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Abstract

Exosomes, nanoscale extracellular vesicles secreted by various cell types, have significant diagnostic
and therapeutic potential, as accumulating evidence highlights their critical role in intercellular
communication and therapeutic applications. This study provides a comprehensive overview of exosome
biogenesis, their biological functions, and the mechanisms through which they influence pathological
processes, particularly in cancer and cardiovascular diseases. The therapeutic potential of exosomes
is explored in depth, highlighting their application in drug delivery, gene therapy, and regenerative
medicine. Furthermore, the study discusses recent advances in engineering exosomes for enhanced
therapeutic efficacy, including the development of strategies for targeted delivery and overcoming
biological barriers. The dual role of exosomes in cancer biology—both as facilitators of tumor progression
and as tools for therapy—is also elaborated upon, providing insights into their complex nature. Finally,
the review addresses the challenges and future perspectives in exosome research, emphasizing the need
for standardized protocols and further clinical trials to fully realize the potential of exosome-based
therapies.
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INTRODUCTION

Exosomes are nanoscale extracellular vesicles that have
significant interest in recent years, due to their pivotal
role in intercellular communication and their potential
therapeutic applications (1,2). These vesicles are typically
30-100 nm in diameter and are secreted by almost all cell
types into the extracellular space (3). Exosomes carry
a variety of bioactive molecules, including proteins,
lipids, RNA, and DNA, which they transfer to recipient
cells, thereby influencing numerous physiological and
pathological processes (1-3). While exosome promises
new insights in contemporary medicine, it also carries
clues about the personalized “future medicine”. For
instance, exosomes can be loaded with patient-specific
therapeutic agents to enhance treatment efficacy and
reduce side effects.

originating cells, providing valuable information about
the presence and progression of diseases. Exosomes
originate from membrane invagination and are released
by exocytosis, transmitting signals to target cells to
facilitate cell-to-cell communication and maintain
homeostasis. In an organ-specific view, the heart, a
complex multicellular organ, contains resident cell
types such as fibroblasts, endothelial cells, and smooth
muscle cells. Effective communication between these
different cell types and the immune system is essential
for the dynamic equilibrium of the cardiac internal
environment. Intercellular communication, mediated by
exosomes and their contents, is a universal phenomenon
that plays a crucial role in several pathological processes
in cardiovascular diseases, including cardiomyocyte
hypertrophy, apoptosis, and angiogenesis. Consequently,
Exosomes are present in various body fluids, including ~ €xosomes can serve as novel non-invasive diagnostic
blood, urine, and saliva, making them accessible for ~ biomarkers in multiple diseases, such as atherosclerosis,
non-invasive diagnostic tests (4). The molecular content ~ myocardial ischemia, cardiac fibrosis, and ischemia-
of exosomes reflects the physiological state of their ~ reperfusion injury.Exosomes derived from stem cells,
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particularly mesenchymal stem cells (MSCs), have been
shown to promote tissue repair and regeneration. They
can enhance wound healing, reduce inflammation, and
support the repair of damaged tissues in conditions such
as myocardial infarction, stroke, and chronic wounds

(5).

Exosomes from dendritic cells (DCs) are known to
carry functional MHC-peptide complexes and various
immune-stimulating molecules. They can present
antigens to T cells, thus activating and modulating
adaptive immune responses. This makes DC-derived
exosomes (Dex) particularly interesting for therapeutic
applications in cancer and other diseases due to their
ability to stimulate immune responses against tumors
(6). Exosomes exhibit dual functions in regulating
inflammation. For instance, exosomes from M2
macrophages, which carry microRNA-148a, can
downregulate inflammatory responses and alleviate
conditions such as myocardial ischemia/reperfusion
injury. On the other hand, exosomes from pyroptotic
cells can promote inflammation by extending damage to
adjacent cells through inflammasome activity (7).

Exosomes play a dual role in cancer biology, acting both
as facilitators of cancer progression and as potential
tools for therapeutic purposes. Tumor-derived exosomes
(TDEs) are critical in promoting angiogenesis, which
is the formation of new blood vessels that supply the
tumor with nutrients and oxygen, thereby supporting
its growth and metastasis. These exosomes carry pro-
angiogenic factors such as VEGF (vascular endothelial
growth factor) that stimulate blood vessel formation in
the tumor microenvironment (8,9). Exosomes contribute
to the preparation of the pre-metastatic niche, which
is a conducive environment for metastatic tumor cells
to colonize and grow. They transport molecules like
miR-21 and TGF-B, which promote epithelial-to-
mesenchymal transition (EMT), a process where cancer
cells gain mobility and invasiveness. This facilitates
their spread to distant organs (9-11). Exosomes can help
tumors evade the immune system by carrying immune
checkpoint molecules like PD-L.1, which can bind to
PD-1 on T cells, inhibiting their activity and allowing
the tumor to escape immune surveillance (12). They
can also carry FasL, which induces apoptosis in T cells,
further suppressing the immune response against the
tumor (13).

