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Abstract: Exosomes are extracellular vesicles that originate from various cells and mediate intercellular communication, altering the
behavior or fate of recipient cells. They carry diverse macromolecules, such as lipids, proteins, carbohydrates, and nucleic acids.
Environmental stressors can change the exosomal contents of many cells, making them useful for diagnosing many chronic disorders,
especially neurodegenerative, cardiovascular, cancerous, and diabetic diseases. Moreover, exosomes can be engineered as therapeutic
agents to modulate disease processes. State-of-art techniques are employed to separate exosomes including ultracentrifugation, size-
exclusion chromatography and immunoaffinity. However, modern technologies such as aqueous two-phase system as well as
microfluidics are gaining attention in the recent years. The article highlighted the composition, biogenesis, and implications of
exosomes, as well as the standard and novel methods for isolating them and applying them as biomarkers and therapeutic cargo
carriers.
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Introduction

Exosomes, also known as extracellular vesicles (EVs), were initially observed half a century ago in plasma by Dr. Wolf,
who denoted them as platelet dust.' Since that time, investigations have revealed the presence of vesicles in all examined
biological fluids, and in vitro cultivated cell lines have demonstrated varying degrees of vesicle release.” Although these
vesicles have undergone various nomenclatures over the years, they are now commonly referred to collectively as EVs.
Three principal categories of EVs have been delineated based on their size and mechanism of release: exosomes (diameter
less than 150 nm), microvesicles/shedding particles, and apoptotic bodies (both considered larger than 100 nm). The latter
two types are discharged directly from the plasma membrane in viable and dying cells, respectively, and will not be further
explored herein (Figure 1). This examination focuses on the smallest subset within this family—exosomes, which are
vesicles released into the extracellular milieu following the fusion of late endosomes/multivesicular bodies (MVBs) with
the plasma membrane. This fusion process was initially observed in rat reticulocytes in 1983 and subsequently in sheep
reticulocytes in 1985 # The term exosome was coined by Rose Johnstone, a trailblazer in the field, in 1987, as she found the
process reminiscent of reverse endocytosis, wherein internal vesicular contents are released as opposed to external
molecules being internalized within membrane-bound structures.” However, comprehensive understanding of this process
has largely been attained in recent years.’

Exosomes have emerged as pivotal mediators in cellular communication, orchestrating the transfer of functional proteins,
metabolites, and nucleic acids to recipient cells.® Their far-reaching influence spans diverse physiological processes, including
immune responses,’ tissue repair,'® stem cell maintenance,'' central nervous system (CNS) communication,'? and their
involvement in pathological processes such as cardiovascular diseases,'” neurodegeneration,'* cancer,'” and various types of
inflammations.'®

The clinical potential of exosomes is underscored by their suitability as diagnostic biomarkers and carriers of
therapeutic cargo.'” Their diminished immunogenicity, attributed to biocompatibility and a protective bi-layered lipid
structure safeguarding genetic cargo from degradation, renders them appealing as therapeutic vectors. Also, their petite
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Figure | Comparison among exosomes, microvesicles and apoptotic bodies.” The Figure was partly generated using Servier Medical Art, provided by Servier, licensed
under a Creative Commons Attribution 3.0.

size (Figure 2) and membrane composition enable them to traverse major biological barriers, including the blood-brain
barrier. Active research in engineered exosome production focuses on assessing various therapeutic cargoes, enhancing
target selectivity, and refining manufacturing processes.'® However, challenges persist in precisely targeting specific cell
types or organs while minimizing off-target biodistribution and addressing concerns related to naturally incorporated
cellular genetic impurities with potential immunogenicity.'®?° Overcoming these challenges necessitates an improved
understanding of exosome biology to advance therapeutic exosome engineering.

Numerous review articles covered different aspects of exosome biology, separation and/or bioapplications.?* ¢
Nonetheless, papers covering exosomes biogenesis to clinical utilization are scarce. Therefore, it was sought in this
review to provide a state-of-the art comprehensive updated investigation about the biology of exosomes involving their
formation, uptake, dosing and biological actions on recipient cells. Moreover, the standard as well as novel approaches
used for the isolation and their applications as diagnostic biomarkers and drug delivery agents for neurodegenerative
diseases, cardiovascular disorders, cancers and diabetes are also covered.

What are Extracellular Vesicles?

The genesis of initial endosomes initiates with the invagination of the cell membrane during the early stage, facilitating
the accumulation of bioactive substances within early sorting endosomes (ESEs). Subsequently, orchestrated by the
endocytosis sorting complex and other requisite transport-related proteins, early endosomes undergo a transformation
into late sorting endosomes (LSEs).?’ Following a secondary invagination, LSEs progress to form multivesicular bodies
(MVBs). Upon fusion of MVBs with the cell membrane, the internal cellular contents are extricated in the form of
vesicles, which are identified as exosomes.”® The schematic representation of the biological origin of exosomes is
delineated in Figure 3. The diversity in the formation of exosomes is currently a subject of extensive investigation, with
predominant focus on both ESCRT-dependent and ESCRT-independent mechanisms. Recent findings, however, propose
the involvement of certain components, such as four-transmembrane domain proteins and lipid rafts, in the formation of

specific exosomes.”’ Consequently, the precise mechanistic underpinnings remain a matter of ongoing debate.
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Figure 2 The scale of size of extracellular vesicles including exosomes in view of the most common biological macromolecules. Reprinted from | Chromatogr A, 1636,
Liangsupree T, Multia E, Riekkola M-L. Modern isolation and separation techniques for extracellular vesicles. 461773, Copyright 2021, Creative Commons.?'

