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Platelets of Healthy Origins Promote Functional Improvement of Atherosclerotic Endothelial Progenitor Cells
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The purpose was to evaluate the effect of platelets on functional properties of late endothelial progenitor cells (EPCs), in the direct co-culture conditions, and to investigate the involved mediators, in experimental induced atherosclerosis. The late EPCs obtained from two animal groups, hypertensive-hyperlipidemic (HH) and control (C) hamsters, named late EPCs-HH and late EPCs-C, were co-incubated with or without platelets isolated from both groups. Our results have showed that exposure to platelets from control animals: (i) promoted the late EPCs-C capacity to form colonies and capillary-like structures, and also to proliferate and migrate; (ii) improved the functional properties of late EPCs-HH; (iii) strengthened the direct binding EPCs-platelets; (iv) increased SDF-1α,VEGF, PDGF, and reduced CD40L, IL-1β,-6,-8 levels; and (v) enhanced miR-223 and IGF-1R expressions. Platelets from HH group diminished functional abilities for both EPC types and had opposite effects on these pro-angiogenic and pro-inflammatory molecules. Furthermore, testing the direct effect of miR-223 and IGF-1R on late EPCs disclosed that these molecular factors improve late EPC functional properties in atherosclerosis in terms of stimulation of the proliferation and migration abilities. In conclusion, in vitro exposure to platelets of healthy origins had a positive effect on functional properties of atherosclerotic late EPCs. The most likely candidates mediating EPC-platelet interaction can be SDF-1α, VEGF, CD40L, PDGF, IL-1β,-6,-8, miR-223, and IGF-1R. The current study brings evidences that the presence of healthy origin platelets is of utmost importance on functional improvement of EPCs in atherosclerosis.
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INTRODUCTION

Endothelial progenitor cells (EPCs) represent a heterogeneous cell population derived from circulating CD34 positive or CD34 and KDR/VEGF receptor-2 (KDR/VEGFR2) double positive MNCs (Zhang et al., 2013). Previous studies demonstrated that two different types of circulating EPCs, the early and the late EPCs, can be derived and identified from peripheral blood (Hirschi et al., 2008). Early EPCs are an angiogenic EPC population obtained from short-term cultures of 4–7 days, in vitro. These cells form colony forming units (CFUs) and possess many endothelial characteristics, such as harboring CD31, TIE2, and VEGFR2 markers (Asahara et al., 1997). Late EPCs, called also out-growth EPCs, have different growth patterns and are usually obtained from long-term cultures of at least 2–3 weeks, in vitro. Late EPCs possess in addition to early EPC specific markers, other endothelial characteristics, such as VE-cadherin and vWF (Shantsila et al., 2007). These cells can further differentiate into mature endothelial cells and are capable of forming new blood vessels through a process of vasculogenesis (Lee and Poh, 2014).

Endothelial dysfunction has been associated with the development of atherosclerosis and cardiovascular diseases, and maintaining balance between endothelial injury and recovery is critical for reducing cardiovascular events (Shantsila et al., 2007). Since mature endothelial cells possess a limited regenerative capacity, in recent years has increased the focus on circulating EPC study, as they may maintain endothelial integrity, function and postnatal neovascularization (Lee and Poh, 2014). Thus, significant in vitro and in vivo studies have established that EPCs play an important role in vascular repair and regeneration (Shi et al., 1998; Takahashi et al., 1999; Urbich and Dimmeler, 2004). In addition, it has been reported that EPCs can be a prognostic marker for cardiovascular events, since a significant correlation between various cardiovascular risk factors, cardiovascular disease states and reduced EPC levels and function has existed (Lee and Poh, 2014; Raz et al., 2014). Furthermore, it has been reported that late EPCs can home to areas of injury and integrate into damaged vessels, suggesting their role in the vascular repair (Zhao et al., 2012).

There are evidences that the EPC involvement in vascular injury repair is mediated by their interaction with platelets. It has been showed that platelets have a significant involvement into EPC recruitment to sites of vascular injury, and in their maturation and differentiation to endothelial cells (Daub et al., 2006; de Boer et al., 2006; Langer et al., 2006; Lev et al., 2006; Massberg et al., 2006; Leshem-Lev et al., 2010). Moreover, in vitro studies have demonstrated that an essential interplay occurs between activated platelets and EPCs under both static and flow conditions (de Boer et al., 2006; Langer et al., 2006; Lev et al., 2006; Raz et al., 2014). Apart from these evidences, the effects of platelets on EPC functionality have been investigated only in a few studies. Thus, it has been showed that platelets enhance human early EPC capacity to proliferate, migrate, form colonies, to express endothelial markers and produce NO metabolites (Leshem-Lev et al., 2010). Recently, it has been established that the positive effects of platelets on EPCs can be mediated, at least in part, by factors they secreted, such as PDGF (Raz et al., 2014). In our previous study in vivo, we demonstrated in a hypertensive-hypercholesterolemic hamster (HH) model, that circulating EPC administration suppresses the development of atherosclerosis and reduces hepatic lipid and macrophage accumulation with the consequent alleviation of dyslipidemia and hypertension (Alexandru et al., 2015). Moreover, we postulated that EPCs modulate proinflammatory pathways in the vasculature, and platelet microparticles (PMPs) might influence EPC homing and vascular repair. If platelets have a direct contribution to EPC homing to sites of damaged endothelium, this has remained a question that we could not answer at that time. As a result, the study was designed to evaluate in vitro the interplay between platelets and late EPCs and to investigate the mediators responsible for the effect of platelets on EPC functional properties, in experimental induced atherosclerosis.

MATERIALS AND METHODS

The Generation of Diet-Induced Hypertensive-Hyperlipidemic Murine Model to Study Atherosclerosis, the Source for Late EPC Cultures

Male Golden Syrian hamsters (3 months old, n = 24) were divided into two equal groups: (1) HH (simultaneously hypertensive-hyperlipidemic hamsters) fed with an ordinary chow enriched with 3% cholesterol, 15% butter for hyperlipemia and 8% NaCl for hypertension, for 4 months; (2) C (control hamsters), age-matched normal healthy animals which were kept in the same housing conditions and received classical food containing 1% NaCl, for 4 months (Alexandru et al., 2011, 2013, 2015, 2017a; Georgescu et al., 2012, 2013, 2016; Andrei et al., 2014). After 4 months of diet, the peripheral blood was collected from the retro-orbital plexus from the animals in both experimental groups to obtain late EPC cultures. In addition, we performed a second experiment with new hamsters of the same age and sex and divided the same experimental groups to obtain platelets. This experiment was offset by a month, the time required to obtain late EPC cultures (as per the procedure).

Culture of Murine Late EPCs

The experiments were accomplished according to methods designated by Medina et al. (2012) and Alexandru et al. (2017a). Late EPCs-C have been got from MNCs from peripheral blood of C group, and late EPCs-HH from MNCs from peripheral blood of HH group. More details regarding the isolation and characterization of late EPCs were presented at Supplementary Material.

Platelet Isolation

For this step, hamsters were slightly anesthetized with 2% isoflurane in oxygen (2.4 l/min), and blood was collected from the retro-orbital plexus. Platelets were separated, from both groups, according to the method reported by Leshem-Lev et al. (2010) and Alexandru et al. (2011, 2013). Platelets isolated from C group were called PLTs-C, and those from HH group, PLTs-HH. The platelets were counted at Gallios flow cytometer, and adjusted at the same number (2 × 106 platelets) for all co-culture experiments.

