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Abstract

:

Blood-derived concentrated growth factors (CGFs) represent a novel autologous biomaterial with promising applications in regenerative medicine. Angiogenesis is a key factor in tissue regeneration, but the role played by CGFs in vessel formation is not clear. The purpose of this study was to characterize the angiogenic properties of CGFs by evaluating the effects of its soluble factors and cellular components on the neovascularization in an in vitro model of angiogenesis. CGF clots were cultured for 14 days in cell culture medium; after that, CGF-conditioned medium (CGF-CM) was collected, and soluble factors and cellular components were separated and characterized. CGF-soluble factors, such as growth factors (VEGF and TGF-β1) and matrix metalloproteinases (MMP-2 and -9), were assessed by ELISA. Angiogenic properties of CGF-soluble factors were analyzed by stimulating human cultured endothelial cells with increasing concentrations (1%, 5%, 10%, or 20%) of CGF-CM, and their effect on cell migration and tubule-like formation was assessed by wound healing and Matrigel assay, respectively. The expression of endothelial angiogenic mediators was determined using qRT-PCR and ELISA assays. CGF-derived cells were characterized by immunostaining, qRT-PCR and Matrigel assay. We found that CGF-CM, consisting of essential pro-angiogenic factors, such as VEGF, TGF-β1, MMP-9, and MMP-2, promoted endothelial cell migration; tubule structure formation; and endothelial expression of multiple angiogenic mediators, including growth factors, chemokines, and metalloproteinases. Moreover, we discovered that CGF-derived cells exhibited features such as endothelial progenitor cells, since they expressed the CD34 stem cell marker and endothelial markers and participated in the neo-angiogenic process. In conclusion, our results suggest that CGFs are able to promote endothelial angiogenesis through their soluble and cellular components and that CGFs can be used as a biomaterial for therapeutic vasculogenesis in the field of tissue regeneration.
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1. Introduction


Over recent decades, numerous efforts have been made in the field of regenerative medicine; however, clinical applications of tissue engineering constructs are still scarce [1].



Major limitations in this field are related to the inadequate blood vessel network, which is crucial to ensure oxygen diffusion and nutrient supply and critical for the successful implantation of the tissue graft [2]. Therefore, strategies that promote vascularization by inducing angiogenesis and/or vasculogenesis may play an important role in tissue regeneration. Angiogenesis, the growth of new capillaries from pre-existing vessels by mature endothelial cells, and vasculogenesis, the de novo vessel formation by bone marrow derived endothelial progenitor cells (EPCs), play important roles in postnatal neo-vascularization [3,4]. According to the initial finding, EPCs were defined as cells positive for both hematopoietic stem cell marker CD34 or CD133 and for endothelial marker proteins, such as VEGFR-2 [5]. They can be mobilized from bone marrow into the blood circulation and thus colonize the vascularization sites and differentiate into mature endothelial cells [4,6]. The development of new blood vessels is a multifactorial process regulated by an interplay of various growth factors, such as vascular endothelial growth factor (VEGF), transforming growth factor-beta (TGF-β), platelet-derived growth factor (PDGF), basic fibroblast growth factor (FGF-2) and angiopoietins (Ang) [7,8,9,10,11,12,13]. VEGF is the master regulator of angiogenesis [9,10]. It regulates the angiogenesis of mature endothelial cells [10,14], enhances EPC proliferative and migratory activity, mediates the differentiation of EPCs into endothelial cells, and, together with CXC motif chemokine ligand-12 (CXCL-12, also called stromal cell derived factor-1, SDF-1), drives the homing of EPCs into the site of vascular injury [15]. VEGF stimulates endothelial cells to express and release matrix metalloproteinases (MMPs), which, by degrading the extracellular matrix, allow endothelial cells to migrate into interstitial space, where they form buds and capillary shoots [16,17].



Therapeutic angiogenesis is required both for rapid vascularization of tissue-engineered constructs and for the treatment of ischemic conditions. While ischemic tissues are already vascularized and proangiogenic therapy aims to expand the microvascular networks to promote collateral artery remodeling and restore physiological blood flow, tissue-engineered grafts are avascular upon implantation and need to attract vascular in-growth. In order to rapidly guide sprouting of new vessels and their migration toward the graft core, it is desirable that the graft matrix presents an optimized microenvironment of angiogenic cues. This can be achieved through several strategies, including the functionalization of biomaterials with pro-angiogenic factors, nucleic acids, and angiogenic cells, by predecorating a suitable material (such as fibrin or collagen) with optimized doses and combinations of angiogenic factors and/or by employing a decellularized extracellular matrix enriched in morphogens by suitable progenitor cell lines [18,19].



However, the exogenous application of angiogenic growth factors in tissue engineering does not always achieve success in vivo due to their rapid diffusion, short half-life time, and rapid proteolysis [20]. The failure of growth factor therapies has been also explained by their poor retention kinetics and the use of either insufficient or excessive doses. Growth factors, such as VEGF or FGF-2, presented intrinsically low stability with an active half-life following intravenous injection, by about 50 min or 3 min, respectively [20]. Moreover, direct injection of growth factors, such as BMP-2, in high enough doses in order to reach and sustain a sufficiently high local concentration to be effective may result in side effects in vivo.



Thus, proper delivery systems are essential to stabilize growth factors and provide long-term sustained and controlled release for in vivo efficacy.



Considering the multistep process of angiogenesis, systems to control the delivery of multiple angiogenic mediators in a spatiotemporal manner are necessary [10].



Various strategies have been performed for the controlled release of growth factors, including encapsulated VEGF in alginate hydrogel or conjugating VEGF into a collagen scaffold. Another approach was the pre-encapsulation of growth factors into microspheres, followed by the incorporation of the microspheres into scaffolds. The first system capable of providing multiple growth factors in a space-time manner, developed by Mooney et al. [21], attempted to mimic physiological angiogenesis by providing VEGF to stimulate blood vessel formation followed by PDGF delivery to ensure vessel maturation and stabilization. By loading VEGF directly into the scaffold and PDGF within the microspheres entrapped within the scaffold, a multi-modal delivery system was developed, allowing for the rapid release of VEGF and slower release of PDGF. The dual delivery of VEGF and PDGF produced an increase in vessel quantity and size in vivo, confirming the relevance for precise control over the spatiotemporal release of multiple factors [19].



However, as therapeutic vasculogenesis has failed to be translated clinically, there is a clear need for the design and development of new systems to allow for the translation of safe and efficacious treatments to induce angiogenesis.



Recent advances in regenerative medicine have increased the shift from heterologous to autologous therapies. In this context, various techniques have been developed to process peripheral blood in order to obtain useful hemoderivative products for wound healing and therapeutic angiogenesis [22].



Depending on their contents of platelets leucocytes and fibrin architecture, hemoderivative products are commonly classified as platelet rich plasma (PRP), platelet poor plasma (PPP), and platelet rich fibrin (PRF) [19]. Concentrated growth factors (CGFs), developed by Sacco in 2006, are the latest generation of platelet concentrate products [20]. The CGF is produced by the centrifugation of venous blood without the addition of any exogenous product and is therefore free from cross-contamination. Repeated switch of the centrifugation speed results in the production of CGFs as a modified form of PRF, with high amounts of cytokines, platelets, nucleated cells, and very dense fibrin scaffolds [23,24,25,26,27,28,29]. Fibrin binds to various growth factors, including VEGF, PDGF, FGF-2, IGF, and TGF-β1, thus acting as a scaffold to protect growth factors from proteolytic degradation and release them slowly for a longer time [30,31].



The CGF, as a fibrin scaffold, is considered a reservoir of natural growth factors, which can be released gradually over a period of time and play a crucial role in hard and soft tissue repair [32].



Several studies have investigated the effects of CGFs on tissue regeneration of alveolar and sinus bone, fracture repair, and implant stability, displaying a good tissue regenerative property [29,33,34,35]. Some research also showed the effects of CGFs on the osteogenic differentiation of rabbit periosteum-derived cells and human bone marrow stem cells in vitro [36,37], and reported CD34 positive stem cells in CGFs [24,37]. However, to the best of our knowledge, the CGF effects on the neo-vascularization process have not yet been fully characterized.



In this study, we aimed to determine the role of CGFs in neo-angiogenesis, evaluating the contribution of soluble factors and CGF-released cells. To this aim, we cultured CGFs for appropriate time periods to pursue the highest content of released growth factors. The effects of CGF-soluble factors on the migration and tubular structure formation of human endothelial cells, as well as on endothelial expression of pro-angiogenic factors, were evaluated. At the same time, CGF-released cells were characterized by assessing the expression of stem cells and mature endothelial cells markers, and their contribution to angiogenesis was explored.




