& frontiers

@ Check for updates

OPEN ACCESS

Xiao Mao,
Hunan Provincial Maternal and Child Health
Care Hospital, China

Dhiraj Kumar,

National Eye Institute (NIH), United States
Ivy Ho,

National Neuroscience Institute (NNI),
Singapore

Kefu Liu
liukefu@csu.edu.cn

26 March 2023
25 July 2023
09 August 2023

Wang X, Yang H, Liu C and Liu K (2023) A new
diagnostic tool for brain disorders: extracellular
vesicles derived from neuron, astrocyte, and
oligodendrocyte.

Front. Mol. Neurosci. 16:1194210.

doi: 10.3389/fnmol.2023.1194210

© 2023 Wang, Yang, Liu and Liu. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Molecular Neuroscience

Frontiers in Molecular Neuroscience

Review
09 August 2023
10.3389/fnmol.2023.1194210

A new diagnostic tool for brain

disorders: extracellular vesicles
derived from neuron, astrocyte,
and oligodendrocyte

Xueying Wang?, Huihui Yang?, Chunyu Liu'? and Kefu Liu™

!Center for Medical Genetics and Hunan Key Laboratory of Medical Genetics, School of Life Sciences,
Central South University, Changsha, Hunan, China, 2Department of Psychiatry, State University of
New York Upstate Medical University, Syracuse, NY, United States

Brain disorders are the leading cause of disability worldwide, affecting people’s
quality of life and causing economic burdens. The current clinical diagnosis
of brain disorders relies solely on individual phenotypes and lacks accurate
molecular biomarkers. An emerging field of research centers around extracellular
vesicles (EVs), nanoscale membrane vesicles which can easily cross the blood—
brain barrier. EVs in the blood are derived from various tissues, including the brain.
Therefore, purifying central nervous system (CNS)-derived EVs from the blood
and analyzing their contents may be a relatively non-invasive way to analyze
brain molecular alterations and identify biomarkers in brain disorders. Recently,
methods for capturing neuron-derived EVs (NDEs), astrocyte-derived EVs (ADEs),
and oligodendrocyte-derived EVs (ODEs) in peripheral blood were reported. In
this article, we provide an overview of the research history of EVs in the blood,
specifically focusing on biomarker findings in six major brain disorders (Alzheimer’s
disease, Parkinson's disease, schizophrenia, bipolar disorder, depression, and
autism spectrum disorder). Additionally, we discuss the methodology employed
for testing CNS-derived EVs. Among brain disorders, Alzheimer's disease has
received the most extensive attention in EV research to date. Most studies focus
on specific molecules, candidate proteins, or miRNAs. Notably, the most studied
molecules implicated in the pathology of these diseases, such as A, tau, and
a-synuclein, exhibit good reproducibility. These findings suggest that CNS-
derived EVs can serve as valuable tools for observing brain molecular changes
minimally invasively. However, further analysis is necessary to understand the
cargo composition of these EVs and improve isolation methods. Therefore,
research efforts should prioritize the analysis of CNS-derived EVs' origin and
genome-wide biomarker discovery studies.

neurodegenerative disorders, psychiatric disorders, NDEs, ADEs, ODEs, diagnosis,
biomarker

1. Introduction

Human brain disorders, including neurodegenerative and psychiatric disorders (Naz and
Siddique, 2020), are the leading cause of disability worldwide, imposing a severe burden on
families and society. However, the current diagnostic criteria for these disorders are all based on
evaluating clinical symptoms, making it crucial to find objective biological indicators. Extensive
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research on the pathological mechanisms of neurodegenerative
disorders has mainly focused on amyloidosis, pathological
accumulation of tau protein, and aggregation of a-synuclein (Dugger
and Dickson, 2017). Presently, neuropathological assessment during
autopsy remains the sole definitive method for identifying disease
types. Neuroimaging studies have revealed structural abnormalities in
the brains of individuals with psychiatric disorders (Opel et al., 2020).
Establishing a less invasive diagnostic method capable of capturing
pathological brain changes would greatly aid in clinical molecular
classification and drug discovery.

Extracellular vesicles (EVs) are nanoscale membrane vesicles
secreted by cells and widely distributed in various biological
fluids. These EVs can be categorized into several subtypes: (1)
(~50-150nm in diameter), (2)
(80-150nm), (3) microvesicles, ectosomes, or microparticles
(~100-1,000 nm), and (4) apoptotic EVs and apoptotic bodies
(~100-5,000 nm) (Mathieu et al., 2019). EVs harbor a variety of
biomolecules, including protein, miRNA, mRNA, and more,

€xosomes retroviruses

which can be transported between different cells, tissues, or
organs and participate in various physiological processes. In
recent years, studies have found that EVs’ abnormal secretion and
cargos are closely related to the pathogenesis of central nervous
system (CNS) diseases. What’s more, because of their intercellular
communication abilities and the capacity to cross the blood-brain
barrier (BBB) (Banks et al., 2020; Morales-Prieto et al., 2022), EVs
have emerged as potential tools for breakthroughs in the clinical
diagnosis of brain disorders. Recent studies have shown that EVs
may play a role in the abnormal accumulation or degeneration of
proteins in the brains of patients with neurodegenerative disorders
through secretion and transmission between cells (Yuyama et al.,
2008; Emmanouilidou et al., 2010; Saman et al., 2012; Nonaka
et al,, 2013). In the case of psychiatric disorders, transplantation
of serum-derived EVs from schizophrenia (SCZ) patients into
mice resulted in SCZ-like behavioral and molecular phenotypes
(Du et al,, 2021). Moreover, peripheral injection of blood-derived
EVs from healthy controls (HC) into chronic unpredictable mild
stress (CUMS) mice alleviated depression-like behavior (Wei
et al., 2020).

