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Abstract

:

Extracellular vesicles (EVs) encompass a diverse array of cell-derived vesicles, originating either from the endosomal compartment (exosomes) or generated through shedding from the cell membrane. These lipid bilayer nanovesicles carry a diverse cargo consisting of nucleic acids, various macromolecules, and growth factors, capable of being assimilated by nearby or distant cells through biofluids, thereby triggering a wide range of cellular responses. Given their distinctive biological characteristics and crucial roles in intercellular communication, EVs have garnered significant attention, especially concerning potential clinical applications. Inheriting cargo from their parent cells, EVs present promising resources for diverse disease biomarkers. Research elucidating the specific impacts of cargo on target cells has sparked enthusiasm for their therapeutic potential. Compelling evidence indicates that RNA cargo housed within EVs can modulate gene expression and influence cellular functions in recipient cells. However, despite significant progress, numerous aspects of EV biology remain obscure, encompassing selective cargo-loading mechanisms that yield distinct compositions from source cells, variability in size and content, and undisclosed pathways governing uptake and cargo fate in recipient cells. A thorough understanding of core EV mechanisms—such as generation, trafficking, and payload delivery—is essential for their effective clinical utilization. This review explores the current understanding of RNA loading and transportation within EVs, shedding light on the advancements made toward clinical applications.
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1. Introduction


Extracellular vesicles (EVs), lipid bilayer packages secreted by all living cells, serve as messengers transporting proteins, lipids, RNA, and DNA between cells, thereby influencing their behavior and function. EVs carry a distinct RNA cargo, enriched with small non-coding RNAs (ncRNAs) like microRNAs, alongside fragments and intact mRNAs, rRNAs, and lncRNAs [1,2,3,4]. These RNAs profoundly affect recipient cells, influencing processes like wound healing, neurodegeneration, and even cancer progression. However, deciphering the exact mechanism of RNA communication within EVs remains a topic of interest for scientists. The intricate interplay between various biomolecules carried by EVs and the incomplete understanding of many ncRNA functions adds further complexity. Additionally, the journey of these exosomal RNAs, including their packaging into specific EV types, uptake by target cells, and subsequent fate, is still under investigation.



Presently, four primary categories of EV subtypes are acknowledged: “exosomes” (50–150 nanometers), “microvesicles” (100–1000 nanometers), “large oncosomes” (1000–10,000 nanometers), and “apoptotic bodies” (100–5000 nanometers) [5,6,7]. Distinguishing these from other particles, such as lipoproteins and protein aggregates, remains a hurdle, prompting ongoing efforts to standardize EV characterization to enhance research reproducibility. The small size of EVs limits their cargo capacity, making them invisible with standard microscopy and sorting techniques. The overlapping size and properties among subclasses, combined with the absence of unique markers, further complicate cargo identification, including RNA. Furthermore, technical variations in both EV isolation and RNA analysis can significantly impact the interpretation of data.



Despite these challenges, researchers are developing sophisticated approaches to tackle them, such as culturing cells in serum-free media to prevent contamination and employing size-based separation techniques to isolate specific EV subtypes [8,9]. These efforts are pivotal in understanding the biology of EV RNAs. The presence of these RNAs in easily accessible biofluids enables the non-invasive monitoring of cellular and tissue health. Additionally, EVs possess the capability to shield their cargo from degradation and deliver it precisely to target cells without eliciting an immune response. These characteristics make them ideal carriers for RNA therapies like siRNAs, miRNAs, and mRNAs. This review delves into the types of EV RNAs, packaging mechanisms, selective loading, and clinical applications. It emphasizes the key challenges encountered when working with EVs. By overcoming these hurdles, a deeper understanding of EV-mediated RNA delivery can be achieved, thereby paving the way for the diagnosis and treatment of various diseases.




2. Isolation and Characterization of Extracellular Vesicles


Extracellular vesicles (EVs) are membrane-bound nanoparticles released by cells into the extracellular environment, playing essential roles in intercellular communication and disease pathogenesis. To study EVs effectively, researchers employ various enrichment techniques to isolate and concentrate these vesicles from complex biological samples. Herein is an elaboration on each of the EV enrichment techniques.



2.1. Ultracentrifugation


Ultracentrifugation is a classical method for EV enrichment, involving the centrifugation of samples at high speeds (typically exceeding 100,000× g) to separate EVs from other components based on their size and density. Differential ultracentrifugation and gradient ultracentrifugation are two common approaches that offer varying degrees of purity and yield.




2.2. Co-Precipitation


Co-precipitation methods exploit the differential solubility of EVs and contaminants to selectively precipitate EVs from a solution. Common co-precipitants include polyethylene glycol (PEG) and protamine sulfate, which induce EV aggregation and subsequent precipitation. While simple and cost-effective, co-precipitation may lead to the co-isolation of non-EV contaminants.




