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Abstract

Bone marrow stromal stem cells (BMSCs) are adult multipotent cells, which have the potential 

to differentiate into cell types of mesodermal origin, namely osteocytes, adipocytes, and 

chondrocytes. Due to their accessibility and expansion potential, BMSCs have historically held 

therapeutic promise in tissue engineering and regenerative medicine applications. More recently, 

it has been demonstrated that not only can bone marrow stromal stem cells directly participate 

in tissue regeneration, but they also have the capacity to migrate to distant sites of tissue 

injury, where they can participate in tissue repair either directly through their differentiation or 

indirectly through paracrine mechanisms. Additionally, they can elicit various immunomodulatory 

signals, which can attenuate the inflammatory and immune responses. As such, bone marrow 

stromal stem cells have been explored clinically for treatment of a wide variety of different 

conditions including bone defects, graft-vs.-host disease, cardiovascular diseases, autoimmune 

diseases, diabetes, neurological diseases, and liver and kidney diseases. This review provides an 

overview of current clinical applications of bone marrow stromal stem cells and discusses their 

therapeutic properties, while also addressing limitations of their use. PubMed, Ovid, and Google 

Scholar online databases were searched using several keywords, including “stem cells”, “tissue 

engineering”, tissue regeneration” and “clinical trials”. Additionally, Clinicaltrials.gov was used to 

locate completed clinical trials using bone marrow derived stem cells.
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Introduction

In the most fundamental context, the term “stem cell” refers to an uncommitted progenitor 

cell having the capacity for self-renewal and differentiation into different cell types. 

Stem cells can be isolated from embryonic or post-natal tissues. Embryonic stem cells 

(ESCs) are derived from the inner cell mass of blastocysts and are characterized by 
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unlimited proliferative capacity in an undifferentiated state. ESCs also have the potential to 

differentiate into cells derived from all 3 developmental germ layers (endoderm, mesoderm, 

or ectoderm) [1]. Post-natal and adult stem cells (ASCs) are undifferentiated cells found 

throughout the body and are a reservoir of precursor cells, which provide continual 

maintenance and repair of damaged tissues [2–6]. Mesenchymal stem cells (MSCs) are a 

type of ASCs, which have attracted much attention due to their potential to differentiate 

into cells of mesodermal origin, including osteoblasts, chondrocytes and adipocytes [7, 8]. 

There is evidence of in vitro MSC differentiation into cells of non-mesodermal origin, 

including neurons, dermis and gut epithelial cells, hepatocytes and pneumocytes; however, 

this capacity has not been unequivocally demonstrated in vivo [9] (Fig. 1). MSCs were first 

isolated from the bone marrow based on their ability to adhere to plastic culture dishes. 

Friedenstein et al. first described them as non-hematopoietic precursor cells with fibroblast 

morphology and further characterized them by their clonogenicity and multi-potency [10, 

11]. In addition to bone marrow, it has more recently been recognized that MSCs can 

be isolated from a variety of tissues including adipose, muscle, tendon, peripheral blood, 

umbilical cord, dental pulp, periodontal ligament, oral mucosa and gingiva, alveolar bone, 

placenta, spleen, liver and thymus [4, 12–15]. Even more recently, it has been proposed 

that MSCs originate from pericytes, the perivascular supporting cells of blood vessels that 

undergo chemotaxis in areas of injury or inflammation. Following injury, released pericytes 

can acquire an MSC phenotype, which responds to the dynamic changes of the local 

microenvironment [16, 17]. The terms mesenchymal stem cells, marrow stromal fibroblastic 

cells, bone marrow stromal cells, stromal precursor cells, osteogenic stem cells and more 

recently skeletal stem cells have been used interchangeably in the literature to describe these 

cell populations [18].

