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The social demand for dental implantation is growing at a rapid rate, while dentists are faced with the dilemma of implantation failures associated with unfavorable osseointegration. Clinical-friendly osteogenesis, angiogenesis and osteoimmunology around dental implants play a pivotal role in a desirable osseointegration and it’s increasingly appreciated that Hippo-YAP signaling pathway is implicated in those biological processes both in vitro and in vivo in a variety of study. In this article we review the multiple effects of Hippo-YAP signaling in osseointegration of dental implants by regulating osteogenesis, angiogenesis and osteoimmunology in peri-implant tissue, as well as highlight prospective future directions of relevant investigation.
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INTRODUCTION

With the increasing social burden of growing elderly population, some age-implicated diseases are changing people’s demand for medical services including tooth loss. American Association of Oral and Maxillofacial Surgeons illustrates that 70% adults between 35 and 44 years old have at least one permanent tooth lost and 26% adults lose all by 74 years old, which has significant impacts on general health physically and mentally through direct and indirect mechanisms (Barboza-Solís et al., 2019; Bollman et al., 2020). Therefore, high-quality and efficient treatment to restore the function and esthetics for the cases of tooth loss is in increasing demand right now and facing great challenges. In the past, removable dentures and bridges were used in patients to replace missing teeth. However, over the last few decades dental implant has become very popular and a mainstream treatment for the advantages of high predictability and success rate as well as fewer complications during and after implantation (Shemtov-Yona and Rittel, 2015; Zohrabian et al., 2015). In addition, Howe et al. conducted a meta-analysis of 10-year dental implant survival and it turned out that the survival rate was 96.4% (Howe et al., 2019). However, while the demand for dental implants is growing at a very rapid rate, dentists are faced with the dilemma of dental implant failure associated with peri-implant mucositis, peri-implantitis, esthetic failures, and complete loss of osseointegration in clinical cases (Hickin et al., 2017).

Brånemark originally proposed the concept of osseointegration to describe the direct and stable connection between bone tissue and titanium implants. Zarb proposed a clinical description that it was a clinically asymptomatic fixation of functional-loaded implants (Zarb and Albrektsson, 1991). A desirable osseointegration is the key to a success implantation, which has been an ultimate goal for dentists to achieve. Bai et al. (2018a) attributed most implant failures to insufficient osseointegration between host bone and the surface of implants. In recent years, research on improving osseointegration to gain a higher survival rate of dental implant has become a hot topic in dentistry.

A favorable osseointegration of bone-implant interface is attributed to peri-implant osteogenesis, angiogenesis and osteoimmunology properties. On the one hand, these three factors play their respective important roles in regulating the process of osseointegration. Peri-implant bone osteogenesis is indispensable for stability and function of dental implants, which is regulated by the dynamic balance of osteoblasts, osteoclasts, osteocytes, etc. (Insua et al., 2017; Bai et al., 2018a). Angiogenesis is also an important component of accelerating bone repair since newborn blood vessels provide oxygen and nutrients for bone tissue and create routines for cell migration (Hankenson et al., 2011). As foreign bodies in bone tissue, successful dental implant is strongly dependent on a promising local immune microenvironment and proper osteoimmunomodulation to reach a favorable osseointegration which is dominated by the variety of peri-implant immune cells (Bai et al., 2018b; Wang J. et al., 2018.) On the other hand, the three factors are highly related and interact on each other. Numerous compelling evidences have showed that osteogenesis and angiogenesis are coupled to promote bone regeneration by wild cross-talk via various mediators and signals and both accelerated by favorable osteoimmunology properties to reach a clinical-friendly osseointegration, therefore the concept of osteoimmunology and osteo/angio-genesis overlap to a certain degree (Dohle et al., 2014; Shi et al., 2016, 2017; Okamoto et al., 2017; Bai et al., 2018a; Ma et al., 2018; Trindade et al., 2018; Tsukasaki and Takayanagi, 2019; Brunetti et al., 2020; Gao et al., 2020; Guder et al., 2020). Nevertheless, the specific regulation mechanisms on these three independent but wildly interrelated biological processes remain to be further clarified.

Hippo-YAP, a highly implicated pathway, is known to be involved in regulating organ size, tissue regeneration and cancer development. Hippo signaling senses and responds to upstream cell biomechanical cues including cell contacts, cell polarity and other biomechanical signals. MST1/2 and SAV1 are phosphorylated and activate the complex of LATS1/2 and MOB1A/B, thus activating downstream reaction (Xiang et al., 2018). Negatively modulated by Hippo signaling, Yes-associated protein (YAP) is a key downstream effector and regulates various cell properties such as controlling cell proliferation and fate by influencing gene expression with transcriptional enhancer associated domain transcription factors (TEADs), the main transcriptional factors interact with YAP.