2.3. Size-Exclusion Chromatography (SEC)


SEC separates EVs based on their size by passing the sample through a porous matrix that selectively retains larger particles while allowing smaller EVs to elute first. This technique offers gentle and scalable EV enrichment, with minimal sample manipulation and no requirement for specialized equipment.




2.4. Field-Flow Fractionation (FFF)


FFF is a chromatographic technique that separates particles based on their size and shape as they flow through a thin channel under the influence of a perpendicular field. FFF can effectively enrich EVs while removing contaminants based on their hydrodynamic properties. This method offers high resolution and flexibility but requires sophisticated instrumentation.




2.5. Microfluidic Filtering


Microfluidic devices leverage precise control over fluid flow and particle manipulation at the microscale, making them well-suited for EV enrichment. These devices employ nanoporous membranes or channels to selectively trap EVs while allowing smaller molecules to pass through, enabling rapid and efficient EV isolation with minimal sample loss.




2.6. Contact-Free Cell Sorting


Contact-free cell sorting, also known as acoustic-based sorting, utilizes acoustic waves to manipulate EVs within a sample, enabling gentle and label-free separation based on size and density. This technique offers the advantage of preserving EV integrity and functionality while enabling high-throughput sorting with minimal sample handling.




2.7. Immunoaffinity Enrichment


Immunoaffinity enrichment involves capturing EVs using antibodies specific to surface markers expressed on EVs. This method enables highly specific isolation of EV subpopulations based on their molecular profiles. Immunoaffinity enrichment is particularly useful for studying EV heterogeneity and identifying EV biomarkers.



Physical characterization of extracellular vesicles (EVs) plays a crucial role in comprehending their structure, size distribution, and heterogeneity. Numerous techniques are utilized for EV characterization, encompassing microscopy-based methods and particle-sizing techniques. These methods enable the visualization of EVs with nanometer-scale precision, facilitating the observation of structural attributes like shape, size, and surface characteristics. Below is a list of the following techniques employed for EV characterization.




2.8. Transmission Electron Microscopy (TEM)


TEM enables the visualization of EVs at higher magnifications, providing detailed information about their internal structures and ultrastructural features. This method offers superior resolution, allowing researchers to observe EV contents, membrane morphology, and potential cargo.




2.9. Cryo-Electron Microscopy (Cryo-EM)


Cryo-EM is a powerful technique for imaging EVs in their native hydrated state without the need for fixation or staining. This method preserves EV structure and integrity, offering detailed information about their three-dimensional architecture and organization.




2.10. Atomic Force Microscopy (AFM)


AFM enables the imaging of EVs at the nanoscale by scanning a sharp probe across the sample surface. This technique provides topographical information about EVs, including their size, shape, and surface roughness, with high resolution and minimal sample preparation requirements.




2.11. Dynamic Light Scattering (DLS)


DLS measures the fluctuation in light scattering caused by the Brownian motion of EVs in solution. By analyzing the intensity and correlation of scattered light, DLS provides information about EV size distribution and hydrodynamic radius. It is a rapid and non-destructive technique suitable for analyzing EVs in solution.




2.12. Nanoparticle Tracking Analysis (NTA)


NTA tracks individual EVs in solution using light scattering and Brownian motion analysis. This technique provides real-time visualization and quantification of the EV size distribution and concentration, offering valuable insights into EV heterogeneity and dynamics.




2.13. Tunable Resistive Pulse Sensing (TRPS)


TRPS measures the changes in electrical resistance as EVs pass through a nanopore, allowing for the precise sizing and counting of individual EVs. This technique offers high resolution and sensitivity, enabling the accurate characterization of the EV size distribution and concentration.




2.14. Single-EV Analysis (SEA) Methods


SEA methods, such as microfluidic-based approaches and single-particle interferometric reflectance imaging sensing (SP-IRIS), enable the analysis of individual EVs. These techniques offer a single-vesicle resolution, allowing for the characterization of the EV size, concentration, and cargo composition at the single-particle level.




2.15. Flow Cytometry


Flow cytometry utilizes fluorescently labeled antibodies to analyze EVs based on their size, concentration, and surface marker expression. It enables high-throughput analysis of EVs and is particularly useful for quantifying specific EV subpopulations.





3. Types of RNA in Extracellular Vesicle Cargo


Extracellular vesicles’ RNA profile displays distinct features, with small non-coding RNAs (ncRNAs/miRNAs) predominating the cargo, alongside full-length or degraded mRNAs, ribosomal RNAs (rRNAs), long non-coding RNAs (lncRNAs), and DNA fragments (Table 1). This unique composition highlights the selective packaging process that governs RNA inclusion into EVs, ensuring targeted delivery of specific messages to recipient cells. EVs encapsulate a diverse range of RNA species, including the following.



