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Abstract
BACKGROUND
[bookmark: OLE_LINK737][bookmark: OLE_LINK738][bookmark: OLE_LINK915][bookmark: OLE_LINK916][bookmark: OLE_LINK1264][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK645][bookmark: OLE_LINK646][bookmark: OLE_LINK647][bookmark: OLE_LINK648][bookmark: OLE_LINK649][bookmark: OLE_LINK650][bookmark: OLE_LINK651][bookmark: OLE_LINK652][bookmark: OLE_LINK653][bookmark: OLE_LINK654][bookmark: OLE_LINK502][bookmark: OLE_LINK504][bookmark: OLE_LINK74][bookmark: OLE_LINK10][bookmark: OLE_LINK364][bookmark: OLE_LINK371][bookmark: OLE_LINK173][bookmark: OLE_LINK182][bookmark: OLE_LINK552][bookmark: OLE_LINK589][bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK362][bookmark: OLE_LINK363][bookmark: OLE_LINK553][bookmark: OLE_LINK554][bookmark: OLE_LINK555][bookmark: OLE_LINK557][bookmark: OLE_LINK558][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK430][bookmark: OLE_LINK454][bookmark: OLE_LINK31][bookmark: OLE_LINK30][bookmark: OLE_LINK29][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK505][bookmark: OLE_LINK506][bookmark: OLE_LINK671][bookmark: OLE_LINK747][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK745][bookmark: OLE_LINK746][bookmark: OLE_LINK752][bookmark: OLE_LINK753][bookmark: OLE_LINK16][bookmark: OLE_LINK15][bookmark: OLE_LINK699][bookmark: OLE_LINK507][bookmark: OLE_LINK926]Mesenchymal stem cells (MSCs) have been widely investigated in rheumatic disease due to their immunomodulatory and regenerative properties. Recently, mounting studies have implicated the therapeutic potency of MSCs mostly due to the bioactive factors they produce. Extracellular vesicles (EVs) derived from MSCs have been identified as a promising cell-free therapy due to low immunogenicity. Rheumatic disease, primarily including rheumatoid arthritis and osteoarthritis, is a group of diseases in which immune dysregulation and chronic progressive inflammation lead to irreversible joint damage. Targeting MSCs and MSC-derived EVs may be a more effective and promising therapeutic strategy for rheumatic diseases.

AIM
[bookmark: OLE_LINK917][bookmark: OLE_LINK1265][bookmark: OLE_LINK1266][bookmark: OLE_LINK1267]To evaluate the potential therapeutic effectiveness of MSCs and EVs generated from MSCs in rheumatic diseases.

METHODS
[bookmark: OLE_LINK634][bookmark: OLE_LINK918][bookmark: OLE_LINK919][bookmark: OLE_LINK685][bookmark: OLE_LINK686][bookmark: OLE_LINK635][bookmark: OLE_LINK636][bookmark: OLE_LINK638][bookmark: OLE_LINK639][bookmark: OLE_LINK640][bookmark: OLE_LINK637]PubMed was searched for the relevant literature using corresponding search terms alone or in combination. Papers published in English language from January 1999 to February 2020 were considered. Preliminary screening of papers concerning analysis of "immunomodulatory function" or "regenerative function" by scrutinizing the titles and abstracts of the literature, excluded the papers not related to the subject of the article. Some other related studies were obtained by manually retrieving the reference lists of papers that comply with the selection criteria, and these studies were screened to meet the final selection and exclusion criteria.

RESULTS
[bookmark: OLE_LINK920][bookmark: OLE_LINK921][bookmark: OLE_LINK739][bookmark: OLE_LINK740][bookmark: OLE_LINK674][bookmark: OLE_LINK675][bookmark: OLE_LINK676][bookmark: OLE_LINK682][bookmark: OLE_LINK683][bookmark: OLE_LINK680][bookmark: OLE_LINK681][bookmark: OLE_LINK684][bookmark: OLE_LINK660][bookmark: OLE_LINK661][bookmark: OLE_LINK672][bookmark: OLE_LINK673][bookmark: OLE_LINK12][bookmark: OLE_LINK678][bookmark: OLE_LINK679]Eighty-six papers were ultimately selected for analysis. After analysis of the literature, it was found that both MSCs and EVs generated from MSCs have great potential in multiple rheumatic diseases, such as rheumatoid arthritis and osteoarthritis, in repair and regeneration of tissues, inhibition of inflammatory response, and regulation of body immunity via promoting chondrogenesis, regulating innate and adaptive immune cells, and regulating the secretion of inflammatory factors. But EVs from MSCs exhibit much more advantages over MSCs, which may represent another promising cell-free restorative strategy. Targeting MSCs and MSC-derived EVs may be a more efficient treatment for patients with rheumatic diseases.

CONCLUSION
[bookmark: OLE_LINK922][bookmark: OLE_LINK13][bookmark: OLE_LINK14]The enormous potential of MSCs and EVs from MSCs in immunomodulation and tissue regeneration offers a new idea for the treatment of rheumatism. However, more in-depth exploration is needed before their clinical application.
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[bookmark: OLE_LINK630][bookmark: OLE_LINK631][bookmark: OLE_LINK632][bookmark: OLE_LINK700][bookmark: OLE_LINK701][bookmark: OLE_LINK702][bookmark: OLE_LINK670]Core tip: Mesenchymal stem cells (MSCs) and MSC-derived extracellular vesicles (EVs) have long been thought to possess considerable immunomodulatory and regenerative potential. Rheumatic disease is a group of diseases marked by immune dysregulation and chronic progressive inflammation. Targeting MSCs and MSC-derived EVs may be a more efficient treatment for rheumatic diseases. However, before their application in the clinical treatment, a large number of preclinical studies and clinical studies are required to thoroughly assess their safety and efficiency. This work summarizes current advances and offers a strong basis for the next study of MSCs and MSC-derived EVs in this field.
[bookmark: OLE_LINK615][bookmark: OLE_LINK882]