OSTEOGENESIS, ANGIOGENESIS AND OSTEOIMMUNOLOGY AND THEIR EFFECTS ON OSSEOINTEGRATION (FIGURE 1)


Osteoimmunology

The concept of osteoimmunology was first established by Arror et al., emphasizing the interaction between skeletal and immune system (Arron and Choi, 2000; Tsukasaki and Takayanagi, 2019). On the one hand, cells of skeletal system are involved in immune regulation by secreting key cytokines in bone marrow microenvironment, where immune cells and their progenitors are harbored and nourished initially (Walsh et al., 2018; Tsukasaki and Takayanagi, 2019). On the other hand, the abnormal activation of immune cells may affect osteogenesis and angiogenesis, contributing to the development of pathological bone damage diseases, such as periodontitis and rheumatoid arthritis, as well as slow bone repair. As the bridge between skeletal and immune system, osteoimmunology plays a significant regulatory role in a variety of essential biological processes, including the osseointegration procedure of implants.
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FIGURE 1. Procedure of osseointegration. The histological change of dental implants in bone can be divided into three phases in general. In phase one, as soon as the implantation, the implant surface is surrounded by blood and immediately biomolecules including proteins, lipids and glycoproteins are absorbed to the surface, forming a temporary bioactive layer, with bone marrow cells scattering around. In phase two, about 1 month after the operation, some parts of bone tissue become absorbed due to the excessive pressure exerted on them, which is driven by osteoclasts. Simultaneously, the temporary bioactive layer is absorbed by macrophages and osteogenic cells such as mesenchymal stem cells (MSCs) and osteoblasts are stimulated to migrate to osteogenic area on the surface of implants and start to proliferate and differentiate thus mineralization procedure is initiated. In phase three, about 3 months after the implantation, the implant surface is surrounded by osteoblasts and osteocytes which get mature gradually, thus osseointegration is done progressively over time.


Inflammatory response around dental implants is usually considered a pathological process. In fact, as a process of direct connection between foreign body and bone tissue, osseointegration would initially raise the foreign-body reaction to implants. The foreign-body reaction starts with layer of proteins that come from blood and interstitium immediately forming on the surface of biomaterial after implantation, which activates inflammatory reaction of related cells as a result (Wilson et al., 2005; Singhatanadgit et al., 2019). Researches on enhancing the biocompatibility of implant material have been a hot topic in dentistry, for instance, surface modification (Hamlet and Ivanovski, 2011; Hamlet et al., 2012; Palmquist et al., 2013; Fukuda et al., 2019). as well as changing the design and composition of implants (Cooper et al., 2016; Wang Y. et al., 2019) are generally proposed as available strategies. Additionally, biofilm consisted of various subgingival bacteria may form upon the material at once after implantation, which stimulates excessive inflammatory response provided that microbiome dysbiosis occurs, leading peri-implant mucositis or even peri-implantitis that threatens the stability and survival of dental implants (Wisdom et al., 2019).

But our current knowledge of the effects of inflammatory response is that osseointegration is a complicated process relying on a dynamically balanced early inflammatory response of immune cells to implant, especially the response performed by macrophages, the main participants in reacting to biomaterials (Brown et al., 2017; Gibon et al., 2017; Lee and Bance, 2019). According to the activation pathway, secretion and function, macrophages are classified into classically activated macrophages (M1) and alternatively activated macrophages (M2). M1/M2 macrophages lead to opposite reacting process in response to different microenvironment. M1 is described as pro-inflammatory cell type that induces osseointegration failure with a layer of fibrous tissue surrounding the implants. While M2 is the anti-inflammatory/regulatory one (Brown et al., 2017) that attracts cells, proteins and other bioactive substances around implants and hence plays a dominant role in osseointegration. However, in vivo the two extreme polarization states hardly exist since in most cases macrophages display both M1 and M2 characteristics phenotypes and exist as an intermediate state along the polarization spectrum (Brown et al., 2017). Although there are more subtypes and advanced classification pattern discussed nowadays, Wang et al. propose that regulating macrophage polarizing along M1 and M2 direction leads to influencing microenvironment of inflammation and regeneration thus coordinating osseointegration (Wang J. et al., 2018). The classic M1/M2 dichotomy is still popular in the latest study (Gao et al., 2020; Figure 2). Moreover, besides macrophages, there are other immune cells being discussed to play their respective promising roles in osteoimmunology-mediated osseointegration as well, such as T lymphocytes (Singhatanadgit et al., 2019) and mast cells (Zizzi et al., 2011; Marcatti Amarú Maximiano et al., 2017).
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FIGURE 2. M1/M2 polarization spectrum in osteoimmunology mediated osseointegration. As the key participants in peri-implant osteoimmunology, macrophages can be subdivided into M1 and M2 according to the activation pathway, secretion and function. M1 is the pro-inflammatory type activated by M1 activating factors such as LPS and IFN-γ, inducing excessive fibrosis and osseointegration failure by secreting pro-inflammatory cytokines, while M2 is activated by M2 activating factors such as IL-4 and IL-13, which promote osseointegration through anti-inflammatory and regulatory cytokines. Although in vivo macrophages actually display an intermediate state along the polarization spectrum, tipping the polarizing “scale” of macrophage from M1 to M2 leads to influencing microenvironment of inflammation and regeneration around implants and promoting osseointegration.




