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Mesenchymal stromal cells (MSCs) have long been the focus for regenerative medicine and the restoration of damaged or aging cells throughout the body. However, the efficacy of MSCs in cell-based therapy still remains unpredictable and carries with it enumerable risks. It is estimated that only 3-10% of MSCs survive transplantation, and there remains undefined and highly variable heterogeneous biological potency within these administered cell populations. The mode of action points to secreted factors produced by MSCs rather than the reliance on engraftment. Hence harnessing such secreted elements as a replacement for live-cell therapies is attractive. Extracellular vesicles (EVs) are heterogenous lipid bounded structures, secreted by cells. They comprise a complex repertoire of molecules including RNA, proteins and other factors that facilitate cell-to-cell communication. Described as protected signaling centers, EVs can modify the cellular activity of recipient cells and are emerging as a credible alternative to cell-based therapies. EV therapeutics demonstrate beneficial roles for wound healing by preventing apoptosis, moderating immune responses, and stimulating angiogenesis, in addition to promoting cell proliferation and differentiation required for tissue matrix synthesis. Significantly, EVs maintain their signaling function following transplantation, circumventing the issues related to cell-based therapies. However, EV research is still in its infancy in terms of their utility as medicinal agents, with many questions still surrounding mechanistic understanding, optimal sourcing, and isolation of EVs for regenerative medicine. This review will consider the efficacy of using cell-derived EVs compared to traditional cell-based therapies for bone repair and regeneration. We discuss the factors to consider in developing productive lines of inquiry and establishment of standardized protocols so that EVs can be harnessed from optimal secretome production, to deliver reproducible and effective therapies.
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INTRODUCTION

Extracellular vesicles (EVs), including exosomes, ectosomes, and apoptotic bodies, represent intercellular messengers secreted by cells to deliver biological signals. They were first biochemically assessed in the 1980s as cell-secreted vesicles (1–3) and initially dismissed as cell debris. However, a seminal discovery by Raposo et al. (4) identified their capacity to transmit signals form cell-to-cell, and to stimulate functional responses. This was a critical step in our appreciation of EVs as fundamental components for intercellular communication.

All EVs consist of an outer lipid bilayer, heavily decorated with membrane proteins, and encapsulating within the vesicle lumen an assortment of molecular constituents such as proteins, lipids, DNA and RNA (5). Nevertheless, their structures can be diverse and include unilamellar small vesicles (30-150 nm), multilamellar vesicles and sometimes other larger and irregular structures, all recognized as components of the vesicle secretome (6). These structures, their intracellular origins and mechanisms of regulation are incompletely understood, yet there is a wealth of examples describing intercellular transfer of such vesicles to diverse recipient cell types, eliciting complex cellular responses. Vesicle-mediated communication, and the underpinning mechanisms are highly complex, involving binding and signaling events at the recipient cell surface as well as vesicle internalization, principally via endocytosis and intracellular processing (7).

It is within this context, as important and naturally occurring signaling centers, the investigation of EV biology is becoming a new “hot topic” in regenerative medicine. Understanding and then harnessing this signaling potential for medical applications is very exciting, and there are various studies advocating the potential of EVs for restoring tissue and organ damage and enhancing regeneration in numerous diseases (8). This review therefore aims to summarize the available evidence on the efficacy of utilizing cell-derived EVs in promoting bone repair and regeneration and their advantages compared to conventional cell-based therapies and the technical challenges that need to be recognized if we are to achieve successful clinical translation.



THE MAJOR CLASSES OF EVS

Under this generic term, EVs are broadly divided into three subtypes: exosomes, microvesicles (or ectosomes) and apoptotic bodies. These categories consider principally the cellular origins of the vesicles with full acknowledgment that there are overlaps in terms of the biophysical properties, molecular cargo and potentially function across these highly diverse vesicle types (Figure 1). Although, the molecular composition and RNA profiles of these classes of extracellular vesicles are distinct (9), this can be exploited to identify subtypes. Whilst exosomes and ectosomes may be produced under constitutive / steady-state conditions, or in response to exogenous stimuli, apoptotic structures are, naturally, a function of programmed cell death and do not normally feature when dealing with cell populations with high viability. Vesicle output from any system is inevitably dynamic in terms of the quantity and molecular composition of EVs, and this would indeed be consistent with their roles in delivering intercellular communication and/or in maintaining cellular integrity through the elimination of unwanted material. When considering their potential for tissue repair and regeneration, all three subsets have been identified as plausible candidates.


[image: Figure 1]
FIGURE 1. Extracellular vesicles are broadly divided into three subtypes based on size, formation, and content. Exosomes range from 30 to 150 mn and originate within multivesicular endosomes and carry protein, RNA and lipids. Microvesicles or Ectosomes, are often but not always larger and form through an outward budding of the plasma membrane and also contain protein, RNA and lipids. Microvesicles express surface markers specific to the membranous elements of the cell of origin, including integrins and selectins. Apoptotic bodies are highly diverse and can be a few microns in diameter but are a property of dying cells and therefore contain cell debris, organelles, nuclear factors, alongside protein, mRNA and lipids. The molecular composition of these classes of extracellular vesicle are distinct.


