[image: image1]A Review Into the Insights of the Role of Endothelial Progenitor Cells on Bone Biology

		REVIEW
published: 24 May 2022
doi: 10.3389/fcell.2022.878697


[image: image2]
A Review Into the Insights of the Role of Endothelial Progenitor Cells on Bone Biology
Henglei Shi1,2, Zhenchen Zhao1,2, Weidong Jiang1,2, Peiqi Zhu1,2, Nuo Zhou1,2* and Xuanping Huang1,2*
1Department of Oral and Maxillofacial Surgery, Hospital of Stomatology, Guangxi Medical University, Nanning, China
2Guangxi Key Laboratory of Oral and Maxillofacial Rehabilitation and Disease Treatment, Guangxi Clinical Research Center for Craniofacia Reconstruction, Guangxi Key Laboratory of Oral and Maxillofacial Surg Deformity, Nanning, China
Edited by:
Ming Li, Osaka University, Japan
Reviewed by:
Paul Cahill, Dublin City University, Ireland
Anuradha Vaidya, Symbiosis International University, India
Reza Rahbarghazi, Tabriz University of Medical Sciences, Iran
* Correspondence: Xuanping Huang, hxp120@126.com; Nuo Zhou, gxzhounuo@sina.cn
Specialty section: This article was submitted to Stem Cell Research, a section of the journal Frontiers in Cell and Developmental Biology
Received: 18 February 2022
Accepted: 11 April 2022
Published: 24 May 2022
Citation: Shi H, Zhao Z, Jiang W, Zhu P, Zhou N and Huang X (2022) A Review Into the Insights of the Role of Endothelial Progenitor Cells on Bone Biology. Front. Cell Dev. Biol. 10:878697. doi: 10.3389/fcell.2022.878697

In addition to its important transport functions, the skeletal system is involved in complex biological activities for the regulation of blood vessels. Endothelial progenitor cells (EPCs), as stem cells of endothelial cells (ECs), possess an effective proliferative capacity and a powerful angiogenic capacity prior to their differentiation. They demonstrate synergistic effects to promote bone regeneration and vascularization more effectively by co-culturing with multiple cells. EPCs demonstrate a significant therapeutic potential for the treatment of various bone diseases by secreting a combination of growth factors, regulating cellular functions, and promoting bone regeneration. In this review, we retrospect the definition and properties of EPCs, their interaction with mesenchymal stem cells, ECs, smooth muscle cells, and immune cells in bone regeneration, vascularization, and immunity, summarizing their mechanism of action and contribution to bone biology. Additionally, we generalized their role and potential mechanisms in the treatment of various bone diseases, possibly indicating their clinical application.
Keywords: endothelial progenitor cells, bone biology, bone regeneration, bone vascularization, bone immunity, interaction
INTRODUCTION
The functional state of bone, including the physiological state of bone formation and regeneration and the pathological state of bone resorption and remodeling, significantly impacts human health. In the case of extensive bone disorders caused by major diseases and traumatic injuries, it is difficult for bones to repair themselves (Li et al., 2015). With further advancements in tissue engineering and stem cell research, we have observed efficient solutions to these problems. Previous osteobiological studies mostly focused on osteogenesis and related regulation of mesenchymal stem cells (MSCs); however, with the advancement in vascularization studies, blood vessels were observed to be indispensable in bone activity (Maes et al., 2010; Percival and Richtsmeier, 2013). Consequently, endothelial progenitor cells (EPCs), which possess a strong angiogenic ability, have received sufficient attention (George et al., 2011). Hence, based on the current studies, our review focuses on the interaction and benefits of EPCs in bone regeneration, vascularization, and immunity and discusses the lack of research on osteoclastogenesis and bone hemodynamics.
For bone regeneration, captivated by most researchers, early treatment strategies focused on the construction of different scaffolds and the transplantation of MSCs (Quarto et al., 2001). However, in the absence of a functional vascular network, with implantation of scaffolds or MSCs alone, rapid healing of bone was difficult to achieve, since MSCs demonstrated an insufficient number of integrated cells and death at an early stage (Pang et al., 2013; Lin et al., 2014; Kim et al., 2021). Successful bone regeneration and vascularization have proven to be inextricably linked (Grosso et al., 2017). Furthermore, EPCs, as precursors of endothelial cells (ECs), possess strong proliferative and angiogenic abilities. Different strategies have been applied to bone tissue engineering for vascularization, including single/multiple cell transplantation, growth factors, prevascularization of grafts, and co-culturing (Zhuang et al., 2021). The co-transplantation of MSCs and EPCs has an effective synergistic effect on vascularization and bone regeneration. EPCs and MSCs mutually co-regulate each other by secreting multiple growth factors to promote early angiogenesis and bone reconstruction (Bouland et al., 2021).
The contribution of EPCs to bone vascularization is an important topic to be considered. In addition to differentiating into ECs, EPCs also play a direct regulatory role in the development of ECs. Additionally, the subtypes of ECs, H and L subtypes, form subtypes of bone microvessels, which have a significant impact on osteogenesis and osteoclastogenesis (Kusumbe et al., 2014). In addition, capillaries invade the initial ossification site during the early stages of intramembranous and endochondral ossification, providing essential factors like oxygen and modifying osteogenesis (Percival and Richtsmeier, 2013). Although a majority of blood vessels in the skeleton are capillaries, several intact vascular structures are also present (Prisby, 2020). Since smooth muscle cells (SMCs) are responsible for stabilizing blood vessels, whether there is an interaction between SMCs and EPCs should be explored.
Immune regulation also plays an important role in the biological activity of the bone. Immune cells, including neutrophils, monocytes, and macrophages, are enriched in the skeletal system. Neutrophils are recruited to the wounded area at an early stage, releasing inflammatory factors and proteolytic enzymes to promote tissue reconstruction (Franz et al., 2011). In the later stage, M2 macrophages secrete tissue repair factors, which recruit MSCs and promote angiogenesis (Schlundt et al., 2018). In this review, we, first, describe the definition and classification of EPCs and second, focus on the interactions and EPCs with different cells and their effects, which ultimately affect bone biology. We believe that elucidation of the molecular mechanisms involved in bone metabolism by EPCs will not only elaborate our understanding of bone-related diseases but also provide potential research directions and therapeutic approaches for their treatment (Figure 1; Table 1).
