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Abstract 

Extracellular vesicles are secreted by a wide variety of cells, and their primary functions include 
intercellular communication, immune responses, human reproduction, and synaptic plasticity. Their 
molecular cargo reflects the physiological processes that their cells of origin are undergoing. Thus, many 
studies have suggested that extracellular vesicles could be a promising biomarker tool for many diseases, 
mainly due to their biological relevance and easy accessibility to a broad range of body fluids. Moreover, 
since their biological composition leads them to cross the blood-brain barrier bidirectionally, growing 
evidence points to extracellular vesicles as emerging mirrors of brain diseases processes. In this regard, 
this review explores the biogenesis and biological functions of extracellular vesicles, their role in different 
physiological and pathological processes, their potential in clinical practice, and the recent outstanding 
studies about the role of exosomes in major human brain diseases, such as Alzheimer’s disease (AD), 
Parkinson’s disease (PD), multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), or brain tumors. 

Key words: Exosomes; extracellular vesicles; Alzheimer’s disease; Parkinson’s disease; glioblastoma; multiple sclerosis, 
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1. Introduction 
Intercellular communication involves various 

molecules such as RNA, amino acids, lipids, 
metabolites, and proteins, which are commonly 
packaged into extracellular vesicles (EVs) (1). EVs are 
membrane-enclosed structures surrounded by a 
phospholipid bilayer membrane secreted by different 
cells, whose constituents reflect their cells of origin 
and their physiological and pathological processes (1). 
Several reports have highlighted that these EVs acts 
like messengers in intercellular communication, 
conveying information to neighboring or remote cells.  

EVs encompass three major subcategories: 
apoptotic bodies, microvesicles, and exosomes. The 
largest of the EVs are the apoptotic bodies and 
microvesicles. These EVs directly originate from the 
invagination of the plasma membrane in an endocytic 
process. Exosomes, the smallest EVs, are located in 
multivesicular bodies (MVBs) formed intracellularly 
by multiple invaginations of the late endocytic 
membrane (2).  

A growing number of studies have suggested 
that EVs could be a promising tool as new biomarkers 
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for many diseases, mainly due to their biological 
relevance and easy accessibility to a broad range of 
body fluids (3). Moreover, it has been reported that 
cells suffering from any pathological process, such as 
cancer cells, release more EVs than healthy cells (4,5). 
Thus, the appearance of EVs with specific cargoes and 
surface markers of a wide variety of pathological 
processes has been described in different human 
diseases such as AD (6), cancers (7), cardiovascular 
diseases (8), sarcoidosis (9), or prion diseases (10), 
among others.  

In this review, we explore the biological 
functions of EVs, their role in different physiological 
and pathological processes, their potential in clinical 
practice, and the recent findings about the role of EVs 
in major human brain diseases.  

2. Biogenesis and main hallmarks of EVs 
EVs biogenesis is initiated by plasma membrane 

invagination of the origin cell. The first invagination 
forms a structure that includes cell-surface proteins 
and soluble molecules associated with the extracel-
lular matrix, such as ions, metabolites, peptides, or 
lipids (Figure 1) (11). This leads to the formation of a 
new early endosome (ESE). The primary endosome 

may also fuse with ESEs pre-formed by the 
endoplasmic reticulum (ER), Golgi network (GN), and 
mitochondria. Likewise, the ESEs could also fuse with 
the ER and TGN, which could explain how the 
endocytic cargo reaches these organelles and vice 
versa. Then, ESEs evolve into late endosomes (LSEs), 
where the exchange between the components of the 
endosome and those present in the cytosol is 
significantly increased. The second invagination of 
LSEs leads to the generation of intraluminal vesicles 
(ILVs). In this step, proteins (originally belonging to 
the cell surface) could be distinctly distributed among 
ILVs. Moreover, depending on the invagination 
volume, ILVs of different sizes and variable content 
could be found (11). 

Encapsulating several ILVs (future EVs) 
generates MVBs, also known as multivesicular 
endosomes (2). Then, MVBs can follow several routes: 
(i) MVBs can fuse with autophagosomes, whose 
content will undergo degradation in the lysosomes; 
(ii) MVBs can directly fuse with lysosomes for 
degradation, and the cells could recycle the 
degradation products; (iii) MVBs that escape this 
trajectory are transported to the plasma membrane 
through the microtubule network and the 

 

 
Figure 1. Biogenesis pathway of extracellular vesicles. (1) Endocytosis. Invagination of plasma membrane, involving extracellular constituents together with cell surface 
proteins. The resulting endosome membrane presents with outside-in plasma membrane orientation. (2) Formation of the endosome. This budding process leads to the 
formation of early sort endosomes (ESEs) or possible fusion of the bud with endosomes pre-formed by the endoplasmic reticulum (ER), Golgi network (GN) and mitochondria. 
Then, ESEs give rise to late sort endosome (LSEs). (3) Formation of the multivesicular body. Second invagination in the LSE leads to the generation of intraluminar vesicles 
(ILVs), which in turn give rise to multivesicular bodies (MVBs) with defined cargo of ILVs (future exosomes). (4) MVBs fusion. The MVB can fuse either with lysosomes or 
autophagosomes to be degraded. (5) Exocytosis. MVBs can be transported to the plasma membrane through the cytoskeletal and microtubule network and dock on the luminal 
side of the plasma membrane. Exocytosis involves the release of the extracellular vesicles, like exosomes, microvesicles and mitovesicles (extracellular vesicles of mitochondrial 
origin) with a similar lipid bilayer orientation as the plasma membrane. 
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cytoskeleton (2). On the luminal side of the plasma 
membrane, MVB-docking proteins facilitate a docking 
process between the MVB and the lipid bilayer. 
Finally, exocytosis results in the release of EVs (Figure 
1). 

EVs can be divided into different types based on 
their size and origin: exosomes are 30–150 nm in size 
and derived from intracellular vesicles (multivesi-
cular bodies, a form of late endosome); microvesicles 
directly bud off the plasma membrane and are usually 
between 100 and 1000 nm; mitovesicles, EVs with 
mitochondrial content and similar size and route than 
exosomes; while apoptotic bodies are generated from 
dying cells and are generally between 100 and 5000 
nm (12).  

EVs frequently contain apoptosis-linked gene 2 
interacting protein X (ALIX), endosomal sorting 
complexes required for transport proteins (ESCRT), 
Ras-related protein GTPase Rab, soluble N-ethylma-
leimide–sensitive factor attachment protein receptor 
(SNARE), tumor susceptibility gene 101 (TSG101), 
syntenin-1, syndecan-1, ceramides, phospholipids, 
sphingomyelinases, and tetraspanins (13). In addition, 
CD9, CD81, CD63 or flotillin are commonly used as 
surface biomarkers for EV tracking. However, it is 
remarkable that these molecules are not only present 
in exosomes surface and they are also found, for 
example, in multinucleated giant cells (14). Likewise, 
EV cargo can contain DNA, RNA, metabolites, amino 
acids, different types of cell surface proteins, and 
intracellular proteins (15).  

The heterogeneity of EVs is large and is mainly 
determined by four factors (2,16): (i) EVs’ size, which 
could be due to uneven invagination of the MVB’s 
limiting membrane, affecting the different amounts of 
EVs content; (ii) e EVs’ content that may involve 
extracellular matrix, membrane, cytosolic and nuclear 
proteins, lipids, metabolites, and nucleic acids 
(noncoding RNA species and DNA). The inherent 
biology conditions this cargo and the 
microenvironment of the cells of origin; (iii) EVs’ 
origin: Different cells and organs use EVs as a tool for 
intercellular communication. Heterogeneity can be 
found in the tissue of origin, giving them different 
properties such as uptake by specific cell types or 
tropism toward certain organs; (iv) functional impact: 
The effects of EVs on target cells can be different due 
to the diversity of cell surface receptor expression. 
This can result in EVs inducing cell survival, 
apoptosis, or immunomodulatory functions (17).  

3. Physiological functions of EVs 
The biological functions of EVs are complex and 

diverse. Some of their cellular pathways are not yet 
completely understood, as well as their paracrine, 

autocrine, or endocrine activity (18,19). However, it is 
well known that EVs play a vital role in cellular 
intercommunication (20). In this process, both EV 
uptake and secretion pathways coexist, resulting in a 
mixed production of EVs (newly synthesized or 
recycled) over time (2,20). This horizontal transfer of 
material mediated by EVs exchange causes various 
phenotypic and molecular alterations in the receptor 
cells of the different organs and tissues. Likewise, it 
has also been reported that the “turnover rate” of 
internalized EVs may vary depending on the 
metabolic state of the recipient cell (2). Thanks to the 
wide range of molecules that EVs can carry, this 
cellular communication strategy leads to much more 
complex events than the signaling mediated by a 
single ligand and receptor. Several mechanisms have 
been described by which bioactive molecules 
transported by EVs affect target cells: (i) epigenetic 
reprogramming of recipient cells through delivery of 
functional proteins, lipids, ions, and RNAs; (ii) 
transfer of activated receptors to recipient cells; and 
(iii) direct stimulation of target cells through 
surface-bound ligands (11).  

Different mechanisms are associated with EV 
uptake (Figure 2). For example, it has been described 
that the uptake of EVs in human pancreatic cancer 
cells is caused by macropinocytosis through 
oncogenic signals induced by the expression of 
mutant KRAS (21,22). In human melanoma cells, this 
uptake is carried out through the fusion of the EV 
with the plasma membrane (23). It is currently 
unknown why this variation exists and whether the 
uptake of EVs results in a different functionality from 
that of the EV constituents themselves (24). Tracing 
the intercellular exchange of EVs is also a great 
challenge today. Several in vivo studies explored 
different genetic strategies in animal models. Under 
physiological conditions, these studies demonstrated 
that EVs do not usually deliver mRNA to a recipient 
cell. In contrast, this delivery, promoted by the 
activation and expansion of EV-producing immune 
cells, was increased in mouse models of acute and 
chronic inflammation (25). Likewise, therapeutic 
interventions can also influence EV uptake. In this 
regard, Parolini et al. showed that the inhibition of 
proton pumps led to an inhibition of EV uptake. The 
acidification of the cellular pH increased the EV 
release and uptake in melanoma cell lines (26).  

EVs have also been shown to be involved in 
maintaining and improving synaptic plasticity and 
neurotransmission in the adult brain, which is crucial 
for cognitive function (27). It has been shown that EVs 
modulate synaptic activity in rapid and progressive 
manners and have some similarities with synaptic 
vesicles in biogenesis, content, and function Together 
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with neurons, glial cells, such as astrocytes and 
microglia, are mediated by neural synaptic plasticity 
processes (28). Active zones on the presynaptic 
plasma membrane are responsible for depositing 
synaptic vesicles into the cytoplasm of the nerve 
terminal. This synaptic vesicle exocytosis is typical of 
synaptic neurotransmission (27). However, signal 
transduction of neurons through the secretion of EVs 
can also induce a wide range of neurobiological 
functions, including synaptic plasticity (29). In this 
regard, Bahrini et al. demonstrated that PC12 
cell-derived EVs could stimulate synaptic pruning by 
enhancing the complement component 3 level in 
microglial MG6 cells. Furthermore, it has also been 
described that neuronal-derived EVs might affect 
synaptic plasticity by managing the number of AMPA 
receptors for glutamate transmission (30). Addition-
ally, increased secretion of EVs derived from cortical 
neurons, which carry neurotransmitter receptors, led 
to enhanced glutamatergic activity (30). 

Numerous mechanisms of intercellular commu-
nication are orchestrated by neuron-glia homeostasis 
balance. EVs are involved in the physiological 
interactions between all the cells that compose the 
neurovascular unit. In addition, EVs are present in 
neuronal tissue’s intrinsic development and 
protection processes (27). Evidence has indicated that 
communication between glia and neurons through 
EVs is required for neuronal growth and cell survival 

(31,32). The protection of neurons by astrocyte- 
derived EVs is dependent on astrocyte-derived EV 
PrP transport into neurons, a physiologically 
important receptor protein that protects against 
oxidative stress in the CNS (33). Other studies indicate 
that oligodendrocyte- and microglia-derived EVs 
transfer several enzymes to neurons, thus 
contributing to different energy metabolism pathways 
(34,35). All these processes comprise normal brain 
function. 

The role of EVs in innate immune responses and 
their homeostasis has been extensively studied (36–
41). Several mechanisms have been described by 
which EVs contribute to this physiological function: 
(i) induction of signaling pathways by ligands present 
on the surface of EVs; (ii) transfer and presentation of 
antigenic peptides; (iii) gene-expression promoted by 
EV miRNA cargo; and (iv) the delivery of DNA- 
inducing cyclic GMP-AMP synthase stimulators of 
interferon genes in recipient cells, in which sensing of 
cytosolic DNA triggers the expression of a type I IFN 
response and inflammatory gene expression (2). EVs 
secreted by antigen-presenting cells (APCs) carry 
p-MHC-II and costimulatory signals. This directly 
presents the peptide antigen to specific T cells to 
induce their activation. However, T-cell stimulation 
by APCs is more effective than EV stimulation (42–
44). The role of EVs in antigen presentation has also 
been described in the context of bacterial infection (2). 

 
Figure 2. Physiological pathways of extracellular vesicles’ biological uptake. 
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EVs could enhance antibacterial immune responses 
by promoting bacterial antigen presentation from 
macrophage-derived EVs, which subsequently 
influences the adaptive immune response (45). 
Likewise, Patil et al. also demonstrated the opsoni-
zation role of EVs in mediated phagocytosis of dead 
cells in the injured heart (46). The nucleic acids’ EV 
cargo, mainly DNA and miRNAs, has also been 
identified to regulate innate and adaptive immune 
responses. EVs DNA has been shown to play a role in 
cancer progression, and miRNA transfection may also 
regulate the immune response by influencing gene 
expression and signaling pathways in recipient cells 
(2). 

EVs are present in breast milk, amniotic fluid, 
and semen, suggesting that EVs possess putative 
functions in human reproduction, pregnancy, and 
embryonic development (2). Seminal plasma EVs 
have been implicated in sperm maturation (47). The 
miRNA signature of EVs has been found to play a 
vital role in the expression of interleukins involved in 
genitalia-resident immunity and the prevention of 
infections in the placenta (48). Moreover, miRNAs 
and the protein cargo of plasma EVs dynamically 
evolve during pregnancy (49). EV-derived miRNAs in 
breast milk also seem to promote postnatal health and 
growth (50).  

Finally, another biological function of natural 
EVs is wound healing. EVs derived from bone 
marrow mesenchymal stem cells have been shown to 
activate several signaling pathways in the wound 
healing process, such as STAT3, ERK, and Akt (51). 
Likewise, they are also implicated in the expression of 
many wound healing-related growth factors, such as 
nerve growth factor, insulin-like growth factor 1, 
stromal cell-derived factor 1, or hepatocyte growth 
factor (51). In addition, several studies have pointed 
out the crucial role of EVs in controlling the 
inflammation associated with wound healing. The 
release of EVs by mesenchymal stem cells creates a 
suitable microenvironment through the transfer of EV 
miRNA. This micro RNA could regulate the 
expression of important immuno-modulators that 
fine-tune, for example, the TLR-induced NFκB 
signaling pathways and their downstream targets, 
thus reducing the inflammatory process surrounding 
wounds without associated toxic effects (52).  

4. Isolation techniques 
The purification of EVs is mandatory for most 

downstream analysis techniques. However, the 
separation is challenging due to the EVs’ unique 
structure, complexity, and low concentration in 
complex biologic matrices. Among the different 
methods for EV isolation, differential and density 

gradient centrifugation, size exclusion chromato-
graphy, filtration, and polymer-based precipitation 
are the most popular. 

Differential centrifugation remains the most 
commonly used technique for physically EVs 
isolation. The main objective of this method is to 
eliminate particulate interferents, including dead cells 
and debris, by successive centrifugation steps. An 
updated protocol with minor changes in 
centrifugation rate and times was recently proposed 
(53). In brief, four successive centrifugations are 
necessary to separate: 1) cells at 300 g; 2) dead cells 
and large cell debris at 2,000 g; 3) large and 
medium-sized EVs (or apoptotic bodies and 
microvesicles) at 10,000 g; and 4) small EVs (or 
exosomes) at 100,000 g. Differential centrifugation is a 
well-established and moderately time-consuming 
method that can be used with little or no sample 
pre-treatment. In addition, this approach is generally 
less expensive than density-gradient centrifugation 
and can provide high yields because EVs s are 
concentrated in the residual pellet, which contains 
fewer contaminants (54). In contrast, differential 
ultracentrifugation methods require costly equipment 
and can contribute to mechanical damage and low 
purity due to the co-existence of other non-EV vesicles 
and protein aggregates.  

Size-exclusion chromatography (SEC) is a 
technique for separating particles based on their size. 
The interaction of the analysed particles with 
heterosporous polymeric beads results in hydrody-
namic radius separation (55). Compared to individual 
proteins, protein aggregates, and other contaminants, 
the relatively larger size of EVs leads to high EV 
purity even from complex biologic matrices. 
Sepharose-based SEC columns are the most 
commonly used for EV isolation. For example, 
Sepharose CL-2B (Sigma-Aldrich Inc., St. Louis, MO, 
USA) can separate vesicles of 70 nm in diameter or 
larger. Although long elution times can occur, the 
mild conditions and reagent compatibility minimally 
affect EVs’ biological activity, contributing to 
maintaining the integrity of the proteins and enzymes 
present in the EVs. The resulting high purity of these 
preparations enables their use for high-demanding 
“omics” downstream applications. The main short-
coming is related to the fact that the EVs are not 
preconcentrated by this strategy. It is important to 
note that commercial pre-packed Sepharose columns 
are specifically designed for EV isolation. These 
include Exopure™ (BioVision, Milpitas, CA, USA), 
PURE-EVs Columns (HansaBioMed, Tallinn, Estonia), 
and qEV Exosome Isolation (Izon Science, 
Christchurch, Canterbury, New Zealand). 