Exosome biosynthesis culminates in the release of exosomes into the extracellular space through the fusion of MVB
and the plasma membrane. This is mediated by Rab GTPases, v-SNAREs (eg, vesicle-associated membrane protein 7 and
synaptobrevin homolog YKT6),*® tethering proteins (eg, early endosome antigen 1), and synaptotagmins.’’ The
exosomal envelope, which varies in composition,** such as integrin proteins,* enables the targeted delivery to specific
cells. Exosomes can engage with the recipient cells through various modes, including receptor-mediated binding,
membrane fusion, and endocytosis or phagocytosis. Upon internalization, the exosomes form endosomes, which they
subsequently escape from, leading to the release and function of the exosomal cargo in the cytosol.**

Dosing of Exosomes

Exosome dosing is a challenging and controversial issue that has been explored in recent years. Various methods have been
applied to measure exosome dosage, such as cell equivalents, protein concentration, and/or specific quantitative analytical
tools, each having its own pros and cons. However, a standardized method for exosome dosing is still lacking and the
current technologies are limited in their accuracy and precision in evaluating exosomes at the single-vesicle level. To
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Figure 3 General mechanism of biogenesis and release of exosomes.?? The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under
a Creative Commons Attribution 3.0.

enhance the accuracy in exosome dosing, it is suggested to use multiple methods. For instance, the protein method that
measures total protein levels is quick and cheap, but it may also include proteins that are unrelated to exosomes and may not
reflect bioactive components. Other methods for exosome dosing include Enzyme-linked immunosorbent assay (ELISA),
cell equivalents, and flow cytometry. A review by Willis et al offers more information on methods related to exosome
dosing.*® Regarding the use of exosomes in clinical trials, good manufacturing practices (GMPs) are essential. Indeed,
exosomes used in clinical trials should adhere to GMPs. GMPs for exosomes involve three main factors, such as upstream

cell culture, downstream purification process, and exosome quality control.*”

Separation of Exosomes

Exosomes, ubiquitously released by nearly all cell types and notably present in biofluids, possess lipid bilayer membranes
that facilitate the secure transport and conveyance of crucial biological signals originating from their respective cells. These
signals not only exert influence on the body’s physiological state but also play a pivotal role in cell communication,
immunoregulation,*® angiogenesis,?® tumorigenesis, and metastasis.*’ Consequently, exosomes have emerged as promising
tools for monitoring the occurrence and progression of cancer. Despite their potential, the comprehension of exosomal
functions remains constrained. A primary impediment to research advancement lies in the absence of an efficient standar-
dized isolation strategy for specific exosome subpopulations due to their inherent heterogeneity. Beyond the imperative to
segregate intact and pure exosomes, there is a pressing need for further refinement of exosome isolation methodologies,
focusing on achieving high purity, high throughput, reduced operational time, and enhanced repeatability.*'

Presently, prevailing technologies for exosome isolation, such as ultrafiltration, immunoaffinity, and ultracen-
trifugation (widely considered the “gold standard” for exosome isolation), entail substantial costs, necessitate large
sample volumes, pose the risk of protein contamination, involve intricate isolation procedures, and yield sub-
optimal results in terms of isolation efficiency, sample preservation, and exosome recovery and purity.*” The
integration of microfluidics into exosome isolation has emerged as a consequential development, leveraging
advancements in nanotechnologies. Optimized microfluidic chips hold considerable promise as tools for future
research endeavors. Despite existing reviews that consolidate information on exosome isolation and purification,
comprehensive examinations detailing the nuanced advantages and drawbacks of each technology are relatively
scarce.”> The discussed current methods of exosomes isolation are summarized in Table 1.

Ultracentrifugation
Ultracentrifugation stands as a cornerstone technique for the isolation of exosomes, representing a widely recognized and
extensively employed method in the field of extracellular vesicle research. This approach involves the high-speed
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Table | The Most Commonly Employed Techniques for Isolating
Exosomes and Their Corresponding Time, Purity and Yield

Technique Time Purity | Yield Ref.
Ultracentrifugation >4h Medium | Low [43]
Size-exclusion chromatography | < 0.5 h | High High [44]
Immunoaffinity 4-20 h | High Medium | [45]
ATPS 0.5-1 h | Medium | High [46]

Abbreviation: ATPS, aqueous two-phase system.

centrifugation of biological samples to differentially separate particles based on their size, density, and mass. Typically,
exosome isolation through ultracentrifugation comprises a series of centrifugation steps, starting with low-speed spins to
eliminate cells and debris, followed by subsequent high-speed ultracentrifugation to pellet exosomes. This method is
often regarded as the “gold standard” due to its ability to yield relatively pure exosome populations. Nevertheless, it is
essential to acknowledge the associated limitations, such as lengthy processing times, the need for large sample volumes,
and the potential for co-isolation of non-exosomal contaminants. Researchers have explored variations and optimizations
to ultracentrifugation protocols, including the use of density gradients and sucrose cushions, to enhance specificity and
efficiency in isolating exosomes from complex biological samples.** Various pore size filters were applied to isolate
exosomes with different molecular weights including 10 KDa,* 30 KDa,*® 50 KDa,*’,100 KDa.**°

Despite its widespread use, the quest for alternative isolation techniques is fueled by the desire to address the inherent
challenges and limitations of ultracentrifugation. Emerging technologies, such as size exclusion chromatography,
immunoaffinity-based methods, and microfluidic approaches, are being increasingly explored for their potential advan-
tages in terms of isolation efficiency, speed, and scalability. By comparing and integrating these diverse techniques,
researchers aim to refine exosome isolation strategies and advance our understanding of their roles in health and

. 1,52
disease.’'

