

  cells-08-00369




cells-08-00369







Cells 2019, 8(4), 369; doi:10.3390/cells8040369




Article



Insights into Inflammatory Priming of Adipose-Derived Mesenchymal Stem Cells: Validation of Extracellular Vesicles-Embedded miRNA Reference Genes as A Crucial Step for Donor Selection



Enrico Ragni 1,*[image: Orcid], Paola De Luca 1, Carlotta Perucca Orfei 1, Alessandra Colombini 1[image: Orcid], Marco Viganò 1[image: Orcid], Gaia Lugano 1[image: Orcid], Valentina Bollati 2[image: Orcid] and Laura de Girolamo 1





1



Laboratorio di Biotecnologie Applicate all’Ortopedia, IRCCS Istituto Ortopedico Galeazzi, I-20161 Milan, Italy






2



EPIGET—Epidemiology, Epigenetics and Toxicology Lab, Department of Clinical Sciences and Community Health, University of Milan, I-20122 Milan, Italy









*



Correspondence: enrico.ragni@grupposandonato.it; Tel.: +39-02-66214067







Received: 29 March 2019 / Accepted: 21 April 2019 / Published: 23 April 2019



Abstract

:

Mesenchymal stem cells (MSCs) are promising tools for cell-based therapies due to their homing to injury sites, where they secrete bioactive factors such as cytokines, lipids, and nucleic acids, either free or conveyed within extracellular vesicles (EVs). Depending on the local environment, MSCs’ therapeutic value may be modulated, determining their fate and cell behavior. Inflammatory signals may induce critical changes on both the phenotype and secretory portfolio. Intriguingly, in animal models resembling joint diseases as osteoarthritis (OA), inflammatory priming enhanced the healing capacity of MSC-derived EVs. In this work, we selected miRNA reference genes (RGs) from the literature (let-7a-5p, miR-16-5p, miR-23a-3p, miR-26a-5p, miR-101-3p, miR-103a-3p, miR-221-3p, miR-423-5p, miR-425-5p, U6 snRNA), using EVs isolated from adipose-derived MSCs (ASCs) primed with IFNγ (iASCs). geNorm, NormFinder, BestKeeper, and ΔCt methods identified miR-26a-5p/16-5p as the most stable, while miR-103a-rp/425-5p performed poorly. Our results were validated on miRNAs involved in OA cartilage trophism. Only a proper normalization strategy reliably identified the differences between donors, a critical factor to empower the therapeutic value of future off-the-shelf MSC-EV isolates. In conclusion, the proposed pipeline increases the accuracy of MSC-EVs embedded miRNAs assessment, and help predicting donor variability for precision medicine approaches.
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1. Introduction


Cell-based therapies are one of the most promising approaches in the medical arsenal to restore the lost function rather than producing new organs or tissue. The predicted target diseases are broad, such as hormonal dysfunction (diabetes and growth hormones); neurodegeneration (Parkinson, Alzheimer and Huntington); cardiovascular lesions (infarction and ischemia); and orthopedic such as skeletal muscle, joints, and bones (such as osteoarthritis-OA) [1]. Several resources of cells can be used to renovate the damaged tissues, and human mesenchymal stromal cells (MSCs) have been identified as a leading candidate [2]. MSCs may be easily isolated from almost all stromal tissues, have potential for ex vivo expansion and the ability to secrete a range of trophic factors, either free (cytokines or chemokines) or conveyed within extracellular vesicles (EVs) (proteins, lipids and nucleic acids as miRNAs) [3]. Due to these features, MSCs have been more recently defined as “Medicinal Signaling Cells”, since those molecules can orchestrate the trophism and regeneration of diseased tissues [4]. In this perspective, MSCs represent an innovation from current biopharmaceutical production, where the “medicine” of interest is not the cell itself but its released molecules [5]. This crucial difference greatly increases the grade of complexity in the field, taking into account both the manufacturing process and multiple donor variability.



One of most imperative aspects of manufacturing MSC-based therapeutic products is the definition and measurement of cell characteristics, which are greatly influenced by both donor selection and culturing conditions [6]. In the allogeneic settings, identifying the most appropriate batch depends on its fine characterization under different aspects, such as identity, potency, purity, and safety [7]. Beyond these more traditional indications, identifying donor-dependent levels of immunomodulatory and trophic factors (cytokines and EVs, in their whole defined as “secretome”) is a crucial aspect [8]. It is therefore important to understand how they will affect the final product’s identity and how the production process may alter these factors.