As an alternative, microfiltration and ultrafiltra-
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tion membranes can also be used for EVs isolation 
and, in some instances, in combination with 
ultracentrifugation and SEC. This approach is based 
on pore size filtration that allows particles with 
specific sizes or molecular weights (MW) to pass 
through while retaining larger-sized particles. Some 
commercial membranes are available in various pore 
sizes (800-100 nm). These include ExoMirTM (Bioo 
Scientific Corporation, Austin, TX, USA), Durapore® 
Membrane Filter (Merck Chemicals & Life Science 
S.A., Darmstadt, Hessen, Germany), Vivaspin® (Sar-
torius Lab Instruments GmbH & Co. KG, Goettingen, 
Lower Saxony, Germany), and the exoEasy Maxi Kit 
(Qiagen, Hilden, North Rhine-Westphalia, Germany). 

Polymer-based precipitation relies on precipi-
tation using polymers such as PEG (56). The principle 
of polymer-based precipitation is to use a reagent that 
binds to water molecules, thereby forcing the 
less-soluble components, such as EVs, to sediment, 
thus allowing collection by short, relatively low-speed 
centrifugation or filtration. Some commercial kits 
based on this approach include ExoQuick™ (System 
Biosciences, Mountain View, CA, USA), Exo-spin™ 
(Cell Guidance Systems, Babraham, Cambridge, UK), 
ExoPrep (HansaBioMed, Tallinn, Estonia), Exosome 
Purification Kit (Norgen Biotek, Thorold, Ontario, 
Canada), miRCURY Exosome Isolation Kit (Exiqon, 
Vedbaek, Denmark), and Total Exosome Isolation 
Reagent (Life Technologies Corporation, Carlsbad, 
CA, USA). Although costly, these polymer-based 
precipitation kits are user-friendly, rapid, and 
effective in isolating EVs in the 40-180 nm range while 
excluding larger EVs. Moreover, these kits have lower 
sample volume requirements, thus making them ideal 
for clinical use (57). However, this technique by itself 
is not useful for the isolation of EV from a specific 
cellular origin, since it is based on a non-specific 
polymer precipitation. 

Immunomagnetic separation (IMS) uses 
biologically-modified magnetic particles (MPs) that 
can specifically bind targets. MPs are powerful and 
versatile separation and pre-concentration tools used 
in various analytical and biotechnology applications 
(58,59). MPs can be coated with antibodies to 
EV-receptor molecules. Once captured, a magnetic 
field is applied to separate the EV-coated MPs from 
the biologic matrix, thus significantly reducing matrix 
effects and contamination (60,61). Commercial super-
paramagnetic Dynabeads® M-450 Tosylactivated 
(Life Technologies Corporation, Carlsbad, CA, USA) 
(4.5 µm in diameter) are some of the MPs most 
commonly used to achieve this task. Other types of 
MPs are widely available from System Biosciences, 
Pierce, Miltenyi Biotec, HansaBioMed, Aethlon 
Medical, and New England Peptide, among others. 

Moreover, there are commercially available kits for 
separating EVs based on this principle, such as the 
MagCapture exosome isolation kit (Wako Life 
Sciences, Richmond, VA, USA). Likewise, several EV 
receptors have been used for IMS, including the most 
common tetraspanins CD9, CD63, and CD81 (60,61). 
The main advantage of the IMS is the ability to isolate 
EVs by a specific immunological reaction, separating 
an EV subpopulation expressing a biomarker. 
Moreover, IMS is a very gentle approach that ensures 
both EV integrity and purity. It is easy to carry out by 
one-step incubation with the sample to form 
EV-magnetic particle complexes and does not require 
benchtop instrumentation. However, a remarkable 
disadvantage is that IMS is significantly more 
expensive than SEC, polymer-based precipitation, and 
filtration.  

Finally, although EVs are commonly described 
to be isolated from body fluids and culture medium, 
there are also been described several methods to 
extract them from different tissues, including the 
brain. Most common method is based on a sucrose 
gradient ultracentrifugation of brain homogenates 
(62,63). Briefly, post-mortem tissues (previously 
stored at −80°C) are sliced lengthways on ice using a 
razor blade or cryostat (for human and mouse brains 
respectively) to generate wide sections of brain. The 
slices are homogenized and immersed in collagenase 
to dissociate the tissue. After a few cycles of 
centrifugations in PBS medium, the supernatant is 
overlaid on a triple sucrose cushion and 
ultracentrifuged during 3h at 180,000 × g (average) at 
4°C. Obtained fractions are separated and diluted 
with ice-cold PBS and spun at 100,000 × g (average) at 
4°C for 1 h to pellet the vesicles, and characterized to 
determine the nature of the vesicles. In addition, SEC 
is sometimes included after sucrose gradient to 
enhance the purity of obtained EVs fractions (64). The 
main advantage of this method, compared with 
previous methods in which tissue is subjected the 
tissue to filtering, blending and/or homogenization 
(65,66), or vortexing (67), is the enhancement of 
isolation enrichment, EVs purity and EV structure 
integrity preservation. 

5. Biomedical applications of EVs 
EVs have been considered as a molecular mirror 

of the cells they originate from and as potential targets 
for determining the state of cells in pathological 
conditions (68). Furthermore, they can be found in 
many biological fluids such as blood, CSF, urine, 
saliva, and milk (69), making them accessible 
biomarkers for complex diseases. Specifically, when 
focusing on neuronal diseases, the ability of EVs to 
cross the blood-brain barrier (BBB) makes them 
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promising diagnostic and therapeutic biomarkers (70–
72). However, there is little evidence about EVs 
crossing and there is needed more evidence to clarify 
the penetration process of EVs through the BBB. 

Also, their role in intercellular communication 
opens an opportunity for their modification for 
therapeutic use. 

5.1 The diagnostic capability of EVs 
EVs are released into body fluids, allowing us to 

obtain representative information in biological fluids 
from less-accessible organs, as is the case of the central 
nervous system, during non-invasive procedures such 
as liquid biopsies. They reflect the cellular changes in 
pathobiology, even in the early stages. Because of this, 
the circulating EVs are a promising source of novel 
biomarkers for diagnosing and monitoring brain 
diseases. Some proteins are found to be ubiquitously 
useful as EV general markers (68,73,74). On the other 
hand, not only are proteins used as biomarkers but 
miRNA EVs expression patterns have also been 
reported to change in different brain diseases, such as 
AD and PD (75,76). These changes have been 
observed in different biofluids, such as CSF, serum 
and plasma (77).  

Unfortunately, realizing the potential of these 
vesicles as biomarkers will require technical 
improvements since the EVs are exceptionally 
challenging to characterize with current technologies. 
EVs have a diameter of 30 to 200 nm, putting them 
outside the sensitivity range of most cell-oriented 
sorting or analysis platforms, such as classical flow 
cytometers. To date, the most common methods for 
targeting EVs have involved purification followed by 
specific characterization of their cargo (78). Isolation 
of the EVs is best performed with differential 
ultracentrifugation. Purification can also be done with 
precipitation, size-exclusion chromatography, or 
ultrafiltration (79). Lately, immunomagnetic separa-
tion is also used to isolate EV populations based on 
the universal membrane proteins, including CD9, 
CD63, or CD81 (80), although as described above, 
they are not only specific of EVs’ surface (14). 
Identification of membrane vesicles as EVs also 
requires morphological analysis (78). EVs can only be 
visualized with an electron microscope, given their 
small size. Nanoparticle tracking analysis (NTA) is 
usually used to count the EVs, followed by down-
stream processes for specific detection, including 
LC-MS/MS and Western Blot for proteins and qPCR 
for genetic material. The whole procedure is 
time-consuming and requires skilled personnel, 
laboratory facilities, and benchtop instrumentation. 
Current gold standard methodologies have limita-
tions in isolating, detecting, and characterizing EVs 

with high specificity, sensitivity, and simplicity (56).  
Numerous simplified analytical methods with 

various readouts have been reported recently for 
detecting EVs, including optical immunoassays (60), 
and electrochemical biosensors (61,81), among many 
others. In addition to their potential role as 
biomarkers, EVs are designed to carry molecular 
cargo from one cell to another (82). The EVs could 
thus be loaded with therapeutic cargo, enabling 
highly targeted delivery of drugs to specific types of 
cells while sparing all other cell types from damage 
(83).  

5.2 The therapeutic potential of EVs 
EVs are garnering considerable interest as 

promising candidates for therapeutic purposes due to 
their molecular-specific characteristics and carrying 
properties. In fact, EVs by themselves or as vehicles 
for the delivery of drug payload(s) are being actively 
explored as therapeutic agents. They are stable, 
biocompatible, can avoid the activation of the 
immune system, contain proteins that can prevent the 
activation of the coagulation cascade (84,85), and have 
been described to be able to cross blood vessels 
(including the BBB) (86), although this event must be 
deepen analyzed in further studies. All these 
characteristics confer them less toxicity and a lower 
clearance ratio compared to other therapeutic 
strategies. Moreover, EVs have cell tropism, allowing 
drug delivery specificity and are suitable for the 
transport of biological drugs such as proteins or 
nucleic acids (as short interference RNA (siRNA) or 
micro-RNA (miRNA)) (70,83). This nucleic acid cargo 
is also able to modify protein expression for 
therapeutic purposes. Besides these features, natural 
EVs are not enough for efficient therapeutic use, and 
they must be modified appropriately. Enrichment of 
EVs based on their surface ligand presentation may 
also enable the development of receptor-mediated 
tissue targeting (56). Pre-secretory drug loading and 
post-secretory drug loading are the two most 
common strategies for loading therapeutic cargo. In 
the pre-secretory way, the modification is performed 
in the cells that produce the EVs, while in the 
post-secretory way, modifications are performed 
directly on the EV surface or into its membrane (by 
electroporation, sonication, and other procedures) 
(56).  

6. The role of EVs in neurological 
diseases 
6.1 EVs in Alzheimer’s disease 

Dementia was the fifth-leading cause of death in 
2016 (87). AD is the most common form of dementia 
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worldwide, constituting up to 50–80% of cases (87). 
AD is commonly diagnosed symptomatically through 
the occurrence of significant memory loss, global 
cognitive decline, and an overt impairment of daily 
life activities. Later in the course of the disease, the 
breakdown of physical functions, such as walking, 
swallowing, and general movement, ultimately leads 
to death (88). EVs have an important role in AD as 
they carry pathogenic proteins and spread them 
across the brain. Moreover, they are capable of 
inducing apoptosis of astrocytes by impairing 
neuronal function (89). EVs are involved in APP 
cleavage. Some proteases like BACE 1, PSEN 1, PSEN 
2, and ADAM10 are present in MVB and exosomes. 
Furthermore, EVs can deliver mRNA that activates 
toll-like receptors, which upregulate the levels of 
proteases BACE1, PSEN1, and PSEN2 (89). A PS gene 
mutation reduces Cystatin C (CysC) in EVs, which 
decreases soluble APP, and increases Aβ1-42 

production (90). In this sense, Pérez-González et al. 
demonstrated that EVs containing CysC showed 
neuroprotection properties in cultured cells, as well as 
EVs secreted by CysC-deficient cells treated with 
exogenous human CysC significantly enhanced the 
survival of the cells (91). Other molecules 
participating in APP metabolisms, such as Grb2 or 
tetraspanin 6, have also been detected in EVs (77). 
Likewise, and study carried out with exosomes from 
human brain tissue showed that the exosome 
secretory pathway transports APP carboxyl-terminal 
fragments from the cell into the brain extracellular 
space (65). Moreover, ALIX, an EV marker, has been 
found in the senile plaques of AD brains (89). 
Astrocytes surrounding the senile plaques uptake Aβ 
peptide and release EVs with apoptotic proteins that 
lead to the apoptosis of astrocytes even if they have no 
contact with Aβ (77). However, EVs have also been 
described to possess neuroprotective effects in AD. 
The surface protein PrPc sequesters the Aβ oligomers, 
thus reducing the Aβ accumulation. Similarly, 
microglia can remove Aβ- EVs by recognizing 
nSMase2 and EV uptake, decreasing the extracellular 
Aβ levels (92). Microglia-derived exosomes (MDEs) 
also contribute to spreading pathogenic tau (89). 
Interestingly, mouse tauopathy models that have 
depleted microglia have shown an inhibition of tau 
propagation (92). The genotype has also been related 
to EVs in AD. A study conducted in n human 
postmortem tissues and humanized mouse models for 
apolipoprotein E showed that the apolipoprotein E4 
genotype leads to downregulation of exosome 
biosynthesis and release (93).  

Many studies are currently evaluating the 
potential of EVs as diagnostic and therapeutic tools in 
AD (Table 1). In that sense, Goetzl et al. explored the 

functionally specialized synaptic protein cargo of 
plasma neuronal-derived exosomes (NDEs) of 
patients with AD dementia and frontotemporal 
dementia (FTD) (94). One of the main molecular 
changes in the early stages of AD is the altered 
synaptic protein levels (95,96). They found that four 
synaptic proteins (synaptophysin, synaptopodin, 
synaptotagmin, and neurogranin) were significantly 
decreased not just in AD patients but also in FTD 
patients. Moreover, the serine 9 phosphorylation of 
synapsin 1 was reduced in AD and FTD, indicating 
that the protein’s functionality is also altered. Only 
AD patients exhibited a significant reduction in 
GAP-43 and synapsin 1 levels. Taking these together, 
the authors suggest that NDE synaptic proteins may 
be useful for preclinical dementia detection and 
disease progression (94). The same authors found that 
protein levels of presynaptic proteins NPTX2, 
NRXN2α, and their postsynaptic partners AMP4 and 
NLGN1 were significantly decreased in plasma NDEs 
and correlated with cognitive loss (97). Additionally, 
except for NPTX2, these proteins were found to be 
reduced even in preclinical AD patients, and all of 
them declined with AD progression (97).  

Liu et al. also studied the potential of the synaptic 
protein neurogranin (Ng) as a neurodegeneration 
biomarker in plasma exosomes (98). In recent years, 
clinical studies have reported that CSF and blood Ng 
levels are closely related to the occurrence and 
subsequent progression of AD (99–101). Thus, the 
authors conducted a meta-analysis including 4661 
individuals, of which 187 were selected for exosomes 
analysis. Ng levels were found to increase in CSF but 
decrease in plasma exosomes of patients with AD and 
mild cognitive impairment (MCI)-AD and to be 
highly associated with cognitive decline. Interest-
ingly, the concentration of Ng in plasma exosomes of 
AD and MCI patients was lower than that of healthy 
controls. Moreover, this concentration was also lower 
in MCI-AD patients than in those with a stable MCI 
diagnosis (98). Nielsen et al. evaluated the protein 
cargo of plasma-derived EVs related to neurological 
and inflammatory processes in patients with AD, 
MCI, and healthy controls (102). They analyzed 182 
proteins by using the proximity extension assay 
technology of Olink proteomics (103–105). Although 
no group differences in particle concentration or size 
were found in EVs samples, the CLEC1B/CCL11 ratio 
showed diagnostic capabilities between healthy 
controls and AD. Similarly, Winston et al. predicted 
conversion from MCI to dementia through the study 
of plasma NDE protein profiles (106). In this study, 
the authors also found that Ng levels were 
significantly lower in AD and MCI-AD compared to 
cognitively normal controls. In contrast, the levels of 
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p-tauT181, p-tauS396, and Aβ1–42 in plasma NDEs were 
significantly higher than those in AD NDEs. In 
addition, the authors proved that NDEs contribute to 
AD pathology by injecting plasma NDEs from AD 
and MCI patients into wild-type mice. The results 

showed that mice injected with AD NDEs had more 
p-tau positive cells in the CA1 region of the 
hippocampus than those littermates injected with 
MCI NDEs (106). 

 

Table 1. Selected relevant studies of recent findings of EVs for the diagnosis and/or treatment of Alzheimer’s disease. 

Fluid of 
EVs 

Origin 
cell-type of 
EVs 

Isolation method Purpose of 
the study 

Target of study Type of study Main Results Reference 

Plasma Neurons ExoQuick®, isolation and 
immunoprecipitation 
(L1CAM) 

Diagnosis Synaptic proteins  Clinical NDE levels of synapsynaptophysin, synaptopodin, 
synaptotagmin-2, and neurogranin were significantly 
lower in patients with FTD and AD. NDE levels of 
growth-associated protein 43 and synapsin 1 were 
reduced only in patients with AD. 

Goetzl et 
al. 2016 

Plasma Neurons ExoQuick,® isolation and 
immunoprecipitation 
(L1CAM) 

Diagnosis NPTX2, NRXN2α, 
AMPA4 and 
NLGN1 

Clinical The NDE-derived proteins were significantly decreased 
in AD dementia. Diminished levels of AMPA4 and 
NLGN1 in NDEs correlated with the extent of cognitive 
loss. In a preclinical period, the NDE levels of all but 
NPTX2 were significantly lower than those of matched 
controls, and levels of all proteins significantly declined 
with the dementia conversion.  

Goetzl et 
al. 2018 

Plasma Total  - Diagnosis Neurogranin  Clinical  Ng levels increased in CSF, but decreased in blood 
plasma exosomes of patients with AD and MCI-AD, and 
were highly associated with cognitive decline.  

Liu et al. 
2020 

Plasma Total Ultracentrifugation Diagnosis Neurology and 
Inflammation 
proteins 

Clinical  Several proteins and their ratios could distinguish 
cognitively affected from healthy individuals. For plasma 
TGF-α | CCL20 (AUC = 0.96, 95% CI = 0.88–1.00, p = 
0.001) and EVs CLEC1B | CCL11 (AUC = 0.95, 95% CI = 
0.86–1.00, p = 0.001) showed diagnostic capabilities. 