[image: Figure 1]FIGURE 1 | Graphical abstract. We reviewed and summarized the complex interactions of EPCs with multiple cells in bone regeneration, vascularization, and immunity. Additionally, we summarized the application of EPCs in various disease models and believe that it offers certain directions for future studies.
TABLE 1 | Outcomes and mechanisms of interaction between EPCs and other cells in bone biology.
[image: Table 1]DEFINITION AND CLASSIFICATION OF EPCS
EPCs, circulating cells considered to be primarily located in the bone marrow albeit in minor quantities in the peripheral blood, were first isolated from human peripheral blood by magnetic bead sorting and suggested to augment collateral vessel growth (Asahara et al., 1997). EPCs are mobilized into the circulation and directed to tissue sites in response to multiple cytokines and signals under trauma, ischemia, and tissue remodeling conditions (George et al., 2011). Owing to their unique functions in a vascular generation, their subsets and potential functions and mechanisms have been studied. EPCs are defined as precursor cells enabled to differentiate into ECs and SMCs (Miyata et al., 2005; Sai et al., 2014). EPCs have two typical features in the biological process: Clonal expansion and stemness. However, per the experimental observations, EPCs are mainly considered to be mononuclear cells that attach to matrix molecules, dually positive for acetylated low-density lipoprotein, and Ulex europaeus agglutinin lectin in cell-culture studies (Huang Z. et al., 2021).
Following long-term studies and debates, the researchers grouped the different subsets of EPCs and organized them into two major categories based on their hematopoietic or endothelial lineage (Medina et al., 2017). Myeloid angiogenic cells (MACs), of hematopoietic lineage, do not differentiate into ECs albeit derive paracrine factors as stimulants to promote angiogenesis. MACs are considered to be generated from peripheral blood monocytes under endothelial cell culture conditions and have weak proliferation capacity, which causes difficulty in the passage (Chambers et al., 2018). Endothelial colony-forming cells (ECFCs), of endothelial lineage, differentiate into ECs, exhibit pronounced proliferative capacity with the potential to develop vascular networks, and promote the recovery of wounded endothelium and angiogenesis (Tasev et al., 2016). The most commonly used markers of MACs are used in combinations of CD45+/CD14+/CD31+/vascular endothelial growth factor receptor 2 (VEGFR2) +/CD146-/CD34-, as CD31+/CD146+/VEGFR2+/CD45-/CD14- for ECFCs (Medina et al., 2017). Secondary to the functional similarity of MACs and ECFCs, most researchers could not accurately distinguish between the two yet; therefore, this will be discussed in this review in uniformity with EPCs.
INTERACTION BETWEEN EPCS AND OTHER CELLS IN BONE BIOLOGY
Interaction of EPCs in Bone Regeneration
MSCs play an undoubtedly important role in bone regeneration. They are a type of pluripotent stem cells that exhibit great potential for differentiation into various lineages, including osteoblasts, chondrocytes, myocytes, and adipocytes. Almost all tissues in the human body contain MSCs, especially those of bone marrow, fat, dental pulp, umbilical cord, and placenta (Bouland et al., 2021). MSCs actively translocate to the site of tissue damage and participate in immune regulation and tissue damage repair. These properties provide MSCs with great potential for application in the domain of histological engineering and regenerative medicine, making them clinically valuable stem cells for cell therapy. Numerous patients have been enrolled in various clinical trials, and no serious adverse events have been reported so far (Watson et al., 2014). However, ECs and related cell lines are rarely used as therapeutic agents in phase I studies owing to hesitation by investigators in using them, complexity, and security risks. Meanwhile, in the process of bone formation, the coupling of angiogenesis and osteogenesis has been taken into consideration. Secondary to the stemness of EPCs and MSCs, the effect of co-culture and the interaction between MSCs and EPCs have been investigated. The synergistic effect, improved bone formation, and higher and earlier neovascularization were observed in the co-culture of bone marrow-MSCs/EPCs.
In the co-cultivation system of EPCs and MSCs, EPCs not only influence the function of MSCs but also secrete factors to impact their function. By EPCs/MSCs indirect transwell co-culture system, co-cultured MSCs preserve stemness without any morphological changes. In addition to the enhanced proliferation, expressions of the core regulators of stemness, OCT4, SOX2, Nanog, and Klf4, were upregulated in co-cultured MSCs (Wen et al., 2016). EPCs nourished MSCs prior to the neovascularization and hemoperfusion, which prevented apoptosis of MSCs in the early stage (Lin et al., 2014). With the EPC secretion of platelet-derived growth factor-BB (PDGF-BB), PDGFR-β+ MSCs reserve vigorous regenerative capacity, whereas PDGFR-β- MSCs lose stem cell properties (Lin et al., 2014). Moreover, EPCs secrete bone morphogenetic protein-2 (BMP-2) as a paracrine signaling molecule to contribute to osteogenic differentiation whereas MSCs do not secrete BMP-2 alone (Murphy et al., 2016). The soluble factors secreted by ECs selectively stimulate MSC differentiation activity with the upregulation of alkaline phosphatase, BMP-2, osteonectin, and osteopontin genes (Saleh et al., 2011). Additionally, Xu et al. determined the action of the EPC signaling pathway. Through microarray analysis and Kyoto Encyclopedia of Genes and Genomes enrichment analysis of co-cultured versus individually cultured MSCs and further validation, they determined that EPCs assist osteogenic differentiation of MSCs mainly by upregulating TAB1 to promote p38 phosphorylation. The mitogen-activated protein kinase (MAPK) signaling pathway was majorly affected by co-cultivation with EPCs, and extracellular-signal-regulated kinase (ERK)1/2, and c-Jun N-terminal kinase (JNK) pathways were activated by the upregulation of TAB1, which promoted p38 phosphorylation by direct combination. They further observed increased phosphorylation in the downstream MAPK signaling pathway in contrast with that in ERK1/2 and JNK pathways, as confirmed by the utilization of their respective inhibitors (Xu et al., 2020). Transplanted EPCs release chemokines such as VEGF, recruit host EPCs and stimulate angiogenesis at the bone defect with EPCs-MSCs loaded on β-TCP in vivo (Seebach et al., 2010). Joo et al. reported that VEGFR2 phosphorylation and induction of angiogenic buds in EPCs stimulated by low doses of VEGF-A may contribute to their stronger angiogenic potential (Joo et al., 2015). Additionally, extracellular vesicles (EVs) as a novel mediator of intercellular interaction pathways have received considerable attention. According to their diameters, EVs are commonly divided into exosomes (EXOs), microvesicles (MVs), and apoptotic bodies (Wu et al., 2021). EVs carry multidimensional biomolecules, cross biological barriers, mediate information exchange among cells, and avoid phagocytosis by macrophages, which hold promising potential for tissue regeneration and repair (Zhang K.-L. et al., 2019). The proliferation and migration of osteoblast precursor cells, MC3T3-E1, are promoted by EPC-MVs while the simultaneous reduction of apoptosis. A study regarded the microRNA-126 (miR-126) enrichment in EPC-MVs as the key to amplifying beneficial effects, which simultaneously enhanced the expression of Bcl-2 and p-Erk1/2, indicating the potential activation of the Erk1/2-Bcl-2 signal (Chen et al., 2019).