2. Materials and Methods


2.1. Materials


The cell culture medium, gelatin, fetal bovine serum, glutamine, penicillin and streptomycin were obtained from Merck (Merck Life Science S.r.l., Milan, Italy). Human enzyme-linked immunosorbent assay (ELISA) kits were obtained from Cusabio (Cusabio Biotech, Wuhan, China) for determination of VEGF and TGF-β1 and from R&D (R&D Systems Inc, Minneapolis, MN, USA) for determination of BMP-2 and metalloproteinases MMP-2 and MMP-9. Primary antibodies against CD34, eNOS, and VE-cadherin were purchased from Santa Cruz Biotechnology, as well as biotinylated anti-mouse IgG and biotinylated anti-rabbit IgG antibodies. The primary antibody against VEGFR-2 was purchased from Cell Signaling (Cell Signaling Technology, Milan, Italy). Extravidin peroxidase and diamminobenzidine were obtained from Merck, as well all other reagents, unless otherwise indicated.




2.2. Preparation of CGFs and CGF-Conditioned Medium


Venous blood (8 mL) from 5 healthy, non-smoking adult donors, two females and three males, aged between 27 and 50 years old, was collected and immediately centrifuged by a Medifuge device (Medifuge MF200; Silfradent srl, Forlì, Italy), at 25 °C, using a program with the following characteristics: 30 s acceleration, 2 min 2700 rpm, 4 min 2400 rpm, 4 min 2700 rpm, 3 min 3000 rpm, and 36 s deceleration and stop, to obtain CGF clot, as previously described [36,38]. Informed consent was obtained from the donors included in this study in accordance with Declaration of Helsinki. For each set of experiments, CGFs were prepared from the same blood sample of a single donor. To remove excess serum, CGF clot was washed with phosphate-buffered saline (PBS) and cultured in sterile dish with 2 mL of M199 medium at 37 °C in a humidified atmosphere with 5% CO2 for 14 days. Then, CGF clot was removed, and CGF-conditioned medium (CGF-CM) was collected and centrifuged at 1500 rpm for 10 min. Then, the supernatant was stored at −80 °C until use, and the pellet was used for the CGF cell culture. In particular, CGF-CM was analyzed to evaluate the content of growth factors and metalloproteinases and its effects on the angiogenesis of human endothelial cells (Figure 1).




2.3. CGF Cell Culture and Characterization


CGF-released cells were suspended in M199 medium complete, containing 10% FBS, 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin and seeded in appropriate cell plate coated with 1% gelatin. In our experimental conditions, CGF-derived cells adhered to the culture plate and grew until they reached the confluence. CGF-derived cells were phenotypically characterized by hematoxylin–eosin staining and immunostaining analysis (Figure 1). CGF cells, grown in 24-well plates on coverslips (Thermanox, ProSciTech, Thuringowa, Queensland, Australia), were fixed with cold methanol for 10 min on ice and washed with PBS; then, hematoxylin–eosin staining and immunostaining analysis were performed. For immunocytochemistry, monolayers were incubated overnight with antibodies against endothelial nitric oxide synthase (eNOS), VE-cadherin, and CD34 at concentrations of 1 μg/mL and with the antibody against VEGFR-2 at a concentration of 0.2 μg/mL. After 3 washes with PBS, monolayers were incubated for 1 h with a biotinylated anti-mouse (for eNOS, VE-cadherin) or anti-rabbit (for VEGFR-2, CD34) IgG antibody (Santa Cruz), and for 1 h with extravidin peroxidase (Merck). Monolayers were then incubated with diamminobenzidine (Merck) for 30 min, washed, and directly mounted, and pictures (×100 magnification) were taken with a digital output Canon Powershot S50 camera.




2.4. Endothelial Cell Culture and Treatment


Human umbilical vein endothelial cells (HUVEC) were obtained from discarded umbilical cords and treated anonymously, conforming to the principles outlined in the Declaration of Helsinki, after specific permission was granted by the local health authority. HUVECs were grown on cell plates, pre-coated with 1% gelatin, in M199 medium containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin, as described in [39], and utilized up to the fifth passage from primary cultures. The human microvascular endothelial cell line (HMEC-1), obtained from Dr. Thomas J. Lawley, was cultured as previously described [40]. All experiments were performed in HUVECs and in HMEC-1. For treatment, confluent endothelial cells were shifted to the medium, supplemented with 3% FBS, and subsequently treated with increasing concentrations of CGF-CM (1%, 5%, 10% and 20%) for 16 h. CGF-CM concentrations were calculated on the basis of the volume of CGF-CM that was added to the total volume of the culture medium.




2.5. Cell Migration and Tube Formation Assays


To evaluate cell migration, endothelial cells were seeded into 6-well plates at the density of 2 × 105 cells/well until confluence, and then a scratch wound was performed with a sterile microtip. After washing with PBS to remove detached cells, the first series of photos were taken with an attached digital output Canon Powershot S50 camera (0 h). Monolayers were incubated with increasing concentrations of CGF-CM (1%, 5%, 10%, and 20%) or 3% FBS (control) for 16 h and then washed and again photographed (16 h). Cell repair of the wound was determined by measuring the width (μm) of the denuded area along the scratch (at five different levels) using the Optimas Image analysis software (Media Cybernetics, Pleasanton, CA, USA).



The formation of vascular-like structures by endothelial cells was assessed on the growth factor-reduced basement membrane matrix “Matrigel” (11.1 mg/mL; Becton Dickinson Biosciences, Bedford, MA, USA), as previously described [40,41]. The bottoms of 24-well culture plates were coated with Matrigel (50 μL per well) diluted at 1:2 with M199 medium. After gelatinization at 37 °C for 30 min, gels were overlaid with 500 μL of 3% FBS-containing M199 medium containing 4 × 104 cells per well in the presence of CGF-CM (1%, 5%, 10%, and 20%) or 3% FBS (control) and then incubated for 16 h at 37 °C.



Tube formation was monitored by inverted phase-contrast microscopy (Leica, Wetzlar, Germany), and pictures (×100 magnification) were taken with an attached digital output Canon Powershot S50 camera. Tube formation was quantified by counting the tubule branching points in three randomly selected fields per well and was expressed as branch points per field. To evaluate the contribute of CGF-derived cells in tube-like formation, 1 × 104 CGF-derived cells were loaded with DilC18 vital fluorescent dye and seeded on Matrigel together with mature endothelial cells (3 × 104). After 16 h, tube formation was monitored by light microscopy and fluorescence microscopy. Fluorescence images were captured by NIS-Elements F 3.0.




2.6. Growth Factors and Metalloproteinases Release


CGF-CM as well as the supernatants of CGF-derived cells and CGF-CM-treated endothelial cells were collected, and the growth factors VEGF and TGF-β1 and the metalloproteinases MMP-9 and MMP-2 were quantified using commercial human ELISA kits, according to the manufacturer’s instructions. To detect the total amount of TGF-β1, the latent form of TGF-β1 was first converted into the active form according to the manufacturer’s instructions. Specifically, endothelial cells were incubated with CGF-CM (10%) for 16 h, and then the culture media were replaced with fresh medium. After 48 h, supernatants were collected and analyzed. CGF-derived cells were grown until confluence in M199 complete; then, the culture media were replaced with fresh medium and incubated for 48 h; later, supernatants were collected and analyzed.



All results are expressed as ng of angiogenic factors per mL volume of supernatants/conditioned medium.




2.7. Quantitative Reverse Transcription–Polymerase Chain Reaction Analysis


Total RNA was isolated from CGF-derived cells and CGF-CM-treated endothelial cells using the TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. For quantitative polymerase chain reaction, total RNA (1 μg) was converted into first-strand cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Monza, Italy). The quantitative RT-PCR was performed in the Bio-Rad Biosystems CFX384 Touch Real-Time PCR Detection System using SYBR Green PCR Master Mix. The human cDNA fragments were amplified using primers synthesized by Thermo Fisher (Thermo Fisher Scientific, Rodano, Italy) and are reported in Table 1. We explored the expression of the following genes: VEGF, TGF-β1, BMP-2, MMP-9, MMP-2, Ang-1, Ang-2, PDGF-B, FGF-2, VE-cadherin, eNOS, VEGFR-2, CD31, CD133, CD34, CXCL-12, and CXCR-4. The quantifications were performed using the efficiency-adjusted ΔΔCT method (CFX Manager), with GAPDH as an internal control.




2.8. Statistical Analysis


Values are expressed as mean ± SD for the number of experiments indicated in the legends of the figures. Differences between two groups were determined by unpaired Student’s t-test. Multiple comparisons were performed by one-way analysis of variance (ANOVA), and individual differences were then tested by Fisher’s protected least significant difference test after the demonstration of significant intergroup differences by ANOVA. Differences between means from at least three independent experiments with p < 0 05 were considered statistically significant.





