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coming years. While therapies exist to aid in symptomatic relief, effective treatments that can stop or
reverse the progress of each neurodegenerative disease are lacking. Recently, research on the role
of extracellular vesicles as disease markers and therapeutics has been intensively studied. Exosomes,
30-150 nm in diameter, are one type of extracellular vesicles facilitating cell-to-cell communication.
Exosomes are thought to play a role in disease propagation in a variety of neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis.
Accordingly, the exosomes derived from the patients are an invaluable source of disease biomarkers.
On the other hand, exosomes, especially those derived from stem cells, could serve as a therapeutic
for these disorders, as seen by a rapid increase in clinical trials investigating the therapeutic efficacy
of exosomes in different neurological diseases. This review summarizes the pathological burden and
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therapeutic approach of exosomes in neurodegenerative disorders. We also highlight how heat shock
increases the yield of exosomes while still maintaining their therapeutic efficacy. Finally, this review
concludes with outstanding questions that remain to be addressed in exosomal research.
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Introduction

Neurodegenerative diseases encompass many disorders that impact the
central nervous system and are associated with neuronal loss in specific brain
regions and the accumulation of misfolded or aggregated proteins. While
some proteins are found to be associated with specific neurodegenerative
diseases, the pathogenesis for each disease is not fully understood. As
a result, limited therapies and diagnostic tools are available for affected
individuals. Most therapies are targeted at symptomatic relief without
stopping or reversing the progression of the disease (Lamptey et al., 2022).
Therefore, a fundamental understanding of the underlying pathophysiology of
each neurodegenerative disorder and tests of additional therapeutic agents
are essential to develop effective treatments that will provide hope for those
impacted by these incurable diseases.

In recent years, interest in the role of extracellular vesicle (EV) research in
neurodegenerative diseases has dramatically increased, as these vesicles
have the potential to serve as biomarkers, therapies, and disease propagators
depending on the sources of the vesicles (Yin et al., 2020; Mathew et al., 2021;
Fan et al., 2022). All cell types release EVs into the extracellular environment
under physiological or pathological conditions (Gurung et al., 2021). EVs
have three major subtypes: apoptotic bodies, microvesicles, and exosomes
(Figure 1). Apoptotic bodies range from 1000-5000 nm in diameter and are
released from cells undergoing apoptosis. Microvesicles are 50-1000 nm
in diameter and are released from the plasma membrane through clathrin-
mediated shedding (Doyle and Wang, 2019). Microvesicles play a role in nerve
regeneration, neuronal development, and synaptic activity (Lai and Breakefield,
2012). In addition, microvesicles have been shown to transmit signals
throughout the brain (Porro et al., 2015). In a subset of neurodegenerative
disorders, microvesicles have been shown to contain reduced concentrations
of disease-associated proteins (Spitzer et al., 2019). Exosomes that arise
from the endocytic pathway are 30-150 nm in diameter (Doyle and Wang,
2019). Apoptotic bodies contain the degraded products from cells undergoing
apoptosis, and some studies highlight how exosomes can be derived from
apoptotic bodies (Dieude et al., 2015). As exosomes facilitate intercellular
communication, the role of exosomes derived from apoptotic bodies carrying
biomolecules can then be engulfed by target cells. In neurodegenerative

disorders, a cell undergoing apoptosis consists of dysfunctional mitochondria
and other organelles that could then be taken to other cells by exosomes
derived from apoptotic bodies to impact the function of the recipient cell
(Figure 1). This review will focus on the therapeutic role of exosomes, as
recent evidence suggests that stem cell-derived exosomes have therapeutic
potential in neurodegenerative diseases. In contrast, the exosomes derived
from diseased cells, including diseased neurons, have the pathogenic potential
in the propagation of disease pathology.