MSCs also modulate EPCs. The presence of MSCs supports the differentiation of EPCs into a more mature endothelial cell phenotype at an early stage. Following MSCs implantation, Seebach et al. also observed more host-cell attraction and proangiogenic activity of EPCs (Seebach et al., 2014). Through mass spectrometry and filtering, Kamprom et al. predicted a unique combination of factors enhancing the effects of EPC derived from placental-derived MSCs, including 12 proteins (Kamprom et al., 2016b). They further recognized the varied functions and action modes of rich sources of MSCs. Placenta-derived MSCs exhibited the highest migration progress with the secretion of PDGF-BB. Insulin-like growth factor-1 and stromal cell-derived factor (SDF)-1 were detected when bone marrow-derived MSCs achieved the maximal enhancement of invasion and vessel formation (Kamprom et al., 2016a). Under inflammatory microenvironments, MSCs significantly enhance the release of C-X-C chemokine receptor (CXCR) 2 ligands, which perform the critical function of the mobilization of EPCs (Li et al., 2011; Li et al., 2018). Although CXCR2-mediated migration of EPCs may be mediated by multiple signaling pathways, Src has been reported to be a leading downstream effector of CXCR2 through respective inhibitors for in vitro migration assays. Additional work revealed Rac1 to be the downstream effector of CXCR2-Src, which was modulated by paxillin kinase linker and Vav2 (Li et al., 2018). Furthermore, Keshavarz et al. revealed secretion of the SDF-1 by MSCs on the proliferation latency of bone marrow-derived EPCs (Keshavarz et al., 2019). SDF-1 upregulated its receptor, CXCR4, and this interaction activates bone MSCs, causing the generation of matrix metalloproteinases-9 (MMP-9) (Hattori et al., 2001; Walter et al., 2005). Following the release of soluble kit-ligand into the extracellular matrix, a recipient for c-kit expressed on the membrane of EPCs causes the combination and migration of c-kit + EPCs from the cell into circulation (Heissig et al., 2002). Additionally, EPCs stimulate homing of ECs and mesenchymal cells to accelerate osteogenesis by secreting SDF-1 and activating the CXCR4/SDF-1 pathway (Tamari et al., 2020). In contrast, Premer et al. detected that a low level of SDF-1α secreted by MSCs decreased the elevated levels of tumor necrosis factor-α (TNF-α) and enhanced EPC function in a dose-dependent manner whereas a high level of SDF-1α hindered the benefits (Premer et al., 2019). MSC-EXOs enhance the features of EPCs but do not notably influence the ossification of MSCs (Zhang et al., 2021). The high-throughput sequencing suggested miR-21 abundance in MSC-EXOs, which mimics the increased VEGF-A and hypoxia-inducible factor 1-alpha (HIF-1α) expression but reduced NOTCH1 and delta-like 4 (DLL4) expression, indicating the potential regulation of the NOTCH1/DLL4 pathway (Zhang et al., 2021). Interestingly, in addition to EPCs, MSCs also generate EVs carrying miR-126 (Wang L. et al., 2020). MiR-126 has been confirmed as an influential participant in the maintenance of EC function and the promotion of vascularization (Wang et al., 2008). MiR-126-containing MSC-EVs are consumed by EPCs and inhibit the expression of Spred-1, a key target gene of miR-126 and an endogenous inhibitor of VEGF signaling in EPCs. Therefore, even EVs produced by senescent MSCs rejuvenate old EPCs in vitro and improve angiogenesis in vivo (Wang L. et al., 2020).
Most of the aforementioned studies focused on how paracrine factors and EVs communicate, however, regulation of their direct contact action is still unknown. This is because cell separation becomes difficult when they are connected. However, cells are likely to be in direct contact in the microenvironment of bone marrow. Thus, it is essential to explore how they are connected and moderated. Co-transplantation of MSCs and EPCs accelerated recovery in an ischemia model via an endoglin-dependent manner, in which silencing EPCs remarkably inhibited adhesion to MSCs (Rossi et al., 2017). Endoglin, also termed CD105, is a type I transmembrane glycoprotein notably expressed in ECs and EPCs and containing the arginine-glycine-aspartic acid (RGD) region (Rossi et al., 2019). It is called a critical co-receptor of the transforming growth factor β (TGF-β) family and a key mediating factor in angiogenesis and cell adhesion (Rossi et al., 2019). Through the RGD region, MSC integrins bind to EPCs, contributing to the co-administration in angiogenesis, without hindering their differentiation (Rossi et al., 2017). Unfortunately, there is no definitive evidence as to why integrin serves in the recognition of MSCs and EPCs (Figure 2).
[image: Figure 2]FIGURE 2 | EPCs and MSCs recognize and bind to each other through endoglin and secrete various growth factors and EVs to promote functions of each other.
Overall, EPCs communicate with MSCs through multiple modes of action to achieve an efficient synergistic effect and promote bone regeneration. Compared with MSC treatment, EPCs aid local perfusion, inhibit early MSCs apoptosis, guide MSC differentiation, and enhance bone regeneration.
