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Abstract

:

Vasculogenic properties of bone marrow-derived mesenchymal stem cells (MSCs) have been reported, but it is still unclear whether the vasculogenic properties are restricted to some populations of MSCs or whether the entire population of MSCs has these properties. We cultured two different populations of MSCs in different culture media and their vasculogenic properties were evaluated using In vitro spheroid sprouting assay. Neither population of MSCs expressed markers of endothelial progenitor cells (EPCs), but they were different in the profiling of angiogenic factor expression as well as vasculogenic properties. One population of MSCs expressed basic fibroblast growth factor (bFGF) and another expressed hepatocyte growth factor (HGF). MSCs expressing HGF exhibited In vitro angiogenic sprouting capacity in response to bFGF derived from other MSCs as well as to their autocrine HGF. The vasculogenic mesenchymal stem cells (vMSCs) derived from the bone marrow also enhanced In vitro angiogenic sprouting capacity of human umbilical vein endothelial cells (HUVECs) in an HGF-dependent manner. These results suggest that MSCs exhibit different vasculogenic properties, and vMSCs that are different from EPCs may contribute to neovascularization and could be a promising cellular therapy for cardiovascular diseases.
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1. Introduction


Endothelial progenitor cells (EPCs) were first identified from mononuclear cells, expressing CD34, in peripheral blood and were shown to contribute to the formation of new blood vessels in an animal model of hind limb ischemia [1]. Subsequently, two different types of EPCs were identified upon In vitro culture of peripheral blood mononuclear cells [2,3,4,5]. EPCs that developed colonies consisting of spindle-shaped cells early in culture (4–7 days) expressed CD34 and CD133. They showed limited proliferative capacity and started to disappear after culturing for 4–6 weeks. Another type of EPCs, late EPCs, were also identified after prolonged culturing with vascular endothelial growth factor (VEGF). After 2–3 weeks of culturing, these cells developed colonies with cobblestone appearance and were able to proliferate up to 8 weeks after culturing. Late EPCs express CD34 and are derived from mononuclear cells mobilized from the bone marrow [4,6]. In addition to peripheral blood mononuclear cells, EPCs were cultured from mononuclear cells purified from the bone marrow [7,8,9]. Multipotent non-endothelial stromal cells expressing neither CD34 nor VE-cadherin were identified from postnatal bone marrow. They first differentiated into cells expressing CD34 and VE-cadherin In vitro, in response to VEGF treatment, and eventually differentiated into endothelial cells and were called EPCs [8]. Although cell surface markers have not yet been identified for detecting EPCs and determining their origin, interest in the therapeutic effects of EPCs in cardiovascular disease has been growing.



EPCs are known to contribute to increased neovascularization through vasculogenesis and angiogenesis [10]. Transplantation of EPCs enhanced neovascular formation in ischemic tissues of adult animals following their incorporation into blood vessels and their differentiation into mature endothelial cells [1,10,11,12]. Several studies have suggested that EPC-initiated angiogenesis is a major contributor to neovascularization [10,13,14]. EPCs mediate angiogenesis by secreting paracrine factors, including proangiogenic cytokines and growth factors such as VEGF, stromal cell-derived factor 1 (SDF-1), and hepatocyte growth factor (HGF) [10,15]. EPCs enhance the survival of mature endothelial cells, undergoing oxidative stress, by providing paracrine factors such as VEGF and HGF to these cells [16]. EPCs also increase the migration of endothelial cells and mesenchymal stem cells (MSCs) by secreting SDF-1 [15].



Mesenchymal stem cells derived from human bone marrow are a rare population of stromal cells that have multipotent capacity and self-renewing potential. MSCs are also known to contribute to vascularization [17,18,19,20]. MSCs function as perivascular cells in vivo [18,19]. In vitro, MSCs differentiate into endothelial cells [17] and form capillary tube-like structures [20]. However, it remains unclear whether the vasculogenic capacity is heterogeneous in MSC populations.



Several studies have suggested that the interaction between EPCs and MSCs contribute to promoting the proliferation of each other and neovascularization through paracrine factors as well as through direct adhesion [21,22,23,24]. MSCs adhere to capillary-like tubes formed by EPCs under In vitro angiogenic experimental conditions, and their self-renewal capacity is enhanced by EPCs [21]. MSCs increase EPCs proliferation by secreting insulin-like growth factor-1 [22] and reverse the senescent phenotype of EPCs In vitro [23]. MSCs induce the differentiation of EPCs into endothelial cells by secreting VEGF [24]. However, the precise mechanism underlying these interactions remains unclear.