Osteogenesis

Dental implant is most widely contacted with bone tissue. Osseointegration, the fundamental theory of modern oral implantology, is the process of establishing a direct connection between ordered bone tissue and surface of a loaded-implant without soft tissue involvement. Osseointegration starts with inserting implant into the drilled hole and obtains passive and mechanical primary stability between interfacial bone and biomaterial surface (Lee and Bance, 2019). The biological responses are activated afterward. As soon as the dental implant is implanted into bone tissue, the peri-implant area becomes congested and immediately some biomolecules from surrounding blood and interstitial fluid are absorbed to the implant surface to form a temporary bioactive layer for preparation of cell reaction, with bone marrow cells scattering around. MSCs and osteoblasts are stimulated and facilitated to migrate to osteogenic area on the surface of dental implants and start to proliferate and differentiate thus mineralization procedure is initiated. Simultaneously, osteoclasts are activated to drive bone resorption process after the formation of woven bone to replace it by lamellar bone with a higher degree of mineralization and load intensity (Lee and Bance, 2019). During the terminal stage of osteogenesis process, osteocytes and the surface of implant are directly contiguous with or without the dendritic structures of osteocytes, building a bioactive network in bone-implant area, which probably suggest the structural basis of osseoperception (Du et al., 2016). To harmonize the whole dynamic process of bone formation as well as bone resorption, bone remodeling cell populations including bone marrow mesenchymal stem cells (BMSCs), osteoblasts, osteoclasts and osteocytes etc. detect and translate biological signals in microenvironment then react to the given cues. The tight communication and multiple crosstalk among different cell populations are involved as well (Lotz et al., 2018; Shen et al., 2019; Sims and Martin, 2020; Tilkin et al., 2020; Wang H. et al., 2020). Therefore, it is of great significance to study the biochemistry and physiology phenomenon and, more importantly, the regulation mechanism on bone-implant interface to reach a clinical-friendly osseointegration.



Angiogenesis

Bone tissue is well known as a high vascularization tissue. A normal vascular structure and a favorable microcirculation contribute to the health of peri-implant bone tissue and a clinical-friendly osseointegration, since the microvasculature transports nutrients and metabolites and provides a pivotal microenvironment for migration, proliferation and differentiation of osteogenesis-related cells. Saghiri et al. (2016) reviewed researches on effects of titanium alloys and surface characteristics and treatments of dental implants on angiogenesis process and highlighted that pro-angiogenic surface played a pivotal role in facilitating osseointegration.

A healthy and functional microvascular network attributes to promising vessel sprouting and vascular tube extension, respectively, under specification of tip cells and stalk cells, the two main populations of vascular endothelial cells (ECs), which are equally necessary in angiogenesis and vessel remodeling. Moreover, the process of angiogenesis involves several signals and pathways, mainly including growth factors (VEGF, FGF, PDGF, TGF-β, et al.), Notch signaling, MMPs and so on (Potente et al., 2011).