Exosomes, arise from intraluminal vesicles (ILVs) of multivesicular endosomes (MVE), compartments that are sometimes termed multivesicular bodies (MVB). These EVs are size limited by virtue of their endosomal origins and are typically described as within a range of 30-150 nm in diameter (10). Exosomes are formed by the inward budding of the limiting membrane of the MVE, the intracellular sorting organelles involved in protein sorting, recycling, storage, and release. Transportation of MVEs to the plasma membrane ultimately leads to exocytosis involving fusion with the plasma membrane (11). Endosomal sorting mechanisms will guide the content and release of exosomes, which may be constitutive or in response to cellular activation by extracellular signals (12). The most common transmembrane markers to identify exosomes come from the tetraspanin family of proteins (13). Specific cellular machinery, e.g., ALIX, ESCRT and TSG101, is required for formation of MVEs and can be useful markers for characterization. Microvesicles on the other hand are formed by the outward budding of the plasma membrane and are typically larger than exosomes, from 100 nm up to 500 nm in diameter (10). Cargo is directed to the site of microvesicles biogenesis by vacuolar trafficking of a cargo to the plasma membrane; a process that involves an increase in intracellular calcium that activates cell membrane proteins such as calpain (12). Plasma membrane budding occurs in specific regions of the plasma membrane, such as in regions enriched in cholesterol, as a loss in cellular cholesterol results in an inhibition of microvesicle release (14, 15). Actin-myosin contractile machinery is then utilized to facilitate the release of these microvesicles into the extracellular space. Studies have indicated there is an enrichment of protein content within EVs compared to the parent cell (16). However, following release, selective shedding of proteins can further modify the surface and intra-vesicle content compared to the parent cell (17). Of note, osteoblast-like cells have been shown to release EVs, that are concentrated in calcium and inorganic phosphate along with calcium binding proteins, generating embryo crystals that release their content within the collagen scaffold leading to deposition of hydroxyapatite (18, 19).

Finally, apoptotic bodies are released by dying cells into the extracellular space and are the largest of the EVs described here, ranging from 500 nm to 2 μm in diameter. Unlike exosomes and microvesicles, apoptotic bodies contain intact organelles, micronuclei, chromatin, and cytosol portions, in addition to DNA fragments and degraded proteins (20). Unique protein markers have been proposed to be induced by cell damage and can be used to identify apoptotic bodies (21). After their release into the extracellular space, apoptotic bodies are classically described to be phagocytosed by immune surveillant cells such as macrophages, finalizing the process for removal of damaged or senescent cells. However, apoptotic bodies have also been shown to be engulfed by other cell types, including endothelial cells promoting angiogenesis (22) and osteoblasts during formation of alveolar bone in rat maxilla, via activation of Wnt/β-catenin pathways (23). Indeed, apoptotic bodies from osteoclasts have been identified to be taken up by pre-osteoblasts promoting differentiation (24), whilst apoptotic bodies derived from osteocytes have been reported to stimulate osteoclast formation (25). This suggests that apoptotic bodies play divergent roles in the repair and regeneration of tissues, dependent upon their source and nature of origin.

While EVs are sub-classified as either exosomes, microvesicles, or apoptotic bodies, they are often difficult to separate due to overlap in their size ranges, markers, and cargos. Thus, in this review, we will solely use the term EV and include characterization details were available.


Limitations of MSC Cell-Based Therapies

Results from numerous clinical studies indicate the huge therapeutic potential for using multipotent mesenchymal stromal cells (MSCs), in what are collectively referred to, albeit often inaccurately as, “stem” cell-based therapies for regenerative medicine (26). MSCs can be isolated from a range of connective tissues, and most frequently from bone marrow, adipose tissue, umbilical cord blood and the dental pulp. However, despite this, the clinical application of MSCs in “stem” cell-based therapies has raised various drawbacks; most notably that obtaining adult MSCs can be invasive and comes with risks of morbidity or pain to the patient/donor. Induced pluripotent stem cells (iPSCs), which involves the reprogramming of adult somatic cells to a pluripotent state, by insertion of genes for specific transcription factors of c-Myc/Klf4/Oct4/Sox2 or Lin28/Nanog/Oct4/Sox2, can be a useful alternative (27). Their subsequent differentiation to defined MSC cell types gets around the issue of adult MSC cell harvesting.

Critically, the MSCs isolated (either adult MSC or iPSC derived) need to be able to replace the damaged cells in the patient and therefore must be able to differentiate into the desired cell types in a tightly controlled manor. However, one of the main safety concerns with cell-based therapy is the problem of uncontrolled differentiation into incorrect linages (28). MSC populations are highly heterogenous in nature, therefore for all tissue donor sources, the harvested transplanted cells represent an undefined and highly variable mix of multi-, tri-, bi-potent progenitor cells, committed uni-potent precursor cells and differentiated cells (29, 30). The biological response and duration of each population subset in achieving a terminally differentiated cells would expectantly be different within the transplanted site, thus resulting in an unpredictable efficacy, influencing clinical success. Results obtained from various in vitro studies have expressed concerns regarding the possibility of adult MSCs differentiating into ectodermal and endodermal cells (31). Meanwhile, other reports have highlighted data concerning the spontaneous differentiation of MSCs into unwanted cell types post-transplantation (32, 33). Additionally, safety concerns surrounding the genomic instability of genetically reprogrammed iPSC-MSCs have further hindered their clinical translation. The expression of recognized oncogenes is thought to increase during the reprogramming process and contribute to the role iPSCs play in tumorigenicity (34, 35), despite multiple studies reporting no observable teratogenic effects of iPSC-MSCs in vivo (36, 37). Nevertheless, the development of effective methods for the generation of well-characterized MSC cell populations that have predictable differentiation pathways remains challenging in the field of regenerative medicine (38).

Indeed, the efficiency of MSC cell-based therapies has been called into question, given the high capital investment and cost of cell culture in producing a sufficient number of cells required to bring about an efficacious action for such treatments. Studies using MSC transplantation for the treatment of spinal cord injury have shown the transplanted cells do not survive long term and disappear several weeks after transplantation (39). In fact, of the cells transplanted during MSC cell-based therapy, it is predicted that only 3-10% of cells actually survive the transplantation process (40, 41). Issues of aging and collection of cells associated systemic diseases, such as osteoporosis and type 2 diabetes, can further impair the regenerative capacity of MSCs (42).