Size-Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) stands as an established method for the separation of macromolecules based on
their molecular size or hydrodynamic volumes.> The standard SEC configuration encompasses a porous stationary phase
for chromatographic separation, with or without coupling to a pump for elution. This technique has been widely applied
for the isolation of exosomes from diverse sample matrices originating from both prokaryotes and eukaryotes. These

15,16,21,54— .
5,16,21,54-56 ur1ne,57’58

matrices include cell culture-derived specimens, blood-based samples (plasma and serum),
saliva,” nasal lavage,®® synovial fluid,®' cerebrospinal fluids,’* and tear.>® In instances of diluted samples, particularly
urine and cell culture-derived samples, concentration or removal of soluble contaminants through filtration-based
techniques is often implemented before column injection.®?

The predominant stationary phase materials employed for EV isolation and separation are cross-linked agarose beads,
commercially designated as Sepharose™ (CL-2B and CL-4B) and Sephacryl®™ S-400. Agarose beads are characterized by
high scalability and flexibility, rendering them adjustable to diverse sample requirements. Some investigations have
employed qEV SEC columns, available in various bed volumes and size exclusion limits (intra-pore sizes). Notably,
Sepharose™ CL-4B with a size exclusion limit of 42 nm has demonstrated suitability for isolating EVs from protein
contaminants, such as albumin, in contrast to Sepharose® CL—2B,47‘64 which has an exclusion limit of 75 nm. Enhanced
resolution has been achieved with a larger column bed volume (1 mL vs 10 mL). Furthermore, studies by Arntz et al
involved the isolation of plasma-derived EVs using two Sepharose® CL-2B SEC columns with identical stacking
volumes but differing column lengths (56 mm vs 222 mm).®> Their findings indicated that utilizing the longer column
resulted in a 90% reduction in protein and immunoglobulin contamination, while maintaining consistent EV particle size

distribution and yields.®®
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Microfluidics

Microfluidic technology offers a promising approach for separating exosomes due to its precise manipulation of micro- and
nanometer particles within minimal sample volumes. Specifically designed micro- and nanostructure microchips allow
targeted exosome separation, purification, and collection. Microfluidics present several advantages over conventional
methods. Firstly, the use of multiple microchannels enables efficient particle analysis, such as the orderly alignment of
2x10° cells/mL for single-cell analysis in a spiral microchannel. Secondly, microfluidic platforms facilitate cost-effective
biological analyses, including non-invasive diagnostic tests (liquid biopsy), thanks to reduced reagent and sample
consumption. Thirdly, microfluidic systems minimize contamination by consolidating multiple analysis steps onto
a single chip. Lastly, functional and intact exosomes can be selectively captured using microfluidic devices, enhancing
the efficiency of exosome separation.®®®” Currently there are three main forms of microfluidics systems for exosomes
isolation: immunoaffinity-based, microsphere-mediated, and enhanced capture efficiency.®® Immunoaffinity being the most
common form, it will be covered in detail as follows.

Affinity-based isolation, alongside charge-, density-, and size-based techniques, is a prominent method for isolating
exosome. This approach capitalizes on the highly selective interactions between proteins or receptors on the EV
membrane and corresponding ligands, such as antibodies. In developing affinity-based isolation, ligands like antibodies
are immobilized or conjugated onto/into diverse solid media, including magnetic beads and polymeric materials like
agarose beads and monolithic columns.*> Affinity-based isolation is categorized into affinity chromatography and
immunocapture based on isolation mechanisms. Affinity ligands include bioaffinity ligands (eg, antibodies, peptides,
and transmembrane proteins) and heparin.®

Immunoaffinity capture, a widely employed affinity-based technique, utilizes antibodies against EV surface proteins.
Typically, these antibodies are covalently linked to magnetic beads through biotinylation. Commonly targeted surface
proteins include CD9, CD63, and CD81, which are frequently enriched on exosome and EV surfaces.”” Immunoaffinity
offers the advantage of selectively isolating EVs and the potential to isolate EVs from diverse cell types. For instance, anti-
EpCAM conjugated magnetic beads have been used to target and isolate tumor-derived EVs expressing epithelial cell
adhesion molecule (EpCAM).ﬂ’72 Other antibodies, such as anti-A33, anti-PSMA, anti-CD105, anti-CD171 (L1CAM),
anti-CD34, anti-CD61, anti-CD41, and anti-CD235a, have also been employed for the isolation of specific EVs.”*"*

Aqueous-Two Phase System

An aqueous-two phase system (ATPS) is a method of separating biomolecules or particles by using two incompatible
solutes, such as polymers or salts, that form two immiscible phases in water.”” An ATPS can be used to isolate exosomes,
which are nanoscale vesicles that carry biological information and have potential applications in drug delivery and
diagnostics. Exosomes have different affinities for the two phases of an ATPS, depending on their surface properties and
size. By adjusting the composition and concentration of the solutes, the partition coefficient of exosomes can be
optimized to achieve high purity and recovery.”® Recently, through the utilization of ATPS, exosomes were isolated
with high yield from CaCo2 cells in vitro,”” human plasma’® and human urine.”® This technique is cost-effective, easy to
perform, rapid and scalable, making it a superior method over traditional chromatography and ultracentrifugation
approaches.®°

Clinical Applications

Scientists utilized the exosomes toward two main perspectives, ie as diagnostic markers since the composition of
exosomes differ in normal and abnormal states. Even more, the scientists moved forward to engineer the exosomes as
drug vehicles that is more specific, targetable, biocompatible and with no immune reactions.

