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Introduction: Exosomes, a subset of extracellular

Biolfpacien vesicles (EVs), are crucial for intercellular
communication in various contexts. Despite their
small size, they carry diverse cargo, including RNA,
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proteins, and lipids. Internalization by recipient @
cells raises concerns about potential disruptions to
cellular functions. Notably, the ability of exosomes
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comprehensive search strategy was implemented
across the PubMed, Google Scholar, and Science
Direct databases. Multiple iterations of the
keywords "exosome," "neuron-glia communication," and "neurological disorders" were employed

"o

Keywords:

BOESGE to systematically identify relevant publications. Furthermore, an exploration of the Clinicaltrials.
Neuron-glia gov database was undertaken to identify clinical trials related to cellular signaling, utilizing
o, analogous terminology.

Results: Although the immediate practical applications of exosomes are somewhat limited, their
potential as carriers of pathogenic attributes offers promising opportunities for the development
of precisely targeted therapeutic strategies for neurological disorders. This review presents
a comprehensive overview of contemporary insights into the pivotal roles played by exosomes
as agents mediating communication between neurons and glial cells within the central nervous
system (CNS).

Conclusion: By delving into the intricate dynamics of exosomal communication in the CNS, this
review contributes to a deeper understanding of the roles of exosomes in both physiological and
pathological processes, thereby paving the way for potential therapeutic advancements in the field
of neurological disorders.

Cellular signaling
Neurological disorders

Introduction delineated as discrete entities, has surpassed customary
Within the intricate terrain of the nervous system, the limits of classification. As scholars embark on a deeper
coordination of cellular signaling serves as a foundational exploration of the complexities inherent in thisharmonious
pillar for its operational efficacy.! The cooperative interplay interaction, a noteworthy participant has taken center stage
between neurons and glial cells, once conventionally - exosomes.” These diminutive yet potent membranous
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vesicles have taken center stage, revealing their pivotal
roles in mediating neuron-glia communication.” The
nervous system, a complex assembly of neurons and glial
cells, stands as the bedrock of our cognitive, motor, and
sensory functions. While neurons have historically taken
the spotlight as the primary cellular units responsible
for information transmission, glial cells have often
played supporting roles, contributing to neuronal
health, synaptic maintenance, and modulation of neural
circuitry. However, recent revelations have shattered the
notion of rigid boundaries between these two cell types.
Neurons and glial cells intricately communicate with one
another, actively participating in a coordinated exchange
of signals that surpasses conventional interpretations.*®
Amid this evolving narrative, exosomes have emerged
as transformative actors that facilitate communication
across neurons and glia. These vesicles contain a varied
payload, encompassing proteins, lipids, and nucleic acids,
providing a distinct pathway for cellular communication.®
What sets exosomes apart is their capacity to traverse the
synaptic cleft, overcoming anatomical barriers that were
once thought to limit communication to direct synaptic
connections. These vesicles serve as conduits for the
exchange of critical molecular information.” Neurons
package specific molecules within exosomes and release
theminto the extracellular milieu, where glial cellsintercept
and decode the cargo. This exchange is bidirectional, with
glia also contributing exosomes that influence neuronal
activity. The result is a dynamic dialog that impacts
neuronal health, function, and even pathophysiology.®
Exosomes play a pivotal role in preserving neuronal
health by transporting various molecules crucial for
neuron viability and resilience, including trophic factors,
neurotransmitter precursors, and antioxidants. This
function can be likened to "molecular first aid," swiftly
delivered to neurons during times of stress or injury,
contributing to neural stability.” Additionally, exosomes
significantly influence synaptic plasticity, the foundation
of learning and memory processes. These dynamic
structures adapt in response to neuronal activity, with
exosomes facilitating the transport of synaptic proteins
and regulatory RNAs. This emphasizes the integral role
of exosome-mediated communication in shaping neural
circuits, ultimately impacting cognitive functions related
to learning, memory, and adaptation.® Furthermore,
ongoing research increasingly unveils their involvement
in pathological processes within the nervous system.
Neurodegenerative conditions such as Alzheimer's and
Parkinson's diseases display modified exosome profiles
that play a role in disease advancement. Likewise, in
neuroinflammatory situations, exosomes facilitate the
spread of proinflammatory molecules, intensifying the
inflammatory response. This dual role of exosomes,
acting as both promoters of well-being and contributors to
pathology, emphasizes their potential value as diagnostic
indicators and therapeutic targets in the domain of

neurological disorders.'"'?

In thisscholarly review, we explore the intricate dynamics
of neuron-glia communication, with a particular focus
on the indispensable role played by exosomes as crucial
mediators. These membranous vesicles traverse cellular
boundaries, exerting profound influence on neural
communication both in states of health and disease. Their
significance lies in the maintenance of equilibrium within
the nervous system, and our objective is to elucidate
their multifaceted contributions to neural networks.
Furthermore, we strive to investigate the practical
applications of exosomes and scrutinize ongoing clinical
trials within the domain of neurodegenerative diseases.

Biogenesis and features of exosomes

Exosomes, ranging from 30 to 150 nanometers, have
gained prominence for their crucial role in intercellular
communication.”® Notably, these extracellular vesicles
exhibit remarkable stability in biological fluids due to
their lipid bilayer composition. This bilayer, composed
of proteins involved in endocytosis, fusion, and cargo
selection, contributes to the functional diversity of
exosomes.® Additionally, exosomes boast a cargo
composition enriched with proteins, nucleic acids, lipids,
and metabolites. This diverse array of biomolecules
positions exosomes as potential reservoirs of information,
endowing them with the capacity to modulate recipient
cell functions." Their origin and cargo specificity have
established exosomes as potent mediators of intercellular
signaling, playing pivotal roles in various physiological
and pathological contexts.”” The proteomic contents of
exosomes encompass indicators such as ALIX, TSG101,
CD63, CD60, CD9, and CD81. Nevertheless, the accuracy
of these markers varies based on the cell type of origin,
given that exosomes constitute a diverse population with
distinct expression patterns in different cells.'®'” Moreover,
exosomes transport genetic materials, including miRNAs,
diverse noncoding RNAs, mitochondrial RNAs, and
mRNAs. This payload not only mirrors the condition
and cytoplasmic content of the originating cell but also
serves as a mechanism for sharing genetic information
between cells.'® Although less explored, the sorting of
lipids in exosomes could be affected by distinct PH
varjations and alterations in lysobisphosphatidic acid,
lysophosphatidylcholines, and phosphatidic acids.'** The
biogenesis of exosomes unfolds within the endosomal
pathway, specifically in multivesicular bodies (MVBs),
transient organelles that harbor intraluminal vesicles
(ILVs).?! The sequential stages of exosome biogenesis
involve the inward budding of the plasma membrane,
leading to the formation of early endosomes, which then
mature into late endosomes.”? The invagination of late
endosomal membranes results in the creation of ILVs
within large MVBs.” The fate of these ILVs is twofold;
they can either be targeted for lysosomal degradation
or become exosome precursors, eventually released into
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the extracellular space through fusion with the plasma
membrane (Fig. 1).° Proteins are incorporated into the
invaginating membrane, while cytosolic components
are engulfed within ILVs. Most ILVs are released into
the extracellular space upon fusion with the plasma
membrane, constituting exosomes.”** While there is
a debate about whether exosome release is exclusively
regulated by the endosomal sorting complex needed for
transport (ESCRT), evidence implicates ESCRT function
in exosomal biogenesis. ESCRT, an intricate protein
machinery composed of four separate protein complexes
(ESCRTs 0 through III), cooperatively facilitates MVB
formation, vesicle budding, and protein cargo sorting.’**
The ESCRT-dependent mechanism involves the
recognition and sequestration of ubiquitinated proteins,
leading to the formation of ILVs, which are then released
as exosomes.*® Recent evidence also suggests an alternative
ESCRT-independent molecular pathway for sorting
exosomal cargo into MVBs. This molecular pathway
depends on raft-based microdomains for the lateral
segregation of cargo within the endosomal membrane.”
Enriched in sphingomyelinases, these microdomains
lead to lateral phase separation and coalescence of
microdomains, emphasizing the key role of exosomal
lipids in biogenesis.” Proteins, including tetraspanins, also
participate in exosome biogenesis and protein loading,
underscoring the diverse mechanisms involved in cargo
selection.”® Hence, acquiring a profound understanding
of the intricate origins and distinctive attributes of
exosomes not only enriches our comprehension of cellular
communication mechanisms but also reveals innovative