MSCs, and as consequence their secretome, can be modulated to boost the beneficial actions of the cells through priming or preconditioning. As an example, inflammatory priming induces cellular changes that drive cells and secreted factors towards a more anti-inflammatory phenotype, which can eventually lead to a more effective response against future severe inflammatory events [9]. Moreover, MSC inflammatory licensing was able to generate a more homogeneous population, compared to naïve MSCs, thereby improving the consistency of MSCs from different donors [10,11,12]. In the OA setting characterized by both tissue degeneration and inflammation, the conditioned media of activated MSCs showed enhanced chondroprotective effect [13,14]. Furthermore, primed MSCs exert a more pronounced immunosuppressive function [15] since their pre-activation in presence of interferon-γ (IFNγ) and/or tumor necrosis factor (TNF)-α, interleukin (IL1)-α, or IL1-β improves their anti-inflammatory effect [16]. In an in vivo mouse model of OA, inflammatory-primed MSC from adipose tissue (ASCs) prevented articular cartilage degradation—being more potent than naïve cells—an effect related to the modulation of their secretome [17]. Consistently, both conditioned medium and EVs obtained from IFNγ licensed-ASCs (iASCs) revealed a superior immunosuppressive potential compared to unlicensed cells [18].



These results have spurred the development of new approaches to characterize the molecular signature of licensed ASCs and their secreted factors to develop more efficacious clinical treatments, aimed at future personalized medicine strategies for individual analysis of the patient’s unique biology. In this frame, the identification of reliable reference genes (RGs) for correct quantification of iASC-EV-embedded miRNAs was performed and further validated on a panel of candidates involved in OA pathology to evaluate donor-dependent signatures, a fundamental step towards precision medicine approaches.




2. Materials and Methods


2.1. Ethics Statement


The research was conducted at IRCCS Istituto Ortopedico Galeazzi with Institutional Review Board approval and specimens were collected under patient informed consent (M-SPER-015-Ver. 2-04.11.2016), and following the 1964 Helsinki declaration and its later amendments or comparable ethical standards.




2.2. ASCs Isolation and Expansion


Waste material of five female donors (median 57 yo) undergoing elective plastic surgery (liposuction) was used to obtain adipose tissue samples that were digested for 30 min at 37 °C with 0.075% w/v type I collagenase (Worthington Biochemical Co, Lakewood, NJ, USA). After digestion, samples were filtered through a cell strainer and centrifuged (1000× g, 5 min) [19]. Cells were seeded at 5 × 103 cells/cm2 in DMEM + 10% FBS (GE Healthcare, Piscataway, NJ, USA), L-glutamine and Penicillin-Streptomycin (Life Technology, Carlsbad, CA, USA). Cells were kept at 37 °C, 5% CO2, and 95% humidity. Experiments were performed with cells at passages 4 for flow cytometry and passage 5 for EVs collection. To prime ASCs with inflammation, 10 ng/mL IFNγ was added for 48 h.




2.3. ASC Characterization


Flow cytometry was used to score positive or negative MSC or hemato/endothelial markers (CD44-PE clone DB105, CD73-PE clone REA804, CD90-FITC clone REA897 and CD105-PerCP Vio700 clone REA794 or CD34-PE Vio770 clone AC136 and CD45-PE Vio770 clone REA747; Miltenyi Biotec, Bergisch Gladbach, Germany) [20,21] with a CytoFLEX flow cytometer (Beckman Coulter, Fullerton, CA, USA) collecting a minimum of 30,000 events [22]. Abs were used in the following combinations: CD73/90/105/45 and CD44/34.




2.4. iASC-EV Isolation and Characterization


After 48 h of IFNγ priming, cells were washed three times with PBS and DMEM without FBS added for another 48 h. Conditioned medium was collected and subjected to differential centrifugation steps to remove broken cells and debris, as described in [22]. Last supernatant was centrifuged at 100,000× g for 9 h at 4 °C in a 70Ti rotor (Beckman Coulter, Fullerton, CA, USA), and EV pellets were processed with the following different techniques.