Co-culture of Platelets With Late EPCs

Late EPCs (3 × 104) obtained in culture after 28 days, as described above, were co-incubated with or without platelets (2 × 106/500 μl medium with 1% antibiotics penicillin, neomycin and streptomycin), in 5% CO2 atmosphere, at 37°C, for 7 days, into 4-well plates. The late EPCs-C co-incubated with PLTs-C were named late EPCs-C+PLTs-C, and those incubated with PLTs-HH, late EPCs-C+PLTs-HH. In the same manner, we called the late EPCs-HH co-incubated with PLTs-C or PLTs-HH, late EPCs-HH+PLTs-C and late EPCs-HH+PLTs-HH, respectively. For all culture or co-culture experiments, EGM-2 medium without supplements and 10% FBS was used. After 7 days in culture, co-culture conditioned medium was transferred to a microtube, centrifugated at 2500 g for 15 min and kept at −80°C for ELISA measurements. After removing the medium, the cell functions were analyzed. In distinct experiments, after medium removal, the 500 μl Trizol® LS reagent was added for 10 min, and late EPCs-C, late EPCs-HH, late EPCs-C+PLTs-C, late EPCs-C+PLTs-HH, late EPCs-HH+PLTs-C, late EPCs-HH+PLTs-C in Trizol were kept at −80°C until RNA extractions.

Platelet and EPC Labeling

The PLTs-C and PLTs-HH (2 × 106), isolated as described above, were labeled with 2 × 10−6 M PKH26 dye (a red fluorescent aliphatic chromophore) for 5 min at room temperature (RT). Then, the platelets were centrifuged at 2000 rpm for 15 min, at 20°C, suspended in EBM-2 without supplements and FBS, and incubated with 3 × 104 late EPCs-C or late EPCs-HH, for 7 days, as follows: late EPCs-C with PLTs-C or PLTs-HH, and late EPCs-HH with PLTs-C or PLTs-HH. After the staining of EPC nuclei with DAPI solution, the samples were observed under an inverted fluorescent microscope (Axio Vert.A1 Fl, Carl Zeiss, software Axio Vision Rel 483SE64-SP1).

Colony Forming Unit Assays for Late EPCs

In our experiments, CFUs for the late EPCs were counted at 7 days after plating on collagen-coated wells whatever the presence or absence of platelets according to the protocol described by Leshem-Lev et al. (2010), using an inverted microscope. Results were given as the mean number of CFUs per well.

EPC Proliferation Assay

The MTT assay was performed to investigate the proliferation of late EPCs-C or late EPCs-HH alone or co-incubated with PLTs-C or PLTs-HH conformed with the protocol described by Alexandru et al. (2017a).

EPC Migration Assay

In vitro migration of late EPCs-C or late EPCs-HH (at 4 weeks) incubated with or without platelets for 7 days was evaluated by using a Boyden chamber assay as previously described (Yu et al., 2011; Alexandru et al., 2017a). The migrated cells were counted by independent blinded researchers, and the mean cell number was quantified at 10× magnification.

In vitro Angiogenesis Assay of EPCs

The capillary formation was analyzed after plated the cells on Matrigel, according to the manufacturer’s procedure. Therefore, 30 μl Matrigel, melted overnight at 4°C on ice, were added into well of a pre-cooled 96-well plate and afterward, incubated at 37°C for 60 min. The late EPCs-C and late EPCs-HH (at 4 weeks) incubated with PLTs-C or PLTs-HH for 7 days were washed three time with PBS to remove platelets, and after trypsinization with 0.25% trypsin were counted. Then, the 6 × 104 late EPCs-C or late EPCs-HH were resuspended into 100 μl EBM-2-EGM-2+10% FBS medium and plated onto this 96-well plate pre-incubated with Matrigel, for 24h. The tube formation was viewed under an inverted microscope.

Analysis of SDF-1α, VEGF, PDGF, CD40L, and IL-1β,-6,-8 Levels

The measurements were performed on cell culture medium, collected from late EPCs-C and late EPCs-HH, after incubation or not with platelets using commercially available ELISA kits according to the manufacturer’s instructions (R&D Systems; cat # DSA00; Minneapolis, MN, United States). Briefly, samples were added in each well of a 96-well microtiter plate coated with antibodies, all specific for investigated chemokines, and incubated for 1 or 2 h at RT. After washing, adding of conjugate, substrate and stop solution, the optical density at 450 nm was measured using a spectrophotometer (TECAN, InfiniteM200PRO, Austria).

Assessment of miR-223 Expression

The miR-223 expressions in cultures of late EPCs-C, late EPCs-HH, before and after the incubation with PLTs-C or PLTs-HH as follows: late EPCs-C+PLTs-C, late EPCs-C+PLTs-HH, late EPCs-HH+PLTs-C and late EPCs-HH+PLTs-HH, were quantified by RT q-PCR (real-time quantitative-PCR) as described previously by Schmittgen and Livak (2008) and Alexandru et al. (2017a).

Immunohistochemical Detection of Insulin-Like Growth Factor 1 Receptor Expression

The thin deparaffinized sections (7 μm) incubated with IGF-1R antibody [IGF-1R Antibody (N-20): sc-712, from SantaCruz], at 4°C overnight, were washed with 1% BSA into PBS for 15 min, three times, incubated with secondary antibody conjugated to FITC [anti-rabbit IgG (whole molecule) - FITC antibody, F0382, from Sigma], at RT for 1 h, and mounted with Fluoroshield with DAPI before fluorescence microscopy examination.

Transfection of miR-223 in Late EPCs

To study the direct biological effects of miR-223 on late EPC function, the miR-223 transfection was performed in late EPCs using Lipofectamine 2000 (Invitrogen) accordance to the manufacturer’s protocol. Therefore, late EPCs-C and late EPCs-HH were planted at a density of 6 × 104 cells/well in EBM-2-EGM-2+10% FBS medium and transfected with 100 nmol/l miR-223 (Zhu et al., 2013) for 72 h. The RT-qPCR was used to evaluate the transfection efficiency by quantitating the miR-223 expression in cells before and after transfection. Subsequently, the experiments of proliferation and migration were performed on both late-EPCs-C and late-EPCs-HH.

Incubation of Late EPCs With Recombinant IGF-1R Protein

To investigate in vitro direct IGF-1R effects, the late EPCs-C and late EPCs-HH were planted at a density of 6 × 104 cells/well in EBM-2-EGM-2+10%FBS medium and co-incubated with recombinant IGF-1R protein (5 pmol) for 1h, and afterward the proliferative and migratory abilities of the cells were analyzed. The Western Blot was used to quantify the protein expression of IGF-1R as a measure of its efficient incubation with late EPCs.

RESULTS

Animal Models and Late EPC Cultures

The control (C) and atherosclerotic (HH) hamsters characterized in our previous papers (Alexandru et al., 2011, 2013, 2015, 2017a; Georgescu et al., 2012, 2013, 2016) were the source for obtaining late EPC cultures, late EPCs-C and late EPCs-HH, respectively, characterized by Dil-acLDL/UEA-1 uptake and the presence of endothelial lineage markers (C133, CD34, KDR, CD144, Tie-2, vWF, CD45, and CD14) as described by Alexandru et al. (2017a).

To investigate whether interplay between platelets and late EPCs is essential for improving EPC functional properties, we directly co-incubated the cultured late EPCs with platelets, both from C or HH groups, on the same plate in separately experiments. After co-incubation with platelets, late EPCs were supplementary characterized by following the expression of specific surface receptors. Immunofluorescence detection of CD34, KDR, C133, CD144, vWF, Tie-2, CD14, and CD45 by flow cytometry revealed similar percentages to those found at late EPCs alone, meaning that the cells after incubation still maintain their ability to differentiate into mature cells as described by Alexandru et al. (2017a).

