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Editorial on the Research Topic 
Mesenchymal stem cells and derived extracellular vesicles as next-generation biological drugs for tissue regeneration


Mesenchymal stem cells (MSCs) have emerged as a potent tool in regenerative medicine owing to their capacity for self-renewal, multipotency, and immunomodulation (Barbon et al., 2022; Barbon et al., 2021; Di Liddo et al., 2016; Di Liddo et al., 2014). The therapeutic efficacy of MSCs derived from different tissues (i.e., bone marrow, adipose tissue, peripheral blood, umbilical cord, placenta and amniotic membrane/fluid) has been rigorously investigated in preclinical models and clinical trials across an extensive range of human diseases, comprising autoimmune disorders, neurodegenerative diseases, inflammatory disorders, and musculoskeletal injuries (Han et al., 2025). Initially ascribed to direct cellular differentiation or cell-to-cell communication with immune cells, the therapeutic role of MSCs is now recognized to be largely mediated through paracrine modulation of the tissue microenvironment (Patel et al., 2025). The key effectors of this activity are extracellular vesicles (EVs) derived from MSCs (e.g., exosomes and microvesicles), which serve as natural nanocarriers of bioactive molecules with trophic, immunomodulatory, and pro-regenerative effects. This could indicate a conceptual shift from cell-based transplantation to cell-derived, cell-free treatments, leading to new therapeutic approaches focused on the precise regulation of inflammatory pathways, the enhancement of tissue repair, and the restoration of immune-regenerative equilibrium (Figure 1).
[image: Diagram of MSC-EVs applications, divided into five sectors: Regenerative Processes, Tissue Engineering & Biomaterials, Disease-Specific Therapeutic Applications, Precision Medicine & EV Engineering, and Cancer Diagnostics. Each sector contains specific applications like tissue repair, EV-loaded hydrogels, disease therapy, EV design, and biomarker monitoring. At the center, MSC-EVs are described as paracrine mediators and cell-free biological drugs.]FIGURE 1 | Overview of the biological functions and translational applications of mesenchymal stem cell–derived extracellular vesicles (MSC-EVs). (Created with BioRender.com).In this context, recent evidence also acknowledges the therapeutic use of MSC-EVs as integrative platforms for personalized medicine, especially for cancer diagnosis and treatment. Notably, EVs have recently been proposed as key mediators of tumor-microenvironment interplay, unveiling their value as non-invasive biomarkers in oncology. The review by Bernad et al. (2025) highlights how tumor-derived EVs carry disease-specific molecular signatures (i.e., proteins, lipids, and nucleic acids such as miRNAs) that can be leveraged for liquid biopsy, cancer diagnosis, prognosis, and monitoring of therapeutic response.
In this Research Topic, some works examine how the therapeutic potential of MSCs can be refined and controlled through EV-based approaches. Gong et al. present a comprehensive analysis of adipose-derived MSC (ADMSC) exosomes, exploring their role in modulating inflammatory pathways and supporting tissue remodeling in degenerative and immune-mediated conditions (Gong et al.). Besides underlining exosome potential as programmable drug carriers which can be engineered for enhanced targeting and synergy, the authors point out that their clinical translation depends on overcoming technical and regulatory barriers. In line with this work, Gurney et al. demonstrate how the selective enhancement of EV cargo can promote wound healing, showing that vesicles are not only natural mediators of tissue regeneration but can be specifically engineered to activate key biological pathways (Gurney et al.). Both the studies highlight a major trend in this research field: EVs are undergoing a fundamental redefinition, from passive biomarkers of physiological states to actively engineered, customizable therapeutic platforms.
The integration of MSCs with biomaterials is another crucial aspect of this translational shift. Barbon et al. discuss hydrogels as delivery platforms that prolong MSC viability, locally concentrate their paracrine secretion, and improve functional outcomes in several tissues, bridging preclinical applications and early clinical use (Barbon et al.). Notably, the authors present hydrogels not as inert carriers, but as bioactive and cell-instructive scaffolds capable of influencing cellular behavior via mechanotransduction, a critical insight for engineering mechanically dynamic tissues. Interestingly, a growing body of evidence shows that hydrogels and scaffold-based systems are also effective in the targeted delivery of MSC-EVs, enhancing localized retention, sustaining cargo release and avoiding rapid clearance (Chen et al., 2021; Hu et al., 2020; Zhang et al., 2018; Liu et al., 2017). Starting form this concept, MSC-EVs are overcoming the boundaries of cell-based approaches, being increasingly investigated as bioactive tools that reshape structural biomaterials into instructive cell-free constructs. Indeed, MSC-EVs are now directly integrated into hydrogels, decellularized extracellular matrices, and 3D-printed bioinks to provide sustained and spatially controlled delivery of vesicle cargo, regulate endogenous cell recruitment, guide matrix deposition, and promote neo-vascularization for functional tissue formation. Based on this approach, EVs are used not only as therapeutic agents but as bioactive cues that functionalize biomaterials, supporting the design of next-generation engineered scaffolds (Lu et al., 2022).
The therapeutic potential of MSC and EV treatments is increasingly being validated within the complex pathophysiology of organ-specific diseases. Matwiejuk et al. address dermatological applications considering skin diseases like atopic dermatitis, psoriasis, systemic sclerosis, contact dermatitis, graft-versus-host disease, alopecia areata, and systemic lupus erythematosus. In these conditions, chronic inflammation, fibrosis, and impaired re-epithelialization are crucial pathological features that require effective therapeutic intervention (Matwiejuk et al.). The authors’ analysis supports a role for MSC-EVs as multi-target regulators capable of integrating immune modulation with structural repair. Ye et al., further expand the paradigm by demonstrating that preconditioning MSC-EVs under disease-mimicking environments enhances therapeutic precision, reinforcing the concept that regenerative interventions should reflect the complexity of pathological niches. Consequently, the field is evolving from indiscriminate administration toward the rational design of EVs preconditioned for specific disorders, such as systemic inflammation.
Large-scale analytical studies try to define emerging clinical priorities. The bibliometric analysis by Bai and Xin trace two decades of research on MSCs in neonatal bronchopulmonary dysplasia (BPD), documenting a clear thematic shift from whole-cell therapies towards MSC-derived exosomes as a dominant cell-free approach after 2018 (Bai and Xin). Although preclinical efficacy of MSC-EVs in BPD has been extensively reported in the scientific literature (Bisaccia et al., 2024; Porzionato et al., 2021; Porzionato et al., 2019), this work outlines a significant translational gap, as only 8.2% of studies report clinical outcomes. This suggests the need for future research advancement to bridge preclinical findings with standardized clinical trials and mechanistic studies. Yang et al. present a complementary bibliometric overview in degenerative joint and bone diseases, revealing increasing attention towards the therapeutic use of MSC-EVs to repair cartilage and bone, to regulate the immune system, and to act as targeted delivery vehicles for advanced regenerative strategies (Yang et al.).
Neuroregeneration is represented by Cipriano et al., who provide preclinical evidence that human umbilical cord MSC-EVs improve survival, motor function, and neuroinflammatory parameters in a rat model of spinal cord injury (Cipriano et al.). Beyond functional benefits, biodistribution analyses confirm selective EV retention at the injury site, reinforcing their suitability as targeted modulators of neuroinflammation and glial scarring. This work demonstrates how EVs can overcome limitations of direct MSC transplantation in the central nervous system, such as low engraftment, embolic risk, and safety concerns associated with proliferating cells.
Finally, the contribution by Shibili P. et al., broadens the scope beyond organ repair by examining the molecular interplay between endoplasmic reticulum (ER) stress and exosome-mediated communication in inflammatory bowel disease. Their review highlights a bidirectional regulatory axis in which ER stress alters vesicle biogenesis and cargo, while stress-modified vesicles propagate inflammatory signaling across epithelial and immune cells. This mechanistic insight positions EVs not only as therapeutic tools but also as pathogenic mediators, reinforcing the need for nuanced targeting strategies that distinguish beneficial from deleterious signaling (Shibili P. et al.).
Collectively, the articles in this Research Topic explore several themes that define the current trends of MSC-based regenerative medicine. First, therapeutic action is increasingly attributed to highly orchestrated paracrine networks rather than direct cell replacement. Second, EVs provide a scalable, cell-free platform with minimized safety risks and greater engineering potential compared to live cell therapies. Third, disease specificity achieved through preconditioning, cargo modulation, or biomaterial delivery appears essential to achieving clinically significant outcomes. Finally, bibliometric analyses are laying the groundwork for regulatory approval by clarifying therapeutic targets, methodological gaps, and translational priorities.
Future efforts should focus on standardizing EV isolation protocols, defining potency assays, improving in-tissue retention, and developing regulatory standards for the production and use of MSCs and derived EVs as effective biological drugs. As the field progresses, the integration of omics-based characterization, mechanobiology, and smart biomaterials will enable a new generation of precision therapeutic tools where MSCs represent natural bio-factory systems and derived EVs act as tunable agents that can modulate and heal the pathological microenvironments.
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Background: With the rapid development of extracellular vesicles (EVs) in regenerative medicine research, they have become a promising new direction in the mechanistic, diagnosis and treatment studies of degenerative musculoskeletal diseases (DMDs), and has attracted increasing attention. However, there is currently a lack of comprehensive and objective summary analysis to help researchers quickly and conveniently understand the development trajectory and future trends of this field.Method: This study collected articles and reviews published from 2006 to 2024 on EVs in DMDs from the Web of Science database. Bibliometric and visual analysis was conducted using several tools, including Microsoft Excel Office, VOSviewer, CiteSpace, Pajek, and R packages.Results: 1,182 publications were included in the analysis from 2006 to 2024. Notably, there was a rapid increase in the number of publications starting in 2016, suggesting that this field remains in a developmental stage. Co-authorship analysis revealed that China ranked first in terms of publications, whereas the United States led in citations. The journal with the highest number of publications was International Journal of Molecular Sciences (INT J MOL SCI). The most prolific authors were Ragni, E with 23 publications, while the most cited author was Toh, WS. Additionally, nine of the top 10 institutions were from China, with Shanghai Jiao Tong University leading in the number of publications. The most cited article was “MSC exosomes mediate cartilage repair by enhancing proliferation, attenuating apoptosis and modulating immune reactivity”, authored by Zhang, S, and published in BIOMATERIALS in 2018.Conclusion: This study, through bibliometric and visual analysis, clearly illustrates the collaborative relationships among countries, authors, institutions, and journals, providing valuable insights for researchers seeking academic collaboration opportunities. Moreover, the analysis of keywords and citations allows researchers to better understand key research hotspots and frontiers in this field, and points toward promising directions for future research. The growing interest in EV research in DMDs over recent years indicates increasing attention and a dynamic progression in this field.Keywords: degenerative musculoskeletal diseases, bibliometric analysis, extracellular vesicles, senescence, cell-free therapy
1 INTRODUCTION
Degenerative musculoskeletal diseases (DMDs) involve structural and functional impairments of the musculoskeletal system, leading to symptoms such as pain and restricted movement, which significantly impact patients’ quality of life (Wen et al., 2023; Yin et al., 2023). Common types of DMDs include osteoarthritis (OA) (Hunter and Bierma-Zeinstra, 2019), osteoporosis (OP) (Compston et al., 2019), degenerative disc disease (DDD) (Xiang et al., 2024), and sarcopenia (Cruz-Jentoft and Sayer, 2019). As life expectancy rises and the global population ages, these DMDs have led to substantial economic and societal burdens (Scheuing et al., 2023; Clynes et al., 2020; Kirk et al., 2020). The primary treatment for OP focuses on pharmacological interventions, including calcium, vitamin D, estrogen receptor modulator, RANKL receptor agonists, and parathyroid hormone analogs (LeBoff et al., 2022; Reid and Billington, 2022). Nevertheless, several drugs cause serious adverse reactions or are not suitable for prolonged use (Song et al., 2022). For OA, there is currently no cure. Treatments mainly aim to relieve pain and maintain joint function. Nonsteroidal anti-inflammatory drugs (NSAIDs) and acetaminophen are typically first-line therapies, while total joint replacement surgery is considered the gold standard for patients with severe OA (not respond to conservative treatments or the quality of life severely affected by pain) (Abramoff and Caldera, 2020). Treatment for sarcopenia focuses on avoiding mobility impairment and significant health events like fractures, primarily through strength exercise and enhanced dietary energy intake (Chen et al., 2022; Coletta and Phillips, 2023; Dent et al., 2018). DDD can only alleviate pain through physical therapy, medications, and surgical intervention (Zhu et al., 2023). However, there is a high risk of recurrence and surgical complications. However, they do not address the underlying causes. This highlights the need for more direct and effective treatment strategies that can reverse the disease by eliminating pathogenic factors and promoting tissue repair.
Extracellular vesicles (EVs) are nanoscale lipid bilayer structures derived from cells that encapsulate proteins, lipids, RNA, metabolites, growth factors, and cytokines (Weng et al., 2021). EVs play multiple roles in intercellular communication by transporting their cargo to recipient cells, where they can modulate cellular functions or physiological activities, and even affect organs (Jeppesen et al., 2023). Additionally, EVs may contribute to the emergence of several diseases, such as cancer (Ciardiello et al., 2016) and neurological disorders (Izquierdo-Altarejos et al., 2024), by transporting abnormal cargo. The pivotal role of EVs in intercellular communication positions them as promising candidates for therapeutic applications, drug delivery systems, and disease biomarkers (Kumar M. A. et al., 2024). As a drug delivery system, EVs offer advantages over cell therapies, including low immunogenicity, high biocompatibility, low oncogenicity, the capacity to traverse biological barriers such as the blood-brain barrier, and a lipid membrane structure that protects enclosed bioactive molecules (Kou et al., 2022; Elsharkasy et al., 2020; Vader et al., 2016). Moreover, EVs can be engineered to modify their surfaces (Chen Z. et al., 2024; Zhang et al., 2023) and combined with biomaterials (Yang et al., 2024; Yin et al., 2022; Liao et al., 2022; Fang et al., 2023) to enhance their targeting and retention time at the target. Interestingly, the use of EVs as drug delivery vehicles for treating DMDs is gaining increasing research attention.
In addition, EVs are increasingly recognized for their potential as biomarkers in disease diagnosis, particularly for early cancer detection (Kumar M. A. et al., 2024; Kalluri, 2016; Wang et al., 2022). Although EVs as a diagnostic tool for DMDs are still in the preclinical stage, it is potential to replace conventional clinical diagnostics in the future, truly enabling early diagnosis and treatment.
Bibliometrics involves analyzing abstracts, keywords, and citations of published papers, using statistical data to describe or display relationships among published papers (Ninkov et al., 2022). While numerous high-quality reviews on EVs in the field of DMDs have been published, traditional literature review methods have become inadequate for researchers to track the state, development, and evolution, to identify gaps, and to categorize the knowledge system (Öztürk et al., 2024). Bibliometric analysis addresses this limitation by considering all literatures related to the research, revealing the scientific trends in different fields and providing insights into ongoing discussions about evaluating science and its researchers (Ellegaard, 2018). Therefore, this study primarily utilizes data visualization tools, including Citespace and VOSviewer, to perform bibliometric and visual analyses of EVs research in DMDs over the last 18 years. This study aims to provide new perspectives for future research, allowing researchers to easily access the latest trends and developments in the field, and offering useful references for possible collaborations.
2 MATERIALS AND METHODS
2.1 Data sources and search strategies
The bibliometric data for this study were sourced from the Web of Science Core Collection (WoSCC), a widely recognized and standardized academic database. We retrieved all online articles and reviews on EVs in DMDs published between 2006 and 2024 from the WoSCC SCI-expanded database. The search strategy employed was: “TS=(“extracellular vesicle* “OR” exosom*”) AND TS=(“osteopor* “OR” osteoarthr*” OR “degenerative disc disease* “OR” degenerative musculoskeletal disease* “OR” sarcopenia* “OR” myopathy”)”. The search interval was from 1 January 2006 to 23 October 2024. The document types chosen were limited to “Article” and “Review,” with English as the language. In total, 1,182 original articles and reviews met the criteria for inclusion in the analyses, and were further analyzed visually (Figure 1).
[image: Flowchart illustrating a research article selection process. It moves through stages: Searching, Screening, and Included. Begins with 1583 articles, narrows to 1148 after removing duplicates, and further to 116 studies. Ends with 88 studies included in synthesis, with tools for bibliometric analysis including Microsoft Excel, CiteSpace, VOSviewer, Pajek, and RStudio.]FIGURE 1 | Flowchart of literature search and selection.
2.2 Data analysis and visualization
The comprehensive data was collected from WoSCC and loaded into Microsoft Excel Office 2021 (Microsoft Corporation, Redmond, United States), VOSviewer 1.6.20 (Leiden University, Netherlands), Citespace version 6.3. R1/6.2. R7 (Chaomei Chen, China), Pajek version 5.19 (University of Ljubljana, Slovenia), GraphPad Prism version 10.1.2 (GraphPad Software, San Diego, California United States, www.graphpad.com), and the chorddiag R package (R Studio, version 4.3.2). VOSviewer and Pajek were utilized to conduct co-occurrence and co-authorship analysis to identify patterns of co-occurrence and co-authorship among countries/regions, institutions, authors, journals, keywords. Citespace was utilized for visualization, allowing the creation of visual maps related to keywords, co-cited references, journals, and citation bursts (Chen, 2004; Chen et al., 2010; Chen, 2006). Bubble chart was plotted by https://www.bioinformatics.com.cn, an online platform for data analysis and visualization (Tang et al., 2023). Additionally, Bibliometrix package in R software (Aria and Cuccurullo, 2017) was used for visual analysis of counties/regions, authors and keywords.
3 RESULTS
3.1 Analysis of annual publications
We collected 1,182 relevant documents, including reviews and articles, from 1 January 2006 to 23 October 2024 for the study of EVs in DMDs (Figure 2). The number of scholarly publications in this field has shown a steady increase over the past decade (Figure 2A). Prior to 2016, the volume of publications in this field was modest, suggesting that Scholarly exploration in this area had only just begun. However, the number of publications began to rise significantly after 2016, reaching a peak in 2023 with 240 annual publications, marking a 24-fold increase compared to 2016. However, the total number of publications on this topic remains relatively modest, with only 1,182 cumulative publications as of November 2024. Nevertheless, the high growth rate suggests promising prospects for the development of this field. To project future trends, we apply the exponential equation y = 1.07040.4088x to model the anticipated trajectory of publication growth. The R2 value of 0.9748 reflects the model’s excellent predictive ability, allowing for accurate forecasting of future publication trends. The prediction curve indicates a consistent rise in the annual number of articles, along with an increase in research activity in this field. Between 2006 and 2024, the total number of citations for all publications has reached 33,896, with the highest annual citation count occurring in 2024. On average, each publication has received 28.68 citations. The annual citation count exhibits an exponential growth trend, with particularly rapid increases observed since 2018, becoming even more pronounced after 2020. By 2023, the annual citations had reached 8,475. Based on the prediction model, the annual citations are expected to surpass 10,000 by the end of 2024. The exponential growth model (y = 1.5896e 0.4653×, R2 = 0.8858) demonstrates a strong fit to the data, indicating that the upward trajectory of annual citations is likely to continue. This trend reflects the growing influence and increasing recognition of research in this field over time (Figure 2B).
[image: Chart A presents cumulative and yearly cochlear neurodegeneration publications from 2006-2024, showing a significant increase, depicted with bars and trend lines. Chart B illustrates gene ontology classifications, with a sharp rise in citations from 2000-2030, using bars and trend lines.]FIGURE 2 | (A) Annual and cumulative publications from 2006 to 2024, and the trend line of annual publications. It should be noted that the articles we analyzed were published up to 23 October 2024, so the publications of this year are incomplete and lower compared to the previous year, but the prediction still shows an upward trend. (B) Annual and cumulative citations from 2006 to 2024, and the trend line of annual citations.
3.2 Countries/regions analysis
EVs research in the field of DMDs involves 61 countries/regions. We screened 32 countries based on the requirement of at least five publications per country or region in DMDs, visualizing the number of publications in each country/region and the collaborations between countries/regions (Figure 3). As seen in Table 1, the top 10 countries/regions ranked by publications are China (n = 716), the United States (n = 132), and Italy (n = 92) respectively. Notably, although China significantly surpasses the United States in publications, its total link strength is lower than that of the United States, reflecting a lack of collaborative communication with other countries compared to the United States. This phenomenon can also be visually observed in Figure 3C. Statistical analysis revealed a significant correlation between the number of publications (NP) and total link strength, which represents the level of international collaboration among countries (P < 0.0001). Furthermore, countries were divided into high, medium, and low total link strength groups using tertile classification. A comparison of NP across these groups revealed that countries with high link strength published significantly more papers than the other two groups. Despite China achieving the highest publication output globally with relatively low total link strength, these findings underscore the critical role of international collaboration in accelerating research growth, as countries with stronger global partnerships tend to experience faster development in this domain (Supplementary Figures 1A, C). Most countries began research in this field after 2016, while a few, such as the United States, Germany, and France, started earlier and have established solid research foundations. However, the majority of publications have been concentrated in the past 3 years. Although China currently has a large number of publications, it is still in its early stages in this field, indicating a very rapid pace of development (Figures 3A, B; Supplementary Figure 2A). The national cooperation map offers a more intuitive visualization of collaborative relationships between countries (Supplementary Figure 2B). Figure 3D depicts the top 10 countries with the strongest citation bursts, with the United States showing both the highest intensity and the longest duration. This indicates that the U.S. has long been a leader in research hotspots and trends in this field. Overall, research in this field is still in its early stages globally, but growing interest suggests significant potential and promising prospects for future development.
[image: Four-part graphic on citation analysis. Part A: Network visualization with nodes of varying colors and sizes representing publication connections. Part B: Similar network emphasizing citation links colored from green to red. Part C: Circular node diagram showing emphasis on a central node with light blue connections. Part D: Bar chart listing the top ten countries with the strongest citation bursts from 2006 to 2024, highlighting the U.S.A. at the top with detailed citation data and bar lengths.]FIGURE 3 | (A) Countries/regions network visualization. (B) Countries/regions overlay visualization. The size of the nodes also represents the publications of each country, and the color of the nodes reflects the average time of publication. (C) The chord diagram for countries/regions partnership. The United States has significantly fewer publications than China but has stronger cooperation with other countries and a higher Total link strength. (D) Top 10 countries with the strongest citation bursts.
TABLE 1 | Top 10 Countries/regions ranked by publications with NC and total link strength.
[image: Table showing the ranking of countries based on NP, NC, and total link strength. China ranks first with 716 NP, 19,739 NC, and a link strength of 94. The United States follows with 132 NP, 5,211 NC, and a link strength of 111. Other countries listed include Italy, South Korea, and the United Kingdom. France and Iran tie with 25 NP, with Iran having the lowest link strength of 9.]3.3 Keywords analysis
Keywords often reflect the core content of an article. Through keyword co-occurrence analysis, research hotspots in a specific field can be identified. Using VOSviewer, a keyword co-occurrence network view was drawn for 1,182 publications, visualizing keywords with a frequency of eight or more (Figure 4). Table 2 shows the top 30 keywords by frequency. Figures 4A, B reveal the frequency of keywords and the results of cluster analysis, the top three keywords are exosomes, osteoarthritis and extracellular vesicles. Five clusters are generated which can represent the five main research directions in this field. The average year of keyword occurrence can be used to understand the frontiers and hotspots in this field (e.g., drug delivery, hydrogel, oxidative stress, nanoparticles, bone regeneration, macrophage polarization, sarcopenia, intervertebral disc degeneration, etc.) (Supplementary Figure 3A). The current high research interest in exosomes combined with new biomaterials makes exosomes and hydrogels appear close to each other in the density visualization (Supplementary Figure 3B). Many new keywords began to appear after 2016, and most of them were heavily cited during this period (Supplementary Figures 3C, D). This indicates that the field is an emerging research area, with continuous advancements and numerous new research directions, aligning with the surge in publications. Figure 4C illustrates the evolving research themes over time by tracking changes in keywords from 2006 to 2024. Figure 4D is the top 10 keywords with strongest citation burst, which reveals the changing trends of research hotspots in this academic field over time. It also highlights which keywords gained more citations during specific periods, reflecting the academic community’s focus on these topics.
[image: A set of visualizations analyzing keyword networks and their influence over time. Panel A shows a network map of keywords with nodes clustered by topic. Panel B outlines clusters in a timeline with color-coded keyword categories. Panel C details the evolution of keyword frequency, highlighting temporal shifts. Panel D presents a bar chart titled "Top 10 Keywords with the Strongest Citation Bursts," listing keywords along with burst strengths and periods, emphasizing notable trends in research focus.]FIGURE 4 | (A) Keyword network visualization. Circles and labels form the nodes, and the size of the node represents the frequency of the keyword, the higher the frequency, the larger the node. (B) Analysis of Keyword Clustering. The lines between the nodes represent the association strength between keywords. The color of the nodes represents their clusters, with different colors representing different clusters, divided into five clusters based on different research directions. (C) Temporal overlay visualization of the keyword co-occurrence network. The position of the nodes reflects the first appearance year of the corresponding keywords, the size of the nodes reflects the frequency of keyword occurrences, and the annual ring color reflects all years of keyword occurrence. The zoomed-in image shows the keywords that have emerged in the past 2 years. (D) Top 10 keywords with the strongest citation bursts.
TABLE 2 | Top 30 keywords ranked by the frequency of occurrences, with total link strength.
[image: Table listing keywords related to cellular biology, with three columns: Rank, Keyword, Occurrences, and Total Link Strength. Ranked first is "Exosomes" with 682 occurrences and a link strength of 4,843. Ranked second is "Osteoarthritis" with 607 occurrences and a link strength of 4,428. The list continues to "Activation" ranked thirtieth with 58 occurrences and a link strength of 392.]3.4 Co-cited reference analysis
This section analyzes the field’s development process and the evolution of research hotspots through co-cited references and citation bursts. The co-cited reference analysis was conducted using CiteSpace (Figure 5). Table 3 lists the top 10 most-cited articles. These highly cited articles often reflect major discoveries and research achievements in the field at the time. Analyzing them provides valuable insights into the field’s developmental process. Figure 5A shows the cited articles and the co-citation relationships among them. In Figure 5B, each cluster represents a research topic or field, and the title of each cluster summarizes its main research topic. There are a total of 10 clusters: 0# (extracellular vesicles), 1# (orthopedic diseases), 2# (cell-based therapy), 3# (Mesenchymal stem Cells), 4# (regenerative medicine), 5# (clinical application), 6# (immune regulation), 7# (human adipose-derived stem cells), 8# (rheumatoid arthritis), 9# (articular cartilage vesicles). The two most active clusters are 0# (extracellular vesicles) and 1# (orthopedic disease), each containing over 100 keywords. As shown in Figure 5C, a sudden sharp increase in citations often indicates that the article has likely addressed a significant issue in the research field. Figure 5D shows the top 10 references in citation burst analysis. Most articles are heavily cited in 2016 ∼ 2018 when this research field was rapidly growing.
[image: Panel A shows a network of academic references with color-coded clusters, indicating citation frequencies. Panel B illustrates thematic clusters using colors to represent different research topics. Panel C is a dot plot displaying the most cited articles, with dot size indicating citation volume. Panel D lists the top 10 references with strongest citation bursts, presented with bar graphs showing citation strength and corresponding years.]FIGURE 5 | (A) Analysis of the network of references by citespace. Each node corresponds to each cited reference. The lines between nodes represent co-citation relationships. Various colors from purple to red represent different years, with the time range from 2006 to 2024. (B) The clustered network map of co-cited references. Different colors represent different clusters, which reflect the strength of association between articles. (C) Bubble chart of the top 10 cited references. The size and color of the bubbles intuitively show the citations of the articles and their trends over the years. (D) Top 10 references with the strongest citation bursts.
TABLE 3 | Top 10 most-cited articles with journal, IF and total citation.
[image: A table listing top ten articles on MSC exosomes and cartilage repair. Columns include rank, year, article title, journal name, 2023 impact factor, and total citations. The top-ranked article from 2018 in "Biomaterials" has a 12.8 impact factor and 607 citations. Other journals include "Theranostics," "Osteoarthritis & Cartilage," and "Scientific Reports - UK," with impact factors ranging from 3.8 to 12.8 and citations from 307 to 514.]3.5 Journals analysis
A total of 384 journals have published research articles on EVs in the field of DMDs. We set a minimum threshold of five articles per journal and selected 60 journals for visualization analysis (Figure 6). Table 4 lists the top 10 journals by publications, along with their number of publications (NP), citation (NC), H-index, and impact factor (IF), and most of which have grown rapidly since 2016 (Supplementary Figure 4B). The journal with the most publications in this field is INT J MOL SCI (NP = 55), the most influential journal is STEM CELL RES THER (NC = 2,303, H-Index = 23), and the top three journals by impact factor are BIOACT MATER (IF = 18), J NANOBIOTECHNOL (IF = 10.6), and STEM CELL RES THER (IF = 7.1).
[image: Network diagrams labeled A, B, and C illustrate complex relationships between nodes. Each diagram features clusters of nodes connected by lines, with various colors indicating different groupings or themes. Labels and color gradients differ among the diagrams, suggesting varying types of data or connections analyzed.]FIGURE 6 | (A) journal network visualization. The size of the nodes represents the number of publications of the journals, and the colors represent different clusters. (B) Analyses of research subject areas. Different colors represent different fields. (C) The overlay of dual-map journals. The map is divided into two parts: the left side shows the distribution of the citing journals. The right side provides the distribution of the cited journals, which can be considered the research foundation for the former. The dots represent different journals, different colors represent the fields of interest shared by journals in the same cluster, and the ellipses represent the number of publications and the ratio of authors to publications for a journal. The length of the ellipses represents the number of authors, and the width represents the number of publications.
TABLE 4 | The top 10 journals ranked by publications with NP, NC, H-index, and IF.
[image: Table listing journals ranked from one to ten, based on criteria such as number of publications (NP), number of citations (NC), H-index, and impact factor (If) for 2023. Top ranked is "INT J MOL SCI" with NP of 55, NC of 756, H-index of 15, and If of 4.9.]The journal network and density visualizations offer insights into the journals with the most publications and the collaborative relationships between them (Figure 6A; Supplementary Figure 4A). We used VOSviewer to analyze the 384 journals in this field across different categories. Most journals publish research articles concentrated in biomedicine and chemical physics, with a particular emphasis on biomedicine (Figure 6B). Table 5 lists the top 10 fields by publications, the top three fields in terms of publication output are Cell Biology (270), Biochemistry and Molecular Biology (160), and Experimental Medicine Research (160). The number of publications across various fields began to increase rapidly in 2019, with biology-related fields dominating this growth. However, since 2021, there has been a decline in publication within biology-related fields, while other interdisciplinary fields have shown more significant growth. This trend indicates that interdisciplinary studies are becoming the future focus, rather than being solely confined to biology (Supplementary Figure 5). Current research on EVs in the field of DMDs is primarily focused on basic research and clinical translation.
TABLE 5 | The top 10 fields ranked by publications.
[image: Table listing the top ten academic fields by record count and percentage of total. Ranked first is Cell Biology with 270 records and 22.843% of total. Fields like Biochemistry Molecular Biology and Experimental Medicine Research follow with equal record counts of 160 and percentages of 13.536%. Orthopedics ranks tenth with 69 records and 5.838%.]The overlay of dual-map journals effectively illustrates the interdisciplinary distribution of journals, citation patterns, and shifts in research center. We used VOSviewer and CiteSpace to visualize the overlay of dual-map journals (Figure 6C; Supplementary Figures 4C–E). The curves between the maps represent citation relationships between journals on both sides, highlighting the understanding of interdisciplinary connections in this field. Currently, interdisciplinary research on extracellular vesicles in DMDs is lacking. However, as interest grows in combining extracellular vesicles with biomaterials for treatment, interdisciplinary collaboration is likely to become a future trend in this field.
3.6 Authors analysis
6,720 authors have published research articles on EVS in the field of DMDs. We set a minimum threshold of 7 articles per author and selected 38 authors for visualization analysis (Figure 7). Table 6 shows the top 10 authors by publications, including their affiliations, countries, publication counts, citation counts, and H-index. The top three authors are Ragni, E (23), De Girolamo, L (22), and Su, JC (16). The most cited author is Toh, WS (2066), reflecting the significance of these authors in the research field. Interestingly, six of the top 10 authors belong to the same research team at IRCCS Istituto Ortopedico Galeazzi in Italy. This team primarily focuses on the basic research and clinical translation of mesenchymal stem cells. Keeping track of their research progress provides valuable insights into the current hotspots and frontiers of this field. In Figures 7A, B, it is evident that close collaboration among authors in this field is lacking. Most collaborative relationships are confined to the same country or institution. Furthermore, there is almost no collaboration among authors from the top 10 countries, which hinders the field’s progress. Encouraging international academic exchange and collaboration is essential for its development.
[image: Diagram showing four panels (A, B, C, D) with network clusters and a chart. Panels A and B present network diagrams highlighting different clusters in red, blue, and green. Panel C displays a denser network with interlinked nodes. Panel D lists the top ten authors with the strongest citation bursts from 2006 to 2022, with red bars indicating peak times.]FIGURE 7 | (A) Author network visualization. (B) Author overlay visualization. The size of circles in the network represents the publications of authors. The thickness of lines between circles represents the strength of collaboration among authors. The label view reflects the average publication year of authors based on the darkness of circle colors. (C) Author Co-citation Analysis by VOSviewer. Co-citation analysis refers to multiple authors’ articles being cited in the same literature. The size of circles reflects the citation count of authors. Lines represent co-citation relationships, and the thickness of lines can indicate the frequency of co-citation. A higher frequency of co-citation between two authors may indicate that their research areas or topics are closely related. If the two authors have different academic backgrounds, it can reflect the interdisciplinary research potential of this field. (D) Top 10 authors with the strongest citation bursts.
TABLE 6 | The top 10 authors ranked by publications with their affiliations, countries, NP, NC, and H-index.
[image: A table lists the top ten authors with their affiliation, country, number of publications (NP), number of citations (NC), and H-index. The top author, Ragni, E, from IRCCS Istituto Ortopedico Galeazzi in Italy, has 23 publications, 509 citations, and an H-index of 14. Other institutions mentioned include Shanghai Jiao Tong University, Jining Medical University, National University of Singapore, and Xiangya Hospital, with countries Italy, China, and Singapore represented. H-indexes range from 8 to 14.]The total number of authors involved in the author co-citation analysis is 36,373. We set a minimum threshold of 20 citations per author and selected 577 authors for visualization analysis (Figure 7C). Tao SC, Zhang SP, and Zhang Y are the top three most cited authors, exerting significant academic influence in this field, potentially providing a foundation or inspiration for future studies. Among the top 10 authors with the strongest citation bursts (Figure 7D), Su Jiacan has shown the highest burst strength in the past 2 years (4.33). Notably, the burst periods for all top 10 authors have occurred in recent years, reflecting the research hotspots of their respective periods. By analyzing these authors and their research, other researchers can gain insights into academic trends, stay updated on the latest developments, and follow emerging dynamics in the field.
3.7 Institutions analysis
1,452 institutions have published research articles on EVs in the field of DMDs. We set a minimum threshold of 10 articles per institution and selected 41 institutions for visualization analysis (Figure 8). Table 7 displays the top 10 institutions ranked by publications, along with the number of their publication and citation. Shanghai Jiao Tong University in China ranks first with 71 publications. Notably, 9 of the top 10 institutions are from China, highlighting the country’s high level of activity in this field. Figures 8A, B illustrate the publication output and institutional collaborations, emphasizing the lack of international cooperation, as most collaborations take place within domestic institutions. Statistical analysis revealed no significant correlation between the number of publications (NP) and total link strength among institutions (p > 0.05). Similarly, grouping institutions into high, medium, and low total link strength categories and comparing their NP revealed no statistically significant differences among the three groups (Supplementary Figures 1B, D). These findings suggest that, at the institutional level, total link strength may not have a direct influence on publication output in this field. However, this lack of statistical significance could be attributed to several factors. First, differences in institutional research capacity, resource allocation, and focus areas may moderate the relationship between collaboration intensity and NP. Second, total link strength reflects the quantity of collaborations but does not account for their quality, which may play a more critical role in driving publication output. Nevertheless, the importance of mutual collaboration in advancing research cannot be entirely dismissed. In addition, Figure 8B also uses color gradients to clearly represent the publication volume of each institution. Supplementary Figure 6 illustrates the cross-linking between countries, institutions, and authors for the top 10. It is evident that the most prominent research power is concentrated in China, the United States of America, Singapore and Italy.
[image: Diagram A shows a network of connected nodes in blue, red, and green, representing different clusters with labeled lines. Diagram B is a heatmap with green and yellow areas, indicating density of data points with text labels.]FIGURE 8 | (A) institution network visualization. (B) Institution density visualization by VOSviewer.
TABLE 7 | The top 10 institutions ranked by publications with their NP and NC.
[image: Table listing the top 10 institutions ranked by NP (Number of Papers) and NC (Number of Citations). Shanghai Jiao Tong University ranks first with 71 papers and 2657 citations. Central South University and Sichuan University follow with 37 and 34 papers, respectively. Other institutions include Zhejiang University, Southern Medical University, IRCCS Istituto Ortopedico Galeazzi, Peking University, Fudan University, Sun Yat Sen University, and Nanjing Medical University.]4 DISCUSSION
4.1 General information
In this study, we conducted a bibliometric analysis of literatures on EVs research in DMDs from 2006 to 2024. The aim is to comprehensively understand the current research status and trends in this field, providing scholars with a systematic reference framework to understand important achievements and frontiers. Our results indicate that the period from 2006 to 2016 was the initial stage of research in this field, with annual publications fewer than 10 articles. However, since 2016, the field has experienced explosive growth, with annual publications exceeding 100 in 2020. Notably, in the past 2 years alone, the publication volume doubled in 2022. Up to now, the continuous rapid growth in annual publication volume indicates that EVs research in DMDs is gaining increasing attention and research enthusiasm.
The visualization analysis of countries, institutions, and authors shows that China, the United States, and Italy are the top three countries in terms of publication volume in this field. China leads significantly, with 716 publications (NP) and 19,739 citations (NC), far surpassing other countries. However, China’s collaboration with other countries is relatively low (link strength = 94), with most research being independently conducted. In contrast, the United States has only 132 publications, but its link strength is as high as 111, indicating a strong emphasis on collaborative research with other countries. This model of international cooperation and extensive academic exchange is essential for the faster and better development of this field. The top three institutions by publication volume are Shanghai Jiao Tong University (71), Central South University (37), and Sichuan University (34). Understanding their publication volume, citation counts, and research directions provides valuable insights for choosing research collaborations and academic exchanges.
Ragni, E, De Girolamo, L, and Su, JC are currently the top three authors by NP and have conducted extensive research in this field. Ragni, E and De Girolamo, L are from the same laboratory, focusing mainly on the roles of secreted factors and extracellular vesicles derived from mesenchymal stem cells in regenerative medicine. This includes research related to DMDs, particularly the therapeutic mechanisms of mesenchymal stem cells from different sources for diseases such as OA (Ragni et al., 2019; Ragni et al., 2020). Su, JC mainly focuses on the basic research and clinical translation of engineered extracellular vesicles for treating degenerative diseases. This includes using bone-targeting extracellular vesicles to deliver therapeutic drugs for treating OP and other degenerative diseases, as well as research and applications related to biomaterials (Hu et al., 2021; Jiang et al., 2022; Liu et al., 2022a; Liu et al., 2022b).
We analyzed journals that published articles on EVs related to DMDs. The top three journals by NP are INT J MOL SCI (IF = 4.9, Q1), FRONT BIOENG BIOTECH (IF = 4.3, Q1), and STEM CELL RES THER (IF = 7.1, Q1). Among the top 10 journals by NP in this field, nine are Q1 journals, including BIOACT MATER, the top journal in the biomaterials field. This indicates that the field attracts many excellent scholars and the quality of published research is high. The overlay map reveals that the main fields of EVs research in DMDs are biomedicine and chemical physics. Combining this with the dual-map overlay results, it reveals a lack of multidisciplinary integration in this research direction. The focus is mainly on molecular biology, biology, and immunology, with a strong emphasis on basic research and a noticeable shortage of clinical studies.
The keyword analysis highlights the main research directions and hotspots in the field. Additionally, the time zone map provides insights into the progression of research over time. The red cluster relates to how EVs regulate signaling pathways, immune responses, and gene expression, impacting bone and muscle metabolism, regeneration, and degeneration. This cluster addresses pathological processes linked to aging, osteoporosis, and other DMDs. The green cluster focuses on how EVs regulate immune cells (such as T cells and macrophages) and their secretions to promote cartilage and bone repair, as well as their combination with stem cells, regenerative medicine, and biomaterials to advance treatment strategies. The blue cluster highlights the role of EVs in diagnosing and treating DMDs by promoting bone and cartilage regeneration, enabling targeted drug delivery, and integrating with biomaterials. The purple cluster explores the regulation of cartilage and bone degeneration, inflammatory responses, and the cellular microenvironment, influencing disease progression. Keywords in the yellow cluster mainly focus on the role of EVs in tissue repair, osteogenesis and chondrogenesis, regulation of inflammatory responses, and relevant biomarkers. The connections between the red, green, and blue clusters indicate substantial overlap among these research directions (Figures 4A, B).
Moreover, the research history of extracellular vesicles shows a progression from initially studying exosomes, to extracellular vesicles, and more recently, to small extracellular vesicles. Exosomes are named based on their biogenesis, originating from the endosomal system. When the subcellular origin of vesicles cannot be determined, the term “exosomes” is not recommended for naming extracellular vesicles. Subsequently, methods such as differential ultracentrifugation (dUC) have been employed to differentiate extracellular vesicle subtypes by size, with those smaller than 200 nm classified as small EVs (sEVs) (Crescitelli et al., 2021). Additionally, study has identified non-vesicular extracellular particles, which can co-isolate with extracellular vesicles, as multimolecular assemblies lacking a lipid bilayer, and their influence on extracellular vesicle studies is increasingly recognized. In summary, the evolving terminology of extracellular vesicles reflects the advancements in this field (Welsh et al., 2024). Nodes with purple outer rings (e.g., exosomes, articular cartilage, extracellular vesicles, mesenchymal stem cells) indicate keywords with high betweenness centrality, playing crucial bridging roles in this field. Additionally, by examining the newly emerged keywords in the past 2 years, we can identify the research frontiers (Figure 4C). Based on keywords emerging in the past 2 years, the research hotspots of EVs in the field of DMDs primarily focus on the following aspects: First, the application of EVs in bone metabolism and bone joint diseases, especially in osteoarthritis, senile osteoporosis, as well as bone reconstruction and repair, has become a key area of research. Additionally, engineered exosomes have gained widespread attention for enhancing therapeutic effects, particularly in bone regeneration and joint repair. Studies have also delved into the characteristics and potential applications of different types and sources of EVs, such as exosomes, apoptotic vesicles, nanovesicles, and plant-derived vesicles, in bone joint diseases. In terms of signaling pathways, the role of the PI3K/Akt/mTOR pathway in bone metabolism mediated by EVs has been highlighted, while the mechanisms by which EVs regulate cellular responses through receptor interactions are also becoming clearer. Stem cell-derived EVs, especially those derived from adipose mesenchymal stem cells and mesenchymal stem cells, are considered an important research direction for tissue repair and regeneration. Furthermore, the potential of EVs in alleviating symptoms such as chronic pain, synovitis, and stress responses has also attracted attention. As these fields continue to advance, EVs are showing increasing promise for application in the treatment of DMDs.
In the co-citation analysis, the top 10 cited articles each have over 200 citations, reflecting the foundation of this research field and the main research directions over various periods, indicating high influence. With the most-cited being “MSC exosomes mediate cartilage repair by enhancing proliferation, attenuating apoptosis and modulating immune reactivity” by Zhang S et al., published in BIOMATERIALS in 2018, with 607 citations. The second and third most-cited articles are “Exosomes derived from miR-140-5p-overexpressing human synovial mesenchymal stem cells enhance cartilage tissue regeneration and prevent OA of the knee in a rat model” (514 citations) and “Exosomes derived from human embryonic mesenchymal stem cells promote osteochondral regeneration” (482 citations). In 2014, Kato T et al. revealed the role of EVs in the pathogenesis of OA (Kato et al., 2014). And then, Zhang S (2016), and Tao SC (2017) et al. proposed the limitations of MSC-based cell therapies for cartilage repair and discovered the potential of cell-free therapies, opening new avenues for the treatment of DMDs (Zhang et al., 2016; Tao et al., 2017), which might be the reason for the rapid increase in the annual publications in this research field since 2016. Subsequently, Zhang S (2018) et al. addressed the unresolved issues in these two articles and revealed the mechanism by which extracellular vesicles derived from mesenchymal stem cells mediate cartilage repair, including promoting chondrocyte proliferation, migration, and matrix formation, inhibiting chondrocyte apoptosis, and modulating immune reactivity, laying the foundation for subsequent research (Zhang et al., 2018). Due to the limitations of cell therapy such as tumorigenicity and biocompatibility (Tan et al., 2024), safer and more effective cell-free therapies are emerging. This article provides an important theoretical basis for subsequent research on cell-free therapies for the treatment of diseases such as OA. This might also be the reason for its high citation.
4.2 Frontiers and hotspots
Keywords can reflect the research hotspots and development trends in this field. We analyze keyword co-occurrence, clustering, keyword bursts, and the timezone view to understand the research hotspots and frontiers in this field.
4.2.1 The role of EVs in the treatment of DMDs
Currently, the clinical treatment of DMDs mainly relies on drug interventions to alleviate symptoms (LeBoff et al., 2022; Reid and Billington, 2022), making it difficult to achieve complete recovery. For severe cases, such as patients with advanced osteoarthritis (OA) where conservative treatments are ineffective or pain significantly impacts their quality of life, total joint replacement surgery may be necessary. However, this procedure often brings substantial physical pain and financial burden to patients (Abramoff and Caldera, 2020). With the continuous progress of related research, stem cell therapy has become a focal point in the field of regenerative medicine. Because of their rapid proliferation, strong differentiation potential, and ability to migrate to injury sites (Margiana et al., 2022), mesenchymal stem cells (MSCs) from both autologous and allogeneic sources have been extensively researched for treating various DMDs, demonstrating promising therapeutic outcomes (Harrell et al., 2019). However, there are also limitations and risks, such as heterogeneity of MSCs from different sources, immune rejection, and tumorigenicity, which restrict their clinical application (Musiał-Wysocka et al., 2019). Recent research has revealed that the function of MSCs in tissue regeneration is primarily driven by their paracrine effects. EVs in the secretome have attracted significant attention due to their benefits, including low immunogenicity, targeted delivery, and biocompatibility (Tang et al., 2021). Growing evidence suggests that cell-free therapy using EVs has emerged as a highly potential treatment approach for DMDs.
EVs can act as mediators of crosstalk between multiple organs. Extracellular vesicles secreted by other organs (such as muscle and liver) influence bone metabolism through circulation, thereby contributing to the treatment of degenerative diseases. The study by Ma S et al. showed that mu-EVs promote glycolysis in bone marrow mesenchymal stem cells (BMSCs) by delivering lactate dehydrogenase A to BMSCs, which in turn promotes the osteogenic differentiation of BMSCs. This offers a new approach for the treatment of OP and also reveals a new mechanism by which skeletal muscle affects bone metabolism (Ma et al., 2023). Additionally, research by Lin L and colleagues has found an interaction between liver and bone metabolism. Liver-specific SIRT2 deficiency can ameliorate bone loss caused by OP. Extracellular vesicles from SIRT2 (−/−) hepatocytes, carrying LRG1, are transferred to bone marrow-derived macrophages (BMDM) via circulation and inhibit osteoclastogenesis by suppressing the activation of NF-κB p65, thereby serving a therapeutic role in OP (Lin et al., 2023).
Engineered exosomes target disease-related receptor cells to deliver therapeutic cargo, achieving precise treatment. Natural EVs have low drug loading capacity and lack the ability to be effectively delivered to target sites for clinical applications. Some engineering methods can modify the surface of EVs to deliver them to specific target tissues and further explore methods for loading therapeutic drugs into EVs, thereby achieving efficient drug delivery (Komuro et al., 2022). Zhang H et al. engineered a cartilage affinity peptide (CAP) on the EVs surface through lipid insertion, obtaining chondrocyte-targeting exosomes—CAP-Exo. Then, they loaded siRNA targeting MMP13 (siMMP13) into these exosomes, resulting in CAP-Exo/siMMP13. These exosomes delivered siRNA to chondrocytes, specifically silencing MMP13 in chondrocytes, thereby alleviating cartilage degradation caused by OA (Zhang et al., 2024). Similarly, Yan W et al. used an engineered method where sortase A was used to link EVs and cartilage affinity peptide (CAP), followed by incubation with cholesterol-modified ASO-MMP13 to construct chondrocyte-targeting drug delivery exosomes (CAP-exoASO), which also reduced cartilage damage caused by OA (Yan et al., 2024). Besides single-surface engineering of EVs, more efficient drug loading can also be achieved through combined engineering approaches. Liu W et al. utilized dual-engineered EVs by loading exogenous miR-223 into hUC-EVs via electroporation and engineering a collagen II-targeting peptide (WYRGRL) onto the surface of hUC-EVs, thereby enabling more specific and effective RNA delivery to chondrocytes, which provides a more effective treatment for OA (Liu W. et al., 2023). Moreover, advanced exosome preparation methods can greatly increase the success rate of clinical translation by improving the yield of exosomes used for disease treatment. Yang Z et al. invented a revolutionary exosome preparation method called cell nanoporation, which combines the steps of purification and drug loading. By using nanoporation, cells secrete exosomes loaded with target mRNA, significantly improving their yield, targeting, and applicability (Yang et al., 2020).
The therapeutic efficacy of EVs relies on their internalization by target cells and/or their close interaction with receptors on the target cell surface, both of which necessitate the prolonged presence of EVs at the target site. Therefore, although EVs have therapeutic potential, their effects are short-lived when used alone. EVs administered systemically have a short half-life and are rapidly eliminated from the body, making it challenging to attain sustained therapeutic effects with EVs treatment (Leung et al., 2022). Studies have shown that biomaterial-based delivery systems can extend the retention time of EVs at target sites. Additionally, local delivery based on biomaterials can reduce the dose of EVs required to achieve therapeutic effects, thereby reducing associated costs and potential side effects (Murali and Holmes, 2021). Therefore, the combination of EVs and biomaterial-based delivery modes is gaining increasing attention. Chen M et al. used the CRISPR/Cas9 method to create cartilage-affinity peptide (CAP)-conjugated exosomes containing FGF18-targeted gene editing tools (CAP/FGF18-hyEXO), efficiently stimulating the FGF18 gene in OA chondrocytes at the genetic level in vivo. In addition, CAP/FGF18-hyEXO is encapsulated in methacrylic anhydride-modified hyaluronic acid (HAMA) hydrogel microspheres via microfluidics and photopolymerization, forming an injectable microgel system with a renewable hydration layer (CAP/FGF18-hyEXO@HMs). This system provides continuous lubrication to counter friction and wear, demonstrating the ability to work synergistically to promote cartilage regeneration, reduce inflammation, and prevent ECM degradation, both in vitro and in vivo (Chen M. et al., 2024). Pang L, Wan J, and Li X utilized methacryloyl gelatin (GelMA) hydrogels to load engineered exosomes for therapeutic purposes, allowing for sustained release at the treatment site and addressing the challenges of rapid elimination and limited retention of exosomes. In the study by Pang L et al., GelMA hydrogels loaded with MSC-NVs (GelMA-NVs) regulated chondrogenesis and macrophage polarization through MSC-NVs, providing a therapeutic effect on OA (Pang et al., 2023). Wan J et al. used GelMA hydrogels to load engineered exosomes modified with targeting peptides, enhancing the targeting and retention capabilities of exosomes, thereby maximizing their therapeutic effects. In addition to enhancing the retention of exosomes, biomaterials can also be used to achieve controlled release strategies for exosomes, enabling more precise treatments (Wan et al., 2023; Li X. et al., 2024). Li S et al. proposed a hydrogel composite with a logic gate function, the KM13E@PGE system. It uses matrix metalloproteinase 13 (MMP13)-sensitive self-assembling peptide hydrogel (KM13E) and polyethylene glycol diacrylate/gelatin methacryloyl (PGE/GelMA) hydrogel microspheres to encapsulate interleukin-10 (IL-10) EVs, which promote M2 macrophage polarization, and SRY-box transcription factor 9 (SOX9) EVs, which enhance cartilage matrix synthesis. The release times of the two types of EVs are controlled to achieve an initial anti-inflammatory effect followed by cartilage repair (Li S. et al., 2024). This is an effect that cannot be achieved by a single extracellular vesicle. Developing biomaterials that address specific therapeutic needs is crucial for the clinical translation of natural and engineered exosomes and aligns with the trend of interdisciplinary research, which has seen increasing interest in recent years.
Different pretreatments and culture conditions can influence the secretion of exosomes by altering the microenvironment. Studies have shown that controlling stem cell growth conditions through medium pretreatment with physical properties (such as culture systems and cell density), oxygen tension, and soluble factors can directly impact paracrine activity by modulating the cargo and biogenesis of EVs (Mas-Bargues and Borrás, 2021), thus improving therapeutic effectiveness. Hu H et al. discovered that hypoxic pretreatment enhances the biological functions of mesenchymal stem cells in challenging microenvironments and stimulates the production of small EVs with beneficial therapeutic properties. The produced sEVs (HP-sEVs) can reduce the inflammatory microenvironment of intervertebral disc degeneration, stimulate the proliferation of nucleus pulposus (NP) cells, and enhance proteoglycan synthesis and collagen production, providing a new therapeutic strategy for treating IVD degeneration (Hu et al., 2023). Interestingly, It has been shown that EVs from aging mesenchymal stromal cells have a significantly impaired protective effect against OA. They also induce catabolic metabolism and pro-inflammatory gene expression, demonstrating that cellular aging is a factor that affects the secretion of EVs, thereby altering their original biological functions (Jérémy et al., 2024).
Besides human-derived EVs, studies have shown that plants can also secrete exosome-like nanovesicles containing miRNA, bioactive lipids, mRNA, and proteins, which can exert regenerative activity and have therapeutic effects on diseases such as OP. Hwang JH et al. showed that exosome-like nanovesicles from yam (YNV) can activate the BMP-2/p-p38-dependent Runx2 pathway to stimulate osteogenesis, providing a therapeutic effect on OP (Hwang et al., 2023). Zhan W et al. found that puerarin-derived exosome-like nanovesicles (PELNs) promote autophagy by degrading the gut microbiota metabolite trimethylamine-N-oxide (TMAO), which in turn promotes the differentiation and mineralization of hBMSCs, showing potential as a treatment for OP (Zhan et al., 2023).
4.2.2 EVs as biomarkers for the diagnosis of DMDs
Although new treatment methods for various DMDs have emerged in recent years, clinical translation still requires some time, and safety and efficacy need further verification through more clinical trials. Currently, conservative treatment remains the primary clinical approach, making timely early diagnosis and intervention particularly important. As early as 2004, EVs demonstrated great potential as disease detection tools. In the following years, the research interest in EVs as biomarkers for various diseases (Das et al., 2024) [such as cancer (Kumar M. A. et al., 2024; Yu et al., 2022; Lee et al., 2023), neurological disease (Chatterjee et al., 2024; Ricklefs et al., 2024; Kumar A. et al., 2024), metabolic diseases (Barreiro et al., 2020; Camino et al., 2022), etc.] has continuously increased. In 2016, ExoDx™ Lung (ALK) became the first biomarker to successfully complete clinical trials, marking a milestone for EVs as disease diagnostic biomarkers by diagnosing lung cancer through the detection of EMLA-ALK mutations (Sheridan, 2016). In the field of DMDs, there is substantial research on EVs as biomarkers for diagnosing OA. This research primarily involves early diagnosis of OA, identification of inflammation types, susceptibility assessment, and differential diagnosis of various types of joint diseases, enabling precise and personalized treatment of OA (Liu Z. et al., 2023).
Furthermore, existing studies have indicated that miRNAs from EVs can serve as potential biomarkers for early diagnosis of OP and prediction of fragility fracture risk (Huber et al., 2023; Pepe et al., 2022). Currently, there is a shortage of studies focusing on other degenerative diseases such as sarcopenia. While the prospect of EVs as disease diagnostic biomarkers is exciting, their limitations in specificity, reproducibility, and lack of single/unified molecules related to early disease processes, along with a lack of clinical studies in this field, require further research to be addressed.
4.2.3 The role of EVs in the mechanisms of DMDs development
As an essential medium for intercellular communication, EVs can transport therapeutic contents, and EVs derived from pathogenic cells can mediate disease occurrence by transporting pathogenic contents. Aging is a major cause of degenerative diseases, so EVs derived from various aging cells or those carrying aging-regulating factors may be involved in the disease development process. The reduced expression of miR-494-3p in exosomes from aging osteocytes suppresses osteogenic differentiation and promotes age-related bone loss via the PTEN/PI3K/AKT pathway (Yao et al., 2024). There have been previous reports that infrapatellar fat pad (IPFP) is closely related to the occurrence and progression of knee OA. Cao Y et al. found that small EVs (sEVs) secreted by the IPFP of OA patients can be delivered to articular chondrocytes. The high levels of let-7b-5p and let-7c-5p within these sEVs can aggravate the progression of OA by directly reducing the expression of the senescence-negative regulator Lamin B receptor (LBR) (Cao et al., 2024). M1 macrophages can impair joint homeostasis and lead to OA progression by producing nitric oxide and pro-inflammatory cytokines. Recently, studies have first demonstrated that EVs secreted by inflammatory macrophages induce atypical pyroptosis of chondrocytes, leading to cartilage catabolism and OA development (Ebata et al., 2023). Additionally, Liu B et al. found that the internalization of exosomes derived from inflammatory fibroblast-like synoviocytes (inf-exo) enhances M1 polarization of macrophages by triggering glycolysis activation, further inducing OA-like phenotypes in co-cultured chondrocytes. In vivo experiments also confirmed that inf-exo induces synovitis and exacerbates OA progression (Liu et al., 2024). In-depth research into the mechanisms by which EVs mediate disease occurrence can provide new targets and strategies for disease treatment. For example, limiting the uptake of EVs by receptor cells can inhibit their pathogenic effects. The latest research by Lin S et al. found that exosome-like nanovesicles derived from osteosarcoma, even after content removal, still possess targeting ability. By competitively inhibiting the uptake of normal osteosarcoma-derived exosomes by lung fibroblasts, they can inhibit lung fibroblast activation, pre-metastatic niche formation, and osteosarcoma lung metastasis (Lin et al., 2024). This research can also provide a reference for treating DMDs.
4.3 Limitations and future perspectives
EVs are gaining increasing attention in the field of DMDs research due to their roles in treatment, diagnosis, and elucidation of disease mechanisms. Currently, research in this field mainly focuses on the role of EVs in the treatment of DMDs and on using EVs to investigate new disease mechanisms, providing new therapeutic targets, essentially serving disease treatment. There are currently several limitations to using EVs for the treatment of DMDs: 1) The efficiency of EVs isolation and purification is not high enough, making it difficult to achieve satisfactory purity while maintaining high isolation efficiency. There is a lack of standardized strategies for isolation, purification, and storage, leading to poor reproducibility in experiments. 2) Current understanding of EVs biogenesis, internalization, and cargo transport processes is very limited. 3) Although engineering EVs can improve therapeutic effects and ability to target bone tissue, these strategies bring unpredictable immune responses and elevated production costs. Modifying the surface of EVs may cause the immune system to recognize them as foreign objects, triggering host immune responses, leading to clearance or reduced efficacy. These modifications may also induce toxicity or adverse reactions, posing potential risks to the body. 4) A more specific understanding of the mechanisms by which EVs mediate disease occurrence is needed to enable precise intervention by inhibiting the formation, release, or uptake of relevant EVs. 5) There is limited understanding of the mechanisms behind the heterogeneity of EVs, the disruption caused by non-vesicular extracellular nanoparticles on EVs research, and the functional discrepancies among different EVs subgroups. Identifying which EVs subgroups are functionally active or contain specific therapeutic cargoes is essential for enhancing their effectiveness and increasing repeatability. Most of these problems are common to EVs in the field of regenerative medicine, and specific to DMDs, for example, most of the studies often neglect the effects of different pathological changes at different times of OA on the localization and biodistribution of EVs, the distribution of EVs used for treatment not in cartilage are unclear. The dosage level of EVs for OA treatment is unclear. The different methods of OA model construction in preclinical studies have different effects on EVs. And the therapeutic effects proposed in preclinical studies lack the clinical trials to test. These can affect the final therapeutic outcome and the efficiency of clinical translation. Moreover, most of the current attention to EVs for the treatment of OA is focused on the articular cartilage (Karoichan et al., 2024). But OA is a multifactorial disease, the other causative factors and Pain during disease progression should be considered at the same time. In future studies, simultaneous intervention of all aspects through various modification methods and biomaterials should be attempted, which may lead to better therapeutic outcomes. Other DMDs have the similar problems. The great potential of EVs for the early diagnosis of diseases has been widely recognized. Because of the absence of effective therapeutic tools currently, early diagnosis of degenerative musculoskeletal diseases is particularly important. However, there are relatively few studies in this field, which is an important research direction in the future.
In future research within this field, it is essential to avoid homogenization and focus on addressing the most pressing issues and challenges. To overcome the current limitations of EVs in DMDs treatment, future research should focus on several key areas: 1) Efforts should be made to develop standardized protocols for the isolation, purification, and storage of EVs. This will ensure high purity, reproducibility, and efficiency in experiments. Advanced techniques, such as optimized ultracentrifugation or immunoaffinity-based methods, should be explored for scalable and reliable EV isolation. 2) Future studies should prioritize investigating the biogenesis of EVs, their internalization by target cells, and the mechanisms of cargo loading and transport. This will help to unveil the fundamental processes that dictate EVs’ function and potential therapeutic roles. 3) Engineering EVs holds great promise for enhancing therapeutic activity, but the associated immune responses and high production costs need to be addressed. Future research should focus on optimizing surface modifications to reduce immune recognition, while simultaneously developing more cost-effective production methods such as large-scale cell culture systems. 4) There is a need for more precise interventions targeting the specific mechanisms by which EVs mediate disease onset and progression. This could involve developing strategies to regulate EV formation, release, and uptake, enabling targeted therapies that are more effective in treating DMDs. 5) The functional discrepancies among different EV subgroups must be further explored to identify which subsets are functionally active or carry therapeutic cargo. Advanced techniques such as single-particle tracking and high-throughput sequencing could help identify the specific EV populations most relevant for therapeutic applications. 6) The previous points are common issues in EVs-related research. Specifically, in DMDs, there is a need for a more detailed understanding of how different pathological conditions (such as OA) influence the localization, biodistribution, and therapeutic effects of EVs. Research should address the effects of different OA stages on EV distribution and investigate the optimal dosage levels for EV-based treatments. 7) The transition from preclinical studies to clinical trials is crucial for the success of EV-based therapies. Future research should bridge this gap by incorporating more clinical trial data, and integrating disciplines such as biomaterials science, tissue engineering, and molecular medicine to enhance the clinical applicability of EVs in DMDs treatment. 8) Lastly, enhancing international collaboration and interdisciplinary research will accelerate the development of EV-based therapies. By leveraging expertise across various fields, including regenerative medicine, nanotechnology, and bioinformatics, the clinical translation of EV-based therapies can be achieved more efficiently, ultimately benefiting patients worldwide. These strategies aim to tackle the key challenges in EV research, improving their therapeutic potential and accelerating their clinical application in DMDs.
Although bibliometric analysis offers unique and valuable insights, it is not without limitations. First, the selection of databases, article types, and language restrictions can introduce biases, potentially affecting the comprehensiveness of the results. Second, visualization tools such as CiteSpace and VOSviewer may extract data differently from the original WoS database, resulting in potential discrepancies. Furthermore, differences in their underlying algorithms can lead to variations in analysis outcomes, causing inconsistencies in the visualization and interpretation of bibliometric data. Third, while bibliometric analysis is highly effective for quantitative evaluation, it is less adept at addressing qualitative aspects, such as identifying research hotspots and emerging frontiers, which often require complementary secondary analyses. To ensure clarity in the visualization results, the number of authors and institutions was reduced by raising the threshold in the analysis. However, this approach may have a potential drawback, as it could overlook some authors and institutions with innovative research emerging in the past 2 years. Fourth, to ensure the clarity of the visualization results, the number of authors and institutions was reduced by raising the threshold in the analysis. However, this approach has a potential drawback, as it may overlook some authors and institutions with innovative research emerging in the past 2 years. Finally, bibliometric analysis relies on static snapshots of data, limiting its ability to accurately predict future research trends.
5 CONCLUSION
EVs have shown great research prospects and popularity in the field of DMDs. Since 2016, the number of publications in this field has surged, with a trend expected to continue, indicating growing interest and ongoing increase in research activity. China has the highest publication output, but less frequent collaboration with other countries compared to the United States, indicating high interest in this field within China and a need to strengthen cooperation with other countries. In addition, keyword and citation analysis reveals that biomaterial-based EVs and engineered EVs as drug delivery vehicles for treating DMDs are currently the main focus areas. However, many unresolved issues and challenges still hinder the clinical translation of basic research, which remains a major goal for future studies. Overall, this is a young but promising field of research.
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Introduction: Bronchopulmonary dysplasia (BPD) is a chronic lung disease predominantly affecting preterm infants, often requiring mechanical ventilation and supplemental oxygen. The pathogenesis of BPD involves a combination of genetic susceptibility and environmental insults, such as oxidative stress and mechanical ventilation. Mesenchymal stem cells (MSCs) have emerged as a promising therapeutic option for BPD due to their immunomodulatory, anti-inflammatory, and regenerative properties. This study aims to perform a bibliometric analysis of the publication landscape surrounding MSC therapy for BPD to identify research trends, collaborative networks, influential research clusters, and emerging research frontiers from 2004 to 2024.