Interaction of EPCs in Bone Vascularization
The bone marrow is dominated by microvasculature, capillaries of which are critical in the development, repair, and remodeling of the bone marrow for substance exchange and transport (Prisby, 2020). Capillaries mainly consist of a single layer of orderly placed ECs, acting as the intermediator between blood components and bone marrow. Additionally, SMCs form arterioles and venules around ECs, which should not be neglected. Simultaneously, EPCs directly form the elementary vascular plexus by indirect paracrine secretion of proangiogenic cytokines (Krenning et al., 2009). Such direct formation of vessels by EPCs is called vasculogenesis. In contrast, in angiogenesis, new vessels are formed on original vessels, and it is a key process in the revascularization of ischemic tissues and wound healing following birth (Masuda and Asahara, 2003). In addition to vasculogenesis guided by EPCs, other forms of vascularity are also present, and the interaction of EPCs among them should be explored.
EPCs differentiate into ECs and SMCs, and such differentiation is modulated by an array of factors (Zeng et al., 2021) (Table2) Differentiation into contractile- or synthetic-type SMCs by EPCs is observed by the addition of FDGF-BB and in the absence of endothelial cell growth factors (ECGF), which express a higher level of SMC markers compared with those expressed by mature ECs (Miyata et al., 2005). Moreover, the differentiation into contractile SMCs with ECGF deprivation is suppressed by the basic fibroblast growth factor, indicating its significant role in maintaining the phenotype of EPCs (Sai et al., 2014). Ehrba et al. modified and demonstrated the role of VEGF121 in the maturation of EPCs to ECs, in which their fibrin-bound variants caused a more efficacious maturation (Ehrbar et al., 2005). In addition, MSCs were also differentiated into SMCs, which are modulated by EPCs. With the use of the transwell co-culture system, gap junction inhibitor, and MEK inhibitor, EPCs promote MSCs to differentiate into SMCs both in cell-contact and ERK-dependent manners rather than the gap junction-dependent manner (Goerke et al., 2012). The effect of the secretion of CXCL12, CXCL1, VEGF, and macrophage migration inhibitory factor (MIF) by EPCs in a hypoxic environment on the differentiation is remarkable. Kanzler et al. observed that among the several secreted factors, MIF acted on the recruitment of cells that differentiated into an endothelial phenotype rather than CXCL12, CXCL1, or VEGF, by subcutaneous implantation of Matrigel. More importantly, MIF was almost the only factor to promote the differentiation of EPCs into SMCs. In contrast, CXCL12, despite being central in the recruitment of SMC progenitors, failed to stimulate and even restrained the differentiation of SMCs (Kucia et al., 2005; Kanzler et al., 2013).
TABLE 2 | Modulation factors controlling EPCs differentiation into SMCs and ECs.
[image: Table 2]EPCs and SMCs generate a favorable interplay and foster the development of functional neovessels. Smooth muscle progenitor cells (SMPCs) produce angiopoietin-1 (Ang-1), the angiogenic factor that further activates the receptor Tie-2 on EPCs, enabling improved EPC survival and stable formation of the vascular network (Foubert et al., 2008). Interestingly, Shudo et al. constructed a spatially oriented and chronologically sequenced SMC-EPC bi-level cell sheet in UpCell dishes, which retained the cell junctions and components of the extracellular matrix. Such cell sheets exert the release of SDF-1, VEGF, HGF, and TGF-β, which further amplify the upregulation of FLK1 and VEGFR2, indicating the potential cytokine communication (Shudo et al., 2013). Additional research reported their anti-fibrotic and anti-apoptotic properties since the expressions of TGF-β receptor, caspase-3, and caspase-9 decreased (Kawamura et al., 2017; Shudo et al., 2017). EPCs inhibited the TGF-β-induced pericyte transition via the paracrine pathway and the EPCs-MVs secretion, the mechanism of which is obscure (Yang et al., 2019). Likewise, Angiotensin (Ang) II-induced the transition of SMCs to synthetic phenotype, which is by EPC-EXOs. EPC-EXOs were consumed by caveolin-dependent endocytosis, delivering functional ACE2 and decreasing the activation of the NF-κB pathway (Wang J. et al., 2020).
In addition to differentiating into ECs, EPCs also directly regulate ECs during angiogenesis. EPCs promote the function of ECs by secreting a combination of growth factors directly. EPC-conditioned medium (EPC-CM) demonstrated the induction of EC maturation and angiogenic properties, both in vivo and in vitro, which further stimulated the recruitment of host EPCs (Di Santo et al., 2009; Maki et al., 2018). The proteome array of EPC secretome and other functional assays determined the effects of the proangiogenic factors, such as Ang, SDF-1, PDGF-BB, VEGF, and MMP, in vascular remodeling and EC proliferation (Maki et al., 2018). Furthermore, the addition of neomycin blocked the maturation of ECs, which inhibited the nuclear translocation of Ang for angiogenesis (Maki et al., 2018). In addition, EPCs-CM induced the activation of PI3K/AKT and MEK/ERK pathways in ECs and facilitated their functions in a time-dependent manner whereas the basal functions of ECs were not affected by the inhibition of pathways (Di Santo et al., 2014). Similarly, Yang et al. revealed effective cytoprotective properties of ECs through accommodation of intracellular antioxidant defense and pro-survival signals of paracrine factors of EPCs (Yang et al., 2010). The apoptosis of ECs was inhibited by the decreased expression of p53 upregulated modulator of apoptosis, a proapoptotic protein, and augmented expression of anti-apoptotic protein Bcl-2 in EPCs (Liang et al., 2015). Interestingly, Huang et al. detected that miR-1246 and miR-1290 in EPCs-EXOs provoked upregulation of E74-like factor five (ELF5) and Sp1 transcription factor (SP1), respectively, and enhanced phenotypic changes in ECs and angiogenesis both in vivo and in vitro (Huang Y. et al., 2021). EPC-MVs expressed certain adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1), α4 integrin, CD44, and CD29, which are essential for the internalization of MVs in ECs, and mRNA transport was especially crucial for the anti-apoptotic effect induced by MVs and for stimulating the organization of ECs. Moreover, MVs may initiate the activation of the PI3K/Akt signaling pathway and endothelial nitric oxide synthase (eNOS) in target ECs by enhancing the protein expression and phosphorylation of Akt and eNOS (Deregibus et al., 2007). Owing to interleukin (IL)-10 knockout, EPCs and EPC-EXOs left a detrimental impact on EC proliferation, tube formation, and enhanced apoptosis, through miR-375/PDK-1 signaling axis and NF-κB signaling with integrin-linked kinase enrichment in EXOs (Yue et al., 2020). EPC-EXOs mediators of paracrine signals completely inhibited hypoxia-reoxygenation-induced apoptotic and proinflammatory responses whereas microparticles and CM deprived of vesicles seemed effortless (Burger et al., 2015). Similarly, miR-21-5p was strongly affluent in EPC-EXOs and especially inhibited the expression of the angiogenesis inhibitor thrombospondin-1 in the recipient ECs, boosting repair (Hu et al., 2019). EPC-MVs shielded ECs from hypoxia-induced apoptosis by deregulating inflammatory and pro-apoptotic caspases and modulating elements engaged in mitochondrial and death receptor pathways (Deregibus et al., 2007).