3.1. MicroRNAs (miRNAs)


These non-coding RNAs are approximately 22 nucleotides long and regulate gene expression post-transcriptionally. They achieve this by interacting with the three prime untranslated region (3′ UTR) of target mRNAs, leading to mRNA degradation and translational repression [10,11]. Among RNA species found in EVs, miRNAs stand as the most abundant and extensively studied, implicated in various biological processes such as development, cell differentiation, immune response, and disease progression [12,13,14]. For instance, in the nervous system, EVs transporting miR-193b exhibit a capability to reduce amyloid precursor protein levels within neurons, potentially mitigating the pathology associated with Alzheimer’s disease [15]. Interestingly, the abundance of this particular miRNA enclosed in EVs holds promise as a potential diagnostic biomarker for the disease. Similarly, miR-124a-loaded neuronal EVs play a crucial role in regulating glutamate transporters within astrocytes, thereby impacting synaptic transmission [16,17]. In brain cancer scenarios, astrocyte-derived EVs carrying miR-19 inhibit PTEN, a critical tumor suppressor, thereby promoting the growth of brain metastases [18,19]. Moving beyond neural contexts, EVs derived from mesenchymal stem cells, enriched with miR-375, demonstrate the ability to induce bone marrow stem cells to participate in bone regeneration processes [20]. Furthermore, dendritic cell-derived EVs facilitate the transfer of miR-155 and miR-146a in vivo, where the latter suppresses while the former stimulates endotoxin-induced inflammation [21].




3.2. Long Non-Coding RNAs (lncRNAs)


These non-coding RNAs, typically around 200 nucleotides in length, possess the ability to regulate gene expression across multiple levels, encompassing transcription, post-transcriptional processing, and chromatin modification [22,23]. These RNAs have demonstrated the potential to regulate cell proliferation, migration, invasion, and drug resistance in cancer cells [24,25]. Studies indicate that hypoxic cardiomyocytes release extracellular vesicles enriched with lncRNA NEAT1, which, upon uptake by fibroblasts, upregulate a gene expression profile linked to promoting fibrosis [26]. Another study showed that hypoxia-inducible factor 1α-stabilizing lncRNA was found to be integrated into extracellular vesicles released by tumor-associated macrophages. These vesicles, upon uptake by breast cancer cells, supported their viability, indicating a potential role in tumor progression [27]. Decoding the precise mechanisms through which these lncRNAs enclosed within extracellular vesicles exert their actions remains a challenge.




3.3. Messenger RNAs (mRNAs)


These coding RNAs function by conveying genetic information from DNA to ribosomes, enabling the synthesis of proteins. While the existence of intact mRNAs within extracellular vesicles (EVs) remains a subject of debate, fragmented forms of these messenger RNAs (mRNAs) have been identified, suggesting their involvement in cell-to-cell communication and the pathogenesis of various diseases [28]. Typically, most mRNAs detected within EVs measure as smaller than 1 kb [29]. This finding hints at the potential of these mRNA molecules to serve as a reservoir for generating novel proteins within the cells that receive them. However, releasing mRNAs from the endosome represents a challenge in ensuring functional mRNA delivery.



Recent studies have provided evidence of the active translation of EV-transported mRNAs upon uptake by recipient cells. For instance, the expression of reporter proteins resulting from transferred mRNA enclosed in EVs has been observed between mast cells [2] and from glioblastoma to endothelial cells [30]. Co-culture experiments with glioblastoma and HEK293T cells demonstrated translated mRNAs carried by EVs, eliciting phenotypic responses, while evidence also suggests that EV-borne mRNA can induce the production of functional proteins. Additionally, the transfer of Cre recombinase mRNA via EVs resulted in recombination events in the brains of floxed reporter mice [2,30]. However, while detecting Cre mRNA in EVs was achieved through reverse transcription–PCR, the corresponding protein detection by Western blot was unsuccessful. This detection sensitivity discrepancy poses challenges requiring further investigation.



Studies have shown the transfer of mRNAs between human pulmonary artery smooth muscle cells and arterial endothelial cells through EVs, which carry various mRNAs, including those involved in regulating the actin cytoskeleton and extracellular matrix remodeling. This process potentially influences the pathology of pulmonary arterial hypertension, particularly involving transforming growth factor-β [31]. Moreover, extracellular vesicles isolated from human blood were electroporated with Cas9 mRNA and were shown to facilitate CRISPR editing in recipient cells [32]. These findings support the notion that mRNA carried by EVs can indeed undergo translation within recipient cells.




