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Abstract

Exosomes, a group of small vesicles (30–100 nm), originate when the inward budding of the 

endosomal membrane forms multivesicular bodies (MVBs). Exosomes are released into the 

extracellular space when the MVBs fuse with the plasma membrane. Numerous studies have 

indicated that exosomes play critical roles in mediating cell-to-cell communication. Also, 

exosomes are believed to possess a powerful capacity in regulating cell survival/death, 

inflammation and tumor metastasis, depending on the particular array of molecules contained 

within a particular population of exosomes. This mini-review will summarize dual roles of 

exosomes derived from different types of cells (i.e. endothelial cells, tumor cells, platelets, bone-

marrow stem cells, cardiomyocytes, myocardial progenitor cells and among others) in endothelial 

cell proliferation, migration and tube-like formation. In particular, this review will focus on the 

therapeutic potential of exosomes as a natural nano-particle for delivering pro-/anti-angiogenic 

factors (proteins, mRNAs and microRNAs) into endothelial cells.
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INTRODUCTION

Angiogenesis is the process by which new capillaries arise from the preexisting vasculature. 

This process is controlled by multiple growth factors and signaling pathways, and depends 

upon the balance of pro-angiogenic and antiangiogenic factors. Recent studies have 

indicated that angiogenesis can also be modulated by cell-derived microparticles 

(microvesicles and exosomes) [1–3]. The biogenesis and properties of microvesicles are 

different from those of exosomes (Fig. 1). Microvesicles comprise a heterogeneous 

population of 100–1000nm particles. They are formed by a regulated reverse budding 

mechanism where the plasma membrane blebs outward through reorganization of the 

underlying cortical actin cytoskeleton [4, 5]. This results in the direct detachment of plasma 
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membrane buds into the extracellular space (Fig. 1). In contrast, exosomes are small 

membrane vesicles with a lipid bilayer secreted by many, if not all, living cells [6–9]. These 

30–100 nm exocytosed internal vesicles of endosomal origin have a cup-shaped morphology 

when imaged by electron microscopy analysis after differential centrifugation. Endosomes 

formation begins with the inward budding of the cell membrane. This initial step is followed 

by invagination of the limiting membrane of late endosomes to from multivesicular bodies 

(MVBs). Fusion of these multivesicular bodies with the plasma membrane results in the 

release of the internal vesicles, referred to as exosomes (Fig. 1).

The concept of exosomes initially appeared with the description of the shedding process of 

the transferrin receptor by maturing reticulocytes [10]. Recently, numerous studies have 

identified that exosomes can be released from various cell types including dendritic cells, B 

lymphocytes, tumor cell lines, platelets, cardiomyocytes, endothelial cells, stem cells and 

among others [11–18]. These nano-vesicles contain major histocompatibility complex class I 

and II molecules, cytosolic chaperone proteins, subunits of trimeric G proteins, cytoskeletal 

proteins, annexins, integrins, enzymes, and elongation factors [19]. These exosomal proteins 

have known functions in cell fusion, adhesion and biosynthetic processes, but most have yet 

to be assigned specific roles in exosome formation and function. Accumulating evidence has 

recently revealed that exosome content exchange may represent a novel pathway of 

intercellular communication by delivery of functional RNAs/microRNAs and proteins [5–9]. 

For example, exosomes secreted by platelets contain a tissue factor involved in coagulation 

events [16]. Dendritic cell-derived exosomes containing major histocompatibility complex 

molecules able to activate T cells [20]. The influence of exosomes on cell membrane 

potential and on developmental tissue patterning has been suggested to be related to their 

transport of morphogens and RNAs [21]. Circulating exosomes obtained from plasma of 

glioma patients were confirmed as positive for the mutant/variant mRNA of epidermal 

growth factor receptor (EGFRvIII), which defines a clinical subtype of glioma [22]. More 

interestingly, these exosomes display pro-angiogenic properties, indicating that glioma-

derived exosomes play a role in initiating angiogenesis [22].

As noted above, in this review, we will focus on exosomes that modify the pro- or anti-

angiogenic program of endothelial cells through the release of pro- or anti-angiogenic 

factors. We will also explore the possibility that exosomes might be useful therapeutic tools 

for regulating angiogenesis.