[bookmark: OLE_LINK372][bookmark: OLE_LINK520][bookmark: OLE_LINK656][bookmark: OLE_LINK657][bookmark: OLE_LINK150][bookmark: OLE_LINK151]INTRODUCTION
[bookmark: OLE_LINK732][bookmark: OLE_LINK733][bookmark: OLE_LINK357][bookmark: OLE_LINK358][bookmark: OLE_LINK396][bookmark: OLE_LINK397][bookmark: OLE_LINK750][bookmark: OLE_LINK751][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK757][bookmark: OLE_LINK758][bookmark: OLE_LINK304][bookmark: OLE_LINK305][bookmark: OLE_LINK300][bookmark: OLE_LINK301][bookmark: OLE_LINK307][bookmark: OLE_LINK310][bookmark: OLE_LINK311][bookmark: OLE_LINK755][bookmark: OLE_LINK764][bookmark: OLE_LINK418][bookmark: OLE_LINK308][bookmark: OLE_LINK309][bookmark: OLE_LINK306][bookmark: OLE_LINK517][bookmark: OLE_LINK518][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK443][bookmark: OLE_LINK444][bookmark: OLE_LINK445][bookmark: OLE_LINK453][bookmark: OLE_LINK9][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK312][bookmark: OLE_LINK313][bookmark: OLE_LINK411][bookmark: OLE_LINK412][bookmark: OLE_LINK515]Rheumatic disease is a group of diseases with high morbidity over the world that can affect the musculoskeletal system, leading to arthritis, joint damage, and joint disability[1,2]. Rheumatoid arthritis (RA) and osteoarthritis (OA) are the two most prevalent rheumatic diseases with arthritis worldwide[1,2]. RA is a common systemic autoimmune disorder characterized by hyperplasia of the synovial membrane, infiltration of inflammatory cells, bone and cartilage progressive damage, and multiple organ involvement[3]. Uncontrolled and progressive inflammation and joint damage make RA patients have irreversible joint deformity and decreased life quality. Although disease-modifying anti-rheumatic drugs and nonsteroidal anti-inflammatory drugs have been routinely applied in the clinic to prevent or delay the progression of the disease, the effective therapy to cure RA patients is still absent. Another prevalent joint condition in the elderly is OA, a disease marked by irreversible degeneration of multi-articular cartilage, changes of the underlying bone structure, synovitis, and osteophyte formation[4]. Various pro-inflammatory mediators are deemed to participate in the pathogenesis of OA, such as matrix metalloproteinases (MMPs), tumor necrosis factor-α, and interleukin (IL)-6. The contribution of imbalance between anabolism and catabolism in the joint as well as the load of mechanical stress to OA has been shown in a previous study[5]. Despite advances in the treatment of rheumatic diseases, their pathogenesis remains largely unknown.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK643][bookmark: OLE_LINK644][bookmark: OLE_LINK655][bookmark: OLE_LINK633][bookmark: OLE_LINK37][bookmark: OLE_LINK138][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK314][bookmark: OLE_LINK431][bookmark: OLE_LINK257][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK260][bookmark: OLE_LINK261][bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK264][bookmark: OLE_LINK318][bookmark: OLE_LINK317][bookmark: OLE_LINK316][bookmark: OLE_LINK1233][bookmark: OLE_LINK1234][bookmark: OLE_LINK1229][bookmark: OLE_LINK1230][bookmark: OLE_LINK1225][bookmark: OLE_LINK1226][bookmark: OLE_LINK658][bookmark: OLE_LINK659][bookmark: OLE_LINK508][bookmark: OLE_LINK509][bookmark: OLE_LINK1261][bookmark: OLE_LINK1262][bookmark: OLE_LINK641][bookmark: OLE_LINK642][bookmark: OLE_LINK405][bookmark: OLE_LINK422][bookmark: OLE_LINK427][bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: OLE_LINK281][bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK284][bookmark: OLE_LINK285][bookmark: OLE_LINK286][bookmark: OLE_LINK287][bookmark: OLE_LINK288][bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK296][bookmark: OLE_LINK297][bookmark: OLE_LINK298][bookmark: OLE_LINK299][bookmark: OLE_LINK302][bookmark: OLE_LINK303][bookmark: OLE_LINK315][bookmark: OLE_LINK324][bookmark: OLE_LINK325][bookmark: OLE_LINK326][bookmark: OLE_LINK359][bookmark: OLE_LINK366][bookmark: OLE_LINK367][bookmark: OLE_LINK370][bookmark: OLE_LINK394]The immune regulatory and regenerative effects of mesenchymal stem cells (MSCs) provide new insight into the treatment of rheumatic diseases. It has been demonstrated that MSCs can be used to treat RA and OA by regulating both innate and adaptive immune cells[6,7]. MSCs can suppress the multiplication and development of T cells and B cells, induce more regulatory T cells (Tregs), promote the polarization of M2 macrophages, impair the function of dendritic cells (DCs), as well as decrease the maturation and cytotoxicity of natural killer (NK) cells[8] (Figure 1). In addition, it has been demonstrated that the predominant mechanism by which MSCs exert their effects is producing a large variety of paracrine, rather than contact-dependent, mediators[9], although MSCs can work either directly or indirectly. These mediators include growth factors, cytokines, chemokines and so forth[10], among which extracellular vesicle (EV) is one of the most important kind which can mimic the MSC-based immunomodulatory and regenerative effects by delivering bioactive factors, such as proteins, nucleotides, lipids and so on.
[bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK144][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK165][bookmark: OLE_LINK403][bookmark: OLE_LINK404][bookmark: OLE_LINK186][bookmark: OLE_LINK185][bookmark: OLE_LINK329][bookmark: OLE_LINK330][bookmark: OLE_LINK331][bookmark: OLE_LINK332][bookmark: OLE_LINK510][bookmark: OLE_LINK336][bookmark: OLE_LINK335][bookmark: OLE_LINK339][bookmark: OLE_LINK334][bookmark: OLE_LINK333][bookmark: OLE_LINK338][bookmark: OLE_LINK337][bookmark: OLE_LINK690][bookmark: OLE_LINK691][bookmark: OLE_LINK692][bookmark: OLE_LINK695][bookmark: OLE_LINK696][bookmark: OLE_LINK697][bookmark: OLE_LINK698]EVs are nanoscale vesicles enwrapped by phospholipid bilayers and can be purified from various body fluids such as blood, urine, synovial fluid, and saliva[11]. It has been demonstrated that EVs play an essential role in cell-to-cell communication owing to their ability to encapsulate and deliver a variety of bioactive molecules, including proteins, lipids, mRNAs, microRNAs (miRNAs), and long noncoding RNAs, from parent cells to recipient cells[12]. The specific components of their contents vary with environmental conditions[13]. Almost all types of cells can generate and release EVs into extracellular space, which retain almost similar properties to their parental cells[14,15]. MSC-EVs in rheumatic diseases have drawn increasing attention in the last decade.
[bookmark: OLE_LINK709][bookmark: OLE_LINK710][bookmark: OLE_LINK706][bookmark: OLE_LINK707][bookmark: OLE_LINK708][bookmark: OLE_LINK704][bookmark: OLE_LINK705]Currently, as there is no cure for RA and OA, searching for novel and effective treatment to attenuate pain and stop further damage has become a goal of the treatment of rheumatic diseases. Existing studies have demonstrated the significant advantages and great potential of MSCs and their EVs in immunomodulation and tissue damage repair. Targeting MSCs and MSC-derived EVs may be a more promising treatment for rheumatic diseases. This review summarizes recent advances in the functional roles and mechanisms of MSCs and EVs generated from MSCs in rheumatic disease, with a special focus on their potential therapeutic effects, providing rationalities for further research of MSCs and MSC-derived EVs in this field.

MATERIALS AND METHODS
Search strategy
[bookmark: OLE_LINK666][bookmark: OLE_LINK667]The keywords of “mesenchymal stem cell, extracellular vesicle, autoimmunity, inflammation, rheumatoid arthritis, osteoarthritis, and rheumatic disease” were used alone or in combination to retrieve articles related to “immunomodulation” and “tissue regeneration and repair” in PubMed. Papers published in English language from January 1999 to February 2020 and available in full text were under consideration. Preliminary screening of papers concerning analysis of "immunomodulatory function" or "regenerative function" by scrutinizing the titles and abstracts of the literature, excluded the papers not related to the subject of the article. Some other related studies were obtained by manually retrieving the reference lists of papers that meet the selection criteria, and these studies were screened to meet the final selection and exclusion criteria.

Study eligibility criteria
The selection criteria were: (1) The subjects of research cover MSCs or EVs from MSCs with regard to mechanisms of immune regulation or tissue regeneration and repair; (2) the literature deals with relevant research and clinical application of MSCs or EVs from MSCs in the treatment of RA, OA, or other related diseases; (3) articles recently published or published in authoritative and professional journals in the same field; and (4) high-quality articles with reliable arguments.
[bookmark: OLE_LINK664][bookmark: OLE_LINK665]The following search records were excluded: (1) The content of research is repetitive and obsolete; (2) literature unrelated to the treatment of MSCs or MSC-derived EVs for RA or OA; (3) full text not available or those published in non-English language; and (4) review, meta-analysis, and protocols.

