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Abstract 

Significance: Secreted extracellular vesicles (EVs) have now considered as veritable entities 

for diagnosis, prognosis and therapeutics. These structures are able to interact with target cells 

and modify their phenotype and function. 

Recent advances: Since composition of EVs depends on the cell type of origin and the 

stimulation that leads to their release, the analysis of EV content remains an important input in 

order to understand the potential effects of EVs on target cells. 

Critical issues: Here, we review recent data related to the mechanisms involved in the formation 

of EVs and the methods allowing specific EV isolation and identification. Also, we analyze the 

potential use of EVs as biomarkers in different pathologies such as diabetes, obesity, 

atherosclerosis, neurodegenerative diseases and cancer. Besides, their role in these diseases is 

discussed. Finally, we consider EVs enriched in miRNA or drugs as potential therapeutic cargo 

able to deliver desirable information to target cells/tissues. 

Future directions: We underline the importance of the homogenization of the parameters of 

isolation of EVs and their characterization that allow considering EVs as excellent biomarkers 

for diagnosis and prognosis. 
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I. INTRODUCTION 

Cells are able to release various types of vesicles from different biogenesis into the intracellular 

space. Long considered as simple cell debris, there is now enough evidence that extracellular 

vesicles (EVs) participate in intercellular communication and, thus modulate many cellular 

processes. Surrounded by a phospholipid bilayer, EVs are loaded with proteins and nucleic 

acids from donor cells, which are grouped in the database Vesiclepedia 

(http://www.microvesicles.org) that contains molecular data identified in all classes of EVs. 

Furthermore, it is described in numerous pathologies that EVs could be potential biomarkers, 

since they are easy to detect, more stable than other soluble biomarkers and accessible in a non-

invasive manner in most biological fluids (216). 

Although the interest in EV research is increasing, there is still no real nomenclature to classify 

the different types of vesicles. Many terms are used, varying from ectosomes, microparticles, 

microvesicles (MVs), nanovesicles, exosomes and membrane particles to exosome-like 

particles and exovesicles (314). Currently, EVs are commonly classified based on their 

intracellular origin. Thus, three principal populations of EVs are considered: apoptotic bodies, 

MVs and exosomes (299). The apoptotic bodies (size between 50-5000 nm) which are released 

by cells undergoing apoptosis, and characterized by permeable membrane, will not be covered 

in this review. This review focuses on the role of EVs as possible biomarkers and/or therapeutic 

targets in diabetes, obesity, atherosclerosis, neurodegenerative diseases and cancer. Also, we 

develop the use of EVs as therapeutic tools in these diseases. 

II. MICROVESICLES (MVs) 

MVs were originally identified by Peter Wolf in 1967 as “platelet dust” (334) and, for a long 

time, they were considered as cellular debris resulting from cell damage or dynamic plasma 

membrane incomings (117). They are characterized by preset of surface markers indicative of 

http://www.microvesicles.org/
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their cellular origin (118). Indeed, MVs are rich in negatively charged phospholipids (e.g. 

phosphatidylserine (PS)) at their surface. 

MVs are distinguished of exosomes by their size and the mechanisms involved in their 

generation. MVs are directly shed from the plasma membrane of cells and measure 

approximately 100-1000 nm (90) (Figure 1). The size range of MVs and exosomes (see below) 

may possibly overlap, for that reason high-sensitivity technics and novel instruments including 

nanoparticle tracking analysis, are used to characterize and distinguish both populations (342). 

A. MV formation and shedding 

The shedding of MVs is preceded by the budding of small cytoplasmic protrusions, which then 

detach by fission from different cell types. Platelets, leukocytes, erythrocytes, endothelial cells, 

and tumor cells are availed to induce in vitro MV shedding (13, 141, 187, 189, 279). MVs have 

also been described in atherosclerotic plaques (250) and liver (238). Regarding MVs on fluids, 

MVs derived from platelets represent approximately 70-90% of circulating MVs (91), while in 

urine, MVs are mainly from renal cells including podocytes, juxtaglomerular and mesangial 

cells. The mechanisms that lead to the formation of MVs are not completely elucidated even if 

quantity and phenotype of shed MVs are depending on the method of production. Nevertheless, 

numerous studies have shown that shedding of MVs follows chemical and physical cell 

activation or apoptosis (reviewed by (201)). 

Distinct stimuli such as tumor necrosis factor (TNF-α) (35) or actinomycin D (213) trigger an 

increase in cytosolic calcium concentration, which leads to MV formation (152, 205, 223, 233). 

This influx of extracellular calcium is associated with calcium-dependent calpain activation, a 

proteolytic enzyme, which induces changes in the actin cytoskeleton stability (152, 233). In 

addition, the inhibition of cytosolic calcium increase might prevent MV formation (41). 

The asymmetry of the lipid bilayer is regulated by three types of enzymes: translocases, 

flippases and scramblases. These enzymes are responsible for the transport of PS and 
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phosphatidylethanolamine to the external layer and the rapid “flip-flop" of phospholipids 

between the membrane leaflets. Under basal conditions, PS is found preferentially, if not 

exclusively, on the inner leaflet of the plasma membrane of cells. Evidence suggests that PS 

exposure is a key mediator of the formation of MVs. However, some reports suggest that PS is 

not externalized in certain MV populations (324).  

Nevertheless, shedding of MVs is induced by prolonged high intracellular calcium 

concentration, which involves different mechanisms such as the activation of tyrosine kinases. 

Martinez and colleagues have reviewed several molecular targets linked to the increase in 

intracellular calcium concentration and, MV formation and shedding (201). Some targets 

include extracellular signal-regulated kinase (ERK) pathway, small GTPase Rho A, myosin 

light chain and Rho-associated kinase (ROCK I), NADPH oxidase, and reactive oxygen species 

(ROS) (Figure 1). However, calcium is not the only second messenger involved in MV 

shedding. Indeed, in dendritic cells (DCs), macrophages and microglia, activation of protein 

kinase C (PKC) by a calcium-independent mechanism, is also effective to induce the shedding 

of MVs (reviewed by (55)).  

On the other hand, during apoptosis, MV formation and shedding are associated with the 

activation of ROCK I and caspase 3, which might lead to the disruption of the membrane 

skeleton structure and consequently, to the MV formation (56). During apoptosis-dependent 

MV formation, disturbed membrane follows cell contraction and DNA fragmentation (274). 

Stimuli such as TNF-related apoptosis-inducing ligand or Apo2 ligand, a cytokine belonging to 

the TNF-α superfamily, promote endothelial MV release by initiating the recruitment of adaptor 

proteins and the activation of nuclear factor kappa B (NF-κB) (274). This capacity to induce 

MV production has been attributed to the activation of different signaling cascades, including 

caspase, RhoA/ROCK, and the p38-MAPK pathways (188). Interestingly, TNF-α treatment has 

a dual effect on the endothelial release of MVs. TNF-α can induce both miRNA-rich and 
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miRNA-poor MVs displaying anti-apoptotic or pro-apoptotic effects, respectively, depending 

on the activated signal pathway. Indeed, TNF-α induces miRNA-rich MV release through the 

inhibition of caspase pathway, whereas when RhoA/ROCK pathway is suppressed, TNF-α 

induces miRNA-poor MV generation (5). This dual effect results in the anti-atherogenic and 

the pro-atherogenic effects of endothelial MVs on target cells.  

B. MV composition 

Proteomic analyses of several MV populations have been performed in order to improve MV 

molecular profile knowledge (69, 167). The different reports have confirmed that MV 

composition depends, not only on the origin of cell type, but also on the conditions of cell 

stimulation (29, 280). In terms of composition, MVs present elements of their membrane origin, 

such ligands and receptors, miRNA and proteins from mitochondria (3, 72), nucleus and 

cytosolic compartments (69). There are not a lot of specific protein markers of ubiquitous 

expression in all MV membranes, since protein composition depends on origin cell. However, 

a proteomic study of marker comparison has been recently performed in order to characterize 

heterogeneous populations of EV subtypes released by human DCs. This study has shown that 

MVs from DCs are specifically enriched in proteins such as actin-4 and -1, the chaperone 

endoplasmin, mitofilin, the eukaryotic translation elongation factor 2 and major vault protein. 

Nevertheless, MVs can express proteins shared by other types of EVs such as actin, tubulin, 

endoplasmin, glyceraldehyde-3-phosphate dehydrogenase and annexin II (167). However, as 

stated above, since the composition of MVs strongly depends on the cell type of the origin and 

the stimuli used for their generation, it is not possible to establish a list of specific MV proteins. 

It should be noted that MVs express proteins related to the function of mother cells. Thus, MVs 

derived from neutrophils and tumors are enriched with matrix metalloproteinases (MMPs) and 

other proteolytic enzymes, which have a function in the digestion of the extracellular matrix 

necessary for the progress of inflammation and for cancer growth. MVs derived from platelets 
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harbor various integrins, the plasma membrane glycoproteins GPIb and GPIIb-IIIa and P-

selectin, playing a role in coagulation. The MVs shed from macrophages carry the ligand-1 of 

the P-selectin glycoprotein, which helps with their binding to platelets (reviewed by (55)).  

Furthermore, the lipid composition of MVs can vary depending on the environment nearby to 

cells. Thus, it has been shown that, after a high-fat meal, individuals display circulating MVs 

with higher apoB expression and weaker apoCII and ApoE expression when compared to pre-

prandial conditions (278). 

C. Isolation and characterization 

Different biophysical and biochemical properties can be used to isolate EVs, including size, 

mass density, and shape, charge, and antigen exposure in order to distinguish MVs from 

exosomes or other type of EVs (Figure 2). The most common methods to isolate EVs are based 

on size, density, and immunophenotype separation. They include differential centrifugation, 

density gradient centrifugation, size exclusion chromatography, ultrafiltration, immunocapture 

assays and precipitation. Some of these methods may be used alone or in combination (reviewed 

by (30). However, methods to obtain highly pure and well-characterized vesicle populations 

are not well standardized. 

Overall, MVs are isolated from cell culture supernatants or body fluids by a series of 

centrifugation steps in order to remove dead cells, large debris, and other cellular contaminants 

resulting from cell lysis (131). Isolation of circulating MVs includes processes that remove 

blood cells from anticoagulated whole blood by low-speed centrifugation, at room temperature, 

in order to avoid in vitro platelet activation. However, time and speed of centrifugation change 

between protocols. 

D. MV uptake by target cells 

Although the mechanisms by which MVs transfer biological information to target cells are not 

completely elucidated, several ways for MV uptake have been proposed (215). It has been 
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described that receptor-ligand interaction is an important mechanism to internalized MVs (289). 

Other mechanisms involved in MV interaction to the target cells are the transfer of components, 

the fusion of MVs and target-cell membranes and MV internalization (reviewed by (201)). 

Concerning internalization, it has been reported that endothelial MV uptake by endothelial cells 

is inhibited in the presence of annexin V indicating a major role of phospholipids (298). The 

same group and others have shown that milk fat globule-epidermal growth factor 8 (Mfge8) 

protein  on the MV membrane may serve as a bridge between the PS expressed by MVs and 

αvβ3 integrin by endothelial cells and macrophages (66, 298). Jansen et al (140) have described 

that endothelial MVs are internalized by endothelial cells in an annexin I/PS receptor-dependent 

manner. Also, developmental endothelial locus-1 can act as a bridge between platelet-derived 

MVs and endothelial cells (67) suggesting that different mechanisms can take place for MV 

uptake. 

The receptor-ligand interaction leads to activation or inhibition of a transduction signal in target 

cells. However, the above-mentioned mechanisms can change the phenotype of target cells 

(310). Indeed, interaction by the transfer of MV components includes the transfer of surface 

receptors, proteins, mRNA, miRNA and bioactive lipids (reviewed by (55)).  

III. EXOSOMES 

Exosomes were described, for the first time three decade ago, as nanoscaled vesicles of 

endosomal origin, released as a result of the fusion of the multivesicular bodies (MVBs) with 

the plasma membrane in reticulocytes from rats (116) and sheeps (230). Indeed, by studying 

the intracellular traffic of transferrin receptor by electronic microscopy, it has been observed 

that transferrin receptor could be internalized to be recycled and, then, found on the surface of 

the exosomes in the extracellular medium. Since, in vitro release of exosomes is observed in 

most of the cells, such as hematopoietic (B-, T- and mast cells, DCs, platelets), epithelial and 

neural cells, adipocytes, fibroblasts, stem cells and many types of tumor cells (311). In addition, 
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exosomes are found in several biological fluids, such as blood, saliva, urine, seminal fluid, 

amniotic liquid, ascites, bronchoalveolar lavage fluid, synovial fluid, breast milk and 

cerebrospinal fluid (CSF) (311). Since then, the multiple functions of exosomes in immune and 

cardiovascular diseases (CVD), tumorigenesis, and the propagation of neurodegenerative 

diseases have become evident. This has sparked interest in exosomes as biomarkers and 

therapeutic targets. 

Exosomes can be defined by their size comprised between 30-150 nm. The size of exosomes 

seems to depend on their cell origin type, being ~50 nm in reticulocytes (230), ~100 nm in B-

cell lymphoma cells (229), or 80 to 120 nm in adipocytes (76). To identify exosomes, the 

analysis of at least three specific markers is advised in order to better identify exosome 

populations (191). In fact, several proteins commonly enriched in exosomes from different 

origin cell types, can be considered as exosomal markers. Among them, we can find the 

tetraspanins CD9, CD81, CD63, the endosomal proteins tumor susceptibility gene 101 

(TSG101) and ALG-2-interacting protein X (ALIX), or Mfge8 (191). However, the relevance 

of these markers is currently discussed because they can be also found in MVs (167). 

A. Exosome formation 

In contrast to MVs (see above), exosomes come from the endosomal compartment and are 

formed as intraluminal vesicles (ILVs). ILVs are formed by inward budding of the early 

endosomal membrane, sequestering proteins, lipids, and cytosol, in order to degrade, recycle or 

exocytose their content. Early endosomes then mature into late endosomes and the 

accumulation of multitude of ILVs leads to the formation of MVBs. The main fate of MVBs is 

to fuse with lysosomes, ensuring the degradation of their content. However, MVBs can also 

fuse with the plasma membrane to release their sequester ILVs as exosomes in the extracellular 

space (146) (Figure 1). Several mechanisms have been proposed to participate in the exosome 
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formation, and they can be classified into two groups depending on the endosomal sorting 

complex required for transport (ESCRT). 

ESCRT-dependent exosome formation (Figure 3): Involvement of ESCRT machinery in 

exosome biogenesis is initially inferred from proteomic studies showing the presence, in 

exosomes from different cell types, of ESCRT-associated proteins, TSG101 and ALIX (301). 

