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Introduction: Mesenchymal stromal cells (MSCs) have demonstrated therapeutic properties both in vitro and in vivo to treat various diseases, including anti-inflammatory, immunomodulatory and pro-angiogenic effects. These therapeutic effects are mediated by their secretome composed of soluble factors and extracellular vesicles (EVs). The composition of EVs reflects the molecular and functional characteristics of parental cells. MSC preconditioning can alter the composition of EVs, thereby influencing their therapeutic potential.
Methods: MSCs were subjected to preconditioning with two cytokines, TNFα and IFNγ. Following 24 h of preconditioning, MSC-EVs secreted into the culture supernatant were isolated through tangential filtration. Particle concentration and size distribution were measured by nanoparticle tracking analysis, and the surface antigen expression of the EV-specific CD63 was quantified via Enzyme Linked ImmunoSorbent Assay. The angiogenic potential of MSCEVs obtained after preconditioning MSCs was assessed by the analysis of their protein composition and their influence on human umbilical vein endothelial cell (HUVECs) proliferation, migration, and tube-forming ability.
Results: Preconditioning with TNFα and IFNγ did not influence the MSC-EV profile but did induce changes in their protein content. Indeed, the expression of pro-angiogenic proteins increased in EVs from preconditioned MSCs compared to EVs from no-preconditioned MSCs. EVs from preconditioned MSCs tend to stimulate HUVEC migration, proliferation and tubeforming ability. These observations imply the presence of a pro-angiogenic potential in EVs obtained after preconditioning of MSCs with TNFα and IFNγ.
Discussion: In conclusion, it appears that the pro-angiogenic potential of EVs is enhanced through preconditioning of MSCs with TNFα and IFNγ. The use of these MSCs-EVs in therapy would circumvent the limitations of current cell-based therapies. Indeed, the therapeutic potential of MSC-EVs presents an attractive strategy for exploiting the clinical benefits of MSC therapy. For example, in the field of regenerative medicine, the exploitation of cell-free therapy using highly pro-angiogenic MSC-EVs is of great interest.
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INTRODUCTION
Mesenchymal stromal cells (MSCs) derived from adult tissues are characterized by their low immunogenicity, high proliferation capacity, differentiation capabilities, and modulation of physiological processes such as inflammation, hematopoiesis, and angiogenesis (Uccelli et al., 2008; Bernardo and Fibbe, 2013). They are currently considered an important therapeutic tool in neurological disorders, pulmonary dysfunctions, metabolic/endocrine-related diseases, reproductive disorders, skin burns, and cardiovascular conditions (Aggarwal and Pittenger, 2005; DiMarino et al., 2013; Vasanthan et al., 2020; Samsonraj et al., 2017; Wang et al., 2018). Moreover, due to their strong immunosuppressive capabilities, MSCs have been utilized in the treatment of immune-related disorders such as graft-versus-host disease, systemic lupus erythematosus, and Crohn’s disease and in severe accidental radiation burn (Le Blanc et al., 2008; Chen et al., 2019; Bey et al., 2007; Lataillade et al., 2007). Nonetheless, a primary constraint associated with employing MSCs for therapy resides in the invasive character of the cell collection procedures and the necessity for multiple doses to sustain the therapeutic impact. Additionally, the manipulation of MSCs can also lead to loss of cellular functionality and genetic instability when performed outside their natural niches (Sohni and Verfaillie, 2013). Indeed, injected MSCs into a given tissue or organ can cause vascular occlusion, an undesirable inflammatory response, transmission of the human pathogens, cardiac arrhythmia and even tumor formation (Arango-Rodriguez et al., 2015).
