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Abstract

Background: Exosomes are nanosized extracellular vesicles that range from 30 to 150 nm and have a bilayer
lipid membrane which encapsulates proteins, lipids, and nucleic acids, first identified in the 1960s and expanded
in application from disease diagnostics to targeted therapeutics. They are intercellular communicators with roles
in physiological regulation and pathological progression. Results: Exosomes applications in gene therapy, drug
delivery, tissue regeneration, and disease diagnostics activate signaling pathways such as Wnt/p-catenin,
PI3K/Akt, etc., deliver anti-aging molecules, and promote angiogenesis refers to their properties such as
biocompatibility, cross the blood-brain barrier, serving as vectors and selective cargo delivery. Altogether, these
effects promote tissue regeneration, as well as its therapeutic potential in dermatology, orthopedics, cardiology,
neurology, and wound healing. However the same mechanisms that promote regeneration can also drive tumor
progression, induce drug resistance, suppress immune responses, and mediate the pathogenic factors spread. It
means that exosome's dual nature presents challenges. On the therapeutic side, exosomes can promote tumor
growth, drug resistance, and immune suppression. In contrast, the transmission of viral or pathogenic proteins,
tumor progression, and so on, underscores their “Trojan horse” potential.Conclusion: Exosomes embody a
biological paradox as mentioned. It is essential for developing safe and effective exosome based therapies to
understanding of this duality deeper for harnessing their therapeutic potential while mitigating associated
risks.

Keywords: exosomes; extracellular vesicles; nano drug delivery; regenerative medicine; tumor
microenvironment; neurodegenerative disease

1. Introduction

Exosomes contain a rich collection of diverse molecules that play a key role as molecular
messengers in intercellular communication and physiological processes. Exosomes are usually 30 to
150 nm in diameter and are surrounded by a membrane-like structure. This membrane-like structure
protects the cargo from enzymatic degradation and provides stability to exosomes in biological fluids
such as cerebrospinal fluid, blood, and saliva (Kalluri and LeBleu 2020, Vafaei, Mansoori et al. 2022,
Zhang, Yan et al. 2024). On the other hand, the membrane of exosomes contains proteins similar to
the cell membrane structure, such as tetraspanins (CD9, CD63 and CD81), glycoproteins, membrane
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proteins, heat shock proteins (HSPs), inner membrane transport proteins, fusion proteins, adhesion
molecules, antigen-presenting molecules, and cell-specific receptors (Vader, Mol et al. 2016,
Mehdizadeh, Mamaghani et al. 2025). The cargo of exosomes contains cytoskeletal proteins, growth
factors, cytokines, and a variety of nucleic acids that contribute to their vital role in gene regulation
and cell signaling (Mehdizadeh, Mamaghani et al. 2025). Figure 1 shows exosomes briefly.

2. The Beneficial Potential of Exosomes

Exosomes, because of their biological roles and therapeutic potential, have become a major
subject of interest in recent years. These nanoscale vesicles, act as mediators of intercellular
communication, and thus they can influence a variety of physiological and pathological processes in
cells (Meldolesi 2018, Li, Li et al. 2022). They also have potential applications in regenerative
medicine, treatment of inflammatory conditions and drug delivery. Some studies even suggest their
usefulness in imaging and cellular waste management (Li, Li et al. 2022).

In the following sections, we will highlight these diverse roles, with particular emphasis on their
contributions to gene transfer, cell signaling, and therapeutic interventions.

2.1. Exosomes in Intercellular Communication

Exosomes facilitate intercellular communication through several mechanisms, including surface
binding, fusion with the plasma membrane, endocytosis, and receptor-mediated uptake. Exosomes
can bind to recipient cells via adhesion molecules such as integrins and tetraspanins and initiate
signaling cascades. The direct fusion of exosomes with the plasma membrane allows the delivery of
cargo into the cytoplasm of recipient cells. Exosomes are also internalized by recipient cells through
clathrin-dependent or independent endocytosis, macropinocytosis, or phagocytosis. Interactions
between exosomal ligands (glycoproteins) and cell surface receptors (MARCO) facilitate this uptake.
Through these interactions functional biomolecules such as miRNAs and proteins transfer to the cells.
Biomolecules can reprogram recipient cells by modulating gene expression and activating signaling
pathways (Meldolesi 2018, Liu and Wang 2023, Chimal-Vega, Maldonado-Arvizu et al. 2025).

It should be noted that external and internal environmental factors can influence exosome
biogenesis, release, and cargo composition, thereby modulating their role in intercellular
communication. For instance, exposure to environmental pollutants such as airborne particulate
matter (PM2.5) has been shown to alter exosomal miRNA profiles, contributing to lung cancer
progression and precancerous lesions in experimental models. (Eckhardt, Baccarelli and Wu 2022,
Bahri, Mansoori et al. 2024).

In addition to external environmental factors, internal stresses or cellular microenvironment are
also important in shaping exosome-mediated signaling. Factors such as pH, temperature, oxidative
stress, and hypoxia can significantly influence exosome biogenesis, release, and uptake. Hypoxia can
modify exosomal miRNA and protein profiles, which can impact cellular responses to stress. (Sutter,
Rouillard et al. 2021, Liu and Wang 2023).