In this study, we examined whether the vasculogenic capacity is heterogeneous in MSC populations and also investigated whether the different types of MSCs functionally interact to enhance vasculogenesis. Two different types of MSCs were cultured from human bone marrow mononuclear cells under different culture conditions. One population of MSCs was cultured using a general culture medium developed for culturing MSCs. Another population of MSCs was cultured using endothelial cell culture medium containing VEGF without any cell sorting process. Since this population of MSCs showed angiogenic sprouting capacity in response to basic fibroblast growth factor (bFGF), one of the important angiogenic factors, in contrast to the first population of MSCs, these cells were named vasculogenic MSCs (vMSCs) in the current study. Neither MSCs nor vMSCs expressed the markers (CD34, CD133, and VE-cadherin) of EPCs that have been identified by other studies. We demonstrated that MSCs increased the angiogenic sprouting capacity of vMSCs via bFGF. Furthermore, vMSCs increased the angiogenic sprouting of human umbilical vein endothelial cells (HUVECs) by secreting hepatocyte growth factor (HGF), a paracrine factor. These results suggest that MSCs exhibit different vasculogenic properties and that vMSCs may contribute to vasculogenesis via their sprouting capacity in response to both bFGF and HGF. In addition, they increase angiogenesis via the paracrine effects of HGF in mature endothelial cells.




2. Results


2.1. Increase in Angiogenic Sprouting Capacity of vMSCs in Response to bFGF and HGF


MSCs and vMSCs expressed CD29, CD90, CD73, and CD105 that are the surface markers of MSCs [25,26], but they did not express CD34 and CD133, both of which have been known to be surface markers of EPCs [1,2] (Figure 1A). VE-cadherin, a marker of mature endothelial cells, was not expressed in either MSCs or vMSCs (Figure 1A). Both HGF and bFGF have been demonstrated to be positively involved in angiogenesis and are secreted by mesenchymal cells [27,28]. vMSCs expressed higher levels of HGF than MSCs; however, MSCs expressed higher levels of bFGF than vMSCs (Figure 1A). These results suggest that MSCs and vMSCs are different cell populations, although they were cultured from bone marrow mononuclear cells and showed similar surface marker expression pattern. Then, we examined In vitro angiogenic capacity of MSCs and vMSCs in response to angiogenic factors by performing In vitro spheroid sprouting assay using spheroids of MSCs and vMSCs. MSC spheroids and vMSC spheroids did not show difference in angiogenic sprouting ability in the absence of stimulation by angiogenic factors (Figure 1B–E). MSCs and vMSCs did not respond to VEGF, which is the most important angiogenic factor (Figure 1B–E). These results were consistent with the observation that MSCs and vMSCs did not express VEGF receptor (Figure 1F). Next, the effect of bFGF on angiogenic sprouting of MSCs and vMSCs was investigated. vMSC spheroids increased angiogenic sprouting ability in response to bFGF, which was expressed in MSCs, but MSC spheroids did not increase angiogenic sprouting (Figure 1B–E). Extracellular signal-regulated kinases (ERKs) are major signal transducers of both bFGF and VEGF, and ERKs are phosphorylated upon activation of their receptors [29]. ERK phosphorylation was increased in vMSCs treated with bFGF, but not in those treated with VEGF (Figure 1G,H). PD173074, an inhibitor of bFGF receptor [30] impaired bFGF-mediated increase in angiogenic sprouting ability of vMSCs as well as ERK phosphorylation in vMSCs treated with bFGF (Figure 1I–K).



It has been shown that HGF protected EPCs from senescence and enhanced proangiogenic property of EPCs [31]. The In vitro angiogenic sprouting capacity of vMSCs increased in response to HGF treatment (Figure 2A,B). HGF phosphorylates c-Met, HGF receptor and several intracellular proteins, including ERKs to intrinsically transduce its signal. The HGF neutralizing antibody impaired HGF-induced increase in the sprouting capacity of vMSCs (Figure 2C,D) as well as HGF-induced phosphorylation of c-Met and ERK in vMSCs (Figure 2E).