Diagnostic Biomarkers

Being an intercellular communication way, and, at the same time, convey a range of biomolecules, such as proteins,
lipids, nucleic acids, and metabolites, they have been utilized for diagnostic purposes. Exosomes can act as mediators of
intercellular communication and influence various physiological and pathological processes. In recent years, exosomes
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have attracted considerable attention as potential diagnostic and therapeutic biomarkers for various diseases, especially
cancers (Figure 4).*' One of the main advantages of exosomes as biomarkers is their accessibility and stability in various
body fluids, such as blood, urine, saliva, cerebrospinal fluid, and breast milk. Exosomes can reflect the molecular profile
and status of their parental cells, and thus provide valuable information about the origin, progression, and prognosis of
diseases. For example, exosomes derived from tumor cells can carry tumor-specific antigens, oncogenic proteins, and
mutated or aberrant nucleic acids, which can be detected by various techniques, such as ELISA, mass spectrometry,
polymerase chain reaction (PCR), and next-generation sequencing (NGS).¥**? Table 2 provide a list of some exosomal
proteins and miRNAs that were confirmed for their differentially existence in disease.

Therapeutic Cargo Carriers
A variety of diseases, such as respiratory, infectious, and cancerous diseases, are the target of exosome-based therapies in
more than 150 clinical trials registered in ClinicalTrials.gov (searching for “exosome therapy” on www.clinicaltrials.gov).

Exosomes from stem cells, mainly mesenchymal stem cells of different origins, are used in 31 of those trials as a substitute
for mesenchymal stem cell therapy. These pre-clinical and clinical studies indicate that stem cell-derived exosomes may
mimic some of the therapeutic benefits of their parent cells without the inherent limitations of stem cell therapy. This is

Table 2 Examples of the Exosomal Contents That are Used in the Diagnosis of the Mentioned Diseases

Diseases Proteins and miRNAs Ref.
Neurodegenerative AD AB-oligomer, p-tau [85]
disorders iR-135a [86]
BACEI-AS [87]
miR-34b, miR-125b and miR —130b [88]
Synaptotagmin, GAP43, SNAP25, and neurogranin [89]
PD Clusterin and a-Synuclein [90]
STX-1A and VAMP-2 [91]
miR-15b, miR-24, miR-142-3p, miR-18Ic, and miR-222 [88]
miR-153 and miR-223 [92]
(Continued)
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Table 2 (Continued).

Diseases Proteins and miRNAs Ref.
Cancer Breast EpCAM, CD9 and CD44 [93]
miR-7641 [94]

miR-1246 + miR-206 + miR-24 + miR-373 collection [95]

Cervix miR-125a-5p [96]

CircEIF4G2 [97]

Prostate miR-423-3p [98]

miR-532-5p [99]

miR-375, miR-451a, and miR-486-3p [99]

Lung miR-1268b and miR-6075 [100]

miR-1246 and miR-96 [1ol]

lincO1125 [102]

Cardiovascular diseases Acute myocardial hsa-miR-3615, hsa-let-7i-5p, hsa-miR-106b-5p, hsa-miR —143-3p, and hsa-miR-17-5p | [103]
infarction PTEN, miR-126, and miR-21 [104]

IncRNA: ENST00000556899.1 and ENST00000575985. [105]

Atherosclerosis VCAM-I, PDGF, CXCL4 [106]

Diabetes Type | miR-16-5p, miR-574-5p and miR-302d-3p [107]
Type 2 PEPCK, miR-29a, miR-27a and IncRNA-p3134 [108]

attributable to many features involving being small in size, minimal risk of immune response and tumour formation, stable
for long-term storage and transportation, no documented ethical issues, having various delivery routes, and engineerable to
carry drug cargos.''

Neurodegenerative Diseases

Exosomes are small membrane-bound vesicles that can transfer various molecules between cells. They have been implicated
in the pathogenesis and diagnosis of several central nervous system (CNS) diseases, such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD). However, they also have potential therapeutic applications for these disorders.

For AD, exosomes can be used to deliver anti-amyloid or anti-tau agents to the brain, or to modulate the neuroin-
flammation and neurogenesis processes. For example, exosomes derived from mesenchymal stem cells (MSCs) have
been shown to reduce amyloid plaques and improve cognitive function in AD mouse models.'’® Exosomes can also serve
as biomarkers for early diagnosis of AD, as they carry disease-related proteins, such as amyloid-beta and tau, in the
cerebrospinal fluid and blood.*?

For PD, exosomes can be used to deliver neuroprotective or neurorestorative factors, such as dopamine, growth
factors, or antioxidants, to the dopaminergic neurons that are degenerated in PD. For instance, exosomes from MSCs
have been shown to enhance the survival and function of dopaminergic neurons and ameliorate the motor symptoms in
PD animal models.*® Exosomes can also be used as biomarkers for PD, as they contain disease-related proteins, such as
alpha-synuclein and DJ-1, in the cerebrospinal fluid and blood.®’

Exosomes have promising roles in the treatment of AD and PD, as they can cross the blood-brain barrier, target
specific cells, and modulate the pathological processes. However, more studies are needed to optimize the exosome
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isolation, characterization, and delivery methods, as well as to evaluate the safety and efficacy of exosome-based
therapies in clinical trials.

