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Autologous endothelial progenitor cell therapy improves right ventricular function in a model of chronic thromboembolic pulmonary hypertension
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Introduction

Right ventricular (RV) function is the main prognostic factor in pulmonary hypertension (PH) [START_REF] Ghio | Independent and additive prognostic value of right ventricular systolic function and pulmonary artery pressure in patients with chronic heart failure[END_REF]. Increased pulmonary vascular resistance induces RV remodeling from an adaptive to a maladaptive phenotype as the disease progresses. Unlike adaptive remodeling, maladaptive RV remodeling is characterized by dilatation, reduced cardiac output, ventriculo-arterial uncoupling, and a high mortality rate. At the cellular level, maladaptive remodeling is associated with reduced angiogenesis, increased fibrosis, metabolic changes, and a dysregulation of the autonomic nervous system (2) [START_REF] Ryan | The right ventricle in pulmonary arterial hypertension: disorders of metabolism, angiogenesis and adrenergic signaling in right ventricular failure[END_REF]. The transition from adaptive to maladaptive RV remodeling is a continuum that ultimately leads to end-stage heart failure.

A decrease in ventricular capillary density occurs in various animal models of PH (4) [START_REF] Bogaard | Chronic pulmonary artery pressure elevation is insufficient to explain right heart failure[END_REF] and in humans at the stage of maladaptive remodeling or heart failure [START_REF] Ruiter | Right ventricular oxygen supply parameters are decreased in human and experimental pulmonary hypertension[END_REF]. Indeed, RV ischemia has been described by Gómez et al. in the setting of chronic PH [START_REF] Gómez | Right ventricular ischemia in patients with primary pulmonary hypertension[END_REF]. To date, no cell based therapy is available for the overloaded RV. Therefore, Endothelial Progenitor Cells (EPCs) may be good candidates for RV-targeted therapy as they can differentiate into specialized endothelial cells [START_REF] Boyer-Di Ponio | Instruction of circulating endothelial progenitors in vitro towards specialized blood-brain barrier and arterial phenotypes[END_REF] and since they release paracrine factors involved in angiogenesis [START_REF] Kim | Therapeutic effects of late outgrowth endothelial progenitor cells or mesenchymal stem cells derived from human umbilical cord blood on infarct repair[END_REF]. EPCs have been reported to promote vascular repair and angiogenesis [START_REF] Murohara | Transplanted cord blood-derived endothelial precursor cells augment postnatal neovascularization[END_REF] (11) [START_REF] Peng | Transplanted Endothelial Progenitor Cells Improve Ischemia Muscle Regeneration in Mice by Diffusion Tensor MR Imaging[END_REF], although they have not yet been investigated in PH.

Chronic Thromboembolic Pulmonary Hypertension (CTEPH) is characterized by chronic pulmonary vessel obstruction combined with severe distal vasculopathy [START_REF] Simonneau | Updated clinical classification of pulmonary hypertension[END_REF]. Our group developed a novel piglet model of CTEPH that has been validated both for RV dysfunction and pulmonary vascular disease [START_REF] Mercier | Piglet model of chronic pulmonary hypertension[END_REF] [START_REF] Noly | Chronic Thromboembolic Pulmonary Hypertension and Assessment of Right Ventricular Function in the Piglet[END_REF]. We reported that ventricular-arterial uncoupling can be durably reversed when the RV afterload is normalized in this large-animal model [START_REF] Guihaire | Right ventricular plasticity in a porcine model of chronic pressure overload[END_REF]. Moreover, the RV capillary density is impaired in long-term CTEPH animal models (17). Consequently, our aim was to investigate the effect of right intracoronary administration of EPCs on RV function and capillary density. Our hypothesis was that EPC would improve RV function by enhancing capillary density.

Methods

Chronic thromboembolic pulmonary hypertension model

Five-week-old large white piglets, weighing 20-22 kg, were included in the preliminary (n=2) and the main study (n=16). The animals were randomly assigned to Sham or CTEPH groups. To establish the CTEPH model, the piglets were first subjected to surgery under general anesthesia (propofol, isoflurane, and pancuronium) and mechanical ventilation, and they underwent a ligation of the left pulmonary artery through a left thoracotomy.

