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Abstract

:

Bone marrow mesenchymal stem/stromal cells (BMSCs), which are known as multipotent cells, are widely used in the treatment of various diseases via their self-renewable, differentiation, and immunomodulatory properties. In-vitro and in-vivo studies have supported the understanding mechanisms, safety, and efficacy of BMSCs therapy in clinical applications. The number of clinical trials in phase I/II is accelerating; however, they are limited in the size of subjects, regulations, and standards for the preparation and transportation and administration of BMSCs, leading to inconsistency in the input and outcome of the therapy. Based on the International Society for Cellular Therapy guidelines, the characterization, isolation, cultivation, differentiation, and applications can be optimized and standardized, which are compliant with good manufacturing practice requirements to produce clinical-grade preparation of BMSCs. This review highlights and updates on the progress of production, as well as provides further challenges in the studies of BMSCs, for the approval of BMSCs widely in clinical application.
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1. Introduction


Stem cell therapy is considered as a powerful tool for various clinical applications. Human stem cells can be obtained from different tissues in adults during their lifetime, including bone-marrow mesenchymal stem cells (BMSCs) [1], umbilical cord stem cells (UCSCs), adipose-derived stem cells (ADSCs), skeletal stem cells, and other types, such as dental pulp, skin, and placenta [2,3,4,5,6,7]. Some studies have defined the stem cells from bone marrow as standard mesenchymal stem cells (MSCs). The International Society for Cellular Therapy (ISCT) defines the minimal criteria of mesenchymal stem cells [8]. MSCs have been demonstrated to differentiate into different cell lineages which regulate the immune system and induce anti-inflammation [9]. During treatment, the infused MSCs can bring effects on injured or inflammation sites. MSCs expressed far-distance effects by secreted bioactive factors. Stem cell therapy works as a medicine. MSCs are also accepted the name of mesenchymal stromal cells since the effects of MSCs are not multipotency. Compared to embryonic stem cells, MSCs can be obtained with invasive or minimally invasive procedures. The source of stem cells is abundance in adipose tissues, but limited in bone marrow (approximately 0.42%). However, the finding of adult stem cells might solve the ethical issues that are caused by using embryonic stem cell. Thus, MSCs are attractive cell types in tissue engineering and regenerative medicine [10]. Skeletal stem cells (SSCs) is another important stem cell type, which has been investigated in 2018 by Charles K.F Chan et al. SSCs isolated from fetal and adult bone can exhibit self-renewing and multipotent differentiation ability as other types of stem cell [2]. Comparative studies in BMSCs, UCSCs, and ADSCs suggested that they share common phenotype among 22 cell surface markers and differentiation potential; however, they noticeably differ in global gene expression patterns, proliferation rate, and clinical outcome [11,12]. Based on reported publications, Loubna Mazini et al. pointed that ADSCs are safer and more efficient in auto-immune diseases, UCSCs are mostly used in hematopoietic diseases, whereas BMSCs can be applied in immunosuppressive activity, hematopoietic self-renewal, and cancers [10]. The authors also reported that ADSCs were safe and efficient for systemic lupus erythematosus, systemic sclerosis, scleroderma, and Crohn’s diseases with no serious adverse effects being reported for short or long-time follow-up. BMSCs and UCSCs were limited for the small sample size and short-term follow-up of autoimmune disease’s treatment. Besides, the infusion of BMSCs was successful in improving the overall survival in most hematopoietic engraftment patients without any side-effects. Similar results were also reported with UCSCs after HSCs transplantation. BMSCs have been most commonly used among other stem cells; however, BMSCs characteristics, such as their differentiation potential, quantity, and lifespan, reduced with the age of the donors [10].



BMSCs are widely used in clinical applications. Friedenstein et al. first isolated adult non-hematopoietic stem cells from the bone marrow and transplant into patients [13]. Over a decade, BMSCs applications have been rapidly increasing. There are 5185 studies on “stem cells”, 1102 studies on “bone marrow stem cells”, and 759 studies on “mesenchymal stem cells” were registered in U.S National Library of Medicine database, according to clinicaltrials.gov (June 2019). Among “bone marrow stem cells” studies, most research has been completed phase I (safety) and phase II (efficacy) by using both allogeneic and autologous BMSCs. Interestingly, there are 95 studies on phase III and 20 studies on phase IV, which indicates the high potency of BMSCs in clinical uses compare to other stem cell types. Table 1 summarizes the number of trials. There are numerous completed trials conducted worldwide, however, mostly in North America with 630 studies (57.2%), followed by Europe 187 studies (16.9%) and the Middle East and East Asian countries (Figure 1). BMSCs are potential in the treatment of various diseases, consisting of muscle, bone and cartilage diseases, blood-related diseases, behavioral, and mental disorders, immune system diseases, nervous system diseases, viral/infective diseases, cancers, wounds, and injuries (available online in https://clinicals.gov). The phase III/IV trials were completed in the cardiovascular diseases, acute leukemia, rheumatoid arthritis, and diabetes mellitus.



Studies on BMSCs application provided promising results in many diseases. However, some studies showed varying outcomes, which might be caused by donor variability, cell preparation processes, and lack of standardization prior to transplantation [15]. The number of stem cells is limited in bone marrow (0.42%) when compared to adipose tissue and umbilical cord, thus the expansion and cultivation of BMSCs are required to obtain an efficient number of cells for treatment [16]. However, the expansion process highly contributes to genetic instability, senescence, and transformation issues [9]. In general, in-vitro expansion cells reduce the genetic stability of native BMSCs [9,17]. In vitro expansion reduces DNA polymerase and repair capacity, thus resulting in DNA damage accumulation [9]. Yi et al. developed and optimized GMP compatible culture protocol, which is suitable for producing BMSCs for clinical uses. Clinical-grade BMSCs are stable in terms of genomic integrity [18]. Even that, manufacturing systems hardly meet a standard requirement because of the differences between donors, harvesting methods, devices, and cultivation conditions [19].



The processes of harvesting BMSCs are invasive when compared to adipose stem cells. The donors often receive anesthesia during the procedure, resulting in serious risks (stiff or sore and tired) [20,21]. The recover capacity varies from several days to weeks. After transplantation, medications stimulate the mobilization of stem cells into the bloodstream [22]. However, medication can cause bone and muscle aches, headaches, fatigue, nausea, vomiting, and sleepless in patients. In fact, the massive number of donor cells die within hours or days after transplantation [23]. Steroids, interferon γ and in-vivo depletion of NK cells weaken the immune system, thus reducing the rejection of the donor cells and interaction donor’s immune cells with the recipient’s healthy cells. Besides, gene editing was also been exploited to avoid the unwanted responses of the immune system [24,25]. Autologous BMSCs transplantation causes no risk that is related to the immune system, graft failure, and treatment-related mortality, where all stem cells will be transplanted back to each patient, whereas allogeneic BMSCs transplantation is involved in the development of skin rash, diarrhea, abdominal pain, and hepatitis. However, autologous transplants could result in increased of risk for tumor formation. Autologous BMSCs transplantation is usually preferred for young patients with normal conditions in an effort to reduce the risk for toxicity and graft-versus-host disease that is associated with allogeneic therapy. The allogenic BMSCs therapy is more effectively and commonly treatment in elderly patients, ≥65 years of age who have decrease in response of immune system [26].



