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INTRODUCTION

CD34 is a marker of hematopoietic stem cells (HSCs) that is also expressed on several non-HSCs including endothelial and epithelial progenitors, embryonic fibroblasts, multipotent mesenchymal stromal cells (MSCs), and interstitial dendritic cells. The plasticity of CD34 + cells and their paracrine-stimulating properties on the endothelium during hypoxia make these cells potential candidates for cell transplant therapies combating ischemic diseases such as cardiac failure 1 .

Circulating progenitor cells are known to contribute to neoangiogenesis during numerous processes including healing, lower limb ischemia, vascular graft endothelialization, atherosclerosis, post-myocardial infarction, lymphoid organ neovascularization, and tumoral growth 2 . Clinical trials have demonstrated that intracoronary administration of bone marrow-derived mononuclear cells (BM-MNCs) from autologous progenitor cells or peripheral blood (PB) CD34 + cells mobilized by granulocyte colony-stimulating factor improves the left ventricular ejection fraction and reduces the size of the infarcted area [START_REF] Caballero | Ischemic vascular damage can be repaired by healthy, but not diabetic, endothelial progenitor cells[END_REF][START_REF] Blanc-Brude | Abstract 895: CD47 activation by thrombospondin peptides enhances bone marrow mononuclear cell adhesion, recruitment during thrombosis, endothelial differentiation and stimulates pro-angiogenic cell therapy[END_REF] . However, the benefit of cell therapy is dampened by the negative impact of cardiovascular risk factors, such as atherosclerosis, obesity, and type 2 diabetes (T2D), on the number and function of progenitor cells, thereby jeopardizing their use for autologous treatment 5,6 . Interestingly, a reduced progenitor cell adhesion capacity has been reported in T2D 5,7 . Moreover, strategies aiming at preconditioning CD34 + cells or endothelial progenitor cells prior to injection in animal models of ischemia were reported to improve revascularization in vivo, together with increased adhesion capacity of cells in in vitro models 8 .

The ability of CD34 + cells to adhere and engraft onto damaged vessel walls is crucial to initiate neovascularization 9 . During this process, activated platelets are instrumental in targeting CD34 + cell recruitment to injured vessels via stromal cell-derived factor-1 (SDF-1a) secretion and chemotaxism 10 . Platelets also stimulate the "homing" of CD34 + cells, via CD62-CD162 interaction 11 and their differentiation into mature endothelial cells 8 . One of the most abundant proteins secreted by activated platelets is thrombospondin-1 (TSP-1), which is a multifunctional matricellular glycoprotein bearing proatherogenic, prothrombotic, as well as both pro-and antiangiogenic properties 12 . The interaction of TSP-1, through its COOH terminal RFYVVMWK sequence, with the transmembrane protein CD47 [integrin-associated protein (IAP)] occurs following a conformational reorganization of the C-terminal domain of TSP-1 13 .This interaction positively modulates the function of several integrins including CD51/CD61, CD41/CD61, and CD49b/CD29, thereby modulating cellular functions including platelet activation and adhesion, leukocyte adhesion, migration, and phagocytosis through heterotrimeric G i protein signaling [14][15][16][17] .

We have previously observed that TSP-1-deficient mice exhibit a significant drop in the vessel wall recruitment of BM-MNCs in a FeCl 3 -induced intravascular thrombosis mouse model 18 . We also found that ex vivo RFYVVMWK preconditioning of mouse BM-MNCs stimulates their recruitment to sites of intravascular thrombosis induced by FeCl 3
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. Indeed, RFYVVMWK increased BM-MNCto-vessel wall interactions and decreased their rolling speeds to the damaged vessel wall, leading to a 12-fold increase in permanent cell engraftment 19 .

The goal of the present study was to analyze the proadhesive effects of RFYVVMWK preconditioning on CD34 + progenitor cells isolated from PB of atherosclerotic patients with T2D. We first explored their "proengraftment" phenotype through the measurement of a panel of biomarkers including cell adhesion receptors, platelet/CD34 + conjugates, and apoptotic markers. We next investigated whether this preconditioning could improve their capacity to adhere to stimulated endothelial cells and subendothelial components.