An additional, but important consideration for cell-based therapies, is immunological tolerance between the transplanted MSCs and the patient, which still remains to be addressed (43). Numerous studies have identified that MSCs can exhibit both pro-inflammatory and anti-inflammatory phenotypes, dependent upon the extracellular signaling cues of the healing environment, thereby modulating the immune responses [reviewed by (44)]. Initially, activation of Toll-like receptors (TLR2 and TLR4) by bacterial factors such as lipopolysaccharide and peptidoglycan promote the formation of the pro-inflammatory MSC1 phenotype, which are essential for the triggering early immune responses leading to the recruitment and activation of innate and adaptive immune cells. The activation of lymphocytes and M1 macrophages is essential for the healing process, where the secretion of pro-inflammatory cytokines such as TNFα, IFNλ, IL-1α, and IL-1β or exposure to double stranded RNA, triggers a switch to the MSC2 anti-inflammatory phenotype. This latter MSC phenotype is essential for controlling lymphocyte proliferation, formation of Tregs and switch of macrophages to the M2 anti-inflammatory phenotype. Consequently, balancing of this pro- and anti-inflammatory MSC phenotype is central to achieving effective immune control of tissue repair and regeneration and an inappropriate signaling environment would be detrimental in the repair process; whether due to inability to form MSC1 phenotype and hence inability to trigger the switch to MSC2 phenotype, or prolonged stimulation of MSC1 phenotype stimulating pro-inflammatory lymphocyte and M1 macrophage activity. Indeed, it is interesting to note that preliminary studies have reported that EVs from numerous cell sources can provide an immunomodulatory role via mechanisms that stimulate anti-inflammatory responses (45). In fact, the administration of patient MSC-derived EVs to treat graft vs. host disease, successfully reduced the pro-inflammatory immune response, demonstrating the efficacy of EV administration as an immune supressing medicine (46). From this understanding, it is important to recognize the possible dangers that EV-treatments pose as a potential immune suppressor. Studies in this field are very much in their infancy, but it is clear that characterizing the phenotype of the MSC would be critical to producing a favorable response.



Assessing the EVs Cargo for Bone Repair and Regeneration

As previously eluded to, one of the first descriptions of EVs was the observed release of matrix vesicles or microvesicles by osteoblasts and hypertrophic chondrocytes during bone development. Readily seen using electron microscopy, these microvesicles were originally discovered at the initial sites of mineral formation in the growth plate, prior to matrix mineralization, where they are regarded to play an important role in extracellular matrix mineralization (47). The microvesicles, released from the plasma membrane, are rich for calcium and phosphate which form embryo crystals nurturing hydroxyapatite nucleation and crystal growth. In addition, they have been shown to contain tissue non-specific alkaline phosphatase (TNAP) and phosphodiesterase (NPP1/PC-1) which have been proposed collaborative roles that regulates the onset of calcification. Meanwhile annexins have also been identified, representing a family of proteins that bind calcium and play a critical role in initiating the mineralization process.

More recently the role of EVs in intercellular communication during bone remodeling has been realized. EVs released from various bone cells encapsulate proteins that regulate bone remodeling. These include osteogenic factors bone morphogenic proteins (BMPs) and Alkaline phosphatase (ALP), and factors that stimulate osteoclast 453 differentiation such as Receptor activator of nuclear factor kappa-B ligand (RANKL) and its receptor RANK (48). Studies in this area are summarized in Table 1. However, the mechanism of EV bioactivity is now recognized as highly complex and extends beyond these regulatory growth factors. Studies with BMSC derived EVs show a loss in osteogenic potential upon in vitro miRNA depletion via prolonged incubation with RNases, highlighting the role of miRNA in bone formation (72). Indeed, a number of microRNAs (miRNA) and long non-coding RNA (lncRNA) have been reported to play an important role in osteoblastic differentiation; forming highly complex regulatory networks that further controls osteogenic gene expression. Specifically, crosstalk between miRNA and lncRNA has been identified in osteogenic pathways such as TGF-β/BMP-SMAD-dependent and Wnt/β-catenin signaling, through which they can modulate cell differentiation, including the osteogenesis of BMSCs (73).


Table 1. Bioactive factors contained within EV, involved in bone formation and regeneration.
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Studies have also looked at EVs produced by other cells involved in bone remodeling, such as osteocytes (representing terminally differentiated osteoblasts) and osteoclasts. Osteoclasts communicate with osteoblasts through the secretion of micro-RNA enriched exosomes, containing specifically miR-214, which is then taken up by osteoblasts to inhibit their function and regulate their activity (74). Further studies have demonstrated the inhibitory effects on osteoblasts of osteoclast-derived exosomal miR-214 both in vitro and in vivo (60). Additionally, terminally differentiated osteocytes secrete exosomes containing miR-29, miR-484 and miR-221 (56). When co-cultured with osteoblasts, these osteocyte derived exosomes become localized in the nucleus of recipient osteoblast cells and stimulate their differentiation (57).

Additionally, many immune cells, such as T cells, dendritic cells, and monocytes, are known to play important regulatory roles in bone remodeling. Studies investigating the effect of EVs released by these immune cells are in their infancy and currently inconclusive. Studies have shown that dendritic-cell-derived exosomes are endocytosed by hBMSCs and promote their recruitment and migration, although these exosomes did not impact on hBMSCs proliferation or osteogenic differentiation (75). Exosomes from monocytes, however, have been shown to stimulate the osteogenic differentiation of BMSCs, implicating immune derived EVs in the transition from the inflammatory stage to the regenerative stage of bone injury repair (76).

