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Abstract

:

Mesenchymal stem cells (MSCs), as a kind of pluripotent stem cells, have attracted much attention in orthopedic diseases, geriatric diseases, metabolic diseases, and sports functions due to their osteogenic potential, chondrogenic differentiation ability, and adipocyte differentiation. Anti-inflammation, anti-fibrosis, angiogenesis promotion, neurogenesis, immune regulation, and secreted growth factors, proteases, hormones, cytokines, and chemokines of MSCs have been widely studied in liver and kidney diseases, cardiovascular and cerebrovascular diseases. In recent years, many studies have shown that the extracellular vesicles of MSCs have similar functions to MSCs transplantation in all the above aspects. Here we review the research progress of MSCs and their exocrine vesicles in recent years.
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1. Mesenchymal Stem Cells


As a pluripotent stem cell capable of self-renewal and differentiation into multi-lineage cells, mesenchymal stem cells (MSCs) can be obtained from a variety of human tissues and organs such as bone marrow, bone trabeculae, adipose tissue, brain, lung, pancreas, synovial fusion, synovium, peripheral blood [1,2,3,4,5,6,7,8].



Most MSCs express MSC-related surface markers CD44, CD73, CD90, CD105, and some express CD29, CD49e, CD54, CD106, CD146, CD166, CD271, SSEA4, Notch-1, HLA-ABC, Stro1 [9]. Expression of different markers implies different germline origins, tissue origins, and functional characteristics. Different origins imply different differentiation abilities, clinical benefits, and cultural characteristics [10].



Therefore, different types of MSCs have different applications in transplantation and co-culture. For example, bone marrow mesenchymal stem cells (BMSCs) are abundant in bone tissue, and co-culture of BMSCs with cartilage tissue increased the proliferation rate of chondrocytes [11], reduced chondrocyte apoptosis and inflammation [12]. Co-culture of BMSCs with estrogen receptor-positive (ER+) breast cancer cells increased resistance to standard anti-estrogen drugs [13] and enhanced osteoclastogenesis [14]. Adipose-derived mesenchymal stem cells (ADMSCs) regulated cell proliferation, improved fibroblast migration, and promoted capillary structure formation [15]. Pancreatic-derived mesenchymal stem cell (PMSCs) implantation rescued damaged exocrine pancreas and islet β-cells [16]. Human umbilical cord-derived mesenchymal stem cells (hUC-MSCs) contributed to injured neuronal repair and motor recovery [17]. In recent years many research teams have investigated the application of MSCs in various aspects. Here we review the progress of research on MSCs and their exocytotic vesicles.




2. Osteogenic Differentiation and Repair


Osteoblastogenesis needs three stages: proliferation, matrix maturation, and mineralization [18]. This differentiation process depends on transcription factors Runx2 and Osx [19,20,21,22]. Osteoblasts can then develop into osteocytes that are encapsulated by mineralized bone, have mechanosensory and metabolic functions, and regulate bone remodeling [23,24,25,26]. Among the many molecules affecting osteogenic differentiation, TGF-β family members, bone morphogenetic proteins (BMPs), TGF-βs, activins, and inhibins played an important role in the early stages of differentiation of BMSCs into mature stromal secretory osteoblasts and osteocytes [27]. TGF-β ligands regulated osteoblast differentiation through Smad2 and Smad3 signaling pathways [28,29,30]. BMPs signal through BMPRII and ALK-2, BMPRIA, or BMPRIB to promote osteoblast differentiation in the form of increased alkaline phosphatase expression and activity, osteocalcin, and bone bridging protein expression [31,32,33,34,35,36]. BMP ligands promoted osteogenic differentiation via Smad, extracellular signal-regulated kinase (Erk) 1/2 mitogen-activated protein kinase (MAPK), p38 MAPK, and JNK-related pathways. TGF-βs promoted the proliferation and early differentiation of MSCs to osteoblasts and chondrocytes but inhibited late transformation from maturing osteoblasts and chondrocytes. BMP-2 promoted the selection and differentiation of chondrogenic and osteogenic lineages and also promoted late osteoblast differentiation and matrix mineralization [27]. The osteogenic potential of BMSCs was affected by environmental conditions, such as low oxygen conditions to maintain osteogenic potential and high oxygen to interfere with the metabolic chromatin osteogenic axis and reduce citrate carrier (CiC) activity, leading to osteogenic defects [37]. Activation of Wnt signaling promoted osteogenic differentiation of BMSCs [38]. Wnt3α stimulates osteogenic differentiation by activating TAZ through pp1a-mediated dephosphorylation [39]. Yes-associated protein (YAP)/TAZ mediated Wnt signaling-induced osteogenesis [40]. DHA-rich phosphatidylcholine (DHA-PC) upregulated the expression of the Wnt/β-catenin pathway and osteogenic transcription factors in BMSCs and promoted osteogenic differentiation [41]. circStag1 is a key osteoporosis-related circRNA that interacts with human antigen R (HuR), an RNA-binding protein, and promotes the translocation of HuR to the cytoplasm. Increasing HuR levels in cells stimulated osteogenesis in BMSCs by stabilizing and enhancing the expression of low-density lipoprotein receptor-related protein 5/6 (Lrp5/6) and β-catenin, thereby activating the Wnt signaling pathway [42]. Melatonin-mediated MEK1/2 and MEK5 affected bone mechanical properties (i.e., ultimate stress), bone density, and microarchitecture (i.e., trabecular number, separation, and junction density) by increasing the expression of the osteogenic genes RUNX2, BMP-2, FRA-1, and OPG and decreasing the expression of peroxisome proliferation-activated receptor γ (PPARγ) in MSCs [43]. In addition, triboelectric stimulation and magneto-mechanical stress also promoted osteogenesis in BMSCs [44,45]. Electrical field stimulation promoted osteogenic differentiation by upregulating Runx2/OCN gene expression with the BMP/Smad4 pathway. Mechanical stimulation activated the typical Wnt/β-linked protein signaling pathway with significantly elevated ALP activity and Sp7 gene expression [46]. Negative pressure (NP)-treated MSCs induced osteogenesis by activating macroautophagy/autophagy through AMPK-ULK1 signaling [47]. In addition to BMSCs, adipose-derived mesenchymal stem cells (ADMSCs) also possess osteogenic potential, and inhibition of miR-150–15p promoted osteogenesis in ADMSCs by regulating Notch3 upregulation of pFAK, pERK1/2, and RhoA expression [48].



BMSCs also possess the ability to differentiate into mature chondrocytes [49]. Magnetic field and TGF-β stimulation both significantly enhanced the efficiency of chondrogenic differentiation of BMSCs [50,51]. Upregulation of PLCE1, CaMKII-β, and downstream NFATc1 expression activated Wnt signaling and enhanced the expression of chondrogenic markers such as SOX9, which enhanced chondrogenesis in MSCs [52]. The nuclear factor-kappaB (NF-κB) family plays an important role in biological processes such as mechanical processes, immunity, inflammation, and oxidative stress that can be activated by chemokines, pro-inflammatory, and degradation factors [53]. The deficiency of NF-κB member RelA during the culture of BMSCs increases chondrogenic differentiation [54]. Co-culture with cartilage tissue increased the proliferation rate of chondrocytes [11], decreased the activation levels of MAPK, Erk 1/2, and p38 in chondrocytes [55], increased the levels of extracellular matrix (ECM) proteins Col-II and SOX9 through upregulation of mediators of the autophagic phosphatidylinositol 3 kinase/AKT/mammalian target of rapamycin (mTOR) pathway, and reduced chondrocyte apoptosis and inflammation. BMSCs not only have good osteogenic ability but also promote osteoclastogenesis under certain conditions. Co-culture of BMSCs with breast cancer cells enhanced osteoclastogenic ability [14].



Bioengineering techniques are now widely used to assist stem cell osteogenesis. The protein biomineralized hydroxyapatite coating of Apt19s coating on the titanium surface via oxidized hyaluronic acid (OHA) enhanced BMSCs migration with sustained release of Apt19s, promoted BMSCs recruitment at the peri-implant interface and improved osteogenic differentiation [56]. Hydrogen-terminated nanocrystalline diamond (NCD) provided better adhesion and proliferation than conventional materials such as titanium. Fibroblasts grow worst on hydrogenated NCD, which can be used to improve bone fixation and osseointegration [57]. Increasing levels of reactive oxygen species (ROS) in the bone microenvironment are a hallmark of osteoporosis and lead to the dysfunction of MSCs, resulting in their senescence and severely compromising their osteogenic potential [58]. MSCs with a lipoic acid-containing extracellular antioxidant protective layer are effectively protected from the degradation of reactive oxygen species and improved survival and engraftment efficiency [59]. Bilayer hydrogels loaded with two types of peptides induced macrophage M1-type polarization at the appropriate time to activate the immune system to kill bacteria or modulate macrophage M2-type polarization to promote the formation of an anti-inflammatory microenvironment, thereby promoting bone regeneration associated with MSCs [60]. Synthetic fibrinopeptide hydrogels (GR) self-assembled from β-sheet RADA16-grafted glucomannan promoted proliferation and osteogenic differentiation of BMSCs and further enhanced this function by inducing macrophage M2 polarization for effective M2 macrophage BMSCs crosstalk [61]. Hydrogel flow-induced mechanical stimulation enhanced the quality of minerals deposited by MSCs during the culture of 3D bioprinted bone tissue constructs [62]. Calcium phosphate (CaP) bioceramic possessed good osteoinductive and biodegradable properties, and co-culture with BMSCs promoted their proliferation and osteogenic capacity [63]. Polyvinyl alcohol (PVA) hydrogel composite film with a cellulose fiber skeleton of delignified wood (named white wood, WW) combined with curcumin (Cur) and phytic acid (PA) effectively exerted antibacterial, anti-inflammatory, and osteogenic effects and promoted adhesion, proliferation, and osteogenic differentiation of BMSCs [64]. In some skeletal external devices, the adhesion of bone to the device that accompanies bone regeneration increases the difficulty of device removal and affects the microenvironment of bone healing. Combining poly (ethylene glycol) methyl ether methacrylate (poly (PEGMA)) with optimal PEG chain length on the tenting screw technology (TST) titanium surface reduced osteogenic integration on the implant surface by preventing cellular adhesion integration, thus reducing the difficulty of implant removal [65]. MSCs significantly upregulated chondrogenesis-related genes on magnetic scaffolds with citric acid-coated magnetic nanoparticles (MNPs-CAG) and osteogenesis-related genes on magnetic scaffolds with polyvinylpyrrolidone-coated MNPs [66]. Bioprinted scaffolds consisting of 8% methacrylamide gelatin (GelMA)/1% methacrylamide hyaluronic acid (HAMA) as an encapsulation system for rat bone marrow-derived macrophages (BMM) and 3% alginate/0.5 mg/mL graphene oxide (GO) as an encapsulant for rat BMSCs improved the inflammatory microenvironment and further accelerates bone repair [67]. The exploration of many metallic, nonmetallic, gel, and nanoparticle materials offers good prospects for the clinical application of MSCs.




3. Adipose Differentiation and Regulation


The current study shows that the differentiation of MSCs to adipocytes and to osteoblasts is transcriptionally regulated by two key transcription factors, PPARγ and Runx2. PPARγ1 is highly expressed during adipocyte differentiation and regulates the expression of adipogenesis-related genes [68]. eCCAAT/enhancer binding proteins (C/EBPs) β and δ (encoded by Cebpb and Cebpd, respectively) induce differentiation of MSCs to adipocytes, C/EBPβ is phosphorylated by Erk, MAPK, and glycogen synthase kinase 3β (GSK3β) [69,70], which induce C/EBPα and PPARγ (encoded by Cebpa and Pparg, respectively) [71,72], and C/EBPα and PPARγ jointly and drive differentiation toward adipocytes [72]. C/EBPβ is downregulated at late stages of differentiation, while PPARγ inhibits chondrogenesis [73,74,75,76]. Runx2 induced osteogenic gene expression, thereby increasing osteoblast differentiation [77]. Runx2 promoted differentiation of MSCs to preosteoblasts and related gene expression in the early stages while inhibiting differentiation to adipocytes [78], followed by increased alkaline phosphatase activity and mineralization driven by expression of the transcription factor osteosteroid (Osx, encoded by Sp7) [22]. Runx2 decreased in the late stages of osteogenic differentiation [79]. sLZIP prevented PPARγ2 target gene expression and adipocyte differentiation, upregulated Runx2 transcriptional activity by inhibiting PPARγ2 activity and promoted osteoblast differentiation without affecting chondrogenesis and osteoclastogenesis [80].



Activation of the Hedgehog signaling pathway blocked lipogenic differentiation by inhibiting PPARγ and C/EBPα expression and lipid accumulation in 3T3-L1 and C3H10T1/2 cells [81]. Fibroblast growth factor (FGF) 2, FGF4, FGF, and FGF8 upregulated Runx2 expression and promoted alkaline phosphatase activity to facilitate mineralization during late osteogenic differentiation [81,82]. FGF1, FGF2, and FGF2 played a dual role in regulating lipogenesis and osteogenic differentiation [83]. Among BMP ligands, BMP-3b inhibited osteogenic differentiation by binding to ActRIB/ALK-4 and ActRIIB and subsequently activating Smad3, thereby affecting lipogenic differentiation [84]. BMP-4 had a pro-adipogenic effect and directed pluripotent C3H10T1/2 cells to the adipocyte lineage and promoted white adipose tissue differentiation [85,86]. BMP-7 induced human mesenchymal stem cells to form a lipogenic lineage in high-density micro-mass culture, and the BMP-7-induced Smad and p38 MAPK pathways with nuclear coactivator PGC1 (PPARγ coactivator-1) played a role in thermogenic regulation. They promoted brown adipose tissue differentiation [87,88]. TGF-βs promoted the proliferation and early differentiation of MSCs to adipocyte progenitors and inhibited later conversion to mature adipocytes [27]. Snail1 plays a key role in TGF-β1-induced maintenance of stemness in MSCs [89]. Myogenesis inhibitor is a key negative regulator of skeletal mass, promotes adipogenesis, and inhibits myogenesis in C3H10T1/2 pluripotent MSCs [90,91]. Blocking the Notch signaling pathway promoted autophagy-mediated lipogenic differentiation of MSCs via PTEN-PI3K/AKT/mTOR pathway [92]. Inhibition of nicotinamide adenine dinucleotide (NAD+) biosynthesis during the differentiation of MSCs to adipocytes effectively promoted the adipogenic transcriptional program [93]. Human circadian genes regulated the differentiation of MSCs and thus influenced human metabolism. MSCs were central to subcutaneous adipose tissue, visceral adipose tissue, and skeletal muscle tissue in circadian regulation and extracellular matrix remodeling [94]. Thus, MSCs have great potential in the study and application of the human aging process and many chronic and geriatric diseases.



3.1. Liver, Kidney, and Pancreas


MSCs released a variety of trophic and regulatory molecules, including growth factors, proteases, hormones, cytokines, and chemokines [95], which regulate inflammatory, fibrotic, and hypoxic responses by releasing these soluble factors in close interaction with the local microenvironment as a way to promote tissue repair and regeneration [96]. In addition, anti-apoptotic secreted and mitogenic growth factors, such as hepatocyte growth factor (HGF), insulin-like growth factor (IGF-1), vascular endothelial growth factor (VEGF), FGF2, basic nerve growth factor, epidermal growth factor (EGF), and platelet-derived growth factor (PDGF), contributed to cellular proliferation at the site of injury. BMSCs also released angiogenic (e.g., VEGF, angiopoietin-1, and monocyte chemotactic protein (MCP)-1) and chemokines, which further aid in the recovery of damaged tissues by promoting angiogenesis and angiogenesis [97]. These factors also mediated ECM remodeling by secreting ECM and cell adhesion proteins and regulated the activity of matrix-degrading mitochondrial membrane potentials (MMPs) [98].



MSCs also exerted anti-fibrotic and cytoprotective effects through immunomodulation, inhibition of TGF-β1 activity, suppression of oxidative stress, and stimulation of matrix remodeling by promoting MMP-induced collagen degradation and/or downregulation of tissue matrix metalloproteinase inhibitor (TIMPs). For example, transplantation of BMSCs decreased TGF-β expression and intracellular Smad2 downstream phosphorylation (TGF-β1 binding to its receptor), which in turn inhibited the number of α-SMA-positive cells [99,100,101], resulting in lower levels of myofibroblast proliferation and differentiation, reduced myofibroblast-induced ECM production and epithelial-mesenchymal transition (EMT), and ultimately inhibited the transition from tubular epithelium to myofibroblasts phenotypically, eventually altered renal fibrosis process [101]. TGF-β1 inhibition of BMSCs may be related to the release of HGF and TNF-stimulated gene 6 (TSG-6) from the cells [98,102]. In hypertensive chronic kidney disease, BMSCs could exert their antihypertensive effects by inhibiting NLRP3 inflammatory vesicle assembly and activity, suppressing immune cell infiltration such as macrophages and T cells, inhibiting the prohypertensive component of RAAS, and suppressing sympathetic activation [103,104]. In a renal vascular hypertension model, BMSCs attenuated the expression of intrarenal RAS components, including intrarenal angiotensinogen, renin, ACE, and AT1R, to prevent elevated systolic blood pressure (SBP) [105]. BMSCs inhibit macrophage and T cell-induced unilateral ureteral obstruction (UUO) and hypertension [103,106,107]. MSCs secreted anti-apoptotic (IL-6, IGFBP-2) and anti-inflammatory (IL-1Ra) cytokines to inhibit hepatic stellate cell activation and exerted anti-fibrotic effects in liver fibrosis [108]. Pancreatic-derived mesenchymal stem cells (PMSCs) implanted in the renal capsule of streptozotocin (STZ)-induced diabetic mice were able to regenerate the exocrine pancreas, enhance IL-6 activation of tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) inhibition of IL-17, and rescue damaged exocrine pancreas and islet β-cells [16].



The role of MSCs in regulating metabolism and the metabolic environment is also mostly related to their cytoprotective effects. For example, MSCs improved insulin sensitivity in high-fat diet and streptozotocin (STZ)-induced T2D and leptin receptor-deficient (db/db) mice, reduced β-cell mortality, and decreased inflammation and fat content in adipose tissue and liver [109]. In type 2 diabetes (T2D), MCP-1 prevented the conversion of BMSCs into adipocytes, increased bone cell density, and improved metabolism through its antagonistic effects [110]. Thus, the regulation of MSCs by genetic engineering techniques has a practical future. For example, circARHAP12-mediated autophagy inhibited high-glucose-induced apoptosis in MSCs. CircARHAP12 directly interacted with miR-301b-3p to regulate the expression of miR-301b-3p target genes ATG16L1 and ULK2 and downstream signaling pathways to promote the therapeutic role of MSCs in diabetic wound healing [111]. Human alpha-1 antitrypsin (hAAT)-engineered mesenchymal stromal cells (hAAT-MSCs) inhibited macrophage migration and shifted M1-like phenotype to M2 phenotype in vitro and in vivo to improve co-transplanted islet/beta cell survival [112].




3.2. Cardiovascular


Numerous studies have demonstrated that MSCs transplantation can effectively limit infarct size after myocardial infarction and that mobilization, homing, migration, adhesion, and preservation of MSCs play a significant therapeutic role in cardiovascular diseases such as infarction, ischemia-reperfusion, and heart failure. MSCs played an important role in protecting cardiomyocyte survival, promoting the proliferation of vascular endothelial cells and lymphocytes, and promoting vascular neogenesis. Differences in the angiogenic biological activity of MSCs are also associated with the expression of several genes involved in angiogenesis, such as HGF, angiopoietin-1 (ANGPT), or matricellular proteins (fibronectin (FN), insulin-like growth factor binding protein 7 (IGFBP7)) [113]. In addition, stromal cell-derived factor-1 (SDF-1) and stem cell factor (SCF) contributed to reducing infarct size and collagen content and protecting the heart [114]. MSCs secreted chemokine (C-C motif) ligand 7 (CCL7)/chemokine (C-C motif) receptor 1 (CCR1) to activate downstream CBP/P300 acetylation of KLF5 to promote CXC ligand 5 (CXCL5) transcription and secreted TGF-β to reverse the effect of KLF5 on transcriptional activation by regulating SMAD4, and CXCL5 promoted distant tumor metastasis and angiogenesis [115]. ADMSCs transplantation promotes diabetic skin wound healing by improving fibroblast migration capacity and promoting capillary structure formation [15]. BMSCs promoted angiogenesis by upregulating the endothelial transcription factor forkhead box protein C2 (FOXC2) and its downstream gene αvβ3 integrin/CD61 in B-MSCs [116].



The products of MSCs contain various pro-angiogenic factors [117,118], such as VEGF [119,120,121], PDGF [122], angiopoietin [123], HGF [119], metalloproteinases [124], and microRNAs such as miR-21 [119,125], miR-125a [126], and miR-377 [127], all of which have enhanced cell survival and promote angiogenesis. Thus, they played an important role in the preservation and recovery of cardiac function because cardiomyocytes are dependent on oxygen supply from the blood and are very sensitive to reduced blood perfusion [128,129]. In the sudden blockage of coronary arteries (acute infarction), cardiomyocytes died within minutes. Capillary thinning is, therefore, a sign of ventricular insufficiency [130,131]. An increase in pro-angiogenic factors has also been shown to promote recovery of cardiac function [132,133].



MSCs affected cardioprotective by affecting oxidative stress and modulating immunity. Sod-adenovirus-infected BMSCs maintained high SOD3 expression and delivered these BMSCs to the infarcted myocardium of mice, resulting in reduced oxidative stress and improved cardiac function [134]. The antioxidant effect may be associated with increased expression of superoxide dismutase (SOD). In an in vitro model of ischemia-reperfusion injury in ventricular cardiomyocytes, BMSCs were shown to secrete SOD3 and reduce ROS levels [135]. Post-infarction infusion of MSCs reduced the proportion of proinflammatory M1 macrophages in the infarcted myocardium while driving monocytes to alternatively activated M2 state polarization [136]. This reduced the amount of pro-inflammatory cytokines (including TNF-α and IL-1β) in the infarcted myocardium. The presence of M2 macrophages further produced soluble factors, including TGF-β, IL-10, HGF, PGE2, and IDO, to suppress the pro-inflammatory state [137]. In a mouse model of myocardial infarction, MSCs injection significantly reduced the M1 phenotype of macrophages, decreased the expression of interleukin-1β (IL-1β) and IL-6, increased the expression of IL-10, and increased alternate monocyte/macrophage activation. MSCs could repair the myocardium through IL-10-mediated infiltration of pro-inflammatory macrophages into anti-inflammatory macrophages at the infarct site [119,136]. In a porcine heart failure combined with a myocardial infarction model, viability was enhanced, and vascular regeneration was promoted by activating regulatory T cells (Tregs) and reducing inflammatory cells [138]. MSCs expressed Fas ligand (FasL), directly triggered t-cell apoptosis via the Fas/FasL pathway, and promoted inhibition of T-cell proliferation via the programmed death 1 pathway [139,140]. Combined MSCs and MSC-Exos injections can obtain more effective anti-inflammatory and vascular tissue repair by reducing the expression of inflammatory factors such as IL-6 and TNF-α and increasing the expression of recombinant SDF-1 [141]. MSCs administered intravenously to patients with chronic heart failure are involved in regulating adaptive immunity and myocardial remodeling by secreting HGF, inhibiting T cell proliferation, and reducing the proliferation of Th 1, Th 2, and cytotoxic T cells [142]. iPSC-MSCs reduced inflammation by decreasing serum levels of inflammatory cytokines such as TNF-α and IL-6, thereby treating atherosclerosis [143]. CD73 converted adenosine monophosphate (AMP) to adenosine, thereby inhibiting t-cell activation. In a MIRI rat model, MSCs injected into damaged myocardium were found to mediate CD73 activity and attenuate the infiltration of innate immune cells, thereby protecting cardiac function [144]. In vitro, BMSCs had a potent immunosuppressive capacity and inhibited lymphocyte proliferation and antibody production. Plasma cells from patients with end-stage heart failure have a high IgG3 output. In vitro experiments have shown that bone marrow stem cells can inhibit IgG3 production, thereby preventing ventricular remodeling and slowing the progression of heart failure after myocardial infarction [145]. CD4 is normally expressed on the surface of human T cells, and the Th1 in CD4 cells plays a role in humoral immunity [146]. CD4/CD8 was an important indicator of immune regulation [147]. Co-transplantation of BMSCs with pluripotent stem cell-derived cardiomyocytes into mice revealed that BMSCs directly affect activated lymphocytes through intercellular contacts, thereby decreasing the CD4/CD8 ratio and the proportion of th1-positive cells among CD4-positive cells, and decreasing the secretion of various inflammation-associated cytokines. In addition, this pathway increases the number of cardiomyocytes and enhances myocardial contraction [148]. Immune factors IFN-γ and IL-1β influenced MSCs to reverse Nor1-dependent iPS-CM hypertrophy via VEGF [149]. Patients with chronic heart failure injected with BMSCs showed a significant decrease in CD4-positive cells and NK cells and a significant improvement in left ventricular end-systolic volume (LVESV) and LVEF [150].



The immunomodulatory and angiogenic effects of MSCs can be more effectively exploited in combination with bioengineering. For example, protein nanoparticles combined with encapsulated MSCs hydrogels supported the proliferation, migration, and angiogenesis of MSCs in vitro. The hydrogels affected ventricular remodeling after myocardial infarction by slow releasing of immunomodulatory factors [151]. The angiogenic effect was enhanced by genetic alterations inducing MSCs to overexpress certain proteins (e.g., CXCR-4, GATA-4, Akt, SDF-1a) or pharmacological modulation of MSCs (e.g., angiotensin II, diazoxide) [152,153,154,155,156,157].