MATERIAL AND METHODS

Patients

Blood samples were drawn from participants after obtaining informed consent as part of a protocol approved by the ethics committee of the Montreal Heart Institute and in accordance with the recommendations of the Helsinki Declaration. A total of 40 adult males (>18 years old) with stable coronary artery disease or stable angina documented by angiography, all treated with antiplatelet agents and statins, were included in the study. Among these patients, 20 had T2D (T2D group) and 20 were nondiabetic (non-T2D group). The patients were predominantly hypertensive (n = 27), dyslipidemic (n = 38), overweight (n = 25), and with a smoking history (n = 27). Diabetic patients received biguanide (metformin) monotherapy (n = 10), biguanide + sulfonylureas (glyburide or glimepiride) bitherapy (n = 6), biguanide + sulfonylureas (glyburide) + DPP-4 inhibitor (gliptin) tritherapy (n = 2), or no medication (diabetes was controlled by diet). Exclusion criteria were acute coronary syndrome (ACS) or stroke within the past 6 months, treatment with insulin, treatment with peroxisome proliferator-activated receptors (PPARs; pioglitazone and rosiglitazone), extra cardiac inflammatory syndromes, surgery within the last 8 weeks, kidney or liver failure, use of systemic corticosteroids, cancer in the last 5 years, chronic anticoagulation, heart failure [NYHA class 3 or 4 and/or left ventricular ejection fraction (LVEF) <40%], and hemoglobin <100 g/L. Six healthy adult males [healthy donors (HD)] who showed no cardiovascular disease or known T2D were also recruited if they had not taken any medication during the past 15 days before blood sampling. All samples were analyzed in a single-blind manner with respect to the group (T2D or non-T2D).

Isolation of CD34 + and CD34 -Peripheral Blood Mononuclear Cells (PBMCs)

One hundred milliliters of blood was collected by venipuncture into syringes containing ethylenediaminetetraacetic acid (EDTA; 1.8 mg/ml of blood) (Sigma-Aldrich, St. Louis, MO, USA), dispensed into 50-ml conical tubes, and centrifuged at 400 ´ g for 15 min at 20°C, to remove a maximum quantity of platelets while minimizing PBMC loss. EDTA was used throughout the isolation process to avoid platelet binding to CD34 + cells. The platelet-rich plasma (PRP; upper phase) was removed, and the remaining blood components were diluted 1:1 in phosphate-buffered saline (PBS) containing 2 mM EDTA and 0.5% fetal bovine serum (FBS) (Sigma-Aldrich) (PBS/EDTA/FBS). Ficoll at a density of 1.077 g/ml (Amersham Biosciences, Little Chalfont, UK) was added to samples in a ratio of 1:3 and centrifuged at 400 ´ g for 40 min at 20°C (without brakes). The resulting mononuclear cell ring was collected at the Ficoll/plasma interface. Cells were then washed twice with PBS/EDTA/FBS and incubated for 10 min at 4°C with 100 µl of FcR blocking reagent (Miltenyi Biotec, Bergisch Gladbach, Germany) to remove FcR-specific binding antibodies. Cells were then incubated for 30 min at 4°C with 100 µl of magnetic beads bearing anti-CD34 monoclonal antibodies (Microbead; Miltenyi Biotec). After washing with PBS/EDTA/FBS, cells were filtered (30-µm nylon cell strainer; Miltenyi Biotec) to remove cell aggregates or other large contaminants and loaded on a MACS magnetic column (Miltenyi Biotec). Unbound CD34 -cells were collected, while CD34 + PBMCs were retained on the column. After three washes with PBS/ EDTA/FBS, CD34 + cells were recovered in 1 ml of PBS/ EDTA/FBS. To increase the purity of CD34 + cells, this step was repeated once on a new column with the retained fraction. Finally, cell viability was measured with trypan blue (Sigma-Aldrich).

Cell Preconditioning With TSP-1-Derived Peptides

CD34 + and CD34 -cells were diluted either at a concentration of 1,000 cells/µl for adhesion assays or at a concentration of 4,000 cells/µl for flow cytometry assays. Cells were then preincubated with either 30 µM of the CD47 interacting peptide RFYVVMWK (amino acid sequence: Arg-Phe-Tyr-Val-Val-Met-Trp-Lys) (4N1-1; Bachem, Bubendorf, Switzerland), 30 µM of the RFYVVM truncated peptide devoid of CD47-binding activity (Arg-Phe-Tyr-Val-Val-Met) (4N1-2; Bachem), or saline (vehicle) for 30 min at 37°C.