Embolization of the right pulmonary artery was then performed weekly over a five-week period, via percutaneous access to the brachiocephalic vein, using cyanoacrylate glue (Histoacryl®, B. Braun, Melsungen, Germany), to target the right lower lobe [START_REF] Mercier | Piglet model of chronic pulmonary hypertension[END_REF]. Thus, ligation of the left pulmonary artery, combined with selective occlusion of the distal arteries of the right lower lobe, gradually increased the pulmonary vascular resistance, thereby leading to RV dysfunction at five weeks. The animals in the Sham group underwent a thoracotomy and weekly right pulmonary artery saline injections over a five-week period to mimic the embolization of the animals in the CTEPH group.

A preliminary pilot study was undertaken using one Sham piglet in which GFPlabelled EPCs were administrated at six weeks (T6), and the animal was sacrificed 4 h later.

One CTEPH piglet received GFP-labelled EPCs at T6 and it was sacrificed 24 h later.

Sixteen piglets were included in the main study: 5 Sham, 6 CTEPH, and 5 CTEPH+EPC (Fig. 1a). At T6, the animals in the Sham and the CTEPH groups received a right intracoronary injection of saline, whereas the animals in the CTEPH+EPC group each received 16 ± 3.21 million GFP-labelled EPCs (an average of 6.5x10 4 EPC/kg) (Fig. 1b).

Animals entering the CTEPH procedure were randomly assigned to either the CTEPH or the CTEPH+EPC group at the time that the model was established, just before to the left pulmonary artery ligation.

EPC administration

Cell therapy administration was performed at T6 for the CTEPH+EPC group. This time point was chosen because it has been proven in the study of Mercier et al. that chronic PH is developed in pigs 5 weeks after left PA ligature and weekly embolization [START_REF] Mercier | Piglet model of chronic pulmonary hypertension[END_REF]. EPC administration was performed under general anesthesia, using a 4-French catheter inserted through the femoral artery and an AR I mod catheter (Cordis) placed in the proximal right coronary artery, under fluoroscopic guidance. Proper positioning of the catheter was assessed by injection of contrast agent. Autologous EPCs were resuspended in 20 mL of saline solution in a syringe, and injected continuously through the catheter into the right coronary artery at a rate of 6.6 mL/min. Each piglet in the CTEPH+EPC group was injected with the maximum number of cells available after culturing for no more than 4 passages.

Hemodynamic assessment

The heart rate, the mean pulmonary artery pressure (mPAP), cardiac output, and blood saturation were measured at baseline (T0), at 6 weeks (T6), and at 10 weeks (T10).

A pressure-volume loop analysis of the RV was performed at T6 and T10 with a conductance VentriCath 507 (Millar Instruments, Houston, TX, USA).

Echocardiographic assessment

Transthoracic echocardiography (Vivid E9; GE Medical Systems Milwaukee, WI, USA) was performed at T0, T6, and T10. Tricuspid Annular Plane Systolic Excursion (TAPSE), right ventricular fractional area change (RVFAC), and the RV free wall strain were assessed [START_REF] Vonk Noordegraaf | Noninvasive imaging in the assessment of the cardiopulmonary vascular unit[END_REF]. Measurements were analyzed by two blinded cardiologists.

Capillary density assessment in the RV

To assess the capillary density (CD), RV samples were incubated with a rabbit antihuman CD31 (CD31 clone 1A10, 1:100, Diagomics, Blagnac, France) detected by ultraView Universal DAB Detection Kit (Ventana, California USA) staining with Benchmark GX (Roche, Boulogne-Billancourt, France). The CD was determined by the number of capillaries per mm 2 in five fields of view for each animal at 400x (NIS-Element software, Nikon).

Cardiomyocyte surface assessment in the RV

RV samples were incubated with wheat germ agglutinin (WGA-AF488, Invitrogen, USA, 10 µg/mL) and DAPI (1:10,000, Sigma-Aldrich, Missouri, USA). The cardiomyocyte surface was determined, as previously described [START_REF] Bensley | Three-dimensional direct measurement of cardiomyocyte volume, nuclearity, and ploidy in thick histological sections[END_REF], using ImageJ software in 15 fields of view for each animal at 630x (NIS-Element software, Nikon).