Cardiovascular Diseases

Exosomes are nanosized vesicles that carry various molecules, such as proteins, lipids, and nucleic acids, and can
mediate intercellular communication. They have been implicated in the pathophysiology and diagnosis of cardiovascular
diseases (CVDs), such as myocardial infarction, heart failure, atherosclerosis, and hypertension. However, they also have
potential therapeutic applications for these disorders.*® Exosomes can be used to deliver cardioprotective or regenerative
factors, such as growth factors, cytokines, microRNAs, or antioxidants, to the injured or diseased heart. For example,
exosomes derived from stem cells, such as mesenchymal stem cells, cardiac progenitor cells, or induced pluripotent stem
cells, have been shown to improve cardiac function, reduce infarct size, inhibit fibrosis, and promote angiogenesis in
animal models of CVDs.* Exosomes can also be used to modify the immune response, inflammation, and oxidative
stress in the cardiovascular system.”

Depending on their origin and content, exosomes can have either pro-atherogenic or anti-atherogenic effects on the
vascular system. For example, some exosomes can promote inflammation, oxidative stress, lipid accumulation, and
plaque formation, while others can inhibit these processes and enhance endothelial function, angiogenesis, and plaque
stability.”! Therefore, exosomes can be used as a therapeutic option for atherosclerosis by either inhibiting the harmful
exosomes or enhancing the beneficial exosomes. This can be achieved by manipulating the exosome biogenesis, uptake,
or targeting, as well as by loading exosomes with drugs or modifying their surface with ligands. For instance, researchers
have shown that exosomes from mesenchymal stem cells can reduce atherosclerosis in animal models by delivering anti-
inflammatory and anti-oxidant molecules to the injured arteries.”? Exosomes can also be used as biomarkers for early
diagnosis and prognosis of atherosclerosis, as they reflect the molecular and cellular status of their parent cells and
tissues.”

Several in vivo studies and clinical trials have explored the use of exosomes as therapy for atherosclerosis. Some of
these studies included the utilization of (i) MSC-derived exosomes, (ii) exosomes derived from endothelial progenitor
cells, and (iii) exosomes derived from bone marrow-derived mesenchymal stem cells. These exosomes displayed positive
actions toward atherosclerosis via reducing inflammation, promoting the migration of vascular endothelial cells,
promoting the formation of new blood vessels and by inhibiting the proliferation of vascular smooth muscle cells.”*

Cancer
Exosomes are nanosized vesicles that are released by various cell types and circulate in the body fluids. They are
surrounded by a lipid bilayer and carry a diverse range of biomolecules, such as proteins (either embedded in the
membrane or enclosed within the vesicle), RNA (including coding mRNA and different types of non-coding RNAs),
DNA (both double-stranded and single-stranded), and glycans. Exosomes can interact with endothelial cells and
modulate their permeability, leading to vascular leakiness that facilitates tumor cell extravasation.””> They can also
affect the extracellular matrix (ECM) and activate the coagulation cascade, resulting in thrombosis that impairs
blood flow and oxygen delivery. Moreover, exosomes can regulate the immune system by suppressing the anti-tumor
immune response and enhancing the pro-tumor inflammatory response.”® Additionally, exosomes can induce the
activation of cancer-associated fibroblasts (CAFs), which are key players in the tumor microenvironment. CAFs can
also produce exosomes that stimulate the migration and invasion of cancer cells, thereby promoting tumor
metastasis.'> Tumor-derived exosomes, taken up by organ-specific cells, play a crucial role in preparing the pre-
metastatic niche. When treated with exosomes from lung-tropic models, bone-tropic tumor cells change their
metastatic direction. Exosome proteomics reveals distinct integrin expression patterns: a6p4 and a6p1 are associated
with lung metastasis, while avB5 is linked to liver metastasis. Targeting these integrins reduces exosome uptake and
inhibits lung and liver metastasis.>”

Exosomes have been investigated for their potential in cancer therapy, and several mechanisms have been identified
for their role in cancer control. Some of the traced mechanisms are listed below and depicted in Figure 5:
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Figure 5 Different roles of cancer-derived exosomes against a variety of target cells. Reprinted from Lowry MC, Gallagher WM, O’Driscoll L. The Role of Exosomes in
Breast Cancer. Clin Chem. 2015;61:1457—1465, by permission of Oxford University Press.”

1. Direct administration to cancer cells: Exosomes can be administered directly to cancer cells to suppress tumor
progression by inducing apoptosis, cell cycle arrest, or senescence. For example, exosomes derived from dendritic
cells have been shown to induce apoptosis and inhibit proliferation of melanoma cells. Exosomes can also deliver
anti-cancer drugs or siRNAs to cancer cells, enhancing their therapeutic efficacy and specificity.”®

2. Delivery to immune cells in the tumor microenvironment: Exosomes can be delivered to immune cells in the tumor
microenvironment to modulate the immune response by either stimulating or inhibiting the anti-tumor immunity.
For example, exosomes derived from tumor cells can suppress the activation and function of T cells, natural killer
cells, and dendritic cells, thereby creating an immunosuppressive microenvironment. On the other hand, exosomes
derived from immune cells can activate the cytotoxic activity of T cells and natural killer cells, thereby enhancing
the anti-tumor immunity.”