Phenotyping of Preconditioned Cells

The phenotype of preconditioned cells (with TSP-1 peptides or the vehicle, as previously described) was analyzed by flow cytometry using fluorescent-labeled antibodies directed against biomarkers grouped in four panels: panel 1 with CD47 (clone B6H12; R&D Systems, Minneapolis, MN, USA) and TSP-1 (clone A4.1; Santa Cruz Biotechnology, Santa Cruz, CA, USA); panel 2 with the adhesion molecules CD29 (clone TS2/16; eBioscience, San Diego, CA, USA), CD51/CD61 (clone 23C6, eBioscience), and CD162 (clone KPL-1; BD Biosciences, Franklin Lakes, NJ, USA); panel 3 with CD62P (clone P.seK02.22; BD Biosciences); and panel 4 with the apoptosis and cell death markers phosphatidylserine (annexin V labeling), 4¢,6¢-diamidino-2-phenylindole (DAPI), and propidium iodide (PI) (BD Biosciences). Each panel also included antibodies against CD34 (clone 581; BD Biosciences), CD42b (platelet marker; clone HIP1; BioLegend, San Diego, CA, USA), and DAPI to discriminate living cells.

Cell suspension ( 4´ 10 3 cells/µl) was incubated with each antibody panel (previously centrifuged at 2 ´ 10 3 ´ g for 2 min to remove aggregates of antibodies) for 30 min at room temperature in the dark. Immunophenotyping of CD34 + cells was performed on an LSR II flow cytometer (BD Biosciences) and analyzed with Kaluza software (Beckman Coulter, Miami, FL, USA).

Detection of Integrin Polarization and Platelet/CD34 + Conjugates

CD29 and CD51/CD61 distribution on cell surfaces and platelet (CD42b + )/CD34 + cell conjugates was visualized by confocal microscopy (Zeiss Observer Z1 equipped with a Yokogawa CSU-X1 confocal head QuantEM 512SC camera; Intelligent Imaging Innovations, Denver, CO, USA).

Cell Adhesion Onto Collagen-Vitronectin Matrices

Ninety-six-well plates (Sarstedt, Nümbrecht, Germany) were coated overnight at 4°C in PBS containing a mixture of 0.3 µg/ml vitronectin (Sigma-Aldrich) and 1 µg/ml type I collagen (Sigma-Aldrich). The wells were then saturated with 0.1% gelatin [American Type Culture Collection (ATCC), Manassas, VA, USA] for 1 h at room temperature and washed with PBS. Twenty thousand cells in 200 µl of endothelial basal medium-2 (EBM-2; Lonza, Walkersville, MD, USA) were pretreated with either the vehicle, RFYVVMWK, or RFYVVM for 5 min at 150 ´ g at room temperature to quickly spin down the cells onto the matrix. Plates were then incubated for 30 min at 37°C and gently washed with EBM-2. Finally, 100 µl of 2% paraformaldehyde (PFA) and 100 µl of DAPI were sequentially added. Nuclei were counted using an inverted epifluorescence microscope (Axiovert 200M, camera AxioCam MRm; Zeiss, Stockholm, Sweden) coupled with the image analysis software ImageJ [National Institutes of Health (NIH), Bethesda, MD, USA]. Results were expressed as the number of cells adhered per 20 ´ 10 3 cells originally loaded per well.