Flow cytometry: EVs were suspended in 1 mL of Diluent C and 6 μL of PKH26 (Sigma-Aldrich, St. Louis, MO, USA) was added, and incubated for 5 min at RT. PKH26 was quenched with the addition of 2 mL of BSA at 100 mg per ml. A sucrose solution (1.5 mL of a 0.971 M) was added into the bottom of an ultracentrifuge tube, and the solution was centrifuged at 190,000× g at 4 °C for 2 h. Pellets containing labeled EVs were suspended in PBS and stained with anti CD81-FITC clone JS-81 (Becton Dickinson, NJ, USA), anti CD44-PE clone DB105 (for CFSE stained EVs as following described)/CD63-PE Vio770 clone H5C6/CD73-PE clone REA804 (for CFSE stained EVs)/CD90-FITC clone REA897/CD105-PerCP Vio700 clone REA794, and CD34-PE Vio770 clone AC136/CD45-PE Vio770 clone REA747 (Miltenyi Biotec, Bergisch Gladbach, Germany) for 30 min at 4 °C in the dark. Antibodies were used individually. Collection was performed with a CytoFLEX flow cytometer collecting a minimum of 30,000 events. To assess iASC-EV integrity, conditioned media were supplemented with 10 µM CFSE (Sigma-Aldrich) and incubated for 1 h at 37 °C. After ultracentrifugation, as previously described, pellets were suspended in PBS and vesicles analyzed with Cytoflex comparing outcomes with those obtained running FITC-fluorescent beads of 100, 300, 500, and 900 nm (Biocytex, Marseille, France).



Transmission electron microscopy: 5 µL of purified iASC-EVs in PBS after pellet suspension were absorbed on Formvar carbon-coated grids for 10 min. Filter paper was used to blot the drops. Negative staining was performed with a 2% uranyl acetate aqueous suspension for 10 min. The excess of uranyl was removed by filter paper by touching the grid that was dried at room temperature. Samples were examined with a TALOS L120C transmission electron microscope (Thermo Fisher Scientific, Waltham, MA, USA) at 120 kV.



Nanoparticle tracking analysis (NTA): iASC-EVs in suspension after ultracentrifugation were visualized by Nanosight LM10-HS system (NanoSight Ltd., Amesbury, UK). Three recordings of 30 s were performed for each EV sample. NTA software analyzed collected data, providing high-resolution particle size distribution profiles and concentration measurements.




2.5. Candidate RGs Selection


According to previously published papers scoring EV-miRNA RGs [23,24,25,26,27,28,29,30,31,32], one small RNA (U6 snRNA) and nine miRNAs (let-7a-5p, miR-16-5p, miR-23a-3p, miR-26a-5p, miR-101-3p, miR-103a-3p, miR-221-3p, miR-423-5p, and miR-425-5p) were selected.




2.6. Selection of OA-Related miRNAs


According to previously published data, 46 miRNAs related to cartilage homeostasis during OA were selected [33], considering only miRNAs with unambiguous effect (either considered as protective or destructive). Cartilage-protective: miR-320a-3p, miR-27b-3p, miR-148a-3p, miR-127-5p, miR-140-5p, miR-30a-5p, miR-92a-3p, miR-502-5p, miR-130a-3p, miR-193b-3p, miR-149-5p, miR-370-3p, miR-373-3p, miR-142-3p, miR-210-3p, miR-26a-5p, miR-26b-5p, miR-199a-3p, miR-24-3p, miR-222-3p, miR-19a-3p, miR-17-5p, miR-411-5p, miR-27a-3p, miR-152-3p, miR-29a-3p. Cartilage-destructive: miR-381-3p, miR-100-5p, miR-139-5p, miR-203a-3p, miR-34a-5p, miR-30b-5p, miR-302b-3p, miR-181a-5p, miR-18a-5p, miR-23a-3p, miR-216b-5p, miR-138-5p, miR-101-3p, miR-16-5p, miR-21-5p, miR-223-3p, miR-155-5p, miR-483-5p, and miR-19b-3p, miR-125b-5p.




