
Extracellular vesicles including exosomes are mediators of 

signal transduction: Are they protective or pathogenic?

Lahiru Gangoda, Stephanie Boukouris, Michael Liem, Hina Kalra, and Suresh Mathivanan1

Department of Biochemistry, La Trobe Institute for Molecular Science, La Trobe University, 
Melbourne, Victoria 3086, Australia

Abstract

Extracellular vesicles are signaling organelles that are released by many cell types and is highly 

conserved in both prokaryotes and eukaryotes. Based on the mechanism of biogenesis, these 

membranous vesicles can be classified as exosomes, shedding microvesicles and apoptotic blebs. 

It is becoming clearer that these extracellular vesicles mediate signal transduction in both 

autocrine and paracrine fashion by the transfer of proteins and RNA. Whilst the role of 

extracellular vesicles including exosomes in pathogenesis is well established, very little is known 

about their function in normal physiological conditions. Recent evidences allude that extracellular 

vesicles can mediate both protective and pathogenic effects depending on the precise state. In this 

review, we discuss the involvement of extracellular vesicle as mediators of signal transduction in 

neurodegenerative diseases and cancer. In addition, the role of extracellular vesicles in mediating 

Wnt and PI3K signaling pathways is also discussed. Additional findings on the involvement of 

extracellular vesicles in homeostasis and disease progression will promote a better biological 

understanding, advance future therapeutic and diagnostic applications.
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Introduction

Ligand-receptor interactions and direct cell-to-cell contacts have long been considered as the 

predominant means of intercellular communication. In the last decade, a novel method of 

cell-to-cell communication mediated by membranous extracellular vesicles (EVs) has 

recently emerged [1, 2]. While the EV nomenclature is yet to be standardized [3], recent 

community efforts have urged researchers to name the vesicles based on the mode of 

biogenesis and not on the sample or cell type of origin [4]. In accordance with the consensus 

and current knowledge on biogenesis, the EVs could be classified into three main classes 
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such as exosomes, shedding microvesicles (MVs) and apoptotic blebs. Exosomes are of 

endocytic origin and are the smallest among the EVs (40–150 nm in diameter), appear cup-

shaped under the electron microscope and sediment at a buoyant density of 1.13–1.19 g/mL 

[5]. They are released by both normal and disease cells after the fusion of multivesicular 

bodies (MVB) with the plasma membrane (PM) [6]. Shedding microvesicles or ectosomes 

are large vesicles (50–1000 nm in diameter) that are directly formed from the PM while 

apoptotic blebs are released by dying cells [7]. While a large body of work supports the role 

of exosomes in signal transduction, shedding microvesicles and apoptotic blebs are 

relatively poorly characterized. For the purpose of this review, exosomes and MVs will be 

referred to as EVs from here on.

EVs are mediators of cellular communication and are involved in both normal physiological 

processes such as lactation, immune response and neuronal function [8], as well as 

implicated in pathological conditions such as liver diseases [9], neurodegenerative diseases 

[10] and cancer [2]. EVs contain a rich cargo of proteins, lipids, DNA and RNA that 

resemble the cell type of origin. Many studies have highlighted that EVs harbor specific 

proteins, mRNAs, miRNAs, and lipids rather than random cellular components [11, 12]. The 

tissue and cell type signature contained within EVs and its availability in bodily fluids such 

as blood plasma, urine and saliva, have created significant interests in exploiting EVs as 

potential source of disease biomarkers [2]. In addition, EVs are reported to be very stable in 

blood plasma and are considered as reservoirs of disease biomarkers [13]. These emerging 

interests have spurred a plethora of EV studies that employs high-throughput technologies 

including proteomics, transcriptomics and lipidomics. This review summarizes the role of 

EVs in various signaling pathways and also its involvement in pathological conditions 

including cancer and neurodegenerative disorders.

Role of EVs in cancer

For tumors to progress, bidirectional crosstalk between different cells occurs within the 

tumor and its surrounding supporting tissue [14]. A tumor can be considered as a complex 

tissue or organ with abnormal cells harbouring genetic mutations, typically referred to as 

tumor or cancer cells, enmeshed within the surrounding and interwoven stroma, the 

epithelial parenchyma, which provides the connective tissue of the tumor. Stromal elements 

include the extracellular matrix as well as other cell types that are activated and/or recruited 

to the tumor microenvironment such as fibroblasts, immune and inflammatory cells, fat cells 

and endothelial cells of the blood and lymphatic circulation [15]. Recent literature indicated 

that all aspects of cellular tumorigenicity are profoundly influenced by reciprocal 

interactions between responding normal cells, their mediators, structural components of the 

extracellular matrix, and genetically altered neoplastic cells [16, 17]. EVs have recently been 

recognized as important mediators of the cross-talk in the tumor microenvironment (Fig. 1). 