Along with the terminology used to describe them, the characterization of MSCs has 

remained inconsistent, with different groups having different methods of isolation and 

ex vivo expansion of these cells. To address these issues, the International Society for 

Cell Therapy (ISCT) proposed 3 criteria to define human MSCs: 1) adherence to plastic; 

2) positive expression of CD105, CD73 and CD90 and negative expression of CD45, 

CD34, CD14 or CD11b, CD79α or CD19 and HLA-DR surface molecules; and 3) the 

ability to differentiate into osteoblasts, adipocytes and chondroblasts in vitro [19]. In an 

effort to implement a uniform terminology, the ISCT recommended the term ‘multipotent 

mesenchymal stromal cells’ (MSC) to describe the plastic-adherent cells isolated from 

the bone marrow and other tissues. However, this review will use the term bone marrow 

stromal stem cells (BMSSCs) in focusing discussion of therapeutic applications only on 

cells isolated from the bone marrow stroma [20].

In addition to their differentiation capacity, BMSSCs possess other important properties 

including the ability to travel or “home” to distant sites of tissue injury, interact with the 

immune system, and produce bioactive molecules (Fig. 2). Their ability to migrate to the 

site of injury (homing capacity) is based on the presence of chemokine receptors that 

respond to chemokine attractive gradients generated by the injured tissue [21]. These more 

recently identified BMSSCs properties have led to an expansion of possible therapeutic 

applications, where a significant role is for them to enhance the intrinsic regenerative 

capacity of compromised tissues through modulation of the immune response, inflammation, 
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and the concentration of growth factors in the local microenvironment [17]. In addition 

to therapeutic applications BMSSCs these cells can be used to study disease through the 

development of disease models [7–9].

The identification and characterization of various stem cell populations provide exciting 

opportunities to develop novel therapeutic strategies for tissue regeneration in the context of 

tissue engineering and regenerative medicine [1, 10]. This review summarizes the properties 

and possible mechanisms of action of BMSSCs and outlines the current clinical data for 

the usage of these cells in tissue engineering and regenerative medicine, as well as their 

potential therapeutic role in various diseases.

Therapeutic Applications of BMSSCs

Tissue engineering and regenerative medicine

Tissue engineering emerged as the “ideal” therapy for tissue loss or organ failure. The 

classical tissue engineering approach is based upon 3 critical components: cells capable 

of populating tissue to substitute and generate novel tissue, biomimetic scaffolds, and 

environmental signals (i. e., growth factors) [11]. Biomimetic scaffolds act as matrices to 

provide a 3 dimensional microenvironment in which cells can proliferate and differentiate 

and ultimately through which tissue can develop. Biocompatibility, controlled degradation 

rate, physical properties and porosity for cell in-growth, diffusion of nutrients and 

neovascularization, are all key variables to consider in scaffold design [12]. These 

biodegradable scaffolds are subsequently seeded with cells which ultimately create their own 

extracellular matrix [13]. More recent strategies have emerged, which use 3-dimensional 

imaging technologies to create “customized” scaffolds that can be tailored to highly variable 

defects and are manufactured to fit the tissue defects with more precision [14].

The ideal cell type to incorporate into a tissue-engineering schema is one that is easy to 

harvest, proliferative, non-immunogenic and has the capacity to differentiate into the specific 

cell type for the tissue to be regenerated. Due to ethical and legislative issues associated 

with the clinical use of ESCs, most clinical stem cell therapies focus on ASCs particularly 

those isolated from the bone marrow (BMSSCs). An integral part of the tissue engineering 

approach involves ex vivo expansion of cells over a period of time in either static or 

dynamic culture systems. Perfusion bioreactors are used in most dynamic systems and are 

advantageous because they promote the transportation of nutrients, oxygen, and metabolites 

in the scaffold interior [15, 16].

Based on their capacity to differentiate into cells of mesodermal origin, BMSSCs have 

been widely used in the field of tissue engineering for re-building damaged or diseased 

mesenchymal tissues, such as bone and cartilage [17] (Table 1). Furthermore, BMSSCs 

secrete a broad spectrum of bioactive molecules, which can act in a paracrine or autocrine 

manner and provide a robust regenerative microenvironment for a variety of injured adult 

tissues (Fig. 3). This property of BMSSCs is referred to as the ‘trophic’ activity of BMSSCs 

and it makes these cells important mediators for regenerative processes. [18] (Table 2). The 

terms “tissue engineering” and regenerative medicine” have been used interchangeably and 

even though they are based on different mechanisms, there is no clear distinction between 
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them. In fact, the coupling of both tissue engineering and these trophic activities is necessary 

to regenerate tissues that are functionally integrated into the human body.