Methods: A bibliometric analysis was conducted using the Web of Science Core Collection (WoSCC) as the primary database due to its comprehensive citation indexing and standardized metadata. To ensure data integrity, we included publications from January 2004 (when the first relevant MSC studies for BPD began appearing) to November 2024. The search query combined terms related to BPD and MSCs, focusing on English-language articles and reviews. After retrieval, data were cleaned through duplicate removal and relevance verification processes. Quantitative analysis was performed on publication counts, authors, journals, institutions, and countries. Visual analysis tools, VOSviewer (
1) and CiteSpace (
2), were employed to map collaboration networks and identify research clusters through co-citation and co-occurrence analyses. Statistical validation of bibliometric distributions was conducted using Bradford's law and Price's law. Citation metrics were normalized by publication year to account for citation accumulation bias.



Results: A total of 353 publications were analyzed, including 216 articles and 137 reviews, from 555 institutions across 35 countries. Time-series analysis revealed a significant acceleration in publication output after 2015 (p < 0.01), with a compound annual growth rate of 18.2%. The United States was the leading contributor (131 publications, 37.1%), followed by China (72 publications, 20.4%) and Canada (54 publications, 15.3%). Network analysis identified five distinct collaborative clusters, with limited cross-cluster collaboration. Citation analysis, normalized for publication age, revealed that the American Journal of Respiratory and Critical Care Medicine had the highest field-weighted citation impact (3.8). Keyword co-occurrence analysis demonstrated a significant shift from whole-cell therapies to extracellular vesicle research after 2018, with “microvesicles” and “exosomes” emerging as high-intensity burst terms (burst strength >5.0). The co-citation analysis identified three primary research clusters: stem cell therapy mechanisms (42.3% of citations), respiratory physiology and pathology (38.1%), and clinical neonatology (19.6%).



Conclusion: This bibliometric analysis maps the evolving landscape of MSC therapy research for BPD over the past two decades, revealing distinct research clusters with limited cross-disciplinary integration. Our findings demonstrate a clear shift from whole-cell MSC investigations toward MSC-derived exosomes as a cell-free therapeutic approach, particularly since 2018. Despite the growing body of preclinical evidence, visualization of publication patterns reveals significant gaps between laboratory findings and clinical applications, with only 8.2% of publications reporting clinical outcomes. The analysis further highlights geographical imbalances in research contributions and collaborative networks, suggesting opportunities for broader international engagement. These findings provide a foundation for directing future research efforts toward addressing knowledge gaps, particularly in understanding precise mechanisms of action and establishing standardized clinical protocols.



KEYWORDS
bibliometric analysis, bronchopulmonary dysplasia, mesenchymal stem cells, research trends, citation analysis, international collaboration





Introduction

Bibliometric analysis is a quantitative approach to evaluating scholarly literature that employs statistical methods to identify patterns, trends, and relationships within a body of published research (1). Unlike traditional literature reviews or meta-analyses that focus on aggregating research findings, bibliometric analyses map the structure and evolution of a research field by examining publication metadata, citation patterns, and collaboration networks (2). This approach is particularly valuable for rapidly evolving fields where understanding research landscapes can inform strategic research directions and identify knowledge gaps. Modern bibliometric methodologies utilize advanced analytical tools such as those described by Aria and Cuccurullo (3) to provide comprehensive science mapping analyses.

Bronchopulmonary dysplasia (BPD) represents a significant challenge in neonatal medicine. Since 1967, when Northway first characterized BPD as a chronic lung condition linked to respirator therapy in preterm infants (4), its definition has evolved alongside advances in neonatal care. Over the past two decades, medical progress has significantly improved survival rates for preterm infants, particularly those with very low or extremely low birth weights. However, these infants remain at high risk for immature lung development, making them vulnerable to inflammatory insults, mechanical ventilation, hyperoxia, and other factors. Consequently, the incidence of BPD continues to rise (5). Recent therapeutic advancements, including prenatal glucocorticoids, pulmonary surfactant (PS) therapy, and non-invasive ventilation, have mitigated some risks, but the condition persists, with mild forms of BPD displaying distinctive pathological features, such as alveolar simplification, pulmonary microvascular dysplasia, and thickened alveolar septa (6).

BPD is a multifactorial condition, influenced by genetic susceptibility and a variety of prenatal and postnatal insults. Key factors include oxidative stress from hyperoxia, ventilator-induced injuries, and intrauterine inflammation (e.g., chorioamnionitis), which exacerbate lung damage and impair reparative mechanisms. The long-term consequences of BPD extend into childhood and adulthood, increasing the risks of chronic respiratory diseases such as wheezing, recurrent infections, chronic obstructive pulmonary disease (COPD), and cardiovascular disorders, alongside neurodevelopmental delays (7). Current interventions, including exogenous PS, tailored ventilator strategies, caffeine therapy, and anti-inflammatory agents such as corticosteroids, often achieve limited success and carry significant adverse effects. These limitations have driven the exploration of regenerative approaches, with mesenchymal stem cell (MSC) therapy emerging as a promising candidate for BPD management.

MSCs were first characterized over five decades ago by McCulloch and Till (8) and have gained significant attention for their therapeutic potential in various conditions, including BPD. These multipotent cells can be isolated from diverse sources, including bone marrow, adipose tissue, umbilical cord blood, and Wharton's jelly, offering practical advantages for clinical applications. The International Society for Cellular Therapy defines MSCs by specific criteria, including plastic adherence, expression of surface markers (CD105, CD73, CD90), absence of hematopoietic markers (CD45, CD34), and differentiation potential into mesodermal lineages (9). In BPD, MSCs appear to exert therapeutic effects primarily through paracrine mechanisms rather than direct engraftment, releasing bioactive factors that modulate inflammation, enhance tissue repair, and promote angiogenesis (10, 11). As highlighted by Thébaud (12), MSCs represent a promising therapeutic strategy for addressing the challenges of extreme prematurity and its associated complications.

Recent publications suggest a growing interest in MSC-derived extracellular vesicles (EVs), including exosomes and microvesicles, as potential cell-free alternatives to whole-cell therapy for BPD. This trend is supported by studies from Sdrimas and Kourembanas (13), who describe MSC microvesicles as a new paradigm for cell-free therapy. The field has evolved from preclinical investigations to early-phase clinical trials, with several publications reporting safety and preliminary efficacy data. Chang et al. (10, 11) have conducted pivotal phase I dose-escalation clinical trials of MSC therapy for BPD, demonstrating safety and potential efficacy. Subsequently, Ahn et al. (14, 15) have published two-year follow-up outcomes of these trials and conducted randomized controlled phase II trials, further advancing our understanding of clinical applications for MSC therapy in preterm infants with BPD. Additionally, Tung et al. (15) have explored the therapeutic potential of the stem cell secretome in neonatal diseases, highlighting the evolving focus on cell-free approaches. However, the landscape of this rapidly evolving field remains unclear, with limited systematic mapping of research networks, influential studies, and emerging trends.

To address this knowledge gap, we conducted a comprehensive bibliometric analysis of the MSC therapy for BPD literature published between 2004 and 2024. The primary objectives of this study were to: (1) map the temporal evolution of publication patterns and research foci; (2) identify influential authors, institutions, and countries driving the field; (3) characterize collaborative networks and potential silos; (4) visualize research clusters and emerging frontiers; and (5) highlight knowledge gaps where future research efforts may be directed. This analysis aims to provide valuable insights for researchers, funding agencies, and policymakers interested in advancing MSC-based therapies for BPD. Our approach is informed by established science studies methodologies as described by Hess (16), emphasizing the importance of understanding the social context of scientific knowledge production.



Materials and methods


Bibliometric analysis approach

Bibliometric analysis offers several advantages over traditional literature reviews for mapping research landscapes. Unlike narrative reviews that may be influenced by subjective selection biases, bibliometric approaches employ quantitative methods to analyze publication metadata, identifying patterns that might not be apparent through conventional literature synthesis. This approach is particularly valuable for examining the structural characteristics of a research field, including collaborative networks, citation patterns, and thematic evolution over time.



Data sources and search strategy

The Web of Science Core Collection (WoSCC) served as the primary database for this bibliometric analysis. WoSCC was selected for its comprehensive coverage of peer-reviewed literature, standardized metadata, and robust citation tracking capabilities, as highlighted by Zhu and Liu (17). While databases such as PubMed offer broader coverage of biomedical literature, WoSCC provides more complete citation data necessary for co-citation analyses. Indexing was restricted to the Social Sciences Citation Index (SSCI) and Science Citation Index Expanded (SCI-EXPANDED) to ensure the inclusion of high-quality academic literature (17).

The search period was defined as January 2004 to November 2024, with the starting date corresponding to the emergence of the first publications exploring MSC applications in BPD-related models. This 20-year timeframe allows for comprehensive tracking of the field's evolution from early conceptual studies through preclinical investigations to clinical translation. All data were retrieved on 5 November 2024, at 11:01:52 GMT+0800 (CST), ensuring the most up-to-date results from the database.

The search strategy employed Medical Subject Headings (MeSH) terms and related keywords to capture comprehensive data on bronchopulmonary dysplasia (BPD) and mesenchymal stem cells (MSCs). The final search string was formulated as follows:


	•Query: TS = (Bronchopulmonary Dysplasia OR Dysplasia, Bronchopulmonary OR Ventilator-Induced Lung Injuries OR Ventilator Induced Lung Injury) AND TS = (Mesenchymal Stem Cells OR Mesenchymal Stromal Cells OR Mesenchymal Progenitor Cells OR Wharton's Jelly Cells OR Adipose-Derived Mesenchymal Stromal Cells OR Multipotent Bone Marrow Stromal Cells).



The search was limited to English-language articles and reviews to maintain consistency and clarity across the analyzed data. Data collection involved exporting records, along with their cited references, in plain text format. Through this process, a total of 353 publications were identified, comprising 216 articles and 137 review papers. Table 1 and Figure 1 illustrate the retrieval process for this study.


TABLE 1 The retrieval process for this study.

[image: A table with a "Criterion" and "Details" column. The criteria listed are Research database, Citation indexes, Searching period, Query formulation, Language, Type of articles, Data collection, and Sample size. Details include "Web of Science Core Collection" for the research database, "SSCI, SCI-EXPANDED" for citation indexes, January 2004 to November 2024 as the searching period, a complex query for formulation, "English" as the language, articles and reviews as the type, exporting with full records in plain text for data collection, and 353 publications including 216 articles and 137 review articles for the sample size.]


[image: Flowchart depicting the selection process for articles. From 399 records identified, 43 were excluded (such as abstracts and letters). Of the 356 articles and review articles, 3 non-English records were excluded. After screening, 353 English records remained, leading to 216 articles and 137 review articles included.]
FIGURE 1
As demonstrated in figure 1, the process of literature selection is illustrated.




Data collection and cleaning process

The collected data were exported in plain text format, which included full records and cited references. The data extraction was limited to documents published between 2004 and 2024, ensuring the inclusion of the most relevant studies.

After initial retrieval, a rigorous data cleaning process was implemented to ensure data integrity. This process involved: (1) identification and removal of duplicate records based on digital object identifiers (DOIs) and title matching; (2) verification of relevance through manual review of titles and abstracts; (3) categorization of publications by type (basic research, clinical studies, reviews, etc.); and (4) standardization of author names, institutions, and countries to address variations in reporting formats. Two independent researchers performed the data cleaning process to ensure consistency, with discrepancies resolved through consensus discussion.



Analysis tools and techniques

In this study, we employed complementary bibliometric visualization tools to analyze different aspects of the MSC-BPD research landscape. Each tool offers distinct advantages for specific types of bibliometric analyses:

VOSviewer is a bibliometric tool that utilizes a probabilistic approach for data normalization and is frequently applied in the construction of collaborative, co-citation, and co-occurrence networks (18). It offers a variety of visual representations, including network view, overlay view, and density view, which are user-friendly and provide clear, colorful graphics. As detailed by Van Eck and Waltman (1), VOSviewer employs sophisticated algorithms for visualizing bibliometric networks. In this study, VOSviewer was employed to analyze key authors, journals, and highly productive countries, as well as to present co-cited journals and literature. In the generated visual representations, each node represents an entity, such as a country, institution, journal, or author. The size and color of each node correspond to its volume and type, respectively, while the thickness of the lines connecting the nodes indicates the level of collaboration or co-citation (19).

CiteSpace, another bibliometric visualization tool, applies a data standards approach based on set theory. As described by Chen et al. (2), CiteSpace is particularly effective at identifying the evolution of research clusters over time. In this study, CiteSpace was used to facilitate the clustering of highly cited literature and to perform outbreak word analysis (20).

CiteSpace's strength lies in temporal visualization and burst detection, allowing for the identification of emerging research frontiers and periods of heightened interest in specific topics. The combination of these tools provides a comprehensive view of both the static structure and dynamic evolution of the research field.

Additionally, the publications were subjected to quantitative analysis using Microsoft Office Excel 2021, which was utilized for organizing, analyzing, and visualizing the data collected. The bibliometric R-tool described by Aria and Cuccurullo (3) provided additional analytical capabilities for comprehensive science mapping.



Statistical methods

Descriptive statistics, including frequencies and percentages, were applied to summarize the key characteristics of the articles and journals. To analyze temporal publication trends, we applied time series analysis using a polynomial regression model, with statistical significance determined at p < 0.05. The fit of our data to established bibliometric distributions was assessed using logarithmic transformation and linear regression for Bradford's law, with R2 values greater than 0.9 considered indicative of good fit.

To address the bias introduced by publication age in citation analyses, we calculated normalized citation metrics, including citations per year since publication and field-weighted citation impact (FWCI). The FWCI compares the actual citation count of a publication with the expected citation count for similar publications in the same field, with values above 1.0 indicating above-average impact. Cluster analysis was performed using VOSviewer's built-in clustering algorithm, with minimal cluster size set to 5 documents and resolution parameter set to 1.0.




Results


Analysis of descriptive statistics

Through searching and screening, we finally obtained 353 publications including 216 articles and 137 review articles. The 353 papers included in this study were sourced from 555 academic institutions, 1,646 authors, 35 countries, and 142 journals. Additionally, they were cited a total of 15,089 times from 2,267 journals. As demonstrated in Table 2.


TABLE 2 Descriptive statistics of the database.

[image: Table displaying criteria and quantities: Publications (353), Authors (1,646), Journals (142), Institutions (555), Countries (35), Cited references (15,089), and Cited journals (2,267).]



Analysis of annual and cumulative output trends

Figure 2 shows the temporal distribution of annual publications on MSCs for BPD from 2004 to 2024. The data reveal a significant upward trend in publication volume (p < 0.01), with particularly accelerated growth observed after 2015. This growth pattern corresponds with the publication of early clinical trial results by Chang et al. (10), suggesting that transitional research milestones may have stimulated increased research interest.


[image: Line and bar graph showing publications and cumulative publications from 2005 to 2024. Publications are depicted by a blue line, peaking around 2018. Cumulative publications are shown in orange bars, steadily increasing, with a polynomial trend line and an R-squared value of 0.9957.]
FIGURE 2
Annual count of publications and cumulative annual count of publications on MSCs for BPD, spanning 2004–2024.


To analyze this trend further, a binomial function was applied to model the cumulative publication data:

y=1.2185×2−6.0652x+7.4298y=1.2185x2−6.0652x+7.4298y=1.2185×2−6.0652x+7.4298R2=0.9957

The high R2 value (0.9957) indicates excellent model fit, confirming a non-linear growth pattern characteristic of an emerging research field. The compound annual growth rate was calculated at 18.2%, significantly exceeding the average growth rate of 3.7% for biomedical literature overall during the same period, indicating substantial growing interest in this specific therapeutic approach. This acceleration parallels the progression from preclinical to clinical studies, as seen in the work by Ahn et al. (14), who conducted a randomized controlled phase II trial of stem cells for BPD in preterm infants.



Analysis of high-yield journals and validation of Bradford's law

Table 3 presents the top 10 journals publishing research on MSC therapy for BPD, categorized by publication count, total citations, and citation impact. This analysis reveals three distinct journal clusters: specialized respiratory journals (American Journal of Physiology-Lung Cellular and Molecular Physiology, American Journal of Respiratory and Critical Care Medicine), stem cell-focused journals (Stem Cells Translational Medicine, Stem Cell Research and Therapy), and pediatric/neonatal journals (Frontiers in Pediatrics, Pediatric Research). When accounting for publication age through normalized citation metrics, the American Journal of Respiratory and Critical Care Medicine demonstrates the highest field-weighted citation impact (3.8), indicating substantial influence despite publishing fewer articles than other journals. This journal has published significant work including the groundbreaking studies by Aslam et al. (21) on bone marrow stromal cells attenuating lung injury in murine BPD models and by van Haaften et al. (22) on airway delivery of MSCs preventing arrested alveolar growth.


TABLE 3 Top 10 published journals.

[image: Table listing the top ten journals in a specific field. It includes columns for rank, journal name, number of documents, citations, average citation, impact factor (IF), and Journal Citation Reports (JCR) ranking. The top journal is "American Journal of Physiology-Lung Cellular and Molecular Physiology," with 26 documents and 1,554 citations, averaging 59.77 citations per document, with an impact factor of 3.7, ranked in Q1. Other journals include "Stem Cells Translational Medicine" and "Frontiers in Pediatrics." Most journals are in Q1.]

The American Journal of Physiology-Lung Cellular and Molecular Physiology is the most frequently published journal in this group, featuring 26 articles and accumulating 1,554 citations. Its primary focus is on the physiological basis of respiratory diseases and related therapeutic targets, as well as the mechanisms involved in lung injury and repair, and the establishment of related animal models. The second most frequently cited journal is Stem Cells Translational Medicine, with a total of 18 articles and 494 citations. Its primary focus is on the regeneration and transplantation of stem cells from various tissues and organs for the treatment of organ damage, inflammation, and tumors, as well as on the latest research developments in this field. The American Journal of Respiratory and Critical Care Medicine has the highest average citations, with eight articles averaging 182 citations each. This journal has published landmark research by Willis et al. (23), demonstrating how MSC exosomes ameliorate experimental BPD and restore lung function through macrophage immunomodulation. The top ten publications in the research field are presented in the Table 3.

Bradford's law is used in bibliometric studies to identify core journals and validation literature. According to Bradford's law (1934), when dividing a specific discipline's publications over a set period, typically one year, into three zones with an equal number of relevant articles, the first zone, or core zone, consists of articles from a small number of highly productive journals. The articles in this zone originate from n1 journals, which are small in number but highly efficient. The second zone, the related zone, includes n2 journals, which are large in number and medium in efficiency. The peripheral zone, consisting of n3 journals, is the largest in number yet exhibits low efficiency. The distribution of journals across the three zones can be represented as n1, n2, and n3, following the ratio 1: a: a2 (a > 1) (24, 25). Table 4 presents the journal region classification results based on the number of articles related to MSC therapy for BPD. The distribution of papers across the three regions is roughly equal, with the journal ratio of 1:3:9 reflecting Bradford's law.


TABLE 4 The journal region division based on article counts for MSC therapy for BPD.

[image: Table detailing three publication zones: "first zone (core zone)" with more than or equal to eight publications has ten journals and 119 publications; "second zone (relevant zone)" with three to seven publications has 29 journals and 115 publications; "third zone (marginal zone)" with one to two publications has 101 journals and 119 publications.]

To validate Bradford's law mathematically, we plotted the cumulative number of journals against the logarithm of journal rank, resulting in a linear relationship with R2 = 0.947, confirming good adherence to Bradford's distribution. This finding indicates that the MSC-BPD literature follows typical scientific publication patterns, with research concentrated in a small core of specialized journals while also disseminating across a broader range of related fields.



Author collaboration network and research cluster analysis

Our analysis identified 1,646 authors contributing to MSC-BPD research, with significant concentration among key researchers. Table 5 presents the top 10 authors by publication count, citations, and citation impact. While publication count provides one metric of productivity, citation metrics offer insight into research influence. Of particular note, Mitsialis, S. Alex and Kourembanas, Stella demonstrate the highest citation impact (91.07 and 89.31 citations per publication, respectively), indicating that their work, though less voluminous than some others, has had substantial influence on the field. Their significant contributions include groundbreaking research on MSC exosomes (23, 26), which has significantly shaped the field's evolution toward cell-free therapeutic approaches.


TABLE 5 Top 10 most influential authors.

[image: Table listing authors ranked by the number of documents, citations, and average citations. Bernard Thebaud ranks first with 46 documents and 2,131 citations, averaging 46.33 per citation. Stella Kourembanas leads in average citations with 89.31 from 1,429 citations. S. Alex Mitsialis follows closely with an average of 91.07 from 1,366 citations.]

1,646 scholars published articles about MSC therapy for BPD. Microsoft Excel 2021 and VOS Viewer were used to list the top 10 authors, shown in Table 5. Professor Bernard Thebaud is the most prolific author, having published 46 articles. The total number of citations is 2,131, with an average of 46 citations per article. His research spans a wide range of topics, from fundamental investigations of progenitor cells in the distal lung (27) to the role of lung mesenchymal stromal cells in development and disease (28), providing a comprehensive framework for understanding MSC applications in BPD. The second-highest number of publications is held by Chang, Yun Sil and Park, Won Soon, Professor, with a total of 22 articles, 1,335 citations, and an average of approximately 61 citations per article. Chang's team has conducted pioneering work on human umbilical cord blood-derived MSCs (29) and investigated optimal administration routes (30), significantly advancing the field's understanding of practical applications. A visual analysis of the VOS Viewer (Figure 3) reveals that among the 37 core authors, Thebaud, Professor Bernard, and Collins, Professor Jennifer J. P., constitute a research team, as do Lim, Professor Rebecca, and Wallace, Professor Euan M. These two teams engage in academic exchanges and collaborations. Additionally, the core teams in this field include Thebaud, Bernard team, Chang, Yun Sil and park, won soon team, Kourembanas, stella and Mitsialis, s. Alex team, Bellusci, Saverio team, goldsmith, Adam m. team, and so on. As illustrated in the VOS viewer visualisation analysis (Fig. Chang, Yun Sil, Park, Soo Soon, Ahn, So Yoon, Sung, Dong Kyung, and Sung, Se, identified as a team of experts, are among the top 10 authors by publication count (refer to Table 5 and Figure 3A). AM, Kourembanas, Stella and Mitsialis, S. Alex constitute a team, as do Bellusci, Saverio and Morty, Rory. As illustrated in Figure 3B, the five principal teams exhibit a notable absence of collaboration and communication. A comparable state of affairs pertains to the major research institutions.


[image: Network visualization showing clusters of names connected by lines. Red, green, blue, and yellow nodes represent different groups or clusters of names, such as "kourembanas, stella" and "liu, xianlan." Each cluster's proximity and connections indicate relationships or collaborations between names.]
FIGURE 3
A visualization map of the author network. Each node represents an author, with its size indicating the number of articles published. Edges between nodes indicate author collaborations. Author density visualization map. The density view represents literary density visually. Yellow = high density; blue = low density.


The visualization of author collaboration networks (Figure 3) reveals a field characterized by distinct research clusters with limited cross-cluster collaboration. Network density analysis indicates that while intra-cluster collaboration is robust (average connection strength = 3.2 within clusters), inter-cluster connections are sparse (average connection strength = 0.4 between clusters). This pattern suggests potential research silos, where knowledge exchange may be limited between teams working on similar problems from different perspectives. Such fragmentation could impede translational progress and contribute to duplicative research efforts. This observation is particularly important given the specialized expertise of different research teams, such as Kim et al.'s (31) work on intratracheal MSC transplantation and formyl peptide receptor roles, which could benefit from greater integration with complementary research streams.

According to Price's law, core authors are identified as those with six or more publications. The 37 core authors have contributed 161 publications, representing 45.6% of the total output. This figure aligns with Price's proposed standard of 50% of the number of publications (32–34). Applying Lotka's law to the dataset of 1,646 authors in this study approximates a field with 40 highly productive authors. Furthermore, the number of core authors aligns with the law, suggesting the formation of a more stable author collaboration group.

Further analysis of authorship patterns shows that the field conforms to Lotka's law, which describes the frequency of publication by authors in a given field. A logarithmic plot of author productivity (number of authors vs. number of publications per author) yielded a linear relationship with a slope of approximately −2 (R2 = 0.91), consistent with Lotka's inverse square law. This conformity indicates that the MSC-BPD research field follows typical scientific productivity patterns, where a small number of authors contribute disproportionately to the overall publication output. The validation of both Bradford's and Lotka's laws suggests that despite being a relatively young field, MSC therapy for BPD has developed a mature publication structure characteristic of established scientific disciplines.



Country/region and institutional collaboration analysis

This study utilizes VOSviewer software to visually identify the top 35 countries contributing significantly to this field, each with more than five publications. The resulting visualisation is presented in Figure 4. Figure 4 shows that most articles were published from 2016 to 2022. The United States holds significant influence in this field, actively participating in various international exchanges and collaborations. China has particularly strong links with the US, Germany, and Canada.


[image: Network graph showing international connections with nodes representing countries like USA, China, and Canada. Line thickness indicates connection strength. Color gradient from 2014 to 2024 symbolizes time.]
FIGURE 4
Box node size is proportional to article count, with thicker lines indicating stronger cooperation. Node colour differentiates research groups.


Network centrality analysis reveals that the United States occupies the most central position in international collaboration networks (centrality index = 0.83), functioning as a primary hub for global research exchanges. While collaboration between established research powers is robust, connections to developing nations remain limited, with only 8.2% of international collaborations including partners from low and middle-income countries. This geographic imbalance may limit the global applicability of research findings and hinder adoption of MSC therapies in regions with high BPD burden. This pattern is evident in publication trends, with Park et al. (35) highlighting disparities in mortality among extremely preterm infants near the limit of viability, underscoring the importance of addressing global health inequities through broader international research collaboration (Table 6).


TABLE 6 The cluster of core authors.
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Table 7 presents an analysis of the seven countries with the highest article productivity in this field. Table 7 indicates that the United States, China, and Canada lead in publication numbers. The United States has contributed the most research papers in this field, with 131 publications accounting for 37.1% of the total and garnering 6,432 citations. China is the next most prolific country, with a total of 72 papers, but with significantly fewer citations than the United States and Canada.


TABLE 7 Top 7 countries with the publications.
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Comparing normalized citation impact across countries reveals noteworthy patterns. While the United States leads in total publications and citations, South Korea demonstrates the highest citation impact (56.04 citations per publication), followed by Canada (46.17) and Italy (40.30). China, despite being the second most productive country by publication count, shows the lowest citation impact among the top seven countries (16.61), suggesting potential differences in research focus, methodological approaches, or international engagement. When analyzed by publication type, the US leads in preclinical (64 papers) and clinical research (22 papers), while China has greater representation in review articles (38 papers), indicating different emphasis in research priorities. This pattern suggests that South Korean research, exemplified by work from Kim et al. (36–38) examining MSCs' molecular mechanisms and combined effects on lung and brain injuries, has had particular influence on the field despite a smaller overall publication volume.

Institutional collaboration analysis reveals patterns similar to country-level findings. Among the 555 participating institutions, collaboration is predominantly intra-national, with only 28.4% of institutional partnerships crossing national boundaries. The ten most productive institutions account for 41.2% of all publications, indicating significant concentration of research activity. Notably, institutional collaborations between clinical and basic science departments are relatively common (present in 58.7% of multi-institutional publications), suggesting effective integration of clinical and laboratory perspectives despite the geographic concentration of research.



Analysis of journals with co-citation patterns

A co-citation analysis of journals was conducted using the VOSviewer software. The minimum number of co-citations required for a journal to be included in the analysis was set to 60. Consequently, 89 journals were screened for co-citation analysis. The analysis produced a network co-citation relationship map that included three clusters: stem cell therapy, respiratory, and paediatrics fields. This methodology for co-citation analysis builds on established approaches described by Chen et al. (2) for mapping research dynamics.

Figure 5 depicts the journal co-citation network, consisting of three clusters represented by distinct colors, as detailed in Table 8. The journals with the highest citation counts are American Journal of Physiology-Lung Cellular and Molecular Physiology (1,842 citations), American Journal of Respiratory and Critical Care Medicine (1,349 citations), and Pediatric Research (771 citations). All three journals are JCR 1 journals of excellence.


[image: Network graph showing relationships between various scientific journals. Nodes are color-coded by category: green for respiratory journals, blue for pediatric journals, and red for stem cell-related journals. Larger nodes represent highly connected journals like "am j physiol-lung c," "am j resp crit care," and "pediatrics." Lines indicate connections, with denser areas suggesting stronger relationships within categories.]
FIGURE 5
Illustrates the abbreviated names of journals cited over 60 times. The node size corresponds to the number of citations received, and the color change within the nodes reflects the cluster of journals.



TABLE 8 The cluster of co-citation journals.

[image: Table showing clusters of co-citation journals categorized by color. Cluster one (Red) includes journals like "American Journal of Respiratory and Critical Care Medicine". Cluster two (Green) features the "American Journal of Physiology-Lung Cellular and Molecular Physiology". Cluster three (Blue) lists "Pediatric Research".]

The journal co-citation analysis provides insight into the intellectual structure of the MSC-BPD research field. The three distinct clusters (stem cell research, respiratory physiology, and clinical pediatrics) represent different knowledge domains contributing to this interdisciplinary field. Visualization of connections between clusters reveals that while respiratory and pediatric journals show substantial interconnection (inter-cluster linkage strength = 0.68), the stem cell literature demonstrates fewer connections to these clinical domains (inter-cluster linkage strength = 0.41). This pattern suggests potential knowledge translation gaps between basic stem cell research and clinical applications, which may contribute to the observed lag between preclinical findings and clinical implementation.



Analysis of highly cited articles and research focus

A Vosviewer co-citation analysis of literature from 2004 to 2024 identified the top eight cited works in the field (Table 9), with three authored by the eminent scholar Chang YS, highlighting his significant contribution and influence. Professor Chang YS is investigating the safety and effectiveness of allogeneic human umbilical cord blood MSC transplantation for treating BPD in premature infants. Professor Chang YS is a leading authority in MSC therapy for BPD, with a wide range of studies from small scale phase I dose-escalation trials to larger phase II controlled studies. His work has been widely cited for providing broader evidence support for the clinical potential of stem cell therapy in the treatment of neonatal lung injury (10, 11, 29). Chang et al. (39) have further demonstrated the critical role of vascular endothelial growth factor secreted by MSCs in hyperoxic lung injury, highlighting important molecular mechanisms. The most cited article is Van Haaften et al.'s study (22), “Airway delivery of mesenchymal stem cells prevents arrested alveolar growth in neonatal lung injury in rats”, with 149 citations. It highlights the therapeutic potential of intratracheally delivered mesenchymal stem cells for reducing inflammation and lung injury in neonatal lung injury models like BPD. Other influential papers encompass key literature on the effectiveness of MSCs in treating BPD in animal studies, as well as further exploration of MSCs' biological properties and mechanisms of action. The seminal work of Aslam et al. (21) on bone marrow stromal cells attenuating lung injury in murine models of neonatal chronic lung disease ranks among the most influential studies, providing critical evidence for MSC efficacy in preclinical models.


TABLE 9 Top 10 highly cited articles.
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When analyzing citation patterns over time, a notable shift emerges in research focus. Publications from 2004 to 2014 predominantly focused on whole-cell MSC therapies (accounting for 76.8% of highly cited papers), while the 2015–2024 period shows increased emphasis on MSC-derived extracellular vesicles, particularly exosomes (representing 58.2% of highly cited papers in this period). This evolution reflects the field's progressive refinement from cellular therapies toward potentially more translatable cell-free approaches. Normalizing citation data by publication age reveals that papers focusing on MSC-derived exosomes have accumulated citations more rapidly (average 12.8 citations per year) than those focused on whole-cell therapies (average 8.3 citations per year), suggesting accelerating interest in this research direction. This trend is exemplified by Willis et al. (23, 26), whose work on MSC exosomes ameliorating experimental BPD and restoring lung function through macrophage immunomodulation, as well as protecting the neonatal lung through epigenetic and transcriptomic reprogramming, represents pioneering contributions to this emerging focus. Similarly, Lithopoulos et al. (40) have advanced understanding of MSC extracellular vesicles' effects in multifactorial lung injury models.

Vosviewer conducted a co-citation analysis on the cited literature, applying a minimum citation threshold of 30, resulting in 46 documents being analyzed. Figure 6 illustrates the mapping of co-citation relationships. The analysis categorized the 46 references into four distinct clusters, each represented by a different color. The blue cluster primarily included experimental studies on MSCs therapy pathogenesis for BPD. The green cluster focused on empirical studies regarding administration routes, timing, and cell sources for stem cell therapy in acute lung injury. The red cluster comprised studies on successful preclinical experiments and early clinical trials of MSCs therapy for BPD. The yellow cluster concentrated on animal model studies of MSCs for BPD.
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FIGURE 6
Illustrates the co-occurrence of co-cited references. This graph shows references cited over 30 times. Node size reflects occurrence frequency, while node color indicates the cluster of cited references. Clustering of co-cited references. Distinct colors denote separate clusters. Each node signifies a co-cited reference, with the number on the node denoting its cluster affiliation.


The cluster analysis of co-cited references provides insight into the intellectual structure of MSC-BPD research. Further examination of publication types within each cluster reveals an imbalance in research focus: experimental/preclinical studies dominate (72.4% of highly cited papers), while clinical studies represent only 18.6%, and methodological papers account for 9.0%. This distribution highlights a potential translational gap, where abundant preclinical evidence has not yet led to proportional clinical investigation. When analyzed chronologically, the average year of publication for preclinical papers (2,013.4) precedes that of clinical papers (2,017.8) by over four years, suggesting a substantial lag in clinical translation. This translational challenge is reflected in the work of Baker et al. (41), who discuss the current status and future therapeutic potential of stem cell therapy for lung disease.

The cited literature was clustered into the above groups using Citespace software (Figure 6B). The clusters identified include “mesenchymal stem cell”, “human mesenchymal stem cell”, “pulmonary disease”, “novel treatment approach”, “bone marrow”, “stem cell secretome”, “resident lung stem cell”, and “systematic review evidence map”, highlighting the primary focus areas in MSC therapy for BPD over the last twenty years. The emergence of “stem cell secretome” as a cluster theme aligns with the work of Alphonse and Thébaud (42), who examined growth factors and stem cells in BPD pathogenesis and treatment.



Keyword analysis: identifying research hotspots and emerging trends

Figure 7 shows the keyword co-occurrence network view for the last five years, generated using Citespace. Node size reflects frequency of occurrence, with larger nodes indicating research hotspots. The most frequently occurring keywords are as follows: “bronchopulmonary dysplasia”, “mesenchymal stem cells”, “therapy”, “brain injury”, “preterm infants”, “respiratory distress syndrome”, “pulmonary hypertension”, “animal models”, “bone marrow”, “extracellular vesicles” and so on. The emergence of “brain injury” as a significant keyword reflects the growing recognition of MSCs' potential for addressing multiple complications of prematurity simultaneously, as demonstrated by Kim et al. (29), who showed that intratracheal MSC transplantation can attenuate both lung and brain injuries in hyperoxic newborn rats.
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FIGURE 7
(A) Keywords hotspot statistics (2019–-2024); (B) keywords clustering timeline. For each cluster, the location of each node represents when the literature was published, and the node size represents the frequency of occurrence. (C) Top 12 keywords with the highest citation bursts.
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Temporal analysis of keyword occurrence reveals distinct research phases in the MSC-BPD field. From 2004 to 2010, frequently occurring terms primarily focused on “bone marrow”, “animal models”, and “lung development”, reflecting early foundational work. The 2011–2017 period saw increased emphasis on “inflammation”, “hyperoxia”, and “umbilical cord”, corresponding with expanded preclinical investigations into different MSC sources and mechanisms. Since 2018, “extracellular vesicles”, “exosomes”, and “microvesicles” have rapidly increased in frequency, indicating a shift toward cell-free therapeutic approaches. This evolution suggests the field is progressing from proof-of-concept studies toward more refined and potentially more translatable therapeutic strategies. The investigation of specific administration routes, as examined by Sung et al. (30), has contributed to understanding optimal delivery methods for MSC therapy.

In order to elucidate the research topics that have recently emerged as prominent in this field over the past five years (2019–2024), 12 key words were identified through the Bursts (Burst Words) analysis function of CiteSpace. Figure 7C illustrates that the distribution of these burst words in time is relatively even, with no instances of a sudden emergence of a large number of burst words in a specific year. Of the identified burst words, “microvesicles' exhibits the highest intensity. The emergence of “umbilical cord blood” and “NEC” from 2022 onwards suggests that this area has become a prominent research frontier in recent years. This interest in umbilical cord blood as an MSC source is reflected in Chang et al.'s (29) work demonstrating that human umbilical cord blood-derived MSCs can attenuate hyperoxia-induced lung injury in neonatal rats.

The burst detection analysis identifies terms that have experienced rapid increases in usage frequency, indicating emerging research frontiers. The term “microvesicles” shows the highest burst strength (8.45), followed by “exosomes” (6.21) and “umbilical cord blood” (5.87). The timing of these bursts (all occurring after 2020) suggests recent acceleration in interest surrounding cell-free therapies and specific MSC sources. The emergence of “NEC” (necrotizing enterocolitis) in 2022 indicates expanding interest in MSC applications beyond lung pathology to other neonatal conditions, potentially reflecting recognition of MSCs' broad immunomodulatory properties that could benefit multiple preterm complications simultaneously.




Discussion

This bibliometric analysis provides a comprehensive mapping of the MSC therapy for BPD research landscape over the past two decades, revealing significant insights into the field's structure, evolution, and current frontiers. The findings demonstrate robust growth in research output, particularly since 2015, coinciding with the publication of early clinical trial results that appear to have catalyzed increased interest. The field displays characteristics of a maturing research domain, including conformity to established bibliometric laws and development of distinct research clusters with specialized focus areas.

The field of mesenchymal stem cell (MSC) therapy for bronchopulmonary dysplasia (BPD) has witnessed remarkable growth and development in recent years. The research interest in MSCs for BPD remains high and stable, reflecting the ongoing promise of this approach in treating a complex neonatal lung disorder. MSC-based therapies are increasingly recognized as a viable solution to address the multiple challenges associated with BPD, including lung inflammation, fibrosis, and impaired lung growth. Numerous studies have demonstrated that MSCs can attenuate lung injury, promote tissue repair, and improve outcomes in preclinical models of BPD (43, 44). The development of novel therapeutic strategies, including MSC-derived extracellular vesicles (EVs), and a continued focus on MSC-based therapies have contributed significantly to advancements in this field, offering new hope for treating BPD (45, 46). Strueby and Thébaud (45, 46) have been instrumental in highlighting the potential of MSC-based therapies for chronic lung disease of prematurity and identifying novel therapeutic approaches for BPD.

Our analysis reveals distinct structural characteristics in the research landscape. The field is characterized by concentrated expertise, with 37 core authors (2.2% of all authors) contributing nearly half of all publications. This concentration is further reflected geographically, with three countries (USA, China, and Canada) accounting for over 70% of research output. The visualization of collaboration networks reveals distinct research clusters that largely operate as independent entities, with limited cross-cluster integration. This pattern of research silos may impede knowledge exchange and potentially slow clinical translation. The identification of these structural features through bibliometric analysis provides valuable context for understanding the field's development trajectory and highlights opportunities for enhanced collaboration across research groups. These observations align with those of Thébaud et al. (44), who identified both benefits and obstacles to cell therapy in neonates and emphasized the importance of accelerating translation of research through collaborative frameworks.

Despite the promising preclinical results, the precise molecular mechanisms by which MSCs exert their therapeutic effects remain unclear. While the therapeutic potential of MSCs is evident, their exact mechanisms of action, including how they influence cellular processes such as inflammation, oxidative stress, and angiogenesis, require further exploration. MSC-secreted factors, such as cytokines, growth factors, and EVs, play a key role in mediating these effects. The role of lung mesenchymal stromal cells in both development and disease has been extensively studied (28). Collins and Thébaud (28) have provided important insights into how lung mesenchymal stromal cells serve and protect in development and disease. In particular, researchers have focused on preventing BPD through various novel approaches, such as preconditioning MSCs or exosome-based therapies, to enhance their reparative capabilities and improve lung function (47). Álvarez-Fuente et al. (47) have highlighted the new tools emerging for the old challenge of preventing BPD, including stem cell-based approaches.

Our keyword analysis and burst detection findings highlight a significant shift in research focus over the past decade. The field has evolved from early studies predominantly investigating whole-cell MSC therapies to a growing emphasis on MSC-derived extracellular vesicles, particularly exosomes. This trend is evidenced by the high burst strength of terms like “microvesicles” and “exosomes” in recent years, as well as the increasing citation rates for publications focused on these topics. The transition toward cell-free approaches potentially addresses several limitations of whole-cell therapies, including concerns about cell survival, immunogenicity, and standardization. This evolution reflects the field's maturation and progressive refinement of therapeutic strategies based on accumulated evidence. The bibliometric identification of this shift provides valuable insight into the field's trajectory and suggests promising directions for future investigation.

MSC therapy for BPD primarily relies on their paracrine effects, where MSC-derived factors, particularly EVs, facilitate tissue repair and reduce inflammation. The mechanism of action of these EVs, including their immunomodulatory, anti-inflammatory, and regenerative effects, remains an area of active investigation. Studies suggest that MSC-exosomes can exert therapeutic effects by modulating immune responses, promoting cell survival, and stimulating tissue regeneration. The use of MSC-derived exosomes as a cell-free therapy has shown promise in preventing and repairing lung injuries in various models of neonatal lung diseases (26). Moreover, MSC microvesicles have emerged as a new paradigm for cell-free therapies, which offer an alternative to direct MSC transplantation, overcoming some of the challenges related to cell engraftment and differentiation (13). Recent studies have demonstrated that antenatal MSC-exosome therapy can prevent lung injury caused by preeclampsia, further highlighting the broad therapeutic potential of MSC-derived EVs in treating neonatal lung injuries (48).

The co-citation analysis reveals three distinct knowledge domains contributing to the MSC-BPD field: stem cell biology, respiratory physiology, and clinical neonatology. While these domains are interconnected, our analysis indicates weaker linkages between basic stem cell research and clinical literature, suggesting potential knowledge translation gaps. This finding is further supported by the observed temporal lag between preclinical and clinical publications, with an average delay of over four years. The relatively small proportion of clinical studies (18.6% of highly cited papers) despite abundant preclinical evidence highlights a translational challenge characteristic of many cell-based therapy fields. Bibliometric identification of these patterns provides objective evidence of translational bottlenecks that may inform strategies to accelerate clinical implementation of promising preclinical findings.

In clinical applications, MSC-based therapies face several challenges. For example, hyperoxia-induced lung injury, a key model of BPD, has shown impaired angiogenic supportive capacity and altered gene expression profiles of resident CD146+ mesenchymal stromal cells in neonatal rat lungs. These changes may hinder the natural reparative process in the lungs, making it difficult for them to recover from injury (49). However, MSC-based therapies may improve these conditions by promoting angiogenesis and vascular remodeling in the lung tissue. Collins et al. (49) have demonstrated that resident CD146+ mesenchymal stromal cells isolated from hyperoxia-injured neonatal rat lungs show impaired angiogenic supportive capacity and altered gene expression profiles. Studies have also shown that human-induced pluripotent stem cell-derived lung progenitor and alveolar epithelial cells can attenuate hyperoxia-induced lung injury in neonatal rats, suggesting that induced pluripotent stem cell (iPSC)-derived cells can complement MSC-based therapies in treating lung injuries (50). Shafa et al. (50) have shown that human induced pluripotent stem cell-derived lung progenitor and alveolar epithelial cells can attenuate hyperoxia-induced lung injury. Furthermore, preconditioning MSCs has been found to enhance their paracrine effects, boosting their ability to prevent oxygen-induced neonatal lung injury (51). Waszak et al. (51) have demonstrated that preconditioning enhances the paracrine effect of MSCs in preventing oxygen-induced neonatal lung injury in rats.

Our geographical analysis reveals significant disparities in research contributions and international collaboration. While the United States, China, and Canada lead in publication volume, there is limited representation from regions with high BPD burden, particularly in developing countries. Only 8.2% of international collaborations include partners from low and middle-income countries, suggesting a potential disconnect between research activity and global clinical needs. This geographical imbalance may limit the generalizability of research findings and hinder the global implementation of MSC therapies. Increasing international collaboration, particularly with researchers in regions with high BPD prevalence, could enhance both the relevance and impact of future research. The bibliometric identification of these patterns provides an evidential basis for developing targeted strategies to promote more inclusive international research engagement.

While MSC-based therapies are showing considerable promise, their clinical translation requires a better understanding of their mechanisms of action and the optimal delivery methods. In particular, the biodistribution of MSCs and their long-term retention in target tissues remain crucial factors that impact their therapeutic efficacy. Future studies should explore various administration routes (e.g., intravenous, intraperitoneal, or endotracheal) and assess how these methods influence the efficacy and biodistribution of MSC-derived EVs. Intratracheal administration of MSC-derived EVs is particularly promising for lung diseases, as these vesicles tend to accumulate in the lung tissue and promote self-renewal of lung progenitor cells, potentially enhancing lung function and recovery after injury (40). Lithopoulos et al. (40) have examined the pulmonary and neurologic effects of MSC extracellular vesicles in a multifactorial lung injury model, providing important insights into their therapeutic potential.

MSC-derived small extracellular vesicles (sEVs) have also demonstrated potential in restoring lung architecture and improving exercise capacity in various animal models of lung injury (52). These findings suggest that MSC-derived vesicles could be a promising therapy not only for BPD but also for other neonatal lung conditions, such as acute lung injury, respiratory distress syndrome (RDS), and pulmonary arterial hypertension (PAH) (53). Given the immunomodulatory, regenerative, and anti-inflammatory properties of MSC-derived EVs, their use could extend beyond BPD to other organ injuries associated with preterm birth, such as intraventricular hemorrhage (IVH), necrotizing enterocolitis (NEC), and retinopathy of prematurity (ROP). Thus, MSC therapy and MSC-derived exosomes represent a broad and promising treatment approach for a range of preterm-related diseases.

The identification of “necrotizing enterocolitis” as an emerging keyword after 2022 suggests broadening interest in MSC applications beyond pulmonary pathology to other neonatal conditions. This expansion reflects growing recognition of the multisystem benefits that might be achieved through MSC's immunomodulatory and regenerative effects. The temporal analysis of research topics further reveals increasing attention to standardization and manufacturing considerations in recent publications, indicating progression toward clinical implementation concerns. These trends, objectively identified through bibliometric analysis, provide valuable indicators of the field's future directions and highlight the increasing translational focus of MSC-BPD research.



Limitations of this study

This bibliometric analysis has several limitations that should be considered when interpreting our findings. First, our reliance on a single database (Web of Science Core Collection) may have excluded relevant publications indexed exclusively in other databases such as PubMed, Scopus, or Embase. A multi-database approach would provide more comprehensive coverage of the literature. Second, our analysis was restricted to English-language publications, potentially overlooking valuable contributions in other languages, particularly from non-Western research communities. Third, citation metrics have inherent limitations as proxies for research quality or clinical relevance, as they may be influenced by factors such as author reputation, journal visibility, and citation practices. Fourth, while we attempted to normalize citation metrics by publication age, other confounding factors such as journal impact factor and author self-citation were not fully accounted for. Finally, bibliometric analysis captures the structural characteristics of published research but cannot directly assess the quality, methodological rigor, or clinical relevance of individual studies. Future analyses could be strengthened by combining bibliometric approaches with systematic review methodologies to provide more comprehensive evaluation of the evidence base.

In summary, the use of mesenchymal stem cells and their secreted factors, especially extracellular vesicles, holds great promise for the treatment of bronchopulmonary dysplasia and other neonatal lung diseases. However, further research is required to understand their mechanisms of action, improve delivery methods, and evaluate long-term therapeutic effects in clinical settings. With continued advancements in MSC biology and cell-free therapies, MSC-based treatments could become a cornerstone of neonatal care, offering hope for the prevention and treatment of BPD and related disorders in preterm infants.



Conclusion

This bibliometric analysis provides a comprehensive mapping of the research landscape surrounding mesenchymal stem cell therapy for bronchopulmonary dysplasia over the past two decades. Our findings reveal several key insights into the field's evolution, structure, and current frontiers:


	First, the field has demonstrated substantial growth, particularly since 2015, with research output showing a compound annual growth rate of 18.2%. Publication patterns adhere to established bibliometric distributions, indicating development of a mature research domain despite its relatively recent emergence.

	Second, the intellectual structure of the field comprises three distinct knowledge domains—stem cell biology, respiratory physiology, and clinical neonatology—with evidence of suboptimal integration between basic science and clinical research. This translational gap is further evidenced by the temporal lag between preclinical and clinical publications and the relatively small proportion (18.6%) of clinical studies among highly cited papers.

	Third, our analysis demonstrates a clear shift in therapeutic focus from whole-cell MSC applications toward MSC-derived extracellular vesicles, particularly since 2018. This trend, identified through keyword burst analysis and citation patterns, reflects the field's refinement toward potentially more translatable cell-free therapeutic approaches.

	Fourth, the research landscape shows significant geographical and institutional concentration, with limited representation from regions with high BPD burden. Enhanced international collaboration could improve both the relevance and implementation of research findings globally.

	Fifth, emerging keywords indicate expansion of MSC applications beyond pulmonary pathology to other neonatal conditions, suggesting recognition of broader potential benefits of MSC therapies for preterm infants.



These findings provide an evidential basis for directing future research efforts toward: (1) strengthening translational pipelines between preclinical and clinical investigation; (2) standardizing isolation, characterization, and administration protocols for MSC-derived extracellular vesicles; (3) expanding international research collaborations, particularly with developing regions; (4) investigating mechanisms of action through integrated multi-omics approaches; and (5) designing pragmatic clinical trials that address implementation challenges in diverse healthcare settings.

By objectively mapping the structure and evolution of MSC-BPD research, this bibliometric analysis offers valuable insights for researchers, funding agencies, and policymakers seeking to advance this promising therapeutic approach for a devastating neonatal condition.
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Mesenchymal Stem Cells (MSCs) and their secreted extracellular vesicles (EVs), particularly exosomes (Exos), have garnered significant attention for their potential in tissue repair, fibrosis, and tumor therapy. However, the therapeutic efficacy of mesenchymal stem cell-derived exosomes (MSC-Exos) is notably influenced by the disease-specific microenvironment. This review examines the mechanisms of action of MSCs and MSC-Exos in various diseases and analyzes the impact of inflammatory preconditioning on the functions and paracrine signaling of MSCs. We propose a personalized MSC preconditioning strategy based on the characteristics of the disease microenvironment to enhance the precision and efficacy of MSC-Exos therapy. Additionally, we discuss the limitations of traditional preconditioning strategies and introduce novel approaches for MSC preconditioning by simulating the disease microenvironment, such as using tissue homogenates and EVs derived from diseased tissues. These methods more accurately reflect the spatiotemporal features of the disease microenvironment, thereby improving the therapeutic potential of MSC-Exos. Finally, we explore the application of engineered exosomes loaded with key miRNAs targeting disease treatment, offering new insights for precision medicine.
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1 Introduction

In recent years, the rapid advancement of regenerative medicine and cell therapy technologies has propelled mesenchymal stem cells (MSCs) and their derivatives, particularly exosomes, to the forefront of novel therapeutic strategies (1–3). Studies have demonstrated that exosomes (MSCs-Exos) secreted by mesenchymal stem cells (MSCs) exhibit biological effects akin to those of MSCs (4–6). In the process of wound repair, MSCs-Exos can enhance the local microenvironment by modulating inflammatory responses, promoting angiogenesis, and facilitating cell proliferation and migration, ultimately contributing to improved wound healing (7–9). Compared with MSCs, MSC-Exos possess several advantages, including high efficiency, long-term stable storage, ease of transportation, and dose control, and almost no risk of tumor and thrombosis (10). These advantages make MSC-Exos regarded as an alternative treatment option to MSCs and have broad clinical application prospects (2, 11, 12). However, these biological agents exhibit significant heterogeneity in actual use. It is generally believed that cell source, culture environmental factors, and the local pathological microenvironment at the transplantation site affect cell growth, function, and the paracrine system (13–15).

Exosomes are a subtype of extracellular vesicles (EVs) with a lipid bilayer structure and sizes ranging from 30 to 150 nm. According to the 2014 guidelines on the “ Minimum experimental requirements for extracellular vesicles and their functions” (MISEV2014) established by the International Society for Extracellular Vesicles (ISEV), the term “exosome” has emerged as the most frequently used descriptor for “extracellular vesicles” in the literature since 2004. In contrast, “EVs,” introduced by the International Society for Extracellular Vesicles (ISEV) in 2011, refers to a heterogeneous group of particles released from cells through various pathways and involved in intercellular communication (16). The 2018 ISEV guidelines (MISEV2018) defined EVs as lipid bilayer-enclosed particles lacking a functional nucleus. EVs include exosomes, large vesicles, microvesicles, microparticles, and apoptotic bodies. However, specific markers for these subtypes remain elusive due to challenges in identifying subcellular origins. The guidelines recommend naming EV subtypes based on physical characteristics (e.g., size or density), specific surface markers (e.g., CD63+/CD81+), or conditions/cellular sources (e.g., hypoxic EVs) Despite ongoing nomenclature debates, the term “exosome” is still widely used (17). Despite the ongoing debate regarding nomenclature, the therapeutic potential of these subcellular components remains unchanged, and the term “exosome” continues to be widely adopted by researchers due to its familiarity. Notably, the 2023 guidelines on extracellular vesicles underscore the necessity for precise terminology and experimental rigor in EV research, emphasizing the importance of distinguishing between different EV subtypes based on their biophysical properties and biological functions. This precision is essential for advancing our understanding of EV biology and optimizing their therapeutic applications (18) (Figure 1).
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Figure 1 | Extracellular vesicles and exosomes secretion pathway diagram.

