]
Serpin F1, VEGF

Nasopharyngeal carcinomi CD44v5, HAX-1, ICAM-1, MMP13 [24,44,51]

Reprogrammed stroma cells in the TME

Mesenchymal stem cells Jagged|, VEGF [76,77]

ECs MMP2, MMP9 [78]

Page 18

a . . . . . . . . -
TEX carry a variety of proteins known to be engaged in promotion of angiogenesis. The protein cargo is dependent on the cellular origin of

exosomes and varies in different types of cancer. Exosomes can derive from both tumors and surrounding reprogrammed stroma cells in the TME.

Microenvironmental factors and conditions may also contribute to tumor-mediated angiogenesis. Only limited information is available on pro-

angiogenic cargos of exosomes produced by reprogrammed normal cells in the TME, including mesenchymal stem cells, cancer-associated

fibroblasts, endothelial cells and immune cells.
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Table 2:

TEX carry miRNAs that are involved in inducing angiogenesisa

Cellular origin of exosomes miRNA Reference
Tumor cells

Breast cancer miR-126a [79]

Lung cancer miR-21, miR-23a, miR-210  [29,56,57]
Ovarian cancer miR-21 [80]

Reprogrammed stroma cells in the TME

Mesenchymal stem cells miR-30b miR-30b [81]

a . . . . . . . . .
TEX carry a variety of miRNAs, which are transferred to ECs and result in an increased be carried by TEX and by angiogenesis. The miRNAs
with pro-angiogenic properties can exosomes from reprogrammed stromal cells in the TME.
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Table 3:

Several pro-angiogenic components of TEX were found to be regulated by hypoxia‘i

Cellular origin of  Pro-angiogenic factor Reference
exosomes

Proteins

Breast cancer TGFB [62]
Glioma IGFBP1, IGFBP3, IGFBPS5, IL-8, LOXL2, VEGF [25,64]
miRNAs

Leukemia miR-18b, —20a, —24, -106b, -130b, -185, -210, -224, -379, -652  [61]

Lung cancer miR-23a [29]
Multiple myeloma  miR-135b, —200c, —210, -223, —328, -335, -425 [63]

a . . ) . . . .
Cancer cells and exosomes they produce have altered protein cargo and miRNA profiles when cultured in hypoxic vs normoxic conditions. The
qualitative differences between TEX generated in normoxic vs hypoxic conditions affect the behavior of targeted ECs.

Expert Opin Ther Targets. Author manuscript; available in PMC 2019 May 01.



	Abstract
	Introduction
	Exosome Isolation for In vitro and In vivo Studies
	TEX and Neovascularization
	Uptake of Exosomes by ECs
	Molecular Mechanisms Used by TEX for EC Reprogramming
	Genetic Reprogramming of ECs by TEX
	Environmental Factors Promoting Angiogenesis
	Cancer Stem Cell-Derived Exosomes in Angiogenesis
	Therapeutic Targeting of TEX-promoting Angiogenesis
	Conclusion
	Expert Opinion
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:
	Table 3:

