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Abstract

:

Mesenchymal stromal cells (MSCs) are perivascular multipotent stem cells originally identified in the bone marrow (BM) stroma and subsequently in virtually all vascularized tissues. Because of their ability to differentiate into various mesodermal lineages, their trophic properties, homing capacity, and immunomodulatory functions, MSCs have emerged as attractive candidates in tissue repair and treatment of autoimmune disorders. Accumulating evidence suggests that the beneficial effects of MSCs may be primarily mediated via a number of paracrine-acting soluble factors and extracellular vesicles (EVs). EVs are membrane-coated vesicles that are increasingly being acknowledged as playing a key role in intercellular communication via their capacity to carry and deliver their cargo, consisting of proteins, nucleic acids, and lipids to recipient cells. MSC-EVs recapitulate the functions of the cells they originate, including immunoregulatory effects but do not seem to be associated with the limitations and concerns of cell-based therapies, thereby emerging as an appealing alternative therapeutic option in immune-mediated disorders. In the present review, the biology of MSCs will be outlined and an overview of their immunomodulatory functions will be provided. In addition, current knowledge on the features of MSC-EVs and their immunoregulatory potential will be summarized. Finally, therapeutic applications of MSCs and MSC-EVs in autoimmune disorders will be discussed.
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1. Introduction


Knowledge regarding the etiology, pathophysiology, and clinical manifestations of autoimmune disorders has witnessed considerable progress during the last years and this has paved the way for the development of sophisticated treatments targeting molecular pathways and immune deregulations implicated in disease pathogenesis. One such novel therapeutic modality involves the use of mesenchymal stromal sells (MSCs) [1].



MSCs are multipotent cells deriving from the mesoderm that can be isolated from various tissues with minimally invasive procedures [2,3]. Because of their potential to differentiate into several tissues, their extensive in vitro expansion, and their broad immunoregulatory properties, involving cells associated with both innate and adaptive immunity, MSCs have drawn much attention in the field of tissue repair [2,3,4]. Ιn support of this, several preclinical and clinical studies evaluating the immunomodulatory role of MSCs have indeed demonstrated promising results in terms of attenuating inflammatory and autoimmune disorders [1].



A rapidly growing number of studies suggests that the beneficial therapeutic and immunoregulatory functions of MSCs may be primarily mediated via a number of paracrine-acting soluble molecules and extracellular vesicles (EVs) and to a lesser extent by cell–cell contact [5]. EVs are membrane-coated vesicles that have emerged as important players in intercellular communication via their capacity to carry and deliver their cargo, consisting of proteins, nucleic acids, and lipids to target cells [5]. Interestingly, MSC-EVs have been shown to recapitulate the functions of the cells they originate, including immunoregulatory effects [6,7,8], whereas, in contrast to bona fide MSCs, they are not associated with the limitations and concerns of cell-based therapies, thereby emerging as an appealing alternative therapeutic option in immune-mediated disorders



In the present review, we attempt to outline the biology of MSCs and provide an overview of their immunomodulatory functions. In addition, we summarize the current knowledge on the features of MSC-derived EVs and their immunoregulatory potential. Finally, therapeutic applications of MSCs and MSC-EVs in autoimmune disorders will be discussed.




2. MSC Characteristics and Immunomodulatory Properties


Mesenchymal stromal cells (MSCs) are non-hematopoietic cells that were originally identified in the bone marrow (BM) by Alexander Friedenstein et al. in the late 1960s to early 1970s [2,9,10,11]. Via a series of pioneering experiments, the authors demonstrated that after seeding BM cells at low density, colonies of plastic-adherent fibroblast-like cells were formed. Each colony was derived from a single cell that was called colony-forming unit-fibroblast (CFU-F). Subcutaneous transplantation of the clonal progeny of a single CFU-F could give rise to fibrous tissue, bone, and bone containing marrow in the host [2,9,10,11]. Subsequent studies from other groups substantiated these findings and provided evidence that the cells isolated by Friedenstein and his colleagues were multipotent as they could differentiate into osteoblasts, adipocytes, and chondrocytes (reviewed in [12]).



In 2006, the International Society for Cellular Therapy (ISCT) established three minimal criteria for the definition of human MSCs [13]: (a) plastic adherence, (b) expression of the surface antigens CD73, CD90, CD105 while lacking the expression of the hematopoietic and endothelial molecules CD34, CD45, CD14, CD19, CD79a, CD11b, and HLA-DR (c) in vitro differentiation into three mesodermal lineages (osteoblasts, adipocytes, and chondrocytes). Certain authors have suggested that the differentiation capacity of MSCs may be broader, including even cells of non-mesodermal origin [14,15,16,17,18,19]. However, it is generally agreed that such differentiation potential has not been adequately substantiated [20].



Following the initial isolation of MSCs from the BM, a number of studies suggested that cells fulfilling the aforementioned criteria and sharing similar, but not identical, properties can be harvested from a wide variety of human tissues such as adipose tissue, dental pulp, peripheral blood, menstrual blood, endometrium, as well as fetal tissues including amniotic fluid, placenta, umbilical cord, Wharton jelly, and umbilical cord blood [21,22,23,24,25,26,27,28,29,30,31]. The detection of MSCs in multiple organs and tissues may reflect their perivascular in vivo localization. In fact, accumulating evidence suggests that native MSCs may derive from cells associated with blood vessels, namely pericytes and adventitial cells [32]. Thus, any vascularized tissue or organ would be expected to contain MSCs.



A crucial property of MSCs is their low immunogenicity [2,3,6,33], as suggested by the low expression of HLA class I and the lack of expression of HLA class II and co-stimulatory molecules, including CD40, CD80, CD83, CD86, and CD154. This notion is further supported by the observation that MSCs do not induce a proliferative response from allogeneic lymphocytes [2,3,6,33] (Figure 1). Interestingly, inflammatory factors, i.e., interleukin-1β (IL-1β), interferon-gamma (IFN-γ), or tumor necrosis factor-α (TNF-α) result in upregulation of HLA class I and induction of expression of HLA class II antigens by MSCs [34], thereby potentiating their interactions with T cells [3,35,36,37]. Yet, as these factors have no effect on co-stimulatory molecules, T cells are not properly activated and eventually become anergic, even in the context of inflammation [3,38]. Nevertheless, some studies have shown that allogeneic MSCs can actually activate T cells [39] and it has also been demonstrated that infused MSCs into allogeneic major histocompatibility complex (MHC)-mismatched mice were rapidly rejected [2,40,41]. These findings suggest that MSCs may not be immune-privileged as originally thought; rather, in the allogeneic setting, MSCs should be regarded as hypoimmunogenic as compared to other cell types [2,3,39].



MSCs have been found to inhibit T lymphocyte proliferation and activation (Figure 1) in response to alloantigens, nonspecific mitogens, and specific antigens in vitro [2,36,41,42]. Immunosuppression includes all CD3+, CD4+, and CD8+ T subpopulations, can be exerted by both allogeneic and autologous MSCs, is not HLA-restricted, and is mediated by both cell–cell contact and soluble factors [43,44]. The reduction in T cell proliferation has been attributed, at least in part, to apoptosis [45]; the latter being associated with the expression of Fas ligand (FasL) in MSCs [46], although this view is not unanimous [47] (Figure 1).



Via interaction with dendritic cells, MSCs can induce the shift of CD4+ T cells with Th1 phenotype to cells with Th2 phenotype (Figure 1) and this is accompanied by downregulation of proinflammatory cytokines such as IL-6, IFN-γ, and IL-17 and by concomitant upregulation of the anti-inflammatory cytokines IL-4 and IL-10 [48,49]. Indoleamine 2,3-dioxygenase (IDO), which is constitutively produced by MSCs and is also induced following ΙFN-γ stimulation, seems to mediate, at least in part, these effects [49,50,51] (Figure 1). Additionally, via prostaglandin E2 (PGE2) secretion, MSCs suppress the differentiation of CD4+T cells into Th17 cells and inhibit their function in vitro [52] (Figure 1). MSCs may also impair IL-17 secretion by Th17 cells in a cell–cell-dependent mechanism and induce their conversion into T-regulatory cells (Tregs) [51,53] (Figure 1). In regard to Tregs, several studies have shown that MSCs promote their expansion and suppressive function and induce their generation from conventional T cells [51,54,55]. Implicated molecules in these processes include PGE2, transforming growth factor-β (TGF-β), hepatic growth factor (HGF) IL-10, and HLA-G [51,56,57] (Figure 1).



As far as B cells are concerned, MSCs inhibit their proliferation and activation via division arrest anergy [2,58,59] (Figure 1). Furthermore, MSCs have been shown to impair B cell maturation and antibody secretion, modulate the chemotactic properties of B cells [2,51,59,60], and induce the formation of B-regulatory cells (Bregs) [59] (Figure 1). These effects have been shown to involve cell–cell contact and soluble factors including IDO, PGE2, TGF-β, IL-1 receptor antagonist (IL-1RA), and IL-35 [51,61]. On the other hand, and despite the numerous studies reporting the suppressive effects of MSCs on B cells, others argue that MSCs can actually support the survival, proliferation, and differentiation of B cells to antibody-secreting cells [2,51,59,62] (Figure 1). This discrepancy can be explained by taking into consideration the fact that the effects of MSCs on B cells seem to be dependent upon the strength of their activation resulting from the inflammatory cues in the environment. To this end, when MSCs are inadequately inflammation-activated, they exhibit stimulatory effects but not inhibitory effects on B cells [39,51,63] (Figure 1).



MSCs have also been reported to induce the polarization of monocytes/macrophages towards an anti-inflammatory (M2) phenotype [39,51,64]. This seems to be associated with various soluble factors including IDO, HGF, IL-1RA, PGE2, TGF-β, and tumor necrosis factor-inducible gene 6 protein (TSG6) [51] (Figure 1). Anti-inflammatory monocytes secrete high levels of IL-10 but decreased levels of TNF-α, IL-12, IL-1β, and IL-17 [39,51,64,65] (Figure 1). A recent study showed that MSCs can also suppress monocyte functions [66] (Figure 1). More precisely, when human MSCs derived from the umbilical cord were cultured with human monocytes, the latter had decreased potential to differentiation into macrophages, defective phagocytic capacity, and antigen-presenting potential.



The immunoregulatory effects of MSCs also include dendritic cells (DCs) (Figure 1). More specifically, MSCs have been reported to suppress differentiation of human blood monocytes and cord blood CD34+ hematopoietic progenitor cells into DCs [2,41,43,51]. Furthermore, MSCs reduce the expression of HLA-DR, CD40, OX40L, CD80, CD83, and CD86 by DCs thereby decreasing their ability to stimulate T-cell proliferation [67,68]. MSCs decrease the production of IFN-γ IL-12 and TNF by DCs, whereas they induce IL-10 production, thereby impairing their ability for antigen presentation [2,42,51,63,69]. Collectively, these findings suggest that MSCs direct DCs to acquire a tolerogenic phenotype [2]. Several mechanisms have been implicated herein including interactions between Jagged1 on MSCs and Notch2 on DCs [51,70] as well as soluble factors such as PGE2, IL-6, TSG6, macrophage-colony-stimulating factor (M-CSF), and HGF [42,51,67,71].



With reference to natural killer (NK) cells (Figure 1), MSCs have been reported to downregulate their proliferation, cytotoxicity, and cytokine secretion via decreased production of IL-2 and IL-15 [2,72,73,74]. In addition, MSCs have been shown to decrease the expression of the surface receptors NKp44, NKp30, and NKG2D which are implicated in NK cell activation and cytotoxicity [74]. These effects are associated with soluble factors such as PGE2, TGF-β, IDO and soluble HLA-G and nitric oxide (NO) [2,63,72,73,74]. On the other hand, it has also been demonstrated that MSCs may be lysed by both autologous and allogeneic IL-2-stimulated NK cells [2,73] (Figure 1). This has been attributed to the fact that MSCs exhibit reduced expression of HLA-I molecules as well ligands which are recognized by activating NK receptors eventually triggering NK-cell mediated cytotoxicity [2,73,74]. Of note, MSC incubation with IFN-γ increased HLA-I expression and thus protected them from NK cell lysis [73].




3. MSCs’ Mode of Action


Because of their multipotency and immunoregulatory features, MSCs have attracted much attention in the field of regenerative medicine. It was initially thought that following adoptive transfer, MSCs would hone to the injured or damaged sites, engraft and subsequently restore defects by giving rise to mature functional cells [32]. However, although numerous studies have shown selective homing of transplanted MSCs to either injured or inflamed tissues [75,76], the levels of engraftment and differentiation are in most cases rather low to contribute physically to tissue regeneration to a significant extent [2,77,78,79]. Instead, many preclinical studies [80,81,82,83,84] suggested that the observed therapeutic impact of MSCs’ adoptive transfer is not probably related to their engraftment but to a transient presence of these cells into damaged tissues. Hence, it is now widely accepted that MSCs favor tissue repair via the secretion of various soluble factors and the shedding of extracellular vesicles [79]. Τhe former include bioactive molecules, i.e., cytokines, chemokines, and growth factors with proliferative, anti-inflammatory/immunoregulatory, angiogenic, and anti-apoptotic properties [85]. The nature of the secreted molecules is determined by the origin of MSCs, the donor age, and more importantly the surrounding microenvironment. Table 1 summarizes the key soluble factors produced by MSCs and the biological processes they are implicated in.



Aside from the aforementioned bioactive molecules, extracellular vesicles are increasingly being recognized as crucial mediators of MSCs’ biological functions. This concept has been supported by the fact that ΜSC-derived EVs can mimic the biological properties of their parental cells [109] and can exert similar anti-inflammatory, antiapoptotic, proangiogenic, and immunomodulatory effects in various disease models [110,111]. In the next section, the biology of EVs will be discussed and the immunomodulatory role of MSC-EVs will be explored.




4. Characterization of Extracellular Vesicles (EVs) and Immunomodulatory Properties of MSC-Derived EVs


Extracellular vesicles (EVs) are small membrane vesicles (30 nm to 4 μm in diameter), that are secreted by practically all eukaryotic cells [112,113]. Based on their size, composition, and biogenesis EVs are traditionally divided into three major subtypes: exosomes (50–150 nm diameter), microvesicles (100–1000 nm diameter), and apoptotic bodies (50–4000 nm diameter) [114,115]. In general, exosomes are formed within multivesicular bodies (MVB) and secreted following the fusion of the latter with the plasma membrane [115]. In contrast, microvesicles are directly formed and released from the plasma membrane via budding [5,115]. Similarly, apoptotic bodies are directly formed and released by cell membrane following cellular apoptosis [5,115].



Although EVs were initially considered as cellular debris devoid of any biological function, rapidly accumulating data has provided evidence that they are actually crucial effectors of intercellular communication, in both physiological and pathological conditions [116], via the transfer of their cargo. The latter consists of various proteins, lipids, and nucleic acids, the delivery of which can modulate the properties and functions of target cells [116,117].



Within this context, MSC-derived EVs have emerged as key mediators of the cells’ paracrine effects. In support of this notion, ΜSC-derived EVs have been shown to retain the biological functions of the cells they originate [109] and exert similar biological activity to the latter, including immunoregulation [110,111]. As far as the immunomodulatory role of MSCs-EVs is concerned, there is now robust evidence to suggest that they play a major part in exerting the effects of MSCs on the components of both innate and adaptive immunity. This issue will be briefly reviewed herein. For a more detailed discussion, the interested reader is referred to a recent comprehensive review by Bazzoni et al. [69].