Musculoskeletal conditions

Bone is a metabolically active tissue which continuously undergoes the process of resorption 

and formation through highly coordinated processes controlled by multiple factors [19–

21]. When subjected to trauma or damage, bone has the innate self-limiting capacity 

to repair small fractures and non- “critical-sized” defects. However, “critical-size” bone 

defects (above a certain size) cannot heal without intervention and in addition to surgery, 

therapies often include use of growth factors and specialized biomaterials. In this context, 

the application of BMSSCs for engineering and regenerating bone has been extensively 

investigated [17].

Tissue engineering and regenerative medicine strategies used to treat non-union and critical-

sized segmental defects have included the use of bone marrow aspirates, bone marrow 

concentrates, and ex vivo expanded BMSSCs [22–24]. Over 30 years ago, early clinical 

studies reported on the percutaneous injection of autologous bone marrow aspirate, as 

a minimally invasive method to stimulate fracture repair in cases of delayed union and 

non-union [22]. Since this time, autogenous bone marrow injection has shown efficacy in 

the treatment of simple bone cysts and other orthopedic bone healing disturbances including 

osteonecrosis of the femoral head and non-union fractures [24, 25].

In lieu of using whole bone marrow aspirates and bone marrow concentrates, the ability to 

isolate BMSSCs from bone marrow has enabled the ex vivo expansion of BMSSCs for their 

clinical transplantation. Transplantation of these cells with or without the addition of growth 

factors has been used to induce bone regeneration. A retrospective study of 46 patients 

who underwent distraction osteogenesis of the long bones reported that local injection of 

ex vivo expanded BMSSCs in conjunction with platelet rich plasma (PRP) resulted in faster 

healing and fewer complications as compared to controls [25]. Recently, the intra-articular 

injection of autologous ex-vivo expanded BMSSCs on a patient suffering from chronic 

knee osteoarthritis resulted in improved walking ability and decreased pain 2 months after 

transplantation. At 6 and 12 months post-transplantation the MRI revealed an extension of 

the repaired tissue over subchondral bone, eliminating the need of hospitalization or surgery 

[26]. Although the clinical evidence is still limited, infusion of allogeneic BMSSCs has been 

shown to be beneficial in treating genetic bone disorders, such as osteogenesis imperfecta 

and hypophosphatasia in children [27, 28]. It has been suggested that cultured BMSSCs may 

fail to engraft into bone after intravenous infusion due to loss of adhesion molecules and loss 

of self-renewal ability [28]. However, even a low level of engraftment has demonstrated to 

be adequate to produce clinically measurable benefits [27].

Besides the local injection of BMSSCs into the site of injury, other methods of cell 

transplantation include the use of various carriers such as demineralized bone matrix or 

hydroxyapatite scaffolds [22, 23]. Ex vivo expanded BMSSCs loaded onto absorbable 

scaffolds have been successfully used in the treatment of idiopathic osteonecrosis of 

the femoral head, “critical-sized” long bone defects and spinal fusion [29–32]. The 

application of BMSSCs has also been investigated in 60 patients requiring revision of 
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total hip arthroplasty. Allografts loaded with autologous BMSSCs and transplanted into 

the osteolytic lesion intra-operatively show better radiographic graft union rates and less 

allograft resorption compared to allografts alone. This group also demonstrated better 

mechanical stability and there was no need for revision of the procedure over the course 

of 12 years of follow-up [33]. Autologous BMSSCs have also been reported to enhance 

biomechanical properties of impacted allografts. BMSSCs seeded onto allografts survive the 

impaction process, continue to differentiate and proliferate with an osteoblastic phenotype, 

and lead to enhanced mechanical properties of these grafts at 4 weeks [34].

Beyond the scope of orthopedics, the treatment of craniofacial bone defects arising from 

congenital malformations, disease or injury still presents many challenges. In the last 

decade, numerous clinical studies have emerged introducing the use of BMSSCs as a 

promising alternative approach for the reconstruction of these defects. Warnke et al. 

reported successful repair of an extended mandibular discontinuity defect by growth of a 

custom bone transplant inside the latissimus dorsi muscle of an adult male patient [35]. 