Evidence for Direct Interaction of Platelets With Late-EPCs

In an attempt to demonstrate the direct interaction of platelets with late EPCs, we incubated late EPCs-C or late EPCs-HH stained with DAPI solution with platelets from C (PLTs-C) or HH (PLTs-HH) groups labeled with PKH26, for 7 days (Figure 1). It could be seen that the binding of PLTs-C to either late EPCs-C or late EPCs-HH was higher compared to that observed at PLTs-HH (Figure 1A). EPCs and platelets adjacent to each other were quantified by florescence microscopy. Compared to adherent PLTs-C, the number of adherent PLT-HH to late EPCs-C is by 1.83 times smaller (∗P ≤ 0.005, Figure 1B) and by 3.10 times smaller to late EPCs-HH (∗∗P ≤ 0.005, Figure 1B). The results suggest that physical contact of platelets with late EPCs is affected in atherosclerotic conditions.
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FIGURE 1. (A) Representative images of late EPCs from C (late EPCs-C) and HH (late EPCs-HH) animals, stained with DAPI and incubated with platelets isolated from C group (PLTs-C) and HH group (PLTs-HH), respectively, marked with PKH26. Left panel: phase contrast microscopy images; Right panel: fluorescence images with late EPCs in blue and platelets in red. (B) The quantification of adherent PLTs-C or PLTs-HH to late EPCs-C and late EPC-HH. The five independent experiments have been considered for mean and standard deviation (SD) (SD). The statistically significant differences between the groups were calculated, and represented as ∗P ≤ 0.05 for values late EPCs-C+PLTs-HH vs. late EPCs-C+ PLTs-C and as ∗∗P ≤ 0.05 for values late EPCs-HH+PLTs-HH vs. late EPCs-HH+ PLTs-C.
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FIGURE 2. (A) Representative EPC colonies after 7 days of co-incubation with isolated platelets from C (PLTs-C) and HH (PLTs-HH) groups, compared with EPCs alone (on collagen type I) (magnification was ×10). (B) The quantification of the number of EPC colonies (CFUs) in the absence and presence of platelets. The five independent experiments have been considered for mean and SD, and CFUs were counted in at least three randomly chosen visual fields. The statistically significant differences between the groups were calculated using One-way ANOVA followed by Bonferroni’s multiple comparison test, one pair being compared with late EPCs-C and the other one with late EPCs-HH, and represented as ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.005, and ∗∗∗∗P ≤ 0.001.



Colony Forming Units of EPCs in the Presence of Platelets

The first step to follow the effects of direct interaction of platelets with late-EPCs on EPC functional properties was to investigate the formation of CFUs (Figure 2).

Consequently, co-incubation of the either late EPCs-C or late EPCs-HH (grown on collagen type I) with PLTs-C for 7 days generated a higher number of CFUs compared with late EPCs alone: 4.2 ± 0.28 CFUs/well for late EPCs-C incubated with PLTs-C vs. 2.8 ± 0.37 CFUs/well for late EPCs-C alone (n = 6, ∗∗∗P ≤ 0.005, Figures 2A,B), and 2.3 ± 0.17 CFUs/well for late EPCs-HH incubated with PLTs-C vs. 1.3 ± 0.145 CFUs/well for late EPCs-HH alone (n = 6, ∗∗P ≤ 0.01, Figures 2A,B).

In addition, co-incubation of either late EPCs-C or late EPCs-HH with PLTs-HH had a negative effect inducing a reduction of CFU number after 7 days of culture: 1.6 ± 0.24 CFUs/well for late EPCs-C incubated with PLTs-HH vs. 2.8 ± 0.37 CFUs/well for late EPCs-C alone (n = 6, ∗∗P ≤ 0.01, Figures 2A,B), and 0.6 ± 0.218 CFUs/well for late EPCs-HH incubated with PLTs-HH vs. 1.3 ± 0.145 CFUs/well for late EPCs-HH alone (n = 6, ∗∗P ≤ 0.01, Figures 2A,B). Furthermore, co-incubation of either late EPCs-C or late EPCs-HH with PLTs-C for 7 days induced an enhances of CFU number comparing to their co-incubation with PLTs-HH: 4.2 ± 0.28 CFUs/well for late EPCs-C incubated with PLTs-C vs. 1.6 ± 0.24 CFUs/well for late EPCs-C incubated with PLTs-HH (n = 6,∗∗∗∗P ≤ 0.001, Figures 2A,B), and 2.3 ± 0.17 CFUs/well for late EPCs-HH incubated with PLTs-C vs. 0.6 ± 0.218 CFUs/well for late EPCs-HH incubated with PLTs-HH (n = 6,∗∗∗∗P ≤ 0.001, Figures 2A,B).

Platelets Stimulate the Functional Properties of EPCs

In order to further investigate the effects of platelets on functional aspects of the cultured EPCs, the proliferative and migratory capacities have been examined during atherosclerosis in a in vitro model.

Platelets Influence the Proliferation of EPCs

Co-incubation of either late EPCs-C or late EPCs-HH with isolated PLTs-C induced a rise of number of living cells when it was compared with late EPCs alone: the increase was by ∼1.48-fold for late EPCs-C and by ∼ 2.71-fold for late EPCs-HH (∗P ≤ 0.005, Figure 3). The experiments were performed by the MTT viability assay. In parallel experiments, PLTs-HH were added to either late EPCs-C or late EPCs-HH in cultures. In contrast with PLTs-C, PLTs-HH were unable to significantly affect EPC proliferation. The OD values for late EPCs-C incubated with PLTs-HH were lower compared to the values took for late EPCs alone, indicating that the proliferation of late EPCs-C was slower in the presence of activated platelets (PLT-HH) (Figure 3). As for the OD values for late EPC-HH incubated with PLTs-HH, these were slightly increased compared to the values from late EPC-HH alone, but there is no statistically significant difference between groups (Figure 3).
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FIGURE 3. MTT proliferation assay following co-incubation of late EPCs with platelets from C group (PLTs-C) or platelets from HH group (PLTs-HH), vs. late EPCs alone. Co-incubation with PLTs-C induced a rise of number of living cells. The five independent experiments have been considered for mean and SD. The statistically significant differences between the groups were calculated, and represented as ∗P ≤ 0.05 values vs. late EPCs-C, and as ∗∗P ≤ 0.05 values vs. EPCs-HH.



Platelets Control Migratory Capacity of EPCs

The effect of platelets on EPC function was further assessed in vitro by migration assays. The ability of late EPC to migrate was evaluated using a Boyden chamber, observing the transmigrated EPCs into the lower side of chamber. Transmigrated EPCs were quantified after DAPI staining by counting cells in six microscopic fields. The number of transmigrated late EPCs-HH was reduced (36.8 ± 3.28) compared to late EPCs-C number (152.25 ± 9.13) (P ≤ 0.01, Figure 4), suggesting a diminished migration capacity for late EPCs-HH. Addition of PLTs-C improved the migratory ability for both investigated cell types, the transmigrated cell number increasing by ∼2.39-fold for C cells, and 1.61-fold for HH cells (P ≤ 0.01, Figure 4). In marked contrast, these effects were not observable when adding PLTs-HH. In this situation the number of migrated late EPCs-C and EPCs-HH in the Boyden chamber decreased by 1.55-fold and 1.62-fold, respectively (P ≤ 0.05, Figure 4).

Platelets Promote EPCs to Form Tube-Like Structures

The effect of platelets on EPC function was also assessed in vitro by angiogenesis assay. After incubation with PLTs-C, the late EPCs-C seeded on three-dimensional Matrigel extracellular matrix have been grouped into capillary-like sprouts, while late EPCs-HH had a lower ability to organize themselves into capillary-like structures (Figure 5). Incubation with PLTs-HH did not induce capillary-like tube formation capability of late EPCs-C or late EPCs-HH (Figure 5). The phase contrast microscopy was used to visualize the cells and the imagines were collected (×10 magnification), for four independent experiments per group.

Highlighting the Mechanisms Underlying the EPC Functional Improvement Promoted by Healthy Origin Platelets

Chemokines and Factors Secreted Into Cell Culture Medium Mediate the Positive Effects of Platelets on Late EPC Functional Properties

In order to decipher the mechanisms involved in the interaction between platelets and EPCs the levels of several chemokines and factors, with role in inflammation and atherosclerosis process, were quantified into the culture medium collected after the 7 days of incubation.