2.2. Exosomes as Gene Delivery Vectors

Exosomes, which carry a wide range of genetic materials (such as miRNAs, siRNAs, IncRNAs,
mRNAs, and DNA), have revolutionized the field of gene therapy due to their unique biological
properties (Zhang, Liu et al. 2022).

Their lipid bilayer structure protects fragile genetic material from being broken down by
enzymes in body fluids. Additionally, exosomes can cross tough biological barriers like the BBB,
which is a major challenge for traditional drug delivery systems (Dubey, Chen et al. 2023, Osaid,
Haider et al. 2023).

Moreover, due to their endogenous origin, exosomes can evade immune detection and
clearance, significantly improving their circulation time and therapeutic efficacy (Dubey, Chen et al.
2023, Wallen, Aqil et al. 2023). This superior biocompatibility and minimal immunogenicity represent
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a key advantage of exosomes over other delivery systems (Li, Wang and Chen 2025, Saka, Dora et al.
2025). These advantages of exosomes over other delivery systems, such as viral vectors and

liposomes, are summarized in Table 1.

Table 1. Comparative Overview of Gene Delivery Systems: Exosomes, Viral Vectors, and Liposomes.

Very low

(immune-evasive)

None (safe, non-

integrative)

Low (natural,

biocompatible)

High (minimal side

effects)

Moderate (good
for nucleic

acids/proteins)

Yes (can cross BBB

naturally)

Long (48-72 hours)

High (easily

modified)

Yes (biomarkers

for liquid biopsy)

High (strong immune

response)

Common (may
integrate into the

genome)

Moderate to high

(inflammatory)

Moderate (risk of

mutagenesis)

Limited (restricted by

viral genome size)

Rare (usually cannot

cross the BBB)

Variable (often short

due to clearance)

Moderate (limited

modifications)

Limited

Moderate (may activate

complement)

None

Variable (depends on lipids)

High (generally safe)

High (larger vesicles allow

more cargo)

Limited (improvable with

modifications)

Moderate (24-48 hours)

High (surface can be

functionalized)

Limited

These properties have been effectively utilized in therapeutic applications. For instance, in
Parkinson'’s disease models, MSC-derived exosomes loaded with a-synuclein siRNA achieved potent
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gene silencing without triggering inflammatory responses, demonstrating their safety advantage
(Geng, Long et al. 2023).

Furthermore, exosomes exhibit remarkable stability in circulation. Studies have shown that
exosomal miRNAs, such as miR-423-3p, remain detectable in plasma for extended periods. This
stability enables both therapeutic applications and disease monitoring (Boukouris and Mathivanan
2015, Li, Zheng et al. 2015, Guo, Wang et al. 2021).

The therapeutic potential of exosomes has been significantly improved due to recent advances
in exosome engineering. Viral transduction methods that use lentiviral or adenoviral vectors are now
able to pack therapeutic nucleic acids into exosomes efficiently. For example, lentiviral delivery of
pre-miR-214 into mesenchymal stem cells (MSCs) resulted in exosomes enriched with miR-214,
which demonstrated neuroprotective effects in cerebral injury models (Wu, Wu et al. 2024). Viral
transduction is not the only way to load exosomes with cargoes. Exosomes can also be loaded with
chemical and physical methods, such as electroporation and incubation, which can include siRNAs,
mRNAs, and even CRISPR/Cas9 components. Surface modification techniques have further
enhanced the targeting precision of exosomes (Xu, Yang et al. 2020, Zeng, Guo et al. 2023, Kim, Park
et al. 2024). These engineering strategies address the historical challenge of low loading efficiency
while preserving the natural delivery efficiency of exosomes (Xu, Yang et al. 2020, Zeng, Guo et al.
2023).

In oncology, exosomes serve dual diagnostic and therapeutic roles. Tumor-derived exosomes
carry molecular signatures such as miR-21 and miR-1246, which serve as biomarkers for early cancer
detection in liquid biopsies (Hannafon, Trigoso et al. 2016, Choi, Park et al. 2020). Engineered
exosomes, on the other hand, deliver targeted therapies like KRAS siRNA in pancreatic cancer and
PLK-1 siRNA in bladder cancer, demonstrating potent antitumor effects in preclinical models (Greco,
Franzen et al. 2016, Kamerkar, LeBleu et al. 2017, Pofali, Mondal and Londhe 2020). See Table 2 for
specific examples of exosome applications in cancer therapy and diagnosis.

Table 2. Exosome applications in cancer therapy and diagnosis.

miR-21, miR- MCE-7 cells; Diagnostic  Elevated levels  (Hannafon,
1246 Patient plasma  (Biomarker) detected in Trigoso et

patient plasma al. 2016)

let-7a HEK293T Therapeutic 1000-fold (Ohno,
(GE11 increase in let-  Takanashi et
modified) 7a, al. 2013)

5-fold decrease

in HMGA2
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miR-21
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PTEN

mRNA

NK cell-derived

Patient serum

Tumor-derived

iRGD-

engineered

cRGD-modified

Patient serum

T7-peptide

engineered

Cellular

nanoporation

Therapeutic

Diagnostic

Therapeutic

Therapeutic

Therapeutic

Diagnostic

Therapeutic

Therapeutic

Enhanced

apoptosis

Increased levels

in early stages

Reversed EMT,
inhibited

invasion

Reversed
oxaliplatin

resistance

Enhanced T-cell

infiltration

Correlated with
tumor

progression

Reduced tumor

size

Median
survival
increased by 45

days
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(Kaban,
Hinterleitne

r et al. 2021)