Numerous studies have demonstrated that the therapeutic efficacy of MSCs primarily relies on their paracrine activities. Indeed, the therapeutic functions of MSCs are facilitated through cell-cell interactions and/or the release of bioactive substances. In particular, the secretome derived from MSCs plays a crucial role in modulating various phases of the angiogenic process, stimulating endothelial cell functions in vitro, and promoting angiogenesis in vivo (Ulpiano et al., 2021). The MSCs secretome comprises a wide range of soluble protein factors, including growth factors and cytokines, and extracellular vesicles (EVs). EVs are nanoscale vesicles enclosed by the nuclear membrane, with diameters ranging from 40 to 150 nm, and they encompass a multitude of proteins, lipids, messenger RNAs (mRNAs), and regulatory microRNAs (miRNAs) (Cavallero et al., 2020). EVs play a pivotal role in mediating intercellular communication and interactions within biological systems. These membranous structures serve as essential messengers in various physiological and pathological processes (Liu and Wang, 2023) This intricate dependency results from a finely regulated sorting and selection process, enabling EVs to carry specific molecules based on the needs of the donor cell, the surrounding environment, and the potential recipient (Phinney and Pittenger, 2017).
In the literature, it is well-established that the functionality of MSCs can be altered through the manipulation of cell culture conditions, a procedure known as “preconditioning.” This approach prepares the cells for the specific in vivo environment in which they will be injected, thereby enhancing their therapeutic efficacy for a specific pathological condition (Hu and Li, 2018). For instance, hypoxia preconditioned MSCs have demonstrated efficacy as an allogeneic transplantation cell therapy, showing potential in mitigating renal fibrosis and inflammation (Ishiuchi et al., 2020) and improving both cellular survival and function (Elabd et al., 2018). Similarly, inflammatory preconditioning increases the immunomodulatory properties of MSCs in vitro and in vivo settings (Sarsenova et al., 2022). Utilizing ex vivo preconditioning approaches, which reproduce the injured environment through controlled culture conditions, offers a promising strategy to further enhance the therapeutic potential of MSCs (Hu and Li, 2018).
Preconditioning MSCs with inflammatory cytokines, such TNFα and IFNγ has been proven to be an effective approach for enhancing their regenerative capabilities (Gómez-Ferrer et al., 2021; Watanabe et al., 2022). However, the precise effects of this preconditioning on the protein content, and with a specific focus on the angiogenic potential of MSC-derived extracellular vesicles (MSC-EVs) remains poorly understood. Previous studies have mainly focused on the effects of preconditioning with hypoxia (Ferreira et al., 2018), and there is currently a lack of data regarding the specific changes induced by inflammatory cytokines in the protein composition of MSC-EVs. Therefore, investigating the effects of preconditioning on MSC-EVs could potentially open innovative therapeutic possibilities. By understanding the modifications in protein cargo induced by inflammatory cytokines more precisely, we can gain valuable insights into the mechanisms through which EVs can enhance their regenerative therapeutic potential. Consequently, a comprehensive understanding of the secretory activity of MSCs, in conjunction with their in vivo behavior and paracrine effects, is imperative for harnessing their clinical potential.
In the present study, we evaluated the influence of preconditioning MSCs with inflammatory stimuli (TNFα and IFNγ) on the protein profile and pro-angiogenic potential of MSC-EVs. Our results revealed that this preconditioning of MSCs led to the release of pro-angiogenic proteins by MSC-EVs. These vesicles were observed to exert an influence on the proliferation, migration and angiogenesis of human umbilical vein endothelial cells (HUVECs).