possibilities for therapeutic interventions and diagnostic
methodologies across diverse domains.

Therapeutic applications of exosomes

Exosomes, intrinsic to vesicle-producing cells, play a
crucial role in shaping the molecular composition and
function of the extracellular matrix (ECM), thereby
enabling cellular influence over the microenvironment.*
Functioning as messengers, these microvesicles
facilitate the transmission of signals and molecules
through intercellular vesicle trafficking, exerting both
local paracrine and distal systemic effects via intricate
molecular pathways.** The impact of exosome-mediated
responses extends to disease modulation, contingent
upon their composition and the cellular state. In the
burgeoning field of engineered exosomes, there is promise
as versatile vehicles for therapeutic payloads, including
antisense oligonucleotides, short interfering RNAs,
immune modulators, and chemotherapeutic agents (Fig.
2).» Within the central nervous system context, exosomes
released by CNS cells, such as neurons and glia, play a
vital role in a complex network governing both CNS
physiology and pathology.* Their protective mechanisms
span angiogenesis promotion, immune regulation,
inhibition of neuronal apoptosis, and facilitation of
myelin sheath and axon growth.” Diverse cell sources,
including endothelial cells, neurons, fats, and immune
cells, contribute to exosome-mediated angiogenesis,
showing promising applications.* Studies underscore the
neuroprotective role of exosomes from various cell types,
including MSCs and endothelial progenitor cells. Recent
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Fig. 1. Biogenesis of Exosomes.
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Fig. 2. Nanoscopic exosomes, functioning as cellular messengers,
unveil promising therapeutic applications across various diseases
such as neurodegenerative diseases, different cancers, COVID-19,
wound healing, and cardiovascular ailments, paving the way for
innovative medical treatments.

findings emphasize the potential of exosomes as vectors
for delivering therapeutic agents, such as mRNA, miRNA,
siRNA, IncRNA, peptides, and synthetic drugs, addressing
neuroinflammatory and neurological conditions.” The
distinct properties of exosomes, including sustained
circulation, position them as highly effective drug delivery
tools and potential biomarkers for monitoring CNS
diseases. In the realm of disease therapeutics, studies have
demonstrated the inhibitory effect on glioma development
and an extension in the lifespan of tumor-bearing
mice through the utilization of exosomes derived from
dendritic cells.”” Substantial inhibition in the growth of
glioma xenografts in a rat primary brain tumor model was
observed following intratumoral injection of exosomes
derived from mesenchymal stem cells expressing miR-
146.** Additionally, exosomes derived from human
dental pulp stem cells subjected to 6-hydroxydopamine
(6-OHDA) treatment have the capability to impede the
apoptosis of dopaminergic neurons, presenting a novel
avenue for Parkinson's disease (PD) treatment.*® Exosomes
released by adipose-derived stem cells have been found to
diminish B-amyloidosis and mitigate neuronal apoptosis
in transgenic animal models of Alzheimer's disease (AD)
while promoting axonal growth in the brains of individuals
with AD.%

Studies suggest that exosomes play a crucial role
in addressing spinal cord injury (SCI), manifesting
effects such as stimulating angiogenesis and conferring
antiapoptotic and anti-inflammatory advantages.*
Exosomes also function as carriers for intercellular
communication and siRNA. In one study, exosomes
released by miRNA-29b-modified mesenchymal stem cells