Nielsen et 
al. 2020 

Plasma Neurons  ExoQuick®, isolation and 
immunoprecipitation 
(L1CAM) 

Diagnosis Protein cargo in 
NDEs 

Clinical / 
Pre-clinical 
(In Vivo) 

Pre-Clinical: Mice injected with plasma NDEs from ADC 
patients displayed increased p-Tau positive cells in the 
CA1 region of the hippocampus. 
Clinical: Plasma NDE levels of P-T181-tau, P-S396-tau, 
and Aβ1–42 were significantly higher, whereas neurogranin 
and the repressor element 1-silencing transcription factor 
were significantly lower in AD and MCI converting to AD 
patients. 

Winston et 
al. 2016 

Plasma Neurons ExoQuick®, isolation and 
immunoprecipitation 
(L1CAM) 

Treatment  GHRH Clinical Exo-derived Aβ1-42, neurogranin, synaptophysin, 
synaptotagmin, and synaptopodin showed the highest 
diagnostic accuracy for distinguishing between CNC and 
MCI patients.  

Winston et 
al. 2018 

Plasma Astrocytes ExoQuick®, isolation and 
immunoprecipitation 
(GLAST/ACSA-1) 

Diagnosis  C1q, C4b, factor D, 
fragment Bb, C5b, 
C3b, C5b-C9,CD46, 
CD59, and type 1 
complement 
receptor 

Clinical  ADE levels of complement proteins were significantly 
higher in patients with MCIc than those with MCIs. ADE 
levels of inhibitory CPs decay-accelerating were 
significantly lower in patients with MCIc than those with 
MCIc.  

Winston et 
al. 2019 

Plasma Neurons  
ExoQuick®, isolation and 
immunoprecipitation 
(L1CAM) 

Prognosis pS312-IRS-1 and 
pY-IRS-1  

Clinical The change from baseline in insulin signaling molecules 
in neuronal-enriched EVs in response to an experimental 
treatment (20 IU of intranasal insulin) is associated with a 
change in cognition, which suggests engagement of the 
insulin cascade in the brain.  

Mustapic 
et al. 2019 

Serum Neurons Total Exosome Isolation 
kit (Invitrogen Life 
Technologies) 

Diagnosis  miRNA-135a, -193b 
and 384 

Clinical Both serum exosome miR-135a and miR-384 were 
up-regulated while miR-193b was down-regulated in 
serum of AD patients compared with that of normal 
controls. Exosome miR-384 was the best among the three 
miRNAs to discriminate AD, VaD, and PDD. 
Combination of miR-135a, -193b, and -384 was proved to 
be better than a particular one for early AD diagnosis 

Yang et al. 
2018 

Serum, 
CSF and 
culture 
medium 

Total  Total exosome Isolation 
kit (Invitrogen Life 
Technologies) 

Diagnosis miRNA-193b in 
ABCA1-labeled 
exosomes 

Preclinical ( In 
vivo and in 
vitro)/ 
Clinical 

ABCA1 and ABCA1-Labeled Exosomes Are Detected at 
High Levels in Neurons. ABCA1-Labeled Exosomal 
miR-193b Is Abundant in Serum and CSF from AD Model 
Mice. ABCA1-Labeled Exosomal miR-193b Levels Are 
Elevated in the CSF and Serum of AD Patients. 

Liu et al. 
2021 

Saliva Total  Ultracentrifugation Diagnosis Salivary exosomes Clinical Significant differences in salivary exosomes concentration 
among the groups of cognitively impaired and AD 
patients compared to the healthy control cohort.  

Rani et al. 
2021 

Ab1–42, beta amiloide peptide; ABCA1, ATP Binding Cassette Subfamily A Member 1; AD, Alzheimer’s disease; ADC, converting to AD; ADEs, astrocyt-derived exosome; 
AMPA4, GluA4-containing glutamate receptor; CA1, cornu ammonis 1; CPs, Levels of complement proteins; CNC; cognitively normal controls; CSF, cerebrospinal fluid; 
C1q, C4b, Complement Protein of classical pathway; C5b, C3b, and C5b-C9, Complement Protein of both patways; CD46,CD59, and type 1 complement receptor, Proteins 
of the inhibitory complement pathway; CDAT; dementia of the Alzheimer type; factor D and fragment Bb, Complement Protein of the alternative pathway; FTD, 
frontotemporal dementia; GHRH, Growth hormone-releasing hormone; MCI, mild cognitive impairment; MCIC, MCI converting to dementia within 3 years; MCIS, MCI 
remaining stable over 3 years; NDE, neuronal-derived exosomes; NG, neurogranin; NLGN1, neuroligin 1; NPTX2, neuronal pentraxin 2; NRXN2α, neurexin 2α; PDD, 
Parkinson’s disease with dementia; pS312-IRS-1, Insulin Receptor Substrate 1 Phospho-Ser312; P-T181-tau, phospho tau T181; P-S396-tau, phospho tau S396; pY-IRS-1, 
Insulin Receptor Substrate; SCD; Subjective cognitive decline; VaD, vascular dementia; 
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In a later study, the authors also evaluated the 
progression from MCI to AD dementia by analyzing 
the abnormalities of complement proteins (CPs) in 
plasma astrocyte-derived exosomes (ADEs) (107). 
Several pieces of evidence have suggested that 
complement system proteins may mediate the 
capacity of type A1 astrocytes to damage neurons 
(108–110). Moreover, astrocytes expressing type A1 
markers in areas of postmortem brain tissues affected 
by neuroinflammatory or neurodegenerative diseases 
have high levels of complement component 3 (C3) 
(111). In this case, ADEs showed significantly 
increased levels of some proteins from both the 
classical and alternative complement pathways. The 
CD46, CD59, and type 1 complement receptor levels 
were significantly lower in MCI converting patients 
than in stable MCI patients (107). The authors 
theorized that the increased C3b opsonization by 
neurons might be one of the causes of the attraction 
and neuronal toxicity mediated by microglia, while 
the high levels of the complex C5b-C9 might cause 
direct injury to neurons. However, further studies are 
needed to clarify which CPs could distinguish 
between stable and converting MCIs patients, their 
contribution to neurotoxic neuroinflammation, and 
their potential as predictive biomarkers (107).  

The same authors evaluated the biomarker 
profile variations in plasma NDEs from participants 
enrolled in a randomized, double-blind, placebo- 
controlled 20-week trial of growth hormone-releasing 
hormone (GHRH) administration (112). The beneficial 
effects of insulin growth factor 1 (IGF-1), whose 
release is stimulated by GHRH in physiological 
conditions, on brain health are well described, as is 
their reduction caused by aging, which has been 
associated with the development of AD (113–115). 
The authors found that concentrations of Ng, 
synaptophysin, synaptotagmin, and synaptopodin 
were significantly decreased in NDEs of patients with 
MCI, whereas Aβ1-42 was significantly increased, 
independent of GHRH treatment. On the other hand, 
p-tauS396 and GAP43 were not affected by cognitive 
status or GHRH treatment. Thus, even though NDEs 
biomarkers cargo showed promising results, the 
treatment with GHRH did not clarify its role in the 
clearing mechanisms associated with reducing AD 
neuropathology in the brain (112). Similarly, Mustapic 
et al. aimed to study the neuroprotection effect of 
insulin in the brain through the analysis of exosomes 
protein cargo. Thus, they measured the levels of 
pS312-IRS-1 and pY-IRS-1, biomarkers of insulin 
resistance, in NDEs to track the response of AD and 
MCI patients to intranasal insulin treatment (116). 
They found differences in both biomarkers in 
response to the 20 IU treatment but not for the placebo 

or 40 IU. Interestingly, these changes were also 
correlated with cognition scores (116).  

The study of the variabilities in the miRNA 
profile of the EVs is another of the most interesting 
approaches to this type of study. In this regard, Yang 
et al. evaluated the expression levels of exosomes 
miRNA-135a, miRNA-384, and miRNA-193b, which 
were observed to be involved in the regulation of APP 
and BACE1 in AD, vascular dementia (VD), and 
Parkinson’s disease patients (117). They found that 
miRNA-135a and miRNA-384 were upregulated 
while miRNA-193b was downregulated. The best 
candidate for differentiating between AD, VD, and 
PD was mi-RNA-384, while the combination of all 
three was proved to be better than a particular one for 
early AD diagnosis (117). 

Liu et al. also studied the diagnostic potential of 
miRNA-135a and miRNA-193b loaded into 
ATP-binding cassette transporter ABCA1-labeled 
exosomes in both preclinical and clinical samples of 
AD (118). ABCA1 mediates cellular cholesterol efflux 
in the brain and participates in neuroinflammation 
and neurodegeneration processes (119). The authors 
found that ABCA1-labeled exosomes containing 
miRNA-135a were able to cross the BBB and were 
increased in the CSF and serum of transgenic mice. In 
addition, ABCA1-labeled exosomal content of miR- 
135a was significantly increased in the CSF and serum 
of MCI and AD patients compared to those of the 
control group, agreeing with Yang et al.’s findings 
(118). In the study of miRNA-193b, the authors found 
that wild-type mice injected with ABCA1-exosomes 
from the CSF of APP/PS1 mice exhibited increased 
levels of miRNA-193b in both CSF and serum. As with 
miRNA-135-a, ABCA1-labeled exosomal miRNA- 
193b levels were also higher in both CSF and serum of 
MCI and AD patients compared with the control 
group (120). However, in this case, miRNA-193b 
appeared to be up-regulated in ABCA1-labeled 
exosomes of AD patients contradicting the results 
found by Yang et al. 

Other fluids have also been studied as a source 
of EVs. Moreover, the concentration of EV protein 
cargo per se has also been reported as a differential 
parameter of disease progression (121). In that sense, 
Rani et al. developed a new method based on 
nanoparticle tracking analysis to purify salivary 
exosomes from patients with AD, MCI, and VD. 
Using their method, the authors observed significant 
differentiation in salivary exosomal concentrations. 
Specifically, exosomes concentrations were found to 
be significantly higher in AD and MCI compared to 
controls, while they were slightly higher between AD 
and MCI groups (122). Moreover, pathological 
proteins (Aβ, p-tau, and Aβ oligomers/fibrils) found 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

731 

in exosomes of both AD and MCI were significantly 
higher than in control groups.  

6.2 EVs in Parkinson’s disease 
PD is characterized by a progressive loss of 

dopaminergic neurons, mainly present in the 
substantia nigra, accompanied by the degeneration of 
dopaminergic terminals in the striatum, thus leading 
to movement coordination impairments and cognitive 
decline, depression, or anxiety. It is the most common 
motor disorder and the second most prevalent 
neurodegenerative disease. It is incurable, with an 
unknown etiology in most cases. A systematic 
analysis for the Global Burden of Disease Study 2016 
pointed out that PD was the disease with the 
fastest-growing prevalence, disability, and death 
rates, affecting 1% of the population over the age of 
60, or 1-2 individuals over the age of 60 per 1000 
people at any given time (123).  

EVs have been observed to contain α-synuclein, 
the essential protein involved in the pathogenesis of 
PD. Acceleration of α-synuclein accumulation (124) 
and cytotoxic effects have been associated with 
α-synuclein EV uptake (125). EVs are involved in 
transmitting α-synuclein between cells, facilitating its 
propagation (126) and the pathogenesis severity (125). 
Interestingly, some PD genes such as LRRK 2, VPS 35 
and PARK 9 are related to the autophagic-lysosomal 
pathway of α-synuclein clearance (125). This pathway 
is inhibited or at least dysfunctional in PD subjects, 
thus leading to impaired protein clearance. This 
alteration increases EV release to avoid intracellular 
α-synuclein accumulation but enhances extracellular 
accumulation and the spread of PD pathophysiology 
(126). In fact, the pathological mutation of LRRK2 
resulted in an increase in the number of EVs due to an 
abnormal function of MVBs. Furthermore, it has been 
reported that the levels of PARK9 and EVs are 
positively correlated, thus suggesting that α-synuclein 
extracellular levels are modulated by PARK9 through 
EV secretion (125).  

Several studies have evaluated the diagnostic 
potential of EVs in PD and their role in disease 
spreading (Table 2). In that regard, Shi et al. evaluated 
the performance of blood α-synuclein as a PD 
biomarker through its analysis in plasma exosomes 
(127). Previous studies reported plasma α-synuclein 
to be inconsistent and generally ineffective for PD 
diagnosis (128). Preclinical in vivo findings showed 
that the α-synuclein could be transported from the 
brain to the peripheral blood into exosomes. 
Furthermore, they found that the patients with PD 
presented a higher concentration of α-synuclein in 

L1CAM-enriched plasma exosomes, which was 
significantly correlated with the disease severity. 
Although further studies are needed to clarify the 
physiopathology molecular mechanisms, the authors 
suggest that this increased efflux of α-synuclein into 
exosomes is a cleavage mechanism to reduce the 
α-synuclein central toxicity (127). About L1CAM, this 
transmembrane protein is expressed on neurons and 
widely used to isolate neuron-derived EVs (NDEVs) 
in human biofluids. However, there is much 
controversy about the utility of L1CAM to track 
neuronal origin exosomes. A recent study developed 
by Norman et al. aimed to understand why there was 
observed increased levels of α synuclein in NDEVs 
samples isolated by capture with an anti-L1CAM 
antibody (129). They showed that this increase were 
not related to EVs of plasma or CSF, but a nonspecific 
binding of soluble α-synuclein (and other soluble 
proteins) to the anti-L1CAM antibody (129). In this 
sense, further studies are needed to find a real specific 
marker of NDEVs and highlighting the importance of 
performing rigorous controls to exclude these false 
positives. 

Zheng et al. investigated α-synuclein species, 
oligomeric and phosphorylated α-synuclein in plasma 
exosomes as potential PD peripheral biomarkers 
(130). The authors found that aggregated α-synuclein 
and p-α-synuclein existed inside and on plasma 
exosomes’ membrane surfaces. In addition, the ratio 
of p-α-synuclein oligomer/total p-α-synuclein was 
shown to be moderately helpful in PD diagnosis (130). 

The utility of EVs is not only restricted to 
diagnosis purposes but also monitoring and treatment 
of PD. In this sense, Athauda et al. performed a 
proteomic assay in plasma exosomes of patients 
enrolled in a randomized, placebo-controlled clinical 
trial to assess the influence of Exenatide treatment on 
brain insulin and protein activity kinase B (Akt) 
signaling pathways (131). Exenatide, a glucagon-like 
peptide 1 agonist used in type 2 diabetes, was recently 
found to have beneficial effects on the motor function 
of PD (132). In this study, the authors found that 
NDEs of treated patients exhibited elevated 
expression of downstream substrates, including total 
Akt and phosphorylated mechanistic target of 
rapamycin (mTOR), as well as augmented tyrosine 
phosphorylation of insulin receptor substrate 
compared to the placebo group (131). These results 
highlighted the potential of using EVs -based 
biomarkers as monitoring objective measures for 
clinical trials.  
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Table 2. Selected relevant studies of recent findings of EVs for the diagnosis and/or treatment of Parkinson’s Disease. 

Fluid of 
EVs 

Origin 
cell-type 
of EVs 

Isolation method Purpose of 
the study 

Target of study Type of 
study 

Main Results Reference 

Plasma Neurons Centrifugation and 
immunoprecipitation 
(L1CAM) 

Diagnosis  α-syn Clinical / 
Pre-clinical 
(In Vivo) 

Pre-Clinical: CSF α-syn was readily transported to blood, 
with a small portion being contained in exosomes. 
Clinical: The study found that in contrast to CSF α-syn 
concentrations, the levels of plasma exosomal α-syn were 
substantially higher in PD patients, suggesting an increased 
efflux of the protein to the peripheral blood of these patients 

Shi et al. 
2014 

Plasma  Total 1) Total exosome Isolation 
kit (Invitrogen Life 
Technologies) 
2) Differential 
centrifugation 

Diagnosis  α-syn and 
p-α-syn  

Clinical α-syn and p-α-syn in the plasma exosomes of PD patients 
showed poor solubility after Protease K treatment. 

Zheng et al. 
2021 

Plasma Neurons Centrifugation and 
immunoprecipitation 
(L1CAM) 

Monitoring NDEs Clinical Exenatide-related changes in EV biomarkers were 
significantly associated with clinical improvements. 

Athauda et 
al. 2019 

Plasma Total ExoQuick®-TC kit Treatment  miRNA-137 
and OXR1 

Pre-clinical 
(In vitro and 
In Vivo) 

Down-regulation of exosomal miR-137 alleviates oxidative 
stress injury in PD by up-regulating OXR1. 

Jianj et al. 
2019 

Culture 
medium 

ASCs Ultracentrifugation and 
ExoQuick®-TC 
reagent  

Treatment  miRNA-188-3p Pre-clinical 
(In Vivo and 
In Vitro) 

miRNA-188-3p-enriched exosome treatment suppressed 
autophagy and pyroptosis, whereas increased proliferation 
via targeting CDK5 and NLRP3 in PD mice and MN9D cells 
were observed. 

Li et al. 
2019 

Culture 
medium 

BMSCs  Ultracentrifugation Treatment EXO-ASO4  Pre-clinical 
(In Vivo and 
In Vitro) 

In Vitro: Exo-ASO4 also significantly attenuated α-syn 
aggregation induced by pre-formed α-syn fibrils. 
In Vivo: Exo-ASO4 intracerebroventricular injection into the 
brains of α-syn A53T mice significantly decreased the 
expression of α-syn and attenuated its aggregation. 
Furthermore, it ameliorated the degeneration of dopaminergic 
neurons in these mice and showed significantly improved 
locomotor functions. 