MATERIALS AND METHODS
Mesenchymal stem/stromal cells (MSCs) culture and characterization
Human mesenchymal stem/stromal cells (MSCs) were isolated from bone marrow aspirates, obtained from Lonza (Walkersville, MD, United States, WV IM-105), and were sourced from healthy informed consent donors aged 30–40 years with a BMI <25 and no history of diabetes. Unprocessed human bone marrow contained an average of 20 × 106 nucleated cells/mL. The cells were seeded at a density of 0.16 × 106 cell/cm2 in mesenchymal stem cell growth medium consisting of MEM Alpha Medium (Gibco ref. 22561-021), supplemented with Amphotericin B at 250 μg/mL (ref. Gibco 041-95780), 1% L-glutamine at 200 mM 100× (ref. Gibco 25030-024), 1% Penicillin-Streptomycin at 10,000 U/mL, 100× (ref. Gibco15140122) and 10% fetal bovine serum (Hyclone research grade fetal bovine serum, GE Healthcare Life sciences, ref. SV30160.03). The cultures were maintained at 37°C, 5% CO2, and 95% humidity. After 24 h, non-adherent cells were removed, and the medium was refreshed with mesenchymal stem cell growth medium. The culture medium was changed three times per week, until reaching 80% confluence, defining the cells as being at passage 0. Throughout each expansion phase, MSCs were seeded at a density of 5,000 cells per cm2. In this study, cells amplification was conducted up to passage 3 (P3), to minimize potential phenotypic alterations in the primary cells.
At P3, their differentiation potential and phenotype were analyzed following International Society for Cell and Gene Therapy (ISCT) recommendations (Horwitz et al., 2005; Viswanathan et al., 2019). For phenotyping, the cells were labeled with the CD90-FITC, CD105-FITC, CD73-PE, CD34-PE and CD45-PE antibodies (BD Biosciences) and analyzed by flow cytometry. To assess differentiation potential, MSCs were cultured with lineage-specific media: StemPro Adipogenesis Differentiation Kit (Gibco, A10070-01), StemPro Osteogenesis Differentiation Kit (Gibco, A10072-01), and StemPro Chondrogenesis Differentiation Kit (Gibco, A10071-01). The cells were incubated for 21 days to induce differentiation into adipocytes, osteocytes and chondrocytes. The differentiation outcomes were evaluated through staining with Oil Red O for adipocytes, alizarin red for osteocytes and alcian blue for chondrocytes. Observations were made using visible light microscopy (data shown in (Helissey et al., 2022)).
Isolation and characterization of MSC-EVs
For preconditioning, at P3 of MSCs (80% of confluence), the cells were washed at least three times with sterile 1x PBS (Gibco) and were treated with 20 ng/mL Tumor Necrosis Factor alpha (TNFα) and 20 ng/mL Interferon gamma (IFNγ) for 24 h. Control MSCs (without preconditioning treatment) and TNFa/IFNγ preconditioned MSCs were washed in 1x PBS and cultured in serum free alpha MEM growth medium for 72 h. The culture medium was collected and centrifuged (3000g, 10min) to remove whole cells and debris. The resulting supernatant underwent tangential flow filtration (TFF) using disposable hollow fiber filters (Repligen, mPES 500k) to specifically isolate and concentrate MSC-derived extracellular vesicles (MSC-EVs).
The isolated MSC-EVs were then characterized according to the minimal information for studies of extracellular vesicles (MISEV) guidelines established by International Society for Extracellular Vesicles (ISEV) (Théry et al., 2018; Witwer et al., 2021). Quantification and sizing of particles present in the samples were performed using the NanoSight NS300 instrument (Malvern Panalytical). CD63 levels, widely used as EVs markers, were measured in the sample using the ExoELISA-ULTRA CD63 kit (System Biosciences, California, CA, United States) according to the manufacturer’s protocol.
Analysis of angiogenesis protein expression in MSC-EVs
Proteome profiler
Protein concentration of MSC-EVs samples were measured using a BCA protein assay kit (Thermo Scientific Pierce, Rockford, IL, United States). Protein expression was analyzed using Proteome Profiler Human Angiogenesis Array kit (R&D Systems, catalogue number ARY007). The Proteome Profiler Human Angiogenesis Array Kit is a membrane-based sandwich immunoassay. Samples are mixed with a cocktail of biotinylated detection antibodies (Step 1) and then incubated with the array membrane, which is spotted in duplicate with capture antibodies to specific target proteins (Step 2). Captured proteins are visualized using chemiluminescent detection reagents (Step 3). The signal produced is proportional to the amount of bound analyte and was detected using a ChemiDoc XRS + System (BioRad, California, CA, United States). The signal density of each blot was quantified by dot blot analysis on NIH ImageJ analysis software 1.8.0.
