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Abstract: Extracellular vesicles (EVs) are nanoscale membranous vesicles that mediate intercellular communication via the transport of 
bioactive cargos. With context-dependent intrinsic targeting, source- and cargo-dependent favorable biocompatibility and loading capacity, 
EVs represent promising acellular therapeutic platforms with context-dependent translational potential. However, their clinical application 
is hindered by source-associated functional heterogeneity, unclear matching relationships between administration routes and disease 
indications, as well as imperfect quality control specifications and fragmented global regulatory frameworks alongside insufficient clinical 
trial data. This review systematically summarizes the biological features of EVs originating from mesenchymal stem cells, immune cells, 
tumor cells, plants, milk, microbes and platelets, and compares the pros and cons and applicable scenarios of intravenous, oral, nasal, 
inhaled, and multiple local injection delivery modalities. We further recapitulate the research progress of EV therapeutics across regenerative 
medicine, immunotherapy, oncology, neurological and metabolic disorders, and analyze worldwide regulatory policies while sorting out the 
up-to-date industrial-sponsored global clinical pipeline updated to April 2026. Centered on a core five-dimensional matching framework 
integrating EV sources, administration routes, disease indications, critical quality attributes (CQAs) and global regulatory requirements, this 
work elaborates current translational bottlenecks and commercialization obstacles of EV products. This review provides theoretical support 
for precision EV therapy optimization, unified quality criterion establishment, international regulatory coordination and accelerated clinical 
and industrial transformation of EV-based medicines. 
Keywords: extracellular vesicles, source heterogeneity, administration route, precision therapy, clinical translation, regulatory 
specification

Introduction
Extracellular vesicles (EVs) are lipid bilayer-delimited nanoparticles actively released by all living cells. Based on biogenesis, 
size, and molecular profiles, EVs comprise multiple subsets including exosomes (endosome-derived EVs), microvesicles, and 
apoptotic bodies.1 By shuttling proteins, nucleic acids, lipids, and other bioactive cargos between cells, EVs govern 
intercellular communication and modulate a wide array of physiological and pathological processes, ranging from immune 
regulation and tissue repair to tumor progression and metabolic disturbance.2 Accordingly, EVs have emerged as 
a transformative class of diagnostic biomarkers and cell-free therapeutic agents with enormous clinical potential.
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EVs were first observed in sheep reticulocytes in 1983 but were long dismissed as metabolic waste.3,4 The 
field expanded dramatically from the early 2000s onward, driven by innovations in isolation and purification 
methods (eg., ultracentrifugation, density gradient separation, ultrafiltration, microfluidics) and high-resolution 
omics tools (eg., proteomics, high-throughput sequencing). To promote global standardization, the International 
Society for Extracellular Vesicles (ISEV) has established the Minimal Information for Studies of Extracellular 
Vesicles (MISEV) guidelines, which unify EV definition, classification, experimental reporting, and quality control.5 

Among EV subtypes, exosomes (30–150 nm, endosome-derived, positive for CD63, TSG101, CD9, and CD81) 
remain the most extensively investigated EV subset.

Three inherent properties underpin the high clinical translatability of EVs: they are produced by nearly all cell types 
with distinct parent-cell specificity, making them promising diagnostic biomarkers; their natural phospholipid bilayer 
protects cargos from enzymatic degradation, affords excellent biocompatibility and barrier-crossing capacity, qualifying 
them as ideal drug delivery vehicles; and they can be delivered via versatile routes that directly shape their in vivo 
biodistribution, targeting efficiency, and indication compatibility.6,7 Despite growing translation into clinical trials, 
several critical bottlenecks persist: marked functional heterogeneity among EVs from different cellular sources; incom
plete understanding of their therapeutic mechanisms; unvalidated correlations between EV sources, administration routes, 
and disease indications; lack of scalable and standardized manufacturing; insufficient quality control systems; and an 
incomplete and fragmented global regulatory framework.8

This work was performed as a systematic review. Literature searches were conducted in three core databases 
including PubMed, Web of Science Core Collection and Scopus, using keywords such as extracellular vesicles, 
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exosomes, source heterogeneity and administration route. The retrieval deadline was April 30, 2026. We included peer- 
reviewed original studies and authoritative reviews, and excluded non-peer-reviewed conference abstracts, preprints, and 
researches that only focused on diagnostic applications.

Against this background, this review provides a comprehensive and systematic overview of the biological character
istics and functional differences of EVs derived from multiple sources, including mesenchymal stem cells, immune cells, 
tumor cells, plants, milk, microorganisms, and platelets. We compare the strengths, limitations, and clinical scenarios of 
major delivery routes, including intravenous, oral, subcutaneous, nasal, inhaled, intrathecal, intraocular, intra-articular, 
and intraperitoneal administration. We then synthesize preclinical and clinical advances of EVs in tissue repair and 
regeneration, immune modulation, oncotherapy, neurological disorders, metabolic diseases, and other conditions. We 
further analyze the global regulatory frameworks and summarize the current global clinical landscape of industry- 
sponsored EV therapeutic products entering registered trials or regulatory review.

Distinguished from prior reviews that provide only fragmented or descriptive overviews, this review systematically 
consolidates the interrelationships among EV sources, administration routes and disease indications, and forms 
a translational framework that integrates quality control requirements and global regulatory systems. It also presents 
the updated global industrial EV clinical pipeline up to April 2026, compares regulatory discrepancies across major 
regions in depth, and puts forward targeted reflections for overcoming core translational hurdles, thereby offering distinct 
incremental value for the field.

By integrating these dimensions, this review aims to clarify the core principle of precise matching among source 
characteristics, administration routes, and therapeutic indications, in order to furnish a robust theoretical foundation and 
evidence-based reference for optimizing EV-directed precision therapy, establishing standardized quality control, pro
moting ongoing efforts toward global regulatory harmonization, and accelerating clinical translation.

Biological Characteristics of Extracellular Vesicles from Different Sources
On the basis of the above overview of EV basic properties, this section systematically elaborates the biological 
characteristics of EVs from diverse sources and their source-dependent functional heterogeneity.

Mesenchymal Stem Cell-Derived Extracellular Vesicles
Mesenchymal stem cells (MSCs) are mesoderm-derived adult stem cells with self-renewal and multilineage differentia
tion potential, obtainable from bone marrow, umbilical cord, adipose tissue, and other vascularized tissues. Mounting 
evidence demonstrates that the therapeutic effects of MSCs in tissue repair and immunomodulation are largely attributed 
to paracrine signaling, in which mesenchymal stem cell-derived EVs (MSC-EVs) serve as the primary functional 
carriers.9

MSC-EVs recapitulate the key bioactivities of parental MSCs, including tissue regeneration, immunoregulation, and 
anti-inflammation, while eliminating the safety risks associated with living cell therapy such as abnormal proliferation 
and ectopic differentiation.10 Mechanistically, MSC-EVs suppress pro-inflammatory M1 macrophage polarization, 
promote anti-inflammatory M2 macrophage polarization, modulate CD4+ T-cell differentiation, inhibit target cell 
apoptosis, enhance proliferation, and facilitate angiogenesis and extracellular matrix (ECM) remodeling to accelerate 
tissue reconstruction.11

Molecularly, MSC-EVs express canonical EV markers (CD9, CD63, CD81, CD107) and MSC-specific surface 
antigens (CD29, CD44, CD73, CD90, CD105, CD117).12 Importantly, MSC-EVs display source-dependent molecular 
and functional heterogeneity. Adipose-derived MSC-EVs are enriched in proteins involved in tissue repair and inflam
mation regulation, whereas bone marrow-derived MSC-EVs preferentially express factors related to osteogenesis and 
angiogenesis.13

Accordingly, MSC-EVs from distinct tissues show divergent therapeutic preferences, where umbilical cord-derived 
MSC-EVs are extensively investigated for type 2 diabetes mellitus (T2DM) and diabetic complications by preserving β- 
cell function, restoring insulin sensitivity, and promoting diabetic wound healing,14–16 while adipose-derived MSC-EVs 
exhibit preclinical efficacy in osteoarthritis (OA) by enhancing collagen synthesis, repairing ECM, and attenuating 
synovial inflammation.17,18
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Immune Cell-Derived Extracellular Vesicles
Immune cells are the core effector populations of innate and adaptive immunity and major EV producers. Immune cell- 
derived EVs (IC-EVs) exhibit functional heterogeneity and bidirectional immunomodulatory effects, determined by 
parental cell subtype, activation state, and microenvironmental context. Major immune lineages, including T cells, 
B cells, natural killer (NK) cells, dendritic cells (DCs), macrophages, and neutrophils, can secrete EVs with specialized 
immunoregulatory activities.19 IC-EVs stably retain source-derived membrane proteins, cytokines, and microRNAs 
(miRNAs); their phospholipid bilayer protects cargos from circulation degradation, enabling tuned immune regulation 
in infection, cancer, and autoimmune diseases.20