Yang et al. 
2021 

ASCs, Adipose-derived mesenchymal stem cells; ASO(s), Antisense oligonucleotide(s); BMSCs, Bone marrow Mesechymal stem cells; CDK5, cell division protein kinase 5; 
CSF, cerebrospinal fluid; DA, dopaminergic; EV; extracellular vesicles; Exo, Exosomes; L1, L1 cell adhesion molecule; NLRP3, Nucleotide-binding and oligomerization 
domain-like receptor family pyrin domain containing 3; PD, Parkinson’s disease; ROS, reactive oxygen species; SOD, superoxide dismutase; OXR1, oxidation resistance 1; 
α-syn, α-sinuclein; p-α-syn, Ser129 phosphorylated α-sinuclein. 

 
Blood EVs carrying miRNAs have been 

highlighted to serve as potential targets for diagnosis 
and PD treatment. In that sense, Jiang et al. aimed to 
demonstrate in a preclinical study that exosomal 
miRNA-137 isolated from serum might have an effect 
on PD by regulating oxidation resistance 1 (OXR1), a 
protein involved in oxidative stress-induced 
neurodegeneration (133). These authors found that 
the inhibition of miRNA-137 or up-regulation of 
OXR1 ameliorated PD-induced oxidative stress injury. 
Furthermore, when exosomal miRNA-137 was 
inhibited using miR-137 antagomir, an amelioration 
of PD-induced oxidative stress injury was observed in 
an in vitro model. Thus, the down-regulation of 
exosomal miR-137 alleviates oxidative stress injury in 
PD by upregulating OXR1 (133).  

Li et al. explored the therapeutic potential of 
exosomes by suppressing the autophagy processes in 
the dopaminergic neurons of the substantia nigra (134). 
In this case, exosomes serve as genetic vectors for 
miRNA-188-3p, which is found to be an autophagy 
and pyroptosis suppressor by targeting CDK5 and 
NLRP3 (135–137). They assessed the levels of 
autophagy, injury, and inflammasomes in PD mouse 
and cell models and found that these processes were 
suppressed in both models after treating them with 
miRNA-188-3p-enriched exosomes (134). Yang et al. 
also investigated the use of exosomes as carriers of 
antisense oligonucleotides (ASO) to reduce α-synuc-

lein expression in PD (138). Knockdown ASO-based 
gene strategy is a reliable and well-established 
method for treating neurodegenerative diseases, such 
as PD (139). The authors found that ASO loaded into 
exosomes showed high cellular uptake and low 
toxicity in primary neuronal cultures. Furthermore, in 
an α-synuclein A53T transgenic mouse PD model, 
intracerebroventricular injection of exo-ASO signifi-
cantly decreased the expression of α-synuclein and 
attenuated its aggregation, ameliorating the degene-
ration of dopaminergic neurons and improving the 
locomotor functions of treated mice (138). 

6.3 EVs in multiple sclerosis 
Multiple sclerosis (MS) is the most common 

inflammatory neurological disease in young adults. It 
is a chronic, heterogeneous, disabling autoimmune 
disease characterized by demyelination, neuroinflam-
mation, oligodendropathy and neuronal degeneration 
that affects both gray and white matter (140). 
Although the exact etiology of MS is not clear yet, 
demyelination is the main alteration found in these 
patients. In addition, EVs have a vital role in CNS 
myelination development (141). Oligodendrocytes 
secrete EVs that slow the formation of the myelin 
sheath, while neuronal EVs s inhibit oligodendrocyte- 
derived EVs. Therefore, EVs contribute to the 
homeostasis of myelin biogenesis (142). Moreover, it 
has been reported that EVs, released by mature 
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oligodendrocytes activated with glutamate through 
the NMDA and AMPA pathway, stimulate the 
transduction of myelin proteins and the promotion of 
specific RNA (143). However, EVs have also been 
shown to negatively contribute to the demyelination 
process. Endothelial cells, leucocytes, microglia, 
astrocytes, and platelets can be released in response to 
proinflammatory cytokines. EVs carrying metallo-
proteinases and caspase 1 can induce disintegration of 
the BBB and facilitate lymphocyte and myeloid cell 
transmigration into the CNS (144). Furthermore, 
endothelial cells transfer integrin Mac 1 and ICAM 1 
receptors to monocytes through EVs, which enhances 
their ability to cross the endothelial barrier (145). 
Collectively, they facilitate the transmigration of 
lymphocyte cells into the brain and the onset of the 
autoimmune response typical of MS (141).  

Based on this evidence, most studies have 
deepened the potential of EVs in MS (Table 3). 
Ebrahimkhani et al. explored the exosomal miRNA 
signatures as monitoring and diagnostic tools for MS 
(146). When comparing the exosome-associated 
microRNAs in serum samples of MS patients and 
healthy controls, they found several differentially 
expressed exosomal miRNAs in both relapsing- 
remitting MS and progressive MS patients compared 
to controls. In addition, nine of these miRNAs showed 

significant scores when validated in an independent 
group of progressive MS cases (146). 

In an interesting study by Mrad et al., they 
compared the effects of serum-derived exosomes on 
monocyte-derived macrophages (MDMs) of healthy 
donors and those of patients with relapsing-remitting 
MS in remission and relapse (147). The main purpose 
of this study was to assess whether the response 
correlates with exosomal Epstein-Barr virus (EBV) 
protein expression. EBV has been highly associated 
with MS (148). In fact, scientific evidence has shown 
that most MS patients are infected with EBV and have 
increasing titers of antibodies against the EBV nuclear 
antigen EBNA1 before the onset of neurologic 
symptoms (149,150). The results found in this study 
revealed that the expression of latent membrane 
proteins LMP1 and 2A and EBV nuclear antigen 
EBNA1 was higher on exosomes derived from 
patients with active MS compared with healthy 
controls and stable patients. Moreover, MDMs 
differentiated from patients with active disease were 
better secretors of CXCL10, CCL2 and CXCL9, than 
MDMs from healthy and stable MS groups (147). 
Thus, the authors suggest that EBV(+) exosomes 
could promote a proinflammatory response in MS 
patients by antigen-presenting cells and may 
contribute to ongoing immune activation. 

 
 

Table 3. Selected relevant studies of recent findings of EVs for the diagnosis and/or treatment of Multiple Sclerosis. 

Fluid of 
EVs 

Origin 
cell-type of 
EVs 

Isolation method Purpose of 
the study 

Target of study Type of study Main Results Reference 

Serum Total Size exclusion 
chromatography + qEV 
size exclusion columns 

Diagnosis & 
monitoring 

miRNAs Clinical A group of nine miRNAs (miR-15b-5p, miR-23a-3p, 
miR-223-3p, miR-374a-5p, miR-30b-5p, miR-433-3p, 
miR-485-3p, miR-342-3p, miR-432-5p) distinguished 
relapsing-remitting from progressive disease. 

Ebrahimkhani 
et al. 2017 

Serum Total Total exosome Isolation 
kit (Invitrogen Life 
Technologies) 

Diagnosis Macrophages Clinical / 
Pre-clinical (In 
vitro) 

Serum-derived exosomes of patients with MS 
expressed higher levels of EBV proteins than HC. 
Incubation with EBV(+) exosomes promoted MDMs 
activation and pro-inflammatory cytokines 
secretion. 

Mrad et al. 2021 

Culture 
medium  

BMSCs Ultracentrifugation Treatment Neuroinflammation Pre-clinical (In 
Vivo) 

Exosomes from BMSCs significantly decreased 
neural behavioural scores, neuroinflammation, and 
demyelination. In addition, exosomes increased the 
levels of IL-10 and TGF-β, whereas TNF-α and IL-12 
levels decreased significantly. 

Li et al. 2019 

Culture 
medium  

AMSCs  Exocib® exosome 
isolation kit 

Treatment Immunomodulation  Pre-clinical (In 
Vivo) 

Intranasal administration of MSC-SEV to EAE mice 
was more effective than the administration of MSC 
alone to reduce clinical scores and histological 
lesions of the CNS tissue.  

Fathollari et al. 
2021 

Culture 
medium  

MSCs  ExoQuick®-TC kit Treatment  Myelin Pre-clinical (In 
Vivo and In 
Vitro) 

In Vitro: The aptamer-exosome promoted the 
proliferation of OLN93 cell line.  
In vivo: The aptamer-exosome produced a robust 
suppression of inflammatory response as well as 
lowered demyelination lesion region in CNS, 
resulting in reduced severity of the disease in a 
C57BL/6 mice model. 

Hosseini 
Shamili et al. 
2019 

Culture 
medium  

Dendritic 
cells  

 ExoQuick® Kit  Treatment  INF-γ Pre-clinical (In 
vivo) 

Nasally administered IFNγ-DC-Exos increased CNS 
myelination in vivo. 

Pusic et al. 2014 

AMSCs, Abdominal adipose tissue MSC; BMSCs, Bone marrow Mesechymal stem cells; CNS; central nervous system; EAE; Experimental autoimmune encephalomyelitis; 
EBV, Epstein-Barr virus; INF-γ, Interferon gamma; IFNγ-DC-Exos, low-level interferon gamma released exosomes; MDMs, monocyte-derived macrophages; MSCs, 
Mesechymal stem cells; SEV, Small extracellular vesicle. 
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Several authors have studied the therapeutic 
potential of EVs in MS against the demyelination 
process by targeting the neuroinflammation cascade. 
In that sense, Li et al. explored the use of exosomes 
secreted by bone marrow mesenchymal stem cells 
(BMSCs) in the experimental autoimmune encephalo-
myelitis (EAE) rat model of MS (151). Recent studies 
have shown that BMSC exosomes play a crucial role 
in many autoimmune diseases and aid in tissue 
repair, but the specific mechanisms are still unknown 
(152,153). These authors discovered that exosome 
treatment significantly reduced inflammatory cell 
infiltration into the CNS, neural behavioral scores, 
TGF-α and IL-12 levels, and the demyelination 
process. In contrast, mRNA expression levels of M2 
phenotype markers IL-10 and TGF-β were 
significantly increased. Similarly, Fathollahi et al. 
evaluated the therapeutic potential of MSC-derived 
exosomes in an EAE mouse model of MS. In this case, 
the aim of the study was to evaluate, using clinical 
symptoms and histological analysis of CNS lesions, 
the effect of intranasal administration of SEV on 
disease activity and antigen-specific responses (154). 
The results showed that treatment with MSC- 
exosomes significantly decreased clinical scores and 
was more effective in alleviating clinical scores than 
MSC alone. In addition, this decrease was associated 
with an increase in immunomodulatory responses, 
such as Foxp3, CD25, and regulatory T cell frequency. 
In this regard, Hosseini Shamili et al. also evaluated 
the immunomodulatory properties of MSC-derived 
exosomes as a platform for reducing MS clinical 
scores (155). In this case, the LJM-3064 aptamer, which 
has been shown to possess a specific affinity toward 
myelin and has demonstrated re-myelination 
properties (156), was covalently conjugated to the 
surface of the exosomes and employed as both a 
targeting ligand and a therapeutic agent. Their results 
showed that exosomes promote the proliferation of 
oligodendroglia in the in vitro assays and reduce the 
inflammatory response and demyelination in the in 
vivo studies (155). Finally, Pusic et al. conducted an 
interesting study in which dendritic cell cultures were 
stimulated with low-level IFNγ exosomes (157). These 
exosomes contained miRNAs that could increase 
baseline myelination, reduce oxidative stress, and 
improve re-myelination processes. The results also 
showed that these exosomes were preferentially taken 
up by oligodendrocytes, thus suggesting that they 
could positively affect myelination (157). These results 
exhibit great potential for the use of these EVs as a 
re-myelination therapeutic tool not only in multiple 
sclerosis but also in other dys-myelinating 
syndromes. 

6.4 EVs in amyotrophic lateral sclerosis 
ALS is a fatal motor neuron degenerative disease 

with high socioeconomic impact, affecting 
approximately 300,000 patients worldwide and 
expected to increase to 400,000 by 2040 (158,159). The 
etiology of the disease is still unknown, but several 
proteins have been identified to be involved in its 
pathogenesis. Some of these proteins, such as SOD1, 
p-TDP-43, or FUS, have been shown to be transported 
from cell to cell by the EVs pathway, contributing to 
the propagation of prion-like misfolded isoforms and 
increasing the neuropathology of ALS (160). Likewise, 
the levels of IL-6 have been shown to be increased in 
astrocyte-derived EVs and are positively correlated 
with disease progression (160). Similarly, EVs-driven 
miRNAs have been shown to be altered in ALS 
patients, with fewer reads than healthy subjects and 
different expression patterns (161).  

In this sense, many research groups are currently 
evaluating the potential of EVs as diagnostic and 
therapeutic tools in ALS (Table 4). Basso et al. 
explored the influence of mutant SOD on the protein 
secretion pathway and exosome release in astrocytes 
and its implications for disease spread and motor 
neuron pathology (162). SOD1 mutations are the 
major genetic contributors to ALS, with more than 170 
SOD1 mutations identified (163). The obtained results 
showed that mutant SOD1 astrocytes released a larger 
proportion of proteins through exosome spreading. 
Moreover, the authors found that astrocyte-derived 
exosomes transferred SOD1 to spinal neurons and 
induced selective motor neuronal death (162). Thus, 
these findings suggest that astrocyte-derived 
exosomes may have a role in disease spreading and 
motor neuron pathology. New therapeutic 
approaches could target exosomes to contain disease 
progression. Silverman et al. also explored the origin 
of CNS-derived extracellular vesicles carrying 
misfolded SOD1 in a mouse model of ALS (164). In 
this case, quantitative proteomics comparing 
brain-derived EVs from non-transgenic and 
transgenic ALS mice (SOD1G93A mice) revealed that 
these EVs contain canonical exosomal markers 
enriched in synaptic and RNA-binding proteins. The 
complete brain EV proteome contained various 
proteins implicated in ALS, especially in EVs from 
SOD1G93A mice, which were significantly depleted 
in myelin oligodendrocyte glycoprotein compared 
with those from non-transgenic mice (164). They 
observed that brain- and spinal cord-derived EVs 
from both NTg mouse models were positive for the 
astrocyte marker GLAST and the synaptic marker 
SNAP25, whereas the microglial marker CD11b was 
largely absent.  
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Table 4. Selected relevant studies of recent findings of EVs for the diagnosis and/or treatment of Amyotrophic Lateral Sclerosis. 

Fluid of 
EVs 

Origin 
cell-type of 
EVs 

Isolation method Purpose of 
the study 

Target of study Type of study Main Results Reference 

Culture 
medium 

Astrocytes Ultracentrifugation Diagnose 
and 
treatment  

SOD1 Pre-clinical (In 
Vitro) 

Mutant SOD1 astrocytes release mutant 
SOD1-containing exosomes that are toxic for motor 
neurons. Results suggest that astrocyte-derived 
exosomes may have a role in disease spreading and 
motor neuron pathology. 

Basso et al. 
2013 

Brain and 
spinal cord 
tissue 

Astrocytes, 
neurons and 
microglia 

Ultracentrifugation Diagnose 
and 
treatment  

SOD1 Pre-clinical (In 
vivo) and 
Clinical  

Brain astrocytes and neurons, but not microglia, are 
the main EV source and are involved in the disease 
development thought their pathogenic 
disease-causing proteins. 

Silverman 
et al. 2019 

Culture 
medium 

ASCs PureExo® Exosome 
isolation kit 

Treatment  Oxidative stress  Pre-clinical (In 
vitro) 

Exosomes were able to protect NSC-34 cells from 
oxidative damage and increase the cell viability.  

Bonafede et 
al. 2016 

Culture 
medium 

ASCs PureExo® Exosome 
isolation kit 

Treatment Motor 
performance 

Pre-clinical (In 
vivo) 

ASC-derived exosomes targeted lesioned ALS 
regions, protected muscle, lumbar motoneurons and 
the neuromuscular junction, improved the motor 
performance, and decreased the glial cells activation.  

Bonafede et 
el. 2020 

Plasma Total EXOBead/EXOBuffer® Diagnosis NfL, pNfH and 
TDP-43 

Clinical  Exosomal TDP-43 ratio was increasing along with 
follow-up. 

Chen et al. 
2020 

CSF Total Size Exclusion 
Chromatography on Drip 
Column 

Diagnosis CSF proteins Clinical  Three proteins were increased and 11 proteins were 
decreased in ALS patients in CSF exosomes. The 
protein with the greatest increase was INHAT 
repressor, which is closely associated with nucleolar 
function.  

Hayashi et 
al. 2020 

Plasma Total Differential centrifugation 
and filtration protocol 

Diagnosis Small EVs, large 
EVs and plasma 

Clinical  Raman spectra showed that sporadic ALS patients 
have a different EVs lipid/protein content and less 
intense bands than healthy controls. 

Morasso et 
al. 2020 

Plasma Total  Vn96 peptide isolation and 
centrifugation 

Diagnosis miRNA 
signature in 
extracellular 
vesicles  

Clinical Elevated levels of 5 miRNAs and reduced levels of 22 
miRNAs in EVs. miRNAs with relevance to ALS were 
found to be deregulated:  
- Diagnosis: miR-9-5p, miR-183-5p, miR-338-3p, 
- Disability progresion:.miR-1246. MiR-15a-5p and 
miR-193a-5p 

Saucier et 
al. 2019 

ALS, amyotrophic lateral sclerosis; ASCs, adipose-derived stromal cells; CSF, Cerebrospinal fluid; EVs, extracellular vesicles; lEVs, large extracellular vesicles; NIR, INHAT 
repressor; NFL, Neurofilament light chain; PALS, persons diagnosed and living with ALS; pNfH, phosphorylated neurofilament heavy chain; SOD1, Copper-Zinc 
Superoxide Dismutase; TDP-43, exosomal TAR DNA-binding protein-43. 

 
Moreover, EVs from the brains and spinal cords 

of the SOD1G93A ALS mice and human SOD1 
familial ALS patients’ spinal cords contained 
abundant misfolded SOD1 (164). These results 
suggest that brain astrocytes and neurons, but not 
microglia, are the main EV sources and are involved 
in disease development through their pathogenic 
disease-causing proteins.  