Analyzing changes in biomolecules within CNS-derived EVs
isolated from peripheral tissues may capture alterations occurring
in the brain. The utilization of EVs has the potential to facilitate
minimally invasive liquid biopsies for clinical diagnosis and
tracking of disease progression. However, due to the heterogeneity
of EVs and their diverse origins, measuring molecular changes in
the brain using total EVs in the bloodstream poses challenges.
Purifying specific EVs derived from the brain may circumvent
these limitations and enable the investigation of their cargos as
biomarkers of brain disorders. Recent studies have reported the
existence of neuron-derived EVs (NDEs), astrocyte-derived EV's
(ADEs), and oligodendrocyte-derived EVs (ODEs) in the brain
(Zou et al., 2022).

In this review, we focus on these three sources of EVs and compile
a comprehensive summary of the historical background and
biomarker studies conducted in major neurodegenerative [Alzheimer’s
disease (AD) and Parkinson’s disease (PD)] and psychiatric disorders
[SCZ, bipolar disorder (BD), depression, and autism spectrum
disorder (ASD)]. Furthermore, we discuss the limitations inherent in
existing studies and propose future directions for research.
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2. The research history of blood EVs
derived from the central nervous
system in brain disorders

Harding and Stahl (1983) and Pan and Johnstone (1983) made the
initial discovery of small vesicles (~50 nm) secreted from reticulocytes,
which they named “exosomes.” These exosomes were found to play an
important role in the reticulocyte transferrin receptor cycle process.
Later, Zitvogel et al. (1998) and Théry et al. (2001) found that dendritic
cells could secrete exosomes and activate the T cell immune response.
Fevrier et al. (2004) discovered the propagation of the first pathological
protein, prion protein (PrP), through exosomes. These findings
implied the potential relevance of exosomes in both normal and
pathological brain physiology. It also raised the possibility of using
exosomes to explore disease pathology and develop diagnostic tools
for clinical applications. In accordance with the Minimal information
2018 (MISEV2018)
recommendations and considering the imprecise methods for

for studies of extracellular vesicles
isolating pure exosomes, we will use the term “EVs” to replace
“exosomes” in the subsequent description.

Fauré et al. (2006) found that neurons and astrocytes in the rat
cortical primary cultures could secrete EVs. Through the LC-MS/MS
and western blot analyses, they identified specific proteins present in
EVs secreted by astrocytes (highly expressing glutamine aspartate
transporter, GLAST) and neurons (highly expressing L1 cell adhesion
molecule, LICAM) in the brain. In 2007, it was confirmed that
oligodendrocytes also secrete EVs, which carry abundant proteolipid
protein (PLP) and 2’3 -cyclic-nucleotide phosphodiesterase (CNP).
These findings laid the groundwork for subsequent studies on NDEs,
ADEs, and ODEs (Kramer-Albers et al., 2007).

CNS-derived EVs have been studied in clinical blood samples
since 2014. Shi et al. (2014) and Fiandaca et al. (2015) independently
established an immunoaffinity capturing protocol to isolate LICAM-
containing EVs (referred to as NDEs) from plasma. LICAM is a cell
adhesion molecule highly expressed in neurons. Two years later,
Goetzl et al. (2016b) made progress in ADEs using mouse anti-human
GLAST biotinylated antibodies. The study examined the association
between cargo proteins of plasma ADEs and AD pathology. The first
clinical study on ODEs was published in 2019 (Ohmichi et al., 2019).
Since then, more and more researchers have carried out clinical
research on these special EVs, as described in the following sections.

3. Research on NDEs, ADEs, and ODEs
relevant to clinical diagnoses of brain
disorders

To evaluate the potential role of molecules from NDEs, ADEs, and
ODEs in clinical diagnosis, we conducted a systematic review of
published studies that detected cargos in these specific EVs in the
blood of patients with brain disorders. PubMed and Web of Science
were searched with the following search builder: ((extracellular vesicle)
OR (extracellular vesicles) OR (exosome) OR (exosomes) OR (exosomal)
OR (exomeres) OR (microparticles) OR (apoptotic bodies) OR
(retroviruses)) AND ((neurodegenerative disease) OR (neuropsychiatric
disorder) OR (mental disorder) OR (psychiatry disorder) OR (psychotic
disorder) OR (psychiatric disorder) OR (neurodevelopmental disorder)
OR (neurological disease) OR (neurological disorder) OR (psychosis) OR
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(#DISORDER#)). #DISORDER# is one of the six major brain
disorders: AD, PD, SCZ, BD, depression, and ASD. The inclusion
criteria were the following: (1) published in English before April 2022;
(2) assessed EVs derived from neuron/astrocyte/oligodendrocyte; and
(3) focused on clinical diagnosis. Studies on animal and cell culture
models were excluded. The literature selection followed the standard
of Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) (Liberati et al., 2009; Figure 1).