As a core population of antigen-presenting cells, DC-derived EVs carry major histocompatibility complex (MHC) 
molecules and costimulatory molecules from the surface of parental cells, enabling direct antigen presentation to T cells, 
efficient activation of naive T cells, and initiation and regulation of specific adaptive immune responses.21 NK cell- 
derived EVs are the most extensively studied innate immune subset, which are armed with perforin, granzyme, 
granulysin, FasL, and TRAIL, enabling direct and potent cytotoxicity against breast cancer, melanoma, and hematolo
gical malignancies through multiple mechanisms.22,23

Tumor Cell-Derived Extracellular Vesicles
Tumor cell-derived extracellular vesicles (TEVs) are actively secreted by cancer cells and inherit the specific molecular 
signatures of parental tumor cells, acting as critical communicators in the tumor microenvironment (TME). TEVs are 
enriched with three major classes of tumor-specific components: tumor-associated membrane and soluble proteins, 
tumor-specific antigens and neoepitopes, and oncogenic nucleic acids including mutated genes, miRNAs (microRNA), 
long non-coding RNAs (lncRNAs), and circular RNA (circRNAs).24 Through paracrine and endocrine signaling, TEVs 
regulate nearly all hallmarks of cancer, including proliferation, invasion, angiogenesis, immune suppression, chemore
sistance, and the formation of pre-metastatic niches, thereby reshaping local and systemic tumor-promoting 
microenvironments.25,26

Owing to their high stability in biofluids and disease-specific molecular profiles, TEVs represent ideal candidates for 
liquid biopsy. They exhibit great clinical value in early cancer detection, molecular subtyping, therapeutic monitoring, 
and prognostic assessment.27,28 In addition, TEVs can be developed as tumor vaccines or targeted delivery vehicles, 
providing a flexible platform for precision cancer immunotherapy and drug delivery.

Plant-Derived Extracellular Vesicles
Plant-derived EVs (PDEVs) are nanosized vesicles secreted by plant cells, with a typical lipid bilayer structure and 
a diameter of 30–200 nm. They can be reliably isolated from numerous edible plants including ginger, grape, grapefruit, 
and broccoli, and possess exceptional stability in the gastrointestinal tract, low immunogenicity, and excellent biosafety, 
supporting oral administration feasibility.29,30 PDEVs exert intrinsic anti-inflammatory, antioxidant, antitumor, and 
regenerative activities mainly by inhibiting the nuclear factor-kappa B (NF-κB) pathway, reducing oxidative stress, 
inducing ROS-dependent tumor cell apoptosis, and blocking cell cycle progression.31–34

Beyond direct therapeutic effects, PDEVs represent promising natural carriers for drug delivery. Compared with 
synthetic liposomes, PDEVs display lower immunogenicity and higher biocompatibility, and can function across species. 
Compared with mammalian EVs, they are more cost-effective and scalable. PDEVs can efficiently load chemotherapeutic 
agents, proteins, and nucleic acids via electroporation or co-incubation, and targeted modification further enhances lesion 
accumulation for precise disease intervention.35–37

Microbe-Derived Extracellular Vesicles
Gut microbiota plays a fundamental role in host homeostasis, and microbe-derived extracellular vesicles (MEVs) are 
key mediators of host-microbe cross-talk. MEVs include outer membrane vesicles (OMVs) from Gram-negative 
bacteria and cytoplasmic membrane vesicles (CMVs) from Gram-positive bacteria, ranging from 20 to 400 nm, and 
carry pathogen-specific molecules such as lipopolysaccharide (LPS), peptidoglycan, proteins, and metabolites.38,39 
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MEVs mediate microbial communication and regulate host physiology by crossing the intestinal barrier and 
modulating immune cell functions systemically.40

Probiotic-derived MEVs can skew macrophage polarization toward either pro-inflammatory M1 or anti-inflammatory 
M2 phenotypes in a context-dependent manner, enhance intestinal barrier integrity by upregulating tight junction 
proteins, and restore gut microbial balance. These properties render MEVs effective in ameliorating inflammatory 
bowel disease, intestinal barrier dysfunction, and metabolic disorders.41,42 With controllable immunogenicity, MEVs 
also serve as candidate vaccine carriers and immunomodulators for anti-infective and antitumor applications.

Bovine Milk-Derived Extracellular Vesicles
Milk-derived EVs (M-EVs) are secreted by mammary epithelial cells and immune cells in milk, and are highly abundant 
in bovine milk. They possess a remarkably diverse molecular cargo including proteins, lipids, mRNAs, and miRNAs, and 
exhibit extraordinary stability that resists gastric acid, digestive enzymes, and thermal processing. This stability allows 
M-EVs to bypass intestinal degradation and enter the circulation, overcoming the major limitation of poor oral 
bioavailability of most mammalian EVs.43,44

M-EVs exert multifaceted biological functions, including promoting immune cell maturation, regulating macrophage 
and T-cell polarization, maintaining intestinal mucosal integrity, modulating gut microbiota, and participating in 
neurodevelopment and systemic metabolic regulation. With wide availability, low cost, low immunogenicity, and 
excellent oral compatibility, M-EVs are promising for oral drug delivery, intestinal immune regulation, and the treatment 
of metabolic and inflammatory diseases.45,46

Extracellular Vesicles from Other Sources
In addition to the aforementioned sources, several somatic and tissue-specific stem cells also secrete functionally distinct 
EVs. Platelet-derived EVs (PEVs) are released by resting or activated platelets and are enriched in coagulation factors, 
growth factors, chemokines, and functional miRNAs, contributing to hemostasis, wound repair, angiogenesis, and tissue 
regeneration.47–49

Neural stem/progenitor cells (NSCs/NPCs)-derived EVs carry neuron-specific miRNAs and neurotrophic factors, 
participating in neurogenesis, neural protection, anti-neuroinflammation, and blood-brain barrier (BBB) homeostasis. 
Importantly, these EVs can effectively cross the BBB, providing a potential delivery strategy for central nervous system 
(CNS) diseases.50–52 Cardiomyocyte-derived EVs (CM-EVs) harbor cardiac-specific miRNAs and antifibrotic factors, 
which attenuate myocardial fibrosis by inhibiting fibroblast activation and ECM deposition, thereby preserving cardiac 
function after injury.53

The diverse sources and biological characteristics of EVs are illustrated in Figure 1 and systematically compared 
across different sources in Table 1.

Administration Routes of Extracellular Vesicles
Intravenous Injection
Intravenous injection is the most commonly employed systemic administration route for extracellular vesicles (EVs) in 
both preclinical research and clinical trials. It allows for precise control of the administered dose and enables widespread 
biodistribution of EVs through the systemic circulation, and is applicable to systemic diseases such as metabolic 
disorders, CNS diseases, and malignant tumors.16,54,55 Specifically, intravenously infused EVs can improve peripheral 
insulin resistance in T2DM by restoring the phosphorylation levels of insulin receptor substrate 1 (IRS-1) and protein 
kinase B (Akt), reduce β-amyloid (Aβ) deposition in Alzheimer’s disease (AD), and suppress tumor growth and 
metastasis by regulating systemic immune responses and downregulating the activation of regulatory T cells (Tregs).