Enzyme-linked immuno assay
The level of three pro-angiogenic proteins was measured with a Quantikine ELISA kit (R&D systems): IL8 (D8000C), MCP-1 (DCP00) and CXCL16 (DCX160), following the manufacturer’s instructions.
Analysis of influence of MSC-EVs on HUVECs function
HUVECs proliferation analysis
To measure the impact of MSC-EVs samples on HUVECs proliferation, HUVECs were cultured for 24 h in LSGS-supplemented Medium 200 (Gibco) with MSC-EVs samples. The cells were then trypsinized and 10 µL of cell suspension was mixed with trypan blue. Viable cells were counted automatically using automated cell counter (Luna II, Logos Biosystems).
HUVECs migration analysis
HUVECs migration was analyzed using xCELLigence real-time cell analysis (RTCA). Cell migration measurements were carried-out using 16-well CIM-plates (Agilent, Reference 5665817001). CIM-plates have upper and lower chambers for each well separated by a microporous membrane (in polyethylene terephthalate) with pore size of 8 µm and in contact with microelectrodes. Briefly, 160 µL per well of LSGS-supplemented Medium 200 (Gibco) were deposited in lower chambers. CIM-plates were then assembled under the cell culture hood using CIM-Plate 16 assembly tool. Subsequently, 25 µL/well of LSGS-supplemented Medium 200 (Gibco) were added in upper chambers to cover the membrane surface, and CIM-Plates were incubated for 1 hour at 37°C, 95% humidity and 5% CO2. Background measurement step was then performed (every minute during 10 min). HUVECs cell suspensions (100 μL and 1 × 104 viable cells/well) containing or not EVs (4 × 107 EV/well) were then added in upper chambers. Each condition was performed in duplicates with a programmed signal detection schedule once every 10 s during 24 h (early effects), then every 10 min for 48 h (late effects). Control cells were only incubated with LSGS-supplemented Medium 200 (Gibco). Results are expressed using normalized cell index (NCI) as described by Bourgois et al. (2019).
In Vitro tube formation assay
Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Gibco, 100 µL/well) was coated onto 24-well plates and cultured in a 37°C for 30 min to allow matrix gel polymerization. HUVECs (Gibco) were removed from culture after 7 days in LSGS-supplemented Medium 200 (Gibco), trypsinized and resuspended in LSGS-supplemented Medium 200. HUVECs (5 × 104 cell/well) were seeded into each well in LSGS-supplemented Medium 200 with MSC-EVs samples (2 × 108 EV/well). After 12 h incubation, the cells were stained with 2 μg/mL of Calcein, AM (Invitrogen, Waltham, MA, United States) incubated for 30 min at 37°C. Fluorescence images were captured at a ×4 magnification using a CKX53 brightfield and epifluorescence microscope (Olympus, Allentown, PA, United States). The quantification of angiogenic network formation was performed by counting the number of nodes, junctions, segments and calculating the total segment length based on the collected images, utilizing the NIH ImageJ analysis software, as described in (Gilles et al., 2012).
Statistical analysis
For statistical analysis of the results, the GraphPad Prism 7.0 software (https://graphpad-prism.software.informer.com/7.0/) was used. The Mann–Whitney test was applied to assess statistical significance, with significance levels established at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). All values were presented as the mean ± standard error of the mean (SEM).