A total of 57 publications that met our inclusion and exclusion
criteria were included in our review (Supplementary Table S1). These
studies covered AD (number of studies, n=30), PD (n=16), SCZ
(n=4), BD (n=1), depression (n=5), and cross-disorder studies (AD
and PD, n=1). Notably, there are no NDEs/ADEs/ODEs-related
studies on ASD or other brain disorders. Among the included studies,
54 of the 57 papers examined NDEs, while only 10 and 3 studies have
investigated ADEs and ODEs, respectively. Regarding the types of
molecules analyzed in the included literature, only five papers
reported changes in miRNAs within EVs, while the rest explored
protein molecules. Two studies did not analyze the cargos of EVs. To
evaluate the reproducibility of the reported changes in molecules
derived from these specific EVs in the cases compared to controls,
we examined the consistency of the reported changes in each disorder
by the presence of significant results (p <0.05) consistent in more than
one independent study. We summarized those molecules explored in
two or more studies in Table 1, including the related study subjects,
sample sizes, and the direction of change. It should be emphasized
that, based on the currently included studies, it is not possible to assess

10.3389/fnmol.2023.1194210

the reproducibility of the factors explored in the ADEs/ODE:s related
studies, as none of these factors were explored in more than two
related studies. A comprehensive description of the results from the
included literature can be found in Supplementary Table S1.

3.1. Neurodegenerative disorders

Neurodegenerative disorders are associated with several well-
established molecular changes in the brain, including f-amyloid (Ap),
tau protein and inflammatory factors abnormalities, mitochondrial
dysfunction, and neurotransmitter imbalance. Some of these molecules
are frequently detected in CNS-derived EVs to evaluate their potential
roles for disease diagnosis. To evaluate the reproducibility of these
biomarker changes in CNS-derived EVs, we examined the consistency
of these molecules across multiple studies.

3.1.1. Alzheimer's disease

AD is the most extensively studied brain disorder involving EV's
to date. Currently, the pathology of AD is hypothesized and verified
by the presence of Af plaques and hyperphosphorylated tau (p-tau)
tangles (Serrano-Pozo et al., 2011). The International Working Group
(IWG)-2 criteria and the National Institute on Aging-Alzheimer’s
Association (NIA-AA) framework (Dubois et al., 2014; Jack et al.,
2018) propose cerebrospinal fluid (CSF)-Af and CSF-tau as diagnostic
biomarkers for AD. Consequently, these neuropathological alterations
have been extensively studied in the NDESs’ research on AD.

Records identified through
PUBMED searching
(N=962)

Additional records identified
through Web of science
(N=1237)

Records after duplication removed
(N=1418)

Records excluded for Review

l I —

Records screened
(N=109)

(N=1309)

Full-text articles excluded for:
¢ EV not derived from neuron/

Full-text articles
assessed for eligibility s
(N=71)

astrocyte/oligodendrocyte
Not focused on disorder
diagnosis

¢ Animal models
e Cell culture models

Studies included in
qualitative synthesis
(N=57)

| Included | [ Eligibility | [ Screening | (Identification

FIGURE 1

Flowchart of data selection using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA).

Frontiers in Molecular Neuroscience

03 frontiersin.org


https://doi.org/10.3389/fnmol.2023.1194210
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Wang et al. 10.3389/fnmol.2023.1194210

TABLE 1 SUMMARY of factors explored by two or more studies.

Factors Type of Study objects Direction PubMed ID (Sample size)

EVs of change

Alzheimer’s disease

25130657 (57 vs. 57), 27231710 (20 vs. 10), 27408937 (10 vs. 10), 27511944 (12 vs. 10),