Thus, the concentrations of SDF-1α, VEGF, CD40L, PDGF, and IL-1β,-6,-8 were measured in the medium obtained from late EPCs-C and late EPCs-HH incubated or not with PLTs-C or PLTs-HH for 7 days. We have found that SDF-1α, VEGF and PDGF-AB isoform levels were significantly higher in the presence of PLTs-C that being: by ∼1.23-fold, 1.11-fold, and 2.41-fold for late EPCs-C, and by ∼1.38-fold, 1.45-fold and 2.34-fold for late EPCs-HH, respectively (P ≤ 0.05, Table 1). In another set of experiments, the levels of CD40L, IL-1β, IL-6, and IL-8 were decreased after the incubation of late EPCs-C with PLTs-C, by ∼1.07-fold, 1.36-fold, 1.55-fold, and 1.13-fold, respectively, vs. late EPCs-C alone (P ≤ 0.05, Table 1). Concerning late EPCs-HH, the presence of PLTs-C generated a reduction of these molecule levels by 1.13-fold, 1.33-fold, 1.43-fold and 1.09-fold, respectively, comparative with late EPCs-HH alone (P ≤ 0.05, Table 1). Co-incubation with PLTs-HH induced a contrary effect on the levels of these pro-angiogenic and pro-inflammatory molecules secreted in the culture medium by both types of late-EPCs (Table 1).

TABLE 1. Chemokines and factors released into the culture medium after late EPC-platelet co-incubation for 7 days (n = 5 for each investigated molecule).
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Platelets Regulate EPC Functional Properties in a miR-223 and IGF-1R – Dependent Manner

The expression of miR-223, a miRNA that has an emerging role in inflammatory and metabolic disorders (Taibi et al., 2014), with a specific focus on atherosclerosis, was analyzed in late EPCs-C or late EPCs-HH before and after incubation with PLTs-C or PLTs-HH applying miRNA TaqMan assays. The results showed that miR-223 expression was significantly diminished in late EPCs-HH vs. late EPCs-C (P ≤ 0.05) (Figure 6). The presence of PLTs-C has led to a significant increase of miR-223 levels in late-EPCs-C and late-EPCs-HH, showing the platelet capability to transfer miR-223 into their target cells (P ≤ 0.001). On the other hand, PLTs-HH did not have any influence on miR-223 levels in late-EPCs-C or late-EPCs-HH (Figure 6).
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FIGURE 4. Migration analysis following EPC co-incubation with platelets from C group (PLTs-C) or with platelets from HH group (PLTs-HH), vs. EPCs alone. Migratory ability was assessed as number of migrated cells per 2 × 104 cells added to the Boyden chamber. (A) Representative images with migrated late EPCs-C, late-EPCs-HH stained with DAPI and incubated with or without PLTs-c or PLTs-HH; (B) The quantification of transmigrated cells; the five independent experiments have been considered for mean, respectively SD, and cells were counted in at least three randomly chosen visual fields (magnification was × 10). The statistically significant differences between the groups were calculated, and represented as ∗P ≤ 0.05 values vs. late EPCs-C and ∗∗P ≤ 0.05 values vs. late EPCs-HH.
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FIGURE 5. Representative images for capillary-like sprouts designed by late EPCs-C+PLTs-C, late EPCs-C+PLTs-HH, late EPCs-HH+PLTs-C and late EPCs-HH+PLTs-HH onto Matrigel.



Hence, these results indicate that the presence of healthy origin platelets is of utmost importance on functional improvement of EPCs in atherosclerosis by miR-223 transfer.

The role of insulin-like growth factor 1 (IGF-1R) on EPC function was further depicted by assessing its expression after platelets-EPC interaction. It has been already shown that, activation of the IGF-1R increases NO bioavailability systemically, resulting in improved EPC number and functions (such as proliferation and migration) (Fleissner and Thum, 2008). Also, knowing that IGF-1R is a functional target for miR-223 (Pan et al., 2014), we investigated the IGF-1R expression in cultures of late EPCs-C or late EPCs-HH incubated with or without PLTs-C or PLTs-HH, by immunofluorescence assay. The results revealed that the IGF-1R expression was decreased in late EPCs-HH compared to late EPCs-C, by ∼1.76-fold (P ≤ 0.05), and the addition of platelets of healthy origins enhanced it in both groups: by ∼1.13-fold for C cells, and 1.60-fold for HH cells (P ≤ 0.05) (Figures 7A,B). The incubation with PLTs-HH significantly reduced the IGF-1R expression in late EPCs-C, by ∼1.23-fold (P ≤ 0.05) (Figures 7A,B). When the PLTs-HH were added on late EPCs-HH for 7 day, the IGF-1R expression was slightly decreased, by ∼1.06-fold (Figures 7A,B).

These data help to decipher the mechanisms underlying the functional improvement of atherosclerotic late EPC supported by platelets of healthy origins: platelets deliver miR-223 into these cells (may be by microparticle release), and this one in turn targets IGF-1R improving late EPCs functions.

miR-223 and IGF-1R Directly Improve EPC Functional Properties

In order to investigate the direct effect of miR223 and IGF-1R on EPC function, in vitro proliferation and migration of late EPCs-C or late EPCs-HH transfected with miR-223 or incubated with recombinant IGF-1R protein in separate experiments were investigated.

The MTT viability assay has showed that transfection with miR-223 induced an increased proportion of living cells by ∼1.90-fold for late EPCs-C, and by ∼3.01-fold for late EPCs-HH (P ≤ 0.05, Figure 8), vs. late EPCs alone. The OD values for late EPCs-C and late EPCs-HH co-incubated with IGF-1R were also augmented compared to those from late EPCs alone, the enhance being by ∼1.42-fold for late EPCs-C, and by ∼2.08-fold for late EPCs-HH (P ≤ 0.05, Figure 8). These results suggested that both molecular factors, miR-223 and IGF-1R, increased the proliferation capacity of late EPCs.

The effect of miR223 and IGF-1R was also assessed on migratory capacity of EPCs. The results indicated the transfection efficiency of miR-223 on the migratory ability of both late-EPCs-C and late-EPCs-HH, since the number of transmigrated cells was enhanced by ∼1.98-fold for C cells, and 2.20-fold for HH cells, compared to late EPCs alone (P ≤ 0.01, Figure 9). Similarly, IGF-1R co-incubation induced an augmentation of transmigrated cell number in the Boyden chamber by 1.49-fold for late EPCs-C and 1.77-fold, for late EPCs-HH, respectively (P ≤ 0.05, Figure 9).

DISCUSSION

The present study shows the importance of interplay between EPCs and platelets during atherosclerosis in a in vitro model. Specifically, we assessed the impact of platelets on EPC function and we highlighted the role of chemokines, miR-223 and IGF-1R in this process. We have found that interaction with platelets of healthy origins augments the functional properties of late EPCs in experimental induced atherosclerosis. Moreover, we provide evidences that the presence of healthy origin platelets is of utmost importance on functional improvement of EPCs in atherosclerosis by miR-223 transfer and subsequent targeting of the chemokines and IGF-1R.


[image: image]

FIGURE 6. The analysis of miR-223 expression in cultures of late EPCs-C or late EPCs-HH co-incubated with or without platelets from C group (PLTs-C) or platelets from HH group (PLTs-HH) by RT-qPCR. The five independent experiments have been considered for mean and SD. The statistically significant differences between the groups were calculated, and represented as ∗P ≤ 0.05 values vs. late EPCs-C group.
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FIGURE 7. (A) The assessment of IGF-1R expression in late EPCs-C and late EPCs-HH incubated with or without PLTs-C or PLTs-HH, by the fluorescence microscopy (in green, magnification × 20). (B) The quantification of IGF-1R expression; the four independent experiments per group have been considered for mean, respectively SD. The statistically significant differences between the groups were calculated and represented as ∗P ≤ 0.05 for values vs. late EPCs-C and ∗∗P ≤ 0.05 for values vs. late EPCs-HH.