In conclusion, the current literature provides separately and inadequacy on BMSCs processing, transplantation methods, and clinical applications. Therefore, this manuscript has summarized the understanding of the research and clinical uses of BMSCs for five years (2014–2019) by searching related keywords in PubMed, google scholar, Elsevier, MDPI database, except for some major references. This manuscript showed the updated information of BMSCs on characteristics, isolation, expansion culture, differentiation potential, and application.




2. Characteristics of BMSCs


Bone marrow stem cells are known as non-hematopoietic stem cells (HSCs) that are located in the medullary stroma of bone marrow. BMSCs firstly discovered by Friedenstein et al. in 1976 and named as clonogenic fibroblast precursor cells (CFU-F) [28]. BMSCs have been used for tissue engineering and regenerative medicines [29]. However, BMSCs represent very low in bone marrow tissue, which ranges from 1/10,000 to 1/100,000. During standard culture, BMSCs can amplify 500-fold higher in 50 passages [30]. BMSCs population are heterogeneous [31]. The BMSCs’s characteristics are highly associated with the ages and/or pathological conditions of the donors [32]. The number of BMSCs and their differentiation ability decrease by aging, which is the result of DNA modification and transcriptional changes. Adipogenic, chondrogenic, and osteogenic differentiation capacity of murine BMSCs were decreased by the age of donor animals. Supported to the impact of aging, Olivia et al. showed old BMSCs suffered from reduced chondrogenic, adipogenic potential and impaired expansion properties [33]. Those findings indicated the donor’s age factor in cell-based therapies for older patients. Remarkably, BMSCs from old mice were much higher in terms of the presence of certain cellular senescence markers, such as DNA double-strand break marker γ-H2AX and DNA damage checkpoint response mediator 53BP1 than from young mice. Additionally, young BMSCs can increase the osteogenic activities and migration in mice. Transplantation young BMSCs can also extend life span when compared to non-transplantation and old BMSCs transplantation group [34]. Similarly, Stolzing et al. had shown age-related changes in BMSCs, consisting of stem cell number, marker phenotype, proliferation, differentiation potential, senescence and apoptosis induction, and stress level markers [35]. The authors reported the lower number of adherent cells being isolated from bone marrow, increase senescence and apoptosis marked by β-galactosidase positive cells, p53 and p21 expression during cultivation, higher ROS level in “aged” BMSCs when compared to “young” MSCs. Stem cells that were isolated from elders had a low rate of proliferation and differentiation ability into osteoblasts, whereas they increase the expression of apoptosis markers and SA-β-gal positive cells (an indicator of the senescence cells) [31]. The potential of transmitting diseases from the donor to recipient should be carefully considered, such as pathogens (bacteria, viruses, fungi, parasites), congenital disorders, autoimmune diseases, and malignancies [36,37]. Interestingly, these transmittable diseases tend to increase in prevalence with increasing donor age. Viruses like HIV type I and II, hepatitis B, C, CMV, leukemia-associated human T-lymphotropic virus I and II are most frequent in blood and stem cell products [37]. However, the risk of transmission of these viruses is quite low by current screening methods. Vaccination with live vaccines should be limited during the last two weeks of donation. Theoretically, all of the congenital diseases originating from bone marrow cells could be transmittable and should be considered as contraindications for stem cell donation. A patient died after receiving bone marrow transplantation from a donor with Gaucher’s disease [38]. While considering the immunodeficiency of recipient after conditioning, the malignant cells might engraft or metastasize leading to disease in recipient. Thus, clearly, the systematic evaluation of donor status becomes a necessity and mandatory, especially in elder donors.



BMSCs secrete a variety of endocrine factors, which related to fibrosis, proliferation, apoptosis, chemotaxis, immunomodulatory, and angiogenesis processes in damaged tissues. By those effects, BMSCs can stimulate the recovery of the damaged area, the response of the immune system and protect other cells from apoptosis [31]. Table 2 summarizes the list of endocrine factors.



Literature data on the effects of cell culture procedures, individual donors, and clinical conditions are still scarce. Recently, a study has shown significant increase the expression of proteins that are associated with angiogenic signaling pathways under ischemic conditions [39]. Similarly, Salwa et al. have just reported the impact of isolation and culture conditions on the stemness and differentiation potential of BMSCs [40]. The authors investigated cells that were expanded in human serum and FGF2 condition expressed higher osteogenic markers; cell expanded in lysate plasma showed significant upregulation of IL-1α and IL-1β expression. Lysate plasma condition enhanced more stem-like phenotype, delayed differentiation, and changed the inflammatory gene expressions. Moreover, allogeneic HSCs located in bone marrow often cause graft-vs-host disease (GVHD) when the donor’s immune cells attack the healthy cell in patients [41]. The secreted factors and functional of BMSCs are altered, due to the donor’s health, age, and exposure to environmental stresses [42].



An important characteristic of MSCs is the immunoregulatory capacity and elicit immunosuppressive effects. DeMiguel et al. showed these effects in a number of situations, including decreased expression of class II Major Histocompatibility Complex (MHC-II) and costimulatory molecules via direct cell-to-cell interaction and soluble factor secretion. MSCs are capable of inhibiting the cell proliferation of T cells, B-cells, natural killer cells (NK), and dendritic cells. Besides, MSCs can block cytokine secretion and cytotoxicity of T can NK cells, B cell maturation, dendritic cells maturation, and activation, as well as antigen production. Thus, it is clear that MSCs exhibit their immunomodulation activities [43].



In general, MSCs can be obtained by a different method of isolation, cultivation, and characterization, thus BMSCs may vary the expression of cell surface markers. ISCT released the gold standards of BMSCs to classify them among other bone marrow cells [8]. Undifferentiated BMSCs, as well as other MSCs, which are plastic adherent cells, show positive expression of CD105, CD73, CD90, and lack the expression of CD45, CD34, CD14 and CD11b, CD79α, and CD19 at least in the standard culture. Currently, the STRO-1 marker, which is not involved in ISCT criteria, is a defined marker for mesenchymal stem cells from bone marrow. STRO-1 highly expresses in fresh and young BMSCs and reduces during expansion culture, thus positive STRO-1 BMSCs are thought to be suitable for clinical application [29]. The higher expression of CD271 and PDGFRα is associated with the skeletal differentiation capacity of BMSCs.