were employed to treat rats with SCI, yielding promising
outcomes.*” Another study illustrated that neuron-derived
exosomes transmitting miR-124-3p protected injured
spinal cords by suppressing the activation of neurotoxic
microglia and astrocytes, with a mechanism involving
the MYH9 and PI3K/AKT/NF-xB signaling pathways.*
Overexpressing miR-25by BMSCs-exo protected the spinal
cord from transient ischemia.* Moreover, MSC-derived
exosomes were used to treat a rat contusion SCI model,
revealing protective effects akin to MSCs, including anti-
inflammatory and anti-scarring roles.” The intranasal
delivery of exosomes derived from MSCs containing
small interfering RNA targeting phosphatase and tensin
homolog demonstrated a notable increase in axon growth
and angiogenesis. Additionally, it led to a decrease in
microglia and astrocyte proliferation while improving
the functional recovery of rats with spinal cord injuries.*
Injecting exosomes derived from miR-133b-modified
MSCs protected neurons, promoted axon regeneration,
and facilitated hind limb motor function recovery in rats
after SCI.¥ Exosomes from miR-126-modified MSCs
promoted angiogenesis and neurogenesis, inhibited
apoptosis, and facilitated functional recovery after SCI.**
In a recent investigation conducted by our research team,
it was observed that exosomes sourced from human PRP
exhibited notable efficacy in ameliorating motor function
within a mouse model of spinal cord compression
injury. The administration of these exosomes resulted
in a reduction in the expression of apoptosis-related
genes, mitigation of inflammation, and a consequential
decrease in the size of the injury site.*” Similarly, MSC-
derived exosomes enhanced neural function in brain-
injured rats, potentially through mechanisms such as
promoting angiogenesis, repairing neural function, and
exhibiting anti-inflammatory properties.”® Additionally,
the intravenous administration of curcumin-loaded
exosomes resulted in reduced brain inflammation in
mouse models.>" > Exosome-derived mesenchymal stem
cells show promise in improving cognitive, behavioral,
and neurological functions following recovery from
cerebral ischemia or traumatic brain injury (TBI) in
mouse models.” These cells stimulate neurovascular
remodeling and counter synaptic degeneration by
modulating microglial and astrocyte activity, thereby
reducing proinflammatory cytokines such as TNF-a
and IL-1P.** Exosomes abundant in miR-124 facilitated
the transformation of microglia into the M2 phenotype
and enhanced the functional recovery of hippocampal
nerves after brain injury.® Increased levels of miR-124-
3p in exosomes derived from microglia following TBI
suppressed neuronal autophagy, imparting a protective
effect against nerve injury upon transfer into neurons.*
In the early stage of TBI, BMSC-derived exosomes play a
neuroprotective role by modulating microglia/macrophage
polarization to inhibit early neuroinflammation.” BMSC-
secreted exosomes exhibited therapeutic efficacy in
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numerous autoimmune diseases and contributed to
tissue repair. Exosomes derived from BMSCs mitigated
inflammation and demyelination within the CNS in a rat
model of experimental autoimmune encephalomyelitis
(EAE).”®* Human neural stem cell-derived exosomes
demonstrated therapeutic potential in ischemic stroke.
Engineered exosomes incorporating brain-derived
neurotrophic  factor (BDNF) exhibited enhanced
efficacy in promoting cell survival and neurogenesis.”
Early preclinical investigations utilizing
administration demonstrated that curcumin improved
drug absorption, stability, and survivability in cases
of lipopolysaccharide-induced septicemia.”® Similarly,
exosomes can be engineered to transport therapeutic
agents, siRNAs targeting specific genes, or miRNAs
that promote recovery, as demonstrated in stroke and
traumatic brain injury models. Notably, exosomes possess
surface receptor proteins, such as integrins, enabling
them to target specific organs and can be engineered
with peptides or antibody fragments to enhance targeting
capabilities.®® However, ensuring stability and functional
integrity while addressing compositional alterations
remains a challenge that requires novel strategies.
Biomarkers derived from exosomes offer insights into cell
types and tissues that are typically inaccessible through
direct investigation, providing information about the
nature of cellular activation. Nevertheless, limitations arise
due to the low concentrations of exosomes in peripheral
physiological fluids such as blood, plasma, or serum.®
Exosomal biomarkers from glial cells in the cerebrospinal
fluid (CSF) can aid in diagnosis, but their nonspecific
nature may limit definitive utility.* Nevertheless, the
observation of differential expression of exosomal
miRNAs in postmortem prefrontal cortices of individuals
with schizophrenia or bipolar disorders holds promise
for advancing our understanding of these complex
neuropsychiatric conditions.®* Tumor-specific variants
of EGFR transcripts have been identified in vesicles from
cancer patients, showing potential as viable biomarkers.**
Additionally, in the context of HIV infection, elevated
levels of proteins, neurofilament light polypeptide,
and amyloid-B have been detected in plasma neuron-
derived exosomes of individuals with neuropsychological
deficits.® Furthermore, inflammation-induced circulating
exosomes from endothelial cells contribute to acute phase
responses and sickness behavior associated with CNS
inflammation, highlighting the potential of exosomes to
influence behavioral responses.” Therefore, the evolving
landscape of exosome research demonstrates their
multifaceted role in intercellular communication and
their potential as therapeutic tools in various neurological
conditions. From their intricate involvement in shaping
the ECM to their application as carriers for therapeutic
payloads and biomarkers for disease monitoring, exosomes
continue to captivate researchers with their versatility and
promise in advancing our understanding and treatment

€xosome

of neurological disorders. As we delve deeper into the
complexities of exosome biology, further discoveries
are anticipated, opening new avenues for innovative
therapeutic interventions and diagnostic strategies in the
field of neurobiology and medicine.

Clinical trials of exosomes in neurodegenerative disease
As previously delineated, the utilization of exosomes in
preclinical contexts has manifested promising outcomes
for the treatment of a diverse array of disorders. Despite
the absence of exosome products approved by the
FDA currently available on the market, there has been
a noteworthy upswing in the prevalence of clinical
trials investigating therapeutics based on exosomes.
Significantly, a multitude of ongoing clinical trials are
actively evaluating the therapeutic impacts of exosomes
within real-world clinical settings. A comprehensive
scrutiny of ClinicalTrials.gov spanning from 2011 to
November 2023 unveiled 195 trials centered around
exosomes for diverse diseases, the majority of which
are situated in phases I and II of clinical development.
Respiratory Tract Diseases and Cancer stand out as
prominent conditions undergoing thorough clinical
scrutiny with exosome-based interventions. Presently,
active clinical trials are underway to scrutinize the efficacy
of exosomes in addressing the complexities of AD and
PD. An especially noteworthy completed clinical trial
within the sphere of neurodegenerative diseases bears
the title "LRRK2 and Other Novel Exosome Proteins in
Parkinson's Disease," spanning from 2013 to 2018, with
the registered identifier NCT01860118. It is pertinent
to note that as of the present, no outcomes from this
investigation have been formally reported. Table 1 provides
a comprehensive display of clinical trials conducted in the
field of neurodegenerative diseases, presenting all relevant
supplementary information.

Challenges and limitations in exosome application

The utilization of exosomes in biomedical research and
clinical contexts faces intricate challenges and limitations,
impeding their smooth incorporation as a therapeutic
strategy for diverse diseases. Despite the acknowledged
potential benefits, the current state of exosome application
isinits early developmental phase. Several techniques, such
as ultracentrifugation, flushing separation, precipitation,
ultrafiltration, antibody affinity capture, microfluidic
isolation, and mass spectrometry, have been devised for
isolating exosomes from biological fluids.® However, these
methods possess notable drawbacks, including laborious
procedures, time-consuming processes, high costs, and a
lack of established protocols. The challenges span various
dimensions. Natural components such as chylomicrons
and lipoproteins affect isolation efficiency, leading to
potential variations in results.” Coisolation of other
extracellular vesicle types introduces impurities into the
harvested exosomes, complicating data interpretation.®®
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Table 1. Clinical trials on the use of exosomes in the context of neurodegenerative diseases