A common consensus has thus emerged that the effects of MSCs during regenerative treatments is mediated largely by their paracrine actions. Indeed, the studies discussed above have demonstrated the osteogenic and regenerative effects of various cell types can be mimicked by the EVs produced by the parent cells. It is the secretions of growth factors, cytokines, and regulatory RNAs contained within the EVs that mediate and promote tissue repair, rather than the engraftment of the mesenchymal progenitor cells and their subsequent differentiation at the sites of injury (77–80). It therefore stands to reason that finding ways to take advantage of these EVs is a worthwhile pursuit in the quest for improved therapeutics for bone regeneration and repair. Significantly, molecular analysis has frequently revealed that the presence of miRNAs, growth factors and cytokines, is higher within the secreted EV compared to the cell lysates of the parent cell (81). Due to this enrichment of bioactive factors, it could be suggested that treatments involving the administration of EVs are likely to be more effective over the transplantation of cells. Of note, studies by Osugi et al. have demonstrated that bone repair within a calvarial defect model was more extensive in experimental groups treated with conditioned media collected from human MSCs when compared with the transplantation of human BMSCs (82). Further investigation suggested that IGF-1 and VEGF were two paracrine signaling factors in the conditioned media that acted on the endogenous cell populations in the injured rat to mediate bone repair (83). Moreover, by selection of defined cell sub-populations and controlled and systematic modulation of culture conditions, EV production and content can be planned to provide a powerful and desirable cellular response. EVs offer potential to circumvent issues presented by transplanted cells which can change their biological phenotype following placement in a wound healing environment, compounded by poor cell survival where release of apoptotic bodies can in turn unpredictably induce either a pro-inflammatory extracellular signaling milieu through the transfer of their cargo to recipient dendritic cells or suppress the immune system (84). Consequently, compared to the direct use of mesenchymal cell populations for regenerative medicine and due to their small size and relative ease of handling, predictions are made that EVs can be produced on a large scale at a lower cost (85).




ISOLATION OF EVS

As the excitement surrounding EVs and their regenerative potential has greatly increased over the past decade, achieving a harmony surrounding the appropriate experimental conditions in which to harvest EVs has come under scrutiny, but there is currently no accepted consensus. Factors that alter the quality and quantity of EVs produced by cells in vitro are summarized in Figure 2. A number of protocols have been developed, some of which may be suitable for EV production at scale and in a manner that is compatible with regulatory authority requirements. A position statement by the International Society for Extracellular Vesicles (ISEV) details many common issues in suitably defining the EV product (86, 87). Critical issues surround assessment for the reproducibility of EV isolates, and measures of biological potency and purity. However, the culture environment can be a critical and often under-appreciated determinant of cell status, and hence can be highly impactful on the quantity and molecular composition of EVs being secreted. Culture supplements, cell confluence, time in culture, nutritional and oxygenation conditions, pH and a range of other variables are known influences on EV production. Developing systems, therefore, that offer the capacity to produce EVs at scale, in a highly stable and well-defined culture environment, are non-trivial challenges. Similarly, EV isolation methods capable of handling often large volumes of cell conditioned media can influence the nature of the EV populations being concentrated and regulatory agencies are indeed concerned with the standardization and traceability of such workflows. Ensuring batch reproducibility and indeed, assays to confirm consistent EV production are essential elements if EV are to be used clinically.
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FIGURE 2. Schematic demonstrating the factors that alter the quality and quantity of EVs produced by cells in vitro. These should all be considered when harvesting EVs for downstream analysis and therapeutic application.



Formulation of the Conditioned Media

One challenge in the analysis of EVs isolated from conditioned medium is contamination by avesicular components of the cell secretome; even the composition of the basal cell media should be considered since varying concentration of cytokines and proteins have been reported among the MSC secretome produced when cultured in different media (88). Currently there are no studies directly comparing the effect of different basal media on the therapeutic effects of the EVs isolated from mesenchymal progenitor cells (89), and this is perhaps surprising.

Most of the in vitro cell culture performed involves supplementation with fetal bovine serum (FBS) as it contains many essential nutrients required for cell growth and survival. However, despite being used for decades, FBS has never been fully characterized, and with this bears several disadvantages when it comes to the use of serum in cell culture for downstream clinical application. From a biosafety concern, FBS may contain adverse factors, like endotoxin, mycoplasma, viral contaminants or prion proteins, that can be transmitted to the patient during cell therapy, causing detrimental immune reactions, rejection of the cell therapy and possible infections (90). Additionally, in the field of EV research, there is a concern as FBS is the source of a large variety of contaminants including exogenous FBS-derived EVs, lipoproteins, and protein complexes. This makes interpretation of results particularly difficult as the final EV isolation will contain a mixture of EVs from the cultured cells and components from the FBS. If FBS is used, the biological effects that are reported in the literature could falsely imply that the EVs, cytokines or growth factors that are eliciting this response are produced by the cell under investigation, when it is the presence of FBS that is playing an important role. This has been highlighted previously when investigating the angiogenic properties of conditioned media from BMSCs. One study demonstrated that conditioned media promoted the proliferation of endothelial cells (91), while a second study did not (81). The difference between these two studies was the presence of FBS; 10% FBS is the first study, and 0.1% FBS in the second study. In this example, the FBS used contained angiogenic factors such as VEGF, and this was, in part, the source of the pro-angiogenic potential of the conditioned media.

EV-depleted FBS can be used as an alternative, however it is important to note that EV-depleted FBS is not EV-free, but EV-reduced (92). The standard way of producing EV-depleted FBS is though high-speed ultracentrifugation, removal of the EV-containing pellet, and subsequently only using the supernatant to supplement media. However, this supernatant is often less than ideal as many growth factors and other proteins are likely to be removed during the ultracentrifugation (93). Studies investigating breast carcinoma cells lines demonstrated that cells were capable of forming 3D colonies in standard FBS media, but could only form monolayers in EV-depleted media (94). Meanwhile, the proliferation of human cardiac progenitors is reduced in EV-depleted FBS (95). Strikingly, both of these studies demonstrated that the addition of the pelleted EVs from the FBS could rescue these changes in migration and proliferation in a dose dependant manor. Investigation of myoblast cell lines from mice (C2C12), rats (L6) and primary human myoblasts found not only were proliferation rates reduced, but genes related to EV formation and EV trafficking were reduced when these cells were cultured using EV-depleted FBS compared to non-EV depleted (96). Conversely, one study investigating human adipose derived MSCs found no difference in proliferation, cell morphology, or osteogenic differentiation capacity, in cells grown in EV-depleted FBS compared to non-EV depleted (97). Nevertheless, the use of EV-depleted FBS has been shown impact cell growth, behavior and phenotype, likely due to removal of FBS-derived EVs and other co-isolated particles (98). Consequently, the cell-derived EVs could have altered characteristics and functionalities. Therefore, the use of FBS, even after EV-depletion, likely results in major consequences and the potential for greater misinterpretations of downstream EV analysis.