Search Strategy

The search was limited to studies published in PubMed in English, and
the search period was from July 1983 to November 2022. The search
keywords used are as follows: Exosomes in Neurodegenerative Disease/
Disorder OR Exosomes OR Extracellular Vesicles in Neurodegenerative
Disease OR Neurodegenerative Disorders OR Extracellular Vesicles OR
Exosomes in Alzheimer’s Disease OR Pathological Burden of Exosomes in
Neurodegenerative Disorders OR Stem Cells and Exosomes OR Exosomes in
Parkinson’s Disease OR Exosomes as a Therapy OR Exosomes in Clinical Trials
OR Mesenchymal Stem Cell-derived Exosomes OR Exosomes in Amyotrophic
Lateral Sclerosis OR Exosome in Cell-to-Cell Communication.

Overview of Exosomal Biogenesis, Composition,
and Function

Exosomes were first discovered in the 1980s when two labs published similar
findings within a week of each other of how reticulocytes could endocytose
gold-labeled transferrin and deliver it to the plasma membrane inside small
vesicles (Harding et al., 1983; Pan et al., 1985). These small vesicles were later
termed as exosomes (Johnstone et al., 1987). Initially, exosomes were thought
to serve as the cell’s ‘garbage can’ where cells package their waste into these
vesicles. Once these vesicles fused with the plasma membrane, their waste
would be secreted into the extracellular space (Johnstone et al., 1991). The
field of exosomal research has proliferated with studies of stem cell-derived
exosomes conducted on the therapeutic potential and those derived from
diseased cells in propagating the disease in various pathological conditions.
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Figure 1 | Three types of extracellular vesicles.

Based on their sizes and biogenesis, extracellular vesicles can be divided into three
subtypes: apoptotic bodies (1000-5000 nm) generated during apoptosis (middle),
microvesicles (50-1000 nm, left), and exosomes (30-150 nm, right). It is noted that in
addition to being directly produced from a cell via the endocytic pathway, exosomes can
also be generated from apoptotic bodies. Created with PowerPoint. MVB: Multivesicular
body.

Exosomal biogenesis begins with the inward budding of the plasma
membrane to generate an early endosome. Upon the early endosome
maturation, the endosomes’ membrane invaginates to form intraluminal
vesicles within multivesicular bodies. These multivesicular bodies have two
fates: fusing with the lysosome to be degraded or fusing with the plasma
membrane, where the intraluminal vesicles are released into the extracellular
space as exosomes (Doyle and Wang, 2019; Figure 2). Once released into
the extracellular space, exosomes play a role in cell-cell communication,
thereby delivering their content to the recipient cells to alter the functions
in the targeted cells (Ratajczak et al., 2006; Mathieu et al., 2019). Exosomes
can interact with cells in different brain regions, suggesting their ability to
have a widespread effect (Sterzenbach et al., 2017). The ability of exosomes
to facilitate intercellular communication is a positive for their therapeutic
potential; however, in disease states, this characteristic can cause further
propagation of disease.
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Figure 2 | Biogenesis of exosomes.

Inward budding of plasma membrane leads to formation of the early endosome.
Following invagination of the early endosome membrane and maturation, the early
endosome becomes multivesicular body, a form of late endosome. The multivesicular
body fuses either with a lysosome to digest the content of multivesicular body or with
the plasma membrane to release the inside exosomes to the extracellular space. Created
with PowerPoint.

Exosomes are secreted from all cell types in the brain: microglia, astrocytes,
neurons, and neural progenitor cells (Pascua-Maestro et al., 2018; Jiang et
al., 2020; Luong and Olson, 2021; Huber et al., 2022). Due to exosomes being
a product of the endocytic pathway, their content reflects their donor cells,
allowing them to reflect the real-time state of the parental cells. Exosomes
contain nucleic acids, proteins, metabolites, and lipids within their vesicular
structure. Over 9000 proteins, 3000 mRNA, and 1000 lipid entries are entered
into ExoCarta (Mathivanan et al., 2012). Accordingly, exosomes can positively
or negatively influence a recipient cell depending on the cargo they deliver.

