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ABSTRACT

Extracellular vesicles (EVs) are nanoscale membrane-bound particles released by various cell types, including
immune and non-immune cells, and play crucial roles in intercellular communication. Emerging evidence suggests
that EVs have significant immunomodulatory properties, influencing various aspects of immune responses and
contributing to the pathogenesis of autoimmune and inflammatory diseases. This review explores the biogenesis,
composition, and functional roles of EVs, focusing on their potential as novel immunomodulatory agents. We
discuss how EVs can modulate immune cell activation, differentiation, and function, highlighting their roles in
promoting immune tolerance and regulating inflammatory processes. Furthermore, we explore the therapeutic
applications of EVs in managing autoimmune and inflammatory diseases, including their potential as biomarkers,
drug delivery vehicles, and therapeutic agents. We also address the challenges and limitations associated with EV
research, including isolation techniques, standardization, and the need for a better understanding of their
mechanisms of action. This review emphasizes the potential of EVs as innovative therapeutic strategies for
treating autoimmune and inflammatory conditions, paving the way for future research to harness their
immunomodulatory capabilities.
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INTRODUCTION

Extracellular vesicles (EVs) are nanoscale membrane-bound particles released by virtually all cell types into the
extracellular environment [17]. They play a vital role in intercellular communication and are involved in various
physiological and pathological processes. EVs can be categorized into three main types: exosomes (30-150 nm in
diameter), microvesicles (100-1000 nm), and apoptotic bodies (larger than 1 pm). The biogenesis of EVs involves
complex cellular processes, including membrane budding, invagination, and fusion [2, 37. Exosomes are formed
through the endosomal pathway, while microvesicles originate from direct outward budding of the plasma
membrane. Apoptotic bodies, as their name suggests, are generated during programmed cell death and can
encapsulate cellular components. One of the most intriguing aspects of EVs is their composition, which is enriched
in various bioactive molecules, including proteins, lipids, mRNA, and microRNA [47]. This diverse cargo allows
EVs to transfer molecular signals to recipient cells, influencing their behavior and function. The capacity of EVs to
carry and deliver bioactive molecules effectively positions them as crucial players in modulating immune
responses, particularly in the context of autoimmune and inflammatory diseases [5]. The immune system relies on
a delicate balance between activation and regulation to maintain homeostasis and prevent autoimmune reactions.
Dysregulation of this balance can lead to the development of autoimmune disorders, where the immune system
mistakenly targets the body’s own tissues. Recent studies have highlighted the role of EVs in promoting immune
tolerance and regulating inflammation. For instance, EVs derived from regulatory T cells and mesenchymal stem
cells (MSCs) contain immunosuppressive molecules that can inhibit effector T cell activation and promote a
tolerogenic environment [6, 7]. Conversely, EVs released during inflammatory conditions can carry pro-
inflammatory signals that amplify immune responses and contribute to tissue damage [87.
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The potential of EVs as novel immunomodulatory agents has garnered significant attention in recent years. Their
ability to modulate various aspects of the immune response makes them promising candidates for therapeutic
applications in autoimmune and inflammatory diseases. EVs can serve as biomarkers for disease diagnosis and
progression, and their natural ability to deliver bioactive molecules positions them as effective drug delivery
vehicles [97. Furthermore, MSC-derived EVs have shown particular promise in clinical settings due to their
ability to induce immunomodulation and promote tissue repair [107]. As research into EVs continues to evolve, it
is essential to address the challenges associated with their isolation, characterization, and mechanistic
understanding. Standardization of EV isolation protocols and a comprehensive exploration of their mechanisms of
action will pave the way for innovative therapeutic strategies harnessing the immunomodulatory capabilities of
EVs, ultimately offering new hope for patients suffering from autoimmune and inflammatory diseases.