Several randomized controlled clinical trials have investigated autologous cell therapy for 

reconstruction of jaw defects, maxillary sinus augmentation, and bone defects resulting from 

alveolar clefts [36–40]. Using heterogeneous mixed cell populations containing BMSSCs, 

the clinical outcomes of these studies demonstrated enhanced and accelerated healing and 

regeneration of bone as compared to standard-of-care controls, yielding better bone quality 

and less need for secondary and revision grafting surgeries. Variability in clinical outcomes 

between patients was mainly attributed to patient-to-patient variability in the autologous cell 

populations which were transplanted [40].

The mechanism by which new bone can be engineered is complex and may not depend 

solely on the action of BMSSCs. It has recently been proposed that CD34 + hematopoietic 

stem cells play a pivotal role using paracrine and autocrine cellular crosstalk signaling to up 

regulate other bone marrow stem cells, resulting in significant bone regeneration within the 

microenvironment of the graft. Marx et al. demonstrated that the combination of CD34 + 

cells with a concentration of at least 200/ml with BMSSCs and recombinant human-BMP2 

(rh-BMP2), seeded in a scaffold, achieved significantly more bone regeneration after 6 

months in patients with large continuity defects in the mandible as compared to BMSSCs 

alone or lower concentrations of CD34 + cells [41].

In addition to bone tissue engineering and regeneration, BMSSCs have also been employed 

for the engineering and regeneration of cartilage tissue. The local infusion of BMSSCs 

in knee joints has been used to treat cartilage defects. A randomized controlled clinical 

trial including 56 patients with 2 years follow-up examined the intra-articular injection of 

autologous BMSSCs 3 weeks after surgery in knees with cartilage defects and found that 

this treatment led to improvement of clinical and radiologic outcomes [42]. Furthermore, 

since cartilage is an avascular tissue, cartilage tissue engineering has had success in that 

these approaches do not face the main challenge associated with engineering other tissues, 

which is the need to establish a concomitant blood supply to support the engineered tissue. 

Transplantation of autologous BMSSCs in collagen type I gel for joint cartilage repair 

has demonstrated excellent safety long-term after 11 years follow-up in 41 patients [43]. 

Another study compared the transplantation of cell sheets of autologous chondrocytes to cell 

Polymeri et al. Page 5

Horm Metab Res. Author manuscript; available in PMC 2022 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sheets of autologous BMSSCs in 72 patients with articular cartilage defects and resulted in 

similar clinical outcomes for both groups at 2 years, with less cost and donor site morbidity 

for the BMSSC group [44].

Cardiovascular diseases

Because of their trophic properties related to angiogenesis (Fig. 2), promising results of 

early preclinical studies have opened the door to numerous clinical trials investigating 

the safety and efficacy of cell-based therapies in patients with cardiovascular diseases. In 

patients with acute myocardial infarction (MI), transplantation of autologous BMSSCs with 

intracoronary injection and intramyocardial injection at different time intervals (up to 21 

days) following MI showed evidence of safety and feasibility and improvement of left 

ventricular function at 6 months and 5 years, respectively [45, 46]. On the other hand, Chen 

et al. demonstrated that the intracoronary injection of autologous BMSSCs in 69 patients 

within 18 days after acute MI resulted in significantly improved left ventricular function 

at 6 months as compared to control [47]. Another study on 22 patients with recent and 

old anteroseptal MIs combined this approach with delivery of endothelial progenitors and 

demonstrated safety along with improvement in myocardial contractility after 4 months [48].

Though timeframes for delivery following MI vary according to different therapeutic 

protocols, a major limitation associated with the use of autologous BMSSCs is that the 

ex vivo cell expansion time can range from 2 to 5 weeks; thus, this precludes the acute 

therapeutic use of autologous BMSSCs within a short time of MI [45]. As a result, 

clinical trials have evaluated the feasibility of “off-the shelf” cell therapies using allogeneic 

BMSSCs in acute MI patients. Feasibility and safety have been demonstrated in early Phase 

1 clinical trials where intravenous injection of allogenic BMSSCs was deemed safe in 

patients following acute MI [49].