2.2. Increase in Angiogenic Sprouting Capacity of vMSCs in Response to Paracrine Activity of vMSCs and MSCs


Interactions between MSCs and EPCs play important roles in their proangiogenic function, and the paracrine activity of MSCs and EPCs may be essential for their angiogenic capacity. We examined whether MSCs can regulate the sprouting capacity of vMSCs by providing paracrine factors, including bFGF, expressed by MSCs and whether vMSCs are able to control their own sprouting capacity by secreting angiogenic factors such as HGF. We performed In vitro spheroid sprouting assay using vMSC spheroids by co-culturing them with MSCs or vMSCs (Figure 3A). Both MSCs and vMSCs enhanced the sprouting capacity of vMSC spheroids in contrast to dermal fibroblasts (hDF), used as the control (Figure 3B,C). PD173074 and HGF neutralizing antibody impaired MSCs-induced increase in the sprouting capacity of vMSCs (Figure 3D–I).




2.3. Increase in Angiogenic Sprouting Capacity of HUVECs in Response to vMSCs-Derived HGF


It has been suggested that EPCs provide proangiogenic benefits to mature endothelial cells [21,22,23,24]. We examined the proangiogenic effects of vMSCs on HUVECs. vMSCs increased the In vitro sprouting capacity of HUVECs similar to VEGF-induced increase in the sprouting capacity of HUVECs, In vitro. However, MSCs showed a slightly higher increase. (Figure 4A–D). Next, we investigated the mechanisms by which vMSCs enhanced the angiogenic sprouting of HUVECs. In contrast to MSCs, vMSCs expressed HGF (Figure 1A), and it has been reported that HGF contributes to increased angiogenesis and survival of HUVECs [32]. HGF increased the phosphorylation of both c-Met and ERKs in HUVECs, and HGF neutralizing antibody impaired their phosphorylation induced by HGF (Figure 4F). Moreover, HGF neutralizing antibody inhibited vMSC-induced increase in the sprouting capacity of HUVECs (Figure 4G–I).





3. Discussion


vMSCs cultured in endothelial cell culture medium supplemented with VEGF showed increased In vitro angiogenic sprouting in response to bone marrow MSCs-derived essential angiogenic growth factor, bFGF, as well as in response to their own paracrine factor, HGF. Moreover, vMSCs enhanced In vitro angiogenic sprouting of HUVECs in an HGF-dependent manner.



Both vMSCs and MSCs were derived from bone marrow mononuclear cells and showed common characteristics such as negative expression of CD34, CD133, and VE-cadherin. Both types of cells did not enhance their own In vitro angiogenic sprouting capacity in response to the most potent angiogenic factor, VEGF. However, they differ in several characteristics related to neovascularization. vMSCs were able to increase In vitro angiogenic sprouting capacity in response to bFGF, but MSCs could not. In vitro angiogenic sprouting of HUVEC spheroids significantly increased in response to vMSCs but not in response to MSCs. Moreover, vMSCs expressed HGF mRNA but not bFGF mRNA. However, the expression of HGF and bFGF in MSCs was the opposite of that in vMSCs. These results suggest that bone marrow vMSCs are different from MSCs derived from the bone marrow. Unfortunately, no markers have been identified for detecting vMSCs. Therefore, further experiments are required to identify markers that can be used to distinguish vMSCs from MSCs and detect vMSCs.



The current study suggests that there may be different types of mesenchymal stem cells in adult bone marrow. Various essential roles of mesenchymal stem cells in regeneration have been demonstrated, although they are a rare cell population in the bone marrow [33]. They have been differentiated under In vitro culture conditions into adipocytes, osteoblasts, and chondrocytes [33]. These cells secrete anti-inflammatory cytokines and immunomodulatory paracrine factors [34]. It also has been shown that MSCs play important roles in neovascularization. MSCs regulate angiogenesis and vasculogenesis through providing proangiogenic paracrine factors to existing mature endothelial cells as well as to EPCs [35]. MSCs directly differentiate into various vascular cells such as endothelial cells, pericytes, and smooth muscle cells [17,35,36]. These results suggest that mesenchymal stem cells of adult bone marrow may be heterogeneous in their vascular regeneration capacity. The current study suggested that two different types of the bone marrow-derived mesenchymal stem cells, vMSCs and MSCs may differently contribute to vasculogenesis. However, it remains unclear whether the heterogeneous characteristics of mesenchymal stem cells derived from the bone marrow originate from clonal diversity or are regulated by extracellular extrinsic factors. It would be interesting and important to examine whether vMSCs and MSCs may reversibly interchange.