Summing up, EPCs have a good synergistic relationship with SMCs and ECs, in terms of the enhanced function of single cells and intensive angiogenesis. EPCs differentiate into ECs and SMCs and secrete growth factors and EVs to regulate their functions, inhibit apoptosis, participate in neovasculature formation, and assist in bone regeneration.
Interaction of EPCs in Bone Immunity
Additionally, the bone marrow is a lymphoid organ, from which a variety of immune cells stem and share the same bone marrow microenvironment, regulatory factors, and receptors as bone tissue. There is a complex interaction between bone cells and immune cells in both physiological and pathological states, including lymphocytes, dendritic cells, monocytes/macrophages (MMs), granulocytes, and mast cells. Unlike MSCs, which lack both MHC I and II, EPCs present higher levels of MHC II. Thus, EPCs have higher immunogenicity, as proved by their superior capacity to activate the proliferation of monocytes and CD8+ T cells in vitro (Tan K. et al., 2017). Therefore, the interaction between EPCs and immune cells should be observed.
Under different circumstances, EPCs regulate the differentiation and infiltration of MMs. The EPC-CM reduced M1 MMs activation without changing M2 MMs and the expression of pro-inflammatory cytokines IL-1β and IL-6, alleviating inflammatory responses (Wang et al., 2018). By reducing ischemia/reperfusion injury-induced superoxide, the inflammatory agent macrophage inflammatory protein-2, and keratinocyte-derived cytokine production, EPCs may decrease MM infiltration, which was abundant in supply for superoxide, such as NADPH oxidase (Tojo et al., 2007; Burger et al., 2015; Liang et al., 2015). In the EPCs-MMs co-culture environment, the secretion of TGF-β1 from EPCs was detected, which binds to β integrins on the MMs surface, upregulating Talin-1 expression, activating downstream events, and causing the MMs migration and osteoclast differentiation (Cui et al., 2018). Additionally, the expressions of ICAM-1, vascular cell adhesion molecule 1, and E-selectin on the surface of EPCs were considered the mediators of the adhesion between EPCs and MMs (Shih et al., 2012). Chen et al. revealed that, during inflammation, expression of E-selectin on EPCs increased, causing increased adhesion to MMs and further adding to the inflammatory reaction and infiltration (Chen et al., 2018) (Figure 3)
[image: Figure 3]FIGURE 3 | Under different environments, EPCs, T cells, NK cells, and MMs exhibit various action and reaction modes.
The interaction between lymphocytes and EPCs is complex, and their regulation patterns and outcomes vary in different disease models. EPCs enhanced apoptosis, and hampered tube formation was observed in vitro when co-cultured with lymphocytes, even after adding angiogenic molecule hepatocyte growth factor (HGF) (Tan X. et al., 2017). By contrast, EPC tolerance by the host immune system and resistance in tissues were also testified in immunocompetent mice following several injections (Proust et al., 2020). EPCs suppressed T cells proliferation dose-dependently per the down-modulation of CD4+ and CD8+ T cells activation, causing a significant reduction in the secretion of TNF-α, interferon-γ, IL-2, and IL-17. The immunosuppressive effect relies on the TNF-α/TNF receptor 2 (TNFR2) pathway, as immunosuppression disappears in the absence of TNF-α from T cells or TNFR2 obstruction on the surface of EPCs (Naserian et al., 2020). This immunosuppressive effect of EPCs is enhanced in an inflammatory environment. With LNK gene knockout, implanted EPCs restrain the enrolment of cytotoxic T cells, macrophages, and neutrophils in the remodeling phase (Lee et al., 2016). Interestingly, Hur et al. observed that angiogenic T cells (Tang) promote vasculogenesis and endothelial repair by secreting high levels of angiogenic cytokines, such as VEGF, IL-8, IL-17, MMP, and granulocyte colony-stimulating factor (G-CSF). They constitute the center of EPC colonies and are essential in colony formation and differentiation of EPCs, depletion of which abrogated EPC functionality (Hur et al., 2007). In patients with rheumatoid arthritis, levels of Tang and EPCs consistently decreased and uniformly recovered following anti-TNF-α therapy (Rodríguez-Carrio et al., 2015a; Rodríguez-Carrio et al., 2015b). Interestingly, the regulation of EPCs and lymphocytes is also reflected in the correlation between EPCs and natural killer (NK) cells. NK cells augment the EPC lysis by the production of granzyme, a class of serine proteases mainly inducing pericellular death, and the recognition of CX3CL1 on EPCs by expressing CX3CR1. Nevertheless, in the EPCs-NK cell co-culture, a remarkable upregulation of N and E cadherin and VEGFR2 was detected in EPCs, indicating that NK cells enhanced angiogenesis, mechanisms of which remained obscure (Sehgal et al., 2020). In addition, no relevant studies on EPCs and B cells have been conducted; thus, it needs attention (Figure 3).