In addition to acute therapy, treatment of chronic cardiovascular conditions has been 

evaluated for patients with chronic ischemic cardiomyopathy. In several studies with 

these applications, the clinical outcomes have yielded reverse remodeling, antifibrotic 

effects, neoangiogenesis and improved regional contractility of the myocardial scar after 

approximately 1 year [50–54]. In the treatment of another chronic condition involving left 

ventricular dysfunction, a Phase 1/2 study including 31 patients compared the safety and 

efficacy of autologous vs. allogeneic BMSSCs delivery. The findings demonstrated that 

relative to safety, both treatments were associated with low rates of serious adverse events. 

Regarding efficacy, both treatments favorably affected patient functional capacity, quality of 

life, and ventricular remodeling at 13 months post-intervention [55]. Additionally through 

transendocardial stem cell injections in patients with chronic ischemic cardiomyopathy 

this approach revealed that more significant scar size reduction and ventricular functional 

responses occur at the sites of stem cell injection as compared to remote sites. Another phase 

2 clinical trial evaluated the effects of an autologous ex-vivo expanded BMSSC product 

(Ixmyelocel-T) in 61 patients with ischemic and non-ischemic dilated cardiomyopathy. 

The results of the study demonstrated that Ixmyelocel-T intramyocardial injection reduced 

major adverse cardiovascular events and improved symptoms in patients with ischemic 

dilated cardiomyopathy but not in patients with non-ischemic dilated cardiomyopathy 
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[56]. Whether it be intramyocardial, intracoronal, or transendocardial administration of 

autologous BMSSCs in cases of chronic heart disease, has demonstrated safety and 

improved clinical outcomes in parameters of left ventricular function [57, 58].

Additionally, it has been suggested that BMSSC treatment not only improves function 

and clinical symptoms, but also slows down disease progression. A clinical trial assessing 

safety and efficacy of intramyocardial injection of autologous BMSSCs in 31 patients 

with severe stable coronary artery disease and refractory angina showed sustained clinical 

effects, reduced hospital admissions for cardiovascular disease and excellent safety 3 years 

post-treatment [59].

Liver and kidney diseases

Though a few preclinical studies demonstrated that human bone marrow derived BMSSCs 

can differentiate into hepatocyte-like cells, most therapeutic approaches for liver and kidney 

regeneration aim to exploit the trophic properties of BMSSCs [60]. In fact, several clinical 

trials have reported that BMSSC administration via intravenous, intrasplenic, or intrahepatic 

portal resulted in clinical improvement, as well as improvement in serum markers of patients 

with cirrhosis or liver failure due to hepatitis, at 6 months post-treatment [61, 62]. One 

study provided histologic evidence of improvement of hepatic fibrosis after administration 

of autologous BMSSCs in 12 patients with alcoholic cirrhosis [63].

Preclinical models of acute and chronic renal failure suggest that BMSSCs promote recovery 

of renal function and regeneration of damaged renal tissue following intravenous injection 

[64]. Magnetic resonance imaging shows that BMSSCs home to areas of glomerular 

damage. Based on these promising preclinical findings, a pilot clinical trial on 30 patients 

with chronic kidney disease was conducted where intravenous injection of BMSSCs showed 

improved renal function as measured by serum creatinine and creatinine clearance levels 

before and after BMSSC injection at 1, 3, and 6 months post-treatment [65]. Larger 

controlled clinical trials are needed to assess the efficacy and safety profile of BMSSCs 

in liver and kidney diseases.

Diabetes

The treatment of type 1 diabetes for those with end-stage organ failure is limited by 

the shortage of donor organs for transplantation and the immunosuppressive regimen the 

patient has to follow for many years post-transplantation. As such, more recent therapeutic 

approaches have focused on novel ways to generate insulin-producing cells with the use 

of embryonic stem cells and various adult stem cells, such as pancreatic stem cells, liver 

stem cells and BMSSCs [66, 67]. In addition to their ability to home to the damaged 

tissue, BMSSCs have shown the in vitro capacity to differentiate into insulin-producing 

cells [68]. If this holds true clinically, it would provide a much needed source of islet 

cells for β-cell replacement in treating diabetes mellitus [69]. Initial trials have emerged 

implementing BMSSCs in the treatment of type 1 and type 2 diabetes and early results have 

been encouraging.