3.4. Small Nucleolar RNAs (snoRNAs)


These non-coding RNAs are involved in various essential cellular processes, primarily related to ribosomal RNA (rRNA) processing and modification. Their presence within extracellular vesicles (EVs) has opened a new avenue for research, raising intriguing questions about their potential functions and roles in intercellular communication and disease progression. Studies show that the snoRNA content within extracellular vesicles derived from immune cells, such as dendritic cells, is loaded with immunomodulatory factors [33,34,35]. EVs from activated macrophages are loaded with altered snoRNA profiles, which, upon uptake by recipient cells, exhibit increased levels of 2′-O-methylation of RNA—a modification typically directed by the released snoRNAs onto their canonical rRNA targets [36]. Consequently, snoRNAs carried within extracellular vesicles have the potential to serve as modulators of inflammation.




3.5. Transfer RNAs (tRNAs)


These are small RNAs (approximately 75–90 nucleotides long) that play a crucial role in protein translation by delivering amino acids to the ribosome. However, fragmented tRNAs (tRFs) have also been identified in EVs, with potential regulatory roles in gene expression and epigenetic processes, particularly in contexts such as immunomodulation [37] and cancer progression [38]. The exact functional role of tRNAs and their fragments in recipient cells is unclear. Further research is needed to ascertain their specific effects and mechanisms of action in the recipient cells.



Ribosomal RNAs (rRNAs): These are the major structural components of ribosomes, which are essential for protein translation. While intact rRNAs are not commonly found in EVs, rRNA fragments have been identified, and their functional significance in extracellular communication remains an area of ongoing investigation.





 





Table 1. Types of RNA found inside extracellular vesicles.
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	RNA Type
	Size (nt)
	Function
	Implication in EVs
	References





	miRNAs
	22
	Post-transcriptional gene regulation
	Regulate various biological processes in recipient cells
	[39,40]



	lncRNAs
	>200
	Diverse regulatory roles
	Impact various biological functions, including cell proliferation, migration, invasion, and drug resistance
	[23,41]



	tRNAs
	75–90
	Protein translation
	Fragmented tRNAs (tRFs) regulate gene expression, cell signaling, and stress response
	[42,43]



	rRNAs
	Variable
	Ribosome structure
	rRNA fragments are linked to cell proliferation, migration, and inflammation
	[29]



	mRNAs
	Variable
	Protein synthesis
	Fragmented mRNAs may play a role in cell communication and disease pathogenesis
	[44,45]



	piRNAs
	26–31
	Transposon silencing and germline development
	Potential role in regulating gene expression and cell communication
	[46,47,48]



	snoRNAs
	60–300
	rRNA processing and modification
	Function in EVs remains unknown
	[49]



	Y RNAs
	85–100
	Regulatory role
	Potential role in RNA processing and modification
	[49,50,51]










4. Mechanisms for RNA Packaging Inside Extracellular Vesicles


The RNA cargo of EVs plays a crucial role in intercellular communication, influencing various cellular processes in recipient cells. Understanding the mechanisms of RNA packaging into EVs is essential for deciphering their function and developing therapeutic strategies. The precise mechanisms of RNA packaging into EVs remain under investigation, but several key pathways are emerging.



4.1. Direct Sorting


RNA-binding proteins (RBPs) play a significant role in trafficking, packaging, and stabilizing RNA cargo within these vesicles (Figure 1A). RBPs are a diverse group of proteins that interact with RNA molecules, influencing their processing, localization, stability, and function [29,52,53]. In the context of EV-mediated RNA transport, RBPs significantly contribute to the selective packaging of specific RNA species into these vesicles. The incorporation of RNAs into EVs is a selective process, where RBPs recognize and bind to specific motifs or sequences within the RNA molecules, facilitating their encapsulation into EVs. Various RNA-binding proteins (RBPs) have been identified as playing a part in packaging distinct RNA populations into EVs (Table 2). Among these, heterogeneous nuclear ribonucleoproteins (hnRNPs) have been implicated in recognizing specific RNA sequences or secondary structures to aid in the encapsulation of mRNA and non-coding RNAs into EVs. Additionally, RBPs like Ago2 (Argonaute 2) and GW182 have been linked to loading microRNAs (miRNAs) into EVs, thus regulating miRNA stability and sorting. These findings underscore the diverse roles of RBPs in orchestrating RNA packaging within EVs [29,52,53,54].