However, intravenously delivered EVs are rapidly recognized and cleared by the mononuclear phagocyte system in 
organs such as the liver and spleen, resulting in a short circulating half-life (usually several minutes to hours) and 
relatively low enrichment in target lesions. Therefore, repeated administration or surface engineering modifications are 
often required to prolong their in vivo retention time and enhance targeting efficiency.56
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Oral Administration
Oral administration is a non-invasive route with high patient compliance, which may support long-term clinical 
application. This route is feasible for PDEVs and M-EVs, which possess inherent stability against gastric acid and 
digestive enzyme degradation in the gastrointestinal tract.30,44 Orally administered EVs can cross the intestinal mucosal 
barrier to enter the systemic circulation, exerting therapeutic effects in inflammatory bowel disease, malignant tumors, 
and even neurodegenerative disorders via the microbiota-gut-brain axis. For example, M-EVs loaded with anthocyanins 
exhibit dose-dependent cytotoxicity against tumor cells, while ginger-derived PDEVs can improve behavioral symptoms 
in Parkinson’s disease (PD) models.57–59

Figure 1 Schematic overview of diverse sources and application directions of extracellular vesicles (EVs). The diagram categorizes EVs by biological origins (including MSCs, 
immune cells, tumor cells, plant, milk, and microbial sources) and highlights their corresponding therapeutic applications, as well as key engineering modification strategies 
for enhanced translational potential. Created in BioRender. Fen, (Z) (2026) https://BioRender.com/e79ener.
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Despite these advantages, the oral bioavailability of EVs remains relatively low-only a small fraction can cross the 
intestinal barrier, with most retained in the intestinal lumen or degraded during digestion.60 To address this, formulation 
strategies such as hydrogel encapsulation have been developed to protect EVs from gastric acid and digestive enzymes, 
thereby improving their intestinal absorption and bioavailability.61

Nasal Instillation
Nasal instillation is a non-invasive, repeatable administration route that allows EVs to bypass the BBB via olfactory and 
trigeminal nerve pathways, enabling direct targeting of the CNS. This unique advantage makes it the preferred route for 
treating CNS diseases such as AD, PD, and ischemic stroke.62–64 For example, adipose-derived MSC-EVs delivered via 

Table 1 Comparison of Biological Characteristics of Extracellular Vesicles from Different Sources

Source Type Biological Characteristics Potential Application Directions References

Mesenchymal stem 
cells

Low immunogenicity, good biocompatibility; rich in 
growth factors, functional miRNAs and proteins; 

broad-spectrum immune regulation and multi-tissue 

repair activity; scalable isolation and easy engineering 
modification

Tissue injury repair and regeneration, 
inflammatory diseases, neurological diseases, 

metabolic diseases, targeted drug delivery 

carriers

[9–18]

Immune cells Bidirectional pro-inflammatory/anti-inflammatory 
functions dependent on parental cell phenotype; 

carry antigen-presenting molecules, immune 

regulators, cytotoxic proteins, and functional nucleic 
acids; mediate long-distance immune cell 

communication and precise immune regulation

Tumor immunotherapy, autoimmune disease 
intervention, infectious disease prevention, novel 

tumor vaccine development

[19–23]

Tumor cells Carry full-spectrum tumor-associated antigens, 

neoantigens, and pro-tumor/metastasis molecules; 
mediate TME regulation and tumor cell 

communication; inherent homologous tumor 

targeting

Early tumor diagnostic biomarkers, novel tumor 

vaccine development, anti-tumor drug delivery 
carriers

[24–28]

Edible plants Rich in polyphenols, flavonoids, and functional nucleic 

acids; stable membrane structure resistant to 
gastrointestinal acid/enzymatic hydrolysis; high oral 

bioavailability, low immunogenicity, good biosafety; 

wide raw material sources and low-cost large-scale 
preparation

Inflammatory bowel disease, neurodegenerative 

diseases, metabolic diseases, malignant tumors, 
oral drug delivery carriers

[29–37]

Microbes (bacteria/ 
fungi)

Mainly bacterial OMVs/CMVs; carry microbial 
antigens, virulence factors, or immune regulators; 

mediate host-microbe crosstalk and regulate 

intestinal mucosal/systemic immune homeostasis

Anti-infective vaccine carriers, gut microbiota 
modulation, inflammatory bowel disease therapy, 

anti-tumor immune regulation

[38–42]

Bovine milk Wide raw material sources, scalable acquisition, low 

preparation cost; rich in milk-derived proteins, lipids, 
and functional miRNAs; highly resistant to 

gastrointestinal acid/enzymatic hydrolysis, excellent 

oral stability; low immunogenicity and good 
biocompatibility

Oral targeted drug delivery carriers, intestinal 

immune regulation, metabolic disease 
intervention, tissue injury repair

[43–46]

Other Sources 
(platelets, neural stem 

cells, cardiomyocytes, 

etc).

Carry tissue-specific functional and signaling 
molecules; inherent tissue homologous targeting; 

precisely regulate local tissue microenvironments and 

mediate cell-specific function modulation

Angiogenesis regulation, neural injury repair, 
myocardial ischemia protection, tissue 

homologous targeted drug delivery

[47–53]
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nasal instillation can efficiently enter the brain, reduce Aβ deposition, and improve cognitive function in AD model mice; 
bitter melon-derived PDEVs can target ischemic brain regions to alleviate neuronal damage in stroke models.

However, the nasal mucociliary clearance system rapidly removes free EVs, and the nasal epithelial barrier restricts 
their trans-mucosal transport. These factors reduce the bioavailability and brain-targeting efficiency of EVs, requiring 
formulation optimization to enhance their retention and penetration.

Aerosol Inhalation
Aerosol inhalation enables direct, site-specific delivery of EVs to the lungs as an aerosol, achieving high local 
concentrations with minimal systemic exposure. This route is used for respiratory diseases such as pulmonary fibrosis, 
asthma, chronic obstructive pulmonary disease (COPD), lung cancer, and postoperative lung metastasis.65,66 Inhaled EVs 
can modulate the pulmonary immune microenvironment, promote alveolar epithelial repair, and inhibit tumor progres
sion—for example, M1 macrophage-derived EVs loaded with PD-L1 inhibitors can suppress postoperative lung 
metastasis by repolarizing tumor-associated macrophages and activating anti-tumor immunity.

A major challenge is that traditional nebulizers (eg., ultrasonic and jet nebulizers) may damage EV structural integrity 
through shear stress or thermal effects, leading to cargo leakage and reduced bioactivity. Additionally, significant EV 
adhesion and residue in delivery tubes compromise dosing accuracy, requiring specialized nebulization systems and 
optimized formulations.67

Subcutaneous Injection
Subcutaneous injection is a minimally invasive, easily operated local delivery route, where EVs are injected into the 
space between the dermis and subcutaneous fat. A key feature of this route is that injected EVs are preferentially 
transported to regional lymph nodes through the lymphatic system, supporting its use for skin wound repair, inflamma
tory skin diseases (eg., atopic dermatitis), tumor vaccines, and systemic immune regulation.68–70 For instance, human 
umbilical cord blood-derived EVs injected subcutaneously can promote angiogenesis and collagen synthesis to accelerate 
wound healing and reduce scar formation, while MSC-derived EVs can alleviate skin inflammation and repair the skin 
barrier.

Nonetheless, free EVs diffuse rapidly in subcutaneous tissue and are quickly cleared, leading to short local retention 
time and unstable therapeutic concentrations. Microneedle-based delivery systems have been developed to overcome this 
limitation, enabling precise and controlled delivery of EVs to the dermis for sustained release and prolonged therapeutic 
effects.71,72

Intravitreal Injection
Intravitreal injection directly delivers EVs into the vitreous cavity, bypassing the blood-retinal barrier to achieve high- 
efficiency targeting of the retina and optic nerve. This route is employed for posterior segment eye diseases such as age- 
related macular degeneration (AMD), diabetic retinopathy (DR), glaucoma, and retinitis pigmentosa (RP).73,74 MSC- 
derived EVs injected intravitreally can protect retinal pigment epithelial (RPE) cells from oxidative stress via the nuclear 
factor erythroid 2-related factor 2 (Nrf2)/Kelch-like ECH-associated protein 1 (Keap1) pathway, while plasma-derived 
small EVs can alleviate retinal ganglion cell degeneration in glaucoma models.

As an invasive procedure, this route carries risks of complications including retinal detachment, vitreous hemorrhage, 
and endophthalmitis. Repeated injections further increase these safety concerns, limiting its application for long-term 
therapy.

Intrathecal Injection
Intrathecal injection delivers EVs directly into the subarachnoid space, allowing them to enter the cerebrospinal fluid 
(CSF) and distribute to the spinal cord and brain without being blocked by the BBB or blood-spinal cord barrier. This 
route enables delivery for severe CNS diseases such as spinal cord injury (SCI), neuropathic pain, multiple sclerosis, and 
intracranial infections.75,76 Clinical studies have confirmed that intrathecally delivered umbilical cord MSC-EVs can 
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improve sensory and motor function in SCI patients, while red blood cell-derived EVs can serve as safe carriers for CNS 
gene therapy with no obvious acute toxicity.

Nevertheless, the invasive nature of this procedure carries risks of intracranial infection, subarachnoid hemorrhage, 
cerebrospinal fluid leakage, and arachnoiditis. Poor patient compliance and the unsuitability for repeated administration 
remain major translational obstacles.

Intra-Articular Injection
Intra-articular injection directly delivers EVs into the joint cavity, achieving high local concentrations in articular 
cartilage, synovium, and meniscus while minimizing systemic exposure. This route is applied to joint diseases such as 
OA and rheumatoid arthritis (RA).77,78 Adipose-derived EVs injected intra-articularly can delay cartilage degeneration, 
inhibit synovial inflammation, and repolarize macrophages toward an anti-inflammatory phenotype; M2 macrophage- 
derived EVs loaded with interleukin-10 (IL-10) can further enhance anti-inflammatory effects and promote joint repair.