Exosomes as Biomarkers for Neurodegenerative
Disorders

Neurodegenerative disorders encompass a wide range of incurable
neurological diseases with limited treatment options for impacted individuals
(Lamptey et al., 2022). Although these disorders share a distinct feature of
the aggregation of misfolded proteins, the aggregated proteins cause brain
changes years before the clinical onset of symptoms, and current therapies
cannot effectively control the accumulation of these aggregated proteins

(Sweeney et al., 2017). Accumulating evidence supports that the exosomes
derived from the neurons of neurodegenerative disease patients could
amplify the progression of neurodegenerative disorders by delivering their
contents to recipient cells (Sardar Sinha et al., 2018; Ruan et al., 2021).
Delivering their content to recipient cells alters the recipient cells’ function
(Gurung et al., 2021; Liu et al., 2021). Moreover, due to exosomal content
reflecting their parental cell, exosomes make an attractive biomarker for
clinical diagnostics. As the parental cell undergoes changes associated with
the neurodegenerative disorder, the content of exosomes will reflect those
changes. Exosomes can be easily isolated from patients in a non-invasive way
from biological fluids, and any change in exosomal content can be monitored
(Lin et al., 2015). Changes in exosomal content may serve as early biomarkers
for diagnosing neurodegenerative diseases (Rastogi et al., 2021; Figure 3).
Below we outline the pathological burden of exosomes and some studies
using exosomes as biomarkers in three neurodegenerative disorders.
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Figure 3 | Exosomes serve as biomarkers for neurodegenerative diseases.

The cells in the nervous system with a neurodegenerative disease, such as AD, PD or ALS,
secret exosomes carrying the disease-related molecules and enter the blood and CSF
where the exosomes can be isolated to function as disease biomarkers or as therapeutic
targets. Created with PowerPoint. AD: Alzheimer’s disease; ALS: amyotrophic lateral
sclerosis; CSF: cerebrospinal fluid; PD: Parkinson’s disease.

Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative disorder
projected to impact an estimated 14 million people in the United States by
2050. AD is characterized by the accumulation of extracellular amyloid-B (AB)
and intracellular accumulation of hyperphosphorylated tau. Unfortunately,
current therapies for AD can only cause symptomatic relief at best, while a
therapy that stops or reverses the progression of the disease is still lacking (No
author listed, 2020).

The amyloid precursor protein (APP) can be cleaved by two pathways:
non-amyloidogenic and amyloidogenic processing pathways. In the non-
amyloidogenic pathway, APP is cleaved by a- and y-secretase to produce
C-terminal fragments and secreted form of APP. These products have been
shown to have neuroprotective effects on the cell. In the amyloidogenic
pathway, APP is cleaved by - and y-secretase to generate AR peptides
of various lengths. A seminal paper by Rajendran et al. (2006) found that
APP processing occurs in early endosomes, which yields AR peptides in
multivesicular bodies. AB peptides can then be exported via exosomes. As
APP processing occurs in the endosomal pathway, the cargo in AD-derived
exosomes is significantly enriched in APP C-terminal fragments, BACE-1,
y-secretase, soluble APPB, soluble APPa, and soluble AB-42 (Rajendran et al.,
2006; Perez-Gonzalez et al., 2012; Goetzl et al., 2016).

Previous studies have shown that oligomeric A is increased in exosomes
isolated from AD brain samples. Further, intracellular oligomeric AB co-
localizes with exosomes, and these exosomes facilitate the propagation of
oligomeric AR between neurons (Sardar Sinha et al., 2018). Exosomes isolated
from the bodily fluids of AD patients show an increase in AB,_,, (Abner et
al., 2016). In addition, Alix and flotillin-1, two exosomal proteins, surround
neuritic plagues in the brain (Rajendran et al., 2006). These findings strongly
suggest that exosomes play a role in the propagation of AR in the brain;
however, questions remain as to whether the cell getting rid of these proteins
through the endocytic pathway is a protective mechanism.