Bonafede et al. investigated the neuroprotective 
properties of exosomes in several in vitro models of 
ALS. In their first work, the authors hypothesized that 
the administration of exosomes from adipose-derived 
stromal cells (ASCs) could ameliorate ALS symptoms 
since ASCs have been demonstrated to promote 
neuroprotection and neurodegeneration. For this 
purpose, they used NSC-34 cells transfected with 
different human mutant SOD1 transgenes, which are 
commonly used to mimic a motoneuron-like behavior 
in ALS (165). Obtained results showed that, in both 
naïve and over expressing mutant SOD1 NSC-34 cells, 
the addition of ACS-derived exosomes rescued cells 
from H2O2 oxidative stress-induced death (165). In a 
later study, the same authors evaluated the influence 
of ASC-derived exosomes on disease progression in a 
SOD1G93A ALS mouse model (166). In this case, 
exosomes were administered intranasally and 
intravenously, and their effects were tested on glial 

cells, lumbar motoneurons, neuromuscular junction, 
and muscle. Their results showed that ASC-exosomes 
protected muscle, lumbar motoneurons, and the 
neuromuscular junction, which resulted in improved 
motor performance (166). Likewise, a decrease in glial 
cell activation was observed in treated SOD1G93A 
mice. Curiously, exosomes were found to target 
lesioned ALS regions of the brain. These results 
together highlight the potential of exosomes as a 
novel treatment strategy for this incurable disease.  

Regarding diagnostic purposes, Chen et al. 
conducted a longitudinal clinical trial in which 18 ALS 
patients were recruited, plasma samples were 
extracted at different time points, and exosomes were 
isolated by immunoprecipitation (167). Neurofilament 
light chain (NfL), phosphorylated neurofilament 
heavy chain (pNfH) by ELISA, and exosomal TAR 
DNA-binding protein-43 (TDP-43) ratio were selected 
as the study biomarkers. TDP-43 is the major 
component of the ubiquitinated inclusions that 
appear in the brains of 95%–97% of ALS patients 
(168,169). Their results showed that the exosomal 
TDP-43 ratio significantly changed in 3- and 6-month 
follow-up and that NfL (but not pNfH) was 
significantly higher in the rapid progression group at 
baseline and 3-month follow-up (167). This suggests 
that plasma NfL and exosomal TDP-43 ratio could be 
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potential biomarkers for ALS long-term follow-up 
studies. Similarly, Hayashi et al. developed a clinical 
trial in which a proteomic analysis of 
exosome-enriched fractions derived from the CSF of 
amyotrophic lateral sclerosis patients was performed 
(170). They used liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) for the proteomic analysis, 
and a wide variety of proteins were compared to 
idiopathic normal-pressure hydrocephalus (iNPH) 
patients as disease controls. Their results revealed that 
a novel INHAT repressor (NIR) was increased in 
exosome-enriched fractions of the CSF. Likewise, 
these findings confirmed that NIR expression was 
reduced in motor neurons of sporadic ALS patients, 
thus suggesting NIR as a candidate biomarker protein 
for ALS (170). Other techniques have been explored to 
analyze the protein content of EVs in ALS patients. 
Thus, in a recent study by Morasso et al., Raman 
spectroscopy was used to evaluate the molecular 
differences in plasma-derived EVs between sporadic 
ALS patients and sex- and age-matched healthy 
controls (171). In this case, Raman spectroscopy 
provided an overview of the biochemical composition 
of EVs. The EVs of ALS patients exhibited a pattern of 
Raman spectra that was distinct from that of the 
controls. Moreover, amino acids like tryptophan or 
carotenoids showed different intensities of selected 
peaks in the spectra of both groups of patients in the 
EV compartment (171). 

The study of miRNA content in EVs is also of 
interest in ALS research for diagnosis purposes. In 
this sense, Saucier et al. conducted a study to identify 
an ALS-associated miRNA signature in EVs, which 
can cross the BBB and enter the circulatory system, 
obtained from plasma samples of people diagnosed 
with ALS (172). Next-generation sequencing was used 
to identify differentially expressed miRNAs 
recovered from EVs of ALS patients and healthy 
controls. Their results revealed elevated levels of 5 
miRNAs and reduced levels of 22 miRNAs in the EVs 
of ALS patients compared with healthy controls. 
Moreover, miRNAs with relevance to ALS were 
found to be deregulated. A few miRNAs were also 
identified as potential diagnostic tools for their 
association with disability progression in ALS. In 
addition, functional assessment of transcripts targeted 
by select ALS-associated miRNAs revealed processes 
such as transcriptional regulation and protein 
ubiquitination in these patients (172). All these 
findings highlight the miRNA signature in EVs as a 
potential diagnostic strategy for this condition. 

6.5 EVs in brain cancer 
Brain tumors are one of the most feared cancer 

forms and are responsible for substantial morbidity 
and mortality worldwide. Their incidence has 
significantly increased in the last three decades (173). 
The last Global Burden of Disease report indicated 
330,000 incident cases of CNS cancer and 227,000 
deaths globally (174). Moreover, it was estimated that 
the incidence rate of all brain tumors was 10.82 per 
100,000 person-years (175). Glioblastoma multiforme 
(GBM) is the most common malignant primary brain 
tumor. This form comprises 27% of all tumors, and 
80% of malignant tumors (173). It is estimated that 
more than two-thirds of adults diagnosed with 
glioblastoma will die within 2 years of diagnosis (176). 
Gliomas are primary brain cancers originating from 
progenitor cells, neural stem cells, or differentiated 
mature neural cells that are transformed into tumor 
stem cells (177). In turn, they can be classified 
according to their aggressiveness, ranging from 2 to 4, 
or according to their origin, which could be 
oligodendroglioma, astrocytoma, or oligoastrocy-
toma. 

A growing body of evidence suggests that 
gliomas can influence cells both nearby and beyond 
the BBB through the regulated excretion of EVs (178). 
In GBMs, the EV content reflects the tumor's unique 
signature of EGFRvIII mutation, EGFR amplification, 
TGF-β, IDH1 mutation R132H and podoplanin status 
(7). In addition, EVs are also implicated in the 
transfection of receptors such as PDGFR and HER 2 to 
cells that do not have them, thus contributing to 
tumor proliferation. Interestingly, glioma stem cells 
are able to resist chemotherapy and transfer some 
resistance characteristics through EVs, for instance, 
the surface markers CD133 and CD44 or the 
adenosine-producing enzyme, which is a cell receptor 
responsible for the cells’ drug tolerance (179). 
Furthermore, GBM-derived EVs have also been 
described to induce angiogenesis during hypoxia by 
delivery of proteins (such as IL-8, MMP 8, or PDGF) 
and mRNA transcripts to pericytes and vascular 
endothelial cells (180). Moreover, not only in GBM but 
also in other tumors, EVs have also been shown to 
contribute to immunosuppression. Notably, serum 
EVs from patients with advanced melanoma or colon 
carcinoma inhibited monocyte precursor differen-
tiation into dendritic cells and programmed the 
precursors to become myeloid suppressive cells, 
which suppress T lymphocytes through TGF-β 
secretion, down-regulation of surface MHC class II 
expression, and persistent CD14 pattern recognition 
receptor positivity. In contrast, EVs derived from 
healthy controls encouraged T lymphocyte stimula-
tion and myeloid maturation (181).  
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Table 5. Selected relevant studies of recent findings of EVs for the diagnosis and/or treatment of brain tumors. 

Fluid of 
EVs 

Origin 
cell-type of 
EVs 

Isolation method Purpose of 
the study 

Target of study Type of study Main Results Reference 

Culture 
medium 

GBM Ultracentrifugation Diagnosis 
and 
treatment 

Glioma-derived 
exosomes 

Pre-clinical (In 
Vitro and In 
Vivo) 

Hypoxic glioma-derived exosomes (H-GDEs) markedly 
facilitated autophagy and M2-like macrophage polarization 
compared with normoxic glioma-derived exosomes 
(N-GDEs), which subsequently promoted glioma 
proliferation and migration in vitro and in vivo. In addition, 
interleukin 6 (IL-6) and miR-155-3p were highly expressed 
in H-GDEs.  

Xu et al. 
2021 

Culture 
medium  

GBM Ultracentrifugation 
and filtration 

Diagnosis 
and 
treatment 

GDEs ad 
peripheral immune 
effectors 

Pre-clinical (In 
Vitro) 

The results suggest that malignant glioma-derived 
exosomes are restricted in their capacity to directly prime 
peripheral immunosuppression. 

Iorgulescu 
et al. 2016 

Culture 
medium  

GBM ExoQuick®TC TM  Treatment  VEGF Pre-clinical (In 
Vitro and In 
Vivo) 

VEGF-C isoform in GDEs had a role in GBM angiogenesis, 
stimulation of endothelial cell viability, migration, and 
tubulation. 

Wang et al. 
2021 

Plasma GBM  ExoQuick® one-step 
precipitation solution  

Diagnosis/ 
Treatment  

miRNA-148a Clinical / 
Pre-clincal (In 
Vitro) 

miR-148a delivered by exosomes may promote cancer cell 
proliferation and metastasis via targeting CADM1 to 
activate STAT3 pathway. This highlight the predictor and 
therapeutic target role of exosomal miR- 148a for GBM 
patients.  

Cai et al. 
2020 

Serum GBM ExoQuick® 
precipitation 

Diagnosis & 
monitoring  

miRNA signature  Clinical Exosomes were isolated before and after radiotherapy and 
exosomes-derived miRNAs sequencing was performed. A 
total of 18 up-regulated differentially expressed miRNAs 
and 16 down-regulated differentially expressed miRNAs 
were identified. These miRNAs were shown to play a 
crucial role in glioma by regulating targets and affect the 
occurrence and development of the disease.  

Li et al. 
2020 

Serum / 
Culture 
medium  

GBM ExoQuick® exosome 
precipitation kit 

Prognosis  Exosomal 
CircNFIX on TMZ 
chemoresistance 

Clinical / 
Pre-clinical (In 
Vivo and In 
Vitro) 

Pre-clinical : 
In Vitro: Exosomal CircNFIX confers TMZ resistance in 
glioma cells 
In Vivo: Exosomal CircNFIX enhances tumor growth and 
TMZ resistance in vivo 
Clinical:  
- Serum exosomal CircNFIX expression is up-regulated in 
TMZ-resistant patients 

Ding et al. 
2020 

Bone 
marrow  

Neutrophils 
from bone 
marrow 

Ultracentrifugation Treatment  Exosomes as drug 
carriers 

Pre-clinical (In 
vivo) 

Exosomes were isolated from neutrophils extracts of mice 
bone marrow. NEs-Exos penetrated the BBB and migrated 
into the brain. NEs-Exos responded chemotactically to 
inflammatory stimuli and targeted infiltrating tumor cells. 
DOX-NEs-Exos suppressed tumor growth and prolong 
survival time in the glioma in vivo models. 

Wang et al. 
2021 

BBB, blood brain barrier; CADM1, Cell adhesion molecule 1; CDK6, cyclin dependent kinase 6; CircNFIX, circRNA nuclear factor I X; DE, differentially expressed; DOX, 
doxorubicin; GBM, glioblastoma; GDEs, glioma-derived exosomes: INF-PA, invasive NF-PA; NEs-Exos, neutrophil-exosomes; NF-PAs, invasiveness of non-functioning 
pituitary adenomas; NNF-PA, noninvasive NF-PA; RHOU, ras homolog family member U; SPIRE2, spire type actin nucleation factor 2; STAT3,Signal transducer and 
activator of transcription 3;TMZ, temozolomide;VEGF, vascular endothelial growth factor 

 
Many authors have studied the potential of EVs 

as diagnostic tools in GBM and their role in disease 
spreading (Table 5). Xu et al. investigated the effects 
of glioma-derived exosomes on autophagy, tumor- 
associated macrophages (TAMs) polarization, and 
glioma progression in the human GBM cell lines 
U87MG and U251 and the human monocyte cell lines 
U937 and THP-1. Subsequently, they evaluated the 
roles of hypoxic glioma-derived exosomes (H-GDEs) 
in vivo through tumor xenografts in a BALB/c nude 
mouse model (182). Their results indicated that 
H-GDEs markedly facilitated autophagy and M2-like 
macrophage polarization compared to normoxic 
glioma-derived exosomes (N-GDEs). Furthermore, 
IL-6 and miR-155-3p were highly expressed in 
H-GDEs and induced M2-like macrophage polariza-
tion through the IL-6-pSTAT3-miR-155-3p- 
autophagy-pSTAT3 positive feedback loop. These 
alterations promoted glioma proliferation and 
migration in vitro and in vivo. These findings suggest 
IL-6 and miR-155-3p as novel biomarkers for diag-
nosis and antitumor immunotherapy of GBM (182). 

Iorgulescu et al. also explored the immunosuppressive 
properties of exosomes in the established glioma cell 
lines U87 and U251. Primary GBM lines, obtained 
from fresh tumor tissue of two patients, were also 
included in the study (183). Results showed that 
GDEs displayed exosome-specific markers, but failed 
to recapitulate the antigen-presentation machinery, 
surface co-modulatory signals, or immunosup-
pressive mediator status of their parent tumor cells. 
This suggests that GDEs are restricted in their 
capacity to directly prime peripheral immunosup-
pression (183). 

The role of EVs miRNAs on tumor growth and 
metastasis has gained interest in recent years. Cai et al. 
tried to elucidate the mechanisms through which 
exosomal miRNAs contribute to GBM cell metastasis 
by analyzing the effects of exosomes from 30 GBM 
patients and 30 healthy volunteers in the human 
glioblastoma cell line T98G and the human kidney cell 
line HEK (184). They identified miR-148a as an 
exosomal risk factor for metastasis. Results showed 
that circulating exosomal miR-148a levels were 
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significantly higher in serum from GBM patients 
compared with serum from healthy volunteers. In 
addition, they also found that both protein and 
mRNA levels of cell adhesion molecule 1 (CADM1) 
were decreased in the tissues of GBM patients. In 
T98G cells, inhibition of miR-148a suppressed cell 
proliferation and metastasis. Interestingly, there was a 
strong negative correlation between exosomal 
miR-148a and CADM1 mRNA levels in samples of 
patients (184). These findings suggest that exosomal 
miR-148a could be a potential treatment target against 
proliferation and metastasis in GBM patients. 

GBM is one of the most highly vascularized 
human cancers. As previously stated, the role of EVs 
in cancer angiogenesis has recently gained attention, 
but the proangiogenic molecules carried within have 
yet to be identified. In this regard, Wang et al. 
investigated the role of vascular endothelial growth 
factor (VEGF) in GDEs in GBM cell lines and primary 
cultures (185). Their findings revealed that VEGF-C 
from GDEs, by binding to VEGF receptor 2, 
stimulated Tafazzin expression in endothelial cells (a 
mitochondrial enzyme that exchanges fatty acids 
between phospholipids) (186). This event is derived 
from stimulating endothelial cell viability, migration, 
and tubulation. In addition, they demonstrated that 
the inhibition of exosomal release, together with 
bevacizumab treatment, had a combined inhibitory 
effect on angiogenesis (185). Similarly, Li et al. studied 
the miRNA signatures in exosomes to evaluate the 
effect of radiotherapy in glioma patients (187). Exo-
somes were isolated before and after radiotherapy, 
and exosome-derived miRNA sequencing was per-
formed. A total of 18 upregulated differentially 
expressed miRNAs and 16 down-regulated 
differentially expressed miRNAs were identified. 
Following radiotherapy, qPCR analysis revealed that 
the hsa-miR-6731-5p and hsa-miR-208b-3p were 
overexpressed, while the hsa-miR-2116-3p was 
underexpressed. Moreover, target genes of identified 
miRNAs were shown to be primarily involved in 
metabolic processes, p53 signaling pathways, and 
cancer pathways. This suggests that these miRNAs 
could play a crucial role in glioma development (187).  

Ding et al. evaluated the role of circular RNAs 
(circRNA) in the resistance to chemotherapy 
treatments, a major obstacle for glioma management 
(188). circRNAs are a novel class of endogenous 
non-coding RNAs that form covalently closed loops 
(189). These molecules have been found to be 
associated with the initiation and progression of 
different human diseases, including cancers (190). In 
this work, the authors explored the effect and 
underlying mechanism of exosomal circRNA nuclear 
factor I X (CircNFIX) on temozolomide (TMZ) 

chemoresistance in glioma. Results showed that 
exosomal CircNFIX conferred TMZ resistance to 
recipient sensitive cells through the enhancement of 
cell migration, invasion and repression of cell 
apoptosis under TMZ exposure. Exosomal CircNFIX 
also promoted tumor growth and its depletion 
enhanced TMZ sensitivity in glioma cells in vivo. 
Furthermore, the authors found that CircNFIX 
directly interacted with miR-132, whereas CircNFIX 
knockdown enhanced TMZ sensitivity in resistant 
glioma cells by up-regulating miR-132 (188). This 
suggests that exosome-mediated transfer of CircNFIX 
partially enhances TMZ resistance in glioma through 
the miR-132 pathway, thus highlighting a potential 
prognostic biomarker for improving the clinical 
benefits of TMZ treatment. Wang et al. also explored 
the influence of exosomes in chemoresistance in 
gliomas, but in this case, in terms of improving the 
efficacy of drugs. Based on the intrinsic inflammatory 
chemotaxis and excellent BBB-crossing capability of 
neutrophils, the authors designed a bioinspired 
neutrophil-exosomes (NEs-Exos) system with loaded 
doxorubicin (DOX) and evaluated it in two in vivo 
models of zebrafish and C6-Luc glioma-bearing mice 
(191). In the first step, the authors extracted NEs from 
the bone marrow of mice. Subsequently, exosomes 
were isolated from these NEs. Their results showed 
that NEs-Exos rapidly penetrated the BBB and 
migrated into the brain. Additionally, NEs-Exos 
responded chemotactically to inflammatory stimuli 
and targeted infiltrating tumor cells. Moreover, 
DOX-NEs-Exos efficiently suppressed tumor growth 
and prolonged survival time in glioma in vivo models 
(191). These results represent a promising 
chemotherapeutic approach for the clinical treatment 
of glioma and other brain diseases. 