(Ogata-
Kawata,
Izumiya et

al. 2014)

(Rezaei,
Baghaei et

al. 2021)

(Lin, Zhang

et al. 2021)

(Pei, Zhang

et al. 2021)

(Santangelo,
Imbruce et

al. 2018)

(Kim, Kim et

al. 2020)

(Yang, Shi et

al. 2020)
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miR-21, miR-

200 family

PARP-1
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siRNA

galectin-9
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Oxaliplatin

miR-205

SIRT6 siRNA

iRGD-
engineered

exosomes

HEK293T (Tuy-

p-1 modified)

EGFR aptamer-

engineered

Patient serum

Tumor-derived

MSC-derived

exosomes

BM-MSC-
derived

exosomes

BM-MSC-
derived

exosomes

Engineered

exosomes

Therapeutic

Therapeutic

Therapeutic

Diagnostic

Therapeutic

Therapeutic

Therapeutic

Therapeutic

Therapeutic

Tumor growth
inhibition in

A549 models

Reduced cancer

stemness

Tumor

regression

Early detection

and prognosis

Complete
inhibition of

PARP-1

Tumor growth
suppression in

PDAC models

A twofold
increase in
tumor

inhibition

Downregulatio
n of RHPN2;
inhibited

proliferation

Suppressed

metastasis
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(Zhou, Yuan

et al. 2019)

(Bai, Duan

et al. 2020)

(Li, Yang et

al. 2021)

(Taylor and
Gercel-

Taylor 2008)

(Kim, Yang

et al. 2017)

(Kamerkar,
LeBleu et al.

2017)

(Zhou, Zhou

et al. 2021)

(Jiang, Mo et

al. 2019)

(Han, Xie et

al. 2021)
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Bladder PLK-1 HEK?293T- Therapeutic Induced (Greco,
Cancer siRNA derived apoptosis and Franzen et
exosomes; tumor al. 2016)
MSC-derived inhibition
IncRNA HEK293A- Therapeutic Inhibited tumor (Zheng, Du
PTENP1 derived growth et al. 2018)
Liver Cancer miR-26a Engineered Therapeutic Inhibited (Liang, Shu
(HCQ) HEK293T (Apo- migration and et al. 2018)
A1-CD63) proliferation via
downregulating
CCND2,
CCNE2, and
CDK6
Uveal miR-146a Vitreous/patien = Diagnostic =~ Associated with (Ragusa,
Melanoma t serum metastasis Barbagallo
et al. 2015)

2.3. Exosomes in Cellular Rewiring and Recycling

Exosomes play a key role in cellular rewiring and metabolic recycling processes by facilitating
the removal of dysfunctional organelles and proteins via autophagic pathways, thereby maintaining
cellular homeostasis (Baixauli, Lopez-Otin and Mittelbrunn 2014, Desdin-Micé and Mittelbrunn
2017). They are not only involved in intercellular communication but also serve as vehicles for the
selective removal of damaged mitochondrial fragments, misfolded and ubiquitinated proteins, and
stress-related molecules like heat shock proteins. Such a process ensures that cells discard toxic
substances without disrupting a proper balance in protein quality control (Soria, Pampliega et al.
2017, Takahashi, Okada et al. 2017). In addition, exosomes contribute to the exchange of metabolites
and signaling molecules between cells. This exchange is essential for both energy metabolism and
adaptation to stressful conditions. For instance, the transfer of key metabolic enzymes and substrates
via exosomes can restore ATP production in energy-deprived cells, a process that is especially
important in hypoxic environments like those found in tumors (Géran Ronquist 2019, Stahl and
Raposo 2019). In cancer, tumor-derived exosomes are known to affect the tumor microenvironment
by delivering immunosuppressive factors such as PD-L1 and TGF-f, thereby promoting metabolic
reprogramming that aids the survival and proliferation of cancer cells (Yang, Wang et al. 2020).

Studies have shown that surface integrins on exosomes often play a role in tissue-specific
docking and uptake during this targeted delivery function (Kuang, Wu and Li 2025). In addition to
cancer, the process of exosome secretion is an ongoing process that enables tissues to exchange
metabolites under normal conditions. For example, exosomes enriched in glycolytic enzymes are
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released and targeted in muscles after exercise to enhance glucose metabolism in the liver. This
delivery effectively rewires cellular function to support tissue renewal and maintain overall
homeostasis (Wang, Zhu et al. 2020, Yang, Wang et al. 2020).

2.4. Exosomes in the Nervous System

Within the nervous system, exosomes regulate synaptic function, neuroinflammation, and
cellular homeostasis. However, under pathological conditions, they can also spread
neurodegenerative processes by transporting misfolded proteins such as A}, tau, and a-synuclein
(Fan, Chen and Zhang 2022, Daksh, Mathew et al. 2025). Recent studies have design exosomes can
carry drugs or therapeutic molecules that can cross the blood-brain barrier, enhance
neuroregeneration, and modulate pathological pathways (Kalluri and LeBleu 2020, Khan, Khan et al.
2022).