EPCs have been shown to contribute to neovascularization of ischemic tissues and regeneration of injured blood vessels. Therefore, cell therapy using EPCs is a promising strategy for cardiovascular regeneration. EPCs have been isolated from various sources, including peripheral blood and bone marrow. However, the identification and culture conditions of EPCs are still out of consensus. The problems associated with EPCs make them difficult to be used in clinical trials. The current study suggests that vMSCs may be a potential source for future cell-based vascular therapies, although vMSCs differ from EPCs. Further experiments are required to prove the possibility that vMSCs may be used for cardiovascular regeneration instead of EPCs, which still has problems that need to be solved for use in clinical trials.




4. Materials and Methods


4.1. Cell Culture


Human bone marrow mononuclear cells (BM-MNCs) from healthy adult donors aged between 27 and 39 years were purchased from LONZA (Basel, Switzerland). BM-MNCs were thawed and resuspended using the StemMACS MSC Expansion media kit XF (Miltenyi Biotec, Bergisch Gladbach, Germany). After centrifugation at 430× g for 10 min at 25°C, the cells were seeded at a density of 1.3 × 105 cells/cm2 in a culture flask coated with humatein (100 μg/mL, ROKIT healthcare, Seoul, Republic of Korea) and maintained using fetal bovine serum (FBS)-depleted EGM-2 bulletkit medium (Lonza; Basel, Switzerland) supplemented with 2% human platelet lysate (PL bioscience GmbH, Germany) and 1 KU heparin (Sigma-Aldrich, St. Louis, MO, USA) to obtain vMSCs. The culture medium was changed every day for 7 days, and the cells were maintained for further 2 to 4 days. To culture MSCs, BM-MNCs were seeded at a density of 4 × 104 cells/cm2 using the StemMACS MSC Expansion media kit XF [37,38], and the medium was changed the next day. The cells were maintained for 9 to 10 days without changing the medium. MSCs and vMSCs at passage 3 were used for all experiments. Human umbilical vein endothelial cells (HUVECs; Lonza) were cultured in culture dishes coated with 2% bovine skin gelatin (Sigma-Aldrich) using the Endothelial Cell Growth Media-Plus bulletkit (EGM-Plus; Lonza) [39]. HUVECs between passages 4 and 8 were used for all experiments. Human dermal fibroblasts (hDF) were obtained from LONZA and maintained in Dulbecco’s modified Eagle medium (DMEM), containing 5.5 mM glucose (GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% FBS (Invitrogen, Waltham, MA, USA) and 1% penicillin and streptomycin (Invitrogen). All the cells were maintained at 37 °C in a humidified incubator containing 5% CO2.




4.2. Real-Time Polymerase Chain Reaction (RT-PCR)


Total RNA was isolated using TRIzol reagent (Invitrogen), and cDNA was synthesized using SuperScript III Reverse Transcriptase (Invitrogen) according to the manufacturer’s protocol. RT-PCR was performed using SYBR Green reagent (Invitrogen) according to standard procedures [40]. Human ribosomal protein S9 (RPS9) was used as the endogenous control. Primer sequences were as follows: CD34 (forward):5′-GAGTTTGCTGCCTTCTGGGTTC-3′, CD34 (reverse):5′-GCAGGCTGGTACTTCCAAGG-3′; CD133 (forward):5′-GCAACAGCGATCAAGGAGAC-3′, CD133 (reverse):5′-CACCAAGCACAGAGGGTCAT-3′; CDH5 (cadherin 5) (forward):5′-CTTCACCCAGACCAAGTACACA-3′, CDH5 (reverse):5′-GGCTCATGTATCGGAGGTCG-3′; HGF (forward):5′-CGGGGTAAAGACCTACAGGA-3′, HGF (reverse):5′-CTGAGGAATGTCACAGACTTCG-3′; FGF2 (forward):5′-CGACCCTCACATCAAGCTAC-3′, FGF2 (reverse):5′-CAGTGCCACATACCAACTGG-3′; KDR (forward):5′-GCTGAAGCTAGGTAAGCCTC-3′, KDR (reverse):5′-CATGAGAGCTCGATGCTCACTG-3′; RPS9 (forward):5′-CTGACGCTTGATGAGAAGGAC-3,’ RPS9 (reverse):5′-CAGCTTCATCTTGCCCTCAT-3′.