In regards to the innate immune system, MSC-EVs have been demonstrated to inhibit DC activation eventually resulting in reduced triggering of T-cell responses ([69], and references therein). For example, Favaro et al. [118] showed that DCs from patients with type 1 diabetes treated with heterologous MSC-EVs acquired an immature phenotype, associated with decreased expression of activation markers and higher production of IL-6, IL-10, TGFβ, and PGE2. MSC-EV inhibition of DC maturation has been associated with upregulation of the microRNA (miRNA) miR-146 [119] and HLA-G [69,120]. Furthermore, it has recently been shown that MSC-EVs may also downregulate antigen uptake by immature DCs [69,121,122]. In terms of their role on NK cells, MSC-EVs have been found to inhibit their proliferation and IL-2 induced activation as well as their degranulation [69,123]. These effects could be mediated via MSC-EV expression of TGF-β, IL-10, and HLA-G [69,124].



Concerning MSC-EV effects on monocytes, recent data suggests that they inhibit the activation of the pro-inflammatory M1 macrophages, while concomitantly promote the activation of the anti-inflammatory M2 macrophages, thereby modifying the M1/M2 balance [6,69,125]. M2 macrophage polarization has been attributed to MSC-EV-induced up-regulation of S1P/SK1/S1PR1 signaling [69,126], innate immune signal transduction adaptor (MYD88), toll TLR signaling (TLR) [69,127], and, in the setting of lipopolysaccharide (LPS)-primed MSCs, LPS-dependent nuclear factor kappa B (NF-κB) signaling [69,128]. Furthermore, the potential of MSC-EVs to modulate the expression of chemokines (i.e., C-X-C motif chemokine ligand 1(CXCL1), C-C motif chemokine ligand (CCL5), CXCL2 ligand)) has been suggested to be involved in the down-regulation of M1 macrophage activation and inflammatory response ([69], and references therein). Furthermore, via the C-C motif chemokine receptor-2 (CCR2) expression, MSC-EVs bind and reduce the concentration of free CCL2 (CCR2 ligand) and thus inhibit the capacity of the latter to activate or recruit macrophages [69,129]. Various miRNAs have also been implicated in MSC-EV mediated M1/M2 imbalance ([69] and references therein), including miR-223, miR-155, miR-21, miR-146a in the setting of IL-1b primed MSCs, miR150-5p in the setting of IFN-γ-primed MSCs, and miR-let7. For instance, miR-let7 has been demonstrated to promote M2 macrophage polarization via the miR-let7/HMGA2/NF-κB pathway as well as macrophage infiltration via miR-let7/IGF2BP1/PTEN signaling [69,130]. In addition, LPS primed-MSC-EVs can modulate M1/M2 balance more efficiently than untreated MSCs and this has been attributed to the upregulation of let-7b expression which downregulates TLR4/NF-κB/STAT3/AKT regulatory signaling pathway, eventually restraining inflammation and promoting diabetic cutaneous wound healing [69,131]. Moreover, MSC-EVs inhibit M1-macrophage infiltration in injured/inflamed tissues by diminishing monocyte chemoattractant protein-1 (MCP-1), CCL5, high mobility group box protein 1 (HMGB1), and macrophage inflammatory protein 1α (MIP-1α), likely via miR-147 expression [69,132].



MSC-EVs have also been demonstrated to inhibit the proliferation of B cells [133] and to down-regulate B cell viability, the latter being associated with miR-155-5p [69,134]. The down-regulation of B cell proliferation is prominent following MSC-EV inflammatory priming [69,134]. In addition, MSC-EVs can inhibit B cell immunoglobulin production [69,135] and can also diminish the maturation of CD19+CD27+ memory B cells [69,125].



In an experimental immune encephalitis mouse model [69,136], MSC-EVs were demonstrated to produce programmed death-ligand 1 (PD-L1), galectin-1, and TGF-β1. Moreover, they were shown to inhibit auto-reactive T lymphocyte proliferation and induce T-cells to produce TGF-β1 and IL-10 [69,136]. MSC-EVs have also been found to up-regulate the generation of Tregs and this has been associated with increased IL-10 levels [137] and the upregulation of miR155, miR-let-7b, and miR-let7d ([69] and references therein) and to induce activated T-cell apoptosis [69,136]. Furthermore, MSC-EVs have been reported to suppress both CD4+ and CD8+ cells and to inhibit differentiation into effector and memory cells [69,138]. On the other hand, EVs released following cytochalasin B treatment from human adipose tissue-derived MSCs, genetically modified to overexpress interleukin-2 (IL2), were shown to activate and stimulate the proliferation of T-killer cells, which in turn were able to induce apoptosis in breast cancer cells [139]. In regards to other T-cell subsets, MSC-EVs have been reported to prevent Th17 cell development and IL-17 production [69,137] and to induce Th1 to Th2 shift [69,140].




5. The Impact of MSCs’ and MSC-EVs’ as Novel Therapeutic Modalities for Autoimmune Diseases


Autoimmune disorders represent a major cause of poor quality of life, morbidity, and increased healthcare costs [141]. Existing conventional therapies often require long-term administration and can be associated with significant toxicity and side-effects [141], while they may prove ineffective in a non-negligible proportion of patients [142]. Thus, it is imperative to develop alternative and more effective therapeutic modalities. Within this context, because of their multiple immunoregulatory effects, MSCs have emerged as an attractive novel therapeutic strategy for the treatment of autoimmune disorders.



Nevertheless, there are still some issues that need to be considered before the widespread application of this cell-based treatment. More precisely, even though human BMSCs have been shown to expand in vitro with no signs of immortalization [143,144], it must be borne in mind that the extensive ex vivo expansion, which is often necessary to produce adequate cell numbers for therapeutic purposes, carries the theoretical risk for clonal selection and subsequent malignant transformation [2,145]. Another potential risk associated with MSC-based therapy is their tumor-promoting potential [2] (reviewed in [146]), which has been demonstrated in several animal tumor models (reviewed in [146]). However, to the best of our knowledge, no tumor formation has been reported thus far in human subjects who received MSCs [147], although a more extended follow-up may be required, to accurately assess their potential tumorigenic capacity.



To this end, MSC-derived EVs may represent a more advantageous approach as compared to MSC-based treatment [5]. While they retain the properties and functions of their parental cells [109], MSC-EVs do not seem to be associated with the aforementioned risks and concerns and are considered safer than MSC treatment [5,8]. More precisely, MSC-EVs are unable to proliferate and have not been shown to promote tumor growth [5,109,148]. Furthermore, MSV-EVs cannot differentiate and thus can bypass the risk of ectopic bone formation at the site of injection previously reported for MSCs [149,150]. Moreover, they are associated with minimal immunogenicity [109,151] and possess the advantage of being able to cross the blood–brain barrier [152]. These advantages have set the stage for investigating the therapeutic potential of MSC-EVs in various diseases including immune-mediated disorders [8].



In the next sections, we will summarize findings from in vitro studies, experimental animal models, and pioneering clinical trials of MSCs and their EVs (Figure 2) in the setting of autoimmune diseases.




6. Diabetes Mellitus


Diabetes mellitus (DM) is a leading cause of morbidity and mortality worldwide with glycemic dysregulation resulting in a variety of complications in diabetic patients [153]. The two clinically distinct types of DM are characterized by different pathophysiologic mechanisms. While type 2 diabetes is associated with insufficient production and insulin resistance as well as chronic low-grade inflammation, type 1 diabetes is merely caused by autoimmune destruction of insulin-producing pancreatic islet β-cells [154,155].



Insulin replacement represents the standard treatment modality for type 1 DM patients. However, it is not sufficient to prevent long-term disease complications [155] and thus the need for the development of alternative therapies seems mandatory. Within this context, and in view of the autoimmune nature of type 1 DM, MSCs have emerged as an appealing novel approach thanks to their multiple immunomodulatory and regenerative effects.



Indeed, MSC-based therapy has shown encouraging results in both preclinical and clinical studies. In regard to the latter, Moreira et al. [156] recently reviewed existing clinical data on the therapeutic use of MSCs in both type 1 and type 2 DM and concluded that this approach is well-tolerated and potentially beneficial. Various research groups have actually observed improvement of glycated hemoglobin (HbA1c), C peptide levels, and insulin dosage requirement upon treatment with autologous and allogeneic MSCs, suggesting a possible restoration of islet β-cells in patients with DM [157,158,159,160].



As far as MSC-EVs are concerned, various studies (Table 2) have recently provided evidence for a potential therapeutic role in DM by modulating the immune microenvironment and sustaining β-cell regeneration [161]. In a mouse model of type 1 DΜ, MSC-EVs were shown to inhibit T cell proliferation and suppress antigen-presenting cell activation leading to the delay of disease onset [162]. In another report, co-culturing CD14+ cells derived from patients with type 1 DM with MSC-EVs in vitro switched their differentiation to IL-10-secreting DCs [118]. Subsequently, these conditioned DCs led to an inhibition of Th17 cells and an increase in Tregs [118]. These findings merit further investigation in view of a study in type 1 DM mice [163], in which intraperitoneal administration of autologous adipose tissue-derived MSC-EVs shifted the cytokine profile towards anti-inflammation and induced upregulation of Tregs, thereby resulting in alleviation of disease-related pathological, immunological, and clinical parameters. With respect to MSC-EVs’ β-cell regenerative action, it has recently been demonstrated that intravenous injection of EVs derived from menstrual blood-MSCs increased β-cell mass and insulin production in a type 1 DM rat model [164]. Immunohistochemistry analysis corroborated the presence of insulin in the islets of treated animals [164]. It was suggested that MSC-EVs’ regenerative effects were mediated via the pancreatic and duodenal homeobox 1 pathway. Wen et al. [165] investigated the role of exosomes in improving the outcome of islet transplantation. As the destruction of transplanted islets can be attributed to immune rejection in which miR-375 and FAS are implicated, the authors transfected human BM MSC-derived exosomes with a plasmid encoding for shFas and anti-miR-375. Administration of these exosomes induced downregulation of Fas and miR-375 in human islets and improved the survival and function of islet allograft in diabetic mice [165].




7. Diabetic Complications


Wound-healing impairment and diabetic ulcers are major complications in diabetic patients that cause significant impairment in the quality of life [182,183]. In a mouse model of diabetic foot ulcers, stimulation of wound healing was achieved by MSC-EV treatment [166] (Table 2). More specifically, MSC-EVs overexpressing the long non-coding RNA H19 (lncRNA H19), which is known to exert beneficial effects on the regulation of endogenous glucose production in diabetic hyperglycemia, were injected into the surrounding tissues of the wound. This resulted in the induction of proliferation and migration of fibroblasts with concomitant inhibition of apoptosis. Mechanistically, these effects were associated with the down-regulation of miR-153-by lncRNA H19, which in turn resulted in the upregulation of the phosphatase and tensin homolog (PTEN) phosphatase [166].



In a rabbit model of diabetic retinopathy intravenous, intraocular, or subconjunctival administration of adipose tissue-derived MSC-EVs led to retina protection [167] (Table 2). This was associated with the transfer of miR-222, and negative regulation of angiogenesis from EVs to retinal cells. Additionally, intravitreal administration of umbilical cord-derived MSC-EVs expressing miR-126, previously shown to improve diabetic retinopathy [60], reduced inflammatory cytokine production in the vitreous humor in diabetic rats via inhibition of HMGB1 [161,168] (Table 2).



The beneficial effects of MSC-EVs have also been demonstrated in another diabetic complication, namely neuronal degeneration (Table 2). In this context, administration of BM-MSC-EVs resulted in a switch of the immune equilibrium towards M2 macrophages which was associated with increased nerve thickness and concomitant functional recovery in a diabetic peripheral neuropathy mouse model [169]. In another study [170] (Table 2), intravenous or intracerebroventricular injection of BM-MSC-EVs improved diabetes-induced cognitive impairment via inhibition of oxidative stress and an increase in synaptic density in a murine model of type 1 DM.



Regarding diabetic nephropathy (Table 2), ΒΜ-MSC-EVs have been shown to decrease renal fibrosis in diabetic mice [120], conserve tight junction between tubular epithelial cells, and exert antiapoptotic and anti-inflammatory effects thus improving clinical parameters associated with renal function [184]. Autophagy induction by MSC-EVs was also postulated as a possible mechanism of renal protection [185]. In a human pioneering clinical trial [186], 20 patients with chronic kidney disease, 10 of whom were diabetic, received intra-arterial MSC-EVs. The treatment resulted in kidney function improvement with an increase in estimated glomerular filtration rate (eGFR).




8. Rheumatoid Arthritis


Rheumatoid arthritis (RA) is a common autoimmune disease with a complex pathophysiologic background involving genetic, epigenetic, and environmental components. The imbalance of innate and adaptive immunity pathways has been implicated in causing synovial inflammation, thereby leading to characteristic features of chronic polyarthritis [187].



At present, therapies for RA include non-steroidal anti-inflammatory drugs, corticosteroids, anti-rheumatic drugs, and biological factors. Despite the effectiveness of these approaches in the majority of patients, a significant number of them experiences adverse effects while some RA patients are resistant to these therapies.



MSCs-based treatment has been considered as a promising therapeutic approach in RA [188]. Administration of human umbilical cord-derived MSCs, BM-MSCs, and MSCs derived from exfoliated deciduous teeth led to a reduction in bone erosion, examined by micro-CT imaging, and alleviation of synovitis and articular destruction with concurrent clinical amelioration in a RA mouse model [189]. Notably, umbilical cord MSCs have been shown to inhibit joint inflammation and bone erosion, while supporting cartilage formation in mice, and these immunomodulatory effects have been associated with the inhibition of inflammatory cytokines (IL-1, IL-6) and the expansion of Tregs [190]. In line with these findings, the administration of adipose tissue-derived MSCs suppressed Th17 differentiation and prompted the generation of IL-10-secreting Tregs resulting in clinical amelioration of RA mice [191]. Polarization of naive macrophages toward an M2 phenotype [192] and inhibiting the activation of DCs and NK cells by MSCs has additionally been suggested in RA animal models [193].



In line with the experimental RA models, clinical studies have reported encouraging results concerning the safety and efficacy of MSC-based treatment in patients with RA. To this end, a study conducted by Álvaro-Gracia et aI. [194] showed that the infusion of allogeneic adipose tissue-derived stem cells in a cohort of patients with refractory RA was generally well-tolerated with most adverse events ranging from mild to moderate. Likewise, in a smaller phase I trial evaluating the use of umbilical cord-derived MSCs, Park et al. [195] reported no major adverse events. Moreover, the authors observed an improvement in disease activity scores and a decrease in pro-inflammatory cytokines 24 h post infusion [195]. In a triple-blind, placebo-controlled phase 1/2 clinical trial, Shadmanfar et al. [196] randomized RA patients with knee involvement to receive either intra-articular injection of autologous bone marrow-derived MSCs or normal saline (placebo). MSC administration had no adverse events and was associated with better clinical outcomes, which, however, could not be maintained beyond 12 months, with the exception of improved standing time [196]. Additionally, a reduction in methotrexate and prednisolone intake was observed in the MSC group for the first 6 months of follow-up [196]. In another study, Ghoryani et al. [171] provided evidence for the amelioration of clinical findings in RA patients treated with autologous BM-MSCs, and this was associated with Th17 downregulation and Treg upregulation.