The term "exosome repurposing" describes the deliberate engineering and redirecting of
exosomes for therapeutic benefit. This may be done by surface modification, cargo loading, or
preconditioning of donor cells. Exosome targeting has been achieved by placing ligands or antibodies
that bind to neuronal receptors on exosome membranes, improving targeting. Furthermore,
therapeutic molecules such as siRNA, miRNAs, anti-inflammatory agents, or antioxidants can be
loaded into exosomes via electroporation or co-incubation (Fu, Wang et al. 2020, Sadeghi, Tehrani et
al. 2023). Preconditioning of neural stem cells or MSCs? can also stimulate the release of exosomes
containing neuroprotective factors (Serrenho, Ferreira and Baltazar 2024). These molecules have the
capacity to modulate immune responses, block neuronal apoptosis, promote myelination, and
activate regenerative signaling pathways like PI3K/Akt and Wnt/p-catenin, thus enabling neural
circuit recovery after injury or disease (Khan, Jeong et al. 2023).

In AD?, engineered exosomes have been used to ameliorate AP aggregation, y-secretase and
phosphorylated tau through the exosomes containing other enzymatic agents, or gene-silencing
RNAs. These approaches are not only effective but surpass traditional therapies in overcoming the
BBB and minimizing systemic toxicity (Fan, Chen and Zhang 2022, Khan, Jeong et al. 2023, Daksh,
Mathew et al. 2025). Lastly, exosomes derived from microglia or astrocytes have been used to carry
HSPs and miR-124, which improve synaptic resilience to counteract tau hyperphosphorylation
(Smalheiser 2007, Sharma, Tanwar et al. 2024).

In PD ¢, where a-synuclein aggregation and neuroinflammatory processes drive
neurodegeneration, exosomes offer a dual strategy. Engineerable vesicles can deliver siRNA to
reduce a-synuclein levels, while also carrying anti-inflammatory miRNAs to mitigate
proinflammatory glial activation. These approaches have led to enhanced survival of dopaminergic
neurons, with concomitant improvements in motor function in relevant preclinical models (Fan,
Chen and Zhang 2022, Geng, Long et al. 2023). Interestingly, MSC-derived exosomes have also been
shown to reduce glial scar and stimulate mitochondrial biogenesis in dopaminergic neurons,
demonstrating their Regenerative potential (Li, Chen et al. 2024).

TBI® is another area where exosome therapy offers potential benefit. Exosomes from human
umbilical cord MSCs have been shown to enhance neurorestoration by inhibiting ferroptosis and
activating antioxidant pathways (for example, TUBB6/Nrf2), which then translates into improved
spatial memory and functional recovery in animal studies even after a delayed therapy post-injury
(Che, Wang et al. 2024). Additionally, these vesicles can also initiate the angiogenesis process by the
delivery of miR-21-3p and miR-214, induce endothelial tube formation, and enhancement of

1 amyloid-B

2 mesenchymal stem cells
3 Alzheimer's disease

4 Parkinson's disease

5 Traumatic Brain Injury
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neurovascular niche remodeling and so supporting long-term tissue repair (Yang, Ye et al. 2017, Fan,
Chen and Zhang 2022).

Exosomes possess diagnostic capabilities in addition to therapeutic applications. The biological
cargo of exosomes can provide insight into the pathological condition of the donor cell, which
provides the opportunity for early identification of neurological disorders using a liquid biopsy.
Current work is underway to include disease-specific exosomal markers (such as AP and
phosphorylated tau in AD or a-synuclein in PD) into diagnostic pipelines for real-time disease
assessment and personalized medicine (Fan, Chen and Zhang 2022, Wu, Shang et al. 2024).

2.5. Exosome-Mediated Tissue Regeneration and Rejuvenation

Exosomes rejuvenating properties result from the transfer of biological materials such as
telomerase and sirtuins, which put the brake on cellular senescence and neutralize oxidative stress, a
primary driver of aging (Hajialiasgary Najafabadi, Soheilifar and Masoudi-Khoram 2024, Liu, Sheng
and Sun 2024). Exosomes also epigenetically reprogram recipient cells via microRNAs, restoring
youthful gene expression profiles (Hajialiasgary Najafabadi, Soheilifar and Masoudi-Khoram 2024,
Liu, Sheng and Sun 2024, Rasti, Afrisham et al. 2024). In tissue regeneration, exosomes activate major
signaling pathways such as Wnt/B-catenin and PI3K/AKT to promote cell proliferation, while their
anti-inflammatory cargo minimizes fibrosis (Qian, Pi et al. 2021, Ren, Chen et al. 2022, Yan, Guo et al.
2025). Exosomes also mediate angiogenesis, through VEGF and angiopoietin-1, especially in ischemic
processes (Chen, Huang et al. 2020, Lu, Cheng et al. 2020).

Taken together, these properties form the biological basis for a wide and growing range of
clinical applications from dermatology and orthopedics to cardiology and neurology, to reproductive
medicine, and complex wound healing (Malekpour, Hazrati et al. 2022, Szwedowicz, Lapinska et al.
2022, Wu, Li et al. 2022, Wang, Wang et al. 2025). These mechanisms, detailed in Table 3, underlie
their broad therapeutic potential across various medical fields.