Cell Adhesion Onto HUVEC Monolayers

Human umbilical vein endothelial cells (HUVECs; PromoCell, Heidelberg, Germany) between passage 4 and 8 were seeded into 96-well plates for 48 h at a density of 25 ´ 10 3 cells/well. After 36 h at 37°C, 5% CO 2 concentration, and 95% relative humidity, HUVECs were stimulated for 18 h with 1 ng/ml tumor necrosis factor-a (TNF-a; R&D Systems) or 10 ng/ml interleukin-1b (IL-1b; Sigma-Aldrich). Cells were then washed twice with Hank's balanced salt solution (HBSS). To differentiate PBMCs from HUVECs during cell counting, PBMCs were prelabeled with 0.5 µg/ml calcein-AM (Sigma-Aldrich) in EBM-2 for 1 h at 37°C and then washed and resuspended in EBM-2 before seeding onto HUVEC monolayers. As for matrix adhesion assays, microplates were centrifuged for 5 min at 150 ´ g at room temperature to quickly spin down the cells onto the HUVECs and then incubated for 1 h at 37°C. After two washes with HBSS, the cells were fixed with 2% PFA. Calcein-AM-labeled PBMCs were then counted by fluorescence microscopy and ImageJ software. Results were expressed as the number of adherent cells per 10 ´ 10 3 cells originally loaded in each well. All experiments were performed in duplicate.

Statistics

Analyses were performed using the GraphPad Prism software v.5.01 (GraphPad Software, San Diego, CA, USA). Data were expressed as mean ± standard error of the mean (SEM). The Kruskal-Wallis nonparametric test was used to compare the three preconditioning treatments (vehicle, RFYVVMWK, and RFYVVM) in cell adhesion assays and the Mann-Whitney nonparametric test to compare biomarkers. Values of p < 0.05 were considered statistically significant.

RESULTS

Patient Characteristics

Both T2D and non-T2D had similar demographic characteristics (Table 1). Almost all participants (95%) had dyslipidemia and high cholesterol levels. The majority was also overweight (BMI > 27 kg/m 2 ) with a smoking history (n = 31). Beside a hypoglycemic therapy in T2D, there were no significant differences in drug regimen, with all patients being treated with antiplatelet drugs and statins. As expected, blood glucose (+40%; p < 0.001) and glycated hemoglobin (+19%; p < 0.001) were significantly higher in T2D participants. T2D also had higher triglyceride levels compared to non-T2D participants (+70%; p < 0.002).

Stimulation of Platelet/CD34 + Conjugate Formation by RFYVVMWK

Circulating CD34 + and CD34 -PBMCs were isolated from HD, T2D, and non-T2D blood by immunomagnetic separation and quantified. The purity of the isolated CD34 + cells was 92 ± 4%. No significant difference was found in total PBMCs (167.7 ± 50.2 ´ 10 6 PBMC/100 ml blood in T2D vs. 141.5 ± 32.5 ´ 10 6 in non-T2D and 136. 4 ± 38.8 ´ 10 6 in HD; p = 0.2) and CD34 -cells (77.2 ± 3.1 ´ 10 6 CD34 - cells/100 ml blood in T2D vs. 62.0 ± 2. 3 ´ 10 6 in non-T2D and 66.6 ± 2.5 ´ 10 6 in HD; p = 0.15). However, twice the amount of CD34 + PBMCs were retrieved from the blood of T2D participants compared to non-T2D and HD participants [218.9 ± 124.1 ´ 10 3 cells per 100 ml of blood vs. respectively, 101.6 ± 29.0 ´ 10 3 cells (p < 0.001) and 117.5 ± 49.8 ´ 10 3 (NS)]. The CD34 + /total PBMC ratio was also significantly higher in cell fractions isolated from T2D participants [0.13 ± 0.06% in T2D vs. 0.075 ± 0.03% in non-T2D (p = 0.0011), and 0.1 ± 0.07% (p = 0.06) in HD]. Although a double enrichment process and extensive wash were used during the purification of CD34 + cells, platelets were still detectable in the final cell preparations (average of 23.5 ´ 10 3 platelets/10 3 CD34 + cells). Using flow cytometry, we measured the extent of platelet/CD34 + cell conjugate formation (hereafter referred to as CD42b + /CD34 + conjugates) in samples and the effect of TSP-1 peptide preconditioning. RFYVVM preconditioning had no significant effect on conjugate formation, with 1.4% CD42b + /CD34 + conjugates in T2D and 2% in the non-T2D participants (NS). RFYVVMWK increased the percentage of CD42b + /CD34 + conjugates up to 11% in T2D (p < 0.0001 vs. RFYVVM) and 9% in non-T2D participants (p < 0.0001 vs. RFYVVM). Progenitor cellplatelet conjugate formation following RFYVVMWK treatment was confirmed by assessing the expression of CD42b and CD34 antigens by confocal microscopy (Fig. 1A).