Study Title NCT Number Status Year
LRRK2 and Other Novel Exosome Proteins in Parkinson's Disease NCT01860118 Completed 2013
Curcumin and Yoga Therapy for Those at Risk for Alzheimer's Disease NCT01811381 Unknown 2014
The University of Hong Kong Neurocognitive Disorder Cohort NCT03275363 Unknown 2014
Allogenic Mesenchymal Stem Cell Derived Exosome in Patients with Acute Ischemic Stroke NCT03384433 Unknown 2017
Extracellular Vesicles as Stroke Biomarkers NCT05370105 Recruiting 2018
Focused Ultrasound and Exosomes to Treat Depression, Anxiety, and Dementias NCT04202770 Suspended 2019
'Igfi];ziiety and the Efficacy Evaluation of Allogenic Adipose MSC-Exos in Patients with Alzheimer's NCT04388982 Unknown 2020
The Role of Acupuncture-induced Exosome in Treating Poststroke Dementia NCT05326724 Recruiting 2022
The Effect of GD-iExo-003 in Acute Ischemic Stroke NCT06138210 Not Recruiting 2023

Combined Aerobic Exercise and Cognitive Training in Seniors at Increased Risk for Alzheimer's

Disease

NCT05163626 Not Recruiting 2023

Conventional approaches, such as ultracentrifugation,
pose risks of morphological and functional changes,
mechanical damage, membrane distortion, protein
aggregation, lipoprotein contamination, and low
purity.® Furthermore, alterations in exosomal cargo and
concentration compared to parent cells may introduce
inconsistencies in marker levels.”” Storage conditions
add complexity, with temperature influencing size and
composition, potentially compromising the integrity of
exosomes and their cargo.”’ The quality and variability
of exosomes are further influenced by factors such as
parent cell cultivation methods, donor-specific elements,
and exposure to stressful conditions, leading to changes
in exosomal cargo.”” Passage number, cellular aging,
seeding density of producing cells, and culture medium
composition, including glucose levels, antibiotics, and
fetal bovine serum, all contribute to the variability and
consistency of exosomes.” Sterility concerns arise due
to the possibility of enriching virions, viral products,
toxins, and bacteria-associated vesicles in the exosome
fraction, with retroviruses such as HIV-1 and HTLV-
1 potentially impacting the bioactivity of parent cells.”
Thrombosis risk and hemostatic perturbations limit
systemic application, especially concerning large-sized
exosomes.”” Allogenic exosomes may induce alloreactive
T-cell responses, raising questions about the intensity
and duration compared to whole-cell transplantation.”
Systemically administered exosomes may face elimination
by macrophages and endothelial cells, influencing the
desired dose reaching target sites and necessitating
further investigation into molecular pathways post
exosome administration.”” Ideal isolation methods should
be rapid, reproducible, easily performed, and adaptable
across biological matrices without requiring specialized
equipment. Contamination issues remain a common
complication of current techniques, underscoring the
need for improved isolation methods. The selection of
isolation methods significantly impacts downstream
analysis, potentially compromising the integrity of

exosomal cargo.® Preservation of exosomal cargo integrity
during freezing or harsh storage conditions is crucial for
future applications. Advancements in exosome isolation
methods are likely to involve integrating isolation and
analysis procedures, particularly through immunoaffinity
techniques, providing a promising avenue for streamlined
processes.” Developing a universal exosome recovery and
purification method and standardizing existing protocols
pose ongoing challenges.

Exosomes in CNS communication

Exosomes, emanating from the primary cell populations
within the CNS, such as microglia, astrocytes,
oligodendrocytes, and neurons, have been identified in
both the adult human brain and CSE”® Their release occurs
in response to both normal physiological circumstances
and abnormal pathological conditions. These exosomes
serve as pivotal mediators of intercellular communication
within the CNS, fulfilling roles encompassing cellular
interaction facilitation and the removal of surplus
membrane and cellular constituents from the CNS
milieu. Consequently, exosomes emerge as influential
contributors to CNS development, synaptic activity
regulation, and recovery processes following damage.”
A notable illustration involves the influence exerted
by maturing neurons on the release of autoinhibitory
exosomes from  oligodendrocytes,  subsequently
modulating oligodendrocyte differentiation.® Conversely,
oligodendrocyte-derived exosomes triggered by glutamate
induction extend their influence on neuronal metabolism
and exhibit a neuroprotective effect by functionally
conveying cargo from the originating cells.®" Central to
neuronal functionality are synapses, the pivotal junctions
enabling signal transduction and neural communication.
Exosomes released by a spectrum of CNS cells supply
neurons with essential proteins for neurotransmission,
amplifying synaptic activity.*> During periods of cellular
stress or heightened neural activity, glial cells release
synapsin-containing exosomes, contributing to neural
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growthand enhancing neuronal survival under challenging
conditions.* Additionally, microglia-released exosomes
contribute to synaptic activation, triggering heightened
ceramide and sphingosine synthesis in recipient neurons
and ultimately promoting enhanced neurotransmission.?
Moreover, exosomes exhibit neuroprotective attributes.
Astrocytes, recognized for their nutritional support of
neurons, respond to hyperthermia and oxidative stress
by upregulating the release of heat shock protein 70
(Hsp70), consequently augmenting the survival capacity
of neighboring neurons.* In the peripheral nervous
system, Schwann cells interact with and promote axonal
regeneration post nerve injury through exosomal
communication, partially achieved by downregulating the
activity of the inhibitory GTPase RhoA, which is known
to hinder axonal regeneration.*® The multifaceted roles
played by exosomes in the CNS (Fig. 3) underscore their
pivotal involvement in neurological processes, warranting
comprehensive exploration to unveil their full functional
spectrum within the intricate neural landscape.

Application of exosome pathways in the CNS

In the domain of the CNS, the intricate involvement of
exosomes in mediating cell-to-cell communication occurs
through a myriad of mechanisms. The interplay between
exosomes and target cells within the CNS encompasses
diverse and critical processes. Initially, exosome
membrane proteins, exemplified by ICAMI1 present on
exosomes derived from mature dendritic cells (DCs),
activate receptors located on the surfaces of cells such
as antigen-presenting cells (APCs) or activated T cells.®