The interaction between RBPs and RNA cargo takes place within endosomal compartments during the formation of multivesicular bodies and intraluminal vesicles (ILVs). Subsequently, these vesicles are transported to the plasma membrane for fusion and the release of exosomes [29,55,56]. Additionally, RBPs not only facilitate the sorting of specific RNA molecules but also contribute to the protection of encapsulated RNAs from degradation. By binding to and shielding RNA cargo, RBPs enhance the stability of these molecules within EVs, preserving their integrity and functionality during transport and delivery to recipient cells [57,58,59]. The functional implications of RNA packaging into EVs using RBPs extend beyond intercellular communication. EV-mediated transfer of RNA cargo packaged by RBPs can influence various cellular processes in recipient cells, including gene expression, signaling pathways, and modulation of the immune response. These transferred RNAs can regulate gene expression by affecting mRNA translation or stability, modulating cellular phenotypes, and potentially contributing to pathological conditions or physiological responses.




4.2. ESCRT-Mediated Sorting


The ESCRT machinery comprises four main protein complexes: ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III, alongside associated proteins such as ALIX (ALG-2-interacting protein X). These complexes operate sequentially to facilitate the inward budding of the endosomal membrane, leading to the formation of intraluminal vesicles (ILVs) within multivesicular bodies (MVBs) (Figure 1B). These ILVs encapsulate cytoplasmic contents, including RNA molecules, and are subsequently released as exosomes upon fusion of the MVBs with the plasma membrane [60,61,62]. The mechanisms of ESCRT-mediated RNA packaging involve the following steps.



4.2.1. Recognition and Sequestration of RNA Cargo


Within the cytoplasm, specific RNA molecules are recognized and bound by RNA-binding proteins (RBPs) or other sorting machinery. These RBPs may interact with the ESCRT components or be involved in ESCRT recruitment for RNA cargo sequestration.




4.2.2. ESCRT Complex Assembly and Cargo Selection


The ESCRT-0 complex, including proteins like HRS and STAM, identifies and binds ubiquitinated cargo proteins and RBP-RNA complexes present on the endosomal membrane, initiating the recruitment and stepwise assembly of ESCRT-I and ESCRT-II complexes. Alongside the protein cargo, RNA molecules associated with these cargo proteins or RNA-binding proteins (RBPs) are selectively incorporated into the developing intraluminal vesicles (ILVs).




4.2.3. ESCRT-III-Associated Membrane Budding


The ESCRT-III complex, composed of multiple proteins including CHMPs (charged multivesicular body proteins), orchestrates the final steps of ILV formation by mediating membrane scission. ESCRT-III components constrict the endosomal membrane, resulting in the formation of EVs inside MVBs and ILVs containing the selected RNA cargo.




4.2.4. Exosome Formation and Release


These MVBs and ILVs either merge with lysosomes for degradation or fuse with the cell membrane, resulting in the exocytosis of exosomes near the cell periphery. These EVs carry the packaged RNA cargo, protected by the lipid bilayer, and are then available for intercellular communication and functional transfer to recipient cells.



The ESCRT machinery’s involvement in RNA sorting and packaging into exosomes highlights the intricate coordination between cellular components in regulating the selective incorporation of RNA molecules. This selective sorting mechanism ensures the packaging of specific RNA species into exosomes, influencing the diversity and functionality of exosomal RNA content.





4.3. Passive Inclusion


In this process, the RNA in EVs lacks the specificity seen in selective packaging mechanisms. Instead, it relies on the abundance and availability of RNA molecules within the cytoplasmic milieu during the formation of ILVs. As the ILVs are formed, they can encapsulate a wide range of cytoplasmic components, including RNAs, present in the vicinity, without distinct sorting signals or specific interactions with sorting machinery. This non-discriminatory process results in the encapsulation of various RNA species including coding and non-coding RNA inside the EVs. The encapsulated RNA cargo may represent a snapshot of the cellular RNA landscape at the time of EV biogenesis, capturing a diverse repertoire of RNA molecules present within the producing cell.





 





Table 2. RNA-binding proteins and their implication in RNA packaging inside exosomes.






Table 2. RNA-binding proteins and their implication in RNA packaging inside exosomes.





	RNA-Binding Protein
	Implication in RNA Packaging
	Cargo Type
	References





	Heterogeneous nuclear ribonucleoproteins (hnRNPs)
	Recognition of specific RNA sequences and secondary structures
	mRNA and non-coding RNAs
	[63,64]



	Argonaute 2 (Ago2)
	Loading of microRNAs (miRNAs) into EVs
	miRNAs
	[29,65]



	GW182
	Co-packaging with Ago2, regulating miRNA stability and sorting
	miRNAs
	[66,67,68]



	Exportin 5 (XPO5)
	Nuclear export of specific RNAs; potential involvement in EV loading
	diverse
	[69,70]



	hnRNPG
	Involved in exosome biogenesis and RNA loading
	diverse
	[53,71]