Expression of CD47 and its Ligand TSP-1 CD47 expression was not modified by the RFYVVMWK preconditioning compared with the nonactive RFYVVM control peptide (Fig. 1B). We observed a 30% lower expression on T2D CD34 + cells compared to non-T2D cells (p < 0.01). CD47 expression was higher on CD42b + /CD34 + conjugates compared to CD42b -/CD34 + cells, probably due to the presence of CD47 on platelets (p < 0.05). TSP-1 was barely expressed on CD42b + /CD34 + conjugates and CD42b -/CD34 + preincubated with RFYVVM (Fig. 1C). RFYVVMWK induced a high expression of TSP-1 on both T2D and non-T2D CD34 + cells, in the presence or absence of platelets (all p < 0.001).

Expression of CD62P and CD162

RFYVVMWK induced a significant increase in CD62P on T2D and non-T2D CD42b + /CD34 + conjugates [+146% (p < 0.001) and +129% (p < 0.001) vs. RFYVVM, respectively], and a low increase in CD42b -/CD34 + cells [+26% (p < 0.01) vs. +25% (p < 0.001)] (Fig. 1D). By contrast, CD162 expression remained unchanged (Fig. 1E).

Expression of Adhesion Receptors CD29 and CD51/CD61

RFYVVMWK preconditioning of CD34 + cells significantly increased the expression of CD29 in both T2D and non-T2D participants [74% (p < 0.01) and 42% (p < 0.05) in CD42b + /CD34 + conjugates, respectively] (Fig. 2A). A strong increase in CD51/CD61 expression was also measured in T2D and non-T2D CD34 + cells [+2,715% (p < 0.001) and +3,260% (p < 0.001) in CD42b + /CD34 + conjugates, respectively] (Fig. 2B). Similar results were observed with CD42b -/CD34 + cells. Integrin polarization and clustering, which are indicators of integrin activation state, were also detected in RFYVVMWK stimulated cells by confocal microscopy (Fig. 2C).

Effect of RFYVVMWK on CD34 + Cell Viability

RFYVVMWK induced increased phosphatidylserine exposure (PI -/annexin V + cells) in both non-T2D CD34 + (7.2% vs. 0.15% with RFYVVM, p < 0.001) and T2D CD34 + cells (12.4% vs. 0.04% with RFYVVM, p < 0.001) (Fig. 3A). The percentage of PI + /annexin V + cells in response to RFYVVMWK was also significantly higher compared to RFYVVM but remained negligible (0.25% in non-T2D and 0.17% in T2D, p < 0.001 vs. RFYVVM) (Fig. 3B).

Cell Adhesion to Vitronectin-Collagen Matrix

CD34 + cells preincubated with vehicle (saline) adhered with values reaching 59.9 ± 8 cells/20 ´ 10 3 seeded cells, compared to 18.8 ± 2.9 CD34 -cells (p < 0.0001) (Fig. 4A). RFYVVMWK strongly increased the adhesion of CD34 + and CD34 -, respectively, by +368% and +468%. RFYVVM peptide had no significant effect, giving results comparable to vehicle. T2D CD34 + cells showed 67% less basal adherence (30 ± 4 cells) compared to non-T2D cells (90 ± 14 cells, p < 0.0001) (Fig. 4B). RFYVVMWK strongly increased the adhesion of T2D and non-T2D CD34 + cells by +786% (266 ± 54 cells) and +232% (296 ± 31 cells), respectively (p < 0.0001 compared to vehicletreated cells).

Cell Adhesion to HUVEC Monolayers Stimulated With TNF-α or IL-1β

We next measured the adhesion of CD34 + cells on HUVEC monolayers prestimulated with TNF-a or IL-1b. T2D and non-T2D CD34 + cells equally adhered to prestimulated HUVEC monolayers. Neither RFYVVMWK nor RFYVVM had a significant effect on cell adhesiveness (Fig. 4C andD).