This engagement triggers intracellular signaling, thereby
facilitating communication. Moreover, the prevalence of
phosphatidylserine (PS) on exosomes renders them prone
to binding with PS receptors such as TIM-4 on target
cells, thereby amplifying the communication network
within the CNS.%” Subsequently, within MVBs or released
exosomes, proteolytic cleavage of exosomal membrane
proteins occurs, giving rise to soluble ligands. This process
is exemplified by proteins such as L1 neural adhesion
molecule, CD44, CD46, and TNFRI, resulting in the
production of soluble fragments that act as ligands binding
to cell surface receptors. Another dimension of exosome
function in the CNS revolves around its participation
in diverse modes of cellular communication, exerting
influence on processes such as synaptic transmission,
plasticity, and the potential transfer of pathological
proteins associated with neurodegenerative diseases.®
Significantly, exosomes demonstrate a remarkable ability
to traverse the blood-brain barrier, underscoring their
substantial implications for both physiological and
pathological conditions within the CNS. Expanding the
narrative to the application of exosomes in neuronal
regeneration reveals promising avenues.* The challenges
posed by CNS regeneration are addressed by exploring
the regenerative potential of peripheral nerves supported
by Schwann cells in conjunction with exosome-mediated
signal transduction between Schwann cells and axons.
Experiments involving injured dorsal root ganglion (DRG)
and a rat sciatic nerve model affirm the promotion of
axonal regeneration through the application of exosomes
derived from Schwann cells. The incorporation of these
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exosomes into axons and growth cones substantiates their
pivotal role in facilitating regeneration, a finding further
reinforced in rat spinal cord injury models. Additionally,
influence outgrowth regulation,
impacting guidance factors and cell adhesion molecules.”
Ephrin,amoleculecrucialinaxon guidance, is encapsulated
into exosomes derived from motor neurons, contributing
to the collapse of the growth cone. Furthermore, the
presence of EphB on the surface of motor neuron-derived
exosomes suggests a role in synapse remodeling. This
stimulus-dependent contribution of exosomes to synaptic
junctions between axons and dendrites underscores
their significance in neural plasticity.”! In the domain of
neuron-astrocyte communication, a detailed analysis
of the relationship between glial scarring and exosomes
reveals intriguing insights. An agonist of retinoic acid
receptor P injected into a rat spinal cord injury model
demonstrates locomotion and sensory recovery. This
agonist, fostering the encapsulation of phosphatase and
tensin homolog (PTEN) in neuronal exosomes, facilitates
their uptake into astrocytes. The subsequent effect of
PTEN, which negatively regulates cell division, leads
to a decrease in astrocyte proliferation, contributing to
the mitigation of spinal cord injury through exosome-
mediated neuron-to-astrocyte signaling.”? Additionally, in
neuron-oligodendrocyte communication, the propagation
of proteins between oligodendrocytes and neurons has
been investigated. Oligodendrocyte-derived exosomes
augmented by glutamate stimulation demonstrate cell-
selective uptake ability by neurons. This exosome-mediated
signaling between neurons and oligodendrocytes serves a
protective function during oxidative stress, suggesting a
potential role in neuroprotection. The release of glutamate
from axons, its transfer to receptors in oligodendrocytes,
and subsequent exosome release near the axon provide a
plausible mechanism for the involvement of exosomes in
neuroprotection.”

Transitioning to  neurodegenerative  disorders,
the pathology associated with the aggregation of
proteins in the brain takes center stage.”* Ap, Tau,
PrP, TDP-43, and a-synuclein contribute to various
neurodegenerative diseases, and the role of exosomes
in their intercellular spreading and aggregation unfolds
through diverse mechanisms. AP-induced exosomes,
termed "apoxosomes,” promote ceramide production and
induce apoptosis in astrocyte-incorporated exosomes.
The reduction of exosome production through a specific
pathway alleviates Alzheimer's disease symptoms,
underscoring the potential therapeutic implications of
modulating exosomes in neurodegenerative disorders.”
The interaction between PrP and AP on the surface of
exosome membranes highlights the intricate interplay
between different proteins in mitigating neurotoxicity.
This interaction reduces the uptake of Af into neurons,
showcasing the potential of exosomes in alleviating the
toxicity of soluble AP. In the context of ALS, proteins

exosomes axonal

such as SOD1 and TDP-43 propagate between neurons
through exosomes, contributing to neuronal cell
death.* The "Prion-like" propagation of ALS-related
proteins through exosomes suggests a novel avenue for
understanding the disease mechanism and exploring
potential therapeutic interventions.” The involvement
of exosomes in Parkinson's disease, specifically in the
context of a-synuclein, sheds light on its aggregation and
propagation. Neuronal exosomes containing a-synuclein
oligomers demonstrate higher efficiency in cellular uptake
and increased caspase activity compared to a-synuclein
alone.” The role of familial Parkinson's disease genes, such
as ATP13A and LRRK2, further emphasizes the intricate
relationship between exosomes and disease pathology.”'®
The complexity of factors contributing to Parkinson's
disease, including the aggregation of degenerative proteins,
propagation of toxicity, stress disorders, and mitochondrial
dysfunction, underscores the challenges in elucidating
the underlying mechanisms.””®  Microglia-neuron
communication involving the Tau protein highlights
the potential role of exosomes in synaptic pruning. The
analysis of synapse removal mechanisms reveals that
neuronal exosomes positively mobilize synaptic pruning
in microglia. The selective transport and incorporation
of exosomes into neurons, influencing gene expression
related to phagocytosis, further elucidate the nuanced role
of exosomes in neurophysiology.'” Expanding the scope
to hematopoietic cell-neuron communication, transgenic
mouse models expressing Cre recombinase specifically in
their hematopoietic lineage demonstrate the propagation
of mRNA from blood cells to cerebellar Purkinje cells
through exosomes. This intriguing phenomenon
suggests a communication pathway from blood cells
to neurons mediated by exosomes, influencing gene
expression in neurons.'” Similarly, hematopoietic cell-glia
communication reveals the involvement of exosomes in
transmitting inflammatory signals from the periphery to
astrocytes and microglia via the CSF-exosome pathway.
Systemic inflammation induced by lipopolysaccharide
(LPS) increases exosomes in murine CSF containing
proinflammatory microRNA. These exosomes are taken
up by astrocytes and microglia, influencing the expression
of miRNA target genes in the brain. The communication
between the choroid plexus and exosomes underlines the
role of exosomes in conveying inflammatory signals from
the periphery to astrocytes and microglia via the CSF-
exosome pathway.'” In neuron-microglia communication,
particularly in the context of synapse pruning, exosomes
play a crucial role in positively mobilizing synaptic
pruning. The increased expression of complement C3, a
phagocytosis-related molecule, in microglia-incorporated
exosomes aligns with synaptic pruning via complement
reported in the literature.'® Therefore, the expansive
landscape of exosome applications in the central
nervous system encompasses diverse facets of cell-to-cell
communication, neuroregeneration, and the intricate
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interplay of exosomes in neurodegenerative disorders.
From promoting axonal regeneration to influencing
synaptic pruning and mitigating neurotoxicity in various
diseases, exosomes have emerged as key players in the
complex network of neuronal communication.