3. Results


In an attempt to mimic the natural release of factors by CGFs that could occur in vivo, we cultured CGF in M199 medium for an appropriate time. According to previous studies showing 14 days as the best time to obtain the highest growth factor content [42,43], we chose this time for the CGF culture. After that, we collected the CGF-conditioned medium (CGF-CM) and used it to quantify angiogenic factors and to analyze the angiogenic response of human endothelial cells. At the same time, CGF-derived cells, adhering to plates and able to grow and propagate, were phenotypically characterized, and their contribution to angiogenesis was evaluated (Figure 1).



3.1. CGF-Soluble Components Improved Endothelial Angiogenesis


In order to analyze the pro-angiogenic effects of soluble factors released by CGFs in culture medium, we analyzed the CGF-CM content of angiogenic factors by ELISA. As reported in Table 2, during the culture period, CGF released two main growth factors, VEGF and TGF-β1. Indeed, in CGF-CM, VEGF and TGF-β1 reached concentrations of about 1.1 ± 0.1 and 18.3 ± 1.2 ng/mL, respectively. Another mediator of the TGF family, BMP-2, was also released by CGFs. Moreover, CGF-CM was enriched with matrix metalloproteinases MMP-2 and MMP-9, and their concentrations were 136.6 ± 25.5 and 490.7 ± 59.7 ng/mL, respectively (Table 2).



Since CGFs released factors boosting the angiogenic process, we determined the effects of CGF-CM on the endothelial angiogenic response, evaluating cell migration and tube-like structure formation in human endothelial cells. For this purpose, endothelial cells, HUVECs or HMEC-1, were treated with CGF-CM at different concentrations (1%, 5%, 10%, or 20%) for 16 h. The representative scratch wound healing images (Figure 2A) and the related bar graph (Figure 2C) show that CGF-CM induced the migration of HMEC-1. Moreover, CGF-CM augmented endothelial angiogenic activity by increasing the capillary-like tube formation, as indicated by the increased number of branch points on Matrigel (Figure 2B,D). Similar results were obtained in HUVEC. Overall, CGF-CM sustained cell migration and the angiogenic ability of endothelial cells in a concentration-dependent manner, with a maximum significant effect at the concentration of 10% (Figure 2), which was the dose chosen for the subsequent characterization of molecular mechanisms. The effect of 10% CGF on the promotion of angiogenesis was similar to that achieved by stimulating endothelial cells with a high concentration of VEGF (10 ng/mL) (Figure 2).




3.2. CGF-Soluble Components Induced Pro-Angiogenic Factor Expression in Endothelial Cells


In order to explore the mechanisms underlying the CGF action on endothelial angiogenesis, we analyzed the effects of CGF-CM on the expression of the pro-angiogenic factor in endothelial cells. In particular, we analyzed the mRNA levels and protein release of VEGF, MMP-2, and MMP-9 by qRT-PCR and ELISA, respectively. The expression and release of VEGF in CGF-CM-treated endothelial cells were significantly up-regulated compared to those of untreated control cells (Figure 3A,B). In endothelial cells treated with 10% CGF-CM, the VEGF mRNA level was increased by about 1.4-fold compared to that of the control, and VEGF protein release reached values of 33.6 ± 2.7 pg/mL, while in control cells, this was 13.0 ± 1.1 pg/mL (Figure 3A,B). Moreover, CGF-CM also induced the mRNA expression of MMP-9 and, to a lesser extent, of MMP-2, which increased by about 14.0- and 1.8-fold compared to that of control, respectively (Figure 3C). According to the gene expression data, CGF-CM significantly induced the release of MMP-9 and MMP-2 in endothelial cells, reaching levels of 24.5 ± 1.8 and 13.5 ± 1.3 ng/mL, respectively, compared to that in controls (1.0 ± 0.2 for MMP-9 and 9.7 ± 0.8 for MMP-2) (Figure 3D).



To enhance the pro-angiogenic mechanisms of CGFs, we analyzed the effect of CGF-CM on the endothelial expression of other pro-angiogenic factors, including Ang-1, Ang-2, and PDGF-B. As shown in Figure 4, CGF-CM up-regulated the mRNA levels of Ang-2, PDGF-B, and BMP-2 by about 3.1-, 1.7-, and 2.0-fold as compared to the control, but it left Ang-1, FGF-2, TGF-β1, mRNA levels unaffected.




3.3. Characterization and Angiogenic Properties of CGF-Derived Cells


In addition to providing soluble components, CGF also released numerous and heterogeneous cells, some of which were able to adhere to cell culture plates and to propagate (Figure 5A). We performed hematoxylin–eosin staining to analyze the morphology of these cells. Figure 5 shows CGF heterogeneous cells with spindle-shaped or round-like morphology. Evident nuclear staining was observed in all CGF-derived cells (Figure 5B).



To explore the role of these cells in the angiogenic potential of CGF, we analyzed the release of pro-angiogenic factors. As shown in Table 3, CGF-derived cells released VEGF and TGF-β1, which reached values of 0.021 ± 0.007 and 1.5 ± 0.4 ng/mL, respectively. Furthermore, these cells produced matrix metalloproteinases and released MMP-9 and MMP-2 into the medium at concentrations of 109.6 ± 13.8 and 16.7 ± 3.7 ng/mL, respectively (Table 3). The expression pattern of pro-angiogenic factors in CGF-derived cells was confirmed by qRT-PCR analysis (Figure 5C).



To further characterize CGF-derived cells, we investigated the expression of stem cell and endothelial markers. Using immunocytochemistry, we found that CGF-derived cells were positive for the hematopoietic stem cell marker CD34 and for endothelial markers eNOS, VEGFR-2, and VE-cadherin (Figure 6A). These findings suggest that CGF-derived cells are EPC-like cells. With qRT-PCR, we confirmed the positive expression for CD34, as well as that for CD31, eNOS, VEGFR-2, and VE-cadherin (Figure 6B). Moreover, among the tested genes, we reported that the endothelial marker CD31 exhibited the highest level of gene expression at the mRNA level, and CD133, the immature hematopoietic stem cell marker, the lowest level (Figure 6B). Interestingly, we found that CGF-derived cells, fluorescent dye labelled, functionally integrate into the endothelial capillary-like structures of mature endothelial cells (Figure 6C), contributing to angiogenic response.



Finally, in EPC-like CGF-derived cells as well as in mature endothelial cells, we investigated the expression of CXCL-12 and CXCR-4, key regulators of the angiogenic process [44,45,46]. We found that CGF-CM significantly induced the expression of CXCL-12 and CXCR-4 in mature endothelial cells, whose expression was increased by about 1.4- and 1.5-fold compared to that of control, respectively. (Figure 7). Moreover, in CGF-derived cells, a strong CXCR-4 expression was observed, and its mRNA levels were higher by about 14.1-fold than those that in mature endothelial control cells (Figure 7). In contrast, the expression of CXCL-12 in CGF-derived cells was very low compared to that in endothelial control cells.





4. Discussion


In the present study, we reported novel properties of CGF in promoting neo-angiogenesis by releasing multiple soluble angiogenic factors and EPC-like cells.



It is well known that the formation of new blood vessels, crucial in tissue growth and repair, occurs through a complex process that requires the cooperation of several angiogenic factors responsible for multiple events, such as the budding of pre-existing resident endothelial cells and the recruitment of bone marrow derived EPC [3].



Currently, platelet concentrates are widely used to regenerate damaged tissues in the field of orthopedic and oral surgery [47,48,49,50,51]. CGFs, the latest generation of platelet concentrate products, are particularly enriched in growth factors due to a specific process that guarantees the intrinsic coagulation reaction in the venous blood causing the activation of CGFs [24]. Moreover, the dense fibrin network of CGFs leads to the protection of growth factors and chemokines as well as potentially a better sustained release [28]. Previous studies showed two phases in the release of growth factors by CGFs [52]: an immediate phase, which could be attributed to the instantaneous release from activated platelets during centrifugation or to simple diffusion; a late phase with accumulation peaks at 14 days, which could be explained by the release of growth factors after degradation of the fibrin structure and by the production of growth factors by the cells present in the CGFs [42,53,54,55]. However, there are different results in the literature concerning the release kinetics of growth factors, which could be due to different volumes of blood samples, observation times, and methods of extracting growth factors [54,55]. In many studies, CGFs have been manipulated using freeze–thaw and lyophilizing methods to extract and quantify growth factors [27,56]. Unlike these studies, we did not manipulate the CGFs after their preparation, but in order to mimic the natural release of soluble factors that could occur from the application of CGF in vivo, we cultured the CGFs in a culture medium for two weeks. We then collected the CGF-conditioned medium and analyzed the content of specific angiogenic factors and their effect on endothelial angiogenesis. Our data show that CGFs were able to release growth factors, including VEGF and TGF-β1, which reached amounts in the culture medium comparable to those recorded by Borsani et al. [57], but observed at longer times (14 days), according to other studies [42,54,55,58]. It was also reported that CGFs contained different angiogenesis-related growth factors, including PDGF, FGF-2, insulin-like growth factor-1 (IGF-1), and epidermal growth factor (EGF), which are of crucial importance in tissue regeneration [57,59,60].