The primary limitation is that EVs are rapidly cleared from the joint space, requiring frequent injections to maintain 
therapeutic effects. Local infection and inflammatory reactions are also potential risks associated with repeated 
administration.

Intraperitoneal Injection
Intraperitoneal injection delivers EVs directly into the peritoneal cavity, allowing them to act on intra-abdominal organs 
(eg., intestines, pancreas, liver) by crossing local tissue barriers. This route is used for peritoneal fibrosis, inflammatory 
bowel disease, acute pancreatitis, and abdominal malignancies.79,80 For example, astragalus-pretreated macrophage EVs 
injected intraperitoneally can alleviate peritoneal thickening and collagen deposition, while Coptis chinensis-derived 
PDEVs can target colonic inflammation to repair the intestinal mucosal barrier.

However, the absorption efficiency of EVs is highly dependent on peritoneal integrity and physiological status, 
leading to individual variability in biodistribution and therapeutic outcomes, which limits the stability of its therapeutic 
effects.

The administration routes and their corresponding disease applications of EVs are illustrated in Figure 2. The detailed 
advantages, limitations, and clinical scenarios of each route are further summarized in Table 2.

Therapeutic Applications of Extracellular Vesicles From Different Sources 
in Various Diseases
EVs hold promising therapeutic potential in multiple fields, including tissue repair, immune modulation, oncology, 
neurological disorders and metabolic diseases. It is noteworthy that the vast majority of research in this field is still 
limited to preclinical cellular and animal studies, while only a handful of projects have progressed to early-phase clinical 
trials. Unless otherwise indicated, all therapeutic effects and mechanisms of action presented in this chapter are sourced 
from published peer-reviewed preclinical studies.

Tissue Repair and Regeneration
Tissue injury involves dysregulated inflammation, impaired cell regeneration, and aberrant ECM remodeling, represent
ing a central focus in regenerative medicine.81 As key paracrine mediators, EVs inherit the bioactive functions of parental 
cells while avoiding the safety risks of living cell therapy, including abnormal differentiation, tumorigenicity, and 
immune rejection. EVs orchestrate the entire repair process by regulating inflammatory homeostasis, promoting cell 
proliferation and migration, and controlling ECM remodeling, with source-dependent functional heterogeneity determin
ing their suitability for different injury types.82

Inflammatory balance is critical for successful repair, and excessive inflammation leads to delayed healing and 
scarring. EVs maintain local immune homeostasis by modulating macrophage polarization. Lactobacillus reuteri-derived 
EVs inhibit LPS-induced M1 polarization and promote M2 polarization, thereby reducing inflammation and accelerating 
wound healing.83 M2 macrophage-derived EVs further enhance angiogenesis via the AKT/mammalian target of 
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rapamycin (mTOR) pathway to promote tissue repair.84 In skin injury, AD-MSC-EVs stimulate fibroblast activity and 
collagen organization through the phosphatidylinositol 3-kinase (PI3K)/Akt pathway to reduce pathological scarring;18 in 
bone defects, BM-MSC-sEVs promote osteogenesis via the mitogen-activated protein kinase (MAPK) pathway;85 and in 
ischemic visceral injury, MSC-EVs attenuate apoptosis and support parenchymal regeneration.86

EVs improve repair quality by fine-tuning collagen deposition and matrix metalloproteinase (MMP)/tissue inhibitor of 
metalloproteinase (TIMP) balance. AD-MSC-EVs normalize collagen ratios and inhibit myofibroblast differentiation, 
thus reducing scar formation.87 Similarly, hydrogel-loaded PDEVs enhance diabetic wound healing by regulating 

Figure 2 Schematic representation of major administration routes and disease applications of extracellular vesicles (EVs). The diagram summarizes common EV delivery 
routes (including intravenous, oral, nasal, inhalation, subcutaneous, intravitreal, intrathecal, intra-articular, and intraperitoneal injection) and their corresponding disease- 
specific indications, illustrating route-tailored therapeutic potential. Created in BioRender. Fen, (Z) (2026) https://BioRender.com/e79ener.
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angiogenesis, collagen synthesis, and local inflammation.32,33 Bovine milk-derived EVs further support clinical transla
tion due to their high stability, scalability, and low immunogenicity.88

Immune Regulation and Inflammatory Disease Therapy
Dysregulation of innate and adaptive immunity underlies autoimmune diseases, chronic inflammation, and transplant 
rejection. As key immune communicators, EVs carry proteins, cytokines, and non-coding RNAs to modulate antigen 
presentation, immune cell activation, and inflammatory responses. EVs from immune cells, MSCs, plants, and 
microbes exhibit distinct immunomodulatory properties suitable for various inflammatory disorders.89 Macrophage 
polarization is central to inflammation control, and M2-EVs inherit anti-inflammatory phenotypes to restore immune 
balance. In RA, M2-EVs suppress synovial M1 activation and protect cartilage;90 in aortic valve calcification, they 
deliver miRNAs to drive M2 polarization;91 and in OA, they reduce inflammatory and catabolic factors while 
preserving matrix synthesis.92

Beyond macrophages, EVs coordinate adaptive immunity by regulating T, B, NK, and DC function. T cell- 
derived EVs induce immune tolerance and suppress excessive effector T cell responses, showing potential in 
transplant rejection.93,94 B cell-derived EVs mediate long-range immune signaling and enhance anti-infective and 
anti-tumor immunity.95 MSC-EVs act as broad immunomodulators by inhibiting lymphocyte overactivation and 
promoting M2 polarization. UC-MSC-EVs correct T helper 17 (Th17)/regulatory T cell (Treg) imbalance in lupus 

Table 2 Comparison of Different Administration Routes of Extracellular Vesicles and Their Application Scenarios

Administration 
Route

Advantages Limitations Application Scenarios References

Intravenous 

injection

Precise dosing, widespread systemic 

distribution via circulation, suitable 

for systemic diseases

Short in vivo half-life, limited 

lesion targeting

Metabolic diseases, CNS disorders, 

malignant tumors

[16,54–56]

Oral 

administration

Non-invasive, simple operation, high 

long-term compliance

Low oral bioavailability, 

limited trans-mucosal 
delivery

Inflammatory bowel disease, 

malignant tumors, CNS disorders

[57–61]

Nasal instillation Non-invasive, repeatable, direct BBB 

bypass for CNS targeting

Limited mucosal absorption, 

low bioavailability

AD, PD, ischemic stroke, nerve 

injury

[62–64]

Aerosol inhalation Direct lung targeting, high local 

concentration, low systemic 

exposure

Conventional nebulizers 

damage EV integrity, 

imprecise dosing

Pulmonary fibrosis, asthma, COPD, 

lung cancer, postoperative lung 

metastasis

[65–67]

Subcutaneous 

injection

Simple operation, minimal trauma, 

lymph node targeting

Short local retention, 

frequent dosing

Skin wound repair, inflammatory 

skin diseases, tumor vaccines, 
systemic immune regulation

[68–71]

Intravitreal 
injection

Direct blood-retinal barrier bypass, 
high posterior segment enrichment, 

low systemic exposure

Invasive, procedure-related 
complications (infection, 

detachment, hemorrhage)

AMD, DR, glaucoma, RP [73,74]

Intrathecal 

injection

Direct CNS entry, high delivery 

efficiency

Highly invasive, poor patient 

compliance

SCI, neuropathic pain, multiple 

sclerosis

[75,76]

Intra-articular 

injection

High local concentration, minimal 

systemic adverse effects

Short local retention, 

frequent dosing

OA, RA [77,78]

Intraperitoneal 

injection

High intra-abdominal local 

enrichment, crosses intra-abdominal 

organ barriers

Absorption affected by 

peritoneal function, inter- 

individual variability

Peritoneal fibrosis, inflammatory 

bowel disease, acute pancreatitis, 

intra-abdominal malignancies

[79,80]
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nephritis and alleviate renal injury via the interleukin-6 (IL-6)/signal transducer and activator of transcription 3 
(STAT3)/interleukin-17 (IL-17) pathway.96

Plant and probiotic-derived EVs offer safe, oral-compatible options for intestinal inflammation. Catharanthus roseus- 
derived PDEVs relieve immunosuppression by enhancing immune cell function,97 while probiotic EVs target the 
mucosal microenvironment to reduce intestinal inflammation and maintain barrier integrity.98

Tumor Therapy
Malignant tumors remain a leading cause of death worldwide, with conventional therapies limited by toxicity, resistance, and 
immunosuppressive TME.99 With high biocompatibility, barrier-crossing ability, and engineering flexibility, EVs provide 
a multifaceted platform for precision cancer therapy, with source-specific functions supporting diverse therapeutic strategies.