AD vs. HC Increase
31422798 (28 vs. 29), 32741361 (88 vs. 80), 32790155 (31 vs. 15), 35287177 (36 vs. 41)
AD vs. pre-clinical AD Increase 27408937 (10 vs. 20), 31422798 (28 vs. 25), 32741361 (88 vs. 87), 35287177 (36 vs. 97)
Ap42 NDEs 27408937 (10 vs. 20), 30372675 (31 vs. 36; 40 vs. 30), 31422798 (25 vs. 29), 32741361
Pre-clinical AD vs. HC Increase
(87 vs. 80), 35287177 (29 vs. 41)
Longitudinal sets (as the Increase 25130657 (24), 27231710 (20)
disease progresses) No change 31305918 (128)
ADvs. HC Increase 25130657 (57 vs. 57), 31422798 (28 vs. 29), 32679907 (18 vs. 23), 35287177 (36 vs. 41)
AD vs. pre-clinical AD Increase 31422798 (28 vs. 25), 32679907 (18 vs. 29), 35287177 (36 vs. 97)
Total tau NDEs Pre-clinical AD vs. HC Increase 31422798 (25 vs. 29), 35287177 (29 vs. 41)
Longitudinal sets (as the Increase 25130657 (24)
disease progresses) No change 31305918 (128)
I 25130657 (57 vs. 57), 27231710 (20 vs. 10), 27408937 (10 vs. 10), 27511944 (12 vs. 10),
ncrease
AD vs. HC 31422798 (28 vs. 29), 32790155 (31 vs. 15), 35287177 (36 vs. 41)
No change 29495441 (20 vs. 10)
Increase 31422798 (28 vs. 25), 35287177 (36 vs. 97)
AD vs. pre-clinical AD
p-T181-tau NDEs No change 27408937 (10 vs. 20), 29495441 (20 vs. 10)
Increase 27408937 (20 vs. 10), 31422798 (25 vs. 29), 35287177 (29 vs. 41)
Pre-clinical AD vs. HC
No change 29495441 (10 vs. 10)
Longitudinal sets (as the 25130657 (24), 27231710 (20), 31305918 (128)
Increase
disease progresses)
Increase 25130657 (57 vs. 57), 27231710 (20 vs. 10), 27408937 (10 vs. 10), 27511944 (12 vs. 10)
ADvs. HC
No change 32790155 (31 vs. 15)
Increase 27408937 (20 vs. 10), 27511944 (12 vs. 10)
p-S396-tau NDEs Pre-clinical AD vs. HC
No change 30372675 (31 vs. 36; 40 vs. 30)
Longitudinal sets (as the Increase 25130657 (24)
disease progresses) No change 27231710 (20)
AD vs. HC Decrease 27231710 (20 vs. 10), 27408937 (10 vs. 10), 27601437 (12 vs. 28), 32776690 (28 vs. 29)
AD vs. pre-clinical AD Decrease 27408937 (10 vs. 20), 32776690 (28 vs. 25)
NRGN NDEs Pre-clinical AD vs. HC Decrease 27408937 (20 vs. 10), 30372675 (31 vs. 36; 40 vs. 30), 32776690 (25 vs. 29)
Longitudinal sets (as the 27231710 (20), 27601437 (9), 32776690 (160)
Decrease
disease progresses)
ADvs. HC Decrease 27601437 (12 vs. 28), 32776690 (28 vs. 29)
Pre-clinical AD vs. HC Decrease 30372675 (31 vs. 36; 40 vs. 30), 32776690 (25 vs. 29)
Synaptotagmin | NDEs
Longitudinal sets (as the 27601437 (9), 32776690 (160)
Decrease
disease progresses)
AD vs. HC Decrease 27601437 (12 vs. 28), 32776690 (28 vs. 29)
Decrease 32776690 (25 vs. 29)
Pre-clinical AD vs. HC
GAP43 NDEs No change 30372675 (31 vs. 36; 40 vs. 30)
Longitudinal sets (as the 27601437 (9), 32776690 (160)
Decrease
disease progresses)
AD vs. HC Decrease 30680692 (24 vs. 17), 32776690 (28 vs. 29), 35287177 (36 vs. 41)
SNAP25 NDEs AD vs. pre-clinical AD Decrease 32776690 (28 vs. 25), 35287177 (36 vs. 97)
Pre-clinical AD vs. HC Decrease 32776690 (25 vs. 29), 35287177 (29 vs. 41)

(Continued)
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TABLE 1 (Continued)

10.3389/fnmol.2023.1194210

Factors Type of Study objects Direction PubMed ID (Sample size)
EVs of change
ADvs. HC Increase 26062630 (26 vs. 26), 27231710 (20 vs. 10)
Cathepsin D NDEs Longitudinal sets (as the 26062630 (20), 27231710 (20)
Increase
disease progresses)
ADvs. HC Decrease 26273689 (24 vs. 24), 27231710 (20 vs. 10), 27408937 (10 vs. 10)
REST NDEs Longitudinal sets (as the 26273689 (16)
Decrease
disease progresses)
Parkinson’s disease
24997849 (267 vs. 215), 30692923 (39 vs. 40), 32150777 (53 vs. 21), 32236821 (93 vs.
a-synuclein NDEs PD vs. HC Increase 85), 32273329 (275 vs. 144), 32945162 (20 vs. 20), 33217562 (32 vs. 40), 33826157 (290
vs. 191), 33991233 (50 vs. 51)

Twenty-six studies were assessed (Supplementary Table S1),
including 12 studies on AB42 and 14 on tau in the NDEs of AD. Most
studies found that Ap42 protein levels in NDEs continuously increased
with the progression of AD [AD vs. pre-clinical AD/HC (Fiandaca
et al., 2015; Abner et al., 2016; Goetzl et al., 2016b; Winston et al.,
2016, 2018; Jia et al., 2019; Gu et al., 2020; Zhao et al., 2020; Chi et al.,
2022), as well as pre-clinical AD to HC (Winston et al., 2016, 2018; Jia
etal., 2019; Zhao et al., 2020; Chi et al., 2022)]. It is also evidenced in
the longitudinal studies (Fiandaca et al., 2015; Abner et al., 2016),
although one study reported no significant changes (Kapogiannis
etal, 2019b). The samples of these longitudinal studies were obtained
from preclinical AD to AD. Other Ap-related molecules, such as Ap40
(Zhao et al., 2020), soluble amyloid precursor protein sAPPx and
sAPPP (Goetzl et al,, 2016b), have also been studied. Interestingly, one
study (Jia et al.,, 2019) found a strong negative correlation between
ApP42 in NDEs and CSE CSF Ap42 is a recommended diagnostic
marker for AD (Dubois et al., 2021). This implies that NDEs Ap42
may reflect CSF Ap42 levels. Above all, these results provide evidence
and support the potential of NDEs AB42 as an AD biomarker.