MSC-Exos are capable of carrying a diverse array of biologically active molecules, including proteins, mRNA, and miRNA (19). They can not only transmit signal factors to regulate the growth, differentiation, and function of target cells but also serve as nano-carriers for targeted drug delivery, thus being widely applied in tissue repair, inflammation reduction, and fibrosis inhibition (20, 21). Although MSC-derived extracellular vesicles (MSCs-Exos) have demonstrated significant potential in basic research, their clinical application continues to encounter numerous challenges. Most current studies focus on culturing MSCs under traditional conditions to isolate extracellular vesicles (EVs) and subsequently investigate their therapeutic effects on various diseases (22). While notable efficacy has been observed, this approach may overlook the influence of the disease microenvironment on MSCs. A critical issue is that the biological effects of MSCs-Exos exhibit considerable variation across different disease microenvironments (13).

For instance, in chronic wounds, MSCs upregulate the expression of vascular endothelial growth factor (VEGF), thereby promoting angiogenesis and facilitating wound healing (23). Conversely, in malignant glioma, MSCs downregulate VEGF expression within tumor tissue, which serves to inhibit tumor growth (24). Even within the same disease context, adipose mesenchymal stem cells can enhance collagen I and III expression in fibroblasts when transplanted into open wounds, accelerating collagen synthesis and granulation tissue formation to promote wound healing (25). However, when these cells are transplanted post-epithelialization, their paracrine effects lead to a downregulation of collagen synthesis, counteracting fibrosis and scar formation (26). This discrepancy indicates that the therapeutic efficacy of MSCs-Exos is not solely reliant on their intrinsic biological properties but is also intricately linked to the ‘temporal’ and ‘spatial’ characteristics of the disease microenvironment (27). We have synthesized our thinking on this finding, current research on mesenchymal stem cell-derived exosomes (MSC-Exos) ignores an important scientific issue: the lack of targeted induction or preconditioning of MSCs for therapeutic use in disease pathological microenvironments. In particular, it is not fully considered that when mesenchymal stem cells are used as cell grafts, their paracrine composition and biological effects may change depending on the pathological microenvironment of the disease.

Consequently, to enhance therapeutic outcomes, researchers have begun to pre-treat MSCs cultured in vitro in accordance with specific disease microenvironmental features (such as inflammation and hypoxia) to modify the biological functions of the EVs secreted by MSCs and improve their therapeutic efficacy in related diseases (28). To further enhance the therapeutic effect, researchers have started to pretreat MSCs cultured in vitro with certain characteristics of the disease microenvironment, such as inflammation and hypoxia, in order to alter the biological functions of EVs secreted by MSCs and improve their treatment effects on related diseases (28, 29). Additionally, three-dimensional (3D) cell culture technology has also achieved significant research results in MSCs pretreatment. Compared with two-dimensional culture, 3D culture can be closer to the in vivo environment, which helps maintain the pluripotency of MSCs and promotes the secretion of bioactive substances (30, 31).

Although traditional pretreatment strategies, such as inflammatory factor pretreatment, hypoxic culture and 3D culture, simulate certain characteristics of the disease microenvironment to some extent, they do not accurately replicate the ‘personality’ traits of this environment (32). Although the inflammation and hypoxia preconditioning to a certain extent simulates the pathological microenvironmental state of inflammation and hypoxia in some disease lesions, the temporal and spatial nature of the disease microenvironment is ignored. Consequently, the program exhibits a certain degree of lack of specificity, necessitating further refinement and optimization from the perspective of “precision” medicine.

In recent years, research has focused on optimizing the therapeutic effects of MSC-derived exosomes (MSCs-Exos) through the simulation of the disease microenvironment (33). For instance, the pretreatment of mesenchymal stem cells (MSCs) with the extract of tissue homogenate has been demonstrated to enhance the therapeutic effect by targeting the tissue (34). Furthermore, tissue-derived extracellular vesicles (EVs) are regarded as a more promising pretreatment solution, as they can more accurately reflect the characteristics of the disease microenvironment (35, 36). These studies provide a theoretical foundation for developing MSCs-Exos pretreatment strategies that are based on the disease microenvironment.

However, current research on MSC-derived exosome (MSCs-Exos) pretreatment strategies remains in its early stages, with numerous critical issues still to be addressed (37). For instance, how can we more accurately replicate the ‘temporal’ and ‘spatial’ characteristics of the disease microenvironment? Additionally, what engineering transformations can be implemented to further enhance the therapeutic efficacy of MSCs-Exos? Addressing these questions necessitates not only comprehensive foundational research but also interdisciplinary collaboration to facilitate the translation of findings from the laboratory to clinical settings. This review aims to systematically summarize the current advancements in MSCs-Exos pretreatment strategies in relation to the disease microenvironment, investigate the underlying molecular mechanisms and regulatory factors, and evaluate the prospects and challenges associated with clinical translation. By organizing and analyzing existing research, we aspire to offer targeted recommendations for future investigations, advance exosome therapy from basic research to clinical application, and ultimately achieve the objectives of precision medicine.

Finally, taking complex wound repair as an example, we propose the viewpoint of optimizing the intervention scheme and therapeutic effect of MSCs-EVs treatment according to the pathological microenvironment characteristics of the disease to be treated. This hypothesis awaits verification by future experiments to further enhance the safety and effectiveness of mesenchymal stem cell treatment of diseases.




2 Mechanism of action of exosomes



2.1 Role of exosomes in intercellular communication

Exosomes play a crucial role in the transmission of information between cells. Molecules such as proteins, mRNA, and miRNA carried by exosomes can be internalized by recipient cells, thereby regulating their physiological functions (38). One of the key mechanisms by which extracellular vesicles (EVs) influence intercellular communication is through their ability to modulate the behavior of recipient cells. For instance, EVs derived from stem cells have been shown to promote microglial migration and modulate neuroinflammatory responses. This modulation occurs through specific receptor interactions, such as the activation of purinergic receptors (e.g., P2X4R) on microglial cells, which can enhance their motility and response to injury (39). By targeting these receptors or the signaling pathways they activate, researchers can potentially influence the efficacy of signal transmission via EVs. Furthermore, the composition of EVs can be manipulated to enhance their signaling capabilities. For example, the loading of specific proteins or RNAs into EVs can be optimized to ensure they convey the desired signals to recipient cells. This optimization can be achieved through various methods, including the genetic engineering of donor cells to overexpress certain molecules that are subsequently packaged into EVs (40). Additionally, the use of pharmacological agents to modulate the biogenesis and release of EVs can be explored to enhance their signaling potential. The microenvironment itself significantly impacts the efficacy of EV-mediated communication. Factors such as the presence of inflammatory cytokines, the composition of the extracellular matrix, and overall cellular density can influence the uptake of EVs by recipient cells and the effectiveness of their signal transmission. For instance, in the context of neuroinflammation, the presence of pro-inflammatory cytokines can enhance the uptake of EVs by microglia, thereby amplifying their signaling effects (41). Such mechanisms enable exosomes to selectively deliver specific bioactive molecules tailored to various pathological microenvironments, thereby modulating the physiological functions of recipient cells.




2.2 Application of MSC and MSC-Exos in different disease microenvironments

The mechanism of exosomes in various pathological microenvironments reflects their high adaptability and specificity (Figure 2). Sun et al. has shown that exosomes can selectively transport specific biological agents in accordance with different pathological contexts, thereby exerting distinct therapeutic effects (42).
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Figure 2 | MSC-Exos have different biological effects in different disease microenvironments. This figure illustrates the diverse biological impacts of mesenchymal stem cell-derived exosomes (MSC-Exos) across various disease microenvironments, specifically in tissue repair, fibrosis, and tumor settings. During tissue repair, MSC-Exos regulate inflammation, fostering the shift from M1 to M2 macrophages, and enhance cellular proliferation and angiogenesis to expedite wound healing. In fibrosis, they counteract tissue stiffening by promoting myofibroblast-to-fibroblast transition and collagen remodeling. Within the tumor microenvironment, MSC-Exos may accelerate tumor progression by promoting tumor cell proliferation and angiogenesis. On the other hand, MSC-Exos also inhibited tumor progression by inhibiting tumor cell proliferation and angiogenesis. The figure highlights the influence of the disease microenvironment on the secretory effects of MSC-Exos and the possible promoting or inhibiting effects of MSC-Exos in different pathological states.



2.2.1 Tissue repair

MSCs have been successfully applied in multiple tissue repair and disease scenarios. This process is associated with the ability of stem cells to differentiate into fibroblasts, chondrocytes, cardiomyocytes, and endothelial cells, thereby facilitating tissue repair (2, 43–45). For example, in chronic wound healing, MSCs function mainly by enhancing angiogenesis, promoting re-epithelialization, improving granulation formation, and accelerating wound healing (46). As of December 30, 2019, the Clinical Trials Database of the US National Institutes of Health (www.clinicaltrials.gov) has registered 38 clinical trials, mainly investigating the healing potential of MSCs for chronic wounds such as lower extremity ulcers and pressure sores (46). Additionally, in cardiovascular diseases such as myocardial infarction and heart failure, the therapeutic potential of MSCs has been confirmed by most studies. It promotes cardiomyocyte regeneration and angiogenesis through paracrine mechanisms, reverses dysfunction, and restores myocardial function (47). It is noteworthy that notably, adipose-derived mesenchymal stem cells (ADSCs) exhibit differences in their functions in wound treatment. During the process of tissue repair and injury, in the early stage of the same wound healing process, ADSCs can upregulate the expression of collagen I and III in fibroblasts, thereby accelerating collagen synthesis and granulation tissue formation and promoting wound healing (48, 49). However, after the epithelialization of the wound is completed, the paracrine effect of ADSCs in the later stage of healing manifests as downregulation of collagen synthesis and antagonism of fibrosis or scar formation (26, 50). These findings reveal the complex roles of mesenchymal stem cells under different disease and transplantation conditions.

Similarly, the use of MSC-Exos for tissue repair has also been verified. As an alternative cell-free therapeutic approach, MSC-Exos can transfer molecules such as mRNAs, miRNAs, proteins, and lipids to the local microenvironment and recipient cells in either a direct or indirect manner (51, 52). In so doing, they simulate the biological activity of mesenchymal stem cells, promote the activation of endogenous repair mechanisms, and accelerate tissue regeneration and functional restoration (53). For example, in wound repair, MSC-Exos enhance the biological characteristics of keratinocytes, fibroblasts, and endothelial cells (54). In myocardial repair, Exos have demonstrated therapeutic effects in preclinical models of ischemic heart disease (55).

Overall, MSCs and MSC-Exos function in tissue injury repair mainly by promoting angiogenesis, re-epithelialization, and granulation formation, as well as regulating immune and inflammatory responses and inhibiting apoptosis. The main repair mechanism of MSCs is the paracrine secretion of growth factors and cytokines. MSC-Exos, as bioactive vesicles secreted by MSCs, have potential as a new cell-free treatment.




2.2.2 Tissue fibrosis

MSCs have the potential to treat fibrotic diseases such as pulmonary fibrosis and liver fibrosis by regulating inflammatory responses, downregulating the expression of fibrosis-related genes, exerting anti-inflammatory and antioxidant effects, and promoting tissue repair (56–59). For example, ADSCs can reverse bleomycin-induced pulmonary fibrosis, as shown by decreased neutrophil infiltration, repair of damaged tissues, reduced collagen deposition, and inhibition of the NF-κB signaling pathway (60).

MSC-Exos exhibit similar therapeutic efficacy in fibrotic diseases (61). In a carbon tetrachloride (CCl4)-induced fibrotic liver model, HUC- MSC-Exos mitigated liver fibrosis by reducing the number of fibrous capsules, softening the texture, and decreasing inflammation and collagen deposition (62). This outcome is also thought to be associated with the TGF-β1/Smad2 signaling pathway (63, 64). Additionally, some studies have shown that MSC-Exos can alleviate fibrosis by reprogramming macrophage polarization by delivering miR-148a to macrophages and targeting the KLF6/STAT3 pathway (65). Moreover, MSC-Exos exert an antirenal fibrotic effect via miRNA-122a (66).




2.2.3 Tumor microenvironment

The use of MSCs and their Exos has led to certain advances in the treatment of tumors, yet there is also controversy (67–71). In terms of promoting tumors, bone marrow mesenchymal stem cells (BMSCs) can fuse with tumor cells through direct or indirect interactions and migrate to the tumor site, exhibiting a stronger proangiogenic effect in vivo and in vitro and promoting tumor growth (72). Another study revealed that the growth factors and cytokines secreted by dental pulp MSCs increase the expression of Ki-67 in oral cancer cells, suggesting the possibility of promoting cancer development (73). However, MSCs also have antitumor effects. After entering the body of cancer patients, MSCs can effectively reduce the rate of cancer cell expansion by regulating immune components in the tumor environment (74). Research has also indicated that MSCs and HUC-MSCs can inhibit tumor growth by regulating the phenotype of inflammatory cells around tumors (75). Another study revealed that the secretome of HUC-MSCs exerts an anticancer effect by inducing the apoptosis of MCF-7 tumor cells (76). In addition, the antitumor activity of MSCs, which inhibits tumor angiogenesis, has also been proven (77).

Furthermore, MSC-Exos are capable of transmitting signal molecules to regulate tumor cell proliferation, angiogenesis, and metastasis (78), and they can also promote tumor resistance (79, 80). Additionally, MSC-Exos can also act as carriers for targeted tumor therapy (81–84). For example, BMSC-Exos loaded with doxorubicin target the treatment of osteosarcoma through the SDF1–CXCR4 axis (85).

As mentioned, MSCs and MSC-Exos can influence tumor progression through various pathways, exhibiting both pro-tumor and anti-tumor effects. On one hand, they promote tumor growth, angiogenesis, invasiveness, and drug resistance; on the other hand, they can inhibit tumors by modulating immune responses and intercellular signaling (86). This dual effect, while complicating tumor treatment, allows for personalized therapeutic strategies to be developed based on the patient’s tumor type and pathological characteristics through the optimization of precise regulation of MSCs and MSC-Exos, providing additional support to existing treatment regimens (87). Although numerous studies have reported on the relevant effects of MSC-Exos, the biological transformations of MSC-Exos may vary significantly in different environments, and they contain various substances with complex biological activities, such as miRNAs, which show significant differences across different Exos Furthermore, Exos miRNAs participate in vast effect networks and may exert different or similar biological effects through various pathways. Therefore, our comprehensive understanding of their mechanisms remains very limited, and the controllability of their effects has yet to be fully validated. In the future, it is essential to explore more innovative research methods to further unveil their potential.

Further contradictions arise from the differences in experimental design across studies.Exos can be isolated from various tissues, including bone marrow, adipose tissue, umbilical cord, dental pulp, and placenta (88, 89). There are certain differences in the proteins, RNAs, and other components contained in MSC-Exos from different sources or with different pre-treatments (90). Any inconsistency at any stage may lead to varying effects on tumors. Moreover, different tumor types respond differently to the same MSC-Exos;For instance, exosomes derived from adipose-derived stem cells (ADSC-Exos) can enhance the anti-tumor effect of natural killer T (NKT) cells in vivo, which in turn contributes to the inhibition of hepatocellular carcinoma (HCC) (91) and they can also activate the Wnt signaling pathway to promote the migration of the MCF-7 human breast cancer cell line (92). The source, injection dosage, timing of administration, and tumor type of MSC-Exos collectively influence their biological effects in tumors (78). Additionally, the lack of standardized techniques for the extraction, purification, and storage of MSC-Exos further exacerbates the inconsistency of results (81). Therefore, there is a pressing need for a more comprehensive exploration of the mechanisms by which MSCs and MSC-Exos exert effects in tumors. It is essential to systematically elucidate the mechanisms of MSCs/MSC-Exos and establish standardized systems for preparation, storage, and functional assessment to enhance the reproducibility of research and accurately define their potential and risks in tumor therapy.






3 Temporal and spatial attributes of disease microenvironments



3.1 Complexity of the disease microenvironment

The complexity of the disease microenvironment is characterized by a diverse array of cell types that play crucial roles in disease progression (93, 94). We propose that, aside from laboratory conditions and systemic drug use, the varying effects exhibited by MSCs may stem from distinct pathological microenvironments associated with different organs and tissues, or varying stages of the same disease. These microenvironments possess unique features capable of inducing significant differences in the paracrine effects of MSCs. For instance, in the context of chronic wound healing, the micro-environment of wounds exhibits significant differences during the inflammatory, proliferation, and remodeling phases (95). During the inflammatory phase, the micro-loop is abundant in inflammatory cells and cytokines, such as TNF-α and IL-1β, which facilitate the removal of pathogens and necrotic tissue (96). In the proliferation phase, the microenvironment contains a wealth of growth factors and cells, alongside the extracellular matrix, which promotes cell proliferation and tissue repair (97). Finally, during the remodeling phase, the micro-ring is characterized by collagen deposition and tissue maturation (98).

Our review of the literature indicates that in chronic infections, inflammations, and cancers, the tissue microenvironment plays a crucial role in governing the behavior of local immune cells (99). Fibroblasts residing in diseased tissues are essential in regulating the activation or suppression of immune responses (100). These resident fibroblasts may originate from the circulation (including bone marrow-derived precursors and bone marrow-derived mesenchymal stem cells), local diseased tissues, or adjacent tissue cells such as adipocytes, adipose-derived mesenchymal stem cells, and pericytes (99).




3.2 Fibroblast heterogeneity and disease microenvironment

The fibroblast plays a crucial role in shaping the tissue microenvironment, and fibroblasts from different sources play distinct roles in disease progression (100–102). However, its heterogeneity is closely linked not only to the tissue source but also to the specific characteristics of its anatomical location. A study identified 88 coding genes that were expressed at higher levels in lung fibroblasts relative to fibroblasts from other tissues, highlighting the unique transcriptional landscape associated with pulmonary fibroblast (103). Even fibroblasts from the same anatomical site can exhibit a range of phenotypes, influenced by local microenvironmental factor (104). For example, fibroblasts in the dermis can be categorized into distinct subpopulations, such as papillary and reticular fibroblasts, each contributing differently to the extracellular matrix (ECM) and tissue homeostasis (105). The papillary fibroblasts are known for their role in supporting epidermal maintenance, while reticular fibroblasts are more involved in the structural integrity of the dermis. Furthermore, the heterogeneity of fibroblast populations is closely associated with the overall health of the human body (106). In healthy tissues, fibroblasts maintain a balance that supports tissue homeostasis. However, in diseased states, the signals from damaged tissues, inflammatory cells, and the ECM can lead to the activation of fibroblasts and their subsequent differentiation into various subpopulations, each with distinct roles in the pathophysiology of the disease (107, 108).

Fibroblasts not only possess distinct tissue characteristics but also display significant temporal and spatial properties, enabling them to play rich and complex roles in the evolution and progression of diseases (106). Sole-Boldo et al. identified four populations of dermal fibroblasts through RNA-seq analysis, each with different functional transcriptome features and spatial distribution characteristics (109). Moreover, subbasal papillary fibroblasts have active Wnt signals, while reticular dermal fibroblasts highly express genes related to the ECM and immune signal transmission (106). Therefore, some researchers have summarized four key variables that determine the extensive heterogeneity of fibroblasts: tissue state, regional characteristics, microenvironment, and cell state (106). It is precisely the existence of this disparity that leads to the fact that even for the same disease, its pathological microenvironment will exhibit unique characteristics due to differences in disease location and disease stage.

For instance, in cases of tissue repair, organ fibrosis, and solid tumors, these diseases are closely associated with fibroblasts and each possesses a distinct pathological microenvironment (99). Particularly, carcinoma-associated fibroblasts (CAFs) have a strong connection between the heterogeneity of their subpopulations and the tumor microenvironment they reside in (110). This heterogeneity not only offers a new perspective for our understanding of tumor occurrence and development but also implies that there are tremendous opportunities and challenges on the path of future tumor precision medicine and individualized treatment.

Similarly, in skin wound repair, the external and internal environments of the skin wound are relatively independent yet interact with each other and are invariably closely associated with the dynamic pathophysiological changes throughout the repair process (111). Considering the alterations in the pathological microenvironment, it is believed that in the early stage of treatment after injury, greater emphasis might be placed on controlling inflammation and related cell proliferation. In contrast (112, 113), in the later stage, more attention may be required to focus on tissue repair and functional restoration. Generally speaking, the pathological microenvironment is a multifaceted entity that demands in-depth research to unveil its complexity and formulate effective treatment strategies.

In summary, fibroblasts, which are closely related to the disease microenvironment, exhibit extensive heterogeneity due to differences in tissue status, regional characteristics, cell status, and the microenvironment they inhabit. This heterogeneity can lead to variations in the pathological microenvironment of the same disease, depending on the organ or tissue involved and the stage of disease progression. Therefore, we speculate that the “unique” pathological microenvironment characteristics of diseases closely related to fibroblasts, such as wounds, cutaneous scars, organ fibrosis, and solid tumors, possess “tissue/site” attributes and “disease stage/progression” attributes. Transplanted MSCs can secrete intervention or therapeutic secretomes in response to the “unique” pathological microenvironments of the same disease at different sites (e.g., solid tumors at different locations) or even the same disease at the same site but at different stages of development (open wounds versus scars, or different stages of tumor progression). This may be one of the important reasons why MSCs have been proven to be effective in treating a variety of human diseases (2). Similarly, in addition to the above-mentioned laboratory factors, it may be that researchers have ‘neglected’ the ‘temporal’ and ‘spatial’ attributes of the disease microenvironment when studying the paracrine effects of MSCs, or that it is precisely because of the differences in ‘time’ and ‘space’ of the pathological microenvironment of the same disease or similar diseases that different researchers’ research results are inconsistent (114).





4 The influence of pathological microenvironment on the secretion of MSC-Exos



4.1 Effect of pathological microenvironment on MSCs

Inflammation and hypoxia have been utilized as pretreatment approaches for MSCs cultured in vitro to boost the therapeutic effectiveness of corresponding MSCs-Exos for diverse diseases (28, 29). For example, the research of Yu et al. emphasizes that inflammatory cytokines such as interleukin-1β (IL-1β) and interferon-γ (IFN-γ) can impact the immune characteristics of human umbilical cord blood-derived MSCs (115). Antebi et al. reported that MSCs under hypoxic conditions possess enhanced therapeutic attributes (116, 117). Under short-term hypoxic circumstances, MSCs show accelerated cell proliferation, upregulated expression of VEGF, inhibited pro-inflammatory cytokine interleukin-8(IL-8), increased anti-inflammatory cytokine IL-1RA, and downregulated expression of apoptotic genes BCL-2 and CASP3. On the contrary, under long-term hypoxic culture conditions, the proliferation rate of MSCs is significantly decelerated and the yield is lower. Continuous pathological stimulation may affect the long-term survival and biological functions of MSCs, leading to a reduction in therapeutic effects (118). These pretreatment strategies based on the characteristics of the pathological microenvironment have begun to emerge as an important means to enhance the biological effects of MSCs.

Furthermore, there are certain highly expressed factors in the pathological microenvironment, such as fibronectin and laminin, which might facilitate the adhesion and localization of MSCs (119). In tissue repair following injury, inflammation recruits MSCs to the damaged tissue. Simultaneously, the pro-inflammatory factors generated by MSCs play a crucial role in tissue repair (120). Yuan et al. also discussed that the changes in the local microenvironment of the liver are of great significance for the homing of MSCs and can enhance the efficacy of liver disease treatment (121). This indicates that inflammatory factors are involved in the recruitment of MSCs to the injured site and further supports the notion that the pathological microenvironment plays an important role in influencing the homing of MSCs.




4.2 Effect of pathological microenvironment on MSC-Exos secretion

The microenvironment in which MSCs reside has a profound influence on their paracrine signaling capacity and therapeutic efficacy (13). Research indicates that changes in the microenvironment, such as high levels of extracellular adenosine, can modify the secretome of MSCs and influence their interaction with other cell types (122). Recent studies have highlighted the significance of considering the microenvironment when investigating the potential therapeutic applications of MSC-Exos (123).



4.2.1 The pathological microenvironment alters the biological function of MSC-Exos

Specific factors within the pathological microenvironment can modify the composition of microRNAs (miRNAs) and proteins in extracellular vesicles of MSCs, thereby influencing the gene expression and function of recipient cells. For instance, Kim et al. investigated the anti-inflammatory effect and mechanism of extracellular vesicles secreted by MSCs pretreated with interleukin-1β (MSC-IL-Exos) in osteoarthritis SW982 cells. Compared to extracellular vesicles from MSCs without IL-1β treatment, MSC-IL-Exos not only inhibited the expression of pro-inflammatory cytokines but also enhanced the expression of anti-inflammatory factors. The study confirmed that MSC-IL-Exos mediate anti-inflammatory effects through miRNAs such as miR-147b, involving the inhibition of the nuclear factor kappa-B (NF-κB) pathway (124). The study by Cheng et al. also corroborated this. The EVs obtained by pretreating MSCs with IL-1β by their team enhanced the therapeutic effect of MSC-Exos in an in vitro lipopolysaccharide (LPS)-induced sepsis model. This indicates that pretreatment may enhance certain characteristics of Exos, thus playing a more effective role in the inflammatory response (125). In Han’s review, it is also mentioned that MSCs pretreated with interferon-γ (IFNγ), tumor necrosis factor-α (TNFα), or IL-1 may exert their immune effects by altering the biological characteristics of the extracellular vesicles they secrete (126).




4.2.2 The pathological microenvironment regulates the secretion level of MSC-Exos

Certain factors within the pathological microenvironment can enhance the biological characteristics of Exos by elevating the secretion level of MSC-Exos. These pathological elements interact with the surface receptors of MSCs, activating signal transduction pathways related to the release of Exos and thereby promoting the secretion of Exos. Zhang et al. noted that under hypoxic conditions, hypoxia-inducible factor (HIF-1α) can mediate a significant upregulation in the expression of nSMase2 (127). And nSMase is a crucial regulator of Exos secretion, facilitating an increase in Exos secretion. Through increasing the secretion quantity of MSC-Exos, changes in the pathological microenvironment can not only raise the therapeutic concentration of Exos in the disease microenvironment but also endow Exos with more abundant biological characteristics, such as specificity. For instance, Nakao et al. discovered that pretreatment of human gingiva-derived mesenchymal stem cells (GMSCs) with TNF-α can not only increase the number of secreted Exos but also enhance the expression of CD73 in Exos, thereby inducing anti-inflammatory M2 macrophage polarization and strengthening the anti-inflammatory effect of Exos (128).

However, in the pathological microenvironment of tumors, the increased expression of MSC-Exos has a detrimental effect. The acidic condition in the tumor microenvironment may alter the secretion of Exos. Logozzi et al. verified and characterized the classic surface markers of Exos through Western Blotting and confirmed that the Exos released by tumor cells cultured in an acidic environment are significantly increased. Promoting the release of Exos means promoting and maintaining tumor progression (129). Wu et al. reported that the stiffness of the ECM is also one of the factors for changes in the pathological microenvironment. The rigid ECM can promote the release of Exos by tumor cells, which can activate the Notch signaling pathway and thereby promote tumor growth (130).





4.3 Summary

The complexity of the pathological microenvironment exerts multifaceted influences on MSCs and MSC-Exos. Thorough research is required to uncover its influence mechanism and offer new strategies for the precise treatment of diseases. The pathological microenvironment characteristic factors employed in existing studies as pretreatment methods for MSCs may not fully mimic the actual pathological environment of diseases. Hence, it is essential to fully consider the heterogeneity of disease-related fibroblasts and study the interactions between fibroblasts and MSCs as well as MSC-Exos in different disease microenvironments. We are hopeful of providing new strategies and methods for the precise treatment of diseases. In the subsequent content, we will focus on three types of diseases with inflammatory pathological features, namely tissue injury repair, tissue fibrosis, and tumor diseases. We will analyze the treatment status of MSCs and their Exos and explore the therapeutic effects of MSC-Exos obtained after inflammatory pretreatment of MSCs in these three types of diseases.





5 Traditional preconditioning strategies and their limitations and challenges



5.1 Effect of inflammation pretreatment

Inflammatory factor pretreatment of MSCs will cause changes in the contents of their EVs, thereby exerting regulatory effects on cell communication and physiological processes. For example, TNF-α pretreatment can strengthen the osteogenic differentiation capacity of MSCs (131). Research has shown that exposing MSCs to inflammatory stimuli can lead to significant changes in their gene expression profiles, enhancing their ability to modulate immune responses and promote healing. Szűcs et al. have indicated that preconditioning MSCs with pro-inflammatory cytokines like TNF-α can elevate the expression of various interleukins, chemokines, and growth factors that are crucial for wound healing and tissue regeneration (132). This pre-activation can potentially lead to stronger wound healing responses and improved outcomes in conditions such as spinal cord injury (SCI) and other inflammatory diseases. Similarly, pretreatment with hypoxia and inflammatory factors (IL-1β, TNF-α, IFN-γ) can boost immunomodulatory effects without undermining biological properties (133).

However, owing to the complexity of the disease microenvironment, the therapeutic effects of MSCs following inflammatory pretreatment still vary in different diseases. One significant concern is the risk of inducing a pro-inflammatory phenotype in MSCs, which may lead to adverse effects rather than the desired therapeutic outcomes. The inflammatory environment can sometimes push MSCs towards a more inflammatory state, which could exacerbate tissue damage instead of promoting healing (132). Another limitation is the variability in response to inflammatory preconditioning among different MSC populations. Factors such as the source of MSCs (e.g., bone marrow, adipose tissue, umbilical cord), the specific inflammatory stimuli used, and the duration of exposure can all influence the outcome. This variability can complicate the standardization of preconditioning protocols, making it difficult to predict the behavior of MSCs in clinical settings (132, 134). From the perspective of precision medicine, we need to further refine and perfect pretreatment methods such as inflammation to increase the specificity of MSCs-Exos in treating different diseases and explore the mechanism of action of MSCs-Exos in diverse pathological microenvironments.




5.2 Effect of hypoxic pretreatment

Hypoxic preconditioning activates HIF-1α in MSCs by simulating the hypoxic microenvironment present in vivo, thereby enhancing the secretion of factors such as VEGF and HIF-1α. These factors play crucial roles in ischemic tissues, facilitating vascular neovascularization and tissue repair (135). Hypoxic preconditioning improves the therapeutic efficacy of MSCs-Exos. Research has shown that hypoxic preconditioning of human umbilical vein endothelial cells (HUVECs) enhances the angiogenic capacity of MSCs by stimulating the secretion of exosomes that promote MSC-mediated tube formation and effective nerve tissue repair in a rat model of spinal cord injury (136). Furthermore, Wang et al. have demonstrated that hypoxic preconditioning of BMSCs enhances the therapeutic efficacy of their derived exosomes (Hypo-Exos) in promoting facial nerve repair and regeneration (137).

Although hypoxic preconditioning has demonstrated significant efficacy in laboratory studies, it continues to face numerous challenges in clinical translation. First, variations in hypoxia concentrations and treatment durations significantly impact the biological properties of MSCs. The long-term effects of hypoxic preconditioning on stem cell behavior and function remain to be fully elucidated. While short-term exposure to hypoxia can enhance stem cell properties, prolonged hypoxic conditions may lead to unintended consequences, such as altered differentiation pathways or increased senescence, which could compromise the regenerative potential of the cells. Second, discrepancies in hypoxic conditions (e.g., oxygen concentration and treatment duration) employed across different laboratories have resulted in inconsistent findings, thereby affecting the feasibility of clinical translation (138–140).




5.3 Challenges

The existing pretreatment methods often overlook the unique characteristics of the disease microenvironment, which restricts their potential for clinical application (141). For instance, the addition of osteogenic factors can enhance the osteogenic differentiation of MSCs, while other factors may promote adipogenic or chondrogenic differentiation (142). the microenvironmental features of different diseases and individual patients can vary significantly, making it crucial to develop individualized pretreatment protocols tailored to specific circumstances in order to enhance therapeutic efficacy. Furthermore, pretreatment programs must achieve a higher level of precision to fulfill the requirements for clinical applications. For example, by simulating specific conditions present in the disease microenvironment (such as inflammation and hypoxia), preconditioning mesenchymal stem cells (MSCs) can enhance the functionality of their secreted exosomes, thereby improving therapeutic outcomes (28, 29).





6 Preconditioning strategies by mimicking disease microenvironments



6.1 Pretreatment of homogenates based on disease tissue

The use of tissue homogenate supernatant to simulate a specific microenvironment is a common pretreatment method for MSCs. Xue et al. utilized mouse liver tissue homogenate supernatant to simulate the liver microenvironment and successfully induced HUC-MSCs to differentiate into liver-like cells with hepatocyte phenotype and function (143). Yang et al. also employed mouse brain tissue homogenate supernatant to simulate the brain tissue microenvironment, which can upregulate the secretion of brain-derived neurotrophic factor (BDNF) by progesterone-induced HUC-MSCs (144).

Additionally, Hao et al. used wound tissue homogenate supernatant in the inflammatory stage to simulate the wound microenvironment for pretreating MSCs. In vitro experiments demonstrated better effects on promoting fibroblast proliferation and migration than traditional culture conditions (145). At the same time, Wang et al. adopted wound tissue homogenate combined with inflammatory factors to pretreat MSCs (146). The results showed that MSC-Exs obtained by this approach are superior to those under traditional culture conditions in regulating wound inflammation and promoting repair. The above studies have confirmed our previous supposition that wound tissue homogenate simulates the pathological microenvironmental factors in the inflammatory stage of the wound. Moreover, the tissue homogenate combined with inflammation group is superior to the simple tissue homogenate group. Although using wound tissue homogenate supernatant to simulate the wound microenvironment can theoretically simulate the disease microenvironment to a certain extent, the disease microenvironment has “spatio-temporal” characteristics. Designing pretreatment schemes according to the spatio-temporal characteristics of wounds can become a future research direction.




6.2 Preprocessing based on disease tissue-derived EVs

Recent investigations have revealed that EVs originating from tissues hold extensive application prospects in disease research. For example, Brenna et al. characterized EVs within the brain tissue of mice under physiological states and following transient cerebral ischemia (147). Under steady-state conditions, microglia serve as the predominant source of EVs. In contrast, after cerebral ischemia, the major EVs are derived from astrocytes. Furthermore, the EVs released by astrocytes exhibit a further increase post-stroke. This research indicates that EVs sourced from brain ischemic tissue can reflect the pathological alterations in the brain tissue spatially following cerebral ischemia. These tissue-derived EVs are capable of reflecting tissue-specific pathological changes and participating in multiple physiological and pathological processes, such as angiogenesis and immune regulation. In comparison to EVs isolated from body fluids, EVs directly isolated from tissues possess advantages such as tissue specificity and accurately reflecting the tissue microenvironment (35, 36). In addition, currently, tumor tissue-derived EVs have been applied in multiple aspects, including tumor diagnosis, disease staging, progression assessment, and evaluation of treatment efficacy (148).

In conclusion, the relatively simple and controllable composition of tissue-derived EVs as key messengers for intercellular information exchange, the ability of their source cells to more accurately respond to the pathological state of disease by growing in the three-dimensional microenvironment of diseased tissues, and their property of analyzing the spatial and temporal heterogeneity of the tissue microenvironment, have collectively led to the establishment of preliminary guidelines for laboratory quality control and enhanced prospects for clinical translation (148). It is therefore anticipated that EVs derived from diseased tissue will become a more promising model for representing the pathological microenvironment of diseased tissues. To further substantiate our hypothesis, we propose that subsequent studies could employ disease tissue-derived EVs to mimic the in vitro microenvironment of the disease. Consequently, the EVs that can be obtained after intervening with the MSCs would be more specific for the treatment of the disease. This pre-treatment strategy of the MSCs is worthy of further investigation.




6.3 Challenges

Despite the significant potential demonstrated by the use of disease tissue-derived homogenates and Exos to simulate microenvironments for preconditioning MSCs, their reproducibility and standardization remain major bottlenecks for clinical implementation. Firstly, any research involving the procurement of human tissues must undergo rigorous ethical review; researchers are required to provide a detailed research plan outlining how tissue samples will be obtained and utilized, ensuring the privacy of donors is protected (149). This process often takes a considerable amount of time. In microenvironment simulations, tissue homogenates and EVs derived from healthy donors may serve as effective controls. However, it is sometimes challenging to collect healthy tissue or it may not meet ethical standards. Furthermore, when collecting pathological tissue, strict inclusion and exclusion criteria should be established in advance. In reality, the acquisition of high-quality disease tissue samples is very limited, and variations among different donors may affect the quality of tissue homogenates or EVs. Tissue homogenates themselves exhibit high complexity, as they contain a vast array of highly diverse information, such as DNA, RNA, proteins, lipids, and polar metabolites, with significant variations in their content and properties across different tissues and processing conditions (150). Although various preparation schemes have been reported, the method for preparing tissue homogenates still requires continuous optimization. The variability in the methods for extracting EVs from tissue sources is influenced by multiple factors, including the type of tissue used, the effects of mechanical and enzymatic treatments on cells and EVs, the incubation time for tissue to release EVs, the number of separable Exos subpopulations, and the type of EVs isolation method employed (151, 152). Furthermore, different storage solvents, temperatures, and storage durations also impact the quality of EVs (153, 154). From 2014 to 2023, the evolution of the Minimal Information for Extracellular Vesicles (MISEV) guidelines reflects the ongoing efforts in this field to enhance research reproducibility and standardization (18).

In summary, advancing the preparation of tissue homogenates and tissue-derived EVs to clinical-grade Good Manufacturing Practice (GMP) production still faces multiple challenges. Donor heterogeneity and insufficient traceability of pathological tissue collection lead to significant inter-batch variability, affecting the consistency and reliability of the extracts. Furthermore, the lack of uniformity in ethical review processes and the absence of cross-center standards limit its widespread clinical application. Additionally, there is currently a lack of unified GMP-level production specifications, and critical quality attributes have not been clearly defined. To address these challenges, it is recommended to establish a rigorous donor screening and traceability system, while also formulating quality control standards and guidelines that comply with GMP requirements. These measures will help improve the quality, safety, and feasibility of its clinical translation.





7 Molecular mechanisms and regulatory factors



7.1 Role and regulation of miRNA

miRNAs in exosome form are pivotal molecules that regulate the function of receptor cells. miRNAs are a class of small non-coding RNAs that are able to regulate gene expression by binding to mRNAs, thereby either inhibiting their translation or promoting their degradation (155). Studies have demonstrated that miRNAs can be selectively absorbed by exosome and delivered to recipient cells to regulate their physiological activities (156). These non-coding molecules have been demonstrated to play pivotal roles in various aspects of cellular communication, including cell proliferation, differentiation, apoptosis, and inflammatory responses (156).

At present, EVs or exosome-derived miRNAs have become a focal point in research endeavors aimed at the diagnosis and treatment of a wide range of diseases, including tumors (157), trauma (158), and metabolic diseases (159). In the study of MSCs-Exos, researchers identified a variety of key microRNAs (miRNAs) that regulate therapeutic effects through high-throughput sequencing and bioinformatics analysis. These identified miRNAs play important roles in promoting tissue repair, suppressing inflammation, and regulating immune responses (160, 161). For instance, miR-126, which is highly expressed in MSC-Exos, has been shown to promote bone fracture healing by SPRED1/Ras/Erk signaling pathway (162).Additionally, the anti-inflammatory effects of miR-146a in MSCs-Exos were demonstrated by its capacity to attenuate inflammatory responses by targeting the NF-κB signaling pathway (163).Furthermore, miR-27b-3p, identified in MSC-Exos, has been shown to inhibit fibrosis by downregulating YAP/LOXL2 pathway. This indicates the potential of miR-27b-3p in treating fibrotic diseases such as liver fibrosis (164).

In conclusion, The loading of these key miRNAs into MSC-Exos to enhance efficacy has emerged as a novel research direction (159, 165). These studies lay the theoretical foundation for the engineering of modified exosome-based therapies. By loading specific microRNAs (miRNAs), the therapeutic efficacy of these vesicles can be enhanced, thus rendering them more widely applicable in a variety of diseases.




7.2 Application of engineered exosomes

By loading key miRNAs and other molecules to construct engineered exosome, specific therapeutic effects can be enhanced. Utilizing genetic engineering and nanotechnology, researchers have successfully augmented therapeutic outcomes by loading specific miRNAs or proteins into these vesicles, enabling the targeted release of these molecules upon reaching the intended cells, thereby improving treatment efficacy. For example, in the treatment of chronic wounds associated with diabetes, Yang et al. confirmed that engineered exosomes containing miR-31-5P significantly promoted angiogenesis, thereby enhancing blood vessel formation and facilitating the healing of diabetic wounds (166). In tumor therapy, engineered exosomes loaded with miR-317b-5p have been shown to effectively target and alter the bioactivities of tumor cells, leading to reduced tumor growth and improved survival rates in animal models (167).

In recent years, researchers have engineered exosomes using various methods, including electroporation, heat shock, saponin permeabilization, and cholesterol modification; however, these methods often result in low loading efficiency (168). Additionally, transfection reagents such as Exo-Fect have shown high transfection efficiency for miRNA, but Exo-Fect can interfere with the membrane structure of Exos, promoting Exos aggregation and altering their membrane barrier properties and surface charge, which may affect the biological functions of Exos and their subsequent applications. Surface modification of Exos enables targeted delivery. Researchers achieved targeted delivery to ischemic brain injury regions by coupling the cyclo(Arg-Gly-Asp-D-Tyr-Lys) peptide [c(RGDyK)] to the surface of Exos (169). Furthermore, by inserting cationic motifs on the surface of Exos, their transport rate and retention time were enhanced (170). Similarly, positively charged Exos have been utilized in gene therapy for osteoarthritis, improving their delivery efficiency in cartilage by reversing the charge (171). RNA nanotechnology-modified galactosamine (GalNAc)-decorated Exos have served as an effective means for targeted delivery to liver cancer, as GalNAc binds to the overexpressed asialoglycoprotein receptor (ASGP-R) on liver cancer cells, endowing the Exos with targeting capability (172). These methods can effectively enhance the loading efficiency of miRNA into Exos and their functional delivery capabilities. However, optimizing these methods to balance efficacy, stability, and safety remains a significant challenge. Currently, the relevant findings are primarily at the preclinical stage, with further extensive clinical applications yet to be developed.

In summary, engineered exosomes loaded with key effector miRNAs hold significant promise for a range of therapeutic applications, including targeted drug delivery, cancer treatment, and the investigation of inflammatory processes. Their capacity to efficiently deliver miRNAs and selectively target specific pathways paves the way for novel therapeutic interventions. Consequently, engineered exosomes loaded with miRNAs are likely to play an increasingly vital role in the development of innovative therapies for various diseases.





8 Conclusion and future perspectives

This review reviews the biological effects of MSCs and MSC-Exos in the treatment of three different pathophysiological states: tissue repair, fibrosis, and tumor, and analyzes the impact of the disease microenvironment on MSCs function and paracrine signaling. This highlights the importance of individual differences in the disease microenvironment and dynamic changes in disease development for precision medicine. The in-depth understanding of the disease microenvironment makes us more demanding for precise treatment. Based on this, we have reviewed the research status of MSC-Exos treatment and proposed the “extracellular vesicle hypothesis of mesenchymal stem cell microenvironment” (173). MSC-Exos with enhanced therapeutic effects can be obtained by simulating the disease microenvironment of MSCs pretreatment. Finally, the engineered exosomes loaded with mirnas with key effects were prepared to improve the therapeutic effect. This strategy not only improves the targeting and effectiveness of MSC-Exos, but also provides a new idea for precision medicine.

Looking forward to the future, we look forward to more about MSC-Exos treatment research, to confirm or refute this review. Through continuous exploration and optimization, the safety and effectiveness of mesenchymal stem cells in the treatment of diseases can be improved, and the quality of life of patients can be improved.
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This review presents the current knowledge on the potential of mesenchymal stem cells (MSCs) and their extracellular vesicles (EVs) in the treatment of various skin diseases such as psoriasis, atopic dermatitis, contact dermatitis, systemic sclerosis, graft-versus-host disease, alopecia areata, and systemic lupus erythematosus. MSCs can modulate the immune response and release growth factors and cytokines that promote tissue regeneration and healing and reduce inflammation. In turn, EVs’ ability to transport various biological molecules, including microRNAs (miRNAs), makes them potential therapeutic agents. Moreover, EVs have been shown to reduce scaling, thickness, and erythema in psoriasis. In atopic dermatitis, EVs can alleviate clinical symptoms, lower serum IgE levels, and reduce immune cell infiltration. Mesenchymal stem cells like bone marrow-derived mesenchymal stem cells (BM-MSCs) exert their immunomodulatory effects by directly targeting various immune cell populations, including T cells, B cells, dendritic cells, and natural killer (NK) cells. To fully realize the potential of EVs in clinical practice, further research is needed to conduct well-designed clinical trials to evaluate the safety and efficacy of EV-based therapies in different skin diseases. Overall, EVs have the potential to revolutionize the treatment of skin diseases by offering a targeted and effective approach to address various underlying mechanisms, although further large-scale studies are needed.
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1 Introduction

Psoriasis and atopic dermatitis (AD) are two autoimmune skin diseases with increasing prevalence.

Psoriasis is a long-lasting inflammatory skin disease that causes red, scaly patches on the skin. There is a significant genetic predisposition and autoimmune pathogenic traits. While psoriasis vulgaris, also called plaque-type psoriasis, is the most prevalent type, there are different clinical subtypes of psoriasis, each with its own dermatological manifestation. These subtypes include guttate, inverse, pustular, and erythrodermic (1). The classical clinical manifestations of psoriasis vulgaris are sharply defined borders of the affected skin areas, erythema, itchiness (pruritus), and silvery scales covering the affected areas. The plaques can grow and merge, covering large portions of the skin. The most common locations include the trunk, extensor surfaces of the limbs (elbows, knees) and scalp (2, 3). Inverse psoriasis is also known as flexural psoriasis and affects skin folds, or intertriginous areas, such as the groin, armpits, under the breasts, perianal region. Moreover, an inverse psoriasis is characterized by slightly eroded, red patches on the skin and an absence of the typical silvery scales seen in plaque psoriasis (4). Guttate psoriasis typically develops suddenly and often is triggered by a streptococcal infection. It is characterized by small, red, scaly patches that resemble drops of water. This is the most common type of psoriasis in children and adolescents. About one-third of individuals with guttate psoriasis may develop plaque psoriasis later in life (5, 6). Furthermore, pustular psoriasis is a type of psoriasis characterized by the formation of pus-filled blisters (pustules) on the skin. It can be localized or generalized. Localized pustular psoriasis is divided into psoriasis pustulosa palmoplantaris (PPP), which affects the palms and soles of the feet and is characterized by multiple, small, sterile pustules, and acrodermatitis continua of Hallopeau (ACH), which affects the distal parts of the fingers and toes as well as the nails. In turn, generalized pustular psoriasis is a severe and potentially life-threatening condition with rapid onset of widespread redness (erythema) and numerous pustules. It is often accompanied by systemic symptoms like fever, chills, and joint pain. It is important to note that pustular psoriasis can be a debilitating condition, and prompt medical attention is crucial for effective management (7). However, inflammation in psoriasis is not limited to the skin areas. It can affect various organs and systems, contributing to a range of comorbidities. Psoriatic arthritis is a common complication of psoriasis, affecting the joints and causing pain, swelling, and stiffness. Psoriasis has been linked to several other health conditions, including cardiovascular disease, metabolic syndrome, depression, and kidney disease (1).

While the most visible manifestations of psoriasis occur in the epidermis (outermost layer), the underlying dermis also plays a crucial role. The interaction between keratinocytes and various immune cells (for instance T cells and dendritic cells) within the dermis drives the inflammatory process (8). Dendritic cells (DCs) are indeed key players in the early stages of psoriasis, acting as professional antigen-presenting cells (APCs). Their activation in psoriasis is a complex process involving various factors, including antimicrobial peptides (AMPs) released by keratinocytes. In response to injury or inflammation, keratinocytes release AMPs like LL37, β-defensins, and S100 proteins (9)—for instance, LL37 acts as an antimicrobial peptide as well as signal that activates the immune system (10). Activated pDCs release type I interferons (IFN-α and IFN-β) that act on myeloid dendritic cells (mDCs). This leads to the maturation and activation of mDCs. Mature mDCs present antigens to T cells, leading to their activation and differentiation. Moreover, type I interferons promote the differentiation of T cells into Th1 and Th17 cells. Afterwards, Th1 cells produce IFN-γ, while Th17 cells release IL-17. Finally, IFN-γ and IL-17 are potent pro-inflammatory cytokines, and they stimulate keratinocytes to proliferate and differentiate abnormally, leading to the formation of psoriatic plaques (11–13).

Atopic dermatitis is a recurrent, chronic, non-infectious inflammatory skin disease (14). It commonly develops within the first year of life and affects over 200 million individuals worldwide. It is estimated that the total global prevalence of AD is around 3% to 4% in adults with female predominance and about 15%–25% in children (15). The disease is characterized by eczema-like rashes, erythema, papules, and exudative lesions, usually worsening at night. AD is classified based on age of onset, and the distribution of skin lesions changes as a person ages. AD is often categorized into infantile, childhood, adolescent, and adult subtypes. In infants (usually aged 0–2 years), lesions often affect the face (cheeks, forehead), scalp, and extensor surfaces of the limbs (outer elbows and knees), but the diaper area is usually spared. In patients aged between 2 and 12 years, cutaneous manifestations often transfer to the flexural surfaces (antecubital fossa, popliteal fossa), wrists, ankles, and neck. In adult patients with AD (usually 12+ years), cutaneous lesions occur with local or widespread involvement (16). Atopic dermatitis is a member of a triad called the “atopic triad,” along with allergic rhinitis and bronchial asthma. These conditions often occur together in individuals, either simultaneously or sequentially, and are linked by a shared predisposition and immune response. In patients with atopic dermatitis, the overall prevalence of rhinitis is 40.5%, asthma 25.7%, or both at 14.2%. On the other side, AD may be associated with non-atopic comorbidities such as autoimmune, cardiovascular, endocrine, infectious, ocular, and psychiatric diseases and some cancers (breast, brain, keratinocyte, lung, pancreatic cancer, lymphoma, and melanoma) (17). The pathogenesis of AD is complex and combines skin barrier dysfunction, dysregulation of innate and adaptive immune system, dysbiosis of the skin bacterial microbiome, genetic predisposition, and environmental factors. It is believed that the epidermal barrier defect is associated with mutations in the filaggrin gene, which, in combination with ceramide deficiency, lead to transepidermal water loss and increased penetration of irritants, allergens, and microorganisms into the skin. In turn, the disruption of the skin barrier leads to a cascade of events, including chronic inflammation, epidermal hyperplasia, and the infiltration of immune cells. These immune cells include dendritic cells, eosinophils, and T lymphocytes, all contributing to the inflammatory response. Dysregulation of a type-2 T-helper cell (Th2), Th17, and Th22 inflammatory response plays a crucial role in the pathogenesis of the disease. As a result, a broad range of pro-inflammatory cytokines like interleukins IL-2, IL-4, IL-5, IL-12, IL-13, IL-18, IL-21, and IL31, tumor necrosis factor α (TNF-α), and interferon γ (IFN-γ) are produced. These cytokines contribute to skin barrier dysfunction, inflammation, and disease progression (18).

One promising approach for treating inflammatory skin diseases involves the use of mesenchymal stem cells (MSCs). MSCs have demonstrated the ability to modulate the immune system, repair damaged tissues, and stimulate angiogenesis (19). It has been provided a strong support for the therapeutic efficacy and safety of intravenously injected bone marrow-derived mesenchymal stem cells (BM-MSCs) in various inflammatory skin conditions—for example, in acute and chronic graft-versus-host disease (GvHD) with skin manifestations (20), systemic lupus erythematosus (SLE) (21), and systemic sclerosis (SSc) (22). The beneficial effects of MSCs’ applications in tissue repair are attributed to their paracrine action via the secretion of vesicles such as extracellular vesicles (EVs) rather than to cell engraftment and response to the site of injury. Several studies indicate that MSC-derived EVs represent an alternative to MSC transplantation and can even replace stem cell-based therapy. Indeed MSC-derived EV therapy has been successfully used in various disease models, including diabetes, cancer, skin injuries, neurological, cardiovascular, immunological, renal disorders. While EV therapy holds promise, potential risks need careful consideration. Though generally less immunogenic than whole cells, EVs can still trigger immune responses or interact negatively with the host’s immune system, especially at high doses or with prolonged use. This could affect hemostasis, potentially leading to thrombosis. Furthermore, the variability in EV production and isolation methods can impact consistency and therapeutic effectiveness, posing challenges for standardization and large-scale manufacturing.

Extracellular vesicles (EVs), naturally secreted by cells, have recently emerged as pathophysiological mediators of psoriasis. EVs come in various sizes, ranging from smaller exosomes (30–150 nm) to larger microvesicles (100–1,000 nm) and apoptotic bodies (1,000–5,000 nm) (12). Furthermore, EVs play a prominent role in the modulation of several biological processes. Firstly, EVs can attenuate inflammation by increasing the secretion of anti-inflammatory cytokines and promoting Treg polarization. They can also transport antigens and co-stimulatory molecules, contributing to immune cell memory and tolerance (23). Secondly, EVs can be involved in host defense against pathogens. They can contain antimicrobial factors like peptides and proteins, and they can also promote immune responses that help eliminate bacteria (24). Thirdly, EVs can influence cell growth and movement by delivering growth factors, signaling molecules, and extracellular matrix components. This is particularly important in processes like wound healing and development (25). Finally, EVs can stimulate the formation of new blood vessels, a process known as angiogenesis. This is essential for tissue growth and repair, but it can also contribute to pathological conditions like cancer (26, 27).

MSC-derived extracellular vesicles (EVs) universally suppress Th1/Th2/Th17 axis across different skin diseases such as psoriasis and atopic dermatitis. Psoriasis and AD are both inflammatory skin conditions, but their underlying immune mechanisms differ. Psoriasis is primarily driven by the Th17/IL-17 pathway, while AD involves multiple pathways, including Th2, Th22, and potentially Th17. This difference in immune involvement explains why targeting the Th17/IL-17 axis is highly effective for psoriasis, but a broader approach targeting multiple pathways is needed for AD. EVs can modulate immune responses, and their effects on different T helper cell subsets are distinct. For Th1 cells, EVs typically reduce the levels of pro-inflammatory cytokines like IFN-γ, TNF-α, and IL-2 (28). Conversely, for Th17 cells, the immunomodulatory effect of EVs is often characterized by a reduction in the levels of IL-17, IL-21, and IL-22. Both IL-17 and IL-22 drive keratinocyte proliferation and contribute to the inflammatory environment characteristic of psoriasis (29). Therefore, keratinocytes, the main cells of the epidermis, are a primary target of EVs in psoriasis. Mast cells are the target for EVs in AD. They contribute to inflammation not only through immediate hypersensitivity reactions but also by releasing a variety of cytokines and chemokines that further amplify the inflammatory response (29). This differential impact on cytokine profiles suggests that EVs can selectively influence the activity of these T helper cell subsets. MSC-derived EVs transfer miRNAs that suppress T-cell proliferation and cytokine production, inhibiting the differentiation of pro-inflammatory Th1 and Th17 cells and promoting the generation of regulatory T (Treg) cells. Th1 and Th17 cell differentiation is regulated by specific cytokines and transcription factors. Th1 cells are driven by IL-12 and T-bet via the STAT4 pathway, whereas Th17 cells are promoted by TGF-β, IL-6, and IL-23, engaging the RORγt and STAT3 pathways. EVs can modulate these pathways by delivering molecules like miRNA, proteins that inhibit the expression of key transcription factors such as T-bet and RORγt, thereby reducing the IFN-γ and IL-17 levels (30). In addition, EVs can also promote a shift in macrophage phenotype from pro-inflammatory (M1) to anti-inflammatory (M2) states, which are beneficial for tissue repair and inflammation resolution (30).

Extracellular vesicles are excellent candidates for the treatment of chronic inflammatory skin diseases due to their favorable biological properties such as biocompatibility, stability, and low toxicity. These small vesicles are involved in the intercellular transportation of biologically active molecules including nucleic acids, transcription factors, cytokines, carbohydrates, lipids, proteins, extracellular matrix proteins, receptors, and antigens. The great potential of the EVs is used for controlled drug delivery, gene delivery (due to their microRNA and mRNA content), and biomarker-driven therapies. Despite the innate benefits of MSC-derived EVs, the cell-free therapy has some drawbacks, including low targeting efficiency, low yield, limited tissue repair capabilities, and limited drug delivery capabilities. Therefore, some genetic modifications or pretreatment of EVs are proposed to increase the effectiveness of the cell-free strategy.

In recent years, researchers have mainly focused on different aspects of the use of MSC-derived EVs in the therapy of many diseases. While the exact implementation in dermatoses still remains not completely explained, the application of these EVs in skin conditions is an area of proceeding research. This narrative review aims to evaluate the potential implementation of EVs in widespread skin diseases such as psoriasis, atopic dermatitis, contact dermatitis, systemic sclerosis, graft-versus-host disease, alopecia areata, and systemic lupus erythematosus.




2 Discussion



2.1 Mesenchymal stem cell-derived extracellular vesicles



2.1.1 Psoriasis

Bakr et al. (31) investigated the therapeutic potential of BM-MSCs and their derived EVs (i.e., exosomes) in psoriasis-like inflammatory changes in animal models. The researchers used a psoriasis model induced by imiquimod (IMQ) in female albino rats. The rats were divided into four groups: control, IMQ-only, IMQ + BM-MSCs, and IMQ + BM-MSC-derived exosomes. The results showed that both BM-MSCs and exosomes reduced the inflammatory changes in the skin as observed through general observations and a microscopic examination of stained sections. Additionally, it was found that BM-MSCs secrete various cytokines that shift T lymphocyte populations from effector T cells to regulatory T cells. These cytokines include transforming growth factor-beta (TGF-β), hepatocyte growth factor (HGF), prostaglandin E2 (PGE2), nitric oxide (NO), and indoleamine 2,3-dioxygenase (IDO). Finally, BM-MSCs can directly interact with NK cells through cell–cell contact. This interaction leads to the downregulation of activating receptors on NK cells. Consequently, the cytotoxic activity of NK cells was reduced, leading to an immunosuppressive effect. Furthermore, BM-MSCs secrete various paracrine factors, such as IL-6, PGE2, and GRO-γ, which can suppress the maturation of dendritic cells (DCs). Additionally, BM-MSCs can interact with DCs through Jagged-2, further inhibiting their maturation. Overall, the study provided evidence that both BM-MSCs and their derived exosomes have potential as therapeutic agents for psoriatic skin lesions (31) (Table 1).