Statistical analysis

Data from the three groups were compared with the Kruskal-Wallis test, and the groups were compared two by two with the Mann-Whitney test in case of a significant Kruskal-Wallis test.

The results are presented as medians (interquartile range (IQR)). Statistical analyses were performed using Prism 6 software (GraphPad® software, San Diego, California, USA).

See Supplemental Methods and Supplemental Fig. 1 and Fig. 2 for more details.

Results

Preliminary study

The aim of the preliminary study was to evaluate the feasibility and safety of right intracoronary administration of EPCs in piglets. We observed neither ischemic areas, perivascular inflammatory infiltrates, nor scarring in the tissue (data not shown). A Sham piglet was sacrificed 4 h and a CTEPH piglet was sacrificed 24 h after receiving EPCs through the right coronary artery. Immunohistological analysis revealed the presence of EPCs in the RV myocardium and capillaries as well as in the RUL (Fig. 2). EPCs were also found in the spleen, albeit at a lower level (data not shown).

Assessment at six weeks (T6)

There was no difference in terms of body weight, body surface area, and hemodynamic data (mPAP, TPR, cardiac output, right ventricular fractional area change, TAPSE, RV free wall strain, and Ees/Ea) between the CTEPH and CTEPH+EPC groups at T0 and at T6 (data not shown).

Assessment of EPC function

Analysis of the EPC expression markers revealed no difference between the control

EPCs and the CTEPH-EPCs (see Supplemental Fig. 3). In terms of EPC function, there was no difference between the control EPCs and the CTEPH-EPCs in terms of Ac-LDL uptake (Supplemental Fig. 4), wound healing closure (Supplemental Fig. 5), and proliferation (Supplemental Fig. 6a,b,c).

RV function and pulmonary hemodynamics

Intracoronary administration of EPCs in the CTEPH animals was determined to be safe and feasible (e.g., no arrhythmia, myocardial infarction, or sudden death following the procedure).

Pulmonary hemodynamic as well as RV function were stable during the experiment, and the cardiac troponin I blood level returned to within the normal range four weeks (T10) after EPC infusion (Supplemental Fig. 7). At T10, the RVFAC was not significantly different between the Sham (43.5% (33.75-45.48)) and both the CTEPH (32.7% (29.5-36.5)) and the CTEPH+EPC groups (39% (37.25-46.5)) (Sham vs. CTEPH p=0.125 and Sham vs. CTEPH+EPC p=0.889). However, the RVFAC was significantly higher in the CTEPH+EPC group compared to the CTEPH group (p=0.030) (Fig. 3a). TAPSE and RV free wall strain were higher in the Sham group compared to both the However, the TAPSE and RV free wall strain were not statistically different between the CTEPH group and the CTEPH+EPC group (p=0.58 and p=0.11 respectively) (Supplemental Fig. 8a,b). In regard to pulmonary hemodynamics, both the mPAP and the TPR indexed to the body surface area remained significantly lower in the Sham group compared to both the CTEPH group and the CTEPH+EPC group (mPAP: 15 mmHg (14.5-17.5), 26 mmHg [START_REF] Li | Improving Cell Engraftment in Cardiac Stem Cell Therapy[END_REF][START_REF] Loisel | Stem cell therapy targeting the right ventricle in pulmonary arterial hypertension: is it a potential avenue of therapy?[END_REF][START_REF] Yip | Autologous transplantation of bone marrow-derived endothelial progenitor cells attenuates monocrotaline-induced pulmonary arterial hypertension in rats[END_REF][START_REF] Xia | Endothelial progenitor cells may inhibit apoptosis of pulmonary microvascular endothelial cells: new insights into cell therapy for pulmonary arterial hypertension[END_REF][START_REF] Gu | EPC-derived microvesicles protect cardiomyocytes from Ang II-induced hypertrophy and apoptosis[END_REF][START_REF] Sarashina | Reverse Right Ventricular Remodeling After Lung Transplantation in Patients With Pulmonary Arterial Hypertension Under Combination Therapy of Targeted Medical Drugs[END_REF], and 24 mmHg (21.5-31), respectively, Sham vs. CTEPH p=0.008 and Sham vs. CTEPH+EPC p=0.016 ; TPR: 211.6 dynes.s.cm -5 (161.1-289.5), 525.8 dynes.s.cm -5 (458.1-581.4), and 510.9 dynes.s.cm -5 (451.7-672.1), respectively, Sham vs. CTEPH p=0.004 and Sham vs. CTEPH+EPC p=0.007). These hemodynamic parameters did not differ significantly between the CTEPH group and CTEPH+EPC group (for mPAP: p=0.90 and for TPR: p=0.77) (Fig. 3b and3c). Lastly, the ventriculo-arterial coupling ratio (Ees/Ea) was significantly reduced in the CTEPH group (0.69 (0.56-0.83)) compared to the Sham group (1.03 (0.92-1.05)) (p=0.008). The absence of significant difference between the Sham and the CTEPH+EPC group (0.88 (0.67-1.20)) for the Ees/Ea ratio was indicative of a tendency for improved ventriculo-arterial coupling after EPC administration (Fig. 3d). The RVSWI did not differ between the three groups (Sham 685 (596.1-932.6), CTEPH 1202 (967.8-1370), and CTEPH+EPC 868.2 (841.2-1316)) (Fig. 3e). Hemodynamic and echocardiography data have been summarized in a Table 1.