	YBX1
	Recognition of specific RNA sequences, promoting exosome release
	diverse
	[72]



	LIN28B
	Binds and stabilizes specific RNAs, potentially influencing EV packaging
	diverse
	[53,73]



	HuR
	Binds and stabilizes specific miRNAs, promoting their inclusion in EVs
	miRNAs
	[40,74]










5. Selective Loading of RNA Cargo in Extracellular Vesicles


There are two main approaches for loading cargo into extracellular vesicles (EVs). The first approach involves modifying donor cells to promote the incorporation of the desired cargo into EVs. This is called the cell-based method. Alternatively, the cargo can be directly loaded into isolated EVs using techniques such as electroporation, sonication, incubation, or transfection. This is known as the non-cell-based method [29,75].



The cell-based loading approach involves the overexpression of RNA in the selected cell line, typically achieved through transfection or lentiviral transduction. This typically leads to higher RNA levels in EVs and potentially elevated expression of any encoded protein [75]. The second strategy relies on donor cells expressing proteins with specific RNA-binding motifs. These motifs, acting like molecular locks, seek out and bind to the cargo RNA equipped with the right sequence [29,53,76]. This binding guides the RNA to its destination: either the plasma membrane for budding or multivesicular bodies (MVBs) for subsequent incorporation and release as EVs. Expressing fusion proteins that combine an MVB-enriched protein with an RNA-binding motif offers an alternative and effective strategy for targeted RNA loading in EVs [75,77,78].



One method for selectively enriching RNA cargo in extracellular vesicles (EVs) involves leveraging arrestin-domain-containing protein 1 (ARRDC1)-mediated microvesicles (ARMMs), a type of EV that buds directly from the plasma membrane. This approach involves engineering ARRDC1 to recognize and bind the RNA cargo. This is achieved by incorporating the HIV Tat peptide into ARRDC1 and equipping the RNA with the corresponding transactivating response (TAR) element. This interaction enables efficient RNA loading into ARMMs. This strategy has successfully transferred p53 mRNA, which was translated into recipient cells after uptake [29,79].



In addition, other approaches involve “zipcode” sequences and exploiting the unique lipid composition of extracellular vesicles (EVs) to facilitate targeted RNA loading. These sequences, typically incorporated into the 3′ untranslated region of the cargo RNA, act as recognition signals for specific RNA-binding proteins (RBPs) associated with membrane-targeted or MVB-targeted proteins [80,81]. Additionally, there are reports which suggest that engineered RBPs with tailored peptides bind more efficiently to specific lipids on the EV membrane. For example, annexin A5 targets the negatively curved lipid phosphatidylserine, while the myristoylated alanine-rich C-kinase substrate (MARCKS) protein binds the positively curved lipid phosphatidylinositol 4,5-bisphosphate on plasma membrane-derived vesicles (residues 151–175 of MARCKS are particularly effective) [82,83]. This targeted binding facilitates the integration of RNA–RBP complexes into EVs. Additional options involve integrating binding domains from proteins with an affinity for specific intracellular membranes, such as phosphatidylinositol 4,5-bisphosphate or phosphatidylinositol 3,4,5-trisphosphate, thereby expanding the toolkit for targeted RNA loading in EVs [82,83].



Non-cell-based methods, also known as exogenous or direct loading, involve loading cargo into isolated EVs. Various substances, including siRNA, miRNA, proteins, CRISPR/Cas9, natural products derived from hydrophobic compounds, and anticancer drugs, can be incorporated into EVs using techniques such as sonication, electroporation, transfection reagents, and specific buffer agents [75,84]. Notably, some compounds effortlessly integrate with EVs through simple room-temperature mixing. These loading methods are categorized as either passive (via diffusion) or active (by disrupting the membrane through electroporation or sonication), and they can be combined to optimize cargo uptake. Following loading, the disrupted membrane naturally restores itself through incubation at room temperature or 37 °C, ensuring the stability and functionality of the EVs for further research or therapeutic applications [29,75]. This non-cell-based approach provides enhanced control over cargo incorporation while minimizing potential alterations to the intrinsic properties of EVs. When exploring various methods for loading RNA into isolated extracellular vesicles, it is crucial to consider the vesicles’ integrity and the possible inclusion of antigenic or toxic components during the loading process. These factors could limit the feasibility of subsequent administrations of externally loaded vesicles.