EVs derived from tumor cells have been shown to have both pro- and anti-tumorigenic 

properties.
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Pro-tumorigenic role of tumor-derived EVs

EVs can promote tumor growth and metastasis through several mechanisms as detailed by 

the cancer hallmarks [18]; evading apoptosis and resisting cell death, sustaining proliferative 

signaling, evading growth suppressors, activating invasion and metastasis, enabling 

replicative immortality and inducing angiogenesis. The pro-tumorigenic role of EVs is 

highlighted in the following sections.

Evading apoptosis and sustaining proliferative signal

EVs can modulate immune-regulatory processes, induce T cell death and set up tumor 

escape mechanisms. Tumor cells may subvert recognition and killing by cytotoxic T 

lymphocytes and NK cells through EV membrane shedding of ligands such as MICA [19]. 

Similarly, EV membrane associated TGFβ aided tumors to overcome cytotoxic killing by 

lymphocytes. In addition, TGFβ containing tumor EVs mediated anti-proliferative effects on 

blood lymphocytes [20]. Qu et al. demonstrated that gastric cancer EVs induced degradation 

of PI3K subunit (p85) in Jurkat T cells. Simultaneously, the degradation of PI3K subunit 

leads to the down regulation of survival signals contributing to T cell apoptosis. Specific and 

reversible proteasome inhibitor PS341, was used to inhibit p85 degradation which 

substantially reduced T cell apoptosis induced by EVs [21]. In addition to evading apoptosis, 

the role of EVs in sustaining proliferative signals in the recipient cells is beginning to 

emerge. Over expression of EGFR has been associated with a number of cancers, including 

glioblastoma and lung cancer. Several studies have employed biochemical and proteomic 

techniques and identified both EGFR and EGFRvIII (constitutively active mutated form of 

receptor) in EVs originating from brain tumors [22, 23]. During the enforced expression of 

EGFRvIII in U373 glioma cells, an increase in the secretion of EVs was observed [23]. 

EGFRvIII can be transferred via EVs to distant cells that lack expression of EGFRvIII with 

concomitant activation of downstream signaling pathways in those cells. In addition, ligands 

such as EGF, TGFα and amphiregulin have also been found in EVs from breast and 

colorectal cancer cell lines [24]. These ligand containing EVs can stimulate the recipient 

cells and induce proliferation. However, it has to be established whether these ligands are 

functional in mediating an effect on target cells both in vitro and in vivo.

Activating invasion and metastasis

Intercellular contacts formed by dense populations of normal cells operate to suppress 

proliferation yielding confluent monolayers. Such contact inhibitions are abolished in cancer 

cells which show anchorage independent growth (AIG). EVs isolated from fetal bovine 

serum (FBS) has been shown to induce AIG in breast cancer cells [25]. The study identified 

that EV depleted FBS was not able to induce AIG confirming the functional role of EVs. To 

further profile the protein content of FBS EVs, in-gel digestion coupled with LC-MS/MS 

analysis was performed using a LTQ ion trap. EVs free and enriched fractions were analysed 

to identify the proteins and spectral counting was performed to obtain the relative abundance 

of the identified proteins. Even though the role of EVs in AIG was established, the EV 

proteins/RNA involved in AIG need to be identified with the use of new high-resolution MS 

instrumentation and transcriptomic technologies. In another proteomic study, it was 

established that aggressive cancer cells secrete Hsp90α containing EVs which contribute to 
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their invasiveness. Hsp90α was shown to activate plasmin as well as increase plasmin 

dependent cell motility [26]. Similarly, TGFβ containing EVs released by mesothelioma 

cells triggered sustained changes in the actin cytoskeleton with increased expression of α-

smooth muscle actin, a marker for fibroblast to myofibroblast transition. EV mediated 

activation of myofibroblasts may provide a favourable environment for tumor growth, 

angiogenesis and metastasis [27].

Tumor metastasis can be promoted by a (pre)metastatic niche formation. EVs which mediate 

long distance cross talk between a tumor and selected (pre)metastatic organs has been 

established to play an important role in niche preparation [28]. CD44v4 containing EVs 

have been noted to cause changes in several proteases, growth factors and adhesion 

molecules and create a long distance metastatic environment for tumor cells [29]. EV-based 

transfer of oncogenes from tumor to neighbouring cells can induce replicative immortality in 

these target cells. EVs isolated from mutant KRAS-expressing colon cancer cells enhanced 

the invasiveness of recipient cells [30]. A label-free proteomic analysis based on spectral 

counting revealed a change in protein cargo based on the KRAS mutational status. 