Neuron-glia communication utilizing exosomes
Initially, perceived as cellular "waste repositories,"
exosomes have transcended their initial characterization,
revealing intricate involvement in diverse physiological
and pathological contexts. Operating as active contributors
to various homeostatic mechanisms, exosomes engage
in processes encompassing angiogenesis, apoptosis,
neurogenesis, inflammation, anti-inflammation, wound
healing, and tissue maintenance,amongothers.** The CNS
stands as an exemplar of precision-dependent functioning,
and within this intricate context, exosomes play pivotal
roles in synaptic modulation, adult brain maintenance,
and CNS development.” Released by multiple neural
cell types, glial-derived exosomes, for instance, interact
with neurons, fostering hippocampal neurite elongation
and cortical neuron viability, thereby implying their
involvement in the genesis and maintenance of neuronal
circuits.'® Neuronal exosomes, in turn, participate in
synaptic pruning during neuronal remodeling and trigger
microglial phagocytosis. Additionally, exosomes enable
the orchestration of neuronal-glia interactions, facilitating
communication within this intricate network.'”” Notably,
astrocyte-sourced exosomes emerge as guardians of
BBB integrity and synaptic regulation, enhancing glial
functions. Furthermore, these exosomes bolster neuronal
resilience in hypoxic settings and regulate synaptic
activity and extracellular glutamate concentrations.?
Notably, the transfer of apolipoprotein D via astrocyte-
derived exosomes is instrumental in promoting neuronal
survival.'”® Intrinsic immune receptors such as Toll-like
receptor (TLR)-4 and NOD-like receptor 3 (NLRP3)
further adorn these cellular entities, while exosomes
released by astrocytes also convey chemokines, cytokines,
and inflammatory mediators in response to TBL.'®
Microglia, functioning as CNS-resident macrophages
and guardians against infections, embody a pivotal front
line. Expressing immunological receptors such as TLRs,
these cells release soluble anti-inflammatory agents such
as cytokines, chemokines, reactive oxygen species, and
free radicals."® Microglial exosomes potentiate synaptic
equilibrium through neuronal synthesis stimulation of
sphingosine and ceramide, augmenting excitatory neural
communication. Immunomodulatory exosomes, housing
MHC-I, MHC-II, and miR-146a, foster bidirectional
interactions."! Oligodendrocytes, pivotal in axonal
maintenance and myelin sheath formation, exemplify
a harmonious relationship between exosomes and
neurons. Emerging evidence indicates that exosomes
from oligodendrocytes to neurons may be trophic in
function, encapsulating myelin proteins and glycolytic

enzymes alongside canonical exosomal components.'?

In this neural-glia nexus, intricate two-way exchanges
occur. For instance, glutamate released by neurons
upon  depolarization  stimulates  oligodendroglial
glutamate receptors, eliciting exosome release that is
subsequently internalized by neurons. Oligodendroglial
exosomes demonstrate protective effects, aiding neurons
in surviving oxygen-glucose deprivation, which is
particularly pertinent in ischemic brain injury contexts.'"?
Collectively, these findings underline exosomes' capacity
to influence neural gene expression through miRNA
and mRNA distribution or specific signaling pathways.
Exosomes delineate an essential facet of neuronal-glial
communication, significantly shaping the biological
paradigms of the CNS.

Neuronal/glial exosomes in neuroinflammation

Exosomes play a significant role in the initiation of various
neuroinflammatory and neurodegenerative disorders.
Within the CNS, resident macrophages, astroglia, and
microglia become active in response to diverse stimuli or
harmful occurrences, triggering neuroinflammation. This
process leads to the release of secondary messengers such
as chemokines, cytokines, and reactive oxygen species
(ROS)."* Notably, exosomes derived from astrocytes
possess the capability to enter neurons and transport
misfolded pathogenic proteins and/or inappropriately
expressed miRNAs. These bioactive molecules can incite
neuroinflammation, which subsequently contributes to
neuronal demise and neurodegeneration.'” Glial cells
also release exosomes containing cytokines and other
proinflammatory agents, notably IL-1P, implicated
in neuroinflammatory progression. Importantly, glial
exosomes participate in the removal of harmful substances
through their scavenging activities.''® Moreover, in an
inflammatory environment, glial exosomes serve as
conduits for hematopoietic cells' endocrine signals to
reach the brain, facilitated by their ability to traverse the
BBB. This offers a novel route for systemic inflammation to
impact CNS physiological processes. These exosomes also
harbor miRNAs capable of influencing gene expression
in neighboring cells.®® Alternatively, exosomes derived
from neurons play a pivotal role in the intricate network
of neuroimmune regulation, exerting profound effects
on glial cells to modulate inflammation within the CNS.
Specifically, miR-124-3p, encapsulated within neuronal
exosomes, has emerged as a key player in suppressing
inflammation. This anti-inflammatory microRNA targets
the MYH9 gene, intricately linked to the activation
of the PI3K/AKT and NF«B signaling pathways. The
orchestrated regulation of these pathways by miR-124-3p
contributes significantly to the reduction of inflammation
by suppressing M1 microglia and A1 astrocytes.** Another
critical miRNA, miR-181c-3p, identified in neuron-
derived exosomes, plays an effective role in diminishing
inflammation. It achieves this by downregulating CXCL1
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expression in astrocytes, thereby impeding inflammatory
pathways. Moreover, miR-181c-3p serves as a regulator of
microglia during neuroinflammation, effectively reducing
the expression of Toll-like receptor 4. These findings
underscore the intricate and specific regulatory roles of
distinct miRNAs within neuron-derived exosomes in the
context of neuroinflammatory responses.'” Furthermore,
studies have revealed that exosomes isolated from neurons
not only promote the survival of microglia but also exhibit
inhibitory effects on activation markers, dampening LPS-
induced proinflammatory cytokine expression, including
IL-1pB, IL-6, IL-8, and TNF-a. This highlights the potential
therapeutic implications of neuron-derived exosomes in
mitigating the preinflammatory response. Remarkably,
these exosomes induce a shift in microglial phenotypes
toward nonactivated states while concurrently enhancing
the expression of the anti-inflammatory cytokine IL-10.
This multifaceted impact of neuron-derived exosomes
elucidates their pivotal role in sculpting the inflammatory
landscape of the CNS, presenting promising avenues
for therapeutic interventions in neurodegenerative and
psychiatric diseases associated with aberrant immune
responses.''®

Neuronal/glial exosomes in neurodegenerative/mental
disease

In the context of neurodegenerative disorders, astrocytes
release exosomes containing tau and proapoptotic
proteins, triggering neurodegeneration in conditions such
as Alzheimer's disease.'"? Similarly, in Parkinson's disease,
neuronal exosomes facilitate the transfer of unstable
a-synuclein oligomers, leading to inflammation and cell
death in healthy astrocytes and neurons.'”* Amyotrophic
lateral sclerosis (ALS) can also be driven by exosomes
containing mutant SODI1 proteins, damaging motor
neurons.'? Furthermore, interactions between exosomes
and microglia have implications for autoimmune diseases.
Proinflammatory cytokines stimulate immune cells
to produce exosomes, thereby releasing inflammation
and activating other proinflammatory molecules.'”
Notably, miRNAs present in exosomes from neural cells
infected with prion disease amplify the accumulation of
misfolded prion protein, contributing to neuronal loss.'*
Substance use, such as opioids, during infection can lead
to the formation of harmful exosomes in astrocytes, which

exacerbate neuronal injury.'*

The role of exosomes extends to mental disorders,
as persistent neuroinflammation has been associated
with conditions such as depression and other
psychopathologies. Changes in serotonin mechanisms,
prevalent in various mental illnesses, influence exosome
synthesis in microglia.'”” Additionally, studies have
revealed that exosomes extracted from the blood of autism
spectrum subjects can induce increased proinflammatory
cytokine production in cultured human microglia.'*
Overall, exosomes exert a pivotal influence on the genesis
of neurodegenerative and mental disorders while also
holding promise for therapeutic interventions, facilitated
by emerging strategies for implementing exosome-based
therapies. In Table 2, we outline the impact of exosomes
released by neurons and glial cells on neurodegenerative
diseases, highlighting the associated signaling pathways.