RESULTS
Effect of preconditioning with TNFα and IFNγ on profiles of MSC-EVs
The size and concentration of extracellular vesicles in MSC-EVs samples were measured by Nanoparticle Tracking Analysis (NTA). The NTA results revealed no significant difference in the concentration of EVs (Mann–Whitney test, p = 0.4206) and in vesicle size (Mann–Whitney test, p = 0.6905) between samples of MSC-EVs (Figures 1A, B). The mean concentration of particles measured by NTA was 1.056 × 109/mL for EVs from no-preconditioned MSCs and 3.741 × 109/ml for EVs from preconditioned MSCs. The mean particle size of EVs from preconditioned MSCs was 99 nm and 108 nm for EVs from no-preconditioned MSCs. The level of CD63, a specific marker for EVs, in MSC-EVs samples were measured by ELISA (Figure 1C). The mean concentration of CD63 was close in between MSC-EVs samples (Mann Whitney test, p = 1), 46.55 × 109/ml in EVs from no-preconditioned MSCs and 39.98 × 109/ml in EVs from preconditioned MSCs. The absence of CD63 expression in the culture medium shows the specificity of CD63 for EVs. These results indicate that preconditioning of MSCs with TNFα and IFNγ did not affect the characterization criteria of MSC-EVs. However, as illustrated in Figure 1A, the concentration of MSC-EVs after preconditioning is heterogeneous, with some samples showing an increase by a factor of 4.
[image: Figure 1]FIGURE 1 | MSC-EVs characterization. (A) Concentration of particles present in MSC-EVs samples measured by NTA, graph showing the calculated mean ± SEM (Mann-Whitney test, p=0,4206) (B) Size of particles present in MSC-EVs samples measured by NTA, graph showing the calculated mean ± SEM (Mann-Whitney test, p=0,6905) (C) Quantification of CD63 expression, marker of extracellular vesicles, in MSC-EVs samples and in culture medium measured by ELISA, graph showing the calculated mean ± SEM (Mann-Whitney test, p=1).
Effect of preconditioning with TNFα and IFNγ on the angiogenesis protein expression of MSC-EVs
Total protein concentration in MSC-EVs samples was measured by BCA (Bicinchoninic acid assay) (Figure 2). Both samples showed equivalent results, a similarity verified by performing the Mann-Whitney test, resulting in a p-value of 0.6905. In EVs from no-preconditioned MSCs, the mean total protein concentration of protein total was 1,278 μg/mL and in EVs from preconditioned MSCs, it was 1,232 μg/mL. This result indicates that the preconditioning of MSCs with IFNγ and TNFα has no effect on the total protein concentration within MSC-EVs. The absence of correlation between the quantity of EVs and their total protein content indicates that there is no linear or predictable relationship between these two parameters (r = 0.5153, p = 0.1557). These observations highlight a level of complexity and heterogeneity in the composition of MSC-EVs.
[image: Figure 2]FIGURE 2 | MSC-EVs total protein concentration. Concentration of total protein present in MSC-EVs samples measured by BCA, graph showing the calculated mean ± SEM. (Mann-Whitney test, p=0.6905).
To assess the impact of MSCs preconditioning on the expression of angiogenic proteins in MSC-EVs, the expression of 55 angiogenesis related proteins was analyzed in MSC-EVs samples using the Proteome Profiler Human Angiogenesis Array Kit (Figure 3). This semi-quantitative analysis seemed to show apparent differences in the expression of some proteins between EVs from preconditioned or no-preconditioned MSCs. Notably, an increase in the expression of pro-angiogenic proteins (IL8, MCP-1, … ) and a decrease in the expression of anti-angiogenic proteins (Thrombospondin-1, … ) appeared to occur in EVs from preconditioned MSCs. ELISA quantification further confirmed the significant overexpression of three proteins essential to angiogenesis, IL-8, MCP1, and CXCL16 in EVs from preconditioned MSCs (Figures 3B–D). These results suggest that preconditioning with TNFα and IFNγ stimulated the expression of pro-angiogenic proteins in MSC-EVs.