3. Antigen presentation: Exosomes can present antigens to immune cells, potentially eliciting an immune response
against cancer cells?. Exosomes can carry tumor-associated antigens (TAAs) or major histocompatibility complex
(MHC) molecules on their surface, which can be recognized by antigen-presenting cells (APCs) or T cells,
respectively. For example, exosomes derived from tumor cells or dendritic cells have been used as cancer vaccines
to induce T cell-mediated immune responses against TAAs.'%

4. Cell signaling: Exosomes can initiate or suppress various signaling pathways in recipient cells, influencing
processes such as tumor proliferation, invasion, angiogenesis, and drug resistance. Exosomes can transfer growth
factors, cytokines, chemokines, or receptors to recipient cells, thereby activating or inhibiting the downstream
signaling cascades. For example, exosomes derived from breast cancer cells can transfer HER2 to non-HER2-
expressing cells, conferring them with increased proliferation and resistance to trastuzumab.'®!

5. Therapeutic delivery: Exosomes can be utilized for the therapeutic delivery of small molecules, proteins, and
RNAs to target cancer cells with high efficiency. Exosomes have several advantages over other nanocarriers, such
as low immunogenicity, high biocompatibility, and ability to cross biological barriers. Exosomes can be engineered
to load various therapeutic agents, such as doxorubicin, paclitaxel, or miRNAs, and to target specific cancer cells
by modifying their surface with ligands, such as antibodies or peptides.'?*
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These mechanisms demonstrate the diverse ways in which exosomes can be involved in cancer control, from directly
influencing tumor cells to modulating the immune response in the tumor microenvironment. Further research and clinical
trials are ongoing to explore the full potential of exosome-based cancer therapy.

Diabetes

Exosomes are small vesicles that can transfer molecules between cells and modulate various biological processes. They have been
implicated in the pathophysiology and diagnosis of diabetes and its complications, as well as in the potential therapeutic
applications for these disorders.'®® Diabetes is a metabolic disease characterized by chronic hyperglycemia and impaired insulin
secretion or action. Exosomes can reflect the metabolic status of the cells and tissues that produce them, and can carry biomarkers
of diabetes, such as glucose, insulin, or glycated hemoglobin.'®* Exosomes can also influence the insulin sensitivity and glucose
uptake of the target cells, such as adipocytes, hepatocytes, or skeletal muscle cells, by transferring proteins, lipids, or
microRNAs. '

Exosomes can regulate glucose metabolism, and this role was first identified in the context of physical exercise. Physical
exercise is essential for DM care and has been shown to enhance insulin sensitivity in peripheral tissues and maintain p-cell
function.'%*!%7 Physical exercise or training can also trigger the rapid release of small EVs from skeletal muscle into the
bloodstream, which suggests a link between exercise-induced exosome release and the improvement of insulin resistance and
B-cell damage.'” Moreover, exosomes from muscles may help in DM management. Cardiomyocytes under glucose
deprivation released exosomes with glucose transporter 1 (GLUT1) and GLUT4, and other enzymes involved in glucose
metabolism, which can augment glucose uptake and subsequent glycolysis in adjacent endothelial cells.'*>''° Exosomes from
exercise contain miR-455, miR-29b, miR-323-5p, and miR-466, which can inhibit the expression of matrix metalloproteinase
(MMP9) by binding to its 3’ region to prevent MMP9-mediated cardiac fibrosis, which may reverse diabetic cardiomyopathy.
Previous reports isolated exosomes from MSCs to treat T2DM rat models, obtained good therapeutic effects in the early stage,
and elucidated the underlying mechanisms. Furthermore, exosomes from INS-1 cells can transport neutral ceramidase to block
palmitic acid (PA)-induced INS-1 cell apoptosis and boost insulin sensitivity in the PA-induced insulin-resistant cell model
HAIIEC3."""!'? These data demonstrated the potential of physical exercise related exosomes in modulating glucose metabo-
lism. Figure 6 summarizes the combined actions of stem cell, macrophage and cardiomyocytes-derived exosomes on B-cells.
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Figure 6 The impacts of stem cell, macrophage and cardiomyocytes-derived exosomes on pancreatic - cells. Reprinted from Castafio C, Novials A, Parrizas M. Exosomes
and diabetes. Diabetes Metab Res Rev. 2019;35:e3107. © 2018 John Wiley & Sons, Led.''®
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Exosomes, depending on their cargo, play a dual role in the regulation of insulin resistance in Type II Diabetes Mellitus
(TIIDM). Exosomes containing Sonic Hedgehog (Shh) induce insulin resistance and elevate glucose levels in TIIDM by
promoting M1 polarization of macrophages, enhancing their pro-inflammatory activity. Shh-loaded exosomes activate the Ptch-
induced PI3K signaling pathway, leading to M1 polarization of macrophages. This polarization, in turn, reduces the expression

113 Moreover, it has been

levels of IRS-1 and HSL in adipocytes, contributing to insulin resistance and hyperglycemia in TIIDM.
observed that cancer cells, particularly pancreatic tumor cells, secrete exosomes that can trigger the development of diabetes and
negatively impact B cells. These tumor-derived exosomes stimulate insulin resistance by suppressing PI3K/Akt signaling,
promoting the expression of FoxO1, and reducing GLUT4 expression in target cells. Inhibition of exosome secretion from
pancreatic tumor cells or upregulation of GLUT4 expression is suggested as potential strategies to reverse insulin resistance.''*
Adipose tissue also contributes to exosome secretion, with exosome-like vesicles from adipocytes playing a role in triggering
insulin resistance. These vesicles serve as mediators between macrophages and adipose tissue, promoting the differentiation of
monocytes to macrophages and inducing the secretion of pro-inflammatory cytokines like IL-6 and TNF-a. Silencing the TLR4/
TRIF axis has been shown to prevent insulin resistance caused by these adipocyte-derived exosomes.''