In addition to growth factors, we found, for the first time, that CGFs released large amount of matrix metalloproteinases, such as MMP-2 and MMP-9, which play an essential role in angiogenesis. MMPs are extracellular endopeptidases that selectively degrade components of the extracellular matrix and allow endothelial cells to migrate and invade into the surrounding tissue and contribute to new vessel formation. Moreover, MMP-9 is involved in mobilizing EPCs and other progenitor cells from the bone marrow niche [16]. MMPs also liberate growth factors, including VEGF and TGF-β1, from the matrix-bound form [54]. These results improve our knowledge of CGF-soluble factors related to angiogenesis and are in agreement with previous studies showing the presence of MMPs in other platelet concentrate PRPs [61,62,63,64].



In order to evaluate the functional properties of CGF-released factors, we analyzed the effects of CGF-CM on the angiogenic response of mature endothelial cells, HUVECs and HMEC-1. We found that CGF-CM promoted the angiogenic potential of endothelial cell stimulation in a concentration dependent manner, cell migration, and tubule-like structure formation. The angiogenic response of endothelial cells induced by CGF can be, at least in part, explained by the presence of pro-angiogenic growth factors, such as VEGF and TGF-β1, which promote cell proliferation, migration, and differentiation in endothelial capillary structures.



MMPs, degrading extracellular matrix, also contribute to cell migration and vessel development. The endothelial angiogenic response was maximal when the concentrations of CGF-enriched medium reached 10%; higher concentrations did not guarantee stronger effects, as reported in other previous studies [34,42,65]. A rational explanation for this observation might be that CGFs contain not only pro-angiogenic factors that favor vascularization but also anti-angiogenic cytokines [65,66,67]. Here, we reported that the effect of 10% CGF-CM in promoting angiogenesis was similar to that achieved by stimulating endothelial cells with much higher concentration of VEGF, suggesting a synergistic action between VEGF and other pro-angiogenic factors in CGF-CM. Previous studies found that CGFs also contained FGF-2, an essential angiogenic growth factor, which could operate in coordination with other CGF-soluble factors in angiogenic process regulation [57,59,60]. Our findings show the angiogenic effect of CGFs as a complex of multiple mediators; however, the specific contribution of different CGF angiogenic factors requires further analysis through a loss-of-function approach, inactivating the different protein mediators using monoclonal antibodies or specific inhibitors blocking activated angiogenic pathways.



Soluble factors exerted an optimal effect on angiogenesis at low concentrations, which could correspond to those obtained in application of CGFs as a fibrin scaffold in vivo. Our results confirm and expand on a previous study reporting that CGFs, as extract, were able to induce endothelial cell proliferation, migration, and tubular structure formation [65]. Other studies have demonstrated the ability of CGFs to promote proliferation, migration, and angiogenesis of the dental pulp [34], as well as the proliferation, migration, and differentiation of human stem cells from the apical papilla [59].



Here, we discovered that CGF-CM significantly increased the expression and release of VEGF, MMP-9, and MMP-2 in cultured endothelial cells. Furthermore, CGF-CM up-regulated the expression of Ang-2, BMP-2, and PDGF-B, thus amplifying pro-angiogenic signals.



It is known that platelet concentrates could provide a supportive matrix for circulating stem/progenitor cells [68,69], which are recruited from blood to injured tissue by a variety of signaling molecules [5,70], including VEGF, MMP, PDGF-B, and Ang-2 [16,71,72,73]. Growing evidence points to the role of circulating CD34 positive cells, such as EPCs, in vascular maintenance, neovascularization, and angiogenesis [3,4,5,6,74]. Rodella et al. found CD34 positive cells in CGF [24]. The presence of CD34 positive cells that were dispersedly distributed in the fibrin network of a CGF membrane was also reported by Zhang et al. [37]. According to these studies, for the first time, we provide evidence on the ability of CGF culture to release CD34 positive cells capable of adhering to the substrate and growing for a relatively long time from CGF preparation. In addition to the expression of the CD34 hematopoietic stem cell marker, these cells also showed positive expression of endothelial markers, including that of eNOS, VE-cadherin, VEGFR-2, and CD31, suggesting that CGF-derived cells are EPCs. This result was confirmed by the ability of CGF-derived cells to take part in angiogenesis by incorporating themselves into tubule-like structures of mature endothelial cells. EPCs, normally present in bloodstream, could be trapped in the fibrin scaffold during CGF preparation, where the microenvironment rich in growth factors and cytokines could assure the survival and growth of EPCs. In accordance with the aptitude of EPCs to produce multiple angiogenic molecules, we also found that CGF-derived cells expressed and released growth factors VEGF and TGF-β1 and matrix metalloproteinases MMP-2 and MMP-9. This evidence could contribute to explaining the sustained quantity of pro-angiogenic factors released by CGFs. As reported for EPCs [45,46], we also found that CGF-derived cells expressed high levels of CXCR-4, which can be relevant to homing CGF cells to injured or ischemic sites. Moreover, CGF-CM significantly induced the expression of CXCL-12 and CXCR-4 in mature endothelial cells. CXCL-12 is a chemotactic molecule that promotes downstream effects mainly via the CXC motif chemokine receptor (CXCR)-4. It has been recognized that CXCL-12 was a strong chemoattractant for CD34 positive cells, including hematopoietic stem cells and EPC, which highly expressed CXCR-4, and induced their mobilization from bone marrow [75,76]. In addition, the increased expression of CXCL-12 in ischemic tissues carried out as a chemoattractant to support the homing of CXCR-4 positive EPC. Locally administered CXCL-12 also promoted EPCs accumulation at the site of ischemia, associated with ischemic neovascularization [77,78].



Our findings showing the ability of CGF to deliver CXCR-4 positive cells and to induce CXCL-12/CXCR-4 expression in mature endothelial cells reveal an additional mechanism in CGF-induced angiogenesis, which may have relevance in the neovascularization at the damage/ischemic site.



To date, there are no literature data regarding the implications of EPC-like cells present in CGF in clinical applications; thus, future studies should focus on this topic.



In our experimental conditions, based on the CGF culture, without any manipulation and preservation of its microenvironment, we have shown that CGFs are able to promote the process of neo-angiogenesis due to the synergistic action of multiple angiogenic mediators and EPCs, which, together with mature endothelial cells, could contribute to the vascularization at the site of CGF application.



In a previous study, we showed that VEGF was released from titanium dental implant surfaces permeated with CGFs and containing fibrin, which is fundamental to accommodate the cellular network [38]. The present results show that CGFs with their soluble factors, including VEGF, and their cellular components, such as EPC-like cells, promoted neo-angiogenesis, suggesting that the incorporation of CGFs on dental implant surfaces could produce a biologically active area capable of promoting intercellular communication and neo-angiogenesis during bone regeneration and healing.



Some limitations are involved in the present study. We evaluated the angiogenic properties of the CGF-conditioned medium, which may be related to the synergy of multiple mediators. Notwithstanding, the role of the specific angiogenic factor and its mechanism of action needs further investigation. In this study, we determined the angiogenic properties of non-manipulated CGFs, dissecting the role of soluble factors and, for the first time, also highlighting the contribution of EPC-like released cells. However, more studies are needed to further our understanding of the characteristics of CGF-released stem/progenitor cells and their role in the neo-angiogenesis. Moreover, our study was conducted in a preclinical model represented by HUVEC and HMEC-1 cultures, known as a reliable and versatile tool for studying in vitro angiogenesis. Despite this, the in vitro experimental results do not necessarily translate directly into the in vivo situation. Therefore, further investigations, including human trials, are needed to confirm and further evaluate the in vivo efficacy of CGFs in promoting vasculogenesis and tissue regeneration.




5. Conclusions


In the present study, our results suggest that CGFs represent not only a reservoir of multiple pro-angiogenic factors able to induce a pro-angiogenic phenotype in mature endothelial cells, but also a cell niche for EPC-like cells. Our in vitro model provides the first evidence that CGFs release EPC-like cells, which contribute to neo-angiogenesis producing pro-angiogenic factors and taking part in the formation of endothelial tubular structures.



CGFs function as a complex milieu that regulates, by means of a dense fibrin scaffold and multiple bioactive factors, the survival, growth, differentiation, and migration of immature cells, which could be a valid strategy to facilitate healing processes in tissue regeneration.



In conclusion, CGFs, with a direct effect on neo-angiogenic response, could represent a very promising biomaterial for therapeutic vasculogenesis and tissue healing, offering new and interesting perspectives for the use of CGFs in regenerative medicine.