RV and lung morphometry

The pulmonary artery media thickness in the RUL was greater in the CTEPH group (59.9% (53.3-64.6)) and the CTEPH+EPC group (62.4% (54-71.3)) compared to the Sham group (25.3% (22-27.6)), (CTEPH vs. Sham p<0.0001, CTEPH+EPC vs. Sham p<0.0001), while there was no significant difference between the CTEPH animals and the CTEPH+EPC animals (p=0.44) (Fig. 4a,4b,4c,4d). The cardiomyocyte surface area was higher in the . No EPCs could be detected in the RV at 10 weeks, whether by histological assessment (data not shown), analysis of GFP expression by Western blot (Supplemental Fig. 9), or RT-qPCR. However, some EPCs were found in the RUL (Fig. 4k) and in the spleen (Fig. 4l).

RV capillary density

CD31 immunohistochemical analysis revealed a higher capillary density (capillary/mm²) in the CTEPH group (183.5 (150.1-215.7)) and CTEPH+EPC group (210. 6 (190.8-228.4)) compared to the Sham group (133.9 (125.2-137.9)) (CTEPH vs. Sham p<0.0001 and CTEPH+EPC vs. Sham p<0.0001). There was a trend toward a higher capillary density in the CTEPH+EPC group compared to CTEPH group (p=0.06). CD31 protein quantification revealed increased CD31 expression (CD31/GAPDH expression) in the CTEPH+EPC group (7.14 (5.56-8.41)) compared to the Sham group (1.256 (0.81-1.88)) (p=0.008) and the CTEPH group (3.12 (1.27-5.08) (p=0.017) (Fig. 5a-e). The expression of VEGF-A protein was markedly increased (VEGF-A/GAPDH expression) in the CTEPH group (0.22 (0.21-0.27)) and the CTEPH+EPC group (0.29 (0.24-0.33)) compared to the Sham group (0.14 (0.18-0.17)) (CTEPH vs. Sham p=0.004, CTEPH+EPC vs. Sham p=0.008) (Fig. 5f).

Discussion

Autologous intracoronary injection of EPCs was associated with an improvement in RV systolic function in an animal model of CTEPH. A reduced cardiomyocyte surface area and a tendency for increased capillary density after EPC administration were also observed.

EPCs were present in the RV and RUL 4 h and 24 h following their injection in a Sham and a CTEPH piglet, respectively. However, at four weeks they were only discernible in the RUL and spleen. No differences were observed between the CTEPH and the CTEPH+EPC piglets in terms of mPAP and TPR, as well as pulmonary artery remodeling. Although the mechanistic evidence is limited, our results suggest that EPCs may exert their effect mainly on the RV. Indeed, our results are consistent with a primary effect of EPCs on the RV based on improvement of the right ventricular fractional area change and the prevention of hypertrophy in the CTEPH+EPC group. We hypothesize that when EPCs are injected intracoronary they pass through the RV for at least the first 24 h, during which they may secrete paracrine factors leading to a decrease in the cardiomyocyte surface area and a minor increase in capillary density that results in an improvement of the RV hemodynamic function.