The studies showing a significant correlation between the EPC levels and functions, and different cardiovascular disease states or risk factors suggest that EPCs represent a group of progenitor cells with a significant impact and clinical relevance (Hill et al., 2003; Dernbach et al., 2008; Fleissner and Thum, 2008; Vaturi et al., 2011; Lee and Poh, 2014; Lev et al., 2014; Alexandru et al., 2017a). Moreover, several studies indicated the essential EPC role in the vascular injury repair, and also the involvement of platelets in EPC recruitment to injury site, in their maturation and differentiation to endothelial cells. In addition, it has been demonstrated that, in vitro, platelets stimulate early EPC ability to proliferate, migrate, to form colonies and express endothelial markers (Daub et al., 2006; de Boer et al., 2006; Lev et al., 2006; Massberg et al., 2006; Dernbach et al., 2008; Leshem-Lev et al., 2010). In our previous article, we showed that intravenous administration of circulating healthy EPCs has a helpful effect on EPC-platelet relationship in experimental atherosclerotic model, improving both EPC and platelet functions and reducing inflammatory markers (Alexandru et al., 2015).

These prior studies were focused on circulating EPCs and in vitro early EPCs obtained from human subjects. In the current study, we followed the effects exerted by platelets isolated from control healthy hamsters (C) and experimental animal model of atherosclerosis, hypertensive-hyperlipidemic hamsters (HH), on late EPCs obtained from C and HH groups, in the direct co-culture conditions. In our previous study, late EPCs isolated and expanded from peripheral blood drawn from C and HH groups were characterized in vitro for their ability to uptake acetylated low-density lipoprotein (acLDL) and ulex europaeus agglutinin 1 (UEA-1) lectin and express endothelial cell markers (Alexandru et al., 2017a). Here in, we demonstrated that in vitro exposure to platelets from control hamsters improved the late EPCs-C ability to form colonies and tube-like structures, to proliferate and migrate and improved their functions in atherosclerosis as well. In addition, platelets from HH hamsters reduced the functional capabilities for both late EPCs-C and late EPC-HH. Thus, we can suppose that platelets of healthy origins could increase EPC ability to accelerate re-endothelisation at the injury site, and they also contribute to EPC function improvement in atherosclerosis. By fluorescence microscopy, we showed that platelets can attach to late EPCs in culture condition, the interaction being reduced in atherosclerotic conditions and reinforced when the late EPCs-C or late EPCs-HH were exposed to healthy platelets from C group. These data correlate with the results from our previous study in a dynamic flow system, where we found that circulating EPC binding to platelets was decreased for freshly platelets obtained from HH hamsters compared to those obtained from C group (Alexandru et al., 2015). The activated status of platelets found at our animal model of atherosclerosis (HH hamster) (Alexandru et al., 2013) could explain these results. In addition, the platelet activation in the HH group was demonstrated by the increase of proteic expression of integrin β3 and molecules involved in αIIbβ3 integrin signaling, such as focal adhesion kinase, p85 subunit of PI3-Kinase and Src (Alexandru et al., 2013).
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FIGURE 8. MTT proliferation assay following transfection of late EPCs with miR-223 (late EPCs-C + miR-223 and late EPCs-HH + miR-223) and co-incubation with IGF-1R (late EPCs-C + IGF-1R and late EPCs-HH + IGF-1R), vs. late EPCs alone. The five independent experiments have been considered for mean and SD. The statistically significant differences between the groups were calculated, and represented as ∗P ≤ 0.05 values vs. late EPCs-C and ∗∗P ≤ 0.05 values vs. late EPCs-HH.



Furthermore, in attempt to explore the potential mechanisms underlying the improvement of late EPC functionality in the presence of platelets, we investigated the levels of several chemokines and growth factors secreted into the culture medium during the 7 days of incubation of platelets with late EPCs.

First of all, we measured the concentration SDF-1α, a chemokine with a major role in the bone marrow derived progenitor cell recruitment and homing to the vascular injury sites (Zernecke et al., 2005). Moreover, it has been revealed that SDF-1α can influence the EPC homing to sites distal of pre-existing vasculature and formation of new vessels, or supporting the propagation of new vessels from pre-existing ones (Asahara et al., 1999a,b; Ceradini et al., 2004; Awad et al., 2006). In the current study, co-incubation of late EPCs, obtained both from C and HH group with platelets from C group, significantly increased the levels of this chemokine in the culture growth medium. The platelet-derived SDF-1α possible role in mediation of platelet effects on EPC function is supported by other studies. Massberg et al. (2006) demonstrated that activated platelets secrete SDF-1α immediately after vascular injury (in the first 30 min), sustaining migration and subsequently, adhesion, of progenitor cells at the vascular injury site. Furthermore, Leshem-Lev et al. (2010) showed that the levels of SDF-1α were higher in the cell culture medium obtained after co-incubation of early EPCs from healthy subjects with isolated platelets, vs. EPCs alone.

Secondary, we explored the pro-angiogenic factors, VEGF and PDGF with main role in the angiogenesis process (Cross and Claesson-Welsh, 2001; Dimmeler, 2005). Also, it has been shown that VEGF contributes to the EPC homing to the site of injury and promotes neovascularization (Asahara et al., 1999a,b). We have found in the current study that VEGF and PDGF-AB isoform concentrations were greater in medium from EPCs co-incubated with platelets from C group, in comparation with EPC alone. These results are in concordance with a recent study showing that PDGF has a beneficial effect on EPCs and a central role in the improvement in EPC functional properties in response to platelets (Raz et al., 2014).

Additionally, the levels of pro-inflammatory mediators (CD40L and IL-1β,-6,- 8), with major role in the atherosclerosis development, were measured in culture medium (Lievens and von Hundelshausen, 2011).

We found that the co-incubation with platelets of healthy origins reduced the levels of these factors, indicating that EPC exposure to platelets in culture contributes to reducing the inflammatory microenvironment generated in medium from late EPCs isolated from atherosclerotic hamsters. The incubation with the platelets from HH group had a contrary effect on these pro-angiogenic and pro-inflammatory molecules for both cultures, late EPCs-C and late EPCs-HH.
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FIGURE 9. Migration assay following transfection with miR-223 or incubation with IGF-1R recombinant protein of late EPCs-C and late EPCs-HH. Migratory ability was assessed as number of migrated cells per 2 × 104 cells added to the Boyden chamber. (A) Representative images with migrated late EPCs-C, late-EPCs-HH stained with DAPI and transfected with miR-223 or co-incubated with IGF-1R; (B) The quantification of transmigrated cells; The mean and SD of four independent experiments are shown. For each sample, cells in three randomly chosen visual fields (magnification was × 10) were counted and averaged. The statistically significant differences between the groups were calculated, and represented as ∗P ≤ 0.05 values vs. late EPCs-C and ∗∗P ≤ 0.05 values vs. late EPCs-HH.



As it has been shown that miRNAs have a significant contribution to cardiovascular physiology and pathology, and their abnormal expression has been correlated with atherosclerosis, in this study we have decided to analyze the miR-223, a miRNA with an essential role in platelet function (Fuentes et al., 2015). Besides, profiling studies revealed that miR-223 has an increased expression in normal endothelial cells and an important contribution in vasculogenesis (Shi et al., 2013). Our data demonstrated that dysfunctional late EPCs from HH group have lower miR-223 levels then late EPCs-C, and their incubation with platelets of healthy origins significantly increased miR233 levels. The co-incubation with platelets from HH group does not have the same effects. In addition, we have demonstrated that platelets from C group increased the expression of IGF-1R, one of the miR-223 target, in late EPCs-HH. The IGF system, including also IGF-1R, plays the pivotal role in normal growth and development of the endothelial cells, by promoting migration, tube formation and NO production (Bayes-Genis et al., 2000; Bach, 2015). Moreover, it has been showed that IGFs increase the EPC number and function, and protect against atherosclerosis (Bach, 2015). In accordance with this study our results indicated that miR-223 and IGF-1R directly improve late EPC functional properties in atherosclerosis by stimulating the proliferation and migration abilities.