Even concerning the diabetes complications, exosomes can greatly improve the prolonged wound healing occurring in
diabetic patients via multiple mechanisms such as (i) enhancing cell proliferation and inhibiting apoptosis, (ii) resolve
inflammation, (iii) promote angiogenesis, and (iv) encouraging collagen deposition.''*~''®

Several clinical trials are using exosomes as a therapeutic intervention against the four mentioned diseases and
summarized in Table 3. The great majority of clinical trials are targeting cancers (81), followed by CVS (24), diabetes (9)

and neurodegenerative diseases (8).

Table 3 List of Some of the Registered Clinical Trials Using Exosomes Therapy for Managing Neurodegenerative Diseases,
Cardiovascular Disorders, Cancers and Diabetes

NCT Number Study Conditions Interventions Sponsor
Status
Neurodegenerative | NCT05888558 | Enrolling Myasthenia Gravis Device: body fluid diagnosis First Affiliated Hospital
diseases by of Jinan University
invitation
NCTO03275363 | Unknown Mild Cognitive Impairment Diagnostic test: The University of
Alzheimer Dementia neurocognitive battery, Hong Kong
Vascular Dementia diagnostic test: MR, biological:
Age-related Cognitive blood tests, diagnostic test:
Decline EEG with event-related
potential (ERP), diagnostic
test: amyloid pet CT
NCTO05163626 | Not yet Alzheimer Disease Behavioral: combined aerobic | Xuanwu Hospital,
recruiting exercise and cognitive Beijing
training program
NCTO04202770 | Suspended | Refractory Depression, Other: exosomes Neurological
Anxiety Disorders, Associates of West Los
Neurodegenerative Angeles
Diseases
NCTO04388982 | Unknown Alzheimer Disease Biological: low dosage MSCS- | Ruijin Hospital
EXOS administrated for nasal
drip, biological: mild dosage
MSCS-EXOS administrated
for nasal drip, biological: high
dosage MSCS-EXOS
administrated for nasal drip

(Continued)
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Table 3 (Continued).

Intraventricular
Hemorrhage, Hypoxia-
Ischemia, Cerebral,
Neurodevelopmental
Disorders

NCT Number Study Conditions Interventions Sponsor
Status
NCTO01860118 | Completed | Parkinson’s disease University of Alabama
at Birmingham
NCTO01811381 | Unknown Mild Cognitive Impairment Drug: curcumin, behavioral: VA Office of Research
aerobic yoga, behavioral: non | and Development
aerobic yoga, dietary
supplement: placebo
Cardiovascular NCT Number | Study Conditions Interventions Sponsor
diseases status
NCTO05326724 | Recruiting Exosome, Post-stroke Device: acupuncture China Medical
Dementia, Acupuncture University Hospital
NCT05035134 | Unknown Intracerebral hemorrhage circulating exosomes Tang-Du Hospital
NCTO03275363 | Unknown Neurocognitive Disorder, Diagnostic test: The University of
Mild Cognitive Impairment, | neurocognitive battery, Hong Kong
Alzheimer Dementia, diagnostic test: MRI,
Vascular Dementia, Age- biological: blood tests,
related Cognitive Decline diagnostic test: EEG with
event-related potential (ERP),
diagnostic test: amyloid pet
CcT
NCTO06070974 | Recruiting | STEMI Diagnostic test: CMR and Centro Cardiologico
blood collection Monzino
NCTO03034265 | Completed | Hypertension Insel Gruppe AG,
University Hospital
Bern
NCT06138210 | Not yet Acute Ischemic Stroke Drug: exosomes derived Xuanwu Hospital,
recruiting from human induced Beijing
pluripotent stem cell for
injection, drug: a placebo of
exosomes derived from
human induced pluripotent
stem cell for injection
NCTO03478410 | Unknown Atrial Fibrillation Procedure: epicardial fat Sheba Medical Center
biopsy
NCT05490173 | Not yet Premature Birth, Extreme Other: exosomes derived Federal State Budget
recruiting Prematurity, Preterm from mesenchymal stromal Institution Research

cells (MSCS)