Due to their immunoregulatory and anti-inflammatory properties, MSC-EVs have also been explored as a novel therapeutic option in RA treatment in both in vitro and preclinical studies (Table 2). More specifically, incubation of umbilical cord-derived MSC-EVs with peripheral blood mononuclear cells from RA patients led to a decrease in the proportion of Th17 cells and in the production of IL-17 along with a concomitant upregulation in the proportion of Treg cells and TGF-β expression [197]. These immunomodulatory effects of umbilical cord-derived MSC-EVs provided the theoretical background for their potential application in RA treatment. Another study demonstrated that mouse BM-derived MSC-EVs increased Tregs and decreased CD4+ and CD8+ cells as well as plasmablast differentiation [172]. In RA mice, these BM-derived MSC-EVs were further shown to reduce clinical features of inflammation and this effect could be attributed to fewer plasmablasts and more Breg-like cells in the animals’ lymph nodes [172]. Chen et al. [173] investigated the effect of exosomes derived from BM-MSC previously transfected with miR-150-5p. This miRNA is implicated in T cell maturation and angiogenesis and is expressed at lower levels in RA patients as compared to controls [198,199,200]. The aforementioned exosomes inhibited migration and invasion of fibroblast-like synoviocytes (FLS) from RA patients. Moreover, they reduced angiogenesis, joint inflammation, and clinical arthritic scores in vivo in a murine RA model [173]. These effects were associated with the downregulation of matrix metalloproteinase-14 (MMP14) and vascular endothelial growth factor (VEGF) expression. These molecules, which are increased in RA, are involved in disease development, joint damage, and synovial inflammation [172]. Following a similar experimental approach, Zheng et al. [174] transfected EVs derived from rat BM-MSCs with miR 192-5p which suppresses the growth of RA-FLSs. Injection of the MSC-EVs in RA rats resulted in a reduction in synovial hyperplasia and joint destruction via suppression of pro-inflammatory cytokines. This was attributed to the downregulation of Ras-related C3 botulinum toxin substrate 2 (RAC2) by the EV miR 192-5p [174].




9. Sjogren’s Syndrome-Autoimmune Sialadenitis


Sjogren’s syndrome (SjS) is a systemic autoimmune disease, which mainly affects salivary and lacrimal glands and results in mucosal dryness [201,202]. B and T cell infiltration, as well as autoantibody production against Ro/SSA and La/SSB antigens, are the main features of the immune dysregulation that mediate epithelial destruction of the exocrine glands [201,202].



The role of MSCs in SjS has been investigated in both animal and human studies. Hence, in an SjS-like mouse model, Xu et al. [202] showed that administration of mouse BM-MSCs improved salivary gland secretory function by inducing CD4+ T cells to differentiate towards Treg and Th2 cells and by downregulating Th17 and T follicular helper (Tfh) inflammatory responses. Based on these results, the authors further evaluated the safety and efficacy of allogenic umbilical cord-MSC treatment in 24 SjS patients. Interestingly, all patients showed clinical improvements as well as a significant reduction in serum levels of anti-Ro/SSA and anti-La/SSB, while no adverse events were observed during or after the infusion of umbilical cord-MSCs [202].



Another study [175] comparatively addressed the role of induced pluripotent stem cells (iPSC)-derived MSCs and their EVs, as well as BM-MSCs in a sialadenitis preclinical murine model (Table 2). iPSC-MSCs, administered before or at the very beginning of sialadenitis, did not differ from BM-MSCs in their capacity to reduce lymphocyte infiltration into mouse salivary glands and eventually delayed SjS progression. Furthermore, iPSC-MSC-derived EVs suppressed inflammatory cells and inhibited the expression of proinflammatory factors in vitro with the same efficacy as EVs derived from BM-MSCs. In addition, infusion of EVs derived from iPSC-MSCs led to decreased lymphocyte infiltration in salivary glands and reduced serum autoantibodies, albeit to a lesser extent as compared to iPSC-MSCs and BM-MSCs [175]. These results support the emerging role of EVs in preventing SjS before the onset of sialadenitis.




10. Autoimmune Uveitis


Autoimmune uveitis is an inflammatory disease involving the vascular layer of the eye leading to visual impairment and even blindness. Autoimmune uveal inflammation may occur as an isolated entity or it may be associated with systemic autoimmune syndromes [203]. Current treatments include the use of corticosteroids and other immunosuppressants as well as biologic agents. However, these therapeutic modalities may be associated with significant local and systemic side effects when applied for a prolonged period of time [203]



MSC-based treatment has shown promising results in experimental autoimmune uveitis (EAU), a T cell-mediated autoimmune disease characterized by ocular inflammation, destruction of the retinal architecture, and photoreceptor cell layer that represents a well-established animal model of human uveitis [204,205,206,207]. More specifically, Zhang et al. [205] demonstrated that intravenous administration of BM-MSCs in EAU rats resulted in delayed disease onset and reduced disease severity. These effects were associated with a decreased Th17/Treg ratio and reduced proinflammatory cytokine production (IL-2, IFN-γ, IL-6, and IL-17), with a concomitant increase in anti-inflammatory cytokine (IL-10, TGF-β) levels [205,207]. In another study, Ko et al. [208] reported the mitigation of inflammatory infiltration and clinical findings in mice with EAU after intravenous injection of human MSCs. These effects are mediated by an increased monocyte/macrophage population (MHCII+, B220+, CD11b+) in peripheral blood, spleen, and draining lymph nodes exhibiting suppressive effects on T cell proliferation and Th1/Th17 differentiation [208]. Similar results have been obtained with intraperitoneal injection of MSCs in EAU mice. Indeed, Tasso et al. [206] observed disease improvement, which was associated with systemic Treg expansion in EAU mice receiving syngeneic MSCs. Furthermore, Oh et al. [209] reported that intraperitoneal administration of human MSCs suppressed Th1 and Th17 cells and increased B220+CD19+ cells expressing IL-10 in draining lymph nodes with a concomitant decrease in proinflammatory cytokines in the eyes in EAU mice.



MSC-EVs have also shown beneficial results in the treatment of EAU treatment (Table 2). To this end, periocular injection of EVs derived from human umbilical cord MSCs reduced leukocyte infiltration, protected retinal structure, and rescued retinal function in a rat model of autoimmune uveitis [176]. The attenuation of ocular inflammation by EVs was associated with the downregulation of CD4+INFγ+ and CD4+IL17+ cells in the retina. Furthermore, inhibition of chemotactic effects of CCL2 and CCL21 on inflammatory cells was demonstrated in an in vitro assay and was proposed as an additional mechanism mediating the immunosuppressive action of MSC-EVs [176]. Likewise, intravenous injection of human MSC-EVs reduced CD3+ cell infiltration, suppressed proinflammatory cytokines in the eyes, and decreased IFN-γ+CD4+ and IL-17+CD4+ cells in cervical draining lymph nodes in a mouse model of EAU [162]. Moreover, in an in vitro mixed lymphocyte reaction, MSC-EVs exhibited inhibitory effects on Th1 and Th17 cells and also suppressed co-stimulatory factors and HLA-II expression of antigen-presenting cells [162].




11. Multiple Sclerosis—Experimental Autoimmune Encephalitis


A large body of evidence has accumulated during the last years regarding the use of MSCs and their EVs in the treatment of neurodegenerative diseases with autoimmune features such as multiple sclerosis (MS) [210]. MS is a chronic inflammatory demyelinating disease of the central nervous system (CNS) with a wide range of symptoms that represents one of the main causes of neurological deficits in young adults [211,212].



Various studies have been reported on the beneficial role of MSCs in MS experimental models such as Experimental Autoimmune Encephalomyelitis (EAE) [213]. Thus, MSCs have been shown to alleviate EAE manifestations primarily by regulation of T cell-mediated immune mechanisms [214], suppression of Th1 and Th17 cells, and induction of macrophage polarization from M1 to M2 phenotype, eventually resulting in a decrease in lymphocyte infiltration and nerve demyelination [213]. With regards to clinical trials, studies published thus far have reported the use of autologous BM-MSCs and conditioned media, adipose tissue-MSCs, umbilical cord-MSCs, and neural progenitors derived from autologous BM-MSCs in MS patients (reviewed in [213]). Because of the small number of included patients, many of these trials mainly provided evidence only for the feasibility and safety of MSC treatment, globally reporting favorable results (reviewed in [213]). There have also been a few studies suggesting that administration of MSCs may have beneficial effects in MS patients [215,216,217], however, these data require further confirmation (reviewed in [213]).



EVs from human bone marrow-MSC have also been shown to ameliorate clinical outcomes in EAE murine studies (Table 2). Hence, a significant reduction in demyelination and inflammation was observed in mice treated with MSC-EVs [177]. These findings were associated with an increase in CD4+CD25+FOXP3+ Tregs in the spinal cord and the suppression of pro-inflammatory cytokines. These effects were even more pronounced in IFN-γ-primed MSC exosomes, suggesting their potential role in the treatment of autoimmune neurodegenerative diseases [177]. Another study [178] demonstrated that administration of EVs derived from human adipose tissue-MSCs in EAE mice reduced the clinical score and myelin oligodendrocyte glycoprotein-induced proliferation of splenocytes. In addition, demyelination areas and inflammatory infiltrates decreased significantly in EV-treated animals [178]. Using a Theiler’s murine encephalomyelitis virus (TMEV)-induced demyelinating disease as a model of progressive MS, Laso-García et al. [179] reported that administration of EVs derived from adipose tissue-MSCs improved motor status, brain atrophy, proliferation in the subventricular zone cells, and decreased inflammatory infiltrates in the mice spinal cord of mice. In addition, treatment with EVs was also able to decrease plasma cytokine levels, mainly in the Th1 and Th17 phenotypes. [179]. In another study [180], EVs derived from placental MSCs were shown to protect oligodendrocytes from damage and to increase myelination in the spinal cord. In vitro evidence suggested that the beneficial effects of EVs in myelination were associated with the induction of differentiation of endogenous oligodendrocyte precursors to mature myelinating cells [180]. Finally, a recent report [181] has shown that MSCs primed with INF-γ produce EVs that are able to dampen the pro-inflammatory phenotype of microglia cells. This could be mediated via EVs’ miRNA cargo. More specifically, miR-467f and miR-466q have been demonstrated to exert an immunomodulatory effect on microglia by inhibiting the expression of Map3k8 and Mk2 and thus downregulating the p38 MAPK signaling pathway [181]. Of note, intravenous or intraperitoneal administration in EAE mice of EVs derived from MSCs primed with INF-γ decreased proinflammatory markers in the spinal cord of the animals. Overall, these data suggest that MSC-derived exosomes may also affect neuroinflammation through specific immunomodulatory miRNAs acting on microglia [181].



Additionally, the immunomodulatory effect of MSC-EVs in the brain has been directed in different inflammatory scenarios, such as neonatal brain injury, with similar effects. As it has been recently reviewed by Matei et al. [218], MSC-EVs from different sources have been found to restore blood–brain barrier integrity, modulate microglia activation, reduce apoptosis, and reduce white matted loss in a variety of experimental settings of hypoxic-ischemic encephalopathy caused by perinatal oxygen deprivation [218].




12. Systemic Lupus Erythematosus


Systemic lupus erythematosus (SLE) remains probably one of the most complex autoimmune diseases with a wide spectrum of clinical manifestations and complex pathophysiology [219]. Current treatment of SLE includes antimalarials, glucocorticoids, nonsteroidal anti-inflammatory drugs, immunosuppressants, cyclophosphamide, and biologic agents [219]. However, a subset of patients is refractory to these agents, while their prolonged use may be associated with various side effects. During the past years, MSCs have emerged as potential candidates for the treatment of SLE because of their anti-inflammatory and immunomodulatory properties [220]. Their beneficial role in SLE has indeed been corroborated in both preclinical and clinical studies [220,221].



More specifically, in murine SLE models, human BM-MSC administration restored bone marrow microenvironment (osteoblastic niche) and reduced anti-nuclear and anti-double strand DNA antibody blood levels. Furthermore, MSC administration improved glomerular morphology/structure and diminished renal complex deposition of both complement component 3 (C3) and IgG [220,222]. These effects have been associated with the potential of BM-MSCs to induce B-cell suppression [223,224] and to inhibit Th17 and follicular T helper cell development with a concomitant restoration of Treg levels [37,225].



With regard to the therapeutic potential of MSCs in refractory SLE patients, clinical studies (reviewed in [188,220,226]) have collectively demonstrated an acceptable safety profile with disease activity improvement and beneficial—-yet variable—effects on clinical remission (reviewed in [188,220,226].



The use of MSC-EVs is also being suggested in SLE as an alternative to MSCs, with which they share comparable immunomodulatory effects [227]. In a mouse model of acute kidney injury, MSC-EVs reduced kidney inflammation and preserved kidney function [228] providing the theoretical background for their potential application in lupus nephritis. However, to our knowledge, no data has been published thus far addressing the role of MSC-EVs in SLE animal models and patients.




13. Conclusions


During the last decades, the immunomodulatory properties of MSCs have been extensively investigated and a rapidly growing number of studies has provided substantial evidence for the safety, tolerability, and efficacy of MSCs in an autoimmune disorders setting. Although MSC-based therapies hold great promise for the treatment of immune-mediated diseases, variability regarding the origin of MSCs, the age and sex of the donor, isolation and expansion protocols, cell dose, mode, and schedule of administration have resulted in inconsistent results, thereby hindering translation into daily practice. Furthermore, despite the well-established safety profile of MSC treatment, there have been several concerns affecting its widespread clinical application such as the theoretical risk of tumorigenicity, genomic instability, and unwanted differentiation [2].



On the other hand, it is now widely acknowledged that MSC-EVs are key mediators of the immunoregulatory effects of MSCs affecting both innate as well as adaptive immune responses. While they exert similar immunomodulatory functions as their parental cells, MSC-EVs cannot proliferate nor differentiate and do not, therefore, raise many of the concerns associated with stem cell therapy. Hence, MSC-EVs have drawn much attention over the last years as an alternative, cell-free therapy, for the treatment of autoimmune disorders. Accumulating data, mostly preclinical, has supported this notion and has provided the rationale for exploring the therapeutic efficacy of MSC-EVs more deeply. To this end, unraveling the underlying molecular and cellular mechanisms mediating the beneficial effects of MSC-EVs is eagerly anticipated along with the design of clinical trials assessing long-term safety and outcomes.



However, to properly assess the effects of MSC-EVs in the clinical setting, while minimizing controversies, general consensus should be reached regarding the optimal protocols for isolation, purification and characterization, quantification, and storage of MSC-EVs. Furthermore, the yield of generated MSC-EVs needs to be increased for their use in clinical trials, and this is currently being pursued by testing various modifications of culture conditions and manipulations of MSCs to increase EV production [8]. One such promising approach includes MSC treatment with Cytochalasin B, which results in the production of membrane vesicles (CIMVs) [229] that contain the cytoplasmic content of MSCs and retain their immunophenotype, biological activity, and immunosuppressive properties of the latter. Finally, the optimal dosage and therapeutic schedule of MSC-EVSs’ administration should be determined as well as assays to accurately assess their efficacy [5,8,230].



Addressing these issues will greatly contribute to our understanding of the potential of MSC-EVs in immune-mediated diseases and other disorders and provide a robust theoretical background for translating this therapeutic modality into the clinical setting.







Author Contributions


Writing—original draft, A.M. and A.B.; writing—review and editing, H.A.P.; conceptualization, writing—review and editing, C.G.P. All authors have read and agreed to the published version of the manuscript.




Funding


The authors received no external funding.