2.7. Total RNA Isolation and miRNA Profiling


miRNeasy and RNeasy Cleanup Kits (Qiagen, Hilden, Germany) were used to extract total RNA from similar iASC-EV numbers (26 ± 4 E9, mean ± SEM), following the manufacturer’s instruction. To monitor the process of RNA recovery and cDNA synthesis, before RNA extraction samples were spiked-in with exogenous ath-miR-159a (30 pg), an Arabidopsis thaliana synthetic miRNA. Specific primers for ath-miR-159a were provided in the RT and PreAmp primer pools (Life Technologies, Foster City, CA, USA). cDNA samples were prepared by standard reverse transcription (RT) and pre-amplification procedures, as previously reported [34]. Expression analysis with the OpenArray system (Life Technologies) was performed into 384-well OpenArray plates, according to the manufacturer’s instructions. An AmpScore value was obtained for each amplification and candidates with AmpScore <1.1 or missing, together with Crt values >25 were considered unamplified. When unamplified, an arbitrary Crt value of 25 was assigned. All assays for RGs and OA-miRNAs were purchased from Life Technologies.




2.8. Data Analysis


Efficiency of the whole process was evaluated by scoring the stability of ath-miR-159 Ct values, which were extremely reproducible (18.44 ± 0.12, mean ± SEM) across all samples. Due to the stable values, a spike in ath-miR-159 Crt was used for the initial technical normalization of the other miRNA Crt values before data analysis. Four algorithms were used to calculate RGs stability: geNorm [35], NormFinder [36], BestKeeper [37], and the comparative ΔCt method [38]. Different variables were used by each algorithm to identify given candidates’ expression stability. Linear scale quantitative data is the basis for Normfinder that allows the identification of a stability value that, when low, indicates high stability. geNorm provides an M-value based on the average pairwise expression ratio. Overall, candidates with M < 1.5 are considered as stable. SD is the approach used by BestKeeper to identify best RGs, with a higher SD indicating a less stably expressed RG. The ranking of the RGs according to their stability is generated by each approach, and a series of continuous integers starting from 1 was assigned to each RG. The geometric mean (geomean) of each RG weight across the four programs together with the ranking given by their expression in term of Crt was subsequently determined, leading to a consensus variability score for each reference gene.



Principal Component Analysis (PCA) plots and heatmaps were generated scoring Crt values normalized both with stable miR-26a-5p/16-5p and miR-103a-3p/425-5p with ClustVis package (https://biit.cs.ut.ee/clustvis/) [39]. After row centering, maps were generated using the following settings for both rows and columns clustering distance and method: correlation and average, respectively.



Pearson correlation coefficients were generated between samples, and a post hoc power calculation for linear bivariate regression test was performed using G*power software v3.1.9.2 (Universität Düsseldorf, Düsseldorf, Germany).



Pathway analysis of selected miRNAs was conducted with miRPathDB applet (https://mpd.bioinf.uni-sb.de/overview.html) [40] scoring the Biocarta database (https://www.ebi.ac.uk/miriam/main/datatypes/MIR:00000421) covering several cellular signaling and interaction pathways [41]. The following search parameters were selected: evidence—experimental (strong); minimum number of significant pathways a miRNA should have to be shown—1; and the minimum number of significant miRNAs a pathway should have to be shown—3.




2.9. Statistical Analysis


Statistical analyses were performed using GraphPad Prism Software version 5 (GraphPad, San Diego, CA, US). Data were scored for normality by Kolmogorov–Smirnov test. The comparison between the groups was performed using the unpaired Student t-test. Significance level was set at p-value ≤ 0.05.





3. Results


3.1. Characterization of ASCs and EVs


Flow cytometry of isolated ASCs confirmed the correct MSC phenotype, with fibroblast-like morphology and positive expression of CD44, CD73, CD90, and CD105 markers, in addition to the absence of hemato-endothelial epitopes CD45 and CD34, with its absence/low expression being a fingerprint of expanded ASCs [42] (Figure 1A). After IFNγ stimulation, flow cytometry showed that iASC-EVs expressed both MSC (CD44, CD73, CD90, CD105) and vesicle markers (CD63, CD81), consistent with previously reported characteristics of MSC-EVs (Figure 1B) [22,32,43]. CD34 and CD45 were not detectable. iASC-EVs were inspected by Nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM). Particles were present in the size of extracellular vesicles (between 50 and 500 nm), with enrichment in small particles (mode size 128 ± 10 nm) within exosomes (Figure 1C). iASC-EVs exhibited the characteristic cup-shape morphology (Figure 1D). Eventually, CFSE staining confirmed that isolated EVs were intact, and—by direct comparison with flow cytometry-dedicated FITC-fluorescent calibration beads of 100, 300, 500, 900 nm—the NTA and TEM estimated size between 50 and 500 nm was confirmed (Figure 1E).