It should be noted that these are hypotheses, further studies are required to test these assumptions.

Intracoronary administration of stem cells has been shown to be safe and feasible [START_REF] Vrtovec | Comparison of transendocardial and intracoronary CD34+ cell transplantation in patients with nonischemic dilated cardiomyopathy[END_REF].

Promising results have been obtained in terms of improvement of left ventricular function in patients with heart failure such as myocardial infarction [START_REF] Chugh | Administration of cardiac stem cells in patients with ischemic cardiomyopathy: the SCIPIO trial: surgical aspects and interim analysis of myocardial function and viability by magnetic resonance[END_REF] and dilated cardiomyopathy [START_REF] Lezaic | Intracoronary transplantation of CD34(+) cells is associated with improved myocardial perfusion in patients with nonischemic dilated cardiomyopathy[END_REF], even though in some cases the true effectiveness of the cell therapy is debatable. Using a porcine model of CTEPH, we showed that intracoronary administration of EPCs is safe and feasible (e.g., no arrhythmia, myocardial infarction, or sudden death following the procedure).

In keeping with previous studies that used an intracoronary delivery route [START_REF] Li | Improving Cell Engraftment in Cardiac Stem Cell Therapy[END_REF], there was low cell retention at four weeks. The observed absence of EPC was not due to a lack of GFP expression over time as GFP was transmitted to the daughter cells after cell division. Low cell retention is one of the major drawback of intracoronary administration as a result, in this case, it may not be the optimal route of administration.

To our knowledge we are the first to administer EPCs directly into the RV of a PH model [START_REF] Loisel | Stem cell therapy targeting the right ventricle in pulmonary arterial hypertension: is it a potential avenue of therapy?[END_REF]. To date, most of the other EPC therapy studies targeting PH cannot readily be compared to ours as they used the monocrotaline-induced PH rat model. With this model, there is targeting of the pulmonary circulation rather than RV function by intravenous EPC administration. The effects on the RV were indirect, as pronounced pulmonary effects such as reduced pulmonary arteriole muscularization, reduced pulmonary vessel wall thickening, and an increased number of lung small arterioles were also observed [START_REF] Yip | Autologous transplantation of bone marrow-derived endothelial progenitor cells attenuates monocrotaline-induced pulmonary arterial hypertension in rats[END_REF] [START_REF] Xia | Endothelial progenitor cells may inhibit apoptosis of pulmonary microvascular endothelial cells: new insights into cell therapy for pulmonary arterial hypertension[END_REF]. In contrast, in our study, intracoronary EPC administration improved RV function independently of a decrease in the RV afterload.

Following intracoronary administration of EPCs, a decrease in the cardiomyocyte area was observed. Gu et al. showed that EPC-derived microvesicles were able to prevent angiotensin II-induced cardiomyocyte hypertrophy in vitro [START_REF] Gu | EPC-derived microvesicles protect cardiomyocytes from Ang II-induced hypertrophy and apoptosis[END_REF]. The reduced cardiomyocyte area and the tendency to a decreased α/β MHC ratio observed after EPC injection suggests that these cells reversed the RV remodeling. RV reverse remodeling has already been reported in PH patients after lung transplantation [START_REF] Sarashina | Reverse Right Ventricular Remodeling After Lung Transplantation in Patients With Pulmonary Arterial Hypertension Under Combination Therapy of Targeted Medical Drugs[END_REF], pulmonary endarterectomy [START_REF] Berman | Right ventricular reverse remodeling after pulmonary endarterectomy: magnetic resonance imaging and clinical and right heart catheterization assessment[END_REF], and balloon pulmonary angioplasty [START_REF] Fukui | Right ventricular reverse remodelling after balloon pulmonary angioplasty[END_REF]. Here, RV hypertrophy seemed to be prevented by a stem cell therapy. Ventricular hypertrophy could be deleterious in case of myocardial ischemia. Indeed, ventricular hypertrophy, combined with increased afterload and increased wall stress, has been shown to lead to increased myocardial oxygen demand and, as a result, myocardial ischemia [START_REF] Stanton | Hypertension, Left Ventricular Hypertrophy, and Myocardial Ischemia[END_REF]. In this study, the stem cell therapy used may have reversed cardiac remodeling of the RV.