Besides the expression of surface markers, BMSCs can be characterized by self-renewability and multi-lineage differentiation capacity. In vitro, BMSCs can differentiate into adipocytes, osteoblasts, chondroblasts, neural, myocyte, and epithelial cells by the supplementation of stimulating factors to the cultures. However, the potential for adipocytes, osteoblasts and chondroblasts differentiation of BMSCs subpopulations should be fully characterized [29,44]. The culture process of BMSCs causes heterogeneity in differentiation potential. Additionally, antibiotics and serum that are added in the culture medium can affect the phenotype and differentiation potential of BMSCs [29].




3. Processes in Isolation of BMSCs


It is clear that both unfractionated bone marrow or specific subpopulation of mesenchymal stem cells can be applied in stem cell therapy [65,66,67,68]. The isolation of BMSCs has been developed and used to characterize mesenchymal stem cells in mouse, rabbit, dog, pig, rat, and human [69,70,71,72,73,74]. Hematopoietic stem cells (HSCs) and mesenchymal stem cells, which localized together in the bone marrow, are most commonly used in clinical application. The isolation and enrichment strategies and characterization of BMSCs are based on their biological characteristics, which consist of plastic-adhesion, surface markers expression, and multiple lineage differentiation capacities [72,75,76]. Traditionally, BMSCs will be collected by specific bone marrow aspiration and selected as plastic adhesion cells in vitro. This method is simple and convenient when compared to other stem cells; for instance, adipose stem cell isolation requires enzymes to digest adipose tissues. However, it is not enough to distinguish between BMSCs and other bone marrow subpopulations, such as endothelial cells, pericyte, leukocyte, and hematopoietic stem cells [16]. Thus, other isolation methods have been accessed including a density gradient centrifugation method, named as Ficoll method [77], as well as advanced cell sorting methods, such as the flow cytometry-based sorting method [72,78]. Additionally, MACS technology is also fast and efficient for stem cell separation. The flow cytometry and MACS technologies are both based on the expression of cell surface markers. For MACS, magnetic labeling using CD271 used a marker for isolation of MSCs from bone marrow and lipoaspirate. MACS microbeads, columns, and automated separators are available to apply in stem cell separation. ISCT published the guideline to the cell surface markers isolation BMSCs, which is suitable for clinical application [8]. Human BMSCs will be sorted with positive markers CD105, CD73, CD90 and negative markers CD45 (hematopoietic cell marker), CD34 (endothelial cell marker), and HLA-DR (leukocyte marker). Besides, other strategies that are based on the enrichment of SRO-1, CD146, SSEA-4, CD271, and MSC antigen-1 to purify BMSCs [29,79,80]. Samsonraj R.M et al. listed the surface antigen expressed in BMSCs [29]. The combination of CD49a, PDFGRα/β, EGFR, IGFR, and STRO-3 markers was also reviewed as an isolation criterion of BMSCs. The authors demonstrated that STRO-1 and PDGFRα makers supported the selection of BMSCs, which showed higher bone regeneration potential. While Feng-Juan Lv et al. opposed the phenotype and expression of stem cell surface markers are varied by the expansion culture condition [80]. Therefore, it is a clinical, legal, ethical obligation to follow GMP guidelines in the isolation of BMSCs, where the isolation and culture of BMSCs will be done in the automated systems [81,82,83]. The GMP-compliant isolation and expansion procedure of BMSCs will be discussed in the following section.




4. Processes Involved in the Culture of BMSCs


It is necessary to amplify BMSCs in vitro before clinical application to get a sufficient number of cells for the therapeutic dose due to the low number of stem cells in bone marrow (0.001–0.01% total nucleated cells and 0.42% plastic adherent cells) [16,84]. In general, the risks of use BMSCs are strongly associated with culture conditions. Therefore, large-scale BMSCs production must adhere to the requirement of GMP standardization. Ayesha Aijaz et al. generally discussed bio-manufacturing for clinical cell therapies [85]. The authors demonstrated four parameters that should be considered: quality, cost, scalability, and sustainability in the cell therapy products manufacturing.



4.1. Culture Expansion Conditions


In Europe, the European Medicines Agency approved mesenchymal stem cells as advanced therapy medicinal products (ATMPs) from 2007 [86]. In the United States, BMSCs must comply with Current Good Tissue Practice (CGTP) guidelines. Accordingly, the BMSCs must be produced in the GMP-grade control to ensure reproducibility, safety, and efficiency of stem cell therapy. During the cultivation of BMSCs, sources and harvest methods, cell seeding plate and density, proliferation rate, and culture medium should be followed and then validated in the variety of cell expansion systems [87]. Generally, BMSCs can be harvested by either invasive or non-invasive methods. The noninvasive method relies on salvaging the large bones of a freshly slaughtered animal, whereas invasive methods can be applied on a live animal, followed by density gradient centrifugation. The noninvasive method was found to be much less cumbersome, however, it cannot be used to harvest BMSCs in humans. Invasive methods consist of perfusion or aspiration method, where the aspiration method yielded significantly higher than the perfusion method. However, the perfusion method is simple and safe with minimal contamination and it reduces the risk of acute graft versus host disease in allogeneic bone marrow transplantation [88]. Time culturing decreased the proliferation rate and multipotent differentiation potential of stem cells [87]. Moreover, the age of donors also influenced the proliferation rate of cultured BMSCs [35]. In terms of culture medium, Dulbecco’s minimal essential medium (DMEM) supplied with 10% of approved fetal calf serum (FCS) was basically used in the culture of BMSCs to minimize the variety of batch to batch variations of FCS and reduce the risk of allergies related to xenogeneic proteins to patients [89,90]. Plasma temp platelet lysate and platelet-rich plasma (2–8%) or growth factors, such as TGF-β, FGF2, or PGFEP, can be supplied in the media instead of serum. Those media efficiently maintain the morphology and multi-lineage differentiation capacity of the BMSCs population [90]. Many studies pointed to FGFs as major players in seft-renewing proliferation, cellular senescence, and aging. Additionally, FGF-2 not only promotes cell growth level, but also maintains specific stem cell markers and improves chondrogenic differentiation [91]. Therefore, FGF-2 is frequently added during the pre-selection of MSCs subpopulation. However, FGFs are key challenges for the cost-effective expansion of BMSCs. Researchers had been finding other components instead of FGFs. The animal component-free and serum-free media have been developed and marketed, which is convenient for the culture of human mesenchymal stem cells, such as MesenCult™-ACF Plus Medium (STEMCELL Technologies), CTS StemPro MSC SFM, and StemPro MSC SFM XenoFree (ThermoFisher Scientific, Waltham, MA USA 02451) or Pro293a (Lonza, Basel, Switzerland). In comparison to the traditional culture medium, human MSCs that were expanded in serum-free and xeno-free media showed better expansion, multipotentiality, and serve as suitable for the production of large scale, functionally competent MSCs for clinical applications [92]. In 2012, Natalie Fekete et al. validated five different GMP-compliant protocols for the isolation and expansion of BMSCs consisted of a single-step and four two-step protocols [81]. Single-step protocol was primary culture with one circle of seeding and harvesting steps, while two-step protocol contained two circles. The authors reported that the single-step or two-step protocols can be suitable to produce at least single therapeutic dose. The single-step protocol used short-time cultivation, whereas the two-step protocol was used to obtain a much higher amount of BMSCs and to reduce the costs for expansion. However, the authors also mentioned the long-term culture of BMSCs leads to a change in the genotype as well as differentiation characteristics of BMSCs. Besides, Yi et al. developed and optimized GMP compatible culture protocol, which is suitable for producing BMSCs for clinical uses. The final products, which were produced from cells obtained at passage 12, must be satisfy all of these criteria: pathologic microbes, mycoplasma, cytopathic effect and hemadsorption, cell morphology, virus test, MSC marker analysis, and cell viability. Karen Bieback et al. also reported typical clinical protocols for the isolation and expansion of MSCs [93]. The authors described the essential processes and necessary quality assessment parameters performed, including ENTRY CONTROL (cell number, viability, sterility) -IN PROCESS CONTROL (cell number, viability, sterility, clonogenicity, immune phenotype) -RELEASE CONTROL (cell dose, viability, immune phenotype, microbial, endotoxin, mycoplasma test) -POTENCY ASSAYS (clonogenicity, trilineage differentiation, immunomodulation, hematopoiesis regulation). That method is an efficacious and economical option in clinical settings. The released parameters for MSCs manufacturing (Table 3).