However, our study was performed using an in vitro system, and therefore caution is required in translating these research findings in vivo.







Author Contributions


Conceptualization, N.C., M.A.C. and L.S.; methodology, A.R., E.S. (Eleonora Stanca), F.D., B.D.C.S., L.G., P.N., E.S. (Egeria Scoditti), M.M. and N.C.; validation, F.D., A.P., N.C., M.A.C. and L.S.; investigation, E.S. (Egeria Scoditti), M.M., E.S. (Eleonora Stanca), A.R., M.A.C. and N.C.; resources, A.P., F.D. and C.D.; writing—original draft preparation, N.C. and M.A.C.; writing—review and editing, E.S. (Egeria Scoditti), M.M., A.R., E.S. (Eleonora Stanca). F.D., L.S., N.C. and M.A.C.; supervision, A.P., L.S. and M.A.C.; project administration, L.S., M.A.C., A.P. and C.D.; funding acquisition, C.D., A.P. and L.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Ministero dello Sviluppo Economico project PON-MISE OSTEO-CARE, Prog. n. F/050370/03/X32.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of ASL Lecce (Italy) (11 February 2020, n. 42).




Informed Consent Statement


All donors signed a written informed consent prior to inclusion, in accordance with the Declaration of Helsinki and standards of Good Clinical Practice.




Acknowledgments


The authors are grateful to the Silfradent Srl at Forlì (Italy) for providing Medifuge MF200 to obtain CGFs and to the Division of Obstetrics and Gynecology at the “Ignazio Veris Delli Ponti” Hospital in Scorrano (Lecce, Italy) for providing umbilical cords.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mao, A.S.; Mooney, D.J. Regenerative medicine: Current therapies and future directions. Proc. Natl. Acad. Sci. USA 2015, 112, 14452–14459. [Google Scholar] [CrossRef] [PubMed]

	



Lovett, M.; Lee, K.; Edwards, A.; Kaplan, D.L. Vascularization Strategies for Tissue Engineering. Tissue Eng. Part B Rev. 2009, 15, 353–370. [Google Scholar] [CrossRef]

	



Carmeliet, P. Mechanisms of angiogenesis and arteriogenesis. Nat. Med. 2000, 6, 389–395. [Google Scholar] [CrossRef]

	



Hur, J.; Yoon, C.H.; Kim, H.S.; Choi, J.H.; Kang, H.J.; Hwang, K.K.; Oh, B.H.; Lee, M.M.; Park, Y.B. Characterization of two types of endothelial progenitor cells and their different contributions to neovasculogenesis. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 288–293. [Google Scholar] [CrossRef] [PubMed]

	



Asahara, T.; Masuda, H.; Takahashi, T.; Kalka, C.; Pastore, C.; Silver, M.; Kearne, M.; Magner, M.; Isner, J.M. Bone Marrow Origin of Endothelial Progenitor Cells Responsible for Postnatal Vasculogenesis in Physiological and Pathological Neovascularization. Circ. Res. 1999, 85, 221–228. [Google Scholar] [CrossRef]

	



Rehman, J.; Li, J.; Orschell, C.M.; March, K.L. Peripheral blood “endothelial progenitor cells” are derived from monocyte/macrophages and secrete angiogenic growth factors. Circulation 2003, 107, 1164–1169. [Google Scholar] [CrossRef] [PubMed]

	



Conway, E.M.; Collen, D.; Carmeliet, P. Molecular mechanisms of blood vessel growth. Cardiovasc. Res. 2001, 49, 507–521. [Google Scholar] [CrossRef]

	



Felmeden, D.; Blann, A.; Lip, G. Angiogenesis: Basic pathophysiology and implications for disease. Eur. Heart J. 2003, 24, 586–603. [Google Scholar] [CrossRef]

	



Ferrara, N. Role of vascular endothelial growth factor in regulation of physiological angiogenesis. Am. J. Physiol. Cell Physiol. 2001, 280, C1358–C1366. [Google Scholar] [CrossRef]

	



Ferrara, N.; Gerber, H.-P. The Role of Vascular Endothelial Growth Factor in Angiogenesis. Acta Haematol. 2001, 106, 148–156. [Google Scholar] [CrossRef]

	



Folkman, J.; Klagsbrun, M. Angiogenic factors. Science 1987, 235, 442–447. [Google Scholar] [CrossRef]

	



Li, J.; Zhang, Y.-P.; Kirsner, R.S. Angiogenesis in wound repair: Angiogenic growth factors and the extracellular matrix. Microsc. Res. Tech. 2003, 60, 107–114. [Google Scholar] [CrossRef] [PubMed]

	



Liekens, S.; De Clercq, E.; Neyts, J. Angiogenesis: Regulators and clinical applications. Biochem. Pharmacol. 2001, 61, 253–270. [Google Scholar] [CrossRef]

	



Ferrara, N. Vascular Endothelial Growth Factor: Basic Science and Clinical Progress. Endocr. Rev. 2004, 25, 581–611. [Google Scholar] [CrossRef] [PubMed]

	



De Falco, E.; Porcelli, D.; Torella, A.R.; Straino, S.; Iachininoto, M.G.; Orlandi, A.; Truffa, S.; Biglioli, P.; Napolitano, M.; Capogrossi, M.C.; et al. SDF-1 involvement in endothelial phenotype and ischemia-induced recruitment of bone marrow progenitor cells. Blood 2004, 104, 3472–3482. [Google Scholar] [CrossRef]

	



Heissig, B.; Hattori, K.; Dias, S.; Friedrich, M.; Ferris, B.; Hackett, N.R.; Crystal, R.G.; Besmer, P.; Lyden, D.; Moore, M.A.; et al. Recruitment of Stem and Progenitor Cells from the Bone Marrow Niche Requires MMP-9 Mediated Release of Kit-Ligand. Cell 2002, 109, 625–637. [Google Scholar] [CrossRef]

	



Hristov, M.; Weber, C. Endothelial progenitor cells: Characterization, pathophysiology, and possible clinical relevance. J. Cell. Mol. Med. 2004, 8, 498–508. [Google Scholar] [CrossRef]

	



Martino, M.M.; Ebrkic, S.; Ebovo, E.; Eburger, M.; Schaefer, D.J.; Ewolff, T.; Gürke, L.; Briquez, P.S.; Larsson, H.M.; Barrera, R.E.; et al. Extracellular Matrix and Growth Factor Engineering for Controlled Angiogenesis in Regenerative Medicine. Front. Bioeng. Biotechnol. 2015, 3, 45. [Google Scholar] [CrossRef]

	



Browne, S.; Pandit, A. Engineered systems for therapeutic angiogenesis. Curr. Opin. Pharmacol. 2017, 36, 34–43. [Google Scholar] [CrossRef]

	



Wang, Z.; Wang, Z.; Lu, W.W.; Zhen, W.; Yang, D.; Peng, S. Novel biomaterial strategies for controlled growth factor delivery for biomedical applications. NPG Asia Mater. 2017, 9, e435. [Google Scholar] [CrossRef]

	



Richardson, T.P.; Peters, M.C.; Ennett, A.B.; Mooney, D.J. Polymeric system for dual growth factor delivery. Nat. Biotechnol. 2001, 19, 1029–1034. [Google Scholar] [CrossRef]

	



Burnouf, T.; Goubran, H.A.; Chen, T.-M.; Ou, K.-L.; El-Ekiaby, M.; Radosevic, M. Blood-derived biomaterials and platelet growth factors in regenerative medicine. Blood Rev. 2013, 27, 77–89. [Google Scholar] [CrossRef] [PubMed]

	



Tabatabaei, F.; Aghamohammadi, Z.; Tayebi, L. In vitro and in vivo effects of concentrated growth factor on cells and tissues. J. Biomed. Mater. Res. A 2020, 108, 1338–1350. [Google Scholar] [CrossRef]

	



Rodella, L.F.; Favero, G.; Boninsegna, R.; Buffoli, B.; Labanca, M.; Scari, G.; Sacco, L.; Batani, T.; Rezzani, R. Growth factors, CD34 positive cells, and fibrin network analysis in concentrated growth factors fraction. Microsc. Res. Tech. 2011, 74, 772–777. [Google Scholar] [CrossRef] [PubMed]

	



Kim, T.-H.; Kim, S.-H.; Sándor, G.K.; Kim, Y.-D. Comparison of platelet-rich plasma (PRP), platelet-rich fibrin (PRF), and concentrated growth factor (CGF) in rabbit-skull defect healing. Arch. Oral Biol. 2014, 59, 550–558. [Google Scholar] [CrossRef]

	