Specifically, EVs from mutant KRAS cells contained many tumor-promoting proteins 

including KRAS, EGFR, SRC family kinases and integrins. The study hypothesized that 

mutant KRAS-expressing cells promote metastatic progression by pre metastatic niche 

preparation.

Inducing angiogenesis

EVs enriched in the tetraspanins CO-029 and TSPAN8 have been shown to activate 

endothelial cells and induce several genes required for angiogenesis [31, 32]. Furthermore, 

Mineo et al. showed that EVs from K562 chronic myeloid leukemia cells induced 

angiogenesis in human umbilical endothelial cells in a Src-dependent manner [33]. Kim et 

al. showed that sphingomyelin is an the active component for vesicle-induced endothelial 

cell migration, tube formation, and neovascularization [34]. Hegmans et al. analyzed several 

mesothelioma cell secreted EVs by MALDI-TOF MS and identified DEL-1 in EVs [35]. 

DEL-1 is structurally homologous to MFGE8 (also known as lactadherin) and is suggested 

to play a role in angiogenesis [36]. Though the functional role of mesothelioma EVs in 

angiogenesis was not tested, the study speculated the role of DEL-1 containing EVs as 

strong angiogenic factors that can increase the vascular development in the tumor 

microenvironment. Similarly, Dll4, a notch ligand that plays an important role in neo-

vascularization and angiogenesis, is upregulated in endothelial and cancer cells and are 

secreted via EVs. Interestingly, the transfer of Dll4 from tumor cells to host endothelium via 

EVs enhanced vessel formation at distant locations [37]. MFGE8 is a major component of 

EVs from immature dendritic, as well as tumor cells. MFGE8 containing EVs promotes cell 

survival induced by an endothelial-specific growth factor, VEGF, and thus induces 

angiogenesis [38, 39].

Anti-tumorigenic role of tumor-derived EVs

Tumor-derived EVs are enriched in tumor-specific antigens that are expressed in the 

parental tumor cells such as carcinoembryonic antigen [40] and mesothelin [20]. This 

property could be used for tumor EV-based cancer vaccine development and T cell cross 
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priming [41]. EVs isolated from patients with melanoma contained Mart1 tumor antigens 

that were delivered to dendritic cells for cross presentation to clones of cytotoxic T 

lymphocytes specific to Mart1, thereby mounting an antitumor response [42]. Similarly, 

tumor-derived EVs have been used as a source of tumor antigens to pulse dendritic cells 

resulting in induction of CD8+ T cell-dependent antitumor effects in mice [41]. In addition 

to tumor rejection antigens, EVs secreted by human pancreatic tumor cells induced (glyco) 

protein ligand-independent cell death and inhibited Notch-1 pathway which is particularly 

active during carcinogenesis and in cancer stem cells. Interestingly, these EVs were also 

reported to increase Bax and decrease Bcl-2 expression thereby triggering the tumor cells 

towards mitochondrial apoptotic pathway [43–45].

EVs as regulators of intracellular signals

Even though recent reports have implicated EVs in intercellular signaling, their influence in 

modulating signaling pathways in the target cells is far from being completely elucidated. 

Calzolari and colleagues demonstrated that activation of transferrin receptor 2 induces the 

activation of ERK1/2 and p38 MAPK pathways supporting the hypothesis that transferrin 

receptor may function as a signaling receptor. MAPK is a key signaling pathway activated in 

endothelial cells after the binding of angiogenic factors of EVs [46]. Through pathogen 

recognition receptors, such as Toll-like receptors, and their associated downstream signaling 

pathways, such as nuclear factor kappaB (NF-κB), EV components may also play a large 

role in the homeostasis and regulation of the innate immune response. Body fluid exosomes 

promote secretion of inflammatory cytokines in monocytic cells via Toll-like receptor 

signaling through triggering NFκB and delaying STAT3 signaling pathway [47]. In addition 

to proteins, exosomal lipids are also shown to regulate Notch signaling [43]. Even though 

multiple pathways are studied, the role of EVs in PI3K/Akt and Wnt signaling has been 

extensively studied. The review will focus on the role of EVs in PI3K/Akt and Wnt 

signaling in the following sections.