ROLE OF Hippo-YAP SIGNALING IN OSTEOGENESIS, ANGIOGENESIS AND OSTEOIMMUNOLOGY


Hippo-YAP Upstream Signals and Downstream Responses

Hippo-YAP responds to a variety of upstream signals in both intracellular and extracellular microenvironment. Hippo-YAP takes part in cell biomechanical respond mechanism to ECM, specifically, low ECM resistance leads to inhibiting activation of YAP/TAZ while high ECM resistance stimulates YAP/TAZ nuclear translocation (Totaro et al., 2017, 2018b; Moya and Halder, 2019). What’s more, some extracellular lipids or hormone signals can bond to G-protein-coupled receptors (GPCRs) and regulates Hippo-YAP signaling mediated by F-actin signaling (Moya and Halder, 2019). Based on a series of researches on the crosstalk between lysophosphatidic acid (LPA) and Hippo-YAP signaling, it is suggested that LPA is an upstream signal of Hippo pathway, binding to GPCRs and regulating the activity of the downstream effector YAP, which further mediates gene expression and cell behaviors (Yu et al., 2012; Moroishi et al., 2015; Park et al., 2016; Wang X. et al., 2018). In addition, Wnt signaling, cell polarity and metabolic property also enrich the transduction mechanism of Hippo-YAP signaling pathway (Totaro et al., 2018b; Xiang et al., 2018; Moya and Halder, 2019).

After dephosphorylation and nucleus translocation, YAP bonds on the enhancer of the target gene with TEAD1-4 to regulate gene transcription. It has been revealed by ChIP-seq data that AP-1 is also widely recruited to transcription regulatory sequences with YAP/TAZ-TEAD complex (Totaro et al., 2018b). By regulating expression of key genes, Hippo-YAP signaling pathway plays a versatile and significant regulatory role in organ development and regeneration in mammal, indicating their potential impacts on osseointegration induced by osteogenesis, angiogenesis and osteoimmunology.



The Influence of Hippo-YAP Signaling on Osteogenesis

There is strong evidence indicates that BMSCs are regulated by some biological signals on differentiation into bone tissue via Hippo-YAP pathway. The knockout of GNAS activates Hippo signaling pathway and eventually suppresses osteogenic differentiation of BMSCs (An et al., 2019), consistently, through the regulation of Hippo-YAP signaling pathway RAMP1 can promote the osteogenesis process of BMSCs that induced by CGRP (Zhang et al., 2019). Tang and Weiss (2017) revealed an interaction of Snail/Slug and YAP/TAZ, which regulates the differentiation ability of BMSCs in a cooperative way, suggesting a potential impact on the properties of osteogenesis. In addition, it is lately identified that Hippo pathway plays an important role in the competing adipo-osteogenic differentiation of MSCs and it turns out that YAP promotes osteogenic differentiation and in contrast it antagonizes adipogenic differentiation (Lorthongpanich et al., 2019). However, Seo et al. (2013) reported that SOX2-YAP1 axis significantly contributed to maintained stemness and inhibited osteoblastic differentiation of BMSCs, which may be attributed to Dkk1-mediated repression of Wnt signaling induced by YAP1/β-catenin.

Hippo-YAP signaling pathway is also involved in osteoblast differentiation through multiple biological mechanisms. The suppression of YAP may induce lowering ligand bmp2a in MSCs, leading to a severe damage of Bmp signals in osteoblasts nearby, which downregulates osteoblast differentiation through a cell non-autonomous way (Brandão et al., 2019). In a recent vivo study it is demonstrated that suppression of OLFML1, a missense mutant gene in patients with congenital scoliosis, leads to the nuclear translocation of YAP thus promoting expression of target genes and results in an accelerated mineralization process of osteoblasts, suggesting OLFML1 inhibits bone development through a biomechanical mechanism dependent on Hippo-YAP signaling pathway in osteoblasts (Murakami et al., 2018). Despite a certain amount of evidence has been shown to support its pivotal functions in bone metabolism and osteogenesis process, the multiple effects of Hippo-YAP signaling pathway in osteoblast differentiation are still controversial and ambiguous and need to be further clarified. It is lately indicated that Ti ions toxicity impair surrounding bone tissue by inducing dephosphorylation of YAP and its expression in nuclear to suppress osteogenic differentiation of osteoblasts, likewise knockdown of YAP expression leads to rescuing the harm of toxic Ti ions from implants, though Hippo-YAP is definitely not the only underlying biological cue responded by osteoblasts (Zhu et al., 2018).