Tau, a microtubule-associated protein, becomes hyperphosphorylated in AD.
Exosomes can propagate hyperphosphorylated tau. For instance, exosomes
isolated from patients with either mild cognitive impairment or an advanced
stage of AD injected into healthy mice exhibited increased phosphorylated
tau (Winston et al., 2016). In addition, AD EVs isolated from post-mortem
brain samples contain more oligomeric tau compared to control samples. AD
EVs also exhibited significantly higher neuronal uptake compared to control
EVs, and the transfer of tau from the EVs to neurons was higher in AD EVs
compared to control. AD EVs then propagate tau pathology in aged wild-type
mice, and these EVs target GABAergic interneurons in the brains of these
mice (Ruan et al., 2021). The propagation of the tau protein was significantly
reduced when exosome secretion was inhibited, suggesting that exosomes
are one mechanism mediating tau propagation in AD (Wang et al., 2017).

Along with neuronal tau propagation, microglia phagocytose human tau much
more efficiently than neurons or astrocytes (Asai et al., 2015). Regardless of
cell type, exosomes play an active role in tau propagation. Following injection
of exosomes isolated from human induced pluripotent stem cells that express
repeat domain of tau P301L and V337M mutations into wild-type mouse
brains, tau inclusions (full-length and misfolded) were found in the mouse
brains 2 months post-injection, suggesting that exosomes are sufficient to
seed pathological forms of tau via long-distance propagation (Winston et al.,
2019). This data strongly suggests exosomes play a key role in the disease
propagation of tau in AD.

76 | NEURAL REGENERATION RESEARCH | Vol 19 | No. 1 | January 2024



Review

There is a correlation between AB,_,,, phospho-T181-tau, and phosphor-S386-
tau in exosomes with AD progress. Interestingly, the level of these proteins
in exosomes could predict a patient having AD 10 years before clinical
onset (Fiandaca et al., 2015). Furthermore, the levels of these proteins in
exosomes can accurately predict the conversion of mild cognitive impairment
to AD (Winston et al., 2016). Studies have shown that human bone marrow
mesenchymal stem cell (MSC)-derived exosomes can alleviate the behavioral
symptoms in an AD mouse model and decrease the plaque load (Cone et al,,
2021). In addition, the inhibition of exosomal biogenesis has been shown
to reduce plaque levels in mouse brains; however, the consequences of
inhibiting exosomal secretion could have adverse effects on the cell (Asai et
al., 2015), as inhibition of exosomal secretion in another neurodegenerative
disease animal model was shown to exacerbate the related pathology (Iguchi
etal., 2016).

Parkinson’s disease

Parkinson’s disease (PD) is the second most prevalent neurodegenerative
disorder projected to impact 12 million people by 2040 (Dorsey et al., 2018).
The disease is characterized by the loss of dopamine-producing neurons in
the midbrain and the formation of Lewy bodies made up of the a-synuclein
protein. Current therapeutics for treating PD can only improve symptoms
without attenuating neuronal loss, as a cure for the disease is still lacking
(Tysnes and Storstein, 2017).

Previous studies have shown that exosomes isolated from the serum of PD
patients contain a-synuclein, and mild to late-stage PD patients contain the
highest amounts of exosomal a-synuclein (Jiang et al., 2020). PD plasma-
derived exosomes contained significantly higher amounts of oligomeric and
Ser129 phosphorylated a-synuclein compared to control samples (Zheng et
al., 2021). Furthermore, the level of a-synuclein in plasma neuronal exosomes
isolated from patients with early-stage PD was significantly higher compared
to healthy control individuals. In addition, 22 months later, patients with
early-stage PD with longitudinally increased a-synuclein were at a higher risk
for developing a progression of motor symptoms (Niu et al., 2020). These
data suggest that a-synuclein in plasma neuronal exosomes is a biomarker for
Parkinson’s disease development and progression.