EPCs can participate directly in revascularization by repairing damaged vessels or by forming neo-vessels. Their role in the induction of angiogenesis through direct integration into vessels has been demonstrated using murine models of ischemia [START_REF] Murohara | Transplanted cord blood-derived endothelial precursor cells augment postnatal neovascularization[END_REF] [START_REF] Flex | Human cord blood endothelial progenitors promote post-ischemic angiogenesis in immunocompetent mouse model[END_REF] [START_REF] Peng | Transplanted Endothelial Progenitor Cells Improve Ischemia Muscle Regeneration in Mice by Diffusion Tensor MR Imaging[END_REF]. EPCs administered into myocardial infarcted rats have been shown to secrete paracrine factors that lead to a favorable cardiac remodeling (9) [START_REF] Hynes | Potent endothelial progenitor cell-conditioned media-related anti-apoptotic, cardiotrophic, and pro-angiogenic effects post-myocardial infarction are mediated by insulin-like growth factor-1[END_REF]. As there is poor cell retention, the effects that we observed were likely due to paracrine secretion by the EPCs. FGF-2, IGF-1, and SDF-1α are paracrine factors for which levels were increased in ischemic heart after EPC transplantation [START_REF] Kim | Therapeutic effects of late outgrowth endothelial progenitor cells or mesenchymal stem cells derived from human umbilical cord blood on infarct repair[END_REF]. Furthermore, a positive effect following EPC administration on left ventricle post-myocardial infarction was found to be mediated by IGF-1 [START_REF] Hynes | Potent endothelial progenitor cell-conditioned media-related anti-apoptotic, cardiotrophic, and pro-angiogenic effects post-myocardial infarction are mediated by insulin-like growth factor-1[END_REF]. Surprisingly, the level of VEGF was upregulated despite a lack of an effect on capillary growth. There may be two explanations for this increase in the level of VEGF: (1) EPCs might give rise to a selfsustaining angiogenic microenvironment at the time of RV injection; (2) the capillary density may not have reached a sufficient level to cover RV needs despite the increase in VEGF expression. Although we have little mechanistic data, we speculate that the observed effect could be a result of one of these paracrine factors.

Although RV function determines PH patient survival (1), once the afterload of the RV is alleviated by pulmonary endarterectomy or lung transplantation, the RV has the ability to remodel and return to normal within weeks or months [START_REF] Reesink | Reverse right ventricular remodeling after pulmonary endarterectomy in patients with chronic thromboembolic pulmonary hypertension: utility of magnetic resonance imaging to demonstrate restoration of the right ventricle[END_REF] [START_REF] Sarashina | Reverse Right Ventricular Remodeling After Lung Transplantation in Patients With Pulmonary Arterial Hypertension Under Combination Therapy of Targeted Medical Drugs[END_REF]. Only targeting the RV would hence provide little benefit, as the pulmonary vasculature would still be obstructed and the RV would therefore still be subject to a high afterload. As the stem cell therapy that we developed here only targets the RV, we aim to use this therapy in combination with current therapies targeting the pulmonary vasculature. The additional targeting of the RV with our EPC-based therapy may prolong the survival of patients.

Limitations

One major limitation of our experimental CTEPH model is the lack of a decrease in the capillary density in the RV. We sacrificed the animals at 4 weeks following the establishment of PH, as opposed to Noly et al. (17) who studied the same model after 14 weeks, at which time they found a decrease in the capillary density. To overcome the absence of reduced capillary density, a different model could be investigated so as to evaluate the effect of EPCs in the RV without having the pulmonary component. Alternatively, the time of EPC administration could be delayed to obtain a higher level of RV dysfunction, thus leading to the capillary rarefaction, as observed by Noly et al. (17). Finally, heterogeneity of the disease between piglets at T6 makes it difficult to observe significant effects of therapy.