The transition from mechanism to clinical application has already shown exciting results. In
dermatology, exosome therapies improve skin quality and reduce visible aging signs, while
orthopedic applications accelerate musculoskeletal injury healing. Cardiovascular studies report
improved outcomes following myocardial damage, and neurological applications show potential for
addressing neurodegenerative conditions (Chen, Huang et al. 2020, Lin, Anderson et al. 2020, Sreeraj,
AnuKiruthika et al. 2024). These diverse applications, summarized in Table 4.

Table 3. Mechanisms of Exosome-Mediated Rejuvenation and Regeneration.

. Signaling :
Category Mechanism Biological Effects References
Pathways
(Kim, mi Yoo et al. 2017, Choi, Cho
Prevents
Downregulation of et al. 2019, Hu, Li et al. 2019, Deng,
MAPK/AP-1, collagen/elastin
MMPs (MMP-1, Yu et al. 2020, Gao, Wang et al.
= TGEF-B/Smad  degradation,
._g MMP-3) ) 2021, Gao, Yuan et al. 2023, Yan,
< reduces wrinkles
5 Huang et al. 2023)
>
'?‘T (Kim, mi Yoo et al. 2017, Oh, Lee et
= al. 2018, Choi, Cho et al. 2019, Hu,
-z Increased Improves skin
o TGF-B, EGF, Li et al. 2019, Deng, Yu et al. 2020,
collagen/elastin elasticity and
SIRT1, Nrf2 Gao, Wang et al. 2021, Wu, Zhang
production thickness

et al. 2021, Gao, Yuan et al. 2023,
Gao, Zhang et al. 2023)
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(Oh, Lee et al. 2018, Hu, Li et al.

MAPK/AP-1, Enhances cell 2019, Deng, Yu et al. 2020, Wang,

Activation of TGF-B/Smad,  proliferation, Jian et al. 2020, Gao, Wang et al.
signaling pathways Nrf2/ARE, reduces oxidative 2021, Wu, Zhang et al. 2021, Gao,

SIRT1 stress Yuan et al. 2023, Yan, Huang et al.
2023)
Antioxidant

enzymes (e.g., Deng, Yu et al. 2020, Wang, Jian et

Y g Reduces ROS, ( & &]
Oxidative stress SOD, al. 2020, Gao, Wang et al. 2021,
prevents DNA
reduction catalase), 4 Wu, Zhang et al. 2021, Gao, Yuan
amage
miR-1246, 14- 8 et al. 2023, Yan, Huang et al. 2023)
3-3C

Reduces (Ti, Hao et al. 2015, Dalirfardouei,

Macrophage TLR4/NF-kB,
inflammation, Jamialahmadi et al. 2019, He,

polarization (M1 — STATS, . )
promotes tissue Dong et al. 2019, Liu, Yu et al.

M2) PIBK/AKT
repair 2020)
i ) VEGF, (Tao, Guo et al. 2017, Qiu, Liu et
Angiogenesis
} ) PI3K/AKT, al. 2020, Yang, Chen et al. 2020,
stimulation
Wnt/B-catenin Hu, Tao et al. 2021)

Promotes cell ~ (Zhang, Wu et al. 2015, Cui, He et
Wnt/B-catenin Wnt ligands, proliferation in the al. 2017, Jia, Zhu et al. 2020, Qian,
pathway activation  [(3-catenin heart, kidney, Pi et al. 2021, Sha, Shen et al. 2021,

lung, and brain Zhang, Geng et al. 2021)
(Xia, Zeng et al. 2019, Xu, Zhang et
Anti- TGF-f1,IL-6 Improves tissue al. 2019, Mao, Jacob et al. 2021,
inflammatory/fibrosis inhibitors, microenvironment,Ning, Chen et al. 2021, Lee, Lotvall
effects miR-146a reduces fibrosis and Cho 2023, Shen and Lane

2023, Harrell, Djonov et al. 2024)
miR-21-5p, Modulates gene (Luther, Haar et al. 2018, Lou,
microRNA/protein
miR-150-5p, expression, Chen et al. 2020, Huang, Chen et

miR-199a  enhances repair  al. 2021, Li, Zhang et al. 2021)

transfer

Tissue Regeneration

) ) Promotes new (Liao, Ning et al. 2019, Chen,
Angiogenesis VEGEF, HIF-

blood vessel ~ Huang et al. 2020, Lu, Cheng et al.
stimulation 1a, miR-31

formation 2020, Sun, Shen et al. 2020)
Growth Activates repair
Paracrine/autocrine factors (IGF-1, pathways, (Ma, Liang et al. 2021, Wang, Zhu
signaling PDGE), enhances cell et al. 2021, Jiang, Chen et al. 2022)
cytokines survival
(Barile, Cervio et al. 2018, Chen,
Tang et al. 2019, Sun, Zhu et al.
2020, Lee, Lee et al. 2021)

Cell miR-34a, miR- Facilitates tissue

proliferation/survival 124, SI00A6  reconstruction
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3. The Janus-Faced Nature of Exosomes

Exosomes once considered mere cellular debris are now recognized as master regulators of
intercellular communication. These nanosized vesicles shuttle bioactive cargo-proteins, lipids, and
nucleic acids-between cells orchestrating processes vital to development, immunity and tissue repair
but yet this very ability to transmit molecular messages also equips exosomes with a darker potential
so that they can propagate disease, fuel tumor progression, and undermine therapeutic interventions
and these conditions like a double-edged sword exosomes exemplify nature’s paradox, their
physiological precision in maintaining homeostasis is mirrored by their capacity to amplify
pathology. This review unpacks the duality of exosomes, exploring how their role as both healers
and harbingers of disease hinges on context, cargo, and cellular recipient.