[image: Figure 3]FIGURE 3 | MSC-EVs angiogenesis protein expression. (A) Profiling of angiogenesis-regulating proteins secreted by MSC-EVs samples obtained with Proteome Profiler Human Angiogenesis Array Kit (R&D). The upper section displays a representative image of the dot blot, while the lower section exhibits a graph illustrating the pixel density of each protein’s dot blot signal, normalized to the total membrane signal (B) IL8 expression in MSC-EVs samples measured by ELISA (mean ± SEM) (C) MCP-1 expression in MSC-EVs samples measured by ELISA (mean ± SEM) (D) CXCL16 expression in MSC-EVs samples measured by ELISA (mean ± SEM).
Effect of preconditioning MSC-EV with TNFα and IFNγ on angiogenesis
Angiogenesis requires numerous processes, including vascular endothelial cell proliferation, migration and differentiation. The angiogenic potential of MSC-EVs following preconditioning was evaluated using human umbilical vein endothelial cells (HUVECs).
To evaluate the proliferation response of HUVECs to EVs from preconditioned MSCs, HUVECs were incubated with MSC-EVs samples. After 24 h, viable cells concentration was measured. HUVECs concentration tended to increase after 24 h of incubation with EVs from preconditioned MSCs (mean of viable cell: 3 × 104 cell/mL) as compared of incubation with EVs from no-preconditioned MSCs (mean of viable cell: 9 × 104 cell/mL) (Figure 4A). However, Mann-Whitney tests performed on samples did not show significant differences between the two conditions (p = 0.1000).
[image: Figure 4]FIGURE 4 | Effects of MSC-EVs samples on HUVECs proliferation and migration. (A) HUVECs concentration was measured after 24 h incubation with MSC-EVs sample (mean ± SEM) (B) HUVECs migration incubated with MSC-EVs samples was measured for 24 h using xCELLigence RTCA DP. In left graph, each curve represents mean of three independent experiments of the baseline normalized cell index expressed in arbitrary units (A.U.). Areas under curves were calculated after each treatment (expressed in A.U.) and mean ± SEM represented on right graph (Mann-Whitney test, ***p = 0,0002).
A migration assay using xCELLigence real-time cell analyzer was performed to evaluate the pro-migratory effects of EVs from preconditioned MSCs. After 24 h incubation with EVs from preconditioned MSCs, HUVECs baseline normalized cell index significantly increased as compared to incubation with EVs from no-preconditioned MSCs (p = 0.0002) (Figure 4B). Therefore, EVs from preconditioned MSCs significantly increased HUVECs migration compared to no-preconditioned EVs treatment.
To investigate the effects of EVs from preconditioned MSCs on the ability of HUVECs to form tubule networks in vitro, a tube formation assay was performed. After 12 h incubation in the presence of MSC-EVs samples, HUVECs cultured on a basement membrane extract matrix differentiated and formed tubular structures (Figure 5A). The network of tubes formed was quantified with the NIH ImageJ analysis software. Four indicators to determine the angiogenic effects of MSC-EVs samples were analyzed: the number of nodes (Figure 5B), the number of junctions (Figure 5C), the number of segments (Figure 5D) and total segments length (Figure 5E). After incubation of HUVECs in the presence of EVs from preconditioned MSCs, the number of nodes, junctions, and segments as well as total segment length appeared to increase compared to HUVECs incubated in the presence of EVs from no-preconditioned MSCs. However, Mann-Whitney tests performed on the samples showed no significant differences between the two conditions (p = 0.5476 for number of nodes, junction and segments, p = 0.4206 for total segments lenght). Nevertheless, in 50% of the in vitro neovascularization assays conducted with EVs from preconditioned MSC, we observed an increase in the number of nodes, tubes, and in total segment length.
[image: Figure 5]FIGURE 5 | Tube formation of HUVECs incubated with MSC-EVs samples. (A) Representative images (×10 magnification, scale bar = 50 µm) of tube formation by HUVECs after incubation with MSC-EVs samples, taken by fluorescence microscopy (calcein-AM staining), 12 h after cell seeding. (B) Number of nodes quantified under different experimental conditions using ImageJ software (C) Number of junctions quantified under different experimental conditions using ImageJ software (D) Number of segments quantified under different experimental conditions using ImageJ software (E) Total segments length quantified under different experimental conditions using ImageJ software.