Tau protein appears later than A in the brains of AD patients and
is also a typical feature in a series of diseases called tauopathies. Tau
proteins exist in multiple forms, with total tau, p-T181-tau, and
P-S396-tau being widely studied. Similar to Ap42, most studies have
reported significantly higher levels of total tau, p-T181-tau, and
p-S396-tau in NDEs of AD compared to pre-clinical AD/HC (Fiandaca
etal., 2015; Abner et al., 2016; Goetzl et al., 2016b; Winston et al., 2016;
Jia et al., 2019; Gu et al., 2020; Nam et al., 2020; Chi et al., 2022) and
pre-clinical AD compared to HC (Goetzl et al., 2016b; Winston et al.,
2016; Jia et al., 2019; Chi et al., 2022). It has also been confirmed in
longitudinal studies (Fiandaca et al., 2015; Abner et al, 2016;
Kapogiannis et al., 2019b). However, some studies found no significant
changes in total tau (Kapogiannis et al., 2019b) and p-$396-tau (Abner
etal., 2016) expression levels in the NDEs in longitudinal cohorts. Four
studies (Winston et al., 2016, 2018; Guix et al., 2018; Gu et al., 2020)
reported that the levels of p-T181-tau and p-S396-tau showed no
significant difference between AD and pre-clinical AD/HC or
pre-clinical AD and HC. Despite this, other studies have shown that
P-S202-tau and p-T231-tau proteins are also higher in different stages
of dementia (Kapogiannis et al., 2019b; Nam et al., 2020).

Based on accumulating evidence, several proteins have been
implicated in AD or even in its asymptomatic stage (Kvartsberg et al.,
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2015; Casaletto et al., 2017). Neurogranin (NRGN), synaptotagmin,
growth-associated protein 43 (GAP43), synaptosome-associated
protein 25 (SNAP25), repressor element 1-silencing transcription
factor (REST), and cathepsin D have been extensively studied. Except
for cathepsin D, these proteins showed a significant decline compared
to normal controls, either in AD, in pre-clinical AD, or in longitudinal
studies (Goetzl et al., 2015b, 2016a; Abner et al., 2016; Winston et al.,
2016, 2018; Agliardi et al., 2019; Jia et al., 2021; Chi et al., 2022). On
the other hand, Cathepsin D has been found to significantly increase
in AD (Goetzl et al., 2015a; Abner et al., 2016). However, one study
found inconsistent results, which was conducted by Winston et al.
(2018), and it found no significant difference in GAP43 levels between
pre-clinical AD and HC.

Other proteins and miRNAs reported to be associated with AD
include synaptopodin, neuroligin 1 (NLGN1), lysosome-associated
membrane protein 1 (LAMP-1), miR-132, and others. These molecules
have shown significant changes in AD (Goetzl et al., 2015a, 2016a,
2018a; Winston et al., 2018; Cha et al., 2019). However, it is worth
noting that these findings are based on individual studies, and the
reproducibility of the results has yet to be assessed.

While most studies have focused on candidate proteins or
miRNAs for AD, only three studies have utilized a high-throughput
genome-wide approach to identify biomarkers in NDEs. Mass-
spectrum-based proteomics did not detect any previously mentioned
proteins but identified new proteins, including complement-related
proteins and hemoglobin (Arioz et al., 2021; Zhong et al.,, 2021).
Serpente et al. (2020) recruited 20 AD patients and 20 HC and
performed high-throughput detection of miRNAs in their plasma
NDEs. They found significant differences in the levels of miR-23a-3p,
miR-223-3p, miR-100-3p, and miR-190-5p between AD patients
and controls.

There are fewer studies on ADEs than on NDEs in AD. A variety
of proteins have been detected in ADEs, including f-site amyloid
precursor protein-cleaving enzyme 1 (BACE-1) (Goetzl et al., 2016b),
complement effector and regulatory proteins (Goetzl et al., 2018b;
Winston et al., 2019), and some neuroinflammation-related proteins
(Goetzl et al., 2018b). Nevertheless, these protein molecules have only
been reported in single studies.

No ODEs-related clinical studies have been performed on AD
samples, but one study (Goetzl et al., 2019) isolated EV's derived from
chondroitin sulfate proteoglycan 4 (CSPG4) type oligodendrocyte
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precursor cells. This study characterized some growth factors in AD
with specific EVs. They found that the levels of hepatocyte growth factor
(HGF), fibroblast growth factors (FGFs)-2 and —13, and type 1 insulin-
like growth factor (IGF-1) were significantly lower in AD patients than
in controls. However, there was no significant change between the levels
before and after cognitive impairment in AD patients.

In summary, the research on AD has mainly focused on the
proteins involved in AD pathologies, such as Ap and tau. Studies have
also investigated other proteins related to abnormal functions, such as
synaptic dysfunction, glucose metabolism, autophagy-lysosomal
system, neuroinflammatory dysfunctions, and so on. Most of the
proteins tested were unique to each study, except for Af, tau, NRGN,
synaptotagmin, GAP43, SNAP25, cathepsin D, and REST, which had
consistent results across several studies (Table 1). NDEs have been
studied much more intensively than other CNS-derived EVs.