As acellular tumor vaccines, TEVs carry tumor antigens and neoantigens to activate CD8+ T cells without tumori
genic risks, eliciting robust anti-tumor immunity in preclinical models.100,101 Immune cell-derived EVs further reshape 
anti-tumor immunity: M1-EVs enhance T cell-mediated tumor regression;21 NK-EVs deliver cytotoxic molecules to kill 
hematologic and solid tumors;102 and CD8+ T cell-EVs target stromal and vascular components to inhibit metastasis.103

Plant and microbial EVs exert intrinsic anti-tumor activity. Grapefruit-derived PDEVs induce melanoma cell cycle 
arrest via Akt/PI3K/mTOR inhibition,31 and bacterial OMVs synergize with chemotherapy to promote apoptosis.104 As 
delivery carriers, EVs protect chemotherapeutics and nucleic acids from degradation. Folate-modified ginger PDEVs 
enable targeted siRNA delivery for oral cancer therapy,34 and bovine milk-derived EVs, with outstanding in vivo 
stability, long circulation, scalable production and low immunogenicity, serve as an candidate carrier for oral tumor- 
targeted delivery; functionalization with targeting ligands further enhances tumor specificity and reduces off-target 
effects, showing great potential in personalized cancer therapy.105,106

Notably, MSC-EVs display source-dependent bidirectional effects: they may promote angiogenesis and immune 
suppression to support tumor progression,107,108 yet can also serve as targeted delivery vehicles for anti-tumor agents.109 

Identifying the core determinants of the biphasic regulatory effects of MSC-EVs and standardizing their preparation and 
quality control are the key issues to be addressed for future clinical translation in this field.

Neurological Disease Therapy
Neurological disorders are hampered by poor neuronal regeneration and limited BBB penetration of conventional drugs. 
EVs naturally cross the BBB and can be delivered intravenously or nasally, exerting neuroprotective, anti-inflammatory, 
and pro-regenerative effects in stroke, TBI, SCI, AD, and PD (Parkinson’s disease).110

Persistent neuroinflammation drives neuronal damage, and EVs modulate microglial polarization to alleviate neuroin
flammation. Hypoxia-primed microglial EVs promote M2 polarization and reduce post-stroke neuronal death,111 while 
A2 astrocyte EVs deliver miR-628 to suppress pro-inflammatory signaling in cerebral ischemia.112 In neurodegeneration, 
MSC-EVs protect neurons via multiple pathways: activating autophagy and Nrf2 in AD,113 inhibiting NF-κB through 
miR-146a,114 and regulating PTEN-PI3K/Akt via miR-223.115 In PD models, MSC-EVs accumulate in the substantia 
nigra, reduce dopaminergic neuron loss, and improve motor function.116

PDEVs offer low immunogenicity, oral/nasal deliverability, and inherent neuroactive components.117 Black wolfberry 
PDEVs attenuate Aβ-induced neurotoxicity,118 and kudzu PDEVs enhance mitophagy to protect dopaminergic neurons 
and alleviate PD-related deficits,119 supporting their potential for non-invasive CNS therapy.

Metabolic Disease Therapy
Metabolic diseases, including obesity, T2DM, non-alcoholic fatty liver disease (NAFLD), and AS, are driven by systemic 
metabolic and immune dysregulation.120 Current treatments focus on symptom control, while EVs provide multi-targeted 
therapy by modulating immune homeostasis, metabolic reprogramming, tissue repair, and gut barrier function.

In metabolic organs, EVs resolve chronic low-grade inflammation. AD-MSC-EVs induce M2 macrophage polariza
tion in adipose tissue to maintain metabolic homeostasis.121 BM-MSC-EVs reduce hepatocyte apoptosis and enhance 
autophagy in acute liver injury,122 while engineered HEK293T EVs target the liver to improve steatosis and inflammation 
in metabolic dysfunction-associated steatohepatitis (MASH).123
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Edible EVs from plants, milk, and probiotics enable safe, long-term oral intervention via the gut-liver and gut-adipose 
axes. Shiitake PDEVs attenuate liver inflammation by inhibiting the NOD-like receptor protein 3 (NLRP3) 
inflammasome;124 bovine milk EVs enhance intestinal barrier function and reduce hepatic steatosis;125 and 
Akkermansia muciniphila EVs improve insulin sensitivity and body composition in diet-induced obesity.126

Other Indications
EVs also show promise in respiratory, ocular diseases, degenerative, skeletal, and drug-resistant infections. For respira
tory diseases, aerosol-inhaled EVs directly target lung tissue, delivering anti-inflammatory and reparative effects for 
conditions such as pulmonary fibrosis and asthma.65–67 For ocular diseases, intravitreally injected EVs cross the blood- 
retinal barrier, supporting retinal protection and visual function in AMD, DR, and glaucoma.73,74

In intervertebral disc degeneration (IVDD), hypoxia-conditioned MSC-EVs deliver miR-17-5p to inhibit Toll-like receptor 
4 (TLR4)/PI3K-AKT signaling, promoting nucleus pulposus cell survival and matrix synthesis.127 In bone metabolic 
disorders, DC-derived EVs carry anti-inflammatory factors to suppress osteoclast activity and restore bone homeostasis.128

For drug-resistant infections, EVs penetrate bacterial biofilms and serve as efficient delivery platforms. Ginger- 
derived PDEVs loaded with Pd-Pt nanosheets exert combined electrodynamic therapy (EDT)/photothermal therapy 
(PTT) effects to eradicate resistant bacteria and biofilms, offering an antibiotic-free antibacterial strategy.129

The core mechanisms and representative references of EV therapy in various indication categories are listed in Table 3.

Table 3 Main Indications and Mechanisms of Action of Extracellular Vesicles from Different Sources

Indication Category Common EV 
Sources

Core Mechanisms References

Tissue repair and regeneration MSCs, plants, bovine 

milk, probiotics

Regulate local inflammatory homeostasis, promote repair cell 

proliferation/migration, inhibit apoptosis, precisely control ECM 
remodeling and scar formation, accelerate tissue repair and 

functional recovery

[18,32,33,81–88]

Immune regulation and 

inflammatory diseases

Immune cells, MSCs, 

plants, probiotics

Regulate M1/M2 macrophage polarization, maintain innate/ 

adaptive immune homeostasis, inhibit inflammatory cascades, 

modulate immune cell activation, reverse inflammatory 
imbalance

[89–98]

Tumor therapy Tumor cells, immune 

cells, MSCs, plants, 

bovine milk

Induce specific anti-tumor immunity as vaccines, remodel tumor 

immunosuppressive microenvironments, deliver anti-tumor 

drugs as carriers, directly induce apoptosis and inhibit 
proliferation/metastasis

[21,31,34,99–109]

Neurological diseases Glial cells, MSCs, 
plants

Regulate microglial polarization, inhibit neuroinflammation, 
protect neurons and inhibit apoptosis, promote neural 

regeneration/synapse remodeling, inherently cross the BBB for 

CNS targeting

[111–119]

Metabolic diseases MSCs, plants, bovine 

milk, probiotics

Regulate systemic glucose/lipid homeostasis, maintain gut barrier 

integrity, modulate metabolic organ immune microenvironments, 
inhibit chronic low-grade inflammation, improve peripheral 

insulin resistance

[120–126]

Other diseases (respiratory, 

ocular, IVDD, bone regeneration, 

anti-infection)

MSCs, immune cells, 

plants

Reduce inflammation and promote repair in pulmonary fibrosis 

and asthma via aerosol-inhaled EVs; cross the blood-retinal 

barrier and protect retinal cells in AMD, DR, and glaucoma via 
intravitreally injected EVs; promote NPC proliferation and ECM 

synthesis to slow IVDD; inhibit osteoclast-mediated bone loss; 

penetrate biofilms to eliminate bacteria/biofilms for anti- 
infection

[65–67,73,74,127–129]
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Global Regulatory System for Extracellular Vesicle Therapeutic Products
Europe and the United States
Europe and the United States have established relatively mature regulatory frameworks for EV-based therapeutics, which 
serve as important references for global standardization. In the European Union (Binding regulation), EV products are 
mainly regulated under Directive 2001/83/EC and Regulation (EC) No 1394/2007 on advanced therapy medicinal 
products (ATMPs) (Binding regulation). EVs directly isolated from cells without functionally translated nucleic acids 
are generally not classified as ATMPs (advanced therapy medicinal product), but regulated according to their biological 
properties and indications. In contrast, EVs carrying functional nucleic acids that mediate therapeutic effects are defined 
as ATMPs. The European Medicines Agency (EMA) Committee for Advanced Therapies (CAT) further specifies that 
(Interpretive statement) EVs loaded with recombinant nucleic acids whose efficacy depends on such components meet 
the definition of gene therapy medicinal products under Article 21 of Regulation (EC) No 1394/2007, and must undergo 
full ATMP review and approval.130