Taken together, these results suggest pro-angiogenic potential in preconditioned MSC-derived EVs. But these vesicles appear to be too heterogeneous and in insufficient quantity to elicit significant stimulation.
DISCUSSION
MSCs have been shown to have therapeutic properties in vitro and in vivo, including anti-inflammatory and immunomodulatory effects (Bernardo and Fibbe, 2013). MSCs have also been shown to promote angiogenesis and accelerate tissue healing (Caplan and Correa, 2011). All these properties make MSCs the most frequently used cell type in therapy. Indeed, the accumulation of preclinical evidence on the promising potential of MSC-based cell therapy has allowed its transposition into clinical applications (García-Bernal et al., 2021). However, despite several years of use of MSCs as therapeutic agents, some aspects of this therapy warrant consideration (Kou et al., 2022). First of all, the proliferative capacity of MSCs is gradually weakened and is accompanied by a certain degree of differentiation which impacts their regulatory and therapeutic capacity (Neuhuber et al., 2008). Then, in the in vivo environment, the self-renewal capacity of MSCs cannot be controlled with a consequent tumorigenicity potential (Jeong et al., 2011). Moreover, although MSCs have a strong potential for regenerative regulation, it is uncertain whether they can target or remain at the damaged site after intravenous injection (Karp and Leng Teo, 2009). MSCs have also been found to cause and promote the growth of various types of cancer (Adamo et al., 2019). Additionally, there are the usual risks associated with cell therapy such as viral infection and immune rejection as well as storage and transportation issues (Ankrum and Karp, 2010).
The discovery that most of the therapeutic effects of MSCs depend on their paracrine action, in particular EVs, and that these vesicles can replace their parent cells offers interesting prospects for the development of innovative therapies (Jafarinia et al., 2020). EVs have numerous advantages (Kou et al., 2022): they lack self-replication capacity, significantly mitigating the risk of tumorigenicity (Phinney and Pittenger, 2017). In comparison to cell therapy, EVs present a safer alternative. As nanoparticles, they exhibit both biocompatibility and low immunogenicity, faciliting their traversal of protective barriers such as the blood-brain barrier (Milbank et al., 2021). They can be continuously secreted by immortalized cells to obtain enough (Xunian and Kalluri, 2020). EVs protect their internal biomolecular activity via their lipid membrane structure, can be stored for an extended period at −80°C and are not prone to deactivation even after repeated freezing and thawing (Zhuang et al., 2021; Watanabe et al., 2022) they possess an encapsulation capacity, enabling the loading of specific drugs for targeted transport to recipient cells (Herrmann et al., 2021).
The paracrine activity of MSCs is influenced by the cellular microenvironment. The composition and activity of MSC-EVs can therefore be modulated by the culture medium of the MSCs (Kusuma et al., 2017). Consequently, preconditioning of MSCs (i.e., intentionally exposing them to a controlled amount of stimulus for a defined period of time in order to produce a desired response) allow to influence the therapeutic potential of MSC-EVs (Baraniak and McDevitt, 2010). Studies have shown that preconditioning MSCs via soluble factors or O2 tension (hypoxia) or 3D culture or mechanical stimulation modulate the composition and activity of MSC-EVs (Kusuma et al., 2017). In a healthy organism, trauma triggers an inflammatory response, leading to the recruitment of inflammatory cells and the release of various cytokines at sites of injury, including TNFα, IFNγ, interleukin (IL)-1, IL-4 and IL-6 (Kany et al., 2019). Angiogenesis is essential for tissue repair, a robust vascular network is essential to supply blood and growth factors to injured tissues (Li et al., 2003a; Eelen et al., 2020). Thus, in this study, we examine the impact of creating an inflammatory environment, simulated by preconditioning MSCs with TNFα and IFNγ, on the angiogenic potential on MSC-EVs.