3.1.2. Parkinson's disease

PD is the second most common neurodegenerative disorder
worldwide. In PD studies, a significant focus has been placed on
investigating changes in a-synuclein protein levels in CNS-derived
EVs. A large deposit of a-synuclein, called Lewy body (LB), is one of
the neuropathological hallmarks of PD (Shults, 2006; Braak and Del
Tredici, 2017). Several studies consistently reported a significant
increase in a-synuclein protein levels in EVs of PD patients compared
to controls (Shi et al., 2014; Zhao et al., 2018; Fu et al., 2020; Jiang
etal,, 2020, 2021; Niu et al., 2020; Zou et al., 2020; Agliardi et al., 2021;
Dutta et al., 2021; Table 1). Additionally, DJ-1 (Zhao et al., 2018), tau
(Shi et al., 2016), and miR-155 (Arioz et al., 2021) were found to
be increased in plasma NDEs of PD compared to controls. Insulin
resistance-related proteins (Athauda et al., 2019; Chou et al., 2020)
showed no significant changes between PD and controls. These
molecules have been reported to be affected by a-synuclein (Burré
et al, 2010) or act as regulators of a-synuclein, leading to the
inflammatory response in PD (Thome et al., 2016).

Regarding the use of ODEs as a diagnostic tool for PD, three
studies have recently been reported (Ohmichi et al., 2019; Yu et al,,
2020; Dutta et al., 2021). Two of these studies explored the
characteristics of «-synuclein in ODEs, but the results were
inconsistent. Yu et al. (2020) found no change in a-synuclein levels
between patients and controls, while Dutta et al. (2021) reported an
increase in a-synuclein levels in PD.

In addition to candidate gene studies, two studies have employed
a genome-wide approach in NDEs. Zou et al. (2020) found that the
Linc-POU3F3 in plasma NDEs of PD patients was upregulated
compared to normal controls through microarray analysis. Another
study (Anastasi et al., 2021) characterized the proteomes of plasma
NDEs without making any comparisons between PD and controls.
They found 231 NDEs proteins shared with reference databases, and
another 20 were annotated as highly expressed in the brain in the
Human Protein Atlas.!

In short, a-synuclein in CNS-derived EVs has been the most
extensively explored as a biomarker for PD due to its crucial role in
disease pathology. However, there is currently a lack of research
exploring biomarkers in ADEs for PD diagnosis.

1 https://www.proteinatlas.org/
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3.2. Psychiatric disorders

In terms of studies of EVs in psychiatric disorders, only
publications on SCZ, BD, and depression have been retrieved. The
etiology of psychiatric disorders remains unclear, which has hindered
the development of precise diagnostic biomarkers. Current research
primarily focuses on cognitive function, neuroinflammatory
dysfunction, and certain pathological abnormalities shared with
neurodegenerative disorders.

SCZ is a major neuropsychiatric disorder affecting ~1% of the
population worldwide (Kahn et al., 2015). Only four studies have
included NDEs/ADEs in SCZ clinical diagnosis. These studies
examined insulin resistance-related proteins (Kapogiannis et al.,
2019a), complement and mitochondrial electron transport proteins
(Goetzl et al., 2020, 2021a), and cognitive dysfunction-related proteins
(Lee et al., 2020) in NDEs/ADEs of SCZ. The findings from these
studies indicated that SCZ patients had lower NDEs levels of
pS312-IRS-1, mitochondrial electron transport system proteins, and
mitochondrial proteins compared to HC. SCZ patients exhibited
higher ADEs levels of complement mediators and Ap42. However,
there are currently no genome-wide studies focusing on SCZ.

From the literature we collected, there have been no clinical
diagnosis-related studies on BD yet. Only one study investigated drugs
related to insulin signaling for the clinical treatment of BD using
CNS-derived EVs as a tool (Mansur et al., 2021). This study found that
plasma NDE:s levels of p-ERK1/2, p-JNK, and p-p38-MAPK were
significantly higher in BD patients treated with infliximab for 6 or
12 weeks but not for 2 weeks compared to placebo-treated patients. In
addition,
p-S312-IRS-1 and hippocampal volume.

they observed a significant association between

To date, five studies have investigated NDEs/ADEs in depression.
Major depressive disorder (MDD) has a prevalence of 4.7% worldwide
(GBD 2016 DALYs and HALE Collaborators, 2017). Out of these five
studies, four explored changes in cargos within NDEs. Two studies
explored changes in protein molecules. They found that levels of IRS-1
were increased (Nasca et al., 2021), while levels of mitochondrial
proteins mitofusin 2 (MFN2) and cyclophilin D (CYPD) (Goetzl et al.,
2021b) were decreased in MDD patients compared to HC.

Another two studies investigated changes in miRNAs within
NDEs but did not directly compare differences between MDD and
HC. One study targeted eight previously reported miRNAs associated
with depression and identified stable detection of let-7a-5p,
miR-34a-5p, miR-132-3p, miR-182-5p, miR-212-3p, and miR-1202 in
NDEs (Mizohata et al., 2021). The other study was carried out on 75
miRNAs by microarray and found that changes in miR-21-5p,
miR-30d-5p, and miR-486-5p were associated with antidepressant
drug response (Saeedi et al., 2021).