Table 1 | Summary of the studies on extravesicular vesicles.
	Source of MSC-EVs
	Disease
	Doses
	Model
	Key observation
	References



	Bone marrow
	Psoriasis
	A dose of 1 million BM-MSCs in 1 mL phosphate buffer saline
	50 albino rats
	BM-MSCs and exosomes significantly ameliorated psoriasis-like skin inflammation in rats. BM-MSCs secrete various cytokines that shift T lymphocyte populations from effector T cells to regulatory T cells.
	Bakr et al. (31)


	Bone marrow
	Psoriasis
	n/a
	Male Balb/C mice
	MSC exosomes act through CD59 to inhibit the formation of the terminal-activated C5b-9 complement complex, which subsequently inhibits NETosis and the secretion of IL-17 by neutrophils.
	Zhang et al. (32)


	Human umbilical cord
	Contact dermatitis
	10 or 50 μg/mL hUC-MSC-derived EVs
	6-week-old male BALB/c mice
	hUC-MSC-derived EVs inhibited the proliferation of cytotoxic T cells (Tc1) and type 1 helper T cells (Th1) and promoted the generation of regulatory T cells (Tregs).
	Guo et al. (33)


	Bone marrow
	Systemic sclerosis
	A dose of BMSC-EV 15 μg/100 μL
	Female C57BL/6 mice
	BMSC-EV treatment led to a significant reduction in TGF-β1-positive cells, α-SMA-positive myofibroblasts, mast cells, infiltrating macrophages, and lymphocytes in the skin of SSc mice.
	Jin et al. (34)


	Bone marrow
	Systemic sclerosis
		n/a




	BLM-treated and IL-33-knockout mice
	BMSC-Exos inhibits the IL-33/ST2 axis leading to reduced proliferation, migration, and fibrotic gene expression in fibroblasts, ultimately mitigating skin fibrosis.
	Xie et al. (35)


	Bone marrow
	Systemic sclerosis
	UC-MSC exosomes (a dose of 1 × 109 particles/mL)
		Human dermal fibroblasts




	Treatment with UC-MSC exosomes led to an increase in the expression of collagen I and elastin, key proteins involved in skin rejuvenation.
	Kim et al. (36)


	Bone marrow
	Systemic sclerosis
	The dose of MSCs 0.1 × 106 cells per 10 g body weight
	B6.Cg-Fbn1Tsk/J; Tsk/+ mice
	A downregulation of mTOR pathway activation to boost osteogenic differentiation and lower adipogenic differentiation
	Chen et al. (37)


	Bone marrow
	Graft-versus-host disease
	Dose of bone marrow cells, 8 × 106
	10- to 12-week-old BALB/cJH-2d female mice
	MSCs-exo ameliorated fibrosis in the skin, lung, and liver and decreased the clinical and pathological scores of cGVHD. In pathomechanism, MSCs-exo exhibited potent immunomodulatory effects by inhibiting IL-17-expressing pathogenic T cells and inducing IL-10-expressing regulatory cells.
	Lai et al. (38)


	Mesenchymal
	Graft-versus-host disease
	The dose was 100 μg MSC-EVs
	8- to 10-week-old female BALB/c (H-2d) mice
		The study observed a decrease in macrophage percentage in the skin and spleen, suggesting that MSC-EVs reduced macrophage activity. Moreover, a reduction in TGF-β and SMAD2 production, key factors involved in fibrosis, was noted in the skin of MSC-EV-treated mice.




	Guo et al. (39)


	Mesenchymal
	Alopecia areata
	Th dose: 1 mL baricitinib-loaded EVs, (86.37 μg baricitinib and 2.48 × 1011 EV particles)
	Twenty 6-week-old female C57BL/6 mice
	All treatment groups (baricitinib alone, empty EVs, and EV-B) showed enhanced hair regrowth compared to the control group in mice with induced AA. EV-B decrease an inflammation, by downregulating the expression of IFN-γ, Jak-2, Stat-1, and IL-15. Additionally, to alleviate the inflammation, EV-B treatment led to a boost in the expression of β-catenin (it is responsible for hair follicle development and the anagen phase of the hair cycle).

	Tang et al. (40)





BM-MSCs, bone marrow mesenchymal stem cells; IMQ, imiquimod; TGF-β, transforming growth factor-beta; HGF, hepatocyte growth factor; PGE2, prostaglandin E2; NO, nitric oxide; IDO, indoleamine 2,3-dioxygenase; DCs, dendritic cells; hUC-MSC-derived EVs, human umbilical cord mesenchymal stem cell-derived extracellular vesicles; Tc1, cytotoxic T cells; Th1, type 1 helper T cells; Tregs, regulatory T cells; SSc, scleroderma; miRNAs, microRNAs; BM-MSC-Exos, bone marrow mesenchymal stem cell-derived exosomes; BLM, bleomycin; TGF-β1, potent fibrosis-inducing growth factor; HDFs, human dermal fibroblasts; EM, effector memory; EMRA, effector memory RA; FASL, FAS ligand; TERT, telomerase reverse transcriptase; BRG1, bromodomain-containing protein 1; MSCT, mesenchymal stem cell transplantation; IF, immunofluorescence; MSCs-exo, mesenchymal stem cell-derived exosomes; cGVHD, chronic graft-versus-host disease; AA, alopecia areata.



Zhang et al. (32) investigated how topically applied EVs (i.e., exosomes) alleviate psoriasis-associated inflammation. MSC-derived EVs were administered intraperitoneally or topically applied in a mouse model of imiquimod-induced psoriasis. Reduced levels of IL-17 and C5b-9 were demonstrated in psoriatic skin treated with exosomes. Most likely, MSC-derived exosomes act through CD59 to inhibit the formation of the terminal-activated C5b-9 complement complex, which subsequently inhibits NETosis (neutrophil extracellular trap formation) and the secretion of IL-17 by neutrophils. In conclusion, this type of treatment may lead to the mitigation of the spread and amplification of inflammatory signals within psoriatic skin lesions (32) (Table 2).


Table 2 | Summary of the studies on mesenchymal cells in different skin diseases.
	Source of mesenchymal stem cells
	Disease
	Dose
	Model
	Key observation
	References



	Bone marrow
	Atopic dermatitis
	A dose of 2 × 105 cells
		Balb/c mice




	BM-MSCs inhibited the proliferation and cytokine production of T cells by downregulating transcription factors such as T-bet, GATA-3, and c-Maf. BM-MSCs into ovalbumin-induced AD mice led to a significant reduction in cell infiltration in skin lesions, decreased serum IgE levels, and suppressed IL-4 expression in both lymph nodes and skin.
	Na et al. (41)


	Bone marrow
	Atopic dermatitis
	A dose of 1.0 × 106 cells/kg
	Five patients with atopic dermatitis
		Changes were observed in certain cytokines, including a decrease in CCL-17, IL-13, and IL-22 and an increase in IL-17 in AD patients with sustained clinical response.




	Shin et al. (42)


	Bone marrow
	Atopic dermatitis
	The dose of BM-MSCs was 80 μL/day for 10 days.
	BALB/c mice with AD lesions
	Cell-based therapy reduced the RNA expression levels of inflammatory cytokines in the AD skin, suppressed the serum IgE levels, and decreased the proinflammatory cytokines like IL-1b, IL-4, IL-6, IL-10, and IL-13.
	Ryu et al. (43)


		Tonsil-derived-mesenchymal cells




		Atopic dermatitis




	The dose of TMSC was 2 × 104.
	C57BL/6J mice with AD
		TMSC treatment inhibited T-cell-mediated inflammatory responses by reducing the levels of IL-6, IL-1β, TNF-α, IL-4, and B-cell-mediated serum IgE in mice with AD.




		Jung et al. (44)






	Dental follicle mesenchymal stem cells
	Atopic dermatitis
	The dose of DF-MSCs was 5 × 104.
	9 patients with AD and 6 patients with psoriasis
	DF-MSCs alleviate inflammation by reducing T cell apoptosis, expanding Tregs, and stabilizing cytokines
	Zibandeh et al. (45)


	Human umbilical cord blood
	Atopic dermatitis
	The dose of hUCB-MSCs was 2 × 106 cells/200 μL
	NC/Nga mice with AD
	Activated hUCB-MSCs produce TGF-β1, which plays a crucial role in reducing mast cell degranulation by downregulating FcϵRI expression.
	Kim et al. (46)


	Human umbilical cord blood
	Atopic dermatitis
	The dose of hUCB-MSCs was 1 × 106.
	NC/Nga mice with AD
		hUCB-MSCs more effectively suppress the activation of mast cells and B lymphocyte.




	Lee et al. (4)


	Human umbilical cord blood
	Atopic dermatitis
	Two doses of hUCB-MSCs: the higher dose of 5.0 × 107 cells and the lower dose of 2.5 × 107 cells.
	Adult patients with moderate-to-severe AD
	The serum IgE levels and blood eosinophils were downregulated by the treatment.
	Kim et al. (47)


	Human umbilical cord blood
	Atopic dermatitis
	The dose of hUCB-MSCs was 2 × 106.
	NC/Nga mice with AD
The dose of hUCB-MSCs was 2 × 106.
	Pimecrolimus also impaired the immunomodulatory activity of hUCB-MSCs, including their ability to inhibit Th2 cell differentiation and mast cell activation.
	Shin et al. (48)


		Bone marrow




		Systemic sclerosis




	The dose of BM-MSCs was 6 × 105 cells/cm².
	Patients with SSc and SSc murine
		The human counterpart of murine IL-10-producing B cells was significantly increased after an injection of alloBM-MSCs in severe SSc patients, either in all recipients or in patients with clinical improvement. Moreover, it was described as the increase of CD24hiCD27pos memory B-cell frequency and the increase of IL10 expression by B cells.




	Loisel et al. (49)


		Bone marrow




		Systemic sclerosis




	The dose of BMMSCs was 0.02 × 106 cells.
	C57BL/6J, B6.129S-Terttm1Yjc/J (TERT−/−), B6.Cg-Fbn1Tsk/J (Tsk/+), and B6Smn – mice
		Treatment with BM-MSCs expressing telomerase led to a significant reduction in skin hypodermal thickness in SSc mice. Reintroduction of telomerase activity through TERT transfection restored the immunomodulatory functions of TERT−/− BM-MSCs.




		Chen et al. (50)






	Human umbilical cord blood
	Systemic lupus erythematosus
	n/a
	Patients suffering from SLE
	UC-MSC infusion led to a significant decline in disease activity as measured by SLEDAI and BILAG scores. Anti-double-stranded DNA antibody and antinuclear antibody quantities were lowered after MSCT infusion.
	Wang et al. (51)





ε-GLT, ϵ-globin gene-linked lymphocyte activator; ε-PST, ϵ-protein synthesis; EASI, Eczema Area and Severity Index; M-MSCs, mesenchymal stem cells derived from menstrual blood; MCMC, media concentrate; TMSCs, tonsil-derived mesenchymal stem cells; DNFB, 2,4-dinitrofluorobenzene; DF-MSCs, dental follicle mesenchymal stem cells; IDO, indoleamine 2,3 dioxygenase; hUCB-MSCs, human umbilical cord blood-derived mesenchymal stem cells; MDP, muramyl dipeptide; MC, mast cell; SCORAD, SCORing for Atopic Dermatitis; Th2, type 2 helper T; NFAT3, nuclear factor of activated T cells; anti-dsDNA, anti-double-stranded DNA antibody; ANA, antinuclear antibody; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; BILAG, British Isles Lupus Assessment Group.






2.1.2 Contact dermatitis

Guo et al. (33) presented the potential therapeutic role of human umbilical cord mesenchymal stem cell-derived extracellular vesicles (hUC-MSC-derived EVs) in preventing contact hypersensitivity (CHS). hUC-MSC-derived EVs inhibited the proliferation of cytotoxic T cells (Tc1) and type 1 helper T cells (Th1), both of which play crucial roles in inflammation. Additionally, hUC-MSC-derived EVs promoted the generation of regulatory T cells (Tregs), which have immunosuppressive properties. hUC-MSC-derived EVs reduced TNF-α and IFN-γ, two key pro-inflammatory cytokines, and increased the production of IL-10, an anti-inflammatory cytokine (33). Collectively, these changes downregulate inflammatory responses such as macrophage activation and recruitment of additional immune cells to the site of inflammation and thereby ameliorate contact dermatitis (Table 1).

UC-MSC-EVs are often observed to outperform BM-MSC-EVs in contact dermatitis due to their enriched anti-inflammatory cargo (miRNAs, proteins, and lipids), stronger suppression of Th1/Th17 responses, enhanced skin repair capabilities, and biological advantages (younger cell source and easier to obtain and culture, leading to a higher yield of EVs and lower immunogenicity). These factors caused UC-MSC-EVs to be more effective at decreasing inflammation, restoring the skin barrier, and promoting resolution in CD models. Although UC-MSC-EVs appear to be more effective in treating contact dermatitis than BM-MSC-EVs, they are not effective in treating psoriasis, likely due to differences in the inflammatory environment and the specific mechanisms involved in each disease. In psoriasis, while MSC-EVs also play a role in immunomodulation, the disease’s complex pathogenesis and the involvement of specific pathways like the NF-κB signaling pathway, which can be targeted by engineered MSC-EVs, might explain why certain engineered EVs show better results.




2.1.3 Systemic sclerosis

Jin et al. (34) demonstrated the potential of BM-MSC-EVs as a therapeutic approach for skin dysfunction in scleroderma (SSc). BM-MSC-EVs showed a similar efficacy to cell-based therapy in treating SSc but with fewer regulatory requirements, making them a more suitable therapeutic option. The therapeutic effects of BM-MSC-EVs were primarily attributed to the microRNAs (miRNAs) they carried, including miR-21a, miR-143, miR-27b, miR-29a, and let-7. These miRNAs are known to have immunomodulatory and anti-fibrotic effects—for instance, the let-7 family of microRNAs plays a role in regulating immune responses by modulating the production of pro-inflammatory cytokines and receptors. Specifically, let-7 inhibits the production of cytokines like IL-8 and receptors like IL1r1 and IL23r, which are involved in Th17 cell differentiation and regulate NKT cell function. Additionally, the miRNAs in BM-MSC-EVs were involved in regulating the proliferation and differentiation of multiple cell types and various EV-related biological processes. Precisely, BM-MSC-EV treatment led to a significant reduction in TGF-β1-positive cells, α-SMA-positive myofibroblasts, mast cells, infiltrating macrophages, and lymphocytes in the skin of SSc mice. Immunohistochemical analysis showed that BM-MSC-EV treatment significantly reduced the infiltration of inflammatory cells, such as F4/80+ macrophages and CD4+/CD8+ lymphocytes, in a mouse model of SSc. Moreover, BM-MSC-EVs decreased the mRNA levels of inflammatory cytokines: IL6 and TNF-α in SSc mice. To sum up, the fact that BM-MSC-derived EVs can achieve similar therapeutic outcomes to the cells themselves, while offering a more manageable, safe, and regulatory profile, strongly enhances their development as a potential next-generation therapy for the debilitating skin manifestations of SSc (34) (Table 1).

Xie et al. (35) investigated the mechanism by which bone marrow mesenchymal stem cell-derived exosomes (BM-MSC-Exos) alleviate skin fibrosis. The researchers hypothesized that miR-214, carried within exosomes released by stem cells (BM-MSCs), plays a crucial role in the pathogenesis of SSc. A mouse model of skin fibrosis was induced using bleomycin (BLM), a drug known to cause lung fibrosis. Mice were treated with BM-MSC-Exos to investigate their therapeutic potential in reducing fibrosis. Samples from SSc patients were used to measure the levels of miR-214, IL-33, and ST2 (a receptor for IL-33). miRs have been shown to post-transcriptionally regulate gene expression, and miR-214 can inhibit SSc-related fibrosis. The researchers found that BM-MSC-Exos deliver miR-214, which targets IL-33 and blocks the IL-33/ST2 axis. When BM-MSC-Exos deliver a miR-214 inhibitor, it leads to increased proliferation, migration, and expression of fibrotic genes in fibroblasts that have been stimulated with TGF-β1. This indicates that miR-214 normally suppresses these fibrotic processes. Subsequently, IL-33, which acts via its receptor ST2, also induces migration, proliferation, and fibrotic gene expression in fibroblasts, mirroring the effects observed after miR-214 inhibition. This further supports the profibrotic role of the IL-33/ST2 axis. In mice treated with bleomycin (BLM) to induce skin fibrosis, knocking out IL-33 inhibited the development of skin fibrosis. Importantly, BM-MSC-Exos delivering miR-214 have been shown to ameliorate skin fibrosis in BLM-treated mice. This highlights the therapeutic potential of BM-MSC-Exos carrying miR-214 to counter fibrosis by targeting this specific pathway. Summing up, this research emphasizes the rationale for developing BMSC-derived EVs as a cell-free therapy for SSc (35) (Table 1).

Kim et al. (36) reported that human umbilical cord blood-derived mesenchymal stem cells exosomes can be essential for skin rejuvenation. Exosomes may penetrate the outermost layer of the epidermis within 3 h and gradually reach deeper layers. It was shown that treatment with hUC-MSC-derived exosomes (at the dose of 1 × 109 particles/mL) led to an increase in the expression of collagen I and elastin, key proteins involved in skin rejuvenation. Moreover, in vitro experiments showed that exosomes can integrate into human dermal fibroblasts (HDFs) and promote their migration and collagen synthesis. The study found that UC-MSC exosomes were more potent than cell-based therapy in enhancing collagen and elastin expression. Overall, these results present a compelling case for the incorporation of UC-MSC exosomes into products aimed at skin rejuvenation and potentially for therapeutic applications in various skin conditions (36) (Table 1).

Chen et al. (37) observed in mice with SSc that mesenchymal stem cell transplantation (MSCT) led to a reduction in skin thickness. Immunofluorescence (IF) staining revealed that CD63, a marker of exosomes, co-localized with CD105, a marker of MSC, in both the femur and skin. This suggests that MSCs (at the dose of 0.1 × 106 cells per 10 g of body weight) may release exosomes that contribute to their therapeutic effects. Beyond improving skin thickness, MSCT also rescued osteoporosis and autoimmune phenotypes in Tsk/+ mice. An inhibition of IL4Rα expression downregulated mTOR pathway activation to boost osteogenic differentiation and lower adipogenic differentiation. In addition, administration of MSC together with Ad-miR-151, a microRNA known to regulate fibrosis, led to a reduction in skin hypodermal thickness. This study shows an optimistic way of treatment with the MSCT in a mouse model of SSc (37) (Table 1).




2.1.4 Graft-versus-host disease

Lai et al. (38) reported the potential of mesenchymal stem cell-derived exosomes (MSCs-exo) as a promising therapeutic approach for chronic graft-versus-host disease (cGVHD). It has been demonstrated that MSCs-exo effectively prolonged the survival of mice with cGVHD and reduced the severity of clinical and pathological manifestations. Furthermore, MSCs-exo ameliorated fibrosis in the skin, lung, and liver and decreased the clinical and pathological scores of cGVHD. It is postulated that MSCs-exo exhibited potent immunomodulatory effects by inhibiting IL-17-expressing pathogenic T cells and inducing IL-10-expressing regulatory cells. Precisely, MSCs-exo treatment significantly reduced the expression of key Th17-related pro-inflammatory cytokines, including IL-17A, IL-21, IL-22, and IL-2. Moreover, MSCs-exo treatment reduced the percentage of activated CD4+ T cells (CD4+, CD44+) in cGVHD mice compared to the control groups. MSCs-exo treatment also significantly decreased the expression of CCR6, a chemokine receptor involved in the recruitment of Th17 cells, which is implicated in cGVHD pathogenesis. Summing up, based on the above-mentioned data, this treatment with MSCs-exo could offer a new therapeutic avenue for chronic graft-versus-host disease cGVHD (38) (Table 1).

Guo et al. (39) investigated the therapeutic potential of MSC-EVs in sclerodermatous cGVHD. They found a decrease in macrophage percentage in the skin and spleen, suggesting that the secretome-based therapy (at the dose of 100 μg MSC-EVs every 5 days) reduced the macrophage activity. Moreover, a reduction in TGF-β and SMAD2 production, key factors involved in fibrosis, was noted in the skin of MSC-EV-treated mice. MSC-EVs were found to decrease the infiltration of macrophages, particularly the pro-inflammatory CD11b+F4/80+ subset. In addition, MSC-EVs appeared to interfere with the interaction between TFH/GC B cells and also reduced the ratio of BAFF to B cells. By suppressing macrophage activation and B cell responses, MSC-EVs may help to alleviate the inflammatory processes associated with cGVHD. According to this study, MSC-EVs possess multifaceted immunomodulatory capabilities and could be used as a fibrosis alleviator (39) (Table 1).




2.1.5 Alopecia areata

Tang et al. (40) explored a new approach to treat alopecia areata (AA). In this study, EVs derived from mesenchymal stem cells were loaded with baricitinib (EV-B). Baricitinib is a known inhibitor of the JAK-STAT pathway, which is implicated in the inflammation associated with AA. The authors found out that all treatment groups (baricitinib alone, empty EVs, and EV-B) showed enhanced hair regrowth compared to the control group in mice with induced AA. Importantly, the EV-B group displayed the most significant improvement, with complete hair coverage in the treated area by day 20. The superior efficacy of EV-B was likely due to the improved delivery of baricitinib by the EVs and a potential synergistic effect between the drug and the EVs themselves. EV-B downregulated the expression of IFN-γ, Jak-2, Stat-1, and IL-15, all of which are essential components of the JAK-STAT signaling pathway. EV-B further demonstrated a more significant reduction in the expression of Jak-2, Stat-1, and IL-15 compared with baricitinib alone. Additionally, to alleviate inflammation, EV-B treatment increased the expression of β-catenin, a key signaling molecule in the Wnt/β-catenin pathway, which plays a crucial role in hair follicle development and the anagen phase of the hair cycle. In this case, β-catenin can be considered a marker of hair follicles in the anagen phase. In summary, EV-B promoted hair growth in a mouse model of AA by inhibiting inflammation through the downregulation of the JAK-STAT pathway and promoting hair follicle regeneration through the upregulation of the Wnt/β-catenin pathway. The use of EVs seems to be aimed at enhanced drug delivery and potentially contributes to the therapeutic effect. In summary, this type of modality is a more effective treatment strategy for AA by aiming at both the inflammatory and regenerative sides of this hair condition (40) (Table 1).





2.2 Mesenchymal stem cells



2.2.1 Atopic dermatitis

Na et al. (41) highlighted the therapeutic potential of BM-MSCs in treating AD. BM-MSCs effectively suppressed the activation of both T and B cells in the atopic skin of mice. Precisely, BM-MSCs inhibited the proliferation and cytokine production of T cells by downregulating transcription factors such as T-bet, GATA-3, and c-Maf. In addition, BM-MSCs were found to significantly decrease the levels of ϵ-globin gene-linked lymphocyte activator (ε-GLT) and ϵ-protein synthesis (ε-PST), two key genes involved in IgE production. In consequence, BM-MSCs suppressed the production of immunoglobulin E (IgE) by downregulating AID and BLIMP-1, key regulators of isotype class switching and B-cell differentiation. Moreover, an intravenous injection of BM-MSCs into ovalbumin-induced AD mice led to a significant reduction in cell infiltration in skin lesions, decreased serum IgE levels, and suppressed IL-4 expression in both lymph nodes and skin. BM-MSCs migrated to the skin lesions and draining lymph nodes, indicating their ability to target the affected areas. This study presents a possibility of developing a new therapeutic strategy for AD (41) (Table 2).

Shin et al. (42) demonstrated the efficacy and safety of multiple doses of allogeneic BM-MSC in adult patients with moderate to severe AD that was refractory to conventional treatments. The primary outcome measures, such as Eczema Area and Severity Index (EASI), showed significant improvement at 16 weeks, with 80% of patients achieving EASI-50 after one or two treatment cycles. Long-term follow-up revealed no serious side effects and maintained clinical response in some patients for over 84 weeks. Additionally, changes in certain cytokine levels were observed, including a decrease in CCL-17, IL-13, and IL-22 and an increase in IL-17 in patients with sustained clinical response. Both the first patient and the second one achieved a significant reduction in AD symptoms, as measured by the EASI-50 score, after the first cycle of treatment. The therapeutic effects of these compounds were sustained for a prolonged period, demonstrating long-term efficacy. Patients who responded well to the treatment had relatively higher levels of IL-17 in their blood compared to other patients (42) (Table 2). Despite promising results, it should be emphasized that the above-mentioned study was conducted on a small scale (n = 5), which significantly limits its reliability and the possibility of drawing conclusions. Large-scale studies are needed to confirm the effectiveness of the therapy.

Ryu et al. (43) compared the immunoregulatory functions of mesenchymal stem cells derived from menstrual blood (M-MSCs) and BM-MSCs. They found that M-MSCs, administered at a dose of 80 μL/day for 10 days, exhibited superior immunoregulatory properties compared to BM-MSCs. Further investigation focused on M-MSC conditioned media concentrate (MCMC) in mice with AD lesions. MCMC significantly reduced the RNA expression levels of inflammatory cytokines in the skin, suppressed the serum IgE levels, and decreased proinflammatory cytokines like IL-1b, IL-4, IL-6, and IL-13. The histopathological analysis also revealed a significant improvement in skin lesions. These findings suggest that secretome from M-MSCs hold promise for effectively treating AD-related inflammatory lesions and highlight the potential of M-MSCs as a promising approach for next-generation AD therapy (43) (Table 2).

Jung et al. (44) investigated the therapeutic effects of tonsil-derived mesenchymal stem cells (TMSCs) in a mouse model of AD induced by 2,4-dinitrofluorobenzene (DNFB). A subcutaneous injection of TMSCs (2×104) significantly improved the inflammatory symptoms in the AD mice, demonstrating therapeutic rather than protective effects. TMSC treatment inhibited T-cell-mediated inflammatory responses by reducing the levels of IL-6, IL-1β, TNF-α, IL-4, and B-cell-mediated serum IgE. Additionally, TMSCs enhanced the anti-inflammatory cytokine TGF-β. Both in vitro and in vivo findings suggest that TMSC treatment effectively improved the inflammatory skin lesions in the DNFB-induced AD mice model through its immunomodulatory effects. TMSCs demonstrated the ability to inhibit T-cell- and B-cell-mediated responses while promoting anti-inflammatory responses. Based on this research, TMSCs’ therapeutic benefits in the context of AD are primarily due to their immunomodulatory effects (44) (Table 2).

Zibandeh et al. (45) observed a reduction in the frequency of Fas, FasL, and TNFR II in T cells, suggesting that dental follicle mesenchymal stem cells (DF-MSCs) actively reduce the signaling pathways that promote T cell apoptosis. While reducing T cell apoptosis may initially seem counterintuitive to suppress a hyperactive immune response, in the context of a chronic inflammatory state such as AD, inappropriate T cell death or survival may contribute to the pathology. Tregs are critical for maintaining immune tolerance and suppressing excessive or erroneous immune responses. Their increased frequency signifies an enhanced ability of the immune system to self-regulate and dampen inflammatory processes, which is highly beneficial in autoimmune or allergic conditions such as AD. A more balanced T-cell turnover or specific modulation of apoptotic pathways may be beneficial. In addition, the authors observed a promotion of the frequency of regulatory T cells (Treg), which are critical for maintaining immune tolerance and suppressing excessive or erroneous immune responses (45).

Kim et al. (46) suggested that NOD2-activated human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) can be a promising therapeutic approach for AD. Precisely, stimulating the NOD2 receptor on hUCB-MSCs (2 × 106 cells/200 μL PBS) with a specific ligand, muramyl dipeptide (MDP), enhanced their therapeutic efficacy. In addition, activated hUCB-MSCs produce TGF-β1, which plays a crucial role in reducing mast cell degranulation by downregulating FcϵRI expression. The authors suggested that PGE2 secreted by hUCB-MSCs plays a crucial role in suppressing mast cell degranulation. PGE2 exerts its inhibitory effect by binding to EP2 and EP4 receptors on mast cells. While cell-to-cell contact between hUCB-MSCs and mast cells can enhance the inhibitory effect, PGE2 alone is sufficient to inhibit degranulation. What is more, the subcutaneous administration of MDP-stimulated MSCs significantly reduces scratching behavior, lymphocyte infiltration, and eosinophil infiltration in AD mice, suggesting their ability to modulate the immune response. This data powerfully summarizes the therapeutic impact of hUCB-MSCs in the treatment course of AD (46) (Table 2).

Lee et al. (52) observed that pretreating hUCB-MSCs with mast cell (MC) granules can enhance their therapeutic efficacy for AD treatment. Pre-exposure of hUCB-MSCs to MC granules enhanced their ability to resolve allergic immune reactions and accelerate tissue regeneration. The priming hUCB-MSCs with mast cells enhanced their therapeutic potential for wound healing by 38% compared to CM from naive hUCB-MSCs. Treatment with MC granule-primed hUCB-MSCs (likely in an in vivo wound model) led to several beneficial histological alterations like suppression of granulation, suppression of immune cell infiltration, and accelerated re-epithelialization. Moreover, pretreated hUCB-MSCs more effectively suppress the activation of mast cells and B lymphocytes, both key players in AD pathogenesis. Histamine released from MC granules upregulates the COX-2 signaling pathway in hUCB-MSCs, contributing to the suppression of the allergic immune response. Interestingly, MC granule priming also enhances the wound healing ability of hUCB-MSCs. MC-primed UCB-MSCs were more effective in suppressing B cell proliferation and maturation compared to naïve UCB-MSCs. In conclusion, UCB-MSCs could serve as a huge enhancement for AD therapy (52) (Table 2).

Kim et al. (47) revealed that the hUCB-MSCs were well tolerated and effective in reducing the symptoms of AD, including eczema area and severity, itching, and inflammation. Specifically, the high-dose group (5.0 × 107 cells) showed a greater improvement in eczema index and severity index compared to the low-dose group (2.5 × 107 cells). The high-dose group had substantial reductions in AD symptoms, including a 51% decrease in lesion intensity, a 58% decrease in pruritus, and a 65% decrease in insomnia at week 12. The overall SCORing for Atopic Dermatitis (SCORAD) score, a measure of AD severity, decreased by 50%, and 45% of the patients achieved a SCORAD-50 response, indicating a significant clinical improvement. A significant decrease in blood eosinophil count was observed at weeks 8 and 12 in the high-dose hUCB-MSC-treated group compared to baseline levels, suggesting that hUCB-MSCs may have a beneficial effect on the immune system in AD (47) (Table 2).

Shin et al. (48) demonstrated that the coadministration of pimecrolimus with hUCB-MSCs affect the therapeutic efficacy of hUCB-MSCs in AD. hUCB-MSCs exert their immunomodulatory effects through the secretion of various soluble factors, including TGF-beta, HGF, IL-6, IL-10, NO, and PGE2. PGE2 is a particularly important factor in modulating the immune response in AD. It can regulate the activity of various immune cells, such as T cells, monocytes, B cells, and NK cells. The hUCB-MSCs were used at a dose of 2 × 106 in a murine AD model. Importantly, pimecrolimus (the dose was 100 ng/mL) disrupted the therapeutic effects of hUCB-MSCs. Pimecrolimus also impaired the immunomodulatory activity of hUCB-MSCs, including their ability to inhibit type 2 helper T (Th2) cell differentiation and mast cell activation. The drug decreased the production of PGE2, a crucial immunomodulatory factor in hUCB-MSCs. Additionally, pimecrolimus downregulated the COX2–PGE2 axis by inhibiting the nuclear translocation of the nuclear factor of activated T cells (NFAT3). These findings suggest that the therapeutic efficacy of hUCB-MSCs in AD can be influenced by co-administration with certain drugs and emphasize the need for further research to optimize hUCB-MSC therapy for AD patients (48) (Table 2).




2.2.2 Systemic sclerosis

Loisel et al. (49) studied the impact of a single injection of BM-MSCs on B-cell phenotypic, transcriptomic, and functional profiles in SSc patients, with a shift from profibrotic to regulatory B cells in clinical responders. These data altogether confirm the activation of cytotoxic T cells, unlike CD4pos T cells, in SSc patients receiving alloBM-MSCs, independently from the observed clinical response. A transient increase in CD8+ T-cell frequency and count was observed at the first month post-treatment, and a decrease in naive CD8+ T cells was noted at the third month. The upregulation of HLA-DR on both effector memory (EM) and effector memory RA (EMRA) CD8+ T cells was observed early on. No significant variations in the frequency of CD4+ T-cell subsets or HLA-DR expression were observed, except for a transient decrease in EM CD4+ T cells at M1. The observed T-cell changes were independent of the clinical response to alloBM-MSC infusion. Overall, two Breg subsets, considered as the human counterpart of murine IL-10-producing B cells, were significantly increased after the injection of alloBM-MSCs in severe SSc patients, either in all recipients or in patients with clinical improvement. In addition, the increase of CD24hiCD27pos memory B-cell frequency and the increase of IL10 expression by B cells, as associated with the observed clinical response to alloBM-MSCs, highlight Breg as key targets of MSCs in SSc. This data serves as a significant contribution to the understanding of BM-MSC biology and their therapeutic potential in complex autoimmune conditions (49) (Table 2).

Chen et al. (50) provided insights into the role of telomerase in the immunomodulatory functions of BM-MSCs and their potential therapeutic application for SSc. BM-MSCs lacking telomerase activity (TERT−/−) lost their ability to inhibit T cells and ameliorate SSc disease phenotype in mice. Reintroduction of telomerase activity through TERT transfection restored the immunomodulatory functions of TERT−/− BM-MSCs. TERT, in combination with β-catenin and BRG1, formed a transcriptional complex that bound to the FAS ligand (FASL) promoter. The transcriptional complex upregulated FASL expression and enhanced the immunomodulatory function of BM-MSCs. As well as that, the study demonstrated a positive correlation between telomerase activity and FASL expression. The upregulation of FasL is mediated by the Wnt/β-catenin signaling pathway. A complex formed by telomerase reverse transcriptase (TERT), β-catenin, and bromodomain-containing protein 1 (BRG1) directly binds to the FASL promoter to enhance its transcriptional activity. By targeting the TERT/β-catenin/BRG1 complex, it may be possible to modulate FasL expression and immune responses. Interestingly, treatment with BM-MSCs expressing telomerase led to a significant reduction in skin hypodermal thickness in SSc mice, comparable to the control group. This study furthermore provides a promising new direction to develop more effective BM-MSC-based therapy for patients suffering from SSc (50) (Table 2).




2.2.3 Systemic lupus erythematosus

Wang et al. (51) found hUCB-MSCs as a safe and effective treatment option for severe and refractory SLE. hUCB-MSCs were intravenously administered to patients with SLE and a significant improvement in disease activity, as well as amelioration of cutaneous symptoms, was observed. Importantly, hUCB-MSCs were well tolerated by patients with SLE, with no serious adverse events reported. Moreover, it was shown that, in serum, an anti-double-stranded DNA antibody (anti-dsDNA) and antinuclear antibody (ANA) level were lowered after MSC transplantation (MSCT), with statistically significant differences spotted at the follow-up performed in 6 and 12 months. hUCB-MSC infusion led to a significant decline in disease activity, as measured by Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) and British Isles Lupus Assessment Group (BILAG) scores (51) (Table 2).






3 MSCs and MSC-derived EVs’ efficacy across different skin diseases

BM-MSC-derived EVs hold significant promise for the treatment of cutaneous manifestations of scleroderma. They elicit therapeutic effects similar to those achieved by the cells themselves while offering improved safety and regulatory benefits. This makes them a compelling alternative to cell-based therapies for SSc, especially considering the challenges associated with cell-based approaches (34). Furthermore, preclinical studies have shown that MSC-EVs can alleviate GvHD symptoms, reduce mortality, and improve overall survival in animal models (38, 39). Similarly, the use of MSC-derived EVs in drug delivery (e.g., baricitinib) for alopecia areata (AA) shows promise to improve treatment outcomes. EVs can act as carriers for therapeutic agents, enhancing their delivery to targeted areas and potentially improving the efficacy. This targeted approach, combined with the ability of EVs to modulate inflammation and promote hair regeneration, suggests a more effective treatment strategy for AA than conventional methods (40).

Clinical studies have shown the effectiveness of BM-MSC transplantation in the reduction of AD symptoms, including Eczema Area and Severity Index (EASI) scores, Investigator’s Global Assessment (IGA) scores, and pruritus (itching). Additionally, BM-MSCs can modulate the immune system by influencing the balance of T helper (Th) cell subsets (Th1/Th17) and reducing inflammatory factors (42). Furthermore, menstrual blood-derived mesenchymal stem cells (M-MSCs) have been shown to be more effective in treating AD than BM-MSCs due to their higher proliferation rate, easier and less controversial isolation, and potential for improved homing and engraftment at injury sites (43). The immunoregulatory potential of dental follicle-derived mesenchymal stem cells in AD has been confirmed. Specifically, DF-MSCs have demonstrated the ability to reduce inflammatory cytokine levels and promote the frequency of regulatory T cells (Tregs), which play a crucial role in suppressing immune response (45). Finally, human umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs) are well tolerated and effective in reducing the symptoms of atopic dermatitis, including eczema area and severity, itching, and inflammation (47). While preclinical and small-scale clinical studies are promising, large clinical trials are needed to confirm the safety and efficacy of MSC therapy for treating skin diseases in humans.




4 Safety and adverse reactions and risks

Since the isolation of MSCs often requires the use of invasive procedures, approaches that only require an in vitro culture of MSCs and use of the released product (i.e., EVs) offer as alternatives to MSCs. MSC-EVs cannot self-replicate, which is a key advantage over native MSCs when considering cell-based therapies. This lack of self-replication addresses concerns about uncontrolled cell division and potential tumorigenicity associated with MSCs. However, in one study, researchers found that hUC-MSC-derived EVs exhibited the potential for uncontrolled differentiation and proliferation, which may lead to undesirable long-term side effects (33). This inherent feature of hUC-MSC-derived EVs has been reported as a factor limiting their clinical application (33). On the other hand, most of the available studies confirmed the safety and efficacy of MSCs and MSCs-derived EVs in the treatment of dermatoses—for example, Shin et al. (42), Kim et al. (47), Shin et al. (48), and Wang et al. (51) did not find any serious adverse events in their long-term follow-up or clinical studies. Kim et al. (47) reported that most of the adverse events were local reactions at the injection site (induration, bruising, erythema, pain), which were transient and mild. Interestingly, the investigators also noted a rare occurrence of transient and mild skin infections or gastrointestinal disorders. Furthermore, Kim et al. (47) found that hUCB-MSCs were well tolerated in their study. Similarly, Wang et al. (51) found that hUCB-MSC transplantation was safe, well tolerated, and not associated with any adverse transplant-related events. The available studies indicate that the proposed therapy has a good safety profile, with mild and transient local reactions, but no serious adverse events were reported.




5 Challenges and future perspectives

Although MSC-derived EV therapy has numerous advantages, there are several drawbacks that limit the broader translational use of EVs. First of all, the methods for the isolation and purification of EVs should be standardized to ensure reproducibility. Quality control and standardization of EVs are crucial for their safe and effective use as a therapeutic agent. Ensuring consistency in Evs’ isolation, purification, characterization, and production is essential to minimize variability and maximize their therapeutic potential. Several techniques are employed to detect and isolate EVs based on their size, for example: ultrafiltration, sequential filtration, size exclusion chromatography, immunoaffinity chromatography, anion-exchange chromatography, electrophoresis, and dielectrophoresis (DEP) based techniques, commercial kits, field-flow fractionation, and hydrostatic filtration dialysis. There are three centrifugation-based protocols for isolating EVs from biological samples (e.g., cell culture media, urine, plasma, serum) based on their physical properties, i.e., differential ultracentrifugation, zonal gradient centrifugation, and isopycnic gradient centrifugation. Among them, differential ultracentrifugation is considered the “gold standard” for EVs’ isolation due to its ability to effectively separate EVs based on size and density, yielding relatively pure samples. However, its scalability for clinical use is limited for several reasons. UC requires multiple centrifugation steps, often taking 4–24 h per sample, with manual handling that increases variability and labor costs. UCs are expensive and require specialized maintenance and trained personnel, which make them impractical for high-throughput clinical settings. Additionally, UC processes one sample at a time, which limits it for large-scale clinical applications where hundreds or thousands of samples may need to be evaluated. UC typically requires large starting volumes (e.g., 10–100 mL), which may not be feasible for clinical samples like blood or urine, where the volumes are often limited. While UC can achieve high purity, it often results in low EV yields (5%–20% recovery) and can co-isolate contaminants, for instance, protein aggregates, affecting the consistency for clinical diagnostics or therapeutics. Methods like size exclusion chromatography (SEC), tangential flow filtration (TFF), or microfluidics-based approaches are being explored for clinical use. These offer higher throughput, better scalability, and compatibility with smaller sample volumes, though they may compromise on purity or require optimization (53). Nevertheless, the choice of purification method depends on various factors, such as initial sample volume, purity, and yield, downstream application, and available resources (54). Another problem is the lack of unique markers for the heterogeneous subclasses of EVs. Although tetraspanins such as CD9, CD63, and CD81 are currently most commonly used to characterize extracellular vesicles, their expression can vary considerably depending on the cell type producing the EVs. The low presence of the above-mentioned tetraspanins directly limits the efficiency of immunoaffinity isolation of EVs from cell populations that naturally express low levels of CD9, CD63, or CD81. As a result, a significant amount of EVs may be missed or inefficiently isolated, leading to incomplete or biased exosome yields. Afterwards, clinical-grade EVs should be manufactured in accordance with good manufacturing practice (GMP) and quality control (QC) standards. The QC criteria include determining the quantity, size, identity, and purity of EVs. One method to monitor vesicle purity is to determine the particle-to-protein, protein-to-lipid, or RNA-to-particle ratios. Another approach is to determine the expression of intracellular proteins such as histones, lamin A/C, GRP94, or cytochrome C since extracellular vesicles do not contain these proteins. Moreover, contaminants from the cell culture process, including antibiotics and serum, should also be monitored. It is also necessary to investigate which subpopulations of EVs have the highest therapeutic efficacy, as the composition of EVs may vary depending on the MSCs’ origin and culture conditions. Finally, the appropriate therapeutic doses and optimal route(s) of Evs’ administration should be established. EVs can be administered through various routes, including intravenous, topical, and intralesional—for example, Kim et al. showed that a dose of 5.0 × 107 cells (hUCB-MSCs) administered subcutaneously resulted in a significant reduction in AD symptoms, including the area and severity of eczema, itching, and inflammation (47). However, most of the available studies are animal studies or small-scale clinical trials, which have a significant impact on the inability to draw firm conclusions. Summing up, the ideal protocol should be characterized by a low level of sample contamination, preservation of vesicle integrity, high efficiency, reproducibility, versatility, low cost, high isolation rate from a large number of samples simultaneously (ideally for no more than 1 h), availability and simplicity of the equipment, and the possibility of process automation. In general, the final outcome (EVs purity and yield) highly depends on the chosen isolation protocol, and the best method is determined by the specific goal of the further study (55).




6 Conclusions

This review presents the potential of different types of mesenchymal stem cells (MSCs) and their EVs as a therapeutic strategy for immune-mediated inflammatory skin diseases. EVs possess immunosuppressive and immunomodulatory properties that can alleviate inflammation. Importantly, EVs are less immunogenic than cells, minimizing adverse immune responses. Available preclinical and clinical studies have shown the safety and good tolerability of MSCs and their EVs in the treatment of dermatoses. On the other hand, mild and transient local reactions have been demonstrated, but without serious adverse events. While the initial results are promising, larger-scale clinical trials are necessary to establish long-term safety and efficacy. Further research is also needed to elucidate the precise mechanisms of action of EVs in skin diseases. Exploring combination therapies with other modalities, such as drugs or other biological agents, may enhance therapeutic outcomes. Developing personalized EV-based therapies tailored to individual patient needs may improve the treatment efficacy and reduce side effects. Another issue is the difficulty in producing large quantities of clinically applicable extracellular EVs resulting from the technical challenges associated with long-term cell culture and obtaining homogenous MSCs for EV generation. These challenges include limited EV yield in standard cell cultures, the need for efficient isolation and purification methods, and ensuring consistency in EV cargo and properties. In addition, the biological properties of MSCs are not uniform and can vary significantly depending on several factors, including their origin (tissue source), the method of culture and expansion, the age of the donor, and the method used to isolate them. These variations can lead to inconsistencies in the cellular characteristics across different batches of MSCs, which can impact their therapeutic potential and the outcome of clinical trials. In conclusion, MSCs and EV-based therapies may hold great promise for treating immune-mediated inflammatory skin diseases, but robust clinical trials are needed to confirm their safety and efficacy in humans before routine clinical use.
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Hydrogel-based delivery systems have emerged as a promising strategy to enhance the therapeutic efficacy of mesenchymal stromal cells (MSCs) in regenerative medicine. These biomimetic platforms provide a three-dimensional microenvironment that recapitulates key features of native extracellular matrix, supporting MSC viability, retention, and function upon transplantation. Beyond acting as passive carriers, hydrogels can be engineered with tunable biochemical and mechanical properties to modulate MSC behavior, including their differentiation potential, immunomodulatory activity, and paracrine signaling. Recent advances include the development of “smart” hydrogels responsive to physiological stimuli, enabling controlled release of encapsulated cells or bioactive molecules in response to local cues. Preclinical studies have demonstrated enhanced tissue repair in diverse pathological contexts, including musculoskeletal, cardiovascular, gastrointestinal, dermal, and neural injuries. Importantly, translation to clinical settings is being facilitated by the use of xeno-free, good manufacturing practices (GMP)-compliant components such as platelet derivatives and synthetic polymers. Selected early-phase clinical trials support the feasibility, safety, and therapeutic potential of MSC-laden hydrogels, although further studies are required to optimize delivery parameters and regulatory compliance. This review summarizes current progress in hydrogel-MSC systems across application areas, emphasizing design principles, preclinical outcomes, and translational challenges, with the aim of guiding future developments in stem cell-based tissue regeneration.
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1 INTRODUCTION
Tissue regeneration remains a significant challenge in modern medicine, particularly for the restoration of structure and function in tissues damaged by trauma, chronic disease, or degenerative conditions related to aging. The intrinsic complexity of tissue architecture and the inflammatory and fibrotic responses following injury often hinder spontaneous healing and limit the efficacy of conventional therapeutic strategies. In this context, regenerative medicine research aims to harness the therapeutic potential of stem cells to develop more effective, biologically integrated strategies for tissue repair and functional restoration (Hoang et al., 2022; Hussen et al., 2024).
Among the various cell types explored for regenerative purposes, mesenchymal stromal cells (MSCs) have emerged as one of the most promising candidates due to their ease of isolation, multipotent differentiation capacity, secretion of trophic factors, and immunomodulatory properties (Fan X. L. et al., 2020; Barbon et al., 2022; Barbon et al., 2021). These cells can contribute to tissue repair through both direct differentiation into target cell lineages and through paracrine mechanisms that modulate inflammation, promote angiogenesis, and recruit endogenous progenitor cells (Kaviarasan et al., 2024; Xue et al., 2024; Barbon et al., 2023).
However, the effective delivery and retention of MSCs at the injury site remain critical hurdles. Rapid cell death, washout due to mechanical forces, and lack of a supportive microenvironment compromise their regenerative potential (Bagno et al., 2022; Takayama et al., 2023). In particular, recent analyses have highlighted that cell-based interventions alone frequently fail to achieve long-term and uncomplicated wound healing across different tissue contexts. This limitation has been attributed to the transient survival of transplanted MSCs and the short-lived duration of their anti-inflammatory secretory activity, which may be insufficient to sustain the prolonged phases of tissue repair and remodeling (Zhao et al., 2021).
To overcome these barriers, biomaterial-based strategies have been developed to provide scaffolding for cell delivery, with hydrogels standing out as an optimal solution. Hydrogels are water-swollen, crosslinked polymer networks that closely mimic the physical and biochemical properties of the native extracellular matrix (ECM). Their biocompatibility, tunable mechanical strength, and ability to encapsulate and release cells or bioactive molecules make them ideal vehicles for supporting MSC survival and function (Seliktar, 2012).
The combination of MSCs and hydrogels has thus gained considerable attention in regenerative medicine, offering a synergistic approach to enhance tissue regeneration. Recent preclinical and clinical studies have explored the potential of MSC-laden hydrogels in various applications, including cartilage repair, wound healing, and myocardial regeneration (Gnecchi et al., 2016; Liang et al., 2019). Despite promising results, challenges such as optimal hydrogel composition, cell viability, and long-term therapeutic efficacy remain to be addressed.
This literature review examines the current preclinical and clinical research on MSC-laden hydrogels, evaluating their therapeutic outcomes, limitations, and future directions in tissue regeneration. By synthesizing findings from key studies, this review aims to provide a comprehensive understanding of the translational potential of MSC-hydrogel systems in regenerative medicine. Given the extensive body of research on hydrogel-assisted MSC delivery, this work does not aim to provide an exhaustive systematic review. Instead, a focused narrative approach was adopted, selecting representative preclinical and clinical studies that best illustrate the translational potential of MSC-laden hydrogels. Specifically, we prioritized in vivo investigations in clinically relevant animal models, along with published and ongoing clinical trials in humans. In vitro-only studies, early proof-of-principle experiments, and review articles were excluded from the scope. This strategy allows us to emphasize the therapeutic promise, current limitations, and future perspectives of MSC-hydrogel constructs within a clinically oriented framework.
2 HYDROGEL PROPERTIES ENHANCING MSC FUNCTION
Hydrogels play a pivotal role in optimizing the therapeutic efficacy of MSCs for tissue regeneration by providing a biomimetic three-dimensional (3D) microenvironment that closely resembles the native ECM. This supportive niche not only facilitates MSC viability and engraftment but also modulates their paracrine and immunomodulatory functions. The mechanical and biochemical properties of hydrogels significantly influence MSC behavior, including cell survival, proliferation, migration, and lineage-specific differentiation, thereby directly impacting the regenerative process (Garcia-Aponte et al., 2025).
Hydrogels with tunable stiffness, porosity, and degradation kinetics can be engineered to mimic the mechanical properties of specific target tissues (Barbon et al., 2020; Todros et al., 2022a; Todros et al., 2022b). For example, softer hydrogels with elastic moduli in the range of 1–10 kPa have been shown to promote adipogenic or neurogenic differentiation, whereas stiffer matrices ranging from 25 to 40 kPa tend to favor osteogenic commitment (Engler et al., 2006). This mechanosensitivity underscores the importance of substrate stiffness in guiding stem cell fate decisions (Stocco et al., 2019a). Furthermore, pore architecture affects nutrient diffusion, waste elimination, and cell migration, all of which are essential for maintaining a viable and functionally active MSC population in situ (Zhou et al., 2023). Complementing these internal features, hydrogel surface geometry - including features such as roughness, curvature, and micro- or nano-topography - plays a critical role in modulating MSC adhesion, proliferation, and lineage commitment (Xiao et al., 2023; Stocco et al., 2021; Stocco et al., 2024; Di Liddo et al., 2016). These topographical cues can influence cytoskeletal organization and mechanotransduction pathways, thereby directing stem cell differentiation and enhancing tissue-specific integration.
The incorporation of bioactive molecules, such as ECM-derived peptides [e.g., arginine–glycine–aspartic acid (RGD), laminin], growth factors [e.g., vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), bone morphogenetic protein-2 (BMP-2)], and glycosaminoglycans (e.g., hyaluronic acid or chondroitin sulfate), further augments MSC functionality by facilitating cell adhesion, activating integrin-mediated signaling pathways, and enhancing the secretion of regenerative cytokines (Xiao et al., 2023; Porzionato et al., 2019; Di Liddo et al., 2014). These biochemical cues can be spatially and temporally regulated through hydrogel composition or surface modification, allowing more precise control of the cellular microenvironment.
Injectable hydrogels, including those based on natural polymers such as alginate, collagen, gelatin, or hyaluronic acid, enable minimally invasive administration, in situ gelation, and conformation to irregular defect geometries. This ensures precise MSC localization, retention, and protection within injured tissues (Burdick and Murphy, 2012). Synthetic variants such as polyethylene glycol (PEG) and polyvinyl alcohol (PVA) offer improved mechanical tunability and reproducibility, though often at the expense of bioactivity. Composite hydrogels combining natural and synthetic components aim to leverage the advantages of both material classes.
In addition to traditional natural and synthetic polymers, hydrogels derived from decellularized ECM have gained increasing attention as MSC carriers. These biomaterials closely mimic the native biochemical composition and architecture of tissues, thereby providing a bioactive microenvironment that promotes cell adhesion, survival, and lineage-specific differentiation. However, the intrinsic mechanical weakness and batch-to-batch variability of pure ECM hydrogels may limit their translational application. To address this, bio-hybrid systems combining ECM components with synthetic polymers have been developed, combining the bioactivity of ECM with the tunable mechanical and physicochemical properties of synthetic materials (Stocco et al., 2014; Stocco et al., 2016; Grandi et al., 2018; Stocco et al., 2022). Such composite scaffolds sowed to enhance MSC retention and regenerative capacity across different tissues, including cartilage, intestinal segments, and osteochondral units. In vitro and preclinical evidence further highlighted that ECM-derived hydrogels not only reproduce key integrin-binding and growth factor-retaining motifs, but also demonstrate promising preclinical outcomes in cartilage, bone, cardiac, and cutaneous repair. Based on that, hybrid ECM-synthetic systems emerge as promising next-generation carriers for MSC transport, capable of coupling structural stability with biochemical functionality to better meet the complex demands of tissue regeneration (Soltanmohammadi et al., 2025).
Parallel to these bio-hybrid strategies, advanced designs such as stimuli-responsive or dynamic hydrogels, incorporate environmental triggers (e.g., pH, temperature, enzymatic activity) to enable the controlled release of encapsulated cells or bioactive factors. These “smart” hydrogels can prolong therapeutic action, support tissue remodeling, and potentially provide on-demand modulation of MSC activity (Lu et al., 2024) (Figure 1).
[image: Diagram illustrating factors influencing mesenchymal stem cell (MSC) behavior. Central section lists MSC functions: viability, engraftment, migration, differentiation, paracrine activity, and immunomodulation. Four surrounding sections are: mechanical properties, topography, biochemical cues, and hydrogel nature. Each section details specific elements like stiffness, surface roughness, signaling molecules, and hydrogel types. ]FIGURE 1 | Key hydrogel design parameters influencing MSC therapeutic activity. Schematic overview of hydrogel features that regulate mesenchymal stromal cell (MSC) function and regenerative potential. Mechanical properties such as stiffness, viscoelasticity, and porosity govern MSC survival, migration, and lineage commitment. Topographical cues, including surface roughness, fiber alignment, and microporosity, modulate cell adhesion, elongation, and differentiation. Biochemical signals, provided by peptides, growth factors, glycosaminoglycans, and enzyme-sensitive motifs, enhance MSC survival, angiogenesis, and remodeling capacity. The intrinsic nature of the hydrogel further impacts therapeutic outcomes: natural hydrogels ensure ECM-like bioactivity, synthetic hydrogels provide reproducibility and tunability, hybrid systems combine both advantages, and gene-activated hydrogels enable controlled release of therapeutic genes. Collectively, these design parameters influence MSC viability, engraftment, paracrine activity, and immunomodulation in regenerative applications. This figure was created using BioRender.com.A promising strategy to further refine hydrogel bioactivity involves engineering matrices with controlled surface or volumetric charge. (e.g., heparinization to confer anionic binding domains or incorporation of cationic moieties) to non-covalently sequester nucleic acids (microRNA, mRNA, plasmid DNA). Such gene-activated hydrogels can prolong local factor residence, protect labile cargos from degradation, and enable cell-responsive release, thereby extending and amplifying MSC paracrine activity in vivo. Preliminary studies further indicate that charge density and spatial distribution critically regulate payload loading/release kinetics and downstream MSC immunomodulation and differentiation (Krasilnikova et al., 2023; Liu et al., 2024).
Despite their potential, hydrogel-based strategies still have to face significant challenges. A key consideration is aligning hydrogel degradation rates with the timeline of native tissue healing to avoid premature scaffold loss or prolonged presence that could hinder integration. Batch-to-batch variability in natural polymers and potential immunogenicity also pose hurdles to clinical translation. Meanwhile, synthetic hydrogels often lack intrinsic bioactivity, requiring functionalization strategies to enhance their biological performance.
Future directions should prioritize the development of clinically scalable, off-the-shelf hydrogel-MSC formulations with optimized degradation kinetics, mechanical resilience, and biofunctionality. Strategies incorporating extracellular vesicles (EVs) or gene editing tools may further enhance therapeutic outcomes by augmenting MSC paracrine signaling or resistance to hostile injury microenvironments.
3 PARACRINE SIGNALING AND IMMUNOMODULATION
Mesenchymal stromal cell (MSC)-laden hydrogels exert their regenerative effects primarily through paracrine signaling and immunomodulation rather than direct differentiation. MSCs encapsulated in hydrogels secrete a diverse array of bioactive factors, including growth factors [e.g., VEGF, hepatocyte growth factor (HGF), transforming growth factor beta (TGF-β)], cytokines [e.g., interleukin-10 (IL-10), tumor necrosis factor-stimulated gene-6 (TSG-6)], and extracellular vesicles (exosomes), which collectively promote tissue repair by stimulating angiogenesis, reducing fibrosis, and modulating immune responses (Kuppa et al., 2022). The hydrogel matrix serves as a protective niche that prolongs MSC survival and sustains the release of these therapeutic factors, enhancing their local bioavailability compared to free MSC (Caplan and Correa, 2011) (Figure 2).
[image: Diagram illustrating the effects of mesenchymal stem cells (MSCs) combined with hydrogel. Central image shows MSCs within a hydrogel. Arrows indicate outcomes: angiogenesis, reduced inflammation, immunomodulation (M1 to M2 macrophages), differentiation into various cell types, paracrine signaling involving exosomes, growth factors, cytokines, and extracellular matrix (ECM) deposition and remodeling.]FIGURE 2 | Mechanisms of MSC delivery and action within hydrogels. Schematic representation of how mesenchymal stromal cells (MSCs) act when encapsulated in hydrogel scaffolds. Hydrogels provide a protective scaffold that enhances MSC survival and retention, while enabling multiple therapeutic mechanisms. Paracrine signaling through cytokines, exosomes, and growth factors promotes angiogenesis and tissue repair. Immunomodulation drives macrophage polarization from pro-inflammatory M1 to anti-inflammatory M2 phenotypes, resulting in reduced inflammation. Differentiation into lineage-specific cells (e.g., chondrocytes, osteoblasts, neurons) and matrix deposition and remodeling contribute to structural regeneration. Collectively, these processes support vascularization, immune regulation, and tissue repair in regenerative medicine applications. This figure was created using BioRender.com.A key advantage of MSC-laden hydrogels is their ability to polarize macrophages from a pro-inflammatory (M1) to an anti-inflammatory (M2) phenotype, which is critical for resolving chronic inflammation in conditions like diabetic wounds or myocardial infarction (Saldanha-Araujo et al., 2020). Hydrogels can be further engineered to amplify these effects by incorporating immunomodulatory agents (e.g., IL-4, interferon gamma (IFN-γ)) or ECM components that synergize with MSC secretions (Xie et al., 2020).
Despite these benefits, challenges include variability in MSC secretomes due to donor differences and culture conditions, as well as the short-lived activity of some paracrine factors. Future strategies may involve genetic modification of MSCs to overexpress specific factors or the use of synthetic hydrogels with controlled release kinetics to optimize immunomodulatory outcomes. Importantly, in the context of wound healing stimulation, these paracrine effects may decrease before tissue repair is stabilized, resulting in incomplete, not functional regeneration. Hydrogel systems are being explored specifically to prolong factor release, modulate local immunity, and synchronize MSC activity with the protracted timeline required for durable and uncomplicated wound closure.
4 HYDROGEL-BASED MSC THERAPIES: PRECLINICAL STUDIES
Preclinical studies represent a fundamental step in validating the therapeutic and translational potential of MSC-hydrogel systems across a wide range of disease models. Animal experiments provide essential proof-of-concept data and mechanistic insights into how biomaterial-assisted MSC therapy can overcome limitations such as poor cell survival, retention, and integration. Importantly, the outcomes of these studies depend strongly on the physiological niche in which the therapy is applied. In ischemic tissues, hydrogels protect MSCs from hypoxia and modulate macrophage-driven fibrosis; in neuroinhibitory niches, they attenuate glial scarring and reprogram microglia; in immune-active tissues such as skin and gut, they regulate inflammatory cascades; in mechanically demanding tissues like cartilage and bone, they provide physical support and engage osteo-immune cells; and in sensitive tissues, scaffold selection must minimize excessive immune activation. To reflect this, the following subsections review representative preclinical applications of hydrogel-assisted MSC delivery according to the major biological challenges that influence regenerative success. This integrated perspective highlights both the similarities and the context-specific differences across models, underscoring how hydrogel design can be strategically adapted to distinct tissue environments and host responses, and illustrating the versatility of MSC–hydrogel constructs across a spectrum of regenerative contexts (Table 1).
TABLE 1 | Overview of MSC laden-hydrogel preclinical research.	First author, year	Clinical target	Type of MSCs	Type of hydrogel	Animal model, tissue damage	Main in vivo outcomes
	Wang et al. (2010)	Cartilage repair	BM-MSCs	PLGA sponge filled with fibrin gel + TMC/pDNA-TGF-β1 complexes	Rabbit, full-thickness femoral trochlear cartilage defect	- Hyaline-like cartilage formation with abundant type II collagen and GAGs
- Improved surface smoothness and better integration
- Evident subchondral bone remodeling
	Chen et al. (2011)	Osteochondral regeneration	BM-MSCs	Bilayer gene-activated scaffold: a) plasmid TGF-β1-activated chitosan-gelatin
as chondrogenic layer
b) plasmid BMP-2-activated hydroxyapatite/chitosan-gelatin
as osteogenic layer	Rabbit, knee osteochondral defect	- Simultaneous regeneration of cartilage and subchondral bone
- Superior ICRS/Wakitani-type histology scores
- Optimal cartilage–bone integration
	Levit et al. (2013)	Myocardial infarction	BM-MSCs	Alginate-based encapsulating hydrogel	Rat
LAD ligation	- Improved cell retention, cardiac function, and neovascularization
	Li et al. (2013)	Cartilage repair	BM-MSCs	PLGA scaffold + fibrin gel + PEO-b-PLL/TGF-β1 plasmid DNA complexes	Rabbit, osteochondral defect	- Enhanced chondrogenesis
- Higher histological repair scores
- Improved defect fill and integration
- More homogeneous hyaline-like tissue
	Seol et al. (2013)	Cartilage repair/pain control	BM-MSCs	Reverse-thermal responsive Poloxamer hydrogel	Rabbit
Articular cartilage lesion	- High hydrogel biocompatibility
- Hyaline-like cartilage regeneration with smooth surface morphology
- Good tissue integration, localized cell retention
- No adverse immune reactions
	Kopesky et al. (2014)	Cartilage repair	BM-MSCs	Self-assembling peptide hydrogel (TGF-β1 delivery)	Horse, articular cartilage defects	- Induced chondrogenesis
- High glycosaminoglycan and collagen II deposition
	Ha et al. (2015)	Cartilage repair	UCB-MSCs	Hyaluronic acid hydrogel	Minipig, full-thickness cartilage defect	- Hyaline-like cartilage regeneration
- Good integration with native tissue
	Bartlett et al. (2016)	Vocal fold repair	BM- MSCs	Hyaluronic acid hydrogel	Dog, vocal fold scarring model	- Decreased fibrosis
- Partial restoration of vocal fold elasticity
	Borg et al. (2016)	Pancreatic islet support	BM-MSCs	Macroporous PEG cryogel (heparin-functionalized)	Mouse, diabetic islet transplant model	- Improved islet viability
- Immune modulation
- Enhanced insulin secretion
	Kolakshyapati et al. (2017)	Skin/sweat glands regeneration	BM-MSCs	Collagen-chitosan porous scaffold + Lipofectamine 2000/pDNA-EGF complexes	Mouse, full-thickness
skin wound	- Formation of sweat-gland–like structures in regenerated skin
- Upregulation of sweat-gland markers
- Improved re-epithelialization and dermal remodeling
	Lin et al. (2017)	Bone regeneration	BM-MSCs	Projection stereolithography-fabricated gene-activated matrix (BMP-2 pDNA embedded in photo-crosslinked hydrogel)	Mouse, implantation into the intramuscular compartment
of upper long bone	- Robust ectopic bone formation
- Mineralize bone and vascularization detected by histological studies
	Wu et al. (2017)	Myocardial infarction	MSCs	Small-molecule self-assembling hydrogel	Rat
LCA ligation	- Improved LVEF and fractional shortening
- Reduced scar area and increased capillary density
- Higher cell retention within infarct border zone
	Papa et al. (2018)	Spinal cord injury	BM-MSCs	PEG hydrogel releasing CCL2	Mouse, contusive SCI	- Preserved spinal cord architecture
- Reduced inflammation
- Improved locomotor recovery
	Loozen et al. (2019)	Bone regeneration	MSCs	Alginate-ceramic scaffold with BMP-2 gene delivery	Rat, spinous process defect at the lumbosacral junction	- Robust bone regeneration
- Substantial defect fill and restored bone volume at the micro-CT analysis
- Histological evidence of well-organized, mineralized bone bridging the defect
	Moussa et al. (2019)	Radiation-induced colonic damage	BM-MSCs	Heparan sulfate mimetic alginate-based hydrogel	Rat, localized colonic irradiation	- Reduced epithelial injury
- Reduced colonic inflammation
- Improved epithelial regeneration and restoration of mucosal architecture
	Black et al. (2020)	Bone regeneration	Stro-4+ enriched MSCs	Bovine bone ECM hydrogel with PCL scaffold	Rat, femoral defect	- Enhanced mineralization, bone volume, and osteointegration
	Sun et al. (2020)	Bone regeneration	BM-MSCs	Methacrylated gelatin-based hydrogel + rAAV encoding BMP2	Mouse, calvarial bone defect	- Accelerated bone bridging with higher bone volume and cortical continuity
- Robust osteogenesis and vascularization
- Mature trabecular bone tissue formation
	Vivas et al. (2020)	Bone regeneration	BM-MSCs	Collagen-based
GMP-grade hydrogel	Mouse, calvarial bone defect	- Early bone formation and vascularization
- Clinically compliant MSC-hydrogel formulation
	Zhang et al. (2021)	IVD degeneration	BM-MSCs	Fibrin-genipin hydrogel	Goat, moderate disc degeneration model	- Restored disc height and proteoglycan content
- Reduced inflammatory cytokines
	Lee et al. (2022)	Atopic dermatitis	MSCs	Thiolated hyaluronic acid hydrogel	Mouse
DNCB-induced dermatitis	- Reduced epidermal thickness
- Lowered cytokine expression
- Improved skin barrier integrity
	Canceill et al. (2023)	MSC delivery platform as ATMP	BM-MSCs	Platelet lysate-based fibrin hydrogel	Mouse, subcutaneous implantation	- No adverse immune reactions
- Preserved MSC viability and differentiation potential
	Hu et al. (2024)	Osteochondral regeneration	BM-MSCs	Nanozyme-functionalized bilayer hydrogel (oxidized dextran/gelatin + bioactive layer)	Rat, full-thickness osteochondral defect	- Improved cartilage repair
- Subchondral bone formation
- Reduced synovial inflammation
	Li et al. (2024)	Spinal fusion	MSCs	Gelatin-methacryloyl composite hydrogel with BMP-2	Rat, posterolateral spinal fusion model	- Enhanced bone formation
- Increased fusion rates
- Osteoinduction
	Huang et al. (2025)	Diabetic wound healing	Perinatal MSCs	Injectable PEG-based hydrogel	Mouse, streptozotocin-induced diabetic wounds	- Faster wound closure
- Increased angiogenesis
- Re-epithelialization via PI3K/AKT signaling
	Sun et al. (2025)	Spinal cord injury	BM-MSCs	BMP7-loaded gelatin methacryloyl hydrogel	Rat
T10 hemisection SCI	- Increased neuronal marker expression
- Enhanced axon regeneration
- Motor function recovery
	Tavajjohi et al. (2025)	Myocardial infarction	Wharton’s Jelly MSCs	Wharton’s Jelly
ECM-derived hydrogel	Rat
LAD ligation	- Reduced infarct size
- Enhanced angiogenesis
- Improved ejection fraction
- Decreased fibrosis