Although MSCs have limited differentiation ability, some studies have proved that MSCs have the ability to differentiate into beating myocardial cells in vitro [158]. By inducing non-specific DNA demethylation, cells with increased spontaneous beating, myocardial cell-like structure, protein expression, action potential, and connexin 43 markers have been obtained, and it has been proved that MSCs increase the overall expression of connexin 43 in infarcted myocardium in mouse models [159]. The differentiation of MSCs into cardiomyocytes has received less attention in recent years. On the one hand, the differentiation efficiency of MSCs is lower than that of human induced pluripotent stem cells; On the other hand, the differentiation ability of MSCs is often affected by the extracellular matrix. For example, under the influence of laminin, BMSCs will have an increase in adipogenesis markers, while ADMSCs will have an increase in neurogenesis markers. MSCs transplantation often faces a severe cell survival environment [160]. In contrast, the study of paracrine function and transplantation survival efficiency of MSCs provides a broad prospect for the application of MSCs.




3.3. Neuro


MSCs effectively protect neuronal cells, reduce apoptosis, and promote neuroprotrusion growth, neurogenesis, synaptic transmission, and neurotransmitter transmission to promote recovery from neurological injury. In terms of anti-apoptosis, MSCs resisted astrocyte apoptosis by inhibiting endoplasmic reticulum (ER) stress, IL-6/STAT3 signaling pathway, and Cx43/Nrf2 interaction [161,162,163,164]. Expression of markers of pro-apoptotic processes such as Bax was downregulated, and expression of anti-apoptotic proteins such as Bcl-2 was upregulated after MSCs transplantation. Endoplasmic reticulum stress led to damage and cytotoxicity of folding proteins such as GRP78, XBP-1 PERK, eIF2a, ATF4, and CHOP, leading to apoptosis and inhibition of blocking endoplasmic reticulum stress-induced pro-apoptotic pathways appears to be more dominant than anti-apoptotic promotion [162,163]. Il-6, a key factor in astrocyte proliferation and the blood–brain barrier coherence, was upregulated after cerebral infarction. Astrocytes co-cultured with MSCs then significantly improved IL-6 secretion. Meanwhile, the anti-apoptotic mechanism of IL-6 in astrocytes may be directly involved in the IL-6/STAT3 signaling pathway. In addition, MSCs-based treatment enhanced the expression of connexin 43 (Cx43) and nuclear factor red lineage-related factor 2 (Nrf2). It promoted the antioxidant response of astrocytes, including increased secretion of HO-1 enzyme, and impaired apoptosis [161,165,166].



MSCs also promote injured nerve recovery by promoting neuroprotrusion growth, neurogenesis, synaptic transmission, and neurotransmitter delivery. For example, human pluripotent stem cell-derived external mesenchymal stromal cells (hPSC-EMSCs) are significantly enriched in secreted factors such as nerve growth factor (NGF), platelet-derived growth factor AA, and transforming growth factor-β, which are involved in neurogenesis, synaptic transmission, and neurotransmitter delivery, respectively. The mechanism is to enhance NGF-induced neuroprotrusion growth and neuronal differentiation of NPCs through the ERK/CREB pathway, reduce brain injury size, promote endogenous neurogenesis, reduce the inflammatory response, and improve functional recovery. hPSC-EMSCs had higher neuroprotective potential than human umbilical cord-derived MSCs (hUC-MSCs) through anti-apoptotic and neuroprotrusion growth as well as promote neurogenesis, which can better promote endogenous neurogenesis and attenuate astrocyte proliferation and microglia proliferation [167]. Transplantation of MSCs after traumatic brain injury (TBI) improved neurological deficits by modulating inflammation and enhancing neurotrophic factor expression [168]. Transplantation of human umbilical cord-derived mesenchymal stem cells (hUC-MSCs) promoted motor recovery from spinal cord injury (SCI) by promoting upregulation of GABAR subunits (β3 and γ2) and KCC2 in injured neurons via BDNF [17]. In addition, MSCs promoted cell survival by regulating autophagy. For example, the co-culture of BMSCs with Aβ-treated neuronal cells significantly increased the induction of autophagosomes, final maturation of late AVs, and fusion with lysosomes. And reduced the level of Aβ in the hippocampus, the survival of hippocampal neurons was increased, and upregulation of BECN1/Beclin 1 expression in the AD model significantly enhanced autolysosome formation and clearance of Aβ in the AD model, leading to increased survival of neurons against Aβ toxicity [169].



The neuroinflammatory response and increased blood–brain barrier permeability are vicious cycles in neurological injury, and inhibition of this cycle can effectively protect the nerves [162]. MSCs can exert anti-inflammatory effects by downregulating pro-inflammatory cytokines, preventing leukocyte penetration, and promoting the polarization of microglia to the M2 phenotype [170]. Human amniotic mesenchymal stem cell (hAMSC) injection significantly increased the integrity of the blood–brain barrier, reduced TNF-α and iNOS, and inhibited microglia conversion to the pro-inflammatory M1 phenotype [162,171]. ADMSCs significantly improved microvascular disruption, congestion, and distortion and reduced the blood–brain barrier leakage in stroke rats [170]. Membrane-linked protein A1 (ANXA1) is expressed in microglia and BMVECs and acts as an anti-inflammatory agent via formylated peptide receptors (FPRs) agonists [172,173,174]. ANXA1 induced microglia to phagocytose apoptotic cells and debris without eliciting a pro-inflammatory response and promoted microglia polarization and migration. Thus, the molecular mechanism by which MSCs preserve the blood–brain barrier was related to the stabilization of the endothelial layer via the ANXA1/FPR axis and anti-inflammatory effects [175]. MSC transplantation significantly downregulated MMP9 activity without affecting MMP2 activity [176]. Attenuating the upregulation of MMP-9 in extravasated neutrophils and resident cells contributes to the preservation of the blood–brain barrier and reduce infarct volume and neurological deficits after ischemic stroke. In contrast, elevated MMP-2 levels may promote endothelial cell proliferation and maturation, further improving neurological prognosis after stem cell administration [177,178]. In a transient middle cerebral artery occlusion (MCAO) model, MSC transplantation significantly reduced IgG infiltration by decreasing the expression of MMP-9, TNF-α and pro-inflammatory factors (IL-1β, IL-6) and neutrophil penetration [176].




3.4. Immunomodulation


As mutually antagonistic inflammatory factors in immune regulation, pro-inflammatory cytokines mainly include IL-1β, TNF-α, IL-6, IL-15, IL-17, IL-18, and anti-inflammatory factors mainly include TNF-stimulated gene 6, IL-4, IL-10, IL-13, IL-37 [179]. MSCs have good immunomodulatory properties, capable of immune interaction with major immune cells, including natural killer cells, macrophages, dendritic cells (DCs), T cells, and B cells, among other cells.



Macrophages can be polarized by different signals into the classical M1 phenotype or alternatively activated M2 subtype [180]. M1 macrophages exhibit potent antimicrobial properties and are responsible for promoting the Th1 response (characterized by increased production of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α). In contrast, M2 macrophages secrete fewer pro-inflammatory cytokines (characterized by high levels of IL-10 production and low levels of IL-12, TNF-α, and IL-1α), promote th2-type immune responses, and display a hyperphagocytic phenotype [181]. MSCs polarized the proinflammatory M1 macrophages into M2 subtypes. M1 macrophages co-cultured with BMSCs for 72 h expressed CD206 (a marker of M2 macrophages), accompanied by high levels of anti-inflammatory cytokines IL-10 and low levels of proinflammatory cytokines, including IL-12, TNF-α and IL-1α [182]. The proportion of M2 macrophages was significantly reduced, and toll-like receptor 4 (TLR4) expression was significantly increased in BMSCs-treated mice, suggesting that BMSCs inhibited the shift of pro-inflammatory macrophages to the M2 subtype through the TRL4 signaling pathway [183]. The underlying mechanism may be that lipopolysaccharide (LPS) and TNF-α enriched in the inflammatory microenvironment activate TLR4 and TNF receptor 1 (TNFR1) on BMSCs, inducing the NF-κB signaling pathway, and upregulated cyclooxygenase (COX)-2 expression [184]. Yap proteins in the Hippo pathway can regulate the inflammatory response. MSCs regulated the inflammatory response by activating the MSCs control the assembly of NLRP3 inflammatory vesicles by activating the Hippo pathway and regulating the interaction between Yap and β-linked proteins [185]. The inflammatory chemokines CCL2 and CXCL2 secreted by BMSCs played an important role in polarizing mouse peritoneal macrophages to the IL-10 phenotype [186]. MSCs secretome contained tissue growth factor-β3 (TGF-β3), thrombospondin-1 (TSP-1), miR-182, miR-223, and miR-322, which contribute to the polarization toward anti-inflammatory macrophages and reducing the amounts of inflammatory cytokines such as TNF-α and IL-12 released from injured tissues [187,188].



MSCs inhibited B-cell proliferation in vitro and suppressed B-cell differentiation and structural expression of chemokine receptors [140,189,190]. MSCs from human-term placental amniotic membranes (hAMSCs) and the conditioned medium mesenchymal stem cells (CMhAMSCs) generated from their culture strongly inhibited the proliferation of CPG-activated B cells. Furthermore, CM-hAMSCs blocked B cell differentiation, resulting in an increased proportion of mature B cells and reduced the formation of antibody-secreting cells [191]. It was shown that hAMSCs have immunosuppressive effects on B cells and constitutively express high levels of the immunosuppressive ligand programmed cell death ligand 1 (PD-L1) in response to IFN-γ [192]. In mouse models, placental MSCs (P-MSCs) inhibited the proliferation and further differentiation of B cells [193]. LPS-stimulated B cells co-cultured with MSCs have shown that B cell proliferation and differentiation can be inhibited [194], and in vitro studies have shown that BMSCs support the survival, proliferation, and differentiation of normal human B cells into antibody-secreting cells [195,196]. It is possible that this is the result of different experimental conditions in the hypersensitive response of immune cells. However, the possibility that BMSCs contain different subtypes of MSCs cannot be excluded. Co-cultures of MSCs and lymphocytes mutually exerted an inhibitory effect, which inhibited the growth of MSCs and enhanced their immunosuppressive capacity [197]. Co-cultures of MSCs and lymphocytes showed that MSCs stimulate B-cell antibody secretion, and whether B-cell antibody secretion is inhibited or promoted is determined by the dose of MSCs [196].



MSCs were able to inhibit the proliferation, maturation, and differentiation of DCs, thus exerting immunomodulatory and immunosuppressive effects [198]. DCs initiated T cell immunomodulation and regulated T cell differentiation to Th1, Th2, Th17, or Treg subpopulations. DCs also indirectly regulate T cell subpopulation differentiation by activating regulatory cytokine production by intrinsic lymphocytes [199]. Immature dendritic cells (Im-dendritic cells) and lipopolysaccharide-treated DCs co-cultured with BMSCs for 48 h showed decreased expression of CD11c, CD80, CD86, IL-6, TNF-α and IFN-γ, and significantly increased expression of CD11b, IL-10, and TGF-β, stimulating splenocyte production of Treg markers (FOXP3, CD4, and CD25). MSCs induced the transformation of immature DC phenotype to regulatory dendritic cells (r-DCs), while MSCs secreting anti-inflammatory cytokines (IL-10 and TGF-β) played a similar role to r-DCs, leading to the activation of Treg [200]. MSCs regulated the differentiation and maturation of DCs, and the interaction between DCs and BMSCs upregulated IL-10 production by plasmacytoid dendritic cells (pDCs) and thus exerted anti-inflammatory effects [201]. MSCs inhibited the expression of toll-like receptor 3 (TLR3) and TLR9 and attenuated the migration of DCs by attenuating the expression of the lymph node-homing chemokine receptor CCR7 [202]. MSCs also inhibited dendritic cell maturation by downregulating DC maturation markers (MHC) major histocompatibility complex class II C, CD40, CD80, and CD86, directly impeding local antigen initiation by T cells [202,203]. In addition, secretion of IL-6, macrophage colony-stimulating factor (M-CSF), PGE2, and IL-10 in MSCs was associated with the induction of tolerogenic DCs [204].



MSCs inhibited myeloid DCs maturation, thereby preventing antigen presentation from DCs to T cells, and also inhibited tumor necrosis factor (TNF) to reduce the pro-inflammatory potential of DCs [205,206,207,208]. It also induced IL-10 production by pDCs to promote Treg production and inhibit immune system activation, thus contributing to the maintenance of homeostasis and tolerance to autoantigens in vivo [201,209].MSCs suppressed CD8+ cytotoxicity by inhibiting IFN-γ production and proliferation of CD4+ and CD8+ T lymphocytes, keeping T cells in the G0/G1 phase and supporting their survival in that state, and promoted CD4 + CD25+ Treg production by regulating immunosuppressive factors such as PGE2, IL-10, and diamino-2,3-dioxygenase (IDO) [189,210,211,212]. In this state, MSCs promoted the production of IL-4 and IL-10 by T cells and transformed T cells from a pro-inflammatory to an anti-inflammatory state, thus playing an important role in maintaining immune homeostasis [201,213,214]. MSCs directly induced regulatory T cell proliferation by releasing the immunomodulatory HLA-G isoform HLA-G5, which inhibited T cell proliferation and reduced NK cell and T cell cytotoxicity [215,216]. Through secretion of soluble trophic factors and immunomodulation, MSCs shifted the overall immunity from a pro-inflammatory Th1/Th17-driven immune response to a more anti-inflammatory Th2/Treg distribution, thereby halting the prolongation of the inflammatory phase and stimulating the progression of cell proliferation and tissue remodeling, which is essential for functional recovery of chronically injured organs [104]. In summary, MSCs intervene in T cell activation, proliferation, and phenotypic transformation and increase Tregs levels, thus exerting immunomodulatory effects. MSCs were transduced with GFP-HIF-1α lentiviral vectors (HIF-MSCs) and then co-cultured with DCs. HIF-MSCs were found to significantly decrease dendritic cell differentiation and increase resistance to NK cell lysis [217]. MSCs inhibited the cytotoxic activity of resting NK cells by downregulating the expression of NKp30 and natural-killer group 2, member D (NKG2D), inhibited NK proliferation, and inhibited IFNγ production [218]. MSCs interfered with NK cell degranulation and had an inhibitory effect on the proliferative killing activity of NK cells, which is associated with cytokines such as IL-2 and IFN-γ. IFNγ prompted MSCs to produce nitric oxide and indandiamine 2,3-dioxygenase (IDO), and IDO inhibited the production of IFN-γ through Tryptophan depletion, inhibited the proliferation of IFNγ-producing TH1 cells and blocked the activity of NK cells together with prostaglandin E2 (PG-E2) [219,220].





4. MSC-Derived Extracellular Vesicles


Exosomes (Exos) are a subset of intracellular multivesicular bodies (MVBs) that are generally thought to be 40–160 nm in size [221,222,223]. Endocytic vesicles form early sorting endosomes (ESEs) after encapsulating material inside and outside the cell. Some ESEs induce the formation of late sorting endosomes (LSEs), and the invagination of LSEs forms intraluminal vesicles (ILVs) after being encapsulated by MVBs, form exosomes via MVBs that have not been degraded by autophagosomes or lysosomes [224,225]. This process is carried out by endosomal sorting complex (ESCRT) proteins that sort the proteins they contain [226,227]. Exosomes carry thousands of cargoes, including proteins, lipids, and nucleic acids [228,229]. Proteins are always associated with membrane transport and fusion, and exosome identification. Lipids usually play a key role in exosome biogenesis, shape maintenance, and homeostatic regulation in recipient cells, exosomal lipids have some cell type specificity, and lipids play a key role in the formation and protection of exosome structures, vesicle biogenesis, and homeostatic regulation [230]. Nucleic acids are key regulators of intracellular communication and multiple signaling pathways [231,232,233]. Exosomes released from different parts of the same cell have different molecular compositions [234], and exosomes of different tissues and cellular origins carry different types of substances [235]. Microvesicles (EVs), also known as microparticles, exosomes, and membrane particles, share the same process of plasma membrane outgrowth or vesicle production as exosomes, except that Evs have a larger diameter, up to 1000 nm [221]. Their physiological properties are very similar to those of Exos, except that they carry more contents.



MSC-derived exosomes (MSC-Exos) and extracellular vesicles (MSC-Evs) serve as biological vesicles with a long circulating half-life, low immunogenicity, excellent permeability, and desirable biocompatibility. There is the expression of common surface biomarkers, such as CD81 and CD9, and MSC surface markers, such as CD29, CD44, CD73, and CD90 [236]. There is also the expression of endosomal markers CD63 and CD82 [9]. They share the same biological functions as MSCs, such as tissue regeneration, immune regulatory effects, and anti-inflammatory effects [237].



4.1. Bone Tissue


MSC-Exos and MSC-Evs played a significant role in promoting chondrocyte proliferation and migration, regulation of extracellular matrix anabolism, and promotion of vascular neogenesis. For example, synovial MSC-Exos had the ability to improve chondrocyte proliferation and migration both in vitro and in vivo [238]. Evs-rich angiotensin proteins promoted myeloid cell proliferation and extracellular matrix anabolism via the Notch1 signaling pathway. Sustained release of Evs ameliorates disc degeneration and promotes disc regeneration more effectively [239]. HIF-1α under hypoxic conditions impeded EFNA3 expression by inducing high miR-210-3p expression in MSC-derived small extracellular vesicles (MSC-sEVs), activated the PI3K/AKT pathway and promoted angiogenesis and bone regeneration [240]. Hypoxia-induced miR-17-5p enrichment in MSCs-sEVs, which in turn regulated the proliferation and synthesis of myeloid cell (NPC) stroma through the TLR4/PI3K/AKT pathway of the downstream target gene TLR4 for the treatment of intervertebral disc degeneration (IDD) [241]. Human umbilical cord mesenchymal stromal cell (MSC)-derived extracellular vesicles (hUCMSC-Evs) prevented bone loss and maintained bone strength in osteoporotic mice by enhancing bone formation, reducing bone marrow fat accumulation, and decreasing bone resorption. They are highly enriched in the potent bone-enabling protein CLEC11A (C-type lectin structural domain family 11, member A). Furthermore, in terms of differentiation regulation, hUCMSC-Evs enhanced the transition from lipogenic to osteogenic differentiation of bone marrow mesenchymal stem cells by delivering CLEC11A. The inhibitory effect of hUCMSC-Evs on osteoclast formation was also noted [242].




4.2. Liver and Kidney Tissue


The extracellular vesicles released by MSCs had significant hepatoprotective effects and promoted the proliferation and maturation of cells associated with liver function. For example, human Wharton’s jelly MSC-Exos (hWJ-MSC-Exos) limited liver failure (LF) and protected hepatocytes by inhibiting epithelial-tumor mesenchymal transition and inactivating the TGFβ1/SMAD2 pathway [243]. Choroidal plate-derived MSC-Exos carried miR-125b, which shows hepatoprotective effects by blocking Smo production and consequently inactivating the Hedgehog signaling pathway [244]. ADMSC-Exos delivered miR-122 to hepatic stellate cells (HSCs) and regulated miR-122 target genes IGF1R, Cyclin G1 (CCNG1), and proline-4-hydroxylase α1 (P4HA1) expression, thereby promoting cell proliferation and collagen maturation in hematopoietic stem cells [245]. In addition, MSC-Evs may also exert protective effects through the delivery of mitochondria. For example, hUCMSC-Evs treated hepatic ischemia-reperfusion injury (IRI) by transferring functional mitochondria to intrahepatic neutrophils and repairing their mitochondrial function in inhibiting the formation of neutrophil extracellular traps (NETs) in local liver tissue [246]. MSC-Evs inhibited Wnt/β-linked protein pathway components α-SMA and type I collagen expression, thereby preventing stellate cell activation and increasing hepatocyte regeneration. In vivo injection of hBMSC-Exos has been shown to be effective In alleviating ccl4-induced liver fibrosis and restoring liver function in rats [247]. MSC-eVs significantly reduced the mRNA expression of kwashiorkor cells (KCs) and inflammatory factors and activated the hepatic stellate cell (HSC) and LPS/TLR4 signaling pathways, thereby reducing inflammation and fibrosis [248]. Overexpression of MiRNA-181-5p in ADMSC-eVs downregulated transcription 3 (STAT3) and Bcl-2 in HST-T6 cells and activated autophagy, while type I collagen, waveform protein, a-SMA, and fibronectin were significantly reduced in the liver [249]. miR-122 overexpression regulated the expression of target genes such as insulin-like growth factor receptor 1 (IGF1R) cell cycle protein G (GNG1) and proline-4-hydroxylase P4HA11 (P4HA1) expression, resulting in more effective blockade of hematopoietic stem cell proliferation and collagen maturation [245]. miR-486-5p, which is highly expressed in MSC-eVs, targeted the hedgehog receptor and inhibited hedgehog signaling, thereby attenuating hematopoietic stem cell activation and liver fibrosis [250].



MSC-released extracellular vesicles effectively promoted renal endothelial cell proliferation and inhibited apoptosis. mRNAs encoding CDC6, CDK8, and CCNB1 from BMSC-Exos synergistically regulated renal tubular epithelial cell cycle entry and proliferation and blocked apoptosis [251]. ADMSC-Eoxs decreased pro-inflammatory cytokines, Smad3, and TGFβ fluorescent proteins by downregulating anti-apoptotic proteins, reducing creatinine and blood urea nitrogen (BUN) levels, and improving renal function [252]. hWJMSC-Exos inhibited NADPH oxidase (NOX) and reactive oxygen species from triggering Nrf2/antioxidant response elements, improved renal function, and inhibited apoptosis [253]. hUCMSC-eVs carried the mitochondria-located antioxidant enzyme MnSOD (manganese superoxide dismutase), which effectively reduced renal oxidative stress [254]. BMSC-eVs transferred anti-apoptotic mRNA to recipient cells and exerted pro-survival effects on renal cells in vivo and in vitro [255].



MSC-released extracellular vesicles also protected the kidney by over-promoting angiogenesis and cell migration. For example, ADMSC-Exos expressing glial cell line-derived neurotrophic factor (GDNF) reduced peritubular capillary thinning and renal failure, stimulated angiogenesis, cell migration, SIRT1 signaling pathway, and conferred apoptosis resistance [256]. BMSC-Exos was able to promote renal tubular epithelial cell proliferation by delivering IGF1 receptor mRNA [257]. MSC-eVs promoted renal tubular epithelial cell proliferation by inhibiting apoptosis in 70% of foot cells, promoting vascular regeneration and cell survival (increasing CD31+/Ki-67+ endothelial area) to prevent renal complications [258]. MSC-eVs reduce apoptosis and restore the expression of angiogenic factors in stenotic kidneys [259].



In the anti-inflammatory and anti-fibrotic context, MSC-eVs reduced the levels of several pro-inflammatory cytokines in renal veins, including TNF (tumor necrosis factor)-α and IL-6, while increasing the levels of IL-10. The number of reparative M2 macrophages in the renal parenchyma immunomodulatory effects were associated with increased expression of pro-angiogenic factors in the kidney after stenosis, restoring intrarenal microcirculation and improving medullary oxygenation and fibrosis 12% and thus glomerular filtration rate (GFR) in stenosed kidneys [260]. MSC-Exos ameliorated renal fibrosis by inhibiting YAP via casein kinase 1δ (CK1δ) and E3 ubiquitin ligase β-TRCP and blocking the RhoA/ROCK pathway by inhibiting the ROS-mediated p38MAPK/ERK signaling pathway [261,262,263]. MSC-Exos inhibited apoptosis and stimulated tubular epithelial cell proliferation, thereby reducing acute kidney injury, and thus protecting these kidneys from late CKD. MSC-eVs improved peritubular by reducing macrophage accumulation and fibrosis, inhibiting pro-inflammatory and pro-fibrotic proteins CX3CL1 [264]. MSC-eVs inhibited epithelial-mesenchymal transition capillary thinning and reduced tubular interstitial fibrosis to prevent the progression of renal injury [265]. Multiple injections of human liver stem cell-like cells (HLSCs) and MSC-eVs significantly improved renal fibrosis and type I collagen expression, with significant downregulation of related genes (Serpina1a, FAS ligand, CCL3, TIMP1, MMP3, type I collagen and SNAI1) and reduced DN symptoms [266]. In addition, it has been shown that various miRNAs carried by MSC-eVs play a role in renal protection. For example, miR-24, an important regulator of vascular inflammation, is involved in EV-induced post-ischemic renal repair [267,268]. miR-34c-5p inhibited the core focus (CF) of the cd81- EGFR complex, which ameliorated renal interstitial fibrosis (RIF) [269]. miRNA-215-5p inhibited ZEB2 and improved diabetic nephropathy (DN) symptoms [270,271]. miR-451a inhibited the expression of cell cycle inhibitors P15 and P19 by targeting their 3’-UTR sites, thereby decreasing α-SMA and increasing e-calmodulin expression. This resulted in EMT reversal and amelioration of DN symptoms [272].