3.2. Expression of Candidate Reference miRNAs


In iASC-EVs samples, U6 snRNA had the highest expression (lowest Crt values), whereas miR-101-3p had the lowest (Figure 2). With the only exception of miR-101-3p, all candidates RG were detected as highly to moderately expressed, with Crt values below 20 in all samples. Moreover, to reduce the likelihood of including co-regulated miRNAs in the study, contiguity analysis evidenced that none of them resides within the same gene cluster [44].




3.3. Expression Stability Analysis of RG miRNAs


Four independent algorithms were used (geNorm, NormFinder, BestKeeper, and the comparative ΔCt method) to rank the stability of the selected RGs in iASC-EVs (Table 1). geNorm analysis identified miR-26a-5p/miR-16-5p (0.228) as the most stable candidates, while miR-425-5p performed poorly (0.741). Notably, all molecules showed an M-value stability lower than 1.5, set by default as the threshold to identify unstable normalizers. NormFinder showed again that miR-16-5p (stability value of 0.060) and miR-26a-5p (0.079) ranked as the best candidates, with miR-103a-3p being the least stable. Using BestKeeper, in iASC-EVs miR-423-5p (0.368) and U6 snRNA (0.401) ranked in the top positions, with reverse ranking for miR-103a-3p (1.332). The comparative ΔCt method results showed similar outcomes to those of the geNorm analysis, with the two most stable RGs being miR-26a-5p (0.536) and miR-16-5p (0.562), while miR-425-5p (1.026) ranked last.



Since the used approaches generated few differences in outcomes, integration and normalization of the data were applied (geomean). Moreover, considering that a good normalizer should be highly expressed, Crt ranking was included in the geomean calculation of each candidate weight. In iASC-EVs, the two most stable RGs were miR-26a-5p (geomean of 1.7) and miR-16-5p (2.2), whereas miR-103a-3p (8.9) and miR-425-5p (9.2) should be avoided.




3.4. Assessment of Identified RGs on OA-Related miRNAs


Forty-six miRNAs involved in cartilage-protective and cartilage-destructive mechanisms in degenerative OA have been previously scored [33]. miR-26a-5p/miR-16-5p and miR-103a-3p/miR-425-5p couples were used to normalize Crt values (Supplementary Table S1 for miR-26a-5p/miR-16-5p) and identify potential differences in the outcomes. Unsupervised clustering analysis was performed to determine whether the expression profile could be used to classify constitutional individuals and to assess the effect of RG choice (Figure 3A). Although in a frame of similarity with the absence of dramatically modulated miRNAs (41 out of 46 miRNAs with SD < 1 and only 2 with SD < 2, miR-373-3p and miR-216b-5p), samples clustered into two groups that were rearranged using the less reliable RGs. In fact, although iASC-EVs 02 and 03 always clustered together, the other three individuals’ hierarchy changed using the miR-103-3p/miR-425-5p combination. In particular, iASC-EV 01 and iASC-EVs 04 inverted their position as leaves of the dendrogram. Moreover, with wrong RGs, iASC-EVs 04 resulted in strong downregulation of all miRNAs (higher Crt values) with respect to the other samples. The same redistribution was also confirmed by principal component analysis that yielded similar results. This finding demonstrated that incorrect RG miRNAs selection may lead to erroneous evaluation of sample interrelation.



Since using the most reliable normalization approach a pattern of similarity more than extreme divergence between individuals was observed, a correlation analysis was performed to identify subtle differences (Figure 3B). Notably, R2 values higher than 0.9 were always present (power calculation resulted 100% for all comparisons), indicating a conserved pattern of expression for the miRNAs under investigation between the different samples. Then, all expression modulation higher than 4 fold (two normalized Crt values) and statistically significant (p-value < 0.05) were scored. To give more strength at the biological significance, miRNAs in the last quartile of expression were excluded (Figure 3C and Supplementary Table S1), due to the recent findings that mesenchymal stem cell-derived EVs may carry no more, and probably even less, than one specific miRNA per particle, even for the most abundant ones [45]. Scoring the remaining 36 miRNAs, only three involved in cartilage destruction (miR-138-5p, miR-181a-5p, and miR-483-5p; Figure 4A) showed significant fluctuations between samples, again suggesting high conservation and homogeneity. Of note, as shown in Figure 4B for miR-138-5p, the use of the wrong combination of RGs generated distorted outcomes, with both erroneous absolute amount evaluation (higher EVs 02 with respect to EVs 01 instead of reduced values) and unreliable ratios (loss of significant difference for EVs 03 vs. 05).