ENDOTHELIAL CELL-DERIVED EXOSOMES MIGHT HAVE AUTOCRINE/

PARACRINE POTENTIALS

Endothelial cells can release different types of membrane vesicles, including microvesicles, 

exosomes and apoptotic bodies, in response to cellular activation or apoptosis [1–3]. These 

different vesicles are distinguished from one another on the basis of subcellular origin, size, 

content, and the mechanism(s) leading to their formation [1–3]. Most importantly, they have 

both salutary and deleterious effects on coagulation, inflammation, endothelial function, and 

angiogenesis, depending on their composition (see reviews elsewhere) [1–3]. Importantly 

however, a significant number of earlier studies need to be revisited, as they attributed 
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biological effects rather non-specifically to either exosomes, microvesicles, or apoptotic 

bodies, without validating the purity of the membrane vesicle preparation used.

The paradoxical functions of endothelial cell-derived exosomes in maintaining vascular 

homeostasis is perhaps not that surprising when one considers that different patho/

physiological conditions will cause endothelial cells to produce exosomes with distinctive 

composition (proteins and RNAs). A recent study by Sheldon et al. [23] has shown that 

endothelial exosomes might be involved in vascular development as they incorporate and 

transfer Delta-like ligand 4 (Dll4; Delta 4) protein to neighboring endothelial cells, leading 

to an inhibition of Notch signaling and an increased capillary-like structure formation in 
vitro and in vivo. This suggests that the Delta like ligand/Notch pathway does not require 

direct cell–cell contact but rather that exosomes to expand the range of cell signaling 

potential for angiogenesis regulation. Other studies have also shown that endothelial-derived 

exosomes contain proteins which can be implicated in their pro-angiogenic potential. For 

example, Taraboletti et al. [24] have reported that matrix metalloproteinases harbored by 

exosomes from endothelial cells are functionally active and lead to endothelial cell invasion 

and capillary- like formation.

Taken together this information argues that endothelial cell-derived exosomes containing 

proteins and RNAs/microRNAs which may function as paracrine or autocrine factors have 

the potential to facilitate angiogenesis and metastasis. A recent study by Halkein et al. [25] 

reported that the 16-kDa N-terminal prolactin fragment (16K-PRL) stimulated EC to release 

miR-146a-loaded exosomes, which were absorbed by cardiomyocytes, leading to a 

subsequent decrease in metabolic activity and decreased expression of Erbb4, Notch1, and 

Irak1. However, it remains unclear whether such miR-146a-loaded exosomes enter to 

neighbor ECs and attenuate angiogenesis. Future studies will be needed to determine 

whether miRNAs or other factors packaged in endothelial exosomes can initiate, inhibit or 

modulate angiogenesis.

TUMOR CELL-DERIVED EXOSOMES PROMOTE ANGIOGENESIS

The microcirculation is essential for tissue homeostasis by balancing supply of oxygen and 

nutrients and removing products of cellular metabolism in a manner that supports tissue 

homeostasis. In a similar way, cancer (solid tumor) progression can only occur when 

angiogenesis occurs simultaneously. These new blood vessels supply nutrients, oxygen, and 

growth factors to facilitate the growth of the tumor and promote formation of metastases 

[26, 27]. Therefore, in development of a tumor, the local release of angiogenic factors by 

tumor cells is required to activate an otherwise quiescent microvasculature.

Earlier studies identified tumor antigens and MHC class I molecules loaded with tumor 

peptides in exosomes derived from tumor cells [7]. Recently, the recognition that exosomes 

modulate the cancer angiogenic process has been expanding [28, 29]. For example, it has 

been shown that exosomes from LAMA84 chronic myeloid leukemia (CML) cells affect 

vascular remodeling in vitro through an IL-8 mediated activation of VCAM-1 [29]. While 

the mechanisms of interaction of CML exosomes with endothelial cells have not been 

elucidated, exosomes are known to interact with target cells in three specific ways: binding 
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to cell surface receptors, fusion with the plasma membrane, or internalization [8]. The 

ability of exosomes to interact with and stimulate endothelial cells suggests exosomes as a 

new target for CML therapy. For example, a recent study reported that cells treated with 

non-toxic concentrations of both imatinib and dasatinib, two chemotherapy drugs for CML, 

effectively reduced exosome release by more than 55% [29]. This study identifies exosome 

release and uptake as a potential new therapeutic target for the treatment of CML. 

Furthermore, Umezu et al. [30] recently found that miRNA-enclosed exosomes have a 

critical role in mediating leukemia cell-to-endothelial cell communication. They observed 

that exosomes, collected from miR-92a-overexpressing leukemia cells (K562 cells), did 

enter into endothelial cells, resulting in an enhanced migration and tube formation, albeit did 

not affect EC proliferation. Together, these studies support the idea that exosomes play an 

important role in neoplasia-to-endothelial cell communication.