Therefore, our data suggest that the positive effects of healthy platelets on late EPC function in atherosclerosis can be explained by increasing miR-223 levels that target IGF-1R as results of their transfer from platelets. This transfer may be also mediated by MPs released by platelets, since it is known that MPs are carriers for various miRNAs, related with cardiovascular diseases (Diehl et al., 2012; Alexandru et al., 2017b). Moreover, MPs are involved in intercellular communication, and several data indicated that by delivering RNAs, they can affect protein expression of their target cells (Diehl et al., 2012; Gidlof et al., 2013). Thus, it has been shown that miR-320b secreted by platelets can be taken up by endothelial cells and control intercellular adhesion molecule (ICAM-1) gene expression (Gidlof et al., 2013).

Our results bring new data regarding positive effects of healthy origin platelets on late EPC dysfunctions associated with atherosclerosis. Moreover, we have found that this improvement can be mediated by secreted chemokines and factors originating from platelets or EPCs, such as SDF-1α, VEGF, CD40L, PDGF, and IL-1β,-6,-8, and also by miR-223 transfer into the target cells, regulating the IGF-1R expression. Taken together, our findings contribute to understanding the mechanisms involved in the EPC-platelet interaction, with a central role in process of repair following vascular injury. Also, our data may support the progress in the development of new approaches to improve EPC function in patients with cardiovascular diseases. The understanding that EPCs act in concert with other cells will lead to new perspectives of their use, both for repair and maintenance of existing vasculature within the body as targets for endothelialization of implantable devices required for the treatment of cardiovascular diseases as well. However, continued research is required to provide valuable data to guide the efforts toward the rational design for a new therapeutic approach of this cellular target.

In addition to the well-documented roles of interaction of EPCs with platelets at the sites of vascular injury mainly within the thrombi and along the vessel wall, our findings highlight a new biological role for platelets in regulating EPC function via SDF-1α, VEGF, CD40L, PDGF, IL-1β,-6,-8 chemokines, miR-223, and IGF-1R in atherosclerosis. Eventually, this may lead to the development of novel therapies based on targeting interplay between platelets and EPCs in patients with cardiovascular disease.
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ETHICS STATEMENT

All the experimental procedures have been approved by the Ethics Committees from Institute of Cellular Biology and Pathology “Nicolae Simionescu,” and they have been achieved in accordance with National, European and International legislation on the use of experimental animals in biomedical research (Alexandru et al., 2017a).

AUTHOR CONTRIBUTIONS

AG and NA contributed to the conception and design of the study. NA, FS, AC, MN, GT, and AF performed the experiments, contributed to acquisition, analysis, and interpretation of the data. ED effectively participated at the realization of the experimental models. AG and EB substantially contributed to the analysis and interpretation of the data, and critically revised the manuscript for the important intellectual content. NA, FS, and AC wrote the drafted manuscript.

FUNDING

This work was supported by grants of the Romanian National Authority for Scientific Research, CNCS–UEFISCDI, project no. PN-III-P1-1.2-PCCDI-2017-0527 (Contract No. 83PCCDI/2018) and project no. PN-III-P1-1.2-PCCDI-2017-0797 (Contract No. 66PCCDI/2018). Also, this work was supported by the Romanian Academy and the Competitiveness Operational Programme 2014–2020, Priority Axis 1/Action 1.1.4/Financing Contract no.115/13.09.2016/MySMIS:104362.

ACKNOWLEDGMENTS

The authors gratefully acknowledge and appreciate the dedicated work and help of technician Marilena Isachi.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2019.00424/full#supplementary-material

ABBREVIATIONS

BSA, bovine serum albumin; CD40L, CD40 ligand; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; EPCs, endothelial progenitor cells; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; IGF-1R, insulin-like growth factor 1 receptor; IL-1β,-6,-8, interleukins-1β,-6,-8; KDR, kinase insert domain receptor; MNCs, mononuclear cells; MPs, microparticles; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate-buffered saline; PDGF, platelet derived growth factor; PFA, paraformaldehyde; PRP, platelet-rich plasma; SDF-1α, stromal-cell-derived factor-1; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2; vWF, von Willebrand factor.

REFERENCES

Alexandru, N., Andrei, E., Dragan, E., and Georgescu, A. (2015). Interaction of platelets with endothelial progenitor cells in the experimental atherosclerosis: role of transplanted endothelial progenitor cells and platelet microparticles. Biol. Cell 107, 189–204. doi: 10.1111/boc.201400071

Alexandru, N., Popov, D., Dragan, E., Andrei, E., and Georgescu, A. (2011). Platelet activation in hypertension associated with hypercholesterolemia: effects of irbesartan. J. Thromb. Haemost. 9, 173–184. doi: 10.1111/j.1538-7836.2010.04122.x

Alexandru, N., Popov, D., Dragan, E., Andrei, E., and Georgescu, A. (2013). Circulating endothelial progenitor cell and platelet microparticle impact on platelet activation in hypertension associated with hypercholesterolemia. PLoS One 8:e52058. doi: 10.1371/journal.pone.0052058

Alexandru, N., Andrei, E., Niculescu, L., Dragan, E., Ristoiu, V., and Georgescu, A. (2017a). Microparticles of healthy origins improve endothelial progenitor cell dysfunction via microRNA transfer in an atherosclerotic hamster model. Acta Physiol. 221, 230–249. doi: 10.1111/apha.12896

Alexandru, N., Costa, A., Constantin, A., Cochior, D., and Georgescu, A. (2017b). Microparticles: from biogenesis to biomarkers and diagnostic tools in cardiovascular disease. Curr. Stem Cell Res. Ther. 12, 89–102. doi: 10.2174/1574888X11666151203224058

Andrei, E., Alexandru, N., Dragan, E., and Georgescu, A. (2014). Flow cytometric analysis of circulating microparticles and endothelial progenitor cells in plasma; a research tool for atherosclerosis and therapy. Exp. Clin. Cardiol. 20,1554–1563.

Asahara, T., Masuda, H., Takahashi, T., Kalka, C., Pastore, C., Silver, M., et al. (1999a). Bone marrow origin of endothelial progenitor cells responsible for postnatal vasculogenesis in physiological and pathological neovascularization. Circ. Res. 85, 221–228.

Asahara, T., Takahashi, T., Masuda, H., Kalka, C., Chen, D., Iwaguro, H., et al. (1999b). VEGF contributes to postnatal neovascularization by mobilizing bone marrow-derived endothelial progenitor cells. EMBO J. 18, 3964–3972. doi: 10.1093/emboj/18.14.3964

Asahara, T., Murohara, T., Sullivan, A., Silver, M., van der Zee, R., Li, T., et al. (1997). Isolation of putative progenitor endothelial cells for angiogenesis. Science 275, 964–967.

Awad, O., Dedkov, E. I., Jiao, C., Bloomer, S., Tomanek, R. J., and Schatteman, G. C. (2006). Differential healing activities of CD34+ and CD14+ endothelial cell progenitors. Arterioscler Thromb. Vasc. Biol. 26, 758–764. doi: 10.1161/01.ATV.0000203513.29227.6f

Bach, L. A. (2015). Endothelial cells and the IGF system. J. Mol. Endocrinol. 54, R1–R13. doi: 10.1530/JME-14-0215

Bayes-Genis, A., Conover, C. A., and Schwartz, R. S. (2000). The insulin-like growth factor axis: a review of atherosclerosis and restenosis. Circ. Res. 86, 125–130.