Center for Obstetrics,
Gynecology and
Perinatology Ministry
of Healthcare

(Continued)
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NCT Number Study Conditions Interventions Sponsor
Status
Cancers NCT04258735 | Recruiting | Metastatic Breast Cancer Diagnostic test: genomic Samsung Medical
analysis Center
NCT04357717 | Terminated | Prostate Cancer Diagnostic test: EXODX Exosome Diagnostics,
prostate Inc.
NCT03830619 | Completed | Lung Cancer (Diagnosis) Diagnostic test: collect Wuhan Union Hospital,
samples China
NCT06193941 | Completed | Bladder Cancer, Urothelial Diagnostic test: RT-qPCR Zhongnan Hospital
Carcinoma
NCTO04288141 | Recruiting HER2-positive Breast Other: acquisition of blood King’s College London
Cancer samples and tumour tissue
samples (biopsies)
NCTO03895216 | Completed | Bone metastases Istituto Ortopedico
Rizzoli
NCTO05888558 | Enrolling Myasthenia Gravis Device: body fluid diagnosis First Affiliated Hospital
by of Jinan University
invitation
NCT04939324 | Active not | Lung Cancer, Exosomes, Biological: blood samples at 2 | University Hospital,
recruiting Non Small Cell Lung sites: peripheral vein and Limoges
Cancer tumor-draining vein
NCTO05270174 | Not yet Explore Whether IncRNA- Other: no intervention Sun Yat-Sen Memorial
recruiting EINATI in Urine Exosomes Hospital of Sun Yat-Sen
Can be Used as a New Target University
for Preoperative Diagnosis of
Lymph Node Metastasis
NCT03608631 | Active not | KRAS NP 004976.2:;p.G12D, | Drug: mesenchymal stromal M.D. Anderson Cancer
recruiting Metastatic Pancreatic cells-derived exosomes with | Center
Adenocarcinoma, Pancreatic kras gl2d siRNA
Ductal Adenocarcinoma,
Stage IV Pancreatic Cancer
AJCC v8
Diabetes NCT03264976 | Unknown Diabetic Retinopathy Diagnostic test: Shanghai General
hematological examination, Hospital, Shanghai Jiao
ophthalmic examination Tong University School
of Medicine
NCTO02138331 | Unknown Diabetes Mellitus Type | Biological: MSC exosomes. General Committee of
Teaching Hospitals and
Institutes, Egypt
NCT05259449 | Recruiting | Diabetes Mellitus, Type 2 Behavioral: nutritional University of Cadiz
education program, other:
the high-intensity interval
training (HIIT), other: the
moderate-intensity
continuous training (MICT)
(Continued)
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Table 3 (Continued).

NCT Number Study Conditions Interventions Sponsor
Status
NCT06188013 | Not yet Diabetic retinopathy Xuanwu Hospital,
recruiting Beijing
NCT05243368 | Recruiting | Foot, Diabetic Dietary supplement: MaimA?nides
personalized nutritional Biomedical Research
intervention Institute of CA’rdoba
NCT06198543 | Not yet Diabetic retinopathy Xuanwu Hospital,
recruiting Beijing
NCT05989867 | Recruiting | Chronic Pancreatitis, Diagnostic test: blood test, Changhai Hospital
Pancreatogenic Type 3C device: continuous glucose

Diabetes Mellitus, Diabetes | monitor
Mellitus, Oral Glucose
Tolerance Test

NCT06123871 | Active not | Diabetic Nephropathy Other: grouping based on Yipeng Liu
recruiting previous laboratory results,

no intervention.

NCTO06097351 | Active not | Diabetic Nephropathy Other: grouping based on Yipeng Liu
recruiting previous laboratory results,

no intervention.

Note: Data was retrieved from clinicaltrials.gov.

Future Prospective

Exosomes are nanoscale vesicles that play important roles in cell-to-cell communication and can modulate the function and
fate of recipient cells. Exosomes have been shown to be altered in various diseases and can serve as potential biomarkers for
diagnosis and prognosis. Moreover, exosomes can be engineered to deliver therapeutic molecules to target cells and tissues,
offering a novel strategy for disease treatment. This review summarized the current knowledge on the composition,
biogenesis, and implications of exosomes, as well as the methods for their isolation and application. Despite the rapid
progress in exosome research, there are still many challenges and limitations that need to be addressed. Some of the key issues
include the standardization and optimization of exosome isolation and characterization techniques, the elucidation of the
mechanisms and specificity of exosome uptake and release, the evaluation of the safety and efficacy of exosome-based
therapies in preclinical and clinical studies, and the development of scalable and cost-effective exosome production and
purification methods. Future studies should also explore the diversity and heterogeneity of exosomes in different biological
contexts and the potential interactions and synergies between exosomes and other extracellular vesicles.

Single exosome profiling involves multiple disciplines and aims to identify and characterize specific exosomes from patient
samples. Recent advancements integrate machine learning and artificial intelligence (Al) techniques, significantly impacting
rapid cancer screening. Additionally, this approach combines multi-omics for comprehensive profiling of important molecular
expressions in cancer-related exosomes. By addressing early cancer biomarker detection challenges, it holds promise for
precision medicine. In the future, this research may contribute to a platform for personalized cancer medicine.''®'%°
Moreover, with the aid of exosome barcoding technology, the profiling of surface proteins on individual exosomes is enabled.
These tiny membrane-coated extracellular vesicles, ranging from 30 to 100 nanometers in size, play critical roles in various
biological processes and can serve as important disease markers. The heterogeneity of exosomes makes it desirable to investigate
them individually, but until now, this has been impractical. The proximity-dependent barcoding assay (PBA) overcomes this
limitation by using antibody-DNA conjugates and next-generation sequencing. By analyzing the variable composition of surface
proteins on exosomes derived from human body fluids or cell culture media, researchers can identify specific combinations of
surface proteins associated with different sources. This approach allows exosomes to be quantified separately in mixed samples,
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serving as potential markers for tissue-specific engagement in diseases.'*"'** Furthermore, exosome research should be

integrated with other emerging fields such as nanotechnology, bioengineering, and artificial intelligence to create innovative

and personalized solutions for various health problems.
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