4. Evaluation of current methods for
isolating NDEs, ADEs, and ODEs

Despite the extensive biomarker discovery research on NDEs,
ADEs, and ODEs, the isolation methods for these EVs have not been
thoroughly evaluated. All current methods are based on antibodies,
making the specificity of both the antibodies and the antigens crucial.
The methods currently used to isolate CNS-derived EVs are
summarized in Table 2.
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L1ICAM is the most commonly used antigen for capturing NDEs.
It is a member of the cell adhesion molecules mainly expressed in CNS
and has been identified as a marker on the surface of EVs specifically
derived from neurons (Fauré et al., 2006; Shi et al., 2014). According
to the sorted brain cell RNAseq database,” LICAM is specifically
expressed in neurons in the brain (Zhang et al., 2016). However,
L1CAM is not only expressed in the brain but also the intestine,
monocytes, testis,” and some cancer cells (Ganesh et al., 2020).
Additionally, a recent study found that LICAM has soluble fragments
in the blood that are not associated with EVs (Norman et al., 2021).
These observations have raised concerns about using LICAM as a
specific marker for NDEs.

Besides L1ICAM, Neural Cell Adhesion Molecule 1 (NCAM1)
(Fiandaca et al., 2015; Goetzl et al., 2015a) and SNAP25 (Ohmichi
et al,, 2019) have also been used for the capture of NDEs. However,
NCAMLI is not neuron-specific and is also highly expressed in
oligodendrocytes (Sharma et al., 2015; Zhang et al., 2016) and heart
muscle (Ackermann et al., 2017). On the other hand, SNAP25 exhibits
good cell type and tissue specificity (Hwang and Lee, 2003), but its
abundance in EVs has not been fully validated. To capture SNAP25-
binding EVs in serum-free conditions, anti-SNAP25 antibodies are
used, followed by the quantification of SNAP25+ EVs using anti-
CD81 since CD81 is a marker of EVs.

Most methods for capturing ADEs utilize anti-GLAST
antibodies, as GLAST is considered to be predominantly expressed
in astrocytes. However, GLAST is also moderately expressed in the
heart (Xie et al., 2022), ovary, and placenta (see text footnote 3).
Aquaporin 4 (AQP4) and Glial Fibrillary Acidic Protein (GFAP),
two classical astrocyte markers, have been tested for capturing
ADE:s by flow cytometry. Although AQP4 and GFAP exhibit good
cell type specificity in the brain, they are also expressed in other
organs, such as the lungs (Jaskiewicz et al., 2022) and kidneys
(Buniatian et al., 1998).

2 https://www.brainrnaseq.org/

3 https://www.genecards.org/

TABLE 2 Summary of methods used to isolate the CNS-derived EVs currently.
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The isolation of ODEs has been reported in three studies, but the
justification for the choice of antibodies used in these studies is
unclear. Each study employed distinct antibodies to capture ODEs,
(OMG)
(Ohmichi et al,, 2019), anti-myelin oligodendrocyte glycoprotein
(MOG) (Dutta et al., 2021), and CNP (Yu et al., 2020). CNP is a
commonly used marker for mature oligodendrocytes and is mainly
expressed in the CNS (Sprinkle, 1989; Verrier et al., 2013). CNP and
MOG are both specifically highly expressed in oligodendrocytes,

including anti-oligodendrocyte-myelin ~ glycoprotein

while OMG has been found to be expressed in astrocytes as well
(Zhang et al., 2016).

The specificity of these antibodies needs to be further evaluated,
as the concern regarding their specificity is not addressed in most of
these papers. It is necessary to trace the main source of these EVs,
such as the genetic source tracking research conducted for human
urinary exosomes (Zhu et al., 2021). A comprehensive comparison of
blood CNS-derived EVs with brain EVs or CSF EVs would
be valuable. Also, the cargos of EVs can provide insights into their
origin. The specificity of LICAM+ EV's was evaluated (Goetzl et al.,
2016b; Mustapic et al., 2017), and they were found to be highly
enriched for neural proteins such as neurofilament light chain
(NF-Lch) and neuron-specific enolase (NSE). The molecular
signatures of blood total EVs, LICAM+ EVs (NDEs), and epithelial
cell adhesion molecule (EpCAM) + EVs (tumor-derived exosomes,
another subtype in blood EVs) were compared by protein antibody
array and showed distinct protein profiles. Another study reported
that several biomarkers, total tau and p-T181-tau, showed a positive
correlation in LICAM+ EVs and CSF, while Ap42 showed a negative
correlation (Jia et al., 2019). Although NCAM+ EVs have not been
found to contain these neural-specific cargos, Fiandaca et al. (2015)
found that total tau, p-S396-tau, p-T181-tau, and AP42 have a similar
concentration in NCAM+ EVs as they do in LICAM+ EVs. This
suggests that LICAM+ EVs and NCAM+ EVs may have the same
origin. GLAST+ EVs were found to contain astrocyte-specific
proteins GFAP and GluSyn. Taken together, although LICAM and
GLAST are not specific to the brain, LICAM+ EVs and GLAST+ EVs
are enriched in neuron- and astrocyte-specific proteins, respectively.

Marker Target expression Target expression | EV isolation methods No. of paper
antibody  in known brain cell in tissue
target type
Precipitation + immunoaffinity 44
Brain, intestine, monocyte, | Immunoaffinity 4
L1CAM Neuron .
testis Centrifugation + immunoaffinity 3
NDEs
Size exclusion chromatography + immunoaffinity 1
NCAM Neuron, oligodendrocyte Brain, heart muscle Precipitation + immunoaffinity 3
SNAP25 Neuron Brain, retina Immunoaﬂinity 1
Brain, heart, ovary, Precipitation + immunoaffinity 8
GLAST Astrocyte
ADEs placenta Immunoaffinity 1
AQP4/GFAP Astrocyte Brain, lung/brain, kidney Centrifugation + flow cytometry 1
OMG Oligodendrocyte, Astrocyte | Brain, choroid plexus Immunoaffinity 1
ODEs CNP Oligodendrocyte Brain, retina Immunoaffinity 1
MOG Oligodendrocyte Brain, spinal cord Precipitation + immunoaffinity 1
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Other antigen-captured EVs have not been evaluated for their cell
types or brain specificity.