4.3. Cardiovascular


Similar to MSCs, MSC-Exos and MSC-eVs protect cardiac function mainly by preserving cardiomyocytes, anti-apoptosis, reducing infarct area size, promoting endothelial cell proliferation, promoting revascularization, inhibiting fibrosis, inhibiting ECM remodeling, and modulating immunity. In terms of reducing infarct size, anti-apoptosis, and inhibiting ECM remodeling, MSC-Exos promoted hydrogen peroxide-induced proliferation and apoptosis of H9C2 cells and prevented TGF-β-induced conversion of fibroblasts to myofibroblasts [273]. The lncRNA KLF3-AS1 in BMSC-Exos inhibited H9C2 apoptosis and slowed down the progression of myocardial infarction via the lncRNA KLF3-AS1/miR138-5p/Sirt1 pathway [274]. Human-induced exosomes (hiPSC-MSC-Exos) from pluripotent stem cell-derived mesenchymal stem cells rapidly re-epithelialized, promoted collagen maturation and reduced scar size, promoted cell proliferation and migration, and increased type I and III collagen and elastin secretion in a dose-dependent manner [275]. Timp2-modified hUCMSC-Exos reduced TGF-β-induced secretion of MMP2, MMP9, and α-SMA in cardiac fibroblasts and inhibited ECM remodeling [276]. MSC-Eoxs exerted anti-fibrotic and infarct size reduction effects by delivering various miRNAs such as miR-19a, miR21, miR-22, miR-23a, miR-24, miR-29, miR -125b, miR-145, miR-221. miR-19a exerted anti-fibrotic and infarct size reduction effects by downregulating phosphatase and tensin homolog (PTEN) and triggering Akt and ERK signaling pathways [155]. miR21 inhibited PTEN, upregulated Akt, Bcl-2, and VEGF, promoted recovery of cardiac function, and reduced infarct size [125]. Dysregulation of miR-21-5p in exosomes of heart failure patients impaired regenerative activity, and restoration of miR-21-5p expression accelerated cardiac repair by enhancing cardiomyocyte and endothelial cell survival through phosphatase and tensin homolog/Akt pathways [277]. miR-22-enriched exosomes accelerated cardiac repair by targeting methyl-CpG-binding protein2 (MECP2), significantly reducing infarct size to decrease fibrosis [278]. miR-21, -23a, -125b, and -145 miRNAs in hWJMSC-Exos and hUCMSC-Eoxs hindered scar formation and myogenic cell accumulation by blocking and reducing collagen deposition through the TGFβ2/SMAD2 pathway [279]. MiR-29 and miR-2 inhibited TGF-β-induced fibrosis in fibroblasts, thereby enhancing cardiac repair [273]. miR-221 protected the heart by downregulating p53 and upregulating apoptosis regulator (PUMA) anti-apoptosis [280]. Cardiac miRNAs (miR-1, miR133a, miR-208a/b, and miR-499), which are extremely relevant to myogenesis, cardiac function, and pathology, have been detected in large numbers in the myocardium. These cardiac-specific miRNAs could greatly contribute to enhancing the regenerative properties and survival of stem cells [281].



MSC-Exos had the ability to promote recovery of cardiac function by promoting tubule generation from endothelial cells, inhibiting T cells, and reducing infarct size [282]. Its carriage containing encoded basic matricellular growth factor (bFGF), IGF1, and VEGF could be pro-angiogenic [154,283]. hWJMSC-Exos promoted wound healing and angiogenesis in vivo by transferring Wnt4 and activating β-linked protein [284]. miRNAs in MSC-Exos also have mostly pro-angiogenic effects. For example, miR-21 showed superior cardioprotective effects through the angiogenesis of the PTEN/Akt pathway [285]. miR-125a regulated endothelial tip cell generation by downregulating the expression of angiogenesis inhibitor delke4 (DLL4) [126]. miR-132 increased tube formation in HUVEC by targeting RASA1, enhanced neovascularization in the peri-infarct zone, and preserved cardiac function [286]. miR210 promoted angiogenesis and protected cardiac function both in vivo and in vitro. miR-210 also significantly improved angiogenesis by increasing the proliferation, migration, and tube formation capacity of HUVECs and contributed to the improvement of cardiac function after myocardial infarction [285]. miR-494 promoted muscle regeneration by improving angiogenesis and myogenesis [287]. miR-612 promoted muscle regeneration by miR-612-TP53-HIF-1α-VEGF axis, promoted paracrine hypoxia-inducible factor 1-α (HIF-1α)-VEGF signaling in HBMECs, which promoted the proliferation, migration and angiogenic activity of human brain microvascular endothelial cells (HBMECs) and promoted angiogenesis [288]. Many bioengineering tools were applied to exocytotic vesicles to enhance the efficacy, such as ADMSC-Exos overexpressed SIRT1 to restore cell migration and tube formation through the Nrf2/CXCL12/CXCR7 pathway, as well as the recruitment of EPCs to the repair region [289]. Macrophage migration inhibitory factor-engineered hUCMSC-Exos significantly enhanced proliferation, migration, and angiogenesis by delivering miR-133a-3p to HUVEC [290]. TIMP2-modified hUCMSC-Exos promoted the secretion level of Sfrp2, thereby promoting HUVEC proliferation, migration and tube formation, and angiogenesis [276]. Akt-modified PDGF-D in hUCMSC-Exos improved myocardial infarction treatment more effectively by promoting angiogenesis [122]. TIMP-2 modified hUCMSC-Exos increased angiogenesis by reducing cardiomyocyte apoptosis and enhanced cardioprotection by limiting ECM remodeling in part through activation of the Akt/Sfrp2 pathway [291]. Lentiviral CXCR4-transduced MSC-Exos significantly increased IGF-1α and pAkt levels, inhibited active cysteine 3 levels in cardiomyocytes, and promoted angiogenesis by enhancing VEGF expression, contributing to neovascularization and reducing infarct size and improving cardiac remodeling [154]. Packaging of long-stranded non-coding RNA H19 in BMSC-Exos regulated miR-675 expression, activated pro-angiogenic factor VEGF and intercellular adhesion molecule-1, and promoted endothelial cell proliferation exerting significant cardioprotective effects [292].



MSC-Exos ameliorated the myocardial inflammatory microenvironment in mice with dilated cardiomyopathy by significantly reducing M1 macrophages in the blood and heart and promoting macrophage conversion from the M1 phenotype to the M2 phenotype, compounding the reduction in plaque size and macrophage infiltration and promoting the restoration of cardiac function [293,294]. MSCs-Exos accumulated in mediastinal lymph nodes, and histocompatibility complex (MHC)-II antigen-presenting cells (APCs) uptake induced Foxo3 activation via the protein phosphatase (PP)-2A/p-Akt/forkhead box O3 (Foxo3) pathway, and Foxo3 induced APCs to express IL-10, IL-33, and IL-34 and other cytokines and established Treg-induced ecotone in MLN, with enhanced Treg differentiation and cardiac targeting, thereby promoting cardiac inflammation regression and cardiac repair after MI [295]. Exosomes obtained from LPS-pretreated BMSCs increased M2 macrophage polarization and attenuated post-myocardial infarction inflammation by inhibiting the LPS-dependent NF-κB signaling pathway and activating the AKT1/AKT2 signaling pathway [296]. MSC-Exos affected DCs, monocytes, and macrophages, constructed an anti-inflammatory environment, enhanced Treg polarization, and through downstream c-Fos proteins, significantly improved ischemia-reperfused cardiac function and impaired perfusion in infarcted mice [297]. MSC-Exos carried many miRNAs involved in suppressing the inflammatory response to exert cardioprotective effects. For example, miR-34a, miR-124, and miR-135b [298], miR-125b mediated the p53-BNIP3 signaling pathway [299], miR-25-3p targeted the pro-apoptotic genes FASL and PTEN [300], miR-146a interacted with the 3’-untranslated region of EGR1 [301], miR-221/222 interacted with the 3’-untranslated region of EGR1 via PUMA/ETS-1 [302], miRNA-181a down-regulated the pro-inflammatory cytokine TNF-α and IL-6, increased the anti-inflammatory cytokine IL-10 and promoted Treg cell polarization [303], miR-10a promoted Th17 and Treg responses [304], micriRNA-133 inhibited Snail1 inhibition [305], and miR-146 down-regulated early growth response factor 1 (EGR1) [301].




4.4. Neuro


MSC-Exos restored neurological damage after ischemia, inhibited inflammation-induced neurodegeneration microglia proliferation, suppressed reactive astrocyte proliferation, promoted angiogenesis and neuronal growth rate after brain injury, increased vascular density and generation, increased the number of new neuroblasts, reduced inflammation, improved functional recovery, and provided long-term neuroprotection [252,306,307,308]. MSC-Exos inhibited the expression of pro-apoptotic Bcl-2-associated X protein, TNF-α, and IL-1β upregulated the anti-apoptotic protein B-cell lymphoma 2 and regulated microglia/macrophage polarization to reduce injury size and restore neurobehavioral performance [309]. Intravenous administration of BMSC-Exos exhibited an anti-inflammatory response in injured spinal cord tissue and improved motor activity via astrocytes and microglia [310]. ADMSCs-Exos contained a large amount of neurotolerin, which degraded β-amyloid peptides and reduced both secreted and intracellular β-amyloid peptides in neuroblastoma cells [311]. MSC-Exos in the Alzheimer’s disease (AD) APP/PS1 mouse model rescued synaptic dysfunction and promoted anti-inflammatory effects [312]. MSC-Exos carried multiple miRNAs such as miR-17-92 cluster, miR-133b, and miR-322. miR-133b promoted neurosynaptic growth by downregulating RhoA expression, contributing to neurosynaptic remodeling and stroke recovery [313]. miR-17-92 cluster mediated neurogenesis, neural remodeling, and oligodendrocyte generation in the ischemic border zone. miR- 17-92 cluster-enriched Exos repressed PTEN, the binding target gene of miR-17-92 cluster, activating downstream proteins, protein kinase B (the mechanistic target of rapamycin), and glycogen synthase kinase 3β [314]. miR-322 repressed the expression of pknox1, a protein that inhibits the M1 phenotype of macrophages, thereby promoted the M2 phenotype transformation [188].



MSC-eVs reduced brain injuries and infiltration of other types of immune cells, such as monocytes/macrophages and lymphocytes, creating an environment conducive to neuronal recovery [187,315,316,317]. MSC-eVs increased endothelial cell proliferation and reduced pro-inflammatory astrocyte and microglial cell activation [308,318,319]. Activated microglia, in turn, promoted the enrichment of miRNAs by MSCs-eVs, and enhanced immunomodulatory potential against neuroinflammation [320]. MSC-eVs also contained angiopoietin 1, Notch 2, vascular cell adhesion molecule 1 (VCAM-1), and transforming growth factor-β2 (TGF-β2). These molecules promoted survival and neuroprotection and promoted angiogenesis in damaged tissues [260]. MSCs-EVs also contained ANXA1, which exerted stabilizing and anti-inflammatory effects on the endothelium through the ANXA1/FPR axis [321,322]. MSC-EVs reduced the number of beta-amyloid (Aβ) plaques and slowed down the pathogenesis of AD [323]. MSC-EVs exerted protective effects against hypoxic-ischemic (HI) injury-induced neurological damage through the delivery of miR-21a-5p [324]. MSC-EVs containing miR-182 negatively regulated TLR4/NF-κB pathway in macrophages and promoted M2 polarization [293]. MSC-EVs delivered miR-21a to microglia, induced anti-inflammatory M2 polarization, and enhanced neuroprotection [324]. MSC-EVs containing miR-184 have also been shown to promote neurogenesis [325].




4.5. Immunomodulation


MSC-Exos is involved in immune regulation by regulating the function of immune cells and altering the secretion of inflammatory factors such as TNF-α and IL-1β [326]. MSC-Exos significantly reduced the inflammatory response by upregulating IL10 and downregulating the expression of TNF-α and IL6 [327]. MSC-Exos also exerted its anti-inflammatory effects by increasing IL10 levels, and decreasing pro-inflammatory such as IL-1β and TNF-α mRNA levels of cytokines exerted anti-inflammatory effects [328]. Hypoxia increased miR-205-5p levels in BMSC-Exos and effectively suppressed inflammation through the miR-205-5p/PTEN/AKT pathway [329]. miR-21-5p in gingival mesenchymal stem cell (GMSC) exosomes played a key role in neuroprotection and anti-inflammation by binding to programmed cell death 4 (PDCD4) in the TG exon [330]. MSC-Exos enhanced IL-1β-induced cell proliferation and inhibited apoptosis and inflammation [331]. MSC-Exos inhibited NLRP3 inflammatory vesicle components (NLRP3, caspase1-p20, ASC) and gasdermin D (GSDMD-F, GSDMD-N) in BV2 microglia via miR-146a-5p/TRAF6, attenuated inflammatory response and increased autophagy levels to inhibit apoptosis [332]. MSCs-sEVs carried substances that change with the secretory cell state when MSCs are in an inflammatory environment. They released more functional growth factors, exosomes, and chemokines. Both inflammation-stimulated ADMSC-sEVs (IAE) and normal ADSC-sEVs (AE) promoted cell proliferation; IAE also significantly improved cell migration, and high expression levels of miR-27b-3p in IAE-regulated macrophages by targeting macrophage colony-stimulating factor-1 (CSF-1), significantly promoting M2 macrophage differentiation [333]. High tyrosine phosphatase-2 (SHP2)-expressing MSC-EVs-SHP2 with high blood–brain barrier permeability effectively delivered SHP2 to the brain of AD mice, significantly induced mitochondrial phagocytosis of neuronal cells, and attenuated mitochondrial damage-mediated apoptosis and NLRP3 inflammatory vesicle activation [334]. BMSC-EVs reduced the expression of the pro-inflammatory cytokines IL-1β, TNF-α, and IL-6, and enhanced the expression of IL-10, chondrogenic genes, type II collagen, and SOX9 [335]. BMSC-EVs also significantly ameliorated inflammation in vivo by upregulating miR- 34a-targeted inhibition of the cell cycle protein 1-activated ATM/ATR/p53 signaling pathway, thereby inhibiting RA fibroblast-like synoviocytes (RA-FLSs) [336].



MSC-Exos promoted the differentiation of monocyte myeloid-derived suppressor cells (M-MDSC) into highly immunosuppressive M2-polarized macrophages [337]. ADMSC-Exos transferred stem cell-derived mitochondrial components to alveolar macrophages, increased mtDNA levels, MMPs, OXPHOS activity, and ATP production, downregulated IL-1β, TNF-α and iNOS secretion, increased production of anti-inflammatory cytokines IL-10 and Arg-1, and improved macrophage mitochondrial integrity and oxidative phosphorylation levels, thereby restoring metabolic and immune homeostasis of airway macrophages and reducing lung inflammatory pathology [338].



MSC-Exos decreased serum alanine aminotransferase (ALT) and pro-inflammatory cytokine levels while increasing the expression of anti-inflammatory cytokines, downregulating pro-inflammatory factors, and inducing Treg activity [339,340]. MSCs-Exos accumulated in mediastinal lymph nodes, induced Foxo3 activation, promoted the expression of cytokines such as IL-10, IL-33, and IL-34 by APCs, and promoted the differentiation of Treg for inflammation [295]. MSCs-Exos inhibited the maturation of LPS-treated DCs and thus attenuated antigen presentation [341]. ADMSC-Exos improved type 1 autoimmune diabetes mellitus (T1DM) symptoms by upregulating the expression of regulatory T cells, interleukin 4 (IL 4), IL 10, and transforming growth factor- (TGF-β) and downregulating IL-17 and IFN-γ [342]. hBMSC-EVs increased PRG4, BCL2 and ACAN gene expression and reduced apoptosis by downregulating MMP13, ALPL, IL-1β-activated pro-inflammatory Erk1/2, PI3K/Akt, p38, TAK1, NF-K1 and NF-κB signaling pathways [343].





5. Cytokines


Growth factors like HGF, IGF-1, VEGF, FGF2, EGF, PDGF, SDF-1, keratinocyte growth factor, angiopoietin-1, erythropoietin and thrombopoietin released from MSCs played important roles in promoting cell proliferation and tissue damage repair [95,96,97,98,344]. MSCs secreted anti-apoptotic and anti-inflammatory factors IL-6, IL-1Ra, IL-10, and TGF-β, which play immunomodulatory roles such as anti-fibrosis, inhibiting pro-inflammatory cell activation and promoting Treg [108,182,200]. MSCs affected the cytokine secretion of other cells. For example, by regulating the polarization of macrophages, MSCs affect the level of cytokines secreted by macrophages such as TNF-α, IL-1β, IL-1α, IL-6, IL-12, TGF-β, IL-10, HGF, PGE2, etc., further exerting anti-inflammatory and other effects [119,136,137,188]. MSCs also secrete enzymes to participate in metabolic regulation, such as producing SOD3 to reduce ROS levels [135].



MSC-Eoxs and MSC-EVs also decreased tissue levels of pro-inflammatory factors TNF-α, IL-6, HMGB1, decreased oxidative stress factors NOX1, NOX2, and increased levels of anti-inflammatory factors IL-10, Arg-1, promoted Treg activation, regulated IL-33, IL-34 level [252,260,295,338,345]. MSCs and MSC-Eoxs together had better reduced TNF-α, NF-κB, IL-1β, macrophage migration inhibitory factor, plasminogen activator inhibitor, COX-2 inflammatory factors, reduced Smad3, TGF-β, increased Smad1/5, BMP-2 and inhibited fibrosis in tissues by downregulating apoptotic proteins [252].



Cytokines also have an effect on MSCs. For example, IFN-γ and IL-1β increased the level of VEGF secreted by MSCs [149]. And IFN-γ promoted the production of IDO by MSCs, which in turn inhibited IFN-γ production, TH1 cell proliferation, and NK cell activity [219,220]. Adipokines are a kind of adipocyte-derived factor with immunomodulatory properties. Visfatin induced the secretion of IL-6, IL-8, and MCP-1 during osteogenic and adipogenic differentiation. In contrast to resistin and leptin, visfatin increased MMP2 and MMP13 during adipogenesis. In osteogenically differentiated cells, MMPs and TIMPs were reduced by visfatin. Visfatin significantly increased matrix mineralization during osteogenesis, whereas collagen type I expression was reduced [346]. FGF2 and EGF increased MSCs proliferation, while TGF-β1 decreased MSC proliferation. FGF2, EGF and TGF-β1 increased MSCs cytokine levels, such as IL-6, CXCL8, CCL2, interferon-gamma and TNF-α, and decreased CCL5, PDGF-BB, and IL-10 levels [347]. Note that MSCs of different origins may have different cytokine releases and have different effects on other cellular tissues [348].




6. Summary and Prospect


In summary, MSCs and their exocytotic vesicles have been widely noticed and applied for their various roles in cell preservation, proliferation, migration, anti-inflammation, anti-apoptosis, anti-fibrosis, angiogenesis, neurogenesis, metabolism, immunomodulation (Figure 1). However, it is undeniable that MSCs have conflicting manifestations in some studies, such as whether BMSCs inhibited B cell proliferation [140,189,190,195]. Perhaps a deeper and more detailed study of MSCs to confirm the different characteristics of MSCs from different sources at different stages of culture and transplantation may help us to better understand MSCs. At present, a research team has sequenced single-cell RNA of MSCs, obtained the development trajectories of five subpopulations, and revealed the differentiation path from the stem-like proliferating cells (APC) to pluripotent progenitor cells, which can help define and classify MSCs.



The exocytotic vesicle inclusions of MSCs vary depending on the MSCs and their status. There are no strict and valid criteria for their acquisition, resulting in significant differences and uncertainties in their effects. For example, BMSC-EVs appeared to have a greater angiogenic potential than ADMSC-EVs, with an approximately 4-fold increase in the number of endothelial cells in the former compared to the latter [318]. EVs from endometrial MSCs produced higher levels of angiogenesis than came from BMSC-EVs or BMSC-EVs [125]. Treatment with BMSC-EVs increased bone volume 4-fold compared to controls [349], whereas ADMSC-EVs increased bone volume approximately 1.33-fold [350]. Both BMSC-EVs and ADSC-EVs induced macrophage M2 polarization in vivo and in vitro in acute lung injury mouse model, BMSC-EVs resulted in a significant increase (3.2-fold) in the expression of the m2-polarization marker CD206 [351]. In contrast, another study showed that ADMSC-EVs only increased by 1.5-fold in M2-polarization capacity [352]. This may require more studies on the exocytotic vesicles of different MSCs and the development of efficient extraction identification criteria. One study has already proposed a protocol for extracting six different subpopulations of extracellular vesicles from tissues [353]. Furthermore, hUCMSC-Exos promoted the initiation of dormancy in breast cancer and conferred resistance to conventional chemotherapy, and tumor dormancy is closely associated with tumor recurrence, metastasis, and chemoresistance [354,355], which is not the result we had hoped for. Due to the multi-substance-carrying capacity of exosomes and the resulting multidirectional potential, we need to purify their carriers to remove relatively harmful substances in specific therapeutic regimens to ensure therapeutic efficiency and safety [356]. Finally, the targeting of MSCs exocytotic vesicles is also of our concern. After intravenous injection, which would be the choice in most studies, vesicles are significantly taken up mainly by relevant ductal epithelial cells, peripapillary endothelial cells, and macrophages, thus exploring effective targeting techniques could help to improve the efficacy, such as combining autohistochemical peptides to enrich for relevant targeting molecules [119,357], enriching relevant target molecules [259]. Therefore, combining bioengineering may help us to obtain more desirable efficacy.







Funding


This work was supported by grants from the National Natural Science Foundation of China (82174120, 81970991), Natural Science Foundation of Shanghai (No. 21ZR1463100), Shanghai Talent Development Funding Scheme (No. 2019090), and Program of Shanghai Academic Research Leader (22XD1423400).




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Johnson, K.; Zhu, S.; Tremblay, M.S.; Payette, J.N.; Wang, J.; Bouchez, L.C.; Meeusen, S.; Althage, A.; Cho, C.Y.; Wu, X.; et al. A stem cell-based approach to cartilage repair. Science 2012, 336, 717–721. [Google Scholar] [CrossRef] [PubMed]

	



Salem, H.K.; Thiemermann, C. Mesenchymal stromal cells: Current understanding and clinical status. Stem Cells 2010, 28, 585–596. [Google Scholar] [CrossRef] [PubMed]

	



Turajane, T.; Chaveewanakorn, U.; Fongsarun, W.; Aojanepong, J.; Papadopoulos, K.I. Avoidance of Total Knee Arthroplasty in Early Osteoarthritis of the Knee with Intra-Articular Implantation of Autologous Activated Peripheral Blood Stem Cells versus Hyaluronic Acid: A Randomized Controlled Trial with Differential Effects of Growth Factor Addition. Stem Cells Int. 2017, 2017, 8925132. [Google Scholar] [PubMed]

	



Wu, X.; Wang, W.; Meng, C.; Yang, S.; Duan, D.; Xu, W.; Liu, X.; Tang, M.; Wang, H. Regulation of differentiation in trabecular bone-derived mesenchymal stem cells by T cell activation and inflammation. Oncol. Rep. 2013, 30, 2211–2219. [Google Scholar] [CrossRef] [PubMed]

	



Neybecker, P.; Henrionnet, C.; Pape, E.; Mainard, D.; Galois, L.; Loeuille, D.; Gillet, P.; Pinzano, A. In vitro and in vivo potentialities for cartilage repair from human advanced knee osteoarthritis synovial fluid-derived mesenchymal stem cells. Stem Cell Res. Ther. 2018, 9, 329. [Google Scholar] [CrossRef]

	



Lee, W.S.; Kim, H.J.; Kim, K.I.; Kim, G.B.; Jin, W. Intra-Articular Injection of Autologous Adipose Tissue-Derived Mesenchymal Stem Cells for the Treatment of Knee Osteoarthritis: A Phase IIb, Randomized, Placebo-Controlled Clinical Trial. Stem Cells Transl. Med. 2019, 8, 504–511. [Google Scholar] [CrossRef]

	



Ilas, D.C.; Churchman, S.M.; Baboolal, T.; Giannoudis, P.V.; Aderinto, J.; McGonagle, D.; Jones, E. The simultaneous analysis of mesenchymal stem cells and early osteocytes accumulation in osteoarthritic femoral head sclerotic bone. Rheumatology 2019, 58, 1777–1783. [Google Scholar] [CrossRef]

	



Greif, D.N.; Kouroupis, D.; Murdock, C.J.; Griswold, A.J.; Kaplan, L.D.; Best, T.M.; Correa, D. Infrapatellar Fat Pad/Synovium Complex in Early-Stage Knee Osteoarthritis: Potential New Target and Source of Therapeutic Mesenchymal Stem/Stromal Cells. Front. Bioeng. Biotechnol. 2020, 8, 860. [Google Scholar] [CrossRef]

	



Xiang, X.N.; Zhu, S.Y.; He, H.C.; Yu, X.; Xu, Y.; He, C.Q. Mesenchymal stromal cell-based therapy for cartilage regeneration in knee osteoarthritis. Stem Cell Res. Ther. 2022, 13, 14. [Google Scholar] [CrossRef]

	



Jacob, G.; Shimomura, K.; Krych, A.J.; Nakamura, N. The Meniscus Tear: A Review of Stem Cell Therapies. Cells 2019, 9, 92. [Google Scholar] [CrossRef][Green Version]

	



Zhi, Z.; Zhang, C.; Kang, J.; Wang, Y.; Liu, J.; Wu, F.; Xu, G. The therapeutic effect of bone marrow-derived mesenchymal stem cells on osteoarthritis is improved by the activation of the KDM6A/SOX9 signaling pathway caused by exposure to hypoxia. J. Cell. Physiol. 2020, 235, 7173–7182. [Google Scholar] [CrossRef]

	