In addition, glioblastoma cell-derived exosomes have been shown to interact with 

endothelial cells and thereby stimulate endothelial cell proliferation [31, 32]. For instance, 

Kucharzewska et al. (2013) [32] observed that exosomes derived from glioblastoma 

multiforme (GBM) cells grown at hypoxic compared with normoxic conditions significantly 

stimulated angiogenesis ex vivo and in vitro. Interestingly, those GBM cell-derived hypoxic 

exosomes induced endothelial cells to secrete several potent growth factors/cytokines and to 

stimulate pericyte PI3K/AKT signaling activation and migration. This study provides 

evidence that exosomes can be potentially targetable driver of hypoxia-dependent 

intercellular signaling during tumor development. Moreover, King et al. [33] reported that 

hypoxia promoted the release of exosomes from breast cancer cells, and the hypoxically 

regulated miR-210 was presented at elevated levels in hypoxic exosomes. Other 

investigators have also reported that exosomes released by a pancreatic cell line transfected 

with D6.1A tetraspanin stimulate endothelial tubulogenesis [34]; and heparanase has been 

shown to not only drive exosome secretion from tumor cells, but also impact exosome 

protein cargo as reflected by higher levels of syndecan-1, VEGF, and hepatocyte growth 

factor in exosomes secreted by heparanase-overexpressing cells than those of heparanase-

reduced cells [35]. Squamous carcinoma and colorectal cancer cells can secret exosomes 

enriched in proteins and cell cycle-related mRNAs that can facilitate angiogenesis and 

metastasis [36, 37]. Taken together, these observations suggest that tumor cell-derived 

exosomes may serve a critical role in promoting angiogenesis and thereby enabling tumor 

growth and metastatic proliferation.

EXOSOMES GENERATED FROM PLATELETS EXERT DUAL EFFECTS ON 

ENDOTHELIAL CELL APOPTOSIS AND PROLIFERATION

Experimental and clinical data suggest that activated platelets play a crucial role in the 

pathophysiology of tissue injury and organ dysfunction. For example, in the early stages of 

sepsis, platelets are strongly activated and hyper-adhesive to the vascular wall which 

consequently promotes leukocyte accumulation, migration, and activation [38]. Recent 

studies provide support for the notion that, in sepsis, both increased generation of NO and 

the presence of LPS can trigger the release of platelet-derived exosomes, whereas thrombin 

or TNF-α induces the generation of phosphatidylserine-rich microparticles [39]. 
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Furthermore, Janiszewski et al. [40] reported that platelet-derived exosomes from septic 

patients contain the p22phox and gp91phox subunits of the NADPH oxidase. They found 

that incubation of these sepsis-related exosomes with endothelial cells induces caspase-3 

activation and apoptosis of target endothelial cells through active ROS/RNS generation by 

NADPH oxidase and NO synthase type II. In addition, platelet exposure to LPS or NO in 
vitro may be a valuable model for the generation of exosomes involved in redox signaling 

[39]. Collectively, these studies provide evidence that exosomes and their contents might be 

the source of platelet-induced septic vascular dysfunction. Future studies will be needed to 

explore whether exosomes could be a novel target or tool for the treatment of vascular 

dysfunction related to diabetes, hypertension, or sepsis.

Whereas platelet-derived exosomes from septic patients displayed pro-apoptotic property for 

endothelial cells, Janowska-Wieczorek et al. [41] have shown that exosomes released from 

healthy human platelet α-granules could contribute to tumor metastasis and angiogenesis 

(Note: in this paper, authors referred to exosomes as smaller microvesicles). They observed 

that these exosomes transferred the platelet-derived integrin CD41 to most of the lung 

cancer cell lines tested and stimulated the phosphorylation of mitogen-activated protein 

kinase p42/44 and serine/threonine kinase as well as the expression of membrane type 1-

matrix metalloproteinase (MT1-MMP). Importantly, these exosomes stimulated mRNA 

expression for angiogenic factors such as MMP-9, vascular endothelial growth factor, 

interleukin-8 and hepatocyte growth factor, consequently, induce angiogenesis in lung 

cancer, suggesting an implication in metastasis. The dual effects of platelet-derived 

exosomes in endothelial cell apoptosis and proliferation might be attributed to the different 

method of platelet activation to obtain exosomes and consequently their different contents 

(Fig. 2).