The role of the ESCRT complexes is to ensure the transport of ubiquitinated proteins from 

endosomes to lysosomes, leading to their degradation. Thus, ESCRT proteins are responsible 

to sort proteins into ILVs by inward budding of the membrane and, by the way, exosome 

release. It has been suggested that ESCRT-0, -I and -II complexes form stable hetero-oligomers 

that function together to recognize and sequester ubiquitinated proteins in the endosomal 

membrane. Then, ESCRT-I together with ESCRT-II could initiate the budding process of the 

endosomal membrane. In addition, ESCRT-II initiates the assembly of the ESCRT-III complex, 

which in turn, mediates membrane budding and scission to form ILVs (266). 

ESCRT-independent exosome formation (Figure 3): Alternative ESCRT-independent 

pathways have also been proposed. MCF7 tumor cells secrete exosomes through a syndecan-

syntenin-ALIX pathway (14). Indeed, the syndecan heparan sulfate proteoglycans and their 

cytoplasmic adaptor syntenin can control the formation of exosomes by direct interaction with 

ALIX and support the intraluminal budding of endosomal membranes. These syndecan-positive 

exosomes are also enriched in CD63 and ceramide. Downstream of ALIX, charged MVB 

proteins, and vacuolar protein sorting-associated protein 4 knockdowns block their biogenesis 

(14), suggesting that these ESCRT III-associated proteins are also involved in this formation 

way, although it is independent of the entire classical ESCRT pathway. Moreover, the 

enzymatic digestion of heparan sulfate chains on syndecans by heparanase facilitates both the 

endosomal membrane budding and the biogenesis of exosomes, and stimulates their release 

(254). Thereafter, it has also been described that both the GTPase ADP ribosylation factor 6 
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(ARF6) and its effector phospholipase (PL) D2 can regulate this exosome biogenesis pathway 

(100). Both, ARF6 and PLD2, can affect exosomes by controlling the budding of ILVs into 

MVBs. 

In oligodendroglial cell lines, Trajkovic and colleagues (306) have found that exosome release 

is diminished after inhibition of neutral sphingomyelinase (nSMase), an enzyme responsible 

for ceramide production. This lipid can facilitate the membrane invagination of ILVs through 

its cone-shaped structure and induce exosome formation. Exosomes derived from this way are 

enriched in proteolipoprotein (PLP), CD63, CD81 and TSG101. 

In addition, the tetraspanins CD9 and CD63 have also been directly implicated in exosome 

formation. Indeed, DCs generate major histocompatibility complex (MHC)-II-exosomes 

through the CD9-dependent pathway, without ESCRT machinery implication (37). In 

melanosome, CD63 directly participates in the ESCRT-independent sorting of luminal domain 

of the premelanosome protein, a protein enriched in melanosomes, to ILVs (316). 

Thus, the formation of exosomes seems to involve many mechanisms and remains incompletely 

elucidated. Moreover, these different ways of production influence exosome composition and, 

thus induce the formation of different populations of exosomes. This also underlines the 

molecular and mechanical heterogeneity of the types of exosomes secreted by different cells. 

B. Exosome release 

To release exosomes, MVBs must be transported, docked and fuse with the plasma membrane 

to liberate ILVs in the extracellular space. It has been suggested that proteins of the Rab family 

are involved in this process. These small GTPases are implicated in the trafficking of 

intracellular vesicles, their docking and fusion with the plasma membrane (281) (Figure 4). 

Indeed, Savina and colleagues (263) have shown that, in erythroleukemia cells, Rab11 regulates 

exosome secretion by acting in docking and fusion of MVBs which requires also the presence 

of calcium. Beside, in oligodendrocytes, the inhibition of Rab35 function impairs exosome 
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secretion (126). In addition, Rab27a and Rab27b promote exosome secretion in HeLa cells. 

These two Rab27 isoforms are involved in MVB docking at the plasma membrane (229). 

Exosomes released via this way are enriched in late endosomal proteins (e.g. CD63, ALIX, and 

TSG101) (2). Furthermore, Rab7 has also been described as implicated in the release of 

exosomes containing ALIX and syntenin in breast tumor cells (14). However, other authors 

have shown that depletion of Rab7 does not affect exosome release in Hela cells (229), 

suggesting this way can be dependent on the cell type. Different studies have suggested that 

MVB formed by the ESCRT-independent ways carry Rab11 and Rab35 whereas those formed 

by the ESCRT-dependent mechanisms are rich in Rab27a and Rab27b, and Rab7 (27). 

Otherwise, Fader et al (82) have shown that the soluble N-ethylmaleimide sensitive factor 

attachment protein receptor (v-SNARE) protein, vesicle-associated membrane protein 7, may 

also be implicated in the fusion of MVB with plasma membrane to release exosomes in the 

extracellular space. 

Once again, the mechanisms allowing the secretion of the exosomes seems to be multiple, 

depending on the origin cells and are not yet completely elucidated. 

C. Exosome composition 

Like MVs (see above), exosomes carry multiple proteins and nucleic acids, protected by a lipid 

bilayer (Table 1). However, their composition is a consequence of their formation through the 

endosomal compartment as well as the various mechanisms associated with their secretion. 

Thus, the composition of exosomes differs from MVs and source cells. For example, a 

proteomic and lipidomic study has compared the composition of exosomes, MVs and source 

cells for the three different cell lines: U87 glioblastoma cells, Huh7 hepatocellular carcinoma 

cells and human bone marrow-derived mesenchymal stem cells (MSCs) (115). The authors 

have found that protein patterns of exosomes are more likely different from their mother cells 

than are the protein patterns of MVs. Moreover, exosomes seem enriched in proteins of 
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extracellular matrix, heparin-binding, receptors, immune response and cell adhesion functions, 

whereas MVs are enriched in proteins from endoplasmic reticulum, proteasome and 

mitochondria. Exosomes and MVs also differ in their types of lipid contents. Furthermore, EV 

composition differs from one cell line to another, for instance, Huh7 and MSC exosomes are 

specifically enriched in cardiolipins whereas U87 exosomes are enriched in sphingomyelins 

(115). 

Additionally, the composition of the vesicles may depend on the cell type of origin but also on 

their specific function. Indeed, Conde-Vancells and colleagues (59) have compared exosomes 

from a mouse hepatic cell line and from a primary culture of rat hepatocytes, and they have 

reported that hepatic-derived exosomes comport several common exosomal proteins as well as 

proteins not previously described in exosomes, such as proteins specifically found in 

hepatocytes and associated with the function of these cells. In adipocyte-derived EVs, it has 

been shown that exosomes and MVs exhibit specific protein signature and suggest that the 

differences in their content could predict the specific biological functions of the EVs (76). 

Proteins carried by exosomes: Commonly found proteins in exosomes are logically those 

associated with the mechanisms responsible for their biogenesis and secretion, including 

proteins associated with the endosomal compartment. Thus, exosomes are enriched in proteins 

associated with ESCRT complexes (ALIX, TSG101), involved in the MVB structure 

(lysosomal-associated membrane protein (Lamp)1 and Lamp2, CD9, CD81 and CD63 

tetraspanins), proteins of membrane traffic (Rab GTPases, annexins), fusion proteins (v-

SNARES), heat-shock proteins (HSP 90/70) or proteins of MHC-I and II, but also proteins from 

plasma membrane (flotillin-1, Mfge-8, caveolin-1) (for review see (58)). 

In general, proteins associated with the endoplasmic reticulum, Golgi and nucleus are not found 

in exosomes (191); however exosomes carry transcription factors e.g. Notch, Wnt, that are 

normally found in the nucleus (2). 
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Lipid components in exosomes: Comparison of exosome composition produced in vitro from 

guinea pig primary reticulocytes and their parent cells show that exosomes and reticulocytes 

have a similar cholesterol composition, but phosphatidylethanolamine content is lower in 

exosomes than in parent cells (321). Since then, numerous studies have reported the lipid 

composition of exosomes derived from different cell types such adipocytes (76), MSCs (115), 

or cancer cells (190), mast cells and DCs (179). These comparisons show that, although lipid 

content of exosomes is distinct from that of the cell of origin, exosomes display some common 

lipid features independently of their origin. Indeed, exosomes are mainly enriched in 

cholesterol, sphingomyelin, ceramide and exposed PS at the membrane surface. Otherwise, the 

endosomal specific phospholipid, essentially localized in MVBs, 

bis(monoacylglycero)phosphate could be a specific lipid marker of exosomes (179). 

Moreover, fatty acids of exosome membranes are mainly saturated or monounsaturated 

reflecting a lateral segregation of these lipids in exosomes during maturation of MVBs (286). 

In addition, exosomes can also contain bioactive lipids. In exosomes from RBL-2H3 basophil 

cells, it has been shown that enzymes involved in lipid metabolism including PLA2, PLC, and 

PLD, are responsible for the release of signaling mediators from membrane phospholipids 

(285). Exosomes can also contain a large panel of free fatty acids or derivatives such as 

arachidonic acid and prostaglandin E2. 

Interestingly, lipid composition of exosomes can also serve as biomarkers and be involved in 

different diseases (for review see (251)). Recently, it has been shown that lipid content of 

urinary exosomes changes in patients with prostate cancer (276). 

Nucleic acids in exosomes: Exosomes have the capacity to convey and to transfer genetic 

information, and thus to modulate the gene expression of the target cells. In a small number of 

cases, DNA has been found, including genomic and mitochondrial DNA (mtDNA), but 
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exosomes contain mostly small RNAs, with many derived from ribosomal 18s and 28s rRNAs 

and tRNAs (2).  

For the first time, mRNA and miRNA are found in exosomes from human and murine 

mastocytes (312). Montecalvo and colleagues (207) have described the transfer of functional 

miRNA between DCs through exosomes. Also, the different miRNA cargo profile observed 

according to the DC maturation suggests that cells could select miRNA content. In this context, 

in rats, it has also been shown that exosomal miRNA profile can be modulated by stimuli, such 

as chronic ingestion of sucrose (34). 

It has also been described that exosomes can contain many types of RNA such as long and short 

non-coding RNA, piwi-interacting RNA, vault RNA or Y RNA (2). In this respect, the 

packaging of RNA in the exosomes within the lipid bilayer membrane allows protecting it from 

RNAse digestion once released into the extracellular environment. However, due to the 

variations in isolation techniques and the different cell types and culture conditions used to 

analyze exosomal content, the comparison of the existing results on the composition of these 

vesicles has to do with a critical eye. 

D. Exosome uptake 

Once released, exosomes can interact with recipient cells and trigger intracellular signaling 

pathways, by conveying messages through the delivery of their content. Firstly, binding of 

exosomes to the cell surface can be possible through a simple interaction with several contact 

proteins, surface receptors or ligands of target cells (Figure 5). Among all those which have 

been described, it is possible to retain the role of lymphocyte function-associated antigen 1 

(LFA-1) on DCs to capture intercellular adhesion molecule-1 (ICAM-1)-bearing dendritic 

exosomes (267). Moreover, a decrease of dendritic exosome uptake by DCs is observed after 

blockage of ICAM-1 and CD9 or CD81 tetraspanins, and their respective receptors, LFA-1 and 

αv or β3 integrins, decrease (210). Secondly, exosomes can also transmit their cargo by the 
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direct membrane-membrane fusion as described in DCs (207) and melanoma cells (232). 

Finally, exosome content can be internalized by different ways of endocytosis: caveolae-

dependent endocytosis in epithelial cells (222), clathrin-dependent endocytosis in neurons (95) 

and PC12 cells (303), clathrin-independent but cholesterol- and lipid raft-dependent 

endocytosis in endothelial and some tumor cells (290), macropinocytosis by microglia (89) and 

tumor cells (221) or phagocytosis by macrophages (85) and PC12 cells (303). 

To improve exosomes uptake, Nakase and colleagues (220) have proposed to combine cationic 

lipids and a pH-sensitive fusogenic GALA peptide which increase exosome binding at the 

plasma membrane and improve uptake via the endocytic pathway. Interestingly, heparin blocks 

both binding to the membrane or recipient cells and uptake of glioblastoma-derived exosomes 

by human endothelial cells (12). Although the exact mechanism is not advanced, these authors 

suggest that exosomes contain ligands which bind directly with heparin and impede the binding 

of exosomes to the receptors on recipient cells. 

E. Biodistribution and clearance of exosomes 

Independent studies indicate that the half-life of purified exogenous exosomes from splenocyte 

supernatants (292), after intravenous injection in mice, is about 2 minutes. Several 

biodistribution studies of intravenously injected exosomes demonstrate those vesicles are 

accumulated mainly in liver, spleen, and lungs (176, 197, 292, 332). However, it has been 

shown that the distribution of exosomes is different after an injection in mice of the same 

amount of exosomes through three different systemic delivery routes: intravenous, 

intraperitoneal, and subcutaneous (332). 

Thus, biodistribution of exosomes depends on their origin, the administration protocol and the 

availability of different types of target cells to internalize specific exosomes. Moreover, the 

slower uptake of exosomes in mice with an impaired innate immune system and a complement 
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deficiency suggest that the clearance of exosomes can be regulated by the innate immune 

system, likely mediated by complement opsonization (277). 

F. Isolation of exosomes (Figure 2) 

Exosomes are usually purified from a culture supernatant and biological fluids by serial steps 

of centrifugation and ultracentrifugation performed at 4°C and classically recovered at 

100,000g during 70 minutes as pellets. However, the intensity or the duration of 

ultracentrifugation may vary depending on the type of original fluid. For further purification, 

ultracentrifugation on linear sucrose gradient is recommended, with exosomes floating to a 

density ranging from 1.13 to 1.19 g/mL. Some steps of serial centrifugations can be skipped 

through filtration on 0.22 μm pore filters (300). Other methods have been developed to isolate 

exosomes, such as immunoprecipitation or the use of antibody-loaded magnetic cell beads 

directed against proteins exposed on exosomal membranes (54). However, this approach allows 

isolating only a subpopulation of marker-positive exosomes. Finally, once captured on beads, 

exosomes retaining full functionality may not be successfully eluted from the bead surface 

(300). Otherwise, the size-exclusion chromatography technique, based on the separation of 

particles according to size, allows a better elimination of the possible contaminants isolated 

with the exosomes, while conserving their integrity and biological activity with no loss of 

sample (28). Moreover, this approach can easily be scaled for isolating large volumes of 

exosomes. It is described that chromatography allows to recover a more uniform population of 

vesicles in terms of size and vesicle components (proteins and RNA) than centrifugation (297). 