Wu, Z.; Lu, H.; Yao, J.; Zhang, X.; Huang, Y.; Ma, S.; Zou, K.; Wei, Y.; Yang, Z.; Li, J.; et al. GABARAP promotes bone marrow mesenchymal stem cells-based the osteoarthritis cartilage regeneration through the inhibition of PI3K/AKT/mTOR signaling pathway. J. Cell. Physiol. 2019, 234, 21014–21026. [Google Scholar] [CrossRef]

	



Buschhaus, J.M.; Rajendran, S.; Humphries, B.A.; Cutter, A.C.; Muniz, A.J.; Ciavattone, N.G.; Buschhaus, A.M.; Caneque, T.; Nwosu, Z.C.; Sahoo, D.; et al. Effects of iron modulation on mesenchymal stem cell-induced drug resistance in estrogen receptor-positive breast cancer. Oncogene 2022, 41, 3705–3718. [Google Scholar] [CrossRef]

	



Mercatali, L.; La Manna, F.; Miserocchi, G.; Liverani, C.; De Vita, A.; Spadazzi, C.; Bongiovanni, A.; Recine, F.; Amadori, D.; Ghetti, M.; et al. Tumor-Stroma Crosstalk in Bone Tissue: The Osteoclastogenic Potential of a Breast Cancer Cell Line in a Co-Culture System and the Role of EGFR Inhibition. Int. J. Mol. Sci. 2017, 18, 81655. [Google Scholar] [CrossRef]

	



Bi, H.; Li, H.; Zhang, C.; Mao, Y.; Nie, F.; Xing, Y.; Sha, W.; Wang, X.; Irwin, D.M.; Tan, H. Stromal vascular fraction promotes migration of fibroblasts and angiogenesis through regulation of extracellular matrix in the skin wound healing process. Stem Cell Res. Ther. 2019, 10, 302. [Google Scholar] [CrossRef]

	



Kou, X.; Liu, J.; Wang, D.; Yu, M.; Li, C.; Lu, L.; Chen, C.; Liu, D.; Yu, W.; Yu, T.; et al. Exocrine pancreas regeneration modifies original pancreas to alleviate diabetes in mouse models. Sci. Transl. Med. 2022, 14, eabg9170. [Google Scholar] [CrossRef]

	



Cao, T.; Chen, H.; Huang, W.; Xu, S.; Liu, P.; Zou, W.; Pang, M.; Xu, Y.; Bai, X.; Liu, B.; et al. hUC-MSC-mediated recovery of subacute spinal cord injury through enhancing the pivotal subunits beta3 and gamma2 of the GABA(A) receptor. Theranostics 2022, 12, 3057–3078. [Google Scholar] [CrossRef]

	



Huang, W.; Yang, S.; Shao, J.; Li, Y.P. Signaling and transcriptional regulation in osteoblast commitment and differentiation. Front. Biosci. 2007, 12, 3068–3092. [Google Scholar] [CrossRef]

	



Ducy, P.; Zhang, R.; Geoffroy, V.; Ridall, A.L.; Karsenty, G. Osf2/Cbfa1: A transcriptional activator of osteoblast differentiation. Cell 1997, 89, 747–754. [Google Scholar] [CrossRef]

	



Komori, T.; Yagi, H.; Nomura, S.; Yamaguchi, A.; Sasaki, K.; Deguchi, K.; Shimizu, Y.; Bronson, R.T.; Gao, Y.H.; Inada, M.; et al. Targeted disruption of Cbfa1 results in a complete lack of bone formation owing to maturational arrest of osteoblasts. Cell 1997, 89, 755–764. [Google Scholar] [CrossRef][Green Version]

	



Otto, F.; Thornell, A.P.; Crompton, T.; Denzel, A.; Gilmour, K.C.; Rosewell, I.R.; Stamp, G.W.; Beddington, R.S.; Mundlos, S.; Olsen, B.R.; et al. Cbfa1, a candidate gene for cleidocranial dysplasia syndrome, is essential for osteoblast differentiation and bone development. Cell 1997, 89, 765–771. [Google Scholar] [CrossRef] [PubMed]

	



Nakashima, K.; Zhou, X.; Kunkel, G.; Zhang, Z.; Deng, J.M.; Behringer, R.R.; de Crombrugghe, B. The novel zinc finger-containing transcription factor osterix is required for osteoblast differentiation and bone formation. Cell 2002, 108, 17–29. [Google Scholar] [CrossRef] [PubMed]

	



Bonewald, L.F. The amazing osteocyte. J. Bone Miner. Res. 2011, 26, 229–238. [Google Scholar] [CrossRef] [PubMed]

	



Nakashima, T.; Hayashi, M.; Fukunaga, T.; Kurata, K.; Oh-Hora, M.; Feng, J.Q.; Bonewald, L.F.; Kodama, T.; Wutz, A.; Wagner, E.F.; et al. Evidence for osteocyte regulation of bone homeostasis through RANKL expression. Nat. Med. 2011, 17, 1231–1234. [Google Scholar] [CrossRef] [PubMed]

	



Komori, T. Functions of the osteocyte network in the regulation of bone mass. Cell Tissue Res. 2013, 352, 191–198. [Google Scholar] [CrossRef]

	



Sims, N.A.; Vrahnas, C. Regulation of cortical and trabecular bone mass by communication between osteoblasts, osteocytes and osteoclasts. Arch. Biochem. Biophys. 2014, 561, 22–28. [Google Scholar] [CrossRef]

	



Grafe, I.; Alexander, S.; Peterson, J.R.; Snider, T.N.; Levi, B.; Lee, B.; Mishina, Y. TGF-beta Family Signaling in Mesenchymal Differentiation. Cold Spring Harb. Perspect. Biol. 2018, 10, a022202. [Google Scholar] [CrossRef]

	



Li, J.; Tsuji, K.; Komori, T.; Miyazono, K.; Wrana, J.L.; Ito, Y.; Nifuji, A.; Noda, M. Smad2 overexpression enhances Smad4 gene expression and suppresses CBFA1 gene expression in osteoblastic osteosarcoma ROS17/2.8 cells and primary rat calvaria cells. J. Biol. Chem. 1998, 273, 31009–31015. [Google Scholar] [CrossRef]

	



Alliston, T.; Choy, L.; Ducy, P.; Karsenty, G.; Derynck, R. TGF-beta-induced repression of CBFA1 by Smad3 decreases cbfa1 and osteocalcin expression and inhibits osteoblast differentiation. EMBO J. 2001, 20, 2254–2272. [Google Scholar] [CrossRef]

	



Kaji, H.; Naito, J.; Sowa, H.; Sugimoto, T.; Chihara, K. Smad3 differently affects osteoblast differentiation depending upon its differentiation stage. Horm. Metab. Res. 2006, 38, 740–745. [Google Scholar] [CrossRef][Green Version]

	



Yamaguchi, A.; Katagiri, T.; Ikeda, T.; Wozney, J.M.; Rosen, V.; Wang, E.A.; Kahn, A.J.; Suda, T.; Yoshiki, S. Recombinant human bone morphogenetic protein-2 stimulates osteoblastic maturation and inhibits myogenic differentiation in vitro. J. Cell Biol. 1991, 113, 681–687. [Google Scholar] [CrossRef]

	



Hughes, F.J.; Collyer, J.; Stanfield, M.; Goodman, S.A. The effects of bone morphogenetic protein-2, -4, and -6 on differentiation of rat osteoblast cells in vitro. Endocrinology 1995, 136, 2671–2677. [Google Scholar] [CrossRef]

	



Kawasaki, K.; Aihara, M.; Honmo, J.; Sakurai, S.; Fujimaki, Y.; Sakamoto, K.; Fujimaki, E.; Wozney, J.M.; Yamaguchi, A. Effects of recombinant human bone morphogenetic protein-2 on differentiation of cells isolated from human bone, muscle, and skin. Bone 1998, 23, 223–231. [Google Scholar] [CrossRef]

	



Gori, F.; Thomas, T.; Hicok, K.C.; Spelsberg, T.C.; Riggs, B.L. Differentiation of human marrow stromal precursor cells: Bone morphogenetic protein-2 increases OSF2/CBFA1, enhances osteoblast commitment, and inhibits late adipocyte maturation. J. Bone Miner. Res. 1999, 14, 1522–1535. [Google Scholar] [CrossRef]

	



Cheng, H.; Jiang, W.; Phillips, F.M.; Haydon, R.C.; Peng, Y.; Zhou, L.; Luu, H.H.; An, N.; Breyer, B.; Vanichakarn, P.; et al. Osteogenic activity of the fourteen types of human bone morphogenetic proteins (BMPs). J. Bone Jt. Surg. Am. 2003, 85, 1544–1552. [Google Scholar] [CrossRef]

	



Friedman, M.S.; Long, M.W.; Hankenson, K.D. Osteogenic differentiation of human mesenchymal stem cells is regulated by bone morphogenetic protein-6. J. Cell. Biochem. 2006, 98, 538–554. [Google Scholar] [CrossRef]

	



Pouikli, A.; Maleszewska, M.; Parekh, S.; Yang, M.; Nikopoulou, C.; Bonfiglio, J.J.; Mylonas, C.; Sandoval, T.; Schumacher, A.L.; Hinze, Y.; et al. Hypoxia promotes osteogenesis by facilitating acetyl-CoA-mediated mitochondrial-nuclear communication. EMBO J. 2022, 41, e111239. [Google Scholar] [CrossRef]

	



Yuan, Z.; Li, Q.; Luo, S.; Liu, Z.; Luo, D.; Zhang, B.; Zhang, D.; Rao, P.; Xiao, J. PPARgamma and Wnt Signaling in Adipogenic and Osteogenic Differentiation of Mesenchymal Stem Cells. Curr. Stem Cell Res. Ther. 2016, 11, 216–225. [Google Scholar] [CrossRef]

	



Byun, M.R.; Hwang, J.H.; Kim, A.R.; Kim, K.M.; Hwang, E.S.; Yaffe, M.B.; Hong, J.H. Canonical Wnt signalling activates TAZ through PP1A during osteogenic differentiation. Cell Death Differ. 2014, 21, 854–863. [Google Scholar] [CrossRef]

	



Park, H.W.; Kim, Y.C.; Yu, B.; Moroishi, T.; Mo, J.S.; Plouffe, S.W.; Meng, Z.; Lin, K.C.; Yu, F.X.; Alexander, C.M.; et al. Alternative Wnt Signaling Activates YAP/TAZ. Cell 2015, 162, 780–794. [Google Scholar] [CrossRef][Green Version]

	



Yue, H.; Bo, Y.; Tian, Y.; Mao, L.; Xue, C.; Dong, P.; Wang, J. Docosahexaenoic Acid-Enriched Phosphatidylcholine Exerted Superior Effects to Triglyceride in Ameliorating Obesity-Induced Osteoporosis through Up-Regulating the Wnt/beta-Catenin Pathway. J. Agric. Food Chem. 2022, 70, 13904–13912. [Google Scholar] [CrossRef]

	



Chen, G.; Long, C.; Wang, S.; Wang, Z.; Chen, X.; Tang, W.; He, X.; Bao, Z.; Tan, B.; Zhao, J.; et al. Circular RNA circStag1 promotes bone regeneration by interacting with HuR. Bone Res. 2022, 10, 32. [Google Scholar] [CrossRef]

	



Munmun, F.; Mohiuddin, O.A.; Hoang, V.T.; Burow, M.E.; Bunnell, B.A.; Sola, V.M.; Carpentieri, A.R.; Witt-Enderby, P.A. The role of MEK1/2 and MEK5 in melatonin-mediated actions on osteoblastogenesis, osteoclastogenesis, bone microarchitecture, biomechanics, and bone formation. J. Pineal Res. 2022, 73, e12814. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Li, G.; Zhu, Q.; Liu, W.; Ke, W.; Hua, W.; Zhou, Y.; Zeng, X.; Sun, X.; Wen, Z.; et al. Bone Repairment via Mechanosensation of Piezo1 Using Wearable Pulsed Triboelectric Nanogenerator. Small 2022, 18, e2201056. [Google Scholar] [CrossRef] [PubMed]

	



Del Bianco, L.; Spizzo, F.; Yang, Y.; Greco, G.; Gatto, M.L.; Barucca, G.; Pugno, N.M.; Motta, A. Silk fibroin films with embedded magnetic nanoparticles: Evaluation of the magneto-mechanical stimulation effect on osteogenic differentiation of stem cells. Nanoscale 2022, 14, 14558–14574. [Google Scholar] [CrossRef] [PubMed]

	



Lee, P.S.; Heinemann, C.; Zheng, K.; Appali, R.; Alt, F.; Krieghoff, J.; Bernhardt, A.; Boccaccini, A.R.; van Rienen, U.; Hintze, V. The interplay of collagen/bioactive glass nanoparticle coatings and electrical stimulation regimes distinctly enhanced osteogenic differentiation of human mesenchymal stem cells. Acta Biomater. 2022, 149, 373–386. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Xie, Y.; Yan, F.; Zhang, Y.; Yang, Z.; Chen, Z.; Zhao, Y.; Huang, Z.; Cai, L.; Deng, Z. Negative pressure wound therapy improves bone regeneration by promoting osteogenic differentiation via the AMPK-ULK1-autophagy axis. Autophagy 2022, 18, 2229–2245. [Google Scholar] [CrossRef]

	



Wang, F.; Wang, Q.; Zhao, Y.; Tian, Z.; Chang, S.; Tong, H.; Liu, N.; Bai, S.; Li, X.; Fan, J. Adipose-derived stem cells with miR-150-5p inhibition laden in hydroxyapatite/tricalcium phosphate ceramic powders promote osteogenesis via regulating Notch3 and activating FAK/ERK and RhoA. Acta Biomater. 2022, 155, 644–653. [Google Scholar] [CrossRef]

	



Yin, H.; Wang, Y.; Sun, Z.; Sun, X.; Xu, Y.; Li, P.; Meng, H.; Yu, X.; Xiao, B.; Fan, T.; et al. Induction of mesenchymal stem cell chondrogenic differentiation and functional cartilage microtissue formation for in vivo cartilage regeneration by cartilage extracellular matrix-derived particles. Acta Biomater. 2016, 33, 96–109. [Google Scholar] [CrossRef]

	



Amin, H.D.; Brady, M.A.; St-Pierre, J.P.; Stevens, M.M.; Overby, D.R.; Ethier, C.R. Stimulation of chondrogenic differentiation of adult human bone marrow-derived stromal cells by a moderate-strength static magnetic field. Tissue Eng. Part A 2014, 20, 1612–1620. [Google Scholar] [CrossRef][Green Version]

	



Ongaro, A.; Pellati, A.; Setti, S.; Masieri, F.F.; Aquila, G.; Fini, M.; Caruso, A.; De Mattei, M. Electromagnetic fields counteract IL-1beta activity during chondrogenesis of bovine mesenchymal stem cells. J. Tissue Eng. Regen. Med. 2015, 9, E229–E238. [Google Scholar] [CrossRef]

	



Deng, Y.; Zhang, X.; Li, R.; Li, Z.; Yang, B.; Shi, P.; Zhang, H.; Wang, C.; Wen, C.; Li, G.; et al. Biomaterial-mediated presentation of wnt5a mimetic ligands enhances chondrogenesis and metabolism of stem cells by activating non-canonical Wnt signaling. Biomaterials 2022, 281, 121316. [Google Scholar] [CrossRef]

	



Zhang, Q.; Lenardo, M.J.; Baltimore, D. 30 Years of NF-kappaB: A Blossoming of Relevance to Human Pathobiology. Cell 2017, 168, 37–57. [Google Scholar] [CrossRef]

	



Yu, S.; Li, P.; Li, B.; Miao, D.; Deng, Q. RelA promotes proliferation but inhibits osteogenic and chondrogenic differentiation of mesenchymal stem cells. FEBS Lett. 2020, 594, 1368–1378. [Google Scholar] [CrossRef]

	



Platas, J.; Guillen, M.I.; Del Caz, M.D.P.; Gomar, F.; Castejon, M.A.; Mirabet, V.; Alcaraz, M.J. Paracrine effects of human adipose-derived mesenchymal stem cells in inflammatory stress-induced senescence features of osteoarthritic chondrocytes. Aging 2016, 8, 1703–1717. [Google Scholar] [CrossRef]

	



Wei, Y.; Chen, M.; Li, M.; Wang, D.; Cai, K.; Luo, Z.; Hu, Y. Aptamer/Hydroxyapatite-Functionalized Titanium Substrate Promotes Implant Osseointegration via Recruiting Mesenchymal Stem Cells. ACS Appl. Mater. Interfaces 2022, 14, 42915–42930. [Google Scholar] [CrossRef]

	



Zalieckas, J.; Mondragon, I.R.; Pobedinskas, P.; Kristoffersen, A.S.; Mohamed-Ahmed, S.; Gjerde, C.; Hol, P.J.; Hallan, G.; Furnes, O.N.; Cimpan, M.R.; et al. Polycrystalline Diamond Coating on Orthopedic Implants: Realization and Role of Surface Topology and Chemistry in Adsorption of Proteins and Cell Proliferation. ACS Appl. Mater. Interfaces 2022, 14, 44933–44946. [Google Scholar] [CrossRef]

	



Chen, M.; Wang, D.; Li, M.; He, Y.; He, T.; Chen, M.; Hu, Y.; Luo, Z.; Cai, K. Nanocatalytic Biofunctional MOF Coating on Titanium Implants Promotes Osteoporotic Bone Regeneration through Cooperative Pro-osteoblastogenesis MSC Reprogramming. ACS Nano 2022, 16, 15397–15412. [Google Scholar] [CrossRef]

	



Xu, J.; Zhang, Y.; Liu, Y.; You, Y.; Li, F.; Chen, Y.; Xie, L.; Tong, S.; Zhou, S.; Liang, K.; et al. Vitality-Enhanced Dual-Modal Tracking System Reveals the Dynamic Fate of Mesenchymal Stem Cells for Stroke Therapy. Small 2022, 18, e2203431. [Google Scholar] [CrossRef]

	



Xie, X.; Wei, J.; Zhang, B.; Xiong, W.; He, Z.; Zhang, Y.; Gao, C.; Zhao, Y.; Liu, B. A self-assembled bilayer polypeptide-engineered hydrogel for spatiotemporal modulation of bactericidal and anti-inflammation process in osteomyelitis treatment. J. Nanobiotechnol. 2022, 20, 416. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, J.; Gao, R.; Liu, X.; Feng, Z.; Zhang, C.; Huang, P.; Dong, A.; Kong, D.; Wang, W. Biomimetic glycopeptide hydrogel coated PCL/nHA scaffold for enhanced cranial bone regeneration via macrophage M2 polarization-induced osteo-immunomodulation. Biomaterials 2022, 285, 121538. [Google Scholar] [CrossRef] [PubMed]

	



Mainardi, V.L.; Rubert, M.; Sabato, C.; de Leeuw, A.; Arrigoni, C.; Dubini, G.; Candrian, C.; Muller, R.; Moretti, M. Culture of 3D bioprinted bone constructs requires an increased fluid dynamic stimulation. Acta Biomater. 2022, 153, 374–385. [Google Scholar] [CrossRef]

	



Wu, Y.; Yang, L.; Chen, L.; Geng, M.; Xing, Z.; Chen, S.; Zeng, Y.; Zhou, J.; Sun, K.; Yang, X.; et al. Core-Shell Structured Porous Calcium Phosphate Bioceramic Spheres for Enhanced Bone Regeneration. ACS Appl. Mater. Interfaces 2022, 14, 47491–47506. [Google Scholar] [CrossRef]

	



Chen, J.; Chen, J.; Zhu, Z.; Sun, T.; Liu, M.; Lu, L.; Zhou, C.; Luo, B. Drug-Loaded and Anisotropic Wood-Derived Hydrogel Periosteum with Super Antibacterial, Anti-Inflammatory, and Osteogenic Activities. ACS Appl. Mater. Interfaces 2022, 14, 50485–50498. [Google Scholar] [CrossRef]

	



Huang, T.; Tu, C.; Zhou, T.; Yu, Z.; Wang, Y.; Yu, Q.; Yu, K.; Jiang, Z.; Gao, C.; Yang, G. Antifouling poly(PEGMA) grafting modified titanium surface reduces osseointegration through resisting adhesion of bone marrow mesenchymal stem cells. Acta Biomater. 2022, 153, 585–595. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Zhang, M.; Lin, R.; Du, Y.; Wang, L.; Yao, Q.; Zannettino, A.; Zhang, H. Chondrogenic preconditioning of mesenchymal stem/stromal cells within a magnetic scaffold for osteochondral repair. Biofabrication 2022, 14, 025020. [Google Scholar] [CrossRef] [PubMed]

	



Yu, K.; Huangfu, H.; Qin, Q.; Zhang, Y.; Gu, X.; Liu, X.; Zhang, Y.; Zhou, Y. Application of Bone Marrow-Derived Macrophages Combined with Bone Mesenchymal Stem Cells in Dual-Channel Three-Dimensional Bioprinting Scaffolds for Early Immune Regulation and Osteogenic Induction in Rat Calvarial Defects. ACS Appl. Mater. Interfaces 2022, 14, 47052–47065. [Google Scholar] [CrossRef]

	



Kawai, M.; Rosen, C.J. PPARgamma: A circadian tra.anscription factor in adipogenesis and osteogenesis. Nat. Rev. Endocrinol. 2010, 6, 629–636. [Google Scholar] [CrossRef]

	



Cao, Z.; Umek, R.M.; McKnight, S.L. Regulated expression of three C/EBP isoforms during adipose conversion of 3T3-L1 cells. Genes Dev. 1991, 5, 1538–1552. [Google Scholar] [CrossRef]

	



Tang, Q.Q.; Gronborg, M.; Huang, H.; Kim, J.W.; Otto, T.C.; Pandey, A.; Lane, M.D. Sequential phosphorylation of CCAAT enhancer-binding protein beta by MAPK and glycogen synthase kinase 3beta is required for adipogenesis. Proc. Natl. Acad. Sci. USA 2005, 102, 9766–9771. [Google Scholar] [CrossRef][Green Version]

	



Rosen, E.D.; MacDougald, O.A. Adipocyte differentiation from the inside out. Nat. Rev. Mol. Cell Biol. 2006, 7, 885–896. [Google Scholar] [CrossRef]

	



Tang, Q.Q.; Lane, M.D. Adipogenesis: From stem cell to adipocyte. Annu. Rev. Biochem. 2012, 81, 715–736. [Google Scholar] [CrossRef]

	



Chen, C.C.; Chuang, W.T.; Lin, A.H.; Tsai, C.W.; Huang, C.S.; Chen, Y.T.; Chen, H.W.; Lii, C.K. Andrographolide inhibits adipogenesis of 3T3-L1 cells by suppressing C/EBPbeta expression and activation. Toxicol. Appl. Pharmacol. 2016, 307, 115–122. [Google Scholar] [CrossRef]

	



Zhang, M.; Wang, B.; Ni, Y.H.; Liu, F.; Fei, L.; Pan, X.Q.; Guo, M.; Chen, R.H.; Guo, X.R. Overexpression of uncoupling protein 4 promotes proliferation and inhibits apoptosis and differentiation of preadipocytes. Life Sci. 2006, 79, 1428–1435. [Google Scholar] [CrossRef]

	



Isenmann, S.; Arthur, A.; Zannettino, A.C.; Turner, J.L.; Shi, S.; Glackin, C.A.; Gronthos, S. TWIST family of basic helix-loop-helix transcription factors mediate human mesenchymal stem cell growth and commitment. Stem Cells 2009, 27, 2457–2468. [Google Scholar] [CrossRef]

	



Valenti, M.T.; Garbin, U.; Pasini, A.; Zanatta, M.; Stranieri, C.; Manfro, S.; Zucal, C.; Dalle Carbonare, L. Role of ox-PAPCs in the differentiation of mesenchymal stem cells (MSCs) and Runx2 and PPARgamma2 expression in MSCs-like of osteoporotic patients. PLoS ONE 2011, 6, e20363. [Google Scholar] [CrossRef]

	



Jeon, M.J.; Kim, J.A.; Kwon, S.H.; Kim, S.W.; Park, K.S.; Park, S.W.; Kim, S.Y.; Shin, C.S. Activation of peroxisome proliferator-activated receptor-gamma inhibits the Runx2-mediated transcription of osteocalcin in osteoblasts. J. Biol. Chem. 2003, 278, 23270–23277. [Google Scholar] [CrossRef]

	



Komori, T. Regulation of osteoblast differentiation by Runx2. Adv. Exp. Med. Biol. 2010, 658, 43–49. [Google Scholar]

	



Maruyama, Z.; Yoshida, C.A.; Furuichi, T.; Amizuka, N.; Ito, M.; Fukuyama, R.; Miyazaki, T.; Kitaura, H.; Nakamura, K.; Fujita, T.; et al. Runx2 determines bone maturity and turnover rate in postnatal bone development and is involved in bone loss in estrogen deficiency. Dev. Dyn. 2007, 236, 1876–1890. [Google Scholar] [CrossRef]

	



Kim, J.; Ko, J. A novel PPARgamma2 modulator sLZIP controls the balance between adipogenesis and osteogenesis during mesenchymal stem cell differentiation. Cell Death Differ. 2014, 21, 1642–1655. [Google Scholar] [CrossRef]

	



Fontaine, C.; Cousin, W.; Plaisant, M.; Dani, C.; Peraldi, P. Hedgehog signaling alters adipocyte maturation of human mesenchymal stem cells. Stem Cells 2008, 26, 1037–1046. [Google Scholar] [CrossRef] [PubMed]

	