Acknowledgments


The authors wish to thank Maria-Ioanna Tsertou for her contribution in creating Figure 2.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, L.-T.; Liu, K.-J.; Sytwu, H.-K.; Yen, M.-L.; Yen, B.L. Advances in mesenchymal stem cell therapy for immune and inflammatory diseases: Use of cell-free products and human pluripotent stem cell-derived mesenchymal stem cells. STEM CELLS Transl. Med. 2021, 10, 1288–1303. [Google Scholar] [CrossRef] [PubMed]

	



Pontikoglou, C.; Deschaseaux, F.; Sensebe, L.; Papadaki, H.A. Bone marrow mesenchymal stem cells: Biological properties and their role in hematopoiesis and hematopoietic stem cell transplantation. Stem Cell Rev. 2011, 7, 569–589. [Google Scholar] [CrossRef]

	



Naji, A.; Eitoku, M.; Favier, B.; Deschaseaux, F.; Rouas-Freiss, N.; Suganuma, N. Biological functions of mesenchymal stem cells and clinical implications. Cell. Mol. Life Sci. 2019, 76, 3323–3348. [Google Scholar] [CrossRef] [PubMed]

	



Krampera, M. Mesenchymal stromal cell ‘licensing’: A multistep process. Leukemia 2011, 25, 1408–1414. [Google Scholar] [CrossRef]

	



Kahmini, F.R.; Shahgaldi, S. Therapeutic potential of mesenchymal stem cell-derived extracellular vesicles as novel cell-free therapy for treatment of autoimmune disorders. Exp. Mol. Pathol. 2021, 118, 104566. [Google Scholar] [CrossRef]

	



Dabrowska, S.; Andrzejewska, A.; Janowski, M.; Lukomska, B. Immunomodulatory and Regenerative Effects of Mesenchymal Stem Cells and Extracellular Vesicles: Therapeutic Outlook for Inflammatory and Degenerative Diseases. Front. Immunol. 2020, 11, 591065. [Google Scholar] [CrossRef]

	



Gomzikova, M.O.; James, V.; Rizvanov, A.A. Therapeutic Application of Mesenchymal Stem Cells Derived Extracellular Vesicles for Immunomodulation. Front. Immunol. 2019, 10, 2663. [Google Scholar] [CrossRef]

	



Gowen, A.; Shahjin, F.; Chand, S.; Odegaard, K.E.; Yelamanchili, S.V. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Challenges in Clinical Applications. Front. Cell Dev. Biol. 2020, 8, 149. [Google Scholar] [CrossRef]

	



Friedenstein, A.J.; Petrakova, K.V.; Kurolesova, A.I.; Frolova, G.P. Heterotopic of bone marrow. Analysis of precursor cells for osteogenic and hematopoietic tissues. Transplantation 1968, 6, 230–247. [Google Scholar] [CrossRef] [PubMed]

	



Friedenstein, A.J.; Chailakhjan, R.K.; Lalykina, K.S. The development of fibroblast colonies in monolayer cultures of guinea-pig bone marrow and spleen cells. Cell Tissue Kinet. 1970, 3, 393–403. [Google Scholar] [CrossRef] [PubMed]

	



Friedenstein, A.J. Osteogenic stem cells in Bone Marrow. In Bone and Mineral Research; Heersche, J.N.M., Kanis, J.A., Eds.; Elsevier: Amsterdam, The Netherlands, 1990; pp. 243–272. [Google Scholar]

	



Prockop, D.J. Marrow stromal cells as stem cells for nonhematopoietic tissues. Science 1997, 276, 71–74. [Google Scholar] [CrossRef] [PubMed]

	



Dominici, M.; Le, B.K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317. [Google Scholar] [CrossRef] [PubMed]

	



Delorme, B.; Ringe, J.; Gallay, N.; Le, V.Y.; Kerboeuf, D.; Jorgensen, C.; Rosset, P.; Sensebe, L.; Layrolle, P.; Haupl, T.; et al. Specific plasma membrane protein phenotype of culture-amplified and native human bone marrow mesenchymal stem cells. Blood 2008, 111, 2631–2635. [Google Scholar] [CrossRef] [PubMed]

	



Wakitani, S.; Saito, T.; Caplan, A.I. Myogenic cells derived from rat bone marrow mesenchymal stem cells exposed to 5-azacytidine. Muscle Nerve 1995, 18, 1417–1426. [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. Invest 1999, 103, 697–705. [Google Scholar] [CrossRef]

	



Oswald, J.; Boxberger, S.; Jorgensen, B.; Feldmann, S.; Ehninger, G.; Bornhauser, M.; Werner, C. Mesenchymal stem cells can be differentiated into endothelial cells in vitro. Stem Cells 2004, 22, 377–384. [Google Scholar] [CrossRef]

	



Woodbury, D.; Schwarz, E.J.; Prockop, D.J.; Black, I.B. Adult rat and human bone marrow stromal cells differentiate into neurons. J. Neurosci. Res. 2000, 61, 364–370. [Google Scholar] [CrossRef]

	



Chagraoui, J.; Lepage-Noll, A.; Anjo, A.; Uzan, G.; Charbord, P. Fetal liver stroma consists of cells in epithelial-to-mesenchymal transition. Blood 2003, 101, 2973–2982. [Google Scholar] [CrossRef]

	



Charbord, P. Bone marrow mesenchymal stem cells: Historical overview and concepts. Hum. Gene Ther. 2010, 21, 1045–1056. [Google Scholar] [CrossRef]

	



Katz, A.J.; Tholpady, A.; Tholpady, S.S.; Shang, H.; Ogle, R.C. Cell surface and transcriptional characterization of human adipose-derived adherent stromal (hADAS) cells. Stem Cells 2005, 23, 412–423. [Google Scholar] [CrossRef]

	



Kassis, I.; Zangi, L.; Rivkin, R.; Levdansky, L.; Samuel, S.; Marx, G.; Gorodetsky, R. Isolation of mesenchymal stem cells from G-CSF-mobilized human peripheral blood using fibrin microbeads. Bone Marrow Transplant. 2006, 37, 967–976. [Google Scholar] [CrossRef]

	



Agha-Hosseini, F.; Jahani, M.A.; Jahani, M.; Mirzaii-Dizgah, I.; Ali-Moghaddam, K. In vitro isolation of stem cells derived from human dental pulp. Clin. Transplant. 2010, 24, E23–E28. [Google Scholar] [CrossRef] [PubMed]

	



Meng, X.; Ichim, T.E.; Zhong, J.; Rogers, A.; Yin, Z.; Jackson, J.; Wang, H.; Ge, W.; Bogin, V.; Chan, K.W.; et al. Endometrial regenerative cells: A novel stem cell population. J. Transl. Med. 2007, 5, 57. [Google Scholar] [CrossRef] [PubMed]

	



Macias, M.I.; Grande, J.; Moreno, A.; Dominguez, I.; Bornstein, R.; Flores, A.I. Isolation and characterization of true mesenchymal stem cells derived from human term decidua capable of multilineage differentiation into all 3 embryonic layers. Am. J. Obstet. Gynecol. 2010, 203, 495.e9–495.e23. [Google Scholar] [CrossRef] [PubMed]

	



Roubelakis, M.G.; Pappa, K.I.; Bitsika, V.; Zagoura, D.; Vlahou, A.; Papadaki, H.A.; Antsaklis, A.; Anagnou, N.P. Molecular and proteomic characterization of human mesenchymal stem cells derived from amniotic fluid: Comparison to bone marrow mesenchymal stem cells. Stem Cells Dev. 2007, 16, 931–952. [Google Scholar] [CrossRef] [PubMed]

	



Marongiu, F.; Gramignoli, R.; Sun, Q.; Tahan, V.; Miki, T.; Dorko, K.; Ellis, E.; Strom, S.C. Isolation of amniotic mesenchymal stem cells. Curr. Protoc. Stem Cell Biol. 2010, 12, 1E. 5.1–1E. 5.11. [Google Scholar] [CrossRef]

	



Miao, Z.; Jin, J.; Chen, L.; Zhu, J.; Huang, W.; Zhao, J.; Qian, H.; Zhang, X. Isolation of mesenchymal stem cells from human placenta: Comparison with human bone marrow mesenchymal stem cells. Cell Biol. Int. 2006, 30, 681–687. [Google Scholar] [CrossRef] [PubMed]

	



Girdlestone, J.; Limbani, V.A.; Cutler, A.J.; Navarrete, C.V. Efficient expansion of mesenchymal stromal cells from umbilical cord under low serum conditions. Cytotherapy 2009, 11, 738–748. [Google Scholar] [CrossRef]

	



Batsali, A.K.; Pontikoglou, C.; Koutroulakis, D.; Pavlaki, K.I.; Damianaki, A.; Mavroudi, I.; Alpantaki, K.; Kouvidi, E.; Kontakis, G.; Papadaki, H.A. Differential expression of cell cycle and WNT pathway-related genes accounts for differences in the growth and differentiation potential of Wharton’s jelly and bone marrow-derived mesenchymal stem cells. Stem Cell Res. Ther. 2017, 8, 102. [Google Scholar] [CrossRef] [PubMed]

	



Erices, A.; Conget, P.; Minguell, J.J. Mesenchymal progenitor cells in human umbilical cord blood. Br. J. Haematol. 2000, 109, 235–242. [Google Scholar] [CrossRef]

	



Gomez-Salazar, M.; Gonzalez-Galofre, Z.N.; Casamitjana, J.; Crisan, M.; James, A.W.; Péault, B. Five Decades Later, Are Mesenchymal Stem Cells Still Relevant? Front. Bioeng. Biotechnol. 2020, 8, 148. [Google Scholar] [CrossRef] [PubMed]

	



Nauta, A.J.; Fibbe, W.E. Immunomodulatory properties of mesenchymal stromal cells. Blood 2007, 110, 3499–3506. [Google Scholar] [CrossRef] [PubMed]

	



Krampera, M.; Galipeau, J.; Shi, Y.; Tarte, K.; Sensebe, L. Immunological characterization of multipotent mesenchymal stromal cells—The International Society for Cellular Therapy (ISCT) working proposal. Cytotherapy 2013, 15, 1054–1061. [Google Scholar] [CrossRef]

	



Di, N.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]

	



Tse, W.T.; Pendleton, J.D.; Beyer, W.M.; Egalka, M.C.; Guinan, E.C. Suppression of allogeneic T-cell proliferation by human marrow stromal cells: Implications in transplantation. Transplantation 2003, 75, 389–397. [Google Scholar] [CrossRef]

	



Ma, S.; Xie, N.; Li, W.; Yuan, B.; Shi, Y.; Wang, Y. Immunobiology of mesenchymal stem cells. Cell Death Differ. 2014, 21, 216–225. [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] [PubMed]

	



Weiss, A.R.R.; Dahlke, M.H. Immunomodulation by Mesenchymal Stem Cells (MSCs): Mechanisms of Action of Living, Apoptotic, and Dead MSCs. Front. Immunol. 2019, 10, 1191. [Google Scholar] [CrossRef]

	



Eliopoulos, N.; Stagg, J.; Lejeune, L.; Pommey, S.; Galipeau, J. Allogeneic marrow stromal cells are immune rejected by MHC class I- and class II-mismatched recipient mice. Blood 2005, 106, 4057–4065. [Google Scholar] [CrossRef]

	



Nauta, A.J.; Westerhuis, G.; Kruisselbrink, A.B.; Lurvink, E.G.; Willemze, R.; Fibbe, W.E. Donor-derived mesenchymal stem cells are immunogenic in an allogeneic host and stimulate donor graft rejection in a nonmyeloablative setting. Blood 2006, 108, 2114–2120. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Uccelli, A.; Moretta, L.; Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 2008, 8, 726–736. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, G.; Schafer, R.; Dazzi, F. The immunosuppressive properties of mesenchymal stem cells. Transplantation 2009, 87, S45–S49. [Google Scholar] [CrossRef]

	



Zhao, Y.; Wang, L.; Jin, Y.; Shi, S. Fas ligand regulates the immunomodulatory properties of dental pulp stem cells. J. Dent. Res. 2012, 91, 948–954. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



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]

	



Batten, P.; Sarathchandra, P.; Antoniw, J.W.; Tay, S.S.; Lowdell, M.W.; Taylor, P.M.; Yacoub, M.H. Human Mesenchymal Stem Cells Induce T Cell Anergy and Downregulate T Cell Allo-Responses via the TH2 Pathway: Relevance to Tissue Engineering Human Heart Valves. Tissue Eng. 2006, 12, 2263–2273. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Sun, B.; Wang, D.; Ji, Y.; Kong, Q.; Wang, G.; Wang, J.; Zhao, W.; Jin, L.; Li, H. Murine bone marrow mesenchymal stem cells cause mature dendritic cells to promote T-cell tolerance. Scand. J. Immunol. 2008, 68, 607–615. [Google Scholar] [CrossRef]

	



Ge, W.; Jiang, J.; Arp, J.; Liu, W.; Garcia, B.; Wang, H. Regulatory T-cell generation and kidney allograft tolerance induced by mesenchymal stem cells associated with indoleamine 2,3-dioxygenase expression. Transplantation 2010, 90, 1312–1320. [Google Scholar] [CrossRef] [PubMed]

	



Müller, L.; Tunger, A.; Wobus, M.; von Bonin, M.; Towers, R.; Bornhäuser, M.; Dazzi, F.; Wehner, R.; Schmitz, M. Immunomodulatory Properties of Mesenchymal Stromal Cells: An Update. Front. Cell Dev. Biol. 2021, 9, 637725. [Google Scholar] [CrossRef] [PubMed]

	



Ghannam, S.; Pène, J.; Torcy-Moquet, G.; Jorgensen, C.; Yssel, H. Mesenchymal Stem Cells Inhibit Human Th17 Cell Differentiation and Function and Induce a T Regulatory Cell Phenotype. J. Immunol. 2010, 185, 302–312. [Google Scholar] [CrossRef]

	



Luz-Crawford, P.; Hernandez, J.; Djouad, F.; Luque-Campos, N.; Caicedo, A.; Carrère-Kremer, S.; Brondello, J.M.; Vignais, M.L.; Pène, J.; Jorgensen, C. Mesenchymal stem cell repression of Th17 cells is triggered by mitochondrial transfer. Stem Cell Res. Ther. 2019, 10, 232. [Google Scholar] [CrossRef] [PubMed]

	



English, K.; Ryan, J.M.; Tobin, L.; Murphy, M.J.; Barry, F.P.; Mahon, B.P. Cell contact, prostaglandin E(2) and transforming growth factor beta 1 play non-redundant roles in human mesenchymal stem cell induction of CD4+CD25(High) forkhead box P3+ regulatory T cells. Clin. Exp. Immunol. 2009, 156, 149–160. [Google Scholar] [CrossRef]

	



Engela, A.U.; Hoogduijn, M.J.; Boer, K.; Litjens, N.H.; Betjes, M.G.; Weimar, W.; Baan, C.C. Human adipose-tissue derived mesenchymal stem cells induce functional de-novo regulatory T cells with methylated FOXP3 gene DNA. Clin. Exp. Immunol. 2013, 173, 343–354. [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] [PubMed]

	



Chen, Q.H.; Wu, F.; Liu, L.; Chen, H.B.; Zheng, R.Q.; Wang, H.L.; Yu, L.N. Mesenchymal stem cells regulate the Th17/Treg cell balance partly through hepatocyte growth factor in vitro. Stem Cell Res. Ther. 2020, 11, 91. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



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]

	



Wang, M.; Yuan, Q. Mesenchymal Stem Cell-Based Immunomodulation: Properties and Clinical Application. Stem Cells Int. 2018, 2018, 3057624. [Google Scholar] [CrossRef]

	



Brunel, M.; Herr, F.; Durrbach, A. Immunosuppressive Properties of Mesenchymal Stem Cells. Curr. Transplant. Rep. 2016, 3, 348–357. [Google Scholar] [CrossRef]

	



Rasmusson, I.; Le, B.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]

	



Wu, X.; Jiang, J.; Gu, Z.; Zhang, J.; Chen, Y.; Liu, X. Mesenchymal stromal cell therapies: Immunomodulatory properties and clinical progress. Stem Cell Res. Ther. 2020, 11, 345. [Google Scholar] [CrossRef]

	



Deng, Y.; Zhang, Y.; Ye, L.; Zhang, T.; Cheng, J.; Chen, G.; Zhang, Q.; Yang, Y. Umbilical Cord-derived Mesenchymal Stem Cells Instruct Monocytes Towards an IL10-producing Phenotype by Secreting IL6 and HGF. Sci. Rep. 2016, 6, 37566. [Google Scholar] [CrossRef] [PubMed]

	



Sara, M.M.; Sacha, B.G.; Willem, E.F.; Helene, R. Multipotent stromal cells skew monocytes towards an anti-inflammatory interleukin-10-producing phenotype by production of interleukin-6. Haematologica 2013, 98, 888–895. [Google Scholar] [CrossRef]