DISCUSSION

Proangiogenic cell therapy offers many potential applications in regenerative medicine for the treatment of patients with ischemic diseases, particularly in cardiology. Promising preclinical studies have prompted the initiation of numerous clinical trials based on administration of progenitor cells. Several cellular functions are involved in the process of neoangiogenesis such as homing and recruitment of cells, proliferation, endothelial differentiation, and survival. However, cardiovascular risk factors such as T2D were associated with dysfunctional progenitor cells, including impaired adhesiveness 5,6 , which undermines their therapeutic value in autologous cell therapies 20 . CD34 + PBMC recruitment to damaged vessels is a crucial step to initiate the process of vascular repair and neovascularization 9 . In ex vivo settings, we observed a lower basal adhesion of T2D CD34 + cells to vitronectin-collagen matrix compared to the non-T2D CD34 + cells. We thus sought to investigate whether stimulating the adhesiveness of CD34 + PBMCs was feasible in an attempt to improve cell therapy efficiency in T2D.

The transmembrane protein CD47, TSP-1 receptor, associates with CD51/CD61, CD41a/CD61, CD49d/CD29, and CD49b/CD29 integrins to mediate cell adhesion and motility 17 . Herein we provide evidence that prestimulating CD34 + PBMCs with RFYVVMWK, a TSP-1-related peptide that activates CD47, restores and amplifies their adhesiveness to vitronectin-collagen matrix beyond the basal adhesion values obtained in non-T2D patients. In addition, we showed a strong increase in surface expression of CD29 and CD51/CD61 integrins following RFYVVMWK stimulation, thereby providing a possible mechanism to the increased adhesion of CD34 + cells to the subendothelial matrix components. Confocal microscopy strengthened this hypothesis by revealing polarization of integrin at the cell surface, consistent with the clustering process occurring during integrin activation.

The endothelial expression of CD51/CD61 (a v b 3 integrin) and its interaction with extracellular matrix components are crucial during angiogenesis 21 . This interaction triggers vascular endothelial growth factor (VEGF)-A-mediated full activation of VEGF receptor 2 (VEGFR-2), but also yields a strong antiapoptotic effect through the suppression of the p53 and the p53-inducible cell cycle inhibitor p21WAF1/CIP1 activities and the increase in the Bcl-2/Bax ratio 22,23 . Consistent with the later functions of CD51/CD61, RFYVVMWK priming did not compromise CD34 + cell survival, as assessed by annexin V/PI labeling. CD29 (b 1 ) integrin subsets diversely contribute to angiogenesis. Li and collaborators have associated CD29 expression levels with the rate of implantation and colonization of ischemic limbs with bone marrow-derived endothelial precursors, which is of critical importance for inducing therapeutic angiogenesis by cell implantation 24 .

Albeit standardized CD34 + PBMC isolation and purification techniques were used in this study, there were still platelet remnants in the positive fraction, as recurrently reported in the literature addressing CD34 + cell isolation and enrichment 25 . We observed a significant increase in platelet-CD34 + conjugate formation upon RFYVVMWK stimulation, along with an increased expression of CD62P restricted to platelet-CD34 + conjugates. These results are consistent with the previously reported activating effect of RFYVVMWK on platelets 26 . This activation, concomitant to CD34 + cell stimulation, induces platelet secretion and surface CD62P expression, thereby enabling platelets to interact with CD162 (PSGL-1) on CD34 + cells. As previously described by others, platelets are instrumental in neovascularization by targeting CD34 + cell recruitment to injured vessels and promoting their homing and maturation 8,10,11 .

Consistent with this rationale, RFYVVMWK stimulation had no significant effect on CD34 + PBMC adhesion on HUVEC monolayers, stimulated with either TNF-a or IL1-b. These results echo our observations in a TSP-1 knockout mouse model of FeCl 3 -induced intravascular thrombosis, in which we observed that TSP-1 was essential for bone marrow cell (BMC) recruitment to vascular injury sites 18 . We also reported that CD47 preactivation with RFYVVMWK strongly stimulated BMC adhesion and specific recruitment to sites of thrombosis in vivo 19 . The present findings suggest that stimulation by RFYVVMWK confers to CD34 + PBMCs an increased adhesiveness restricted to most damaged and de-endothelialized vascular areas exposing the matrix components, with limited stickiness to healthier areas.