Generally, EPCs and neutrophils are beneficial but are detrimental to each other in some cases. Neutrophils facilitate angiogenesis, and previous studies have revealed that they activate and release MMP-2 and MMP-9 to aid in basement membrane degradation and contribute to angiogenesis (Muhs et al., 2004). G-CSF-activated neutrophils release VEGF, establishing an “angiogenic environment” to further promote EPC mobilization and local acquisition of vascular cells (Ohki et al., 2005). Moreover, the release and the function of elastase by leucocytes were determined, which targeted VEGF-A causing partial degradation to form a fragment of VEGF (VEGFf). Additionally, ECs migrated in response to integrated VEGF rather than VEGFf whereas MMs and EPCs were induced to migrate by either VEGF or VEGFf. VEGFf may enhance VEGF activity on ECs by inducing VEGFR1 through occupancy, thereby, reinforcing the interaction between integrated VEGF and VEGFR2 (Kurtagic et al., 2015). Neutrophils also communicate with EPCs by employing contact and adhesion. After binding with neutrophils, EPCs promptly presented the overexpression of ICAM-1, suggesting their potential recognition and mutual adjustment. Through the blocking of antibodies for EPCs and neutrophils by P-selectin glycoprotein ligand-1 (PSGL-1) and L-selectin, respectively, the accumulation of EPCs rather than neutrophils was repealed. However, the silencing of ICAM-1 on EPCs made no difference, which indicates that ligand was highly expressed on neutrophils similarly (Hubert et al., 2014). In contrast, Henrich et al. reported the bi-expression of CD18 and its counterpart, CD54, on EPCs and leucocytes, which caused the adhesion and the discharge of reactive oxygen species by leucocytes, impairing EPCs whereas neutrophil-derived elastase was considered negligible (Henrich et al., 2011). As previously reported, endoglin is widely distributed in the cell membranes of ECs and EPCs, especially at the site of leucocyte extravasation. Leucocytes adhere to the EPCs endoglin RGD motif via their integrin, α5β1, achieving activation and smooth transmigration (Rossi et al., 2013). With the activation of protease-activated receptor-1, expressions of cyclooxygenase-2 (COX-2) and CCL2 were revised in EPCs, observed in animals and clinical patients. COX-2, an important inflammatory pathway, further activated and released downstream IL-8, triggering the migration of neutrophils. Additionally, CCL2, a cellular chemokine important for the initiation and maintenance of inflammatory responses, is extracellularly released to recruit neutrophils and stimulate angiogenesis of EPCs, receptors of which are present (d'Audigier et al., 2015; Blandinières et al., 2019). Surprisingly, in multiple animal injury models, EPC transplantation notably attenuated the levels of several inflammatory factors and neutrophil infiltration, increasing levels of the anti-inflammatory cytokine IL-10 (Cao et al., 2012; Gao W. et al., 2019; Ju et al., 2019). Further experiments suggested that the key to the diminished neutrophil infiltration is the EPC-MVs, indicating that the embedded miRs are beneficial since RNase reduced the advantage (Cantaluppi et al., 2012) (Figure 4).
[image: Figure 4]FIGURE 4 | EPCs and leucocytes positively regulate each other by secreting factors; however, EPCs and leucocytes also secrete MVs and ROS, respectively, for negative regulation.
Overall, the modes of interaction and outcomes of EPCs and immune cells are complex and occasionally contradictory. This may be secondary to species, disease type, and state, albeit, unfortunately, we have not reached a definitive conclusion so far. Consequently, the immune regulation of the organism improves after treatment with EPCs, which promotes recovery from the disease. Thus, these contradictory results suggest a remarkable role of EPCs in immune regulation, which must be further explored.
APPLICATION OF EPCS IN BONE BIOLOGY
EPCs in Osteoporosis
Osteoporosis is a bone disease featuring a bone strength regression and an increased fracture threat. It is usually asymptomatic or associated with mild symptoms and is not only a common cause of clinically pathological fractures but also one of the high-risk factors affecting human health. Meanwhile, with the widespread use of steroids, the prevalence of osteoporosis is high not only in elderly patients but also in younger patients (Xi et al., 2020). Mature EPCs are positively correlated with bone mass and angiogenesis- or osteogenesis-related cytokines in bone tissue in comparison between patients with osteoporosis and people with normal bone marrow, which confirmed the previous findings of EPCs mediating the interaction between angiogenesis and osteogenesis. Additionally, senile osteoporosis indicated decreased EPCs numbers and impaired maturation, which may provide perspectives for osteoporosis mechanisms and treatments (Cheng et al., 2018). In an animal model of steroid-induced osteoporosis, the volume and density of bone trabeculae and marrow increased owing to EPC-EVs therapy; and through further bioinformatics analysis, EPC-EV treatment partially inhibited the iron death pathway in osteoblasts and reversed steroid-induced oxidative damage (Lu et al., 2019). Li et al. supported the notion of Wnt3a signaling, which involves the function of the spinal load on stimulation of osteoblast differentiation and promotion of EPCs migration and tube formation in ovariectomized mice model of osteoporosis (Li et al., 2019). Carrying pH-responsive nanoparticles, which target bone in mice model of osteoporosis, promotes EPCs vascularization since preosteoclasts continually generate PDGF-BB, activating focal adhesion kinase by PI3K-Akt (Dou et al., 2021). Previous CD34+ cells were considered to contain EPCs, which enhanced osteoblasts and simultaneously impaired the activity of osteoclasts for osteoporosis treatment (Aggarwal et al., 2012).
EPCs in Bone Fracture and Defect
Bone fracture and defect are common traumatic bone diseases, severely damaging vasculature and disrupting circulation in the injured area, which may contribute to the threat of inefficient healing. Bone fracture healing and defect regeneration are complex processes affected by many factors, including inflammatory responses and angiogenesis. Previous studies have revealed that neovascularization during the early stages of fracture healing is regulated by the mobilization of bone marrow-derived EPCs to the fracture site via peripheral circulation (Matsumoto et al., 2008). The ratio of EPCs among the peripheral blood increased immediately following bone fracture and returned to basal lines during recovery (Lee et al., 2008). EPCs mobilizing cytokines and homing molecules were upregulated at the fracture callus, such as VEGF, monocyte chemoattractant protein-1, and SDF-1 (Lee et al., 2008). Matsumoto et al. hypothesized and certified the curative potency of circulating CD34+ cells, contributing to an environment favorable to angiogenesis and osteogenesis and thus, completely healing the fracture (Matsumoto et al., 2006). Additionally, after quality and quantity control culture, CD34+ cells increased and exhibited markedly better angiogenic potential and higher bone union rate in monocytes (Mifuji et al., 2017). Furthermore, with G-CSF-mobilized CD34+ cells loaded on atelocollagen scaffolds, nonunion fractures mostly exhibited radiographs of fracture healing in the clinical trial (Matsumoto et al., 2006). Li et al. transferred EPCs to the bone defect, which elevated BMP-2 expression compared with the control group (Li et al., 2014). Consistent with the work of Li et al., EPC transplantation increased neovascularization and BMP-2 gene edition in MSCs, and EPCs significantly promoted bone regeneration (He et al., 2013). Moreover, grafted EPCs released VEGF to recruit host EPCs and induced angiogenesis in the bone defect, which is an important indirect effect (Li et al., 2020). EPCs accelerated bone fracture healing and regeneration via the SDF-1/CXCR4 axis, an essential interaction in vascular development (Zhang R. et al., 2019).