There are also different commercial kits, like more expensive, allowing the extraction of 

exosomes. It has been shown that when circulating exosomes are isolated by ExoQuick 

precipitation, exosomal RNAs and proteins present greater purity and quantity than 

chromatography and ultracentrifugation (297). Thus, extraction kits appear to be a good 

alternative when limited amounts of biological samples are available. 
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G. Characterization methods 

Simple purification by differential ultracentrifugation is not sufficient to qualify vesicles as 

exosomes and a combination of quantitative protein composition, morphological and physical 

criteria must be used to identify exosomes among other EVs. Morphology and size of exosomes 

can be determined by transmission electron microscopy, which remains the only method that 

allows to direct and detailed visualization of these vesicles. Employing immuno-gold labeling 

provides biochemical information regarding the exosome surface. Moreover, by using cryo-

electron microscopy, samples are analyzed in frozen conditions without being stained or fixed 

(206). Nanoparticle tracking analysis (NTA) allows determining not only size (30-1000 nm), 

but also the exosome concentration of EVs at a concentration range of 108-109 (206). NTA 

software is then able to track individual EVs moving under Brownian motion, relates the 

movement to a particle size and calculates the total concentration. By combining NTA with 

fluorescence measurement, it is also possible to determine EV phenotype with specific 

antibodies (75). Finally, specific markers of exosomes can be identified and quantified by 

classical methods like Western blot, global proteomic analysis using mass spectrometry 

techniques, or flow cytometry. 

IV. EVs in DIABETES (Figure 6, Table 2 and 3)) 

Diabetes is a disease characterized by a blood glucose increase, which is associated with several 

complications, mainly cardiovascular alterations. There are two main types of diabetes: Type 1 

diabetes (T1DM) is an autoimmune disease characterized by the destruction of pancreatic β-

cells, which leads to a total failure of the insulin secretion (19), whereas Type 2 diabetes 

(T2DM) is characterized by failure of insulin action and/or secretion and, frequently, is 

associated with obesity and aging (148).  

Sabatier and colleagues (257) have shown that both T1DM and T2DM are associated with 

increased levels of circulating MVs, mainly from, endothelial cells (CD51+) and platelets 
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(CD41+). These MVs from diabetic patients display different pro-coagulant activity being the 

pro-coagulant activity of circulating MVs increased in T1DM patients but not in T2DM 

patients. Interestingly, the pro-coagulant activity of MVs from T1DM positively correlates with 

HbA1c levels, suggesting that this activity of MVs is associated with glucose imbalance. Even 

more, a recent meta-analysis that consists of 48 studies has shown that patients with T2DM 

display higher levels of circulating EVs, in particular MVs, than non-diabetic patients (186). 

Interestingly, enhanced endothelial-derived MV levels are reduced by anti-diabetic treatments 

such as pioglitazone but not by metformin. It suggests that although both drugs have similar 

effects on glycemic control, only pioglitazone is able to correct the imbalance between glucose 

and endothelial damage, as well as, to reduce circulating MVs derived from endothelial cells 

(81). 

Even though some studies have shown the secretion of EVs under high glucose conditions, 

there is still a lack of knowledge regarding the role of EVs from tissues involved in insulin 

resistance. An excessive consumption of refined carbohydrates, saturated fat and trans-fatty 

acids contribute to both weight gain and dyslipidemia, leading to insulin resistance and 

development of T2DM (155). Under this situation, the storage capacity of white adipose tissue 

can become saturated which causes abnormal redistribution of lipids in other tissues (260). The 

effects of EVs from adipocytes have been poorly studied. However, it has been suggested that 

obesity-dysregulated microRNAs in visceral adipocyte-derived exosomes are predicted to 

impair insulin receptor signaling in obese subjects (86). Furthermore, circulating adipocyte-

derived exosomal microRNAs targeting the canonical insulin receptor pathway are altered 

following bariatric surgery-induced weight loss (130). Additionally, white adipose tissue 

produces a wide variety of adipokines (leptin, resistin, adiponectin, interleukin (IL-6), TNF-α) 

which play a significant role in the development of peripheral insulin resistance. Likewise, 

elevated circulating levels of saturated free fatty acids (e.g. palmitic acid) induce inflammatory 
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responses and cause insulin resistance in peripheral tissues. In this context, adipose tissue 

constitutes an important source of circulating exosomal miRNAs, which can regulate gene 

expression in distant tissues and thereby serve as a previously undescribed form of adipokines 

(302). Indeed, mice with Dicer adipose-specific knockout suffer from a severe metabolic 

phenotype with lipodystrophy which is associated with a huge decrease in serum exosomal 

miRNAs. Moreover, patients with congenital generalized lipodystrophy, who have been found 

to have decreased Dicer levels in adipose tissue, display a decreased expression of miRNAs in 

exosomes (302). Nevertheless, it has been described that exosomes from human adipose tissue, 

generated ex vivo, decrease or increase insulin-induced Akt phosphorylation depending on their 

adipokine content (170). 

In individuals with T2DM, the prevalence of chronic liver disease is increased since the liver is 

a key organ in maintaining glucose homeostasis. EVs released by hepatocytes in response to 

palmitic acid and TNF-α might contribute to local macrophage activation, inflammation, and 

fibrosis. Even more, lipid-induced toxicity stimulates hepatocytes to release angiogenic MVs 

suggesting that, under lipotoxicity, MVs from hepatocytes may be critical signals to liver 

damage in steatohepatitis (239). Likewise, adipose-derived EVs may act into the liver and 

modulate signaling pathways associated with metabolism, inflammation and fibrosis, which 

may contribute to the initial stages of non-alcoholic steatohepatitis (NASH) (129). NASH has 

been described as a significant predictor factor for future T2DM in middle-aged health 

population, especially in women (305). In this respect, both exosomes and MVs enriched in 

miR-122 and miR-192 have been identified into the bloodstream during experimental NASH, 

suggesting an association between T2DM and these miRNA (238).  

On the other hand, pancreatic β cells secrete insulin, which regulates the hepatic production of 

glucose. However, when there is resistance to insulin in this tissue, there is a deregulation of 

hepatic gluconeogenesis contributing to the development of hyperglycemia (203). It has been 
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demonstrated that EVs derived from endothelial progenitor cells (EPCs) enhance neo-

angiogenesis in transplanted pancreatic islets through mRNA and microRNA transfer (44). 

Figliolini and colleagues (88) suggest that pancreatic islet-derived EVs transport several 

miRNAs and mRNAs which may play a role in β cell-endothelium cross-talk. EVs derived from 

pancreatic islets carry several mRNAs (vascular endothelial growth factor (VEGF), endothelial 

nitric oxide (*NO) synthase (eNOS) and microRNAs (miR-27b, miR-126, miR-130 and miR-

296) involved in β-cell function, insulin secretion and angiogenesis, suggesting that their 

compartmentalization within EVs is not a random process. Some studies have shown that 

miRNAs carry on β-cells-derived EVs might modulate glucose homeostasis and interfere with 

the typical complications of diabetes. For instance, miR-375 (240) and miR-15a (288) are found 

to be positive regulators of insulin production in pancreatic β-cells by targeting myotrophin and 

UCP-2, respectively. Furthermore, Kamalden and colleagues (149) have provided data, in vivo 

and in vitro, which support the concept that miR-15a contributes to the pathogenesis of diabetes. 

miR-15a from the rat pancreatic β-cell line INS-1 can be packaged into exosomes, under high 

glucose culture conditions. Circulating miR-15a can travel through the circulation and play a 

role in diabetic retinopathy progression by their transfer to retinal cells, inducing oxidative 

stress and cell injury. 

Diabetes also results in an impact on health mainly in its vascular complications, which include 

retinopathy, nephropathy, and heart disease. Diabetic retinopathy is associated with ocular 

increases in oxidative stress, protein glycation, growth factors, inflammatory cytokines, and 

cell apoptosis, all of which stimulate the shedding of membrane MVs from retinal or vascular 

cells. In fact, the presence of MVs from platelets, endothelial and retinal cells has been 

described in human vitreous samples of patients with diabetic retinopathy. Also, these MVs 

stimulate in vitro endothelial proliferation and in vivo new-vessel formation in a Matrigel plug 

model. This suggests a role of MVs from vitreous samples of patients with diabetic retinopathy 
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in retinal angiogenesis by mechanisms involving VEGF (48). Also, it has been reported that 

miR-130a and miR-145 are enriched, while miR-155 and miR-424 reduced, in urinary 

exosomes from T1DM patients with microalbuminuria. In the same way, levels of miR-145 in 

urinary exosomes are increased in an animal model of diabetic nephropathy induced by 

streptozotocin. Furthermore, exposure of cultured mesangial cells to high glucose increases 

miR-145 content in both mesangial cells and mesangial cells derived exosomes, providing a 

potential mechanism for diabetes-induced miR-145 overexpression (17). 

On the other hand, some studies have provided evidence of the role of EVs in the connection 

between diabetes and heart diseases. Actually, maternal exosomes from diabetic pregnant 

C57BL/6 mice could cross the maternal-fetal barrier and infiltrate into the embryonic 

organs/tissues, including the heart, during embryonic development. Furthermore, exosomes 

from the maternal diabetic mice display upregulation of 126 miRNAs and downregulation of 

92 miRNAs. Among these miRNAs, miR-23, miR-30, miR-99, miR-133 are found to be 

involved in cardiac development. This suggests that maternal exosomes from diabetic mice 

contribute to the cardiac development deficiency possibly by the transfer of miRNAs. 

Nonetheless, the relationship between the aberrant miRNAs and the pathways related to cardiac 

development (such as Notch, Pitx2, Wnt, NKX2.5 and GATA4) is still unknown (271). In 

addition, in diabetic patients, abnormal regulation of lipid uptake or its intracellular metabolism 

in cardiomyocytes may be one of the mechanisms underlying cardiomyopathy. Myocardial 

steatosis, defined as the accumulation of neutral lipids in the myocardium, has been observed 

in T2DM patients (225). In fact, circulating miR-1 and miR-133a levels are significantly 

elevated in T2DM patients compared to healthy subjects. Also, high-fat diet-fed mice with 

myocardial steatosis have elevated levels of circulating miR-1 and miR-133a compared to 

control animals. Moreover, exosomes released from lipid-loaded HL-1 cardiomyocytes are 
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enriched in miR-1 and miR-133a. These data suggest an association between exosomal miR-1 

and miR-133a levels and myocardial steatosis in T2DM patients (105). 

V. EVs in OBESITY (Table 2 and 3) 

Defined as an excessive fat accumulation that may impair health and reduce life expectancy, 

obesity has become a true global epidemic, and worldwide obesity has more than doubled since 

1980. Obesity causes are complex: besides nutrition, lack of physical activity and genetics, 

many environmental factors, such insufficient sleep or endocrine disruptors seem to be also 

involved in the development of this chronic disease (158). Undeniably, obesity is favored by 

the modern lifestyle of industrialized countries, which is associated with an obesogenic 

environment leading to an imbalance between both energy intake and expenditure. Thus, when 

the former surpasses the second, excess fat will settle in peripheral tissues. One of the major 

anomalies characterizing people with obesity is inflammation related to the progressive 

accumulation of immune cells, particularly macrophages, in adipose tissue (31). It is associated 

with an abnormal production of adipokines which will contribute to generating complications 

in the other organs (147). Thus, obesity increases the likelihood of various diseases, particularly 

CVD like stroke, T2DM, obstructive sleep apnea (reviewed by (236)) but also certain types of 

cancer (173) and depression (192). 

Changes to diet and exercising, and medications to reduce appetite or decrease fat absorption 

are the main treatments for obesity (340). If all these treatments are not sufficient, bariatric 

surgery may be performed to reduce stomach volume or bowel length. Currently, new 

approaches are needed to prevent and treat obesity development to stop the global epidemic. 

For this, accumulated evidence has shown that EVs could be an interesting target. 

Several studies have reported that patients with overweight, and also those with obesity, display 

enhanced circulating levels of procoagulant MVs expressing tissue factor, derived from 

platelets, endothelial cells and leukocytes, when compared with normal weight healthy subjects 
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(43, 282). Whereas Stepanian and colleagues (282) show that MV counts do not significantly 

vary in subjects who lost 25% of their excess weight, several studies have provided evidence 

that weight loss reduces EV rates in obese subjects. Indeed, Murakami’s group has described 

that levels of platelet-derived MVs are significantly reduced after weight loss (218). In addition, 

it has been shown that, at one month after bariatric surgery, the decrease in body mass index 

(BMI) is associated with the improvement of glycaemia and reduction in endothelial-, platelet- 

and monocyte-derived MVs reflecting a diminished inflammation (50). More recently, it has 

been shown that, one year after gastrectomy, the decrease of BMI is correlated with a decline 

of circulating MVs from endothelial, platelet, leukocyte origins, and those expressing tissue 

factor and CD36. Moreover, the reductions of leukocyte-derived and CD36+ MVs are 

significantly correlated with hs-CRP decrease (42). All these studies suggest that overweight 

and obesity are directly involved in the modulation of levels and subsets of circulating MVs 

(Figure 7). 

Among the circulating EVs, adipocyte-derived exosomes (235) have been also described. Thus, 

it has been reported increased levels of exosomes expressing adiponectin in blood from ob/ob 

mice when compared with wild-type mice suggesting that adipocytes release important amounts 

of EVs during obesity (235). In addition, in vitro secretion of adipocyte-derived EVs is 

enhanced following an exposure to different biological stimuli, such TNF-α and palmitic acid, 

related to the chronic inflammation state associated with obesity (76). All these results shed 

light on the fact that EVs, and particularly adipocyte-derived EVs, can be considered as true 

biomarkers of obesity. 

Moreover, EVs could participate in the establishment of metabolic alterations. In fact, 

circulating MVs from obese insulin-resistant rats induce ROS production and vascular cell 

adhesion molecule (VCAM)-1 expression in cardiac endothelial cells (120) (Figure 7). 

Moreover, injection of adipose tissue-derived exosomes from obese mice in lean mice leads to 
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the development of an insulin resistance, linked to the polarization of macrophages to an 

inflammatory phenotype (71). Indeed, it has been shown that adipocyte-derived exosomes from 

obese mice induce pro-inflammatory macrophage phenotype through secreted miR-155 (347) 

(Figure 7). Thus, EVs could participate to the imbalance in the pro-inflammatory-to-anti-

inflammatory macrophage ratio in adipose tissue, which causes chronic inflammation and local 

insulin resistance in obesity. 