It has previously been suggested that increased expression of adhesion molecules [including CD11a/CD18 (LFA-1), CD49d/CD29 (VLA-4), CD54 (ICAM-1), CD51/ CD61, and CD162] on CD34 + or endothelial progenitor cells and/or increased adhesiveness in vitro could translate into enhanced endothelial repair or neovascularization capacity in vivo [27][28][29] . In coherence with these observations, we have previously reported that priming BM-MNCs with RFYVVMWK results in increased proangiogenic activity in a mouse model of hindlimb ischemia and cell therapy 19 . However, additional studies are required to demonstrate whether the priming of CD34 + cells isolated from PB improves vascularization in vivo.

In a recent study, Albiero et al. suggested that increased adhesiveness of stem cells may hamper their ability of being mobilized from the bone marrow 30 . Our results are in line with the prospect of using the peptide ex vivo as a pretreatment strategy prior to administration of an autologous cell-based therapy product, rather than using RFYVVMWK in vivo. Thus, we anticipate that the endogenous mobilization of stem cells would not be affected. In addition, since the majority of current cell-based therapy strategies are using local injection in ischemic areas, it is unlikely that RFYVVMWK preconditioning of cells can favor homing of injected CD34 + cells into the bone marrow.

RFYVVMWK induced surface expression of TSP-1. This neo-expression was observed even in CD42b -/ CD34 + cells. The timeline of our experimental conditions suggest that TSP-1 originated from exocytosis or platelet secretion rather than from neosynthesis per se. The consequences of TSP-1 expression on CD34 + cells are difficult to anticipate as TSP-1 induces both positive and negative modulation of endothelial cell adhesion, motility, and growth through its interaction with a plethora of cell adhesion receptors, including CD47, CD36, CD51/CD61, and CD29 integrins, and syndecan 12 .

CD47 expression was not modulated upon RFYVV MWK stimulation. CD47 interaction with signal regulatory protein a (SIRP-a), expressed on macrophages and dendritic cells, negatively regulates phagocytosis of hematopoietic cells 31 . Interestingly, we observed that T2D CD42b + /CD34 + conjugates express significantly less CD47 on their surface compared to non-T2D cells. This lower expression of CD47 may contribute to a higher susceptibility of T2D CD34 + to phagocytosis in vivo. Yet, we could not demonstrate lower amounts of CD34 + in T2D PB as previously observed by others 32 . Surprisingly, using a singleblinded counting approach, we measured significantly higher levels of CD34 + cells recovered from T2D patients (n = 20) compared to non-T2D (n = 20). This could be due to the fact that counting of CD34 + cells was performed after enrichment of cells with an immunomagnetic CD34 antibody column rather than on the PB of patients, which may have introduced an unexpected bias in the quantification. In addition, several studies have suggested that glycemic control could impact circulating progenitor cell levels in diabetic patients. Indeed, oral antidiabetics were shown to attenuate the quantitative deficit and improve angiogenic function of progenitor cells in diabetics 33,34 . The underlying mechanisms probably involve reduction in inflammation, oxidative stress, and insulin resistance. Furthermore, a recent study reported a positive correlation between circulating CD34 + cell count and serum triglycerides in nonhypertensive elderly Japanese men, suggesting that triglycerides may stimulate an increase in circulating CD34 + by inducing vascular disturbance 35 . In our patient cohort, triglycerides were significantly higher in T2D patients despite statin treatment. In agreement with the study by Shimizu and collaborators 35 , CD34 + cell count significantly correlated with triglyceride levels in nonhypertensive patients (n = 11; Spearman test; r = 0.81; p < 0.004), but also to a lesser extent in the hypertensive group (n = 27; Spearman test; r = 0.43; p < 0.03).

In conclusion, priming CD34 + PBMCs from T2D patients with the TSP-1 carboxy-terminal peptide RFYVVMWK restores and amplifies their adhesion properties without compromising their viability. These findings may be instrumental to improve proangiogenic autologous cell therapy in several disease settings such as T2D.

Figure 1 .