Ling, L.; Murali, S.; Dombrowski, C.; Haupt, L.M.; Stein, G.S.; van Wijnen, A.J.; Nurcombe, V.; Cool, S.M. Sulfated glycosaminoglycans mediate the effects of FGF2 on the osteogenic potential of rat calvarial osteoprogenitor cells. J. Cell. Physiol. 2006, 209, 811–825. [Google Scholar] [CrossRef] [PubMed]

	



Sakaue, H.; Konishi, M.; Ogawa, W.; Asaki, T.; Mori, T.; Yamasaki, M.; Takata, M.; Ueno, H.; Kato, S.; Kasuga, M.; et al. Requirement of fibroblast growth factor 10 in development of white adipose tissue. Genes Dev. 2002, 16, 908–912. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, Y.; Otsuka, F.; Hino, J.; Miyoshi, T.; Takano, M.; Miyazato, M.; Makino, H.; Kangawa, K. Bone morphogenetic protein-3b (BMP-3b) inhibits osteoblast differentiation via Smad2/3 pathway by counteracting Smad1/5/8 signaling. Mol. Cell. Endocrinol. 2012, 350, 78–86. [Google Scholar] [CrossRef] [PubMed]

	



Bowers, R.R.; Lane, M.D. A role for bone morphogenetic protein-4 in adipocyte development. Cell Cycle 2007, 6, 385–389. [Google Scholar] [CrossRef]

	



Zamani, N.; Brown, C.W. Emerging roles for the transforming growth factor-beta superfamily in regulating adiposity and energy expenditure. Endocr. Rev. 2011, 32, 387–403. [Google Scholar] [CrossRef]

	



Neumann, K.; Endres, M.; Ringe, J.; Flath, B.; Manz, R.; Haupl, T.; Sittinger, M.; Kaps, C. BMP7 promotes adipogenic but not osteo-/chondrogenic differentiation of adult human bone marrow-derived stem cells in high-density micro-mass culture. J. Cell. Biochem. 2007, 102, 626–637. [Google Scholar] [CrossRef]

	



Tseng, Y.H.; Kokkotou, E.; Schulz, T.J.; Huang, T.L.; Winnay, J.N.; Taniguchi, C.M.; Tran, T.T.; Suzuki, R.; Espinoza, D.O.; Yamamoto, Y.; et al. New role of bone morphogenetic protein 7 in brown adipogenesis and energy expenditure. Nature 2008, 454, 1000–1004. [Google Scholar] [CrossRef]

	



Batlle, R.; Alba-Castellon, L.; Loubat-Casanovas, J.; Armenteros, E.; Franci, C.; Stanisavljevic, J.; Banderas, R.; Martin-Caballero, J.; Bonilla, F.; Baulida, J.; et al. Snail1 controls TGF-beta responsiveness and differentiation of mesenchymal stem cells. Oncogene 2013, 32, 3381–3389. [Google Scholar] [CrossRef]

	



Artaza, J.N.; Bhasin, S.; Magee, T.R.; Reisz-Porszasz, S.; Shen, R.; Groome, N.P.; Meerasahib, M.F.; Gonzalez-Cadavid, N.F. Myostatin inhibits myogenesis and promotes adipogenesis in C3H 10T(1/2) mesenchymal multipotent cells. Endocrinology 2005, 146, 3547–3557. [Google Scholar] [CrossRef]

	



Feldman, B.J.; Streeper, R.S.; Farese, R.V., Jr.; Yamamoto, K.R. Myostatin modulates adipogenesis to generate adipocytes with favorable metabolic effects. Proc. Natl. Acad. Sci. USA 2006, 103, 15675–15680. [Google Scholar] [CrossRef][Green Version]

	



Song, B.Q.; Chi, Y.; Li, X.; Du, W.J.; Han, Z.B.; Tian, J.J.; Li, J.J.; Chen, F.; Wu, H.H.; Han, L.X.; et al. Inhibition of Notch Signaling Promotes the Adipogenic Differentiation of Mesenchymal Stem Cells Through Autophagy Activation and PTEN-PI3K/AKT/mTOR Pathway. Cell. Physiol. Biochem. 2015, 36, 1991–2002. [Google Scholar] [CrossRef]

	



Sanchez-Ramirez, E.; Ung, T.P.L.; Del Carmen, A.A.; del Toro-Rios, X.; Fajardo-Orduna, G.R.; Noriega, L.G.; Cortes-Morales, V.A.; Tovar, A.R.; Montesinos, J.J.; Orozco-Solis, R.; et al. Coordinated metabolic transitions and gene expression by NAD+ during adipogenesis. J. Cell Biol. 2022, 221, e202111137. [Google Scholar] [CrossRef]

	



Yang, J.; Vamvini, M.; Nigro, P.; Ho, L.L.; Galani, K.; Alvarez, M.; Tanigawa, Y.; Renfro, A.; Carbone, N.P.; Laakso, M.; et al. Single-cell dissection of the obesity-exercise axis in adipose-muscle tissues implies a critical role for mesenchymal stem cells. Cell Metab. 2022, 34, 1578–1593.e6. [Google Scholar] [CrossRef]

	



Eleuteri, S.; Fierabracci, A. Insights into the Secretome of Mesenchymal Stem Cells and Its Potential Applications. Int. J. Mol. Sci. 2019, 20, 84597. [Google Scholar] [CrossRef]

	



Morigi, M.; Benigni, A. Mesenchymal stem cells and kidney repair. Nephrol. Dial. Transplant. 2013, 28, 788–793. [Google Scholar] [CrossRef]

	



Watt, S.M.; Gullo, F.; van der Garde, M.; Markeson, D.; Camicia, R.; Khoo, C.P.; Zwaginga, J.J. The angiogenic properties of mesenchymal stem/stromal cells and their therapeutic potential. Br. Med. Bull. 2013, 108, 25–53. [Google Scholar] [CrossRef]

	



Wu, H.J.; Yiu, W.H.; Li, R.X.; Wong, D.W.; Leung, J.C.; Chan, L.Y.; Zhang, Y.; Lian, Q.; Lin, M.; Tse, H.F.; et al. Mesenchymal stem cells modulate albumin-induced renal tubular inflammation and fibrosis. PLoS ONE 2014, 9, e90883. [Google Scholar] [CrossRef]

	



Bai, Z.M.; Deng, X.D.; Li, J.D.; Li, D.H.; Cao, H.; Liu, Z.X.; Zhang, J. Arterially transplanted mesenchymal stem cells in a mouse reversible unilateral ureteral obstruction model: In vivo bioluminescence imaging and effects on renal fibrosis. Chin. Med. J. 2013, 126, 1890–1894. [Google Scholar]

	



Franquesa, M.; Herrero, E.; Torras, J.; Ripoll, E.; Flaquer, M.; Goma, M.; Lloberas, N.; Anegon, I.; Cruzado, J.M.; Grinyo, J.M.; et al. Mesenchymal stem cell therapy prevents interstitial fibrosis and tubular atrophy in a rat kidney allograft model. Stem Cells Dev. 2012, 21, 3125–3135. [Google Scholar] [CrossRef]

	



Liu, Y. Epithelial to mesenchymal transition in renal fibrogenesis: Pathologic significance, molecular mechanism, and therapeutic intervention. J. Am. Soc. Nephrol. 2004, 15, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Mias, C.; Lairez, O.; Trouche, E.; Roncalli, J.; Calise, D.; Seguelas, M.H.; Ordener, C.; Piercecchi-Marti, M.D.; Auge, N.; Salvayre, A.N.; et al. Mesenchymal stem cells promote matrix metalloproteinase secretion by cardiac fibroblasts and reduce cardiac ventricular fibrosis after myocardial infarction. Stem Cells 2009, 27, 2734–2743. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Chakraborty, A.; Broughton, B.R.S.; Ferens, D.; Widdop, R.E.; Ricardo, S.D.; Samuel, C.S. Comparing the renoprotective effects of BM-MSCs versus BM-MSC-exosomes, when combined with an anti-fibrotic drug, in hypertensive mice. Biomed. Pharmacother. 2021, 144, 112256. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Ricardo, S.D.; Samuel, C.S. Enhancing the Therapeutic Potential of Mesenchymal Stromal Cell-Based Therapies with an Anti-Fibrotic Agent for the Treatment of Chronic Kidney Disease. Int. J. Mol. Sci. 2022, 23, 16035. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira-Sales, E.B.; Maquigussa, E.; Semedo, P.; Pereira, L.G.; Ferreira, V.M.; Camara, N.O.; Bergamaschi, C.T.; Campos, R.R.; Boim, M.A. Mesenchymal stem cells (MSC) prevented the progression of renovascular hypertension, improved renal function and architecture. PLoS ONE 2013, 8, e78464. [Google Scholar] [CrossRef]

	



Huuskes, B.M.; Wise, A.F.; Cox, A.J.; Lim, E.X.; Payne, N.L.; Kelly, D.J.; Samuel, C.S.; Ricardo, S.D. Combination therapy of mesenchymal stem cells and serelaxin effectively attenuates renal fibrosis in obstructive nephropathy. FASEB J. 2015, 29, 540–553. [Google Scholar] [CrossRef]

	



Li, Y.; Shen, M.; Ferens, D.; Broughton, B.R.S.; Murthi, P.; Saini, S.; Widdop, R.E.; Ricardo, S.D.; Pinar, A.A.; Samuel, C.S. Combining mesenchymal stem cells with serelaxin provides enhanced renoprotection against 1K/DOCA/salt-induced hypertension. Br. J. Pharmacol. 2021, 178, 1164–1181. [Google Scholar] [CrossRef]

	



Meier, R.P.; Mahou, R.; Morel, P.; Meyer, J.; Montanari, E.; Muller, Y.D.; Christofilopoulos, P.; Wandrey, C.; Gonelle-Gispert, C.; Buhler, L.H. Microencapsulated human mesenchymal stem cells decrease liver fibrosis in mice. J. Hepatol. 2015, 62, 634–641. [Google Scholar] [CrossRef]

	



Wang, M.; Song, L.; Strange, C.; Dong, X.; Wang, H. Therapeutic Effects of Adipose Stem Cells from Diabetic Mice for the Treatment of Type 2 Diabetes. Mol. Ther. 2018, 26, 1921–1930. [Google Scholar] [CrossRef]

	



Ferland-McCollough, D.; Maselli, D.; Spinetti, G.; Sambataro, M.; Sullivan, N.; Blom, A.; Madeddu, P. MCP-1 Feedback Loop Between Adipocytes and Mesenchymal Stromal Cells Causes Fat Accumulation and Contributes to Hematopoietic Stem Cell Rarefaction in the Bone Marrow of Patients With Diabetes. Diabetes 2018, 67, 1380–1394. [Google Scholar] [CrossRef]

	



Meng, F.; Shen, F.; Ling, H.; Jin, P.; Zhou, D.; Li, Q. CircARHGAP12 Triggers Mesenchymal Stromal Cell Autophagy to Facilitate its Effect on Repairing Diabetic Wounds by Sponging miR-301b-3p/ATG16L1 and miR-301b-3p/ULK2. J. Investig. Dermatol. 2022, 142, 1976–1989.e4. [Google Scholar] [CrossRef]

	



Gou, W.; Hua, W.; Swaby, L.; Cui, W.; Green, E.; Morgan, K.A.; Strange, C.; Wang, H. Stem Cell Therapy Improves Human Islet Graft Survival in Mice via Regulation of Macrophages. Diabetes 2022, 71, 2642–2655. [Google Scholar] [CrossRef]

	



Lam, J.; Lee, B.; Yu, J.; Kwee, B.J.; Kim, Y.; Kim, J.; Choi, Y.; Yoon, J.S.; Kim, Y.; Baek, K.; et al. A microphysiological system-based potency bioassay for the functional quality assessment of mesenchymal stromal cells targeting vasculogenesis. Biomaterials 2022, 290, 121826. [Google Scholar] [CrossRef]

	



Meng, W.T.; Xiao, Z.X.; Li, H.; Wang, Y.C.; Zhao, Y.; Zhu, Y.; Guo, H.D. Modified Taohong Siwu decoction improves cardiac function after myocardial ischaemia and reperfusion in rats by promoting endogenous stem cell mobilization and regulating metabolites. Pharm. Biol. 2022, 60, 1721–1731. [Google Scholar] [CrossRef]

	



Xu, Z.; Gao, H.; Zhang, Y.; Feng, W.; Miao, Y.; Xu, Z.; Li, W.; Chen, F.; Lv, Z.; Huo, J.; et al. CCL7 and TGF-beta secreted by MSCs play opposite roles in regulating CRC metastasis in a KLF5/CXCL5-dependent manner. Mol. Ther. 2022, 30, 2327–2341. [Google Scholar] [CrossRef]

	



Wang, C.H.; Wang, T.M.; Young, T.H.; Lai, Y.K.; Yen, M.L. The critical role of ECM proteins within the human MSC niche in endothelial differentiation. Biomaterials 2013, 34, 4223–4234. [Google Scholar] [CrossRef]

	



Maacha, S.; Sidahmed, H.; Jacob, S.; Gentilcore, G.; Calzone, R.; Grivel, J.C.; Cugno, C. Paracrine Mechanisms of Mesenchymal Stromal Cells in Angiogenesis. Stem Cells Int. 2020, 2020, 4356359. [Google Scholar] [CrossRef]

	



Todorova, D.; Simoncini, S.; Lacroix, R.; Sabatier, F.; Dignat-George, F. Extracellular Vesicles in Angiogenesis. Circ. Res. 2017, 120, 1658–1673. [Google Scholar] [CrossRef]

	



Cai, H.; Wu, F.Y.; Wang, Q.L.; Xu, P.; Mou, F.F.; Shao, S.J.; Luo, Z.R.; Zhu, J.; Xuan, S.S.; Lu, R.; et al. Self-assembling peptide modified with QHREDGS as a novel delivery system for mesenchymal stem cell transplantation after myocardial infarction. FASEB J. 2019, 33, 8306–8320. [Google Scholar] [CrossRef]

	



Bandaru, P.; Cefaloni, G.; Vajhadin, F.; Lee, K.; Kim, H.J.; Cho, H.J.; Hartel, M.C.; Zhang, S.; Sun, W.; Goudie, M.J.; et al. Mechanical Cues Regulating Proangiogenic Potential of Human Mesenchymal Stem Cells through YAP-Mediated Mechanosensing. Small 2020, 16, e2001837. [Google Scholar] [CrossRef]

	



Nasser, M.; Wu, Y.; Danaoui, Y.; Ghosh, G. Engineering microenvironments towards harnessing pro-angiogenic potential of mesenchymal stem cells. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 102, 75–84. [Google Scholar] [CrossRef]

	



Ma, J.; Zhao, Y.; Sun, L.; Sun, X.; Zhao, X.; Sun, X.; Qian, H.; Xu, W.; Zhu, W. Exosomes Derived from Akt-Modified Human Umbilical Cord Mesenchymal Stem Cells Improve Cardiac Regeneration and Promote Angiogenesis via Activating Platelet-Derived Growth Factor D. Stem Cells Transl. Med. 2017, 6, 51–59. [Google Scholar] [CrossRef][Green Version]

	



Takeuchi, R.; Katagiri, W.; Endo, S.; Kobayashi, T. Exosomes from conditioned media of bone marrow-derived mesenchymal stem cells promote bone regeneration by enhancing angiogenesis. PLoS ONE 2019, 14, e0225472. [Google Scholar] [CrossRef]

	



Lopatina, T.; Bruno, S.; Tetta, C.; Kalinina, N.; Porta, M.; Camussi, G. Platelet-derived growth factor regulates the secretion of extracellular vesicles by adipose mesenchymal stem cells and enhances their angiogenic potential. Cell Commun. Signal. 2014, 12, 26. [Google Scholar] [CrossRef]

	



Wang, K.; Jiang, Z.; Webster, K.A.; Chen, J.; Hu, H.; Zhou, Y.; Zhao, J.; Wang, L.; Wang, Y.; Zhong, Z.; et al. Enhanced Cardioprotection by Human Endometrium Mesenchymal Stem Cells Driven by Exosomal MicroRNA-21. Stem Cells Transl. Med. 2017, 6, 209–222. [Google Scholar] [CrossRef]

	



Liang, X.; Zhang, L.; Wang, S.; Han, Q.; Zhao, R.C. Exosomes secreted by mesenchymal stem cells promote endothelial cell angiogenesis by transferring miR-125a. J. Cell Sci. 2016, 129, 2182–2189. [Google Scholar] [CrossRef]

	



Wen, Z.; Huang, W.; Feng, Y.; Cai, W.; Wang, Y.; Wang, X.; Liang, J.; Wani, M.; Chen, J.; Zhu, P.; et al. MicroRNA-377 regulates mesenchymal stem cell-induced angiogenesis in ischemic hearts by targeting VEGF. PLoS ONE 2014, 9, e104666. [Google Scholar] [CrossRef]

	



Hofstra, L.; Liem, I.H.; Dumont, E.A.; Boersma, H.H.; van Heerde, W.L.; Doevendans, P.A.; De Muinck, E.; Wellens, H.J.; Kemerink, G.J.; Reutelingsperger, C.P.; et al. Visualisation of cell death in vivo in patients with acute myocardial infarction. Lancet 2000, 356, 209–212. [Google Scholar] [CrossRef]

	



Olivetti, G.; Quaini, F.; Sala, R.; Lagrasta, C.; Corradi, D.; Bonacina, E.; Gambert, S.R.; Cigola, E.; Anversa, P. Acute myocardial infarction in humans is associated with activation of programmed myocyte cell death in the surviving portion of the heart. J. Mol. Cell. Cardiol. 1996, 28, 2005–2016. [Google Scholar] [CrossRef] [PubMed]

	



Rakusan, K.; Flanagan, M.F.; Geva, T.; Southern, J.; Van Praagh, R. Morphometry of human coronary capillaries during normal growth and the effect of age in left ventricular pressure-overload hypertrophy. Circulation 1992, 86, 38–46. [Google Scholar] [CrossRef] [PubMed]

	



Kink, J.A.; Forsberg, M.H.; Reshetylo, S.; Besharat, S.; Childs, C.J.; Pederson, J.D.; Gendron-Fitzpatrick, A.; Graham, M.; Bates, P.D.; Schmuck, E.G.; et al. Macrophages Educated with Exosomes from Primed Mesenchymal Stem Cells Treat Acute Radiation Syndrome by Promoting Hematopoietic Recovery. Biol. Blood Marrow Transplant. 2019, 25, 2124–2133. [Google Scholar] [CrossRef]

	



Bian, S.; Zhang, L.; Duan, L.; Wang, X.; Min, Y.; Yu, H. Extracellular vesicles derived from human bone marrow mesenchymal stem cells promote angiogenesis in a rat myocardial infarction model. J. Mol. Med. 2014, 92, 387–397. [Google Scholar] [CrossRef] [PubMed]

	



He, J.G.; Li, H.R.; Han, J.X.; Li, B.B.; Yan, D.; Li, H.Y.; Wang, P.; Luo, Y. GATA-4-expressing mouse bone marrow mesenchymal stem cells improve cardiac function after myocardial infarction via secreted exosomes. Sci. Rep. 2018, 8, 9047. [Google Scholar] [CrossRef]

	



Pan, Q.; Qin, X.; Ma, S.; Wang, H.; Cheng, K.; Song, X.; Gao, H.; Wang, Q.; Tao, R.; Wang, Y.; et al. Myocardial protective effect of extracellular superoxide dismutase gene modified bone marrow mesenchymal stromal cells on infarcted mice hearts. Theranostics 2014, 4, 475–486. [Google Scholar] [CrossRef]

	



DeSantiago, J.; Bare, D.J.; Banach, K. Ischemia/Reperfusion injury protection by mesenchymal stem cell derived antioxidant capacity. Stem Cells Dev. 2013, 22, 2497–2507. [Google Scholar] [CrossRef]

	



Dayan, V.; Yannarelli, G.; Billia, F.; Filomeno, P.; Wang, X.H.; Davies, J.E.; Keating, A. Mesenchymal stromal cells mediate a switch to alternatively activated monocytes/macrophages after acute myocardial infarction. Basic Res. Cardiol. 2011, 106, 1299–1310. [Google Scholar] [CrossRef]

	



Majka, M.; Sulkowski, M.; Badyra, B.; Musialek, P. Concise Review: Mesenchymal Stem Cells in Cardiovascular Regeneration: Emerging Research Directions and Clinical Applications. Stem Cells Transl. Med. 2017, 6, 1859–1867. [Google Scholar] [CrossRef]

	



Liao, S.; Zhang, Y.; Ting, S.; Zhen, Z.; Luo, F.; Zhu, Z.; Jiang, Y.; Sun, S.; Lai, W.H.; Lian, Q.; et al. Potent immunomodulation and angiogenic effects of mesenchymal stem cells versus cardiomyocytes derived from pluripotent stem cells for treatment of heart failure. Stem Cell Res. Ther. 2019, 10, 78. [Google Scholar] [CrossRef]

	



Akiyama, K.; Chen, C.; Wang, D.; Xu, X.; Qu, C.; Yamaza, T.; Cai, T.; Chen, W.; Sun, L.; Shi, S. Mesenchymal-stem-cell-induced immunoregulation involves FAS-ligand-/FAS-mediated T cell apoptosis. Cell Stem Cell 2012, 10, 544–555. [Google Scholar] [CrossRef]

	



Augello, A.; Tasso, R.; Negrini, S.M.; Amateis, A.; Indiveri, F.; Cancedda, R.; Pennesi, G. Bone marrow mesenchymal progenitor cells inhibit lymphocyte proliferation by activation of the programmed death 1 pathway. Eur. J. Immunol. 2005, 35, 1482–1490. [Google Scholar] [CrossRef]

	



Huang, P.; Wang, L.; Li, Q.; Xu, J.; Xu, J.; Xiong, Y.; Chen, G.; Qian, H.; Jin, C.; Yu, Y.; et al. Combinatorial treatment of acute myocardial infarction using stem cells and their derived exosomes resulted in improved heart performance. Stem Cell Res. Ther. 2019, 10, 300. [Google Scholar] [CrossRef] [PubMed]

	



Bartolucci, J.; Verdugo, F.J.; Gonzalez, P.L.; Larrea, R.E.; Abarzua, E.; Goset, C.; Rojo, P.; Palma, I.; Lamich, R.; Pedreros, P.A.; et al. Safety and Efficacy of the Intravenous Infusion of Umbilical Cord Mesenchymal Stem Cells in Patients With Heart Failure: A Phase 1/2 Randomized Controlled Trial (RIMECARD Trial [Randomized Clinical Trial of Intravenous Infusion Umbilical Cord Mesenchymal Stem Cells on Cardiopathy]). Circ. Res. 2017, 121, 1192–1204. [Google Scholar] [PubMed]

	



Wang, D.; Sun, Y.Q.; Gao, W.X.; Fan, X.L.; Shi, J.B.; Fu, Q.L. An in Vitro and in Vivo Study of the Effect of Dexamethasone on Immunoinhibitory Function of Induced Pluripotent Stem Cell-Derived Mesenchymal Stem Cells. Cell Transplant. 2018, 27, 1340–1351. [Google Scholar] [CrossRef]

	



Shin, E.Y.; Wang, L.; Zemskova, M.; Deppen, J.; Xu, K.; Strobel, F.; Garcia, A.J.; Tirouvanziam, R.; Levit, R.D. Adenosine Production by Biomaterial-Supported Mesenchymal Stromal Cells Reduces the Innate Inflammatory Response in Myocardial Ischemia/Reperfusion Injury. J. Am. Heart Assoc. 2018, 7, e006949. [Google Scholar] [CrossRef]

	



Van den Hoogen, P.; de Jager, S.C.A.; Huibers, M.M.H.; Schoneveld, A.H.; Puspitasari, Y.M.; Valstar, G.B.; Oerlemans, M.; de Weger, R.A.; Doevendans, P.A.; den Ruijter, H.M.; et al. Increased circulating IgG levels, myocardial immune cells and IgG deposits support a role for an immune response in pre- and end-stage heart failure. J. Cell. Mol. Med. 2019, 23, 7505–7516. [Google Scholar] [CrossRef]

	



Loo, T.T.; Gao, Y.; Lazarevic, V. Transcriptional regulation of CD4(+) T(H) cells that mediate tissue inflammation. J. Leukoc. Biol. 2018, 104, 1069–1085. [Google Scholar] [CrossRef]

	



Overgaard, N.H.; Jung, J.W.; Steptoe, R.J.; Wells, J.W. CD4+/CD8+ double-positive T cells: More than just a developmental stage? J. Leukoc. Biol. 2015, 97, 31–38. [Google Scholar] [CrossRef]

	



Yoshida, S.; Miyagawa, S.; Toyofuku, T.; Fukushima, S.; Kawamura, T.; Kawamura, A.; Kashiyama, N.; Nakamura, Y.; Toda, K.; Sawa, Y. Syngeneic Mesenchymal Stem Cells Reduce Immune Rejection After Induced Pluripotent Stem Cell-Derived Allogeneic Cardiomyocyte Transplantation. Sci. Rep. 2020, 10, 4593. [Google Scholar] [CrossRef]

	



Philipp, D.; Holthaus, M.; Basoah, V.; Pfannkuche, K.; Suhr, L.; Wahlers, T.; Paunel-Gorgulu, A. VEGF Contributes to Mesenchymal Stem Cell-Mediated Reversion of Nor1-Dependent Hypertrophy in iPS Cell-Derived Cardiomyocytes. Stem Cells Int. 2021, 2021, 8888575. [Google Scholar] [CrossRef]

	