A common approach to circumvent the issue of inefficient EV-depletion is to grow cells using serum-free conditions, offering the advantage that the culture preparation is far more simple and defined. Of course, with a complete lack of FBS, the same pitfalls seen with EV-depleted FBS, such as changes in cell physiology and EV release, have been reported with serum free methods (99, 100). Supplementing serum free media with a cocktail of growth factors may be a solution to this problem (92, 101, 102), although the possibility for co-purification of the growth factors interacting with surface components of the EV should be investigated. Unfortunately, additional pitfalls to using serum-free media have been widely reported in the literature. Aggressively switching from normal FBS conditioned to serum free conditions may cause cell stress, which could in turn result in the interference of signaling cascades associated with EV biogenesis (99, 103). Washing cells with PBS prior to the switch to serum free media has been suggested to induce severe modifications in the phenotype of human MSC derived adipocytes compared to a more subtle switch to serum free media over 4 days, without a PBS wash (104). Additionally, washing cells more than three times, reduced the number of viable cells after the wash step (104). Furthermore, serum deprivation may induce cell death, leading to the release of apoptopic bodies or associate death ligands, and hence alter the quantity, quality and protein/cargo composition of in vitro derived EVs (105).

Alternatives to FBS have also been proposed, such as human sera or platelet lysates and various chemically defined serum free media, that can provide the nutrients cells need for in vitro culture (106). Studies found that hBMMSCs retained their morphology, phenotype, viability and differentiation potential when cultured in serum free media containing human platelet lysate. Additionally, these cells were enriched in EVs and the EV-RNA profiles remained unchanged (107). However, platelets can produce their own exogenous EVs, and therefore the ISEV discourages the use of platelet lysates to prevent this contamination, instead opting to promote entirely serum-free methods (86). Importantly, as yet there are no known studies that highlight the effect of these FBS alternatives on the biological properties of the conditioned media, or the effects on the cells and their production of EVs (89). Currently, ISEV recommends strict reporting of the culture media used when collecting EVs, the method of EV-depletion, and any changes in cell physiology. Furthermore, the use of proper unconditioned medium controls in order to assess the amount of exogenous EV contamination is fundamental to establish appropriate background standards (86).



Batch Culture for EV Production

Increasing the yield of EVs isolated is an obvious high priority for their clinical use in EV-based therapies. Several methods of scalable biomanufacturing processes for EV production have been reported in the literature, although it is as yet unknown how these various methods may change the cellular function and therefore production and/or composition of EVs.

Bioreactors have been used for the generation of clinical scale qualities of cells and in recent years this technology has been applied for the large-scale production of EVs. Hollow fiber bioreactors, in which cells are seeded into cylindrical hollow fibers through which media is continuously circulated, result in a high surface area for cell seeding (billions as opposed to millions in a standard culture flask). These bioreactors result in the production of 4-times more EVs compared to a traditional 2D flask (108). However, this continuous flow of media over the cells could results in flow-derived shear stress, which has been postulated to alter EV secretion and intravesicular cargo content (109). Additionally, studies comparing bioreactors to standard 2D flasks have shown EVs generated in these bioreactors have a different size profile (108). It is not yet known whether these changes in EV composition and size could lead to a reduced therapeutic potency, but is something that should be considered when thinking about large scale EV production.

Similarly, some laboratories use multi-layered culture flasks to increase the number of cells producing EVs (110). One caveat of this method is the flasks offer little advantage in terms of cell density; creating high volumes of conditioned media for subsequent processing, and ultimately these approaches have limited scalability. High density culture is therefore an advantage in terms of a tractable solution to vesicle yield. Typically EVs are harvested from cell cultures at 60-90% confluence (100). However, depending on cell types, culturing cells to high confluence can alter their biological properties. Contact inhibition at higher densities can trigger quiescence (111) which may influence their secretion of EVs and other paracrine factors. MSCs grown to high densities show up to 100-fold decrease in EV production compared to MSCs seeded at lower densities, although no change in EV bioactivity was observed (112). Additionally, the characteristics and gene expression profiles of BMSCs change as confluence increases (113). This may be because as cellular proliferation decreases, the secretome of the BMSC can change. There is now a consensus of opinion that down regulation of cell proliferation is pre-requisite for osteoblasts differentiation (114, 115) but high seeding densities can also promote adipocytic differentiation (116, 117). Consequently, the potential to change the differentiation status of a vesicle producing cell would very likely change the composition and subsequent functional potency of the EVs. It is also important to note that components such as ALP are down-regulated when MSCs enter the M phase during the cell cycle (118) which could translate to altered ALP levels in the EV. Therefore, harvesting of EV whilst actively proliferating or upon reaching high confluence should be fully assessed for impact on the EV cargo.

Long term in vitro cell expansion of MSCs has been shown to result in changes to gene expression (119). Yet, given the limited number of MSCs found in bone marrow for example, expansion is required in order to obtain the necessary quantities needed for EV production. Such changes in gene expression have been shown to influence MSC differentiation potential (120). As these cells age in vitro they eventually enter senescence, at which point they begin to lose their plasticity and genetic stability. Furthermore, EV cargo may be altered with cell age, as studies have shown the reparative capacity of MSC-derived EVs decreases with increasing cell passage (112). Hence the drive toward a scalable, high density cell culture system inevitably alters the phenotype of the cell and hence compromises the nature and potency of the EV being produced. Attending to these challenges by finding the optimal balance between cell density and phenotype retention will be important for advancing the EV therapeutic space.