The changes of miRNA patterns in EVs are also described in obese patients, suggesting that 

EVs can carry other miRNAs which may participate to the development of complications of 

obesity. Indeed, in adipocyte-derived exosomes from young lean and obese patients, 55 

miRNAs are differentially expressed. Transforming growth factor (TGF)-β and Wnt/β-catenin 

signaling emerged as top canonical pathways targeted by these miRNAs. These pathways 

appear to be important in the development and progression of chronic inflammation and fibrotic 

disease (86). Moreover, Hubal and colleagues (130) have also shown that pattern of miRNA 

from adipocyte-derived exosomes change after 1-year of gastric bypass surgery and are 

correlated to improved post-surgery insulin resistance. Finally, in circulating exosomes of 

patients with metabolic troubles, a significant dysregulation of seven miRNAs associated with 

risks involved in the manifestation of the metabolic syndrome has been reported when 

compared with exosomes from healthy subjects. Among them, miR-197, miR-23a, and miR-

509-5p are correlated with BMI and may be considered as potential contributors of dyslipidemia 

in metabolic syndrome (154) (Figure 7). 

VI. EVs in ATHEROSCLEROSIS (Table 2 and 3) 

Atherosclerosis is the underlying pathology of CVD. The main risk factors for atherosclerosis 

are T2DM (257), hypertension (242), hyperlipidemia, hypercholesterolemia, sleep apnea (307) 

and obesity/metabolic syndrome (218). Atherosclerosis is considered to be a chronic 

inflammatory disease that affects large- and medium-sized arterial vessels, leading to the 
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formation of atherosclerotic plaques (253). Typical human atherosclerotic lesions contain 

different cell types, including smooth muscle cells (SMCs), endothelial cells, fibroblasts, foam 

cells and macrophages which are involved in the inflammation and the development of the 

plaque. In the last years, several studies have highlighted the role of EVs, particularly MVs, 

during the initiation and the progression of atherosclerotic lesion due to EV capacity to interact 

with the cellular components of vessels. 

MVs are produced and accumulated in the human atherosclerotic plaques, particularly, from 

leukocytes; this process induces endothelial dysfunction and leukocyte recruitment (250). 

Mechanisms leading to MV formation in atherosclerotic plaques are unknown; however, lipids 

oxidation or modification, oxidative stress and pro-inflammatory cytokines may locally 

contribute to MV release from vascular cells or monocytes (90). Likewise, exosomes are 

present in human atherosclerotic plaques; however, no data is available of the mechanisms that 

allow regulating exosome presence in the plaque lesion (reviewed by (30)). In this context, EVs 

affect different biological pathways involved in atherosclerosis such as inflammation, 

endothelial dysfunction, thrombosis, neovascularization and calcification. 

A. EVs and atherosclerotic type I/ II and III lesions 

In the earliest stage of the atherosclerosis, the lesion is classified as type I/ II and type III and 

is characterized by a near-normal wall thickness and diffuse intimal thickening without 

calcification (325). EVs are related with some processes in early atherosclerotic lesion 

including endothelial dysfunction, inflammation, ROS production and monocyte-macrophage 

adhesion. 

EVs: relationship with endothelial dysfunction: Under physiological conditions such as high 

shear stress or an increase in blood flow, there is an increase of *NO release by endothelial cells 

(121) that negatively regulates endothelial ATP-binding cassette (ABC) A1 expression, limiting 

membrane remodeling and PS exposure, but also stabilizing actin at the membrane (Figure 8). 
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Both mechanisms concur to limit MV release. However, under pathological conditions such as 

atherosclerosis, low shear stress increases endothelial ROCK and ERK1/2 activation. This is 

associated with decreased eNOS, resulting in the loss of the *NO-mediated repression of 

ABCA1, leading to membrane remodeling and MV release (324) (Figure 8).  

Oxidative theory of atherosclerosis includes a primary accumulation of low density lipoprotein 

(LDL) levels and their oxidation (ox-LDL) in the sub-endothelial matrix (323) leading to 

endothelial dysfunction, monocyte-macrophage adhesion (195), ROS production (92), and 

secretion of pro-inflammatory cytokines and growth factors (24). Endothelial permeability is 

increased when hemodynamic forces and endothelial shear stress are disturbed, allowing LDL 

diffusion through endothelial cell junctions (250, 295). Then, LDL undergoes several 

modifications, including oxidation, lipolysis, proteolysis, or aggregation. Some evidence 

suggests that MVs derived from endothelial cells, platelets and leukocytes might contribute to 

endothelial dysfunction (reviewed by (90)) (Figure 9). It has been shown that MVs derived 

from metabolic syndrome patients, but not from healthy individuals, induce a decrease of *NO 

production, leading to endothelial dysfunction. It is associated with a decrease of eNOS activity 

due to an increase of eNOS phosphorylation at the inhibitory site (Thr495), in human cultured 

endothelial cells (4). In fact, a temporal cross talk between the endoplasmic reticulum and 

mitochondria takes place in human endothelial cells treated with the MVs from metabolic 

syndrome patients. In that way, MVs increase cytosolic and mitochondrial ROS contributing to 

a decreased bioavailability of *NO. Likewise, MVs activate the three canonical unfolded 

protein response pathways involving PERK and eIF2a activation, XBP1 splicing and nuclear 

ATF6 translocation human aortic endothelial cells (258). Additionally, MVs from metabolic 

syndrome patients are able to activate nSMase, which has been directly related to endothelial 

dysfunction. Inhibition of nSMase strongly blocks MV-induced endoplasmic reticulum stress 

and improves both eNOS activity and *NO production. In addition, neutralization of Fas-ligand, 
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carried by MVs, abolishes the effects induced by metabolic syndrome MVs (258). Moreover, 

in diabetic mimic conditions, endothelial-derived MVs lead to an impairment of endothelium-

dependent relaxation evoked by acetylcholine, in aortic rings from ApoE-/- mice. Indeed, these 

MVs possess a pro-oxidant role by triggering ROS production in endothelial cells and the 

subsequent activation of p38. A specific inhibition of p38 prevents the effects mediated by MVs 

(141). Finally, the interaction between ROS and 
.
NO sets up a feedback loop which results in 

further endothelial dysfunction and inflammation.  

EVs: Inflammation and monocyte-macrophage adhesion (Figure 9): Animal and in vitro studies 

have suggested that oxidative stress and hypercholesterolemia might lead to both monocyte 

activation and enhanced accumulation of ox-LDL, which induce endothelial dysfunction (226). 

Ox-LDL induces the release of MVs from pro-inflammatory monocytes and up-regulation of 

CD36, chemokine receptors, as well as, pro-inflammatory factors through CD36-dependent 

pathways. Likewise, it has been described an association between the atherosclerosis progress 

in subjects with heterozygous familial hypercholesterolemia and their circulating levels of MVs 

derived from monocytes. This suggests a link between lipoprotein-associated oxidative stress, 

monocyte-macrophage activation and MV release that might reflect some of the underlying 

mechanisms involved in the atherosclerotic process (226). 

In vitro experiments show that MVs can promote adhesion of monocytes to the endothelium, a 

crucial step for subsequent leukocyte diapedesis. MVs derived from endothelial cells, platelets 

or leukocytes can promote monocyte rolling and adhesion as well as the release of pro-

inflammatory cytokines (reviewed by (90)). Injection of circulating MVs from metabolic 

syndrome patients into mice induces pro-inflammatory cytokine production in the aorta, mainly 

IL-6 and monocyte chemoattractant protein-1 (3). Circulating MVs from obstructive sleep 

apnea syndrome patients increase the expression of pro-inflammatory proteins such as E-

selectin, integrin α5 and ICAM-1 in human endothelial cells. This may initiate atherogenic 
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processes in these patients (243). Likewise, injection of MVs derived from endothelial cells 

from human coronary arteries increases monocyte and macrophage infiltration in 

atherosclerotic lesions in ApoE-/- mice. This is associated with an enhancement of the adhesion 

protein expression, ICAM-1 and VCAM-1, in blood vessels (141). MVs isolated from human 

atherosclerotic plaques enhance inflammatory responses by favoring the adhesion of monocytes 

to endothelial cells via the transfer of ICAM-1 molecules leading to atherosclerotic plaque 

progression (250). Indeed, the ICAM-1 expression on EVs isolated from patients with coronary 

heart disease is remarkably higher than in healthy controls (125).  

EVs: SMC migration and proliferation (Figure 9): The proliferation and migration of SMCs 

from the tunica media to the sub-endothelial region, also known as neointima formation, lead 

to vessel thickening and occlusion (24) playing a crucial role in vascular remodeling. Under 

physiologic conditions, intercellular signals between endothelial cells and SMCs are required 

for the upkeep of the vascular function and remodeling. In fact, EVs can transfer miR-143/145 

from endothelial cells to SMCs. This is regulated by the endothelial Krüppel-like factor (KLF)2 

expression which leads to an enhanced repression of miR-143/145 target genes and de-

differentiation-associated gene expression (122). In addition, it has been suggested that miR-

146a and KLF4 present a feedback loop to regulate each other expression and SMC 

proliferation. miR-146a promotes SMC proliferation and migration by targeting KLF4 and 

regulating the miR-146a promoter. Finally, the transfection of antisense miR-146a 

oligonucleotide into balloon-injured rat carotid arteries markedly decreases neointimal 

hyperplasia (287). 

Accumulating evidence demonstrates that pericytes may play a key role in vascular 

pathogenesis including atherosclerosis (136). Indeed, during atherosclerosis, intimal pericytes 

may participate in the recruitment of inflammatory cells by producing signaling molecules and 

play a role in the antigen presentation (135). It has been shown that MVs derived from high 
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glucose-treated endothelial cells transfer miR-503 to pericytes and, subsequently, inhibit VEGF 

expression, resulting in impaired pericyte migration and proliferation (46). On the other hand, 

MVs from TNF-α-treated endothelial cells carry out miR-146a-5p which plays an important 

role in modulating SMC function, increasing the proliferation and migration of these cells. miR-

146a-5p has been associated with the activation of the Mek1/2/ERK1/2 pathway and caspase-

3/Bcl-2 regulation (231). Furthermore, foam cell-derived EVs from atherosclerotic patients 

could promote SMC migration and adhesion. These may be mediated by regulating the actin 

cytoskeleton and focal adhesion pathways after the integration of EVs into SMCs and the 

subsequent downstream activation of ERK and Akt (227). Altogether these results indicate that 

EVs from different origins (endothelial cells or foam cells) can alter SMC function by 

increasing their proliferation, suggesting that EVs can be active mediators in the development 

of the neo-intima during atherosclerosis. 

B. EVs and atherosclerotic type IV to VIII lesions 

In advanced atherosclerotic stage, type IV/V lesions are characterized by the accumulation of 

lipids and the formation of the lipid or necrotic core. Type VI lesion is a complex plaque with 

possible surface defect, hemorrhages or thrombus. Finally, type VII lesion is a calcified plaque 

and type VIII is a fibrotic plaque (123, 325). As a consequence of all these processes, including 

chronic inflammatory response, plaque grows into confluent necrotic cores characterized by a 

great infiltration of macrophages and apoptosis of foam cells and SMCs. 

EVs: Foam cells and “fatty streaks”, extracellular matrix synthesis and necrotic cores: Several 

findings indicate that EVs are implicated in the advanced stages of atherosclerosis but their 

effect on sub-endothelial LDL modification has not been directly evaluated. LDL and EVs have 

been implicated in CVD though their relationship has not been well established. Recently, it 

has been reported that circulating EV levels increase significantly after a high-fat meal in 

healthy individuals. Even more important, it has been shown that these EVs (after identification 
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by annexin V and anti-CD41 for MVs or anti-CD9 and anti-CD63 for exosomes), are enriched 

with high quantities of apoB lipoproteins, and low amounts of apoCII and ApoE. These results 

highlight that both types of circulating EVs, MVs and exosomes, might contain significant 

amount of lipoproteins related with LDL (278). MVs derived from human coronary endothelial 

cells exposed to high glucose concentrations induce atherosclerotic plaque formation in ApoE-

/- mice after 8-weeks of treatment. This lesion is characterized by a larger necrotic core as a 

marker for plaque instability (141). In human carotid plaque, MVs derived from activated or 

apoptotic leukocytes are mostly concentrated as the result of decreased macrophage phagocytic 

activity in lesions (142). 

Neovascularization of the plaque: As atherosclerosis progresses, the intima thickens and 

oxygen diffusion is impaired which favors the neovascularization of the plaque (40). Molecular 

mechanisms responsible for angiogenesis are predominantly related to hypoxia, inflammation 

and activation of the Toll-like receptor (211). Indeed, that accumulation of EVs within the 

atherosclerotic plaque may represent an endogenous signal of neovascularization and 

vulnerability. Even more, MVs isolated from human atherosclerotic lesions, which express 

CD40L, induce endothelial cell proliferation and promote in vivo angiogenesis, through 

mechanism involving VEGF and PI3K/Akt (185).  

Formation of complex plaque with possible surface defect, hemorrhage or thrombus: The 

density of intra-plaque neo-vessels increases the risk of rupture and intra-plaque hemorrhage, 

which is the most frequent cause of thrombosis and cardiovascular complications (24). 

Circulating MVs might contribute to platelet deposition and thrombus formation under plaque 

ruptures, damage of vascular lumen or vascular stenosis. MVs are more abundant in 

atherosclerotic plaques than in plasma, playing an important role in the pro-coagulant activity 

of the lipid core. Among MVs, leukocyte-derived MVs are the major subset in patients with 

unstable carotid plaque compared with patients with stable plaque. MVs have been associated 
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with plaque vulnerability in patients with high-grade carotid stenosis (261). Interestingly, 

mildly-ox-high density lipoprotein (HDL) are able to antagonize agonist-induced platelet 

aggregation by inhibiting the release of pro-coagulant platelet-derived EVs. This may be the 

result of more efficient phospholipid and sphingolipid platelet remodeling mediated by HDL 

binding to CD36 or scavenger receptor-B1 in the absence of ABCA1 on platelets (291).  

The pro-coagulant effects of MVs and thrombus formation have been correlated with the 

exposure of PS, and the expression of tissue factor, as well as other surface molecules. 

Moreover, von Willebrand factor expressed in endothelial-derived MVs binds to platelets and 

platelet-derived MVs to promote coagulation. Tissue factor on the surface of MVs can function 

as blood-borne tissue factor to initiate the clotting process (337). MVs exposing coagulant tissue 

factor are detected in acute coronary syndromes (reviewed by (97)). Circulating MVs and 

specifically platelet-derived MVs from patients with coronary artery disease enhance platelet 

aggregation, coagulation, and thrombosis on atherosclerotic and damaged vessels (284). 

Actually, platelet-derived MVs induce an increase in platelet and fibrin deposition on human 

atherosclerotic plaques (284). In contrast, only low numbers of platelet-derived exosomes 

expose a negatively charged lipid such as PS suggesting that exosomes do not display a 

coagulant activity (119). 