Finally, in silico prediction of other pathways potentially affected by most expressed EV miRNAs was performed using miRPathDB. The database Biocarta was selected and to obtain more stringent results only pathways hit at least by three miRNAs, and their regulated genes, were displayed (Figure 5). Interestingly, six pathways were identified, with five involved in cytokine/chemokine/hormone signaling (IL6, IGF1, PDGF, EGF and Insulin). Notably all these molecules are involved at different levels in regulating cartilage protection or degeneration in OA joints. Interestingly, miR-181a-5p and miR-483-5p through their regulated genes directly modulate all five signaling pathways, suggesting that even few players and fine tuning of their levels, if correctly assessed, may affect target site environment. Eventually, cell cycle—also dysregulated in OA chondrocytes—was the most regulated process with four miRNAs involved. All these data confirm that selected miRNAs may influence joint trophism at different levels.





4. Discussion


In this work a rigorous method to identify reliable RG miRNAs in extracellular vesicles derived from adipose derived-MSCs from independent donors has been proposed. miR-26a-5p/16-5p were the best performers, while miR-103a-3p/425-5p behaved poorly, strongly suggesting the use of the former as reliable normalizers for the study of EVs from IFNγ inflamed ASCs. In fact, the selection of appropriate normalizers allowed the identification of subtle differences between donors in OA-related miRNA cargo load, a crucial trait to identify the most suitable product for personalized regenerative medicine approaches.



Mesenchymal stem cell research stands at a critical juncture. There is conflicting evidence as to whether MSCs derived from different healthy donors or, even more critical, from injured or disease patients may have impaired potency [46,47,48,49,50,51,52,53,54,55]. As a pioneeristic report in the field of diseased joints, Murphy and colleagues showed that MSC from OA patients have reduced proliferative and chondrogenic supportive capacity [50]. Moreover, recipients have variable genetic backgrounds, disease types, and/or treatments, all factors influencing treatment success [56]. Therefore, the combination of these elements might in part explain the dichotomy between success of MSC-based efficacy in vitro and in animal models, showing promising but still low outcomes in clinical applications to date [57,58]. To reduce the scenario of multifactorial heterogeneity, it has been recently proposed that MSC pre-activation (cytokines/growth factors and toll like receptors ligands) may generate more homogeneous therapeutic products [10,11,12,18]. Nevertheless, although MSCs may have a comparable and positive response to inflammatory stimuli in terms of secreted factors [59], donor-related differences in cytokine secretion were not completely abolished, as demonstrated for both IL-1β or IFNγ priming [60]. Thus, using a single metric on isolated cultures or derived products as secretome or EVs may be insufficient to predict outcomes, and for this reason disease-specific potency assays have to be developed to select optimal donors for patient specific treatment.



In this frame, with specific focus on MSC-EVs, assays should be focused on shuttled molecules, such as lipids, proteic factors, and small RNAs, such as miRNAs. In fact, EV-associated miRNAs were shown to be crucial regulators of MSC potency [61,62], reinforcing the paradigm that purified EVs may serve as future therapeutic products [63]. Such archetype recently opened the debate for developing off-the-shelf and cell-free MSC therapies in the field of cartilage injuries and osteoarthritis [64]. Therefore, a deep characterization of EVs miRNome is mandatory to both assess the impact of MSC-EVs on target cells/tissues/organs and identify subtle differences between donors. Obtaining both a reliable and validated normalization procedure and selecting stable RGs seems mandatory, and to date candidates are still far to be universally shared. When the amount of RNA is not a limiting factor to score the whole miRNome, a global mean normalization approach is claimed to identify the most stable RG miRNAs within independent samples [44]. In the case RNA amount, as for EVs, and costs are limiting factors, endogenous molecules are preferred [65,66,67]. U6 snRNA was widely used since it was demonstrated to be also present in purified EVs or vesicle-enriched body fluids [68,69]. Nevertheless, just recently U6 snRNA stability was questioned in cardiosphere-derived EVs [23]. Our dataset confirmed that U6 snRNA is not a good performer laying in the central part of the overall stability ranking. This may be due to the fact that U6 snRNA biogenesis is mechanistically separated from miRNA biogenesis [70].