Quality assessment
[bookmark: OLE_LINK668][bookmark: OLE_LINK669][bookmark: OLE_LINK735][bookmark: OLE_LINK736]According to the inclusion criteria, two authors first scrutinized the titles and abstracts of the literature selected using the relevant keywords for preliminary screening to assess the effectiveness and applicability of the included literature. And to exclude articles that are inconsistent with the subjects of the study or that are repetitive, all authors read through the full text according to the exclusion criteria. Finally, 86 papers were selected for review and analysis.

Statistical analysis
[bookmark: OLE_LINK1249][bookmark: OLE_LINK1250]This study is a systematic review of the literature, which did not involve any available statistical methods.

RESULTS
[bookmark: OLE_LINK883][bookmark: OLE_LINK884][bookmark: OLE_LINK729]A total of 86 articles were included in the analysis after completing all the retrieval and review work (Figure 2). And a few articles were obtained by manually retrieving the reference lists of papers that comply with the selection criteria, and these studies were screened to meet the final selection and exclusion criteria. Figure 2 shows the process of literature retrieval. The great potential demonstrated in the literature of MSCs and MSC-derived EVs in modulating immune inflammation and promoting tissue regeneration supports their use in rheumatic disease.
[bookmark: OLE_LINK834][bookmark: OLE_LINK835][bookmark: OLE_LINK836][bookmark: OLE_LINK782][bookmark: OLE_LINK785][bookmark: OLE_LINK819][bookmark: OLE_LINK820][bookmark: OLE_LINK821][bookmark: OLE_LINK822][bookmark: OLE_LINK823][bookmark: OLE_LINK824][bookmark: OLE_LINK825][bookmark: OLE_LINK790][bookmark: OLE_LINK800][bookmark: OLE_LINK830][bookmark: OLE_LINK831][bookmark: OLE_LINK826][bookmark: OLE_LINK827][bookmark: OLE_LINK828][bookmark: OLE_LINK829][bookmark: OLE_LINK765][bookmark: OLE_LINK781][bookmark: OLE_LINK832][bookmark: OLE_LINK833][bookmark: OLE_LINK837][bookmark: OLE_LINK838][bookmark: OLE_LINK839][bookmark: OLE_LINK840][bookmark: OLE_LINK846][bookmark: OLE_LINK847][bookmark: OLE_LINK848][bookmark: OLE_LINK843][bookmark: OLE_LINK844][bookmark: OLE_LINK845][bookmark: OLE_LINK849][bookmark: OLE_LINK850][bookmark: OLE_LINK851][bookmark: OLE_LINK852][bookmark: OLE_LINK853]At present, there is increasingly literature about the potential therapeutic value of MSCs in RA or OA. The application of MSCs in RA has primarily concentrated on their immunomodulation, and regenerative potential of MSCs has been intensively studied in experimental models of OA. A single intraperitoneal administration of MSCs could prevent further damage of articular bone and cartilage in a collagen-induced arthritis (CIA) mouse model representing human rheumatoid arthritis, proving that the joint protective effect is caused by the immunomodulation mediated by MSCs[16]. The beneficial effect of MSCs on RA is being gradually identified, from RA-like inflammatory models to refractory RA patients. Single intravenous injection of bone marrow-derived MSCs (BM-MSCs) to nine refractory RA patients without any other rheumatic diseases acquired a significant improvement of clinical symptoms[17]. The exciting results of MSC regenerative potential have been obtained in preclinical models as well as in patients with OA or damage of joint surface. The suppression of synovial activation, ligament related enthesophyte formation, and cartilage damage can be observed after intra-articular infusion of adipose tissue-derived MSCs (ADSCs) to mouse models with OA[18]. In addition, the similar effect of MSCs for cartilage regeneration also appeared in larger OA models such as the donkey and goat[19,20].
[bookmark: OLE_LINK867][bookmark: OLE_LINK868][bookmark: OLE_LINK858][bookmark: OLE_LINK859][bookmark: OLE_LINK865][bookmark: OLE_LINK866][bookmark: OLE_LINK860][bookmark: OLE_LINK861][bookmark: OLE_LINK903][bookmark: OLE_LINK734][bookmark: OLE_LINK748][bookmark: OLE_LINK874][bookmark: OLE_LINK875][bookmark: OLE_LINK876][bookmark: OLE_LINK877][bookmark: OLE_LINK878][bookmark: OLE_LINK879]EVs isolated from MSCs, directly or loaded with therapeutics, such as specific miRNA[21], have also become the hotspot of recent research. Although MSC-derived EVs are not as commonly used in RA or OA as MSCs, it is clear that this cell-free therapy may become an alternative to MSC-based cell therapy. For example, MSC-derived EVs (exosomes and microparticles) efficiently ameliorated the inflammatory symptoms of CIA models via exerting an immunosuppressive effect on T-cell and B-cell[22]. In another study, MSC-derived exosomes were applied to rat models with osteochondral defects by intra-articular administration[23]. The results showed that the defects of rats in the experimental group recovered and finally proved the feasibility of MSCs in promoting cartilage repair. At present, research on MSC-derived EVs in RA and OA is far from enough, but a small part of the current research has aroused exciting interest.

DISCUSSION
[bookmark: OLE_LINK897][bookmark: OLE_LINK898][bookmark: OLE_LINK499][bookmark: OLE_LINK500]MSCs and rheumatic diseases
[bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK759][bookmark: OLE_LINK513][bookmark: OLE_LINK514][bookmark: OLE_LINK375][bookmark: OLE_LINK376][bookmark: OLE_LINK373][bookmark: OLE_LINK374][bookmark: OLE_LINK1251][bookmark: OLE_LINK590][bookmark: OLE_LINK591][bookmark: OLE_LINK77][bookmark: OLE_LINK516][bookmark: OLE_LINK777][bookmark: OLE_LINK778][bookmark: OLE_LINK779][bookmark: OLE_LINK780][bookmark: OLE_LINK511][bookmark: OLE_LINK512][bookmark: OLE_LINK871][bookmark: OLE_LINK869][bookmark: OLE_LINK870][bookmark: OLE_LINK872][bookmark: OLE_LINK873][bookmark: OLE_LINK712][bookmark: OLE_LINK713][bookmark: OLE_LINK449][bookmark: OLE_LINK450][bookmark: OLE_LINK463][bookmark: OLE_LINK464][bookmark: OLE_LINK448][bookmark: OLE_LINK465][bookmark: OLE_LINK519][bookmark: OLE_LINK432][bookmark: OLE_LINK437][bookmark: OLE_LINK718][bookmark: OLE_LINK719]MSCs are pluripotent progenitor cells that possess all the commonalities of stem cells, namely, self-renewal and multi-directional differentiation[24]. Over the last decades, MSCs are well known not only for their regenerative activity but also for their strong immunosuppressive property. MSCs can differentiate into three cell lineages of mesodermal organ in vitro, namely, osteoblasts, adipocytes, and chondrocytes[25]. Two important prerequisites for the application of MSCs in experimental research and clinical application are as follows: MSCs can be easily amplified in vitro; they can be present in a plenty of tissues including bone marrow[26], adipose tissue[27], Wharton’s jelly[28], umbilical cord (UC-MSC)[29], umbilical cord blood[30,31], synovial membrane (SMSC)[32,33] and others, and among them bone marrow and adipose tissue are two commonly used tissues for therapeutic utilization[34]. Combing the above factors, MSC becomes the preferred seed cell for tissue engineering study.
[bookmark: OLE_LINK694][bookmark: OLE_LINK703][bookmark: OLE_LINK340][bookmark: OLE_LINK341][bookmark: OLE_LINK342][bookmark: OLE_LINK756][bookmark: OLE_LINK433][bookmark: OLE_LINK434][bookmark: OLE_LINK606][bookmark: OLE_LINK605][bookmark: OLE_LINK607][bookmark: OLE_LINK608]A growing body of evidence has demonstrated that progressive immune inflammation contributes significantly in rheumatic diseases pathogenesis[35,36]. The chronic inflammation within the joint contributes to irreversible joint destruction. And the balance between joint destruction and tissue reconstruction as well as tissue repair determines the outcome of arthritis. It has been well known that MSCs can mediate a wide spectrum of immunoregulatory and tissue damage repairing activities, which support their use as a novel treatment option for rheumatologic disorders[37,38]. During the last few years, accumulating studies have been carried out to confirm the therapeutic value of MSCs for different rheumatic diseases, such as RA[39], OA[40], systemic lupus erythematosus[41], and ankylosing spondylitis[38]. Clarifying the mechanism of MSCs is crucial for identifying novel MSC-based strategies for these diseases.