Plaque calcification: Calcification of atherosclerotic plaque lesions is the latest stage of 

atherosclerosis. Vascular calcification is a predictor of CVD and a major determinant of 

atherosclerotic plaque stability (342). EVs have been identified in calcified human aortic valves 

and medial arterial calcifications, as well as in atherosclerotic intimal plaques. Emerging 

evidence suggests that vascular wall cells, including SMCs and macrophages, release calcifying 

EVs. They are susceptible to aggregate in the extracellular matrix and to form the calcific plaque 

(132) suggesting that MVs may initiate the mineralization processes, and may induce the 

rupture of vulnerable plaques. EVs released by SMCs and macrophages in the vessel wall 
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interact with fibrillar collagen, which might lead to the calcification. Mineralization of SMCs 

generates MVs, which enhance calcification in vitro. Furthermore, mineralization in SMCs 

requires active MVs and an interaction of the MVs with type I collagen (50). Additionally, 

during the early stages of calcification, MVs released from macrophages and SMCs may 

contribute to the calcification process. In vitro and in vivo studies have proposed the concept of 

an inflammation-dependent calcification paradigm. It suggests that macrophage infiltration and 

inflammation proceed to the calcification. Activated pro-inflammatory pathways induce 

osteogenic transformation of SMCs and the release of MVs from macrophages and SMCs 

(reviewed by (224)).  

SMC-derived EVs enriched in alkaline phosphatase, members of the annexin family, and MMP-

2 play a role in the process of matrix calcification, releasing required substrates and forming 

intermediates known to trigger calcium phosphate precipitation (152). In fact, annexins 2, 5, 

and 6 in MVs might contribute to the formation of nucleation complex. They facilitate calcium 

influx and mineralization by binding to PS and forming ion channels in the MV membrane 

(224). On the other hand, collagen receptor discoidin domain receptor-1 (DDR-1) regulates 

collagen deposition and release of calcifying EVs by SMCs through the TGF-β pathway. DDR-

1 is a connection between SMC-induced fibrosis and EV-mediated calcification in early-stage 

atherosclerotic plaque formation. By restricting TGF-β1 release in SMCs, DDR-1 suppresses 

phosphorylation of pro-atherogenic p38 and increases phospho-Smad3, resulting in attenuated 

fibrosis and calcifying EV release (172). Finally, miR-30, miR-125b, miR-143, miR-145 and 

miR-155 influence the expression of a specific set of osteogenic markers such as Smad1, 

RUNX-2, ALP and osterix and altered concentrations of these miRNAs in EVs result in changes 

in calcium and MAPK signaling pathways implicated in SMC-mediated calcification (23, 171) 

(Figure 10). 
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VII. NEURODEGENERATIVE DISEASES and EVs (Table 2 and 3) 

The central nervous system (CNS) is made of neurons and glial cells comprising astrocytes, 

oligodendrocytes, microglia and ependymal cells. All these cells are able to release vesicles 

into the extracellular space and recent evidences indicate that cells utilize EVs to exchange 

signals with neighboring cells or to dispose of unwanted proteins. Thus, in the CNS, EVs 

provide an important mode in intercellular communication in particular in neuroglia 

communication, but are, also more and more, implicated in the progression of 

neurodegenerative diseases associated with the misfolded protein. 

A. Characteristics of EVs from CNS (Figure 11) 

Exosomes from neuronal cells: Release of EVs from neurons with the characteristics of 

exosomes was first demonstrated in 2006 by Fauré and colleagues (84) using cultured cortical 

neurons from rat embryos. This exosomal release is regulated by glutamatergic synaptic activity 

and exosomes contain the cell adhesion molecule L1, the glycosylphosphatidylinositol (GPI)-

anchored prion protein and AMPA-type glutamate receptor subunits GluR2/3 (174). Further 

studies have shown that neuronal exosomes may also contain proteins associated with 

neurodegenerative disorders. Following treatments with alkalizing drugs, exosomes from 

primary neuronal culture cells and differentiated neuroblastoma contain amyloid precursor 

protein (APP), which is central to the pathogenesis of Alzheimer disease (AD), as well its 

derivatives, the amyloid intracellular domain and the APP C-terminal fragments (322). Neurons 

also have the capacity to release exosomes with possible neuroprotective effects. Cystatin C, a 

protein implicated in the processes of neuronal repair of the nervous system (62) is secreted by 

neurons in association with exosomes (98). Nedd4 family-interacting protein, an adaptor 

protein required for the secretion of Nedd4, an ubiquitin ligase important for protein 

degradation, is detectable in exosomes secreted from primary neurons (245). 
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Through neuronal exosomes secretion, miR-124a can be transferred into astrocytes where it 

significantly increases the expression of glutamate transporter GLT1, an essential transporter 

for synaptic modulation (209). Exosomes are also implicated in the miRNA release from 

depolarized neurons (103). By example, miR-29, miR-99a and miR-125a are increased and 

functionally active in the synaptosome supernatant after depolarization in a calcium-dependent 

manner (336). Since the release of exosomes from neurons can be modulated by synaptic 

activity, exosomes can play a key role in synaptic function and in interneuronal communication. 

Exosomes from glial cells: In the absence of neurons, primary cultures of oligodendrocytes 

release exosomes which, in addition to cholesterol and phosphatidylcholine, are enriched in the 

classic myelin lipids such as galactosylceramide and sulfatide (169). Oligodendroglial 

exosomes are also characterized by the presence of major myelin proteins; although the relative 

abundance does not exactly reflect the stoichiometry of the myelin membrane as myelin basic 

protein, PLP, myelin oligodendrocyte glycoprotein and 2′, 3′-cyclic nucleotide 3′-

phosphodiesterase. Moreover, a proteomic analysis of these exosomes identifies a plethora of 

chaperones and enzymes involved in the management of the oxidative stress (169).  

Astrocytes, the most abundant glial cells, are housekeeper of the CNS providing variety of 

supportive functions to neurons (320). Astrocytes secrete exosomes that contain functional 

excitatory amino-acid transporters (EAAT)-1 and EAAT2 that are vital for neurotransmission. 

Importantly, the enrichment of EAAT-1, and probably also EAAT2, into exosomes is under the 

positive control of PKC (106). Interestingly, mtDNA (111) and miRNAs (175) have also been 

found in these exosomes. Exosomes are also released from astrocytes in the management of 

oxidative stress. Cultured astrocytes subjected to hyperthermia release an increasing amount of 

HSP70 associated with exosomes (296). Synapsin-I, an oligomannose binding protein, playing 

an important role in modulating nervous system development, is present in exosomes isolated 
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from astrocyte-enriched cultures derived from the cortex of neonatal mice and treated with 

hydrogen peroxide (329).  

Microglia cells are tissue-resident macrophages in the CNS that play an important role in 

managing synaptic development and connectivity besides their function of primary mediators 

of the CNS immune defense system. Exosomes isolated from the culture supernatant of N9, a 

well characterized-murine microglial cell line, are rich in chaperones, tetraspanins or membrane 

receptors previously reported in B cells and DC-derived exosomes, the lactate transporter 

MCT1 and the enkephalin-degrading- aminopeptidase CD13 (237). 

MVs from brain cells: Besides exosomes, both neurons (265) and astrocytes (244) release shed 

MVs that contain fibroblast growth factor-2 and VEGF. Recent evidence also demonstrates that 

glial cells release MVs upon appropriate stimulation. For example, activation of astrocytes via 

the activation of the ATP receptor P2X7 results in an increased release of MVs containing the 

proinflammatory cytokine IL-1beta (25). The signaling pathway downstream of P2X7 receptor 

involves p38-dependent activation of acid SMase and is accompanied by the translocation of 

the enzyme to the outer membrane leaflet. This results in sphingomyelin breakdown and 

ceramide generation that facilitate membrane blebbing. Upon stimulation by ATP, the N9 

murine microglial cell release MVs containing IL-1beta (26). In both cases, the MV formation 

seems to be the predominant mechanism of IL-1beta secretion in glial cells. 

B. Functional roles of EVs in CNS 

A reciprocal communication between the different classes of brain cells is determinant in the 

development and physiology of the human nervous system. In recent years, EVs have emerged 

as a novel and critical form of communication in the nervous system (reviewed in (18, 248, 

264). However, most studies evaluating the EV function are performed in cell cultures and need 

in vivo confirmation. An unresolved question indeed relates to the role of the recipient cells in 
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a possible selection of the receiving cargo. Moreover, the majority of these studies focused on 

exosomes. In this part, we summarize the possible physiological roles of EVs in the CNS. 

EVs from neuronal cells: The basal level of exosomes released from mature cortical neurons is 

very low. In contrast, treatment of neurons with antagonists of the GABAA receptor, which 

indirectly activates glutamatergic synapses, rapidly and massively increases the secretion of 

exosomes. The addition of antagonists of glutamate receptors AMPA or ADMA inhibits this 

increase confirming that glutamatergic synapse activation triggers exosomal release (174). 

These exosomes contain AMPA-type glutamate receptor subunits GluR2/3 and the loss of 

AMPA receptors upon extensive synaptic activation could be a mean to regulate excitability by 

controlling the number of post synaptic glutamate receptors. In addition, recent work reports 

that exosomes released upon synaptic activation are specifically transferred to neurons (52). By 

analyzing the binding of exosomes to target cells, these authors demonstrate that exosomes 

from neuroblastoma cells indiscriminately bind to neurons and glial cells, whereas exosomes 

secreted from stimulated cortical neurons bind neurons only.  

During depolarization, neurons also release exosomes enriched with functionally specific 

miRNAs and the synaptic-plasticity-associated protein MAP1b (103). As depolarization is 

associated with a neurite restricted decrease in miRNA, it is plausible that the exosomal miRNA 

may be an efficient way for cells to rapidly eliminate miRNA activity. Interestingly, Konopka 

and colleagues (164) recently reported that miRNA depletion enhances learning and memory 

in mice. It is therefore tempting to speculate that miRNA exosomal release could be an 

important regulatory component to facilitate synaptic plasticity. 

Additionally, exosomes released by neurons may also contribute to the function of the nervous 

system by modifying supporting cells such as astrocytes. For example, exosomal transfer of 

neuronal miR-124a is able to regulate the expression of astroglial glutamate transporter-1 (209). 
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The mechanism of neuronal exosomal miRNA release is unclear and seems not directly linked 

to neuronal activity. 

EVs from oligodendrocytes: Oligodendrocyte exosomes are able to functionally transfer their 

content to neurons. More in detail, the transfer of superoxide dismutase (SOD) and, catalase is 

associated with increased resistance of neurons against oxidative stress and starvation (95) 

improving the cellular viability. Oligodendrocyte exosomes may also promote physiological 

responses in neurons. After application of exosomes, analysis of neuronal electrical activity 

reveals an increase in the firing rate of neurons (94). Moreover, treatment of cultured neurons 

with oligodendroglial exosomes activates pro-survival activating pathways such as Akt and 

ERK to influence neuronal gene expression (94). In addition, oligodendroglial exosomes can 

act in an autocrine fashion to inhibit myelin membrane sheath formation (16).The signal 

responsible for the exosome release is unknown but it may involve change in intracellular 

calcium level (169). These exosomes appear to control the growth properties of the cell and the 

myelin formation (16). These results support the idea that neurons may control terminal 

differentiation of oligodendrocytes by regulating the release of autoinhibitory exosomes from 

oligodendrocytes. 

Finally, it has been shown that oligodendrocyte exosomes are specifically and efficiently taken 

up by microglia both in vitro and in vivo (89). Internalization of oligodendrocyte-derived 

exosomes seems to occur without inflammatory reactions. By such a mechanism, microglia 

could take part in the clearance of oligodendrocyte myelin components produced in excess in 

an immunologically “silent” manner. 

EVs from astrocytes: Astrocyte-derived MVs carry factors as growth factor 2 and VEGF, 

known to contribute to regulating angiogenesis and neurogenesis. Astrocytes also release 

exosomes containing synapsin-I, a lectin-like protein that promotes neurite outgrowth and 

neuronal survival (329). Interestingly, it is observed that isolated exosomes from astrocyte-
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enriched cell cultures are able to release synapsin-I in the medium in presence of high K+ 

concentrations (75-80 mM). Since these K+ concentrations are similar to that recorded during 

propagation of spreading depression waves, this suggests that, under condition of high neuronal 

activity, synapsin-I might play a neuroprotective role by modulating the interaction between 

neurons and glia. 

EVs from microglia cells: Some recent studies suggest that MVs from microglia can 

physiologically influence synaptic activity. Treatment of 14-day-old cultured hippocampal 

neurons with MVs generated either from microglia cell culture or from the N9 microglia cell 

line enhances spontaneous and evoked excitatory transmission (9). MVs mainly act at the 

presynaptic site by increasing the probability of synaptic vesicle release. Both SMase and 

ceramidase activities are required for the presynaptic action of MVs indicating that sphingosine 

production from sphingomyelin plays a crucial role in the effect. Consistent with this finding, 

it is reported that sphingosine, but not ceramide, can enhance vesicle exocytosis in brain 

synaptosomes by activating vesicle-associated membrane protein-2 to form SNARE complex 

assembly (65). However, additional studies are warranted to better understand the signaling 

pathway linking MVs to sphingolipid metabolism in neurons. 

Microglia-derived MVs are also identified as an additional vehicle for the transporting of 

lipophilic compounds in the brain like endocannabinoids (96). Endocannabinoids are 

synthetized in the post synaptic compartment of neurons and retrogradely act to inhibit GABA 

(inhibitory neurotransmitter) or glutamate (excitatory neuro transmitter) release. Vesicular 

endocannabinoids are biologically active, and exposure of hippocampal neurons to microglia-

derived MVs induces a significant decrease of miniature inhibitory postsynaptic currents 

mimicking the effect of an agonist of the presynaptic type-1 cannabinoid receptor (CB1). Thus, 

MVs are able to stimulate CB1 and inhibit presynaptic transmission in GABAergic neurons. 

However, the suppression of GABAergic tone does not contribute to the increase in excitatory 
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transmission elicited by MVs and described above (96). Collectively, these data suggest that 

microglia MVs may be involved in the modulation of the excitation/inhibition balance. 

Microglia also releases exosomes that contain the lactate transporter MCT1. Since exosomes 

contain all the enzymes necessary for glycolysis and lactate production, lactate release through 

MCT1 could function as an auxiliary source of energy for neurons. Microglial exosomes also 

display CD13, an aminopeptidase responsible for enkephalin cleavage. Neurons express CD13 

on the presynaptic membrane, but the presence of active CD13 in such a mobile particle could 

be physiologically advantageous to control the catabolism of enkephalins released at distance 

from synapses (237). 