EV Enrichment From Conditioned Media

The purification methods used to extract EVs from conditioned media also has a baring on EV yield. Currently EVs are isolated by a variety of methods such as ultracentrifugation, size exclusion chromatography, precipitation, immunoaffinity and varied forms of filtration. Many EV isolation methods are complex multistep processes, through which there are many stages where EVs can be lost, or damaged, or altered. As a result, this is thought to result in low yields and ultimately may misrepresent the true EV population in conditioned media (121–123). For research laboratories differential ultracentrifugation is often the favored method of EV isolation, probably due to historical reliance on this approach, and its relative simplicity. Pre-clearing requires some initial centrifugation steps to removed live cells (300-400xg for 5-10 mins) and dead cells (2,000xg for 10 mins). The supernatant may then be purified using micro-filtration with pore sizes ranging from 0.1 to 0.8 μm, to eliminate remaining structures in the secretome such as large vesicles, prior to ultracentrifugation at >100,000 xg for 1-3 h (93). The resulting pellet containing the EVs is then resuspended and can be further purified through additional PBS washes. It is worth noting that these additional purification steps will decrease yield due to incomplete sedimentation and aggregation in the pellet (124). Ultracentrifugation is a long and expensive process with limited scalability, and the estimated isolation yield from conditioned media has been reported to be as low as 5-25%, although the accuracy of these numbers remains problematic (125). Additionally, size based isolation via micro-filtration can result in low yield due to large quantities of EVs and contaminants adhering to and clogging the filters (126).

Density gradient ultracentrifugation, in which a viscous medium is used to isolate distinct populations of EVs based on vesicle density, are largely analytical approaches that can provide EV isolates of high purity, as co-isolation of contaminants can be minimized. Conversely, this method is complex, laborious, and expensive, and totally unsuited to up-scaling. Alternatively, aqueous two-phase systems (ATPSs) can be used to separate EVs based on their precipitation with hydrophilic polymers such as polyethylene glycol (PEG) and dextran (DEX). Studies found that EVs biased affinity to DEX-rich bases resulted in a four-times higher recovery rate compared to ultracentrifugation (127). This method of EV isolation is second in its popularity to ultracentrifugation (128) as it is fast and relatively simple, therefore making it ideal for the processing of a large number of samples. EV precipitation is accompanied by co-precipitation of non-EV nucleoproteins and proteins such as albumin and immune complexes (129). These impurities can be removed from the sample with subsequent centrifugation or filtration (130). Therefore, when it comes to choosing a method for EV isolation many factors need to be considered, such as cost, quantity of conditioned media, and purpose.



Influence of Cell Populations Chosen to Isolated EVs

MSCs can be found in all tissues, both in the adult and embryo, and choosing which cells to work with for cell-based therapies has required consideration surrounding ease of isolation, the use of autologous vs. allogenic cell transplants, and the limitations that come with such decisions. Similar decisions will also need to be made when considering the cell source for EV production, as the content will vary depending on the origin and age of the cell sourced.

To address this question, we should consider prior research that recognizes the heterogeneity of MSC populations being investigated for use in cell-based therapies and lessons learnt here. Both BMSCs and DPSCs contain individual subpopulations with different proliferation rates and differentiation capabilities (131–133). Daughter cells destined for differentiation undergo several rapid divisions as transit amplifiers (TA) that become progressively more lineage restricted as they divide (134). An important requirement for regenerative medicine and the exploitation of MSCs is the ability to expand these cells in vitro. It may therefore appear sensible to select highly proliferative cells, but, with extensive cell expansion, comes altered cell behavior and potential for spontaneous differentiation of MSCs down the osteoblast, chondrocytes and neuronal lineages (135–137).

Numerous studies investigating the heterogeneity of DPSCs have revealed potential protocols for the sorting of MSC subpopulations. Of note, DPSCs with greater multipotentiality and high proliferative capacities had longer telomeres, exhibited prolonged purported “stem” cell marker expression, and lacked CD271 expression; whilst other DPSC subpopulations presented with early onset senescence, “stem” cell marker loss, shorter telomeres and positive CD271 expression (138). This demonstrates telomere length and CD271 expression could be used to selectively screen and isolate multipotent DPSC populations with higher proliferative capacity and multipotent differentiation potential. Similarly, using fibronectin adherence to select for more immature MSC cell types has been used for both BMSC and DPSCs (139, 140).

Studies should thus compare the regenerative capacity of the more multipotent cell types with those that are identifiable as lineage restricted uni-potent cells. Indeed, it has been proposed that it is these lineage restricted cells that are possibly the first responders during the repair of tissues such as bone and dentine (141, 142). Conversely, multipotent MSCs may find a broader application for tissue regeneration therapies in general, where they demonstrate greater ability to differentiate into a wider range of tissue types. This question has possibly not yet been fully addressed, but a similar approach should be taken when selecting appropriate cells from which to harvest EVs. One study examining the time-course secretion of exosomes by hMSCs across the entire process of osteogenic differentiation found that only exosomes derived from the late stages of osteogenic differentiation were able to induce ECM mineralization in treated hMSCs (143). Micro-RNA analysis of the exosomes produced during the time course of osteogenic differentiation found higher levels of miRNAs that favored osteogenic differentiation in exosomes derived from the later osteogenic stages. This demonstrates that MSCs secrete exosomes with different biological properties depending on their stage in the differentiation process. Similarly, EVs derived from BMSCs and placental stem cells that had been differentiated for 21 days in osteogenic media (late-stage differentiation) were able to achieve faster differentiation rates compared to those derived from earlier stages (7 days in osteogenic media) (144). The above studies are of consequential value when selecting and expanding cells from which to harvest EVs as one must ensure a homogenous population of cells, the differentiation status of which is known. This is important to ensure reproducible results and the production of EVs with predictable biological properties. Although cell-free therapies mean painful and expensive cell isolation procedures may not be required, this ultimately depends on which cells produce EVs with the necessary cargo, meaning some of the issues related to cell-based therapies could still apply.