4.2. Devices Using in Culture Expansion


Tissue culture treated flasks or dishes are important for traditional monolayer culture of mesenchymal stem cells; however, the traditional culture requires a class A cabinet to avoid a high risk of contamination with bacteria or fungi. Thus, closed and semi-automated/automated systems have been developed that fulfill GMP requirements [82,83,94]. The Quantum cell expansion system (Terumo BCT, Lakewood, CO, USA), a hollow fiber bioreactor system, has been commonly used in several investigations [82,83]. Those scale-up cell manufacturing systems overcame the conventional methods in terms of minimal media exposure, manufacturing time, anticontamination, and labor costs. Moreover, the Quantum cell expansion system is reliable, reproducible, and most economical to produce sufficient BMSCs for a clinical trial (single dose of 100 × 106 cells/subject × 100 subjects) [83,94]. The authors described the full end-to-end protocol of the BMSCs manufacturing process, consisting of media preparation, set up the system, coating of fiber, loading sample, feeding, and harvesting. Additionally, the authors suggested using fibronectin, platelet lysate, and human plasma to coat the hollow of the quantum system when loading raw BMSCs [82].




4.3. Issues upon Culture Expansion


Lastly, the culture condition induced morphological, phenotypic, and genetic alterations of BMSCs, which Yang et al. investigated [95]. Long-term culture expansion reduces cellular proliferation, differentiation potential, homing, and immunomodulatory properties, while developing senescence and tumor generation [87]. The cultivation of BMSCs was interrupted at passages 25, where the cells might stop proliferation and go into senescence state [96]. Significantly, decreases in differentiation potentials were also observed due to passage [97]. Currently, several techniques are available to detect or quantify the genomic alteration, listed of conventional karyotype, Spectral Karyotype, Array-CGH (comparative genomic hybridization), virtual karyotype, FISH fluorescent in situ hybridization, microsatellite instability analysis, single nucleotide polymorphism array, gammaH2AX, telomere length by Southern, Sanger sequencing, NGS next-generation sequencing, the droplet digital PCR, micronuclei test, and comet assay. Additionally, it was also demonstrated that long-term cultures under hypoxic conditions prevent senescence, improve DNA damage response while maintaining differentiation potential. The authors determined that DMEM-based medium facilitated cell proliferation in the early passages, but reduced cell population doubling rate in the aged passages. It also caused a decrease in the expression of CD146, especially STRO-1, which was lost during in-vitro expansion. Besides, microscopic image demonstrated aging MSCs that were cultured with either medium formation increased morphological inhomogeneity and gene expression profile. Therefore, the differentiation potential of MSCs was also affected during culture period. MSCs are able to maintain adipogenic differentiation, whereas senescence significantly impaired osteogenic potential.





5. Processes Involved in the Differentiation of BMSCs


5.1. Differentiation Potentials of BMSCs and Regulation


BMSCs are well known for their multi-lineage differentiation potential into osteocytes, adipocytes, chondrocytes, and skeletal muscle [98,99,100]. In-vitro differentiation culture conditions generally regulate the differentiation capacity of BMSCs. The alkaline culture medium can stimulate the differentiation of BMSCs into chondrocytes [101]. Dexamethasone is required for osteogenic differentiation [102]. Bone morphogenetic proteins (BMPs) can induce BMSCs into osteocytes by regulating the expression of Runt-related transcription 2 (Runx2) [103]. Additionally, three-dimensional culture and azacytidine (an anticancer drug) can enhance the osteogenic and adipogenic differentiation ability of BMSCs [104]. Unbalanced bidirectional differentiation between adipocytes and osteocytes might relate to osteoporosis, which characterized by decreasing the number of osteoblast cells and increasing adipocyte cells. To date, the co-treatment of estrogen can promote osteogenic differentiation, while inhibiting the adipogenic differentiation of BMSCs in osteoporosis patients. Besides, 1,25 dihydroxy vitamin D3 inhibits PPARγ2, thus suppressing lipogenesis and adipogenic differentiation [99]. Receptor activator of nuclear factor κB ligand [105] signaling inhibits osteogenesis, but does not affect adipogenesis of BMSCs [106]. Jicheng Wang et al. reported the role of miRNAs in the osteogenic differentiation of BMSCs. The authors identified 17 miRNAs that were upregulated and five miRNAs were downregulated, which target various genes during osteoblast differentiation when compared to undifferentiated BMSCs [107]. These findings were consistent with the findings of Ying Chen et al. [108]. Moreover, a balanced differentiation of BMSCs also contributes to hematopoietic recovery after bone marrow transplantation [109]. In vivo, many factors, such as aging, obesity, irradiation, and chemotherapy, cause the alteration of the microenvironment, thus modulate differentiation capacity of transplanted BMSCs [109]. These factors regulate BMSCs differentiation by a series of signaling pathways, which results in the imbalance of adipogenic-osteogenic differentiation, leading to the accumulation of adipocytes and the attenuation of osteocytes at the implantation site.




5.2. Trans-Differentiate and De-Differentiate Potentials


Interestingly, BMSCs are able to trans-differentiate into other cell types and de-differentiate back to the undifferentiated state in response to extracellular signals [110]. BMSCs can be differentiated and dedifferentiate into neurons and cardiomyocytes, respectively [111,112]. Lui et al. succeeded in inducting of BMSCs into neurocytes and reverting neurocytes to de-differentiated BMSCs in-vitro by removing the extrinsic factors [112]. De-differentiated BMSCs showed increasing cell survival and differentiation potential, thus improving cognition function of brain damage in rats when compared to unmanipulated BMSCs. Yannarelli et al. also investigated partly cardiomyocytes differentiation potential of BMSCs. Besides, partially cardiomyocytes differentiated cells can revert to undifferentiated state of MSCs, and potential to extended differentiation via the regulation of pluripotency transcription factor OCT4 [111].