[bookmark: OLE_LINK407][bookmark: OLE_LINK408][bookmark: OLE_LINK727][bookmark: OLE_LINK730][bookmark: OLE_LINK731][bookmark: OLE_LINK559][bookmark: OLE_LINK560][bookmark: OLE_LINK81][bookmark: OLE_LINK377][bookmark: OLE_LINK378][bookmark: OLE_LINK484][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK473][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK26][bookmark: OLE_LINK25][bookmark: OLE_LINK24][bookmark: OLE_LINK23][bookmark: OLE_LINK786][bookmark: OLE_LINK789][bookmark: OLE_LINK693][bookmark: OLE_LINK1231][bookmark: OLE_LINK1232]Immunomodulatory effect of MSCs: MSCs have immunoregulatory bioactivity. The main immunological characteristics of MSCs are low immunogenicity and high immunosuppressive ability. The precise molecular mechanisms of the immunomodulation effects of MSCs have not been fully elucidated. However, currently available data have suggested that MSCs play an immunosuppressive role mainly through intercellular contact and the secretion of soluble factors encapsulated by EVs[42]. Numerous MSC-EVs derived soluble factors can participate in the immunomodulatory process, such as nitric oxide (NO), prostaglandin E2 (PGE2), indoleamine 2-3-dioxygenase (IDO), IL-10, transforming growth factor (TGF)-β and so on[8] (Figure 1). They may come directly from MSC, or be produced by the paracrine of immune cells, including T cells, B cells, DCs, and NK cells. Accumulating studies have disclosed that MSCs can regulate immune and inflammatory response, including inhibition of proliferation and differentiation of T helper (Th)1, Th17 cells and B cells, induction of activation of Tregs, suppression of maturation of DCs, promotion of the polarization of macrophages to M2, and inhibition of the functions of NK cells[8] (Figure 1).

[bookmark: OLE_LINK543][bookmark: OLE_LINK542][bookmark: OLE_LINK528][bookmark: OLE_LINK527][bookmark: OLE_LINK526][bookmark: OLE_LINK529][bookmark: OLE_LINK525][bookmark: OLE_LINK524][bookmark: OLE_LINK549][bookmark: OLE_LINK550][bookmark: OLE_LINK565][bookmark: OLE_LINK566][bookmark: OLE_LINK82][bookmark: OLE_LINK84][bookmark: OLE_LINK409][bookmark: OLE_LINK406][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK346][bookmark: OLE_LINK345][bookmark: OLE_LINK344][bookmark: OLE_LINK343][bookmark: OLE_LINK493][bookmark: OLE_LINK492][bookmark: OLE_LINK398][bookmark: OLE_LINK399][bookmark: OLE_LINK482][bookmark: OLE_LINK478][bookmark: OLE_LINK477][bookmark: OLE_LINK476][bookmark: OLE_LINK562][bookmark: OLE_LINK563][bookmark: OLE_LINK564][bookmark: OLE_LINK181][bookmark: OLE_LINK180][bookmark: OLE_LINK179][bookmark: OLE_LINK178][bookmark: OLE_LINK348][bookmark: OLE_LINK347][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK711][bookmark: OLE_LINK728][bookmark: OLE_LINK134][bookmark: OLE_LINK149][bookmark: OLE_LINK723][bookmark: OLE_LINK724][bookmark: OLE_LINK725][bookmark: OLE_LINK726][bookmark: OLE_LINK720][bookmark: OLE_LINK721][bookmark: OLE_LINK722][bookmark: OLE_LINK744][bookmark: OLE_LINK328][bookmark: OLE_LINK327][bookmark: OLE_LINK535][bookmark: OLE_LINK534][bookmark: OLE_LINK537][bookmark: OLE_LINK536][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK547][bookmark: OLE_LINK548][bookmark: OLE_LINK350][bookmark: OLE_LINK349][bookmark: OLE_LINK479][bookmark: OLE_LINK480][bookmark: OLE_LINK481][bookmark: OLE_LINK496][bookmark: OLE_LINK546]T cells: T cells are of critical importance in adaptive immunity, whose dysregulation contributes to the pathogenesis of rheumatic diseases. MSCs can prevent pathogenic T cell expansion and induce Tregs activation. Inhibiting the proliferation of Th1, Th17, and granulocyte-macrophage colony-stimulating factor-expressing CD4+ T cells is the most significant effect of MSCs on T cells. Apart from depressing Th1/Th17 subtypes, MSCs also induce Th2, an anti-inflammatory subtype[43]. Human adipose tissue-derived MSCs have been shown to decrease the level of granulocyte-macrophage colony-stimulating factor-expressing CD4+ T cells in peripheral blood and the spleen while increase the level of Tregs in CIA mice model[44], which suggests the immunosuppressive role of MSCs in suppressing CD4+ T cells in RA pathogenesis[45]. The study by Ma et al[46] has demonstrated that human umbilical cord MSCs can reduce Th17 cell percentage via downregulating RORγt, and upregulate Foxp3 to augment Treg percentage in the spleen in RA[46]. Rashedi et al[47] have reported that MSCs can either increase the level of Treg cells by directly interacting with Tregs through the Notch signaling pathway or indirectly induce CD4+ lymphocytes to differentiate into Treg cells[47]. In addition, bone marrow-derived MSCs can also inhibit the production of inflammatory cytokines by T cells in RA[48]. The significant anti-inflammatory role of MSCs on T cells is mainly dependent on hindering the nuclear factor-κB signaling pathway[49], which has been well recognized as the pivotal downstream signaling pathway involved in rheumatic disease pathogenesis[50]. Accordingly, the interaction between MSCs and T cells is involved in RA pathogenesis, providing novel strategies for the immunological treatment of rheumatic diseases.