Butler, J.; Epstein, S.E.; Greene, S.J.; Quyyumi, A.A.; Sikora, S.; Kim, R.J.; Anderson, A.S.; Wilcox, J.E.; Tankovich, N.I.; Lipinski, M.J.; et al. Intravenous Allogeneic Mesenchymal Stem Cells for Nonischemic Cardiomyopathy: Safety and Efficacy Results of a Phase II-A Randomized Trial. Circ. Res. 2017, 120, 332–340. [Google Scholar] [CrossRef]

	



Sharma, V.; Dash, S.K.; Manhas, A.; Radhakrishnan, J.; Jagavelu, K.; Verma, R.S. Injectable hydrogel for co-delivery of 5-azacytidine in zein protein nanoparticles with stem cells for cardiac function restoration. Int. J. Pharm. 2021, 603, 120673. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Wang, J.; Guo, L.; Kong, X.; Yang, J.; Zheng, F.; Zhang, L.; Huang, Y. Mesenchymal stem cells modified with stromal cell-derived factor 1 alpha improve cardiac remodeling via paracrine activation of hepatocyte growth factor in a rat model of myocardial infarction. Mol. Cells 2010, 29, 9–19. [Google Scholar] [CrossRef] [PubMed]

	



Gnecchi, M.; He, H.; Noiseux, N.; Liang, O.D.; Zhang, L.; Morello, F.; Mu, H.; Melo, L.G.; Pratt, R.E.; Ingwall, J.S.; et al. Evidence supporting paracrine hypothesis for Akt-modified mesenchymal stem cell-mediated cardiac protection and functional improvement. FASEB J. 2006, 20, 661–669. [Google Scholar] [CrossRef]

	



Kang, K.; Ma, R.; Cai, W.; Huang, W.; Paul, C.; Liang, J.; Wang, Y.; Zhao, T.; Kim, H.W.; Xu, M.; et al. Exosomes Secreted from CXCR4 Overexpressing Mesenchymal Stem Cells Promote Cardioprotection via Akt Signaling Pathway following Myocardial Infarction. Stem Cells Int. 2015, 2015, 659890. [Google Scholar] [CrossRef]

	



Yu, B.; Kim, H.W.; Gong, M.; Wang, J.; Millard, R.W.; Wang, Y.; Ashraf, M.; Xu, M. Exosomes secreted from GATA-4 overexpressing mesenchymal stem cells serve as a reservoir of anti-apoptotic microRNAs for cardioprotection. Int. J. Cardiol. 2015, 182, 349–360. [Google Scholar] [CrossRef]

	



Afzal, M.R.; Haider, H.; Idris, N.M.; Jiang, S.; Ahmed, R.P.; Ashraf, M. Preconditioning promotes survival and angiomyogenic potential of mesenchymal stem cells in the infarcted heart via NF-kappaB signaling. Antioxid. Redox Signal. 2010, 12, 693–702. [Google Scholar] [CrossRef]

	



Shi, R.Z.; Wang, J.C.; Huang, S.H.; Wang, X.J.; Li, Q.P. Angiotensin II induces vascular endothelial growth factor synthesis in mesenchymal stem cells. Exp. Cell Res. 2009, 315, 10–15. [Google Scholar] [CrossRef]

	



Makino, S.; Fukuda, K.; Miyoshi, S.; Konishi, F.; Kodama, H.; Pan, J.; Sano, M.; Takahashi, T.; Hori, S.; Abe, H.; et al. Cardiomyocytes can be generated from marrow stromal cells in vitro. J. Clin. Investig. 1999, 103, 697–705. [Google Scholar] [CrossRef]

	



Burlacu, A.; Rosca, A.M.; Maniu, H.; Titorencu, I.; Dragan, E.; Jinga, V.; Simionescu, M. Promoting effect of 5-azacytidine on the myogenic differentiation of bone marrow stromal cells. Eur. J. Cell Biol. 2008, 87, 173–184. [Google Scholar] [CrossRef]

	



Lee, J.; Abdeen, A.A.; Tang, X.; Saif, T.A.; Kilian, K.A. Matrix directed adipogenesis and neurogenesis of mesenchymal stem cells derived from adipose tissue and bone marrow. Acta Biomater. 2016, 42, 46–55. [Google Scholar] [CrossRef]

	



Chen, X.; Liang, H.; Xi, Z.; Yang, Y.; Shan, H.; Wang, B.; Zhong, Z.; Xu, C.; Yang, G.Y.; Sun, Q.; et al. BM-MSC Transplantation Alleviates Intracerebral Hemorrhage-Induced Brain Injury, Promotes Astrocytes Vimentin Expression, and Enhances Astrocytes Antioxidation via the Cx43/Nrf2/HO-1 Axis. Front. Cell Dev. Biol. 2020, 8, 302. [Google Scholar] [CrossRef] [PubMed]

	



Chi, L.; Huang, Y.; Mao, Y.; Wu, K.; Zhang, L.; Nan, G. Tail Vein Infusion of Adipose-Derived Mesenchymal Stem Cell Alleviated Inflammatory Response and Improved Blood Brain Barrier Condition by Suppressing Endoplasmic Reticulum Stress in a Middle Cerebral Artery Occlusion Rat Model. Med. Sci. Monit. 2018, 24, 3946–3957. [Google Scholar] [CrossRef] [PubMed]

	



Gu, Y.; He, M.; Zhou, X.; Liu, J.; Hou, N.; Bin, T.; Zhang, Y.; Li, T.; Chen, J. Endogenous IL-6 of mesenchymal stem cell improves behavioral outcome of hypoxic-ischemic brain damage neonatal rats by supressing apoptosis in astrocyte. Sci. Rep. 2016, 6, 18587. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yu, S.; Tuazon, J.P.; Lee, J.Y.; Corey, S.; Kvederis, L.; Kingsbury, C.; Kaneko, Y.; Borlongan, C.V. Neuroprotective effects of human bone marrow mesenchymal stem cells against cerebral ischemia are mediated in part by an anti-apoptotic mechanism. Neural Regen. Res. 2019, 14, 597–604. [Google Scholar]

	



Kaufman, R.J. Orchestrating the unfolded protein response in health and disease. J. Clin. Investig. 2002, 110, 1389–1398. [Google Scholar] [CrossRef]

	



Erta, M.; Quintana, A.; Hidalgo, J. Interleukin-6, a major cytokine in the central nervous system. Int. J. Biol. Sci. 2012, 8, 1254–1266. [Google Scholar] [CrossRef]

	



Huang, J.; Yang, F.; Ji, Z.; Lin, J.; Weng, Z.; Tsang, L.L.; Merson, T.D.; Ruan, Y.C.; Wan, C.; Li, G.; et al. Human pluripotent stem cell-derived ectomesenchymal stromal cells promote more robust functional recovery than umbilical cord-derived mesenchymal stromal cells after hypoxic-ischaemic brain damage. Theranostics 2022, 12, 143–166. [Google Scholar] [CrossRef]

	



Alvarado-Velez, M.; Enam, S.F.; Mehta, N.; Lyon, J.G.; LaPlaca, M.C.; Bellamkonda, R.V. Immuno-suppressive hydrogels enhance allogeneic MSC survival after transplantation in the injured brain. Biomaterials 2021, 266, 120419. [Google Scholar] [CrossRef]

	



Shin, J.Y.; Park, H.J.; Kim, H.N.; Oh, S.H.; Bae, J.S.; Ha, H.J.; Lee, P.H. Mesenchymal stem cells enhance autophagy and increase beta-amyloid clearance in Alzheimer disease models. Autophagy 2014, 10, 32–44. [Google Scholar] [CrossRef]

	



Chung, T.N.; Kim, J.H.; Choi, B.Y.; Chung, S.P.; Kwon, S.W.; Suh, S.W. Adipose-derived mesenchymal stem cells reduce neuronal death after transient global cerebral ischemia through prevention of blood-brain barrier disruption and endothelial damage. Stem Cells Transl. Med. 2015, 4, 178–185. [Google Scholar] [CrossRef]

	



Yoshida, Y.; Takagi, T.; Kuramoto, Y.; Tatebayashi, K.; Shirakawa, M.; Yamahara, K.; Doe, N.; Yoshimura, S. Intravenous Administration of Human Amniotic Mesenchymal Stem Cells in the Subacute Phase of Cerebral Infarction in a Mouse Model Ameliorates Neurological Disturbance by Suppressing Blood Brain Barrier Disruption and Apoptosis via Immunomodulation. Cell Transplant. 2021, 30, 9636897211024183. [Google Scholar] [CrossRef] [PubMed]

	



McArthur, S.; Loiola, R.A.; Maggioli, E.; Errede, M.; Virgintino, D.; Solito, E. The restorative role of annexin A1 at the blood-brain barrier. Fluids Barriers CNS 2016, 13, 17. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.; Bao, Z.; Gong, W.; Tang, P.; Yoshimura, T.; Wang, J.M. Regulation of inflammation by members of the formyl-peptide receptor family. J. Autoimmun. 2017, 85, 64–77. [Google Scholar] [CrossRef]

	



He, H.Q.; Ye, R.D. The Formyl Peptide Receptors: Diversity of Ligands and Mechanism for Recognition. Molecules 2017, 22, 455. [Google Scholar] [CrossRef]

	



McArthur, S.; Cristante, E.; Paterno, M.; Christian, H.; Roncaroli, F.; Gillies, G.E.; Solito, E. Annexin A1: A central player in the anti-inflammatory and neuroprotective role of microglia. J. Immunol. 2010, 185, 6317–6328. [Google Scholar] [CrossRef]

	



Cheng, Z.; Wang, L.; Qu, M.; Liang, H.; Li, W.; Li, Y.; Deng, L.; Zhang, Z.; Yang, G.Y. Mesenchymal stem cells attenuate blood-brain barrier leakage after cerebral ischemia in mice. J. Neuroinflammation 2018, 15, 135. [Google Scholar] [CrossRef]

	



Yang, Y.; Rosenberg, G.A. Matrix metalloproteinases as therapeutic targets for stroke. Brain Res. 2015, 1623, 30–38. [Google Scholar] [CrossRef]

	



Nam, H.S.; Kwon, I.; Lee, B.H.; Kim, H.; Kim, J.; An, S.; Lee, O.H.; Lee, P.H.; Kim, H.O.; Namgoong, H.; et al. Effects of Mesenchymal Stem Cell Treatment on the Expression of Matrix Metalloproteinases and Angiogenesis during Ischemic Stroke Recovery. PLoS ONE 2015, 10, e0144218. [Google Scholar] [CrossRef]

	



Van Geffen, E.W.; van Caam, A.P.M.; Vitters, E.L.; van Beuningen, H.M.; van de Loo, F.A.; van Lent, P.; Koenders, M.I.; van der Kraan, P.M. Interleukin-37 Protects Stem Cell-Based Cartilage Formation in an Inflammatory Osteoarthritis-Like Microenvironment. Tissue Eng. Part A 2019, 25, 1155–1166. [Google Scholar] [CrossRef]

	



English, K. Mechanisms of mesenchymal stromal cell immunomodulation. Immunol. Cell Biol. 2013, 91, 19–26. [Google Scholar] [CrossRef]

	



Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787–795. [Google Scholar] [CrossRef] [PubMed]

	



Choi, H.; Lee, R.H.; Bazhanov, N.; Oh, J.Y.; Prockop, D.J. Anti-inflammatory protein TSG-6 secreted by activated MSCs attenuates zymosan-induced mouse peritonitis by decreasing TLR2/NF-kappaB signaling in resident macrophages. Blood 2011, 118, 330–338. [Google Scholar] [CrossRef]

	



Feng, Y.; Zheng, C.; Zhang, Y.; Xing, C.; Cai, W.; Li, R.; Chen, J.; Duan, Y. Triptolide Inhibits Preformed Fibril-Induced Microglial Activation by Targeting the MicroRNA155-5p/SHIP1 Pathway. Oxid. Med. Cell. Longev. 2019, 2019, 6527638. [Google Scholar] [CrossRef][Green Version]

	



Nemeth, K.; Leelahavanichkul, A.; Yuen, P.S.; Mayer, B.; Parmelee, A.; Doi, K.; Robey, P.G.; Leelahavanichkul, K.; Koller, B.H.; Brown, J.M.; et al. Bone marrow stromal cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages to increase their interleukin-10 production. Nat. Med. 2009, 15, 42–49. [Google Scholar] [CrossRef]

	



Li, C.; Jin, Y.; Wei, S.; Sun, Y.; Jiang, L.; Zhu, Q.; Farmer, D.G.; Busuttil, R.W.; Kupiec-Weglinski, J.W.; Ke, B. Hippo Signaling Controls NLR Family Pyrin Domain Containing 3 Activation and Governs Immunoregulation of Mesenchymal Stem Cells in Mouse Liver Injury. Hepatology 2019, 70, 1714–1731. [Google Scholar] [CrossRef]

	



Giri, J.; Das, R.; Nylen, E.; Chinnadurai, R.; Galipeau, J. CCL2 and CXCL12 Derived from Mesenchymal Stromal Cells Cooperatively Polarize IL-10+ Tissue Macrophages to Mitigate Gut Injury. Cell Rep. 2020, 30, 1923–1934.e4. [Google Scholar] [CrossRef]

	



Chen, X.; Yang, B.; Tian, J.; Hong, H.; Du, Y.; Li, K.; Li, X.; Wang, N.; Yu, X.; Wei, X. Dental Follicle Stem Cells Ameliorate Lipopolysaccharide-Induced Inflammation by Secreting TGF-beta3 and TSP-1 to Elicit Macrophage M2 Polarization. Cell. Physiol. Biochem. 2018, 51, 2290–2308. [Google Scholar] [CrossRef]

	



He, X.; Dong, Z.; Cao, Y.; Wang, H.; Liu, S.; Liao, L.; Jin, Y.; Yuan, L.; Li, B. MSC-Derived Exosome Promotes M2 Polarization and Enhances Cutaneous Wound Healing. Stem Cells Int. 2019, 2019, 7132708. [Google Scholar] [CrossRef]

	



Glennie, S.; Soeiro, I.; Dyson, P.J.; Lam, E.W.; Dazzi, F. Bone marrow mesenchymal stem cells induce division arrest anergy of activated T cells. Blood 2005, 105, 2821–2827. [Google Scholar] [CrossRef]

	



Corcione, A.; Benvenuto, F.; Ferretti, E.; Giunti, D.; Cappiello, V.; Cazzanti, F.; Risso, M.; Gualandi, F.; Mancardi, G.L.; Pistoia, V.; et al. Human mesenchymal stem cells modulate B-cell functions. Blood 2006, 107, 367–372. [Google Scholar] [CrossRef]

	



Magatti, M.; Masserdotti, A.; Signoroni, P.B.; Vertua, E.; Stefani, F.R.; Silini, A.R.; Parolini, O. B Lymphocytes as Targets of the Immunomodulatory Properties of Human Amniotic Mesenchymal Stromal Cells. Front. Immunol. 2020, 11, 1156. [Google Scholar] [CrossRef] [PubMed]

	



Wang, R.; Xu, A.; Zhang, X.; Wu, J.; Freywald, A.; Xu, J.; Xiang, J. Novel exosome-targeted T-cell-based vaccine counteracts T-cell anergy and converts CTL exhaustion in chronic infection via CD40L signaling through the mTORC1 pathway. Cell. Mol. Immunol. 2017, 14, 529–545. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.Y.; Chung, J.; Byun, Y.; Kim, K.H.; An, S.H.; Kwon, K. Mesenchymal Stem Cell-Derived Small Extracellular Vesicles Protect Cardiomyocytes from Doxorubicin-Induced Cardiomyopathy by Upregulating Survivin Expression via the miR-199a-3p-Akt-Sp1/p53 Signaling Pathway. Int. J. Mol. Sci. 2021, 22, 37102. [Google Scholar] [CrossRef] [PubMed]

	



Asari, S.; Itakura, S.; Ferreri, K.; Liu, C.P.; Kuroda, Y.; Kandeel, F.; Mullen, Y. Mesenchymal stem cells suppress B-cell terminal differentiation. Exp. Hematol. 2009, 37, 604–615. [Google Scholar] [CrossRef] [PubMed]

	



Traggiai, E.; Volpi, S.; Schena, F.; Gattorno, M.; Ferlito, F.; Moretta, L.; Martini, A. Bone marrow-derived mesenchymal stem cells induce both polyclonal expansion and differentiation of B cells isolated from healthy donors and systemic lupus erythematosus patients. Stem Cells 2008, 26, 562–569. [Google Scholar] [CrossRef]

	



Rasmusson, I.; Le Blanc, K.; Sundberg, B.; Ringden, O. Mesenchymal stem cells stimulate antibody secretion in human B cells. Scand. J. Immunol. 2007, 65, 336–343. [Google Scholar] [CrossRef]

	



Xu, G.; Zhang, L.; Ren, G.; Yuan, Z.; Zhang, Y.; Zhao, R.C.; Shi, Y. Immunosuppressive properties of cloned bone marrow mesenchymal stem cells. Cell Res. 2007, 17, 240–248. [Google Scholar] [CrossRef]

	



De Miguel, M.P.; Fuentes-Julian, S.; Blazquez-Martinez, A.; Pascual, C.Y.; Aller, M.A.; Arias, J.; Arnalich-Montiel, F. Immunosuppressive properties of mesenchymal stem cells: Advances and applications. Curr. Mol. Med. 2012, 12, 574–591. [Google Scholar] [CrossRef]

	



Briseno, C.G.; Murphy, T.L.; Murphy, K.M. Complementary diversification of dendritic cells and innate lymphoid cells. Curr. Opin. Immunol. 2014, 29, 69–78. [Google Scholar] [CrossRef]

	



Kwon, M.S.; Lim, S.K.; Jang, J.Y.; Lee, J.; Park, H.K.; Kim, N.; Yun, M.; Shin, M.Y.; Jo, H.E.; Oh, Y.J.; et al. Lactobacillus sakei WIKIM30 Ameliorates Atopic Dermatitis-Like Skin Lesions by Inducing Regulatory T Cells and Altering Gut Microbiota Structure in Mice. Front. Immunol. 2018, 9, 1905. [Google Scholar] [CrossRef]

	



Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 2005, 105, 1815–1822. [Google Scholar] [CrossRef]

	



Chiesa, S.; Morbelli, S.; Morando, S.; Massollo, M.; Marini, C.; Bertoni, A.; Frassoni, F.; Bartolome, S.T.; Sambuceti, G.; Traggiai, E.; et al. Mesenchymal stem cells impair in vivo T-cell priming by dendritic cells. Proc. Natl. Acad. Sci. USA 2011, 108, 17384–17389. [Google Scholar] [CrossRef]

	



English, K.; Barry, F.P.; Mahon, B.P. Murine mesenchymal stem cells suppress dendritic cell migration, maturation and antigen presentation. Immunol. Lett. 2008, 115, 50–58. [Google Scholar] [CrossRef][Green Version]

	



Lenert, P.S. Targeting Toll-like receptor signaling in plasmacytoid dendritic cells and autoreactive B cells as a therapy for lupus. Arthritis Res. Ther. 2006, 8, 203. [Google Scholar] [CrossRef]

	



Jiang, X.X.; Zhang, Y.; Liu, B.; Zhang, S.X.; Wu, Y.; Yu, X.D.; Mao, N. Human mesenchymal stem cells inhibit differentiation and function of monocyte-derived dendritic cells. Blood 2005, 105, 4120–4126. [Google Scholar] [CrossRef]

	



Nauta, A.J.; Kruisselbrink, A.B.; Lurvink, E.; Willemze, R.; Fibbe, W.E. Mesenchymal stem cells inhibit generation and function of both CD34+-derived and monocyte-derived dendritic cells. J. Immunol. 2006, 177, 2080–2087. [Google Scholar] [CrossRef]

	



Ramasamy, R.; Fazekasova, H.; Lam, E.W.; Soeiro, I.; Lombardi, G.; Dazzi, F. Mesenchymal stem cells inhibit dendritic cell differentiation and function by preventing entry into the cell cycle. Transplantation 2007, 83, 71–76. [Google Scholar] [CrossRef]

	



Li, Y.P.; Paczesny, S.; Lauret, E.; Poirault, S.; Bordigoni, P.; Mekhloufi, F.; Hequet, O.; Bertrand, Y.; Ou-Yang, J.P.; Stoltz, J.F.; et al. Human mesenchymal stem cells license adult CD34+ hemopoietic progenitor cells to differentiate into regulatory dendritic cells through activation of the Notch pathway. J. Immunol. 2008, 180, 1598–1608. [Google Scholar] [CrossRef]

	



Maccario, R.; Podesta, M.; Moretta, A.; Cometa, A.; Comoli, P.; Montagna, D.; Daudt, L.; Ibatici, A.; Piaggio, G.; Pozzi, S.; et al. Interaction of human mesenchymal stem cells with cells involved in alloantigen-specific immune response favors the differentiation of CD4+ T-cell subsets expressing a regulatory/suppressive phenotype. Haematologica 2005, 90, 516–525. [Google Scholar]

	



Di Nicola, M.; Carlo-Stella, C.; Magni, M.; Milanesi, M.; Longoni, P.D.; Matteucci, P.; Grisanti, S.; Gianni, A.M. Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli. Blood 2002, 99, 3838–3843. [Google Scholar] [CrossRef]

	



Benvenuto, F.; Ferrari, S.; Gerdoni, E.; Gualandi, F.; Frassoni, F.; Pistoia, V.; Mancardi, G.; Uccelli, A. Human mesenchymal stem cells promote survival of T cells in a quiescent state. Stem Cells 2007, 25, 1753–1760. [Google Scholar] [CrossRef] [PubMed]

	



Zappia, E.; Casazza, S.; Pedemonte, E.; Benvenuto, F.; Bonanni, I.; Gerdoni, E.; Giunti, D.; Ceravolo, A.; Cazzanti, F.; Frassoni, F.; et al. Mesenchymal stem cells ameliorate experimental autoimmune encephalomyelitis inducing T-cell anergy. Blood 2005, 106, 1755–1761. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Zhang, G.; Liu, X.; Liu, H.; Yang, P.; Ma, L. Mesenchymal stem cells improve platelet counts in mice with immune thrombocytopenia. J. Cell. Biochem. 2019, 120, 11274–11283. [Google Scholar] [CrossRef] [PubMed]

	



Rasmusson, I.; Ringden, O.; Sundberg, B.; Le Blanc, K. Mesenchymal stem cells inhibit the formation of cytotoxic T lymphocytes, but not activated cytotoxic T lymphocytes or natural killer cells. Transplantation 2003, 76, 1208–1213. [Google Scholar] [CrossRef] [PubMed]

	



Selmani, Z.; Naji, A.; Zidi, I.; Favier, B.; Gaiffe, E.; Obert, L.; Borg, C.; Saas, P.; Tiberghien, P.; Rouas-Freiss, N.; et al. Human leukocyte antigen-G5 secretion by human mesenchymal stem cells is required to suppress T lymphocyte and natural killer function and to induce CD4+CD25highFOXP3+ regulatory T cells. Stem Cells 2008, 26, 212–222. [Google Scholar] [CrossRef]

	



Morandi, F.; Raffaghello, L.; Bianchi, G.; Meloni, F.; Salis, A.; Millo, E.; Ferrone, S.; Barnaba, V.; Pistoia, V. Immunogenicity of human mesenchymal stem cells in HLA-class I-restricted T-cell responses against viral or tumor-associated antigens. Stem Cells 2008, 26, 1275–1287. [Google Scholar] [CrossRef]

	



Martinez, V.G.; Ontoria-Oviedo, I.; Ricardo, C.P.; Harding, S.E.; Sacedon, R.; Varas, A.; Zapata, A.; Sepulveda, P.; Vicente, A. Overexpression of hypoxia-inducible factor 1 alpha improves immunomodulation by dental mesenchymal stem cells. Stem Cell Res. Ther. 2017, 8, 208. [Google Scholar] [CrossRef]

	



Spaggiari, G.M.; Capobianco, A.; Becchetti, S.; Mingari, M.C.; Moretta, L. Mesenchymal stem cell-natural killer cell interactions: Evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood 2006, 107, 1484–1490. [Google Scholar] [CrossRef]

	



Spaggiari, G.M.; Capobianco, A.; Abdelrazik, H.; Becchetti, F.; Mingari, M.C.; Moretta, L. Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotoxicity, and cytokine production: Role of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood 2008, 111, 1327–1333. [Google Scholar] [CrossRef]

	



Krampera, M.; Cosmi, L.; Angeli, R.; Pasini, A.; Liotta, F.; Andreini, A.; Santarlasci, V.; Mazzinghi, B.; Pizzolo, G.; Vinante, F.; et al. Role for interferon-gamma in the immunomodulatory activity of human bone marrow mesenchymal stem cells. Stem Cells 2006, 24, 386–398. [Google Scholar] [CrossRef]

	



Sluijter, J.P.; Verhage, V.; Deddens, J.C.; van den Akker, F.; Doevendans, P.A. Microvesicles and exosomes for intracardiac communication. Cardiovasc. Res. 2014, 102, 302–311. [Google Scholar] [CrossRef]

	



Camussi, G.; Deregibus, M.C.; Bruno, S.; Grange, C.; Fonsato, V.; Tetta, C. Exosome/microvesicle-mediated epigenetic reprogramming of cells. Am. J. Cancer Res. 2011, 1, 98–110. [Google Scholar]

	



Azmi, A.S.; Bao, B.; Sarkar, F.H. Exosomes in cancer development, metastasis, and drug resistance: A comprehensive review. Cancer Metastasis Rev. 2013, 32, 623–642. [Google Scholar] [CrossRef]