Recently, the propagation of a-synuclein between cells was thought to be
mediated at least partially by exosomes. In one study, exosomes provided
an ideal environment for a-synuclein to aggregate (Grey et al., 2015). Most
EV a-synuclein is attached to the outer membrane; however, it can also
be detected inside the vesicle (Gustafsson et al., 2018). Mice treated with
exosomes isolated from the serum of PD patients exhibited characteristics
associated with PD, such as the degeneration of dopaminergic neurons and
behavioral deficits (Han et al., 2019). Further support for the role of exosomes
in mediating PD propagation came from the mice that were stereotaxically
injected with exosomes derived from the plasma of PD patients and were
taken up by microglial and transported to the cortex and substantia nigra (Xia
et al., 2019). These findings provide strong evidence for the role of a-synuclein
in PD and how exosomes can facilitate the propagation of a-synuclein in
the brain. In the cerebrospinal fluid, lower levels of a-synuclein have been
reported in PD patients compared to control individuals. In contrast, the
plasma exosomal a-synuclein levels are significantly higher in PD patients
(Chang et al., 2019), highlighting the role of exosomes in serving as a
biomarker for diagnosing PD.

Amyotrophic lateral sclerosis

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disorder
projected to continually increase in prevalence in the coming years (Xu et
al., 2020). ALS results in the loss of motor neurons causing individuals to
experience muscle weakness, atrophy, and death after a few years of disease
onset. Mutations in SOD1, an enzyme called Cu-Zn superoxide dismutase
responsible for converting superoxide to hydrogen peroxide or oxygen,
are attributed to causing ALS (Taylor et al., 2016). In addition, mutations in
TARDBP that encode the protein TDP-43 function as a DNA/RNA binding
protein have also been shown to be a hallmark of ALS pathophysiology (Suk
and Rousseaux, 2020). While many studies have been conducted on the role
of SOD1 and TARDBP in ALS, no therapy is available to stop or prevent the
degeneration of motor neurons in these individuals.

In vitro studies suggest that exosomes facilitate the propagation of SOD1
(Gomes et al., 2007). For example, exosomes isolated from the brain and
spinal cords of mice that overexpress mutant SOD1 had significantly more
misfolded SOD1 on the vesicular surface compared to their non-transgenic
littermates (Silverman et al., 2019). Furthermore, in ALS patients, plasma
samples showed a significantly elevated exosomal TDP-43 ratio compared
to baseline at 3- and 6-month follow-up and borderline significance at
12-month follow-up (Chen et al., 2020). Another study in corroboration of
these findings found that TDP-43 (both C-terminal fragments and full length)
increases in exosomes isolated from human sporadic ALS brains (Iguchi et al.,
2016), indicating that exosomal TDP-43 might be a potential candidate for
biomarkers for ALS.

Therapeutic Role of Stem Cell-Derived Exosomes
in Treating Neurodegenerative Disorders

As mentioned above, the current treatments for neurodegenerative disorders
are limited, and they can only provide symptomatic relief without stopping
or reversing the progression of the disease (Lamptey et al., 2022). However,
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as a therapy for neurodegenerative disorders, stem cell-derived exosomes

are gaining attention due to their favorable attributes, which are discussed in
detail below.

Several recent reports have shown that MSC-derived exosomes exert a
greater therapeutic effect over MSCs alone (Cai et al., 2020). Exosomes can be
stored for a relatively long time without toxic preservatives (Sivanantham and
Jin, 2022). Importantly, this avoids the risk of tumor formation, as exosomes
do not divide. Exosomes can be administered intranasally or intravenously
(Sun et al., 2022). The ability of new drugs to cross the blood-brain barrier
is a concern for the development of new therapies for neurodegenerative
disorders, as most small-molecule drugs cannot cross the blood-brain
barrier. Exosomes can readily cross the BBB due to their hydrophobic nature
and low solubility in water. Once in the brain, the properties of exosomes
are still active, further enhancing their attractiveness as a therapy for
neurodegenerative disorders. Exosomes also have a relatively long half-life
and can be subjected to repeated systemic administration without evident
toxicity, providing further support for their safety profile. In a condition of
neurodegenerative disease, BBB is disrupted, while exosomes can repair the
damaged BBB (Liu et al., 2020). In addition to their ability to target the brain,
exosomes are biodegradable and exhibit low immunogenicity and toxicity
upon systemic administration (Sun et al., 2022).