A small pilot clinical trial with 20 adult patients investigating autologous BMSSC-based 

treatment in newly diagnosed type 1 diabetes reported preserved β-cell function and no side 
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effects in the treatment group 1 year post-treatment [70]. Another prospective, randomized 

controlled clinical trial evaluated the efficacy and safety of autologous bone marrow-derived 

stem cell transplantation in 10 patients with type 2 diabetes. The findings of this study 

include an increase in glucagon-stimulated C-peptide (fragment of proinsulin) in treated 

cases compared to controls along with a decrease in supportive insulin therapy at the 1 year 

follow-up [71].

Another significant problem for patients with diabetes is the management of non-healing 

ulcers, one of the most chronic, common, and difficult to treat complications of diabetes 

[72]. A clinical trial compared the application of BMSSCs to bone marrow derived 

mononuclear cells for the treatment of diabetic limb ischemia and foot ulcer in 41 patients. 

At the 6 month follow-up, BMSSCs were better tolerated and more effective than bone 

marrow derived mononuclear cells for increasing lower limb perfusion and promoting foot 

ulcer healing in diabetic patients [73].

Neurological diseases

Regenerative approaches to neurological diseases include BMSSC-based therapies in which 

cells are delivered via intracerebral or intrathecal injection. Upon transplantation into 

the brain, BMSSCs promote endogenous neuronal growth, decrease apoptosis, reduce 

levels of free radicals, encourage synaptic connection from damaged neurons and regulate 

inflammation, primarily through paracrine actions [74]. Experimental studies in rats have 

shown that human BMSSCs injected intravenously successfully migrate into the brain and 

selectively concentrate around the injury site in a dose-dependent manner [75, 76]. The 

mechanisms responsible for the migration of stem cells into the brain are not clear. It has 

been speculated that disruption of the blood-brain barrier may facilitate selective entry of 

BMSSCs into the ischemic brain compared with the non-ischemic contralateral cerebral 

tissue. In addition, the fact that approximately 20 % of microglia is thought to originate from 

the marrow could also further explain the possible mechanism of migration of BMSSCs into 

the brain [75].

Amyotrophic lateral sclerosis (ALS), a neurodegenerative disease, is characterized by 

progressive loss of motor neurons, which ultimately leads to muscle atrophy, weakness, 

and immobility. Standard of care treatment of this disease aims to meet 2 goals: first, 

to eliminate the self-reactive lymphocytes and prevent the de novo development of self-

reactivity; second, to achieve neuronal regeneration with re-myelinization of the affected 

neurons. Two Phase 1 clinical trials with 1 year follow-ups indicate that intrathecal and 

intravenous injection of autologous BMSSCs is a safe therapeutic strategy for ALS [77, 78].

Cerebral palsy (CP) comprises a group of disorders that are associated with chronic motor 

disability in children. Autologous BMSSC transplantation was found to be safe and to 

improve motor function in 52 children with cerebral palsy at 1 month, 6 months, and 

18 months post-transplantation [79]. These results were corroborated by another study on 

60 patients with moderate to severe cerebral palsy, which investigated a novel treatment 

where autologous BMSSCs were induced to differentiate into neural stem cell-like cells, 

which were then injected into the subarachnoid cavity. The motor functions of the patients 
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significantly improved at 3 and 6 months as compared to controls, while no adverse effects 

were observed [80].

Parkinson’s disease is another neurological condition where BMSSC transplantation has 

been investigated. Through stereotaxic surgery, BMSSCs were transplanted into the 

sublateral ventricular zone in 7 patients and after 1 and 3 years, no adverse events were 

reported deeming this as a safe approach. Additionally, improvement in unified Parkinson’s 

disease rating scale (UPDRS) and subjective symptoms led to a decrease in the dosage of 

anti-Parkinson medications in a study [81]. The same group performed another study on 

30 patients suffering from spinal cord injury and reported that intra spinal lumbar injection 

of autologous BMSSCs was safe and resulted in moderate recovery in the sensory and 

motor levels at 1–3 years post-treatment, if the treatment was performed within 6 months 

of the injury [82]. Using a similar approach, direct application followed by intravenous 

injection of BMSSCs in 7 patients with traumatic brain injury demonstrated no immediate or 

delayed toxicity combined with an improvement in neurologic function within the 6-month 

follow-up period [83].