The dynamic balance between bone formation and resorption plays a pivotal role in a favorable osteogenesis and mounting evidence has indicated regulatory effects of Hippo-YAP on osteoclastogenesis and resorption activity to influence bone homeostasis. Deficiency of MST2 in bone marrow-derived macrophages (BMMs) exhibits increased osteoclast differentiation and conversely MST2 overexpression inhibits it (Lee et al., 2015). Zhao et al. confirm that inhibition of YAP1 and its association with the main transcriptional factor TEADs weakens formation and osteoclastic resorption of osteoclasts, as well as NF-κB signaling induced by RANKL, a mainly investigated signaling pathway that regulates osteoclast differentiation in previous study (Yang et al., 2018; Zhao et al., 2018). Moreover, Limd1 is considered as an important negative regulator of Hippo pathway (Thakur et al., 2010; Jagannathan et al., 2016). It has been concluded recently in vitro that Polygonatum sibiricum polysaccharide (PSP) suppresses Hippo-YAP pathway to inhibit differentiation of osteoclasts from BMMs through downregulating expression of miRNA-1224, of which the target gene is Limd1 (Li B. et al., 2019). Additionally, the further mechanism of Hippo-YAP signaling regulating osteoclastogenesis is probably implicated to the transcriptional regulation by TEAD1 that binds to an upstream enhancer element of osteoprotegerin (OPG) and promotes its expression, which was revealed in human periodontal ligament cells (PDLCs) (Li Q. et al., 2019). Although PDLCs are supposed to be the absent cell population in bone-implant interface tissue, however, there’s an increasing number of researches that uncover the significance of retaining PDL in the socket after tooth extraction and the promising contribution of PDLCs to implant osseointegration and bone repair (Pei et al., 2017; Washio et al., 2018; Karimi Dastgerdi et al., 2020). Osteoclastogenesis may also be partially dependent on potential YAP-GDF15 mechanism since in a recent study GDF-15 has been demonstrated to induce NF-κB activation in monocytic macrophages which contributes to further formation of osteoclasts and YAP has been indicated as an upstream signal of GDF15 in human PDLCs (Li et al., 2020).

Crosstalk between osteoblasts and osteoclasts can influence bone remodeling in a cell non-autonomous way. It is uncovered in a recent study that mechanical sensing protein PIEZO1 in osteoblastic cells promotes nuclear translocation of YAP and increases type II and IX collagens expression through PIEZO1-YAP axis mechanistically, causing inhibition of osteoclast resorption activity (Wang L. et al., 2020).

Hippo-YAP signaling in osteocytes seems to be poorly understood in relevant fields. While osteocytes interconnect and communicate with each other on the basis of lacunar/canalicular system, playing a pivotal role in bone metabolism and remodeling. Besides, during the terminal stage of osteogenesis process in osseointegration, osteocytes contribute to compensating the microenvironment of periodontal ligament around nature teeth, at least partially, providing a cushion for masticatory forces and inducing osseoperception (Du et al., 2016). Therefore, it is of great value to uncover the molecular mechanisms that control osteocytes-induced osseointegration thus improving the survival rate and long-term stability of implants. Kegelman et al. clarified that deficiency of YAP/TAZ in osteocytes impaired bone accrual, matrix collagen and mechanical intensity in vivo, which was mediated by perilacunar/canalicular weakened remodeling, indicating a perspective target for future study (Kegelman et al., 2020). However, the specific role that Hippo-YAP signaling plays and other involved signals and pathways remain to be further clarified.



Hippo-YAP Impacts on Angiogenesis


Vessel Sprouting

YAP/TAZ promote sprouting angiogenesis by contributing to activity and function of vascular tip cells. Mechanistically, YAP/TAZ promotes migration of tip cells by activating CDC42 and facilitates the formation and junction of filopodia, an essential dynamic structure of tip cell that dominates its sprouting function, by promoting the remodeling of actin cytoskeleton (Kim et al., 2017; Sakabe et al., 2017). Likewise, the identity of tip cells are induced by CCN1, through interaction with integrin αvβ3/VEGFR and activation of downstream Hippo pathway thus promoting nucleus translocation of YAP/TAZ, which coordinates CCN1 in turn as a positive feedback (Park et al., 2019). While overactivating YAP/TAZ leads to pathologic sprouting pattern (Astone et al., 2018). Therefore, a proper regulatory effect of Hippo-YAP signaling plays a significant role in sprouting angiogenesis.

It’s also worth noticing the crosstalk between Hippo-YAP pathway and Notch signaling in regulating angiogenesis. Notch signaling plays a significant role in vessel sprouting (Pitulescu et al., 2017; Fournier et al., 2020). There are two interaction patterns that are mainly investigated between YAP/TAZ and Notch pathways: first, YAP/TAZ regulate Notch pathways by controlling gene expression level of Notch receptors and/or ligands through nuclear translocation of YAP/TAZ, inducing Notch signaling turning on in surrounding cells; second, YAP/TAZ and Notch intracellular domain (NICD) are co-activated to translocate to nuclear and co-regulate their common targets genes (Totaro et al., 2018a). Notch signaling has also been reported to interact with LPA, an upstream signaling of Hippo pathway, which is suggested to play a role in a series of cell functions including angiogenesis through Hippo-YAP signaling. Yasuda et al. figured out that endothelial LPA4 and LPA6, receptors that coupled with Gα12/Gα13, regulate expression of Notch ligand Dll4 via YAP/TAZ and play a crucial role in sprouting angiogenesis (Yasuda et al., 2019). In addition, Ren et al. (2019) identified that Notch1, one of the single-stranded transmembrane receptors of Notch pathway, may interact with LPA2 and mediate cell biological performances.