7. Conclusion  
The biogenesis of EVs is initiated by an 

invagination of the plasma membrane of the origin 
cell. This invagination includes a cell-surface 
protein-specific fingerprint and soluble molecules 
associated with the extracellular matrix, such as ions, 
metabolites, peptides, or lipids. This gives EVs a 
crucial role as promising biomarker tools for many 
diseases, in addition to their biological relevance and 
easy accessibility from a broad range of body fluids. 
They have been identified in various human diseases, 
such as AD, cancers, cardiovascular diseases, 
sarcoidosis, or prion diseases. In addition, they have 
been described to be involved in many physiological 
functions, such as cellular intercommunication, 
maintenance and improvement of synaptic plasticity, 
neurotransmission in the adult brain, innate immune 
responses, human reproduction, pregnancy, and 
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embryonic development or wound healing. Since EVs 
are released into body fluids, this affords us the 
opportunity to use these vesicles as promising 
candidates for diagnostic and therapeutic purposes. 
Specifically, they have been shown to possess critical 
information about pathological processes underlying 
major brain diseases. In AD, it has been described that 
EVs play an important role in spreading hallmarks 
across the brain and are involved in APP cleavage, 
delivery of pathogenic mRNA, and an increase in 
Aβ1-42 production. In PD, EVs have been shown to 
contain α-synuclein, which has been related to the 
acceleration of the α-synuclein cytotoxic effects and 
the pathogenesis severity. In MS, EVs secreted by 
oligodendrocytes negatively contribute to the 
homeostasis of myelin biogenesis and induce 
disintegration of the BBB, thus facilitating lymphocyte 
and myeloid cell transmigration into the CNS. In ALS, 
several proteins involved in its pathogenesis have 
been shown to be transported from cell to cell by the 
EV pathway, contributing to the propagation of 
prion-like misfolded isoforms and increasing the 
neuropathology of ALS. Finally, in GBM, a growing 
body of evidence suggests that gliomas can influence 
cells both nearby and beyond the BBB through the 
regulated excretion of EVs. The EV content of GBMs 
reflects the tumor’s unique signature and is 
implicated in the transfection of receptors such as 
PDGFR and HER2 to non-tumoral cells. In conclusion, 
EVs have a promising future as drug targets, 
monitoring tools, and diagnostic tools for many 
diseases, especially those with difficult access and 
complex etiologies, such as major brain diseases. 

Abbreviations 
AD: Alzheimer’s disease; ADEs: astrocyte- 

derived exosomes; ALS: amyotrophic lateral sclerosis; 
EAE: experimental autoimmune encephalomyelitis; 
EVs: extracellular vesicles; GBM: Glioblastoma; 
MDEs: microglia-derived exosomes; MS: multiple 
sclerosis; MVBs: multivesicular bodies; NDEs: 
neuronal-derived exosomes; PD: Parkinson’s disease; 
VD: vascular dementia.  

Acknowledgements 
A. Cano acknowledges the support of the 

Instituto de Salud Carlos III (ISCIII) under the grant 
Sara Borrell (CD22/00125) and Ministerio de Ciencia e 
Innovación, Proyectos de Generación de Conoci-
miento grant PID2021-122473OA-I00. Authors 
acknowledge the services of ProofreadingServices.com 
for English correction. Authors acknowledge the 
support of the Ministerio de Ciencia e Innovación, 
Proyectos de Generación de Conocimiento grants 
PID2019-106625RB-I00 and PID2021-123462OB-I00. 

ISCIII Acción Estratégica en Salud, integrated in the 
Spanish National R+D+I Plan and financed by ISCIII 
Subdirección General de Evaluación and the Fondo 
Europeo de Desarrollo Regional (FEDER “Una 
manera de hacer Europa") grant PI17/01474, 
PI19/00335, PI22/01403 and PI22/00258. The support 
of CIBERNED (ISCIII) under the grants 
CB06/05/2004 and CB18/05/00010. The support 
from PREADAPT project. Joint Program for 
Neurodegenerative Diseases (JPND) grant Nº 
AC19/00097, from HARPONE Project, Agency for 
Innovation and Entrepreneurship (VLAIO) grant Nº 
PR067/21, and from DESCARTES project, German 
Research Foundation (DFG). The support of 
Fundación bancaria “La Caixa” and Grífols SA 
(GR@ACE project). 

Author Contributions 
AC performed the conceptualization, biblio-

graphic search and writing of the original draft, 
figures and tables. ME, MB, RP, EEA and ESL 
contributed in the bibliographic search and writing of 
sections. EBS, AC, MM, MIP and MB contributed in 
the supervision, writing/review and critical editing. 
AR contributed in the supervision, writing/review 
and critical editing, project administration, resources 
and funding acquisition. All authors have made a 
substantial contribution to the work. All authors have 
read and agreed to the published version of the 
manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Doyle LM, Zhuo Wang M. Overview of Extracellular Vesicles, Their Origin, 

Composition, Purpose, and Methods for Exosome Isolation and Analysis. 
Cells. 2019;8(7):727.  

2.  Kalluri R, LeBleu VS. The biology, function, and biomedical applications of 
exosomes. Science. 2020;367:eaau6977.  

3.  Barile L, Vassalli G. Exosomes : Therapy delivery tools and biomarkers of 
diseases. Pharmacology and Therapeutics. 2017;174:63–78.  

4.  Whiteside TL. Tumor-derived exosomes and their role in cancer progression. 
Adv Clin Chem. 2016;74:103–141.  

5.  Maia J, Caja S, Strano Moraes MC, Couto N, Costa-Silva B. Exosome-Based 
Cell-Cell Communication in the Tumor Microenvironment. Front Cell Dev 
Biol. 2018;6:18.  

6.  Zhang T, Ma S, Lv J, Wang X. The emerging role of exosomes in Alzheimer ’ s 
disease. Ageing Research Reviews. 2021;68:101321.  

7.  Dai Y, Su Y, Zhong S, Cong L, Liu B, Yang J, et al. Exosomes: key players in 
cancer and potential therapeutic strategy. Signal Transduction and Targeted 
Therapy volume. 2020;5:145.  

8.  Jadli AS, Parasor A, Gomes KP, Shandilya R, Patel VB. Exosomes in 
Cardiovascular Diseases: Pathological Potential of Nano-Messenger. Front 
Cardiovasc Med. 2021;8:767488.  

9.  Wahlund CJE, Akpinar GG, Steiner L, Ibrahim A, Bandeira E, Lepzien R, et al. 
Sarcoidosis exosomes stimulate monocytes to produce pro-inflammatory 
cytokines and CCL2. Scientific Reports. 2020;10:15328.  

10.  Hartmann A, Muth C, Dabrowski O, Krasemann S, Glatzel M. Exosomes and 
the Prion Protein: More than One Truth. Front Neurosci. 2017;11:194.  

11.  Zhang Y, Liu Y, Liu H, Tang WH. Exosomes : biogenesis , biologic function 
and clinical potential. Cell & Bioscience. 2019;9:19.  

12.  Amari L, Germain M, Germain M. Mitochondrial Extracellular Vesicles – 
Origins and Roles. Frontiers in Molecular Neurosciences. 2021;14:767219.  



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

740 

13.  Mathieu M, Martin-Jaular L, Lavieu G, Théry C. Specificities of secretion and 
uptake of exosomes and other extracellular vesicles for cell-to-cell 
communication. Nat Cell Biol. 2019;21(1):9–17.  

14.  Parthasarathy V, Martin F, Higginbottom A, Murray H, Moseley GW, Read 
RC, et al. Distinct roles for tetraspanins CD9, CD63 and CD81 in the formation 
of multinucleated giant cells. Immunology. 2009;1227(2):237–248.  

15.  Niel G van, D’Angelo G, Raposo G. Shedding light on the cell biology of 
extracellular vesicles. Nature Reviews Molecular Cell Biology volume. 
2018;19:213–228.  

16.  Willms E, Johansson HJ, Mäger I, Lee Y, Blomberg KEM, Sadik M, et al. Cells 
release subpopulations of exosomes with distinct molecular and biological 
properties. Scientific Reports. 2016;6:22519.  

17.  Sork H, Corso G, Krjutskov K, Johansson HJ, Nordin JZ, Wiklander OPB, et al. 
Heterogeneity and interplay of the extracellular vesicle small RNA 
transcriptome and proteome. Scientific Reports. 2018;8:10813.  

18.  Zduriencikova M, Gronesova P, Cholujova D, Sedlak J. Potential biomarkers 
of exosomal cargo in endocrine signaling. Endocrine Regulations. 
2015;49(3):141–50.  

19.  Vlachakis D, Mitsis Τ, Nicolaides N, Efthimiadou A, Giannakakis A, 
Bacopoulou F, et al. Functions, pathophysiology and current insights of 
exosomal endocrinology. Molecular Medicine Reports. 2021;23(1):26.  

20.  Iraci N, Leonardi T, Gessler F, Vega B, Pluchino S. Focus on Extracellular 
Vesicles: Physiological Role and Signalling Properties of Extracellular 
Membrane Vesicles. Int J Mol Sci. 2016;17(2):171.  

21.  Kamerkar S, LeBleu VS, Sugimoto H, Yang S, Ruivo CF, Melo SA, et al. 
Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic 
cancer. Nature. 2017;546:498–503.  

22.  Tian T, Zhu Y-L, Zhou Y-Y, Liang G-F, Wang Y-Y, Fei-Hu H, et al. Exosome 
Uptake through Clathrin-mediated Endocytosis and Macropinocytosis and 
Mediating miR-21 Delivery. J Biol Chem. 2014;289(32):22258–67.  

23.  Horibe S, Tanahashi T, Kawauchi S, Murakami Y, Rikitake Y. Mechanism of 
recipient cell-dependent differences in exosome uptake. BMC Cancer. 
2018;18:47.  

24.  McKelvey KJ, Powell KL, Ashton AW, Morris JM, McCracken SA. Exosomes: 
Mechanisms of Uptake. J Circ Biomark. 2015;4:7.  

25.  Ridder K, Keller S, Dams M, Rupp A-K, Schlaudraff J, Turco D Del, et al. 
Extracellular vesicle-mediated transfer of genetic information between the 
hematopoietic system and the brain in response to inflammation. PLoS Biol. 
2014;12(6):e1001874.  

26.  Parolini I, Federici C, Raggi C, Lugini L, Palleschi S, Milito A De, et al. 
Microenvironmental pH is a key factor for exosome traffic in tumor cells. J Biol 
Chem. 2009;284(49):34211–22.  

27.  Song Z, Xu Y, Deng W, Zhang L, Zhu H, Yu P, et al. Brain Derived Exosomes 
Are a Double-Edged Sword in Alzheimer ’ s Disease. Front Mol Neurosci. 
2020;13:79.  

28.  Morris G, Clark I, Zinn R, Vissel B. Microglia: a new frontier for synaptic 
plasticity, learning and memory, and neurodegenerative disease research. 
Neurobiol Learn Mem. 2013;105:40–53.  

29.  Koniusz S, Andrzejewska A, Muraca M, Srivastava AK, Janowski M, 
Lukomska B. Extracellular Vesicles in Physiology, Pathology, and Therapy of 
the Immune and Central Nervous System, with Focus on Extracellular 
Vesicles Derived from Mesenchymal Stem Cells as Therapeutic Tools. Front 
Cell Neurosci. 2016;10:109.  

30.  Lachenal G, Pernet-Gallay K, Chivet M, Hemming FJ, Belly A, Bodon G, et al. 
Release of exosomes from differentiated neurons and its regulation by 
synaptic glutamatergic activity. Mol Cell Neurosci. 2011;46(2):409–18.  

31.  Pascua-Maestro R, González E, Lillo C, Ganfornina MD, Falcón-Pérez JM, 
Sanchez D. Extracellular Vesicles Secreted by Astroglial Cells Transport 
Apolipoprotein D to Neurons and Mediate Neuronal Survival Upon Oxidative 
Stress. Front Cell Neurosci. 2019;12:526.  

32.  Luarte A, Henzi R, Fernández A, Gaete D, Cisternas P, Pizarro M, et al. 
Astrocyte-Derived Small Extracellular Vesicles Regulate Dendritic Complexity 
through miR-26a-5p Activity. Cells. 2020;9(4):930.  

33.  Guitart K, Loers G, Buck F, Bork U, Schachner M, Kleene R. Improvement of 
neuronal cell survival by astrocyte-derived exosomes under hypoxic and 
ischemic conditions depends on prion protein. Glia. 2016;64(6):896–910.  

34.  Krämer-Albers E-M, Bretz N, Tenzer S, Winterstein C, Möbius W, Berger H, et 
al. Oligodendrocytes secrete exosomes containing major myelin and 
stress-protective proteins: Trophic support for axons? Proteomics Clin Appl. 
2007;1(11):1446–61.  

35.  Drago F, Lombardi M, Prada I, Gabrielli M, Joshi P, Cojoc D, et al. ATP 
Modifies the Proteome of Extracellular Vesicles Released by Microglia and 
Influences Their Action on Astrocytes. Front Pharmacol. 2017;8:910.  

36.  Mittal S, Gupta P, Chaluvally-Raghavan P, Pradeep S. Emerging Role of 
Extracellular Vesicles in Immune Regulation and Cancer Progression. Cancers 
(Basel). 2020;12(12):3563.  

37.  Anel A, Gallego-Lleyda A, Miguel D de, Naval J, Martínez-Lostao L. Role of 
Exosomes in the Regulation of T-cell Mediated Immune Responses and in 
Autoimmune Disease. Cells. 2019;8(2):154.  

38.  Isola AL, Chen S. Extracellular vesicles: important players in immune 
homeostasis. Ann Transl Med. 2017;5(1):S16.  

39.  Zhou X, Xie F, Wang L, Zhang L, Zhang S, Fang M, et al. The function and 
clinical application of extracellular vesicles in innate immune regulation. 
Cellular & Molecular Immunology. 2020;17:323–34.  

40.  Li X-B, Zhang Z-R, Schluesener HJ, Xu S-Q. Role of exosomes in immune 
regulation. J Cell Mol Med. 2006;10(2):364–75.  

41.  Robbins PD, Morelli AE. Regulation of Immune Responses by Extracellular 
Vesicles. Nat Rev Immunol. 2014;14(3):195–208.  

42.  Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding C V, Melief 
CJ, et al. B lymphocytes secrete antigen-presenting vesicles. J Exp Med. 
1996;183(3):1161–672.  

43.  Vincent-Schneider H, Stumptner-Cuvelette P, Lankar D, Pain S, Raposo G, 
Benaroch P, et al. Exosomes bearing HLA-DR1 molecules need dendritic cells 
to efficiently stimulate specific T cells. Int Immunol. 2002;14(7):713–22.  

44.  Zitvogel L, Regnault A, Lozier A, Wolfers J, Flament C, Tenza D, et al. 
Eradication of established murine tumors using a novel cell-free vaccine: 
dendritic cell-derived exosomes. Nat Med. 1998;4(5):594–600.  

45.  Cheng Y, Schorey JS. Exosomes carrying mycobacterial antigens can protect 
mice against Mycobacterium tuberculosis infection. Eur J Immunol. 
2013;43(12):3279–90.  

46.  Patil M, Saheera S, Dubey PK, Kahn-Krell A, Govindappa KP, Singh S, et al. 
Novel Mechanisms of Exosome-Mediated Phagocytosis of Dead Cells in 
Injured Heart. Circ Res. 2021;129(11):1006–20.  

47.  Sullivan R, Saez F, Girouard J, Frenette G. Role of exosomes in sperm 
maturation during the transit along the male reproductive tract. Blood Cells 
Mol Dis. 2005;35(1):1–10.  

48.  Delorme-Axford E, Donker RB, Mouillet J-F, Chu T, Bayer A, Ouyang Y, et al. 
Human placental trophoblasts confer viral resistance to recipient cells. Proc 
Natl Acad Sci USA. 2013;110(29):12048–53.  

49.  Menon R, Debnath C, Lai A, Guanzon D, Bhatnagar S, Kshetrapal PK, et al. 
Circulating Exosomal miRNA Profile During Term and Preterm Birth 
Pregnancies: A Longitudinal Study. Endocrinology. 2019;160(2):249–75.  

50.  Foster BP, Balassa T, Benen TD, Dominovic M, Elmadjian GK, Florova V, et al. 
Extracellular vesicles in blood, milk and body fluids of the female and male 
urogenital tract and with special regard to reproduction. Crit Rev Clin Lab Sci. 
2016;53(6):379–95.  

51.  Shabbir A, Cox A, Rodriguez-Menocal L, Salgado M, Badiavas E Van. 
Mesenchymal Stem Cell Exosomes Induce Proliferation and Migration of 
Normal and Chronic Wound Fibroblasts, and Enhance Angiogenesis In Vitro. 
Stem Cells Dev. 2015;24(14):1635–47.  

52.  Ti D, Hao H, Fu X, Han W. Mesenchymal stem cells-derived exosomal 
microRNAs contribute to wound inflammation. Sci China Life Sci. 
2016;59(12):1305–12.  

53.  Swatler J, Dudka W, Piwocka K. Isolation and Characterization of 
Extracellular Vesicles from Cell Culture Conditioned Medium for 
Immunological Studies. Curr Protoc Immunol. 2020;19(1):e96.  

54.  Tang Y-T, Huang Y-Y, Zheng L, Qin S-H, Xu X-P, An T-X, et al. Comparison of 
isolation methods of exosomes and exosomal RNA from cell culture medium 
and serum. Int J Mol Med. 2017;40(2):834–44.  