C. EVs as biomarkers of neurodegenerative diseases 

For tissues not accessible to direct examination such as the CNS, analysis of EVs released in 

the blood or in the CSF by neural and non-neural cells has been proposed as a promising 

diagnostic/prognostic markers for neurological disorders (for review (151)). In cerebrovascular 

disorders, it is suggested that endothelial- or platelet-derived MVs could represent one useful 

marker to stratify and identify patients in which initial thrombolysis treatment of the acute phase 

of ischemic stroke may not be indicated (57). In the diagnosis and treatment of inflammatory 

diseases of CNS, analysis of exosomes in the CSF may also help diagnostic. For instance, it has 

been recently reported that exosomal proteome analysis of CSF detects distinct biosignatures 

of neuromyelitis optica and multiple sclerosis (183), two disorders that are often 

indistinguishable by their clinical features (36). Reliable markers are also urgently needed to 

improve the diagnosis of AD and Parkinson’s disease (PD) before the appearance of clinical 

symptoms (157). In CSF, Tau phosphorylated at Thr-181, an established biomarker for AD, has 

been shown to be significantly enriched relative to total Tau in the exosomal fraction in the 

early stages of AD (259). Circulating exosomes contain proteins such as cathepsin D, Lamp-1, 

the levels of which are significantly higher in the preclinical AD, ten years before diagnosis 
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(101). To improve the specificity of exosome analysis in these diseases, isolation methodologies 

are developed to obtain plasma EVs enriched for neuronal origin (219). By analyzing such 

enriched exosomes, it would be possible to identify AD patients at a preclinical state, to predict 

the conversion from mild cognitive impairment to dementia (333) or to differentiate AD from 

frontotemporal dementia (102). Furthermore, whereas exosomes levels of synaptophysin, 

synaptopodin, synaptotagmin-2 and neurogranin are lower in patients with frontotemporal 

dementia and AD than in controls, levels of growth-associated protein 43 and synapsin 1 are 

reduced in AD patients only (102). Using the same approach, plasma exosomes containing 

elevated levels of α-synuclein are detected in PD patients when compared to healthy subjects 

(271). Expression of miRNA in exosomes might be useful for the diagnosis of PD (45) and AD 

(315). However, further work is still required to make exosome utilization a reality in the 

clinics. In particular, the procedures to selectively isolate exosomes crossing the blood-brain 

barrier from brain into circulation need to be improved. 

D. Implication of EVs in neurological disorders 

The involvement of EVs in neurological disorders including neurodegenerative diseases, brain 

cancer, and neuro-inflammation has drawn particular attention in recent years. Indeed, it was 

proposed that exosomes might participate in the progression and the dissemination of the 

diseases. In particular, proteins associated with neurodegenerative diseases such as AD, PD and 

amyotrophic lateral sclerosis (ALS) have been shown to be released by cells in association with 

EVs. 

Prion disease: Prions are infectious agents that are responsible for transmissible 

neurodegenerative diseases such as Creutzfeldt-Jakob disease of humans or bovine spongiform 

encephalopathy of cattle. The infectious particle is the abnormal protein isoform (PrPSc) of the 

host-encoded cellular prion protein (PrP). Prion diseases are caused by misfolded forms of PrP 

that can induce the misfolded state in preexisting normally folded protein of the same type. 
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Misfolded proteins trigger a chain reaction of refolding and self-aggregation, spreading the 

pathophysiological status to other cells and resulting in a formation of stable protein aggregates 

with a fibrillary amyloid-like structure (283). The precise mechanisms by which prions are 

transmitted from cell to cell remain to be fully elucidated. Fevrier and colleagues (87) suggest 

that exosomes may contribute to intercellular membrane exchange and the spread of prions. 

Through the analysis of two distinct cellular models expressing ovine PrP (rabbit epithelial cells 

and mouse neuroglial cells), they found that normal PrP and PrPSc are released by cells in 

association with exosomes and that intracerebral inoculation of these exosomes causes clinical 

disease in mice. Vella and colleagues (318) have provided the first evidence on the transmission 

of exosome-associated PrPSc to heterologous cell types in addition to homologous cell types. 

Recently, it has been demonstrated that the MVB is the major internal site of prion conversion 

(341) and that stimulation of the release of exosomes increases the infectiousness of PrPSc 

(112). Moreover, PrPSc is detected in EVs obtained from plasma samples from preclinical and 

clinically sick mice (255). Together, these studies highlight the potential role of exosomes in 

prion transmission. 

Alzheimer’ disease (Figure 12): AD is characterized by the deposition in the brain of the 40-42 

amino acid amyloid-β peptide (Aβ) in extracellular plaques and of the microtubule-binding 

protein Tau in intracellular neurofibrillary tangles. Aβ is produced via the sequential enzymatic 

cleavage of the amyloid precursor protein (APP) by two proteases, β and γ secretases. Hela cells 

expressing the Swedish mutant of APP and N2a neuroblastoma cells provide evidence that Aβ 

peptides are produced in the early endosome and are directed to MVBs. Furthermore, a small 

portion of Aβ (<1%) is secreted into the extracellular medium bound to exosomes upon fusion 

of MVB with the plasma membrane (249). In addition, subsequent studies demonstrated that 

APP, APP metabolites and key enzymes that cleave full-length APP are secreted in exosomes 

using APP overexpressing cell lines (270, 322). Because exosomal markers such as ALIX and 
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flotillins have been found to accumulate in amyloid plaques (249), it has been suggested that 

exosomes might participate in the pathogenesis of AD. Neurotoxicity of exosomes in AD is 

consistent with recent evidence indicating that prevention of neuronal exosome secretion is 

associated with lower amyloid plaque load (73) and improvement of cognition in the 5XFAD 

mouse model of AD (74). In these studies, the reduction of exosomes secretion is obtained by 

pharmacological inhibition of nSMase2, a critical enzyme for exosome biogenesis, or by 

generating genetically nSMase2-deficient mice. However, the exact role of exosomes in AD 

remains controversial (144). Several studies have indeed reported that exosomes may also have 

a protective function. Yuyama and colleagues (343) initially demonstrated that exosomes 

released from neuroblastoma N2a can bind extracellular soluble Aβ, promoting Aβ fibril 

formation on their surface and incorporation in microglia for lysosomal degradation. In a more 

recent study, they show that exosomes isolated from primary neuron cultures have also the 

capability to capture Aβ and, clearly provide evidence that, intracerebral infusion of these 

exosomes can lead to decrease Aβ accumulation in the brains of APP transgenic mice (344). 

Thus, the binding of Aβ to neuronal exosome might be a way to increase Aβ clearance by 

microglia leading them to hypothesize that the decrease in exosome secretion observed in aging 

could contribute to the plaque formation (344). Furthermore, An and colleagues (8) have 

demonstrated that, in rats, the intracerebroventricularly infusion of exosomes from N2a cells or 

healthy CSF can prevent the synaptic plasticity disruption caused by injection of Aβ derived 

from AD brain extracts. Mechanistically, the sequestration of Aβ and mostly the generation of 

fibrillar Aβ at the exosomal surface may explain the protective function attributed to exosomes 

by reducing the level of the most neurotoxic species of Aβ, the oligomeric forms of Aβ (8, 83). 

Notably, it has been reported that PrPc associated with exosomes from neuronal cell lines (N2a 

and SH-SY5Y) accelerates fibrillization of Aβ (83) suggesting a protective role of exosomal 

PrPc in AD. Nevertheless, it has recently demonstrated that MVs released by cultured microglia 
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strongly increase Aβ neurotoxicity in vitro by promoting the formation of soluble toxic forms 

of Aβ from extracellular insoluble aggregates and that microglial MVs also contain toxic forms 

generated from internalized Aβ (144). Taken together, these results indicate that the action of 

EVs on AD may vary between vesicle populations and support the concept that the EVs may 

have a “double-edged sword effect” on the process of AD depending on the cell origins, the 

relative abundance of EVs, and the condition of their formation (335). 

Intracellular neurofibrillary tangles consisting of hyperphosphorylated Tau are the second 

major hallmarks of AD. Exosomes are proposed to be a vehicle for spreading Tau (Figure 13). 

Saman and colleagues (259) first reported that Tau can be exported via an exosome-mediated 

mechanism in the M1C neuroblastoma tauopathy model. Moreover, it has been reported that 

exosomes released by cultured primary neurons or by N2a cells overexpressing different Tau 

constructs contribute to the transmission of Tau from neuron to neuron via a trans-synaptic 

pathway (330). However, exosomes containing Tau or phosphorylated Tau have been found to 

be released by astrocytes (51) and microglia (11), suggesting also the possibility of an exo-

synaptic propagation of Tau. By using an adeno-associated virus based model exhibiting rapid 

Tau propagation, it has been observed that depletion of microglia suppresses the propagation 

of Tau (11). Since microglia spread Tau via exosomes secretion, it has been proposed that 

microglia phagocytose neuron-contained Tau and then, secrete Tau in exosomes which, in turn, 

efficiently transmit Tau to neurons. 

Parkinson’s disease: PD is a neurodegenerative disease clinically characterized by tremor, 

bradykinesia and postural instability in which the aggregation of protein α-synuclein has been 

found to be central in the progression of the disease. Analysis of the distribution pattern of α-

synuclein aggregates has led to the deduction that PD may start in either the olfactory bulbs or 

the enteric nervous system before spreading to the midbrain and neocortex (33). Using an 

inducible α-synuclein SH-SY5Y cell line, Emmanouilidou’s group (79) has shown that α-
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synuclein can be exported out of the cells via an exosomal pathway. This finding, confirmed 

by others (for review (317)), suggests that exosomes might play a role in the transmission of 

PD. Although exosomal α-synuclein only represents a small pool of the total extracellular α-

synuclein, several studies have highlighted the importance of this fraction to provide a platform 

for the propagation of PD (64) and to catalyze the aggregation of free α-synuclein (110). 

Moreover, it has been observed that, in vitro, decreasing lysosomal activity promotes the 

exosome formation (6). Interestingly, impairment of the autophagy-lysosome pathway is a 

hallmark of sporadic and genetic forms of PD suggesting that in vivo exosome release may be 

increased in PD. Thus, exosome is the most studied mode of α-synuclein spread (313). 

Amyotrophic lateral sclerosis: ALS is a fatal neurodegenerative disease characterized by the 

progressive loss of motor neurons in the brain, brainstem and spinal cord. SOD1 and TDP-43 

are two proteins mutated in the familial forms of ALS and, both of them have been found to be 

associated with exosomes suggesting that exosomes could propagate the proliferation of 

misfolded SOD1 (108, 273) and TDP43 (134). By example, when human TDP-43-transfected 

mouse neuroblastoma N2a cells are exposed to exosomes from ALS, but not from healthy brain, 

TDP-43 redistributes in the cytoplasm, suggesting that TDP-43 may propagate via exosomes. 

However, the inhibition of exosomes secretion using GW4869, an inhibitor of nSMase2, 

provokes the formation of TDP-43 aggregates in N2a cells and exacerbates pathological defects 

in TDP-43A315T transgenic mice (134). Thus, it seems that in the transgenic mouse model, 

exosome secretion may also protect the cells by eliminating unwanted protein products. 

VIII. EVs AND CANCER (Table 2 and 3) 

Tumor cells as well as tumor microenvironment cells are prone to produce EVs, that are 

involved in both tumorigenesis and cancer progression. Moreover, exosomes derived from 

cancer cells are able to transfer pathophysiological information to normal “healthy” cells 

favoring their transformation into malignant cells. Also, cells from tumor microenvironment 
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generate EVs which increase angiogenesis in order to induce new blood vessel generation 

necessary to supply oxygen and nutriments facilitating the growth of cancer cells. Also, EV 

levels can be used as biomarkers of cancer progression and efficacy of antitumor treatments. 

Due to the huge number of data concerning EVs on cancer, in this part of this review, we will 

analyze some works showing the potential role of EVs (i) as biomarkers of cancer progression 

and (ii) as shuttles of information involved in the growth of tumors. 

A. EVs as biomarkers for cancer diagnosis and prognosis 

Elevated levels of EVs have been reported in different biofluids from patients with solid or non-

solid tumors (for review see (32, 104)) (Figure 14). In particular, elevated levels of CD41+ MVs 

from platelets, and CD14+ and CD62P+ MVs from monocytes and activated platelets have been 

detected in patients with gastric (161) and lung cancer (150), respectively. Notably, plasma 

levels of CD41+ MVs are markedly correlated with the advanced stage of gastric cancer and 

with the prediction of distant metastasis (161). Also, levels of glioblastoma-derived exosomes 

expressing epidermal growth factor receptor (EGFR)vIII mRNA are correlated with the severity 

of this cancer (275) and, interestingly, can predict the efficacy of in vivo treatment with the 

alkylating agent, temozolomide (269). Analysis of the subsets of circulating MVs in patients 

with advanced non-small cell lung cancer (NSCLC) shows that circulating levels of MVs from 

platelets (CD31+CD42b+) and endothelial cells (CD31+CD42b-) are significantly higher in 

NSCLC patients than in control subjects, and return to control levels at 3 months after surgical 

intervention (308). However, only CD31+CD42b-Annexin V- MVs from activated endothelial 

cells are significantly correlated with liver metastasis, disease progression after the complete 

course of first-line treatment, and one-year mortality suggesting that this MV subset may be 

used as a biomarker predictive of one-year morality in end stage-NSCLC patients (328). 

Raimondo and colleagues (247) have analyzed the proteins of urinary exosomes obtained from 

renal cell carcinoma patients. They identify 9 overexpressed proteins including MMP-9, 



Malloci 

49 
 

ceruloplasmin, podocalyxin, Dickkopf related protein 4 and carbonic anhydrase IX, whereas 5 

proteins (aquaporin-1, MMP inducer, neprilysin, dipeptidase 1 and syntenin-1) are less 

abundant. However, further studies are needed in order to establish whether the urinary levels 

of these markers are modified depending on the patient’s outcome. 

Concerning the non-solid tumors, the characterization of EVs from peripheral blood of patients 

with hematological malignancies highlights the fact that markers of EVs are specific for each 

pathology. Indeed, high levels of CD19+ EVs are detected in B cell neoplasms, CD38+ EVs in 

multiple myeloma (MM), CD13+ EVs in myeloid tumors, and CD30+ EVs in Hodgkin's 

lymphoma (39). In agreement with these data, other authors have described comparable results 

in patients or in animal models (20, 21, 68, 228). The study of miRNA carried by EVs in the 

prognosis of cancer is promising. By analyzing the profile of miRNA into exosomes from 

normal and MM-derived exosomes, Roccaro and colleagues (252) have shown that levels of 

miR-15a are significantly decreased in MM-derived exosomes, suggestive of a tumor-

suppressive role of exosome-associated miR-15a. Also, two miRNAs, let-7b and miR-18a, in 

circulating exosomes can predict progression-free survival and overall survival in patients with 

newly diagnosed MM (198). Similarly, in patients with NSCLC, it has been proposed that 

plasma exosomes rich in miR-21 and miR-4257 could be potential biomarkers to predict tumor 

recurrence (70). Remarkably, miR-21 is associated with tumor size and tumor-node-metastasis 

stage, while miR-4257 shows an association with histological subtypes, lymphatic invasion and 

tumor-node-metastasis stage. Moreover, in patients receiving curative resection, high exosomal 

miR-21 or miR-4257 levels are correlated with lower disease-free survival rates than those with 

low exosomal miR-4257 levels. This suggests that plasma exosomal miR-21 and miR-4257 

expression has a potential as a predictive biomarker for recurrence in NSCLC patients. miR-21 

associated to exosomes is also a useful biomarker for the prediction of recurrence and poor 

prognosis in colorectal cancer patients with tumor-node-metastasis stage II, III, or IV (309). In 
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another study, it has been shown that, in colon cancer patients developing liver metastases, 

expression of miR-328 into exosomes is greater in plasma from mesenteric veins than in 

peripheral veins indicating a possible role of miR-328 in the development of liver metastases 

(208). 