In the United States, EV therapeutics are overseen by the U.S. Food and Drug Administration (FDA) Center for 
Biologics Evaluation and Research (CBER). The core legal basis includes Section 351 of the Public Health Service Act 
(PHS Act) governing human cellular and tissue-based products (HCT/Ps) (Binding regulation), as well as the Federal 
Food, Drug, and Cosmetic Act (FD&C Act) for drugs and biologics (Binding regulation). The FDA has issued public 
safety notifications regarding adverse event reporting for EV products and warning letters against unapproved EV-based 
therapies (Interpretive statement), emphasizing that any EV product intended for human therapeutic use requires formal 
premarket approval.131

Asia
Regulatory systems for EV therapeutics in Asia have developed rapidly in recent years, with Japan and China as key 
representatives. In Japan, EV products are regulated by the Ministry of Health, Labour and Welfare (MHLW) and the 
Pharmaceuticals and Medical Devices Agency (PMDA) under the Pharmaceuticals and Medical Devices Act (Binding 
regulation). While cell and gene therapy products are classified as regenerative medicine products, non-living EV 
formulations that act through pharmacological, immunological, or metabolic mechanisms are categorized as general 
pharmaceuticals.132 In August 2024, the PMDA released the Quality and Safety Assessment Report for Extracellular 
Vesicle Therapeutic Products (Official formal guidance), representing the world’s first national-level official technical 
guideline dedicated to EV drug development.133

In China, the National Medical Products Administration (NMPA) is accelerating the establishment of a standardized 
regulatory system for EV therapeutics. In June 2025, the Center for Drug Evaluation (CDE) issued the Draft for 
Comment on the Scope, Classification and Interpretation of Advanced Therapy Medicinal Products (ATMPs) (Draft 
guidance), formally incorporating EV therapeutics into the ATMP framework and classifying them as either novel 
delivery system drugs or cell derivative products according to their composition and mechanism. In August 2025, the 
National Institutes for Food and Drug Control (NIFDC) systematically expounded the research and development, quality 
control, and nonclinical evaluation of EV drugs (Interpretive statement), marking the first official technical review 
supporting the druggability of EV products.134

Global Clinical Landscape of Extracellular Vesicle Therapeutic Products
To systematically illustrate the industrial translation of extracellular vesicle (EV) therapeutics, this chapter summarizes 
the global clinical pipeline of EV products with a focus on industry-sponsored candidates undergoing regulatory review 
or clinical trials. Data collection and verification were completed in April 2026. Systematic searches were performed in 
official regulatory databases including the CDE, FDA, and Ministry of Food and Drug Safety (MFDS), as well as global 
clinical trial registries, using keywords such as extracellular vesicles, exosome, Investigational New Drug (IND), and 
clinical trial. Only commercial-oriented EV therapeutic products that entered formal registration or clinical trials were 
included, while preclinical candidates and non-commercial academic projects were excluded.
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As of April 2026, no EV therapeutic product has been formally approved for marketing worldwide. Among the 9 
products that have entered registered clinical trials, only 1 has advanced to Phase III, 2 to Phase II, and the remaining 6 
are at Phase I or earlier stages or have been terminated, indicating a low overall level of clinical maturity (detailed in 
Table 4). All clinical trials listed were registered on ClinicalTrials.gov, except STX11101 which was registered with the 
CDE of the NMPA of China; the sponsor information for each trial is consistent with the corresponding company name. 
North America leads in late-phase development: Direct Biologics’ ExoFlo (bone marrow MSC-derived EVs) is in Phase 
III for acute respiratory distress syndrome (ARDS) (NCT05354141); Rion/INTENT Biologics’ PEP-TISSEEL (platelet- 
derived exosomes) has completed Phase II for diabetic foot ulcers (DFUs) with FDA Fast Track designation 
(NCT06319287); Aegle Therapeutics’ AGLE-102 (bone marrow MSC-derived EVs) is in Phase II for burns/epidermo
lysis bullosa (EB) (NCT05078385, NCT04173650). Notably, Codiak BioSciences’ engEx™ platform-based candidates 
(CDK-002/003/004) for solid tumors were terminated due to bankruptcy (NCT04592484, NCT05156229, 
NCT05375604).

Europe and Asia contribute key growth momentum: Belgium’s EXO Biologics runs Phase I/II of EXOB-001 
(umbilical cord MSC-derived EVs) for pediatric bronchopulmonary dysplasia (BPD) (NCT06279741). In Asia, South 
Korea’s S&Ebio advances Phase Ib of SNE-101 (Wharton’s jelly MSC-derived EVs) for stroke (NCT06995625), and 
ILIAS Biologics prepares Phase II of ILB-202 (HEK293F-engineered EVs, NCT05843799). In China, Shanghai 
Stedexo’s STX11101 (engineered adipose MSC-exosomes) has CDE IND acceptance for acute liver failure 
(CXSL2600403), while Taiwan’s Shine-On Biomedical conducts Phase I of SOB100 (HLA-G nanobody-engineered 
EVs, NCT07219940).

Technical and indication trends show clear convergence: MSC-derived EVs dominate for broad immunomodulatory/ 
repair effects; engineered EVs (genetic modification, nanobody conjugation, cargo loading) enhance targeting; HEK293F 
cells address scalability. Respiratory, skin, and neurological diseases are top indications, with rare/pediatric conditions 
aligned with regulatory priorities. Published clinical results are available for ExoFlo135 and ILB-202;136 results for all 
other listed trials remain unpublished as of April 2026.

Discussion
Following the systematic summary of EV sources, administration routes, therapeutic applications, global regulatory 
systems and clinical pipelines, this section focuses on three core dimensions: rational matching of EV systems, key 
translational challenges, and comparative advantages of EV therapeutics.

Matching Analysis of EV Sources and Administration Routes
The administration route is a core determinant of EV therapeutic efficacy and clinical feasibility, and its selection must be 
rationally matched with disease type, lesion location, and the biological characteristics of different EV sources, as well as 
aligned with critical quality attributes (CQAs) and regional regulatory pathways.6 MSC-EVs exhibit the broadest route 
adaptability owing to their potent tissue repair and immunomodulatory activities. Intravenous injection enables systemic 
distribution for metabolic and neurodegenerative diseases such as T2DM and AD; subcutaneous administration facilitates 
lymph node targeting for skin repair, autoimmune diseases, and tumor vaccines; nasal or intrathecal delivery bypasses the 
BBB for CNS disorders; and intra-articular injection achieves direct local enrichment for OA.

Immune cell-derived EVs are typically administered intravenously for systemic immune regulation in autoimmune 
diseases, or via subcutaneous or intratumoral injection for localized immune modulation in cancer therapy. PDEVs and 
M-EVs possess inherent gastrointestinal stability and are feasible for oral administration in diseases such as colitis and 
PD, as well as topical application for local anti-inflammatory effects, although large-scale oral application is still limited 
by production scalability. MEVs are preferably delivered locally to minimize systemic immune risks, such as intra- 
articular administration for infectious arthritis. PEVs are suitable for subcutaneous or topical delivery in wound repair, 
and intravenous use in cardiovascular diseases, though strict dose control is required to avoid thrombotic complications.

Overall, the rational matching of EV sources and administration routes follows several core principles: orally stable 
PDEVs and M-EVs are feasible for oral delivery; CNS diseases require BBB-penetrating EVs administered via nasal or 
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Table 4 Clinical Research Projects and Products of Global Exosome/Extracellular Vesicle Therapeutics

Company Country/ 
Region

Product 
Name/ 
Code

EV/Exosome 
Source

Indication Development/ 
Clinical Stage

Clinical Trial 
Identifier

Recruitment 
Status

Administration 
Route

Primary Endpoint

Shanghai 

Stedexo 

Biotechnology 
Co., Ltd.