Role of EVs in PI3K/Akt pathway

PI3K/Akt signaling pathway is a critical regulator of cell growth and survival and is 

implicated in cancer. Somatic mutations in genes regulating PI3K/Akt pathway may lead to 

dysregulated signaling resulting in cancer [48]. Due to its major role in cancer, multiple 

drugs targeting PI3K/Akt signaling pathway and their downstream effectors have been 

developed [48, 49]. However, the complexity of the pathway and various mutations in 

proteins implicated in the pathway hinder the effectiveness of the drugs. Activation of 

PI3K/Akt signaling pathway is controlled by several different protein receptor families 

including integrin, cytokine, GPCR and receptor tyrosine kinases [50]. Soluble secreted 

factors such as insulin, IGF, EGF, VEGF, HGF, IL-6, leptin and angiopetin-1 are known to 

activate PI3K/Akt signaling. Recent evidences suggest that EVs play a critical role in signal 

transduction by mediating the intercellular transfer of molecules regulating PI3K/Akt 

signaling (Fig. 2). Several possible ways as to how EVs mediate PI3K/Akt signaling 

pathway and its impact on cancer progression is discussed in the subsequent sections.
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EV-based transfer of key proteins involved in PI3K/Akt signaling pathway

The first key step of PI3K/Akt signaling pathway is the phosphorylation of 

phosphatidylinositol-3,4-diphosphate (PIP2) by PI3K. PIK3CA, a class I PI3K catalytic 

subunit, overexpression is linked with many types of cancer and is associated with poor 

prognosis [51]. PIK3CA has been shown to be secreted via EVs from nasopharyngeal 

carcinoma cells [52]. The presence of this PI3K catalytic subunit in EVs indicates the 

possibility of EV-based transfer of the PIK3CA from malignant cells to other distant cells 

thereby stimulating proliferation. EVs not only facilitate PI3K/Akt signaling pathway in 

cancer cells, it also mediates exchange of membrane (including proteins and lipids) between 

cells [1].

Recently, active phosphorylated proteins that can mediate PI3K/Akt signaling pathway were 

also identified in EVs. Biasutto et al. isolated EVs from retinal pigment epithelial cells and 

analysed them using reversed phase protein arrays to identify the proteins and 

phosphoproteins [53]. The study detected more than 41 phosphoproteins including PDK 

(S241), mTOR (S2481) and Akt (T308) in EVs from oxidative stress induced retinal 

pigment epithelial cells. Inhibition of tyrosine kinase using imatinib and dasatinib inhibits 

EV release from chronic myeloid leukaemia cells [33].Whilst further functional studies to 

confirm the activity of the phosphoproteins were limited; identification of these proteins in 

EVs in active state highlights the importance of EVs in autocrine/paracrine signaling. 

Importantly, it also underlines the potential of EVs to bypass ligand-receptor activation and 

null chemotherapeutics such as gefitinib and erlotinib which target malignant cells.

The chemotherapeutic drugs gefitinib and erlotinib interrupt signaling through EGFR which 

can activate several different pathways including PI3K/Akt. EGFR is reported to be secreted 

via EVs from bladder cancer, colorectal cancer, pancreatic adenocarcinoma and brain tumor 

cells [22, 40, 54, 55]. In addition, the secretion of EGFRvIII through EVs [23] highlights the 

importance of EVs in regulating PI3K/Akt signaling in the recipient cells.

Epstein-Barr virus (EBV) latent membrane protein 1 (LMP1) is known to activate several 

different pathways including PI3K and it also induces the overexpression of EGFR [56, 57]. 

Both LMP1 and EGFR were detected in EVs secreted by EBV infected cells. These secreted 

EVs were uptaken by fibroblasts, endothelial and epithelial cells simultaneously activating 

ERK and PI3K/Akt signaling pathways [52]. Similar observations have been found with 

EVs derived from primary effusion of lymphomas that were infected with Kaposi sarcoma-

associated virus (KSHV). Quantitative proteomics analysis was performed on EVs isolated 

from 11 different B-cell lines either uninfected, EBV or KSHV infected. Analysis by 2D 

DIGE and spectral counting revealed 22 proteins that were preferentially enriched in 

KSHV+EVs. Using Ingenuity Pathway Analysis software, the authors predicted KHSV+EVs 

could potentially activate MAPK and PI3K signaling pathways in recipient cells [58]. 

While, uptake of LMP+ and KSHV+EVs could activate PI3K signaling pathway in recipient 

cells directly; uptake of EVs containing EGFR by endothelial cells increased VEGF 

secretion. Subsequently, secreted VEGF leads to activation of PI3K signaling pathway in the 

neighbouring cells [59]. Taken together, these studies emphasize the role of EVs in 

mediating PI3K signaling events in the recipient cells.
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In addition to proteomic and transcriptomic studies intended to profile the molecular content 

of EVs, few functional studies have also shown that EVs can activate PI3K/Akt signaling 

pathway in the recipient cells. Qu et al. demonstrated that gastric cancer derived EVs can 

increase pAkt and proliferation of the recipient cells in a dose dependent manner. Inhibition 

of PI3K/Akt using LY294002 showed partial decrease in EVs induced-cell proliferation and 

pAkt levels [60]. This partial inhibition indicates that EVs could mediate PI3K/Akt 

signalling in two ways: through membrane binding ligands which are inhibited by the 

LY294002 and through the activated phosphorylated proteins (e.g., pAkt). EVs from 

mesenchymal stem cells can enhance myocardial viability after reperfusion injury. It has 

been shown that injection of purified EVs prior to reperfusion increased the level of pAkt 

which subsequently activates pro-survival signaling in injured cells [61].