	



Maqbool, M.; Algraittee, S.J.R.; Boroojerdi, M.H.; Sarmadi, V.H.; John, C.M.; Vidyadaran, S.; Ramasamy, R. Human mesenchymal stem cells inhibit the differentiation and effector functions of monocytes. Innate Immun. 2020, 26, 424–434. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Spaggiari, G.M.; Abdelrazik, H.; Becchetti, F.; Moretta, L. MSCs inhibit monocyte-derived DC maturation and function by selectively interfering with the generation of immature DCs: Central role of MSC-derived prostaglandin E2. Blood 2009, 113, 6576–6583. [Google Scholar] [CrossRef] [PubMed]

	



Bazzoni, R.; Takam Kamga, P.; Tanasi, I.; Krampera, M. Extracellular Vesicle-Dependent Communication Between Mesenchymal Stromal Cells and Immune Effector Cells. Front. Cell Dev. Biol. 2020, 8, 596079. [Google Scholar] [CrossRef]

	



Li, X.; Dong, Y.; Yin, H.; Qi, Z.; Wang, D.; Ren, S. Mesenchymal stem cells induced regulatory dendritic cells from hemopoietic progenitor cells through Notch pathway and TGF-β synergistically. Immunol. Lett. 2020, 222, 49–57. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Chang, W.; Meng, S.; Xu, X.; Xie, J.; Guo, F.; Yang, Y.; Qiu, H.; Liu, L. Mesenchymal stem cells induce dendritic cell immune tolerance via paracrine hepatocyte growth factor to alleviate acute lung injury. Stem Cell Res. Ther. 2019, 10, 372. [Google Scholar] [CrossRef]

	



Sotiropoulou, P.A.; Perez, S.A.; Gritzapis, A.D.; Baxevanis, C.N.; Papamichail, M. Interactions between human mesenchymal stem cells and natural killer cells. Stem Cells 2006, 24, 74–85. [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]

	



Fox, J.M.; Chamberlain, G.; Ashton, B.A.; Middleton, J. Recent advances into the understanding of mesenchymal stem cell trafficking. Br. J. Haematol. 2007, 137, 491–502. [Google Scholar] [CrossRef]

	



Nitzsche, F.; Müller, C.; Lukomska, B.; Jolkkonen, J.; Deten, A.; Boltze, J. Concise Review: MSC Adhesion Cascade—Insights into Homing and Transendothelial Migration. Stem Cells 2017, 35, 1446–1460. [Google Scholar] [CrossRef]

	



von Bahr, L.; Batsis, I.; Moll, G.; Hägg, M.; Szakos, A.; Sundberg, B.; Uzunel, M.; Ringden, O.; Le Blanc, K. Analysis of tissues following mesenchymal stromal cell therapy in humans indicates limited long-term engraftment and no ectopic tissue formation. Stem Cells 2012, 30, 1575–1578. [Google Scholar] [CrossRef]

	



Spees, J.L.; Lee, R.H.; Gregory, C.A. Mechanisms of mesenchymal stem/stromal cell function. Stem Cell Res. Ther. 2016, 7, 125. [Google Scholar] [CrossRef]

	



Caplan, A.I. Mesenchymal Stem Cells: Time to Change the Name! Stem Cells Transl. Med. 2017, 6, 1445–1451. [Google Scholar] [CrossRef]

	



Inoue, Y.; Iriyama, A.; Ueno, S.; Takahashi, H.; Kondo, M.; Tamaki, Y.; Araie, M.; Yanagi, Y. Subretinal transplantation of bone marrow mesenchymal stem cells delays retinal degeneration in the RCS rat model of retinal degeneration. Exp. Eye Res. 2007, 85, 234–241. [Google Scholar] [CrossRef]

	



Humphreys, B.D.; Bonventre, J.V. Mesenchymal Stem Cells in Acute Kidney Injury. Annu. Rev. Med. 2008, 59, 311–325. [Google Scholar] [CrossRef]

	



Karantalis, V.; Hare, J.M. Use of mesenchymal stem cells for therapy of cardiac disease. Circ. Res. 2015, 116, 1413–1430. [Google Scholar] [CrossRef]

	



Volarevic, V.; Arsenijevic, N.; Lukic, M.L.; Stojkovic, M. Concise review: Mesenchymal stem cell treatment of the complications of diabetes mellitus. Stem Cells 2011, 29, 5–10. [Google Scholar] [CrossRef]

	



Kuo, T.K.; Hung, S.P.; Chuang, C.H.; Chen, C.T.; Shih, Y.R.; Fang, S.C.; Yang, V.W.; Lee, O.K. Stem cell therapy for liver disease: Parameters governing the success of using bone marrow mesenchymal stem cells. Gastroenterology 2008, 134, 2111–2121.e3. [Google Scholar] [CrossRef]

	



Prockop, D.J. Repair of tissues by adult stem/progenitor cells (MSCs): Controversies, myths, and changing paradigms. Mol. Ther. 2009, 17, 939–946. [Google Scholar] [CrossRef]

	



Kumar, S.; Ponnazhagan, S. Bone homing of mesenchymal stem cells by ectopic alpha 4 integrin expression. FASEB J. 2007, 21, 3917–3927. [Google Scholar] [CrossRef]

	



Lin, Y.T.; Chern, Y.; Shen, C.K.; Wen, H.L.; Chang, Y.C.; Li, H.; Cheng, T.H.; Hsieh-Li, H.M. Human mesenchymal stem cells prolong survival and ameliorate motor deficit through trophic support in Huntington’s disease mouse models. PLoS ONE 2011, 6, e22924. [Google Scholar] [CrossRef]

	



Schantz, J.T.; Chim, H.; Whiteman, M. Cell guidance in tissue engineering: SDF-1 mediates site-directed homing of mesenchymal stem cells within three-dimensional polycaprolactone scaffolds. Tissue Eng. 2007, 13, 2615–2624. [Google Scholar] [CrossRef]

	



Semon, J.A.; Nagy, L.H.; Llamas, C.B.; Tucker, H.A.; Lee, R.H.; Prockop, D.J. Integrin expression and integrin-mediated adhesion in vitro of human multipotent stromal cells (MSCs) to endothelial cells from various blood vessels. Cell Tissue Res. 2010, 341, 147–158. [Google Scholar] [CrossRef]

	



Suila, H.; Hirvonen, T.; Kotovuori, A.; Ritamo, I.; Kerkelä, E.; Anderson, H.; Natunen, S.; Tuimala, J.; Laitinen, S.; Nystedt, J.; et al. Human umbilical cord blood-derived mesenchymal stromal cells display a novel interaction between P-selectin and galectin-1. Scand. J. Immunol. 2014, 80, 12–21. [Google Scholar] [CrossRef]

	



Kim, Y.; Kim, H.; Cho, H.; Bae, Y.; Suh, K.; Jung, J. Direct comparison of human mesenchymal stem cells derived from adipose tissues and bone marrow in mediating neovascularization in response to vascular ischemia. Cell. Physiol. Biochem. 2007, 20, 867–876. [Google Scholar] [CrossRef]

	



Kinnaird, T.; Stabile, E.; Burnett, M.S.; Lee, C.W.; Barr, S.; Fuchs, S.; Epstein, S.E. Marrow-derived stromal cells express genes encoding a broad spectrum of arteriogenic cytokines and promote in vitro and in vivo arteriogenesis through paracrine mechanisms. Circ. Res. 2004, 94, 678–685. [Google Scholar] [CrossRef] [PubMed]

	



Kuchroo, P.; Dave, V.; Vijayan, A.; Viswanathan, C.; Ghosh, D. Paracrine factors secreted by umbilical cord-derived mesenchymal stem cells induce angiogenesis in vitro by a VEGF-independent pathway. Stem Cells Dev. 2015, 24, 437–450. [Google Scholar] [CrossRef]

	



Baek, S.J.; Kang, S.K.; Ra, J.C. In vitro migration capacity of human adipose tissue-derived mesenchymal stem cells reflects their expression of receptors for chemokines and growth factors. Exp. Mol. Med. 2011, 43, 596–603. [Google Scholar] [CrossRef] [PubMed]

	



Hocking, A.M. The Role of Chemokines in Mesenchymal Stem Cell Homing to Wounds. Adv. Wound Care 2015, 4, 623–630. [Google Scholar] [CrossRef]

	



Nasef, A.; Chapel, A.; Mazurier, C.; Bouchet, S.; Lopez, M.; Mathieu, N.; Sensebé, L.; Zhang, Y.; Gorin, N.C.; Thierry, D.; et al. Identification of IL-10 and TGF-beta transcripts involved in the inhibition of T-lymphocyte proliferation during cell contact with human mesenchymal stem cells. Gene Expr. 2007, 13, 217–226. [Google Scholar] [CrossRef] [PubMed]

	



Asanuma, H.; Meldrum, D.R.; Meldrum, K.K. Therapeutic applications of mesenchymal stem cells to repair kidney injury. J. Urol. 2010, 184, 26–33. [Google Scholar] [CrossRef]

	



Beckermann, B.M.; Kallifatidis, G.; Groth, A.; Frommhold, D.; Apel, A.; Mattern, J.; Salnikov, A.V.; Moldenhauer, G.; Wagner, W.; Diehlmann, A.; et al. VEGF expression by mesenchymal stem cells contributes to angiogenesis in pancreatic carcinoma. Br. J. Cancer 2008, 99, 622–631. [Google Scholar] [CrossRef]

	



Hu, X.; Yu, S.P.; Fraser, J.L.; Lu, Z.; Ogle, M.E.; Wang, J.A.; Wei, L. Transplantation of hypoxia-preconditioned mesenchymal stem cells improves infarcted heart function via enhanced survival of implanted cells and angiogenesis. J. Thorac. Cardiovasc. Surg. 2008, 135, 799–808. [Google Scholar] [CrossRef]

	



Mayer, H.; Bertram, H.; Lindenmaier, W.; Korff, T.; Weber, H.; Weich, H. Vascular endothelial growth factor (VEGF-A) expression in human mesenchymal stem cells: Autocrine and paracrine role on osteoblastic and endothelial differentiation. J. Cell Biochem. 2005, 95, 827–839. [Google Scholar] [CrossRef]

	



Pedersen, T.O.; Blois, A.L.; Xue, Y.; Xing, Z.; Sun, Y.; Finne-Wistrand, A.; Lorens, J.B.; Fristad, I.; Leknes, K.N.; Mustafa, K. Mesenchymal stem cells induce endothelial cell quiescence and promote capillary formation. Stem Cell Res. Ther. 2014, 5, 23. [Google Scholar] [CrossRef]

	



Sun, L.; Cui, M.; Wang, Z.; Feng, X.; Mao, J.; Chen, P.; Kangtao, M.; Chen, F.; Zhou, C. Mesenchymal stem cells modified with angiopoietin-1 improve remodeling in a rat model of acute myocardial infarction. Biochem. Biophys. Res. Commun. 2007, 357, 779–784. [Google Scholar] [CrossRef]

	



Spanholtz, T.A.; Theodorou, P.; Holzbach, T.; Wutzler, S.; Giunta, R.E.; Machens, H.G. Vascular endothelial growth factor (VEGF165) plus basic fibroblast growth factor (bFGF) producing cells induce a mature and stable vascular network—a future therapy for ischemically challenged tissue. J. Surg. Res. 2011, 171, 329–338. [Google Scholar] [CrossRef]

	



Dufourcq, P.; Descamps, B.; Tojais, N.F.; Leroux, L.; Oses, P.; Daret, D.; Moreau, C.; Lamazière, J.M.; Couffinhal, T.; Duplàa, C. Secreted frizzled-related protein-1 enhances mesenchymal stem cell function in angiogenesis and contributes to neovessel maturation. Stem Cells 2008, 26, 2991–3001. [Google Scholar] [CrossRef]

	



Imberti, B.; Morigi, M.; Tomasoni, S.; Rota, C.; Corna, D.; Longaretti, L.; Rottoli, D.; Valsecchi, F.; Benigni, A.; Wang, J.; et al. Insulin-like growth factor-1 sustains stem cell mediated renal repair. J. Am. Soc. Nephrol. 2007, 18, 2921–2928. [Google Scholar] [CrossRef]

	



Mirotsou, M.; Zhang, Z.; Deb, A.; Zhang, L.; Gnecchi, M.; Noiseux, N.; Mu, H.; Pachori, A.; Dzau, V. Secreted frizzled related protein 2 (Sfrp2) is the key Akt-mesenchymal stem cell-released paracrine factor mediating myocardial survival and repair. Proc. Natl. Acad. Sci. USA 2007, 104, 1643–1648. [Google Scholar] [CrossRef]

	



Rehman, J.; Traktuev, D.; Li, J.; Merfeld-Clauss, S.; Temm-Grove, C.J.; Bovenkerk, J.E.; Pell, C.L.; Johnstone, B.H.; Considine, R.V.; March, K.L. Secretion of angiogenic and antiapoptotic factors by human adipose stromal cells. Circulation 2004, 109, 1292–1298. [Google Scholar] [CrossRef]

	



Wu, L.; Leijten, J.; van Blitterswijk, C.A.; Karperien, M. Fibroblast growth factor-1 is a mesenchymal stromal cell-secreted factor stimulating proliferation of osteoarthritic chondrocytes in co-culture. Stem Cells Dev. 2013, 22, 2356–2367. [Google Scholar] [CrossRef]

	



Baek, G.; Choi, H.; Kim, Y.; Lee, H.-C.; Choi, C. Mesenchymal Stem Cell-Derived Extracellular Vesicles as Therapeutics and as a Drug Delivery Platform. Stem Cells Transl. Med. 2019, 8, 880–886. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Tian, X.; Hao, J.; Xu, G.; Zhang, W. Mesenchymal Stem Cell-Derived Extracellular Vesicles in Tissue Regeneration. Cell Transplant. 2020, 29, 963689720908500. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, S.T.; Hosseini-Beheshti, E.; Afrose, D.; Ding, X.; Xia, B.; Grau, G.E.; Little, C.B.; McClements, L.; Li, J.J. Extracellular Vesicles from Mesenchymal Stromal Cells for the Treatment of Inflammation-Related Conditions. Int. J. Mol. Sci. 2021, 22, 3023. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [Google Scholar] [CrossRef] [PubMed]

	



Jafarinia, M.; Alsahebfosoul, F. Mesenchymal Stem Cell-Derived Extracellular Vesicles: A Novel Cell-Free Therapy. Immunol. Investig. 2020, 49, 758–780. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Xia, J.; Huang, R.; Hu, Y.; Fan, J.; Shu, Q.; Xu, J. Mesenchymal stem cell-derived extracellular vesicles alter disease outcomes via endorsement of macrophage polarization. Stem Cell Res. Ther. 2020, 11, 424. [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]

	



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] [PubMed]

	



Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection, Content, Release, and Uptake. Cell Mol. Neurobiol. 2016, 36, 301–312. [Google Scholar] [CrossRef]

	



Favaro, E.; Carpanetto, A.; Caorsi, C.; Giovarelli, M.; Angelini, C.; Cavallo-Perin, P.; Tetta, C.; Camussi, G.; Zanone, M.M. Human mesenchymal stem cells and derived extracellular vesicles induce regulatory dendritic cells in type 1 diabetic patients. Diabetologia 2016, 59, 325–333. [Google Scholar] [CrossRef]

	



Wu, X.-q.; Yan, T.-z.; Wang, Z.-w.; Wu, X.; Cao, G.-h.; Zhang, C. BM-MSCs-derived microvesicles promote allogeneic kidney graft survival through enhancing micro-146a expression of dendritic cells. Immunol. Lett. 2017, 191, 55–62. [Google Scholar] [CrossRef] [PubMed]

	