BONE MARROW STEM CELL-DERIVED EXOSOMES STIMULATE 

ANGIOGENESIS

The use of bone marrow-derived stem cells such as hematopoietic stem cells (HSCs) and 

mesenchymal stem cells (MSCs) to repair cardiac tissues was predicated on the hypothesis 

that these cells could differentiate into cardiomyocytes and other supporting cell types. 

However, careful rodent experimentation has demonstrated that few of the transplanted bone 

marrow cells engraft and survive, and fewer cells differentiate into cardiomyocytes or 

supporting cells [42–44]. In spite of this, transplantation of bone marrow stem cells 

improves some cardiac functions in animal models and patients, and this has been largely 

attributed to paracrine factors (i.e. VEGF, FGF, HGF and IGF) secreted from implanted 

stem cells [37–39].

Interestingly, several recent studies indicated that MSC-conditioned culture medium 

contains a significant amount of exosomes [18, 45–48]. Moreover, these nano-vesicles can 

mediate protection against ischemia/reperfusion-induced kidney [46] and cardiac injury 

[18]. One might speculate that the major mechanism underlying exosome-mediated 

protective effects in these model systems might be associated with their pro-angiogenic 

ability. For example, Sahoo et al. [48] demonstrated that exosomes collected from the 

conditioned media of mobilized human CD34+ cells had the characteristic size (40 to 90 nm; 
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determined by dynamic light scattering) and cup-shaped morphology (electron microscopy). 

In addition, these exosomes expressed exosome-marker proteins such as CD63, 

phosphatidylserine (flow cytometry) and TSG101 (immunoblotting), as well as CD34+. In 
vitro, CD34+- exosomes replicated the angiogenic activity of CD34+ cells by increasing 

endothelial cell viability, proliferation, and tube formation on Matrigel. In vivo, the CD34+-

exosomes stimulated angiogenesis in Matrigel plug and corneal assays. Notably, exosomes 

from human CD34+ stem cells but not those obtained from CD34+-depleted stem cells had 

angiogenic activity. Notably, the exosome-depleted conditioned media which should have 

contained both the supplemental growth factors and any secreted soluble proteins did not 

have angiogenic effects. In aggregate, the results of this study support the idea that CD34+-

exosomes are the key paracrine vector for CD34+ cell-induced vessel growth.

While stem cell-derived exosomes have been shown to promote angiogenesis, the 

underlying mechanisms are not completely understood. It is plausible that exosomes can 

stimulate both receptor-mediated and genetic signaling pathways by transferring exosomal 

proteins, RNAs or microRNAs into the cytoplasm of endothelial cells. Indeed, Sahoo et al. 
[48] determined that CD34+-exosomes are enriched with pro-angiogenic microRNAs (i.e. 

miR-126 and miR-130a). Nonetheless, the repertoire of specific molecules transported by 

stem cell-derived exosomes remains to be fully characterized.

CARDIOMYOCYTE- AND MYOCARDIAL PROGENITOR CELL-DERIVED 

EXOSOMES PROMOTE ANGIOGENESIS

Myocardial progenitor cells (CMPCs) have been shown to be a very promising cell source 

for the treatment of the diseased myocardium, however, the engraftment of progenitor cells 

and the number of newly generated cardiomyocytes and vascular cells are in many cases too 

low to explain the improved cardiac function and morphology [49, 50]. Vrijsen et al. [51] 

recently reported that CMPCs release exosomes into their environment, and that exosomes 

from CMPCs are able to stimulate migration of endothelial cells in an in vitro scratch wound 

assay. They also showed that CMPC-exosomes contain matrix metalloproteinases (MMPs) 

and extracellular matrix metalloproteinase inducer (EMMPRIN). Thus, CMPC-derived 

exosomes themselves are able to breakdown the extracellular matrix or activate MMPs. This 

study provides evidence that exosomes, released by CMPCs upon transplantation, might be 

involved in the activation of endothelial cells and thereby result in increased capillary 

density. However, it remains unclear at present whether CMPC-derived exosomes can affect 

proliferation, survival and differentiation of cardiomyocytes and myofibroblasts. In addition, 

future research is required to determine whether CMPC- and other progenitor cell-derived 

exosomes have the potential in reprogramming adult cells into progenitor cells.