6. Processes in the Storage of BMSCs


6.1. In Short-Term Storage


The wide use of BMSCs as regenerative medicine in the clinic requires strictly controlled quality in the process and the final product. Storage and transportation significantly influence the viability and differentiation capacity of BMSCs preparation prior to transplantation. Several medium and temperature conditions, as well as the maximum time of storage, have been evaluated, which supports the safety and potency of stem cell therapy [113,114,115]. Mesenchymal stem cells should be stored in 0.9% saline for less than two hours. After four hours, the proliferation of stem cells rapidly reduces, and the cell viability decreases when compared to fresh BMSCs (>90% of the cell population). Longer storage leads to a significant reduction of self-renewal and differentiation capacity [113]. The authors report that temperature (4 °C or room temperature) did not affect the viability of stem cells. Most recently, the trehalose-based solution has been recommended for the storage of BMSCs at 4 °C for 72 h [115]. This trehalose solution enhanced the recovery rates, the self-renewable capacity of BMSCs with a consistent phenotype and genotype, as well as the differentiation properties of BMSCs when compared to Plasma-Lyte® 148, HypoThermosol® FRS, and Ringer’s solution that is commonly used in clinical research [115]. Currently, there are no specific transportation systems for stem cells in clinical applications. Tomoki Aoyama et al. evaluated both frozen and non-frozen transportation systems and then suggested the critical parameters that are essential to be considered during transportation of BMCs [116]. The authors demonstrated that the transported materials and cell products require satisfying some requirements, including leakproofness, sterility, temperature stabilization, shock resistance, gas stability, UV shielding, and monitoring. DMSO can be used as cryoprotectant, but it has some adverse effects on patients, such as nausea, headache, hypertension, and diarrhea. Therefore, the International Stem Cell Initiative recommends the use of liquid nitrogen (−196 °C) for frozen stem cell transportation. However, a significant loss of living cells and increase in the proportion of apoptotic and senescence cells regarding frozen transportation should be considered. In non-frozen cell transportation, the control of temperature (37 °C) and cell metabolism (added preservation solution) is compromised. Besides, non-frozen transportation methods are not convenient, because of the limitation of transportation package for long distance.




6.2. In Long-Term Storage


Stem cell banking was supposed to store a maximum number of samples with effective costs [114,117]. Cryovials or cryobags can be used in various sizes. Cryovial sizes vary from 2.0 to 4.5 cc, whereas the cryobag volumes mostly are bigger, from 25 to 60 cc. In addition, cryobags can be applied in closed automated systems, allowing for culture, selection, and storage procedures. However, cryovials are commonly used in an open system that requires sterility control during processing. BMSCs can be stored in liquid nitrogen (temperature always below −196 °C) for a long time (>1 year). Stem cell banking can hold 10,000 25-cc bags or 40,000 4-cc vials. Most importantly, the stem cell banking must be under the quality control at each time point to provide a high quantity and quality of cryopreserved samples.





7. Potency Analysis for BMSCs Production


It is important to evaluate the quality of stem cell products for clinical applications. The identification of relevant and robust potency assays is not only a regulatory requirement, but it is also the standard for producing and delivering a product that is consistent, safe, and ultimately an effective therapy. It is no doubt that the cells that were collected from different tissue sources and expansion methods showed the same morphologic, cell surface markers, and differentiation characteristics (minimal criteria for MSCs defined by ISCT), but still had major differences in their biologic and functional actions. However, despite extensive ongoing researches regarding the use of BMSCs, there is no consensus on any potency assay for MSCs, because stem cells have a complex and/or not fully characterized mechanism of action. Currently, a single bioassay approach and multiple complementary assays approach have been investigated [118,119,120,121]. For instance, Lee et al. demonstrated that the flow cytometry-based quantitative IDO assay correlates with MSC’s inhibition of T cell proliferation and results in phase I of autologous MSC- based clinical trial for the treatment of osteoarthritis [120]. Chinnadurai et al. developed MSC secretome analysis (29 cytokines) and a quantitative RNA-based array (~40 genes) for genes specific to immunomodulatory and homing properties of MSCs [121]. Even then, a single bioassay method might not provide an adequate measure of the potency for a cellular product, such as BMSCs as multiple complementary assays. To date, the issue of developing appropriate potency assay for BMSCs remains very challenging. The test must include appropriate controls and standard materials; validate to meet the requirements, including accuracy, precision, repeatability, specificity, linearity and range, system suitability, and robustness; and, be convenient to perform as a quality control test.




8. Processes Involved in the Application of BMSCs


Human bone marrow stem cells have been investigated as potential therapeutic strategies for various human diseases, especially in the field of regeneration medicine [122]. BMSCs have the ability to self-renew, multi-lineage differentiation, migration, anti-inflammatory, and immunomodulation, which may, together, support therapeutic effects in clinical applications. It is clear that both autologous and allogeneic BMSCs have been used in stem cell therapy. Autologous BMSCs can bring lower risks that are related to the immune systems, but a higher risk of tumor formation. Several studies have observed potential adverse effects of MSCs, including tumor growth, metastasis, and transformation into cancer cells [123,124,125]. Specifically, human pulmonary MSCs exhibited high proliferative capacity with unbalanced chromosomal rearrangements [126]. These adverse effects may be explained by a heterogeneous MSCs population used in experiments that contaminated “abnormal cells”—the cells initially grew slowly and then transformed into cancer cells. In fact, the impact of the administration of MSC on tumor growth is controversial. In vitro and in vivo studies have reported stimulation of tumor growth by providing supportive stroma, creating a permissive environment and/or reducing immune rejection of tumor cells [127,128]. A further risk that is associated with MSC expansion in vitro is senescence, which only occurs after long-term passage in culture, and subsequent differentiation into tumor cells after in vivo transplantation, has been shown in rodents [129]. Although concerns that MSCs might transform into tumor cells still exits, there is general agreement that BMSCs can be safe with no risk of malignant transformation, and so far no cancer has been yet reported in clinical trials for autologous cell therapy, thus making MSCs suitable for use in trials [96]. Constantly, in allogeneic cells transplantation, immune rejection of allogeneic cells might prevent the development of tumors in vivo. Allogenic BMSCs transplantation usually uses in the treatment in elderly patients, who have suppression of immune responses. Cell death or apoptosis might be observed within a few days after stem cell engraftment, due to harsh environmental conditions, anoikis, and inflammation [130]. Chronic inflammation inhibits the recruitment and survival of implanted cells, promotes the generation of ROS, thereby inducing apoptosis. Therefore, methods for reducing apoptosis and enhancing cell adhesion have been approached to improve the survival of the cells at the transplanted sites. The authors demonstrated pretreatment with cytokines, growth factors, and antiapoptotic molecules, genetic modification, and preconditioning can be useful for improving the survival rate of transfected cells. Besides, hypoxia or the three-dimensional cell culture system were also approached to improve the immunomodulatory properties of human MSCs. Figure 2 describes the process of autologous BMSCs transplantation on human.