Nonetheless, there are few available options to promote angiogenesis in artificial bone grafts, excluding exogenous EPCs grafts, clinical application of which is hampered by the source, security, expense, and time. Thus, considerable efforts were done to recruit, capture, and maintain EPCs on synthetic scaffolds (Zhuang et al., 2021). By immobilizing bioactive peptides on scaffolds, dynamic recruitment of EPCs was observed, which, thereafter, supported initial angiogenesis and eventual osteogenesis (Li et al., 2020). Similarly, by upregulating the CXCR4 pathway, osteoprotegerin enhanced the proliferation and migration of EPCs, both of which accelerated angiogenesis and osteogenesis in bone defect areas (Zhang R. et al., 2019).
EPCs in Distraction Osteogenesis
Distraction osteogenesis (DO) is a new endogenous tissue engineering technique, an effective treatment for bone defects, bone hypoplasia, and craniofacial deformities, with the advantage of eliminating the need for exogenous implants. The process of DO includes intraoperative truncation, retractor placement, postoperative internal fixation, and slow traction osteogenesis during the distraction period. Although DO has good efficacy, its prolonged fixation and complication risk limit its clinical use (Jiang et al., 2021). Thus, the mechanism of action and the prospect of the application of EPCs in DO must be studied. Doppler flow analysis revealed relative ischemia during the initial phase in the DO, and the EPC population exhibited a significant growth at the ischemic site during the activation phase and retained consolidated (Cetrulo et al., 2005). Lee et al. evaluated EPC colony-forming units after isolating and culturing MNCs in patients undergoing limb lengthening surgery. EPC-enriched cell fractions in freshly isolated MNCs significantly increased during the distraction period, and EPC-mobilizing factors VEGF and SDF-1 significantly increased in plasma (Lee et al., 2010). Furthermore, Fujio et al. constructed a high-speed DO (H-DO) model, in which the distraction was double the speed of normal DO, and observed deficient callus regeneration in the distraction gap, secondary to ineffective recruitment of EPCs/ECs. They tested and confirmed the ability of local affixation of SDF-1 in H-DO, which successfully induced callus formation by recruiting and maturing EPCs/ECs, neo-blood vessels maturation via enrolling α-SMA + pericytes, and smooth blood circulation (Fujio et al., 2011). Jia et al. directly injected EPC-EXOs, with EPCs as a positive control, into the distraction gap, which exerted the stimulation of angiogenesis during DO. They further observed the proangiogenic effects of EPC-EXOs based on miR-126, which was predominantly concentrated in EPC-EXOs and targeted SPRED-1, inhibiting reticular activating system/ERK signaling by hindering the Raf activation (Jia et al., 2019).
CHALLENGES AND PROSPECTS
Since their discovery, EPCs have been reported to have a remarkable contribution to the development and treatment of several diseases. They aid in neovascularization and further impact bone regeneration by interacting with diversified cells (Masuda and Asahara, 2003).
We have not yet completely studied the role of EPCs in the regulation of osteoclastogenesis, the direction of differentiation, and impacting blood flow, which should be further explored.
Studies on the role of EPCs in bone tissue have mostly explored their effects on osteogenesis, which is insufficient. Therapeutic strategies in bone fracture models have observed that EPCs-EXO regulate miR-124 levels via LncRNA-MALAT1 to augment recruitment and differentiation of osteoclast precursors, thereby, aiding bone restoration in vivo (Cui et al., 2019). In contrast with the detection of osteoclast-related markers in the EPCs-hydroxyapatite poly scaffolds, there were no indications of increased osteoclast-like activity (Shi et al., 2016). These results are insufficient to explain the role of EPCs in the regulation of osteoclastogenesis and can even draw completely contrasting conclusions. Tanaka et al. observed that CM promoted angiogenesis in vitro for osteoclasts and the osteoclast-derived angiogenic activity was terminated using neutralizing antibodies on osteopontin (Tanaka et al., 2007). They also revealed that osteoclasts stimulate the migration and survival of human umbilical vein endothelial cells (HUVECs) and osteopontin and VEGF induce the release of soluble osteoclastogenic factors from HUVECs (Tanaka et al., 2007). Additionally, osteoclasts secrete Ang, which preserves the proliferative activity of ECs through plexin-B2-mediated transcription of ribosomal RNA and promotes angiogenesis (Liu et al., 2021). Osteoclast precursors generated PDGF-BB to facilitate the development of type H vessels, which subsequently stimulated osteoblastogenesis (Xie et al., 2014). Taken together, osteoclasts positively impact angiogenesis and promote the function of ECs by secreting a considerable amount of growth factors. Although studies on the interaction between EPCs and osteoclasts are rare, can we compare the interaction between EPCs and osteoclasts and speculate significant mutual promotion of vascularization and osteogenesis during bone regeneration? Simultaneously, the dynamic balance between osteoclasts and osteoblasts is of great importance in bone physiology and pathology (Feng and Teitelbaum, 2013). Our knowledge of the regulation of osteogenesis and osteoclastogenesis by EPCs is one-sided, and no relevant studies are exploring the effect of the addition of EPCs in the dynamic balance of osteogenesis and osteoclastogenesis in normal and abnormal states, especially during bone regeneration. Based on the studies we have described and summarized, we hypothesize that EPCs enhance the function of osteoblasts during bone regeneration and regulate or even inhibit the effect of osteoclasts. They may even possibly modulate the infiltration and differentiation of immune cells, such as MMs, during bone regeneration and affect osteoclastogenesis by promoting the differentiation of MMs into M2 MMs rather than osteoclasts.