4.3. In Vitro Spheroid Sprouting Assay


In vitro spheroid sprouting assay was performed using standard procedures [41]. MSCs and vMSCs were resuspended at a density of 2 × 104 cells/mL in Medium 199 (Sigma-Aldrich) containing 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA) and 0.2% methylcellulose (Sigma-Aldrich), and HUVECs were resuspended at a density of 1.33 × 104 cells/mL. The cell suspension (30 µL) was seeded on the non-adherent lid of a Petri dish and cultured for 24 h to form spheroids. The spheroids were washed with phosphate-buffered saline (PBS) and harvested by centrifugation (200× g for 5 min at 25 °C). MSC and vMSC spheroids were resuspended in Medium 199 supplemented with 0.95% methylcellulose, and HUVEC spheroids were resuspended in Medium 199 supplemented with 20% FBS and 0.95% methylcellulose. Type I collagen solution was prepared on ice as a mixture (8:1:1) of 3 mg/mL type I-A collagen (Nitta Gelatin), 10× Medium 199 (Sigma-Aldrich), and 10× reconstitution buffer (0.05 N NaOH, 0.261 M NaHCO3, and 0.2 M HEPES). The resuspended spheroids were mixed at a ratio of 1:1 on ice with the prepared type I collagen solution and transferred into wells of 24 well plates (0.7 mL/well). After incubating for 30 min to polymerize the gel, 100 μL of Medium 199 was added on top of the gel and further incubated for 24 h or 48 h. To analyze the angiogenic effects of VEGF, bFGF, and HGF on spheroids, they were stimulated with Medium 199 containing 20 ng/mL VEGF165 (Peprotech, Cranbury, NJ, USA), bFGF (R&D Systems, Minneapolis, MN, USA), or HGF (Peprotech). If necessary, the spheroids were pretreated with PD173074 (Tocris, Bristol, UK) or HGF neutralizing antibody (MAB294, R&D Systems) for 3 h prior to treatment with bFGF or HGF, respectively. To examine the effect of MSCs and vMSCs on spheroid sprouting, MSCs or vMSCs were resuspended in Medium 199, and the cell suspension (100 μL) was added on top of the type I collagen gel containing spheroids. The number of sprouts and the length of all sprouts per spheroid (cumulative sprout length) were measured using ImageJ software (NIH, Bethesda, MD, USA).




4.4. Western Blot Analysis


vMSCs cultured in their own culture medium were starved overnight with Medium 199 supplemented with 2% FBS. The vMSCs were then treated with VEGF165, bFGF, or HGF. If required, cells were pretreated with PD173074 for 3 h prior to treatment with bFGF, as well as co-treated with HGF neutralizing antibody and HGF. HUVECs were seeded on culture plates coated with bovine plasma fibronectin (10 μg/mL, Sigma-Aldrich) and cultured in their own culture medium. HUVECs were then starved with Endothelial Cell Basal Medium-Plus (Lonza) supplemented with 1% bovine serum albumin (Sigma-Aldrich). After starvation for 6 h, HUVECs were treated with HGF. If necessary, HUVECs were co-treated with HGF-neutralizing antibody and HGF. The cells were rinsed twice with ice-cold PBS and lysed using 2x SDS buffer (100 mM Tris-HCl, pH 6.8, 20% glycerol, 2% sodium dodecyl sulfate (SDS), 0.001% bromophenol blue, and 10% β-mercaptoethanol) at 25 °C for 5 min. Cell lysates were collected by scraping and denatured by heating at 95 °C for 5 min. Western blotting of proteins in the cell lysate was performed using standard procedures [42]. Primary antibodies against anti-phospho-ERKs (pERKs; 1:3000; Cell Signaling Technology, Danvers, MA, USA), anti-ERKs (1:3000; Cell Signaling Technology), anti-phospho-c-Met (pc-Met; 1:1000; Cell Signaling Technology), anti-c-Met (1:1000; Cell Signaling Technology), and α-tubulin (1:30,000–1:50,000, Sigma-Aldrich) were used for immunoblotting. If necessary, band densities were measured using the ImageJ software (NIH).