The most commonly employed method for capturing
CNS-derived EVs is precipitation coupled with antibody-based
immunoaffinity capture, although some researchers have utilized
direct antibody immunoaffinity isolation to capture LICAM+ EVs
and CNP+ EVs. While the direct immunoaffinity method is
straightforward, there is a concern that soluble fragments may
compromise the purity of EVs. Another approach involves
centrifugation (not ultra-centrifugation) to eliminate cell debris and
then couple it with antibody immunoafhinity. This procedure also
poses the same concern regarding soluble fragments. The precipitation
step only captures EVs and polymeric substances (Zarovni et al.,
2015), which can help to remove the soluble antigen. In sum, further
development is necessary to determine the source of CNS-derived
EVs and assess the similarity in content between CNS-derived EVs in
blood and EV's in CSE.

The methods used in these studies to identify and characterize
EVsincluded transmission electron microscopy (TEM), nanoparticle
tracking analysis (NTA), bicinchoninic acid (BCA) protein
quantification, Western Blotting, tunable resistive pulse-sensing
(TRPS) analysis, and other. To ensure the purity and integrity of
isolated EVs, the International Society for Extracellular Vesicles
(ISEV) has issued guidelines for identifying exosomes (Théry et al.,
2018). However, many of the studies described in this review did not
adhere to these guidelines adequately, making it challenging to
determine whether there is an impurity in the isolated EVs that
could interfere with the present findings. Therefore, in future
studies, researchers should focus on selecting antibodies targeting
specific proteins, evaluating the source, and improving the purity of
the isolated CNS-derived EVs. This may help establish the
association between EVs and the CNS and enhance their clinical
diagnostic value.

5. Conclusion and future perspectives

In this review, we summarized the research progress in the
diagnosis of six major brain disorders using the study of NDEs, ADEs,
and ODEs. Most of these studies were conducted on neurodegenerative
disorders, and many of these CNS-derived EVs’ cargos were found to
be significantly different between cases and controls. It is worth
mentioning that some of the detected molecules in NDEs, including
Ap42, total tau, p-T181-tau, p-S396-tau, NRGN, synaptotagmin,
GAP43, SNAP25, cathepsin D, REST and a-synuclein, have been
reproducible across different studies, which is of great significance for
the clinical diagnosis of diseases. In addition, these peripherally
detected changes in EV's represent biological alterations occurring in
the brain in a minimally invasive manner, making CNS-derived EV's
ideal diagnostic and therapeutic tools. These findings may drive the
development of accurate clinical diagnosis for brain disorders.
However, the features of CNS-derived EVs and their isolation methods
need to be improved, particularly their specificity.

The specificity of many markers of the CNS-derived EVs has been
questioned, and it remains to be carefully investigated whether these
EVs and their cargos accurately reflect brain conditions. It is necessary
to measure and compare the expression levels of the selective specific
antigens in EV's to those from the relevant tissues and cell types, either
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in animal models or in postmortem or surgery tissues. The
development and application of EVs tracer techniques also help to
evaluate the specific EVs trajectories precisely. The detailed benchmark
for CNS-derived EVs may facilitate clinical application and explain
current inconsistent results to a certain extent.

Except that, most current studies of CNS-derived EVs only
detected specific biomolecules of interest, and these results have yet to
undergo validation by other research teams. A limited number of
papers have used genome-wide approaches to investigate the
expression pattern of CNS-derived EVs (Serpente et al., 2020; Zou
et al., 2020; Anastasi et al., 2021; Arioz et al., 2021; Saeedi et al., 2021;
Zhong et al., 2021). These studies have employed omics screening to
predict disease status and have revealed new potential protein or
miRNA biomarkers. For diseases that lack clear pathological features,
such as psychiatric disorders, exploration at the omics level is
necessary to identify molecular changes that can aid in clinical
diagnosis or molecular typing. Therefore, it is essential to conduct
additional omics-related research to discover alterations at the
molecular level in CNS-derived EVs for biomarker identification.
Machine learning algorithms with large omics data may help uncover
better biomarkers than those that have been previously tested. While
the majority of current studies concentrate on proteins, it is worth
mentioning that RNA levels are also important for disease diagnosis
and cannot be ignored in future studies.

In addition, compared with the disease diagnosis, early detection
may be clinically more important. In the current literature collected,
only a few studies related to AD have considered the pattern of
biomarkers in pre-clinical samples. Therefore, researchers should
carry out more pre-clinical studies on related diseases or explore the
biomarkers identified in the diseasé’s early stages.

To summarize, it is crucial to validate the findings of specific
biomolecules in CNS-derived EVs through collaboration with other
research teams. Employing genome-wide approaches, considering
RNA levels, conducting pre-clinical studies, and utilizing machine
learning algorithms can significantly enhance the discovery of robust
and reliable biomarkers for disease diagnosis and classification in
CNS-derived EVs.
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