In our experimental settings, miR-26a-5p and miR-16-5p were the best normalizers in iASC-EVs. Interestingly, only miR-16-5p resulted in reliable RGs (second best) in a similar approach performed on ASC-EVs, whereas none emerged as the best housekeeping molecule in EVs isolated from ASCs treated with very low levels of inflammatory cytokines [32]. In the same report, miR-23a-3p was the most reliable in both conditions (resting/inflamed), whereas miR-23a-3p performed poorly. These outcomes suggest that even in similar cell types analyzed by the same laboratory, culture conditions may affect the identification of reliable RGs, and that proper selection must be performed not only for each analyzed cell type but also when external stimuli are added.



Further, proper selection of RGs allowed the comparative analysis of expression levels for miRNAs involved in OA joint trophism [33], and therefore crucial in the view of being transferred in injured tissues. Using unstable miR-103a-3p and miR-425-5p, it clearly emerged as a global over or under-representation of the entire miRNA datasets. In fact, iASC-EVs 04 resulted in all miRNAs being strongly downregulated. Moreover, similarity patterns resulted altered (inversion of iASC-EVs 01 and 04 in the dendrogram), a major issue when comparing biological products for potency prediction. In this frame, although in a pattern of similarity, only proper RG selection allowed the identification of three miRNAs significantly different between samples (miR-138-5p, miR-181a-5p, and miR-483-5p). Interestingly, they are all involved in “cartilage-destructive” mechanisms. miR-138-5p promotes cartilage degradation targeting FOXC1 (Forkhead Box C1) [71], which is involved in endochondral ossification [72]. miR-181a-5p is both pro-inflammatory and pro-catabolic, and targets ZNF440 (zinc finger protein 440), that regulates IκB-independent NF-κB signaling [73]. miR-483-5p stimulates chondrocyte hypertrophy, extracellular matrix (ECM) degradation and cartilage angiogenesis by targeting MATN3 (Matrilin 3) and TIMP2 (Tissue inhibitor of metalloproteinases 2), both involved in initiating and accelerating the development of OA [74]. Therefore, their high expression may indicate a reduced healing capacity for EVs enriched in these factors, as those secreted by iASC 05 in this work, and thus to be evaluated carefully for their selection in OA therapy (Figure 4).



Moreover, in the context of the therapeutic potential of EVs, not only differences between donors have to be taken into consideration, but also the whole message they carry. For embedded miRNAs, the signal given by the most abundant ones may be crucial. In fact, it has been recently proposed that, in MSCs-EVs, fairly one copy of the most abundant miRNAs is embedded [45]. For assayed OA-related miRNAs, considering only the molecules in the first and second quartiles of expression (Supplementary Table S1), a perfect balance between protective and destructive miRNAs is present in the first quartile, whereas in the second one an enrichment of protective moleculescan be found, suggesting a possible overall protective message. Refining our analysis only for the top five expressed miRNAs, miR-24-3p is shown to be involved in downregulating MMP1 and MMP13 expression by targeting senescence marker p16INK4a [75]. miR-125b-5p was shown to promote apoptosis of synovial cells through targeting synoviolin 1 [76]. miR-222-3p may significantly suppress apoptotic death in chondrocytes by down-regulating HDAC4 and MMP13 levels and reducing cartilage destruction [77]. miR-21-5p is upregulated in OA and attenuate the process of chondrogenesis by targeting GDF5 [78]. miR-193b-3p regulates early chondrogenesis and inflammation by inhibiting the TGF-beta2 signaling pathway and MMP19 [79]. Taken together, these results indicate that a number of OA-associated cellular routes may be regulated by transferred miRNAs, rendering strict potency prediction difficult to forecast, also taking into account that other pathways could be potentially influenced (Figure 5). Therefore, small differences, as for miR-138-5p, miR-181a-5p, and miR-483-5p, might get crucial to impact therapeutic efficacy and improve strategies based on the analysis of an array of factors for an effective donor selection process. In the future of multimetric approaches, other components, as miRNAs not already associated with OA pathology and proteic or lipidic factors, must be evaluated with similar validated approaches to score the comprehensive potency of mesenchymal stem cell derived extracellular vesicles. In this frame, a limitation of this study is the solely use of qRT-PCR as assay technique, being aware that other screening approaches, as next generation sequencing, may refine our results from the current study and increase their impact considering the complete miRNome. Furthermore, functional assays on cell types and tissues involved in OA will be needed to score iASC-EVs power as therapeutic products and to establish additional release tests.