Due to exosomes being a single lipid bilayer membrane-enclosed vesicle,
they make an attractive drug-delivery system. To enhance exosome-
mediated therapeutic efficiency, many attempts tried to modify exosomes by
genetic or chemical approaches. For instance, cells can be transfected with
a specific miRNA, and exosomes isolated from these cells will overexpress
this miRNA, which can cause gene silencing in target cells (Zhang et al.,
2017). Interestingly, as exosomes can easily be isolated from patients, donor
exosomes could be modified and then used to treat the exact same donor
with less immunogenic and toxicity than manufactured exosomes (Yamamoto
et al., 2019). As a result, engineering an individual’s exosomes to combat a
disease could be beneficial, as the isolation and injection of exosomes are
non-invasive.

Stem cell-derived exosomes in treating AD

Although many preclinical studies have demonstrated exosomes to be an
ideal candidate for treating many neurodegenerative disorders, their ability as
a therapeutic agent is drastically hindered by their limited secretion amount
from stem cells. The yield of exosomes from culture media is usually less
than 1 pg of exosomal protein from 1 mL of media. It has been reported
that cells under stressful conditions will increase the number of intracellular
multivesicular bodies and secrete more exosomes. One way to overcome the
low yield from cultured cells is to heat-shock (HS) the cells before isolation.
A recent study from our lab demonstrated that neural stem cells exposed
to 42°C for 3 hours exhibit a significant increase in exosomal concentration
and diameter compared to non-heat shock (NHS) cells. The concentration
of HS-derived exosomes is 13 times higher than NHS-derived exosomes.
The protein diversity of HS-derived exosomes is less than NHS-derived
exosomes; however, the top two biological functions in HS-derived exosomes
are negative regulations of apoptotic process and DNA damage, suggesting
that these exosomes might have therapeutic efficacy (Figure 4). Importantly,
the cells treated with HS-derived exosomes confer greater neuroprotection
against not only hydrogen peroxide-induced cell death but also AB-induced
neurotoxicity when compared to the non-HS-derived exosomes. Assessing AB-
induced apoptosis revealed that HS-derived exosomes completely reversed AR
-induced cell death and oxidative stress (Huber et al., 2022). This study shows
promising results in utilizing HS to enhance the production of exosomes and
alter their cargo content while maintaining the therapeutic efficacy against
oxidative stress and amyloid-f induced neurotoxicity (Figure 4).
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Figure 4 | Anti-apoptotic role of HS-induced exosomes derived from stem cells.

HS treatment of stem cells, such as neural stem cells, increases the yield of exosomes
that have anti-apoptotic effect and prevent DNA damage following application. Created
with PowerPoint. HS: Heat-shock.

Another hallmark of AD is neuroinflammation (Kinney et al., 2018). Recent
reports suggest exosomes display anti-neuroinflammatory processes (Qian
et al., 2021). Upon systemic injection of human umbilical cord MSC-derived
exosomes in an AD mouse model, spatial learning and memory function
were significantly improved compared to the control group in the Morris
Water Maze. In addition to decreasing AR plaque load in exosome-treated
mice, this study also showed a decrease in activated microglial, supporting
the anti-neuroinflammatory role of exosomes in AD (Ding et al., 2018). Along
with exosomes ability to alleviate neuroinflammation, exosomes also reduce
oxidative stress, another hallmark of neurodegenerative disorders (Fan et al.,
2022; Huber et al., 2022).

Stem cell-derived exosomes in treating PD

In PD, dopamine-loaded exosomes increase the amount of dopamine in the
brain more than 15-fold. Administration of human umbilical cord MSCs to a
mouse model of PD exhibited improved PD behavioral symptoms, decreased
neuronal apoptosis, and increased amount of dopamine in the brain (Qu et
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al., 2018). As a result, this study highlighted how blood exosomes could be
loaded with dopamine, cross the BBB, and deliver dopamine to the brain,
including the substantia nigra and striatum, two areas implicated in PD.