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, 1–13. [Google Scholar] [CrossRef]

	



Reis, M.; Mavin, E.; Nicholson, L.; Green, K.; Dickinson, A.M.; Wang, X.-n. Mesenchymal Stromal Cell-Derived Extracellular Vesicles Attenuate Dendritic Cell Maturation and Function. Front. Immunol. 2018, 9, 2538. [Google Scholar] [CrossRef]

	



Zhou, Y.; Yamamoto, Y.; Xiao, Z.; Ochiya, T. The Immunomodulatory Functions of Mesenchymal Stromal/Stem Cells Mediated via Paracrine Activity. J. Clin. Med. 2019, 8, 1025. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Herr, F.; Vernochet, A.; Mennesson, B.; Oberlin, E.; Durrbach, A. Human Fetal Liver Mesenchymal Stem Cell-Derived Exosomes Impair Natural Killer Cell Function. Stem Cells Dev. 2019, 28, 44–55. [Google Scholar] [CrossRef]

	



Kordelas, L.; Rebmann, V.; Ludwig, A.K.; Radtke, S.; Ruesing, J.; Doeppner, T.R.; Epple, M.; Horn, P.A.; Beelen, D.W.; Giebel, B. MSC-derived exosomes: A novel tool to treat therapy-refractory graft-versus-host disease. Leukemia 2014, 28, 970–973. [Google Scholar] [CrossRef] [PubMed]

	



Balbi, C.; Piccoli, M.; Barile, L.; Papait, A.; Armirotti, A.; Principi, E.; Reverberi, D.; Pascucci, L.; Becherini, P.; Varesio, L.; et al. First Characterization of Human Amniotic Fluid Stem Cell Extracellular Vesicles as a Powerful Paracrine Tool Endowed with Regenerative Potential. Stem Cells Transl. Med. 2017, 6, 1340–1355. [Google Scholar] [CrossRef] [PubMed]

	



Deng, S.; Zhou, X.; Ge, Z.; Song, Y.; Wang, H.; Liu, X.; Zhang, D. Exosomes from adipose-derived mesenchymal stem cells ameliorate cardiac damage after myocardial infarction by activating S1P/SK1/S1PR1 signaling and promoting macrophage M2 polarization. Int. J. Biochem. Cell Biol. 2019, 114, 105564. [Google Scholar] [CrossRef]

	



Zhang, B.; Yin, Y.; Lai, R.C.; Tan, S.S.; Choo, A.B.H.; Lim, S.K. Mesenchymal Stem Cells Secrete Immunologically Active Exosomes. Stem Cells Dev. 2014, 23, 1233–1244. [Google Scholar] [CrossRef]

	



Xu, R.; Zhang, F.; Chai, R.; Zhou, W.; Hu, M.; Liu, B.; Chen, X.; Liu, M.; Xu, Q.; Liu, N. 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]

	



Shen, B.; Liu, J.; Zhang, F.; Wang, Y.; Qin, Y.; Zhou, Z.; Qiu, J.; Fan, Y. CCR2 Positive Exosome Released by Mesenchymal Stem Cells Suppresses Macrophage Functions and Alleviates Ischemia/Reperfusion-Induced Renal Injury. Stem Cells Int. 2016, 2016, 1240301. [Google Scholar] [CrossRef]

	



Li, J.; Xue, H.; Li, T.; Chu, X.; Xin, D.; Xiong, Y.; Qiu, W.; Gao, X.; Qian, M.; Xu, J.; et al. Exosomes derived from mesenchymal stem cells attenuate the progression of atherosclerosis in ApoE−/—mice via miR-let7 mediated infiltration and polarization of M2 macrophage. Biochem. Biophys. Res. Commun. 2019, 510, 565–572. [Google Scholar] [CrossRef]

	



Ti, D.; Hao, H.; Tong, C.; Liu, J.; Dong, L.; Zheng, J.; Zhao, Y.; Liu, H.; Fu, X.; Han, W. LPS-preconditioned mesenchymal stromal cells modify macrophage polarization for resolution of chronic inflammation via exosome-shuttled let-7b. J. Transl. Med. 2015, 13, 308. [Google Scholar] [CrossRef]

	



Spinosa, M.; Lu, G.; Su, G.; Bontha, S.V.; Gehrau, R.; Salmon, M.D.; Smith, J.R.; Weiss, M.L.; Mas, V.R.; Upchurch, G.R., Jr.; et al. Human mesenchymal stromal cell-derived extracellular vesicles attenuate aortic aneurysm formation and macrophage activation via microRNA-147. FASEB J. 2018, 32, 6038–6050. [Google Scholar] [CrossRef]

	



Adamo, A.; Brandi, J.; Caligola, S.; Delfino, P.; Bazzoni, R.; Carusone, R.; Cecconi, D.; Giugno, R.; Manfredi, M.; Robotti, E.; et al. Extracellular Vesicles Mediate Mesenchymal Stromal Cell-Dependent Regulation of B Cell PI3K-AKT Signaling Pathway and Actin Cytoskeleton. Front. Immunol. 2019, 10, 446. [Google Scholar] [CrossRef] [PubMed]

	



Di Trapani, M.; Bassi, G.; Midolo, M.; Gatti, A.; Kamga, P.T.; Cassaro, A.; Carusone, R.; Adamo, A.; Krampera, M. Differential and transferable modulatory effects of mesenchymal stromal cell-derived extracellular vesicles on T, B and NK cell functions. Sci. Rep. 2016, 6, 24120. [Google Scholar] [CrossRef] [PubMed]

	



Budoni, M.; Fierabracci, A.; Luciano, R.; Petrini, S.; Di Ciommo, V.; Muraca, M. The immunosuppressive effect of mesenchymal stromal cells on B lymphocytes is mediated by membrane vesicles. Cell Transplant. 2013, 22, 369–379. [Google Scholar] [CrossRef] [PubMed]

	



Mokarizadeh, A.; Delirezh, N.; Morshedi, A.; Mosayebi, G.; Farshid, A.A.; Mardani, K. Microvesicles derived from mesenchymal stem cells: Potent organelles for induction of tolerogenic signaling. Immunol. Lett. 2012, 147, 47–54. [Google Scholar] [CrossRef] [PubMed]

	



Favaro, E.; Carpanetto, A.; Lamorte, S.; Fusco, A.; Caorsi, C.; Deregibus, M.C.; Bruno, S.; Amoroso, A.; Giovarelli, M.; Porta, M.; et al. Human mesenchymal stem cell-derived microvesicles modulate T cell response to islet antigen glutamic acid decarboxylase in patients with type 1 diabetes. Diabetologia 2014, 57, 1664–1673. [Google Scholar] [CrossRef]

	



Blazquez, R.; Sanchez-Margallo, F.M.; de la Rosa, O.; Dalemans, W.; Álvarez, V.; Tarazona, R.; Casado, J.G. Immunomodulatory Potential of Human Adipose Mesenchymal Stem Cells Derived Exosomes on in vitro Stimulated T Cells. Front. Immunol. 2014, 5, 556. [Google Scholar] [CrossRef]

	



Chulpanova, D.S.; Rizvanov, A.A.; Soloveva, V.V. Artificial Microvesicles Isolated from Mesenchymal Stem Cells with IL2 Overexpression Activate CD8+ T-Killers to Kill Triple Negative Breast Cancer Cells. Blood 2020, 136, 26. [Google Scholar] [CrossRef]

	



Chen, W.; Huang, Y.; Han, J.; Yu, L.; Li, Y.; Lu, Z.; Li, H.; Liu, Z.; Shi, C.; Duan, F.; et al. Immunomodulatory effects of mesenchymal stromal cells-derived exosome. Immunol. Res. 2016, 64, 831–840. [Google Scholar] [CrossRef]

	



Rosenblum, M.D.; Gratz, I.K.; Paw, J.S.; Abbas, A.K. Treating human autoimmunity: Current practice and future prospects. Sci. Transl. Med. 2012, 4, 125sr121. [Google Scholar] [CrossRef]

	



Fugger, L.; Jensen, L.T.; Rossjohn, J. Challenges, Progress, and Prospects of Developing Therapies to Treat Autoimmune Diseases. Cell 2020, 181, 63–80. [Google Scholar] [CrossRef] [PubMed]

	



Bernardo, M.E.; Zaffaroni, N.; Novara, F.; Cometa, A.M.; Avanzini, M.A.; Moretta, A.; Montagna, D.; Maccario, R.; Villa, R.; Daidone, M.G.; et al. Human bone marrow derived mesenchymal stem cells do not undergo transformation after long-term in vitro culture and do not exhibit telomere maintenance mechanisms. Cancer Res. 2007, 67, 9142–9149. [Google Scholar] [CrossRef] [PubMed]

	



Tarte, K.; Gaillard, J.; Lataillade, J.J.; Fouillard, L.; Becker, M.; Mossafa, H.; Tchirkov, A.; Rouard, H.; Henry, C.; Splingard, M.; et al. Clinical-grade production of human mesenchymal stromal cells: Occurrence of aneuploidy without transformation. Blood 2010, 115, 1549–1553. [Google Scholar] [CrossRef] [PubMed]

	



Musiał-Wysocka, A.; Kot, M.; Majka, M. The Pros and Cons of Mesenchymal Stem Cell-Based Therapies. Cell Transplant. 2019, 28, 801–812. [Google Scholar] [CrossRef] [PubMed]

	



Lin, W.; Huang, L.; Li, Y.; Fang, B.; Li, G.; Chen, L.; Xu, L. Mesenchymal Stem Cells and Cancer: Clinical Challenges and Opportunities. BioMed Res. Int. 2019, 2019, 2820853. [Google Scholar] [CrossRef] [PubMed]

	



Casiraghi, F.; Remuzzi, G.; Abbate, M.; Perico, N. Multipotent mesenchymal stromal cell therapy and risk of malignancies. Stem Cell Rev. Rep. 2013, 9, 65–79. [Google Scholar] [CrossRef]

	



Zhang, X.; Tu, H.; Yang, Y.; Fang, L.; Wu, Q.; Li, J. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Roles in Tumor Growth, Progression, and Drug Resistance. Stem Cells Int. 2017, 2017, 1758139. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, S.; Loder, S.; Cholok, D.; Li, J.; Breuler, C.; Drake, J.; Brownley, C.; Peterson, J.; Li, S.; Levi, B. Surgical Excision of Heterotopic Ossification Leads to Re-Emergence of Mesenchymal Stem Cell Populations Responsible for Recurrence. Stem Cells Transl. Med. 2017, 6, 799–806. [Google Scholar] [CrossRef]

	



Kan, C.; Chen, L.; Hu, Y.; Ding, N.; Li, Y.; McGuire, T.L.; Lu, H.; Kessler, J.A.; Kan, L. Gli1-labeled adult mesenchymal stem/progenitor cells and hedgehog signaling contribute to endochondral heterotopic ossification. Bone 2018, 109, 71–79. [Google Scholar] [CrossRef]

	



Zhu, X.; Badawi, M.; Pomeroy, S.; Sutaria, D.S.; Xie, Z.; Baek, A.; Jiang, J.; Elgamal, O.A.; Mo, X.; Perle, K.L.; et al. Comprehensive toxicity and immunogenicity studies reveal minimal effects in mice following sustained dosing of extracellular vesicles derived from HEK293T cells. J. Extracell. Vesicles 2017, 6, 1324730. [Google Scholar] [CrossRef]

	



Saint-Pol, J.; Gosselet, F.; Duban-Deweer, S.; Pottiez, G.; Karamanos, Y. Targeting and Crossing the Blood-Brain Barrier with Extracellular Vesicles. Cells 2020, 9, 851. [Google Scholar] [CrossRef]

	



Williams, R.; Karuranga, S.; Malanda, B.; Saeedi, P.; Basit, A.; Besançon, S.; Bommer, C.; Esteghamati, A.; Ogurtsova, K.; Zhang, P.; et al. Global and regional estimates and projections of diabetes-related health expenditure: Results from the International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res. Clin. Pract. 2020, 162, 108072. [Google Scholar] [CrossRef]

	



Liu, M.; Han, Z.C. Mesenchymal stem cells: Biology and clinical potential in type 1 diabetes therapy. J. Cell. Mol. Med. 2008, 12, 1155–1168. [Google Scholar] [CrossRef] [PubMed]

	



Bluestone, J.A.; Herold, K.; Eisenbarth, G. Genetics, pathogenesis and clinical interventions in type 1 diabetes. Nature 2010, 464, 1293–1300. [Google Scholar] [CrossRef] [PubMed]

	



Moreira, A.; Kahlenberg, S.; Hornsby, P. Therapeutic potential of mesenchymal stem cells for diabetes. J. Mol. Endocrinol. 2017, 59, R109–R120. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Yu, X.; Wang, Y.; Wang, F.; Wang, L.; Gao, H.; Chen, Y.; Zhao, W.J.; Jia, Z.T.; Yan, S.L. Effects of implantation of WJ-MSCs for newly-onset T1DM. Endocr. J. 2013, 60, 347–357. [Google Scholar] [CrossRef] [PubMed]

	



Thakkar, U.G.; Trivedi, H.L.; Vanikar, A.V.; Dave, S.D. Insulin-secreting adipose-derived mesenchymal stromal cells with bone marrow-derived hematopoietic stem cells from autologous and allogenic sources for type 1 diabetes mellitus. Cytotherapy 2015, 17, 940–947. [Google Scholar] [CrossRef]

	



Cai, J.; Wu, Z.; Xu, X.; Liao, L.; Chen, J.; Huang, L.; Wu, W.; Luo, F.; Wu, C.; Pugliese, A.; et al. Umbilical Cord Mesenchymal Stromal Cell with Autologous Bone Marrow Cell Transplantation in Established Type 1 Diabetes: A Pilot Randomized Controlled Open-Label Clinical Study to Assess Safety and Impact on Insulin Secretion. Diabetes Care 2016, 39, 149–157. [Google Scholar] [CrossRef]

	



Carlsson, P.O.; Schwarcz, E.; Korsgren, O.; Le Blanc, K. Preserved β-cell function in type 1 diabetes by mesenchymal stromal cells. Diabetes 2015, 64, 587–592. [Google Scholar] [CrossRef]

	



Hu, W.; Song, X.; Yu, H.; Sun, J.; Zhao, Y. Therapeutic potentials of extracellular vesicles for the treatment of diabetes and diabetic complications. Int. J. Mol. Sci. 2020, 21, 5163. [Google Scholar] [CrossRef]

	



Shigemoto-Kuroda, T.; Oh, J.Y.; Kim, D.K.; Jeong, H.J.; Park, S.Y.; Lee, H.J.; Park, J.W.; Kim, T.W.; An, S.Y.; Prockop, D.J.; et al. MSC-derived Extracellular Vesicles Attenuate Immune Responses in Two Autoimmune Murine Models: Type 1 Diabetes and Uveoretinitis. Stem Cell Rep. 2017, 8, 1214–1225. [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]

	



Mahdipour, E.; Salmasi, Z.; Sabeti, N. Potential of stem cell-derived exosomes to regenerate β islets through Pdx-1 dependent mechanism in a rat model of type 1 diabetes. J. Cell Physiol. 2019, 234, 20310–20321. [Google Scholar] [CrossRef] [PubMed]

	



Wen, D.; Peng, Y.; Liu, D.; Weizmann, Y.; Mahato, R.I. Mesenchymal stem cell and derived exosome as small RNA carrier and Immunomodulator to improve islet transplantation. J. Control. Release 2016, 238, 166–175. [Google Scholar] [CrossRef]

	



Li, B.; Luan, S.; Chen, J.; Zhou, Y.; Wang, T.; Li, Z.; Fu, Y.; Zhai, A.; Bi, C. The MSC-Derived Exosomal lncRNA H19 Promotes Wound Healing in Diabetic Foot Ulcers by Upregulating PTEN via MicroRNA-152-3p. Mol. Ther. Nucleic Acids 2020, 19, 814–826. [Google Scholar] [CrossRef]