Finally, the analysis of the 36 most abundant lipid species in urinary exosomes of prostate 

cancer patients reveals that nine lipids species are different to those of healthy patients. Whereas 

levels of PS and phosphatidylethanolamine are decreased in exosomes from prostate cancer 

patients, phosphatidylcholine, hexosylceramide and lactosylceramide are enhanced. These data 

underscore the potential of specific molecular lipid species in urinary exosomes as biomarkers 

for prostate cancer (276). Altogether, these data suggest that the detection of specific proteins, 

miRNAs or even lipids in EVs can be used as non-invasive predictor methods of cancer 

outcome or response to therapy (32). 

B. EVs as shuttle of information involved in the growth of tumors 

The implication of EVs on malignant transformation of cells: Choi and colleagues (53) have 

compiled information concerning the mechanisms by which EVs can modulate oncogenic 

transformation. Indeed, EVs from solid or non-solid tumors carry transforming molecules 

including oncoproteins (such as RAS, EGFR, Akt, TAX), oncogenic RNA and miRNA or even 

oncogenic DNA sequences. For instance, adult T-cell leukemia/lymphoma cells release 

exosomes containing the transactivator of pX TAX, an oncoprotein able to activate the 

expression of viral and cellular genes involved in several pathways including the permanent 

activation of the NF-κB pathway (327). When delivered to MSCs, these exosomes induce 

phenotypic changes favoring cell proliferation and creating a more favorable environment for 

leukemia (78). Also, exosomes from prostate cancer cells overexpressing both miR-125b and 

miR-130b, involved in the down-regulation of the tumor repressors, reprogram adipose stem 

cells from cancer patients by conferring genetic instability and oncogenic transformation, and 
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reproducing aggressive tumors in mice (1) (Figure 15). Other authors have shown that after 

injection of exosomes carrying breakpoint cluster region/abelson (BCR/ABL) DNA and 

generated from human erythroleukemic cells K562, mice display symptoms characteristic of 

chronic myeloid leukemia (38). Moreover, they have detected both BCR/ABL mRNA and 

protein into mouse neutrophils. Interestingly, these effects are directly associated with the 

transfer of BCR/ABL DNA since inhibition of de novo synthesis of BCR/ABL protein prevents 

the abnormalities caused by K562 EVs in mice. In patients with B-cell chronic lymphocytic 

leukemia, it has been shown that plasma MVs, mainly from platelets and B cells, not only 

activate the Akt/mTOR/p70S6K/HIF-1α axis in bone marrow stromal cells but also transfer, 

into these cells, the protein kinase receptor Axl in its phosphorylated form (99). 

The ability of EVs to transform target cells is largely dependent of the susceptibility to EV 

uptake. Lee and colleagues (184) have shown that several biological barriers protect normal 

cells from horizontal transformation by extracellular trafficking of the H-ras oncogene. Indeed, 

epithelial cells and astrocytes are resistant to EV uptake, whereas primary and immortalized 

fibroblasts are susceptible to the EV uptake, retention of H-ras DNA and phenotypic 

transformation. Notably, uptake of H-ras-containing EVs stimulates but fails to transform 

primary endothelial cells. Altogether these data suggest EVs derived from cancer cells 

contribute to cellular transformation; however, the horizontal transfer of oncogenic information 

through EVs is limited depending on target cells. 

The implication of EVs on the proliferation of tumor cells: In MM, exosomes isolated from 

bone marrow-derived MSCs induce in vivo tumor growth in mice and promote dissemination 

of tumor cells and metastasis to distant bone marrow niches (252). Analysis of miRNA content 

indicates that miR-15a is down-modulated in exosomes isolated from bone marrow-derived 

MSCs. The role of miR-15 in MM progression was confirmed by loss and gain of function 

studies. Indeed, transfection with pre-miR-15a of  primary normal bone marrow-derived MSCs 
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generates exosomes displaying decreased proliferative activity, and inversely, inhibition of 

miR-15a in exosomes from normal bone marrow-derived MSCs increases MM proliferation 

(252). Similarly, in vitro studies have shown that exosomes from leukemia stem cells promote 

proliferation and migration and inhibit apoptosis of acute myeloid leukemia cells; these effects 

are associated with miR-34a down-expression since when exosomes are enriched in miR-34a 

these effects are prevented (331). 

Furthermore, exosomes and MVs from glioblastoma express chloride intracellular channel 1 

(CLIC1), which has been involved in tumor growth (268). CLIC1-containing EVs stimulate in 

vitro glioblastoma cell proliferation, migration, and in vivo tumor growth and, these effects are 

significantly decreased by treatment of glioblastoma cells with EVs derived from CLIC1-

silenced cells. These findings suggest that CLIC1 carried by EVs may be a novel regulator of 

glioblastoma growth but the exact mechanism by which CLIC1 acts is not elucidated (268). 

Through the transfer of receptors that platelet-derived MVs express at their surface, they are 

able to increase adhesion, proliferation, and survival of malignant hematopoietic cells by the 

activation of several kinase signaling cascades including MAPK p42/44, PI3K/Akt, and STAT 

proteins. The biological effects of MVs derived from platelets are only partly reduced by heat 

inactivation or trypsin digest, indicating that proteins and lipids of MVs are responsible for their 

biological activity (15). 

EVs from tumor cells are actively involved in tumor angiogenesis: Angiogenesis is a key step 

in solid tumor progression since unceasing growth of this type of tumor requires (i) a large 

quantity of oxygen and nutrients, and (ii) removal of metabolite wastes. For this new formation 

of vessels, tumor cells and tumor environment cells release pro-angiogenic factors, mainly 

VEGF (for review see (160)). 

EVs, mainly exosomes, from epithelial ovarian cancer cells are rich in CD147, an extracellular 

MMP inducer (Figure 15). This type of EVs promotes an angiogenic phenotype of cultured 
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human endothelial cells characterized by the increase of MMP-1 and MMP-2 expressions and 

the formation of capillary-like structures (204). In addition, the treatment of ovarian cancer cells 

with small interfering RNA against CD147 suppressed the angiogenic potential of EVs 

suggesting the direct implication of this protein in the pro-angiogenic effects of EVs from 

ovarian cancer cells (204). Interestingly, in vitro studies have shown that EVs from CSF, but 

not from blood, from glioblastoma patients promote endothelial migration and proliferation 

leading to angiogenesis by a β-catenin/Akt pathway (187). Isolation and characterization by 

transcriptional microarray analysis of exosomes released by human SW480 colorectal cancer 

cell line show that exosomes are enriched in 241 mRNAs related to cell cycle processes when 

compared to parent cells. Moreover, when human umbilical vein endothelial cells (HUVECs) 

are treated with human SW480 colorectal cancer-derived exosomes, endothelial cells are in 

metaphase and cytokinesis with mitotic spindle formation reflecting enhanced proliferation 

which is an essential step in neovascularization (124). 

Since hypoxia is proposed as a driving force of cancer progression, Hsu’s group (127) has 

characterized the effects of EVs (exosomes) released from lung cancer cells exposed to hypoxia 

(1% O2) on endothelial cells. These exosomes affect HUVEC function by increasing migration 

and tube formation, endothelial permeability and transendothelial migration of cancer cells. 

These effects are mediated by miR-23a carried by exosomes from hypoxic lung cancer cells 

suggesting that exosomal miR-23a may be a promising strategy for lung cancer treatment (127). 

EVs from non-tumor cell origins are also able to modulate tumor angiogenesis. In particular, 

human platelet-derived MVs have been described to increase angiogenesis, but also 

proliferation and survival of leukemic cells as well as metastasis, in lung cancer (139). These 

MVs are able to induce the release of pro-angiogenic factors such as VEGF, MMP-9 and IL-8 

in HUVECs (139). 
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Taken together, these data show that EVs from tumor cells, but also those from tumor 

environment cells, display pro-angiogenic properties enhancing the ability of endothelial cells 

to form new vessels in order to allow the tumor growth. 

Role of EVs on metastasis: Tumor cells have the ability to migrate, to access the blood or 

lymphatic routes, circulate and reach distant zones from the primary tumor to form metastasis. 

In a very elegant study, and by combining high-resolution intravital imaging with a Cre 

recombinase-based method, Zomer and colleagues (351) have shown the spread of metastatic 

behavior through EVs in living mice, and directly visualized the release of EVs by highly 

metastatic human MDA-MB-231 mammary tumor cells. These EVs induce changes in tumor 

cells with low potential malignant, enhancing their migratory behavior and metastatic capacity 

(351). 

The exosomes from mouse pancreatic ductal adenocarcinomas induce liver pre-metastatic niche 

formation in mice and, consequently, increase the liver metastatic burden. Interestingly, these 

exosomes are taken up by Kupffer cells and, then, release TGFβ leading to the activation of 

hepatic stellate cells. These events account for the recruitment of bone marrow-derived 

macrophages to the liver, providing a favorable niche for liver metastasis. Furthermore, these 

effects seem to be dependent on exosome-associated migration inhibitory factor (61). 

Metastatic murine and human breast cancer cell lines, as well as sera of mice bearing metastatic 

tumors, display miR-200-enriched EVs (180). Notably, these EVs, via the transfer of miR-200 

to non-metastatic cells, alter gene expression and promote mesenchymal-to-epithelial 

transition. Besides, EVs from human xenograft models expressing miR-200, promote 

metastasis. Other authors have shown that exosomes from MDA-MB-231 breast cancer 

metastatic cell line downregulate tight junction protein zonula occludens (ZO)-1 and increase 

endothelial permeability leading to alteration of the barrier function of endothelial monolayers 

by a mechanism dependent on the presence of miR-105 into exosomes (349). In addition, the 
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pathophysiological relevance of these findings has been demonstrated by the injection of 

miR105-enriched exosomes into mice. Indeed, increased miR-105 levels are detected in lung 

and brain of mice, which is accompanied by reduced ZO-1 expression in endothelial cells, 

enhanced vascular permeability and metastasis (349). Also, circulating miR-105 levels 

correlate with metastasis in early-stage breast cancer patients. These authors suggest the 

developing of personalized therapeutics based on a combination of miR-105 with other 

circulating miRNAs and/or proteins, allowing the selection of breast cancer patients with high 

risk for metastasis. In this respect, it has been described that exosomes from breast cancer 

patients contain the RNA-induced silencing loading complex proteins, Dicer, TAR RNA 

binding protein, and AGO2, which process pre-miRNAs into mature miRNAs. Consequently, 

cancer exosomes alter the transcriptome of target cells in a Dicer-dependent manner, which 

stimulates non-tumorigenic epithelial cells to form tumors (202). 

As described above for their pro-angiogenic potential, platelet-derived MVs can also enhance 

the invasive capacity of breast cancer cells (138). Although Janowska-Wieczorek and 

colleagues have only performed in vitro experiments, they have demonstrated that human 

platelet-derived MVs enhance activation of AKT and ERK1/2 pathways and stimulate the 

production of MMPs in invasive breast cancer cell lines as well as their chemoinvasion across 

the reconstituted basement membrane Matrigel. These results underline the problems associated 

with platelet transfusion to cancer patients. 

Other actions of EVs from tumor cells: Cancer is commonly associated with a hypercoagulable 

state leading to an elevated risk of thrombosis and venous thromboembolism (93). Since EVs, 

mainly MVs, carry pro-coagulant factors such as tissue factor and/or PS (76, 153, 181), it is 

possible that they can be involved in the thrombus generation. Indeed, although exosomes from 

melanoma cells are less prone to generate thrombin and fibrin than MVs, it is necessary to 
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emphasize the potential of both types of EVs to contribute to the pro-thrombotic state of cancer 

patients (214). 

MVs from prostatic carcinoma cell lines (PC3 and LnCaP) modify normal fibroblast function 

as evidenced by the promotion of MMP-9 expression and ERK1/2 phosphorylation, the increase 

of tissue factor expression and PS exposure and acquire partial resistance to apoptosis. The data 

highlight the potential pro-coagulant role of EVs in cancer. Furthermore, prostatic carcinoma 

cell line-derived MVs induce migration of fibroblasts that, in their turn, release MVs promoting 

migration and invasion of cancer cells by a mechanism mediated, at least in part, by CX3CR1 

(47).  

Finally, EVs have also been related to the development of resistance of cancer cells that is 

associated to poor outcome of patients. The mechanisms by which resistance occurs have not 

completely elucidated, but some evidence show that inhibition of EV generation by 

methotrexate or an inhibitor of peptidylarginine deiminases sensitizes prostate cancer cells to 

chemotherapy (143, 159). Recently, it has been shown that the transfer of functional miR-21 

by EVs from macrophages associated with tumors to gastric cancer cells induces cisplatin 

resistance. Once exosome-associated miR-21 enters into gastric cancer cells, it is able to 

modulate the PTEN/PI3K/Akt signaling pathway and enhances the Bcl-2 anti-apoptotic protein 

in gastric cancer cells, without affecting ABC transporter genes. The authors conclude that 

targeting exosomal miR-21 from tumor-associated macrophages may be a promising adjuvant 

therapeutic strategy for gastric cancer patients, especially those developing resistance to 

cisplatin (348). By contrast, other studies have described the presence of ABC transporters in 

exosomes released from breast and prostate cancer cells treated with docetaxel (60, 194) 

suggesting that the involvement of these transporters carried by EVs on multidrug resistance 

developed by cancer cells may be dependent on the type of tumor. 
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IX. EVs as THERAPEUTIC TOOLS 

As discussed previously, there is an emerging literature concerning the role of EVs on 

pathological processes such as diabetes, obesity, CVD or neurodegenerative diseases, and 

cancer. Since the past decades, new therapeutic strategies in the field of nanomedicine have 

been developed using the nanostructures as drug delivery systems in order to treat specifically 

these diseases. Synthetic nanoparticles, liposomes or adenovirus have been produced; however, 

the use of these nanoparticles is limited. On the one hand, their membrane composition does 

not facilitate the crossover between cells (77) and, on the other hand, repeated injections of 

these nanoparticles induce undesired inflammatory responses. Therefore, the use of EVs as drug 

delivery systems in order to increase the specificity and efficiency of the treatment seems to be 

an interesting breakthrough. 