BIOGENESIS OF EXOSOMES

The biogenesis of exosomes begins with the formation
of intraluminal vesicles (ILVs) within multivesicular
bodies (MVBs), which are endosomal compartments.
When MVBs fuse with the plasma membrane, ILVs are
released as exosomes into the extracellular space. The
structure of exosomes can be characterized by several
features:

1.Lipid bilayer: Exosomes have a lipid bilayer
membrane that provides structural stability and protects
their cargo from degradation. This bilayer is enriched
with cholesterol, sphingolipids, and ceramides,
contributing to the unique biophysical properties of
€X0somes.

2. Surface markers: Exosomes express specific
surface proteins such as CD9, CD63, and CD81, which
are often used as markers for their identification and
characterization. These proteins play roles in exosome
formation, targeting, and uptake by recipient cells.

3. Internal cargo: The internal contents of exosomes
include a complex mixture of proteins, RNAs (including
mRNAs and miRNAs), and sometimes DNA. The
cargo composition reflects the cell of origin and its
physiological state, providing insights into cellular
functions and pathological conditions.

Exosomes are formed through a complex process that
involves the endosomal sorting complex required for
transport (ESCRT) machinery and ESCRT-independent
mechanisms (14,15).
*ESCRT-Dependent Pathway: The ESCRT machinery
is composed of four main complexes: ESCRT-0,
ESCRT-I, ESCRT-II, and ESCRT-IIL. It starts with the
ESCRT-0 complex, which recognizes and sequesters
ubiquitinated cargo proteins in the endosomal
membrane. ESCRT-I and ESCRT-II further sort these
proteins into the budding vesicle within the endosome.
ESCRT-II also helps in the assembly of the ESCRT-
IIT complex. ESCRT-III is responsible for the scission
of the vesicle from the endosomal membrane, leading
to the formation of intraluminal vesicles (ILVs) within
multivesicular bodies (MVBs). The MVBs either fuse
with lysosomes for degradation or with the plasma
membrane to release ILVs as exosomes into the
extracellular space (14,15).
*ESCRT-Independent Pathway: This pathway relies
on lipid components, especially ceramide, generated
by the enzyme neutral sphingomyelinase, which
induces the budding of ILVs into MVBs. Proteins like
tetraspanins (CD63, CD9, CD81) are also involved in
this process, facilitating the sorting and packaging of
exosomal cargo.
Rab GTPases are crucial for the trafficking of MVBs
to the plasma membrane. Proteins like Rab27a and
Rab27b mediate the final steps of exosome release.
Actin and microtubule networks play a significant
role in transporting MVBs within the cell. Moreover,
tetraspanin, Gl-coupled S1P1 receptors, membrane
sphingolipids may have potential role in exosome
biogenesis (14,16,17) (Table 1).

CLINICAL APPLICATIONS OF EXOSOMES
Exosomes are being explored for a wide range of clinical
applications due to their natural role in intercellular
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Table 1. Biogenesis pathways of exosomes

Biogenesis Pathway

Key Components

Mechanism

ESCRT-Dependent
complexes

ESCRT-0, ESCRT-I, ESCRT-1I, ESCRT-III|Involves

sorting and scission of
vesicles within endosomes leading to
ILV formation

ESCRT-Independent

(e.g., CD63, CDY, CD81)

Lipid components (e.g., ceramide), tetraspanins | Relies on lipid-induced membrane

curvature for ILV formation

ESCRT; Endosomal sorting complex required for transport, ILV; intraluminal vesicles, CD63, CD9, CD81; tetraspanins, MVB;
multivesicular body; CRISPR-Cas9; clustered regularly interspaced short palindromic repeats-associated protein 9

communication and ability to carry bioactive molecules
(Table 2).