Considerations and Challenges in the Therapeutic Application of EVs

To successfully translate EV products into clinical applications it is essential that the bioactivity of the products is reproducible and meets pre-defined quantitative criteria of identity and potency before being used in a clinical capacity. Different manufacturing processes, discussed above, will no doubt generate EV products with qualitative and quantitative differences in identity and potency. The implications surrounding these issues are discussed in detail in the following reviews (145–147). There is currently no consensus on the best way to produce therapeutic EVs, on top of which there is also a lack of standardized quality assurance assays to ensure batch consistency and EV quality. Critically, this has led to discrepancies and controversies surrounding the biology, function, and therapeutic potency of EVs produced from the same cell type. Fingerprinting assays offer a way to establish batch-to-batch consistency by examining a narrowly defined set of molecular markers that are expected to be either present or absent in the EV isolation (148). However, these fingerprint assays are yet to be standardized. The identity of the EVs remains partially unknown, especially the nature of their therapeutically active components. This presents another major barrier to the clinical translation of EVs to therapeutics in defining their potency metrics, which is needed to establish how well a substance elicits a desired therapeutic action. There are several methods to quantify EV doses, and the most common are based on the number of parent cells, EV protein cargo/protein concentration, and EV number and size using specialized nanoparticle tracking analysis. However, dose, frequency, and route of administration varies considerably. It has been reported that EVs have a short in vivo half-life and that their effects could be short-lived, therefore repeat doses are required to maintain a therapeutic effect (149). Moreover, as EVs are so intrinsically complex, with thousands of varying cargos, they have the potential to influence a diverse range of biological activity. With such a broad variety of (heterogenous) cell sources from which to harvest EVs, establishing mode of action is challenging. In fact, EV isolations have been shown to act both directly and indirectly by modulating various cell types (150), therefore the therapeutic targets of these EVs may involve cells or tissues that are beyond the actual site of injury.




UTILIZING EVS FOR BONE REGENERATIVE MEDICINE

As discussed earlier, EVs participate in the normal mineral formation during bone growth and development (151). With the recent advancements in EV research and their application as an alternative to MSC cell-based therapy for regenerative medicine, many researchers have investigated the potential therapeutic applications of EVs in bone repair and the treatment of various bone diseases.

EVs derived from various mesenchymal progenitor cell sources have been investigated in their capacity to accelerate bone regeneration, both in vitro and in vivo. The authors refer the reader to a comprehensive review by Murali and Holmes (152). Human BMSC (hBMSC) derived EVs are the most frequently used MSC-type in pre-clinical studies for bone regeneration therapies. One study demonstrates hBMSC derived EVs stimulate osteogenic gene expression and differentiation both in vitro and in vivo (54). In vitro, the expression of osteoblast specific genes coding for Runx2, osteocalcin and osteopontin, are upregulated in osteoblasts that receive treatment with BMSC-derived EVs. In vivo, using a hydrogel delivery system, BMSC-derived EVs promote the regeneration of critical sized calvarial defects in rats to a higher degree than those that did not receive EV treatment. BMSC derived EVs have subsequently been shown to accelerate bone regeneration and vascularisation in other murine and rodent models (153–155). Similarly, human iPSC-MSCs derived EVs, when implanted into rat calvaria defect models, show dose-dependent bone regeneration, vascularisation, and expression of osteogenic markers OCN and OPN (71, 156).

Other sources of MSCs have also been explored as a source of osteogenic EVs for fracture repair and bone regeneration. Transplantation of umbilical cord MSC (uMSC) derived EVs into a rat femoral fracture markedly enhanced angiogenesis and bone healing processes (150), increasing local expression of critical fracture healing factors Wnt3a and β-catenin (157). Studies investigating exosomes derived from uMSCs that have been pre-differentiated down the osteogenic lineage in vitro prior to EV harvest, also induce bone regeneration when seeded into rat radial bone defect (158). EVs obtained from adipose tissue-derived MSCs (AD-MSCs) have successfully stimulated osteogenic differentiation in murine mouse models in vivo (159, 160), although recent studies have indicated the regenerative potential of AD-MSC-EVs has similar potency to transplanted AD-MSCs (161). Recent in vitro studies have highlighted the ability of exosomes secreted by hAD-MSCs, combined with PLA-based scaffolds, to stimulate the osteogenic commitment of hAD-MSCs (162).

It should not be forgotten that bone regeneration also requires the stimulation of angiogenesis, alongside the differentiation of osteoblasts. Indeed, microvesicles and exosomes from MSCs have been shown to stimulate blood vessel formation in vivo and in vitro, which in turn could lead to improvements in bone regeneration (163). Studies with hBMSC derived exosomes have elegantly demonstrated that exosomes stimulated MSCs to express both osteogenic and angiogenic genes, and in the presence of an angiogenesis inhibitor, these MSCs lost their ability to form bone in vivo (164, 165). Additionally, perivascular “stem” cells within the walls of blood vessels have been shown to participate in endogenous bone repair (166). EVs derived from human perivascular cells increased bone mineral deposition and the expression of osteogenic factors Runx2 and Osterix in BMSCs cells under osteogenic conditions in vitro. In a calvarial defect mouse model, in which human perivascular-EVs were percutaneously injected twice a week for 4 weeks, mice presented with an increase in osteoblastic proliferation at the edge of the bone defect and an increase in bone deposition compared to mice injected with a PBS control (167).

In an interesting approach, functionally engineered EVs have been generated from human BMSCs that constitutively express BMP2 to produce a cellular source resembling differentiating osteoprogenitor (168). EVs derived from BMP2 over-expressing hBMSCs promote greater bone regeneration in rat calvarial defects in vivo, compared to conventional hMSC-EVs. Of note, EVs from undifferentiated hMSCs demonstrated limited regenerative capacity in vivo, highlighting the importance of selecting appropriate EV sources for clinical application.