	



Ibrahim, A.; Marban, E. Exosomes: Fundamental Biology and Roles in Cardiovascular Physiology. Annu. Rev. Physiol. 2016, 78, 67–83. [Google Scholar] [CrossRef]

	



Hessvik, N.P.; Llorente, A. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 2018, 75, 193–208. [Google Scholar] [CrossRef][Green Version]

	



Henne, W.M.; Buchkovich, N.J.; Emr, S.D. The ESCRT pathway. Dev. Cell 2011, 21, 77–91. [Google Scholar] [CrossRef]

	



Vietri, M.; Radulovic, M.; Stenmark, H. The many functions of ESCRTs. Nat. Rev. Mol. Cell Biol. 2020, 21, 25–42. [Google Scholar] [CrossRef]

	



Vakhshiteh, F.; Atyabi, F.; Ostad, S.N. Mesenchymal stem cell exosomes: A two-edged sword in cancer therapy. Int. J. Nanomed. 2019, 14, 2847–2859. [Google Scholar] [CrossRef]

	



Keerthikumar, S.; Chisanga, D.; Ariyaratne, D.; Al Saffar, H.; Anand, S.; Zhao, K.; Samuel, M.; Pathan, M.; Jois, M.; Chilamkurti, N.; et al. ExoCarta: A Web-Based Compendium of Exosomal Cargo. J. Mol. Biol. 2016, 428, 688–692. [Google Scholar] [CrossRef]

	



Minciacchi, V.R.; Freeman, M.R.; Di Vizio, D. Extracellular vesicles in cancer: Exosomes, microvesicles and the emerging role of large oncosomes. Semin. Cell Dev. Biol. 2015, 40, 41–51. [Google Scholar] [CrossRef]

	



Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208–1215. [Google Scholar] [CrossRef] [PubMed]

	



Mashouri, L.; Yousefi, H.; Aref, A.R.; Ahadi, A.M.; Molaei, F.; Alahari, S.K. Exosomes: Composition, biogenesis, and mechanisms in cancer metastasis and drug resistance. Mol. Cancer 2019, 18, 75. [Google Scholar] [CrossRef] [PubMed]

	



Dai, J.; Su, Y.; Zhong, S.; Cong, L.; Liu, B.; Yang, J.; Tao, Y.; He, Z.; Chen, C.; Jiang, Y. Exosomes: Key players in cancer and potential therapeutic strategy. Signal Transduct. Target. Ther. 2020, 5, 145. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Q.; Takada, R.; Noda, C.; Kobayashi, S.; Takada, S. Different populations of Wnt-containing vesicles are individually released from polarized epithelial cells. Sci. Rep. 2016, 6, 35562. [Google Scholar] [CrossRef] [PubMed]

	



Poliakov, A.; Spilman, M.; Dokland, T.; Amling, C.L.; Mobley, J.A. Structural heterogeneity and protein composition of exosome-like vesicles (prostasomes) in human semen. Prostate 2009, 69, 159–167. [Google Scholar] [CrossRef]

	



Luo, T.; von der Ohe, J.; Hass, R. MSC-Derived Extracellular Vesicles in Tumors and Therapy. Cancers 2021, 13, 5212. [Google Scholar] [CrossRef]

	



Rani, S.; Ryan, A.E.; Griffin, M.D.; Ritter, T. Mesenchymal Stem Cell-derived Extracellular Vesicles: Toward Cell-free Therapeutic Applications. Mol. Ther. 2015, 23, 812–823. [Google Scholar] [CrossRef]

	



Wang, K.; Li, F.; Yuan, Y.; Shan, L.; Cui, Y.; Qu, J.; Lian, F. Synovial Mesenchymal Stem Cell-Derived EV-Packaged miR-31 Downregulates Histone Demethylase KDM2A to Prevent Knee Osteoarthritis. Mol. Ther. Nucleic Acids 2020, 22, 1078–1091. [Google Scholar] [CrossRef]

	



Liao, Z.; Ke, W.; Liu, H.; Tong, B.; Wang, K.; Feng, X.; Hua, W.; Wang, B.; Song, Y.; Luo, R.; et al. Vasorin-containing small extracellular vesicles retard intervertebral disc degeneration utilizing an injectable thermoresponsive delivery system. J. Nanobiotechnol. 2022, 20, 420. [Google Scholar] [CrossRef]

	



Zhuang, Y.; Cheng, M.; Li, M.; Cui, J.; Huang, J.; Zhang, C.; Si, J.; Lin, K.; Yu, H. Small extracellular vesicles derived from hypoxic mesenchymal stem cells promote vascularized bone regeneration through the miR-210-3p/EFNA3/PI3K pathway. Acta Biomater. 2022, 150, 413–426. [Google Scholar] [CrossRef]

	



Zhou, Z.M.; Bao, J.P.; Peng, X.; Gao, J.W.; Vlf, C.; Zhang, C.; Sun, R.; Kun, W.; Wu, X.T. Small extracellular vesicles from hypoxic mesenchymal stem cells alleviate intervertebral disc degeneration by delivering miR-17-5p. Acta Biomater. 2022, 140, 641–658. [Google Scholar] [CrossRef]

	



Hu, Y.; Zhang, Y.; Ni, C.Y.; Chen, C.Y.; Rao, S.S.; Yin, H.; Huang, J.; Tan, Y.J.; Wang, Z.X.; Cao, J.; et al. Human umbilical cord mesenchymal stromal cells-derived extracellular vesicles exert potent bone protective effects by CLEC11A-mediated regulation of bone metabolism. Theranostics 2020, 10, 2293–2308. [Google Scholar] [CrossRef]

	



Li, T.; Yan, Y.; Wang, B.; Qian, H.; Zhang, X.; Shen, L.; Wang, M.; Zhou, Y.; Zhu, W.; Li, W.; et al. Exosomes derived from human umbilical cord mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev. 2013, 22, 845–854. [Google Scholar] [CrossRef]

	



Hyun, J.; Wang, S.; Kim, J.; Kim, G.J.; Jung, Y. MicroRNA125b-mediated Hedgehog signaling influences liver regeneration by chorionic plate-derived mesenchymal stem cells. Sci. Rep. 2015, 5, 14135. [Google Scholar] [CrossRef]

	



Lou, G.; Yang, Y.; Liu, F.; Ye, B.; Chen, Z.; Zheng, M.; Liu, Y. MiR-122 modification enhances the therapeutic efficacy of adipose tissue-derived mesenchymal stem cells against liver fibrosis. J. Cell. Mol. Med. 2017, 21, 2963–2973. [Google Scholar] [CrossRef]

	



Lu, T.; Zhang, J.; Cai, J.; Xiao, J.; Sui, X.; Yuan, X.; Li, R.; Li, Y.; Yao, J.; Lv, G.; et al. Extracellular vesicles derived from mesenchymal stromal cells as nanotherapeutics for liver ischaemia-reperfusion injury by transferring mitochondria to modulate the formation of neutrophil extracellular traps. Biomaterials 2022, 284, 121486. [Google Scholar] [CrossRef]

	



Rong, X.; Liu, J.; Yao, X.; Jiang, T.; Wang, Y.; Xie, F. Human bone marrow mesenchymal stem cells-derived exosomes alleviate liver fibrosis through the Wnt/beta-catenin pathway. Stem Cell Res. Ther. 2019, 10, 98. [Google Scholar] [CrossRef]

	



Ohara, M.; Ohnishi, S.; Hosono, H.; Yamamoto, K.; Yuyama, K.; Nakamura, H.; Fu, Q.; Maehara, O.; Suda, G.; Sakamoto, N. Extracellular Vesicles from Amnion-Derived Mesenchymal Stem Cells Ameliorate Hepatic Inflammation and Fibrosis in Rats. Stem Cells Int. 2018, 2018, 3212643. [Google Scholar] [CrossRef]

	



Qu, Y.; Zhang, Q.; Cai, X.; Li, F.; Ma, Z.; Xu, M.; Lu, L. Exosomes derived from miR-181-5p-modified adipose-derived mesenchymal stem cells prevent liver fibrosis via autophagy activation. J. Cell. Mol. Med. 2017, 21, 2491–2502. [Google Scholar] [CrossRef]

	



Kim, J.; Lee, C.; Shin, Y.; Wang, S.; Han, J.; Kim, M.; Kim, J.M.; Shin, S.C.; Lee, B.J.; Kim, T.J.; et al. sEVs from tonsil-derived mesenchymal stromal cells alleviate activation of hepatic stellate cells and liver fibrosis through miR-486-5p. Mol. Ther. 2021, 29, 1471–1486. [Google Scholar] [CrossRef]

	



Bruno, S.; Tapparo, M.; Collino, F.; Chiabotto, G.; Deregibus, M.C.; Lindoso, R.S.; Neri, F.; Kholia, S.; Giunti, S.; Wen, S.; et al. Renal Regenerative Potential of Different Extracellular Vesicle Populations Derived from Bone Marrow Mesenchymal Stromal Cells. Tissue Eng. Part A 2017, 23, 1262–1273. [Google Scholar] [CrossRef] [PubMed]

	



Lin, K.C.; Yip, H.K.; Shao, P.L.; Wu, S.C.; Chen, K.H.; Chen, Y.T.; Yang, C.C.; Sun, C.K.; Kao, G.S.; Chen, S.Y.; et al. Combination of adipose-derived mesenchymal stem cells (ADMSC) and ADMSC-derived exosomes for protecting kidney from acute ischemia-reperfusion injury. Int. J. Cardiol. 2016, 216, 173–185. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, G.; Zou, X.; Miao, S.; Chen, J.; Du, T.; Zhong, L.; Ju, G.; Liu, G.; Zhu, Y. The anti-oxidative role of micro-vesicles derived from human Wharton-Jelly mesenchymal stromal cells through NOX2/gp91(phox) suppression in alleviating renal ischemia-reperfusion injury in rats. PLoS ONE 2014, 9, e92129. [Google Scholar] [CrossRef] [PubMed]

	



Yao, J.; Zheng, J.; Cai, J.; Zeng, K.; Zhou, C.; Zhang, J.; Li, S.; Li, H.; Chen, L.; He, L.; et al. Extracellular vesicles derived from human umbilical cord mesenchymal stem cells alleviate rat hepatic ischemia-reperfusion injury by suppressing oxidative stress and neutrophil inflammatory response. FASEB J. 2019, 33, 1695–1710. [Google Scholar] [CrossRef] [PubMed]

	



Bruno, S.; Grange, C.; Collino, F.; Deregibus, M.C.; Cantaluppi, V.; Biancone, L.; Tetta, C.; Camussi, G. Microvesicles derived from mesenchymal stem cells enhance survival in a lethal model of acute kidney injury. PLoS ONE 2012, 7, e33115. [Google Scholar] [CrossRef]

	



Chen, L.; Wang, Y.; Li, S.; Zuo, B.; Zhang, X.; Wang, F.; Sun, D. Exosomes derived from GDNF-modified human adipose mesenchymal stem cells ameliorate peritubular capillary loss in tubulointerstitial fibrosis by activating the SIRT1/eNOS signaling pathway. Theranostics 2020, 10, 9425–9442. [Google Scholar] [CrossRef]

	



Tomasoni, S.; Longaretti, L.; Rota, C.; Morigi, M.; Conti, S.; Gotti, E.; Capelli, C.; Introna, M.; Remuzzi, G.; Benigni, A. Transfer of growth factor receptor mRNA via exosomes unravels the regenerative effect of mesenchymal stem cells. Stem Cells Dev. 2013, 22, 772–780. [Google Scholar] [CrossRef]

	



Jiang, Z.Z.; Liu, Y.M.; Niu, X.; Yin, J.Y.; Hu, B.; Guo, S.C.; Fan, Y.; Wang, Y.; Wang, N.S. Exosomes secreted by human urine-derived stem cells could prevent kidney complications from type I diabetes in rats. Stem Cell Res. Ther. 2016, 7, 24. [Google Scholar] [CrossRef]

	



Eirin, A.; Zhu, X.Y.; Ebrahimi, B.; Krier, J.D.; Riester, S.M.; van Wijnen, A.J.; Lerman, A.; Lerman, L.O. Intrarenal Delivery of Mesenchymal Stem Cells and Endothelial Progenitor Cells Attenuates Hypertensive Cardiomyopathy in Experimental Renovascular Hypertension. Cell Transplant. 2015, 24, 2041–2053. [Google Scholar] [CrossRef]

	



Eirin, A.; Zhu, X.Y.; Jonnada, S.; Lerman, A.; van Wijnen, A.J.; Lerman, L.O. Mesenchymal Stem Cell-Derived Extracellular Vesicles Improve the Renal Microvasculature in Metabolic Renovascular Disease in Swine. Cell Transplant. 2018, 27, 1080–1095. [Google Scholar] [CrossRef]

	



Qi, H.; Liu, D.P.; Xiao, D.W.; Tian, D.C.; Su, Y.W.; Jin, S.F. Exosomes derived from mesenchymal stem cells inhibit mitochondrial dysfunction-induced apoptosis of chondrocytes via p38, ERK, and Akt pathways. Vitr. Cell. Dev. Biol. Anim. 2019, 55, 203–210. [Google Scholar] [CrossRef]

	



Ji, C.; Zhang, J.; Zhu, Y.; Shi, H.; Yin, S.; Sun, F.; Wang, Q.; Zhang, L.; Yan, Y.; Zhang, X.; et al. Exosomes derived from hucMSC attenuate renal fibrosis through CK1delta/beta-TRCP-mediated YAP degradation. Cell Death Dis. 2020, 11, 327. [Google Scholar] [CrossRef]

	



Shi, Z.; Wang, Q.; Zhang, Y.; Jiang, D. Extracellular vesicles produced by bone marrow mesenchymal stem cells attenuate renal fibrosis, in part by inhibiting the RhoA/ROCK pathway, in a UUO rat model. Stem Cell Res. Ther. 2020, 11, 253. [Google Scholar] [CrossRef]

	



Zou, X.; Zhang, G.; Cheng, Z.; Yin, D.; Du, T.; Ju, G.; Miao, S.; Liu, G.; Lu, M.; Zhu, Y. Microvesicles derived from human Wharton’s Jelly mesenchymal stromal cells ameliorate renal ischemia-reperfusion injury in rats by suppressing CX3CL1. Stem Cell Res. Ther. 2014, 5, 40. [Google Scholar] [CrossRef]

	



Choi, H.Y.; Lee, H.G.; Kim, B.S.; Ahn, S.H.; Jung, A.; Lee, M.; Lee, J.E.; Kim, H.J.; Ha, S.K.; Park, H.C. Mesenchymal stem cell-derived microparticles ameliorate peritubular capillary rarefaction via inhibition of endothelial-mesenchymal transition and decrease tubulointerstitial fibrosis in unilateral ureteral obstruction. Stem Cell Res. Ther. 2015, 6, 18. [Google Scholar] [CrossRef][Green Version]

	



Grange, C.; Tritta, S.; Tapparo, M.; Cedrino, M.; Tetta, C.; Camussi, G.; Brizzi, M.F. Stem cell-derived extracellular vesicles inhibit and revert fibrosis progression in a mouse model of diabetic nephropathy. Sci. Rep. 2019, 9, 4468. [Google Scholar] [CrossRef]

	



Maegdefessel, L.; Spin, J.M.; Raaz, U.; Eken, S.M.; Toh, R.; Azuma, J.; Adam, M.; Nakagami, F.; Heymann, H.M.; Chernogubova, E.; et al. miR-24 limits aortic vascular inflammation and murine abdominal aneurysm development. Nat. Commun. 2014, 5, 5214. [Google Scholar] [CrossRef]

	



Collino, F.; Bruno, S.; Incarnato, D.; Dettori, D.; Neri, F.; Provero, P.; Pomatto, M.; Oliviero, S.; Tetta, C.; Quesenberry, P.J.; et al. AKI Recovery Induced by Mesenchymal Stromal Cell-Derived Extracellular Vesicles Carrying MicroRNAs. J. Am. Soc. Nephrol. 2015, 26, 2349–2360. [Google Scholar] [CrossRef]

	



Hu, X.; Shen, N.; Liu, A.; Wang, W.; Zhang, L.; Sui, Z.; Tang, Q.; Du, X.; Yang, N.; Ying, W.; et al. Bone marrow mesenchymal stem cell-derived exosomal miR-34c-5p ameliorates RIF by inhibiting the core fucosylation of multiple proteins. Mol. Ther. 2022, 30, 763–781. [Google Scholar] [CrossRef]

	



Jin, J.; Wang, Y.; Zhao, L.; Zou, W.; Tan, M.; He, Q. Exosomal miRNA-215-5p Derived from Adipose-Derived Stem Cells Attenuates Epithelial-Mesenchymal Transition of Podocytes by Inhibiting ZEB2. Biomed Res. Int. 2020, 2020, 2685305. [Google Scholar] [CrossRef]

	



Jin, J.; Shi, Y.; Gong, J.; Zhao, L.; Li, Y.; He, Q.; Huang, H. Exosome secreted from adipose-derived stem cells attenuates diabetic nephropathy by promoting autophagy flux and inhibiting apoptosis in podocyte. Stem Cell Res. Ther. 2019, 10, 95. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, L.; Liao, G.; Wang, X.; Li, L.; Zhang, J.; Chen, Y.; Liu, J.; Liu, S.; Wei, L.; Zhang, W.; et al. Mesenchymal stem cells-microvesicle-miR-451a ameliorate early diabetic kidney injury by negative regulation of P15 and P19. Exp. Biol Med. 2018, 243, 1233–1242. [Google Scholar] [CrossRef] [PubMed]

	



Shao, L.; Zhang, Y.; Lan, B.; Wang, J.; Zhang, Z.; Zhang, L.; Xiao, P.; Meng, Q.; Geng, Y.J.; Yu, X.Y.; et al. MiRNA-Sequence Indicates That Mesenchymal Stem Cells and Exosomes Have Similar Mechanism to Enhance Cardiac Repair. Biomed. Res. Int. 2017, 2017, 4150705. [Google Scholar] [CrossRef] [PubMed]

	



Mao, Q.; Liang, X.L.; Zhang, C.L.; Pang, Y.H.; Lu, Y.X. LncRNA KLF3-AS1 in human mesenchymal stem cell-derived exosomes ameliorates pyroptosis of cardiomyocytes and myocardial infarction through miR-138-5p/Sirt1 axis. Stem Cell Res. Ther. 2019, 10, 393. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Guan, J.; Niu, X.; Hu, G.; Guo, S.; Li, Q.; Xie, Z.; Zhang, C.; Wang, Y. Exosomes released from human induced pluripotent stem cells-derived MSCs facilitate cutaneous wound healing by promoting collagen synthesis and angiogenesis. J. Transl. Med. 2015, 13, 49. [Google Scholar] [CrossRef][Green Version]

	



Ni, J.; Liu, X.; Yin, Y.; Zhang, P.; Xu, Y.W.; Liu, Z. Exosomes Derived from TIMP2-Modified Human Umbilical Cord Mesenchymal Stem Cells Enhance the Repair Effect in Rat Model with Myocardial Infarction Possibly by the Akt/Sfrp2 Pathway. Oxid. Med. Cell. Longev. 2019, 2019, 1958941. [Google Scholar] [CrossRef]

	



Qiao, L.; Hu, S.; Liu, S.; Zhang, H.; Ma, H.; Huang, K.; Li, Z.; Su, T.; Vandergriff, A.; Tang, J.; et al. microRNA-21-5p dysregulation in exosomes derived from heart failure patients impairs regenerative potential. J. Clin. Investig. 2019, 129, 2237–2250. [Google Scholar] [CrossRef]

	



Feng, Y.; Huang, W.; Wani, M.; Yu, X.; Ashraf, M. Ischemic preconditioning potentiates the protective effect of stem cells through secretion of exosomes by targeting Mecp2 via miR-22. PLoS ONE 2014, 9, e88685. [Google Scholar]

	



Fang, S.; Xu, C.; Zhang, Y.; Xue, C.; Yang, C.; Bi, H.; Qian, X.; Wu, M.; Ji, K.; Zhao, Y.; et al. Umbilical Cord-Derived Mesenchymal Stem Cell-Derived Exosomal MicroRNAs Suppress Myofibroblast Differentiation by Inhibiting the Transforming Growth Factor-beta/SMAD2 Pathway During Wound Healing. Stem Cells Transl. Med. 2016, 5, 1425–1439. [Google Scholar] [CrossRef]

	



Yu, B.; Gong, M.; Wang, Y.; Millard, R.W.; Pasha, Z.; Yang, Y.; Ashraf, M.; Xu, M. Cardiomyocyte protection by GATA-4 gene engineered mesenchymal stem cells is partially mediated by translocation of miR-221 in microvesicles. PLoS ONE 2013, 8, e73304. [Google Scholar]

	



Chistiakov, D.A.; Orekhov, A.N.; Bobryshev, Y.V. Cardiac-specific miRNA in cardiogenesis, heart function, and cardiac pathology (with focus on myocardial infarction). J. Mol. Cell. Cardiol. 2016, 94, 107–121. [Google Scholar] [CrossRef]

	



Rezaie, J.; Rahbarghazi, R.; Pezeshki, M.; Mazhar, M.; Yekani, F.; Khaksar, M.; Shokrollahi, E.; Amini, H.; Hashemzadeh, S.; Sokullu, S.E.; et al. Cardioprotective role of extracellular vesicles: A highlight on exosome beneficial effects in cardiovascular diseases. J. Cell. Physiol. 2019, 234, 21732–21745. [Google Scholar] [CrossRef]

	



Choi, H.Y.; Moon, S.J.; Ratliff, B.B.; Ahn, S.H.; Jung, A.; Lee, M.; Lee, S.; Lim, B.J.; Kim, B.S.; Plotkin, M.D.; et al. Microparticles from kidney-derived mesenchymal stem cells act as carriers of proangiogenic signals and contribute to recovery from acute kidney injury. PLoS ONE 2014, 9, e87853. [Google Scholar]

	



Zhang, B.; Wu, X.; Zhang, X.; Sun, Y.; Yan, Y.; Shi, H.; Zhu, Y.; Wu, L.; Pan, Z.; Zhu, W.; et al. Human umbilical cord mesenchymal stem cell exosomes enhance angiogenesis through the Wnt4/beta-catenin pathway. Stem Cells Transl. Med. 2015, 4, 513–522. [Google Scholar] [CrossRef]

	



Wang, N.; Chen, C.; Yang, D.; Liao, Q.; Luo, H.; Wang, X.; Zhou, F.; Yang, X.; Yang, J.; Zeng, C.; et al. Mesenchymal stem cells-derived extracellular vesicles, via miR-210, improve infarcted cardiac function by promotion of angiogenesis. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 2085–2092. [Google Scholar] [CrossRef]

	



Ma, T.; Chen, Y.; Chen, Y.; Meng, Q.; Sun, J.; Shao, L.; Yu, Y.; Huang, H.; Hu, Y.; Yang, Z.; et al. MicroRNA-132, Delivered by Mesenchymal Stem Cell-Derived Exosomes, Promote Angiogenesis in Myocardial Infarction. Stem Cells Int. 2018, 2018, 3290372. [Google Scholar] [CrossRef]

	



Nakamura, Y.; Miyaki, S.; Ishitobi, H.; Matsuyama, S.; Nakasa, T.; Kamei, N.; Akimoto, T.; Higashi, Y.; Ochi, M. Mesenchymal-stem-cell-derived exosomes accelerate skeletal muscle regeneration. FEBS Lett. 2015, 589, 1257–1265. [Google Scholar] [CrossRef]

	



Ge, L.; Xun, C.; Li, W.; Jin, S.; Liu, Z.; Zhuo, Y.; Duan, D.; Hu, Z.; Chen, P.; Lu, M. Extracellular vesicles derived from hypoxia-preconditioned olfactory mucosa mesenchymal stem cells enhance angiogenesis via miR-612. J. Nanobiotechnol. 2021, 19, 380. [Google Scholar] [CrossRef]

	



Huang, H.; Xu, Z.; Qi, Y.; Zhang, W.; Zhang, C.; Jiang, M.; Deng, S.; Wang, H. Exosomes from SIRT1-Overexpressing ADSCs Restore Cardiac Function by Improving Angiogenic Function of EPCs. Mol. Ther. Nucleic Acids 2020, 21, 737–750. [Google Scholar] [CrossRef]

	



Zhu, W.; Sun, L.; Zhao, P.; Liu, Y.; Zhang, J.; Zhang, Y.; Hong, Y.; Zhu, Y.; Lu, Y.; Zhao, W.; et al. Macrophage migration inhibitory factor facilitates the therapeutic efficacy of mesenchymal stem cells derived exosomes in acute myocardial infarction through upregulating miR-133a-3p. J. Nanobiotechnol. 2021, 19, 61. [Google Scholar] [CrossRef]

	



Vromman, A.; Ruvkun, V.; Shvartz, E.; Wojtkiewicz, G.; Masson, G.S.; Tesmenitsky, Y.; Folco, E.; Gram, H.; Nahrendorf, M.; Swirski, F.K.; et al. Stage-dependent differential effects of interleukin-1 isoforms on experimental atherosclerosis. Eur. Heart J. 2019, 40, 2482–2491. [Google Scholar] [CrossRef] [PubMed]

	