Extension of the Vascular Tube

The favorable proliferation capability of EC promotes extension of vascular tubes, mostly dependent on the proliferation of stalk cells (Potente et al., 2011). Hippo-YAP has also been discovered to regulate metabolism and proliferation activity in ECs.

As a major growth factor of vascular development, interaction mechanism of VEGF with Hippo-YAP pathway has been investigated in recent years. Mechanistically, the pro-angiogenic effect of VEGF is mediated by actin cytoskeleton activity, which triggers Hippo-YAP axis and transcriptional regulatory activity of YAP, targeting cell viability-related genes (Wang et al., 2017). Also, VEGF may activate Hippo-YAP pathway mediated by PI3K/MAPK signaling (Azad et al., 2018). Moreover, YAP/TAZ regulates metabolism and proliferation activity of ECs by promoting MYC signaling (Kim et al., 2017). However, Hippo-YAP shows opposing regulatory manner in hypoxic microenvironment. The viability and migration ability of ECs are promoted in myocardial infarction by miR-93, through suppressing LATS2 to inhibit Hippo-YAP pathway (Ma et al., 2020), which may be attributed to YAP/TAZ inactivating hypoxia-inducible factor 1α (HIF1α) signaling in ECs (Sivaraj et al., 2020). Therefore, more attention should be paid to the different regulatory roles of Hippo-YAP in different organs, especially the property in angiogenic osseointegration.



Hippo-YAP Pathway Regulates Osteoimmunology

As major participants in osteoimmunology response, macrophages react to diverse biological signalings to adapt to different microenvironment, including Hippo-YAP signaling. Based on recent publications, it remains controversial on what kind of character YAP plays in macrophage polarization to M1/M2 phenotypes. It was reported that TGFβ1-mediated M2 polarization was facilitated by Wnt5a via stimulating YAP/TAZ (Feng et al., 2018). Consistently, Li C. et al. (2019) demonstrated in vivo that the expression profile of M1 phenotypic proinflammatory factors TNF-α and IL-1β were augmented while M2 characteristic anti-inflammatory factors IL-10 and TGF-β were weakened in myeloid-specific YAP knockout mice. Similar results can be found in tumor-associated macrophages (TAMs) as well (Huang et al., 2017; Jia et al., 2020; Zhao et al., 2020). However, some contrary results with regard to the regulatory effect of YAP in macrophages have been described. Zhou et al. pointed out that YAP promoted M1 but decreased M2 polarization based on the experimental results that specific knockout of myeloid YAP activated M2 polarization with IL-10 increase and IL-1β decrease but without any effect on production of TNF-α1, which is in conflict with the precious studies (Zhou et al., 2019). Additionally, Song et al. (2020) revealed the mechanism of YAP aggravating M1 phenotype in Kupffer cells that LPS-stimulated YAP upregulated expression of the classic proinflammatory cytokines including IL-6, TNF-α, and MCP-1 by binding to their promoter regions through association with its transcriptional factor TEADs.

Besides macrophages, there are other immune cells should be involved in this discussion, since they dominate early inflammatory response in the primary stage of osseointegration. While mostly relevant investigations rarely involve osseointegration procedure of foreign implants. Further study may uncover the role of Hippo-YAP in early peri-implant inflammatory response.