Assessing EV Function in the Treatment of Systemic Bone Disease

Osteoporosis is a common age-related bone disease associated with reduced bone mass and impaired bone microarchitecture that increases the risk of fragility fractures, typically in the vertebrae, hip, femoral neck, proximal humerus, and wrist (169). It is estimated there are more than 200 million people worldwide suffering from osteoporosis (170), and with an ever-increasing aging population it is clear osteoporosis will have a huge medical and socioeconomic effect in the future. Since MSC cell-derived EVs have gained attention as novel cell-free therapeutic, the effects of EVs on osteoporosis pathogenesis has been widely investigated in the literature and a selection of these studies are discussed below.

In vivo studies have demonstrated intravenous injection of EVs derived from human umbilical cord blood plasma into the tail vein of senile osteoporotic mice, over the course of 2 months, successfully attenuated bone loss. EV treatment resulted in increased trabecular and cortical bone mass, enhanced osteoblast formation, and reduced osteoclast formation. In vitro studies carried out alongside revealed the pro-osteogenic effect of these EVs was mediated by the shuttling of miR-3960 from the EVs into target cells (171). Numerous studies have shown the involvement of miR-3960 in osteoblast differentiation (172, 173).

Meanwhile, the effects of EVs from adipose tissue-derived “stem” cells (ACS-EVs) in an ovariectomy (OVX)-induced osteoporosis mouse model has also been investigated (174). Intravenous injection of either ASCs or ASC-EVs both resulted in increased bone volume, bone mineral density, trabecular thickness and trabecular number, compared to PBS controls. In vitro studies found EVs produced by ASCs were highly enriched for osteoprogenrin, without which anti-osteoclastogenic effects were not seen. Furthermore, as there was no significant difference between OVX mice treated with ASCs, compared to those treated with the EVs isolated from these MSCs, this further supports the use of EVs as an effective therapeutic alternative to cell-based therapies in the treatment of osteoporosis.

Human urine-derived “stem” cells (UrineSCs) are also gaining traction in the field of EV biology and regenerative medicine as an easy and reproducible source for EVs (UrineSC-EVs). Injection of UrineSC-EVs into osteoporotic mice enhanced osteoblastic differentiation resulting in inhibited bone loss and increased bone strength (175). Importantly, this study compared the anti-osteoporotic effects of human USC-EVs taken from various donors, of different ages, genders and from patients with or without osteoporosis. Not only were the yields of UrineSCs the same across all donors, the anti-osteoporotic effects were not affected by the age, gender or health condition of the donor.

Recent advances in bioengineering have seen the use of “click chemistry” to combine EVs with alendronate, an anti-osteoporotic drug that specifically binds to the surface of bone (176). “Click chemistry” is a term introduced in 2001 to describe organic reactions that produce high yields of molecular products composed of two or more covalently linked molecular components without the production of any byproducts (177). This combined Ale-EV results in a powerful synthetic tool that can target bone specifically, with improved bone targeting capabilities compared to standard MSC derived EVs when injected into the tail vein of an ovariectomy (OVX)-induced osteoporosis rat model. Treatment with Ale-EVs promoted bone regeneration in these rats, protecting them against osteoporosis more effectively than with either aledondronate or MSC derived EVs alone (176). This certainly highlights the advantages of combining EVs with anti-osteoporotic drugs.




DISCUSSION AND CONCLUDING REMARKS

Within this review we have explored the application of EVs in regenerative medicine as an alternative to cell-based therapies. The research discussed indicates a promising therapeutic potential for EV bioengineering and their application for improving the success and predictability of bone regeneration and osteoporosis therapies. Among the excitement generation for using EVs as therapeutic agents, key considerations for their generation, isolation, characterization and therapeutic delivery are crucial to provide valuable advancement of knowledge that would promote the efficacious translation for clinical benefit (see Table 2).


Table 2. Developments required to take EVs forward to clinical applications.

[image: Table 2]

A brief look at the literature can instantly highlight a lack of consensus concerning EV isolation methods and EV characterization still remains. Current methodologies favored by research laboratories largely involves a series of micro-filtration steps, followed by ultra-centrifugation. However, these methods are entirely unsuited to up-scaling, a requirement which is vital for their success in future clinical application. Large scale batch production of EVs using high density culture systems such as hollow fiber bioreactors offer a plausible solution, however these come with their own caveats. In addition, contamination with avesicular components, be it from the basal cell media, or supplementation with FBS/EV-depleted FBS/FBS-alternatives, still poses a dilemma, as culture systems free from FBS inevitably alter cell physiology. As yet, an effective way to produce, separate and purify EVs in large quantities, without altering phenotype, has not been found. Finding the optimal balance between EV quantity and phenotype retention is an important and challenging prospect that is vital for the advancement of EV therapies.

To translate EV-based therapy into clinics, several hurdles would have to be overcome to guarantee the acquisition of safe therapeutics and the prevention of harmful side effects. Currently, the mechanism by which EVs instigate bone repair and regeneration has not been fully elucidated. To further complicate matters, many cell products are composed of a heterogeneous mixture of cells, and as such identification of the EVs responsible for a proposed biological function remains a major challenge. For future EV-therapeutics to be safe and effective, it is therefore necessary to not only determine a potential cell selection criteria for optimal secretome production, but to also clarify the transport, uptake and metabolic kinetics of the EVs in question. In addition, EV therapeutic dosage remains unclear, and it is not yet known if excessive EV treatment could result in detrimental side effects and tissue damage. Therefore, to apply EV therapy to the clinical setting, these important and challenging questions first need to be addressed. Only then can EVs be used safely in their clinical application.

In conclusion, although challenges and difficulties remain, EVs still show great potential in the regeneration of bone tissue. The research and preclinical studies presented in this review demonstrate the promise that EVs embody and their significance in the future of regenerative medicine and their application to the treatment of bony defects and disease.
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