Neuronal/glial exosomes in myelin-related disease

Myelin-related ~ disorders = encompass  conditions
characterized by developmental hypo-/dysmyelination
or subsequent demyelination, which can be hereditary,
exemplified by leukodystrophies, or acquired, as seen
in multiple sclerosis (MS)."** The pathogenesis of MS
involves immune-driven degradation of the myelin sheath.
However, the factors dictating the immune response's
specificity toward myelin, as well as the processing of
myelin antigens by APCs in the context of MS, remain
elusive."® Exosomes, known carriers of antigens to APCs,
introduce a potential avenue of investigation. Although
reports suggest that oligodendroglial exosomes may not
activate microglia, it is plausible that other APCs, such
as dendritic cells that infiltrate the CNS under specific
circumstances, could process oligodendroglial exosomes
and present their antigens on their surface, initiating an
immune reaction."! Future inquiries will clarify whether
oligodendroglial exosomes facilitate the transfer of
myelin antigens to dendritic cells. Additionally, exosome
composition might change in pathological contexts,
triggering a transition from immunologically inert
to active exosomes. In Pelizaeus—Merzbacher disease
(PMD), arising from PLP1 gene duplications, alterations
in oligodendroglial exosome composition are conceivable.
Enhanced PLP expression, leading to its accumulation
in late endosomes, could result in increased PLP release

Table 2. Impact of exosomes released by neurons and glial cells on neurodegenerative disorders and related signaling pathways

Source Signaling pathway Effect Disease Ref
Neuron cells Wnt-Notch-PI3K/Akt/mTOR Synaptic modulation AD-PD 127,128
Neuron & astrocyte cells PI3K/AKT/NF-kB Neuroprotection-neurite regeneration SCI-AD 83129

Endothelial cells PI3K/Akt-PTEN-IRAK1/TRAF6

Neuron, astrocyte & microglia Erk/NFkB-Rela/ApoE-PDE4B/mTOR
NFkB-TLR-MAPK/ERK-Wnt/B Catenin
PI3K/Akt-ErbB2/3-mTOR

Microglia

Oligodendrocyte

Angiogenesis-regeneration-BBB integrity-cognitive
function

Neurite regeneration-antineuroinflammation
Immune/inflammation modulation

Myelination support- neurite regeneration

Stroke-TB| ~ 130132

TBI-ALS 121,153
PD-AD-HD 1415
MS'TB' 136-138
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through exosomes.'? This augmented exosome release
or modifications in exosomal protein/lipid ratios could
provoke CNS inflammation, thereby contributing to
PMD pathology. A shared trait across various myelin
disorders is the consequential axonal degeneration due
to compromised glial support. This secondary neuronal
impairment is a chief driver of irreparable patient
disability and mortality.'"** Consequently, it is imperative
to elucidate the potential implications of oligodendroglial
exosomes in preserving neuronal integrity and to discern
the beneficial constituents within them. The ultimate
objective lies in crafting therapeutic strategies that curtail
axonal degeneration.

Discussion

Exosomes, dynamic nanoscale extracellular vesicles, play
a crucial role in facilitating intercellular communication
within the CNS. Their significance lies in their exceptional
stability in biological fluids, owing to their lipid bilayer
composition. This composition, enriched with proteins
involved in endocytosis, fusion, and cargo selection,
forms the foundation for the functional diversity of
exosomes. Moreover, their cargo, consisting of proteins,
nucleic acids, lipids, and metabolites, positions exosomes
as information reservoirs capable of modulating recipient
cell functions.

The heterogeneity in both their origin and cargo
specificity establishes exosomes as potent contributors
to intercellular signaling, playing pivotal roles in diverse
physiological and pathological contexts. The proteomic
cargoes of exosomes, marked by proteins such as ALIX,
TSG101, CD63, CD60, CD9, and CD81, contribute to
their identity.'® However, the fidelity of these markers
varies with the cell type of origin, emphasizing the
heterogeneity within the exosomal population. Beyond
proteins, exosomes carry a rich genetic cargo, reflecting
the state and cytoplasmic content of the cell of origin.
This cargo, comprising miRNA, noncoding RNAs,
mitochondrial RNAs, and mRNAs, not only serves as a
snapshot of cellular conditions but also facilitates the
exchange of genetic information between cells. The less-
explored area of lipid sorting in exosomes, influenced
by pH differences and specific modifications, adds an
additional layer of complexity to their composition.*® The
biogenesis of exosomes unfolds within the endosomal
pathway, specifically within MVBs. The sequential
stages involve inward budding of the plasma membrane,
leading to the formation of early endosomes that mature
into late endosomes. The invagination of late endosomal
membranes creates ILVs within large MVBs. These ILVs
face a dual fate - lysosomal degradation or becoming
exosome precursors released into the extracellular space.
The debate on exosome release regulation introduces
the role of ESCRT and its intricate protein machinery,
highlighting the ESCRT-dependent mechanism. However,
an alternative ESCRT-independent pathway, dependent

on raft-based microdomains, introduces an additional
layer of complexity, emphasizing the role of exosomal
lipids in biogenesis.”® Tetraspanins and other proteins
participate in exosome biogenesis and protein loading,
underscoring the diverse mechanisms involved in cargo
selection. Transitioning into therapeutic applications,
exosomes emerge as crucial players in shaping the ECM
and influencing the microenvironment. Functioning
as messengers, exosomes facilitate the transmission of
signals and molecules, exerting both local paracrine
and distal systemic effects. The burgeoning field of
engineered exosomes holds promise for delivering
therapeutic payloads, including RNA molecules and
immune modulators. In the central nervous system,
exosomes released by various cell types play vital roles in
angiogenesis, immune regulation, inhibition of neuronal
apoptosis, and facilitation of myelin sheath and axon
growth. Their diverse sources contribute to angiogenesis,
showcasing promising applications in neuroinflammatory
and neurological conditions.