Role of EVs in Wnt signaling pathway

Wnt signaling has gained enormous attention due to its role in embryonic development, cell 

migration and misregulation during cancer development [62]. Wnt pathway components are 

of main focus in cancer research owing to their association with human neoplasms. 

However, the process of Wnt trafficking between cells remained elusive. As Wnt proteins 

are insoluble due to their hydrophobic nature, carrier mechanisms that facilitate their export 

from endoplasmic reticulum to the cell surface are required. One of the proposed 

mechanisms of intercellular Wnt signaling involves EVs which act as couriers carrying Wnt 

ligands or oncogenes from malignant to non-malignant target cells. These EVs can 

ultimately lead to Wnt-driven cancers in the surrounding cells. However, the key mechanism 

of Wnt secretion by EVs remains unclear. EVs sequester Wnt ligands including Wnt 

activators and inhibitors. EVs carrying Wnt activators including Wnt3a and Wnt5a have 

been shown to stimulate Wnt signaling in the recipient cells, however the effect of Wnt 

inhibitors containing EVs needs to be explored upon interaction with target cells [63, 64]. A 

key question is how these two mechanisms are coordinated and balanced in the context of 

the recipient cells.

EV-based transfer of key proteins involved in Wnt signaling pathway

In a 2009, Korkut et al. demonstrated that both Evi and Wingless (Wnt1 homolog in Homo 

sapiens) were secreted together in EVs [65]. This Wingless secretion and transmission was 

investigated at the Drosophila larval neuromuscular junction and Evi was found to be 

essential for its secretion and trafficking from the cell body to presynaptic vesicles. This was 

the first demonstration of EV-based transfer of Wingless between cells establishing a novel 

mechanism potentially in the form of EVs for trans-synaptic communication. The study 

raised several questions whether Evi has a role in Wnt endocytosis or formation of EVs or 

both [65]. Follow up studies using RNA silencing assays demonstrated that the release of 

Evi containing EVs can be blocked by depleting Rab11, Syntaxin 1A and Myosin 5B in S2 

cells. Rab11, Syntaxin 1A and Myosin 5B were also required for release of Evi containing 

EVs in vivo at neuromuscular junction in nervous system [66].

The mechanism of Wnt secretion through EVs was not only in Drosophila but also 

conserved in human cells. EVs were shown to carry Wnt ligands on their surfaces and were 
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reported to induce Wnt signaling activity in the recipient cells [67]. The EV ride of Wnt 

molecules has also been demonstrated in yet another study that visualised Wnt3a trafficking 

to MVB in mouse L cells using fluorescence imaging. A pool of palmitoylated Wnt3a was 

detected in sections that were positive for EV markers CD63, CD81 and CD9. This specific 

targeting to the EVs implies that after Wnt3a is shuttled to the PM, they are subsequently 

secreted via EVs [68].

In addition to EV mediated-Wnt signaling, few studies also explored the role of Wnt ligands 

in EV secretion. Wnt3a after been internalised has been shown to stimulate the release of 

EVs from rat primary microglia by activating Wnt β-catenin signaling pathway. Primary rat 

microglia cells were treated with Wnt3a and EVs were collected from the culture medium. 

The proteomic profile of EVs derived from Wnt3a treated microglia was characterized using 

LC-MS/MS followed by database searching. The proteomic results confirmed the presence 

of Wnt3a in microglia derived EVs following Wnt3a treatment. The authors suggested that 

the Wnt3a induced EV secretion could possibly act as a clearance method to get rid of the 

undesirable proteins from the microglia [69].

Transitions of cell states either to side population cells (SP) or non-side population cells 

(nonSP) in large B-cell lymphoma through Wnt signaling are also facilitated by EVs. The 

SP cells showed increased expression of Wnt3a and considerably higher percentage of 

cellular β-catenin compared to nonSP cells from OCI Ly3 lymphoma cells. The culture 

supernatant from OCI Ly3 cells contained EVs that were enriched in Wnt3a and 

immunogold staining revealed the presence of this ligand at the limiting membrane. 