DISCUSSION AND FUTURE OUTLOOK


Potential Roles of LPA

LPA is a bioactive small ubiquitous lipid which naturally exists in the body and it contributes to a various of biological effects in nervous system, cardiovascular, cancer, immune system etc. (Choi et al., 2010; Yung et al., 2014). LPA’s unique physiological and pathological roles are revealed to be driven by extracellular signals through particular GPCRs which are called LPA1-6 (Choi et al., 2010). Specifically, the regulation effects of LPA on bone metabolism are mainly mediated by LPA1, LPA3, and LPA4 (Liu et al., 2010; Chen et al., 2019; Wu et al., 2019; Alioli et al., 2020); LPA4 and LPA6 play a facilitating role in developmental angiogenesis and LPA1 and LPA3 are found to mediate LPA/PKD-1-CD36 axis regulating proangiogenic and proarteriogenic reprogramming and de novo arteriogenesis (Ren et al., 2016; Dong et al., 2017; Yasuda et al., 2019); it is also worth noticing that LPA contributes to the formation of macrophages from monocytes in both mice and humans (Ray and Rai, 2017) and promotes LPA1 and LPA3 mediated conversion to foam cells (Chen et al., 2017). Numerous LPA-induced biological effects have been described and those cooperative and antagonistic signaling regulates cell activity in a highly complex manner. The investigations around LPA also suggest the potential role of LPA on osteogenesis, angiogenesis and osteoimmunology which may facilitate osseointegration procedure of implants, while its specific mechanism remains to be further clarified.

The previous study has showed the evidence on the downstream signaling pathway and cellular functions of LPA, whereby we further suppose that LPA may act as an upstream signal of Hippo pathway and promote LPA-Hippo axis mediated osteogenesis, angiogenesis and osteoimmunology, thus facilitating osseointegration process of implants or bone defect repair effectively (Figure 3). The potential mechanism around the series of molecular events remains controversial, which may suggest a prospective future research direction in involved fields.
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FIGURE 3. Potential role of LPA on Hippo-YAP mediated osteogenesis, angiogenesis and osteoimmunology. LPA may act as an upstream extracellular signal of Hippo pathway via GPCRs (LPA1-6). Provided that Hippo pathway is activated, MST1/2 and SAV1 are phosphorylated and activate the complex of LATS1/2 and MOB1A/B. As a result, the phosphorylated YAP/TAZ is sequestrated in the cytoplasm by interacting with 14-3-3 proteins or degraded. Conversely, in the context of Hippo off, YAP/TAZ is dephosphorylated and translocate into nucleus, regulating a variety of cell properties by influencing gene expression with its main transcriptional factor TEAD, including genes that dominate osteogenesis, angiogenesis and osteoimmunology. Therefore, we propose that LPA-Hippo axis may perform regulatory effects on osseointegration procedure by influencing osteogenesis, angiogenesis and osteoimmunology.




Friend or Foe? The Discrepancy Around Hippo-YAP Regulatory Effects on Osteogenesis-Related Cells

As mentioned above, the existing researches have revealed some inconsistent results on role of YAP that it represses osteogenic behaviors of MSCs and osteoblasts according to some reports. Friend or foe? The osteogenic potential of Hippo-YAP signaling still remains as a highly controversial and ambiguous issue. Here, we analyze the possible influencing factors that raise the discrepancy and suppose the potential regulatory pattern of Hippo-YAP in osteogenesis-related cells.

First of all, Hippo-YAP pathway may play an inconsistent role in osteogenic cells of different maturity stage and the osteogenic impact of YAP is maturity-dependent, which kind of explain the negative results in osteogenic cells of early maturity stages. Xiong et al. (2018) observed that in mesenchymal progenitors and osteoblasts of early stage YAP/TAZ suppressed their differentiation to mature osteoblasts and led to decreased bone mass, whereas, osteoblast popularity and bone formation were promoted by YAP/TAZ expression in mature osteoblasts and osteocytes. Seo et al. (2013) and Xiong et al. (2018) suggested that the negative osteogenic effects were attributed to the impaired Wnt signaling by YAP.

What’s more, the discrepancy around Hippo-YAP regulatory impacts may be caused by different properties of microenvironment. Yang et al. mimicked inflammatory microenvironment in vitro with TNF-α, the classic pro-inflammatory cytokine, then discovered an upregulated expression of pro-inflammatory IL-6 and RANKL and a reduced expression of anti-inflammatory OPG after knockdown of YAP1 in MC3T3-E1 cells (Yang et al., 2020). However, during the natural development procedure of mice, YAP knockdown in mature osteoblasts and osteocytes did not lead to changes on the expression of OPG or RANKL (Xiong et al., 2018). In a word, these discoveries suggest that the opposing regulatory role of YAP may due to the discrepancy between healthy and inflammatory local bone microenvironment, while further evidences should be shown to prove this inference.

In addition, Hippo-YAP is definitely not the only signaling pathway that plays pivotal roles in bone metabolism and regeneration (Ramasamy et al., 2016; Chen et al., 2018; Aslani et al., 2019; Luo et al., 2019; Maeda et al., 2019; Wang P. et al., 2019). In fact, osteogenesis is a complex and but orderly procedure induced and regulated by multiple synergistic and antagonistic effects.