Ceradini, D. J., Kulkarni, A. R., Callaghan, M. J., Tepper, O. M., Bastidas, N., Kleinman, M. E., et al. (2004). Progenitor cell trafficking is regulated by hypoxic gradients through HIF-1 induction of SDF-1. Nat. Med. 10, 858–864. doi: 10.1038/nm1075

Cross, M. J., and Claesson-Welsh, L. (2001). FGF and VEGF function in angiogenesis: signalling pathways, biological responses and therapeutic inhibition. Trends Pharmacol. Sci. 22, 201–207.

Daub, K., Langer, H., Seizer, P., Stellos, K., May, A. E., Goyal, P., et al. (2006). Platelets induce differentiation of human CD34+ progenitor cells into foam cells and endothelial cells. FASEB J. 20, 2559–2561. doi: 10.1096/fj.06-6265fje

de Boer, H. C., Verseyden, C., Ulfman, L. H., Zwaginga, J. J., Bot, I., Biessen, E. A., et al. (2006). Fibrin and activated platelets cooperatively guide stem cells to a vascular injury and promote differentiation towards an endothelial cell phenotype. Arterioscler. Thromb. Vasc. Biol. 26, 1653–1659. doi: 10.1161/01.ATV.0000222982.55731.f1

Dernbach, E., Randriamboavonjy, V., Fleming, I., Zeiher, A. M., Dimmeler, S., and Urbich, C. (2008). Impaired interaction of platelets with endothelial progenitor cells in patients with cardiovascular risk factors. Basic Res. Cardiol. 103, 572–581. doi: 10.1007/s00395-008-0734-z

Diehl, P., Fricke, A., Sander, L., Stamm, J., Bassler, N., Htun, N., et al. (2012). Microparticles: major transport vehicles for distinct microRNAs in circulation. Cardiovasc. Res. 93, 633–644. doi: 10.1093/cvr/cvs007

Dimmeler, S. (2005). Platelet-derived growth factor CC–a clinically useful angiogenic factor at last? N. Engl. J. Med. 352, 1815–1816. doi: 10.1056/NEJMcibr050670

Fleissner, F., and Thum, T. (2008). The IGF-1 receptor as a therapeutic target to improve endothelial progenitor cell function. Mol. Med. 14, 235–237.

Fuentes, E., Palomo, I., and Alarcon, M. (2015). Platelet miRNAs and cardiovascular diseases. Life Sci. 133, 29–44. doi: 10.1016/j.lfs.2015.04.016

Georgescu, A., Alexandru, N., Andrei, E., Dragan, E., Cochior, D., and Dias, S. (2016). Effects of transplanted circulating endothelial progenitor cells and platelet microparticles in atherosclerosis development. Biol. Cell 108, 219–243. doi: 10.1111/boc.201500104

Georgescu, A., Alexandru, N., Andrei, E., Titorencu, I., Dragan, E., Tarziu, C., et al. (2012). Circulating microparticles and endothelial progenitor cells in atherosclerosis: pharmacological effects of irbesartan. J. Thromb. Haemost. 10, 680–691. doi: 10.1111/j.1538-7836.2012.04650.x

Georgescu, A., Alexandru, N., Nemecz, M., Titorencu, I., and Popov, D. (2013). Irbesartan administration therapeutically influences circulating endothelial progenitor cell and microparticle mobilization by involvement of pro-inflammatory cytokines. Eur. J. Pharmacol. 711, 27–35. doi: 10.1016/j.ejphar.2013.04.004

Gidlof, O., van der Brug, M., Ohman, J., Gilje, P., Olde, B., Wahlestedt, C., et al. (2013). Platelets activated during myocardial infarction release functional miRNA, which can be taken up by endothelial cells and regulate ICAM1 expression. Blood 121, 3908–3917. doi: 10.1182/blood-2012-10-461798

Hill, J. M., Zalos, G., Halcox, J. P., Schenke, W. H., Waclawiw, M. A., Quyyumi, A. A., et al. (2003). Circulating endothelial progenitor cells, vascular function, and cardiovascular risk. N. Engl. J. Med. 348, 593–600. doi: 10.1056/NEJMoa022287

Hirschi, K. K., Ingram, D. A., and Yoder, M. C. (2008). Assessing identity, phenotype, and fate of endothelial progenitor cells. Arterioscler. Thromb. Vasc. Biol. 28, 1584–1595. doi: 10.1161/ATVBAHA.107.155960

Langer, H., May, A. E., Daub, K., Heinzmann, U., Lang, P., Schumm, M., et al. (2006). Adherent platelets recruit and induce differentiation of murine embryonic endothelial progenitor cells to mature endothelial cells in vitro. Circ. Res. 98, e2–e10. doi: 10.1161/01.RES.0000201285.87524.9e

Lee, P. S., and Poh, K. K. (2014). Endothelial progenitor cells in cardiovascular diseases. World J. Stem Cells 6, 355–366. doi: 10.4252/wjsc.v6.i3.355

Leshem-Lev, D., Omelchenko, A., Perl, L., Kornowski, R., Battler, A., and Lev, E. I. (2010). Exposure to platelets promotes functional properties of endothelial progenitor cells. J. Thromb. Thrombolysis 30, 398–403. doi: 10.1007/s11239-010-0514-0

Lev, E. I., Estrov, Z., Aboulfatova, K., Harris, D., Granada, J. F., Alviar, C., et al. (2006). Potential role of activated platelets in homing of human endothelial progenitor cells to subendothelial matrix. Thromb. Haemost. 96, 498–504.

Lev, E. I., Singer, J., Leshem-Lev, D., Rigler, M., Dadush, O., Vaduganathan, M., et al. (2014). Effect of intensive glycaemic control on endothelial progenitor cells in patients with long-standing uncontrolled type 2 diabetes. Eur. J. Prev. Cardiol. 21, 1153–1162. doi: 10.1177/2047487313488300

Lievens, D., and von Hundelshausen, P. (2011). Platelets in atherosclerosis. Thromb. Haemost. 106, 827–838. doi: 10.1160/TH11-08-0592

Massberg, S., Konrad, I., Schurzinger, K., Lorenz, M., Schneider, S., Zohlnhoefer, D., et al. (2006). Platelets secrete stromal cell-derived factor 1alpha and recruit bone marrow-derived progenitor cells to arterial thrombi in vivo. J. Exp. Med. 203, 1221–1233. doi: 10.1084/jem.20051772

Medina, R. J., O’Neill, C. L., O’Doherty, T. M., Wilson, S. E., and Stitt, A. W. (2012). Endothelial progenitors as tools to study vascular disease. Stem Cells Int. 2012:346735. doi: 10.1155/2012/346735

Pan, Y., Liang, H., Liu, H., Li, D., Chen, X., Li, L., et al. (2014). Platelet-secreted microRNA-223 promotes endothelial cell apoptosis induced by advanced glycation end products via targeting the insulin-like growth factor 1 receptor. J. Immunol. 192, 437–446. doi: 10.4049/jimmunol.1301790

Raz, O., Lev, D. L., Battler, A., and Lev, E. I. (2014). Pathways mediating the interaction between endothelial progenitor cells (EPCs) and platelets. PLoS One 9:e95156. doi: 10.1371/journal.pone.0095156

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 3, 1101–1108.