3.1. Multifaceted Roles of Exosomes in Cancer Progression and Immunomodulation

Exosomes as extracellular vesicles are integral to cell-cell communication, growth,
differentiation, and survival and their influence on the TME® is a key factor in promoting cell
metastasis and notably exosomes also convey information about the surrounding cellular conditions,
mediating changes within the microenvironment (Kim, Kim and Cho 2019, LeBleu and Kalluri 2020)
so that in cancerous states exosomes contribute to shaping the TME, inducing alterations in
vascularization, cell polarity, and immune system modulation and they are implicated in both EMT”

6 tumor microenvironment

7 epithelial-to-mesenchymal transition
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and MET® (Rajagopal and Harikumar 2018). While exosomes are known to promote tumorigenesis,
metastasis, and chemoresistance, their potential for therapeutic intervention is also recognized; for
instance, dendritic cell-derived exosomes (dexosomes) can be engineered to stimulate antitumor
immune responses (Mashouri, Yousefi et al. 2019, Kalluri and LeBleu 2020).

Exosomes contribute to tumor development through various mechanisms including the
modulation of protein function via PTMs?® such as ubiquitination so that dysregulation of
ubiquitination and deubiquitination pathways often influenced by exosomal content can directly
promote tumor development (Sun, Liu and Yang 2020) and beyond PTMs specific exosomal contents
also contribute to tumor progression; for example Wnt5b found within exosomes has been associated
with squamous cell carcinomas of the head and neck, invasive breast cancer, and lung and pancreatic
cancer (Harada, Yamamoto et al. 2017). Other significant PTMs include glycosylation where
extracellular vesicles from ovarian cancer (for instance) are notably rich in mannose and sialic acid
residues (Escrevente, Keller et al. 2011) and similarly exosomal Src-phosphorylation has been shown
to enhance angiogenesis in myeloid leukemia contribute with tumor development (Mineo, Garfield
et al. 2012).

Exosomes particularly those carrying nucleic acids, are implicated in modulating both innate
and adaptive immune responses (Kalluri and LeBleu 2020) also they can stimulate the anticancer
activities of CD4+ T cells (Raposo, Nijman et al. 1996). Exosomes derived from various cell types can
carry molecules that mediate immune responses to tumor formation; for instance they can influence
the function of Th17 cells which are known to secrete both anticancer factors and promote
angiogenesis (Bilska, Pawtowska et al. 2020). Exosomal content is highly influenced by the cytokine
milieu and can modulate immune responses; for example in nasopharyngeal carcinoma (NPC)
exosomes have been observed to hinder T cell proliferation and Th1/Th17 differentiation correlating
with decreased levels of IL-2, IFN-y, and IL-17 and simultaneously these exosomes promote the
stimulation and activation of regulatory T(Treg) cells often by increasing levels of IL-1f3, IL-6, and IL-
10 (Ye, Li et al. 2014). An elevated Treg/Th17 ratio, a common characteristic of primary and
metastatic tumor environments is often facilitated by exosomes. These vesicles released by
macrophages transfer miR-29a-3p and miR-21-5p to T helper (CD4+) cells (Zhou, Li et al. 2018)
furthermore exosomal transfer of miRNA let-7d has been shown to reduce Th1 proliferation and IFN-
v secretion (Okoye, Coomes et al. 2014). Exosomes play a significant role in immune suppression by
carrying PD-L1% that which has been shown in animal studies to directly inhibit the anti-cancer
function of CD8+ T cells and thereby promote immune suppression, tumor progression, and altered
response to immunotherapy (Theodoraki, Yerneni et al. 2018).

3.2. the Tme and Exosome-Mediated Effects

The TME is a critical determinant in most cancer conditions (Camuzard, Santucci-Darmanin et
al. 2020) characterized by features such as hypoxia, increased lactate, extracellular acidosis and
nutrient deprivation (Ma, Wang et al. 2021); where various cell types including mesenchymal stem
cells, fibroblasts, endothelial cells, and immune cells secrete growth factors and cytokines (Ye, Wu et
al. 2014) whose intricate network of interactions critically influences tumor progression, with
macrophages, among the most abundant immune cells within tumors existing as M1 (anti-
tumorigenic) and M2 (pro-tumorigenic) phenotypes (Moraes, Kar et al. 2017) typically shifting
towards M2 polarization in cancerous conditions (Yang, Guo et al. 2021). One of the molecular
signaling pathways in this condition that plays an oncogenic role is the signal transducer and
activator of transcription 3 (STAT3) pathway (Mohan, Rangappa et al. 2021) so that STAT3 activation
contributes to cell growth, metastasis, EMT and chemoresistance (Lee, Kim et al. 2017, Liu, Liao et al.
2021). Recent experimental studies have established a crucial link between exosomes, STAT3 and