[bookmark: OLE_LINK574][bookmark: OLE_LINK573][bookmark: OLE_LINK572][bookmark: OLE_LINK571][bookmark: OLE_LINK592][bookmark: OLE_LINK593][bookmark: OLE_LINK594][bookmark: OLE_LINK595][bookmark: OLE_LINK85][bookmark: OLE_LINK413][bookmark: OLE_LINK414][bookmark: OLE_LINK323][bookmark: OLE_LINK319][bookmark: OLE_LINK184][bookmark: OLE_LINK136][bookmark: OLE_LINK137][bookmark: OLE_LINK183][bookmark: OLE_LINK352][bookmark: OLE_LINK351][bookmark: OLE_LINK365][bookmark: OLE_LINK395][bookmark: OLE_LINK400][bookmark: OLE_LINK401][bookmark: OLE_LINK402][bookmark: OLE_LINK419][bookmark: OLE_LINK420][bookmark: OLE_LINK441][bookmark: OLE_LINK442][bookmark: OLE_LINK446][bookmark: OLE_LINK447][bookmark: OLE_LINK466][bookmark: OLE_LINK467][bookmark: OLE_LINK468][bookmark: OLE_LINK321][bookmark: OLE_LINK322]B cells: MSCs can inhibit the multiplication and differentiation of B lymphocytes, even the production of immunoglobulins[51]. Che et al[52] has found that the suppressive effect of MSCs on B cell multiplication and differentiation is attributed to the downregulation of Blimp-1 and upregulation of PAX-5 in B cells[52]. Besides, it has also been well documented that MSCs exert effects on B cells by regulating interactions between programmed death 1 (PD-1) and its ligands PD-L1 and PD-L2[53]. MSCs can indirectly inhibit the effect of B cells through T cells[54]. Follicular helper T cells are also involved in the immunosuppressive process of MSCs by delivering proliferative signals to B cells in the secondary lymphoid tissues[55], which strongly supports that the suppressive activities of MSCs on B-cell also depend on the interaction between MSCs and T cells. Taken together, MSCs are involved in autoimmune disorders by influencing B cell proliferation, differentiation, and function.

Macrophages, DCs, and NK cells
[bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK497][bookmark: OLE_LINK498]MSCs play a role as immune suppressive cells in rheumatic diseases. MSCs can reprogram the functions of the macrophage by inducing the switch of activated macrophage from pro-inflammatory phenotype (M1) to an anti-inflammatory phenotype (M2)[4,56] via inhibiting nuclear factor-κb/p65 and activating signal transducer and activator of transcription 3 signaling pathways[57]. DCs, the main antigen presenting cells that initiate T cell immune response, have been widely recognized in regulating inflammation and autoimmunity. It has been confirmed that the inhibitory impacts of MSCs on lipopolysaccharide-elicited DC activation and maturation can be mediated by PD-L1 as well as NO, PGE2, and adenosine in canine immune-mediated disease models[58]. The blocking effect of MSCs on DC differentiation and maturation ultimately leads to inhibition of the T cell response[59]. Mediators of IDO and PGE2 generated by MSCs can restrain the extension and cytotoxicity of NK cells[60,61]. Nevertheless, little is known about the immunomodulatory effect of MSCs in rheumatic disease mediated by intercellular communications with macrophages, DCs, and NK cells. Elucidating this issue is essential for identifying the immunological targets for the diagnosis and treatment of rheumatoid disease.

Soluble cytokines
[bookmark: OLE_LINK483][bookmark: OLE_LINK487][bookmark: OLE_LINK88][bookmark: OLE_LINK485][bookmark: OLE_LINK486][bookmark: OLE_LINK577][bookmark: OLE_LINK578][bookmark: OLE_LINK579][bookmark: OLE_LINK584][bookmark: OLE_LINK585][bookmark: OLE_LINK48][bookmark: OLE_LINK47][bookmark: OLE_LINK1254][bookmark: OLE_LINK1255][bookmark: OLE_LINK582][bookmark: OLE_LINK583][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK586][bookmark: OLE_LINK587][bookmark: OLE_LINK609][bookmark: OLE_LINK610][bookmark: OLE_LINK611][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK89][bookmark: OLE_LINK100][bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK196]MSCs exert immunomodulatory function not only relying on cell-cell contact, but by means of producing multi soluble factors such as NO, PGE2, IDO, TGF-β1, tumor necrosis factor-inducible gene-6, and human leukocyte antigen-G5[62-64]. NO and PGE2 are essential for the suppression of T-cell expansion[65,66]. Additionally, MSCs derived soluble factors PGE2 and TGF-β1 also participate in inducing CD4+CD25+Foxp3+ Tregs, which are also involved in inducing the transition of M1 macrophages to an anti-inflammatory M2 phenotype[43]. The immunoregulatory effect of MSCs can be enhanced upon exposure to interferon-γ under the inflammatory microenvironment[67-69]. Pro-inflammatory or anti-inflammatory mediators in the microenvironment can affect the function of MSCs[70]. Pretreatment of ADSCs with pro-inflammatory RASF enhances their ability to trigger Tregs and inhibit activated macrophages[70]. Some pro-inflammatory factors can sometimes interfere with the immunosuppressive effect of MSCs. The immunomodulatory property of MSCs is highly plastic in inflammatory microenvironment[71], in which the inflammatory cytokines act as a crucial switch, such as iNOS[72,73]. MSCs possess a pro-inflammatory phenotype and elicit inflammatory response through activation of TLR4 following exposure to inflammatory cytokines[73-75]. As a result, MSCs act as a double-edged sword in regulating immune responses. Given such plasticity in the immunomodulatory effects of MSCs, in-depth research is needed to determine the application of MSCs in treating rheumatic disease.
[bookmark: OLE_LINK417][bookmark: OLE_LINK421]
[bookmark: OLE_LINK813][bookmark: OLE_LINK381][bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK887][bookmark: OLE_LINK888][bookmark: OLE_LINK237][bookmark: OLE_LINK236][bookmark: OLE_LINK235][bookmark: OLE_LINK234][bookmark: OLE_LINK233][bookmark: OLE_LINK19][bookmark: OLE_LINK46][bookmark: OLE_LINK135]Regenerative property of MSCs in rheumatic diseases: In recent years, the value of MSCs in the application of regenerative medicine has been deeply studied (for review, see[76]). In arthritis, the balance between joint destruction and repair determines the outcome of arthritis. Failure to tissue repair leads to joint damage and disability. Currently, MSCs provide a new prospect for the healing of arthritis in RA and OA. The mechanisms supporting the application of MSCs in promoting joint repair may be as follows: First, MSCs secret a large number of trophic factors to promote angiogenesis, anti-fibrosis, anti-apoptosis and so on; second, MSCs differentiate into chondrocytes or osteoblasts directly. In short, the differentiation potential and paracrine effect of MSCs make them suitable for the repair of joint defects[77,78]. MSCs can differentiate into osteocytes and osteoblasts in osteoblast regulating medium containing inflammatory stimulants[79]. MSCs are capable of inhibiting osteoclast formation by enhancing the expression of osteoprotegerin[80], suggesting the critical role of MSCs in tissue regeneration.
[bookmark: OLE_LINK892][bookmark: OLE_LINK893][bookmark: OLE_LINK355][bookmark: OLE_LINK356][bookmark: OLE_LINK856][bookmark: OLE_LINK857][bookmark: OLE_LINK854][bookmark: OLE_LINK855][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK814][bookmark: OLE_LINK815][bookmark: OLE_LINK570][bookmark: OLE_LINK575][bookmark: OLE_LINK576]Available data have revealed that intra-articular administration of MSCs can control synovial inflammation, reduce osteophyte formation, inhibit cartilage degeneration, and stimulate chondrocyte proliferation[18,81]. The important role of MSCs in OA cartilage regeneration has been well established in cartilage cells in vitro[82-84]. Besides, the regenerative potency of MSCs has been intensively studied in experimental models of OA and RA. Murphy et al[20] have first found that the administration of BM-MSCs exerts a regenerative effect in a caprine model with complete medial meniscus resection and anterior cruciate ligament resection[20]. The articular cartilage defect can be ameliorated by intra-articular infusion of MSC hyaluronic acid suspension in miniature pigs with condylar cartilage damage[85]. Similar use of MSCs has been investigated in other animal models of OA[19,86]. A clinical trial has recently reported that intra-articular administration of autologous ADSCs into the OA knee can improve the functional status, relieve pain, and reduce cartilage defects without side effects[87]. A two-year follow-up study conducted by Jo et al[88] has also demonstrated the safety and efficacy of intra-articular infusion of autologous ADSCs into the OA knee[88]. Accordingly, all these findings strongly support the regenerative efficacy of MSCs for promoting cartilage regeneration and protecting cartilage from degradation to impede the progression of arthritis. MSCs can be identified as a novel therapeutic strategy for those rheumatic disease patients particularly with arthritis and bone damages.