Furthermore, luciferase assay showed that EVs purified from OCI Ly3 cells stimulated Wnt 

activity in recipient cells. Overall, these results suggest that in the tumor microenvironment 

EVs may mediate the transfer of Wnt signaling molecules and switch the clonogenic states 

between cells by the regulation of Wnt signaling [64].

Ratajczak et al. showed that, EVs derived from murine embryonic cells D3 are highly 

enriched in Wnt3a surface expressed ligand as compared to parental cells which serves as an 

expansion model for murine hematopoietic progenitor cells [70]. Recently, the role of 

cancer-associated fibroblasts in influencing tumor progression has gained much attention. 

EVs secreted by cancer-associated fibroblasts are shown to carry Wnt components and 

induce Wnt signalling in distant sites. CD81 positive EVs released from L-fibroblast cells 

stimulate Wnt/Planar cell polarity signaling in breast cancer cells including MDA-MB-2331 

and SUM-159PT to increase invasiveness [71–73]. These intriguing findings demonstrate 

the active role of EVs in facilitating stromal cells to promote metastasis. Non-canonical 

Wnt5a has also been noted to act as a signal to facilitate macrophage-stimulated invasion in 

vivo and activation of β-catenin-independent Wnt signaling in breast cancer cells [63]. EVs 

derived from breast cancer cells were shown to carry Wnt5a which was shuttled to the 

macrophages thus activating macrophage-induced invasiveness of the MCF-7 cells [74].

Taelman et al. reported the components of MVB that are important for the formation of EVs 

are also crucial for Wnt signaling pathway [62]. Fluorescence microscopy revealed that Wnt 

signaling relocated GSK3 from the cytoplasm into the lumen of MVB positive for Rab7 

thereby removing GSK3 away from its cytoplasmic substrates. This might be a possible 
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mechanism to inhibit GSK3 from phosphorylating β-catenin in the cytoplasm during Wnt 

activation. Additionally, depleting Vps27 and Vps4 (proteins involved in the formation of 

intraluminal vesicles) blocked Wnt activity suggesting that these two proteins are required 

for Wnt signal transduction pathway. This study shows that sequestration of GSK3 in MVBs 

links with the requirement for endocytosis during Wnt signaling. Together, these data 

clearly point the role of MVB in Wnt signaling events. Further research is needed to 

investigate whether blockage of MVB maturation reverses GSK3 release to the cytoplasm.

Role of neuronal EVs in the central nervous system

Functioning of the brain relies on intercellular communication between neural cells. Release 

of EVs from a variety of different neuronal cells has been described recently [75–78]. These 

EVs can be taken up by other neurons suggesting a novel way for inter-neuronal 

communication. In addition to its physiological function in inter-neuronal communication, 

EVs may also be involved in the pathogenesis of neurological diseases. They are implicated 

in the spread of toxic proteins within the nervous system in a number of neurodegenerative 

diseases, including Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Prion 

diseases, Alzheimer’s disease (AD) and tauopathies [79].

Role of EVs in the normal nervous system

It has been demonstrated, using primary cortical cultures, that neurons and astrocytes can 

secrete EVs [75]. These cortical neuron derived EVs were shown to contain AMPA 

receptors, GPI-anchored prion protein and the cell adhesion molecule L1CAM (expressed 

only by neurons in the central nervous system) [75, 80]. The long term depolarization of 

neurons with treatment (25 mM potassium) strongly increased the release of AMPA-R 

containing EVs, suggesting that EVs may have a regulatory function at synapses and could 

also mediate the intercellular exchange of membrane proteins within the brain [75]. 

Lachenal et al. speculated that calcium is a potent activator of MVB fusion to the PM 

thereby increasing the secretion of EVs at least in neurons. The study also hypothesised that 

the enhanced secretion of AMPA-R-containing EVs following glutamatergic synaptic 

activation is a way of local elimination of receptors at synapses undergoing plastic changes 

[81]. This loss of AMPA receptors upon extensive synaptic activation could be a mechanism 

of homeostatic synaptic down-scaling [82]. Taken together, these observations of EV 

secretion regulated by synaptic activity, demonstrates their function in the physiological 

conditions.