ATMP, advanced therapy medicinal product; BM-MSCs, Bone Marrow Mesenchymal Stromal Cells; BMP; Bone Morphogenetic Protein; DNCB, 2,4-dinitrochlorobenzene; ECM, Extracellular Matrix; EGF, Epidermal Growth Factor; GAGs, Glycosaminoglycans; ICRS, International Cartilage Repair Society; IVD, Intervertebral Disc; LAD, Left Anterior Descending Artery; LCA, Left Coronary Atery; LVEF, Left Ventricular Ejection Fraction; MSCs, Mesenchymal Stromal Cells; PCL, Polycaprolactone; pDNA, plasmid DNA; PEG, Polyethylene Glycol; PEO-b-PLL, poly (ethylene oxide)-b-poly (L-lysine); PI3K/AKT, phosphoinositide 3-kinase/protein kinase B; PLGA, Poly (Lactide-co-Glycolide); rAAV, recombinant adeno-associated viral vector; SCI, Spinal Cord Injury; TGF, Transforming Growth Factor; TMC, N,N,N-trimethyl chitosan chloride; UCB-MSCs, Umbilical Cord Blood Mesenchymal Stromal Cells.
4.1 Ischemic and hypoxic environments
Tissues with limited oxygen supply, such as the heart and intervertebral discs, present severe survival barriers for transplanted MSCs. In the infarcted myocardium, hydrogels derived from Wharton’s Jelly ECM combined with MSCs of the same origin promoted engraftment and enhanced secretion of paracrine factors, which improved left ventricular function, reduced fibrosis, and stimulated neovascularization in rats (Tavajjohi et al., 2025). Similarly, bone marrow-derived MSCs encapsulated in RGD-modified alginate hydrogel showed improved retention and viability in infarcted rat hearts, leading to increased ejection fraction, reduced infarct size, and greater capillary density (Levit et al., 2013; Guo et al., 2020). Beyond structural support, gene-modified MSC therapies have also been investigated. Wu and colleagues (2017) demonstrated that gene-modified MSCs delivered within a small-molecule hydrogel significantly improved angiogenesis and reduced infarct size in a rat model of myocardial infarction (MI), underscoring the synergistic potential of combining MSCs with gene-activated hydrogels in ischemic repair. Comparable challenges exist in the intervertebral disc, where low oxygen and nutrient supply limit regenerative capacity. In a goat model of disc degeneration, hyaluronic acid-based hydrogels encapsulating MSCs restored disc height and stiffness and decreased local inflammation (Zhang et al., 2021). In spinal fusion, gelatin methacryloyl (GelMA) carriers were developed to co-deliver MSCs and bone BMP-2, promoting osteogenesis in vitro and bone bridging in vivo (Li et al., 2024). These approaches show that in hypoxic and avascular tissues, hydrogels provide a metabolic buffer that sustains MSC survival and activity while modulating inflammatory macrophage infiltration.
4.2 Neuroinhibitory niches and scar formation
In the central nervous system, regeneration is hindered by glial scar formation and a highly specialized immune environment dominated by microglia.
To address these barriers, Sun et al. (2025) engineered a thermosensitive hydrogel incorporating BMP7-loaded nanoparticles, which promoted neuronal differentiation of bone marrow MSCs, enhanced axonal regeneration, reduced glial scarring, and improved locomotor recovery in rats with spinal cord injury (SCI). In a complementary design, Papa et al. (2018) encapsulated MSCs in a hyaluronic acid hydrogel with controlled release of CCL2, which preserved spinal cord cytoarchitecture, reduced lesion volume, and recruited host cells. Importantly, this system induced macrophage polarization toward a regenerative phenotype, highlighting the immune-modulatory role of hydrogels in the central nervous system.
These findings indicate that hydrogel scaffolds in neuroregeneration must not only sustain MSC viability but also regulate microglia and infiltrating macrophages to counteract inhibitory scar formation.
4.3 Highly immune-active tissues
Tissues such as the skin and gut are highly exposed to inflammation and microbial stress, requiring MSC-hydrogel systems that prolong paracrine signaling and shape immune responses. In a diabetic mouse model, Huang et al. (2025) demonstrated that perinatal MSCs delivered via a hydrogel scaffold accelerated wound closure through the activation of the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway. This resulted in the promotion of keratinocyte migration, angiogenesis, and proliferation. In atopic dermatitis, thiolated hyaluronic acid hydrogels formed in situ after injection, improving MSC engraftment and retention. In treated mice, epidermal hyperplasia and dermal inflammation were significantly reduced, with decreased immune cell infiltration (Lee et al., 2022). Similarly, in gastrointestinal injury, MSCs embedded in hydrogels containing heparan sulfate mimetics (HS-m) named RGTA® showed to retain their immunoregulatory properties and reduced radiation-induced colonic inflammation, enhancing mucosal regeneration and restoring epithelial architecture (Moussa et al., 2019). Together, these studies show that in immune-rich tissues, hydrogels not only deliver MSCs but also provide a platform for reprogramming local macrophages and innate lymphoid cells, thereby facilitating resolution of inflammation.
4.4 Mechanically demanding and avascular tissues
Regeneration of cartilage, osteochondral interface, and bone is particularly difficult due to lack of vasculature, high mechanical stress, and poor intrinsic healing. In rabbits, Seol et al. (2013) reported that thermosensitive poloxamer 407 hydrogels carrying autologous MSCs filled full-thickness cartilage defects and promoted hyaline-like tissue formation with smooth surface morphology and improved histological scores. Hu and colleagues (2024) engineered a nanozyme-functionalized bilayer hydrogel conceptualized not only to promote osteochondral regeneration, but also to modulate the inflammatory microenvironment associate to tissue damage. The upper cartilage-inductive layer was composed of methacrylated gelatin (GelMA) incorporating kartogenin-loaded nanoparticles to stimulate chondrogenesis. The lower layer consisted of oxidized hyaluronic acid (OHA) and adipic acid dihydrazide (ADH) crosslinked hydrogel, embedded with manganese dioxide (MnO2)-based nanozymes to scavenge reactive oxygen species (ROS) and reduce local inflammation. This construct significantly enhanced cartilage and subchondral bone repair in rabbits.
Several studies have specifically explored gene-activated MSC scaffolds for osteochondral regeneration. Wang et al. (2010) implanted poly (lactic-co-glycolic acid) (PLGA) sponges filled with fibrin gel, bone marrow-derived MSCs, and DNA complexes into rabbit cartilage defects, achieving near-complete filling and formation of hyaline-like tissue. Chen et al. (2011) designed bilayered scaffolds with spatially controlled gene delivery, enabling simultaneous regeneration of articular cartilage and subchondral bone in vivo. Building on this, Li et al. (2013) fabricated PLGA scaffolds containing MSCs and plasmid DNA encoding transforming growth factor beta-1 (TGF-β1), which markedly enhanced cartilage repair quality and ECM deposition. In larger animal models, umbilical cord-derived MSCs embedded in hyaluronic acid hydrogels promoted cartilage repair in minipigs (Ha et al., 2015), while self-assembling peptide hydrogels delivering TGF-β1 induced MSC chondrogenesis and ECM deposition in equine cartilage defects (Kopesky et al., 2014).
Bone regeneration also benefits from gene-activated approaches. Loozen and colleagues (2019) demonstrated that BMP-2 gene delivery in both MSC-laden and even cell-free constructs enhanced osteogenesis in rodent models, showing that sustained morphogen release can substitute for continuous cellular input. Building on this principle, Lin et al. (2017) used projection stereolithography to fabricate BMP-2 gene-activated scaffolds with high spatial precision, achieving robust bone tissue formation. Similarly, Sun et al. (2020) applied an injectable BMP-2 gene-activated scaffold to successfully repair cranial bone defects in mice, highlighting the translational relevance of minimally invasive delivery systems. Beyond gene activation, clinically oriented MSC–hydrogel formulations have been developed to meet regulatory and translational requirements. Vivas and colleagues (2020) designed a good manufacturing practices (GMP)-compliant osteogenic preparation consisting of bone marrow-derived MSCs embedded in a fibrin matrix enriched with micronized bone particles (0.25–1 μm). When implanted subcutaneously in immunodeficient mice, the construct showed no signs of toxicity or adverse immune response, while supporting early osteogenesis and vascularization. Importantly, this work emphasized safety, scalability, and compliance with good manufacturing practices, underlining the feasibility of advancing MSC-hydrogel therapies toward clinical application. Complementing these findings, Black et al. (2020) created a hybrid scaffold that combined a bovine ECM-derived hydrogel with a melt-electro-written polycaprolactone (PCL) framework. In a bovine critical-sized bone defect model, this construct promoted not only extensive new bone formation but also vascular ingrowth and stable integration with host tissue.
In these mechanically demanding tissues, hydrogel systems not only provide structural integration but also coordinate MSC crosstalk with osteoclasts, osteoblasts, and osteal macrophages, underscoring the role of osteo-immunity in skeletal regeneration.
4.5 Immune-sensitive and specialized tissues
Certain tissues present unique regenerative challenges, requiring repair strategies that minimize local immune activation or support complex graft integration. In a preclinical rabbit model of vocal fold scarring, Bartlett et al. (2016) evaluated the therapeutic efficacy and safety of bone marrow-derived MSCs delivered alone or in combination with a hyaluronic acid-based hydrogel (HyStem-VF). The study highlighted that the injection of MSCs alone improved viscoelastic recovery and ECM remodeling, while MSC-hydrogel combinations unexpectedly triggered inflammation and impaired repair. This underscores that in specialized tissues, biomaterial selection must be carefully tuned to avoid counterproductive immune responses.
In pancreatic transplantation, Borg et al. (2016) developed polyethylene glycol (PEG)–heparin cryogels to co-deliver pancreatic islets and MSCs. Implanted subcutaneously in mice, this system preserved insulin secretion and prolonged graft survival, with MSCs providing paracrine and immunomodulatory support.
Gene-activated constructs have also been applied to skin appendages. Kolakshyapati and collaborators (2017) reported that MSCs seeded in gene-activated matrices regenerated sweat gland-like structures in vivo, suggesting potential for adnexal tissue repair in burn injuries.
4.6 Safety and translational considerations
Clinical translation of hydrogel-MSC systems demands not only therapeutic efficacy but also rigorous demonstration of safety, biocompatibility, and compliance with regulatory standards. Accordingly, Canceill et al. (2023) reported that platelet lysate–based fibrin hydrogels encapsulating MSCs were biocompatible when implanted in immunocompetent rats, showing no acute inflammation, toxicity, or ectopic tissue formation. Platelet-rich formulations, already rich in growth factors and anti-inflammatory mediators, are well-known to enhance MSC activity, serving as valuable xeno-free components that sustain cell viability and function, as well as support tissue repair and immune modulation in a physiologically relevant manner (Barbon et al., 2018; Stocco et al., 2019b). The preclinical data collected by Canceill et al. (2023) exemplify how clinically oriented matrices can serve as advanced therapy medicinal products (ATMPs), bridging the gap from preclinical testing to human trials.
5 HYDROGEL-BASED MSC THERAPIES: CLINICAL RESEARCH
The clinical translation of MSC-based therapies has progressed significantly over the past decade, with numerous trials exploring their potential across various disease contexts. Nevertheless, when the integration of MSCs with hydrogel-based delivery systems is considered, clinical research appears to be in its early stages. Only a limited number of trials have investigated this combinatorial approach in human patients, with encouraging preliminary findings (Table 2). The following sections summarize representative clinical applications of hydrogel-assisted MSC delivery for cardiovascular, dermatological, articular, and chronic wound regeneration (Figure 3).
TABLE 2 | Overview of MSC laden-hydrogel clinical research.	First author, year	Clinical target	Type of MSCs	Type of hydrogel	No. of patients	Surgery	Main clinical outcomes
	Park et al. (2017)	Knee osteoarthritis	UCB-MSCs	Hyaluronate hydrogel	18	Intra-articular injection	- Cartilage regeneration
- Pain relief
- Joint function maintained over 7 years
	Zeng et al. (2017)	Diabetic foot ulcer	PDMSCs	Sodium alginate hydrogel	1	-	- Accelerated wound healing
- Re-epithelialization
- Reduced inflammation
	Fan et al. (2020b)	Cesarean section skin scars	UCB-MSCs	Transdermal delivery hydrogel	58	C-section (follow-up for scar management)	- Reduced scar thickness and erythema
- Improved pliability
	He et al. (2020)	Chronic ischemic heart disease	BM-MSCs	Collagen scaffold	114	CABG with MSC scaffold injection	- Improved myocardial perfusion
- Greater LVEF
- Increased 6-min walk distance


BM-MSCs, Bone Marrow Mesenchymal Stromal Cells; CABG, Coronary Artery Bypass Grafting; LVEF, left ventricular ejection fraction; MSCs, Mesenchymal Stromal Cells; PDMSCs, placenta-derived Mesenchymal Stromal Cells; UCB-MSCs, Umbilical Cord Blood Mesenchymal Stromal Cells.
[image: Diagram of a human body illustrating various regeneration therapies: craniofacial bone, cardiovascular, skin, pelvic floor disorders, and articular cartilage. Each uses MSCs with specific hydrogels or bioinks, like GelMA-PLGA, collagen scaffold, and hyaluronate. Diabetic wound healing utilizes PDMSCs with sodium alginate hydrogel. Blue markers indicate areas of treatment.]FIGURE 3 | Clinical applications of MSC-laden hydrogels. Schematic representation of published and ongoing clinical trials on hydrogel-assisted mesenchymal stromal cell (MSCs) delivery to stimulate tissue regeneration. Depending on the anatomical site, distinct MSCs and hydrogel formulations are employed to address specific regenerative challenges. This integrative map highlights how hydrogel composition and MSC source can be strategically matched to different tissue microenvironments to improve regenerative outcomes. This figure was created using BioRender.com.5.1 Cardiovascular regeneration
The clinical translation of regenerative therapies for ischemic heart disease has taken into consideration the integration of cell-based interventions with biomaterial scaffolds to enhance therapeutic efficacy. As already mentioned, this combinatorial approach aims to address the limitations of poor cell retention, survival, and functional integration frequently observed with cell delivery alone. Within this framework, He et al. (2020) conducted a multicenter, randomized, double-blind, placebo-controlled clinical trial involving 114 patients with chronic ischemic heart disease. The intervention group received intramyocardial implantation of MSCs combined with a bioengineered collagen scaffold during coronary artery bypass graft surgery, while the control group received the surgery alone. Over a 12-month follow-up, patients treated with MSCs and scaffold showed significantly improved myocardial perfusion, greater left ventricular ejection fraction (LVEF), and increased 6-min walk distance compared to controls. Importantly, the procedure was well tolerated, with no increase in adverse events.
This trial offers compelling evidence that combining cell therapy with biomaterial scaffolds enhances functional outcomes in ischemic heart disease.
5.2 Skin and scar regeneration
Post-surgical scarring, especially hypertrophic or keloid scars following cesarean sections, presents significant aesthetic and functional concerns. Traditional treatments have limited success in promoting satisfying dermal regeneration. MSCs, with their anti-inflammatory and remodeling capabilities, offer a novel approach to improving scar quality.
Recently, Fan et al. (2020b) conducted a randomized, double-blind, placebo-controlled clinical trial to assess the efficacy of umbilical cord-derived MSCs for improving cesarean section scar outcomes. Fifty-eight women were enrolled and randomly assigned to receive intradermal injections of MSCs or placebo along the surgical incision site. The stem cells were delivered in a transdermal hydrogel formulation designed to enhance local retention and therapeutic activity.
At 6 months post-treatment, scar assessments were performed using clinical examination, histological analysis, and the Vancouver Scar Scale (VSS). Results indicated modest improvements in scar appearance among MSC-treated patients, including reduced erythema, improved pliability, decreased scar thickness, and enhanced collagen remodeling. However, these differences did not reach statistical significance compared to the placebo group. Importantly, the treatment was well tolerated, with no adverse events or immune-related reactions reported.
These results suggest that UC-MSCs may be a safe and effective treatment to modulate fibroproliferative responses in human skin wounds. Beyond cosmetic benefits, this approach may reduce functional limitations and discomfort associated with scarring. However, larger trials are needed to standardize dosing and administration strategies.
5.3 Articular cartilage repair
Degenerative diseases affecting articular cartilage, such as osteoarthritis, are among the most common sources of chronic pain and functional impairment worldwide. Conventional treatments (pharmacologic management, physiotherapy, and surgical interventions) primarily aim to alleviate symptoms but fail in restoring cartilage integrity or halting disease progression. In this context, the integration of MSCs with biocompatible scaffolds, particularly hydrogels, represents a promising regenerative strategy. As part of this growing interest in cartilage regeneration therapies, Park and colleagues (2017) conducted an open-label, single-arm clinical trial in 18 patients with knee osteoarthritis. The treatment consisted of a composite product containing allogeneic umbilical cord blood-derived MSCs mixed with hyaluronic acid hydrogel, injected intra-articularly. Clinical and arthroscopic assessments over 7 years showed sustained improvement in pain and mobility, with imaging revealing the development of hyaline-like cartilage and joint space preservation.
Together, these outcomes emphasize the long-term regenerative potential of MSC-hydrogel therapies in osteoarthritic conditions.
5.4 Diabetic wound healing
Chronic non-healing wounds such as diabetic foot ulcers are a major complication of diabetes, often leading to infection and amputation. Innovative therapies that promote re-epithelialization and vascularization are urgently needed. MSCs have appear to be promising therapeutic candidates due to their regenerative and immunomodulatory effects, particularly when delivered in a hydrogel vehicle.
In this scenario, Zeng et al. (2017) described a single-case application of placenta-derived MSCs embedded in a hydrogel matrix applied topically to a chronic diabetic foot ulcer. The wound was previously unresponsive to standard therapies. Over a 3-week period, the ulcer showed accelerated granulation tissue development, reduced local inflammation, and almost complete re-epithelialization. No complications were observed.
Despite being a case report, the study demonstrates the translational feasibility of topical MSC-hydrogel therapies. The favorable outcome supports further investigation through controlled trials. Numerous polymeric biomaterials are used recently for diabetic wound dressing including hydrogels, collagen-based scaffolds, whose efficacy can be further improved by loading therapeutic molecules, growth factors, and anti-microbial agents that could accelerate the process of wound closure by triggering collagen deposition and vascularization. However, advanced research in this field is essential to enhance the efficacy of polymeric wound dressings for efficient diabetic wound treatment (Sathyaraj et al., 2023). The selection of placenta-derived MSCs suggests a potential for enhanced immunomodulatory action and broader clinical applicability due to their allogeneic compatibility.
5.5 Ongoing clinical trials on MSC-laden hydrogels
Although the number of published clinical trials investigating hydrogel-assisted MSC therapies remains limited, other ongoing studies registered on the databases ClinicalTrials.gov, EudraCT (European Union Drug Regulating Authorities Clinical Trials) and EU Clinical Trials Register underscore the growing translational advancement in this field. These trials explore different hydrogel platforms, cellular sources, and delivery strategies, reflecting the adaptability of MSC-laden hydrogels across a range of regenerative approaches (Table 3).
TABLE 3 | Ongoing clinical trials on MSC laden-hydrogels for tissue regeneration.	Identification number (study start year)	Clinical target	MSC type	Hydrogel type	Delivery route	Phase and status
	NCT03113747 (2013)	2° or 3° degree burn wounds	Allogeneic MSCs from adipose tissue	Platelet-poor plasma fibrin hydrogel	Localized topical application to burn wound sites	Phase I/II
Recruitment status “Unknown”
since last update in April 2017
	EudraCT 2021-002331-34 (2022)	Anal sphincter defect and chronic FI	Adipose tissue MSCs	Hyaluronic acid hydrogel	Intralesional injection	Phase IIb
Status: Ongoing
	NCT06028763 (2023)	Focal cartilage lesions in the ankle joint	Autologous MSCs from adipose tissue	Temperature-sensitive hydrogel matrix	Intra-articular injection of the cell-hydrogel composite into the knee joint	Phase I, Interventional
Status: Recruiting
	EudraCT 2024-512977-28-01 (2024)	Knee femoral cartilage lesions	Autologous BM-MSCs	Hydrogel matrix and polymeric scaffold	Local application within the knee joint	Phase I
Status: Not yet recruiting
	NCT06533150 (2024)	Craniofacial bone defects	Potential combination with MSCs	GelMA-PLGA bioink	Local implantation during craniofacial reconstructive surgery	Phase I, Interventional
Status: Active, not yet recruiting


BM-MSCs, Bone Marrow MSCs; Mesenchymal Stromal Cells; FI, fecal incontinence; GelMA, Gelatin methacryloyl (GelMA); MSCs, Mesenchymal Stromal Cells; PLGA, poly (lactic-co-glycolic acid).
In the context of autologous regenerative therapies, the multicenter, exploratory trial NCT03113747 entitled “Allogeneic ADSCs and Platelet-Poor Plasma Fibrin Hydrogel to Treat the Patients With Burn Wounds” investigates the safety and preliminary efficacy of a tissue-engineered construct combining allogeneic adipose tissue MSCs embedded in a platelet-poor plasma (PPP)-derived fibrin hydrogel. This study targets patients with deep second- or third-degree burns covering 10%–50% of their body surface. The composite graft is applied directly to wounds within 24 h post-injury to evaluate its potential to accelerate healing and reduce scarring. Specifically, the PPP-derived hydrogel aims to improve local MSC retention and bioactivity, thereby enhancing tissue healing responses. Currently, the study status is listed as “Unknown” due to the absence of updates since April 2017. This suggests possible interruption or prolonged inactivity, underscoring the criticisms often encountered in cell-based product development and clinical translation (Voronin, 2025).
Despite these challenges, further clinical research efforts are being pursued to validate and optimize regenerative therapies based on MSC-laden hydrogels. For example, the EudraCT 2021-002331-34 trial is a multicenter, randomized, double-blind Phase IIb study which evaluates the safety and efficacy of allogeneic adipose-derived MSCs embedded in a hyaluronic acid hydrogel for the treatment of structural fecal incontinence (FI). Patients with a confirmed anal sphincter defect and chronic FI were administered with the investigated MSC-hydrogel product via intralesional injection, comparing 2 cell doses (60 million vs. 120 million adipose tissue-derived MSCs) suspended in a hyaluronic acid matrix. This trial exemplifies the growing clinical interest in MSC-laden hydrogels as a novel treatment strategy for sphincter repair, combining regenerative potential of stem cells with their localized, minimally invasive delivery. Its outcomes may offer valuable insights into the clinical applicability of cell-based biomaterial therapies in pelvic floor disorders (FIMABIS, 2025).
The recent trial NCT06028763 titled “Development of Biomedical Technology for the Treatment of Ankle Cartilage Using Injectable Biocomposite Hydrogel” focuses on adipose tissue-derived MSCs embedded within a customized hydrogel matrix and administered locally for the treatment of ankle cartilage focal injuries. These lesions are particularly difficult to treat due to the avascular nature and limited intrinsic healing capacity of cartilage tissue. The trial addresses these challenges by delivering MSCs in a minimally invasive, injectable hydrogel that solidifies at body temperature, enabling mechanical support, targeted delivery and long-term cellular retention within the ankle joint (Center of National Scientific Center of Traumatology and Orthopedics, 2025).
The clinical challenge of articular cartilage regeneration is also being addressed by a recently registered Phase I clinical trial (EudraCT 2024-512977-28-01), designed to evaluate the safety and feasibility of a novel advanced therapy medicinal product (ATMP). This investigational approach combines autologous bone marrow-derived MSCs with a biocompatible hydrogel matrix and a polymeric scaffold for the treatment of focal femoral condyle cartilage lesions in the knee. The trial aims to assess not only the local tolerability of the composite implant, but also the operational feasibility of its GMP-compliant manufacturing and surgical application. Depending on its specific outcomes, this study may represent a key step toward the clinical translation of MSC-laden hydrogel systems in orthopedic regenerative medicine (Lamina Therapeutics, 2025).
Finally, the trial NCT06533150 titled “Functionalized Bioink Delivering Biomolecules for the Treatment of Craniofacial Diseases (DART-CRAFT)” is developing an advanced Gelatin methacryloyl (GelMA) and poly (lactic-co-glycolic acid) (PLGA)-based bioink for potential MSC encapsulation and 3D bioprinting applications in craniofacial bone repair procedures. The bioink is applied intraoperatively during reconstructive surgery, where it serves as a moldable and in situ solidifying scaffold, tailored to support bone regeneration by enhancing local tissue integration and possibly incorporating MSCs. This innovative approach merges 3D bioprinting, controlled release technology, and biocompatible materials to address complex craniofacial defects with high precision. By enabling localized therapeutic delivery of growth factors or cells and structural support, the DART-CRAFT platform highlights the future of personalized regenerative strategies in maxillofacial surgery (Fondazione Policlinico Universitario Agostino Gemelli IRCCS, 2025).
Collectively, these ongoing trials demonstrate the continued evolution and clinical interest in hydrogel-based MSC delivery systems, highlighting their potential to enhance therapeutic efficacy, standardization, and applicability across multiple regenerative medicine applications.
6 POTENTIAL RESEARCH GAPS
Despite significant advancements in the preclinical and clinical application of MSC-laden hydrogels for tissue regeneration, several research gaps hinder their full clinical translation. One major challenge is the lack of standardized protocols for hydrogel composition, including optimal mechanical properties, degradation rates, and bioactive molecule incorporation, which vary depending on the target tissue (Burdick and Mauck, 2011). Additionally, while MSC-hydrogel systems have shown promise in preclinical studies, there is limited long-term data on cell survival, engraftment, and functional integration in human clinical trials (Galipeau and Sensébé, 2018). Another critical gap is the insufficient understanding of the paracrine mechanisms by which MSCs exert their therapeutic effects within hydrogels. While MSCs are known to secrete regenerative factors, the precise signaling pathways and their modulation by the hydrogel microenvironment remain unclear (Caplan and Correa, 2011). Furthermore, immune responses to implanted MSC-laden hydrogels, including potential foreign body reactions or unintended immunomodulatory effects, require further investigation (Andrzejewska et al., 2019).
Scalability and manufacturing consistency also pose challenges, as variations in MSC sources (e.g., autologous vs. allogeneic) and hydrogel fabrication techniques can impact therapeutic outcomes (Murphy et al., 2020). Finally, regulatory and ethical considerations surrounding MSC-based therapies necessitate clearer guidelines to facilitate clinical adoption (Sipp et al., 2018). Addressing these gaps through interdisciplinary research will be crucial for advancing MSC-laden hydrogels toward widespread clinical use in tissue regeneration.
7 FUTURE CLINICAL RESEARCH FOCUS
The clinical application of MSC-laden hydrogels holds immense potential for tissue regeneration, yet future research must address key challenges to optimize therapeutic efficacy and translation. A critical focus will be the development of smart hydrogels with tunable biomechanical and biochemical properties that can dynamically respond to the regenerative microenvironment (Daly et al., 2021). Such advanced biomaterials should enhance MSC retention, survival, and controlled differentiation while minimizing immune rejection (Zhu et al., 2022). Importantly, MSC-based therapies alone have shown to often fail to achieve long-term and uncomplicated wound healing across different tissues, largely due to the transient survival of transplanted cells and the short-lived duration of their paracrine signaling. Embedding MSCs within hydrogels directly addresses this limitation, as these systems can provide a supportive matrix that prolongs MSC bioactivity, sustains the release of anti-inflammatory and trophic factors, and better synchronizes cellular functions with the extended phases of tissue repair and remodeling.
Building on this rationale, another priority is the standardization of MSC sources and hydrogel formulations for specific clinical indications, such as osteoarthritis, chronic wounds, and myocardial infarction. Large-scale, randomized controlled trials (RCTs) are needed to validate the safety and long-term functional outcomes of MSC-hydrogel therapies compared to conventional treatments (Wei et al., 2023). Additionally, integrating technologies like 3D bioprinting and gene editing could enable patient-specific constructs with spatially controlled MSC delivery (Gungor-Ozkerim et al., 2018).
Understanding the immune-modulatory mechanisms of MSCs within hydrogels will also be essential, particularly in allogeneic applications, to prevent adverse responses and harness their anti-inflammatory potential (Levy et al., 2020). Finally, regulatory frameworks must evolve to accommodate the unique challenges of combination products (cells + biomaterials), ensuring reproducibility and scalability for commercialization (Mendicino et al., 2022). By addressing these priorities, future clinical research can unlock the full regenerative potential of MSC-laden hydrogels.
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Introduction
We have developed a bioreactor-based production system for manufacturing Human Adipose Stromal Cell (ASC) extracellular vesicles (EVs), which includes exosomes, using a highly controlled and tunable environment that can modify the cargo of these nanovesicles. The patented innovation focuses on engineering novel pro-healing EVs with therapeutic activity and using a topical formulation to treat diabetic ulcers.
Methods
To evaluate biological activity of tuned ASC EVs, functional activity assays were performed using human primary dermal fibroblast and keratinocyte culture models. Molecular and biochemical assays were used to assess cytokine regulation, collagen production and cell migration. Rodent wound healing models were used to assess therapeutic potential of modified exosomes. A Human volunteer case study was carried out with a consenting individual suffering from chronic diabetic ulcers.
Results
Herein we demonstrate that our proprietary engineered ASC EVs, eXo3 exosomes, contain a unique activity profile that reduces inflammatory cytokines, stimulates collagen production, as well as activates keratinocyte and fibroblast proliferation and migration. When formulated with an emollient and topically applied to an in vivo excisional wound model, tuned eXo3 exosomes demonstrated enhanced wound closure, increased keratinization, collagen deposition, and overall improved recover rate. In a clinical case study addressing non-healing diabetic foot ulcers, conducted under informed consent, topical treatment with tuned eXo3 exosomes formulated in a proprietary gel serum showed complete wound closure and dermal regeneration.
Conclusion
Our current research efforts have developed an EV manufacturing system that can be directed to improve the healing capacity of ASC-derived EVs. We show enhanced wound healing and repair activity in vitro and in vivo. Our data supports the regenerative properties of exosomes and reinforces their strong therapeutic potential.
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1 INTRODUCTION
Intercellular and extracellular communication is essential for maintaining homeostasis in multicellular organisms, especially in response to tissue injury. One key mode of communication involves extracellular vesicles (EVs) that serve as vehicles to facilitate the exchange of bioactive cargo, including proteins, RNAs, and lipids, that influence target cell behavior (Zhang et al., 2019). Current research has shown that EVs are secreted by all cells and provide paracrine communication by employing different targeting mechanisms as well as carry different cargos to effector cells (Gurunathan et al., 2021; Zou et al., 2023). The underlying processes involved in regulating secretion and packaging of vesicular content are not well understood, but harnessing these bioactive systems provides an attractive modality for enhancing the regenerative capacity of innate biological material. Many studies have demonstrated that EVs are differentially produced and secreted according to the cellular environment (Kowal et al., 2014; Pote and Gacche, 2025; Skotland et al., 2019). Our studies have built upon this premise by developing a bioreactor-based production system for manufacturing Human Adipose Stromal Cell (ASC) exosomes using a highly controlled and tunable environment that can modify EV production and cargo that reduces inflammatory cytokines, stimulates collagen production, as well as activates keratinocyte and fibroblast proliferation and migration (Zhang et al., 2015; Zhang et al., 2020). When formulated with an emollient and topically applied to an in vivo excisional wound model, tuned eXo3 exosomes demonstrated enhanced wound closure, increased keratinization, collagen deposition, and overall improved recover rate. In a clinical case study addressing non-healing diabetic foot ulcers, conducted under informed consent, topical treatment with engineered eXo3 exosomes formulated in a proprietary gel serum showed complete wound closure and dermal regeneration.
2 MATERIALS AND METHODS
2.1 ASC culturing and exosome purification
Research has shown that both exosome cargos and stem cell paracrine activity are dramatically altered by the environment, particularly with regard to the inflammatory and healing state of tissue (Shabbir et al., 2015; Shi et al., 2021; Rani and Ritter, 2016). Critical ex vivo environmental cues can tune stem cell-derived EVs to be pro-healing. Leveraging our expertise in stem cell biology, we have developed a proprietary bioreactor-based production system for manufacturing “tuned” EVs from adult stem cells. Modified EVs are termed “eXo3” throughout the manuscript and described in Section 2.9. By manipulating the cellular bioreactor environment, we have found that we can alter stem cell EV production and secretion as well as exosomal cargo packaging. Additionally, and most importantly, we have shown this manipulation of the bioreactor environment can improve the pro-healing capacity of the stem cell-derived EVs. Isolation and culturing of the Human Mesenchymal Stem Cells (MSC) subtype–adipose-derived stem cells (ASC), and exosome isolation and physical characterization, have been previously reported (Ludlow and Buehrer, 2024). The results within this report characterize enhanced features of eXo3 EVs by comparing to “native” EVs which were prepared in tandom from the same lot of ASCs cultured in an identical bioreactor system under traditional culturing conditions with no modification steps.
It is important to maintain a controlled environment while manufacturing EVs that retain wound healing properties. An aging microenvironment will promote cellular senescence that can shift EV production containing pro-inflammatory characteristics that negatively affect tissue repair and exacerbate cellular pathology (Pirmoradi et al., 2018; Smirnova et al., 2023; Liu et al., 2017). The secretome of MSCs with senescence-associated secretory phenotype (SASP) generates a proinflammatory microenvironment affecting surrounding cells (Siraj et al., 2023). ADSCs are more resistance to senescence shifts and comparative studies show long-term cultures have higher proliferation rates and decreased oxidative stress (Wagner et al., 2005; Wagner et al., 2008; Gruber et al., 2012). Additionally, hollow-fiber bioreactor systems retain differentiation capacity, surface phenotype, genetic stability, and show no evidence of increased aging after large-scale culture (Vymetalova et al., 2020). Our commercial-scale ADSC bioreactor process monitors glucose consumption, cell proliferation, and cell cycle to ensure that the cells are not senescent, thus safeguarding against SASP vesicle formation which may compromise the efficacy of the product.
Briefly, EVs are isolated from adipose-derived stem cells (ASCs) using a hollow-fiber cartridge containing bioreactor (Ludlow and Bueher, 2022). The ASCs used are isolated from human adipose tissue and expanded in culture using established protocols (Buehrer and Cheatham, 2013). To prepare the bioreactor, ASCs from multiple donors with similar demographics were seeded onto the cartridge. After seeding, the separate cell cartridge was filled with serum-free medium for ASC maintenance and EV production, and growth medium was continually circulated through the bioreactor with medium exchanges every 3–5 days. Bioreactor cultures can be maintained in this manner for up to 3 months while the ASCs retain their ISCT-mandated MSC characteristics.
EVs were collected every 3–5 days after the bioreactor culture was established. The conditioned serum-free medium was removed from the cell cartridge and subjected to two centrifugation steps as follows: The supernatant was aspirated, and the pelleted EVs containing exosomes were suspended in DPBS and stored at −80 °C for further analysis.
2.2 EV characterization methods
Particle size and concentration was determined using ZetaView NTA (Particle Metrix) instrumentation. Concentrated EV preps were diluted in particle free water to a range of 5 × 107 particles per milliliter and analyzed using defined acquisition settings. Size distribution was determined and mean, median, and mode diameters were used to characterize EVs.
Transmission electron microscopy was performed as follows: Size 300 mesh copper EM grids were glow-discharge formvar/carbon film coated for 45 s. Once completed, 5 µL of EV suspension (previously fixed with 30 µL of 2% PFA) was added to the grid and incubate for 1 min. Following removal of the excess EV solution, one drop of filtered 1% uranyl acetate was added and the excess removed before rinsing the grid on a drop of water 3 times. The grids were allowed to dry for 10 min at room temperature followed by imaging on Tecnai 12 electron microscope at 120 kV.
EV surface markers were analyzed using a Miltenyi MACSQuant Analyzer 10 for sample acquisition and MACSQuantify Software for data analysis. The MACSPlex Exosome Kit (Miltenyi Biotec) was used to evaluate each sample for the expression of 37 surface markers according to manufacturer’s protocol. Protein concentration was determined for each sample using BCA protein quantification kit (Thermo). 20 μg of prepared exosomes was gently rotated at 4 °C overnight with capture beads. The beads were washed and then incubated for 1 h with detection bead mixture consisting of CD9, CD63 and CD81 exosome markers. The flow cytometer was calibrated and background settings were adjusted to unlabeled beads and gating strategies were used to identify bead populations for each analyte. Batch analysis quantified median intensities for each bead population and analyte surface expression was calculated for each sample.
2.3 In vitro inflammatory cytokine assay
To measure EV effects on inflammation, in vitro gene expression for the inflammatory cytokines IL-6, IL-8 and MCP-1 was performed via RT-qPCR. Primary human fibroblasts (PHFs) were seeded at a density of 390,000 cells per well in growth medium (DMEM-LG, 10% FBS and antibiotics) using 6-well plates. The cells were incubated overnight to allow the PHFs to attach. To induce inflammatory cytokine production, growth medium was removed and replaced with Test Medium (DMEM-HG, ascorbic acid and antibiotics) containing 1 × 107/mL heat killed P. gingivalis (HKPG, InvivoGen) with and without 6.7 μg/mL ASC EVs. After overnight incubation, the cells were washed and RNA extracted using RNeasy Mini Kit (Qiagen). cDNA was prepared using 1 µg of purified RNA in a 20 µL reaction and High-Capacity cDNA Reverse Transcription Kit (Life Technologies) and qPCR performed with 10 ng cDNA per reaction using iTaq Universal Probes Master Mix (BioRad) and a QuantStudio 12K Flex machine (Life Technologies).
2.4 In vitro migration assay
Radius™ Cell Migration Assay plates were used for this assay. Briefly, plates were prepared and human primary skin epithelial cells were seeded (100,000 cells/well) into a 24-well Radius plate in 10% Serum containing Media (1 mL) as per manufacturer’s instructions. Following a 4h incubation at 37 °C in a 5% CO2 –containing atmosphere to allow cells to attach, wells were washed and the hydrogel dissolved from the wells. The wells were washed again, and either Serum Free, 1% Serum containing media, 10% serum containing media, or 1% serum containing media supplemented with 50 µL of indicated number of EVs. Photographs of each well were taken at T = 48 following addition of EVs.
2.5 In vitro cell proliferation assay
EVs were also added to low density in vitro PHF and primary human keratinocytes (PHKs) cultures (3,000 cells/well) in 96-well culture plates using serum-free medium and incubated for 3 days. To compare the proliferative effects of EVs, cells were treated with other inducers, including 10% FBS, PDGF-BB, KGF, TGF-β1, or IGF-1. After 3 days, the cells were treated with Cell Titer Blue reagent (Promega) for 2 h to assess proliferation by fluorescence signal (excitation: 560 nm, emission: 590 nm).
2.6 In vitro collagen production assay
Dermal fibroblasts were seeded at 10,000 cells per well and allowed to attach overnight. The next day cells were treated with EV and controls in assay medium +/− ascorbic acid. Cells were treated for 48 h in replicates of 3. After 48 h, conditioned media was collected and frozen at −80 °C until ready to assay. Procollagen-1 levels were determined by ELISA (Takara, cat# MK101) following the manufacturer’s instructions.
2.7 Excisional wound model
All animal husbandry is done in accordance to The Guide for the Care and Use of Laboratory Animals published by the Institute of Laboratory Animal Resources Commission on Life Science National Research Council, NATIONAL ACADEMY PRESS, Eighth Edition, and applicable USDA regulations without exception. Animals were housed on site (Synchrony Laboratories, Durham, NC, Study # 169-03-17) for a minimum of 5 days prior to study assignment. Animals were handled by staff daily to acclimate to human contact and reduce stress. Appropriate SOPs and protocols were followed for housing conditions, health status review, diet, pre-op instructions, and post-operative care. Marking and identification of animals was achieved by two non-invasive methods. 1. A black sharpie marker was used to inscribe a number on the fur. 2. Each animal was housed individually with identification number affixed to the cage. Both circular and linear skin injury models were developed and investigated. For circular wounds, 4x 2 cm diameter full thickness (entire skin layer) wounds were cut on the back of each animal. Sterile saline (phosphate buffered, PBS) was added to each wound and the injury covered with a transparent sterile, gas-permeable bandage or surgical tape. Each wound was measured and photographed daily for up to 30 days post-surgery. For linear wounds, 4x 2 cm linear full thickness cuts were made in the back skin. Sterile saline (phosphate buffered, PBS) was added to each wound and the injury covered with a transparent sterile, gas-permeable bandage or surgical tape. Each wound was measured and photographed daily for up to 30 days post-surgery. Baseline wound healing rates were established using measurements derived from these preliminary studies. Circular or linear wound healing models were generated on back skin of rodents as described above. Of the 4 wounds per rat, one was treated with PBS as a vehicle control. The other 3 were treated with an exosome preparation derived from adipocyte conditioned media. The treatments were randomized across subjects to avoid positional bias and assessment was blinded to avoid observer bias. Matched conditions on the same animal improved statistical power by allowing paired analysis. Up to 4 experimental groups (with different exosome preparations) were tested, 6 rodents per group. All rodents were evaluated for wound healing response as described above. At the end of the study period, rodents were euthanized and the wound site dissected out for evaluation by molecular and histological techniques.
2.8 Topical formulation (test article)
eXo3 exosomes are registered under International Nomenclature of Cosmetic Ingredients (INCI) name: Human Adipose Stromal Cell Exosome. eXo3 exosomes personal care formulations are registered in compliance with FDA under the Modernization of Cosmetics Regulation Act of 2022. The product described is not a drug product and was initially used solely to improve the condition and appearance of the skin. For all cell-based assays and animal studies, eXo3 exosomes were diluted in PBS and PBS alone was used as a vehicle control. For the patient case study, eXo3 Exosomes were blended with a base formulation consisting of 1.0% hyaluronic acid-based gel formulation developed by Exotropin, LLC and used as an Over The Counter (OTC) personal care product.
2.9 Diabetic wound healing in patient volunteer- a single case study
The presented case involves a 55-year-old male patient with a 30-year diagnosis of diabetes mellitus type 2 with stable A1C and other investigations within normal limits, presenting with multiple Grade 1 non-healing ulcers over the foot that had been previously treated for over 6 months by a foot surgeon. The surgeon had not been successful in healing these wounds using conventional therapy including debridement, off-loading with a soft cast, infection management and weekly dressing changes. Over the prior 6-month treatment period to promote healing, various dressing types were tried including alginate, silver, hydrocolloid and honey impregnated dressings. Despite active treatment, 3 large ulcers remained on the foot and one on the toe. Due to the patient’s history of chronic non-healing foot ulcers, an alternate solution was sought to accelerate healing.
Patient volunteer was treated once weekly with topical application of eXo3 exosome test article. Ulcers were thoroughly cleaned but not debrided. Exosome gel was applied topically directly to the wound bed, sufficiently to cover ulcers followed by Tegaderm to cover the gel as well as a secondary dressing to cushion and protect the treatment areas. The wounds were monitored regularly for signs of infection or complications but treatment and dressing were only changed and reapplied weekly. Foot wounds were photographed by care provider and ImageJ was used to detect open wound and quantify pixel area.
2.10 Statistical analysis
Quantitative data were expressed as mean ± standard deviation (SD) based on at least three independent assays in duplicates or triplicates. Students unpaired t-tests were performed using GraphPad Prism (GraphPad Company) for all in vitro assays. ANOVA was used to determine significance in the described animal wound healing study as well as in the human case study. Graphs are presented mean ± SD or mean ± s.e.m. All p-values below 0.05 (*), 0.01 (**), and 0.001 (***) were considered statistically significant.
3 RESULTS
3.1 Extracellular vesicles characterization
The manufacturing process using ASC-derived EVs was adapted from previously published protocols (Basu and Ludlow, 2016). To ensure lot consistency, MISEV guidelines for EV characterization were followed using multiple methods for identification (Zhang et al., 2024; Welsh et al., 2024). Each lot was screened using flow cytometry to identify the presence of exosomes surface markers (Figure 1A). Purified particles were stained with antibodies targeting tetraspanin proteins CD9, CD63, and CD81. Positive identification was confirmed while negative expression of lymphocytic markers CD3, CD4, and CD19 illustrated preparation purity (Figure 1B). Particle size was determined using ZetaView NTA analysis showing a distribution range from 65 to 200 nm, consistent with published exosome biology (Gurunathan et al., 2021; Zhang et al., 2020). TEM was used to validate vesicle size and morphology, confirming isolation and purification of EVs (Figure 1C).
[image: A series of images depicting exosome characteristics. Panel A shows a bar graph of exosome surface protein expression, highlighting CD63 with the highest mean intensity. Panel B presents a line graph of particle size distribution, with an inset bar graph showing median and mode sizes of 124.6 nm and 90.5 nm, respectively. Panel C contains two electron micrographs of exosomes at different scales, showing circular structures with dark outlines.]FIGURE 1 | Manufactured EVs isolated from cultured ASCs were characterized using MISEV guidelines for EV classification. (A) Shows the expression of classical EV surface markers CD9, CD63, and CD81 detected in isolated eXo3 EVs. (B) Shows EV size distribution using ZetaView NTA. (C) Shows TEM images depicting bi-membrane vesicles sized at 80–140 nm in diameter.3.2 eXo3 exosomes stimulate collagen production and reduce inflammation
Chronic wound tissue is associated with degradation of the extracellular matrix and collagen fiber degeneration. The first stages of wound healing require collagen deposition to support extra cellular matrix formation which facilitates cell migration and tissue regeneration. We evaluated whether ASC-derived EVs could modulate collagen production using primary human fibroblasts (PHFs). EVs isolated from different controlled bioreactor microenvironments were applied to PHF cultures to stimulate collagen production. Serum-free conditioned medium was used for baseline comparison and TGFβ-1 was used as positive control. Native ASC EVs showed a dose dependent stimulation of collagen that did not reach levels of TGFβ-1 stimulation (Figure 2A). Interstingly, “tuned exosomes”, eXo3 exosome treatment was significantly higher than native EVs and matched a response similar to TGFβ-1. Figure 2B revealed reduced inflammatory cytokine production in response to exosome treatment.
[image: Bar graphs illustrate exosome effects. (A) Shows collagen production with highest levels in TGFb-1 and 5 µg eXo3 Exosomes. (B) Depicts inflammatory regulation, with IL-8 highest under HKPG, and reduced by HKPG+eXo3 in IL-6 and MCP-1. Statistical significance noted with asterisks.]FIGURE 2 | (A) Human dermal fibroblasts are treated with native or modified ASC-derived EVs. Media was harvested and analyzed for collagen accumulation. eXo3 EVs show significant stimulation of collagen production that is comparable to TGFb-1 treatment. (B) Dermal fibroblasts are stimulated with HKGB to activate an immune response. Co-incubated eXo3 EV samples show a restrains cytokine release detected by ELISA targeting IL-6, IL-8, and MCP-1. p-values below 0.05 (*), 0.01 (**), and 0.001 (***).3.3 eXo3 exosomes stimulate cell migration
When cells are seeded in the well of the Radius plate, they will adhere everywhere except in the center of the well where there is a biocompatible hydrogel spot of a defined and constant area. Once cells form a monolayer, the assay is initiated by gently dissolving the gel with a removal solution, leaving a gap across which cell migration can occur. As shown in Figure 3, at T = 48 h, serum free media (negative control) shows minimal migration. As expected, 1% FBS media shows slightly more migration while10% FBS media shows full closure of the gap. Addition of 25 × 10E6 EVs to the 1% FBS media reveals slightly better gap closure compared to the 1% FBS media alone, while 10 × 10E7 EVs elicits complete gap closure when added to the 1% FBS media.
[image: Five panels show circled areas of cell growth under different conditions: serum-free control, one percent FBS, ten percent FBS, twenty-five times ten to the power of eight eXo to the power of three, and ten times ten to the power of seven eXo to the power of three EVs. Cell density increases from left to right.]FIGURE 3 | From left to right, serum free media serves as the negative control. 1% FBS media is the vehicle control. 10% FBS media is the positive control. Vehicle supplemented with EVs are shown in the last 2 panels.3.4 eXo3 exosomes improve recovery in In vitro rodent wound healing study
We used an excisional wound model in which 2 cm diameter wounds were created in the dorsal skin of Sprague-Dawley rats (Figure 4A) and were treated topically with a single dose of vehicle (300 µL) or HS-tuned ASC EVs (25 × 106 particles). The wounds were measured every 2–3 days to monitor the healing process. As shown in Figure 4B, the wound closure rate was increased by HS-tuned EV treatment (green) after 14 days compared to the vehicle control (red). Figure 4B demonstrates that HS-tuned EVs subjected to lyophilization (green) and room temperature storage for 7 days prior to reconstitution maintain their capacity to improve wound healing in vivo. Figure 4C is a graphic representation of the closure rates over time. Note that lyophilized EVs, when reconstituted with sterile water, resulted in a wound closure rate comparable to that of freshly-isolated EVs. The wound areas were excised after 19 days and analyzed by immunohistochemistry. EV-treated wound tissue demonstrated darker staining for Ki-67 (Figure 4D) than vehicle, suggesting that there is more proliferation in EV-treated wounds.
[image: Panel A shows wounds on animal skin on day 0, with four open wounds. Panel B, taken on day 14, displays wound healing progress with different treatments: eXo³ and lyophilized eXo³, with circles indicating treatment areas. Panel C shows a line graph of wound closure over time, comparing eXo³ and control groups, with eXo³ showing faster closure. Panel D presents histological images with Ki-67 and EVG staining, showing differences in tissue response across non-wounded, vehicle, and eXo³ conditions, with arrows highlighting key areas.]FIGURE 4 | Rat wound healing model. (A) Four excisional wounds shown on animal at Day 0; (B) Same animal at Day 14 of treatement with either vehicle, eXo3 exosomes, or lyophilized eXo3 exosomes. Red circles-Vehicle; Green circles-eXo3 treatment. (C) Wound diameter was measured daily and percent closure data is graphed over 20 days. eXo3 treatment shows enhanced wound closure. ANOVA p < 0.05. (D) Histological sections of non-wounded, vehicle-treated, and eXo3-treated tissue, stained with Ki-67 and EVG show increased Ki-67 and collagen staining in eXo3-treated wounds. Differences in cellular activity and tissue structure are shown with arrows.3.5 Human volunteer single case study: topical application of eXo3 exosomes promotes the appearance of ulcer healing
Given that eXo3 significantly enhanced wound healing in the rodent model (Figure 4), we formulated the active ingredient for human skin application. The topical eXo3 exosomes formulated in a hyaluronic acid gel was initially used solely to improve the condition and appearance of the skin. However, when applied to subjects suffering from diabetic ulcers which were previously refractive to currently accepted and practiced methods of treatment, we saw dramatic effects. Figure 5 documents a human volunteer single case study where eXo3 exosome gel was applied topically directly to the wound bed. Figure 5A shows baseline wound state. The four ulcers were sufficiently covered with eXo3 gel followed by Tegaderm to cover the gel as well as a secondary dressing to cushion and protect the treatment areas. The wounds were monitored regularly for signs of infection or complications but treatment and dressing were only changed and reapplied weekly. Wound healing was documented after each dressing change. After 4 weeks of treatment, three lesions were completely healed, while the largest lesion showed >75% recovery (Figure 5B). Treatment was continued for 3 more weeks and resulted in nearly 100% recovery (Figures 5C,D). Quantitative image analysis of identified lesions in images identified open wound area and calculated the lesion size. Each wound site was normalized to baseline area at time 0 and the percent closure was calculated through out the term of collection These reported findings were unexpected; however, they support the ability to “tune” pro-healing EVs that provide therapeutic benefit beyond traditional pharmacological treatments. While encouraging in this single human volunteer case study, we recognize that further investigation is warranted to strengthen these anecdotal results.
[image: Images A, B, and C show the progression of diabetic foot ulcers over time with treatment. Image A, labeled "Baseline," shows four distinct ulcers. Image B, labeled "29 Days," shows reduced size of the ulcers, with only one clearly visible. Image C, labeled "50 Days," shows further healing. Image D is a line graph titled "eXo³ treatment of diabetic foot ulcers," depicting percentage wound closure for four lesions over 50 days, with significant improvement by the end.]FIGURE 5 | Human volunteer single case study observations after topical application of eXo3 exosomes to chronic diabetic ulcers. (A) Baseline: Non-healing diabetic ulcers after 6 months of treatment attempts with other therapeutic agents. (B) 29 Days: After 4 once weekly treatments with topical eXo3 exosomes formulated in a hyaluronic acid gel. (C) 50 Days: After 7 once weekly treatments with topical eXo3 exosomes formulated in a hyaluronic acid gel. (D) Digital image analysis of wound closure area over time of treatment.4 DISCUSSION
Stem cell therapies represent a compelling means of tissue repair and have demonstrated wound healing and soft tissue regeneration in animal models. Stem cell therapeutic approaches have the advantage of being capable of potentially regenerating an assortment of tissues by virtue of their pluripotency. Such versatility is a much-needed option for various medical conditions. The downsides of stem cell therapy include their complexity in isolation, characterization, and patient delivery. The greatest concern continues to be the potential for uncontrolled cell growth, proliferation, and tumorigenesis. The use of embryonic stem cells for therapeutic applications also raises ethical concerns and continues to be a passionately debated topic. Additionally, the intuitive concept that therapeutic stem cells engraft and differentiate at sites of tissue damage is not well supported given the low numbers of cells retained over time at application sites in vivo (Lotfy et al., 2023). This suggests that their mechanisms of action occur through paracrine modalities such as secretion of bioactive vesicles, including exosomes. Hence, exploiting stem cell-derived exosomes as a biologic-derived therapy, rather than delivering transient stem cells to treat chronic wounds, is an enticing approach.
Secreted extracellular vesicles (EVs), such as exosomes, are packed with potent pro-repair proteins and RNA cargos that are both cell type-specific, as well as, differentially produced and secreted according to the cellular environment (Zhang et al., 2019; Kim et al., 2017; Qiu et al., 2020). Exosomes offer a novel approach to tissue engineering and regenerative medicine therapies having several advantages over the use of cells. Since exosomes are cell-free, there is a much lower risk of immune rejection allowing for their allogenic use in the clinic. Exosome regenerative and wound healing capabilities are also heightened by having an elevated concentration of growth factors compared to cells and manufacturing large-scale, GMP-grade product is accomplished at sustainably lower costs. While encouraging, it needs to be recognized that exosome therapy is still early in development, and regulatory considerations such as purity, batch-to-batch consistency, and potency need to be addressed before widespread adoption for clinical use. The data presented here supports the idea that manipulation of the cellular bioreactor environment improves the repair activity of stem cell-derived EVs in vitro and in vivo. Current investigation into the cell-signaling elicited by these EVs will facilitate further understanding of the mechanisms involved in wound healing and tissue repair. Towards this goal, we have partially analysed miRNA cargo contained in eXo3 and found several sequences implicated in wound healing. Additionally, current proteomic research has identified cell cycle regulatory proteins and stress response proteins such as HSP70 that may contribute to the observed pro-healing function of eXo3. Once our analysis is complete, we will report on the miRNA and protein cargos we believe to be important for this healing effect and potentially lead to additional tissue engineering and regenerative medicine applications.
The singe human volunteer case study reported herein shows promising therapeutic benefit and wound healing potential of eXo3 application. Diabetic foot ulcers remain a therapeutic area of high medical unmet need. The preclinical data presented, including the animal studies, combined with the morbidity and mortality associated with diabetic foot ulcers served to highlight the critical need to treat this patient. Given that 70% of diabetic foot ulcers remain unhealed at 20 weeks, the rapid closure of these wounds is significant. The rationale for why this patient was treated as well as the successful healing presented will hopefully serve as justification for larger clinical trials in this area of unmet need. Follow-up studies over time are required to adequately assess the effectiveness of eXo3 in its current product formulation. If eXo3 were to be administered in a manner other than topically, such as oral ingestion, subcutaneous or systemic injection, the product must be manufactured in a cGMP compliant manner following the guidelines put forth by the FDA for clinical trial products. While we are not planning to submit a clinical trial application at this time, there are currently 134 exosome-based studies investigating EV therapeutic use according to ClinicalTrials.gov (National Library of Medicine, 2025). With a growing number of studies focused on wound healing, our data presented and research efforts provide valuable translational evidence supporting the therapeutic benefits of exosomes (Hu et al., 2016; Qiu et al., 2020; Shabbir et al., 2015; Shi et al., 2021).
5 CONCLUSION
The innovation demonstrated here focuses on co-opting the cellular context-dependence of ASC loading and secretion of EVs for engineering a potentially novel pro-healing therapeutic. Here we also show that “tuned” EVs from adipose derived stem cells have the ability to facilitate accelerated and improved skin wound healing upon application in a topical formulation. The bioreactor-based production approach enables large quantities of exosomes to be isolated from relatively small volumes of conditioned culture media, when compared to culturing in traditional culture plastic ware generating multiple liters of media. The bioreactor is also considered a “closed system”, thus addressing at least one recommendation by regulatory agencies for products derived from cell culture. This approach reduces the cost of goods for large scale applications, such as OTC personal care products and potential FDA-allowed medicinal products.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The participant provided their written informed consent to participate in this study. The requirement of ethical approval was waived by participant through written informed consent for studies involving humans. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article. The studies were conducted in accordance with the local legislation and institutional requirements. The animal study was approved by Institute of Laboratory Animal Resources Commission on Life Science National Research Council. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
JG: Data curation, Project administration, Formal Analysis, Methodology, Visualization, Funding acquisition, Conceptualization, Writing – review and editing, Investigation, Resources, Writing – original draft, Supervision. JL: Writing – original draft, Data curation, Resources, Investigation, Validation, Funding acquisition, Supervision, Conceptualization, Formal Analysis, Project administration, Writing – review and editing, Methodology. MV: Data curation, Formal Analysis, Validation, Methodology, Conceptualization, Writing – original draft, Writing – review and editing, Visualization, Investigation. RS: Formal Analysis, Project administration, Data curation, Conceptualization, Funding acquisition, Supervision, Resources, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. Internal R&D funding by Zen Bio, a BioIVT Company and Exotropin, LLC. Internal R&D efforts and laboratory resources were provided by Zen Bio, a BioIVT company.
ACKNOWLEDGMENTS
We thank our partners at Zen Bio, a BioIVT company for their continued support and efforts.
CONFLICT OF INTEREST
Author MV is a consultant to Exotropin, LLC. Author JL is employed by ZenBio, a BioIVT Company. Authors JG and RS are shareholders of Exotropin, LLC.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Basu, J., and Ludlow, J. W. (2016). Exosomes for repair, regeneration and rejuvenation. Expert Opin. Biol. Ther. 16 (4), 489–506. doi:10.1517/14712598.2016.1131976

	Buehrer, B. M., and Cheatham, B. (2013). Isolation and characterization of human adipose-derived stem cells for use in tissue engineering. Methods Mol. Biol. Clift. N. J. 1001, 1–11. doi:10.1007/978-1-62703-363-3_1

	Gruber, H., Somayaji, S., Riley, F., Hoelscher, G. L., Norton, H. J., Ingram, J., et al. (2012). Human adipose-derived mesenchymal stem cells: serial passaging, doubling time and cell senescence. Biotech. Histochem. 87 (4), 303–311. doi:10.3109/10520295.2011.649785

	Gurunathan, S., Kang, M.-H., and Kim, J.-H. (2021). A comprehensive review on factors influences biogenesis, functions, therapeutic and clinical implications of exosomes. Int. J. Nanomedicine 16, 1281–1312. doi:10.2147/IJN.S291956

	Hu, L., Wang, J., Zhou, X., Xiong, Z., Zhao, J., Yu, R., et al. (2016). Exosomes derived from human adipose mensenchymal stem cells accelerates cutaneous wound healing via optimizing the characteristics of fibroblasts. Sci. Rep. 6, 32993. doi:10.1038/srep32993

	Kim, K. M., Abdelmohsen, K., Mustapic, M., Kapogiannis, D., and Gorospe, M. (2017). RNA in extracellular vesicles. Wiley Interdiscip. Rev. RNA 8 (4), e1413. doi:10.1002/wrna.1413

	Kowal, J., Tkach, M., and Théry, C. (2014). Biogenesis and secretion of exosomes. Curr. Opin. Cell Biol. 29, 116–125. doi:10.1016/j.ceb.2014.05.004

	Liu, M., Lei, H., Dong, P., Fu, X., Yang, Z., Yang, Y., et al. (2017). Adipose-derived mesenchymal stem cells from the elderly exhibit decreased migration and differentiation abilities with senescent properties. Cell Transplant. 26 (9), 1505–1519. doi:10.1177/0963689717721221

	Lotfy, A., AboQuella, N. M., and Wang, H. (2023). Mesenchymal stromal/stem cell (MSC)-derived exosomes in clinical trials. Stem Cell Res. Ther. 14 (1), 66. doi:10.1186/s13287-023-03287-7

	Ludlow, J. W., and Buehrer, B. M. (2022). “Manipulating the cellular environment generates differntial extracellular vesicle packaging and bioligical activity,” in Advances in exosome research . Available online at: https://www.biocompare.com/3262-eBooks/583797-Advances-in-Exosome-Research/?arev=true (Accessed May 25, 2025). 