8 mesenchymal-to-epithelial transition
9 post translational modifications

10 programmed death-ligand 1
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macrophage polarity so that exosomes containing high levels of interleukin-6 (IL-6) and miR-155-3p
can drive this process that IL-6 activates STAT3 which in turn upregulates miR-155-3p expression
and this miR-155-3p then induces autophagy, a process that further enhances STAT3
phosphorylation and ultimately promotes tumorigenesis furthermore exosome-induced autophagy
contributes to M2 macrophage polarization exacerbating tumor progression and drug resistance (Xu,
Zhang et al. 2021).

3.3. Exosomes and Angiogenesis

Exosomes secreted from tumor cells play a crucial role in inducing angiogenesis and
consequently cancer progression with exosomal miR-210-3p specifically identified as a key pro-
angiogenic factor whose increased expression in tumor cells correlates with elevated microvessel
density (MVD) and higher tumor grade, mechanistically stimulating angiogenesis by suppressing
ephrin A3 expression which in turn activates the PI3K/Akt pathway (Wang, Wang et al. 2020).

Beyond general intercellular communication, exosomes enhance specific pro-tumorigenic
conditions such as increased angiogenesis in tumor cells; for instance in NPC cells elevated
angiogenesis is linked to their high migratory capacity furthermore this high migratory capacity can
be attributed to exosomal miR-23a that by binding to the 3'-UTR of TSGA10 and reducing its
expression, miR-23a promotes both angiogenesis and metastasis in these cells (Bao, You et al. 2018).

3.4. Exosomes and Metabolic Reprogramming

Exosomes also carry miR-3679-5p whose elevated levels enhance c-Myc stability by
downregulating NEDDA4L thereby inducing glycolysis and promoting cancer cell proliferation
(Wang, Wang et al. 2020) that this highlights how exosomes can reprogram cellular metabolism
towards glycolysis favoring cancer cell growth and contributing to drug resistance (Wang, Wang et
al. 2019). Key drivers of cancer cell proliferation include accelerated cell cycle progression, inhibited
apoptosis and metabolic shifts like increased glycolysis that the rapid energy demands of
proliferating cancer cells cannot be met solely by the slower process of oxidative phosphorylation
making glycolysis a crucial alternative for sustained growth (Dai, Wang et al. 2017).

The STATS3 signaling pathway is an oncogenic pathway because it prevents cell cycle arrest,
apoptosis and promotes cell growth and metastasis (Lee, Kim et al. 2017) furthermore STAT3 can
play a role in EMT and enhance cancer invasion also overexpression of STAT3 can lead to
chemoresistance (Wang, Tao et al. 2020, Liu, Liao et al. 2021).

Exosomes can reprogram macrophages into CAMs!! through alterations in their polarization
state that this process is facilitated by the exosomes' rich gp130 content which enables them to induce
the STATS3 signaling pathway via upregulation of IL-6 (Ham, Lima et al. 2018) furthermore STAT3-
containing exosomes can suppress the immune system and facilitate cancer progression by creating
an imbalance between T cells and tumor-associated macrophages (Zhou, Li et al. 2018) also STAT3-
containing exosomes can induce the expression of cyclin D1, MMP-2, and MMP-9 which are
important factors in cancer cell proliferation and invasion (Yu, Zhang et al. 2019) moreover conditions
like hypoxia can promote self-renewal conditions by helping to increase STAT3 expression (Ren, Sun
et al. 2019).

In addition to the above pathways, exosomes can also lead to cancer cell resistance through other
pathways such as the Wnt/p-catenin axis; for example the presence of exosomal miRNA-92a-3p leads
to the inhibition of mitochondrial apoptosis and the induction of cancer cell resistance (Hu, Wang et
al. 2019).

Another role of exosomes can be examined in regulating the levels of ROS'2, as ROS generally
induces apoptosis in cancer cells, and their modulation by exosomes can exhibit different behaviors;

11 cancer-associated macrophages

12 reactive oxygen species
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for instance in pancreatic cancer the presence of miRNA-155 in exosomes reduces DCK expression
which in turn increases superoxide dismutase and catalase; this reduction in ROS levels increases
cancer cell growth and is effective in their resistance to chemotherapy (Patel, Khan et al. 2017).

Exosomes secreted by cancer cells can be absorbed by immune cells and affect their behavior;
for example exosomes derived from pancreatic cancer cells can be absorbed by lymphocytes to induce
the p38 MAPK signaling pathway and mediate apoptosis through endoplasmic reticulum stress so
that this process leads to immune system suppression and paves the way for cancer progression
(Shen, Huang et al. 2020) and finally exosomes can suppress apoptosis and enhance growth by
stimulating ERK®® (Wang, Wang et al. 2019).

3.5. Exosomes and Disease Transmission

Exosomes inherent capacity for cell communication and transfering, positions them as potential
vehicles for disease transmission so that over the past decade exosomes have been implicated in the
spread of disease-associated proteins like prions and beta-amyloid peptides (Rajendran, Honsho et
al. 2006, Alenquer and Amorim 2015).