Huang, P.; Wang, L.; Li, Q.; Tian, X.; Xu, J.; Xu, J.; Xiong, Y.; Chen, G.; Qian, H.; Jin, C.; et al. Atorvastatin enhances the therapeutic efficacy of mesenchymal stem cells-derived exosomes in acute myocardial infarction via up-regulating long non-coding RNA H19. Cardiovasc. Res. 2020, 116, 353–367. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Li, X.; Hu, J.; Chen, F.; Qiao, S.; Sun, X.; Gao, L.; Xie, J.; Xu, B. Mesenchymal stromal cell-derived exosomes attenuate myocardial ischaemia-reperfusion injury through miR-182-regulated macrophage polarization. Cardiovasc. Res. 2019, 115, 1205–1216. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.L.; Li, J.Y.; Xie, G.L.; Ma, X.Y. Exosomes Released From Human Bone Marrow-Derived Mesenchymal Stem Cell Attenuate Acute Graft-Versus-Host Disease After Allogeneic Hematopoietic Stem Cell Transplantation in Mice. Front. Cell Dev. Biol. 2021, 9, 617589. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, D.; Liu, S.; Huang, K.; Wang, Z.; Hu, S.; Li, J.; Li, Z.; Cheng, K. Intrapericardial Exosome Therapy Dampens Cardiac Injury via Activating Foxo3. Circ. Res. 2022, 131, e135–e150. [Google Scholar] [CrossRef]

	



Xu, R.; Zhang, F.; Chai, R.; Zhou, W.; Hu, M.; Liu, B.; Chen, X.; Liu, M.; Xu, Q.; Liu, N.; et al. Exosomes derived from pro-inflammatory bone marrow-derived mesenchymal stem cells reduce inflammation and myocardial injury via mediating macrophage polarization. J. Cell. Mol. Med. 2019, 23, 7617–7631. [Google Scholar] [CrossRef]

	



Chu, H.; Tao, X.; Sun, Z.; Hao, W.; Wei, X. Galactooligosaccharides protects against DSS-induced murine colitis through regulating intestinal flora and inhibiting NF-kappaB pathway. Life Sci. 2020, 242, 117220. [Google Scholar] [CrossRef]

	



Heo, J.S.; Lim, J.Y.; Yoon, D.W.; Pyo, S.; Kim, J. Exosome and Melatonin Additively Attenuates Inflammation by Transferring miR-34a, miR-124, and miR-135b. Biomed. Res. Int. 2020, 2020, 1621394. [Google Scholar] [CrossRef]

	



Xiao, C.; Wang, K.; Xu, Y.; Hu, H.; Zhang, N.; Wang, Y.; Zhong, Z.; Zhao, J.; Li, Q.; Zhu, D.; et al. Transplanted Mesenchymal Stem Cells Reduce Autophagic Flux in Infarcted Hearts via the Exosomal Transfer of miR-125b. Circ. Res. 2018, 123, 564–578. [Google Scholar] [CrossRef]

	



Peng, Y.; Zhao, J.L.; Peng, Z.Y.; Xu, W.F.; Yu, G.L. Exosomal miR-25-3p from mesenchymal stem cells alleviates myocardial infarction by targeting pro-apoptotic proteins and EZH2. Cell Death Dis. 2020, 11, 317. [Google Scholar] [CrossRef]

	



Pan, J.; Alimujiang, M.; Chen, Q.; Shi, H.; Luo, X. Exosomes derived from miR-146a-modified adipose-derived stem cells attenuate acute myocardial infarction-induced myocardial damage via downregulation of early growth response factor 1. J. Cell. Biochem. 2019, 120, 4433–4443. [Google Scholar] [CrossRef]

	



Lee, T.L.; Lai, T.C.; Lin, S.R.; Lin, S.W.; Chen, Y.C.; Pu, C.M.; Lee, I.T.; Tsai, J.S.; Lee, C.W.; Chen, Y.L. Conditioned medium from adipose-derived stem cells attenuates ischemia/reperfusion-induced cardiac injury through the microRNA-221/222/PUMA/ETS-1 pathway. Theranostics 2021, 11, 3131–3149. [Google Scholar] [CrossRef]

	



Wei, Z.; Qiao, S.; Zhao, J.; Liu, Y.; Li, Q.; Wei, Z.; Dai, Q.; Kang, L.; Xu, B. miRNA-181a over-expression in mesenchymal stem cell-derived exosomes influenced inflammatory response after myocardial ischemia-reperfusion injury. Life Sci. 2019, 232, 116632. [Google Scholar] [CrossRef]

	



Bolandi, Z.; Mokhberian, N.; Eftekhary, M.; Sharifi, K.; Soudi, S.; Ghanbarian, H.; Hashemi, S.M. Adipose derived mesenchymal stem cell exosomes loaded with miR-10a promote the differentiation of Th17 and Treg from naive CD4(+) T cell. Life Sci. 2020, 259, 118218. [Google Scholar] [CrossRef]

	



Chen, Y.; Zhao, Y.; Chen, W.; Xie, L.; Zhao, Z.A.; Yang, J.; Chen, Y.; Lei, W.; Shen, Z. MicroRNA-133 overexpression promotes the therapeutic efficacy of mesenchymal stem cells on acute myocardial infarction. Stem Cell Res. Ther. 2017, 8, 268. [Google Scholar] [CrossRef]

	



Xin, H.; Li, Y.; Cui, Y.; Yang, J.J.; Zhang, Z.G.; Chopp, M. Systemic administration of exosomes released from mesenchymal stromal cells promote functional recovery and neurovascular plasticity after stroke in rats. J. Cereb. Blood Flow Metab. 2013, 33, 1711–1715. [Google Scholar] [CrossRef]

	



Drommelschmidt, K.; Serdar, M.; Bendix, I.; Herz, J.; Bertling, F.; Prager, S.; Keller, M.; Ludwig, A.K.; Duhan, V.; Radtke, S.; et al. Mesenchymal stem cell-derived extracellular vesicles ameliorate inflammation-induced preterm brain injury. Brain Behav. Immun. 2017, 60, 220–232. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chopp, M.; Meng, Y.; Katakowski, M.; Xin, H.; Mahmood, A.; Xiong, Y. Effect of exosomes derived from multipluripotent mesenchymal stromal cells on functional recovery and neurovascular plasticity in rats after traumatic brain injury. J. Neurosurg. 2015, 122, 856–867. [Google Scholar] [CrossRef][Green Version]

	



Ni, H.; Yang, S.; Siaw-Debrah, F.; Hu, J.; Wu, K.; He, Z.; Yang, J.; Pan, S.; Lin, X.; Ye, H.; et al. Exosomes Derived From Bone Mesenchymal Stem Cells Ameliorate Early Inflammatory Responses Following Traumatic Brain Injury. Front. Neurosci. 2019, 13, 14. [Google Scholar] [CrossRef]

	



Ruppert, K.A.; Nguyen, T.T.; Prabhakara, K.S.; Furman, N.E.T.; Srivastava, A.K.; Harting, M.T.; Cox, C.S., Jr.; Olson, S.D. Human Mesenchymal Stromal Cell-Derived Extracellular Vesicles Modify Microglial Response and Improve Clinical Outcomes in Experimental Spinal Cord Injury. Sci. Rep. 2018, 8, 480. [Google Scholar] [CrossRef]

	



Katsuda, T.; Tsuchiya, R.; Kosaka, N.; Yoshioka, Y.; Takagaki, K.; Oki, K.; Takeshita, F.; Sakai, Y.; Kuroda, M.; Ochiya, T. Human adipose tissue-derived mesenchymal stem cells secrete functional neprilysin-bound exosomes. Sci. Rep. 2013, 3, 1197. [Google Scholar] [CrossRef] [PubMed]

	



Cui, G.H.; Wu, J.; Mou, F.F.; Xie, W.H.; Wang, F.B.; Wang, Q.L.; Fang, J.; Xu, Y.W.; Dong, Y.R.; Liu, J.R.; et al. Exosomes derived from hypoxia-preconditioned mesenchymal stromal cells ameliorate cognitive decline by rescuing synaptic dysfunction and regulating inflammatory responses in APP/PS1 mice. FASEB J. 2018, 32, 654–668. [Google Scholar] [CrossRef] [PubMed]

	



Xin, H.; Li, Y.; Liu, Z.; Wang, X.; Shang, X.; Cui, Y.; Zhang, Z.G.; Chopp, M. MiR-133b promotes neural plasticity and functional recovery after treatment of stroke with multipotent mesenchymal stromal cells in rats via transfer of exosome-enriched extracellular particles. Stem Cells 2013, 31, 2737–2746. [Google Scholar] [CrossRef] [PubMed]

	



Xin, H.; Katakowski, M.; Wang, F.; Qian, J.Y.; Liu, X.S.; Ali, M.M.; Buller, B.; Zhang, Z.G.; Chopp, M. MicroRNA cluster miR-17-92 Cluster in Exosomes Enhance Neuroplasticity and Functional Recovery After Stroke in Rats. Stroke 2017, 48, 747–753. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Borger, V.; Sardari, M.; Murke, F.; Skuljec, J.; Pul, R.; Hagemann, N.; Dzyubenko, E.; Dittrich, R.; Gregorius, J.; et al. Mesenchymal Stromal Cell-Derived Small Extracellular Vesicles Induce Ischemic Neuroprotection by Modulating Leukocytes and Specifically Neutrophils. Stroke 2020, 51, 1825–1834. [Google Scholar] [CrossRef] [PubMed]

	



Go, V.; Bowley, B.G.E.; Pessina, M.A.; Zhang, Z.G.; Chopp, M.; Finklestein, S.P.; Rosene, D.L.; Medalla, M.; Buller, B.; Moore, T.L. Extracellular vesicles from mesenchymal stem cells reduce microglial-mediated neuroinflammation after cortical injury in aged Rhesus monkeys. Geroscience 2020, 42, 1–17. [Google Scholar] [CrossRef]

	



Goncalves, F.D.C.; Luk, F.; Korevaar, S.S.; Bouzid, R.; Paz, A.H.; Lopez-Iglesias, C.; Baan, C.C.; Merino, A.; Hoogduijn, M.J. Membrane particles generated from mesenchymal stromal cells modulate immune responses by selective targeting of pro-inflammatory monocytes. Sci. Rep. 2017, 7, 12100. [Google Scholar] [CrossRef]

	



Doeppner, T.R.; Herz, J.; Gorgens, A.; Schlechter, J.; Ludwig, A.K.; Radtke, S.; de Miroschedji, K.; Horn, P.A.; Giebel, B.; Hermann, D.M. Extracellular Vesicles Improve Post-Stroke Neuroregeneration and Prevent Postischemic Immunosuppression. Stem Cells Transl. Med. 2015, 4, 1131–1143. [Google Scholar] [CrossRef][Green Version]

	



Kaminski, N.; Koster, C.; Mouloud, Y.; Borger, V.; Felderhoff-Muser, U.; Bendix, I.; Giebel, B.; Herz, J. Mesenchymal Stromal Cell-Derived Extracellular Vesicles Reduce Neuroinflammation, Promote Neural Cell Proliferation and Improve Oligodendrocyte Maturation in Neonatal Hypoxic-Ischemic Brain Injury. Front. Cell. Neurosci. 2020, 14, 601176. [Google Scholar] [CrossRef]

	



Markoutsa, E.; Mayilsamy, K.; Gulick, D.; Mohapatra, S.S.; Mohapatra, S. Extracellular vesicles derived from inflammatory-educated stem cells reverse brain inflammation-implication of miRNAs. Mol. Ther. 2022, 30, 816–830. [Google Scholar] [CrossRef]

	



Maia, L.; de Moraes, C.N.; Dias, M.C.; Martinez, J.B.; Caballol, A.O.; Testoni, G.; de Queiroz, C.M.; Pena, R.D.; Landim-Alvarenga, F.C.; de Oliveira, E. A proteomic study of mesenchymal stem cells from equine umbilical cord. Theriogenology 2017, 100, 8–15. [Google Scholar] [CrossRef]

	



Gussenhoven, R.; Klein, L.; Ophelders, D.; Habets, D.H.J.; Giebel, B.; Kramer, B.W.; Schurgers, L.J.; Reutelingsperger, C.P.M.; Wolfs, T. Annexin A1 as Neuroprotective Determinant for Blood-Brain Barrier Integrity in Neonatal Hypoxic-Ischemic Encephalopathy. J. Clin. Med. 2019, 8, 137. [Google Scholar] [CrossRef]

	



Cone, A.S.; Yuan, X.; Sun, L.; Duke, L.C.; Vreones, M.P.; Carrier, A.N.; Kenyon, S.M.; Carver, S.R.; Benthem, S.D.; Stimmell, A.C.; et al. Mesenchymal stem cell-derived extracellular vesicles ameliorate Alzheimer’s disease-like phenotypes in a preclinical mouse model. Theranostics 2021, 11, 8129–8142. [Google Scholar] [CrossRef]

	



Xin, D.; Li, T.; Chu, X.; Ke, H.; Yu, Z.; Cao, L.; Bai, X.; Liu, D.; Wang, Z. Mesenchymal stromal cell-derived extracellular vesicles modulate microglia/macrophage polarization and protect the brain against hypoxia-ischemic injury in neonatal mice by targeting delivery of miR-21a-5p. Acta Biomater. 2020, 113, 597–613. [Google Scholar] [CrossRef]

	



Moon, G.J.; Sung, J.H.; Kim, D.H.; Kim, E.H.; Cho, Y.H.; Son, J.P.; Cha, J.M.; Bang, O.Y. Application of Mesenchymal Stem Cell-Derived Extracellular Vesicles for Stroke: Biodistribution and MicroRNA Study. Transl. Stroke Res. 2019, 10, 509–521. [Google Scholar] [CrossRef]

	



Liu, H.; Liang, Z.; Wang, F.; Zhou, C.; Zheng, X.; Hu, T.; He, X.; Wu, X.; Lan, P. Exosomes from mesenchymal stromal cells reduce murine colonic inflammation via a macrophage-dependent mechanism. JCI Insight 2019, 4, e131273. [Google Scholar] [CrossRef]

	



Reis, L.A.; Borges, F.T.; Simoes, M.J.; Borges, A.A.; Sinigaglia-Coimbra, R.; Schor, N. Bone marrow-derived mesenchymal stem cells repaired but did not prevent gentamicin-induced acute kidney injury through paracrine effects in rats. PLoS ONE 2012, 7, e44092. [Google Scholar] [CrossRef]

	



Li, X.; Liu, L.; Yang, J.; Yu, Y.; Chai, J.; Wang, L.; Ma, L.; Yin, H. Exosome Derived From Human Umbilical Cord Mesenchymal Stem Cell Mediates MiR-181c Attenuating Burn-induced Excessive Inflammation. EBioMedicine 2016, 8, 72–82. [Google Scholar] [CrossRef][Green Version]

	



Shen, K.; Duan, A.; Cheng, J.; Yuan, T.; Zhou, J.; Song, H.; Chen, Z.; Wan, B.; Liu, J.; Zhang, X.; et al. Exosomes derived from hypoxia preconditioned mesenchymal stem cells laden in a silk hydrogel promote cartilage regeneration via the miR-205-5p/PTEN/AKT pathway. Acta Biomater. 2022, 143, 173–188. [Google Scholar] [CrossRef]

	



Yu, Z.; Wen, Y.; Jiang, N.; Li, Z.; Guan, J.; Zhang, Y.; Deng, C.; Zhao, L.; Zheng, S.G.; Zhu, Y.; et al. TNF-alpha stimulation enhances the neuroprotective effects of gingival MSCs derived exosomes in retinal ischemia-reperfusion injury via the MEG3/miR-21a-5p axis. Biomaterials 2022, 284, 121484. [Google Scholar] [CrossRef]

	



Lu, L.; Wang, J.; Fan, A.; Wang, P.; Chen, R.; Lu, L.; Yin, F. Synovial mesenchymal stem cell-derived extracellular vesicles containing microRN555A-26a-5p ameliorate cartilage damage of osteoarthritis. J. Gene Med. 2021, 23, e3379. [Google Scholar] [CrossRef] [PubMed]

	



Hua, T.; Yang, M.; Song, H.; Kong, E.; Deng, M.; Li, Y.; Li, J.; Liu, Z.; Fu, H.; Wang, Y.; et al. Huc-MSCs-derived exosomes attenuate inflammatory pain by regulating microglia pyroptosis and autophagy via the miR-146a-5p/TRAF6 axis. J. Nanobiotechnol. 2022, 20, 324. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Zhang, Z.; Wang, B.; Dong, Y.; Zhao, C.; Zhao, Y.; Zhang, L.; Liu, X.; Guo, J.; Chen, Y.; et al. Inflammation-Stimulated MSC-Derived Small Extracellular Vesicle miR-27b-3p Regulates Macrophages by Targeting CSF-1 to Promote Temporomandibular Joint Condylar Regeneration. Small 2022, 18, e2107354. [Google Scholar] [CrossRef] [PubMed]

	



Xu, F.; Wu, Y.; Yang, Q.; Cheng, Y.; Xu, J.; Zhang, Y.; Dai, H.; Wang, B.; Ma, Q.; Chen, Y.; et al. Engineered Extracellular Vesicles with SHP2 High Expression Promote Mitophagy for Alzheimer’s Disease Treatment. Adv. Mater. 2022, 34, e2207107. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Rong, Y.; Luo, C.; Cui, W. Bone marrow mesenchymal stem cell-derived exosomes prevent osteoarthritis by regulating synovial macrophage polarization. Aging 2020, 12, 25138–25152. [Google Scholar] [CrossRef]

	



Wu, H.; Zhou, X.; Wang, X.; Cheng, W.; Hu, X.; Wang, Y.; Luo, B.; Huang, W.; Gu, J. miR-34a in extracellular vesicles from bone marrow mesenchymal stem cells reduces rheumatoid arthritis inflammation via the cyclin I/ATM/ATR/p53 axis. J. Cell. Mol. Med. 2021, 25, 1896–1910. [Google Scholar] [CrossRef]

	



Biswas, S.; Mandal, G.; Chowdhury, S.R.; Purohit, S.; Payne, K.K.; Anadon, C.; Gupta, A.; Swanson, P.; Yu, X.; Conejo-Garcia, J.R.; et al. Exosomes Produced by Mesenchymal Stem Cells Drive Differentiation of Myeloid Cells into Immunosuppressive M2-Polarized Macrophages in Breast Cancer. J. Immunol. 2019, 203, 3447–3460. [Google Scholar] [CrossRef]

	



Xia, L.; Zhang, C.; Lv, N.; Liang, Z.; Ma, T.; Cheng, H.; Xia, Y.; Shi, L. AdMSC-derived exosomes alleviate acute lung injury via transferring mitochondrial component to improve homeostasis of alveolar macrophages. Theranostics 2022, 12, 2928–2947. [Google Scholar] [CrossRef]

	



Tamura, R.; Uemoto, S.; Tabata, Y. Immunosuppressive effect of mesenchymal stem cell-derived exosomes on a concanavalin A-induced liver injury model. Inflamm. Regen. 2016, 36, 26. [Google Scholar] [CrossRef]

	



Riazifar, M.; Mohammadi, M.R.; Pone, E.J.; Yeri, A.; Lasser, C.; Segaliny, A.I.; McIntyre, L.L.; Shelke, G.V.; Hutchins, E.; Hamamoto, A.; et al. Stem Cell-Derived Exosomes as Nanotherapeutics for Autoimmune and Neurodegenerative Disorders. ACS Nano 2019, 13, 6670–6688. [Google Scholar] [CrossRef]

	



Zhang, W.; He, J.; Wu, J.; Schmuck, C. In Vivo Detoxification of Lipopolysaccharide by Antimicrobial Peptides. Bioconjug. Chem. 2017, 28, 319–324. [Google Scholar] [CrossRef]

	



Nojehdehi, S.; Soudi, S.; Hesampour, A.; Rasouli, S.; Soleimani, M.; Hashemi, S.M. Immunomodulatory effects of mesenchymal stem cell-derived exosomes on experimental type-1 autoimmune diabetes. J. Cell. Biochem. 2018, 119, 9433–9443. [Google Scholar] [CrossRef]

	



Li, S.; Stockl, S.; Lukas, C.; Gotz, J.; Herrmann, M.; Federlin, M.; Grassel, S. hBMSC-Derived Extracellular Vesicles Attenuate IL-1beta-Induced Catabolic Effects on OA-Chondrocytes by Regulating Pro-inflammatory Signaling Pathways. Front. Bioeng. Biotechnol. 2020, 8, 603598. [Google Scholar] [CrossRef]

	



Chen, L.; Tredget, E.E.; Wu, P.Y.; Wu, Y. Paracrine factors of mesenchymal stem cells recruit macrophages and endothelial lineage cells and enhance wound healing. PLoS ONE 2008, 3, e1886. [Google Scholar] [CrossRef]

	



Wei, X.; Zheng, W.; Tian, P.; Liu, H.; He, Y.; Peng, M.; Liu, X.; Li, X. Administration of glycyrrhetinic acid reinforces therapeutic effects of mesenchymal stem cell-derived exosome against acute liver ischemia-reperfusion injury. J. Cell. Mol. Med. 2020, 24, 11211–11220. [Google Scholar] [CrossRef]

	



Tsiklauri, L.; Werner, J.; Kampschulte, M.; Frommer, K.W.; Berninger, L.; Irrgang, M.; Glenske, K.; Hose, D.; El Khassawna, T.; Pons-Kuhnemann, J.; et al. Visfatin alters the cytokine and matrix-degrading enzyme profile during osteogenic and adipogenic MSC differentiation. Osteoarthr. Cartil. 2018, 26, 1225–1235. [Google Scholar] [CrossRef]

	



Selich, A.; Ha, T.C.; Morgan, M.; Falk, C.S.; von Kaisenberg, C.; Schambach, A.; Rothe, M. Cytokine Selection of MSC Clones with Different Functionality. Stem Cell Rep. 2019, 13, 262–273. [Google Scholar] [CrossRef]

	



Maughon, T.S.; Shen, X.; Huang, D.; Michael, A.O.A.; Shockey, W.A.; Andrews, S.H.; McRae, J.M., 3rd; Platt, M.O.; Fernandez, F.M.; Edison, A.S.; et al. Metabolomics and cytokine profiling of mesenchymal stromal cells identify markers predictive of T-cell suppression. Cytotherapy 2022, 24, 137–148. [Google Scholar] [CrossRef]

	



Qin, Y.; Wang, L.; Gao, Z.; Chen, G.; Zhang, C. Bone marrow stromal/stem cell-derived extracellular vesicles regulate osteoblast activity and differentiation in vitro and promote bone regeneration in vivo. Sci. Rep. 2016, 6, 21961. [Google Scholar] [CrossRef]

	



Chen, S.; Tang, Y.; Liu, Y.; Zhang, P.; Lv, L.; Zhang, X.; Jia, L.; Zhou, Y. Exosomes derived from miR-375-overexpressing human adipose mesenchymal stem cells promote bone regeneration. Cell Prolif. 2019, 52, e12669. [Google Scholar] [CrossRef]

	



Wang, J.; Huang, R.; Xu, Q.; Zheng, G.; Qiu, G.; Ge, M.; Shu, Q.; Xu, J. Mesenchymal Stem Cell-Derived Extracellular Vesicles Alleviate Acute Lung Injury Via Transfer of miR-27a-3p. Crit. Care Med. 2020, 48, e599–e610. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Yu, M.; Xie, D.; Wang, L.; Ye, C.; Zhu, Q.; Liu, F.; Yang, L. Melatonin-stimulated MSC-derived exosomes improve diabetic wound healing through regulating macrophage M1 and M2 polarization by targeting the PTEN/AKT pathway. Stem Cell Res. Ther. 2020, 11, 259. [Google Scholar] [CrossRef] [PubMed]

	



Crescitelli, R.; Lasser, C.; Lotvall, J. Isolation and characterization of extracellular vesicle subpopulations from tissues. Nat. Protoc. 2021, 16, 1548–1580. [Google Scholar] [CrossRef] [PubMed]

	



Phan, T.G.; Croucher, P.I. The dormant cancer cell life cycle. Nat. Rev. Cancer 2020, 20, 398–411. [Google Scholar] [CrossRef]

	



Yang, Y.; Bucan, V.; Baehre, H.; von der Ohe, J.; Otte, A.; Hass, R. Acquisition of new tumor cell properties by MSC-derived exosomes. Int. J. Oncol. 2015, 47, 244–252. [Google Scholar] [CrossRef]

	



De Abreu, R.C.; Fernandes, H.; da Costa Martins, P.A.; Sahoo, S.; Emanueli, C.; Ferreira, L. Native and bioengineered extracellular vesicles for cardiovascular therapeutics. Nat. Rev. Cardiol. 2020, 17, 685–697. [Google Scholar] [CrossRef]

	



Lin, Y.; Yan, M.; Bai, Z.; Xie, Y.; Ren, L.; Wei, J.; Zhu, D.; Wang, H.; Liu, Y.; Luo, J.; et al. Huc-MSC-derived exosomes modified with the targeting peptide of aHSCs for liver fibrosis therapy. J. Nanobiotechnol. 2022, 20, 432. [Google Scholar] [CrossRef]








[image: Ijms 24 02085 g001 550] 





Figure 1. Effects and regulation of MSCs and their exocytotic vesicles in different systems. All solid black lines indicate association or signaling pathways at both ends, solid lines of each color with arrows indicate a promoting relationship, solid lines of each color with horizontal bars represent an inhibiting relationship, solid red lines represent angiogenesis promoting (arrows) or inhibiting (horizontal bars) relationships, solid green lines represent proliferation or apoptosis relationships, blue represents neurogenesis, neuronal proliferation or related inhibition, orange represents promotion or inhibition of differentiation, brown represents promotion or inhibition of inflammatory responses, and cyan represents promotion or inhibition of fibrosis. 
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