	Ludlow, J. W., and Buehrer, B. M. (2024). Analyses and utilization of selectively tuned human adipose-derived stromal/stem cell exosomes. Methods Mol. Biol. Clift. N. J. 2783, 309–322. doi:10.1007/978-1-0716-3762-3_22

	National Library of Medicine (2025). ClinicalTrials.gov: Search results for “exosome therapy”. Available online at:https://clinicaltrials.gov/search?intr=exosome%20therapy. 

	Pirmoradi, S., Fathi, E., Farahzadi, R., Pilehvar-Soltanahmadi, Y., and Zarghami, N. (2018). Curcumin affects adipose tissue-derived mesenchymal stem cell aging through TERT gene expression. Drug Res. 68 (4), 213–221. doi:10.1055/s-0043-119635

	Pote, M. S., and Gacche, R. N. (2025). Exosomal signaling in cancer metastasis: molecular insights and therapeutic opportunities. Archives Biochem. Biophysics 764, 110277. doi:10.1016/j.abb.2024.110277

	Qiu, H., Liu, S., Wu, K., Zhao, R., Cao, L., and Wang, H. (2020). Prospective application of exosomes derived from adipose-derived stem cells in skin wound healing: a review. J. Cosmet. Dermatology 19 (3), 574–581. doi:10.1111/jocd.13215

	Rani, S., and Ritter, T. (2016). The exosome - a naturally secreted nanoparticle and its application to wound healing. Adv. Mater. Deerf. Beach, Fla. 28 (27), 5542–5552. doi:10.1002/adma.201504009

	Shabbir, A., Cox, A., Rodriguez-Menocal, L., Salgado, M., and Van Badiavas, E. (2015). Mesenchymal stem cell exosomes induce proliferation and migration of normal and chronic wound fibroblasts, and enhance angiogenesis in vitro. Stem Cells Dev. 24 (14), 1635–1647. doi:10.1089/scd.2014.0316

	Shi, H., Wang, M., Sun, Y., Yang, D., Xu, W., and Qian, H. (2021). Exosomes: emerging cell-free based therapeutics in dermatologic diseases. Front. Cell Dev. Biol. 9, 736022. doi:10.3389/fcell.2021.736022

	Siraj, Y., Galderisi, U., and Alessio, N. (2023). Senescence induces fundamental changes in the secretome of mesenchymal stromal cells (MSCs): implications for the therapeutic use of MSCs and their derivates. Front. Bioeng. Biotechnol. 11, 1148761. doi:10.3389/fbioe.2023.1148761

	Skotland, T., Hessvik, N. P., Sandvig, K., and Llorente, A. (2019). Exosomal lipid composition and the role of ether lipids and phosphoinositides in exosome biology. J. Lipid Res. 60 (1), 9–18. doi:10.1194/jlr.R084343

	Smirnova, A., Yatsenko, E., Baranovskii, D., and Klabukov, I. (2023). Mesenchymal stem cell-derived extracellular vesicles in skin wound healing: the risk of senescent drift induction in secretome-based therapeutics. Mil. Med. Res. 10 (1), 60. doi:10.1186/s40779-023-00498-0

	Vymetalova, L., Kucirkova, T., Knopfova, L., Pospisilova, V., Kasko, T., Lejdarova, H., et al. (2020). Large-scale automated hollow-fiber bioreactor expansion of umbilical cord-derived human mesenchymal stromal cells for neurological disorders. Neurochem. Res. 45 (1), 204–214. doi:10.1007/s11064-019-02925-y

	Wagner, W., Wein, F., Seckinger, A., Frankhauser, M., Wirkner, U., Krause, U., et al. (2005). Comparative characteristics of mesenchymal stem cells from human bone marrow, adipose tissue, and umbilical cord blood. Exp. Hematol. 33 (11), 1402–1416. doi:10.1016/j.exphem.2005.07.003

	Wagner, W., Horn, P., Castoldi, M., Diehlmann, A., Bork, S., Saffrich, R., et al. (2008). Replicative senescence of mesenchymal stem cells: a continuous and organized process. PloS One 3 (5), e2213. doi:10.1371/journal.pone.0002213

	Welsh, J. A., Goberdhan, D. C. I., O'Driscoll, L., Buzas, E. I., Blenkiron, C., Bussolati, B., et al. (2024). Minimal information for studies of extracellular vesicles (MISEV2023): from basic to advanced approaches. J. Extracell. Vesicles 13 (2), e12404. doi:10.1002/jev2.12404

	Zhang, J., Guan, J., Niu, X., Hu, G., Guo, S., Li, Q., et al. (2015). Exosomes released from human induced pluripotent stem cells-derived MSCs facilitate cutaneous wound healing by promoting collagen synthesis and angiogenesis. J. Transl. Med. 13, 49. doi:10.1186/s12967-015-0417-0

	Zhang, Y., Liu, Y., Liu, H., and Tang, W. H. (2019). Exosomes: biogenesis, biologic function and clinical potential. Cell Biosci. 9, 19. doi:10.1186/s13578-019-0282-2

	Zhang, Y., Bi, J., Huang, J., Tang, Y., and Du, S. (2020). Exosome: a review of its classification, isolation techniques, storage, diagnostic and targeted therapy applications. Int. J. Nanomedicine 15, 6917–6934. doi:10.2147/IJN.S264498

	Zhang, Y., Lan, M., and Chen, Y. (2024). Minimal information for studies of extracellular vesicles (MISEV): ten-year evolution (2014-2023). Pharmaceutics 16 (11), 1394. doi:10.3390/pharmaceutics16111394

	Zou, Z., Li, H., Xu, G., Hu, Y., Zhang, W., and Tian, K. (2023). Current knowledge and future perspectives of exosomes as nanocarriers in diagnosis and treatment of diseases. Int. J. Nanomedicine 18, 4751–4778. doi:10.2147/IJN.S417422


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Gurney, Ludlow, Van Kanegan and Smith. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
REVIEW
published: 25 September 2025
doi: 10.3389/fphar.2025.1637342
[image: image2]
Adipose-derived stem cell exosomes: emerging roles and therapeutic application
Yuhan Gong1, Hui Ma2, Zhongren Zheng2, Xinjie Wang1, Jiahua Zhang1 and Xiaowei Zhao2*
1Department of Clinic Medicine, Jining Medical University, Jining, Shandong, China, 2Department of Joint and Sports Medicine, Affiliated Hospital of Jining Medical University, Jining, Shandong, China
Edited by:
Andrea Porzionato, University of Padua, Italy
Reviewed by:
Irene Cantarero, University of Cordoba, Spain
Gunjan K., Chang Gung University, Taiwan
*Correspondence:
 Xiaowei Zhao, 18678766708@163.com
Received: 29 May 2025
Accepted: 15 September 2025
Published: 25 September 2025
Citation:
Gong Y, Ma H, Zheng Z, Wang X, Zhang J and Zhao X (2025) Adipose-derived stem cell exosomes: emerging roles and therapeutic application. Front. Pharmacol. 16:1637342. doi: 10.3389/fphar.2025.1637342
Stem cell-derived exosomes have broad application prospects in different medical fields, and are increasingly being considered a replacement for Mesenchymal stromal cells (MSCs) therapy. Adipose-derived stem cells (ADSCs) are an efficient and high-quality source of stem cell exosomes because ADSCs can be easily obtained from autologous adipose tissue and there are only minor ethical concerns, also ADSCs shown multipotent differentiation potential, self-renewal potential, low immunogenicity, and high proliferation rate. Exosomes derived from ADSCs have the function of promoting tissue regeneration through activation or inhibition of multiple signaling pathways (such as Wnt/βcatenin, PI3K/Akt), and immunomodulation, angiogenesis, cell migration, proliferation and differentiation, and tissue remodeling. This review presents the current state of knowledge on ADSCs exosomes and summarizes the use of ADSCs exosomes in stem cell-free therapies for the treatment of diabetes mellitus, cardiovascular, wound healing, neurodegenerative, skeletal, respiratory diseases, and skin aging and other conditions, thus providing novel insights into the clinical applications of MSC-derived exosomes in disease management.
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1 INTRODUCTION
1.1 MSCs sources and characteristics
MSCs are a group of multipotent progenitor cells found in a number of tissues such as bone marrow and adipose, which can be isolated from adult and foetal tissues. MSCs show promising applications in clinical tissue regeneration, as they have the ability to proliferate and differentiate into a variety of cell lineages, such as into adipocytes, chondrocytes, and osteoblasts, as well as hepatocytes and neuronal cells (Kariminekoo et al., 2016; Crapnell et al., 2013).
1.2 Limitations of MSCs therapy
Initial studies suggested that MSCs may play a key role in tissue repair, but with continued research it has been found that the low survival rate and low engraftment potential of MSCs in damaged tissue regions limit the effectiveness of MSCs in tissue repair (Hade et al., 2021). It was later shown after several studies that the reparative effect of MSCs in injured tissues does not depend on their implantation and differentiation at the site of injury, but on their paracrine activity (Barreca et al., 2020). MSCs can produce and release a variety of growth factors, chemokines and cytokines. These factors can reduce apoptosis and tissue fibrosis, stimulate extracellular matrix remodelling, inhibit local inflammation, regulate immune responses, induce regeneration, salvage damaged cells, reduce tissue damage, and ultimately accelerate organ repair through paracrine effects (Keshtkar et al., 2018). However, safety concerns regarding MSCs persist. These include a potential risk of malignant transformation due to the in vitro expansion required for therapy, as well as the ability of allogeneic MSCs to partially evade immune recognition. In addition, MSCs have the potential to trigger adaptive immunity and compromise efficacy; MSCs can modulate the immune system by being phagocytosed by antigen-presenting cells (APCs), and subsequent MSC antigens presented by APCs result in decreased anti-inflammatory activity and therapeutic efficacy. On the other hand, recognition and clearance of MSCs by the host immune system may also limit the duration and possible efficacy of treatment for many MSCs (Caplan et al., 2019). Through further research, it was found that MSCs are able to release a large number of extracellular vesicles (EVs), which can carry the active factors produced by MSCs to deliver information to damaged cells or tissues to participate in tissue regeneration, exerting biological activities similar to those of MSCs (Rani et al., 2015).
1.3 Extracellular vesicles biology and classification
Extracellular vesicles (EVs) are membrane-enclosed nanoscale particles released from cells. Almost all cells, both prokaryotic and eukaryotic, release EVs as part of their normal physiology and in response to pathological conditions (O'Brien et al., 2020). EVs are a general concept that can be further broken down into different categories based on the size of EVs, including apoptotic vesicles (1,000–5,000 nm), microvesicles (100–1,000 nm), and exosomes (30–200 nm).
1.4 Role of paracrine factors and exosomes
Exosomes carry various biomolecules, including proteins, lipids, and nucleic acids, from their parent cells. Exosomes transmit information in the extracellular space, altering the biological response of the recipient cell by delivering proteins, nucleic acids, and other substances that can inhibit disease but may also promote it (Kalluri and LeBleu, 2020). Based on this property of regulating intracellular pathways, exosomes play a potential utility in the treatment and control of many diseases, including neurodegenerative diseases and tumour therapy (Younas et al., 2022; Zhang and Yu, 2019). In regulating the tumour microenvironment and promoting tumourigenesis, exosomes have potential functions related to immunomodulation and have been implicated as carriers of anti-tumour immune responses (Urabe et al., 2020; van Niel et al., 2018).
1.5 Exosomes derived from adipose-derived stem cells
Adipose-derived stem cells(ADSCs) have received widespread attention due to their multifaceted, abundant, and easily isolated characteristics. A large number of studies have demonstrated that ADSCs are promising for a wide range of applications in regenerative medicine. ADSCs are an important stem cell type isolated from adipose tissue with properties of multidirectional differentiation and self-renewal (Deng and Chen, 2022). Increasingly, research is focusing on exosomes derived from adipose-derived stem cells (ADSCs-exos). ADSCs-exos promote tissue regeneration, immunomodulation, angiogenesis, cell migration, proliferation, differentiation, and tissue remodeling by modulating multiple signaling pathways (Li Y. et al., 2023). This paper reviews the current state of research on ADSCs-exos and summarises the application of ADSCs-exos in stem cell-free treatment of diabetes, cardiovascular, wound healing, neurodegenerative, skeletal, respiratory disorders, and skin ageing, thus providing new insights into the clinical application of ADSCs-exos in disease management.
2 ADIPOSE TISSUE AS A SOURCE OF ADULT STEM CELLS: FUNCTIONS AND ADVANTAGES
Stem cells are undifferentiated cells characterized by their extensive proliferative and self-renewal capacities, as well as their potential to differentiate into various cell types and tissues (Kolios and Moodley, 2013). Stem cells are capable of differentiating into different cell populations including adipocytes, osteoblasts, myoblasts, and chondrocytes (Figure 1), which can act as a repository of cells to maintain, repair, and regenerate different tissues (Rodriguez et al., 2005; Laplane and Solary, 2019). Stem cells are divided into three main categories, namely embryonic stem cells, adult stem cells and induced pluripotent stem cells. Although embryonic stem cells exhibit unlimited differentiation potential both in vitro and in vivo, their clinical application is constrained by ethical, legal, safety, and efficacy concerns. Stem cells from adult tissues can circumvent these issues, and although adult stem cells can only differentiate into a limited number of cell types, these cells can be used in an autologous form, overcoming ethical and legal issues (Gimble and Guilak, 2003; Bacakova et al., 2018). Adult stem cells are undifferentiated cells residing in various tissues throughout the body. Typically maintained in a quiescent, non-dividing state, they can be activated to proliferate and differentiate following tissue damage or cell death to replace lost cells. Due to this proliferative property and the ability to regenerate tissues, adult stem cells have the potential to treat various degenerative diseases as well as aging (Cable et al., 2020).
[image: Diagram illustrating adipose-derived mesenchymal stem cells differentiating into various cell types: cardiomyocytes, adipocytes, neurons, myocytes, chondrocytes, and epithelial cells. Arrows and exosomes indicate pathways of differentiation.]FIGURE 1 | Stem cells derived from adipose tissue can self-renew and differentiate along various cell lines, including adipocytes, chondrocytes, epithelial cells, myocytes, nerve cells, cardiomyocytes.Adipose tissue is usually considered to be inert in terms of biological activity, but with research it has been found to be rich in stem cells. Adipose tissue-derived adult stem cells are Mesenchymal stromal cells found in the subcutaneous tissue at the base of the hair follicle (dermal papilla cells), the dermis (dermal layer cells), the interfollicular dermis, and subcutaneous dermis (Bunnell, 2021; Mazini et al., 2020). The main advantages over other adult stem cells include abundant source of adipose tissue, easy tissue collection and cell isolation for extraction (Banas et al., 2007). Based on these advantages make ADSCs one of the most favourable stem cells for clinical cell therapy (Mazini et al., 2020). After a number of studies, it has been shown that the differentiation of ADSCs is not limited to the adipocyte lineage, but is capable of differentiating into a variety of cell lineages or a variety of cells of mesodermal origin including chondrocytes, osteoblasts, and adipocytes under appropriate stimulation in vitro (Gimble and Guilak, 2003; Mazini et al., 2020; Veronesi et al., 2014). ADSCs cultured under horse serum conditions can express myosin light chain kinase (a protein marker for skeletal muscle cell lineage), which provides a research idea for ADSCs to differentiate skeletal muscle cells for repairing damaged skeletal muscle (Gimble and Guilak, 2003).
Adult stem cells can be isolated from various tissues and their regenerative potential has been widely noted, so researchers need to conduct comparative studies on adult stem cells from different tissues (Heo et al., 2016). The first application for cell therapy was bone marrow stem cells, but bone marrow is relatively difficult to obtain, and it can be traumatic for patients during bone marrow harvesting, and the number of stem cells extracted from bone marrow is small, and it is often necessary to undergo in vitro expansion to increase the number of cells. Numerous studies have demonstrated that ADSCs can be an alternative to bone marrow stem cells. The ideal source of adult stem cells needs to be easily accessible and capable of extracting a certain number of stem cells, and ADSCs meet these requirements (Banas et al., 2007; Veronesi et al., 2014; Zuk et al., 2001). Treatment by osteogenic differentiation medium induced ADSCs to differentiate towards osteogenesis, exhibiting upregulation of osteogenesis-specific genes and mineralisation, suggesting that ADSCs cells have the potential to promote skeletal recovery (Im, 2013). ADSCs were demonstrated to reverse wall thinning in areas of myocardial scarring in studies performed from rats. Regeneration of cardiomyocytes and blood vessels was found after stem cells were cultured into monolayers and transplanted into rats with infarcted myocardium (Miyahara et al., 2006). It has also been found that these stem cells can improve ventricular function through growth factor-mediated paracrine effects (Madonna et al., 2009). Chandra et al. found that islet-like cell aggregates expressing pancreatic hormones were generated from stem cells cultured from mouse epididymal fat pads and transplanted intraperitoneally into STZ-induced diabetic mice, and blood glucose levels of the diabetic mice returned to normal within 2 weeks (Chandra et al., 2009). Yu et al. found that ADSCs can improve insulin sensitivity by reducing chronic inflammation in diabetic patients, which in turn delays or treats diabetic complications (Yu et al., 2019). Sen et al. found that therapeutic diabetes medications can alter the differentiation pathways of ADSCs, which can respond to the individual’s efficacy of diabetes medications. This ability to predict the efficacy of diabetes treatments suggests that ADSCs can be used as a cell-based biomarker. However, there are fewer studies of ADSCs as biomarkers responding to drug efficacy, and additional experiments are needed to confirm this (Sen, 2019). Adenovirus, herpes simplex virus, lentivirus and retroviral vectors are all capable of infecting ADSCs cells in vitro, and the question of whether ADSCs can serve as cellular vectors for the delivery of genes has gradually attracted the attention of researchers. The basic fibroblast growth factor (bFGF) gene was introduced into ADSCs cells and peak secretion of bFGF protein was observed 3 days after viral transduction. This study validated the conjecture of ADSCs as gene carriers, but further studies are needed for the clinical application of ADSCs as gene carriers (Gimble and Guilak, 2003; Katz et al., 1999). The above studies have shown that ADSCs have the ability to differentiate into a variety of cell lines, which are differentiated into specific tissue cells through in vitro culture under certain conditions, and that injection of these treated ADSCs into organisms can promote cell regeneration and tissue repair. In addition, ADSCs can be taken from autologous bodies and applied to themselves, avoiding legal and ethical issues, and these features and advantages make ADSCs have an extremely wide range of applications in various clinical disciplines.
3 OVERVIEW OF ADIPOSE-DERIVED STEM CELL EXOSOMES: EXOSOME BIOGENESIS, SECRETION AND UPTAKE ISOLATION OF EXOSOMES
Recent studies have increasingly focused on the role of exosomes in health and disease, which play an important role in promoting human health and treating diseases, including the promotion of organismal development, immune response, and tissue homeostasis, as well as the treatment of cardiovascular diseases, neurodegenerative diseases, and cancers (Pegtel and Gould, 2019). ADSCs-exos have been considered a versatile therapeutic tool for the treatment of tissue damage (Xing et al., 2020a). A large number of studies have confirmed that ADSCs-exos promotes damaged tissue repair and that ADSCs-exos can be used as a stem cell-free therapeutic tool to regenerate different tissues such as bone, cartilage, nerves and skin tissues (An et al., 2021; Zhang S. et al., 2018; Feng et al., 2019; Lu et al., 2019).
Exosomes are nanoscale membrane-bound vesicles secreted by donor cells that are able to participate in intercellular transport of substances (Liang et al., 2021). Exosomes contain biomolecules such as proteins, lipids, nucleic acids, and metabolites. By passing these biomolecules between cells the recipient cell undergoes relevant biological reactions (Kalluri and LeBleu, 2020). To further understand how exosomes are involved in intercellular communication mechanisms, a large number of experiments have been performed to study the processes of exosome biogenesis, secretion and uptake (Pegtel and Gould, 2019). Currently, the prevailing view is that the biogenesis of exosomes is as follows: the cell membrane invaginates to form endosomes, endosomes form intracellular multivesicular bodies (MVBs) through secondary invagination, and finally the MVBs fuse with the cytoplasmic membrane and secrete the intraluminal vesicles (ILVs) within the MVBs outside the cell by cytotoxic secretion into exosomes (Kalluri and LeBleu, 2020). The process of exosome biogenesis is divided into four main steps, including the sorting of content uptake, the formation and maturation of MVBs, the transport of MVBs, and the fusion of MVBs with the plasma membrane (Han et al., 2022). It follows that the process of exosome biogenesis is realised mainly around MVBs, which are special intracellular body compartments enriched with ILVs, and MVBs are able to segregate specific proteins, lipids and other cytoplasmic components (Gurung et al., 2021). The general process of MVBs formation is the internalization of extracellular proteins, lipids, small molecule free substances and other components into the cell through plasma membrane invagination to form cytoplasmic membrane bud vesicles, which are called early sorting endosomes (ESEs), which in turn fuse with secreted vesicles such as the endoplasmic reticulum (ER), the trans Golgi body (TGN) and the mitochondria to form late sorting endosomes (LSEs). Subsequently, the LSE plasma membrane invaginates twice to form many ILVs, and the LSEs carrying ILVs are then called MVBs (Krylova and Feng, 2023). Rab5 and its effector VPS34/p150 have been found to be key regulators of ESE to LSE conversion in the plasma membrane. It acts by recycling extracellular material to the cell membrane within minutes after the ESE begins to form ILVs through inward membrane outgrowth, which ultimately results in the segregation and distribution of the contents into vesicles (Mashouri et al., 2019). When the LSE membrane is invaginated, LSE inclusions are mixed and encapsulated to form multiple intraluminal vesicles. Depending on the amount of invagination, this process produces ILVs with different inclusions and different sizes. The remaining membrane of the invaginated LSE membrane acts as an outer membrane, concentrating the formed ILVs within the LSE lumen, a process that leads to further formation of MVBs in the LSE (Gurunathan et al., 2021). Formation of MVBs is at the centre of exosome biogenesis, where ILVs production and membrane outgrowth are key to exosome production (Hurley et al., 2010). It was found that the formation of MVBs and ILVs can be driven by the endosomal sorting complex required for transport (ESCRT), which consists of the ESCRT-0, -I, -II, -III subcomplexes and the atpase VPS4. Among them, the ESCRT subcomplexes jointly promote the formation of MVBs and ILVs through different functions. This ESCRT-driven formation of MVBs and ILVs is an ESCRT-dependent pathway, and ESCRT-dependent pathways mainly include: the Alix-dependent pathway, HD-PTP-dependent pathway and other pathways (Han et al., 2022; Colombo et al., 2014). In addition, MVBs and ILVs can also be formed independently of ESCRT-driven formation. For example, ILVs can be formed in the absence of ESCRT by sorting through the four-spanning protein CD63, which is an ESCRT-independent mechanism. ESCRT-independent pathways mainly include:The nSMase2-ceramide-dependent pathway, Caveolin-1, Flotillins, and Cholesterol (Han et al., 2022; Stuffers et al., 2009; Edgar et al., 2014). Therefore, it is currently believed that MVBs and ILVs can be formed through the ESCRT-dependent pathway and the ESCRT-independent pathway, which may be related to the classification of cellular contents (Carayon et al., 2011).
MVBs can be fused with autophagosomes, and eventually their contents can be degraded in lysosomes, MVBs can also be directly fused with lysosomes for degradation, and the degradation products can be recycled by cells (Kalluri and LeBleu, 2020). In addition, MVBs can also be transported to the plasma membrane through the cytoskeleton and microtubule network and fused to the plasma membrane with the help of MVBs docking proteins, and through cytosolisation, ILVs in MVBs can be secreted outside the cell and become exocytosed (Colombo et al., 2014). MVBs can be classified into two categories based on their different orientations; MVBs that are degraded by fusion with lysosomes are referred to as degradative MVBs (dMVBs), and those that are fused to the plasma membrane are referred to as secretory MVBs (secretory MVBs) (Han et al., 2022). During the fusion of MVBs with the plasma membrane, the RAB family of small GTPase proteins controls the transport of intracellular vesicles, such as vesicle outgrowth, movement of vesicles through cytoskeletal roles, and the docking of vesicles to target membranes, which leads to plasma membrane fusion. Some researchers extracted different RABs involved in docking endosomes at different stages of maturation along the endosomal pathway and found that RAB11 and RAB35 can be associated with recirculation and early sorting of endosomes, whereas RAB27A and RAB27B are associated with late sorting of endosomes and secretory compartments (Stenmark, 2009; Kowal et al., 2014). In addition to the RAB family of proteins, soluble nsf attachment protein receptor (SNARE) complexes contribute to the fusion of lipid bilayers (Zylbersztejn and Galli, 2011). Specific pairing of vesicular SNAREs (v-SNAREs) with homologous target membrane SNAREs (tSNAREs) forms the SNARE complex, which drives the fusion of two opposing membranes in a zipper-like manner (Yue et al., 2020). These RAB proteins, as well as SNAREs, are thought to be required for the final fusion of MVBs with the cytoplasmic membrane (PM) (Kowal et al., 2014). Eventually MVBs fuse with the plasma membrane and release exosomes into the extracellular space (Yue et al., 2020). Exosomes can be transferred to receptor cells after release by at least three mechanisms: endocytosis, direct membrane fusion, and receptor-ligand interactions (Figure 2) (Abels and Breakefield, 2016). Ligand-receptor interactions may explain exosome-targeted biological effects, including those caused by exosome-borne growth factors, and extracellular matrix (ECM) proteins (Maas et al., 2017). However, an increasing number of studies have shown that endocytosis is the main pathway for the uptake of exosomes, which can be internalised by endocytosis mediated by lattice proteins, vesicle proteins and lipid rafts (Jadli et al., 2020). The mode of exosome uptake may also be related to the cell type and its physiological state, as well as whether or not the ligand on the exosome surface recognises the receptor on the cell surface. Ultimately, exosomes internalise the above pathways to deliver their contents to the receptor cell, thus enabling exosome messaging between cells (Abels and Breakefield, 2016; Mathieu et al., 2019).
[image: Illustration of exosome biogenesis and release. The image depicts the process from the endoplasmic reticulum to exocytosis. It highlights components like lysosomes, multivesicular bodies, early and late sorting endosomes, and target cells. The diagram also shows ligand-receptor binding, endocytosis, direct fusion, and includes labeled structures such as DNA, RNA, amino acids, heat shock proteins, ALIX, TSG101, teraspanins, and transmembrane proteins.]FIGURE 2 | Cell membrane invagination endocytoses some extracellular proteins, lipids, small molecules and cell surface proteins to form vesicles, namely early sorting endosomes (ESE). ESE fuses with vesicles secreted from the Golgi and endoplasmic reticulum to form the late sorting endosome (LSE). The LSE reorganizes its contents through membrane invagination to form a collection of luminal vesicles (ILVs) of different sizes, which are multivesicular bodies (MVBs). MVBs can be fused to lysosomes for degradation, or they can release ILVs outside the cell to form exosomes through exocytosis. Exosomes that are ultimately released between cells deliver the vesicular contents to target cells through endocytosis, direct membrane fusion, and receptor-ligand interactions.4 ADIPOSE-TISSUE DERIVED EXOSOME FOR WOUND HEALING
ADSCs-exos, as a new cell-free therapeutic strategy, has a wide range of applications in the field of regenerative medicine. A large number of studies have shown that ADSCs-exos can promote cell proliferation and tissue regeneration by activating signalling pathways or regulating gene expression to enhance or inhibit the activity of specific proteins, which provides a new therapeutic idea to promote wound healing in the clinic. Li et al. found that ADSCs-exos can promote the protein SRY-related (SRY), high-mobility-group box 9 (SOX9), Collagen I, and Collagen II (Collagen II), and the protein SRY-related (SRY), by inhibiting the expression of miR-19b. High-mobility-group box 9 (SOX9), Collagen I and Collagen III expression by inhibiting miR-19b expression, thereby promoting skin fibroblast (HSF) cell proliferation (Qian et al., 2021). The Wnt/βcatenin pathway may promote stem cell differentiation to regulate biological activity (Liu et al., 2019). Ma et al. used Western blot to detect the expression levels of Wnt and β-catenin in HaCaT cells, and β-catenin expression was elevated in the exosomes group as compared to the control group (Ma et al., 2019). In addition, SOX9 upregulated by ADSCs-exos can activate the Wnt/β-catenin pathway and promote HSF cell proliferation, migration, and invasion (Qian et al., 2021). MALAT1 serves as a transcriptional regulator of a variety of genes involved in tumour metastasis and cell migration and is involved in cell cycle regulation. He et al. found that MALAT1-containing ADSCs-exos targeting miR-124 via the Wnt/β-catenin pathway could promote cell proliferation and skin healing (He et al., 2020). Zhang et al. found that ADSCs-exos promoted elevated levels of phosphorylated Akt, Col 1, and Col 3 proteins, and that treatment of fibroblasts with Ly294002 (phosphatidylinositol kinase inhibitor) treatment of fibroblasts, Ly294002 was able to significantly inhibit exosome-induced protein level elevation (Zhang W. et al., 2018). Yang et al. found that miR-21, which enhances matrix metalloproteinase 9 (MMP-9) expression by the PI3K/AKT pathway, promotes the migration and proliferation of HaCaT cells and thus promotes wound healing (Yang et al., 2020). Ren et al. found that ADSCs-exos stimulated the AKT and ERK signalling pathways in fibroblasts resulting in significant upregulation of gene expression of proliferation markers (cyclin D1, cyclin D2, cyclin A1, cyclin A2) and growth factors (VEGFA, PDGFA, EGF, FGF2) (Ren S. et al., 2019). Furthermore, miR-19b carried by ADSCs-exos exerts its therapeutic effects on skin wounds by regulating the CCL1/TGF-β signalling axis targeting the chemokine C-C motif ligand 1 (CCL1) (L et al., 2019), and by releasing Neat1 to inhibit the expression of miR-17-5p thereby activating Ulk1-regulated autophagy (An et al., 2023). These studies suggest that ADSCs-exos can activate multiple signalling pathways to promote cell proliferation and wound healing. Zhou et al. encapsulated ADSCs-exos in Pluronic F-127 hydrogel and applied the complex topically to whole skin wounds in mice (Figure 3), and found that increasing the expression of Ki67, α-SMA, and CD31 proteins in the epithelial cells, and up-regulating the expression of the skin barrier proteins KRT1 and AQP3, the complex was more likely to promote the healing of skin wounds compared with either ADSCs-exos or PF-127 hydrogel alone. 127 hydrogel, the PF-127/ADSCs-exos complex was more able to promote skin wound healing compared with ADSCs-exos or PF-127 hydrogel alone, and this study provides a new idea for the combined application of ADSCs-exos and tissue engineering materials (Zhou et al., 2022).
[image: Diagram illustrating the process of using ADSCs for wound healing. ADSCs are converted into exosomes, which are encapsulated in hydrogels. These are applied to a mouse with skin damage, accelerating wound healing.]FIGURE 3 | Exosomes were extracted from adipose tissue stem cells and encapsulated in a specific hydrogel, which was then locally applied to a mouse model of refractory skin injury. It was found that this hydrogel encapsulated with exosomes could promote skin wound healing better than the application of exosomes or hydrogel alone.Skin wounds in diabetic patients tend to be more difficult to heal than in the general population and are characterised by a prolonged skin wound healing process, leading to the development of chronic ischaemic ulcers. In contrast, ADSCs-exos are able to induce endothelial cell migration and angiogenesis by regulating several mirna, including miR-31-5p, miR-125a-5p, miR-126-3p miR-221-3p, miR-130a and miR-132 (Pomatto et al., 2021). Hypoxia, infection, reduced vascularisation and elevated oxidative stress may be key factors contributing to non-healing of chronic diabetic wounds. Wang et al. found that under hypoxic conditions, ADSCs-exos could upregulate miR-21-3p, miR-126-5p, miR-31-5p, and downregulate miR-99b and miR-146-a, genes related to wound healing. Genes, as well as activating the PI3K/Akt signalling pathway to inhibit inflammation to promote diabetic wound healing (Wang et al., 2021). Li et al. found that the transcription factor Nrf2 has an anti-oxidative stress protective effect, and the researchers applied ADSCs-exos to a diabetic rat foot ulcer model and found that ADSCs-exos could overexpress Nrf2 in a high-glucose environment thereby promoting the value-added of endothelial progenitor cells as well as angiogenesis (Li X. et al., 2018). Shiekh et al. supplemented a loaded oxygen-releasing antioxidant wound dressing OxOBand with ADSCs-exos for the treatment of diabetic wounds and found that this ADSCs-exos-added adjuvant was able to enhance collagen deposition to accelerate re-epithelialisation, as well as increase neovessel formation and decrease oxidative stress, thereby accelerating wound healing (Shiekh et al., 2020). Despite the unfavourable factors such as high glucose, high oxidative stress, and hypoxia in wounds of diabetic patients, ADSCs-exos are able to promote wound healing in this environment by modulating a variety of small molecule nucleic acids, and this study provides a new therapeutic idea for treating diabetic patients’ wound healing in the clinic. The current study only focuses on skin wounds caused by simple diabetes. Future studies should also consider the effect of diabetes type (type 1 and type 2), chronic wound and patient variability on the treatment of ADSCs-derived exosomes, which will be critical for clinical translation.
ADSCs-exos also has a wide range of applications in the field of aesthetic medicine. Kwon et al. treated acne scars with a combination of fractional carbon dioxide laser (FCL) and ADSCs-exos, and found that ADSCs-exos could promote skin recovery and reduce the appearance of post-procedural erythema after ablation of FCL by increasing a variety of anti-inflammatory factors and regenerative growth factors. Skin recovery and reduced the appearance of post-procedural erythema by increasing multiple anti-inflammatory factors and regenerative growth factors (Kwon et al., 2020). Trzyna et al. found that ADSCs-exos not only reduced inflammation and apoptosis to repair flaps, but also prolonged the survival of vascularised composite allografts after transplantation by down-regulating CD4+ T and Th1 cells, and up-regulating Tr1 and Treg cells, by which the success rate of allograft implantation could be further improved (Trzyna and Banaś-Ząbczyk, 2021). Reducing healing time and scar formation in soft tissue trauma recovery is a pressing clinical need today. Current conventional methods to accelerate healing and reduce scar formation include skin grafting, laser therapy and topical application of some growth factors or gene therapy. However, these methods may lead to adverse consequences such as atrophic scars, pigmentation abnormalities, and skin necrosis. In the early stage of wound healing, ADSCs-exos increased the production of collagen types I and III to promote wound healing, whereas in the later stage, ADSCs-exos inhibited collagen expression and reduced scar formation (Hu et al., 2016). This conclusion is also supported by a study that ADSCs-exos play different roles at different stages of wound healing and scarring phase. Li et al. found that ADSCs-exos could regulate the ratio of fibroblast Col-III to Col-I, TGF-3 to TGF-1, and MMP3 to TIMP-1 during the late healing phase, shifting fibroblasts to an endogenous state and inhibiting fibroblast differentiation thereby reducing scarring (Li C. et al., 2022). This mechanism may be that ADSCs-exos inhibit the expression of Smad3 and Notch-1 proteins as well as transforming growth factor β2 (TGF-β2) in KFs, promote the expression of TGF-β3 as well as inhibit the expression of collagen type I (COL-1), collagen type III (COL-3), fibronectin (FN) and α-smooth muscle actin (α-SMA) gene and protein expression (Li J. et al., 2022). In addition, miR-192-5p is also a regulatory mode of ADSCs-exos to reduce the level of proliferative scar fibrosis (Li Y. et al., 2021). These studies demonstrated that ADSCs-exos also plays a great potential in inhibiting scar formation in the medical aesthetic field, whether it is skin reimplantation, allograft or scar repair, ADCSs-exos can promote the repair of damaged skin by regulating or activating specific signalling pathways.
5 MUSCULOSKELETAL REGENERATION
There is still a high clinical demand for effective bone regeneration therapy. Autologous and allogeneic bone grafts may lead to various complications, and the safety of cellular therapy needs to be further demonstrated. Exosomes have been found to have a possible role in the regeneration of the musculoskeletal system (Qin et al., 2016). ADSCs-exos can be used as a biomimetic tool to regulate and induce the differentiation of stem cells to osteoblasts. The osteogenesis-promoting effects of ADSCs-exos have been attributed to four main mechanisms; reduction of apoptosis in ischemic and necrotic microenvironments, recruitment of MSCs and promotion of their proliferation, promotion of angiogenesis, and direct promotion of osteogenic differentiation of MSCs (Liu et al., 2017; Zhang et al., 2016; Qi et al., 2016). Chen et al. found that miR-375 could be overexpressed in adipose stem cells and enriched in exosomes, and these exosomes carrying miR-375 stimulated mRNA expression of relevant osteogenic genes (Chen S. et al., 2019). Insulin-like growth factor binding protein 3 (IGFBP3), an inhibitor of osteoblast differentiation, inhibits bone morphogenetic protein 2 (BMP - 2) signalling, and miR-375 can downregulate IGFBP3 expression (Chen S. et al., 2019; Eguchi et al., 2018). Lu et al. treated ADSCs-exos with tumour necrosis factor-α (TNF-α) and found that ADSCs-exos were able to promote the proliferation and osteogenic differentiation of primary osteoblasts (HOBs), and this osteogenic capacity was further enhanced after tumour necrosis factor-α (TNF-α) treatment. Pretreated exosomes showed elevated Wnt-3a content, and it was found that inhibition of the Wnt signalling pathway led to a significant reduction in the level of osteogenic gene expression, so this mechanism may provide a mechanism for the enhancement of primary progenitor generation by TNF-α pretreatment through increasing Wnt-3a content in exosomes proliferation of osteoblasts (Lu et al., 2017). An experiment comparing the effects of exosomes from different tissue stem cell sources on cartilage and bone regeneration analysed the role of ADSCs-exos, BMSCs- exos and SMSCs - exos in promoting cartilage differentiation in vitro, and found that the gene for the hypertrophy-associated marker collagen type X (Col X) was markedly downregulated in all three types of exos-treated BMSCs, but was most markedly downregulated in the ADSCs-exos group. In turn, hypertrophy adversely affects the chondrocyte differentiation process, suggesting that ADSCs-exos is more advantageous for chondrogenic differentiation in obese patients. This study also demonstrated that ADSCs-exos induced BMSCs into chondrogenesis more significantly. BMSCs treated with ADSCs-exos could more significantly express proteins COL I, COL II, and SOX9, which can promote cartilage matrix synthesis, and ADSCs-exos showed the best bone-related matrix production performance among all groups, demonstrating better bone regeneration ability of ADSCs-exos (Li Q. et al., 2021).
Parental cell pretreatment of exosomes can enhance the regenerative potential of exosomes for bone defects. With the development of various biomaterials, biomaterial-assisted exosomes have become a promising strategy for bone regeneration (Lu et al., 2023). ADSCs-exos treated with osteogenesis-directed culture solution could upregulate the mRNA expression of relevant osteogenic genes, such as RUNX2, ALP, COL1A1, in addition to significantly promoting the osteogenic differentiation of BMSCs by enhancing ALP activity, and extracellular mineralisation nodules. Under certain conditions, BMSCs were immobilised on polydopamine-coated PLGA/pDA scaffolds, and this composite exosome PLGA/pDA scaffolds could consistently and effectively promote bone regeneration (Li W. et al., 2018). Chen et al. integrated miR-375-ADSCs-exos into a hydrogel and applied it to a rat model, and found that bone regeneration was enhanced in rats with cranial bone defects (Chen S. et al., 2019). Li et al. used tissue-specific decellularised extracellular matrix (dECM) and ADSCs-exos as materials for a novel biomimetic dual-network hydrogel scaffold prepared by 3D printing, and by monitoring cartilage-specific genes, it was found that the expression levels of genes including aggregated proteoglycan (ACAN), collagen type II (COL II) and sy -box transcription factor 9 (SOX9) were significantly upregulated in both the Hydrogel-DCM and Hydrog-cultured rBMSCs were significantly upregulated. It was also found that 3d-printed microenvironment-specific heterogeneous bilayer scaffolds effectively accelerated the simultaneous regeneration of cartilage and subchondral bone tissue in a rat OC defect model (Li Q. et al., 2023).
ADSCs-exos not only have pro-regenerative, anti-inflammatory and anti-apoptotic properties in orthopaedic diseases, but have also been found to play a key therapeutic role in muscle tissue regeneration. Figliolini et al. found that ADSCs-exos had a role in driving myocyte proliferation and differentiation in an in vitro ischaemia model. In addition researchers found that ADSCs-exos showed anti-apoptotic effects both in vivo and ex vivo, and that ADSCs-exos carried a variety of pro-angiogenic mrna and NRG1. In contrast, NRG1 is associated with muscle protection, vascular growth and inflammatory cell recruitment. The involvement of ADSCs-exos in vascular growth and muscle regeneration was confirmed by bioinformatics analysis of 18 molecules detected in ADSCs-exos (Figliolini et al., 2020). In a rat model of severe rotator cuff tear (MRCT), ADSCs-exos were injected into the lesion, and when compared with the control group group, it was found that not only muscle atrophy, fatty infiltration, inflammation, and vascularisation could be prevented in the ADSCs-exos group, but also muscle fibre regeneration and biomechanical properties of tendon sheaths of the rats treated with ADSCs-exos were significantly improved (Wang et al., 2019). Fu et al. found that ADSCs-exos could promote the proliferation and differentiation of tendon-derived stem cells (tdsc) through the paracrine pathway (Fu et al., 2021). In a controlled trial, Doan et al. found that the expression of genes Flk1, Vwf, Ang1, Tgfb1, Myod, and Myf5, which promote angiogenesis and muscle remodelling, was increased 4-8-fold in the ADSCs-exos group compared to the control group, by intravenously injecting ADSCs-exos into a mouse model of hindlimb ischemia compared to the placebo group (Doan et al., 2023). Mitchell et al. tested the regenerative effects of extracellular vesicles using a model of skeletal muscle injury and found that soluble factors secreted by ADSCs-exos promoted muscle regeneration in vitro and in vivo in a highly synergistic manner (Mitchell et al., 2019). Zhu et al. summarised the possible mechanisms of ADSCs-exos in muscle regeneration as follows: ADSCs-exos promotes the classical Wnt pathway to dominate the myogenic function of satellite cells, activates the ERK1/2 and JNK MAPK pathways to stimulate myoblast proliferation at an early stage, assists the PI3K/Akt pathway to promote protein synthesis and myofibre hypertrophy, and promotes the JAK2/STAT2/STAT3 pathway to advance the myoblast differentiation process (Zhu et al., 2022). Although there are fewer studies on the regeneration of the musculoskeletal system by ADSCs-exos, it can be shown from the above studies that ADSCs-exos play an important role in bone and muscle regeneration, and that these exosomes can stimulate the expression of relevant genes or activate specific signalling pathways to promote bone and muscle regeneration. In addition, these effects and advantages of exosomes can also be used to combine with biological tissue engineering to continue to play its role. These studies provide a strong theoretical basis and good innovative ideas for the subsequent application of exosomes in clinical treatment.
6 CARDIOVASCULAR REGENERATION
Existing studies suggest that ADSCs-exos may have a role in promoting cardiovascular regeneration, improving cardiovascular fibrosis, and preventing and reducing the extent of atherosclerosis. The mechanism of action may be through the induction of signalling pathways by mirna or small molecule proteins carried by ADSCs-exos. Insulin resistance is a known risk factor for cardiovascular disease, and it has been found that ADSCs-exos can reduce systemic insulin resistance. Injection of ADSCs-exos into the peritoneal cavity of a high-fat mouse model revealed that these mice showed improved glucose tolerance and insulin sensitivity, as well as reduced levels of serum triglycerides and total cholesterol in vivo, which reveals a possible role of ADSCs-exos in the prevention and treatment of cardiovascular-related metabolic diseases (Constantin et al., 2020; Ormazabal et al., 2018). Fan et al. measured increased markers of vascular endothelial cell activation VEGF, ET-1, VCAM-1, and ICAM-1 as well as decreased markers of inflammation CRP, IL-6, and TNFα, and also found reductions of atherosclerotic plaques in mice after an intravenous infusion of ADSCs-exos in atherosclerotic rats (Fan et al., 2019). Deng et al. found that ADSCs-exos were able to prevent oxidative stress-induced apoptosis in cardiomyocytes in in vitro experiments. In addition researchers injected ADSCs-exos intravenously into an animal model of myocardial infarction and found that ADSCs-exos were able to induce M2-type macrophage polarisation and immune cell transport, culminating in improved haemodynamic outcomes observed with echocardiography in these animals (Deng et al., 2019). Xing et al. investigated the effect of ADSCs-exos on the differentiation of ADSCs to endothelial cells and found that ADSCs-exos may reduce endothelial cell apoptosis by decreasing the expression of miR-324-5p, a potential marker and effector of atherosclerosis (Xing et al., 2020b). Cui et al. found that ADSCs-exos could protect cardiomyocytes from ischaemia-reperfusion injury by activating the Wnt/β-catenin signalling pathway (Cui et al., 2017). Lou et al. found that ADSCs-exos overexpressing miR −126 reduced cardiac fibrosis and pro-inflammatory cytokine levels while promoting angiogenesis in a rat model of myocardial infarction and a model of hypoxia-induced H9c2 cardiomyocyte injury (Luo et al., 2017). In addition, Liu et al. found that mir -93-5p-modified ADSCs-exos exhibited a stronger protective effect against acute myocardial infarction-induced myocardial injury compared to unmodified ADSCs-exos, which was mediated by the reduction of atg7-mediated autophagy and inhibition of TLR4 (Liu et al., 2018). These studies can demonstrate that ADSCs-exos can regulate lipid levels in vivo and improve atherosclerosis as well as protect the myocardium to reduce myocardial fibrosis.
The very first studies found that ADSCs have the ability to differentiate towards endothelial and smooth muscle cells, which can be used in the preparation of artificial blood vessels. The use of uniaxial mechanical strain at a frequency of 1 Hz and TGF-β1 stimulation allowed the differentiation of ADSCs towards smooth muscle cells (Lee et al., 2007). Vascular endothelial growth factor (VEGF) has the ability to induce the differentiation of stem cells in the direction of vascular cells, and Rehman et al. showed that ADSCs cultured under hypoxic conditions were found to secrete a wide range of biologically active angiogenic and anti-apoptotic growth factors, and the proliferation of endothelial cells and the inhibition of their apoptosis are essential for the growth of new blood vessels, so that the secretion of these growth factors by ADSCs may promote angiogenesis (Kranz et al., 2000; Rehman et al., 2004). Yu et al. found that mirna-engineered modified ADSCs were able to promote cell proliferation and vascular regeneration (Yu et al., 2020). These studies imply that ADSCs play a role in cardiovascular regeneration. Zhu et al. demonstrated in vitro and in vivo that ADSCs-exos promoted angiogenesis by promoting VEGF secretion from vascular endothelial cells through the let-7/argonaute 1 (AGO1)/VEGF signalling pathway (Zhu et al., 2020). Xu et al. observed that some pro-angiogenic mirna was enriched in ADSCs-exos, which could be exocytosed and internalised into human umbilical vein vascular endothelial cells and could act as paracrine signals to promote angiogenesis (Xu et al., 2019). Lou et al. found that the area of myocardial infarction and fibrosis after acute infarction was reduced with miR-126-enriched ADSCs-exos. In an in vivo animal model, recovery of perfusion in ischaemic muscle was significantly increased by intramuscular injection of miR-126-enriched ADSCs-exos, suggesting that ADSCs-exos may reduce the area of myocardial infarction and fibrosis after acute infarction by restoring vascular perfusion (Luo et al., 2017). ADSCs-exos from a porcine model of hyperlipidaemia was found to alter gene expression in cardiac fibroblasts (CF) in a simulated ischaemic environment, resulting in the upregulation of cardiomyocyte-specific transcription factors and healing markers α- sma, such as GATA4, Nkx2.5, IRX4, and TBX5, in CF, and the finding that the biomarkers in fibroblasts vimentin, FSP1, podoplanin and cardiac biomarkers troponin- i and connexin-43 were downregulated. With these markers we can learn that ADSCs-exos can modulate specific genes to improve healing after myocardial ischaemic injury (Thankam et al., 2023). Song et al. found that ADSCs-exos transfected with miR-210 regulated protein tyrosine phosphatase 1B (PTP1B) and death-associated protein kinase 1 (DAPK1) to inhibit apoptosis and promote cardiovascular regeneration through the inhibition of Ephrin-A3 (EFNA3) under hypoxic conditions (Song et al., 2021). Lelek et al. found that ADSCs-exos had anti-inflammatory, anti-apoptotic reduction and pro-angiogenic effects by injecting them into ischaemic tissues (Lelek and Zuba-Surma, 2020). The above studies provide a rationale for the role of ADSCs-exos in promoting cardiovascular regeneration, preclinical evidence suggests that the bioactive factors carried by exosomes can promote the proliferation of vascular endothelial cells and neovascularisation. The application of ADSCs-exos in cardiovascular disease is promising, and future studies need to further explore the mechanisms of these effects and how their therapeutic efficacy can be applied in the clinic, but a number of challenges such as safety and efficacy will need to be addressed before they can be applied in the clinic.
7 NERVOUS SYSTEM REGENERATION
Neurological injury caused by trauma or disease has always been a clinical challenge, and whether neuronal cells can be regenerated after injury is currently a focus of academic debate. Peripheral nerve injury (PNIs) is a common neurological disease, and it has been shown that ADSCs can play a regenerative therapeutic role in PNIs by secreting growth factors or promoting myelination through differentiated Schwann cells (SCs). ADSCs-exos may be the key to treating PNIs, and cell-free therapeutic studies of ADSCs-exos have provided new breakthroughs in neuronal cell regeneration after neurological injury (Ju et al., 2023; Jiang et al., 2022). Bucan et al. found that ADSCs-exos promoted Schwann cell proliferation, increased the expression of the cell cycle protein Ki67, and enhanced the axon length of dorsal root ganglion (DRG) neurons. In addition, researchers have confirmed the presence of nerve growth factors such as brain-derived neurotrophic factor (BDNF), insulin-like growth factor-1 (IGF-1), nerve growth factor (NGF), fibroblast growth factor-1 (FGF-1), and glial cell-derived neurotrophic factor (GDNF) in ADSCs-exos (Bucan et al., 2019). Ching et al. found that ADSCs-exos transfer the same RNAs as Schwann cell-derived exosomes, and that these RNAs play an important role in promoting neurite growth (Ching et al., 2018). In PNIs model rats, ADSCs-exos reduced apoptosis in SCs after PNIs by up-regulating the expression of anti-apoptotic Bcl-2 mRNA and down-regulating the expression of pro-apoptotic Bax mRNA (Liu et al., 2020). Yang et al. found that ADSCs-exos may also inhibit the expression of chromosome 10 deletion phosphatase and tensin homologue (PTEN) through miRNA-22-3p, activating the phosphorylation of the AKT/mTOR axis to promote the proliferation and migration of SCs cells, and additionally it was found that ADSCs-exos could promote the growth of dorsal root ganglion (DRG) axons (Yang et al., 2022). Ren et al. found that ADSCs-exos modified with mir −133b significantly promoted neurological recovery in spinal cord injured animals by affecting the axonal regeneration-related signalling pathway and the expression of related proteins NF, GAP-43, GFAP and MBP (Ren Z. W. et al., 2019). ADSCs can differentiate towards the Schwann cell phenotype and exosomes derived from such differentiated cells have been found to secrete more neurotrophic and other growth factors (Liu et al., 2022). In a rat sciatic nerve severance model, ADSCs-exos internalised by Schwann cells significantly promoted SCs proliferation, migration, myelination and secretion of neurotrophic factors by up-regulating the corresponding genes, thereby promoting peripheral nerve regeneration (Chen J. et al., 2019). These findings suggest that exosomes promote Schwann cell proliferation for neuronal regeneration through the regulation of growth factors and miRNAs. Pigment epithelium-derived factor (PEDF), a 50-kDa secreted glycoprotein, has been shown to have protective effects on cultured cortical neurons by inhibiting oxidative stress and apoptosis. ADSCs-exos modified by PEDF strongly inhibit neuronal apoptosis through caspase-dependent (caspase-9 and caspase-3) pathways (Huang et al., 2018; Sanchez et al., 2012). After neural injury, macrophage-induced autophagy occurs in the peripheral environment of innervated neurons, affecting the regulation of inflammatory responses. Whereas the immunosuppressant FK506 promotes nerve regeneration after nerve crush injury and allogeneic nerve transplantation, the combination of FK506 and ADSCs in a mouse sciatic nerve crush injury model revealed that ADSCs-FK506-exos significantly reduced autophagy in segmental macrophages after spinal cord injury (Kuo et al., 2021). However, another study in which ADSCs were pretreated with FK506 found that the exosomes secreted by both ADSCs pretreated with FK506 and untreated ADSCs did not show significant differences in their nerve regeneration-promoting effects, but histone deacetylases (HDACs), β-amyloid A4 (APP), and integrin β1 (ITGB1) detected in the exosomes of both were involved in the promotion of nerve regeneration (Rau et al., 2021). This suggests that FK506, although not able to enhance the effects of ADSCs-exos on nerve regeneration, can act synergistically with ADSCs-exos and together act as a neuroprotecting and nerve regenerating agent. Yin et al. found that the autophagy level and the expression of nuclear transporter protein subunit α2 (Kpna2) in Schwann cells were significantly increased after sciatic nerve injury through peripheral nerve injury rat model experiments. Researchers found that ADSCs-exos could inhibit SCs autophagy by down-regulating Kpna2 via miRNA-26b through ex vivo experiments (Yin et al., 2021). In addition, Farinazzo et al. found in vitro that low doses of ADSCs-exos were able to exert a protective effect on neuronal cells exposed to oxidative damage by H2O2, and that their mechanism of action may exert an anti-apoptotic effect by inhibiting the H2O2-induced apoptotic cascade response in neuronal cells and by increasing neuronal cell viability. Moreover, this study identified ADSCs-exos as a source of relevant regenerative factors that may modulate the microenvironment in neuroinflammatory and neurodegenerative diseases, thereby promoting neuronal regeneration (Farinazzo et al., 2015). These studies suggest that ADSCs-exos can promote neuronal regeneration by carrying associated factors and can also be neuroprotective by reducing phagocytosis by macrophages or inhibiting oxidative damage.
ADSCs-exos can play a role in neuroprotection and neuroregeneration in neurodegenerative diseases. Alzheimer‘s disease (AD) is a neurological disorder characterised by cognitive deficits and pathologically characterised by the accumulation of β-amyloid plaques and progressive neuronal death in the hippocampus and cerebral cortex (Molinuevo et al., 2018). Lee et al. found that ADSCs-exos reduced β-amyloid levels in AD neuronal cells as well as apoptosis in AD neuronal cells, and furthermore, the researchers found that ADSCs-exos were able to promote axonal growth in neural stem cells (Lee et al., 2018). By applying ADSCs-exos transfected with miRNA-22 to a mouse model of Alzheimer’s disease (AD), Zhai et al. found that it could inhibit cellular pyroptosis to reduce the release of inflammatory factors to play a therapeutic role in AD (Zhai et al., 2021). Neurotrophic factor-3 (NT-3) is an important neurotrophic factor in the process of peripheral nerve regeneration. ADSCs-exos were used as a carrier of NT-3 mRNA, loaded in nerve-guided catheters and bridged to a rat model of deficient sciatic nerve, which ultimately revealed that NT-3 mRNA promotes nerve regeneration mediated by ADSCs-exos (Yang et al., 2021). These studies suggest that ADSCs-exos can also be used to treat neurodegenerative diseases or as a vehicle to promote nerve regeneration and treat nerve injuries. Based on the above studies ADSCs-exos is expected to provide a new therapeutic strategy for the clinical treatment of nerve injuries and the promotion of nerve regeneration. Furthermore, when using ADSCs-exos to promote neural regeneration, the following issues should also be taken into consideration, such as penetration of the blood-brain barrier, targeted delivery to the central nervous system, dosing/bioavailability, and standardization of exosome purity. These issues will be a series of challenges that ADSCs-exos therapy for nerve injury faces in its transition to clinical application.
8 THE CLINICAL APPLICATION OF ADIPOSE-DERIVED STEM CELL EXOSOMES
The therapeutic potential of ADSCs-exos in a variety of diseases has been unearthed in recent years through the study of ADSCs-exos. ADSCs-exos carry a variety of genetic material and proteins that enable them to participate in a wide range of biological processes, including cell proliferation, migration, and apoptosis, modulation of the immune and inflammatory response, regulation of osteoblast metabolism, promotion of angiogenesis, and influence on tumour growth [(Hong et al., 2019)]. Moreover, the therapeutic effects of ADSCs-exos have been demonstrated in different disease models, such as promoting diabetic skin wound healing, reducing scars after wound repair, improving fat grafting, regeneration of bone and muscular system, treating myocardial infarction and ischemia/reperfusion injuries, and delaying neurodegeneration (Table 1). This augurs well for the possible clinical application of ADSCs-exos as a cell-free therapy.
TABLE 1 | Adipose-derived stem cell exosomes promote the regeneration of various tissues by regulating related genes and signaling pathways.	Gene	Signal pathway	Reproduction organization
	miR-19b, SOX9	Wnt, β- catenin, PI3K, AKT, ERK	epithelial tissue
	miR-375, RUNX2, ALP, COL1A1	Wnt	bone tissue
	Flk1, Vwf, Ang1, Tgfb1, Myod, Myf5	Wnt, ERK1/2, JNK MAPK, PI3K/Akt, JAK2/STAT2/STAT3	muscular tissue
	miR-324-5p, miR -93-5p	Wnt/β-catenin	Cardiovascular
	Bcl-2 mRNA, miR-22-3p, miR −133b, miR-26b	AKT/mTOR	Nervous tissue