55.  Gámez-Valero A, Monguió-Tortajada M, Carreras-Planella L, Franquesa M la, 
Beyer K, Borràs FE. Size-Exclusion Chromatography-based isolation 
minimally alters Extracellular Vesicles’ characteristics compared to 
precipitating agents. Sci Rep. 2016;6:33641.  

56.  Zhang Y, Bi J, Huang J, Tang Y, Du S, Li P. Exosome: A Review of Its 
Classification , Isolation Techniques , Storage , Diagnostic and Targeted 
Therapy Applications. International Journal of Nanomedicine. 2020;15:6917–
6934.  

57.  Alvarez ML, Khosroheidari M, Ravi RK, DiStefano JK. Comparison of protein, 
microRNA, and mRNA yields using different methods of urinary exosome 
isolation for the discovery of kidney disease biomarkers. Kidney Int. 
2012;82(9):1024–32.  

58.  Sánchez-lópez E, Gomes D, Esteruelas G, Bonilla L, Lopez-machado AL, 
Galindo R, et al. Metal-Based Nanoparticles as Antimicrobial Agents : An 
Overview. Nanomaterials. 2020;10(2):292.  

59.  Klebowski B, Depciuch J, Parlinska-Wojtan M, Baran J. Applications of Noble 
Metal-Based Nanoparticles in Medicine. Int J Mol Sci. 2018;19:4031.  

60.  Moura SL, Martín CG, Martí M, Pividori MI. Multiplex detection and 
characterization of breast cancer exosomes by magneto-actuated 
immunoassay. Talanta. 2020;211:120657.  

61.  Moura SL, Martín CG, Martí M, Pividori MI. Electrochemical immunosensing 
of nanovesicles as biomarkers for breast cancer. Biosens Bioelectron. 
2020;150:111882.  

62.  Pérez-González R, Gauthier SA, Kumar A, Saito M, Saito M, Levy E. A Method 
for Isolation of Extracellular Vesicles and Characterization of Exosomes from 
Brain Extracellular Space. In: Hill AF, editor. Exosomes and Microvesicles: 
Methods and Protocols. © Springer Science+Business Media LLC; 2017. p. 
139–51.  

63.  Vella LJ, Scicluna BJ, Cheng L, Bawden EG, Masters CL, Ang C-S, et al. A 
rigorous method to enrich for exosomes from brain tissue. J Extracell Vesicles. 
2017;6(1):1348885.  

64.  Muraoka S, Lin W, Chen M, Hersh SW, Emili A, Xia W. Assessment of 
separation methods for extracellular vesicles from human and mouse brain 
tissues and human cerebrospinal fl uids. Methods. 2020;177:35–49.  

65.  Perez-Gonzalez R, Gauthier SA, Kumar A, Levy E. The exosome secretory 
pathway transports amyloid precursor protein carboxyl-terminal fragments 
from the cell into the brain extracellular space. J Biol Chem. 
2012;287(51):43108–15.  

66.  Yelamanchili S V, Lamberty BG, Rennard DA, Morsey BM, Hochfelder CG, 
Meays BM, et al. MiR-21 in Extracellular Vesicles Leads to Neurotoxicity via 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

741 

TLR7 Signaling in SIV Neurological Disease. PLoS Pathog. 
2015;11(7):e1005032.  

67.  Banigan MG, Kao PF, Kozubek JA, Winslow AR, Medina J, Costa J, et al. 
Differential expression of exosomal microRNAs in prefrontal cortices of 
schizophrenia and bipolar disorder patients. PLoS One. 2013;8(1):e48814.  

68.  Colombo M, Moita C, Niel G van, Kowal J, Vigneron J, Benaroch P, et al. 
Analysis of ESCRT functions in exosome biogenesis, composition and 
secretion highlights the heterogeneity of extracellular vesicles. J Cell Sci. 
2013;126(24):5553–5565.  

69.  Samanta S, Rajasingh S, Drosos N, Zhou Z, Dawn B, Rajasingh J. Exosomes: 
new molecular targets of diseases. Acta Pharmacol Sin. 2018;39(4):501–13.  

70.  Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood M. Delivery of 
siRNA to the mouse brain by systemic injection of targeted exosomes. Nat 
Biotechnol. 2011;29:341–5.  

71.  Graner MW, Alzate O, Dechkovskaia AM, Keene JD, Sampson JH, Mitchell 
DA, et al. Proteomic and immunologic analyses of brain tumor exosomes. 
FASEB J. 2009;23(5):1541–1557.  

72.  Chen CC, Liu L, Ma F, Wong CW, Guo XE, Chacko J V., et al. Elucidation of 
Exosome Migration across the Blood-Brain Barrier Model In Vitro. Cell Mol 
Bioeng. 2016;9(4):509–529.  

73.  Perez-Hernandez D, Gutiérrez-Vázquez C, Jorge I, López-Martín S, Ursa A, 
Sánchez-Madrid F, et al. The Intracellular Interactome of Tetraspanin-enriched 
Microdomains Reveals Their Function as Sorting Machineries toward 
Exosomes. J Biol Chem. 2013;288(17):11649–11661.  

74.  Stuffers S, Wegner CS, Stenmark H, Brech A. Multivesicular endosome 
biogenesis in the absence of ESCRTs. Traffic. 2009;10(7):925–37.  

75.  Cheng L, Doecke JD, Sharples RA, Villemagne VL, Fowler CJ, Rembachm A, et 
al. Prognostic serum miRNA biomarkers associated with Alzheimer’s disease 
shows concordance with neuropsychological and neuroimaging assessment. 
Mol Psychiatry. 2015;20(10):1188–896.  

76.  Yao YF, Qu MW, Li GC, Zhang F-B, Rui HC. Circulating exosomal miRNAs as 
diagnostic biomarkers in Parkinson’s disease. Eur Rev Med Pharmacol Sci. 
2018;22(16):5278–83.  

77.  Martins TS, Trindade D, Vaz M, Campelo I, Almeida M, Trigo G, et al. 
Diagnostic and therapeutic potential of exosomes in Alzheimer’s disease. J 
Neurochem. 2021;156(2):162–81.  

78.  Théry C, Amigorena S, Raposo G, Clayton A. Isolation and Characterization of 
Exosomes from Cell Culture Supernatants and Biological Fluids. Curr Protoc 
Cell Biol. 2006;Chapter 3(Unit 3.22).  

79.  Patel GK, Khan MA, Zubair H, Srivastava SK, Khushman M, Singh S, et al. 
Comparative analysis of exosome isolation methods using culture supernatant 
for optimum yield, purity and downstream applications. Sci Rep. 
2019;9(1):5335.  

80.  Moura SL, Martì M, Pividori MI. Matrix Effect in the Isolation of Breast 
Cancer-Derived Nanovesicles by Immunomagnetic Separation and 
Electrochemical Immunosensing—A Comparative Study. Sensors (Basel). 
2020;20(4):965.  

81.  Moura SL, Pallarès-Rusiñol A, Sappia L, Martí M, Pividori MI. The activity of 
alkaline phosphatase in breast cancer exosomes simplifies the biosensing 
design. Biosens Bioelectron. 2022;198:113826.  

82.  Murphy DE, de Jong OG, Brouwer M, Wood MJ, Lavieu G, Schiffelers RM, et 
al. Extracellular vesicle-based therapeutics: natural versus engineered 
targeting and trafficking. Exp Mol Med. 2019;51(3):1–12.  

83.  Kojima R, Bojar D, Rizzi G, Hamri GC-E, El-Baba MD, Saxena P, et al. Designer 
exosomes produced by implanted cells intracerebrally deliver therapeutic 
cargo for Parkinson’s disease treatment. Nat Commun. 2018;9(1):1305.  

84.  Batrakova E V., Kim MS. Using exosomes, naturally-equipped nanocarriers, 
for drug delivery. J Control Release. 2015;2019:396–405.  

85.  Ou Y-H, Zou S, Goh WJ, Wang J-W, Wacker M, Czarny B, et al. Cell-Derived 
Nanovesicles as Exosome-Mimetics for Drug Delivery Purposes: Uses and 
Recommendations. Methods Mol Biol. 2021;2211:147–70.  

86.  Wiklander OPB, Nordin JZ, O’Loughlin A, Gustafsson Y, Corso G, Mäger I, et 
al. Extracellular vesicle in vivo biodistribution is determined by cell source, 
route of administration and targeting. J Extracell Vesicles. 2015;10:3402.  

87.  Nichols E, Szoeke CEI, Vollset SE, Abbasi N, Abd-Allah F, Abdela J, et al. 
Global , regional , and national burden of Alzheimer ’ s disease and other 
dementias , 1990 – 2016 : a systematic analysis for the Global Burden of Disease 
Study 2016. Lancet neurology. 2019;18:88–106.  

88.  Cummings JL, Isaacson RS, Schmitt FA, Velting DM. A practical algorithm for 
managing Alzheimer’ s disease: what , when , and why ? Annals of Clinical 
and Translational Neurology. 2015;2(3):307–23.  

89.  Malm T, Loppi S, Kanninen KM. Exosomes in Alzheimer’s disease. 
Neurochem Int. 2016;97:193–9.  

90.  Jiang L, Dong H, Cao H, Ji X, Luan S, Liu J. Exosomes in Pathogenesis, 
Diagnosis, and Treatment of Alzheimer’s Disease. Med Sci Monit. 
2019;25:3329–35.  

91.  Pérez-González R, Sahoo S, Gauthier SA, Kim Y, Li M, Kumar A, et al. 
Neuroprotection mediated by cystatin C-loaded extracellular vesicles. Sci Rep. 
2019;9:11104.  

92.  Yin Q, Ji X, Lv R, Pei J-J, Du Y, Shen C, et al. Targetting Exosomes as a New 
Biomarker and Therapeutic Approach for Alzheimer’s Disease. Clin Interv 
Aging. 2020;15:195–205.  

93.  Peng KY, Pérez-González R, Alldred MJ, Goulbourne CN, Morales-Corraliza J, 
Saito M, et al. Apolipoprotein E4 genotype compromises brain exosome 
production. Brain. 2019;142(1):163–75.  

94.  Goetzl EJ, Kapogiannis D, Schwartz JB, Lobach I V., Goetzl L, Abner EL, et al. 
Decreased synaptic proteins in neuronal exosomes of frontotemporal 
dementia and Alzheimer’s disease. The FASEB Journal. 2016;30(2):4141–8.  

95.  Pelucchi S, Gardoni F, Luca M Di, Marcello E. Synaptic dysfunction in early 
phases of Alzheimer’s Disease. Handb Clin Neurol. 2022;184:417–38.  

96.  Kashyap G, Bapat D, Das D, Gowaikar R, Amritkar RE, Rangarajan G, et al. 
Synapse loss and progress of Alzheimer’s disease -A network model. Scientific 
Reports. 2019;9:6555.  

97.  Goetzl EJ, Abner EL, Jicha GA, Kapogiannis D, Schwartz JB. Declining levels 
of functionally specialized synaptic proteins in plasma neuronal exosomes 
with progression of Alzheimer ’ s disease. FASEB J. 2018;32(2):888–93.  

98.  Liu W, Lin H, He X, Chen L, Dai Y, Jia W, et al. Neurogranin as a cognitive 
biomarker in cerebrospinal fl uid and blood exosomes for Alzheimer ’ s 
disease and mild cognitive impairment. Translational Psychiatry. 2020;10:125.  

99.  Cano A, Turowski P, Ettcheto M, Duskey JT, Tosi G, Sánchez-López E, et al. 
Nanomedicine ‑ based technologies and novel biomarkers for the diagnosis 
and treatment of Alzheimer ’ s disease : from current to future challenges. J 
Nanobiotechnol. 2021;19:122.  

100.  Tarawneh R, D’Angelo G, Crimmins D, Herries E, Griest T, Fagan AM, et al. 
Diagnostic and Prognostic Utility of the Synaptic Marker Neurogranin in 
Alzheimer Disease. JAMA Neurol. 2016;73(5):561–71.  

101.  Kirsebom B-E, Nordengen K, Selnes P, Waterloo K, Bøen Torsetnes S, 
Gísladóttir B, et al. Cerebrospinal fluid neurogranin/β-site APP-cleaving 
enzyme 1 predicts cognitive decline in preclinical Alzheimer’s disease. 
Alzheimers Dement (N Y). 2018;4:617–27.  

102.  Nielsen JE, Pedersen KS, Vestergård K, Maltesen RG, Christiansen G, 
Lundbye-christensen S. Novel Blood-Derived Extracellular Vesicle-Based 
Proximity Extension Assay. Biomedicines. 2020;8:199.  

103.  Olink©Proteomics. Olink Target 96 Inflammation [Internet]. 2021. Available 
from: https://www.olink.com/products/target/inflammation/ 

104.  Olink©Proteomics. Olink Target 96 Neurology [Internet]. 2021. Available 
from: https://www.olink.com/products/target/neurology/ 

105.  Whelan CD, Mattsson N, Nagle MW, Vijayaraghavan S, Hyde C, Janelidze S, 
et al. Multiplex proteomics identifies novel CSF and plasma biomarkers of 
early Alzheimer ’ s disease. Acta Neuropathol Commun. 2019;7(1):169.  

106.  Winston CN, Goetzl EJ, Akers JC, Carter BS, Rockenstein EM, Galasko D, et al. 
Prediction of conversion from mild cognitive impairment to dementia with 
neuronally derived blood exosome protein profile. Alzheimers Dement 
(Amst). 2016;3:63–72.  

107.  Winston CN, Goetzl EJ, Schwartz anice B, Elahi FM, Rissman RA. 
Complement protein levels in plasma astrocyte-derived exosomes are 
abnormal in conversion from mild cognitive impairment to Alzheimer’s 
disease dementia. Alzheimers Dement (Amst). 2019;11:61–6.  

108.  Goetzl EJ, Miller BL. Multicellular hypothesis for the pathogenesis of 
Alzheimer’s disease. FASEB J. 2017;31(5):1792–5.  

109.  Haim L Ben, Carrillo-de Sauvage M-A, Ceyzériat K, Escartin C. Elusive roles 
for reactive astrocytes in neurodegenerative diseases. Front Cell Neurosci. 
2015;9:278.  

110.  Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, 
et al. Neurotoxic reactive astrocytes are induced by activated microglia. 
Nature. 2017;541(7638):481–7.  

111.  Liddelow SA, Barres BA. Reactive Astrocytes: Production, Function, and 
Therapeutic Potential. Immunity. 2017;46(6):957–67.  

112.  Winston CN, Goetzl EJ, Baker LD, Vitiello M V, Rissman A, Diego S, et al. 
Growth Hormone-Releasing Hormone Modulation of Neuronal Exosome 
Biomarkers in Mild Cognitive Impairment. J Alzheimers Dis. 2018;66(3):971–
81.  

113.  Zemva J, Schubert M. The role of neuronal insulin/insulin-like growth factor-1 
signaling for the pathogenesis of Alzheimer’s disease: possible therapeutic 
implications. CNS Neurol Disord Drug Targets. 2014;13(2):322–37.  

114.  Kim B, Elzinga SE, Henn RE, McGinley LM, Feldman EL. The effects of insulin 
and insulin-like growth factor I on amyloid precursor protein phosphorylation 
in in vitro and in vivo models of Alzheimer’s disease. Neurobiol Dis. 
2019;132:104541.  

115.  Galle SA, van der Spek A, Drent ML, Brugts MP, Scherder EJA, Janssen JA, et 
al. Revisiting the Role of Insulin-Like Growth Factor-I Receptor Stimulating 
Activity and the Apolipoprotein E in Alzheimer’s Disease. Front Aging 
Neurosci. 2019;11:20.  

116.  Mustapic M, Tran J, Craft S, Kapogiannis D. Extracellular Vesicle Biomarkers 
Track Cognitive Changes Following Intranasal Insulin in Alzheimer’s Disease. 
J Alzheimers Dis. 2019;69(2):489–98.  

117.  Yang TT, Liu CG, Gao SC, Zhang Y, Wang PC. The Serum Exosome Derived 
MicroRNA−135a, −193b, and −384 Were Potential Alzheimer’s Disease 
Biomarkers. Biomed Environ Sci. 2018;31(2):87–96.  

118.  Liu CG, Meng S, Li Y, Lu Y, Zhao Y, Wang PC. MicroRNA-135a in 
ABCA1-labeled Exosome is a Serum Biomarker Candidate for Alzheimer’s 
Disease. Biomed Environ Sci. 2021;34(1):19–28.  

119.  Karasinska JM, Haan W de, Franciosi S, Ruddle P, Fan J, Kruit JK, et al. ABCA1 
influences neuroinflammation and neuronal death. Neurobiol Dis. 
2013;54:445–55.  

120.  Liu C, Zhao Y, Lu Y, Wang P. ABCA1-Labeled Exosomes in Serum Contain 
Higher MicroRNA- 193b Levels in Alzheimer ’s Disease. Biomed Res Int. 
2021;2021:5450397.  



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

742 

121.  Sun R, Wang H, Shi Y, Sun Z, Jiang H, Zhang J. Changes in the Morphology, 
Number, and Pathological Protein Levels of Plasma Exosomes May Help 
Diagnose Alzheimer’s Disease. J Alzheimers Dis. 2020;73(3):909–17.  

122.  Rani K, Rastogi S, Vishwakarma P, Singh P, Sharma V, Renu K, et al. A novel 
approach to correlate the salivary exosomes and their protein cargo in the 
progression of cognitive impairment into Alzheimer ’ s disease. J Neurosci 
Methods. 2021;347:108980.  

123.  Bill F, Foundation MG. Global, regional and national burden of Parkinson’ s 
disease, 1990 – 2016 : a systematic analysis for the Global Burden of Disease 
Study 2016. Lancet neurology. 2018;17:939–53.  