Role of EVs in the pathological nervous system

Parkinson’s disease (PD)

The protein α-synuclein is a mediator of neurodegeneration in PD and its aggregation plays 

a central role in the pathology [83]. MS-based proteomic studies and immunoblotting has 

revealed that α-synuclein expressing cells secrete α-synuclein both extracellularly and in 

association with EVs. Interestingly, cell culture medium from α-synuclein expressing cells, 

induced apoptosis and were toxic to neuroblastoma SH-5YSY cells and primary cortical 

neurons. Therefore the EV pathway has been identified to play a potential role in delivering 
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α-synuclein to healthy cells thereby transferring the pathogenic effects associated with this 

protein [83]. Following on from these findings, Alvarez-Erviti et al. were able to confirm 

EVs released by α–synuclein overexpressing SH-5YSY cells were able to transfer α-

synuclein to wild type SH-5YSY cells [84, 85]. Sonication of EVs prior to incubation with 

target cells prevented the transfer of α-synuclein highlighting the importance of intact EVs 

for the mechanism of transfer [85]. Moreover, the assay also confirmed that the EVs are the 

primary regulators of this transfer.

Recent evidence suggests that increased expression of P-type ATPase ion pump, PARK9/

ATP13A2 suppresses α–synuclein toxicity in primary neurons [86]. Increased ATP13A2 

levels positively correlated with decreased levels of intracellular α–synuclein and increased 

α–synuclein containing EVs secretion. Further to validate the relevance of ATP13A2, the 

investigators performed ATP13A2 knockdown which reduced EV α–synuclein release in 

HEK293 cells. Interestingly, the overexpression of ATP13A2 also correlated with increased 

Hsp70 levels in EVs. Hsp70 has previously been shown to be associated with externalised 

α–synuclein and protect against in vitro toxicity and in vivo α–synuclein aggregates [87]. 

While several studies suggested that EVs play a role in the transfer of pathogenic proteins 

between neighbouring cells involved in neurodegeneration [83, 85], Kong et al. suggested a 

contradictory role wherein EVs relieves the neurodegenerative disease burden in surviving 

DA neurons with elevated ATP13A2 levels [86].

Amyotrophic lateral sclerosis (ALS)

A familial form of the neurodegenerative disease ALS is caused by dominant mutations in 

the cytosolic SOD1 [88]. Extracellular mutant SOD1 has been shown to trigger microgliosis 

and death of motor neurons in culture. Yet, the mechanism of SOD1 secretion and transfer 

between cells during ALS remains elusive. One of the potential mechanisms of the 

endogenous mouse SOD1 secretion is via EVs. Conditioned media from WT or mutant 

SOD1 expressing NSC-34 cells revealed the presence of both forms of SOD1 in the EV 

fractions [88]. Grad and colleagues further characterised the transmission of SOD1 from 

NSC-34 cells transfected with WT or mutant SOD1 [89]. Interestingly, immunoelectron 

microscopy revealed that approximately 80–90% of misfolded SOD1 was associated with 

exosomes derived from NSC-34 cells stably expressing the WT or mutant SOD1 variants. In 

addition to the misfolded SOD1, both WT and mutant SOD1 were exported from the cells 

via EVs [89]. While the knowledge on the transport of other proteins implicated in ALS via 

EVs is limited, the transfer of misfolded SOD1 emphasizes the critical involvement of EVs 

in ALS (Fig. 3).

Prion diseases

EV pathway is exploited for the intercellular transfer of prion proteins (PrP), the infectious 

particle responsible for the transmissible neurodegenerative diseases such as Creutzfeldt–

Jakob disease (CJD) and Gerstmann–Straüssler–Scheinker Syndrome (GSS) of humans or 

bovine spongiform encephalopathy (BSE) of cattle. The normal prion protein PrPC is 

expressed in all tissues of the human body, with the highest levels of expression observed in 

tissues of the central nervous system and brain. Both PrPC and its abnormal form PrP 

scrapie (PrPSc) have been isolated in association with EVs, and PrPSc containing EVs were 
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infectious in both animal and cell bioassays [90]. Following on from these findings, Vella et 

al. were also able to demonstrate the EV-based transfer of pathogenic PrPSc to cells from 

the same or different cellular origin both in vitro and in vivo. Tga20 mice (overexpressing 

mouse PrPC in CNS) treated with cell lysates or EVs derived from PrPSc infected cells 

showed symptoms associated with prion infectivity [10]. In a similar study, neuroblastoma 

N2a cells were noted to release prion proteins predominantly via EVs [91]. Taken together, 

there are strong evidences suggesting that the dissemination of prion proteins is mediated by 

EV transfer to neighbouring cells.

Alzheimer’s disease (AD)

EV proteins have been noted to be enriched in amyloid plaques from the post-mortem brains 

of AD patients suggesting a potential role for EVs in the pathogenesis of AD [92]. In AD, 

cleavage of amyloid precursor protein (APP) by the enzyme β-secretase occurs in a subset of 

endosomes and a fraction of the Aβ protein is released out of the cells through EVs [92, 93]. 