5. Conclusions


Proper RG miRNA selection is a mandatory process for identifying subtle differences able to predict overall potency of mesenchymal stem cell-derived extracellular vesicles for future use as off-the-shelf therapeutic products in precision medicine. Future characterization of other EV-embedded molecules as other small RNAs (circRNAs, lnRNAs, etc.), proteins, and lipids will be crucial for generating the complete picture of these particles. Establishing proper validation and normalization protocols will be a corner stone for these cell-free based medicines.
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Figure 1. Characterization of ASCs and iASC-EVs. (A) Flow cytometry analysis shows the phenotypic resemblance of ASCs being positive to MSC markers (CD44/73/90/105) and negative to hemato/endothelial markers (CD34/45). ASCs also display typical fibroblast-like morphology. Representative cytograms are shown. (B) Flow cytometry analysis of iASC-EVs. EVs were stained with PKH26 to allow identification and gating of vesicles in PE channel (in red in the SSC vs. FSC and SSC vs. PE plots). Unstained EVs to set PE gating are shown in blue (SSC vs. FSC and SSC vs. PKH26 plots). After gating, PKH26+ iASC-EVs showed positivity to MSC markers and absence of hemato/endothelial ones. EVs are also positive for extracellular vesicle defining molecules CD63 and CD81. Representative cytograms are presented. (C) Size distribution of nanoparticles by NanoSight particle-tracking analysis. (D) Transmission electron micrographs of iASC-derived vesicles showing particles with characteristic cup-shaped morphology. (E) Cytogram of CFSE-labeled iASC-EVs confirming vesicle integrity. 
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Figure 2. Expression of candidate RG miRNAs in iASC-EVs. The box plot graphs of the Crt values for each RG illustrate the interquartile range (box) and median. The whisker plot depicts the range of the values. 
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Figure 3. Influence of RG selection on iASC-EVs miRNA profile. (A) Heatmap of hierarchical clustering analysis and principal component analysis of the Crt values of 46 iASC-EVs miRNAs after stable miR-26a-5p/16-5p or unreliable miR-103a-3p/425-5p normalization. Rows were centered. Each row represents a miRNA and each column represents a sample. The sample clustering tree is shown at the top. The color scale shown in the map illustrates the relative expression levels of miRNAs across all samples: red shades represent high expression levels (low Crt) and blue shades represent lower expression levels (high Crt). miRNAs from the heat maps are shown in Supplementary Table S2. (B) Correlation of miRNA expression levels (normalized Crt) between the five iASC-EVs under study. (C) Box-plot of mean normalized Crt values for 46 miRNAs embedded in iASC-EVs. 
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Figure 4. Effects of RGs on the abundance of miRNAs differentially expressed between iASC-EVs samples. (A) After normalization with stable miR-26a-5p/16-5p, out of 48 assayed miRNAs only miR-138-5p, miR-181a-5p, and miR-483-5p showed significant differential expression (±4 fold changes) between samples. iASC-EVs 01 set as 1; * p-value < 0.05 and ** p-value < 0.01. (B) Using miR-103a-3p/425-5p on miR-138-5p, both expression ratios (EVs 02 vs. 01 or EVs 03 vs. 04) and significance (EVs 03 vs. 05) are lost. 
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Figure 5. Pathways analysis based on target genes of unique miRNAs using miRPathDB. Enriched pathways (p-value < 0.01) regulated by at least three miRNAs and their target genes are shown. Color code bar indicate the number of genes regulated by each specific miRNA for each pathway. Only validated miRNA–gene interactions were selected. 
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Table 1. Stability levels of candidate RGs.
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	Gene name
	GeNorm

M-Value
	NormFinder

Stability
	BestKeeper

SD ± CP
	ΔCt

Mean
	Mean

Crt
	GeoMean





	miR-26a-5p
	0.228 (1)
	0.079 (2)
	0.626 (4)
	0.536 (1)
	13.81 (2)
	1.7



	miR-16-5p
	0.228 (1)
	0.060 (1)
	0.683 (5)
	0.562 (2)
	15.09 (5)
	2.2



	221-3p
	0.313 (3)
	0.282 (4)
	0.571 (3)
	0.648 (3)
	13.94 (3