124.  Wu X, Zheng T, Zhang B. Exosomes in Parkinson’s Disease. Neurosci Bull. 
2017;33(3):331–8.  

125.  Luo S, Du L, Cui Y. Potential Therapeutic Applications and Developments of 
Exosomes in Parkinson’s Disease. Mol Pharmaceutics. 2020;17(5):1447–1457.  

126.  Yu H, Sun T, An J, Wen L, Liu F, Bu Z, et al. Potential Roles of Exosomes in 
Parkinson’s Disease: From Pathogenesis, Diagnosis, and Treatment to 
Prognosis. Front Cell Dev Biol. 2020;8:86.  

127.  Shi M, Liu C, Cook TJ, Bullock KM, Zhao Y, Li Y, et al. Plasma exosomal 
α-synuclein is likely CNS-derived and increased in Parkinson’s disease. Acta 
Neuropathol. 2014;128(5):639–50.  

128.  Ganguly U, Singh S, Pal S, Prasad S, Agrawal BK, Saini R V, et al. 
Alpha-Synuclein as a Biomarker of Parkinson’s Disease: Good, but Not Good 
Enough. Front Aging Neurosci. 2021;13:702639.  

129.  Norman M, Ter-Ovanesyan D, Trieu W, Lazarovits R, Kowal EJK, Lee JH, et al. 
L1CAM is not associated with extracellular vesicles in human cerebrospinal 
fluid or plasma. Nature Methods. 2021;18:631–634.  

130.  Zheng H, Xie Z, Zhang X, Mao J, Wang M, Wei S, et al. Investigation of a 
-Synuclein Species in Plasma Exosomes and the Oligomeric and 
Phosphorylated a -Synuclein as Potential Peripheral Biomarker of Parkinson ’ 
s Disease. Neuroscience. 2021;469:79–90.  

131.  Athauda D, Gulyani S, Karnati H, Li Y, Tweedie D, Mustapic M, et al. Utility 
of Neuronal-Derived Exosomes to Examine Molecular Mechanisms That 
Affect Motor Function in Patients With Parkinson Disease A Secondary 
Analysis of the Exenatide-PD Trial. JAMA Neurol. 2019;76(4):420–9.  

132.  Vijiaratnam N, Girges C, Auld G, Chau M, Maclagan K, King A, et al. 
Exenatide once weekly over 2 years as a potential disease-modifying treatment 
for Parkinson’s disease: protocol for a multicentre, randomised, double blind, 
parallel group, placebo controlled, phase 3 trial: The “Exenatide-PD3” study. 
BMJ Open. 2021;11(5):e047993.  

133.  Jiang Y, Liu J, Chen L, Jin Y, Zhang G, Lin Z, et al. Serum secreted 
miR-137-containing exosomes affects oxidative stress of neurons by regulating 
OXR1 in Parkinson’s disease. Brain Res. 2019;1722:146331.  

134.  Li Q, Wang Z, Xing H, Wang Y, Guo Y. Exosomes derived from 
miR-188-3p-modified adipose-derived mesenchymal stem cells protect 
Parkinson ’ s disease. Molecular Therapy: Nucleic Acid. 2021;23:1334–44.  

135.  Rivero-Ríos P, Madero-Pérez J, Fernández B, Hilfiker S. Targeting the 
Autophagy/Lysosomal Degradation Pathway in Parkinson’s Disease. Curr 
Neuropharmacol. 2016;14(3):238–49.  

136.  Lin S-P, Ye S, Long Y, Fan Y, Mao H-F, Chen M-T, et al. Circular RNA 
expression alterations are involved in OGD/R-induced neuron injury. 
Biochem Biophys Res Commun. 2016;471(1):52–6.  

137.  Wang K, Liu C-Y, Zhou L-Y, Wang J-X, Wang M, Zhao B, et al. APF lncRNA 
regulates autophagy and myocardial infarction by targeting miR-188-3p. Nat 
Commun. 2015;6:6779.  

138.  Yang J, Luo S, Zhang J, Yu T, Fu Z, Zheng Y, et al. Exosome-mediated delivery 
of antisense oligonucleotides targeting α -synuclein ameliorates the pathology 
in a mouse model of Parkinson ’ s disease. Neurobiology of Disease. 
2021;148:105218.  

139.  Uehara T, Choong C-J, Nakamori M, Hayakawa H, Nishiyama K, Kasahara Y, 
et al. Amido-bridged nucleic acid (AmNA)-modified antisense 
oligonucleotides targeting α-synuclein as a novel therapy for Parkinson’s 
disease. Sci Rep. 2019;9(1):7567.  

140.  Adiele RC, Adiele CA. Metabolic defects in multiple sclerosis. Mitochondrion. 
2019;44:7–14.  

141.  Selmaj I, Mycko MP, Raine CS, Selmaj KW. The role of exosomes in CNS 
inflammation and their involvement in multiple sclerosis. J Neuroimmunol. 
2017;306:1–10.  

142.  Bakhti M, Winter C, Simons M. Inhibition of myelin membrane sheath 
formation by oligodendrocyte-derived exosome-like vesicles. J Biol Chem. 
2011;286(1):787–96.  

143.  Fröhlich D, Kuo WP, Frühbeis C, Sun J-J, Zehendner CM, Luhmann HJ, et al. 
Multifaceted effects of oligodendroglial exosomes on neurons: impact on 
neuronal firing rate, signal transduction and gene regulation. Philos Trans R 
Soc Lond B Biol Sci. 2014;369(1652):20130510.  

144.  Hakulinen J, Sankkila L, Sugiyama N, Lehti K, Keski-Oja J. Secretion of active 
membrane type 1 matrix metalloproteinase (MMP-14) into extracellular space 
in microvesicular exosomes. J Cell Biochem. 2008;105(5):1211–8.  

145.  Jy W, Minagar A, Jimenez JJ, Sheremata WA, Mauro LM, Horstman LL, et al. 
Endothelial microparticles (EMP) bind and activate monocytes: elevated 
EMP-monocyte conjugates in multiple sclerosis. Front Biosci. 2004;9:3137–44.  

146.  Ebrahimkhani S, Vafaee F, Young PE, Hur SSJ, Devenney E, Beadnall H, et al. 
Exosomal microRNA signatures in multiple sclerosis reflect disease status. Sci 
Rep. 2017;7(1):14293.  

147.  Mrad MF, Saba ES, Nakib L, Khoury SJ. Exosomes From Subjects With 
Multiple Sclerosis Express EBV-Derived Proteins and Activate. Neurol 
Neuroimmunol Neuroinflamm. 2021;8(4):e1004.  

148.  Ascherio A, Munger KL. Environmental risk factors for multiple sclerosis. Part 
I: the role of infection. Ann Neurol. 2007;61(4):288–99.  

149.  Langer-Gould A, Wu J, Lucas R, Smith J, Gonzales E, Amezcua L, et al. 
Epstein-Barr virus, cytomegalovirus, and multiple sclerosis susceptibility: A 
multiethnic study. Neurology. 2017;89(13):1330–7.  

150.  Abrahamyan S, Eberspächer B, Hoshi M-M, Aly L, Luessi F, Groppa S, et al. 
Complete Epstein-Barr virus seropositivity in a large cohort of patients with 
early multiple sclerosis. J Neurol Neurosurg Psychiatry. 2020;91(7):681–6.  

151.  Li Z, Liu F, He X, Yang X, Shan F, Feng J. Exosomes derived from 
mesenchymal stem cells attenuate in fl ammation and demyelination of the 
central nervous system in EAE rats by regulating the polarization of microglia. 
Int Immunopharmacol. 2019;67:268–80.  

152.  Shen Z, Huang W, Liu J, Tian J, Wang S, Rui K. Effects of Mesenchymal Stem 
Cell-Derived Exosomes on Autoimmune Diseases. Front Immunol. 
2021;12:749192.  

153.  Wang J-H, Liu X-L, Sun J-M, Yang J-H, Xu D-H, Yan S-S. Role of mesenchymal 
stem cell derived extracellular vesicles in autoimmunity: A systematic review. 
World J Stem Cells. 2020;12(8):879–896.  

154.  Fathollahi A, Mahmoud S, Haji M, Hoseini M, Tavakoli S, Farahani E, et al. 
Intranasal administration of small extracellular vesicles derived from 
mesenchymal stem cells ameliorated the experimental autoimmune 
encephalomyelitis. Int Immunopharmacol. 2021;90:107207.  

155.  Hosseini Samili F, Alibolandi M, Rafatpanah H, Abnous K, Mahmoudi M, 
Kalantari M, et al. Immunomodulatory properties of MSC-derived exosomes 
armed with high a ffi nity aptamer toward mylein as a platform for reducing 
multiple sclerosis clinical score. Journal of Controlled Release. 2019;299:149–
64.  

156.  Nastasijevic B, Wright BR, Smestad J, Warrington AE, Rodriguez M, Maher III 
JL. Remyelination Induced by a DNA Aptamer in a Mouse Model of Multiple 
Sclerosis. PLoS One. 2012;7(6):e39595.  

157.  Pusic AD, Pusic KM, Clayton BLL, Kraig RP. IFN γ -stimulated dendritic cell 
exosomes as a potential therapeutic for remyelination. Journal of 
Neuroimmunology. 2014;266(1–2):12–23.  

158.  Logroscino G, Piccininni M, Marin B, Nichols E, Abd-Allah F, Abdelalim A, et 
al. Global , regional , and national burden of motor neuron diseases 1990 – 
2016 : a systematic analysis for the Global Burden of Disease Study 2016. 
Lancet neurology. 2018;17:1083–97.  

159.  Arthur KC, Calvo A, Price TR, Geiger JT, Chiò A, Traynor BJ. Projected 
increase in amyotrophic lateral sclerosis from 2015 to 2040. Nat Commun. 
2016;7:12408.  

160.  Gagliardi D, Bresolin N, Comi G Pietro, Corti S. Extracellular vesicles and 
amyotrophic lateral sclerosis: from misfolded protein vehicles to promising 
clinical biomarkers. Cell Mol Life Sci. 2021;78(2):561–72.  

161.  Otake K, Kamiguchi H, Hirozane Y. Identification of biomarkers for 
amyotrophic lateral sclerosis by comprehensive analysis of exosomal mRNAs 
in human cerebrospinal fluid. BMC Med Genomics. 2019;12(1):7.  

162.  Basso M, Pozzi S, Tortarolo M, Fiordaliso F, Bisighini C, Pasetto L, et al. 
Mutant Copper-Zinc Superoxide Dismutase ( SOD1 ) Induces Protein 
Secretion Pathway Alterations and Exosome Release in Astrocytes. Journal of 
Biological Chemistry. 2013;288(22):15699–711.  

163.  Berdyńsk M, Miszta P, Safranow K, Andersen PM, Morita M, Filipek S, et al. 
SOD1 mutations associated with amyotrophic lateral sclerosis analysis of 
variant severity. Scientific Reports. 2022;12:103.  

164.  Silverman JM, Christy D, Shyu CC, Moon K, Fernando S, Gidden Z, et al. 
CNS-derived extracellular vesicles from superoxide dismutase 1 ( SOD1 ) 
G93A ALS mice originate from astrocytes and neurons and carry misfolded 
SOD1. J Biol Chem . 2019;294(10):3744–59.  

165.  Bonafede R, Scambi I, Peroni D, Potrich V, Boschi F, Benati D, et al. Exosome 
derived from murine adipose-derived stromal cells : Neuroprotective effect on 
in vitro model of amyotrophic lateral sclerosis. Experimental Cell Research. 
2016;340(1):150–8.  

166.  Bonafede R, Turano E, Scambi I, Busato A, Bontempi P, Virla F, et al. 
ASC-Exosomes Ameliorate the Disease Progression in SOD1(G93A) Murine 
Model Underlining Their Potential Therapeutic Use in Human ALS. Int J Mol 
Sci. 2020;21(10):3651.  

167.  Chen P, Wu D, Hu C, Chen H, Hsieh Y. Exosomal TAR DNA-binding 
protein-43 and neuro fi laments in plasma of amyotrophic lateral sclerosis 
patients : A longitudinal follow-up study. Journal of the Neurological 
Sciences. 2020;418(291):117070.  

168.  Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, Chou TT, 
et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and 
amyotrophic lateral sclerosis. Science. 2006;314(5796):130–3.  

169.  Arai T, Hasegawa M, Akiyama H, Ikeda K, Nonaka T, Mori H, et al. TDP-43 is 
a component of ubiquitin-positive tau-negative inclusions in frontotemporal 
lobar degeneration and amyotrophic lateral sclerosis. Biochem Biophys Res 
Commun. 2006;351(3):602–11.  

170.  Hayashi N, Doi H, Kurata Y, Kagawa H, Atobe Y. Proteomic analysis of 
exosome-enriched fractions derived from cerebrospinal fluid of amyotrophic 
lateral sclerosis patients. Neuroscience Research. 2020;160:43–9.  

171.  Morasso CF, Sproviero D, Mimmi MC, Giannini M, Gagliardi S, Vanna R, et al. 
Raman spectroscopy reveals biochemical differences in plasma derived 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

743 

extracellular vesicles from sporadic Amyotrophic Lateral Sclerosis patients. 
Nanomedicine: Nanotechnology, Biology, and Medicine. 2020;29:102249.  

172.  Saucier D, Wajnberg G, Roy J, Beauregard A, Chacko S, Crapoulet N, et al. 
Identification of a circulating miRNA signature in extracellular vesicles 
collected from amyotrophic lateral sclerosis patients. Brain Research. 
2019;1708:100–8.  

173.  Goule J. Breaking down the epidemiology of brain cancer. Nature. 
2018;561:S40–1.  

174.  GBD 2016 and Collaborators. Global , regional , and national burden of brain 
and other CNS cancer , 1990 – 2016 : a systematic analysis for the Global 
Burden of Disease Study 2016. Lancet neurology. 2019;18:376–93.  

175.  de Robles P, Fiest KM, Frolkis AD, Pringsheim T, Atta C, Germaine- CS, et al. 
The worldwide incidence and prevalence of primary brain tumors: a 
systematic review and meta-analysis. Neuro-Oncology. 2015;17:776–83.  

176.  Aldape K, Brindle K, Chesler L, Chopra R, Gajjar A, Gilbert M, et al. 
Challenges to curing primary brain tumours. Nature Reviews Clinical 
Oncology. 2019;7:1–12.  

177.  Tapeinos C, Battaglini M, Ciofani G. Advances in the design of solid lipid 
nanoparticles and nanostructured lipid carriers for targeting brain diseases. 
Journal of Controlled Release. 2017;264:306–32.  

178.  Krapež G, Kouter K, Jovčevska I, Paska AV. Dynamic Intercell 
Communication between Glioblastoma and Microenvironment through 
Extracellular Vesicles. Biomedicines. 2022;10(1):151.  

179.  Bălașa A, Șerban G, Chinezu R, Hurghiș C, Tămaș F, Manu D. The 
Involvement of Exosomes in Glioblastoma Development, Diagnosis, 
Prognosis, and Treatment. Brain Sci. 2020;10(8):553.  

180.  Kucharzewska P, Christianson HC, Welch JE, Svensson KJ, Fredlund E, 
Ringnér M, et al. Exosomes reflect the hypoxic status of glioma cells and 
mediate hypoxia-dependent activation of vascular cells during tumor 
development. Proc Natl Acad Sci U S A. 2013;110(18):7312–7317.  

181.  Zhang H-G, Grizzle WE. Exosomes and cancer: a newly described pathway of 
immune suppression. Clin Cancer Res. 2011;17(5):959–64.  

182.  Xu J, Zhang J, Zhang Z, Gao Z, Qi Y, Qiu W, et al. Hypoxic glioma-derived 
exosomes promote M2- like macrophage polarization by enhancing 
autophagy induction. Cell Death and Disease. 2021;12:373.  

183.  Iorgulescu JB, Ivan ME, Safaee M, Parsa AT. The limited capacity of malignant 
glioma-derived exosomes to suppress peripheral immune effectors. Journal of 
Neuroimmunology. 2016;290:103–8.  

184.  Cai Q, Zhu A, Gong L. Exosomes of glioma cells deliver miR-148a to promote 
proliferation and metastasis of glioblastoma via targeting CADM1. Bulletin du 
Cancer. 2018;105(7–8):643–51.  

185.  Wang Z, Yuan Y, Ji X, Xiao X, Li Z, Yi X, et al. The Hippo-TAZ axis mediates 
vascular endothelial growth factor C in glioblastoma-derived exosomes to 
promote angiogenesis. Cancer Letters. 2021;513:1–13.  

186.  Schlame M, Xu Y. The Function of Tafazzin, a Mitochondrial 
Phospholipid-Lysophospholipid Acyltransferase. J Mol Biol. 
2020;432(18):5043–5051.  

187.  Li Z, Ye L, Wang L, Quan R, Zhou Y, Li X. Identification of miRNA signatures 
in serum exosomes as a potential biomarker after radiotherapy treatment in 
glioma patients. Annals of Diagnostic Pathology. 2020;44:151436.  

188.  Ding C, Yi X, Wu X, Bu X, Wang D, Wu Z, et al. Exosome-mediated transfer of 
circRNA CircNFIX enhances temozolomide resistance in glioma. Cancer 
Letters. 2020;479:1–12.  

189.  Li X, Yang L, Chen L-L. The Biogenesis, Functions, and Challenges of Circular 
RNAs. Mol Cell. 2018;71(3):428–42.  

190.  Yu T, Wang Y, Fan Y, Fang N, Wang T, Xu T, et al. CircRNAs in cancer 
metabolism: a review. J Hematol Oncol. 2019;12(1):90.  

191.  Wang J, Tang W, Yang M, Yin Y, Li H, Hu F, et al. Inflammatory tumor 
microenvironment responsive neutrophil exosomes-based drug delivery 
system for targeted glioma therapy. Biomaterials. 2021;273:120784. 

 