Masuki, H.; Okudera, T.; Watanebe, T.; Suzuki, M.; Nishiyama, K.; Okudera, H.; Nakata, K.; Uematsu, K.; Su, C.-Y.; Kawase, T. Growth factor and pro-inflammatory cytokine contents in platelet-rich plasma (PRP), plasma rich in growth factors (PRGF), advanced platelet-rich fibrin (A-PRF), and concentrated growth factors (CGF). Int. J. Implant. Dent. 2016, 2, 19. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, J.; An, N.; Ouyang, X. Quantification of growth factors in different platelet concentrates. Platelets 2017, 28, 774–778. [Google Scholar] [CrossRef] [PubMed]

	



Sohn, D.-S.; Heo, J.-U.; Kwak, D.-H.; Kim, D.-E.; Kim, J.-M.; Moon, J.-W.; Lee, J.-H.; Park, I.-S. Bone Regeneration in the Maxillary Sinus Using an Autologous Fibrin-Rich Block With Concentrated Growth Factors Alone. Implant Dent. 2011, 20, 389–395. [Google Scholar] [CrossRef]

	



Mirkovic, S.; Djurdjevic-Mirkovic, T.; Pugkar, T. Application of concentrated growth factors in reconstruction of bone defects after removal of large jaw cysts—The two cases report. Vojnosanit. Pregl. 2015, 72, 368–371. [Google Scholar] [CrossRef]

	



Sahni, A.; Francis, C.W. Vascular endothelial growth factor binds to fibrinogen and fibrin and stimulates endothelial cell proliferation. Blood 2000, 96, 3772–3778. [Google Scholar] [CrossRef]

	



Martino, M.M.; Briquez, P.S.; Ranga, A.; Lutolf, M.P.; Hubbell, J.A. Heparin-binding domain of fibrin(ogen) binds growth factors and promotes tissue repair when incorporated within a synthetic matrix. Proc. Natl. Acad. Sci. USA 2013, 110, 4563–4568. [Google Scholar] [CrossRef]

	



Ding, Z.-Y.; Tan, Y.; Peng, Q.; Zuo, J.; Li, N. Novel applications of platelet concentrates in tissue regeneration (Review). Exp. Ther. Med. 2021, 21, 221. [Google Scholar] [CrossRef]

	



Shyu, S.S.; Fu, E.; Shen, E.C. Clinical and Microcomputed Topography Evaluation of the Concentrated Growth Factors as a Sole Material in a Cystic Bony Defect in Alveolar Bone Followed by Dental Implantation: A Case Report. Implant Dent. 2016, 25, 707–714. [Google Scholar] [CrossRef] [PubMed]

	



Jin, R.; Song, G.; Chai, J.; Gou, X.; Yuan, G.; Chen, Z. Effects of concentrated growth factor on proliferation, migration, and differentiation of human dental pulp stem cells in vitro. J. Tissue Eng. 2018, 9, 2041731418817505. [Google Scholar] [CrossRef]

	



Pirpir, C.; Yilmaz, O.; Candirli, C.; Balaban, E. Evaluation of effectiveness of concentrated growth factor on osseointegration. Int. J. Implant Dent. 2017, 3, 7. [Google Scholar] [CrossRef] [PubMed]

	



Rochira, A.; Siculella, L.; Damiano, F.; Palermo, A.; Ferrante, F.; Carluccio, M.A.; Calabriso, N.; Giannotti, L.; Stanca, E. Concentrated Growth Factors (CGF) Induce Osteogenic Differentiation in Human Bone Marrow Stem Cells. Biology 2020, 9, 370. [Google Scholar] [CrossRef]

	



Zhang, L.; Ai, H. Concentrated growth factor promotes proliferation, osteogenic differentiation, and angiogenic potential of rabbit periosteum-derived cells in vitro. J. Orthop. Surg. Res. 2019, 14, 146. [Google Scholar] [CrossRef] [PubMed]

	



Palermo, A.; Ferrante, F.; Stanca, E.; Damiano, F.; Gnoni, A.; Batani, T.; Carluccio, M.A.; Demitri, C.; Siculella, L. Release of VEGF from Dental Implant Surface (IML® Implant) Coated with Concentrated Growth Factors (CGF) and the Liquid Phase of CGF (LPCGF): In Vitro Results and Future Expectations. Appl. Sci. 2019, 9, 2114. [Google Scholar] [CrossRef]

	



Scoditti, E.; Calabriso, N.; Massaro, M.; Pellegrino, M.; Storelli, C.; Martines, G.; De Caterina, R.; Carluccio, M.A. Mediterranean diet polyphenols reduce inflammatory angiogenesis through MMP-9 and COX-2 inhibition in human vascular endothelial cells: A potentially protective mechanism in atherosclerotic vascular disease and cancer. Arch. Biochem. Biophys. 2012, 527, 81–89. [Google Scholar] [CrossRef] [PubMed]

	



Calabriso, N.; Gnoni, A.; Stanca, E.; Cavallo, A.; Damiano, F.; Siculella, L.; Carluccio, M.A. Hydroxytyrosol Ameliorates Endothelial Function under Inflammatory Conditions by Preventing Mitochondrial Dysfunction. Oxid. Med. Cell Longev. 2018, 2018, 9086947. [Google Scholar] [CrossRef]

	



Calabriso, N.; Massaro, M.; Scoditti, E.; D’Amore, S.; Gnoni, A.; Pellegrino, M.; Storelli, C.; De Caterina, R.; Palasciano, G.; Carluccio, M.A. Extra virgin olive oil rich in polyphenols modulates VEGF-induced angiogenic responses by preventing NADPH oxidase activity and expression. J. Nutr. Biochem. 2016, 28, 19–29. [Google Scholar] [CrossRef]

	



Honda, H.; Tamai, N.; Naka, N.; Yoshikawa, H.; Myoui, A. Bone tissue engineering with bone marrow-derived stromal cells integrated with concentrated growth factor in Rattus norvegicus calvaria defect model. J. Artif. Organs 2013, 16, 305–315. [Google Scholar] [CrossRef]

	



Wang, F.; Sun, Y.; He, D.; Wang, L. Effect of Concentrated Growth Factors on the Repair of the Goat Temporomandibular Joint. J. Oral Maxillofac. Surg. 2017, 75, 498–507. [Google Scholar] [CrossRef]

	



Ziegler, M.E.; Hatch, M.M.S.; Wu, N.; Muawad, S.A.; Hughes, C.C.W. mTORC2 mediates CXCL12-induced angiogenesis. Angiogenesis 2016, 19, 359–371. [Google Scholar] [CrossRef] [PubMed]

	



Walter, D.H.; Haendeler, J.; Reinhold, J.; Rochwalsky, U.; Seeger, F.; Honold, J.; Hoffmann, J.; Urbich, C.; Lehmann, R.; Arenzana-Seisdesdos, F.; et al. Impaired CXCR4 signaling contributes to the reduced neovascularization capacity of endothelial progenitor cells from patients with coronary artery disease. Circ. Res. 2005, 97, 1142–1151. [Google Scholar] [CrossRef] [PubMed]

	



Zou, Y.-R.; Kottmann, A.H.; Kuroda, M.; Taniuchi, I.; Littman, D.R. Function of the chemokine receptor CXCR4 in haematopoiesis and in cerebellar development. Nat. Cell Biol. 1998, 393, 595–599. [Google Scholar] [CrossRef] [PubMed]

	



Everts, P.A.; Knape, J.T.; Weibrich, G.; Schönberger, J.P.; Hoffmann, J.; Overdevest, E.P.; Box, H.A.; Van Zundert, A. Platelet-Rich Plasma and Platelet Gel: A Review. J. Extra-Corpor. Technol. 2006, 38, 174–187. [Google Scholar] [PubMed]

	



Foster, T.E.; Puskas, B.L.; Mandelbaum, B.R.; Gerhardt, M.B.; Rodeo, S.A. Platelet-rich plasma: From basic science to clinical applications. Am. J. Sports Med. 2009, 37, 2259–2272. [Google Scholar] [CrossRef] [PubMed]

	



Kurita, J.; Miyamoto, M.; Ishii, Y.; Aoyama, J.; Takagi, G.; Naito, Z.; Tabata, Y.; Ochi, M.; Shimizu, K. Enhanced Vascularization by Controlled Release of Platelet-Rich Plasma Impregnated in Biodegradable Gelatin Hydrogel. Ann. Thorac. Surg. 2011, 92, 837–844. [Google Scholar] [CrossRef]

	



Kang, Y.H.; Jeon, S.H.; Park, J.Y.; Chung, J.H.; Choung, Y.H.; Choung, H.W.; Kim, E.S.; Choung, P.H. Platelet-rich fibrin is a Bioscaffold and reservoir of growth factors for tissue regeneration. Tissue Eng. Part A 2011, 17, 349–359. [Google Scholar] [CrossRef]

	



Sánchez-González, D.J.; Méndez-Bolaina, E.; Trejo-Bahena, N.I. Platelet-Rich Plasma Peptides: Key for Regeneration. Int. J. Pept. 2012, 2012, 532519. [Google Scholar] [CrossRef] [PubMed]