Regarding cardiomyocytes, we recently observed that cardiomyocyte-derived exosomes 

contains a large amount of Hsp20 [17]. As a result, the exosomal Hsp20 remarkably 

promotes HUVEC promotion, migration and tube-like formation. Mechanistically, the 

exosomal Hsp20 physically interacts with VEGFR2 and activates its downstream Akt/ERK 

signaling cascade. Our study suggests that cardiomyocytes may have pro-angiogenic 

property through releasing Hsp20-incorporated exosomes.
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MOST IMPORTANT QUESTIONS AND PROBLEMS FOR THE THERAPEUTIC 

APPLICATION OF EXOSOMES

It is now well established that exosomes can carry and transfer proteins and mRNAs/

microRNAs to and into target cells and these proteins can consequently modify target cell 

phenotype. With this in mind it would seem reasonable to speculate that exosomes may 

represent a new way to deliver either pro- or anti-angiogenic signaling molecules into 

endothelial cells and thereby, enhance or impair angiogenesis, respectively. As a result, we 

could overexpress proangiogenic exosomal proteins (e.g., Dll4) or microRNAs (e.g., 

miR-126 and miR-130a, see reviews elsewhere [52]) in bone marrow-derived stem cells, 

and follow this by collecting culture supernatants for isolation of pro-angiogenic exosomes. 

Similarly, we might prepare anti-angiogenic exosomes by uploading anti-angiogenic factors 

(e.g., miR-320 [53]). These exosomes would be expected to interact with endothelial cells 

through endocytosis, phago-cytosis and membrane fusion [54]. Whether exosomes 

internalized by the endothelium is related to caveolae remains unknown. After 

internalization in endothelial cells, exosomes are preferentially fused to endosomes and 

lysosomes, thereby releasing pro- or anti-angiogenic contents.

Exosomes, as in vivo delivery tools, are argued to have many potential advantages over the 

typical virus vectors, lipid nanoparticles (liposomes) and polycationic agents [45, 55–60]. 

Firstly, exosomes are naturally occurring biological entities with low inherent toxicity and 

minimal immune response. Secondly, they are relatively stable in the circulation as they 

avoid opsonins and coagulation factors. Thirdly, their small size (30–100nm) allows them to 

avoid phagocytosis by the mononuclear cell system (which prefers particles >100nm in 

size). Fourthly, their membrane structure allows them to easily pass their content across the 

cell membrane into the cytosol of recipient cells. Finally, exosomes are more convenient to 

manipulate than intact cells, since they are not “alive”, but rather are metabolically inactive 

nanovesicles. This makes exosomes extremely durable, allowing them to be stored at −80°C 

for over two years without detectable loss of their biological activities. Nonetheless, there 

are still many concerns that must be addressed before their use in targeted clinical trials. For 

example: How efficiently and specifically can exosomes deliver proteins/RNAs into target 

tissues/cells? How can we regulate the loading of specific contents into exosomes? How can 

large amounts of clinical-grade exosomes be collected and/or generated? While the study of 

exosomes as a natural nano-delivery device for the treatment of human disease is just 

emerging, we believe that, with the advance of new bioengineering and cellular modification 

techniques, engineering or modification of the exosome surface antigen and internal content 

will enable their use to target angiogenesis-related diseases with even more specificity than 

is now achievable (see reviews elsewhere [55–60]).

In addition, future investigations should address the combined beneficial effects of 

microvesicles and exosomes, because of their complementarity in the regulation of 

angiogenesis. Another important aspect is related to the complex composition of 

microvesicles and exosomes. In this regard, proteomic analyses are needed to identify all 

components of these cell-derived vesicles to provide extensive evidence about their side 

effects. Overall, exosomes are complex cellular entities that display a large number of 
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activities affecting cells involved in angiogenesis. Therefore, caution must be exercised in 

the utilization of exosomes as autologous therapeutic tools in diseases associated with 

altered angiogenesis.
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Fig. (1). 
Microvesicles are directly generated from outward budding of the plasma membrane, 

whereas exosomes are generated from inward budding of the cell membrane to form 

endosomes, followed by invagination of the limiting membrane of late endosomes to from 

multivesicular bodies. Fusion of the multivesicular bodies with the plasma membrane results 

in the release of the internal vesicles, then called exosomes.
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Fig. (2). 
Exosomes generated from platelets present dual effect on endothelial cell survival and 

angiogenesis. Platelet-derived exosomes from human septic patients contains p22phox and 

gp91phox which induce endothelial cell apoptosis and dysfunction (anti-angiogenesis); 

whereas exosomes isolated from healthy human platelets carry with CD41 and CD62P 

which promote endothelial cell proliferation, migration and tube formation (pro-

angiogenesis).
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