[bookmark: OLE_LINK770][bookmark: OLE_LINK803][bookmark: OLE_LINK804][bookmark: OLE_LINK805][bookmark: OLE_LINK806][bookmark: OLE_LINK817][bookmark: OLE_LINK775][bookmark: OLE_LINK776][bookmark: OLE_LINK762][bookmark: OLE_LINK763][bookmark: OLE_LINK766][bookmark: OLE_LINK767][bookmark: OLE_LINK771][bookmark: OLE_LINK772][bookmark: OLE_LINK768][bookmark: OLE_LINK769][bookmark: OLE_LINK773][bookmark: OLE_LINK774][bookmark: OLE_LINK811][bookmark: OLE_LINK812]Several factors affecting the therapeutic effect of MSCs: The profound value of MSCs has aroused increasingly interests in immunomodulation and regenerative medicine, let alone in rheumatic disease. However, enormous challenges yet remain ahead of clinical application of MSC-based cell therapy due to their vulnerability. The action of MSCs, for instance, will differ according to MSC tissue origin, administration route, and others.
[bookmark: OLE_LINK807][bookmark: OLE_LINK808][bookmark: OLE_LINK809][bookmark: OLE_LINK810][bookmark: OLE_LINK783][bookmark: OLE_LINK784][bookmark: OLE_LINK787][bookmark: OLE_LINK788][bookmark: OLE_LINK1256][bookmark: OLE_LINK1257][bookmark: OLE_LINK885][bookmark: OLE_LINK886][bookmark: OLE_LINK818][bookmark: OLE_LINK801][bookmark: OLE_LINK802][bookmark: OLE_LINK791][bookmark: OLE_LINK792][bookmark: OLE_LINK793]One of the most important reasons that MSCs can be extensively studied and applied is that MSCs can be purified from various tissues. But the most suitable cell source with the best therapeutic effect is still under study, due to the significant variation of MSCs from different sources in many aspects, including differentiation potential, immunomodulatory ability and so forth. BM-MSCs demonstrate a superior osteogenic and chondrogenic capacity, compared with ADSCs[89]. Another study reported that SMSCs exhibit a greater capacity for chondrogenesis in vitro over other four kinds of MSCs, in which BM-MSCs, ADSCs, and periosteal MSCs were included[90]. However, in vivo, the capacity in osteogenesis of SMSCs is inferior to that of periosteum-derived MSCs[91]. Furthermore, the influence of MSC tissue origin on immunomodulatory ability was demonstrated by Melief et al[92] — better immunosuppressive effect of ADSCs on T cells and monocytes than BM-MSCs was discovered in their study. No matter the variability between MSCs from different tissue sources, the similar immunosuppressive or beneficial effect to arthritis have been described[93-95].
The injection route of MSCs varies according to the pathological characteristics of different diseases. Generally speaking, diseases such as RA, which tend to involve multiple joints and are characterized by progressive inflammation caused by immune dysfunction, can be administered systematically (Figure 3). While diseases with limited lesions, such as OA, tend to be given locally. In contrast, part of research failed to demonstrate the improvement of arthritis by MSC-based treatment via systemic route[96,97].
The contradictory results show that the therapeutic potential of MSCs is disturbed by many factors other than tissue origin and administration route, which reveals the great challenge of current research, and more efforts are needed before MSCs can be put into clinical practice.
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MSC-derived EVs in rheumatic diseases
[bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK36][bookmark: OLE_LINK250][bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK192][bookmark: OLE_LINK189][bookmark: OLE_LINK205][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK760][bookmark: OLE_LINK761][bookmark: OLE_LINK216][bookmark: OLE_LINK217][bookmark: OLE_LINK382][bookmark: OLE_LINK383][bookmark: OLE_LINK895][bookmark: OLE_LINK896][bookmark: OLE_LINK228][bookmark: OLE_LINK229][bookmark: OLE_LINK230][bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK240][bookmark: OLE_LINK199][bookmark: OLE_LINK202][bookmark: OLE_LINK472][bookmark: OLE_LINK459][bookmark: OLE_LINK460][bookmark: OLE_LINK461][bookmark: OLE_LINK78][bookmark: OLE_LINK83][bookmark: OLE_LINK462][bookmark: OLE_LINK469][bookmark: OLE_LINK470][bookmark: OLE_LINK471][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK425][bookmark: OLE_LINK426][bookmark: OLE_LINK424][bookmark: OLE_LINK423][bookmark: OLE_LINK193][bookmark: OLE_LINK169][bookmark: OLE_LINK168][bookmark: OLE_LINK244][bookmark: OLE_LINK241][bookmark: OLE_LINK1252][bookmark: OLE_LINK1253]EVs are well known for their great potential as a carrier for bioactive substances or biomarkers of diseases. According to their size and mode of biogenesis, EVs can be divided into three main categories: Exosomes, microparticles, and apoptotic bodies[98] (Table 1). Exosomes (30-120 nm in diameter) originate from intraluminal vesicles inside of multivesicular bodies, which fuse with the plasmolemma and release exosomes via exocytosis[99,100]. They are packed with tetraspanins (CD9, CD63, and CD81) and heat-shock proteins such as Hsp60, Hsp70, and Hsp90[10,101,102]. They also frequently express clathrin, alix, and tumor susceptibility gene 101[10,101,102]. The size of microparticles, known as microvesicles, ranges between 100 and 1000 nm. They are produced via budding directly from the plasma membrane of parent cells, which then are shed from the cell surface[10]. There are no specific surface molecular markers for microparticles, but they express the surface markers of parent cells like exosomes[103]. Apoptotic bodies (1000-5000 nm in diameter) are released by fragmenting apoptotic cells[104]. The well-established methods for isolating and purifying EVs include precipitation, differential ultracentrifugation, density gradient ultracentrifugation, ultrafiltration, size exclusion chromatography, and immunoaffinity[105]. EVs can encapsulate and deliver a variety of bioactive molecules, including proteins, lipids, and noncoding RNAs (ncRNAs)[12] from parent cells to recipient cells and participate in intercellular communications. Notably, miRNAs encapsulated by exosomes are a class of 20-22 nt small ncRNAs[106], which regulate targeted mRNAs at the post-transcriptional level via binding to 3’-untranslated region of the genes[106]. Previously, our team has demonstrated the specific miRNA expression profile in RA patients and shown that exosomal miR-6089 regulates inflammatory reaction in RA by targeting TLR4[107], which suggests the potential role of exosomal miRNAs as diagnostic biomarkers and treatment targets for RA. Nonetheless, the role of ncRNAs in MSC-derived EVs is unclear yet.
[bookmark: OLE_LINK456][bookmark: OLE_LINK457][bookmark: OLE_LINK458][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK214][bookmark: OLE_LINK215][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK452][bookmark: OLE_LINK451][bookmark: OLE_LINK440][bookmark: OLE_LINK439][bookmark: OLE_LINK438][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK474][bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK109]Recently, it has been supported that the effects of MSCs mediated by paracrine mechanisms are partly achieved through secretion of numerous EVs[108], although MSCs can also act directly (Figure 4). Growing evidence has revealed that EVs derived from MSCs also have immunomodulatory effects, and capacity of regeneration and repair of damaged tissues[80,109]. Vonk et al[109] have reported that EVs from BM-MSC can inhibit inflammation, promote regeneration, and repair cartilage damage via decreasing COX-2 and other pro-inflammatory factors when co-cultured with OA chondrocytes[109]. It has been recognized that EVs have the characteristics of selective assembly, targeted delivery, and stable preservation[110]. MSC-derived EVs have a significant effect in mediating immunomodulation and tissue repair. MSC-EVs not only recapitulate the therapeutic functions of MSCs[111], but also have many advantages that MSCs do not have. EVs are more stable in nature and stronger in transmission ability, compared with MSCs[112].
[bookmark: OLE_LINK1258][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK38][bookmark: OLE_LINK56][bookmark: OLE_LINK495][bookmark: OLE_LINK494][bookmark: OLE_LINK200][bookmark: OLE_LINK201]MSC-EVs encapsulate diverse lipids, proteins, miRNAs, and mRNAs that originate from MSCs and are secreted into the extracellular microenvironment. Accumulating studies have implicated that MSC-derived EVs exert effects via transporting molecules with biological activity[113]. Those EVs can interact with the recipient cells in a variety of ways, including fusing with the plasmolemma of recipient cells, interacting with target cell surface receptors, and internalizing by endocytosis, and subsequently deliver their contents to receptor cells, therefore modifying inflammatory and immune responses[114,115].
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[bookmark: OLE_LINK246][bookmark: OLE_LINK247][bookmark: OLE_LINK862][bookmark: OLE_LINK863][bookmark: OLE_LINK245][bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK242][bookmark: OLE_LINK243][bookmark: OLE_LINK267][bookmark: OLE_LINK268][bookmark: OLE_LINK384][bookmark: OLE_LINK385][bookmark: OLE_LINK265][bookmark: OLE_LINK266]Immunoregulatory property of MSC-EVs: Recently, the role of MSCs in immune regulation has been demonstrated by mounting studies[116,117], however, the application of MSCs in the clinic remains limited due to their instability. During the past few years, EVs derived from MSCs have attracted increasing attention. Accumulating studies have implicated that MSC-EVs also possess similar immunomodulatory property as MSCs[118,119]. MSC-EVs can also exert immunosuppressive effects on T cells[118], B cells[120], macrophages[121], DCs[122], and NK cells[123].
[bookmark: OLE_LINK271][bookmark: OLE_LINK272][bookmark: OLE_LINK864][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: OLE_LINK368][bookmark: OLE_LINK369][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK280][bookmark: OLE_LINK596][bookmark: OLE_LINK503][bookmark: OLE_LINK662][bookmark: OLE_LINK663][bookmark: OLE_LINK273][bookmark: OLE_LINK274]MSC-derived EVs are documented to restrain the multiplication of activated T cells and promote the production of tolerant Tregs[124]. Similarly, MSC-EVs can inhibit the activation and development of T cells by decreasing interferon-γ generated by CD4+ T cells[125,126]. Exosomes from MSCs can also boost the production of CD4+CD25+Foxp3+ Tregs[124]. Besides, MSC-derived exosomes have been found to inhibit inflammation by promoting the levels of anti-inflammatory cytokines IL-10 and TGF-β1 in PBMCs and inducing the activation of Tregs[127]. Reduced production of immunoglobulin and inhibited B cell proliferation and differentiation can be induced by MSC-EVs in B cells[128]. The immunosuppressive role of MSC-EVs in macrophages is also well established. EVs derived from MSCs can be effectively internalized by macrophages, which also suppress the pro-inflammatory phenotype (M1) macrophage activation but promote the anti-inflammatory phenotype (M2) macrophage activation[129]. However, the study by Monguio-Tortajada et al[130] has reported that EVs released by UC-MSCs do not affect the polarization of mononuclear macrophages[130]. The immunomodulatory effect of MSCs on peripheral blood leukocytes is significant[131,132], whereas no significant influence was observed in those leukocytes co-cultured with MSC-derived exosomes[133]. The difference in immunomodulatory mechanism between EVs and the receipt cells may be related to their tissue origins[118]. In summary, these findings provide the evidence for the immunoregulatory effect of MSC-EVs. Nevertheless, more studies are warranted for a clear understanding of the roles and mechanisms of MSC-EVs in immune regulations.