Shantsila, E., Watson, T., and Lip, G. Y. (2007). Endothelial progenitor cells in cardiovascular disorders. J. Am. Coll. Cardiol. 49, 741–752. doi: 10.1016/j.jacc.2006.09.050

Shi, L., Fisslthaler, B., Zippel, N., Fromel, T., Hu, J., Elgheznawy, A., et al. (2013). MicroRNA-223 antagonizes angiogenesis by targeting beta1 integrin and preventing growth factor signaling in endothelial cells. Circ. Res. 113, 1320–1330. doi: 10.1161/CIRCRESAHA.113.301824

Shi, Q., Rafii, S., Wu, M. H., Wijelath, E. S., Yu, C., Ishida, A., et al. (1998). Evidence for circulating bone marrow-derived endothelial cells. Blood 92, 362–367.

Taibi, F., Metzinger-Le Meuth, V., Massy, Z. A., and Metzinger, L. (2014). miR-223: an inflammatory oncomiR enters the cardiovascular field. Biochim. Biophys. Acta 1842, 1001–1009. doi: 10.1016/j.bbadis.2014.03.005

Takahashi, T., Kalka, C., Masuda, H., Chen, D., Silver, M., Kearney, M., et al. (1999). Ischemia- and cytokine-induced mobilization of bone marrow-derived endothelial progenitor cells for neovascularization. Nat. Med. 5,434–438.

Urbich, C., and Dimmeler, S. (2004). Endothelial progenitor cells: characterization and role in vascular biology. Circ. Res. 95, 343–353. doi: 10.1161/01.RES.0000137877.89448.78

Vaturi, M., Perl, L., Leshem-Lev, D., Dadush, O., Bental, T., Shapira, Y., et al. (2011). Circulating endothelial progenitor cells in patients with dysfunctional versus normally functioning congenitally bicuspid aortic valves. Am. J. Cardiol. 108, 272–276. doi: 10.1016/j.amjcard.2011.03.039

Yu, M., Liu, Q., Yi, K., Wu, L., and Tan, X. (2011). Effects of osteopontin on functional activity of late endothelial progenitor cells. J. Cell Biochem. 112, 1730–1736. doi: 10.1002/jcb.23071

Zernecke, A., Schober, A., Bot, I., von Hundelshausen, P., Liehn, E. A., Mopps, B., et al. (2005). SDF-1alpha/CXCR4 axis is instrumental in neointimal hyperplasia and recruitment of smooth muscle progenitor cells. Circ. Res. 96, 784–791. doi: 10.1161/01.RES.0000162100.52009.38

Zhang, Q., Kandic, I., Barfield, J. T., and Kutryk, M. J. (2013). Coculture with late, but not early, human endothelial progenitor cells up regulates IL-1 beta expression in THP-1 monocytic cells in a paracrine manner. Stem Cells Int. 2013:859643. doi: 10.1155/2013/859643

Zhao, J., Bolton, E. M., Ormiston, M. L., Bradley, J. A., Morrell, N. W., and Lever, A. M. (2012). Late outgrowth endothelial progenitor cells engineered for improved survival and maintenance of function in transplant-related injury. Transpl. Int. 25, 229–241. doi: 10.1111/j.1432-2277.2011.01387.x

Zhu, S., Deng, S., Ma, Q., Zhang, T., Jia, C., Zhuo, D., et al. (2013). MicroRNA-10A∗ and MicroRNA-21 modulate endothelial progenitor cell senescence via suppressing high-mobility group A2. Circ. Res. 112, 152–164. doi: 10.1161/CIRCRESAHA.112.280016

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Alexandru, Safciuc, Constantin, Nemecz, Tanko, Filippi, Dragan, Bãdilã and Georgescu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphar-10-00424-g009.jpg
late EPCs-C

late EPCs-HH

=
=3
=
=
@
o
E
3
<
°
©
°
@
S
©
s
=
=

late EPCs-C + miR-223

late EPCs-HH + miR-223

late EPCs-C + IGF-1R

late EPCs-HH + IGF-1R






OPS/images/fphar-10-00424-g008.jpg
oc:% NN






OPS/images/fphar-10-00424-g001.jpg
late EPCs-C + PLTs-C

9 0°@e

late EPCs-HH + PLTs-C x10 x10 x20

301

S
_l






OPS/images/cross.jpg
3,

i





OPS/images/fphar-10-00424-g003.jpg
MTT 570nm

0.25 1

0.20 1

0.15 1

Living cells by MTT






OPS/images/fphar-10-00424-g002.jpg
A
late EPCs-C

late EPCs-HH

200pm
—

i
i

w » (]
1 " I

Colony number/field
N

; ’late EPCs-C + PLTs-C

late EPCs-HH + PLTs-C

ek

- !ate EPCs-C + PLTs-HH

200pm
_late EPCs-HH + PLTs-HH

; |
r3 {

6






OPS/images/fphar-10-00424-g005.jpg
late EPCs-C + PLTs-C

b il &W e SR
‘-—':n:- & 7%, " >

late EPCs;}II_{0+ PLTs-HH





OPS/images/fphar-10-00424-g004.jpg
late EPCs-C

late EPCs-HH

3
]
=
=
@
2
=
S
c
>
o
©
b
S
[
>
=

late EPCs-C + PLTs-C

late EPCs-HH + PLTs-C

late EPCs-C + PLTs-HH

late EPCs-HH + PLTs-HH






OPS/images/fphar-10-00424-g007.jpg
A
late EPCs-C late EPCs-C + PLTs-C late EPCs-C + PLTs-HH

late EPCs-HH late EPCs-HH + PLTs-C late EPCs-HH + PLTs-HH

w

IGF-1R mean fluorescence
Intensity (a.u.)
N
o

-
o






OPS/images/fphar-10-00424-g006.jpg
miRNAs expression

Il Late EPCs-C

Late EPCs-C + PLTs-C
Late EPCs-C + PLTs-HH
[ Late EPCs-HH

Late EPCs-HH + PLTs-C
Late EPCs-HH + PLTs-HH






OPS/images/cover.jpg






OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-10-00424-t001.jpg
Chemokines/factors

Late Late Late EPCs- Late EPCs- Late EPCs — Late EPCs-
(pg/mi) EPCs-C EPCs -HH C+PLTs-C C+PLTs- HH HH+PLTs-C HH+PLTs- HH
SDF-1a 1345.17 £ 2.8 1240.12 + 15.0 1660.56 + 11.24 1081.2 + 14.06 1492.5 + 16.12 880.12 = 10.1

(*P<0.05) (P < 0.05) (P < 0.05) (P < 0.05) (P =0.05)

VEGF 139.22 +7.12 78.34 4+ 537 154.32 +3.74 85.06 + 5.30 123,40 +£17.17 64.64 4 4.37

(P < 0.05) (P < 0.05) (P < 0.05) (P = 0.05)
PDGF-AB 3.34 +0.99 1.84 + 089 8.06 + 1.05 6.29 +0.90 1.25 +1.80
(*P<0.05) (*P<0.05) (P < 0.05)
CD4oL 464.94 + 13,54 553,67 + 2.39 433.80 + 8.19 541.48 + 10.66 49127 + 11.68 606.32 + 14.21
(P < 0.05) (P < 0.05) (P < 0.05) (P < 0.05) (P =0.05)
IL-1g 21,84 +6.26 34.088 + 7.398 16.077 4 2.863 29.49 43,028 25,64 +2.32 41.48+0.54
(P < 0.05) (P < 0.05) (P < 0.05) (++P < 0.05) (P = 0.05)
IL-6 3.384+0,34 5.36141.276 2.177 £ 0221 4312 40,941 3747 +0.461 7.482 + 0.864
(*P<0.05) (*P=0.05) (*P=0.05) (P < 0.05) (*P<005)
L8 280.48 + 14.58 335,67 + 0.69 256.03 + 7.94 316.98 + 5.84 307.05 + 8.96 353.8 + 998
(*P<0.05) (*P<0.05) (*P<0.05) (P <0.05) (*P<0.05)

The comparisons were made with late EPC alone. The statistically significant differences between the groups were calculated, and represented as *P < 0.05 values vs.
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