The exosome biogenesis and secretion pathway offers a conducive environment for viral
dissemination so that viruses such as HIV,'* HCV?5, and EBV¢ can directly or indirectly enter MVBs!”
and be subsequently released within exosomes or alternatively viral genetic material such as viral
RNAs or related proteins may be packaged into exosomes during their formation with some viruses
including HSV'® and CMV™ even known to accumulate within MVBs before their exosomal release
(Nour, Li et al. 2013, Janas, Janas et al. 2015) furthermore specific mechanisms govern the packaging
of viral components where RNA-binding proteins such as hnRNPA2B1 are crucial for transferring
viral RNAs into exosomes by binding to specific motifs (Villarroya-Beltri, Gutiérrez-Vazquez et al.
2013) and for viral membrane proteins ubiquitination and the recruitment of the ESCRT machinery
represent common packaging mechanisms (Stuffers, Sem Wegner et al. 2009).

Once loaded with viral components exosomes facilitate the spread of the viral genome through
intercellular transfer so that these virus-laden exosomes possess remarkable immune evasion
capabilities that their origin from host cells often prevents an immediate immune response and their
small size coupled with the expression of immune-inhibitory factors like CD47 (which suppresses
macrophages) allows them to escape immune surveillance (Dreux, Garaigorta et al. 2012,
Ramakrishnaiah, Thumann et al. 2013). Importantly while exosomes containing viral proteins or
RNA can initiate infection upon cytoplasmic entry, exosomes carrying viral antigens can also
modulate host immune responses by triggering signaling cascades upon receptor binding
(Kalamvoki, Du and Roizman 2014).

The striking similarities between exosomes and viruses have led some researchers to
hypothesize that exosomes might represent an "ancient virus" (Koenig 2015) because of both share
fundamental features including a lipid bilayer structure and analogous mechanisms for secretion,
cellular uptake, and RNA molecule transport (Votteler and Sundquist 2013) that these suggest a
commonality with enveloped viruses in terms of biogenesis, biophysical characteristics, and cellular
sorting pathways (Meckes and Raab-Traub 2011) furthermore exosomes role in cell-to-cell
communication and genomic transfer (e.g., mRNA and miRNAs) reinforces this proposed
evolutionary link. The shared particle and antigen sorting mechanisms observed in HIV-1 and

13 extracellular signal-regulated kinase
4 Human Immunodeficiency Virus

15 Hepatitis C Virus

16 Epstein-Barr Virus

17 MultiVesicular Bodies

18 Herpes Simplex Virus

19 CytoMegaloVirus
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exosomes further support the ancient virus hypothesis (Izquierdo-Useros, Lorizate et al. 2012) and
beyond structural and functional parallels, exosomes can also actively contribute to viral infection by
carrying viral antigens and facilitating their transfer, particularly to CD4+ T cells (van Dongen,
Masoumi et al. 2016) that the presence of exosomal structural proteins like CD63 and Alix, which are
also involved in viral formation and spread, further highlights this intricate relationship (French,
Antonyak and Cerione 2017). Table 5 describes signaling pathways contributing to the dual role of

exosomes in brief.

Table 5. signaling pathways contributing to the dual role of exosomes. Dark cells contribiute to the dark side
and bright cells contribute to the good side of exosomes.

Role

Molecular Pathway

Reference

(Liang, Duan et
Precision Gene & Drug Delivery Endocytosis and Membrane Fusion
al. 2021)
(Dong, Tamari
MAPK/ERK pathway
Intercellular Communication & et al. 2024)
Signaling (McGough and
Notch/Delta pathway
Vincent 2016)
(Li, Xu et al.
Wnt/B-catenin pathway
2023)
Cellular Repair & Regeneration
(Li, Qin et al.
PI3K/AKT pathway
2023)
(Wang, Hu et
BDNF/TrkB signaling
Neurological Therapeutic al. 2024)
Applications Ye, Chang et
PP CREB pathway ( 8
al. 2022)
(Liang, Zhou et
Tissue Rejuvenation & Healing TGEF-/SMAD pathway 1. 2024)
al.
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(Li, Tang et al.
EGF/EGER pathway
2021)
(Zhu, Gao et al.
Biomarker Discovery & Diagnostics miRNA profiling in exosomes 2004)

4. Conclusion: The Dual Role of Exosomes in Health and Disease

Overall, exosomes, as natural and efficient carriers of intercellular communication, play a pivotal
role in maintaining homeostasis and proper bodily function. By precisely and effectively delivering
proteins, lipids, and various types of RNA, they contribute to improving physiological conditions
and optimizing cellular processes. In other words, they make good conditions better however, this
very inherent capacity for transfer and communication transforms them into a powerful tool for the
dissemination of pathogenic agents. From the spread of disease-related proteins like prions and beta-
amyloid peptides to facilitating the spread of viruses and their escape from immune responses,
exosomes can actively contribute to disease progression and by transporting viral components and
pathogenic proteins they not only aid in the spread of infection but also through their ability to evade
immune surveillance they make bad conditions worse. This striking duality in exosome function
makes them a key component in understanding disease pathogenesis as well as in designing new
therapeutic approaches.
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