However, as the model is stable over the time (17), we are confident that the disease phenotype is not temporary.

Although we demonstrated differences between groups considering RVFAC evaluation, we only found significant difference between CTEPH with and without EPC. The lack of power of the study, the low severity of the modeled disease and the early post-injection evaluation may explain these results. However, despite this animal model induced limitations, we found that right ventricular function was significantly improved after EPC injection in CTEPH animals.

In this study, peripheral blood collection was only performed in the CTEPH+EPC pigs. As blood collected was less than 7.5% of piglets' blood volume the recovery period lasted less than one week [START_REF] Diehl | A good practice guide to the administration of substances and removal of blood, including routes and volumes[END_REF]. We assume that it did not affect our comparative results. Despite EPCs availability in peripheral blood of PH patients [START_REF] Smadja | Distinct patterns of circulating endothelial cells in pulmonary hypertension[END_REF] , the main concerns regarding the translation of this cell therapy to clinical studies is the use of autologous cells.

First, it could be particularly taxing for severe PH patients to provide a significant blood sample to isolate EPCs. Secondly, the timing between blood sampling, EPC isolation and proliferation, and EPC administration needs to be fully optimized. One solution could be to collect blood following diagnosis of the disease, then to isolate and freeze the EPCs and wait for the patient to be ready for their administration. Thirdly, EPCs isolated from patients with PH may have altered functionality [START_REF] Grisar | Endothelial progenitor cells in cardiovascular disease and chronic inflammation: from biomarker to therapeutic agent[END_REF] and would require an assessment before use. EPCs isolated from cord blood could be an alternative to autologous EPCs for overcoming all of these limitations. Several studies have shown the superiority of cord blood EPCs over adult EPCs in terms of their proliferative capacity and their ability to create new vessels and to participate in angiogenesis, and their use has already been proposed for several clinical applications (37) (38) [START_REF] Kim | Comparative proteomic analysis of endothelial cells progenitor cells derived from cord blood-and peripheral blood for cell therapy[END_REF].

Conclusion

Using a porcine model of CTEPH, right intracoronary EPC administration seemed to have a positive effect on RV adaptation to PH. Further studies are needed to determine the best way for administering EPCs, and to confirm these encouraging results in other types of 

  CTEPH group and the CTEPH+EPC group (TAPSE: 21 mm (19.5-21), 15.5 mm (13.75-17.25), and 16 mm (15.5-17), respectively, Sham vs. CTEPH p=0.009 and Sham vs. CTEPH+EPC p=0.007; RV free wall strain: 33% (28.6-36), 19.5% (15.5-27.25), and 24% (23.5-29), respectively, Sham vs. CTEPH p=0.017 and Sham vs. CTEPH+EPC p=0.031).

  CTEPH group (298.3 µm² (277.4-335.3)) compared to the Sham group (212.5 µm² (196.8-260.1)) (p=0.008). Interestingly, the cardiomyocyte surface area was lower in the CTEPH+EPC group (234.6 µm² (211.1-264.7)) compared to CTEPH group (298.3 µm² (277.4-335.3)) (p=0.017). There was no difference between the Sham group and the CTEPH+EPC group (p=0.66) (Fig. 4f, 4h, 4i, 4j). Cardiomyocyte hypertrophy was also evaluated by the α/β MHC ratio. This ratio was significantly lower in the CTEPH group (0.71 (0.49-1.06)) compared to the Sham group (2.6 (1.87-5.25)) (p=0.004). However, α/β MHC ratio was not different after EPC administration (CTEPH+EPC 3.90 (0.58-7.21), CTEPH vs. CTEPH+EPC p=0.18) (Fig 4f)
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Central Message

PH models. EPC therapy appears to be a promising therapy to sustain RV function in PH.

When used in combination with pulmonary circulation-targeted therapies, this new therapy has the potential to provide clinical benefits for PH patients.

Video legend

Description of the right intracoronary EPCs administration procedure in a piglet model of CTEPH. 
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