Many studies have shown that MSC-EVs secretion can be stimulated by preconditioning (Jin et al., 2022). Preconditioning with thrombin, hypoxia, H2O2 and LPS significantly enhances EV biogenesis and secretion compared with naive MSCs. Notably, preconditioning with thrombin can easily increase EV production by more than fourfold compared with other preconditioning regimens (Sung et al., 2019). Our inflammatory preconditioning of MSCs did not alter the size or concentration of the isolated MSC-EVs.
In our study, preconditioning with TNFα and IFNγ stimulated the secretion of pro-angiogenic proteins by MSC-EVs, notably IL8, MCP-1, and CXCL16. These proteins are highly pro-angiogenic. IL8 acts via CXCR2, a surface receptor for endothelial cells, to induce endothelial cell proliferation and capillary tube organization (Li et al., 2003b). MCP-1 is a potent angiogenic chemokine acting directly on endothelial cells to promote angiogenesis. The pro-angiogenic effect of MCP-1 is mediated by its promotion of endothelial cell migration (Wang et al., 2012). CXCL16 promotes angiogenesis via autocrine signaling in HUVECs, involving activation of the ERK1/2, Akt and p38 pathways and subsequent upregulation of HIF-1α. In addition, CXCL16 increases VEGF secretion in HUVECs, most likely via regulation of HIF-1α (Li et al., 2003b). Thus, our prior inflammatory preconditioning of MSCs appears to promote the production of MSC-EVs that activate endothelial cells in the angiogenesis process.
To confirm this hypothesis, we assessed the effect of EVs from preconditioned MSCs on HUVEC proliferation, migration and angiogenesis stimulation, which are key processes in angiogenesis. EVs from preconditioned MSC significantly stimulated HUVEC migration. They also tended to increase their proliferation and tube-forming ability. This disparity in efficacy may be attributed to the fact that the concentration of total proteins within MSC-EVs is not linearly correlated with the quantity of EVs. However, it is reasonable to suspect that the quantity of MSC-EVs used, as well as the heterogeneity of their protein concentrations, may impose limitations on in vitro angiogenesis. Nevertheless, it is worth noting that the majority of published studies examining the impact of EVs on in vitro angiogenesis do not provide specific details regarding the concentrations of EVs employed. In the subsequent phases of this study, we will explore different concentrations of MSC-EVs.
Preconditioning of MSCs with TNFα and IFNγ appears to enhance the pro-angiogenic potential of MSC-EVs. However, it is imperative to ascertain whether this preconditioning does not lead to the secretion of pro-inflammatory proteins, in order for it to be conducive to tissue repair. Moreover, a deeper understanding of the underlying mechanisms of the interaction between MSCs and EVs, as well as their modulation by pro-inflammatory conditions, will be essential to optimize MSC-EV-based therapy. While MSC-EVs therapy holds promising potential as an innovative “cell-free” therapeutic approach, there exist several obstacles that necessitate addressing before clinical application. Among these challenges, the standardization of MSC culture conditions and the formulation of protocols for the isolation, preservation, and storage of EVs stand out as pivotal steps. It is imperative to recognize that the release, biogenesis, and molecular composition of MSC-EVs are significantly impacted by the physical conditions of cell culture. Hence, there is an urgent requirement to thoroughly investigate their contents to attain EVs with exceptional uniformity, ultimately enhancing their specific therapeutic effectiveness.
CONCLUSION
In this study, we observed that preconditioning MSCs with TNFα and IFNγ appears to promote a pro-angiogenic potential of MSC-EVs, thereby fostering the migration and proliferation of endothelial cells. These results indicate that preconditioning with inflammatory cytokines of MSCs can enhance the therapeutic potential of MSC-EVs. Indeed, in regenerative medicine, it would be interesting to benefit from an acellular therapy via MSC-EVs having in particular their pro-angiogenic potential strongly stimulated. However, as our study was limited to the cellular level, further research on animal models will be carried out to confirm the results obtained.
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