	



Safwat, A.; Sabry, D.; Ragiae, A.; Amer, E.; Mahmoud, R.H.; Shamardan, R.M. Adipose mesenchymal stem cells–derived exosomes attenuate retina degeneration of streptozotocin-induced diabetes in rabbits. J. Circ. Biomark. 2018, 7, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Wang, Y.; Kong, Y. Exosomes derived from mesenchymal stem cells modulate miR-126 to ameliorate hyperglycemia-induced retinal inflammation via targeting HMGB1. Investig. Ophthalmol. Vis. Sci. 2019, 60, 294–303. [Google Scholar] [CrossRef] [PubMed]

	



Fan, B.; Li, C.; Szalad, A.; Wang, L.; Pan, W.; Zhang, R.; Chopp, M.; Zhang, Z.G.; Liu, X.S. Mesenchymal stromal cell-derived exosomes ameliorate peripheral neuropathy in a mouse model of diabetes. Diabetologia 2020, 63, 431–443. [Google Scholar] [CrossRef]

	



Nakano, M.; Nagaishi, K.; Konari, N.; Saito, Y.; Chikenji, T.; Mizue, Y.; Fujimiya, M. Bone marrow-derived mesenchymal stem cells improve diabetes-induced cognitive impairment by exosome transfer into damaged neurons and astrocytes. Sci. Rep. 2016, 6, 1–14. [Google Scholar] [CrossRef]

	



Ghoryani, M.; Shariati-Sarabi, Z.; Tavakkol-Afshari, J.; Ghasemi, A.; Poursamimi, J.; Mohammadi, M. Amelioration of clinical symptoms of patients with refractory rheumatoid arthritis following treatment with autologous bone marrow-derived mesenchymal stem cells: A successful clinical trial in Iran. Biomed. Pharmacother. 2019, 109, 1834–1840. [Google Scholar] [CrossRef]

	



Cosenza, S.; Toupet, K.; Maumus, M.; Luz-Crawford, P.; Blanc-Brude, O.; Jorgensen, C.; Noël, D. Mesenchymal stem cells-derived exosomes are more immunosuppressive than microparticles in inflammatory arthritis. Theranostics 2018, 8, 1399–1410. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Wang, H.; Xia, Y.; Yan, F.; Lu, Y. Therapeutic Potential of Mesenchymal Cell–Derived miRNA-150-5p–Expressing Exosomes in Rheumatoid Arthritis Mediated by the Modulation of MMP14 and VEGF. J. Immunol. 2018, 201, 2472–2482. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, J.; Zhu, L.; Iok In, I.; Chen, Y.; Jia, N.; Zhu, W. Bone marrow-derived mesenchymal stem cells-secreted exosomal microRNA-192-5p delays inflammatory response in rheumatoid arthritis. Int. Immunopharmacol. 2020, 78, 105985. [Google Scholar] [CrossRef] [PubMed]

	



Hai, B.; Shigemoto-Kuroda, T.; Zhao, Q.; Lee, R.H.; Liu, F. Inhibitory effects of iPSC-MSCs and their extracellular vesicles on the onset of sialadenitis in a mouse model of Sjögren’s syndrome. Stem Cells Int. 2018, 2018, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Bai, L.; Shao, H.; Wang, H.; Zhang, Z.; Su, C.; Dong, L.; Yu, B.; Chen, X.; Li, X.; Zhang, X. Effects of Mesenchymal Stem Cell-Derived Exosomes on Experimental Autoimmune Uveitis. Sci. Rep. 2017, 7, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Jafarinia, M.; Alsahebfosoul, F.; Salehi, H.; Eskandari, N.; Azimzadeh, M.; Mahmoodi, M.; Asgary, S.; Ganjalikhani Hakemi, M. Therapeutic effects of extracellular vesicles from human adipose-derived mesenchymal stem cells on chronic experimental autoimmune encephalomyelitis. J. Cell. Physiol. 2020, 235, 8779–8790. [Google Scholar] [CrossRef]

	



Laso-García, F.; Ramos-Cejudo, J.; Carrillo-Salinas, F.J.; Otero-Ortega, L.; Feliú, A.; Gómez-de Frutos, M.C.; Mecha, M.; Díez-Tejedor, E.; Guaza, C.; Gutiérrez-Fernández, M. Therapeutic potential of extracellular vesicles derived from human mesenchymal stem cells in a model of progressive multiple sclerosis. PLoS ONE 2018, 13, 1–16. [Google Scholar] [CrossRef]

	



Clark, K.; Zhang, S.; Barthe, S.; Kumar, P.; Pivetti, C.; Kreutzberg, N.; Reed, C.; Wang, Y.; Paxton, Z.; Farmer, D.; et al. Placental Mesenchymal Stem Cell-Derived Extracellular Vesicles Promote Myelin Regeneration in an Animal Model of Multiple Sclerosis. Cells 2019, 8, 1497. [Google Scholar] [CrossRef]

	



Giunti, D.; Marini, C.; Parodi, B.; Usai, C.; Milanese, M.; Bonanno, G.; Kerlero de Rosbo, N.; Uccelli, A. Role of miRNAs shuttled by mesenchymal stem cell-derived small extracellular vesicles in modulating neuroinflammation. Sci. Rep. 2021, 11, 1–17. [Google Scholar] [CrossRef]

	



Patel, S.; Srivastava, S.; Singh, M.R.; Singh, D. Mechanistic insight into diabetic wounds: Pathogenesis, molecular targets and treatment strategies to pace wound healing. Biomed. Pharmacother. 2019, 112, 108615. [Google Scholar] [CrossRef]

	



Vileikyte, L. Diabetic foot ulcers: A quality of life issue. Diabetes Metab. Res. Rev. 2001, 17, 246–249. [Google Scholar] [CrossRef] [PubMed]

	



Nagaishi, K.; Mizue, Y.; Chikenji, T.; Otani, M.; Nakano, M.; Konari, N.; Fujimiya, M. Mesenchymal stem cell therapy ameliorates diabetic nephropathy via the paracrine effect of renal trophic factors including exosomes. Sci. Rep. 2016, 6, 1–16. [Google Scholar] [CrossRef]

	



Ebrahim, N.; Ahmed, I.; Hussien, N.; Dessouky, A.; Farid, A.; Elshazly, A.; Mostafa, O.; Gazzar, W.; Sorour, S.; Seleem, Y.; et al. Mesenchymal Stem Cell-Derived Exosomes Ameliorated Diabetic Nephropathy by Autophagy Induction through the mTOR Signaling Pathway. Cells 2018, 7, 226. [Google Scholar] [CrossRef] [PubMed]

	



Nassar, W.; El-Ansary, M.; Sabry, D.; Mostafa, M.A.; Fayad, T.; Kotb, E.; Temraz, M.; Saad, A.N.; Essa, W.; Adel, H. Umbilical cord mesenchymal stem cells derived extracellular vesicles can safely ameliorate the progression of chronic kidney diseases. Biomater. Res. 2016, 20, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Giannini, D.; Antonucci, M.; Petrelli, F.; Bilia, S.; Alunno, A.; Puxeddu, I. One year in review 2020: Pathogenesis of rheumatoid arthritis. Clin. Exp. Rheumatol. 2020, 38, 387–397. [Google Scholar] [PubMed]

	



El-Jawhari, J.J.; El-Sherbiny, Y.; McGonagle, D.; Jones, E. Multipotent Mesenchymal Stromal Cells in Rheumatoid Arthritis and Systemic Lupus Erythematosus; From a Leading Role in Pathogenesis to Potential Therapeutic Saviors? Front. Immunol. 2021, 12, 1–21. [Google Scholar] [CrossRef]

	



Zhang, Q.; Li, Q.; Zhu, J.; Guo, H.; Zhai, Q.; Li, B.; Jin, Y.; He, X.; Jin, F. Comparison of therapeutic effects of different mesenchymal stem cells on rheumatoid arthritis in mice. PeerJ 2019, 7, e7023. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Yoon, K.A.; Kang, T.W.; Jeon, H.J.; Sim, Y.B.; Choe, S.H.; Baek, S.Y.; Lee, S.; Seo, K.W.; Kang, K.S. Therapeutic effect of long-interval repeated intravenous administration of human umbilical cord blood-derived mesenchymal stem cells in DBA/1 mice with collagen-induced arthritis. J. Tissue Eng. Regen. Med. 2019, 13, 1134–1142. [Google Scholar] [CrossRef]

	



Zhou, B.; Yuan, J.; Zhou, Y.; Ghawji, M., Jr.; Deng, Y.P.; Lee, A.J.; Lee, A.J.; Nair, U.; Kang, A.H.; Brand, D.D.; et al. Administering human adipose-derived mesenchymal stem cells to prevent and treat experimental arthritis. Clin. Immunol. (Orlando Fla.) 2011, 141, 328–337. [Google Scholar] [CrossRef]

	



Shin, T.H.; Kim, H.S.; Kang, T.W.; Lee, B.C.; Lee, H.Y.; Kim, Y.J.; Shin, J.H.; Seo, Y.; Choi, S.W.; Lee, S.; et al. Human umbilical cord blood-stem cells direct macrophage polarization and block inflammasome activation to alleviate rheumatoid arthritis. Cell Death Dis. 2016, 7, e2524. [Google Scholar] [CrossRef]

	



Calkoen, F.G.J.; Brinkman, D.M.C.; Vervat, C.; Van Ostaijen-Ten Dam, M.M.; Cate, R.T.; Van Tol, M.J.D.; Ball, L.M. Mesenchymal stromal cells isolated from children with systemic juvenile idiopathic arthritis suppress innate and adaptive immune responses. Cytotherapy 2013, 15, 280–291. [Google Scholar] [CrossRef]

	



Álvaro-Gracia, J.M.; Jover, J.A.; García-Vicuña, R.; Carreño, L.; Alonso, A.; Marsal, S.; Blanco, F.; Martínez-Taboada, V.M.; Taylor, P.; Martín-Martín, C.; et al. Intravenous administration of expanded allogeneic adipose-derived mesenchymal stem cells in refractory rheumatoid arthritis (Cx611): Results of a multicentre, dose escalation, randomised, singleblind, placebo-controlled phase Ib/IIa clinical trial. Ann. Rheum. Dis. 2017, 76, 196–202. [Google Scholar] [CrossRef] [PubMed]

	



Park, E.H.; Lim, H.s.; Lee, S.; Roh, K.; Seo, K.W.; Kang, K.S.; Shin, K. Intravenous Infusion of Umbilical Cord Blood-Derived Mesenchymal Stem Cells in Rheumatoid Arthritis: A Phase Ia Clinical Trial. Stem Cells Transl. Med. 2018, 7, 636–642. [Google Scholar] [CrossRef] [PubMed]

	



Shadmanfar, S.; Labibzadeh, N.; Emadedin, M.; Jaroughi, N.; Azimian, V.; Mardpour, S.; Kakroodi, F.A.; Bolurieh, T.; Hosseini, S.E.; Chehrazi, M.; et al. Intra-articular knee implantation of autologous bone marrow–derived mesenchymal stromal cells in rheumatoid arthritis patients with knee involvement: Results of a randomized, triple-blind, placebo-controlled phase 1/2 clinical trial. Cytotherapy 2018, 20, 499–506. [Google Scholar] [CrossRef] [PubMed]

	



Ma, D.; Xu, K.; Zhang, G.; Liu, Y.; Gao, J.; Tian, M.; Wei, C.; Li, J.; Zhang, L. Immunomodulatory effect of human umbilical cord mesenchymal stem cells on T lymphocytes in rheumatoid arthritis. Int. Immunopharmacol. 2019, 74, 105687. [Google Scholar] [CrossRef] [PubMed]

	



Ghisi, M.; Corradin, A.; Basso, K.; Frasson, C.; Serafin, V.; Mukherjee, S.; Mussolin, L.; Ruggero, K.; Bonanno, L.; Guffanti, A.; et al. Modulation of microRNA expression in human T-cell development: Targeting of NOTCH3 by miR-150. Blood 2011, 117, 7053–7062. [Google Scholar] [CrossRef] [PubMed]

	



Murata, K.; Furu, M.; Yoshitomi, H.; Ishikawa, M.; Shibuya, H.; Hashimoto, M.; Imura, Y.; Fujii, T.; Ito, H.; Mimori, T.; et al. Comprehensive microRNA analysis identifies miR-24 and miR-125a-5p as plasma biomarkers for rheumatoid arthritis. PLoS ONE 2013, 8, e69118. [Google Scholar] [CrossRef]

	



Li, J.; Zhang, Y.; Liu, Y.; Dai, X.; Li, W.; Cai, X.; Yin, Y.; Wang, Q.; Xue, Y.; Wang, C.; et al. Microvesicle-mediated transfer of microRNA-150 from monocytes to endothelial cells promotes angiogenesis. J. Biol. Chem. 2013, 288, 23586–23596. [Google Scholar] [CrossRef]

	



Fox, R.I. Sjögren’s syndrome. Lancet 2005, 366, 321–331. [Google Scholar] [CrossRef]

	



Xu, J.; Wang, D.; Liu, D.; Fan, Z.; Zhang, H.; Liu, O.; Ding, G.; Gao, R.; Zhang, C.; Ding, Y.; et al. Allogeneic mesenchymal stem cell treatment alleviates experimental and clinical Sjögren syndrome. Blood 2012, 120, 3142–3151. [Google Scholar] [CrossRef] [PubMed]

	



Prete, M.; Dammacco, R.; Fatone, M.C.; Racanelli, V. Autoimmune uveitis: Clinical, pathogenetic, and therapeutic features. Clin. Exp. Med. 2016, 16, 125–136. [Google Scholar] [CrossRef] [PubMed]

	



Caspi, R.R. Experimental autoimmune uveoretinitis in the rat and mouse. Curr. Protoc. Immunol. 2003, 1–20. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Ren, X.; Li, G.; Jiao, C.; Zhang, L.; Zhao, S.; Wang, J.; Han, Z.C.; Li, X. Mesenchymal stem cells ameliorate experimental autoimmune uveoretinitis by comprehensive modulation of systemic autoimmunity. Investig. Ophthalmol. Vis. Sci. 2011, 52, 3143–3152. [Google Scholar] [CrossRef]

	



Tasso, R.; Ilengo, C.; Quarto, R.; Cancedda, R.; Caspi, R.R.; Pennesi, G. Mesenchymal stem cells induce functionally active T-regulatory lymphocytes in a paracrine fashion and ameliorate experimental autoimmune uveitis. Investig. Ophthalmol. Vis. Sci. 2012, 53, 786–793. [Google Scholar] [CrossRef]

	



Li, G.; Yuan, L.; Ren, X.; Nian, H.; Zhang, L.; Han, Z.C.; Li, X.; Zhang, X. The effect of mesenchymal stem cells on dynamic changes of T cell subsets in experimental autoimmune uveoretinitis. Clin. Exp. Immunol. 2013, 173, 28–37. [Google Scholar] [CrossRef]

	



Ko, J.H.; Lee, H.J.; Jeong, H.J.; Kim, M.K.; Wee, W.R.; Yoon, S.O.; Choi, H.; Prockop, D.J.; Oh, J.Y. Mesenchymal stem/stromal cells precondition lung monocytes/macrophages to produce tolerance against allo—and autoimmunity in the eye. Proc. Natl. Acad. Sci. USA 2016, 113, 158–163. [Google Scholar] [CrossRef]

	



Oh, J.Y.; Kim, T.W.; Jeong, H.J.; Lee, H.J.; Ryu, J.S.; Wee, W.R.; Heo, J.W.; Kim, M.K. Intraperitoneal infusion of mesenchymal stem/stromal cells prevents experimental autoimmune uveitis in mice. Mediat. Inflamm. 2014, 2014, 624640. [Google Scholar] [CrossRef]