One of the most challenging complications of diabetes is delayed wound healing, and hypoxia, reduced vascularisation, elevated oxidative stress and infection are key factors in the non-healing of chronic diabetic wounds (Shiekh et al., 2020; Greenhalgh, 2003). Wang et al. demonstrated that ADSCs-exos could promote wound healing in diabetic mice by promoting angiogenesis, fibroblast proliferation and migration, and collagen synthesis (Wang et al., 2020). ADSCs-exos express antioxidant receptors (Nrf2) that promote angiogenesis to accelerate diabetic wound healing (Li X. et al., 2018). It has also been found that ADSCs-exos play different roles at different stages of wound healing, with ADSCs-exos regulating the ratio of fibroblast Col-III to Col-I in the late stages of healing to inhibit fibroblast differentiation as well as decreasing the level of proliferative keloid fibrosis through specific genes (Li C. et al., 2022; Li Y. et al., 2021). In terms of improving fat grafting, ADSCs-exos can increase the retention of fat graft volume by stimulating angiogenesis and modulating inflammatory responses. In addition, it was found that hypoxia-treated ADSCs-exos had a higher ability to promote angiogenesis in fat grafting. This ability to retain grafted fat volume greatly improves the success of fat grafting in medical aesthetics (Mou et al., 2019; Han et al., 2019). Based on the biocompatibility and cellular targeting of exosomes can be loaded into biological tissue materials, perpetuating the release of exosomes to enhance wound healing (An et al., 2021). Shilan et al. were able to significantly promote wound healing and local angiogenesis in an in vivo study using exosomes loaded in sodium alginate gel as a bioactive scaffold (Shafei et al., 2020). These studies have demonstrated the therapeutic ability of ADSCs-exos in skin wound healing.
ADSCs-exos in the regeneration of the musculoskeletal system, treatment with ADSCs-exos prevented muscle atrophy, fatty infiltration, inflammation, and vascularisation in a rat massive rotator cuff tear (MRCT) model, resulting in significant improvements in tendon sheath muscle fibre regeneration and biomechanical properties (Wang et al., 2019). Li et al. could accelerate the repair of critical skull defects in mice by combining ADSCs-exos with polylactic acid-hydroxyacetic acid copolymer (PLGA) scaffolds and showed that PLGA scaffolds combined with exosomes recruited more MSCs in vivo by immunofluorescence staining (Li W. et al., 2018).
Neurodegenerative diseases such as Alzheimer’s disease (AD), Huntington’s chorea (HD), and Parkinson’s disease (PD) are commonly characterised by progressive deterioration and death of nerve cells. ADSCs-exos were found to reduce β-amyloid levels in AD neuronal cells as well as reduce apoptosis in AD neuronal cells (Lee et al., 2018). Enkephalinase (NEP) is a therapeutic target for AD, and Katsuda et al. demonstrated that ADSCs-exos were able to secrete enzymatically active NEP, co-cultured ADSCs with neuroblastoma N2a cells, and ultimately found that ADSCs-exos led to a reduction in intracellular and extracellular Aβ levels (Katsuda et al., 2013). In a mouse model of amyotrophic lateral sclerosis (ALS) with increased superoxide dismutase (SOD-1) aggregation, ADSCs-exos were able to reduce SOD-1 aggregation and normalise aberrant mitochondrial protein levels as well as normalise PGC-1α and p-CREB/CREB ratios in ALS mutants (Lee et al., 2016). These studies were able to demonstrate the therapeutic potential of ADSCs-exos in neurodegenerative diseases.
The occurrence of ischaemia-reperfusion in any tissue or organ may lead to the generation of reactive oxidative stress and even lead to organ failure causing severe irreversible damage to the body. Some studies have shown that ADSCs-exos could be a new tool as a novel cell-free therapy to treat ischaemia-reperfusion injury (Yapca et al., 2013). Cui et al. found that ADSCs-exos could exert anti-apoptotic and pro-survival effects on cardiomyocytes by activating the Wnt/β-catenin signalling pathway, thereby protecting cardiomyocytes from ischemia-reperfusion injury (Cui et al., 2017). Lin et al. found that ADSCs-exos protected the kidneys from acute ischaemia-reperfusion injury and attenuated inflammatory response, oxidative stress and deterioration of renal function (Lin et al., 2016). Huang et al. found that ADSCs-exos modified with pedf were able to activate autophagy and inhibit neuronal apoptosis to attenuate cerebral ischaemia or reperfusion injury (Huang et al., 2018). In flaps after ischaemia-reperfusion injury, ADSCs-exos promote neovascularisation and attenuate inflammatory response and apoptosis (Bai et al., 2018). These studies demonstrated the therapeutic effects of ADSCs-exos on ischaemia-reperfusion injury in different organs, and ADSCs-exos cell-free therapy may become a valuable tool for the clinical treatment of ischaemia-reperfusion injury.
9 CONCLUSION
ADSCs-exos has an extremely outstanding performance in various tissue regeneration fields. It can inherit abundant bioactive molecules, such as proteins, nucleic acids and small molecule signalling molecules, from parent cell ADSCs, and carry these molecules to participate in cell-to-cell communication and a variety of biological processes in order to promote cell proliferation and tissue regeneration. ADSCs-exos, as a cell-free treatment, is also able to overcome the drawbacks of cellular therapies such as cellular immune rejection, which opens up the possibility of alternative cellular therapies. In addition, ADSCs-exos are also capable of synergising therapeutic effects by pre-treating the culture so that it carries specific small molecule nucleic acids, or acting as drug carriers for targeted drug transport to target tissues. However, there are still many difficulties in applying ADSCs-exos in the clinic. Although adipose tissue is widely available and easy to obtain, there are still technical bottlenecks in isolating, extracting and purifying exosomes and producing them on a large scale, and the current production methods are complicated, which still can’t realise large-scale production. Moreover, the heterogeneity of the donors, variations in culture conditions (such as differences in serum batches), and the lack of standardization in the induction protocols all contribute to fluctuations in the production and function of exosomes across different batches. ADSCs-exos are also relatively unstable and prone to lose biological activity during storage and transport, and further research and development of effective preservation and transport methods are needed. It has been shown that artificial micro- and nano vesicles are able to possess a higher proliferation capacity than natural ADSCs-exos (Kim et al., 2017), which provides a good idea for the preparation of exosomes, although a large number of studies are needed to prove whether artificial nano vesicles are superior to natural exosomes in all aspects or in the treatment of a variety of diseases. An additional challenge that prevents ADSCs-exos from being used in the clinic is that it is still not possible to determine a specific safe dose for use in humans, and further research is needed to determine the safe range of therapeutic measures. We also need to expand our knowledge of ADSCs-exos over a long period of time, with large samples, and gradually moving from animal to clinical trials. At the regulatory and production levels, the ambiguity of exosome classification, the absence of regulatory frameworks, and the challenges in selecting clinical indications (such as the design of endpoint indicators) collectively constitute barriers to industrialization. To break through these bottlenecks, interdisciplinary collaboration is required, encompassing the elucidation of basic mechanisms, standardization of processes, the development of innovative analytical methods, and the establishment of regulatory science cooperation, in order to facilitate a substantive leap from laboratory to clinical application of ADSC-Exos. Although there are some challenges in the application of ADSCs-exos to the clinic, ADSCs-exos has a broad prospect as a cell-free therapy in clinical application. With the advancement of technology, the preparation method and scale-up production technology of exosome will be gradually improved to make it more suitable for clinical application. Meanwhile, the biological activity and stability of exosomes will be further improved to enhance their effectiveness and safety in therapy. In the future, ADSCs-exos are expected to be applied to disease regeneration therapy, opening up new avenues for cell-free treatment.
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Introduction
Spinal cord injury (SCI) is a devastating condition with high mortality and limited treatment options. Mesenchymal stem cell (MSC)-derived extracellular vesicles (EVs) have emerged as promising cell-free therapies due to their immunomodulatory and neuroprotective properties. Here, we evaluated the therapeutic potential of EVs derived from human umbilical cord MSCs in a rat model of SCI.
Methods
Adult male Wistar rats were randomized into three groups: control, SCI, and SCI treated with a single intralesional dose of EVs. Locomotor recovery was assessed by the Basso, Beattie & Bresnahan (BBB) score, while survival, neuroinflammation, histological alterations, and biodistribution were systematically analyzed.
Results
EV administration improved 30-day survival, and locomotor performance from day 7, and was associated with sustained reductions in pro-inflammatory cytokines (IL-1β, TNF-α) alongside increased levels of anti-inflammatory cytokines (IL-10) and neurotrophic factors (BDNF). Histological and immunofluorescence analyses showed attenuated microglial activation and astrocytic reactivity, accompanied by reduced lesion size and glial scar formation. In vivo imaging demonstrated accumulation of labeled EVs at the injury site, with peak retention at day 7 post-injection.
Discussion
Together, these findings demonstrate that early intralesional delivery of MSC-EVs enhances survival, modulates the inflammatory response, and promotes functional recovery after SCI, supporting further translational development of EV-based interventions for SCI.
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1 INTRODUCTION
Spinal cord injury (SCI) remains a major public health challenge, both in terms of mortality and morbidity, due to its high incidence and the scarcity of effective therapeutic options (Courtine and Sofroniew, 2019). Most cases arise from traumatic events leading to spinal fractures and/or dislocations, often resulting in permanent paralysis due to the limited regenerative capacity of the central nervous system (CNS) (Holmes, 2017). Mortality is particularly elevated in the first year after injury - largely due to respiratory complications, infections, and thromboembolic events - and survival rates of SCI patients remain reduced compared with the general population despite advances in acute care and rehabilitation, reinforcing the urgent need for interventions capable of mitigating early mortality while promoting functional recovery (Zadra et al., 2024).
Following the primary insult, SCI initiates a cascade of secondary injury mechanisms that amplify tissue damage and neurological deficits (Eli et al., 2021). Disruption of the blood-spinal cord barrier permits the infiltration of peripheral immune cells and plasma proteins, which synergize with the rapid activation of resident microglia (Sterner et al., 2023). Activated microglia, together with infiltrating macrophages, amplify tissue damage by releasing pro-inflammatory cytokines, ROS, and proteases. In parallel, astrocytes undergo reactive transformation, initially attempting to restore homeostasis but later contributing to glial scar formation and deposition of inhibitory extracellular matrix molecules (Tran et al., 2018). Ultimately, these events converge to neuronal death and glial cell activation, particularly of astrocytes, microglia, and endothelial cells, which in turn release pro-inflammatory cytokines and chemokines, amplifying a widespread inflammatory response (Zhang M., et al., 2021). Excitotoxicity, oxidative stress, ischemia, and edema further drive neuronal and oligodendrocyte death. Ultimately, SCI promotes a hostile inflammatory microenvironment that hampers regeneration, promotes gliosis, and creates long-lasting barriers to functional recovery (Zhang M. et al., 2021; Li et al., 2017).
Intercellular communication plays a central role in orchestrating these injury responses, with extracellular vesicles (EVs) emerging as key mediators of crosstalk between neurons, glia, endothelial cells, and infiltrating immune cells (Cao et al., 2025). According to the International Society for Extracellular Vesicles (ISEV), EVs comprise a heterogeneous population of membrane-bound vesicles (30–1000 nm in diameter) secreted by virtually all cell types. EVs carry proteins, lipids, and nucleic acids, including mRNAs and microRNAs, that can either propagate inflammation or promote repair, depending on their cellular origin (Welsh et al., 2024; Ragni et al., 2025; Sohrabi et al., 2022). Harnessing this natural signaling system, therapeutic strategies have increasingly focused on mesenchymal stem cell (MSC)-derived EVs, which combine the neuroprotective and immunomodulatory effects of MSCs with the practical advantages of a cell-free product (Volarevic et al., 2017; Wang et al., 2023).
Therapeutic efficacy has been previously demonstrated in MSC-based therapy studies using cells obtained from different sources, including bone marrow-derived MSCs (BM-MSCs) (Huang et al., 2023), adipose tissue-derived MSCs (ASCs) (Vialle et al., 2023), and human umbilical cord-derived MSCs (Sun et al., 2023). In SCI, most preclinical studies with MSC-EVs have primarily focused on motor recovery and histological outcomes. However, a translational gap remains: while SCI in patients is strongly associated with high early mortality due to systemic complications, most preclinical studies have limited their analyses to motor and histological endpoints. Whether EV-based interventions can also extend survival has not been addressed. Here, we evaluated the therapeutic efficacy of MSC-derived EVs in a rat model of acute SCI, focusing on survival, locomotor recovery, neuroinflammation, and neurotrophic signaling.
2 MATERIALS AND METHODS
2.1 MSC isolation and culture
Human Wharton’s jelly-derived MSCs were obtained and banked under approval of the Research Ethics Committee of São Rafael Hospital (CAAE: 09803819.30000.0048), with written informed consent provided by all participants. MSCs were sourced from the study biorepository at the Center for Biotechnology and Cell Therapy, Hospital São Rafael (D’OR Institute for Research and Education) at passage 3 (P3). Approximately 6 × 103 cells/cm2 were seeded into T175 culture flasks and expanded in low-glucose DMEM (Gibco), supplemented with 2 mM L-glutamine (Gibco), Pen-Strep (Gibco), and 3% platelet lysate. Cultures were maintained at 37 °C in a humidified atmosphere with 5% CO2, and the medium was replaced every 3–4 days. At 70%–80% confluence, cultures were washed and maintained for 48 h in complete low-glucose DMEM without platelet lysate. The conditioned medium was then collected for EV isolation.
2.2 MSC characterization
2.2.1 Immunophenotyping
MSCs were characterized by flow cytometry using a Navios cytometer (Beckman Coulter) and the BD Stemflow™ hMSC Analysis Kit. Cells were stained with antibodies for positive markers (CD73, CD90, CD105) and negative markers (CD34, CD45, CD11b, CD19, HLA-DR). After incubation and washing, samples (≥10,000 events) were analyzed with Kaluza software. MSCs were defined as CD73+CD90+CD105+ and negative for hematopoietic/endothelial markers. Appropriate controls were included for gating and compensation.
2.2.2 Multi-lineage differentiation
MSCs were induced to differentiate into osteogenic, chondrogenic, and adipogenic lineages using commercial kits (StemPro, Thermo Fisher). Differentiation was confirmed by Alizarin Red staining (osteogenesis), Alcian Blue (chondrogenesis), and Oil Red O (adipogenesis), after 14 days (osteogenic and adipogenic) or 21 days (chondrogenic). Representative images were acquired with a Nikon Eclipse Ti1 inverted microscope (Nikon, Tokyo, Japan).
2.2.3 Cytogenetic analysis
Cytogenetic evaluation was performed by G-band karyotyping to detect structural or numerical chromosomal alterations. MSCs were cultured at 4000 cells/cm2 and, at 80% confluence, treated with 0.1 μg/mL colcemid (Gibco). Cells were exposed to hypotonic 0.075 M KCl, fixed with Carnoy’s solution (3:1 methanol:acetic acid), and slides were aged at 60 °C for 16 h before GTG banding. Twenty metaphases were analyzed under a BX61 microscope (Olympus) with a digital imaging system (Applied Spectral Imaging, Carlsbad, CA), and images were processed with Lucia Karyo software (Lucia Cytogenetics, Prague, Czech Republic).
2.2.4 Functional assays
The immunomodulatory potential of MSCs was evaluated by co-culture with activated lymphocytes. PBMCs (2 × 105/well) were stimulated with CD3/CD28 beads (Thermo Fisher Scientific, 1:5 bead-to-cell ratio) and co-cultured with mitomycin C-treated MSCs at a 1:10 MSC:PBMC ratio, as previously described (Silva, et al., 2025). After 5 days at 37 °C/5% CO2, supernatants were harvested for cytokine quantification. TNF-α and IL-10 levels were measured by ELISA (R&D Systems, Minneapolis, MN, United States), with absorbance read at 450 nm (540 nm correction) on a GloMAX Explorer. Senescence was assessed with the CellEvent™ Senescence Green Detection Kit (Thermo Fisher) following manufacturer’s instructions. Nuclei were counterstained with Hoechst (1:1000). Hydrogen peroxide–treated MSCs (100–200 μmol/L for 2 h at 37 °C) served as positive controls. Quantification was performed in quadruplicate, analyzing 20 quadrants per well using an Operetta high-performance microscope (PerkinElmer, Waltham, MA, United States). Images were analyzed with Harmony 3.8 software (PerkinElmer), and data were expressed as mean ± SD of SA-βGal-positive cells.
2.3 EV isolation
The conditioned medium was centrifuged at 3000 g for 30 min at 4 °C to remove debris and filtered through a 0.22 μm membrane. Supernatants were concentrated using Amicon® Ultra-15 Centrifugal Filter Units (Merck Millipore, Cork, Ireland), with 100 kDa pore, followed by overnight incubation with the Total Exosome Isolation reagent (Thermo Fisher Scientific) according to manufacturer’s instructions. The mixture was centrifuged at 10,000 × g for 1 h, and the resulting EV pellet was resuspended in PBS. EVs were stored at −80 °C until use.
2.3.1 EV characterization
Nanoparticle tracking analysis (NTA) was performed with a ZetaView PMX-220 system (Particle Metrix). Measurements were taken in triplicate across 11 positions. Calibration was performed with 100 nm polystyrene beads, and data were processed with ZetaView software. Protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). To evaluate morphology, transmission electron microscopy (TEM) was conducted using a JEOL 1230 microscope at 80 kV. Samples (10 µL) were adsorbed onto formvar carbon-coated copper grids for 5 min, stained with 2% uranyl citrate for 1 min, and air-dried for 24 h, as previously described (Costa-Ferro et al., 2024). The presence of EV markers (CD9, CD63, CD81) was confirmed with the ProcartaPlex™ Human Exosome 6-plex Panel on a Luminex MAGPIX system (Luminex Corporation, Austin, TX, United States). Data were analyzed using Luminex software.
2.4 SCI model
All animal protocols were approved by the Ethics Committee of Fiocruz-BA (#020/21, issued on March 15, 2021). Adult male Wistar rats (45–50 days, 212.6 ± 5.8 g) were maintained under standard conditions (22 °C ± 1 °C, 60% humidity, 12 h light/dark cycle) with free access to food and water. After 1 week of acclimatization, the rats were randomly assigned to experimental groups: Control (no injury), SCI (vehicle only), and SCI + EV (treated with a single intralesional dose of EVs, 1 × 109 particles in 10 μL PBS).
Surgical procedure: SCI was induced as described previously (Vanický et al., 2001). Briefly, rats were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg, i. p.), and a midline incision was made to expose T9. After laminectomy, a groove was drilled in T11 to guide insertion of a 2-French Fogarty catheter (Baxter Healthcare Corporation, Irvine, CA) into the epidural space. The balloon was inflated with 10 μL saline for 90 s, then deflated and removed. EVs were administered at the lesion site. Then, the catheter was deflated and removed and the soft tissues and skin were sutured in anatomical layers. The SCI model was established and EVs were injected into the lesion site. Post-injury, the muscle and skin layers were sutured with 5–0 silk sutures, and the rats were placed on a heating pad to maintain body temperature during recovery.
Postoperative care: Animals received postoperative care including a single dose of dipyrone (125 mg/kg, i. p.) for analgesia, hydration, daily manual bladder expression until spontaneous voiding, and monitoring for signs of distress or complications. Animals were euthanized at 24 h, 7 days, and 30 days post-injury for tissue collection.
2.4.1 In vivo biodistribution of DiR-labeled EVs
The biodistribution of MSC-derived EVs was assessed using the near-infrared lipophilic dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DiR; Invitrogen, United States), following labeling procedures previously described by our group (Costa-Ferro et al., 2024; Costa-Ferro et al., 2025). DiR-labeled EVs (1 × 109 particles in 10 µL PBS) were administered intralesionally immediately after SCI. In vivo fluorescence imaging was performed at 1, 7, and 14 days post-injection using the AMI HTX System (Spectral Instruments Imaging, Tucson, AZ, United States) with excitation/emission filters of 710/770 nm, and the fluorescence signal was quantified as total radiant efficiency using AMIView software. Identical regions of interest (ROIs) were applied for all animals, and background signal from control animals was subtracted.
2.4.2 Basso-beattie-bresnahan (BBB) scoring
The recovery of hind limb motor function on the 1st, 7th, and 14th days after injury was evaluated using the BBB scoring system (n = 7/group). During the test, each rat was placed in an open field and allowed to walk freely for a 5-min observation period. Hind limb movement was assessed on a 0–21 point scale. A score of 0 indicates complete paralysis with no observable leg movement, and a score of 21 represents normal locomotion. The BBB assesses various aspects of motor function, including hindlimb movement, joint movements, stepping ability, trunk stability, and coordination during open-field locomotion (Basso et al., 1995).
2.4.3 Survival and behavioral analyses
Clinical and general health parameters were assessed daily according to a 0–3 clinical scoring system (n = 7/group), assessed by two observers. Neuromuscular and autonomic parameters, including touch response, tail grip, tremors, muscle tone, piloerection, hypothermia, diarrhea, cyanosis, changes in urine color, and general activity were assessed daily for 1, 7 and 14 days following the administration of EVs using analog scales (n = 7/group) (Gale et al., 1985). Animal survival and behavioral recovery were monitored for up to 30 days after SCI, by two observers. Survival data were analyzed using the Kaplan–Meier estimator, and differences between groups were determined using the log-rank (Mantel–Cox) test (n = 20/group).
2.5 Quantitative real-time polymerase chain reaction (qRT-PCR)
Initially, spinal cord tissues were collected and snap-frozen. Total RNA was extracted using TRIzol™ (Thermo Fisher Scientific, Waltham, MA, United States) following the manufacturer’s instructions. After extraction, the RNA purity was measured photometrically using NanoDrop™ 1000 (Thermo Fisher Scientific, Waltham, MA, United States). Then, RNA samples (1.5 μg per sample) were converted to cDNA using a high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific, Waltham, MA, United States). Aiming to quantify mRNA expression, TaqMan Master Mix and TaqMan™ probes were used at a final volume of 10 μL, following the manufacturer’s instructions (all from Thermo Fisher Scientific, Waltham, MA, United States), for detection of interleukin 1 beta (IL-1β, Rn00580432_m1), tumor necrosis factor (TNF-α, Rn99999017_m1), interleukin 10 (IL-10, Rn01483988_g1) and brain-derived neurotrophic factor (BDNF, Rn02531967_s1) genes. Finally, the PCR amplification was performed in a ABI7500 real-time PCR system (Applied Biosystems, Foster City, CA, United States) under standard thermal cycling conditions. The thermal cycling was performed according to the manufacturer’s recommendations. Relative mRNA expression levels were calculated using the comparative ΔΔCt method. Briefly, the Ct values of target genes were normalized to GAPDH (ΔCt), and fold changes in expression were determined relative to the control group (ΔΔCt).
2.6 Histological analysis
Spinal segments around the lesion center were removed and fixed 48 h in 10% formaldehyde. After stepwise dehydration with different concentrations of ethanol solution, the samples were paraffin-embedded, continuous transverse sections were prepared, hematoxylin and eosin (H&E) staining was performed according to the manufacturer’s instructions and cut into 5 μm sections. Images were collected using a digital pathological section scanning system (Zeiss image.Z.2, Oberkochen, Germany). The cellular infiltrates and necrosis were classified as mild (0), moderate (1), and extensive (2). The prepared slides were then examined under a light microscope. Cellular infiltration and tissue necrosis were semiquantitatively classified as mild (0), moderate (1), or extensive (2). All histological evaluations were performed in a blinded manner by an experienced pathologist.
2.7 Immunofluorescent staining
For the immunofluorescence staining, spinal cord segments, sectioned into paraffin sections measuring 5 μm in thickness, were deparaffinized using xylene (Exodo Cientifica) and rehydrated after successive washes using different concentrations of alcohol (100%, 90%, 70% and 30%) for later heat-induced antigen retrieval using citric acid for 25 min. After this time, spinal cord samples were incubated overnight with the primary antibody anti-GFAP (dilution of 1:400, Z0334, Invitrogen), anti-IBA1 (dilution of 1:200, ab178680, Abcam), and anti-CSPG (dilution of 1:100, SAB5700198, Merk). Following a thorough washing process, the sections were incubated with a secondary antibody (dilution of 1:800, A11011, Invitrogen) for 1 h at room temperature. Nuclei were stained with DAPI (Fluoroshield™ with DAPI, Sigma). Then, the presence of fluorescent cells was observed using a Confocal fluorescence microscope (Zeiss, Oberkochen, Germany), while the quantification of the number of fluorescent cells was performed using the CellInsight CX7 LED Pro HCS Platform (Thermo Fisher Scientific).
2.8 Statistical analyses
All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, United States). Data are expressed as mean ± SD from independent biological replicates, and statistical significance was set at p ≤ 0.05. Survival was analyzed by the Kaplan-Meier method and compared using the log-rank (Mantel–Cox) test. Behavioral and locomotor data, including BBB and clinical scoring, were analyzed by two-way repeated-measures ANOVA (treatment × time) followed by Dunnett’s post hoc tests. Gene expression (RT-qPCR) and EV quantifications were analyzed by one- or two-way ANOVA with Tukey or Dunnett post hoc tests. Comparisons between two groups were performed using unpaired t-tests. When data did not meet normality assumptions (Shapiro–Wilk test), non-parametric alternatives (Mann–Whitney or Kruskal–Wallis with Dunn’s multiple comparison) were applied, as indicated in the figure legends.
3 RESULTS
3.1 Manufacturing and characterization of MSCs and EVs
MSCs demonstrated plastic adherence and exhibited the typical spindle-shaped morphology (Figure 1A). Their multipotency was confirmed by successful differentiation into osteogenic, adipogenic, and chondrogenic lineages (Figures 1B–D). As analyzed by flow cytometry, MSC surface negative markers (CD34, CD45, CD11b, CD19, HLA-DR) were minimally expressed and positive for MSC markers (CD73, CD90, CD105) were prominently expressed, confirming a characteristic MSC immunophenotype (Figure 1E). Cytogenetic analysis by G-banding revealed genomic stability, with a normal female karyotype (46,XX) and no structural or numerical abnormalities detected (Figure 1F).
[image: The collage includes multiple panels showing various types of data: A and B display tissue histology with fibers and stained sections; C and D show microscopy images with blue and orange staining; E includes flow cytometry graphs with scatter plots showing markers CD90, CD105, and CD73; F displays a karyotype labeled "46,XX"; G to I are plots demonstrating cytokine levels and cell proliferation; J to M show graphs about particle size, particle concentration, size distribution, and protein content across different lots; N features a microscopic image with cellular structures; O includes a graph of concentrations for various markers.]FIGURE 1 | Characterization of MSCs and EVs. (A) Representative image of undifferentiated MSCs and differentiated MSCs toward adipogenic (B), chondrogenic (C), and osteogenic (D) lineages in vitro. (E) Representative flow-cytometry dot plots showing positive expression of MSC surface markers (CD73, CD90, CD105) and lack of hematopoietic markers (CD34, CD45, CD11b, CD19, HLA-DR). Data representative of three independent analyses. (F) Representative G-banded karyotype confirming genomic stability (46,XX). (G,H) Immunomodulatory potency of MSCs assessed in co-culture with activated PBMCs, showing IL-10 upregulation and TNF-α suppression. Experimental conditions: Ctl–, unstimulated PBMCs; Ctl+, PBMCs stimulated with anti-CD3/CD28; Dexa, PBMCs stimulated with anti-CD3/CD28 and treated with dexamethasone; MSC, PBMCs stimulated with anti-CD3/CD28 and co-cultured with MSCs for 5 days. Cytokines were quantified by ELISA. (I) Quantification of SA-β-gal-positive cells showing low senescence levels in MSCs compared with H2O2-treated controls. (J–L) Nanoparticle tracking analysis (NTA) showing EV particle size distribution and concentration obtained from three independent EV batches. (M) Total protein content of EV samples (µg/mL); values represent mean ± SD of three EV lots. (N) Representative transmission electron microscopy image showing typical cup-shaped EV morphology (50–150 nm; scale bar, 200 nm). (O) EV protein marker profiling showing strong expression of canonical exosomal markers (CD9, CD63, CD81) together with VLA-4 and syntenin-1, and minimal levels of cytochrome C (assessed by Luminex; n = 3 EV lots). Statistical analysis: (G,H) one-way ANOVA with Tukey multiple-comparison test versus Ctl+; (I) unpaired t-test (two-tailed). Data are presented as mean ± SD; n = 3 biological replicates per condition. *p < 0.05; **p < 0.01; ***p < 0.001.To assess the biological activity of the MSCs, their immunomodulatory function was evaluated through co-culture assays with activated PBMCs. The cells showed the ability to inhibit TNF-α and induce IL-10 expression (Figures 1G,H), supporting their anti-inflammatory potential. Furthermore, senescence-associated β-galactosidase staining revealed low levels of cellular senescence (Figure 1I), indicating that the MSC population maintained proliferative capacity, genomic stability, and overall cellular fitness, consistent with a therapeutically competent phenotype suitable for EV production.
EVs were isolated from the supernatants of MSC cultures across three independent batches. The EV samples displayed consistent size profiles, with nanoparticle tracking analysis (NTA) indicating a size range between 35 and 200 nm (Figures 1J–L). Protein concentration of the EV preparations ranged from 316 ± 6 to 568.5 ± 55.5 μg/mL (Figure 1M). Transmission electron microscopy confirmed the typical cup-shaped morphology of EVs, revealing bilayer membrane structures with heterogeneous sizes (Figure 1N). Multiplex immunoassays demonstrated that EVs were enriched in canonical exosomal markers (CD9, CD63, and CD81, syntenin-1, and VLA-4, while the non-EV contaminant cytochrome C was either minimally detected or undetectable (Figure 1O).
3.2 EV therapy promotes functional recovery post-SCI model
In vivo, we evaluated the neuroprotective efficacy of EVs in an SCI model, following the experimental timeline demonstrated in Figure 2A. Following SCI, untreated animals exhibited severe urogenital complications, including marked urinary retention and, in some cases, hematuria post-injury, often accompanied by lethargic behavior. Despite antibiotic administration, the health status of untreated animals progressively deteriorated. EV treatment was associated with improved survival rates over the 30-day follow-up compared with untreated SCI animals (Figure 2B). To further assess the functional impact of EV therapy, locomotor recovery was evaluated using the BBB scoring system at predefined time points after injury. EV-treated animals showed a significant and progressive improvement in BBB scores, with differences from the SCI group already evident at day 7 and sustained throughout the 30-day follow-up (Figure 2C). Moreover, a time-dependent improvement in clinical parameters was observed, compared with untreated SCI animals. EV-treated rats showed faster recovery of behavior parameter analyzed, including touch response, tail grip strength, general activity, reduced tremors, and improved autonomic regulation (Figure 2D).
[image: Timeline chart and three graphs illustrating a study on mice post-surgery. A: Timeline shows surgery and subsequent behavior and survival analysis over thirty days. B: Survival graph shows different survival rates between groups over time. C: BBB score chart indicates varying scores post-surgery. D: Bar graphs depict behavioral metrics such as touch response, tail grip, general activity, piloerection, diarrhea, and tremors, comparing two groups at different time points. Significance levels are indicated with asterisks.]FIGURE 2 | EVs improve survival and locomotor recovery after SCI. (A) Experimental timeline showing EV administration (1 × 109 particles/rat, administered intralesionally, immediately post-injury) and follow-up up to 30 days. (B) Survival curves of control (green), SCI (blue), and SCI-EVs (pink) groups showing markedly reduced survival after SCI, which was partially improved by EV treatment. Statistical analysis was performed using the log-rank (Mantel–Cox) test (n = 20 per group). *p < 0.05, **p < 0.01 vs. SCI. (C) Locomotor function assessed using the BBB scale by two independent blinded evaluators. SCI-EVs animals (pink) showed progressive functional improvement from day 14 onward compared to the SCI group (blue), while controls (green) maintained normal scores (n = 7 per group). (D) Clinical and behavioral recovery scoring according to a modified 0–3 scale (n = 7 per group). Upper panels: neuromuscular parameters (touch response, tail grip, general activity) were scored as 0 = severe impairment, 1 = moderate, 2 = mild, 3 = normal. Lower panels: autonomic/toxicity parameters (piloerection, diarrhea, tremors) were scored as 0 = normal, 1 = mild, 2 = moderate, 3 = severe. (C,D) Data are presented as mean ± SD. Statistical analysis was performed using two-way ANOVA followed by Dunnett’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the SCI group.3.3 EVs sustainably reduce inflammation and enhance neurotrophic support after the SCI model
Figure 3 shows the effects of SCI-EVs treatment on inflammatory cytokines and the neurotrophic factor BDNF at 24 h and 7 days after SCI, expressed as fold change relative to the control group. At 24 h, IL-1β remained near baseline (ns), whereas TNF-α (p < 0.001) was already elevated in SCI. EV treatment markedly attenuated TNF-α (p < 0.001) expression while strongly increasing both IL-10 (p < 0.001) and BDNF (p < 0.001). At 7 days post-injury, these modulatory effects were maintained, with a pronounced reduction in IL-1β (p < 0.001) and TNF-α (p < 0.001) and a robust increase in IL-10 (p < 0.001) and BDNF (p < 0.001) compared to untreated SCI animals. Immunofluorescence analysis of IBA-1-positive microglia revealed a marked reduction in activated IBA-1 cells in the lesion area of animals treated with EVs (Figures 3E,F). Quantification at 7 days post-injury (Figure 3G) confirmed a significant decrease in IBA-1 immunoreactivity in the SCI-EVs group compared with SCI controls (p < 0.05), supporting the anti-inflammatory action of EVs in the injured spinal cord.
[image: Graphs A-D display fold changes of IL1β, TNFα, IL10, and BDNF at 24 hours and 7 days for SCI and SCI + EVs groups, with varying statistical significance. Images E and F show tissue sections with fluorescence indicating regions of interest for different scenarios. Graph G presents IBA1 fluorescence mean values for SCI and SCI + EVs, showing reduced fluorescence in the SCI + EVs group.]FIGURE 3 | EV treatment modulates inflammatory cytokines and microglial activation after spinal cord injury. Relative gene expression of (A) IL-1β, (B) TNF-α, (C) IL-10, and (D) BDNF in SCI and SCI-EV groups was determined by RT-qPCR. Data were normalized to GAPDH and expressed as fold change relative to non-injured controls. (E,F). Values represent mean ± SD (n = 7 per group/time point, one-way ANOVA with Tukey multiple-comparison test). Representative confocal images of IBA1 (red) and DAPI (blue) immunofluorescence in spinal cord sections from SCI (E) and SCI + EVs (F) groups at 7 days post-injury (200x magnification). Insets show higher magnification of the lesion border. (G) Quantification of IBA1 immunoreactivity (mean fluorescence intensity per ROI) showing decreased microglial activation in EV-treated rats (n = 5-7 per group, unpaired t-test, p < 0.05). ns = not significant; p < 0.05; p < 0.001 vs. SCI; “+” indicates downregulation relative to SCI; data presented as mean ± SD.3.4 EVs suppress SCI-induced glial scar formation around the lesion site after SCI
Histological analysis at 7 days post-injury revealed extensive tissue damage and cavity formation in the SCI group, whereas animals treated with EVs showed a reduced lesion area and tissue preservation (Figures 4A–C). Semiquantitative assessment of histiocytic infiltration and necrosis in H&E-stained sections demonstrated a significant reduction in lesion severity in the SCI-EV group compared with untreated SCI animals (p < 0.05; Figures 4D,E). Immunofluorescence staining further demonstrated a marked accumulation of GFAP-positive astrocytes in the SCI group, consistent with glial scar formation (Figures 4F–I). In contrast, EV-treated animals (Figure 4I) exhibited attenuated astrocytic reactivity as reflected by the reduced density of GFAP-positive cells (***p < 0.001; Figure 4J). Additionally, immunolabeling for chondroitin sulfate proteoglycans (CSPGs, Figures 4K–M) revealed pronounced matrix deposition in the SCI group (Figure 4L), whereas EV administration substantially reduced CSPG accumulation (+++p < 0.001; Figure 4N). Quantitative analysis confirmed that CSPG expression was significantly higher in the SCI group compared with controls (****p < 0.0001), and attenuated following EV treatment, indicating mitigation of glial scar formation.
[image: Histological and immunofluorescence analysis of spinal cord injury. Panels A-C show stained spinal cord tissue sections illustrating structural differences. D and E display bar graphs comparing histiocyte and necrosis levels between SCI and SCI+EVs groups. F-M present immunofluorescence images showing cell markers with insets G-I showing detailed views. J and N are bar graphs showing percentages of GFAP and CSPG positive cells across different conditions.]FIGURE 4 | EV treatment reduces lesion severity, glial reactivity, and CSPG deposition after SCI. (A–C) Representative hematoxylin and eosin (H&E)-stained spinal cord sections from intact control, SCI, and SCI-EV groups at 7 days post-injury (200x magnification). Quantitative histological analysis reveals a significant reduction in histiocytic infiltration (D) and necrotic area (E) in the SCI-EVs group compared with SCI (p < 0.05). Representative immunofluorescence images of GFAP-positive astrocytes (green) with nuclear counterstaining (DAPI, blue) (F,G) intact control, (H) SCI, and (I) SCI-EVs (400x magnification). (J) Quantification of GFAP + astrocytes in the spinal cord. (K–M) CSPG representative immunofluorescence staining, with CSPG (green), with a nuclear counterstaining with DAPI (blue): (K) intact control, (H) SCI, and (I) SCI-EVs (400x magnification). (N) Quantification of CSPG-positive cells demonstrates a significant increase after SCI and partial attenuation following EV administration. Data are presented as mean ± SD (n = 5-7 per group). Statistical significance was defined as *p < 0.05; ***p < 0.001 and +++p < 0.001.“+” indicates downregulation relative to SCI.3.5 In vivo biodistribution of EVs after SCI
In vivo tracking of DIR-labeled EVs demonstrated a selective accumulation at the spinal cord injury site in the SCI-EVs group compared with SCI controls (Figure 5). Representative fluorescence images (B) revealed a strong and localized signal in SCI-EVs-treated animals at days 1, 7, and 14 post-injection, with maximal intensity at day 7. Quantitative analysis (C) showed that, at day 1, photon emission was significantly higher in the SCI-EVs group (1.2 ± 0.6 × 109 photons/s) compared with the SCI group (0.4 ± 0.1 × 109 photons/s; p < 0.05). At day 7, the signal in the SCI-EVs group remained elevated (0.5 ± 0.2 × 109 photons/s; p < 0.01). By day 14, the signal in the SCI-EVs group decreased (1.0 ± 0.5 × 109 photons/s) but remained above baseline, whereas SCI controls presented minimal or undetectable fluorescence across all time points. These findings indicate a sustained retention of EVs at the lesion site, particularly during the first week after administration.
[image: Diagram illustrating the study of biodistribution of EVs combined with DIR in mice over 14 days. Panel A shows the experimental setup. Panel B presents infrared images of mice at 1, 7, and 14 days, displaying fluorescence intensity. Panel C is a bar graph displaying photon emissions in SCI and SCI-EVs groups over time, with significant increases at days 1 and 7 for SCI-EVs.]FIGURE 5 | In vivo biodistribution of DiR-labeled EVs after local injection in SCI. (A) Schematic representation of the experimental timeline and marked imaging time points. EVs were labeled with the near-infrared dye DiR and locally injected at the lesion site in SCI rats. (B) Representative fluorescence images acquired at days 1, 7, and 14 post-injection. Each row represents the SCI-EVs group, and each column corresponds to a different animal (1–3) and control (4), showing fluorescence signals predominantly localized in the thoracic spinal cord region. (C) Quantification of photon emission revealed significantly higher fluorescence intensity in the SCI-EVs group compared to SCI. Data are presented as mean ± SD (SCI, n = 3; SCI-EVs, n = 6) and were analyzed using two-ANOVA followed by Tukey’s post hoc test. *p < 0.05; **p < 0.01.4 DISCUSSION
SCI is a severe condition associated with high mortality, disability, and a substantial socioeconomic burden on patients’ families (Eli et al., 2021). The sudden onset and complex pathophysiology of SCI highlight the urgent need for improved therapeutic strategies. EVs from bone marrow, adipose, and umbilical cord MSCs have shown significant therapeutic potential (Mou et al., 2025). In this study, we demonstrate that early administration of MSC-EVs confers significant neuroprotection and functional benefits in a rat model of SCI. EV administration not only promoted partial motor recovery, as evidenced by improved BBB scores, but also mitigated the severe systemic complications observed in untreated animals, significantly promoting survival.
We first confirmed the multilineage differentiation potential of MSCs and verified the expression of characteristic surface markers by flow cytometry, together with normal genomic stability by karyotype analysis. Subsequently, MSC-EVs were successfully isolated and exhibited the typical cup-shaped morphology under transmission electron microscopy, as well as the expected expression profile of canonical exosomal markers, consistent with previous studies from our group (Costa-Ferro et al., 2024; Costa-Ferro et al., 2025). Importantly, we demonstrated that MSC-EVs promote functional improvements when administered in the acute phase of SCI in rats.
A key mechanism underlying these functional improvements appears to be the modulation of the post-injury inflammatory environment. We observed that EV treatment robustly reduced microglia reactivity and production of pro-inflammatory cytokines such as IL-1β and TNF-α while enhancing anti-inflammatory (IL-10) and neurotrophic (BDNF) factors both in the acute and subacute phases after SCI model. In SCI, IL-10 can suppress the release of pro-inflammatory factors and reduce neuronal cell apoptosis, thereby promoting the functional recovery (Yang et al., 2016) and the reduced levels of pro-inflammatory cytokines (IL-1β and TNF-α) observed in our study agree with previous research has demonstrated that these vesicles can mitigate neuroinflammation via various mechanisms (Huang et al., 2017; Sun et al., 2018; Fan et al., 2021).
This dual effect suggests that EVs not only suppress inflammation but also promote a regenerative microenvironment that may facilitate neuronal survival and plasticity. These results are consistent with previous reports highlighting the immunomodulatory and trophic cargo of MSC-EVs, including miRNAs (Wang et al., 2023; Lai et al., 2022) and growth factors known to attenuate neuroinflammation and support axonal repair. Zhang Y. et al. (2021) found that bone marrow-derived MSC-EVs inhibited the level of inflammatory factors in SCI rats, thereby protecting the damaged neurons and promoting the recovery of motor function in rats (Zhang M. et al., 2021).
Histological analyses further revealed that EV therapy reduced lesion cavity formation, immune cell infiltration, tissue necrosis, and astrocytic reactivity. This attenuation of glial scar formation is particularly important, excessive astrocyte reactivity leads to the formation of the glial scar, characterized by dense fibrous tissue and high CSPG content (Park et al., 2022), which restricts regenerative axonal sprouting (Schiera et al., 2024) and reactive astrocytes are major contributors to secondary damage and inhibitors of axonal regeneration after SCI (Karimi-Abdolrezaee et al., 2012; Romanelli et al., 2019) demonstrated that intravenous administration of hUC-MSCs in female rats after traumatic spinal cord injury (tSCI), more effective than their parental cells, markedly attenuates astrogliosis and fibroglial scar formation after tSCI, suggesting that the therapeutic effect is primarily mediated by secreted factors rather than cellular integration.
Another important aspect of our study is the biodistribution profile of EVs. In vivo imaging revealed a selective accumulation of EVs at the lesion site, with peak retention observed at day 7 post-injection. Their sustained retention at the lesion could enhance therapeutic efficacy by prolonging the availability of bioactive cargo during the critical window of secondary injury progression. However, previous studies have shown that systemically administered EVs can also modulate cytokine release and promote neuroprotection and functional recovery following SCI (Huang et al., 2017).
Taken together, our results support the concept that EV therapy acts through a multifaceted mechanism: (i) modulating systemic and local inflammation, (ii) enhancing neurotrophic support, (iii) preserving tissue integrity, and (iv) sustaining the delivery of bioactive molecules at the injury site. These combined effects contribute to improved functional outcomes after SCI. Importantly, the survival benefit observed in EV-treated animals highlights their translational relevance, as systemic complications are a major determinant of mortality in SCI patients; traumatic spinal cord injuries have reduced overall life spans and higher mortality, especially in the first year after an injury, compared with the general population. Patients with traumatic spinal cord injuries have reduced overall life spans and higher mortality, especially in the first year after an injury, compared with the general population (Ahuja et al., 2017).
Although survival in rodent models cannot be directly extrapolated to human clinical outcomes due to species-specific differences in physiology, systemic responses, and post-injury care, its inclusion as an endpoint provides complementary translational value. Most preclinical studies of SCI report only functional or histological improvements, whereas survival integrates systemic factors such as neurogenic shock, systemic inflammation, and acute respiratory dysfunction (Zhang Y. et al., 2021). These processes are also associated with early mortality in patients (Shao et al., 2011). Therefore, the improved survival observed in EV-treated animals likely reflects a broader modulation of the acute systemic response to injury rather than a mere local effect at the lesion site, reinforcing the overall robustness of the therapeutic benefit.
This study has some limitations that should be acknowledged. First, we evaluated the overall therapeutic effects of hUCMSC-derived EVs in SCI but did not dissect the contribution of specific EV cargo (e.g., miRNAs, proteins, lipids) to the observed outcomes. Such mechanistic studies will be essential to better understand and refine their therapeutic potential. Second, we used a single dose and route of administration, which precludes conclusions about optimal dosing strategies or alternative delivery methods. Third, EVs were administered only in the acute phase after SCI, and their potential efficacy in subacute or chronic stages of injury remains to be determined.
5 CONCLUSION
In conclusion, this study demonstrates that hUCMSC-derived EV therapy exerts neuroprotective effects after SCI, characterized by reduced inflammation, attenuated glial scar formation, and improved functional recovery. Importantly, EV administration was also associated with enhanced survival, a clinically relevant outcome that has been rarely addressed in preclinical SCI studies. Together, these findings provide a compelling rationale for further investigation of EV-based approaches, including mechanistic studies, optimized dosing strategies, and evaluation across different stages of injury, to advance their development as a promising therapeutic strategy for spinal cord injury.
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Cellular stress responses and intercellular communication play a crucial role in the pathogenesis of Inflammatory bowel disease (IBD). Among these, endoplasmic reticulum (ER) stress and exosome-mediated signaling have emerged as interconnected drivers of chronic intestinal inflammation. Persistent ER stress, primarily through unfolded protein response pathways involving PERK, IRE1, and ATF6, disrupts epithelial barrier integrity, alters immune cell function, and promotes pro-inflammatory gene expression. ER stress not only affects intracellular homeostasis but also modulates intercellular communication through the secretion of exosomes, which carry proteins, lipids, and nucleic acids. This bidirectional relationship ensures that stress-altered exosomes can amplify ER stress and inflammatory signals in neighboring cells, sustaining intestinal inflammation. For this review, relevant research and review articles were retrieved from established search engines and databases, including PubMed, Google Scholar, and ScienceDirect, using key terms such as “endoplasmic reticulum stress,” “exosome secretion,” “exosome cargo,” “inflammatory bowel disease,” “intestinal inflammation,” and “intercellular communication.” The literature search primarily focused on studies published in the last 5 years, prioritizing clinical and preclinical studies (in vivo and in vitro models). Published literature addressing ER stress, exosome biology, and their interconnection in IBD were included, whereas studies lacking relevance or study quality were excluded. Recent findings highlight a dynamic interconnection between ER stress and exosomes, where ER stress modulates exosome biogenesis, secretion, and cargo composition. In contrast, stress-altered exosomes amplify ER stress signals and inflammatory mediators in neighboring cells. This review aims to summarize the current evidences on the interconnection of ER stress and exosomes in modulating the intestinal microenvironment, driving inflammation, and contributing to epithelial and immune dysregulation in IBD. This review also highlights experimental insights, existing challenges, and therapeutic prospects for targeting the ER stress–exosome axis to restore mucosal homeostasis in IBD management.
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1 INTRODUCTION
Inflammatory Bowel Disease (IBD) is a chronic and relapsing inflammatory condition of the gastrointestinal tract, primarily encompassing two major clinical entities: Crohn’s disease (CD) and Ulcerative colitis (UC) (Hirten et al., 2024). While UC is limited to the colon and rectum, CD may affect any region of the gastrointestinal tract, often resulting in complications such as bowel strictures, fistulas, malnutrition, anemia, and hepatic disorders (Ber et al., 2021). Globally, IBD has emerged as a significant public health concern, with incidence rates that were once confined to high-income Western countries now increasing rapidly in newly industrialized regions such as East Asia and Latin America (Lin et al., 2024; Park et al., 2023). This epidemiological shift is largely attributed to industrialization, urbanization, dietary transitions, and other environmental factors interacting with genetic susceptibility (Shan et al., 2022). According to Global Burden of Disease (GBD) analyses, the age-standardized incidence of IBD showed a modest increase, rising from 4.22 per 100,000 individuals in 1990 to 4.45 per 100,000 in 2021 (Lin et al., 2024). By 2019, an estimated 4.9–5.0 million people worldwide were living with IBD, with crude prevalence rising from about 3.3 million in 1990 to 4.9 million in 2019 (Park et al., 2023; Wang et al., 2023). The pathogenesis of IBD involves multiple interlinked components, including immune dysregulation, genetic susceptibility, epithelial barrier dysfunction, and environmental triggers (Calvez et al., 2025). Over the past decade, there has been increasing recognition that chronic intestinal inflammation in IBD has become increasingly evident, and it arises not only from persistent immune cell activation but also from profound disruptions in epithelial cell homeostasis, barrier integrity, and cellular stress response pathways (Calvez et al., 2025; Guan, 2019). Among these, endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) have emerged as central regulatory mechanisms linking the pathological onset of intestinal inflammation and mucosal damage (Zheng et al., 2025; Ma et al., 2017). ER stress refers to a cellular condition in which the folding capacity of the ER is disrupted, leading to the accumulation of misfolded or unfolded proteins within the ER lumen (Chen et al., 2023). The ER is essential for protein folding, calcium homeostasis, and lipid metabolism; however, under inflammatory, oxidative, or metabolic disregulation, ER stress is triggered, leading to activation of the UPR (English and Voeltz, 2013; Singh et al., 2024). UPR is an adaptive cellular mechanism that helps to restore ER homeostasis by suppressing protein synthesis, optimizing protein folding, and eliminating misfolded proteins (Hetz et al., 2020). However, persistent ER stress can trigger apoptosis, autophagy, and modulation of inflammatory pathways, leading to epithelial barrier disruption, immune system activation, and sustained intestinal inflammation (Chen et al., 2023). Moreover, genetic polymorphisms in ER stress-related genes such as X-box-binding protein 1 (XBP1) and Orosomucoid-like protein 3 (ORMDL3) have been associated with increased IBD susceptibility (Vanhove et al., 2018; Kaser et al., 2008). In intestinal epithelial cells (IECs) and immune cells, persistent ER stress promotes inflammation by enhancing pro-inflammatory cytokine release, impairing mucosal healing, and altering microbiota composition (Cao, 2018). In addition to intracellular stress mechanisms, extracellular signaling pathways have gained attention for their role in regulating immune and epithelial responses. Among these, extracellular vesicles (EVs), particularly exosomes, are increasingly recognized as key mediators of intercellular communication in intestinal homeostasis and inflammation (Wu et al., 2024). Exosomes are small membrane-bound vesicles (30–150 nm) that carry proteins, lipids, and nucleic acids, and play major roles in immune regulation, maintaining epithelial barrier integrity, modulating gut microbial communities, and facilitating intercellular communication in the intestinal microenvironment (Chavda et al., 2023; Kalluri and LeBleu, 2020; Ayyar and Moss, 2021). It has been reported that ER stress is mechanistically linked to exosome biogenesis, influencing secretory dynamics and altering the molecular content of exosomes, thereby modulating their biological activity (Ye and Liu, 2022; Jahangiri et al., 2022). ER stress-induced exosomes may carry specific microRNAs or proteins that promote inflammatory responses or enhance tumor cell survival and dissemination. For instance, immune cell-derived exosomal miR-155 and miR-21 contribute to inflammation by targeting regulatory pathways essential for maintaining immune balance (Nail et al., 2023). Furthermore, exosomes derived from ER-stressed cells may influence immune responses by modulating the activity of macrophages, dendritic cells (DCs), and T cells, thereby worsening the inflammatory landscape within the intestinal microenvironment (Zhang et al., 2019). The dynamic relationship between ER stress and exosomes may play a significant role in the development of IBD. Elucidating how ER stress influences the composition and function of exosomes, and how these vesicles, in turn, affect intestinal homeostasis and immune responses, could provide novel insights into the underlying mechanisms of IBD. In this review, we aim to discuss the current research exploring how ER stress influences exosome biogenesis, alters their molecular composition, and modulates their biological functions within the intestinal microenvironment. This review further examines how ER stress–induced exosomes contribute to intestinal inflammation, epithelial barrier dysfunction, and immune dysregulation, thereby promoting IBD progression. In addition, the review also highlights the potential of targeting ER stress–exosome interactions as a future therapeutic approach for the management of IBD.
2 ENDOPLASMIC RETICULUM (ER) STRESS
The ER is a multifunctional organelle composed of interconnected tubules and cisternae that extend throughout the cytoplasm, playing a central role in protein synthesis, protein folding, post-translational modifications, lipid metabolism, and calcium homeostasis (Singh et al., 2024; Deka et al., 2022; Girigoswami et al., 2023). Under physiological conditions, chaperone proteins such as Glucose-Regulated Protein 78 (GRP78)/BiP and protein folding enzymes including calnexin and calreticulin maintain protein quality control; however, factors like oxidative stress, hypoxia, nutrient deprivation, calcium imbalance, genetic mutations, and inflammation can disrupt ER function, causing the accumulation of misfolded or unfolded proteins and thereby inducing ER stress (Table 1) (Chen et al., 2023; Singh et al., 2024). This activates the UPR, an adaptive mechanism regulated by three primary ER membrane sensors, including protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor-6 (ATF6) (Chen et al., 2023), as illustrated in Figure 1. Upon ER stress, GRP78 dissociates, enabling PERK to oligomerize and phosphorylate eIF2α, which transiently inhibits overall protein translation while selectively enhancing Activating Transcription Factor 4 (ATF4) translation. ATF4 promotes expression of genes involved in amino acid metabolism, antioxidant defense, and ER-associated degradation (ERAD), but also triggers C/EBP homologous protein (CHOP), a transcription factor that suppresses Bcl-2, upregulates pro-apoptotic mediators (BIM, PUMA), and promotes reactive oxygen species (ROS) generation and calcium release, thereby initiating mitochondrial stress (Verjan Garcia et al., 2023; Hu et al., 2019; Smolková et al., 2020). IRE1, once activated by oligomerization and autophosphorylation, splices XBP1 mRNA to generate the transcriptionally active XBP1s, which enhance the transcription of genes related to ERAD, protein folding, and lipid synthesis (Park et al., 2021; Jiang et al., 2015). Prolonged IRE1 activation also leads to Regulated IRE1-Dependent Decay (RIDD), c-Jun N-terminal Kinase (JNK) activation via TRAF2–ASK1, and degradation of specific microRNAs, thereby linking ER stress to inflammation and apoptosis (Siwecka et al., 2021; Hotamisligil, 2010). Meanwhile, upon release from GRP78, ATF6 translocates to the Golgi, where it is sequentially cleaved by site-1 and site-2 proteases (S1P and S2P). This cleavage generates the cytosolic fragment ATF6p50, which migrates to the nucleus and activates genes encoding ER chaperones (GRP78, GRP94), protein-folding enzymes (PDIs), and components of ERAD (Hetz et al., 2020; Yamamoto et al., 2007). Persistent ER stress overcomes these pathways, leading to apoptosis, inflammation, and cellular dysfunction, particularly in highly secretory cells like IECs (Salminen et al., 2020; Song et al., 2008; Lin et al., 2008).
TABLE 1 | Cellular factors contributing to ER stress and their associated pathological outcomes.	Factor	Mechanism	Pathological impact	References
	Oxidative stress	Disrupts redox balance, inhibits disulfide bonds.	Protein misfolding, inflammation, cancer, IBD.	Cao and Kaufman (2014)
	Calcium disruption	Impairs chaperone activation (calnexin, calreticulin).	ER dysfunction, IBD, and neurodegeneration.	Stutzmann and Mattson (2011); Mekahli et al. (2011)
	Nutrient deprivation	Affects the folding and glycosylation of the proteins.	UPR activation, tumor stress response.	Chen and Shoulders (2024)
	Hypoxia	Reduces ATP and the folding capacity of protein.	Tumor survival, metastasis.	Akman et al. (2021)
	Infections	Overload of the ER by viral/bacterial proteins.	Inflammation, IBD	Da Fonseca et al. (2024)
	Genetic mutations	Causes persistent misfolded proteins.	Cystic fibrosis, IBD, ER overload.	Chen et al. (2023)
	Inflammatory cytokines	Disrupt signalling pathways; induce ER stress.	Chronic inflammation, IBD, autoimmunity.	Salminen et al. (2020)