In a progressive PD model, MSC-derived exosomes were shown to alleviate
cognitive impairment, which is associated with altered neuron cholesterol
metabolism (Xu et al., 2022). Additionally, bone marrow MSC-derived
exosomes showed anti-inflammatory and antioxidative stress effects in a
cell model of PD (Huang et al., 2022). Another interesting study is to prime
MSCs with a-synuclein to determine whether the MSCs show altered
neuroprotection in PD. Shin et al. (2022) pre-treated MSCs with a-synuclein
and tested the effect of the pre-treated MSCs on autophagy and viability
of dopaminergic neurons co-cultured with the MSCs. Their results revealed
that priming MSCs with a-synuclein confers enhanced neuroprotection
through increased stemness in the stem cells and upregulated autophagy
in Parkinsonian models. Increasing studies will use modified MSC-derived
exosomes due to their enhanced therapeutic efficacy and making exosomes
more specific for the disease.

Pre-clinical studies of stem cell-derived exosomes in ALS

In ALS, exosomes isolated from adipose-derived stem cells ameliorate the
aggregation of SOD1 and mitochondrial dysfunction. Furthermore, repeated
injection of exosomes isolated from adipose-derived stem cells improved
motor performance, diminished glial activation, and reached the lesion sites
in an ALS mouse model (Bonafede et al., 2020). Treatment of a motoneuron
cell line stably transfected with mutant SOD1(G93A) with exosomes isolated
from adipose-derived stem cells reverse mitochondrial dysfunction (Calabria
etal., 2019).

Clinical trials to test exosomes in neurodegenerative diseases

As mentioned previously, the preclinical use of exosomes has yielded
promising results for treating various disorders. While there is no FDA-
approved exosome product on the market, the number of clinical trials
using exosome-based therapeutics is rapidly increasing. Importantly, several
clinical trials are determining the therapeutic effects of stem cell-derived
exosomes in a clinical setting. Using ClinicalTrials.gov, 82 clinical trials were
identified, which applied exosomes to various diseases as of November
29, 2022 (advanced search: “Other terms”: keyword: “exosome”; exclusion
criteria: “Phase”: “Not Applicable”). The majority of the trials are in Phases |
and Il (Figure 5). Respiratory Tract Diseases and Cancer were among the top
conditions where exosomes are being tested in clinical trials. Currently, some
clinical trials are underway to test the efficacy of exosomes in AD and PD.
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Future Perspectives

While exosomal research has taken off in the last decade, much remains to
be known about these small extracellular vesicles that influence disease.
For instance, increasing exosomal yield without impacting their therapeutic
function is crucial for exosomes to succeed in future clinical trials. In addition,
the cargo of exosomes is important to consider due to these vesicles reflecting
their donor cells. One important consideration is why exosomes isolated
from the same cell line exhibit diversity in diameter. Further, it is important
to understand if the diversity in size influences the contents of exosomes.
Future studies are necessary to know how different cargo of exosomes affects
their therapeutic efficacy. Moreover, increasing the ability of exosomes to
make it to the target organ is crucial to ensure that disease states receive the
exosomes upon systemic administration. Finally, it is imperative to know how
exosomes target specific tissue and how they are removed.

Conclusion

Exosomal research yields promising results for their role as a biomarker and
therapy in neurodegenerative disorders. MSC-derived exosomes have been
frequently used in various studies and clinical trials; however, exosomes
derived from other types of stem cells, such as neural stem cells, appear also
beneficial in treating neurodegenerative diseases in cell and animal models.
Despite these studies, many questions remain: how does the heterogeneity
of the isolated vesicles affect disease pathogenesis, and what are the long-
term consequences of exosome administration? In addition, to improve the
yield and specificity of exosomes, future research should address these issues
in the treatment of various neurodegenerative diseases.
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