CHO-APP695 cells released full length APP and several distinct proteolytically cleaved 

products of APP, including Aβ through EVs. These fragments could be modulated using 

inhibitors of the proteases (e.g. γ-secretase inhibition using L685,458) involved in APP 

cleavage. Therefore, it has been suggested that EVs may potentially be a site of APP 

processing [93]. Extracellular accumulation of tau protein is another pathological hallmark 

of AD. In a recent MS-based proteomics study, M1C cells have been found to selectively 

secrete phosphorylated tau via EVs [94]. The study utilized MS to identify prominent peaks 

in EVs that were specific for tau phosphoepitopes associated with AD. Interestingly, 

quantitative comparisons between peaks identified in EV fractions and cell lysate samples 

showed enrichment for the phosphorylated sites in the proline-rich domain of tau in EV 

fractions.

Are EVs protective or pathogenic?

Whilst the role of EVs in pathological conditions is well established in many instances, 

studies aimed at underpinning the physiological role of EVs are limited and warrants further 

research. EVs are constitutively secreted in physiological conditions and may have a central 

role in tissue/organ homeostasis. For instance, EVs have been implicated indirectly to have a 

role in cellular senescence. Hayflick and colleague’s identified cellular senescence about 5 

decades ago which lead to the hypotheses that cellular senescence may be either beneficial 

or detrimental to the cells and/or surrounding cells or both [95]. It has been previously 

shown that cells in senescence secrete a wide variety of soluble factors and also the release 

of EVs known as senescence-associated secretory phenotype [96, 97]. Lehman and 

colleague’s also identified approximately a 3-fold increase in EV release in irradiation 

induced senescence in the prostate cancer cells 22Rv1 and a >15-fold increase from NHDF 

cells once it reached a natural state of replicative senescence [96]. In agreement, Arscott and 

colleagues also identified an increased release of EVs from irradiated glioma and nonglioma 

cell lines compared to nonirradiated controls [98]. The study also showed that radiation 

derived EVs from U87MG cells significantly enhanced cell migration in vitro compared to 

nonirradiated derived EVs. Taken together, EVs may have a significant undiscovered role in 

the normal physiological conditions. The release of EVs as previously discussed in cancer, 
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neurodegenerative or other diseases alludes to a biological function. Whether it is a 

protective or pathogenic signal remains elusive. In a protective role, the cells may get rid of 

pathogenic or oncogenic proteins/RNA through EVs so as to minimize the damage within 

[99]. Alternatively, the EVs could be used as amplifiers to spread pathogenic molecules 

between cells. Even though EV mediated signaling remains a grey area, it can be concluded 

that the exact role of EVs will depend on the precise conditions and functional state. May be 

the role of senescence secreted EVs may be a mixed blessing in disease progression.

Conclusions

There is an explosion of interest in the functional studies as well as applications of EVs 

especially in the last decade. Even though the importance of EVs in distant cell 

communication is recognised, its complex role in physiological and pathological conditions 

is yet to unwind. Additionally, there are many issues in the EV field which need to be dealt 

with in order to harness its true potential. The different terminologies used to name EVs 

need to be standardized and a general consensus agreed upon. In addition, very little is 

known about the role of EVs in homeostasis. In addition, functional studies conducted so far 

have demonstrated the role of EVs in vitro using varying amount of exosomes and the 

physiological concentration remains elusive. Hence, in the physiological context, the 

stoichiometry of EVs needs to be understood in order to completely understand the 

mechanism of EV-based functional response.
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Figure 1. EV mediated signalling in tumor microenvironment
Cancer cell secreted EVs are known to influence cancer progression. EVs can elicit various 

signalling pathways inducing proliferation, anchorage-independent growth and metastasis. 

EVs can trigger endothelial cells to promote angiogenesis, apoptosis of immune cells and 

increase the secretion of growth factor from stromal cells.
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Figure 2. EV-mediated signaling in recipient cells
Protein sorting during MVB formation results in packaging of key molecules in exosomes. 

Exosomes bound-signaling ligands once released from host cells interacts with the receptors 

on the recipient cells to induce downstream signaling cascades pivotal in the initiation and 

progression of cancer. This horizontal transfer of proteomic content of exosomes can 

mediate signaling pathways including Wnt, PI3K and TGFβ in recipient cells.
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Figure 3. Neuronal EV-mediated release of proteins implicated in neurodegenerative diseases
EVs released from infected neurons carry disease associated proteins; PrPSc, α-synuclein, 

Aβ, tau, SOD1 and possibly including α-synuclein and Aβ aggregates. Exosomal release and 

transfer to surrounding neuronal cells may facilitate in neurodegenerative disease 

progression.
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