	



Shaimardanova, A.; Solovyeva, V.; Chulpanova, D.; James, V.; Kitaeva, K.; Rizvanov, A. Extracellular vesicles in the diagnosis and treatment of central nervous system diseases. Neural Regen. Res. 2020, 15, 586–596. [Google Scholar] [CrossRef]

	



Thompson, A.J.; Baranzini, S.E.; Geurts, J.; Hemmer, B.; Ciccarelli, O. Multiple sclerosis. Lancet 2018, 391, 1622–1636. [Google Scholar] [CrossRef]

	



Dolcetti, E.; Bruno, A. Emerging Role of Extracellular Vesicles in the Pathophysiology of Multiple Sclerosis. Int. J. Mol. Sci. 2020, 21, 7336. [Google Scholar] [CrossRef] [PubMed]

	



Gugliandolo, A.; Bramanti, P.; Mazzon, E. Mesenchymal stem cells in multiple sclerosis: Recent evidence from pre-clinical to clinical studies. Int. J. Mol. Sci. 2020, 21, 8662. [Google Scholar] [CrossRef]

	



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]

	



Dahbour, S.; Jamali, F.; Alhattab, D.; Al-Radaideh, A.; Ababneh, O.; Al-Ryalat, N.; Al-Bdour, M.; Hourani, B.; Msallam, M.; Rasheed, M.; et al. Mesenchymal stem cells and conditioned media in the treatment of multiple sclerosis patients: Clinical, ophthalmological and radiological assessments of safety and efficacy. CNS Neurosci. Ther. 2017, 23, 866–874. [Google Scholar] [CrossRef]

	



Harris, V.K.; Stark, J.; Vyshkina, T.; Blackshear, L.; Joo, G.; Stefanova, V.; Sara, G.; Sadiq, S.A. Phase I Trial of Intrathecal Mesenchymal Stem Cell-derived Neural Progenitors in Progressive Multiple Sclerosis. EBioMedicine 2018, 29, 23–30. [Google Scholar] [CrossRef] [PubMed]

	



Riordan, N.H.; Morales, I.; Fernández, G.; Allen, N.; Fearnot, N.E.; Leckrone, M.E.; Markovich, D.J.; Mansfield, D.; Avila, D.; Patel, A.N.; et al. Clinical feasibility of umbilical cord tissue-derived mesenchymal stem cells in the treatment of multiple sclerosis. J. Transl. Med. 2018, 16, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Matei, A.C.; Antounians, L.; Zani, A. Extracellular Vesicles as a Potential Therapy for Neonatal Conditions: State of the Art and Challenges in Clinical Translation. Pharmaceutics 2019, 11, 404. [Google Scholar] [CrossRef] [PubMed]

	



Fanouriakis, A.; Kostopoulou, M.; Alunno, A. 2019 update of the EULAR recommendations for the management of systemic lupus erythematosus. Ann. Rheum. Dis. (ARD) 2019, 78, 736–745. [Google Scholar] [CrossRef]

	



Tang, W.Y.; Liu, J.H.; Peng, C.J.; Liao, Y.; Luo, J.S.; Sun, X.; Tang, Y.L.; Luo, X.Q. Functional Characteristics and Application of Mesenchymal Stem Cells in Systemic Lupus Erythematosus. Arch. Immunol. Ther. Exp. 2021, 69, 7. [Google Scholar] [CrossRef]

	



Sharma, J.; Hampton, J.M.; Valiente, G.R.; Wada, T.; Steigelman, H.; Young, M.C.; Spurbeck, R.R.; Blazek, A.D.; Bösh, S.; Jarjour, W.N.; et al. Therapeutic development of mesenchymal stem cells or their extracellular vesicles to inhibit autoimmune-mediated inflammatory processes in systemic lupus erythematosus. Front. Immunol. 2017, 8, 1–7. [Google Scholar] [CrossRef]

	



Sun, L.; Akiyama, K.; Zhang, H.; Yamaza, T.; Hou, Y.; Zhao, S.; Xu, T.; Le, A.; Shi, S. Mesenchymal stem cell transplantation reverses multiorgan dysfunction in systemic lupus erythematosus mice and humans. Stem Cells 2009, 27, 1421–1432. [Google Scholar] [CrossRef]

	



Schena, F.; Gambini, C.; Gregorio, A.; Mosconi, M.; Reverberi, D.; Gattorno, M.; Casazza, S.; Uccelli, A.; Moretta, L.; Martini, A.; et al. Interferon-γ-dependent inhibition of B cell activation by bone marrow-derived mesenchymal stem cells in a murine model of systemic lupus erythematosus. Arthritis Rheum. 2010, 62, 2776–2786. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Che, N.; Gu, Z.; Huang, J.; Wang, D.; Liang, J.; Hou, Y.; Gilkeson, G.; Lu, L.; Sun, L. Allogenic mesenchymal stem cell transplantation ameliorates nephritis in lupus mice via inhibition of B-cell activation. Cell Transplant. 2013, 22, 2279–2290. [Google Scholar] [CrossRef] [PubMed]

	



Jang, E.; Jeong, M.; Kim, S.; Jang, K.; Kang, B.K.; Lee, D.Y.; Bae, S.C.; Kim, K.S.; Youn, J. Infusion of human bone marrow-derived mesenchymal stem cells alleviates autoimmune nephritis in a lupus model by suppressing follicular helper T-cell development. Cell Transplant. 2016, 25, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, T.; Li, H.Y.; Liao, C.; Lin, W.; Lin, S. Clinical Efficacy and Safety of Mesenchymal Stem Cells for Systemic Lupus Erythematosus. Stem Cells Int. 2020, 2020, 6518508. [Google Scholar] [CrossRef]

	



Perez-Hernandez, J.; Redon, J.; Cortes, R. Extracellular vesicles as therapeutic agents in systemic lupus erythematosus. Int. J. Mol. Sci. 2017, 18, 717. [Google Scholar] [CrossRef]

	



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]

	



Gomzikova, M.O.; Aimaletdinov, A.M.; Bondar, O.V.; Starostina, I.G.; Gorshkova, N.V.; Neustroeva, O.A.; Kletukhina, S.K.; Kurbangaleeva, S.V.; Vorobev, V.V.; Garanina, E.E.; et al. Immunosuppressive properties of cytochalasin B-induced membrane vesicles of mesenchymal stem cells: Comparing with extracellular vesicles derived from mesenchymal stem cells. Sci. Rep. 2020, 10, 10740. [Google Scholar] [CrossRef]

	



Nikfarjam, S.; Rezaie, J.; Zolbanin, N.M.; Jafari, R. Mesenchymal stem cell derived-exosomes: A modern approach in translational medicine. J. Transl. Med. 2020, 18, 449. [Google Scholar] [CrossRef]








[image: Ijms 22 10132 g001 550] 





Figure 1. Interaction of MSCs with cells involved in innate and adaptive immune responses. The immunomodulatory effects of MSCs are mediated via cell–cell contact and secretion of soluble factors. MSC: Mesenchymal stromal cells. 
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Figure 2. Overview of the impact of MSC-derived EVs in autoimmune disorders. MSC: mesenchymal stromal cells; EV: extracellular vesicles. 
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Table 1. Soluble factors secreted by MSCs and their biological functions.
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	Soluble Factors
	Biological Functions
	References





	ITGα1, ITGα3, ITGα4 ITGα5, CD44, Galectin, CXCL12
	Cell attachment, spreading, proliferation, differentiation
	[86,87,88,89,90]



	MT1-MMP, MMP1, MMP9, TIMP1, TIMP2, TIMP4, PA, TNF-α
	Cell–cell adhesion, tissue remodeling, cell migration, invasion, proliferation, apoptosis, differentiation, angiogenesis
	[91,92,93]



	CCR2, CCR7, CCR10, CXCR4, CXCR5, CXCR6
	Migration, angiogenesis immunomodulation
	[94,95]



	HLA-G5, IDO, iNOS, IL-6, IL-10, LIF, PGE2, TGF-β
	Immunomodulation
	[35,42,51,96]



	ANGs, FGF2, TGF-β, VEGF
	Angiogenesis
	[92,97,98,99,100,101,102,103]



	FGF2, GM-CSF, IGF, SFRP1,SFRP-2,TGF-β
	Cell survival and proliferation
	[92,97,104,105,106,107,108]







ANGs: Angiopoietins, CCR: CC chemokine receptor, CXCL12: C-X-C motif chemokine ligand 12, CXCR: C-X-C motif chemokine receptor, FGF2: Fibroblast growth factor 2, GM-CSF: Granulocyte macrophage colony stimulating factor, HLA-G5: Human leukocyte antigen G5, IDO: Indoleamine 2,3-dioxygenase, IGF: Insulin-like growth factor, iNOS: inducible nitric oxide synthase, IL: Interleukin, ITG: Integrin, LIF: Leukemia inhibitory factor, MMP: Matrix metalloproteinase, MT-MMP: Membrane-yype matrix metalloproteinase, PA: Plasminogen activator, PGE2: Prostaglandin E2, SFRP: Secreted frizzled-related protein, TIMP: Tissue inhibitor of metalloproteinase, TGF-β: Transforming growth factor beta, TNF-α: Tumor necrosis factor-alpha, VEGF: Vascular endothelial growth factor.
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Table 2. In vitro and preclinical studies of MSC-derived EVs in autoimmune diseases.
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	Disease
	Experimental Model
	EV Source
	Administration Route
	Effects
	Outcome
	Reference





	DM
	Mouse model, in vitro study
	Human MSCs
	iv injection
	Suppression of Th1 and Th17, inhibition of APC activation
	Delay of disease onset
	[162]



	DM
	In vitro study
	Human BM-MSCs
	
	CD14+ cells’ differentiation to IL-10 secreating DCs, inhibition of Th17 and upregulation of Tregs
	
	[118]



	DM
	Mouse model
	Mouse AD-MSCs
	ip injection
	Increase in Tregs and anti-inflammatory cytokine
	Pancreatic islet regeneration, blood glucose levels and body weight improvement
	[163]



	DM
	Rat model
	Human MenSCs
	iv injection
	Pancreatic and duodenal homeobox 1 pathway modulation
	Increase in β-islet mass and insulin production
	[164]



	DM
	Mouse model
	Genetically manipulated human BM-MSCs
	Human islets and MSCs co-culture
	Downregulation of Fas and miR-375
	Improvement of survival and function of islet allograft
	[165]



	Diabeticulcer
	Mouse model, in vitro study
	Genetically manipulated mouse BM-MSCs
	Intracutanous injection
	Enhancement of fibroblast proliferation and migration
	Stimulation of wound healing
	[166]



	Diabetic retinopathy
	Rabbit model
	Rabbit AD-MSCs
	iv, subconjunctival and intraocular injection
	Increase in miR-222 expression
	Retina regeneration
	[167]



	Diabeticretinopathy
	Rat model
	Manipulated human UC-MSCs
	Intravitreal injection
	Inhibition of HMGB1 signaling pathway
	Alleviation of retinal inflammation
	[168]



	Diabetic peripheral neuropathy
	Mouse model
	Mouse BM-MSCs
	iv injection
	M2 macrophage phenotype enhancement
	Increase in myelin thickness and nerve axonal diameter
	[169]



	Cognitive impairment in diabetes
	Rat model
	Rat BM-MSCs
	iv, intracerebroventricular injection
	Inhibition of oxidative stress and increases synaptic density
	Cognitive improvement
	[170]



	Diabetic nephropathy
	Mouse model
	Human BM-MSCs
	iv injection
	Inhibition of renal fibrosis
	Improvement of renal function
	[120]



	RA
	In vitro study
	human UC-MSCs
	
	Increase in Treg/Th17 ratio, up-regulation of IL-17 and TGF-β
	
	[171]



	RA
	Mouse model
	Mouse BM-MSCs
	iv injection
	Increase in Tregs, decrease in CD4+ and CD8+ cells, suppression of Bregs and plasmablasts in lymph nodes
	Decreased clinical signs of inflammation
	[172]



	RA
	Mouse model
	Genetically manipulated mouse BM-MSCs
	ip injection 186
	Inhibition of migration of fibroblast-like synoviocytes, down-regulation of angiogenesis
	Amelioration of joint inflammation and clinical arthritis score
	[173]



	RA
	Rat model
	Genetically manipulated rat BM-MSCs
	iv injection
	Suppression of pro-inflammatory cytokines
	Reduction in clinical arthritic scores, joint destruction, and inflammatory response
	[174]



	Sjogren’s syndrome
	Mouse model, in vitro study
	BM-MSCs, iPSC-MSCs
	iv injection
	Inhibition of Tfh and Th17 differentiation, APCs activation and expression of costimulatory mole-cules by salivary gland epithelial cells
	Delay in lymphocyte infiltration into salivary glands and decrease in serum autoantibody levels
	[175]



	Experimental autoimmune uveitis
	Rat model, in vitro study
	UC-MSCs
	Periocular injection
	Inhibition of chemoattractive effects of CCL2 and CCL21 on inflammatory cells, reduction in infiltration of inflammatory cells in the eyes.
	Reduced the intensity of experimental auto-immune uveitis
	[176]



	Experimental autoimmune uveitis
	Mouse model, in vitro study
	Human MSCs
	iv injection
	Inhibition Th1 and Th17, decrease in co-stimulatory factors and MHCII in APCs
	Decrease in retinal structural damage
	[162]



	Multiple sclerosis/experimental autoimmuneencephalomyelitis
	mouse model
	human BM-MSCs and UC-MSCs
	iv injection
	reduction of demyelination, decrease in neuroinflammation and upregulation Tregs within the spinal cord
	amelioration of neurological clinical score
	[177]



	Multiple sclerosis/experimental autoimmune encephalomyelitis
	Mouse model
	Human AD-MSCs
	iv injection
	Reduction in T-cell proliferation, leukocyte infiltration and demyelination
	Improvement in neurological clinical score
	[178]



	Multiple sclerosis/Theiler’s murine encephalomyelitis virus-induced demyelinating disease
	Mouse model
	Human AD-MSCs
	iv injection
	Modulation of activation state of microglia, reduction in proinflammatory cytokine levels in the plasma
	Decreased inflammatory infiltrates in the spinal cord, reduction in brain atrophy and improvement in motor function
	[179]



	Multiple sclerosis/experimental autoimmune encephalomyelitis
	Mouse model
	Human P-MSCs
	iv injection
	Reduction in DNA damage in oligodendroglia, induction of oligodendrocyte precursors differentiation towards mature myelinating cells and increase myelination
	improvement in motor deficit
	[180]



	Multiple sclerosis/experimental autoimmune encephalomyelitis
	Mouse model, in vitro study
	Mouse BM-MSCs
	iv injection
	Reduction in the pro-inflammatory phenotype of microglia cells attributed to miR-467f and miR-466q mediating downregulating of the p38 MAPK signaling pathway
	Reduction in proinflammatory markers in the spinal cord of the animals but no effect on disease course
	[181]







AD-MSC: Adipose tissue-derived MSCs, BM-MSCs: Bone marrow-derived MSCs, DCs: Dendritic cells, EAE: Experimental autoimmune encephalomyelitis, HMGB1: High mobility group Box 1, ip: intraperitoneal, iPSCs: Human-induced pluripotent stem cells, iv: intravenous, MenSCs: Menstrual blood-derived MSCs, miRNA: micro RNA, MSCs: Mesenchymal stromal cells, Th1: T helper 1 cells, Th17: T helper 17 cells, TfH: T follicular helper cells, APCs: antigen-presenting cells, Tregs: T regulatory cells, P-MSCs: placenta-derived MSCs, RAC2: Ras-related C3 botulinum toxin substrate 2, UC-MSCs: umbilical cord-derived MSCs.
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