[bookmark: OLE_LINK386][bookmark: OLE_LINK387][bookmark: OLE_LINK388][bookmark: OLE_LINK389][bookmark: OLE_LINK390][bookmark: OLE_LINK103][bookmark: OLE_LINK475]Regenerative effect of MSC-EVs: The regenerative action of MSCs-EVs has been well documented in a previous published study[111]. The critical role of MSC-EVs in tissue repairing is demonstrated in a femur fracture model of CD9-/- mice[134]. The study by Zhang et al[23] has first demonstrated that exosomes from human embryonic MSC confer a protecting effect on cartilage repair[23]. Exosomes released by both SMSCs (SMSC-Exos) and induced multipotent stem cell-derived MSCs (iMSC-Exos) can attenuate OA score in a mouse OA model, but a greater therapeutic effect of iMSC-Exos on OA than SMSC-Exos has also been demonstrated[126]. Similar to the effects of MSCs on inflammatory arthritis, MSC-EVs also can help to relieve the pain and joint damage in OA and RA via the protection against cartilage degradation.
[bookmark: OLE_LINK532][bookmark: OLE_LINK533][bookmark: OLE_LINK538][bookmark: OLE_LINK539][bookmark: OLE_LINK523][bookmark: OLE_LINK530][bookmark: OLE_LINK540][bookmark: OLE_LINK541][bookmark: OLE_LINK544][bookmark: OLE_LINK545][bookmark: OLE_LINK521][bookmark: OLE_LINK522][bookmark: OLE_LINK531][bookmark: OLE_LINK551][bookmark: OLE_LINK556]Some well-established miRNAs delivered by exosomes have also been demonstrated in rheumatic diseases. MiR-320c-overexpressing hBMSC-Exos can induce cartilage regeneration in OA by promoting the proliferation of chondrocytes and decreasing MMP13 expression[135]. A similar effect of miR-140-5p-overexpressing SMSC-Exos has also been documented, which protect against OA[136]. Accordingly, MSC exosome-encapsulated miRNAs play a protective role in OA, which implicates a potential therapy for OA by targeting miRNAs delivered by MSC exosomes. However, more investigations are needed to clarify the underlying mechanisms of EVs in tissue damage, repair, and regeneration.
[bookmark: OLE_LINK360][bookmark: OLE_LINK361][bookmark: OLE_LINK677][bookmark: OLE_LINK580][bookmark: OLE_LINK581][bookmark: OLE_LINK923][bookmark: OLE_LINK899][bookmark: OLE_LINK900][bookmark: OLE_LINK154][bookmark: OLE_LINK166][bookmark: OLE_LINK391][bookmark: OLE_LINK392][bookmark: OLE_LINK393][bookmark: OLE_LINK561]Although both MSCs and MSC-EVs have immunomodulatory and regenerative functions, the safety and efficiency of MSC-based cellular therapy should be seriously considered. Currently available data have demonstrated that the therapeutic activity of MSC-EVs may be superior to that of MSCs in terms of safety and versatility[115,137,138]. MSC-EVs offer a promising cell-free restorative approach for regenerative medicine and immunomodulation, which may be a better option for patients with OA and RA, and even other rheumatic diseases. Additionally, EVs can act as drug carriers by encapsulating and delivering small molecules and particular nucleic acids to targeted cells to acquire the desired therapeutic effect in rheumatic diseases. Chen and colleagues have elucidated that miRNA-150-5p delivered by MSC-exosomes plays a therapeutic role in RA through modulating MMP14 and VEGF[21]. Taken together[139-141], MSC-EVs-based therapeutic approach is promising for the treatment of rheumatic diseases because they offer the possibility to develop cell-free therapy.
[bookmark: OLE_LINK906][bookmark: OLE_LINK907][bookmark: OLE_LINK908][bookmark: OLE_LINK909][bookmark: OLE_LINK904][bookmark: OLE_LINK905][bookmark: OLE_LINK39][bookmark: OLE_LINK41][bookmark: OLE_LINK40][bookmark: OLE_LINK598][bookmark: OLE_LINK599]At present, MSCs play important immunosuppressive and tissue regenerating roles through immune regulation, secretion of trophic factors, and multi-directional differentiation, which has attracted much attention in the field of rheumatism. At the same time, as a product of MSCs, EVs have a similar function to MSCs, and may have more advantages than MSCs in biomanufacturing, storing, and other aspects, which makes it get more and more attention. MSC-EVs may represent a more promising therapeutic strategy in immune regulation and tissue repair and regeneration. In summary, MSCs and MSCs derived EVs can be novel therapeutic strategies in rheumatic diseases.
[bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK33][bookmark: OLE_LINK32][bookmark: OLE_LINK924][bookmark: OLE_LINK925]However, the current research is only the tip of the iceberg, from the point of view of clearly understanding the complete mechanisms of MSCs and EVs. At present, there are still many uncertainties in the precise roles and mechanisms of MSC-derived EVs in rheumatic diseases. Some current studies have shown that whether MSCs and EVs can play a full role in the treatment of diseases is affected by many factors. Obviously, in order to better understand their mechanisms of action, a large number of in vivo and in vitro studies need to be carried out in terms of tissue source, administration route, window of injection, injection dose and so on. Before application of MSCs and MSC-derived EVs into the treatment of rheumatic diseases, a large number of preclinical studies and clinical studies are required to thoroughly assess their safety and efficiency.