China STX11101 Genetically 

engineered 

exosomes 
derived from 

human 

adipose- 
derived stem 

cells

Acute liver failure IND application 

formally 

accepted by 
CDE

CXSL2600403 / / /

Rion Inc United 

States

PEP- 

TISSEEL

Human 

platelet- 

derived 
exosomes

Diabetic Foot Ulcers 

(DFU)

Phase II clinical 

trial completed, 

granted FDA 
Fast Track 

designation

NCT06319287 Completed Topical wound 

application

Complete wound closure 

rate at week 12; Incidence 

of treatment-related 
adverse events (TEAEs)

Aegle 

Therapeutics

United 

States

AGLE-102 Bone marrow 

mesenchymal 

stem cell 
derived 

extracellular 

vesicles

Deep second degree burns 

of the skin/Epidermolysis 

Bullosa (EB)

Phase I clinical 

trial completed, 

Phase II clinical 
trial recruiting

NCT05078385/ 

NCT04173650

Recruiting Local injection Dose-limiting toxicity; 

Wound size assessment

Direct 

Biologics

United 

States

ExoFlo Bone marrow 

mesenchymal 
stem cell 

derived 

extracellular 
vesicles

Acute Respiratory Distress 

Syndrome (ARDS)

Phase III clinical 

trial ongoing

NCT05354141 Recruiting Intravenous 

injection

60-day all-cause mortality

EXO Biologics 
S.A.

Belgium EXOB- 
001

Umbilical cord 
mesenchymal 

stromal cells 

derived 
extracellular 

vesicles

Bronchopulmonary 
Dysplasia (BPD)

Phase I/II clinical 
trial ongoing

NCT06279741 Recruiting Intratracheal 
instillation

Proportion of subjects with 
treatment-related adverse 

events (TEAEs); Number of 

subjects with dose-limiting 
toxicities (DLTs); Incidence 

of grade II–III 

bronchopulmonary 
dysplasia (BPD) in each 

group

https://doi.org/10.2147/IJN
.S622474                                                                                                                                                                                                                                                                                                                                                                                                                                                 

International Journal of N
anom

edicine 2026:21 
16 Z

hang et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Shine-On 

Biomedical 
Co., Ltd.

Taiwan, 

China

SOB100 Engineered 

exosomes 
loaded with 

HLA-G 

nanobodies

Not yet disclosed Phase I clinical 

trial ongoing

NCT07219940 Recruiting Not disclosed Incidence of treatment- 

related adverse events 
(AEs); Incidence of 

treatment-related serious 

adverse events (SAEs)

S&Ebio Co. 

Ltd.

Korea SNE-101 Wharton’s 

jelly- 
mesenchymal 

stem cell- 

derived 
extracellular 

vesicles

Acute ischemic stroke Phase Ib clinical 

trial ongoing

NCT06995625 Recruiting Intravenous 

injection

Evaluate safety and 

tolerability, and determine 
the maximum tolerated 

dose

ILIAS Biologics 

Inc.

Korea ILB-202 Engineered 

exosomes 

derived from 
HEK293F cells 

(loaded with 

super- 
repressor 

IκBα)

Not yet disclosed Phase I clinical 

trial completed, 

Phase II clinical 
trial in 

preparation

NCT05843799 Completed Intravenous 

injection

Incidence, severity, and 

treatment-related 

correlation of adverse 
events (AEs); Concomitant 

medication; Changes in 

specific indicators from 
baseline to the end of the 

study

Codiak 

BioSciences

United 

States

CDK-002/ 

CDK-003/ 

CDK-004

Engineered 

exosomes 

based on the 
engEx™ 

platform

Advanced Metastatic, 

Recurrent, Injectable Solid 

Tumors/Cutaneous T-cell 
Lymphoma (CTCL)/ 

Advanced Hepatocellular 

Carcinoma (HCC)/Liver 
Metastases From Either 

Primary Gastric Cancer or 

Colorectal Cancer (CRC)

Company 

bankruptcy, 

clinical trials 
terminated

NCT04592484/ 

NCT05156229/ 

NCT05375604

Suspended 

(recruitment 

stopped)

Local injection/ 

Intravenous 

injection

Determine the safety and 

tolerability of escalating 

doses of CDK-002/CDK- 
003/CDK-004
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intrathecal routes; and localized lesions are optimally treated with direct local injection to achieve high target enrichment 
and reduce off-target exposure.

Core Challenges and Strategies for EV Clinical Translation
Despite extensive preclinical therapeutic potential, EV clinical translation faces critical, interconnected bottlenecks 
requiring targeted solutions.This section strengthens critical discussion of translational barriers and adds the six required 
core challenges.

Core Clinical Translation Challenges
First, the therapeutic mechanisms and key effector components of EVs remain insufficiently defined. The highly 
heterogeneous cargoes of EVs, including proteins, nucleic acids, and lipids, make it difficult to identify core active 
molecules, hindering mechanism-guided optimization and quality control.137 A second prominent obstacle concerns 
incomplete potency assays, which further restrict quantitative evaluation of EV bioactivity, as no validated functional 
detection systems are available to reflect real in vivo therapeutic efficacy.

Thirdly, scalable and compliant production remains a major challenge. Current good manufacturing practice (cGMP)- 
compliant manufacturing processes are incomplete; large-scale culture is limited by restricted expansion of primary cells, 
while immortalized or tumor cell-derived EVs carry potential safety risks.138 A further associated drawback refers to 
severe product inconsistency. Significant batch-to-batch variability in particle size and cargo composition and biological 
activity caused by unstable production processes compromises product consistency and clinical repeatability.139 

Additionally, poor comparability between independent studies is aggravated by inconsistent isolation, purification and 
dosing methodologies across laboratories, which impedes cross-study validation and meta-analysis of EV therapeutic 
effects.

Another systemic barrier originates from the absence of unified quality evaluation frameworks. No global consensus 
has been established on standardized CQAs for EV products, including particle concentration, purity, cargo identity and 
functional activity. Furthermore, unclear in vivo biodistribution due to deficient real-time tracing technologies hinders 
accurate assessment of EV tissue targeting, accumulation and metabolic fate, while rapid immune clearance by the 
mononuclear phagocyte system shortens the circulatory half-life of systemically administered EVs and reduces lesion 
enrichment. Limited in vivo tracing techniques also impede standardized pharmacokinetic, immunogenicity, and toxicity 
evaluations, further affecting the reliability of safety and efficacy assessment.

Finally, global regulatory alignment is lacking. Classification principles differ across regions, with the FDA and EMA 
categorizing natural MSC- or immune cell-derived EVs as biologics and engineered EVs as gene therapy ATMPs. At 
present, only ISEV MISEV guidelines and regional consensus documents are available, with no dedicated global 
guidelines from the World Health Organization (WHO), FDA, or EMA covering quality control and nonclinical 
evaluation.140

Mitigation Strategies
To address these challenges, multi-omics approaches including single-cell sequencing, proteomics, lipidomics, and 
metabolomics should be applied to clarify core active components, dose-effect relationships, and molecular mechanisms, 
supporting precise quality control and targeted therapeutic optimization. Scalable cGMP production processes can be 
established through standardized full-cycle standard operating procedures (SOPs) and optimized cell culture systems to 
improve yield. Microfluidic and affinity purification technologies can enhance purity and recovery, reduce costs, and 
minimize batch variability to ensure product consistency.

International collaboration among ISEV, WHO, FDA, and EMA is urgently needed to develop dedicated global 
regulatory guidelines for EV therapeutics, unifying classification standards, quality control indicators, and nonclinical 
evaluation protocols to advance stepwise progress in global regulatory harmonization. Meanwhile, clinical trial design 
should be optimized with large-sample, long-term follow-up Phase III studies to validate long-term safety and efficacy. 
For engineered EVs, particular attention should be paid to in vivo targeting, cargo safety, and metabolic fate to provide 
robust clinical evidence for translation.
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Comparison of Advantages and Disadvantages Between EVs and Mainstream 
Therapies
To fully understand the clinical value of EVs, it is necessary to systematically compare their performance with 
conventional small-molecule/biological therapies and living cell therapies, highlighting their unique strengths in preci
sion, safety, and translational practicality.