Recent investigations into the intricate realm of
neurodegenerative  disorders have uncovered the
pivotal role of exosomes in orchestrating intercellular
communication within the central nervous system.
Notably, they play a significant role in the propagation
of misfolded proteins, such as amyloid-p and tau in
Alzheimer's disease and a-synuclein in Parkinson's
disease, contributing to the spatial spread of pathology
in the brain. Moreover, the bidirectional exchange of
exosomes influences neuroinflammatory responses,
with microglia being responsive to exosomes released
by neurons and astrocytes. These exosomes carry
signaling molecules capable of modulating microglial
activation states, impacting the delicate balance between
proinflammatory and anti-inflammatory states in the
brain microenvironment. This intricate reciprocity
between neurons and microglia underscores the potential
role of exosomes in governing neuroinflammation, a
recognized pivotal factor in the pathogenesis of diverse
neurodegenerative disorders. In the context of AD,
exosomal miRNAs play a pivotal role in the initiation of
pathological processes, including the accumulation of
amyloid-beta (AP), tau-induced toxicity, inflammatory
responses, and neuronal degeneration. Specific miRNAs,
including those belonging to the miR-15/107 cluster,
exert regulatory control over genes implicated in AD
pathogenesis, including amyloid precursor protein
(APP) and ADAMI0/a-secretase. Furthermore, a
study conducted by Lau et al identified miR-132-3p as
a notably dysregulated miRNA during the progression
of AD, suggesting its potential utility as a biomarker for
the disease.'* Additionally, certain miRNAs, such as
those found in the Let-7 family, miR-9, miR-181, and
miR-29, influence inflammatory and immunological
responses, processes that can precede the onset of
neurodegenerative diseases. The shared dysregulation of
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miRNAs across diverse neurological disorders, including
conditions such as schizophrenia and Down syndrome,
implies common underlying mechanisms contributing
to neuronal dysfunction and degeneration.'”” Regarding
exosomal miRNAs, investigations in PD have observed
elevated levels of miR-153, miR-409-3p, miR-10a-5p,
and Let-7 g-3p, alongside diminished expression of miR-
1 and miR-19b-3p during the early stages of PD. These
findings indicate their potential utility as diagnostic
markers. In the context of HD, miR-100-5p exhibited
heightened levels, whereas miR-330-3p and miR-641
displayed reduced expression, demonstrating associations
with disease progression. Additionally, in ALS, miR-
338-3p, miR-130a-3p, miR-151b, and miR-221-3p have
shown promise as both diagnostic tools and indicators for
monitoring disease advancement."*® Meanwhile, research
has delved into the role of oligodendrocyte-derived
exosomes in multiple sclerosis-associated inflammation,
shedding light on how these exosomes contribute to the
immune response and demyelination processes in the
disease.'*” Furthermore, innovative approaches have been
investigated, such as cargo modification of exosomes for
targeted therapeutics. In Huntington's disease, exosomes
have been engineered to deliver siRNAs targeting mutant
huntingtin, showcasing the potential for exosome-based
therapies to reduce disease-specific protein expression,
offering hope for disease management.'*®

The discussion on clinical trials highlights the transition
of exosome research from preclinical contexts to real-
world applications. Despite the absence of FDA-approved
exosome products, the significant increase in clinical
trials, particularly in phases I and II, signifies growing
interest. Neurodegenerative diseases, notably Alzheimer's
and Parkinson's, are active areas of investigation. The
comprehensive scrutiny of ClinicalTrials.gov unveils the
prevalence of exosome-based interventions, particularly
in respiratory tract diseases and cancer. The clinical
trials section sets the stage for the potential translation
of exosome research into clinically viable therapeutic
options, emphasizing the ongoing exploration and the
need for further advancements in this rapidly evolving
field. The exploration of exosomes in biomedical research
and clinical applications unveils tremendous potential,
but their effective integration into therapeutic strategies is
hampered by various challenges. A spectrum of isolation
techniques, from precipitation to mass spectrometry,
offers versatility, yet each comes with inherent limitations.
These include labor-intensive processes, high costs,
and the absence of standardized protocols. Coisolation
of extracellular vesicles and potential risks associated
with conventional methods, such as ultracentrifugation,
introduce methodological complexities. Impurities and
alterations in exosomal cargo compared to parent cells
contribute to inconsistencies, demanding advancements
in isolation techniques. Notably, the therapeutic prospects
of exosomes in the domain of neurodegenerative

Review Highlights

What is the current knowledge?
v Essential CNS messengers, exosomes are nanoscale vesicles
with stable, diverse cargo. Their heterogeneity and role in
neuroinflammation are notable.
v Neurodegenerative clinical trials mark a shift to real-world
use, yet lack FDA-approved exosome products, highlighting
ongoing exploration in this field.

What is new here?

V Insights uncover exosomes' key role in neurodegenerative
disorders, influencing misfolded proteins and neuron-
microglia communication. Specific miRNAs show diagnostic
potential.

v Research on exosome therapeutics tackles isolation
challenges. Engineered exosomes in neurodegenerative
contexts show promise in enhancing neuronal viability,
tempering inflammation, and fostering synaptic plasticity.

diseases have garnered attention. Exosomes derived from
mesenchymal stem cells or engineered exosomes bearing
specific cargo exhibit promise in fostering neuronal
viability, tempering inflammation, and enhancing synaptic
plasticity within preclinical models. These compelling
findings suggest that exosomes hold potential as a
therapeutic platform for addressing neurodegenerative
conditions, capitalizing on their inherent ability to
ferry bioactive molecules across cellular boundaries.
Therefore, exosomes are emerging as central players in
the complex landscape of neurodegenerative disorders,
influencing disease mechanisms, diagnostic possibilities,
and therapeutic interventions. Moreover, the diagnostic
potential of neuronal exosomes and the therapeutic
promise of engineered exosomes offer new avenues for
advancing our understanding and treatment of these
challenging conditions. The progressing research in this
domain continues to illuminate the diverse functions of
exosomes, providing opportunities for creative approaches
in addressing neurodegenerative conditions. In Fig. 4, the
illustration depicts the current significance of exosomes
and outlines their future perspectives in application.

Conclusion

In conclusion, exosomes, minute extracellular vesicles, are
pivotal for intercellular communication in the CNS. Their
lipid bilayer and diverse cargo regulate cellular functions,
influencing  neurodegenerative  disorders.  Despite
isolation challenges, increasing clinical trials indicate
a growing interest in exosome-based interventions for
neurodegenerative diseases. Exosomes show therapeutic
potential by enhancing neuronal vitality, moderating
inflammation, and promoting synaptic plasticity. They
emerge as key contributors to understanding and
addressing complex neurological conditions.
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Exosomes: Future Perspectives

Primary origins of natural exosomes include:
the human body, mammals, and plants

Altering the exosome membrane improves its
targeting capability

Exosomes transport proteins, nucleic acids,
and other substances for the diagnosis
and treatment of diseases

The incorporation of therapeutic cargo
(hydrophobic and hydrophilic drugs)
aims to minimize drug side effects and enhance
the efficiency of cargo delivery

Fig. 4. Current significance and future perspectives of exosome application.
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