8.1. BMSCs Involved in the Treatment of Immune Disorder Diseases


BMSCs have been investigated in the treatment of immune disorder diseases, including GVHD, type I diabetes, systemic lupus erythematosus (SLE), and rheumatoid arthritis (RA) [131]. By secreting soluble factors, MSCs can inhibit immune cell migration, proliferation, differentiation, and activation, which result in the suppression of immune responses. GVHD is a severe inflammatory condition that is caused by the attacking of donor T cells to the immune system of the recipient after allogenic HSCs transplantation. To date, corticoids are commonly used in the initial treatment of GVHD and BMSCs as an alternative option to treat in corticoids-resistant patients. FDA approved a commercialized product, named Prochymal (Osiris Therapeutics Inc., Columbia, MD, USA), which contains BMSCs to treat GVHD, specifically in pediatric patients with serious corticoids resistance [132,133,134]. Recently, a meta-analysis has shown that BMSCs can significantly reduce the incidence rate of chronic GVHD but not acute GVHD in patients. To prevent GVHD, it is important to use BMSCs after HSCs implant to minimize the side effects of stem cell therapy [135]. Besides, BMSCs also applied to treat chronic inflammatory diseases [136,137]. A comparative study showed that the systemic infusion of BMSCs significantly improved symptoms of RA in mice [138]. BMSCs reduced bone erosions, synovitis and articular destruction, levels of TNF-α and IL-1β in serum and joint, which results in an improvement of inflammation state in RA mice. BMSCs are considered to be the best stem cells for the treatment of RA when compared to UCSCs and exfoliated deciduous teeth stem cells [138]. In addition, a randomized, triple-blind trial showed the improvement of Western Ontario and McMaster Universities Arthritis Index (WOMAC), visual analog scale (VAS), time to jelling, pain-free walking distance, and standing time in 30 RA patients treated with BMSCs [139]. However, the trial failed to prolong the therapeutic effects of BMSCs beyond 12 months. In SLE patients, BMSCs are safe and they contribute to improving the SLE Disease Activity Index (SLEDAI) score, blood parameters, and overall survival rate [140,141,142]. JAK/STAT, PTEN/AKT, p53/p21, and Wnt/β-catenin signaling pathways were investigated in mediating BMSC senescence and apoptosis, which might contribute to the development of SLE [143,144,145,146]. On the other hand, the infusion of BMSCs suppressed helper T-cell development, thus attenuating immune responses and inflammatory damage [147]. Type I and type II diabetes have been the targets of BMSCs therapy [148,149,150,151]. There are several completed and in processing clinical trials registered in the database of U.S National Library of Medicine that used BMSCs in phase I to phase III clinical trials. After nine months of BMSCs intravenously transfusion, diabetic patients are free from insulin injections without any side effects [151]. In addition, a randomized trial in 21 patients who underwent BMSCs infusion of a superior pancreaticoduodenal artery or splenic artery significantly reduced the insulin requirement dose, but did not show the improvement of insulin sensitivity [150]. Intravenous BMSCs failed to show the improvement of stem cell therapy in this trial. In addition, the evidence of BMSCs that may differentiate into β-cells is unclear. However, BMSCs can enhance the vascular generation, endothelial repair, and anti-inflammation through paracrine activity [149]. MSC-derived exosomes and microvesicles are important mediators of the paracrine activity. These extracellular vesicles can regulate host cells and surrounding microenvironment and improve the disease outcomes, which consist of mRNAs, microRNAs, cytokines, and growth factors [152,153,154,155]. In addition, the extracellular vesicles have been recognized as a drug delivery platform, which brings chemicals or drugs to the target cells [156].




8.2. BMSCs Involved in the Treatment of Neurodegenerative Diseases


BMSCs have been widely applied to various neurodegenerative diseases, which consist of multiple sclerosis, amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), and Alzheimer’s disease (AD). Intrathecal injection of expanded BMSCs are safe and enhanced the improvement parameters in advanced multiple sclerosis in the 10 patients studied for 3–6 months treatment [157]. Another study also agreed that intravenously delivered MSCs limit neuronal damage by indirectly regulating immune systems and regenerating the neurons [158]. Research group [159] recently published the protocol for assessing the safety and efficacy of a single intravenous dose of BMSCs for multiple sclerosis, which is the guideline for studying BMSCs in humans [159]. BMSCs transplantation has shown self-renewable and neural protective properties in ALS patients. BMSCs are safe in phase I/IIa clinical trial in ALS patients [160,161,162]. Intravenous and intrathecal injection of BMSCs showed a reduction of the ALS Functional Rating Scale and Forced Vital Capacity percentage in all of the treated patients [161]. In PD, BMSCs have the ability to regenerate damaged neurons [163,164]. Moreover, BMSCs can improve the dopamine transporter binding activity, which results in the recovery and protection of dopaminergic neurons [165]. Several clinical trials are conducted while using BMSCs on PD patients (NCT02611167, NCT01446614, NCT00976430). The completed trials showed improvement in PD patients without any side effects after 36 months of BMSCs transplantation [163]. Human BMSCs reduced IL-1, IL-2, TNF-α, and IFN-γ in serum and oxidative stress, which showed the anti-inflammation potential and regulation of the expression of amyloid β1–42 genes and, thus, improved the symptoms of AD [166]. The improvement effects were seen in rat intracerebral hemorrhage after the administration of BMSCs to induce anti-inflammation and neurogenesis properties [167]. However, the therapeutic effects of BMSCs are still being investigated, and the future results may provide better evidence to widely apply BMSCs in the clinic.




8.3. BMSCs Involved in the Treatment of other Diseases


Lastly, BMSCs have shown potential on the treatment of osteoarthritis (OA), a degenerative disease of bone [168,169,170,171,172,173,174]. In a meta-analysis study, BMSCs improved knee joint cartilage degeneration, joint damage, and significantly reduced pain [168]. Six clinical trials showed an improvement of patient-reported outcomes, that support stem cell injection in knee osteoarthritis [175]. A systematic review of 659 studies showed a significant reduction of knee pain, self-reported physical function, and cartilage quality evidence to use in rehabilitation for OA patients [176]. Besides, BMSCs is also intended in the treatment of sports injuries [177,178].



Overall, BMSCs are popular adult stem cells and they have long been therapeutically applied in various diseases. This review summarized the preclinical and clinical studies of BMSCs in Table 4 and Figure 3. The number and size of trials are still limited; therefore, it is necessary to conduct wide studies that will support the use of BMSCs in clinical application.