Immunomodulation

As was previously mentioned, under pathological conditions such as tissue injury, BMSSCs 

migrate to the site of damage, where they exert their effects (Table 3). Tissue damage 

is usually accompanied by pro-inflammatory factors, produced by both innate and 

adaptive immune responses, to which BMSSCs are known to respond. In fact, BMSSCs 

have significant immunosuppressive effects by inhibiting several cells of the immune 

system including T-lymphocytes, B-cells, dendritic cells and natural killer cells [84]. The 

interactions of BMSSCs with the immune cells result in attenuated inflammatory responses 

and the promotion of anti-inflammatory pathways (Fig. 2, 4). BMSSCs reduce secretion 

of pro-inflammatory cytokines tumor necrosis factor alpha (TNF-α) and interferon γ (IFN-

γ) and increase production of anti-inflammatory interleukin-10 (IL-10) and interleukin-4 

(IL-4) [85]. Moreover, the low or complete lack of MHC Class I, Class II and co-

stimulatory molecules on BMSSCs render them non-immunogenic, supporting the concept 

that transplantation of allogeneic BMSSCs does not require immunosupression of the host 

[86].

It has to be noted, however, that the migration of BMSSCs to distant sites of tissue injury, 

the suppression of uncontrolled immune responses, and the production bioactive molecules 

are well-orchestrated events, which all contribute to tissue repair.

Immunomodulatory conditions

The immunomodulatory properties of BMSSCs make them a useful tool for the treatment 

of autoimmune diseases. The first clinical case report of successful use of BMSSCs in this 

context was associated with the treatment of severe steroid-refractory acute graft vs. host 

disease (GVHD) in a 9-year-old boy with acute lymphoblastic leukemia [87]. The successful 

outcome of this case served as a foundation for BMSSC therapy to be investigated 

extensively in the treatment and prevention of steroid-refractory GVHD. Although numerous 

clinical trials have confirmed that allogeneic transplantation of BMSSC is a safe and 
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efficacious treatment for pediatric patients, the results have been mixed when testing this 

approach in adults [88]. There is currently one commercially available, FDA-approved, 

ex vivo expanded allogeneic BMSSC product, Prochymal®, for the treatment of steroid-

refractory GVHD in children [89]. Twelve pediatric patients with severe steroid-refractory 

acute GVHD were treated with intravenous infusion of Prochymal and followed-up for 1–3 

years. The treatment was well tolerated, no serious adverse events were seen and 9 out of 12 

patients experienced complete resolution of gastro-intestinal symptoms [89].

The application of BMSSCs has recently been investigated as an alternative to hematopoietic 

stem cell transplantation for the treatment of multiple sclerosis (MS) [74]. MS is 

considered an autoimmune disease, characterized by chronic progressive demyelination 

and inflammation of the central nervous system, which leads to physical and cognitive 

impairment. Even though it has been suggested that there are differences in mesenchymal 

stem cell cytokine profiles between MS patients and healthy donors, clinical trials on MS 

patients treated with autologous BMSSCs have provided evidence of safety with no serious 

adverse events or improvements in some of the clinical manifestations of the disease [77, 

90–92].

BMSSC based therapies have been evaluated for treatment of other autoimmune conditions 

and the limited clinical trials conducted so far show variability in their results. A phase I 

clinical trial performed in 10 Crohn’s disease patients who were followed short-term, for 6 

weeks, reported that intravenous administration of autologous bone marrow derived MSCs 

was safe and feasible [93]. However, the clinical outcomes were mixed with some patients 

showing decrease in Crohn’s disease activity index score; and some patients requiring 

surgery due to disease worsening. Another important finding of the study was that BMSSCs 

isolated from patients with Crohn’s disease showed similar morphology, phenotype, growth 

potential and immunomodulatory capacity compared to BMSSCs from healthy donors 

[93]. In the treatment of another debilitating inflammatory condition, systemic lupus 

erythematosus (SLE), a case series reported that the intravenous infusion with allogeneic 