1. As a Diagnostic Biomarker

Cancer

Exosomes derived from tumors contain specific proteins
and nucleic acids that reflect the tumor’s molecular
profile. For example, circulating exosomal miRNAs
like miR-21 and miR-1246 are potential non-invasive
biomarkers for various cancers (18). Epigenetic
mechanisms play a crucial role in the functional
regulation of gene expression. When these processes
become dysregulated, it leads to altered gene function
and potentially results in the malignant transformation
of cells. Several key mechanisms are involved in
epigenetic regulation, including DNA methylation,
histone modifications, nucleosome positioning, non-
coding RNA molecules, and the expression of specific
microRNAs (19,20). Since dysregulated miRNA levels
have been found in many malignancies and tumor-
derived exosomes reflect the miRNA expression of
the original tumor cells, tumor-associated exosomal
miRNAs can serve as blood biomarkers, making them
suitable for personalized cancer diagnosis and treatment

@1).

miR-21: One of the most studied miRNAs, miR-21
is often found in elevated levels in tumor-derived
exosomes. Its overexpression is associated with several
cancers, including breast, colorectal, and non-small cell
lung cancer (NSCLC). In breast cancer, exosomal miR-
21 levels correlate with disease stage and tumor size,
making it a potential marker for early detection and
disease monitoring.

MiR-155: This miRNA is another critical biomarker
found in various cancers, including breast and lung
cancer. Exosomal miR-155 levels are linked to tumor
aggressiveness and metastatic potential, offering insights
into disease progression and patient prognosis (22).

Table 2. Therapeutic applications of exosomes

MiR-1246: Associated with colorectal cancer, miR-
1246 is found at elevated levels in exosomes from
CRC patients, particularly in early-stage disease. Its
presence in exosomes makes it a promising non-invasive
biomarker for early detection (23).

Let-7 Family: The let-7 miRNA family, involved in
regulating multiple oncogenes, is often downregulated
in NSCLC. Exosomal let-7 levels are reduced in patients
with advanced disease, highlighting its potential as a
diagnostic marker for early-stage lung cancer (24,25).

Neurodegenerative Diseases

In neurodegenerative diseases like Alzheimer’s disease
(AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS), exosomes derived from affected neurons
contain specific proteins and RNA molecules that can
be used as biomarkers for early diagnosis. Additionally,
exosomes, particularly those derived from stem cells,
show promise as therapeutic agents due to their ability to
cross the blood-brain barrier, deliver therapeutic cargo,
and modulate neuroinflammatory and neuroprotective
pathways (26).

Increased levels of amyloid-beta (AP1-42) in
exosomes isolated from Alzheimer’s disease (AD)
patients, reflecting the pathological process of amyloid
aggregation in the brain (27).

Elevated levels of Phospho-T181-tau and Phosphor-
S386-tau in exosomes are associated with AD
progression and can predict the disease years before
clinical onset (28).

Elevated levels of oligomeric and phosphorylated
alpha-synuclein in exosomes from Parkinson’s disease
patients’ plasma, serving as a potential biomarker for
disease development and progression (29).

Increased levels of TDP-43 (both C-terminal fragments
and full-length) in exosomes from Amyotrophic lateral
sclerosis (ALS) patients, indicating its potential as a

Therapeutic Application

Exosome Function

Drug Delivery Engineered to deliver therapeutic agents (e.g., drugs, proteins, nucleic acids) to target
cells
Gene Therapy Used as carriers for delivering genetic material (e.g., CRISPR-Cas9, miRNAs)

Regenerative Medicine

Deliver proteins, lipids, and nucleic acids to promote tissue repair and healing
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biomarker for ALS diagnosis and disease monitoring
(30).

2. As a Therapeutic Vehicles

Drug Delivery

Exosomes can be engineered to deliver therapeutic
agents, including small molecules, proteins, and nucleic
acids, directly to target cells, enhancing treatment
efficacy while minimizing side effects. Thus, exosomes
offer a useful tool for a wide range of therapeutic
applications, including chemotherapy, gene therapy,
and photothermal therapy. Furthermore, their inherent
ability for homotypic targeting and self-recognition may
enhance their potential in personalized medicine (31,32).

Gene Therapy

Exosomes are emerging as powerful tools for gene
therapy, providing a biocompatible and efficient means
of delivering genetic material to target cells. Gene
vectors, which are nucleic acids carrying therapeutic
genes or gene-editing tools, face challenges such as
degradation and immune response when administered
directly. Exosomes, however, offer protection and
targeted delivery, making them ideal carriers for gene
therapy (33).