 1 Figure 1. (A) Examples of CD42b + (red)/CD34 + (green) conjugates formed after stimulation with RFYVVMWK observed by confocal microscopy. Scale bars: 5 µm. (B-E) Expression of CD47 (B), TSP-1 (C), CD62P (D), and CD162 (E) on CD34 + /CD42b + conjugates and CD34 + /CD42b -cells after RFYVVM or RFYVVMWK preconditioning. TSP-1, thrombospondin-1; MFI, mean fluorescence intensity; T2D, type 2 diabetes (gray bars); non-T2D, nondiabetic (white bars); NS, not significant. *p < 0.05; **p < 0.01; ***p < 0.001 [analysis of variance (ANOVA)].

Figure 2 .

 2 Figure 2. Expression of CD29 (A) and CD51/CD61 (B) on CD34 + /CD42b + conjugates and CD34 + /CD42b -cells after RFYVVM or RFYVVMWK preconditioning. (C) Examples of CD29 (top) and CD51/CD61 (bottom) distribution on RFYVVM (left)-and RFYVVMWK (right)-stimulated cells observed by confocal microscopy are shown. MFI, mean fluorescence intensity; T2D, type 2 diabetes (gray bars); non-T2D, nondiabetic (white bars); NS, not significant. *p < 0.05; **p < 0.01; ***p < 0.001 (ANOVA).

Figure 3 .

 3 Figure 3. Percentage of CD34 + annexin V + /PI -and annexin V + /PI + cells after preconditioning with RFYVVM or RFYVVMWK. T2D, type 2 diabetes (gray bars); non-T2D: nondiabetic (white bars); AnV, annexin V; PI, propidium iodide. **p < 0.01; ***p < 0.001 (ANOVA).

Figure 4 .

 4 Figure 4. Effect of peptide preconditioning on the adhesion of CD34 -and CD34 + cells onto vitronectin-collagen matrix. (A) All patients (diabetic plus nondiabetic). (B) Diabetic (gray bars) versus nondiabetic patients (white bars). Results are expressed as number of adherent cells per 2 ´ 10 3 seeded cells. ***p < 0.001 (Kruskal-Wallis test). Effect of preconditioning with TSP-1 peptides on the adhesion of CD34 + (nonhashed bars) and CD34 -cells (hashed bars) in diabetic (gray bars) versus nondiabetic patients (white bars) on HUVEC monolayers prestimulated by TNF-a (C) or IL-1b (D). Results are expressed as number of adherent cells per 10 3 seeded cells (p > 0.05, Kruskal-Wallis test). HUVEC, human umbilical vein endothelial cell; TNF, tumor necrosis factor; TSP, thrombospondin; T2D, type 2 diabetes; non-T2D, nondiabetic; NS, not significant. ***p < 0.001 (ANOVA).

Table 1 .

 1 Patient Characteristics

		Nondiabetics	Type 2 Diabetics	
	Characteristics	(n = 20)	(n = 20)	p
	Age (years)	70.1 ± 1.9	69 ± 1.6	0.34
	BMI (kg/m 2 )	29 ± 1.1	30 ± 1.6	0.2
	Hypertension (%)	15 (75)	12 (60)	0.5
	Dyslipidemia (%)	19 (95)	19 (95)	1
	Former smoking (%)	12 (60)	15 (75)	0.46
	Active smoking (%)	2 (10)	2 (10)	1
	Blood glucose (mmol/L)	5.61 ± 0.1	7.9 ± 0.5	<0.001
	HbAIc (mmol/mol)	39 ± 0.9	51 ± 3.6	<0.001
	Total cholesterol (mmol/L)	3.8 ± 0.2	3.7 ± 0.2	0.7
	LDL cholesterol (mmol/L)	2 ± 0.2	1.8 ± 0.2	0.08
	HDL cholesterol (mmol/L)	1 ± 0.1	1.1 ± 0.1	0.8
	Triglycerides (mmol/L)	1 ± 0.1	1.8 ± 0.2	0.002
	Platelets (G/L)	199 ± 11.4	181 ± 6.3	0.3
	Statins (%)	20 (100)	20 (100)	NS
	Antiaggregant (%)	20 (100)	20 (100)	NS
	Oral antidiabetics (%)	0	18 (90)	<0.001

Results are expressed as means ± SEM. BMI, body mass index; HbA1c, glycosylated hemoglobin; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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