ARTICLE HIGHLIGHTS
Research background
Mesenchymal stem cells (MSCs) have been widely investigated in rheumatic disease due to their immunomodulatory and regenerative properties. Recently, mounting studies have implicated the therapeutic potency of MSCs mostly due to the bioactive factors they produce. Extracellular vesicles (EVs) derived from MSCs have been identified as a prospective cell-free therapy due to low immunogenicity. Rheumatic disease, primarily including rheumatoid arthritis (RA) and osteoarthritis (OA), is a group of diseases in which immune dysregulation and chronic progressive inflammation lead to irreversible joint damage. Targeting MSCs and MSC-derived EVs may be a more effective and promising therapeutic strategy for rheumatic diseases.

Research motivation
MSCs and MSC-derived EVs have attracted increasing attention in rheumatic diseases due to their great potency in immunosuppression and tissue repair. Currently, it is of great significance to evaluate the therapeutic value by searching and summarizing the relevant literature.

Research objectives
To evaluate the potential therapeutic effectiveness of MSCs and EVs generated from MSCs in rheumatic diseases.

Research methods
One electronic database (PubMed) was searched for the relative literature using the corresponding search terms alone or in combination. Papers published in English language from January 1999 to February 2020 were in consideration. Preliminary screening of papers concerning analysis of "immunomodulatory function" or "regenerative function" by scrutinizing the titles and abstracts of the literature, excluded the papers not related to the subject of the article. Some other related studies were obtained by manually retrieving the reference lists of papers that comply with the selection criteria, and these studies were screened to meet the final selection and exclusion criteria.

Research results
Eighty-six papers were ultimately selected for analysis. After analysis of the literature, it was proved that both MSCs and EVs generated from MSCs exert great potential in multiple rheumatic diseases, such as RA and OA, in repair and regeneration of tissues, inhibition of inflammatory response, and regulation of body immunity via promoting chondrogenesis, modulating innate and adaptive immune cells, and regulating the secretion of inflammatory factors. But EVs from MSCs exhibit much more advantages over MSCs, which may represent another promising cell-free restorative strategy. Targeting MSCs and MSC-derived EVs may be a more efficient treatment for patients with rheumatic diseases.

Research conclusions
[bookmark: OLE_LINK1278][bookmark: OLE_LINK1279]MSCs and MSC-derived EVs have demonstrated powerful regenerative potency, as well as their regulatory function for the innate and adaptive immune system. This study offers new ideas and possibilities for MSCs and EVs from MSCs to rheumatism treatment due to their enormous potential described above. However, more in-depth exploration is needed before their clinical application.

Research perspectives
[bookmark: OLE_LINK1290][bookmark: OLE_LINK1291]The great potency of MSCs and MSC-derived EVs has been demonstrated, and they can be developed as a more effective and promising therapeutic strategy for rheumatic diseases. Before application of MSCs and MSC-derived EVs into the treatment of rheumatic diseases, a large number of preclinical studies and clinical studies are required.
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Figure Legends
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Figure 1 Immunomodulatory effects of mesenchymal stem cells. The inflammatory microenvironment stimulates mesenchymal stem cells (MSCs), leading to the acquisition or boost of their immunosuppressive property, then activated MSCs promote the conversion of pro-inflammatory macrophages (M1) into an anti-inflammatory phenotype (M2) and activation of Tregs as well as T helper 2 (Th2) cells, while inhibit the functions of Th1 cells, Th17 cells, B cells, dendritic cells, and natural killer cells. Actually, MSCs can also inhibit the amplification and differentiation of T cells indirectly via regulatory T cells. NK cell: Natural killer cell; DC: Dendritic cell; Th cell: T helper cell; Treg: Regulatory T cell.
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Figure 2 Flowchart for literature retrieval.
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Figure 3 Administration routes of mesenchymal stem cells in rheumatoid arthritis and osteoarthritis. RA: Rheumatoid arthritis; OA: Osteoarthritis; MSCs: Mesenchymal stem cells.
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Figure 4 Schematic representation of whole action mechanisms of mesenchymal stem cells. MSC: Mesenchymal stem cell; EVs: Extracellular vesicles.


Table 1 Classification and characteristics of extracellular vesicles
	
	Exosomes
	Microparticles
	Apoptotic bodies

	Size (diameter)
	30-120 nm
	100-1000 nm
	1000-5000 nm

	Mode of biogenesis
	Originate from multivesicular bodies and released via exocytosis
	Formed directly by the cell membrane outwards in the form of buds
	Released from fragmented apoptotic cells

	Content
	Proteins, lipids, mRNAs, and miRNAs
	Proteins, lipids, mRNAs, and miRNAs
	DNA fragments

	Molecular markers
	Tetraspanins (CD9, CD63, and CD81), heat-shock proteins (Hsp60, Hsp70, Hsp90), alix, clathrin, tumor susceptibility gene 101
	CD40, cholesterol, sphingomyelin, phosphatidylserine, ceramide
	Annexin V, phosphatidylserine

	Ref.
	Keshtkar et al[115], Kanada et al[139]
	Biancone et al[140], György et al[141]
	Maumus et al[10], Kalra et al[104]
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