	



Isobe, K.; Watanebe, T.; Kawabata, H.; Kitamura, Y.; Kawase, T. Mechanical and degradation properties of advanced platelet-rich fibrin (APRF), concentrated growth factors (CGF), and platelet-poor plasma-derived fibrin (PPTF). Int. J. Implant Dent. 2017, 3, 17. [Google Scholar] [CrossRef] [PubMed]

	



Yu, M.; Wang, X.; Liu, Y.; Qiao, J. Cytokine release kinetics of concentrated growth factors in different scaffolds. Clin. Oral Investig. 2018, 23, 1663–1671. [Google Scholar] [CrossRef]

	



Lei, L.; Yu, Y.; Han, J.; Shi, D.; Sun, W.; Zhang, D.; Chen, L. Quantification of growth factors in advanced platelet-rich fibrin and concentrated growth factors and their clinical efficacy as adjunctive to the GTR procedure in periodontal intrabony defects. J. Periodontol. 2020, 91, 462–472. [Google Scholar] [CrossRef]

	



Chen, J.; Jiang, H. A Comprehensive Review of Concentrated Growth Factors and Their Novel Applications in Facial Reconstructive and Regenerative Medicine. Aesthetic Plast. Surg. 2020, 44, 1047–1057. [Google Scholar] [CrossRef]

	



Wang, L.; Wan, M.; Li, Z.; Zhong, N.; Liang, D.; Ge, L. A comparative study of the effects of concentrated growth factors in two different forms on osteogenesis in vitro. Mol. Med. Rep. 2019, 20, 1039–1048. [Google Scholar] [CrossRef]

	



Borsani, E.; Bonazza, V.; Buffoli, B.; Cocchi, M.A.; Castrezzati, S.; Scarì, G.; Baldi, F.; Pandini, S.; Licenziati, S.; Parolini, S.; et al. Biological Characterization and In Vitro Effects of Human Concentrated Growth Factor Preparation: An Innovative Approach to Tissue Regeneration. Biol. Med. 2015, 7, 256. [Google Scholar] [CrossRef]

	



Qin, J.; Wang, L.; Zheng, L.; Zhou, X.; Zhang, Y.; Yang, T.; Zhou, Y. Concentrated growth factor promotes Schwann cell migration partly through the integrin beta1-mediated activation of the focal adhesion kinase pathway. Int. J. Mol. Med. 2016, 37, 1363–1370. [Google Scholar] [CrossRef]

	



Hong, S.; Li, L.; Cai, W.; Jiang, B. The potential application of concentrated growth factor in regenerative endodontics. Int. Endod. J. 2019, 52, 646–655. [Google Scholar] [CrossRef]

	



Bonazza, V.; Hajistilly, C.; Patel, D.; Patel, J.; Woo, R.; Cocchi, M.A.; Buffoli, B.; Lancini, D.; Gheno, E.; Rezzani, R.; et al. Growth Factors Release From Concentrated Growth Factors: Effect of β-Tricalcium Phosphate Addition. J. Craniofacial Surg. 2018, 29, 2291–2295. [Google Scholar] [CrossRef] [PubMed]

	



Mott, J.D.; Werb, Z. Regulation of matrix biology by matrix metalloproteinases. Curr. Opin. Cell Biol. 2004, 16, 558–564. [Google Scholar] [CrossRef]

	



Park, H.-B.; Yang, J.-H.; Chung, K.-H. Characterization of the cytokine profile of platelet rich plasma (PRP) and PRP-induced cell proliferation and migration: Upregulation of matrix metalloproteinase-1 and -9 in HaCaT cells. Korean J. Hematol. 2011, 46, 265–273. [Google Scholar] [CrossRef] [PubMed]

	



Pifer, M.A.; Maerz, T.; Baker, K.C.; Anderson, K. Matrix metalloproteinase content and activity in low-platelet, low-leukocyte and high-platelet, high-leukocyte platelet rich plasma (PRP) and the biologic response to PRP by human ligament fibroblasts. Am. J. Sports Med. 2014, 42, 1211–1218. [Google Scholar] [CrossRef]

	



Sundman, E.A.; Cole, B.J.; Fortier, L.A. Growth factor and catabolic cytokine concentrations are influenced by the cellular composition of platelet-rich plasma. Am. J. Sports Med. 2011, 39, 2135–2140. [Google Scholar] [CrossRef]

	



Jun, H.; Lei, D.; Qifang, Y.; Yuan, X.; Deqin, Y. Effects of concentrated growth factors on the angiogenic properties of dental pulp cells and endothelial cells: An in vitro study. Braz. Oral Res. 2018, 32, e48. [Google Scholar] [CrossRef]

	



Dohan, D.M.; Choukroun, J.; Diss, A.; Dohan, S.L.; Dohan, A.J.; Ouhyi, J.; Gogly, B. Platelet-rich fibrin (PRF): A second-generation platelet concentrate. Part II: Platelet-related biologic features. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodontol. 2006, 101, e45–e50. [Google Scholar] [CrossRef] [PubMed]

	



Dohan, D.M.; Choukroun, J.; Diss, A.; Dohan, S.L.; Dohan, A.J.; Mouhyi, J.; Gogly, B. Platelet-rich fibrin (PRF): A second-generation platelet concentrate. Part I: Technological concepts and evolution. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodontol. 2006, 101, e37–e44. [Google Scholar] [CrossRef]

	



Agis, H.; Stampfl, B.; Watzek, G.; Gruber, R. Activated platelets increase proliferation and protein synthesis of human dental pulpderived cells. Int. Endod. J. 2010, 43, 115–124. [Google Scholar] [CrossRef] [PubMed]

	



Gassling, V.L.; Ac¸il, Y.; Springer, I.N.; Hubert, N.; Wiltfang, J. Platelet-rich plasma and platelet-rich fibrin in human cell culture. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodontol. 2010, 108, 48–55. [Google Scholar] [CrossRef]

	



Greiling, D.; A Clark, R. Fibronectin provides a conduit for fibroblast transmigration from collagenous stroma into fibrin clot provisional matrix. J. Cell Sci. 1997, 110, 861–870. [Google Scholar] [CrossRef]

	



Shyu, K.-G. Enhancement of new vessel formation by Angiopoietin-2/Tie2 signaling in endothelial progenitor cells: A new hope for future therapy? Cardiovasc. Res. 2006, 72, 359–360. [Google Scholar] [CrossRef]

	



Gill, K.A.; Brindle, N.P. Angiopoietin-2 stimulates migration of endothelial progenitors and their interaction with endothelium. Biochem. Biophys. Res. Commun. 2005, 336, 392–396. [Google Scholar] [CrossRef]

	



Xie, H.; Cui, Z.; Wang, L.; Xia, Z.; Hu, Y.; Xian, L.; Li, C.; Xie, L.; Crane, J.; Wan, M.; et al. PDGF-BB secreted by preosteoclasts induces angiogenesis during coupling with osteogenesis. Nat. Med. 2014, 20, 1270–1278. [Google Scholar] [CrossRef] [PubMed]

	



Asahara, T.; Murohara, T.; Sullivan, A.; Silver, M.; van der Zee, R.; Li, T.; Witzenbichler, B.; Schatteman, G.; Isner, J.M. Isolation of putative progenitor endothelial cells for angiogenesis. Science 1997, 275, 964–967. [Google Scholar] [CrossRef]

	



Jujo, K.; Hamada, H.; Iwakura, A.; Thorne, T.; Sekiguchi, H.; Clarke, T.; Ito, A.; Misener, S.; Tanaka, T.; Klyachko, E.; et al. CXCR4 blockade augments bone marrow progenitor cell recruitment to the neovasculature and reduces mortality after myocardial infarction. Proc. Natl. Acad. Sci. USA 2010, 107, 11008–11013. [Google Scholar] [CrossRef] [PubMed]

	



Cun, Y.; Diao, B.; Zhang, Z.; Wang, G.; Yu, J.; Ma, L.; Rao, Z. Role of the stromal cell derived factor-1 in the biological functions of endothelial progenitor cells and its underlying mechanisms. Exp. Ther. Med. 2020, 21, 39. [Google Scholar] [CrossRef]

	



Yamaguchi, J.-I.; Kusano, K.F.; Masuo, O.; Kawamoto, A.; Silver, M.; Murasawa, S.; Bosch-Marce, M.; Masuda, H.; Losordo, D.W.; Isner, J.M.; et al. Stromal Cell–Derived Factor-1 Effects on Ex Vivo Expanded Endothelial Progenitor Cell Recruitment for Ischemic Neovascularization. Circulation 2003, 107, 1322–1328. [Google Scholar] [CrossRef] [PubMed]

	