Last but not least, it’s worth noticing that Hippo-YAP regulates cellular osteogenic function in not only cell autonomous mode but also non-autonomous mode (Brandão et al., 2019; Wang L. et al., 2020), which further contributes to the complexity of the working manner of Hippo-YAP pathway.

Taking all these factors into consideration, it’s hard to reach a consensus on the main reasons that cause the discrepancy around Hippo-YAP regulatory effect on osteogenesis-related cells. A compelling explanation will provide a deeper understanding of Hippo-YAP and indicate promising future research directions. We also suggest that researchers focus more on the conditions of Hippo-YAP promoting osteogenesis in future study, which is of great significance for further clarifying the multiple effects of Hippo-YAP pathway as well as exploring the potential clinical value.



The Controversial Issues on Roles of YAP in Macrophages Polarization

YAP was proved to play controversial roles in macrophages polarization in mainstream studies as mentioned before and these inconsistent and ambiguous results raise our great interests in the dynamic regularity of macrophages YAP expression in inflammatory tissues as well as its deeper and further significances. Here, we analyze possible influencing factors and highlight potential future study directions.

Firstly, there is high heterogeneity among macrophages from distinct origins including M1 and M2 characteristics, indicating potential effects on the accuracy of experimental results. Macrophages widely exist in organs and tissues of the body, with high heterogeneity among specific subpopulations. Bone marrow derived macrophages (BMMs) are differentiated from monocytes with hematopoietic system origin, while as tissue−resident macrophages, peritoneal macrophages (PEMs) are indicated to be independent of hematopoietic progenitors and originated from yolk sac in recent works (Cain et al., 2013; Davies and Taylor, 2015). However, we notice that BMMs and PEMs were used asynchronously to conclude the deficiency of YAP in macrophages induced macrophage polarization to M2 while the activation of M1 macrophages was suppressed, whereby suggesting therapeutic impact on inflammatory microenvironment (Zhou et al., 2019). In fact, the sources macrophages derived from may have an impact on polarizing signatures, since the different expression levels of M1/M2-related genes in BMMs and PEMs have been proved, including both surface markers and soluble mediators, which, respectively, indicate discrepancies in phenotype and cellular function (Bisgaard et al., 2016). Besides, properties of aging-related phagocytosis and immigration in 3D microenvironment were compared between BMMs and PEMs and the two subpopulations presented inconsistent results (Cougoule et al., 2012; Linehan et al., 2014). Therefore, it is of value to reevaluate the inherent differences between distinct original macrophages to promote convincingness and applicability of involved researches, especially the ones with regard to polarization tendency into M1 or M2. Nevertheless, the proper cell model to simulate macrophage polarization and figure out its role in implicated diseases still needs to be further clarified.

Additionally, the classic M1/M2 dichotomy has been enriched in study on macrophage. As major participants in inflammatory response, macrophages show diverse phenotypic and functional differences reacting to different microenvironment. Based on the stimuli, macrophages are divided into classically activated macrophages (M1) and alternatively activated macrophages (M2) according to the existing classification model, with specific cytokine profile and biologic functions, respectively. In fact, as two extreme activated states, M1 and M2 rarely exist in microenvironment since macrophages are actually polarizing along the polarization spectrum and present some transitional state signatures with both M1 and M2 hallmarks (Davies and Taylor, 2015; Brown et al., 2017). In recent years, based on M1/M2 dichotomy, researchers have identified more subtypes of macrophages and expanded the definition of macrophage category, since as two extremes of a continuum and there are strong biochemistry and physiology differences between M1 and M2. For instance, M2 macrophages are further categorized into M2a, M2b, and M2c, the subtypes, respectively, activated by IL-4 and IL-13, immune complexes and LPS, and IL-10, presenting different biologic characteristics and effects, respectively (Mantovani et al., 2004). Additionally, there are more classifying patterns to describe a specific macrophage population that have been proposed to obtain more precise descriptions, such as CD169+ and TCR+ macrophages (Chávez-Galán et al., 2015). In conclusion, the previous studies have showed an enrichment of the classic M1/M2 dichotomy and choosing a suitable classifying pattern can be taken in to consideration in future researches.



CONCLUSION

In this review we suggest that a clinical-friendly osseointegration is essentially determined by favorable osteogenesis, angiogenesis and osteoimmunology, with a complex series of peri-implant cellular and molecular events happening during those procedures. Moreover, Hippo-YAP signaling pathway plays pivotal multiple regulatory roles in osteogenesis, angiogenesis and osteoimmunology. In short, the potential effects of Hippo-YAP on promoting osseointegration will contribute to the discovery of prospective clinical therapy.
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