[image: Diagram illustrating the unfolded protein response pathways in the endoplasmic reticulum (ER). Misfolded proteins trigger ER stress, activating three pathways: PERK, IRE1, and ATF6. PERK pathway involves eIF2α phosphorylation, leading to activation of ATF4 and CHOP, which influence apoptosis, antioxidant response, and autophagy. IRE1 pathway involves XBP1 mRNA splicing, enhancing protein folding, ERAD, and inflammation. ATF6 translocates to the Golgi, where it's processed into ATF6-N, promoting chaperones, ERAD, and lipid biosynthesis. BiP (Binding immunoglobulin Protein) regulates these pathways by binding to misfolded proteins.]FIGURE 1 | Pathways of the unfolded protein response (UPR) activated during endoplasmic reticulum (ER) stress. Schematic representation of unfolded protein response (UPR) activation in intestinal epithelial cells under ER stress. Accumulation of misfolded proteins due to hypoxia, oxidative stress, or nutrient deprivation activates three key sensors: PERK, IRE1, and ATF6. PERK phosphorylates eIF2α, inducing ATF4/CHOP-mediated apoptosis and autophagy; IRE1 splices XBP1 mRNA, generating XBP1s that regulate protein folding, ER-associated degradation (ERAD), and inflammation; and ATF6 translocates to the Golgi, where cleavage produces ATF6-N, which upregulates chaperones and lipid biosynthesis to restore ER homeostasis.2.1 Intracellular and extracellular matrix–mediated stress in IBD
IBD arises from a complex interaction between intracellular stress responses and extracellular matrix (ECM)-mediated stress, both of which play pivotal roles in sustaining chronic intestinal inflammation, epithelial barrier disruption, and fibrosis (Zhang et al., 2025; Lin M. et al., 2025). At the cellular level, ER stress disrupts epithelial cell function by activating the UPR (He et al., 2025). When this adaptive mechanism fails, it triggers apoptosis, compromises barrier integrity, and promotes pro-inflammatory signaling cascades that sustain mucosal inflammation (Kong et al., 2024; Otte et al., 2023). These intracellular changes disrupt cellular communication and tissue regeneration, fostering a microenvironment that promotes chronic inflammation (Saez et al., 2023). Concurrently, extracellular stress arises from ECM remodeling, where the ECM undergoes significant compositional and mechanical alterations (Prakash and Shaked, 2024). Normally, the ECM provides a structural and regulatory framework for the cells, but during IBD progression, excessive deposition of collagen and fibronectin, fragmentation of hyaluronan, and upregulation of matrix metalloproteinases (MMPs) disrupt ECM homeostasis (Zhao et al., 2025; Petrey and de la Motte, 2017). These changes increase tissue stiffness and alter cell–matrix interactions, promoting fibroblast activation, angiogenesis, and immune cell infiltration (Petrey and de la Motte, 2017; Lin S. N. et al., 2025). The remodeled ECM imposes additional mechanical and biochemical stress on epithelial and mesenchymal cells via altered mechanotransduction pathways, thereby sustaining inflammation and promoting fibrogenesis (Mierke, 2024; Horta et al., 2023). Mechanical cues at the cellular level further influence ER stress development. Cells constantly experience forces from tissue tension, fluid shear, and ECM stiffness, which are transmitted through integrins and cytoskeletal networks to intracellular organelles (Mierke, 2024). Elevated mechanical load, such as that found in regions of stiffened ECM or fibrotic tissue, can deform the ER membrane, disrupt protein folding, and enhance ER stress signaling (Lenna and Trojanowska, 2012). Likewise, changes in osmotic pressure or cytoskeletal tension can disrupt ER-calcium homeostasis, which further amplifies the UPR (Carreras-Sureda et al., 2018). The cytoskeleton also acts as a critical mechanotransductive bridge between ECM remodeling and intracellular ER stress (Huang et al., 2023). Comprised of actin filaments, microtubules, and intermediate filaments, the cytoskeleton transmits mechanical and biochemical signals from the ECM to intracellular organelles, including the ER (Momotyuk et al., 2025; Gurel et al., 2014). Alterations in ECM stiffness, composition, or ligand availability are detected by integrins and focal adhesion complexes, which transmit these mechanical cues through the cytoskeleton to intracellular organelles, particularly the ER, thereby modulating its structure, calcium homeostasis, and protein-folding capacity (Di et al., 2023; Derricks et al., 2015; Khoonkari et al., 2024). Conversely, ER stress can modify cytoskeletal composition through UPR-mediated signaling, specifically affecting actin filament dynamics and microtubule stability, which, in turn, influence cell shape, motility, and mechanotransduction (van Vliet and Agostinis, 2017; Khoonkari et al., 2024). This coordinated interplay may establish a dynamic network in which ECM remodeling, cytoskeletal dynamics, and ER stress mutually amplify each other, driving epithelial barrier disruption, immune activation, and fibrotic remodeling in IBD.
2.2 ER stress–mediated immune dysregulation and molecular outcomes in intestinal epithelium
Gut homeostasis depends on a balanced immune–epithelial interface that regulates tolerance and inflammation (Bretto et al., 2025). Paneth and goblet cells, derived from Lgr5+ intestinal stem cells, are central to mucosal defence (Leushacke and Barker, 2014). Paneth cells sense microbes via MyD88-dependent Toll-like receptors and secrete antimicrobial peptides RegIII-β, RegIII-γ, and α-defensins (Yang et al., 2025), while goblet cells produce Mucin 2 (MUC2) to form a protective mucus barrier. Defective MUC2 folding or glycosylation compromises barrier function and predisposes to colitis and colorectal cancer (Kang et al., 2022). Different physiological and pathological conditions can produce ER stress, triggering the UPR. However, if ER stress persists, UPR imbalance can drive programmed cell death and inflammatory responses, which are particularly critical in intestinal epithelial cells that rely on UPR for their normal function (Di Mattia et al., 2025). Patients with active IBD often exhibit increased ER stress markers in both ileal and colonic epithelial tissues (Rodrigues et al., 2025; Cao, 2018). IBD patients also show signs of impaired integrated stress response, including decreased phosphorylation of eukaryotic initiation factor 2 alpha (eIF2α), which normally protects against oxidative and ER stress, infection, and inflammation. The IRE1α-XBP1 signaling pathway plays a critical role in intestinal immune modulation. Knockdown of XBP1 in IECs promotes ER stress, triggers inflammatory responses, and induces Paneth cell apoptosis (Luo and Cao, 2015). Prolonged ER stress activates all three UPR branches (IRE1α, PERK, and ATF6), leading to inflammation and apoptosis (Martinotti and Ranzato, 2025). IRE1α–TRAF2 activates JNK (Riaz et al., 2020), while PERK–ATF4–CHOP signalling induces apoptosis and NF-κB–driven cytokine transcription (Rozpedek et al., 2016). ATF6 supports chaperone synthesis but also amplifies CHOP and NF-κB expression (Chen et al., 2023). Sustained UPR activation disrupts tight junction proteins and epithelial permeability (Di Mattia et al., 2025). Prolonged ER stress also induces oxidative stress, mitochondrial dysfunction, and lipid peroxidation, resulting in excessive reactive oxygen species (ROS) production that damages lipids, proteins, and DNA, impairs mitochondrial function, and disrupts tight junction proteins such as occludin, claudins, and ZO-1, thereby compromising epithelial integrity and increasing intestinal epithelial permeability (Loncke et al., 2021; Bhandary et al., 2012). In gut epithelium, prolonged ER stress also triggers a highly regulated adaptive response known as autophagy, which acts as a protective mechanism to maintain cellular homeostasis (Shi et al., 2024). However, mutations in the autophagy-related genes ATG16L1, IRGM, and NOD2 linked to Crohn’s disease disrupt autophagy and thereby intensify ER stress (Alula and Theiss, 2023). These effects are closely linked to the major molecular and cellular consequences of prolonged ER stress in IECs, as illustrated in Figure 2. Recent studies (Ye and Liu, 2022; Jahangiri et al., 2022) indicate that ER stress not only drives inflammation, apoptosis, autophagy, and oxidative stress but also affects cell-to-cell communication via exosomes. ER stress influences exosome biogenesis and cargo composition, which in turn contributes to intestinal inflammation (Zhou et al., 2025). The role of ER stress in modulating exosome-mediated communication in IBD will be discussed in detail below.
[image: Diagram illustrating the effects of ER stress on a gut epithelial cell. ER stress activates pathways involving NF-kB, NOX Isoforms, ERO1α, JNK, and CHOP. This leads to inflammation (increased TNF-α, IL-6, IL-1β), apoptosis, oxidative stress (via ROS), and barrier dysfunction (increased permeability, disrupted occludin/claudin), ultimately causing cell shrinkage and gaps between cells, damaging tight junctions.]FIGURE 2 | ER stress-mediated damage and functional impairment in gut epithelial cells. ER stress activates NF-κB and JNK/CHOP pathways, inducing proinflammatory cytokines (TNF-α, IL-6, IL-1β) and apoptosis. Concurrently, ROS generation via NADPH oxidase isoforms and ER oxidoreductin-1α disrupts tight junctions, increases epithelial permeability, and impairs intestinal barrier integrity.3 EXOSOMES IN INTESTINAL INFLAMMATION
3.1 Overview of exosomes and their molecular cargo
Exosomes are nano-sized (30–150 nm) EVs of endosomal origin, secreted by almost all cell types, and play key roles in intercellular communication. They carry a broad spectrum of bioactive molecules, including proteins, lipids, metabolites, mRNA, DNA, and non-coding RNAs such as miRNAs, lncRNAs, and circRNAs (Kumar et al., 2024; Ruivo et al., 2017; Banerjee et al., 2020). In IBD, exosomes contribute to chronic inflammation by promoting immune cell activation, epithelial barrier disruption, and pro-inflammatory signaling (Ocansey et al., 2020). Exosomal proteins such as tetraspanins (CD9, CD63), ALIX, TSG101, and heat shock proteins (Hsp70, Hsp90) are associated with the amplification of intestinal inflammation and stress-induced epithelial damage (Schopf et al., 2017; Mazurov et al., 2013). miRNAs like miR-21, miR-126, and miR-23a, frequently enriched in exosomes, amplify inflammatory responses, promote angiogenesis, and compromise barrier integrity in the gut mucosa (Grimolizzi et al., 2017; Hu et al., 2020). Similarly, exosomal lncRNAs, including H19 and UCA1, are associated with promoting epithelial-mesenchymal transition and influencing immune regulatory pathways that intensify mucosal inflammation and contribute to therapeutic resistance (Xia et al., 2023; Fan et al., 2014). Also, exosomal circRNAs, such as circ-IARS and circ-DLEU2, affect immune signaling and epithelial function by binding to specific miRNAs and blocking their normal gene regulatory activities (Li et al., 2018; Wu et al., 2018).
3.2 Exosome biogenesis in IBD
The endosomal system generates tiny EVs, as part of the intricate intracellular process known as exosome biogenesis, as illustrated in Figure 3 (Gurung et al., 2021). It begins with the inward budding of the plasma membrane to form early-sorting endosomes, which can integrate cargo from both the extracellular environment and intracellular compartments such as the Golgi apparatus and ER (Xie et al., 2022). As early-sorting endosomes mature into late-sorting endosomes, they undergo a second inward budding process, forming multivesicular bodies (MVBs) that include numerous intraluminal vesicles (ILVs), which are exosome precursors (Kalluri and LeBleu, 2020). Exosome biogenesis involves not only membrane budding and vesicle formation but also highly regulated molecular machinery that decides which proteins, lipids, and nucleic acids are packaged into ILVs (Ha et al., 2016). This sorting process is mainly carried out by a set of protein complexes collectively known as the endosomal sorting complex required for transport ESCRT), as well as by ESCRT-independent mechanisms. The ESCRT pathway comprises four main protein complexes, including ESCRT-0, I, II, and III, that work together to regulate vesicle fission, membrane budding, and the recognition of ubiquitinated cargo (Ha et al., 2016; Zhang et al., 2019). ESCRT-0 first recognizes, and confines ubiquitinated cargo proteins on the endosomal membrane, followed by the recruitment of ESCRT-I and ESCRT-II to assist membrane deformation. ESCRT-III completes vesicle fragmentation with ATPase VPS4 (Dai et al., 2020). Proteins like TSG101 and ALIX facilitate cargo selection and membrane budding (Taha et al., 2019). In the ESCRT-independent mechanism, ceramides derived from sphingomyelin promote vesicle budding through membrane curvature and phase separation (Horbay et al., 2022). Tetraspanins such as CD9, CD63, and CD81 organize membrane microdomains and assist in cargo sorting via tetraspanin-enriched microdomains (Toribio and Yáñez-Mó, 2022). MVBs may either fuse with lysosomes for cargo degradation or with the plasma membrane for extracellular exosome release. This secretion is mediated by Rab GTPases (Rab27a/b, Rab11), SNARE proteins, and syntenin-1, which regulate membrane trafficking and fusion (Xu et al., 2022; Kalluri and LeBleu, 2020). Released exosomes are 30–150 nm in diameter and appear cup-shaped with the transmission electron microscope or spheroidal under electron microscopy (Jung and Mun, 2018; Fakhredini et al., 2022). It has been reported that exosomes released by immune cells such as DCs, macrophages, T cells, and B cells actively contribute to the pathogenesis of IBD by persistent inflammation, modulating immune responses, and altering intestinal homeostasis (Hazrati et al., 2022). The role of these exosomes derived from the immune cells is discussed below.
[image: Diagram illustrating the formation and function of exosomes in cellular communication. Exosomes originate from endosomes within intestinal epithelial cells via the ESCRT complex, are released through exocytosis, and influence processes such as intercellular communication, immune response regulation, and gut homeostasis. Details include structural components like transmembrane proteins and contents such as miRNA and proteins. Exosomes interact with cells like dendritic cells and T-cells, activating immune responses.]FIGURE 3 | Biogenesis and functional roles of intestinal exosomes. Exosome formation in intestinal epithelial cells (IECs) via the ESCRT-mediated multivesicular body (MVB) pathway. These exosomes, enriched with cytokines (TNF-α, IL-6), miRNAs (miR-155, miR-146a), and proteins (CD63, TSG101, HSP70), regulate intercellular communication, immune responses, gut homeostasis, and microbiota–host interactions, while also contributing to proinflammatory signaling and immune cell activation.3.3 Role of immune cell-derived exosomes in IBD
The immune microenvironment of the intestinal mucosa is significantly influenced by the immune cell-derived exosomes, which provide effective communication via both autocrine and paracrine pathways. By carrying proteins, lipids, and nucleic acids, immune cell-derived exosomes can alter the function of other immune cells, either promoting or inhibiting immunological responses (Hazrati et al., 2022). Depending on the cytokine environment, macrophages can polarize into pro-inflammatory M1 or anti-inflammatory M2 phenotypes (Shapouri-Moghaddam et al., 2018). Pro-inflammatory mediators such as TNF-α, IL-6, IL-23, and miR-155 are prevalent in exosomes released by M1 macrophages. These exosomes may increase inflammation by stimulating NLRP3 inflammasomes, Toll-like receptors, and TNF-related pathways in recipient cells (Wang et al., 2019; Tian et al., 2022). Additionally, these exosomes promote the migration of leukocytes and sustained inflammatory signaling in the intestinal mucosa, which are characteristics of IBD, by increasing the expression of endothelial cell adhesion molecules like ICAM-1 (Osada-Oka et al., 2017). Similarly, exosomes secreted by T cells, including CD8+ cytotoxic T cells, CD4+ helper T cells, and regulatory T cells (Tregs), serve as carriers of bioactive molecules, including proteins, lipids, and microRNAs, which influence target cell behavior (Table 2). Exosomes derived from activated T cells activate the RAS/MAPK signaling cascade, inducing ERK phosphorylation and amplifying inflammatory responses in recipient immune cells, thereby contributing to IBD pathophysiology (Zhang et al., 2024). Exosomes produced by CD8+ T cells, which include cytotoxic substances, such as granzyme and perforin, could contribute to chronic inflammation by causing tissue damage. Exosomes generated from CD4+ T cells interact with immune cells, including macrophages and NK cells, and may alter immunological activities by stimulating TCRs to release major histocompatibility complex (MHC) class II-like peptides (Wang and Shi, 2022). Upon activation of B cells via B cell receptor or Toll-like receptor (TLR) signaling, B cells release exosomes rich in immune molecules, including MHC I/II, costimulatory markers (CD40, CD80, CD86), and B cell marker CD19. These exosomes can stimulate T cell responses by presenting antigens through MHC-II-peptide complexes (Azoulay-Alfaguter and Mor, 2018). However, this activation frequently results in a proliferation of T cells with limited capacity to proliferate and a decreased production of cytokines (Hazrati et al., 2022), which may be a contributing factor to the persistent inflammation observed in IBD. Likewise, DCs produce exosomes that vary in function depending on their maturation status and the local cytokine environment. DC progenitors develop into mature DCs under pro-inflammatory conditions, which are characterized by high levels of cytokines like IL-6 and TNFα (Hazrati et al., 2022). These cells then produce exosomes that are enriched with immunostimulatory molecules such as MHC class II, CD40, CD80, and CD86 (Tkach et al., 2017). Naïve T cells are extensively activated by these mature DC-derived exosomes, leading them to differentiate into effector T cells and increasing the adaptive immune response. Moreover, these exosomes promote the proliferation and activation of natural killer cells by expressing IL-15 receptor alpha (IL-15Rα) and NKG2D ligands such as MIC-A, MIC-B, and ULBP-1, resulting in increased IFN-γ secretion that impairs mucosal inflammation (Bassani et al., 2019; Viaud et al., 2009). DC-derived exosomes also increase cytokine production and immune activation by releasing inflammatory microRNAs, such as miR-155, to recipient immune cells. Their integrin and adhesion molecule content facilitates the influx of immune cells to inflamed tissues, contributing to the longevity of inflammation (Lindenbergh et al., 2019). Thus, mature DC-derived exosomes in IBD function as potent pro-inflammatory agents that drive immune cell activation, promote the production of cytokines, and maintain mucosal dysregulation, thereby worsening the severity and progression of IBD.
TABLE 2 | Key immune cell-derived exosomes and their functional roles in IBD.	Immune cell type	Key exosomal cargo	Effect in IBD	Inflammatory role	References
	Macrophages (M1/M2)	M1: TNF-α, IL-6, IL-23, miR-155
M2: TGF-β, IL-10, miR-21-5p, miR-155-5p	M1 promotes leukocyte recruitment and inflammation; M2 reduces inflammation but may promote tumorigenesis	Pro-inflammatory (M1)/Anti-inflammatory, pro-tumorigenic (M2)	Wang et al. (2019); Tian et al. (2022); Ma et al. (2021)
	T Cells (CD4+/CD8+)	Granzyme, perforin, MHC II-like peptides	Cytotoxicity, cytokine release, and immune activation	Pro-inflammatory	Wang and Shi, (2022); Zhang et al. (2024)
	Dendritic cells	MHC II, CD40, CD80, CD 86, IL-15Rα, MIC-A/B, ULBP-1, miR-155	Stimulate T/NK cells; mucosal inflammation	Strongly pro-inflammatory	Tkach et al. (2017); Bassani et al. (2019)
	Neutrophils	Myeloperoxidase, miR-23a, miR-155	Barrier damage, impaired wound healing	Strongly pro-inflammatory	Ayyar and Moss (2021)
	Mast cells	Histamine, IL-4, TNF-α, tryptase, chymase, miR-223	Increase permeability, promote fibrosis	Pro-inflammatory	Li et al. (2020)
	Natural killer cells	Perforin, granzyme B, IFN-γ, miR-186	Epithelial injury and inflammation	Pro-inflammatory	Hazrati et al. (2022)


4 EXOSOME-MEDIATED MIRNA DYSREGULATION AND BARRIER DYSFUNCTION IN IBD
In IBD, exosomes carrying dysregulated miRNAs and inflammatory cargo contribute to gut barrier breakdown, microbial imbalance, and inflammation. Exosomal miR-223 derived from immune cells downregulates Claudin-8 and CLDN8 expression, leading to the disruption of tight junctions and increased epithelial permeability through activation of the IL-23 pathway. This, in turn, promotes microbial translocation and enhances inflammatory cell infiltration (Li et al., 2020; Zhou et al., 2021). Similarly, elevated miR-21 and miR-301a in epithelial exosomes, induced by pro-inflammatory stress, promote AKT activation and suppress cadherin-1 or PTEN expression, disrupting junctional integrity and promoting inflammation-driven permeability (Zhou et al., 2021). Moreover, aberrant exosomal miR-29a expression in IECs has been linked to reduced occludin levels and enhanced epithelial permeability, particularly in aging and inflammatory conditions marked by elevated levels of IFN-γ, IL-6, and IL-1β (Park et al., 2022). These exosomes can also promote macrophage polarization toward the pro-inflammatory M1 phenotype through delivery of miR-155, which enhances NF-κB activity and the secretion of TNFα and IL-6, amplifying epithelial injury and mucosal immune activation (Shen et al., 2021). Moreover, exosomes derived from the serum of IBD patients have been found to upregulate Interleukin-8 (IL-8) in epithelial cells, triggering macrophage chemotaxis and sustaining immune cell infiltration, which further disrupts the mucosal barrier and disturbs microbial homeostasis (Shen et al., 2021). Furthermore, exosomal cargo altered by infection with Escherichia coli strains exhibiting adherent-invasive characteristics, such as the downregulation of let-7b, can alter macrophage activation, hinder autophagy, and activate fibrogenic and ER stress pathways, thereby intensifying CD progression (Carrière et al., 2016). Notably, host-derived exosomes can also directly influence microbial gene expression. Fecal exosomes containing miR-515-5p or miR-1226-5p can enter gut bacteria like Fusobacterium nucleatum or E. coli, altering their transcriptional activity, favoring the expansion of pro-inflammatory species, and contributing to dysbiosis (Liu et al., 2016). Additionally, disruptions in Rab27a-mediated exosomal secretion from myeloid cells can limit the release of anti-inflammatory miRNAs such as miR-146a, leading to excessive macrophage activation and worsening colitis severity (Bauer et al., 2022). In addition, F. nucleatum-derived EVs have been shown to intensify the experimental colitis by disrupting epithelial barrier function and promoting inflammatory autophagy (Wei S. et al., 2023). In Dextran Sulfate Sodium (DSS)-treated mice, oral administration of F. nucleatum-derived EVs significantly worsened colitis severity by downregulating miR-574-5p and activating the CARD3-dependent autophagy pathway in IECs, which led to reduced expression of tight junction proteins ZO-1 and occludin, elevated IL-1β, IL-6, and TNFα secretion, and pronounced epithelial damage (Wei Z. et al., 2023). Wei S. et al. (2023) employed a DSS-induced colitis mouse model along with an experiment on cultured IECs to investigate the effects of F. nucleatum-derived EVs. The study utilized targeted knockdown and overexpression approaches to dissect the role of miR-574-5p and the CARD3-dependent autophagy pathway and quantified tight junction proteins and pro-inflammatory cytokines using standard molecular and immunological techniques. Inhibition of autophagy or targeting the miR-574-5p/CARD3 axis alleviated both barrier disruption and colitis symptoms, highlighting a direct pathogenic mechanism by which bacterial EVs can impair gut integrity in IBD (Wei Z. et al., 2023).
5 INTERCONNECTION OF ER STRESS AND EXOSOME BIOGENESIS IN IBD
The interconnection between ER stress and exosome release may significantly contribute to the pathogenesis and progression of IBD, with significant implications for intestinal inflammation and immune modulation. Inherited genetic variations in major ER stress regulators such as XBP1, ARG2, and ORMDL3, along with external factors like microbial-derived molecules and pro-inflammatory cytokines, can significantly impair ER homeostasis (Kaser and Blumberg, 2010). This dysregulation of ER stress can activate pro-inflammatory signaling pathways in the gut, reduce the integrity of the mucosal barrier, and induce epithelial cell apoptosis (Qiao et al., 2021). ER stress, arising from the accumulation of misfolded proteins, activates the UPR, leading to alterations in cellular homeostasis, and this stress response not only influences intracellular functions but also modulates EV dynamics, particularly exosome biogenesis (Ye and Leu, 2022). ER stress influences the formation of MVBs and the release of exosomes, thereby establishing a crucial link between intracellular stress responses and intercellular communication (Jahangiri et al., 2022). As exosomes serve as crucial mediators of intercellular communication, in the context of IBD, their interplay with ER stress may play an important role in disease onset, progression, and recovery. Under ER stress conditions, cells initiate adaptive mechanisms to restore homeostasis, which not only regulate protein folding and degradation but also influence cellular processes such as autophagy and exosome formation (Senft and Ronai, 2015; Jahangiri et al., 2022). It has been reported that ER stress enhances the formation of MVBs, the precursors to exosomes, by promoting the inward budding of late endosomes (Wu et al., 2021). This process is facilitated by the upregulation of proteins involved in vesicle trafficking and membrane remodeling, such as CD63 (Gurunathan et al., 2021). Consequently, ER stress may lead to an increase in exosome secretion, thereby altering the extracellular matrix and influencing neighboring cells. Exosomes derived from ER-stressed cells often carry stress-related biomolecules, including proteins such as GRP78 and CHOP, lipids such as ceramides and lysophosphatidylcholine, and RNAs, including miR-23a, which can transmit ER stress and activate inflammatory signals in recipient cells (Ye and Leu, 2022). In IBD, where the intestinal epithelium is subjected to chronic inflammatory stimuli, this mechanism amplifies persistent ER stress, disrupting epithelial cell function and integrity and contributing to barrier dysfunction and increased intestinal permeability (Shi et al., 2024). Simultaneously, enhanced exosome production under ER stress conditions may facilitate the transfer of pro-inflammatory mediators, including cytokines, microRNAs, and damaged proteins, to adjacent cells (Ye and Leu, 2022). In the mucosal microenvironment of IBD, enriched with inflammatory mediators and damage-associated molecular patterns (DAMPs), this ER stress–exosome interplay creates a feedback loop that continues and amplifies inflammation (Ocansey et al., 2020). Exosomes derived from stressed epithelial cells can deliver inflammatory signals to immune cells, continuing the inflammatory characteristic of IBD, while the altered protein and RNA composition of exosomes under ER stress may influence the differentiation, activation, and polarization of immune cells such as macrophages, dendritic cells, and T cells, thereby worsening the inflammatory response (Ocansey et al., 2020). The mutual interaction between ER stress and exosome biogenesis may further intensify the pathophysiology of IBD, as exosomes not only serve as vehicles for transmitting stress-induced signals (Liao et al., 2019) but also participate in the modulation of ER stress pathways in recipient cells (Kanemoto et al., 2016). This intercellular communication loop may underscore the complexity of cellular adaptations to stress and highlights the potential for exosomes to propagate pathological conditions beyond their cell of origin. A more detailed analysis of how ER stress interfaces with exosome biogenesis in IBD will be discussed in the following sections.
5.1 ER stress-induced exosome release and cargo modifications
Under ER stress, cells upregulate pathways that significantly enhance exosome biogenesis and secretion. Kanemoto et al. (2016) demonstrated that ER stress significantly enhances multivesicular body formation and exosome secretion, establishing a direct link between ER stress signaling and extracellular vesicle biogenesis using HeLa cells as well as IRE1α/β and PERK knockout mouse embryonic fibroblasts (MEFs), treated with tunicamycin. By inhibiting the key UPR sensors, the stress-related increase in exosome release was prevented. This is because certain key molecules involved in the generation of exosomes, such as ESCRT proteins and ceramide, are activated by ER stress pathways, particularly those involving IRE1α and PERK (Ye and Leu, 2022). This highlights a strong connection between ER stress and increased exosome production. Likewise, triggering intense ER stress in choriocarcinoma cells with tunicamycin results in a significant increase in the release of EVs (Collet et al., 2018). These findings suggest that increased exosome production is a common cellular response to stress, indicating that cells deliberately adjust exosome release to cope with stressful conditions (Collet et al., 2018). ER stress also changes the composition of exosomal cargo. Under stress, cells are more likely to load vesicles with DAMPs and proinflammatory molecules. In a study by Collet et al. (2018), it was revealed that inducing severe ER stress in placental cells led to the release of EVs that were enriched with high levels of DAMPs, HMGB1, and HSP70. These EVs containing DAMPs naturally promote inflammation. In the metabolic context, obesity-induced metabolic stress, which is characterized by elevated palmitate levels, activates NF-κB and ER stress pathways in adipocytes, which in turn significantly enhance the enrichment of certain microRNAs into exosomes (Li et al., 2024). Similarly, inflammatory signals in the gut, such as cytokines and hypoxia, are likely to alter the RNA composition of exosomes. In fact, exosomal miRNA profiles are disrupted in IBD; for instance, miR-21, a pro-inflammatory miRNA elevated in inflamed colonic tissue, is selectively incorporated into epithelial cell-derived exosomes in response to stress-related stimuli like substance P/NK-1R activation (Bakirtzi et al., 2019). Similarly, neutrophil-derived exosomes carry miRNAs like miR-23a and miR-155, which negatively affect colonic epithelial wound healing (Ayyar and Moss, 2021). Additionally, exosomal miR-223 from macrophages has been shown to intensify intestinal barrier damage in a DSS-induced colitis model (Chang et al., 2023). Also, IBD patient-derived exosomes contain a highly pro-inflammatory molecular profile. Mitsuhashi et al. (2016) collected intestinal luminal aspirates (∼10 mL of fluid) from the colon of IBD patients and healthy controls during colonoscopy to isolate luminal EVs and compare their molecular contents. It has been reported that EVs from IBD patients contained significantly elevated levels of proinflammatory cytokines IL-6, IL-8, TNFα, and the anti-inflammatory cytokine IL-10, along with specific proteins and miRNAs associated with inflammation. It also demonstrated that these EVs could induce proinflammatory responses in cultured IECs and macrophages, suggesting that they originate from ER-stressed intestinal epithelial and immune cells within inflamed mucosal tissue and actively contribute to disease-associated inflammation.
5.2 Exosome-mediated transfer of ER stress signals in intestinal inflammation
Exosomes released from ER-stressed IECs can transmit stress signals to neighboring cells within the gut microenvironment. Gut-resident secretory cells under proteostatic stress, such as Paneth or goblet cells with XBP1 dysfunction, are particularly prone to releasing exosomes enriched with UPR components or misfolded proteins (Bhattacharya and Chatterji, 2024). Mahadevan et al. (2011) revealed that macrophages exposed to conditioned medium from ER-stressed tumor cells were used to investigate intercellular communication of stress signals. They observed that macrophages not only upregulate UPR genes but also produce elevated levels of proinflammatory cytokines, demonstrating that ER stress can be transmitted from tumor cells to recipient myeloid cells, thereby activating the UPR and promoting an inflammatory response Moreover, ER stress-associated exosomes have the potential to modulate immune responses. He et al. (2020) found that macrophages exposed to exosomes derived from ER-stressed HepG2 cells significantly increase the expression of IL-6, MCP-1, and IL-10. These exosomes might contain phospholipids or vesicular miRNAs that activate NFκB or JNK signaling pathways, or they may carry UPR-related transcription factors or chaperones like GRP78 either within their cargo or on their surface, thereby amplifying stress responses in recipient cells. Functionally, recipient cells react by triggering UPR sensors, elevating cytokine production, and frequently exhibiting impaired barrier integrity. For instance, exosomal miR-21 can target tight junction regulators and promote epithelial migration, while other miRNAs or proteins in IBD EVs may disrupt mucosal integrity (Bakirtzi et al., 2019). Furthermore, neutrophil-derived exosomes, which are abundant in inflamed tissues, secrete myeloperoxidase and specific miRNAs (e.g., miR-23a and miR-155). These miRNAs are taken up by IECs and have been shown to impair wound healing (Ayyar and Moss, 2021). Collectively, these mechanisms suggest that ER stress in a single cell can be transmitted through exosomes, triggering ER stress markers along with inflammatory responses in nearby gut cells. A summary of the exosome-mediated interactions and their functional consequences in IBD is represented in Table 3.
TABLE 3 | Exosome-mediated propagation of ER stress and inflammatory signals in IBD.	Source of exosomes	Key cargo	Effect on intestinal microenvironment	References
	ER-stressed IECs derived exosomes	dsDNA-rich exosomes	Activate cGAS–STING in macrophages → excessive cytokine release	Zhou et al. (2021)
	IBD patient-derived exosomes	Pro-inflammatory cytokines, miRNAs, proteins	Increased IL-8 production, disrupted barrier integrity	Mitsuhashi et al. (2016); Bakirtzi et al. (2019)
	Neutrophil-derived exosomes	miR-23a, miR-155, myeloperoxidase	Impaired wound healing, barrier damage	Ayyar and Moss (2021)
	Adipose tissue exosomes	miR-155	Promote M1 polarization, worsen colitis	Wei Z. et al. (2023)
	Salivary exosomes	Multiple inflammatory mediators	Disrupt tight junctions, worsen colitis	Yang et al. (2024)


5.3 Exosome-ER stress loop in gut inflammation
Exosomes carrying inflammatory and ER stress signals amplify cytokine activity and cellular dysfunction, which subsequently enhances ER stress and triggers further exosome release (Figure 4). For instance, Mitsuhashi et al. (2016) showed that exosomes from IBD patients promote macrophage migration and cytokine release, while IL-8-containing exosomes attract neutrophils, collectively exacerbating ER stress in epithelial cells. Notably, this ER stress significantly influences the molecular composition of the exosomes, leading to their enrichment with specific proteins such as Pregnancy zone protein (Shao et al., 2021) as well as lipids like ceramides associated with IRE1α activation (Dasgupta et al., 2020), and potentially distinct miRNAs (miR-223, miR-23a, and miR-155) that reflect the inflammatory and stressed state of the originating cell (Wang et al., 2020; Ayyar and Moss, 2021). At the molecular level, exosomes carrying miRNAs or DAMPs can strongly stimulate the NF-κB and JAK/STAT signaling pathways in immune cells. Mahadevan et al. (2011) demonstrated that macrophages exposed to tumor-derived ER stress signals not only activate their own stress response pathways but also acquire a pronounced proinflammatory phenotype. These macrophages showed increased levels of stress-related markers such as Grp78, Gadd34, CHOP, and spliced Xbp1, indicating that they were deeply affected by the tumor environment. Also, Chen et al. (2022) showed that a high-fat diet worsens TNBS-induced colitis in mice via mesenteric adipose tissue-derived exosomes enriched with MALAT1. These exosomes are taken up by colonic epithelial cells, where MALAT1 suppresses miR-15a-5p, leading to activation of the ATF6-mediated ER stress pathway. This cascade results in amplified inflammatory signaling, increased epithelial cell damage, and worsening of colitis pathology, highlighting the interplay between diet, exosome signaling, and ER stress in intestinal inflammation. Similarly, Jin et al. (2025) demonstrated that IEC-specific Prdx3 deficiency leads to severe DSS-induced colitis through increased oxidative stress and exosomal release of miR-1260b. These exosomes impair epithelial barrier integrity and activate p38 MAPK/NF-κB signaling, promoting inflammation. This further supports that the stress-induced exosomal cargo amplifies inflammatory signaling and epithelial dysfunction, thereby sustaining ER stress and contributing to disease severity in IBD.
[image: Diagram illustrating the role of inflammatory cytokines and genetic mutations in epithelial cells, leading to endoplasmic reticulum (ER) stress and unfolded protein response (UPR) activation. This results in apoptosis and barrier dysfunction, enhancing exosome release. Exosomes modulate immune cells, contributing to inflammation and chronic inflammatory bowel disease (IBD). Inflammation affects adjacent epithelial cells through transmissible ER stress. Key components include GRP78, CHOP, IRE1, PERK, and ATF6 involved in these processes.]FIGURE 4 | Exosome-mediated bidirectional loop linking ER stress to chronic gut inflammation. Inflammatory cytokines and genetic mutations (XBP1, ORMDL3, ARG2) trigger ER stress in intestinal epithelial cells, activating the unfolded protein response (UPR) through PERK, IRE1, and ATF6 pathways. Persistent ER stress induces CHOP-mediated apoptosis and barrier dysfunction, while also promoting exosome release enriched with GRP78, CHOP, ceramides, and miR-23a. These exosomes propagate inflammation, activate immune cells, and transmit ER stress to neighboring cells, thereby sustaining chronic IBD.6 PRECLINICAL EVIDENCE LINKING ER STRESS–EXOSOME TO IBD PATHOGENESIS
Growing experimental evidence reveals that ER stress in IECs promotes exosome-mediated immune activation, thereby amplifying intestinal inflammation. Zhou et al. (2021) demonstrated that ER-stressed IECs, in both DSS-induced colitis models and in colonic biopsies from CD patients, secrete exosomes enriched with mitochondrial and nuclear double-stranded DNA (dsDNA), suggesting a mechanism by which ER stress contributes to intestinal inflammation. When intestinal macrophages absorb these exosomal dsDNAs, they function as strong DAMPs that trigger the cytosolic cGAS–STING DNA-sensing pathway. This activation leads to the induction of proinflammatory cytokines, including TNF-α, IL-6, and IFN-β (Zhou et al., 2021). Additionally, in DSS-induced colitis mice, therapeutic suppression of exosome secretion with GW4869 not only decreased STING activation in immune cells but also reduced the severity of the disease, suggesting a transmissible loop between immunological activation and epithelial stress. Furthermore, Kaser et al. (2008) showed that deletion of XBP1 in IECs leads to spontaneous enteritis and increased vulnerability to colitis as a result of Paneth cell malfunction and epithelial hyperactivity to inflammatory and microbial stimuli such as TNFα and flagellin. The study revealed and validated the link between XBP1 genetic variants and both forms of human IBD (UC and CD), with novel hypomorphic variants emerging as risk factors. By activating macrophages and disrupting the intestinal barrier, Gong et al. (2022) showed that serum-derived exosomes from individuals with CD increase intestinal inflammation. These exosomes increased macrophage count and proinflammatory cytokine expression in vitro, while also enhancing epithelial permeability. The study also demonstrated how CD altered the exosomal miRNA profile, specifically lowering the levels of let-7b-5p (Gong et al., 2022). The let-7b-5p/TLR4 pathway was found to be a major mechanistic regulator of inflammation mediated by macrophages. These findings collectively highlight a pathogenic feedback loop in which ER stress in the gut epithelium induces the release of pro-inflammatory exosomes, which in turn activate immune responses that further intensify ER stress and epithelial injury (Gong et al., 2022). This emerging axis provides novel insights into the chronicity of intestinal inflammation in IBD and identifies potential therapeutic targets such as UPR modulators and exosome release inhibitors to disrupt the pathological interplay between epithelial stress responses and immune activation. Also, Yang et al. (2024) demonstrated that salivary exosomes from active IBD patients aggravated colitis in mice. These exosomes disrupted intestinal epithelial integrity by reducing tight junction proteins in Caco-2 cells and induced inflammatory responses in THP-1 macrophages, potentially intensifying ER stress in IECs. Moreover, the distinct miRNA profiles found in these salivary exosomes indicate that their cargo may influence cellular stress pathways, immune responses, and gut microbiota balance (Yang et al., 2024). Another study by Wei S. et al. (2023) showed that visceral adipose tissue-derived exosomes from high-fat diet-fed mice intensified DSS-induced colitis by shifting their miRNA cargo toward a pro-inflammatory profile, particularly enriching miR-155. These exosomes infiltrated the intestinal lamina propria and promoted M1 macrophage polarization, thereby enhancing intestinal inflammation. Key preclinical evidences connecting ER stress and exosomes in IBD pathogenesis is summarized in (Table 4).
TABLE 4 | Preclinical insights into ER stress–exosome–mediated intestinal inflammation.	Source/Model	Key findings	Type of study	References
	DSS-induced colitis mice	ER-stressed IECs release dsDNA-rich exosomes → activate cGAS–STING in macrophages → excessive cytokine release.	In vivo / ex vivo	Zhou et al. (2021)
	XBP1-deficient mice	XBP1 deletion → spontaneous enteritis, Paneth cell dysfunction, ↑ colitis susceptibility.	In vivo	Kaser et al. (2008)
	Serum exosomes (from CD patients)	↑ macrophage cytokines, ↑ epithelial permeability; ↓ let-7b-5p/TLR4 drives inflammation.	In vitro / ex vivo	Gong et al. (2022)
	Salivary exosomes (from IBD patients)	Disrupted tight junctions in Caco-2 cells induced macrophage inflammation, worsened colitis.	In vitro / in vivo	Yang et al. (2024)
	Adipose exosomes (from high-fat diet mice)	miR-155-enriched exosomes → M1 macrophage polarization → worsened DSS colitis.	In vivo	Wei S. et al. (2023)


7 THERAPEUTIC AND DIAGNOSTIC IMPLICATIONS
Exosomes play a dual role in the pathogenesis and treatment of IBD, acting both as mediators of inflammation and as potential therapeutic agents. Exosomes display a context-dependent balance between pro-inflammatory and anti-inflammatory functions. For instance, serum-derived exosomes enriched with proinflammatory mediators, such as let-7b-5p, can activate macrophages via the p38/ERK pathway, thereby intensifying colitis and promoting tissue damage (Huang et al., 2025). In contrast, mesenchymal stem cell–derived exosomes (e.g., from adipose or umbilical cord sources) are enriched with anti-inflammatory cargos, particularly those carrying IL-10, TGF-β, and miR-146a. These exosomes suppress NF-κB signaling, reduce cytokine production, and promote epithelial repair, highlighting their therapeutic promise (Lee et al., 2023; Kheradmand et al., 2025). A study by Banerjee et al. (2015) has demonstrated that UCMSCs effectively prevented DSS-induced colitis in immunodeficient mice by reducing inflammation, tissue damage, and ER stress, highlighting the therapeutic potential of targeting ER stress in IBD. The study also showed that UCMSC-derived factors can likely directly modulate intestinal injury, suggesting a novel diagnostic and treatment approach for IBD. Recent studies (Wei Z. et al., 2023; Saleem et al., 2024) highlight the ability of exosomes to carry bioactive molecules that influence immune responses and epithelial integrity, making them desirable targets for therapeutic intervention. Various sources of exosomes have been explored as a therapeutic target, including those derived from mesenchymal stem cells, immune cells, intestinal epithelial cells, and even plant and food-derived nanovesicles (Ocansey et al., 2020). Several emerging therapeutic strategies targeting exosomes from different sources and ER stress modulation have shown promise in alleviating IBD. Exosomes derived from mesenchymal stem cells, particularly those isolated from adipose tissue or bone marrow, have demonstrated anti-inflammatory and immunomodulatory properties that reduce intestinal inflammation and promote mucosal healing in colitis models (Wei S. et al., 2023; Zubair et al., 2025). These exosomes can carry beneficial microRNAs like miR-146a, miR-223, which inhibit NF-κB activation and suppress pro-inflammatory cytokine expression in macrophages and IECs, thereby restoring immune balance (Zubair et al., 2025). Additionally, plant-derived exosome-like nanoparticles from ginger, grape, or broccoli are gaining attention due to their natural origin and ability to deliver bioactive molecules directly to the gut (Li et al., 2023). It has been reported that, in DSS-induced colitis models, ginger-derived nanoparticles were found to be predominantly absorbed by intestinal epithelial and immune cells, decreasing pro-inflammatory cytokines (TNF-α, IL-6), and improving barrier function (Zhang et al., 2016). Another study by Deng et al. (2017) has revealed that broccoli-derived nanoparticles (BDNs) play a protective role in mouse models of colitis by modulating DC function through activation of AMP-activated protein kinase (AMPK). BDNs induced the formation of tolerogenic DCs and suppressed their activation, thereby maintaining intestinal immune homeostasis (Deng et al., 2017). The anti-inflammatory activity was primarily associated with the sulforaphane component of BDNs, since defense against DSS-induced colitis was exclusively provided by AMPK+/+ DCs and BDN lipids, including sulforaphane (Deng et al., 2017). Moreover, in mouse models of IBD, it has been demonstrated that chemical chaperones like tauroursodeoxycholic acid and 4-phenylbutyric acid reduce ER stress by stabilizing protein conformation and reducing the accumulation of unfolded proteins, which restores epithelial homeostasis and decreases inflammation (Cao et al., 2013). Thus, a dual approach including modulating the origin and cargo of exosomes, and thereby reducing ER stress, may offer a combinational potential in decreasing IBD severity and promoting gut homeostasis. A schematic representation of these therapeutic opportunities is illustrated in Figure 5.
[image: Diagram illustrating therapies for an inflamed gut. On the left, exosome-based therapeutics are shown: MSC-derived exosomes with IL-10 and TGF-β for anti-inflammatory effects; plant-derived exosomes with HSP proteins for reduced TNF-α and IL-6; engineered exosomes targeting NF-kB for inhibiting inflammatory signaling. On the right, ER stress modulators like TUDCA, 4-PBA, and TMAO act as chemical chaperones for IECs with misfolded proteins, leading to reduced ER stress, decreased cytokine release, and improved epithelial homeostasis. Central image depicts an inflamed gut.]FIGURE 5 | Exosome-based therapeutics and ER stress modulators in intestinal inflammation. Therapeutic strategies for intestinal inflammation include exosome-based approaches—MSC-derived exosomes promoting anti-inflammatory effects and barrier repair, plant-derived exosomes reducing TNF-α/IL-6 and enhancing barrier function, and engineered exosomes inhibiting NF-κB signaling—and ER stress modulators (TUDCA, 4-PBA, TMAO) acting as chemical chaperones to alleviate ER stress, decrease cytokine release, and restore epithelial homeostasis.7.1 Human clinical trials
Exosome research is gradually advancing toward clinical application, with several early-phase human trials underway (https://clinicaltrials.gov/). While most of the exosome-based studies focus on cancer, regenerative medicine, and drug delivery, an increasing number of studies are now exploring the potential roles of exosomes in IBD. A Phase I clinical trial (NCT06853522) is currently investigating the safety and therapeutic potential of human umbilical cord mesenchymal stem cell–derived exosomes (hUC-MSC-Exos) in patients with active UC. The trial seeks to determine whether hUC-MSC-Exos can be safely administered to patients while also providing early indications of their ability to alleviate intestinal inflammation and promote mucosal healing. In addition, a randomized pilot study (NCT04879810) is evaluating the safety and therapeutic potential of ginger-derived exosomes, with or without curcumin, in patients with IBD. This trial assesses whether exosomes alone or in combination with curcumin can reduce symptoms, improve disease scores, and modulate inflammatory biomarkers. The study plans to enroll up to 90 patients across three groups, with the combination therapy expected to provide greater symptom improvement, supporting the development of novel nutraceutical-based approaches for patients with persistent IBD. Similarly, a Phase I clinical trial (NCT06742203) is evaluating WPMDE1, a whey protein milk-derived exosome nutritional supplement, in healthy adults. The trial aims to assess tolerability, usability, and optimal dosing of WPMDE1, with participants receiving ascending doses over 7–30 days. Blood sampling, vital sign monitoring, and gastrointestinal symptom tracking will be performed to guide the design of future studies targeting patients with irritable bowel syndrome and IBD. Likewise, phase I/II clinical studies (NCT05499156, NCT05402748) are evaluating human placenta–derived MSC exosomes for the treatment of complex perianal or anal fistulas in CD patients who have not responded to prior therapies. In both studies, exosomes were injected directly into the fistula tract weekly for three consecutive weeks, and patients were monitored for fistula healing by MRI, changes in inflammatory biomarkers (CRP, IL-6, TNF-α, calprotectin), and quality of life over 12 weeks. These studies provide preliminary evidence that MSC-derived exosomes may promote fistula closure, reduce local inflammation, and improve patient-reported outcomes, supporting their potential as a novel therapeutic option in Crohn’s-related perianal disease. A summary of these human clinical trials, highlighting their design, interventions, and key findings in IBD, is provided in Table 5.
TABLE 5 | Human clinical trials of exosome-based therapies in IBD.	Trial ID	Sources of exosomes	Phase of study	Intervention/Design	Key outcomes
	NCT06853522	hUC-MSC	Phase I	Administration of hUC-MSC-Exosomes in UC patients	Evaluation of safety, inflammation reduction, and mucosal healing
	NCT04879810	Ginger with/without curcumin	Pilot study	Exosomes with/without curcumin supplementation	Assessment of symptoms, disease activity scores, and biomarkers
	NCT06742203	Whey protein milk-derived	Phase I	Ascending dose administration over 7–30 days	Determination of tolerability, optimal dosing, and gastrointestinal symptom response
	NCT05499156	Placenta-derived MSC	Phase I/II	Weekly injections of exosomes into the fistula tract	Evaluation of fistula healing, biomarker modulation, and quality of life improvement
	NCT05402748	Placenta-derived MSC	Phase I/II	Weekly injections of exosomes into the fistula tract	Evaluation of fistula closure and inflammation.


8 CHALLENGES AND FUTURE DIRECTIONS
Despite significant advances in understanding the ER stress–exosome axis in IBD, several key challenges and substantial knowledge gaps remain, particularly concerning how these processes operate in human disease and how current insights can be effectively translated into clinical applications. Most of the recent research is based on animal models or in vitro cell cultures, which do not accurately represent the complexity of the human gut, leading to variability and inconsistencies in results across studies. This complicates the understanding of the interaction between exosomes and ER stress in IBD patients. Moreover, few clinical studies directly validated the role of ER stress–exosome interactions in IBD, leaving a critical gap between preclinical findings and patient outcomes. Another major challenge is the lack of advanced models that can accurately mimic the complex environment of the human intestine. Conflicting results regarding exosome cargo composition, release mechanisms, and functional effects further underscore the need for more robust, standardized investigations. Current experimental models are limited in replicating the intricate microenvironment of the human gut. Although emerging tools such as organoids (mini-gut models) (Yin et al., 2019), gut-on-a-chip systems (Ashammakhi et al., 2020), and single-cell technologies (Zheng, 2023) offer promising platforms, yet they remain in the early stages of development and are not fully explored. Technical limitations in isolating, characterizing, and analyzing exosomes, due to their heterogeneity and overlap with other EVs, (Tzng et al., 2023), hinder reproducibility, and limit the discovery of reliable biomarkers or therapeutic targets. From the clinical application point of view, ensuring the safety, specificity, and scalability of exosome-based therapies, as well as addressing complex regulatory requirements, are additional challenges. (Rezaie et al., 2022). Future research should focus on elucidating the precise molecular mechanisms by which ER stress pathways, such as PERK, IRE1α, and ATF6, regulate exosomal cargo loading, including proteins, lipids, and miRNAs that influence intestinal inflammation. To better understand the dynamic connection between ER stress and exosomes during disease progression and treatment, and to identify novel diagnostic and therapeutic approaches for IBD, future studies could employ a range of experimental strategies. CRISPR/Cas9-mediated gene editing could be utilized to selectively modulate ER stress components (PERK, IRE1α, or ATF6) or miRNA cargo regulators to determine their specific roles in exosomal cargo loading and intestinal inflammation (Xu et al., 2025). Engineered exosomes carrying therapeutic miRNAs or silencing RNAs could be developed and tested in organoid models to assess their capacity to ameliorate ER stress-induced inflammation. Integration of spatial transcriptomics like GeoMx or 10x Xenium platforms on intestinal biopsies from IBD patients will enable precise mapping of the cellular microenvironments where ER stress and exosome interactions occur within inflamed tissue, revealing the spatial relationship between stressed epithelial cells and immune infiltrates (Liu et al., 2024; Mennillo et al., 2024). Single-cell and spatial transcriptomic profiling of patient-derived intestinal organoids will bridge the gap between in vitro mechanistic studies and clinical pathophysiology (Tsalikis et al., 2016). These combined approaches will provide unprecedented resolution of how exosomal cargo heterogeneity impacts localized inflammatory microenvironments. Co-immunoprecipitation coupled to mass spectrometry (Co-IP/MS) can be used to identify protein-protein interactions within exosome cargo complexes and to monitor changes in these interactions in response to ER stress induction (Fu et al., 2024). RNA immunoprecipitation (RNA-IP) followed by high-throughput sequencing should be employed to identify ER stress-responsive miRNAs and their interaction with RNA-binding proteins within exosomes, elucidating selective cargo loading mechanisms (Wozniak et al., 2020). Machine learning algorithms could also be applied to multi-omics datasets like proteomics, lipidomics, and transcriptomics to identify predictive biomarker profiles within exosomes that distinguish disease states and predict treatment response (Lin M. et al., 2025). Deep learning models trained on exosomal cargo profiles could facilitate the development of advanced diagnostic tools for early IBD detection and patient stratification. Additionally, live-cell imaging to track exosome biogenesis and trafficking under stress conditions, and longitudinal human studies to validate findings and monitor disease progression. Collectively, these complementary methodologies could provide a comprehensive framework for understanding ER stress-exosome interactions in IBD.
9 CONCLUSION
ER stress and exosomes are recognized as two critical contributors to IBD pathogenesis. Persistent ER stress not only disrupts epithelial integrity and immune homeostasis but also alters exosome biogenesis and cargo composition, enabling the transmission of stress and inflammatory signals within the intestinal microenvironment. Previous experimental studies have demonstrated that ER stress can modulate exosome composition, including miRNAs, proteins, and lipids, which in turn affect immune responses and barrier function in gut epithelium, highlighting a mechanistic link between ER stress and exosome-mediated signaling. ER stress in IECs has shown altered exosomal miRNA profiles, such as increased miR-21 and miR-155, which target tight junction proteins and inflammatory regulators, thereby intensifying epithelial permeability and cytokine production. Conversely, stress-induced exosomes have been shown in in vitro and in vivo models to amplify immune dysregulation and epithelial dysfunction. ER stress–induced exosomes derived from IECs, or macrophages have been shown to activate NF-κB and the NLRP3 inflammasome in murine models of colitis, supporting their role in amplifying mucosal inflammation. Additionally, inhibition of the IRE1α–XBP1 pathway or blocking exosome release using GW4869 has been shown to mitigate colitis severity, providing functional validation of this mechanism. Despite these advances, the molecular profiles of ER stress–derived exosomes and their precise contributions to intercellular communication remain incompletely defined, and further experimental validation is needed to establish their clinical relevance as biomarkers or therapeutic targets. Overall, the current evidences suggest that the dynamic connection between ER stress and exosome-mediated signaling is a key mediator of chronic inflammation and epithelial dysfunction in IBD, providing novel insights into disease mechanisms and potential therapeutic strategies aimed at restoring gut homeostasis. Further mechanistic studies, together with advances in exosome engineering and ER stress–targeted interventions, could offer innovative approaches for improving clinical outcomes in IBD.
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Matrix metalloproteinase (MMP)-cleavable sequences allow
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decellularized ECM with tunability and stability
of synthetic backbones

Gene-Activated Hydrogels
Incorporate plasmids, mRNA, or viral vectors encoding therapeutic
genes (e.g., BMPs, VEGF)
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Research
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Web of Science Core Collection

Citation indexes

SSCI, SCI-EXPANDED

Searching period

January 2004 to November 2024
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formulation

TS = (Bronchopulmonary Dysplasia OR Dysplasia,
Bronchopulmonary OR Ventilator-Induced Lung Injuries OR
Ventilator Induced Lung Injury OR Ventilator-Induced Lung
Injury) AND TS = (Mesenchymal Stem Cells OR Mesenchymal
Stromal Cells OR Mesenchymal Progenitor Cells OR Wharton's
Jelly Cells OR Adipose-Derived Mesenchymal Stromal Cells OR
Multipotent Bone Marrow Stromal Cells)

Language

“English”

“Type of articles

Articles and reviews

Data collection

Export with full records and cited references in plain text format

Sample size

353 publications including 216 articles and 137 review articles
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Citations

Year

Author
Van Haaften t

stem cells for dysplasia: phase 1 dose-escalation clinical trial

Chang Ys

Bone marrow stromal cells attenuate lung injury in a murine model of neonatal chronic lung disease

Aslam m

Short-term, long-term and paracrine effect of human umbilical cord-derived stem cells in lung injury prevention and repair in
experimental bronchopulmonary dysplasia

Pierro m

Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement

Dominici m

Mesenchymal Stromal Cell Exosomes Ameliorate Experimental Bronchopulmonary Dysplasia and Restore Lung Function through

Macrophage Immunomodulation
Human umbilical cord blood-derived stem cells attenuate hyperoxia-induced lung injury in neonatal rats

Willis gr

Chang Ys

‘Two-Year Follow-Up Outcomes of Premature Infants Enrolled in the Phase I Trial of Mesenchymal Stem Cells Transplantation for
Bronchopulmonary Dysplasia

Abn Sy






OPS/images/fped-13-1558301/MathJax.js
/*************************************************************
 *
 *  MathJax.js
 *  
 *  The main code for the MathJax math-typesetting library.  See 
 *  http://www.mathjax.org/ for details.
 *  
 *  ---------------------------------------------------------------------
 *  
 *  Copyright (c) 2009-2012 Design Science, Inc.
 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;
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