9. Conclusions


Research on the BMSCs has been gradually increasing over recent years. BMSCs became the most commonly mesenchymal stem cells used in the clinic as regenerative medicine. In-vitro studies on isolation, culture and differentiation, and storage processes of BMSCs support the wider application of BMSCs in clinical practice. As the number of BMSCs is very low in bone marrow, the expansion culture is mandatory for producing clinical-grade production. Under the long-term expansion, BMSCs may undergo senescence and transformation that contribute to the development of tumors and metastases. Therefore, the processing of BMSCs must satisfy the good manufacturing practice requirement to ensure the quantity and quality of BMSCs, which are strongly associated with the safety and outcome of BMSCs therapy. Most of the preclinical and clinical trials have shown promising results of BMSCs on the treatments of various diseases with few adverse effects during follow-up periods. Currently, BMSCs therapy has been used in the treatment of osteoarthritis, immune disorder diseases, neurodegenerative diseases, and sporty injuries. Autologous and allogeneic BMSCs both can be used in clinical trials and exhibit positive results. However, the number of subjects in clinical trials and conditions of treatment is limited. Therefore, it is necessary to conduct more randomized, controlled clinical trials to find the best standards for BMSC therapy to evaluate the safety and benefits of each application.




10. Future Directions


It is now clear that stem cell therapy has gained interest in recent years. Preclinical and clinical studies have been conducted to provide evidence for using stem cells, especially BMSCs in the clinic. There are several issues that need to be further investigated before applying stem cells. Recent studies have shown BMSCs can stimulate lung tumor growth and metastasis [194,195,196]. Few adverse effects were also reported by the treatment of BMSCs. Moreover, the number of human trials is limited in phase I and phase II; and, lacks phase III and IV trials. Therefore, further studies may focus on the safety, molecular mechanism, and standardization of the stem cell preparation processes as well as shipping and clinical application. The safety of BMSCs therapy still needs to be carefully investigated by expanding in terms of a number of studies, and the size of subjects in phase I/II. Cells harvesting, expansion processes, and quality control must follow a standard protocol or GMP guideline. Diseases and patient conditions must optimize cell dose, route, and interval of BMSCs administration. In addition, understanding the molecular mechanism in the homeostasis, regulation tissue repair, modulation of immune responses, and differentiation of BMSCs may support new methods for improving the efficacy of trials. Finally, a combination of BMSCs therapy and other methods should be combined that may provide promising outcomes of BMSCs applications. BMSC therapy combined with drug treatment for ischemic stroke is potentially a feasible and efficient therapeutic approach. They exert synergistic effects in different ways, including enhancing stem cell migration and survival, promoting endogenous stem cell proliferation, reducing apoptosis, and angiogenesis. For instance, sodium ferulate accelerates BMSC migration toward the ischemic zone in a rat model [197]; valproate- or lithium-pretreated BMSCs stimulate cell migration and targeting ability and promote functional recovery [198]; erythropoietin acts synergistically with MSCs to potentiate neurogenesis [199]. This combination approach should be further evaluated in clinical trials.
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	BMSCs
	Bone-marrow mesenchymal stem cells



	UCSCs
	Umbilical cord stem cells



	ADSCs
	Adipose-derived stem cells



	ISCT
	International Society for Cellular Therapy



	MSCs
	Mesenchymal stem cells



	NK
	Natural Killer



	CFU-F
	Clonogenic fibroblast precursor cells



	GVHD
	Graft versus host disease



	EGFR
	Epidermal growth factor receptor



	IGFR
	Insulin growth factor receptor



	PDGFRα
	Platelet-derived growth factor receptor alpha



	GMP
	Good manufacturing practices



	ATMPs
	Advanced therapy medicinal products



	CGTP
	Current Good Tissue Practice



	FCS
	Fetal calf serum



	DMEM
	Dulbecco Modified Eagle Medium



	BMPs
	Bone morphogenetic proteins



	Runx2
	Runt-related transcription 2



	PPARγ2
	Peroxisome proliferators-activated receptor gamma 2



	SLE
	Systemic lupus erythematosus



	RH
	Rheumatoid arthritis



	HSCs
	Hematopoietic stem cells



	WOMAC
	Western Ontario and McMaster Universities Arthritis Index



	VAS
	Visual analog scale



	SLEDAI
	SLE Disease Activity Index



	ALS
	Amyotrophic lateral sclerosis



	PD
	Parkinson’s disease



	AD
	Alzheimer disease



	OA
	Osteoarthritis
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Figure 1. Map of clinical trials on bone marrow stem cells in the world [27]. North America comprises the highest number of trials, followed by Europe, the Middle East, and East Asia. 
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Figure 2. The process of bone marrow mesenchymal stem cell transplantation. 






Figure 2. The process of bone marrow mesenchymal stem cell transplantation.



[image: Ijms 21 00708 g002]







[image: Ijms 21 00708 g003 550] 





Figure 3. Summarize the current clinical applications of bone marrow mesenchymal stem cells. 
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Table 1. The number of bone marrow stem cells trials classified by the phase [14].
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	Phase
	Number of Studies
	Note





	Early phase I
	16
	Testing in non-human subjects



	Phase I
	412
	Testing safety in 20–100 normal healthy volunteers



	Phase II
	610
	Determination of therapeutic dose in 100–300 patients



	Phase III
	95
	Determination of therapeutic dose, safety, and efficiency in 300–3000 patients



	Phase IV
	20
	Testing the long-term effects



	Not applicable
	108
	-










[image: Table] 





Table 2. Endocrine factors secreted by bone marrow mesenchymal stem cells.
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Secreted Factors

	
Function






	
Basic fibroblast growth factor (bFGF) [45,46]

	
Cell survival, proliferation, and differentiation




	
Insulin-like growth factor (IGF) [47]




	
Secreted frizzled-related protein-1 (SFRP1) [48]




	
Secreted frizzled-related protein-2 (SFRP2) [49]




	
Stanniocalcin-1 (STC-1) [50]




	
Transforming growth factor β (TGF-β) [46]




	
miR-10b-5p, miR-22-3p, miR-191, miR-222, miR-21, let-7a [51]




	
Metalloproteinase-1 (MMP1) [46]

	
Remodeling of extracellular matrix




	
Metalloproteinase 9 (MMP9) [52]




	
Plasminogen activator (PA) [46]




	
Tumor necrosis factor-α (TNF-α) [46]




	
Angiopoietins (ANGs) [53]

	
Angiogenesis




	
Fibroblast growth factor-2 (FGF-2) [45]




	
Transforming growth factor β (TGF-β) [46]




	
Vascular endothelial growth factor (VEGF) [54]




	
miR-132 [55]




	
miR-222, miR-21, let-7f [51]




	
Hepatocyte growth factor (HGF) [56]

	
Immunomodulatory




	
Human leukocyte antigen G5 (HLA-G5) [57]




	
Indoleamine 2,3-dioxygenase (IDO) [58,59]




	
Inducible nitric oxide synthase (iNOS) [60]




	
Interleukin-6 (IL-6) [61]




	
Interleukin-10 (IL-10) [62]




	
Leukemia inhibitory factor (LIF) [63]




	
Prostaglandin E2 (PGE2) [64]




	
Transforming growth factor β (TGF-β) [46,56]




	
miR-143-3p [51]
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Table 3. The released parameters for mesenchymal stem cells (MSCs) manufacturing.
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Characteristics

	
Parameters

	
Requirements






	
ENTRY CONTROL

	
Cell number

	
>2 mL sample




	
Viability

	
>90%




	
Sterility

	
Positive




	
IN PROCESS CONTROL

	
Cell number

	
5–10 × 108 MSCs




	
Viability

	
>90%




	
Sterility

	
Positive




	
Clonogenicity

	
1 to 5 MSCs/cm2




	
Immune phenotype

	
CD105, CD73, and CD90 (>95% total cells). CD34, CD45, CD14 or CD11b, CD79α or CD19 and HLA-DR (≤2%).