CRISPR-Cas9 system: Exosomes have been engineered
to deliver the CRISPR-Cas9 system for precise gene
editing. For example, exosomes from cancer cells can
carry CRISPR-Cas9 components to target and modify
genes in tumor cells, enhancing chemosensitivity and
reducing tumor growth (34).

AAV  Vectors (Adeno-Associated Virus): Exosome-
associated AAV vectors (Exo-AAVs) have been
developed to improve the delivery efficiency and reduce
the immunogenicity of AAV-based gene therapies.
These Exo-AAVs have shown promise in treating
cardiovascular diseases, brain disorders, and certain
cancers by efficiently delivering therapeutic genes to
target tissues (33-35).

miR-140 for Cartilage Repair: Exosomes engineered
to carry miR-140 have been used in gene therapy for
cartilage repair. These exosomes selectively target
cartilage tissue, promoting regeneration and repair,
making them a promising tool for treating joint diseases
(36).

PARP-1 Targeting in cancer therapy: The CRISPR-Cas9
system targeting the PARP-1 gene has been delivered via
exosomes to selectively accumulate in ovarian cancer
cells. This approach enhances the efficacy of cancer
therapies by increasing the sensitivity of tumor cells to
chemotherapeutic agents (37).

3. As a Regenerative Medicine

The therapeutic applications of exosomes have gained
attention due to their ability to deliver proteins, lipids,
and nucleic acids to target cells, thus influencing cellular

behavior and promoting healing (38).

Heat Shock Protein 70 (HSP70): HSP70 is involved in
stress responses and has been identified in exosomes,
where it plays a role in protecting cells from damage and
promoting cell survival.

ALG-2-interacting Protein X (ALIX): ALIX is crucial
in the biogenesis of exosomes and helps mediate the
sorting of specific cargo into these vesicles.

miR-21: This miRNA is often found in exosomes
derived from stem cells and is involved in promoting
tissue repair and reducing inflammation.

miR-126: Known for its role in angiogenesis, miR-126
in exosomes helps in promoting vascular repair and
regeneration.

Glycosylphosphatidylinositol  (GPI):  GPI-anchored
proteins are abundant in exosomes and contribute to
the stability and targeting of these vesicles to specific
tissues.

Exosomes carry various transcription factors that
can influence the gene expression of recipient cells,
thereby modulating cellular responses and promoting
regeneration.

THERAPEUTIC EXOSOME PLATFORMS
Therapeutic exosome platforms can be broadly classified
into naive exosomes and engineered exosomes:

1.Naive exosomes: These are naturally produced by
cells without any genetic modification. They inherit
the characteristics of their parent cells, which can be
advantageous in maintaining low immunogenicity and
high biocompatibility. MSC-derived naive exosomes
are in clinical trials for treating inflammatory diseases,
cardiac conditions, and wound healing.

2. Engineered exosomes: These exosomes are modified
either during their biogenesis or after isolation to enhance
their therapeutic properties. Engineered exosomes can be
loaded with specific therapeutic molecules like siRNA,
mRNA, proteins, or drugs using various techniques.

Engineering Exosomes for Therapy
To maximize the therapeutic potential of exosomes,
various engineering techniques are employed:

1.Passive loading methods: Sonication and
Electroporation: These methods temporarily disrupt the
exosome membrane, allowing therapeutic molecules to
be incorporated.

Freeze-Thaw cycles and extrusion: These physical
methods facilitate the loading of bioactive agents by
repeatedly freezing and thawing or forcing exosomes
through membranes.

2. Active loading methods:
Genetic Engineering: Parental cells are genetically

95

J Eur Int Med Prof. 2024;2(3):92-97.


http://www.jeimp.com

modified to overexpress therapeutic molecules, which
are naturally incorporated into exosomes during their
formation.

EXPLOR Technology: This involves using light-
sensitive protein interactions to load cargo proteins into
exosomes. This method ensures high efficiency and
control over the loading process.

CLINICAL TRIALS AND THERAPEUTIC
DEVELOPMENT

Several biotech companies are advancing exosome-
based therapies through clinical trials:

1. Codiak biosciences:

Oncology: Developing exosome-based siRNA therapies
targeting KRAS mutations in pancreatic cancer. Clinical
trials are underway to evaluate safety and efficacy.