Salcedo, R.; Oppenheim, J.J. Role of chemokines in angiogenesis: CXCL12/SDF-1 and CXCR4 interaction, a key regulator of endothelial cell responses. Microcirculation 2003, 10, 359–370. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 13 00635 g001 550] 





Figure 1. Experimental design. 
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Figure 2. CGFs promote endothelial cell migration and tube formation. A scratch wound was performed on endothelial monolayers of HMEC-1 that were stimulated with CGF-CM (1%, 5%, 10% or 20%) for 16 h (A). Cell migration was quantified and monitored under phase-contrast microscopy (C). HMEC-1 cells were plated onto a three-dimensional collagen gel (Matrigel) surface and then stimulated with CGF-CM (1%, 5%, 10%, or 20%) or VEGF (10 ng/mL) for 16 h (B,D). Tube formation was monitored under phase-contrast microscopy, photographed, and analyzed. Images are representative of cell migration (A) and capillary-like tube formation (×100 magnification) (B). Data are representative of three independent experiments, expressed as means ± SD, and presented as percentage of wound closure (C) and branch points per field (D). Each experiment consisted of four replicates for each condition. * p < 0.05 and ** p < 0.01 vs. control (CTR). 
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Figure 3. CGFs induce the expression and release of VEGF and matrix metalloproteinases in endothelial cells. HUVECs were incubated with CGF-CM (10%) or culture medium (CTR) for 4 h and mRNA levels of VEGF. (A) MMP-9 and MMP-2 (C) were analyzed by qRT-PCR and expressed as fold over unstimulated control (CTR) (mean ± SD). HUVECs were incubated with CGF-CM (10%) or culture medium (CTR) for 4 h, and then culture media were removed and replaced with fresh media for 48 h. Media were collected, and VEGF (B), MMP-9, and MMP-2 (D) concentrations were analyzed by ELISA. Data are representative of three independent experiments, expressed as means ± SD. Each experiment consisted of four replicates for each condition. * p < 0.05 and ** p < 0.01 vs. control (CTR). 
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Figure 4. CGFs enhance the expression of pro-angiogenic factors in endothelial cells. HUVECs were incubated with CGF-CM (10%) or culture medium (CTR) for 4 hm and mRNA levels of Ang-1, Ang-2, PDGF-B, FGF-2, TGF-β1, and BMP-2 were analyzed by qRT-PCR and expressed as fold over unstimulated control (CTR) (mean ± SD). Each experiment consisted of four replicates for each condition. * p < 0.05 vs. CTR. 
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Figure 5. CGF-derived cell characterization and expression of pro-angiogenic factors. Cells were released by CGF clot and cultured in M199 medium (A). CGF cell morphological characterization was determined by hematoxylin–eosin staining (B). RNA was extracted from CGF-derived cells, and levels of pro-angiogenic factor expression were analyzed by qRT-PCR. GAPDH was considered a housekeeping gene. The expression level of genes is referred to with BMP-2 (=1) as the lesser expressed gene (C). Data are representative of three independent experiments. 
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Figure 6. CGF-derived cells express hematopoietic stem cells and endothelial markers and participate in endothelial angiogenesis. Immunostaining analysis was performed for CD34, VE-cadherin, VEGFR-2 and eNOS (A), and negative controls for anti-mouse (NC1), and anti-rabbit (NC2) IgG antibodies were reported. RNA was extracted from CGF-derived cells, and the expression of hematopoietic stem cell (CD133 and CD34) and endothelial cell (CD31, VE-cadherin, VEGFR-2 and eNOS) markers was analyzed by qRT-PCR. GAPDH was considered a housekeeping gene. The expression level of genes is referred with CD133 (=1) as the lesser expressed gene (B). CGF-derived cells were loaded with DilC18 and plated with endothelial cells onto a Matrigel surface for 16 h. Tube formation was monitored and photographed. Images are representative of capillary-like tube formation under light microscopy on the left and fluorescence microscopy on the right (×100 magnification) (C). Green and yellow arrows indicate HUVEC and CGF-derived cells, respectively (C). Each experiment consisted of four replicates for each condition. 
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Figure 7. CXCL-12 and CXCR-4 expression in CGF-derived cells and CGF-CM-treated endothelial cells. mRNA was extracted from CGF-derived cells and CGF-CM (10%)-treated HUVECs for 4 h, and the expression levels of CXCL-12 and CXCR-4 were analyzed by qRT-PCR and expressed as fold over unstimulated HUVEC control (mean ± SD). Each experiment consisted of four replicates for each condition. * p < 0.05 and ** p < 0.01 vs. HUVEC control. 
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Table 1. Oligonucleotides used for quantitative real-time PCR analysis.
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	Gene Name
	Accession Number
	Forward Primer
	Reverse Primer
	Size (bp)





	VEGF
	NM_001171626.1
	5′-GACACACCCACCCACATACA-3′
	5′-TCTCCTCCTCTTCCCTGTCA-3′
	215



	TGF-β1
	NM_000660.7
	5′-CACGTGGAGCTGTACCAGAA-3′
	5′-GAACCCGTTGATGTCCACTT-3′
	219



	BMP-2
	NM_001200.4
	5′-AGACCTGTATCGCAGGCACT-3′
	5′-CCTCCGTGGGGATAGAACTT-3′
	188



	MMP-9
	NM_004994.2
	5′-AAAGCCTATTTCTGCCAGGAC-3′
	5′-GTGGGGATTTACATGGCACT-3′
	157



	MMP-2
	NM_004530.4
	5′-CACTTTCCTGGGCAACAAAT-3′
	5′-TGATGTCATCCTGGGACAGA-3′
	257



	Ang-1
	NM_001146.5
	5′-GAAGGGAACCGAGCCTATTC-3′
	5′-GCTCTGTTTTCCTGCTGTCC-3′
	108



	Ang-2
	NM_001147.3
	5′-GGGAAGGGAATGAGGCTTAC-3′
	5′-AAGTTGGAAGGACCACATGC-3′
	232



	PDGF-B
	NM_033016.3
	5′-TTGTGCGGAAGAAGCCAATC-3′
	5′-CTCCTTCAGTGCCGTCTTGT-3′
	239



	FGF-2
	NM_002006.5
	5′-AGAGCGACCCTCACATCAAG-3′
	5′-TCGTTTCAGTGCCACATACC-3′
	224



	VEGFR-2
	NM_002253.2
	5′-AGCGATGGCCTCTTCTGTAA-3′
	5′-ACACGACTCCATGTTGGTCA-3′
	172



	eNOS
	NM_000603.4
	5′-ACCCTCACCGCTACAACATC-3′
	5′-GCTCATTCTCCAGGTGCTTC-3′
	198



	VE-cadherin
	NM_001795.3
	5′-CCTACCAGCCCAAAGTGTGT-3′
	5′-GACTTGGCATCCCATTGTCT-3′
	249



	CD31
	NM_000442.5
	5′-ATGATGCCCAGTTTGAGGTC-3′
	5′-ACGTCTTCAGTGGGGTTGTC-3′
	172



	CD34
	M81104.1
	5′-CAATGAGGCCACAACAAACA-3′
	5′-GTGACTGGACAGAAGAGTTT-3′
	101



	CD133
	NM_001145847.2
	5′-CAGTCTGACCAGCGTGAAAA-3′
	5′-GGATTGATAGCCCTGTTGGA-3′
	223



	CXCL-12
	NM_199168.4
	5′-TCAGCCTGAGCTACAGATGC-3′
	5′-CTTTAGCTTCGGGTCAATGC-3′
	161



	CXCR-4
	NM_001348059.2
	5′-GGTGGTCTATGTTGGCGTCT-3′
	5′-TGGAGTGTGACAGCTTGGAG-3′
	227



	GAPDH
	NM_002046.3
	5′-ATCACTGCCACCCAGAAGAC-3′
	5′-TTCTAGACGGCAGGTCAGGT-3′
	210
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Table 2. Angiogenic factors released by CGFs.
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	Angiogenic Factors 1
	(ng/mL)





	VEGF
	1.1 ± 0.1



	TGF-β1
	18.3 ± 1.2



	BMP-2
	0.01 ± 0.003



	MMP-2
	136.6 ± 25.5



	MMP-9
	490.7 ± 59.7







1 Angiogenic factors were analyzed by ELISA in CGF-CM obtained by incubating CGFs in M199 medium for 14 days.
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Table 3. Angiogenic factors released by CGF-derived cells.






Table 3. Angiogenic factors released by CGF-derived cells.





	Angiogenic Factors 1
	(ng/mL)





	VEGF
	0.021 ± 0.007



	TGF-β1
	1.5 ± 0.4



	MMP-2
	16.7 ± 3.7



	MMP-9
	109.6 ± 13.8







1 Angiogenic factors were analyzed by ELISA in the supernatant of CGF-derived cells after 48 h of incubation.
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