4.5. Statistical Analysis


Quantitative data are presented as mean ± standard deviation (SD). Statistical analysis was performed using Student’s t-test using GraphPad version 9.4.0 (GraphPad Software Inc., CA, USA; http://www.graphpad.com). Statistical significance was set at p < 0.05.
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Figure 1. In vitro angiogenic sprouting of vMSCs in response to bFGF. (A) qRT-PCR analysis of mRNA expression of CD34, CD133, VE-cadherin, HGF, and bFGF in vMSCs and MSCs. HUVECs, SH-SY5Y, and U87 cells were used as positive controls that are known to express each gene. ND; not detected. (B–E) Sprouting capacity of vMSC spheroids and MSC spheroids incubated with VEGF (25 ng/mL or 50 ng/mL) and bFGF (25 ng/mL or 50 ng/mL). Representative images are shown in (D,E). (F) qRT-PCR analysis of mRNA expression of VEGFR2 in vMSCs and MSCs. HUVECs were used as positive controls that are known to express VEGFR2. (G,H) Western blot analysis of phosphorylated ERKs (pERKs) and ERKs in vMSCs treated with VEGF (25 ng/mL) and bFGF (25 ng/mL) for 10 min. α-Tubulin was used as an internal control. (H) Densitometric analysis of Western blot results (three independent experiments). (I) Western blot analysis of phosphorylated ERKs (pERKs) and ERKs in vMSCs pretreated with PD173074 (10 nM, 25 nM, or 50 nM) for 3 h followed by treatment with bFGF (25 ng/mL) for 10 min (two independent experiments). α-Tubulin was used as an internal control. (J,K) Sprouting capacity of vMSC spheroids pretreated with PD173074 (10 nM) for 3 h followed by treatment with bFGF (25 ng/mL) for 48 h. Results are presented as the mean ± SD. n.s.; not significant. Scale bar; 100 μm. Uncropped Western blot images are shown in Figure S1. 
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Figure 2. In vitro angiogenic sprouting of vMSCs in response to HGF. (A,B) Sprouting capacity of vMSC spheroids incubated with HGF (10, 20, 50 or 100 ng/mL). Representative images are shown in (B). (C,D) Sprouting capacity of vMSC spheroids treated with HGF (20 ng/mL) and/or HGF neutralizing antibody (anti-HGF Ab, 500 ng/mL) for 48 h. Mouse IgG (IgG, 500 ng/mL) was used as the control. Representative images are shown in (D). (E) Western blot analysis of phosphorylated c-Met (phospho-c-Met), c-Met, phosphorylated ERKs (pERKs), and ERKs in vMSCs treated with HGF (20 ng/mL or 50 ng/mL) and/or HGF neutralizing antibody (anti-HGF Ab, 500 ng/mL) for 5 min. Mouse IgG (IgG, 500 ng/mL) was used as the control. α-Tubulin was used as an internal control. Results are presented as the mean ± SD. n.s.; not significant. Scale bar; 100 μm. Uncropped Western blot images are shown in Figure S2. 
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Figure 3. In vitro angiogenic sprouting of vMSCs in response to paracrine factors derived from vMSCs and MSCs. (A–C) Sprouting capacity of vMSC spheroids co-cultured with vMSCs, MSCs or hDF for 48 h. Schematic representation in (A) and representative images in (C). (D–F) Sprouting capacity of vMSC spheroids pretreated with PD173074 (10 nM) for 3 h followed by co-culture with MSCs for 48 h. Schematic representation in (D) and representative images in (F). (G–I) Sprouting capacity of vMSC spheroids pretreated with vMSCs and/or HGF neutralizing antibody (anti-HGF Ab, 500 ng/mL) for 48 h. Mouse IgG (IgG, 500 ng/mL) was used as the control. Schematic representation in (G) and representative images in (I). Results are presented as the mean ± SD. n.s.; not significant. Scale bar; 100 μm. 
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Figure 4. In vitro angiogenic sprouting of HUVEC spheroids in response to vMSCs-derived HGF. (A–E) Sprouting capacity of HUVEC spheroids co-cultured with vMSCs or MSCs for 48 h. VEGF was used as the positive control that enhances angiogenic sprouting of HUVEC spheroids. Schematic representation in (A) and representative images in (D,E). (F) Western blot analysis of phosphorylated c-Met (phospho-c-Met), c-Met, phosphorylated ERKs (pERKs), and ERKs in HUVECs treated with HGF (20, 50 or 100 ng/mL) and/or HGF neutralizing antibody (anti-HGF Ab, 500 ng/mL) for 5 min. Mouse IgG (IgG, 500 ng/mL) was used as the control. α-Tubulin was used as an internal control. (G–I) Sprouting capacity of HUVEC spheroids co-cultured with vMSCs for 48 h. Cells were treated with HGF neutralizing antibody (anti-HGF Ab) or mouse IgG (IgG) at a concentration of 500 ng/mL. Schematic representation in (G) and representative images in (I). Results are presented as the mean ± SD. n.s.; not significant. Scale bar; 100 μm. Uncropped Western blot images are shown in Figure S3. 
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