Biogenesis and Composition of Extracellular Vesicles
Biogenesis
The formation of EVs is a complex process that involves several stages, including membrane budding,
invagination, and fusion [117. For exosomes, inward budding of the plasma membrane forms early endosomes,
which mature into late endosomes. During this process, small intraluminal vesicles (ILVs) are generated, which
accumulate within the late endosomes and eventually become exosomes. Upon fusion of the late endosomes with
the plasma membrane, exosomes are released into the extracellular space. Microvesicles, on the other hand, are
formed by direct outward budding from the plasma membrane, a process that involves cytoskeletal
rearrangements and membrane asymmetry [127]. Apoptotic bodies are generated during cell death, encapsulating
cellular components and cytoplasmic materials.
Composition
The composition of EVs is highly variable and depends on the cell type, physiological conditions, and
environmental factors. EVs are enriched in a variety of bioactive molecules, including:
- Proteins: EVs contain surface proteins that facilitate interactions with recipient cells and proteins involved in
various signaling pathways, including tetraspanins (e.g., CD63, CD81), heat shock proteins, and membrane-
associated proteins.
- Lipids: The lipid composition of EVs is distinct from that of the parent cell membrane, often enriched in
sphingolipids, cholesterol, and phosphatidylserine, which influence membrane fluidity and signaling.
- Nucleic Acids: EVs carry various forms of RNA, including mRNA and non-coding RNAs such as microRNA
(miRNA), which can be transferred to recipient cells and modulate gene expression.
This diverse composition allows EVs to influence a range of biological processes, including immune modulation,
inflammation, and tissue repair [137].
Role of Extracellular Vesicles in Inmunomodulation
Modulation of Immune Cell Activation
EVs can modulate the activation and function of various immune cells, including T cells, B cells, dendritic cells
(DCs), and macrophages. For example, EVs derived from activated immune cells can enhance the activation and
proliferation of T cells by delivering antigenic material and co-stimulatory signals [147]. Conversely, EVs can also
promote immune tolerance. Regulatory T cell-derived EVs, for instance, contain immunosuppressive molecules
such as transforming growth factor-beta (TGF-f8) and indoleamine 2, 3-dioxygenase (IDO), which can inhibit the
activation of effector T cells and promote regulatory pathways [157].
Regulation of Inflammation
EVs are also involved in the regulation of inflammatory processes. Inflammatory cytokines can induce the release
of EVs from various cell types, including macrophages and epithelial cells [167]. These EVs can carry pro-
inflammatory signals, such as cytokines and chemokines, contributing to the amplification of the inflammatory
response. On the other hand, EVs can also contain anti-inflammatory mediators that help resolve inflammation
and restore homeostasis [17]. For instance, EVs from mesenchymal stem cells (MSCs) have been shown to
possess anti-inflammatory properties, promoting tissue repair and regeneration [187].
Interplay with the Immune System
The interaction of EVs with the immune system is complex and context-dependent. Depending on their origin and
composition, EVs can either enhance or suppress immune responses. The dual role of EVs in promoting immune
tolerance and inflammation is particularly relevant in the context of autoimmune diseases and chronic
inflammatory conditions [197]. Understanding these interactions is crucial for developing therapeutic strategies
that leverage EVs for immunomodulation.
Therapeutic Potential of Extracellular Vesicles
Biomarkers for Autoimmune and Inflammatory Diseases

EVs have shown potential as novel biomarkers for autoimmune and inflammatory diseases. Their cargo reflects
the physiological state of the parent cell, making them suitable for non-invasive diagnostics. For example, specific
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miRNA profiles in EVs have been associated with diseases such as rheumatoid arthritis and systemic lupus

erythematosus, providing insights into disease mechanisms and progression [207].

Drug Delivery Vehicles

Due to their natural ability to deliver bioactive molecules, EVs are being explored as drug delivery vehicles. EVs

can encapsulate therapeutic agents, including small molecules, RNA, and proteins, and deliver them to target cells

with minimal toxicity [21, 227. This approach enhances the efficacy of therapeutics while reducing side effects,
making EVs attractive candidates for targeted therapy in autoimmune and inflammatory diseases.
Therapeutic Agents

EVs can also be used as therapeutic agents themselves. For instance, MSC-derived EVs have demonstrated

immunomodulatory effects, promoting tissue repair and modulating immune responses in preclinical models of

autoimmune diseases [237]. This ability to induce immune tolerance and regulate inflammation positions EVs as a

promising therapeutic strategy for treating autoimmune and inflammatory conditions [24].

Challenges and Limitations

Despite the promising potential of EVs, several challenges and limitations must be addressed. The isolation and

characterization of EVs remain complex due to their heterogeneous nature and varying sizes [25]. Standardized

protocols for EV isolation and characterization are crucial for reproducibility and reliability in research and clinical
applications. Additionally, the mechanisms by which EVs exert their effects on target cells require further

investigation to fully understand their immunomodulatory capabilities [267].

CONCLUSION

Extracellular vesicles represent a novel class of immunomodulatory agents with significant potential for the

treatment of autoimmune and inflammatory diseases. Their ability to modulate immune responses, promote tissue

repair, and serve as biomarkers highlights their versatility in therapeutic applications. As research progresses, a

better understanding of the biogenesis, composition, and mechanisms of action of EVs will pave the way for

innovative therapies that harness their immunomodulatory properties, offering new hope for patients with
autoimmune and inflammatory conditions. The future exploration of EVs in clinical settings may lead to
transformative advancements in the management of these diseases.
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