BMSSCs was safe but showed limited effects on disease activity and clinical manifestations 

of the disease at the 4 month follow-up [94]. On the other hand, allogeneic BMSSC 

transplantation has been shown to provide short-term benefit in treatment of 15 patients with 

SLE refractory to conventional treatment options [95]. BMSSC therapy has also attracted 

attention as a therapeutic approach for rheumatic diseases. However, only preclinical studies 

have explored the therapeutic potential of these therapies in the treatment of rheumatoid 

arthritis reporting controversial results, hence no clinical trials have been conducted to date 

[96]. (Table 3)

Current Challenges and Conclusions

Although there is clinical evidence to support the incorporation of BMSSCs into tissue 

engineering and regenerative protocols, several challenges remain to make these approaches 

more feasible. Key issues are associated with difficulties in isolation and characterization 

of stem cells, as well as the establishment of cell expansion conditions that meet regulatory 

standards and lead to consistent and well characterized cell populations [97]. Fundamentally, 

there is still a need for better understanding of the mechanisms involved in stem cell 
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differentiation and how these cells interact with the variable regenerative and healing 

micro-environments in which they are used. Even with increased knowledge of stem cell 

behavior and properties, cost effective means of procuring and manufacturing them need 

to be developed. Additionally, sophisticated yet more simplified and practical materials and 

scaffolds will also need to be commercialized to deliver BMSSCs in the appropriate manner.

Despite the increase in the number of clinical studies using BMSSC based therapies over 

the last decade, the bulk of the evidence includes case reports, case series and small phase 

1/2 clinical trials which have demonstrated limited but beneficial effects in various human 

disease contexts. More encouraging is the fact that regardless of the condition being treated, 

route of delivery, or delivery vehicle used, strong evidence exists in the clinical studies 

reported to date that autologous and allogeneic transplantation of BMSSCs is safe. Although 

companies world-wide now manufacture stem cells and are evaluating their use in cell-based 

therapies, there are no FDA approved stem cell products using BMSSCs at present. If these 

therapies are to be approved for widespread use in the variety of clinical scenarios outlined 

in this review, larger, multi-centered clinical trials are needed with longer, more consistent 

follow-ups.
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Fig. 1. 
Commitment, lineage progression and differentiation of mesenchymal stem cells into 

different cell types [18].
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Fig. 2. 
MSCs travel or “home” to distant sites of tissue injury where they exert their paracrine 

effects namely, the stimulation of angiogenesis, protection of other cells from apoptosis, 

recruitment of host MSCs or other progenitor cells and stimulation of their proliferation 

and differentiation. The immunomodulatory effects of MSC consist of inhibiting the 

proliferation and activity of neutrophils, NK cells, B cells, and T cells, preventing the 

maturation of monocytes into dendritic cells, suppressing plasma cell immunoglobulin 

production but stimulating proliferation of regulatory T cells. MSCs have the potential 

to differentiate into multiple cell types and transfer vesicles containing mRNA, miRNA, 

proteins, and perhaps mitochondria to the host cells [98].

Polymeri et al. Page 19

Horm Metab Res. Author manuscript; available in PMC 2022 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Modes of SSC-based tissue regeneration: cell replacement vs. trophic activity. SSCs migrate 

to the site of tissue injury and differentiate into functional cells to replace damaged 

cells. Besides their differentiation capacity, SSCs can enhance the intrinsic regenerative 

capacity of the tissues through the modulation of the immune system and the influence of 

released cytokines on the microenvironment. The concerted action of these factors and cells 

facilitates tissue repair through angiogenesis, remodeling of the extracellular matrix (ECM) 

and the differentiation of tissue progenitor cells [99].
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Fig. 4. 
Immunomodulatory function of SSCs. SSCs are recruited to sites of tissue damage in 

response to local inflammatory cytokines produced by activated immune cells. SSC 

activation leads to the production of immunosuppressive factors and trophic factors. 

Depending on the types of immune responses (acute vs. chronic inflammation), SSCs may 

either attenuate the inflammatory response and lead to tissue repair, or maintain a persistent 

chronic inflammatory response, leading to fibrosis and deformation of tissue architecture 

[84].
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