Compared with conventional drug therapy, EVs exhibit superior targeting ability and physiological barrier penetra
tion. Source-specific membrane proteins enable natural lesion targeting, and the inherent phospholipid bilayer allows EVs 
to cross the BBB and other biological barriers without additional modification.141 Compared with other organic 
nanocarriers (eg., cyanine dye nanoparticles), EVs exhibit lower immunogenicity and superior biocompatibility, and 
do not suffer from poor photostability.142 EVs also demonstrate better biocompatibility and safety, especially those from 
autologous or edible sources, which reduce the risk of immune rejection and avoid the off-target organ toxicity 
commonly seen with small-molecule drugs.143 Furthermore, EVs possess high cargo capacity and can co-deliver proteins, 
nucleic acids, and small molecules to achieve multi-target synergistic therapy, overcoming the single-target limitations of 
conventional drugs in complex diseases such as cancer and neurodegeneration.144

Compared with living cell therapy, EVs act as cell-free functional surrogates that retain therapeutic efficacy while 
overcoming key translational bottlenecks. EVs lack proliferative and differentiation potential, thus eliminating risks of 
abnormal proliferation, ectopic differentiation, tumorigenicity, and allogeneic immune rejection. Notably, MSC-EVs have 
shown comparable neuroprotective and myocardial repair effects to MSCs with significantly improved safety 
profiles.145–147

In terms of translational practicality, EVs enable standardized production, cryopreservation, and transportation 
without viability maintenance, greatly reducing clinical application barriers. They also support more flexible adminis
tration routes including oral delivery (especially M-EVs), aerosol inhalation, and local injection, improving patient 
compliance compared with cell therapies mostly restricted to intravenous infusion. In addition, EV doses can be precisely 
quantified based on particle number, protein content, or active component concentration, avoiding variability caused by 
cell viability differences and ensuring more consistent therapeutic effects.

In summary, EVs compensate for the poor targeting and systemic toxicity of conventional drugs and the safety and 
practicality limitations of cell therapy. Supported by growing global clinical trials and industrial pipelines, EVs are 
evolving from laboratory tools toward clinically viable therapeutics, providing a precise, safe, and highly accessible 
strategy for complex multifactorial diseases. Nevertheless, a series of key scientific validation studies are still 
required to realize the broad clinical translation of EV therapeutics and address the common technical challenges 
in this field.

Future Research Perspectives
Systematic Comparisons of EVs from Different Sources
Currently, no studies have systematically compared EVs from major sources (MSCs, immune cells, plants, milk, 
microbes, platelets) under fully unified manufacturing, characterization and the same disease model conditions. 
Inconsistent isolation, culture and evaluation systems make existing results incomparable and unable to support optimal 
source selection. Future multi-center standardized studies are needed to assess the physicochemical properties, molecular 
composition, efficacy, immunogenicity and cost of diverse-source EVs, and establish an EV indication map for precise 
clinical selection.

Route-Specific Pharmacokinetics, Biodistribution and Clearance Studies
The in vivo fate of EVs determines efficacy and safety, but current pharmacokinetic studies remain limited. EV 
biodistribution is highly route-dependent: intravenous injection accumulates in the liver, spleen and lungs; inhalation 
targets the lungs; nasal administration crosses the BBB.148 However, inter-source differences under the same route and 
metabolic profiles of the same source across routes remain unclear. Nanoprobe-based immunoassays enable high- 
sensitivity EV quantification and real-time tracing.149 Future studies should use orthogonal multiple tracing methods 
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(fluorescent, genetic, radionuclide, magnetic labeling) to avoid false positives, clarify EV absorption, distribution, 
metabolism, clearance (ADME-C), and support clinical dosing design.150,151

Standardized Potency Assays, Dose-Response Relationships, Minimum Effective Dose (MED) and Maximal 
Tolerated Dose (MTD)
EV pharmacology follows general drug principles but faces unique challenges in standardization: inconsistent dose 
units and uncoupled potency-bioactivity limit cross-study comparison. Most studies use particle count or total protein 
as dose metrics, which are biased by purity and impurities and fail to reflect real activity. Future work should first 
identify core active components and mechanisms, then establish mechanism-linked standardized potency assays, define 
clear dose-response relationships, and quantify the minimum effective dose (MED) and maximal tolerated dose (MTD) 
per MISEV2023, with proper dose-response, time-course and negative controls to eliminate non-specific 
interference.140

Comprehensive Safety Evaluations: Toxicology, Risk Profiling, Durability of Effect and Repeated Dosing
EV therapy is safer than living-cell therapy, but a systematic safety framework is lacking. Most studies only perform 
short-term single-dose tests, without standardized repeated-dose toxicology, long-term safety or special toxicity data.152 

A two-dimensional safety system (nonclinical design + clinical risk control) should be established per international drug 
standards.

Nonclinical studies require species-specific design: normal human-cell EVs need single/repeated-dose tests in one 
species; engineered or unvalidated EVs need two species. Dosing route, frequency and design should match clinical 
intent, with maximum dose constrained by tolerated/feasible limits and the 3Rs principle. Toxicokinetics remains 
challenging due to EV heterogeneity.

Clinical risks include: (1) EV immunogenicity (low for allogeneic EVs); (2) impurity-induced hypersensitivity 
(reducible by animal-component-free processes); (3) treatment-related immune imbalance including coagulation activa
tion, complement activation, cytokine release and off-target organ accumulation. Durability of therapeutic effect and 
rational repeated dosing regimens should also be systematically investigated to optimize clinical dosing intervals and 
courses.133

Cargo Stability and Off-Target Delivery of Engineered EVs
Engineering enhances EV loading and targeting, but suffers from low packaging efficiency, cargo degradation and off- 
target effects.153 Future studies should evaluate cargo stability across loading methods (electroporation, co-incubation, 
genetic engineering), quantify retention/release kinetics and off-target distribution, optimize targeting via surface 
modification and parental cell engineering, and build standardized targeting assays. In addition, the application of precise 
gene-editing technologies such as CRISPR/Cas9 has provided new avenues for further enhancing the drug-loading 
capacity and delivery precision of engineered EVs.154 The integration of EVs with nanomotor technologies—harnessing 
self-propulsion to overcome the high interstitial pressure barrier in tumor tissues and strengthen deep penetration— 
represents a promising developmental direction for next-generation EV delivery systems.155,156

Conclusion
This review systematically summarizes the core biological characteristics of EVs derived from MSCs, immune cells, 
tumor cells, plants, microorganisms, bovine milk, and platelets. It clarifies the practical applicable scenarios of diverse 
administration routes, outlines preclinical and clinical advances of EV interventions in multiple disease, and interprets 
differentiated global regulatory systems for EV medicinal products. Highlighting the rational matching framework of EV 
sources, administration routes, disease indications, CQAs and regulatory pathways as its core innovative viewpoint, the 
manuscript systematically collates the latest global clinical development data of industry-funded EV candidates under 
regulatory review or registered clinical trials. Cumulative evidence verifies that EVs from disparate origins possess 
unique therapeutic advantages and constitute innovative intervention alternatives for intractable complex diseases.

Several regular matching rules are concluded from existing research data: MSC-EVs exhibit broad-spectrum 
reparative and immunomodulatory effects for degenerative and inflammatory illnesses; immune cell-derived EVs realize 
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targeted immune regulation and tumor cytotoxicity for cancer and autoimmune disorders; tumor cell-derived EVs are 
available for liquid biopsy and anti-tumor vaccine development; PDEVs and M-EVs with excellent gastrointestinal 
stability fit oral administration against inflammatory and metabolic diseases; MEVs serve as immunomodulatory agents 
for infectious disorders; platelet-derived EVs are suitable for acute wound repair. Route selection needs comprehensive 
consideration of EV intrinsic properties, lesion location and disease type: intravenous delivery targets systemic metabolic 
and malignant illnesses; inhalation acts on localized pulmonary lesions; oral administration is preferred for gastrointest
inal diseases with orally stable EV varieties; nasal or intrathecal injection bypasses the BBB for CNS ailments; 
intravitreal, intra-articular and other local injections achieve high local drug enrichment for ocular and articular disorders, 
while surface engineering further improves targeted delivery efficiency.

Current translational hurdles include inadequate large-scale standardized production techniques, inconsistent CQA 
systems, varying regional regulatory classifications, unresolved challenges in potency detection, batch consistency, 
in vivo biodistribution assessment and long-term safety verification. Though ongoing technical upgrades and accumulat
ing clinical data may ease these restrictions, large-scale confirmatory clinical evidence remains scarce and most research 
stays at preclinical or early clinical phases.

To accelerate bench-to-bedside transformation, six targeted developmental priorities are proposed: (1) define core 
functional components and dose-effect correlations based on molecular mechanisms to guide rational EV optimization; 
(2) establish standardized cGMP-compliant production and purification workflows to reduce batch fluctuation; (3) 
formulate globally unified CQA specifications and functional potency testing standards to guarantee consistent product 
quality; (4) launch multi-center, long-term follow-up large clinical trials to validate long-term safety and therapeutic 
efficacy; (5) develop surface modification and intelligent delivery strategies to enhance lesion accumulation and reduce 
in vivo immune clearance; (6) promote cross-border regulatory cooperation to unify international evaluation guidelines 
for EV pharmaceuticals.
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