	
RELEASE CONTROL

	
Cell dose

	
More than 5 × 106 MSCs/kg body weight of the recipient




	
Viability

	
>90%




	
Immune phenotype

	
CD105, CD73, and CD90 (>95% total cells). CD34, CD45, CD14 or CD11b, CD79α or CD19 and HLA-DR (≤2%).




	
Microbial

	
Negative




	
Endotoxin

	
Negative




	
Mycoplasma test

	
<50 CFU/ml




	
POTENCY ASSAY

	
Clonogenicity

	
1 to 5 MSCs/cm2




	
Trilineage differentiation

	
Positive




	
Immunomodulation

	
Positive




	
Hematopoiesis regulation

	
Positive
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Table 4. Preclinical studies and clinical trials of bone marrow stem cells (BMSCs) applications.
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Diseases

	
Pre-Clinical Studies

	
Clinical Trials

	
Routine Treatment

	
Effect of BMSCs Therapy

	
Autologous or Allogenous

	
Ref.






	
Graft versus host disease

	
-

	
Phase II/III

	
Infusion

	
Improve the overall survival rate

	
Allogenous

	
[179]




	
-

	
Phase I

	
Injected intravenously

	
No acute toxicity & Improve the overall survival rate

	
Allogenous

	
[180]




	
-

	
Phase II

	
Transplant

	
Improve the overall survival rate

	
Allogenous

	
[181]




	
Type I diabetes

	
-

	
Phase I

	
Infusion

	
Preserve β-cell function

	
Autologous

	
[182]




	
Type II diabetes

	
-

	
Phase I

	
Infusion into the celiac and superior mesenteric arteries

	
Reduce HbA1C & fasting glucose

	
Autologous

	
[149]




	
-

	
Phase I/II

	
Infusion into superior pancreaticoduodenal artery & splenic artery

	
Reduce insulin dosage

	
Autologous

	
[150]




	

	
Phase I/II

	
Intravenously transfusion

	
Reduce HbA1C and insulin dosage

	
Autologous

	
[151]




	
-

	
Phase I

	
Injection into superior pancreaticoduodenal

	
Reduce insulin dosage, improve insulin sensitivity

	
Autologous

	
[183]




	
Systemic lupus erythematosus

	
-

	
Phase I/II

	
Intravenous infusion

	
Induce overall survival rate & Achieve low disease activity (LDA) and clinical remission (CR)

	
Allogenous

	
[140,141]




	
Preclinical

	
-

	
Infusion

	
Suppress Tfh cells development

	
Allogenous

	
[147]




	
Rheumatoid arthritis

	
Preclinical

	
-

	
Infusion

	
Reduce bone erosions, synovitis and articular destruction, TNF-α and IL-1β in serum & joints

	
Allogenous

	
[138]




	
-

	
Phase I/II

	
Intra-articular knee implantation

	
Increase WOMAC, VAS, time to jelling and pain-free walking distance, standing time

	
Autologous

	
[139]




	
Multiple sclerosis

	
-

	
Phase I/II

	
Intrathecal injection

	
Improve Expanded Disability Scale Score (EDSS), vision & low contrast sensitivity

	
Autologous

	
[157]




	
Amyotrophic lateral sclerosis

	
-

	
Phase I/IIa

	
Intrathecal injection

	
Reduce ALSFRS

	
Autologous

	
[160]




	
-

	
Phase I

	
Intravenous and intrathecal injection

	
Reduce ALS-FRS score and FVC percentage

	
Autologous

	
[161]




	
-

	
Phase I

	
Intrathecal injection

	
Safe and feasible

	
Autologous

	
[162]




	
Parkinson’s disease

	
Preclinical

	
-

	
Intravenous injection

	
Improved dopamine transporter binding activity

	
Allogenous

	
[165]




	
Alzheimer disease

	
Preclinical

	
-

	
Intraventricularly injection

	
Improve behavior, brain damage & reduce cytokines

	
Allogenous

	
[167]




	
Preclinical

	
-

	
Tail intravenous injection

	
Reduce inflammatory cytokines & regulate expression of Aβ-related genes

	
Allogenous

	
[166]




	
Osteoarthritis

	
-

	
Phase I/II

	
intra-articular infusion

	
Improve joint inflammation, OA cartilage organization

	
Autologous

	
[172]




	
Crohn’s Disease

	
-

	
Phase I/II

	
intrafistular injections

	
Rescue refractory patients & regain responsiveness to drugs

	
Autologous

	
[184]




	
-

	
Phase I/II

	
Intrathecal injection

	
Promote healing of perianal fistulas

	
Allogenous

	
[185]




	
-

	
Phase I

	
Intravenous infusion

	
Safe and feasible

	
Autologous

	
[186]




	
Cardiovascular diseases

	
-

	
Phase I/IIa

	
Surgical transplantation

	
Safe & Improve outcome of stroke

	
Allogenous

	
[187]




	
-

	
Phase I/IIa

	
Transendocardial injection

	
Reduce SAE incidence & induce 6-min. walk test (treated allogenous BMSCs)

	
Allogenous vs. Autologous

	
[188]




	
Preclinical

	
-

	
Local transplantation

	
Increase myocardium metabolism, glucose transporters & metabolism

	
Allogenous

	
[189]




	
Acute respiratory distress syndrome

	
-

	
Phase I

	
Intravenous infusion

	
None of these severe adverse events

	
Allogenous

	
[190]




	
Liver cirrhosis

	
-

	
Phase II

	
Injection

	
improve fibrosis quantification & liver function

	
Autologous

	
[191]




	
Preclinical

	
-

	
Injection via portal or tail vein

	
Improve liver function& reduce ALT, serum hyaluronic acid, laminin and procollagen type III

	
Allogenous

	
[192]




	
Liver failure

	
-

	
Phase I/IIa

	
Intravenous infusion

	
Improve survival rate, liver function and decrease incidence of severe infections

	
Allogenous

	
[193]
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