In addition, studies on the types of angiogenesis, involving EPCs, have not been reported so far. Recent studies have revealed that there are two subtypes of ECs distributed in capillaries of bone tissue in mice and humans, which are divided into type H and type L vessels based on differences in surface antibody expression (Kusumbe et al., 2014). Although ECs of subtype H were minor, a large number of Osterix + osteoprogenitor cells, collagen-like 1α+ osteoblasts, and Runx2+ early osteoprogenitor cells were clustered around type H vessels whereas almost no osteoprogenitor cells were distributed around type L vessels (Saran et al., 2014). Concurrently, a series of studies has revealed that paracrine mechanisms involving multiple cells in the bone marrow microenvironment are essential for the formation of type H vessels and osteogenesis. As previously described, PDGF BB, which is mainly secreted by pro-osteoclasts in the bone marrow and peripheral blood, maintains the periosteal microenvironment and supports osteogenesis and formation of type H vessels by upregulating periostin expression and triggering PI3K/AKT cascade to recruit MSCs, EPCs, and periosteum-derived cells (Xie et al., 2014; Gao B. et al., 2019). Furthermore, the depletion of PDGF BB and the preferential association of Osterix + osteoprogenitor cells and type H vessels were significantly low, especially in the transcortical lamina and osteogenic fronts (Rindone et al., 2021). Mature osteoblasts and osteoclasts also secrete slit guidance ligand 3 (SLIT3) and display a remarkable decrease in subtype HECs, reduced bone mass, diminished osteogenic activity, and enhanced osteolysis in its absence (Kim et al., 2018; Xu et al., 2018). Interestingly, HIF-1α is also essential for type H vessels and exhibits a significant aging-dependent effect, which eventually diminishes or even disappears (Kusumbe et al., 2014). Although NOTCH signaling inhibited ECs proliferation and angiogenesis in other organs, its inverse effect was observed in bone. In response to NOTCH signaling, ECs of subtype H exhibited markedly enhanced proliferation and high expression of Noggin protein. Correspondingly, higher vascular flow in type H vessels boosts NOTCH signaling (Ramasamy et al., 2014; Ramasamy et al., 2016). Noggin, an antagonist of BMP, modulates osteogenesis in vivo, normalizes the number of osteoprogenitor cells, restores the organization of the bone vascular system, and increases the expression of VEGF-A (Ramasamy et al., 2014). Meanwhile, type H vessels were confirmed in the alveolar bone and tooth extraction socket. ECs of subtype H and Runx2+ osteoprogenitor cells were detected and accumulated at the restoration stage, indicating the potential benefits of ECs of subtype H in bone regeneration (Yan et al., 2020). Additionally, increased formation of type H vessels, consistent with enhanced bone healing, was observed during the treatment of fractures, whether by supplementation with recombinant SLIT3 or by low-intensity pulsed ultrasound (Xu et al., 2016; Xu et al., 2018). The information about the promotion of bone tissue regeneration by EPCs is currently based on their strong angiogenic capacity and the functional enhancement of various types of cells generated by the abundant vascular network (Kim et al., 2021). However, information about the type of blood vessels formed by their differentiation and the related regulatory mechanisms is not known. Based on the efficient synergistic effect of EPCs and MSCs, we boldly propose the hypothesis that EPCs differentiate mainly into ECs of subtype H and recruit and induce a large number of osteoblasts, thus, accelerating bone regeneration.
Similarly, blood flow controls vascular features and osteogenesis (Ramasamy et al., 2016). Blood flow affects vascular stability and morphology by adjusting the proliferation of ECs and the recruitment of mural cells via the flow receptors of ECs (Baeyens et al., 2016). In the physiological state, in response to higher blood flow and shear stress, higher activity of the Notch pathway in ECs and strengthened angiogenesis and osteogenesis were confirmed (Ramasamy et al., 2016). Moreover, in bone fracture murine models, the blood flow in the fractured area decreased below the baseline level on the first day, peaked gradually, and further exhibited a general decrease with fluctuations. Additionally, group comparisons revealed that the earlier the blood flow peaked, the faster and more effectively the fracture healed (Ren et al., 2020). In the bone graft healing model, the autograft group presented a peak in the blood flow in the first week, a decrease by half in the second week, and a steady decrease thereafter. The allograft group seeded with MSCs on hydrogel exhibited a similar peak but with more discrepancy in decline (Han et al., 2016). Although, to date, there have been no relevant studies on the hemodynamics of blood vessel formation during osteogenesis by EPCs. However, relevant studies have been reporting the functional changes of the vessels formed by EPCs in different states, which provide us with some guidelines. In the hypoxic microenvironment, EPCs are involved in the formation of immature neovascularization with enlarged lumen, disorganized branching, increased instability, and susceptibility to rupture (Kashiwazaki et al., 2018). EPCs-EV treatment significantly improved hemodynamics and vascular structure and enhanced cardiac function following myocardial infarction (Chung et al., 2020). Generally, bone tissue is sensitive to mechanical stimuli, and its hemodynamics determined by vascular morphology is particularly important. Furthermore, based on previous studies, we observed that EPCs have more angiogenic effects and mediate poor neovascular morphology and unstable blood flow in the pathological state (Kashiwazaki et al., 2018). Accordingly, we speculate that favorable EPCs positively impact bone regeneration at an early stage, owing to not only the generation of a more extensive vascular network but also that of a more stable and ordered vascular network, which promotes bone regeneration under the dual effect of material transport and mechanical signal stimulation.
CONCLUSION
In this review, we reported and summarized the functions and interactions of EPCs in bone. EPCs interact effectively with various cells in a communicative manner, creating a powerful synergistic effect. Through paracrine and pro-secretory EVs and intercellular junctions, EPCs secrete growth factors or directly regulate the function of the remaining cells and are moderated correspondingly. Despite many limitations, the mechanism of the action of EPCs in bone biology should be further explored, and thus, EPCs should be used as one of the potential strategies for the treatment of bone diseases.
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MIP macrophage inflammatory protein
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PSGL p-selectin glycoprotein ligand
ROS reactive oxygen species
SLIT3 slit guidance ligand 3
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