2. Avalon Globocare:

Regenerative Medicine: Investigating MSC-derived
exosomes loaded with miR-185 for treating conditions
like Leucopla

SOURCES OF EXOSOMES
Exosomes are derived from various cell types, including
but not limited to:

*Mesenchymal Stem Cells (MSCs): MSCs are a major
source of exosomes, which are extensively studied for
their regenerative and immunomodulatory properties.
MSC-derived exosomes have shown promise in treating
inflammatory diseases, promoting tissue repair, and
delivering therapeutic agents (Table 3).

*Dendritic Cells (DCs): Exosomes from DCs are involved
in immune responses and have potential applications in
cancer immunotherapy.

*Tumor Cells: Tumor-derived exosomes play a crucial
role in cancer progression and metastasis by transferring
oncogenic molecules and modulating the tumor
microenvironment.

*Other Cells: Exosomes can also be sourced from
epithelial cells, neurons, and immune cells, each carrying
specific cargo reflective of their origin and functional
state.

Amplification of Exosome in Kidney Damage

EVs from damaged podocytes can induce apoptosis and
profibrotic responses in tubular cells, promoting CKD
progression.

EVs also play roles in tubulointerstitial inflammation

Table 3. Therapeutic applications of exosomes

and fibrosis by transferring pro-inflammatory miRNAs
and proteins. Changes in EV cargo (e.g., miR-29¢, miR-
200b) can indicate kidney injury, fibrosis, and disease
progression. Potential biomarkers identified in urinary
EVs include aquaporin 1, fetuin A, ATF3, WT1, CD2AP
mRNA, and various miRNAs. Circulating EVs from
distant organs (e.g., heart, placenta) can affect kidney
function and contribute to multi-organ dysfunction in
conditions like pre-eclampsia and autoimmune diseases.
MSC-derived EVs have shown potential in promoting
kidney regeneration, reducing inflammation, and
limiting fibrosis in models of AKI and CKD.

EVs from other sources (e.g., iPSCs, renal cells) also
exhibit therapeutic effects by protecting mitochondrial
function and reducing oxidative stress.

CONCLUSION

Exosomes represent a significant advancement in our
understanding of intercellular communication and offer
promising avenues for both diagnostic and therapeutic
applications. Their ability to carry and deliver a diverse
array of bioactive molecules makes them powerful tools
in the fight against various diseases, particularly cancer
and cardiovascular conditions. As the field of exosome
research continues to expand, their role in drug delivery,
gene therapy, and regenerative medicine is becoming
increasingly clear. Despite the challenges associated
with exosome-based therapies, including the need for
standardized isolation and characterization methods, the
potential for these nanoscale vesicles to revolutionize
personalized medicine is immense. Ongoing research
and clinical trials will be critical in translating these
potential applications into practical, effective treatments,
further solidifying exosomes as a cornerstone of modern
medical science.

Limitations

While exosomes hold great promise, there are several
limitations and challenges that must be addressed to
fully harness their therapeutic potential. One of the major
hurdles in exosome research is the lack of standardized
protocols for exosome isolation, characterization, and
quantification. This lack of uniformity can lead to
variations in experimental outcomes and complicates
the comparison of results across different studies. The
heterogeneity of exosomes, which can vary depending
on their cell of origin and the physiological state of the
donor cells, poses a challenge in understanding and
controlling their biological effects. This complexity
also complicates the development of exosome-

Exosome Source Key Characteristics

Tumor Cells

Promote angiogenesis, immune evasion, and metastasis

Mesenchymal Stem Cells | Promote tissue repair, reduce inflammation, and modulate immune response

Dendritic Cells Activate and modulate adaptive immune responses
Other Cells Reflect the physiological state of their origin and modulate various functions
96 J Eur Int Med Prof. 2024;2(3):92-97.
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based therapies. Although exosomes are generally
considered to have low immunogenicity, the long-term
safety of exosome-based therapies remains to be fully
evaluated. There is also a need for more research on the
potential unintended effects of exosome administration,
particularly in the context of cancer, where exosomes
can have both tumor-promoting and tumor-suppressing
roles. Efficiently targeting exosomes to specific tissues or
cells remains a significant challenge. Although progress
has been made in engineering exosomes for targeted
delivery, achieving precise and consistent targeting
in a clinical setting is still difficult. The production
of exosomes at a scale sufficient for therapeutic use
presents another limitation. Developing scalable and
cost-effective methods for exosome production without
compromising their biological activity is crucial for the
advancement of exosome-based therapies.
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