6. Applications of Extracellular Vesicles


While in this review, our primary focus lies on the RNA content in extracellular vesicles for their potential as biomarkers and therapeutic delivery agents, it is important to acknowledge that their rich repertoire of proteins and other macromolecules may also hold a wealth of information about the physiological state of their source cells or tissues. The RNA cargo inside EVs reflects the physiological state of the cells or tissues from which they originate, rendering them highly valuable for biomarker discovery. These vesicles are present in diverse bodily fluids, including blood serum, urine, saliva, cerebrospinal fluid, and breast milk. An advantage of utilizing RNA from EVs as biomarkers lies in their protection against degradation by RNases, ensuring stability. Furthermore, these vesicles display surface markers and RNA profiles that correspond to the cells they originated from, facilitating the enrichment of vesicles from specific tissues [85,86].



Novel technologies, such as droplet digital reverse transcription–PCR, enhance the detection of specific RNA types in extracellular vesicles. This method reveals various alterations and anomalies in the RNA cargo, which might be linked to disease and could serve as a biomarker for a particular condition. For example, the detection of tumor-specific mRNA in the EVs isolated from serum samples of glioblastoma patients [87,88]. Increased levels of certain miRNAs have been discovered in EVs isolated from the cerebrospinal fluid of patients with neurological disorders and cancer [89,90,91]. Changes in mRNA splice variants have been identified in urine from patients with myotonic dystrophy, while long non-coding RNA profiles in blood samples correlate with heart functions in patients with type 2 diabetes [23,92,93]. The utilization of extracellular vesicles as biomarkers has already undergone significant progress in clinical settings. Pathogenic mRNAs and various other macromolecules found within these vesicles are now utilized as biomarkers for diagnosing blood disorders and prognosticating prostate, lung, and other solid tumors. For instance, tests like the ExoDx prostate test from Bio-Techne utilize these biomarkers for diagnosis and prognostic evaluation [94,95,96,97].



There is considerable enthusiasm surrounding the utilization of extracellular vesicles for delivering RNA therapies. These vesicles offer diverse sourcing options, including patients’ derived vesicles, which evade immune responses, shield the enclosed cargo, display surface proteins, and accommodate multiple therapeutic substances alongside RNA [98,99,100]. However, their application in therapies is somewhat constrained due to their inherent diversity, preventing the attainment of entirely pure vesicle groups. The preparations used in experiments, termed ‘secretomes’, constitute all kinds of vesicles along with EVs. Despite these challenges, clinical research has initiated the use of extracellular vesicles for RNA treatments. Animal studies demonstrate the ability of these vesicles derived from cells like mesenchymal stem cells to traverse the body and aid in various diseases affecting vital organs and systems.



Researchers are exploring diverse avenues to harvest abundant vesicles from varied sources, including easily cultivable cells, high-volume biofluids, and even plant materials [101], which come under natural substances. Primary approaches under exploration for utilizing these vesicles in treatments encompass strategies like using vesicle-releasing cells on-site, injecting purified or modified vesicles, and implanting modified cells that produce tailored vesicles within the body [102,103,104]. Examples include investigating mesenchymal stem cell-derived vesicles for treating conditions like cerebellar ataxia, bone repair, and eye issues [105,106]. Additionally, there has been extensive research into loading isolated vesicles with specific substances or modifying their surfaces for enhanced delivery, targeting ailments such as stroke and pancreatic cancer [99,100,107]. Furthermore, there are protocols to modify vesicles to address specific targets, like bone diseases or muscular dystrophy [103]. Some studies also contemplate using modified cells to produce tailored vesicles targeting conditions like brain tumors [108,109]. EVs show lower immunogenicity and toxicity, a better ability to traverse barriers within cells and tissues, and the potential for more efficient RNA delivery while incorporating targeting molecules [98]. They allow the loading of both natural and synthetic RNA cargo, presenting potential in combined therapies [75,110]. Clinical trials involve using extracellular vesicles for tumor-targeted vaccines, enhancing the immune response by delivering tumor-specific antigens [111,112]. Additionally, these vesicles can potentially deliver pathogenic protein mRNA to dendritic cells, aiding vaccination without generating infectious agents [113,114,115]. Please refer to Table 3 to find the list of exosomal microRNA-based clinical trials conducted by the National Institute of Health (NIH).





 





Table 3. Extracellular vesicle-derived microRNAs in clinical trials.
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	Clinical Trial Name
	Clinical Phase
	Clinical Trial Identifier





	Treatment of Cerebellar Ataxia With Mesenchymal Stem Cells-Derived Exosomes
	Phase 1/2
	NCT01649687



	Allogenic Mesenchymal Stem Cell-Derived Exosome in Patients With Acute Ischemic Stroke
	Phase 1/2
	NCT03384433



	Mesenchymal Stem Cells-Derived Exosomes for Promoting Healing of Large and Refractory Macular Holes (MHs)
	Early phase 1
	NCT03437759



	iExosomes in Treating Participants With Metastatic Pancreas Cancer With KrasG12D Mutation
	Phase 1
	NCT03608631