A. EVs as tools for drug delivery (Figure 16) 

After administration, the intrinsic characteristics of EVs allow the delivery of endogenous or 

exogenous molecules into target cells and tissues. Thus, (i) the membrane of EVs protects their 

encapsulated content against degradation, (ii) their small size decreases their clearance and 

allows that they passively enter in tissues, and (iii) the modification of the membrane surface 

enhances their ability to target several tissues (165). Altogether, specifically targeted drug 

delivery systems via EVs may increase the efficacy of therapies for CVD, cancer or 

neurodegenerative diseases. 

Targeting strategy for drug delivery: Several targeting strategies can be used in order to increase 

the ability of EVs to interact with specific cells. In fact, Alvarez-Erviti and colleagues (7), have 

bioengineered the Lamp2b to express the peptide rabies virus glycoprotein (RVG) directly 

below the signal peptide sequence to target either brain or tumor tissues. Indeed, RVG binds to 

acetylcholine receptors in neurons, microglia, and oligodendrocytes after intravenous injection 

allowing a target delivery of EV content. This approach enables the correct insertion of the 
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protein into the exosome membrane and prevents the cleavage of important regions in the 

targeting peptide sequence. Another strategy concerns the fusion of nanobody DNA sequences 

with GPI-anchor peptide sequences in N2a cells resulting in the insertion of nanobodies into 

EV membranes. Due to this modification, cell targeting specificity is increased as demonstrated 

by the enhancement of the association of EVs with EGFR-expressing tumor cells, while 

interactions with EGFR-negative cells are unaltered (165). Alternative strategies to enhance 

targeting of EVs consist to stable conjugation of targeting ligands to the surface of isolated EVs 

by using chemical linkers such as N-hydroxy succinimidyl ester reactive groups, or by the post-

insertion technique, once EVs are generated, by fusion with the distal ends of polyethylene 

glycol-phospholipids (165). 

Therapeutic cargo and methods for loading EVs: The current interest in EVs derives from their 

ability to deliver innovative therapies to specific target cells. This strategy consists to load EVs 

with a substantial amount of pharmacological drugs efficient to act on target cells. Several 

loading strategies depending on the type of cargo have been described. 

Simple incubation of exosomes with the cargo is a method which has proven efficient results 

in the loading of EVs thanks to the particular characteristics of the bilayer membrane. For 

example, exosomes can deliver anti-inflammatory drugs such as curcumin to activate myeloid 

cells in vivo. Thus, in a lipopolysaccharide (LPS)-induced septic shock mouse model, curcumin 

carried by exosomes from murine macrophage cell line decreases IL-6 and TNF-α levels in sera 

(287). Another study compares nanovesicles in a context of creating chemotherapeutic for 

malignant tumors and find that doxorubicin-loaded exosomes reduce more tumor growth than 

bioinspired exosome-mimetic nanovesicles (137). A commercial transfection reagent is also 

used in order to load EVs but this approach is inadequate for an efficient loading in a therapeutic 

purpose. Hence, electroporation is a safe method which can be used in a clinical setting but 

could alter EV integrity. For instance, RVG-loaded exosomes are charged with GAPDH siRNA 
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by electroporation (7). Another alternative corresponds to the direct transfection or 

pharmacological treatment of cells producing EVs. In this way, enrichment of human blood 

cells and THP-1 cells with synthetic miR-150 enhances the packaging into MVs which are able 

to reduce c-Myb expression and enhance human microvascular endothelial cell migration. 

These results indicate that transfection of miR-150 into cells enable the secretion of MVs which 

can modulate recipient cell function and regulate gene expression (346). Also, adeno-associated 

viruses (AAVs) are more efficient for delivering cargo into recipient cells when encapsulated 

in EVs than free AAVs (196). Moreover, it has been demonstrated that the treatment of tumor 

cells with chemotherapeutic drugs such as doxorubicin induces the release of doxorubicin-rich 

exosomes, thus these exosomes can be collected and exploited to kill tumor cells (294). 

However, these techniques can promote adverse effects on the exosomes integrity and their 

cargoes, by inducing aggregation, for example (166). Finally, pharmacologic treatment of 

parental cells is also efficient to load generated exosomes with drugs. For instance, when 

HepG2 cells are incubated with different anticancer agents, such as paclitaxel, etoposide, 

irinotecan or cisplatin, released exosomes display strong anti-proliferative activity on the 

human pancreatic cell line CFPAC-1 (193). Also, pharmacologic treatment of human T cells 

with the apoptotic inductor actinomycin D induces the generation of MVs with anti-

proliferative and anti-angiogenic properties that have been proposed to be used in lung 

carcinoma (338). Interestingly, when human T cells are treated with a cocktail of mitogens and 

actinomycin D, the generated MVs are rich in Sonic hedgehog and display in vitro and in vivo 

pro-angiogenic actions (22, 279). Indeed, these MVs harboring Sonic hedgehog may represent 

new therapeutic tools in diseases related with failed angiogenesis such as peripheral ischemia 

or diabetes (199) (Figure 17). 

Choice of donor cell type: The use of EVs produced from tumor cells is controverted by the 

fact that they induce inflammatory reaction during administration (80). To avoid this 
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undesirable effect, some studies produce EVs with immunogenic properties from DCs at their 

immature state. Immature DCs produce large quantities of exosomes, that are immunologically 

inert, lacking T-cell activators such as MHC-I, MHC-II and CD86 (246). In this respect, 

exosomes from immature DCs promote graft survival (234) and reduce inflammation in animal 

models of inflammatory bowel disease (339). Moreover, because EVs are natural transporters, 

they are less susceptible to trigger immune responses and exert toxicity. Also, it has been 

demonstrated that EVs from progenitor or MSCs have regenerative properties, particularly they 

reach injured sites (162, 168), promote functional recovery and modulate immune responses. 

Moreover, in a model mouse myocardial ischemia/reperfusion injury, exosomes from MSCs 

increase ATP levels, decrease oxidative stress and activate PI3K/Akt pathway to enhance the 

myocardial viability and prevent adverse remodeling (10). Also, in a liver injury mouse model, 

it has been demonstrated that MSC-derived exosomes can trigger hepatoprotective effects 

against toxin-induced injury, through an activation of proliferative and regenerative responses 

(293). Several studies promote the advantageous use of MSC-derived EVs, instead of stem 

cells, because they do not replicate and are not trap into lungs after intravenous administration 

(133).  

Recently, it has been described that bovine milk can serve as a source of exosomes that act as 

a carrier for chemotherapeutic agents showing no adverse immune and inflammatory response. 

Notably, exosomes from milk are biocompatible and represent excellent candidates, in terms of 

cost-effectiveness, to enhance oral bioavailability, improve efficacy and safety of drugs (217). 

After the discovery of exosomes in animal cells, exosomes have also been isolated from several 

edible plants (145). Oral administration of exosome-like nanoparticles isolated from the grape 

juice by ultracentrifugation on a sucrose gradient leads to protection in a mouse model of 

dextran sulphate sodium-induced colitis. Moreover, these exosomes can be used as immune 
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modulators in the intestine and for oral delivery of small molecule drugs to attenuate 

inflammatory responses in human disease (326).  

Administration of EVs: EVs have to be stable and capable of delivering their content through 

the classic administration routes (intravenous, oral…) but also by unusual ways in order to 

address their cargo more specifically. In the case of malignancies, EVs are mostly administrated 

by intravenous injection. This method is especially adapted in porous blood vessels and to a 

defective lymphatic drainage. For example, tumor-bearing mice intravenously treated with 

exosomes loaded with doxorubicin, show an inhibition of the tumor growth. Moreover, the 

capacity of these vesicles to express the 9-amino acid cyclic peptide iRGD (sequence: 

CRGDKGPDC) peptide allows an efficient targeting to the tumor tissue and distribution of 

doxorubicin without any toxicity (304). In the case of accessible tumors, intratumoral injections 

are used and provide a secure specific delivery of the therapeutic molecules. Because of their 

protein and lipid composition, exosomes loaded with doxorubicin intratumorally injected into 

mice are more efficient internalized by tumor cells than liposomes and allow an effective 

liberation of doxorubicin inducing a complete suppression of tumor growth (277).  

The biodistribution of DiR (DiOC18)-labeled milk exosomes administrated to mice differs 

depending on the type of administration (217). Indeed, DiR-labeled milk exosomes 

predominate in the liver after intravenous injection whereas the distribution of these exosomes 

is uniform in the other organs. A novel approach for treating brain inflammatory-related 

diseases consists to intranasally administrate exosomes loaded with curcumin in a context of 

LPS-induced injured brain model in mice. This strategy enables a rapid delivery of exosome-

encapsulated drug to the brain, mainly into microglial cells and induce their apoptosis (350). 

Intraventricular administration of folate receptor-positive EVs is also performed in mouse brain 

parenchyma in order to restore a functional folate receptor which allows cerebral folate 

transport (109). Another type of strategy is rising up in order to improve the uptake of EVs by 
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cells through the merge of exosomes with liposomes conferring a complex lipid composition to 

the bilayer membrane. This approach allows an optimization of the exosome surface properties 

in order to decrease its immunogenicity and increase its colloidal stability, thus improving its 

half-life in blood. Using the freeze-thaw method which is a simple physiochemical process, 

exosomes and liposomes membranes fuse causing significant structural and functional changes 

allowing distinct types of interaction between the hybrid exosomes and the target cell (262). 

This membrane-engineering method represents a new strategy to load exogenous hydrophobic 

lipids either hydrophilic cargoes within the exosomes as drug delivery systems. 

B. EVs as therapeutic tools in pathophysiological contexts 

As described above, natural or modified EVs can be used as therapeutic tools by modifying the 

phenotype and function of target cells in order to correct a dysfunction or treat cells with drugs. 

Here, we propose several examples of the use of EVs as therapeutic tools. 

Cardiovascular diseases: EVs possess a potential interest in cardiac regenerative therapies. It 

has been evidenced that the MSC secretome, mainly exosomes, trigger the beneficial 

regenerative effects of MSCs by reducing infarct size in animal models of myocardial 

ischemia/reperfusion (177, 178). Moreover, exosomes derived from MSCs inhibit vascular 

remodeling and hypertension after an intravenous injection in a mouse model of pulmonary 

hypertension by the inhibition of STAT3 signaling in pulmonary artery endothelial cells (182). 

In a model of mouse diabetic hindlimb ischemia, exosomes from induced pluripotent stem cells 

derived from MSCs are able to promote angiogenesis and protect limb from ischemic injury 

(128).  

On the other hand, EVs, specifically enriched in Sonic hedgehog obtained by pharmacological 

treatment of human T lymphocytes, display protective properties on cardiovascular cells (200). 

Their pro-angiogenic capacities have illustrated after an intravenous injection in a mouse model 

hindlimb ischemia (22). In mice, these EVs are able to improve endothelial function by 
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increasing *NO release. Also, EVs carrying Sonic hedgehog reduce oxidative stress through 

the induction of antioxidant messages in HUVECs (280). More in detail, these EVs express 

antioxidant enzymes, catalase, and isoforms of the superoxide dismutase (Cu/Zn-SOD, Mn-

SOD and extracellular SOD). Furthermore, their effects are associated with the ability to 

increase the expression of Mn-SOD, but not the other isoforms of SOD, in endothelial cells, 

through the internalization process (280) (Figure 17). 

CNS pathologies: The modulation of neurological disorders by EVs has been recently 

described. For example, exosomes from MSCs promote endogenous angiogenesis, 

neurogenesis and reduce inflammation in a rat model of traumatic brain injury contributing of 

a partial functional recovery (345). It has been demonstrated that EVs from microglia, which 

are implicated in the defense during inflammation, spread inflammatory reactions throughout 

the brain by diffusing inflammatory signals and upregulating the expression of enhancing genes 

inflammation (241, 319). A strategy using EVs against AD is proposed in order to enhance the 

level of nephrilysin which is the most important Aβ degrading enzyme in the brain. Indeed, 

active nephrilysin carried by exosomes from human adipose tissue-derived MSCs decreases Aβ 

secretion and its intracellular levels into neuroblastoma cells (156). Moreover, in vivo systemic 

administration of EVs from DCs, previously enriched in an exogenous siRNA, induce a 

knockdown of β-site APP cleaving enzyme I, a therapeutic target in AD, in the mouse brain (7). 

In a PD mouse model, intranasal administration of catalase-loaded macrophage exosomes 

induces significant neuroprotective effects reflected by the reduction in microgliosis as 

measured by CD11b expression and the decrease in astrocytosis as demonstrated by the 

decrease of glial fibrillary acidic protein levels. This leads to an increase in survival of 

dopaminergic neurons. Interestingly, the neuroprotection is greater when exosomes are loaded 

with catalase by permeabilization with saponin than by sonication (113). This new exosome-
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based technology allows protecting catalase from a rapid degradation and then, preserving 

catalase therapeutic activity, leading to improve brain delivery. 

Cancer: Some clinical trials are conducted to analyze the efficacy of exosomes as cell-free 

vaccine in patients with a late-stage of cancer and demonstrated the feasibility and the good 

tolerance of these vesicles (63, 80, 212). In addition, antiangiogenic therapy has been 

demonstrated to have a potential effect in altering the pro-angiogenic properties of EVs which 

can be used as a novel approach to decrease tumor-associated vasculature and tumor resistance 

(114). Also, EVs laden with chemotherapeutic molecules such as paclitaxel show high 

anticancer efficacy against different types of cancer including lung metastasis (163), and 

prostate cancer (256) representing a novel nanoformulation for these antitumor molecules. 

X. FUTURE DIRECTIONS 

The main disadvantage in using EVs as biomarkers and/or tools against diseases is the lack of 

gold standards for isolation techniques (107). To address this problem, the International Society 

for Extracellular Vesicles (ISEV) gives directives to isolate and characterize EVs, as accurately 

as possible. However, it recognizes there is no protocol standard, and invite the researchers to 

be cautious about the interpretation of results (191). Also, in order to use EVs in a clinical 

context as therapeutic tools, characterization of their content has to be exhaustive and, at the 

same time, easy to perform and not expensive. Only if the scientific community successes to 

homogenize the parameters of isolation of EVs and their characterization that EVs could be 

considered as excellent biomarkers for diagnosis and prognosis with a particular interest in the 

development of tools for theragnosis in a personalized medicine-based strategy. 
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