	Role of the Serum Exosomal miRNA in Diabetic Retinopathy
	Observational
	NCT03264976



	Circulating Exosomal miRNA Expression on Patients With Heart Transplantation
	Observational
	NCT04921774



	Evaluation of Safety and Efficiency of Method of Exosome Inhalation in SARS-CoV-2-Associated Two-Sided Pneumonia
	Phase 1/2
	NCT04491240



	Serum Exosomal miRNA Predicting the Therapeutic Efficiency in Lung Squamous Carcinoma
	Observational
	NCT05854030



	Screening of Serum Exosomal miRNA as a Biomarker for Ocular Muscle Myasthenia Gravis
	Observational
	NCT05888558



	Exosomal microRNA in Predicting the Aggressiveness of Prostate Cancer in Chinese Patients
	Observational
	NCT03911999



	U01-Biomarkers for Noninvasive and Early Detection of Pancreatic Cancer
	Observational
	NCT03886571



	MicroRNAs to Predict Response to Androgen Deprivation Therapy
	Observational
	NCT02366494



	Early Detection of Lung Cancer by Combining Exosomal Analysis of Hypoxia With Standard of Care Imaging (LungExoDETECT)
	Observational
	NCT04629079



	Research on the Early and Prognosis Diagnosis of Vascular Dementia
	Observational
	NCT03152630









7. Conclusions and Future Perspectives


Despite the promising therapeutic and diagnostic potential of extracellular vesicles (EVs) in human diseases, several challenges persist. Technical barriers, such as isolation techniques, characterization, and the establishment of standardized procedures for clinically viable EV preparations, continue to be major hurdles. Current isolation methods, such as ultracentrifugation, have limitations in scalability. However, emerging techniques like tangential flow filtration hold promise for larger-scale EV production. Nonetheless, scaling up cell cultures for clinical application remains challenging, exacerbated by issues related to bioreactor usage and media supplements like fetal bovine serum, which contains EVs, necessitating rigorous characterization during scaling.



Effective dosing and understanding the mechanism of action, particularly with stem cell-derived EVs, require further investigation. The heterogeneity of EVs poses challenges in refining isolation methods to enrich functional vesicles. Developing potency assays to measure efficacy is critical for regulatory approval. Concerns arise regarding the use of EVs as drug carriers, as exogenous cargo may interfere with endogenous content, potentially causing off-target effects, especially in complex conditions like cancer. Identifying the safest cell sources for EV isolation and therapeutic use is vital to mitigate immunogenicity and unwanted cargo delivery. Improving EV targeting to specific sites necessitates a deeper understanding of delivery mechanisms while minimizing off-target effects. Although engineering EVs for specific tropism shows promise, scaling production remains an obstacle.



The development of EV-based biomarkers for diseases such as cancer demands technological advancements, particularly in high-throughput assays and standardized methodologies for clinical translation. Emerging trends and technologies offer potential solutions to these challenges. For instance, advancements in isolation techniques, such as microfluidic-based methods, may overcome scalability issues and enhance EV purity. Integration of omics technologies, including genomics, proteomics, and lipidomics, can provide comprehensive insights into EV cargo and function, facilitating the development of potent therapeutic EVs. Furthermore, the application of artificial intelligence and machine learning algorithms to analyze EV data can accelerate biomarker discovery and therapeutic optimization. Utilizing three-dimensional cell culture systems and organ-on-a-chip platforms can better mimic physiological conditions, improving our understanding of EV biology and therapeutic efficacy. Moreover, the development of standardized protocols and quality control measures for EV production and characterization is essential for reproducibility and clinical translation.



Areas for future investigation include elucidating the role of EVs in intercellular communication and disease pathogenesis, exploring novel EV-based therapeutic strategies, and optimizing EV delivery systems for targeted drug delivery. Addressing these challenges and leveraging emerging technologies will drive the translation of EV-based therapies and diagnostics from bench to bedside, ultimately improving patient outcomes in various disease settings.
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Figure 1. Schematic of RNA packaging inside extracellular vesicles. (A) RNA and RNA-binding proteins (RBPs) interact in the cytoplasm, where RBPs bind to RNA via specific sequence recognition motifs or secondary structures. The RNA-RBP complex then interacts with certain proteins in the multivesicular body (MVB). In cases of higher abundance of RNA in the cytosol, there might be passive diffusion of RNA moieties inside the extracellular vesicles: (B) RNA-RBP complexes bind to ESCRT-0 inside the MVB, which recruits ESCRT-1 and -II, initiating membrane invaginations. Subsequently, ESCRT-III drives the budding of the vesicles inside the MVB. Cargo is transported from the MVB to intraluminal vesicles and then released from the cell via exocytosis. 
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