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Abstract

:

Cell therapy raises hope to reduce the harmful effects of acute myocardial ischemia. Stem and progenitor cells (SPCs) may be a valuable source of trophic factors. In this study, we assessed the plasma levels of selected trophic factors in patients undergoing application of autologous bone marrow (BM)-derived, lineage-negative (Lin−) stem/progenitor cells into the coronary artery in the acute phase of myocardial infarction. The study group consisted of 15 patients with acute myocardial infarction (AMI) who underwent percutaneous revascularization and, afterwards, Lin− stem/progenitor cell administration into the infarct-related artery. The control group consisted of 19 patients. BM Lin− cells were isolated using immunomagnetic methods. Peripheral blood was collected on day 0, 2, 4, and 7 and after the first and third month to assess the concentration of selected trophic factors using multiplex fluorescent bead-based immunoassays. We found in the Lin− group that several angiogenic trophic factors (vascular endothelial growth factor, Angiopoietin-1, basic fibroblast growth factor, platelet-derived growth factor-aa) plasma level significantly increased to the 4th day after myocardial infarction. In parallel, we noticed a tendency where the plasma levels of the brain-derived neurotrophic factor were increased in the Lin– group. The obtained results suggest that the administered SPCs may be a valuable source of angiogenic trophic factors for damaged myocardium, although this observation requires further in-depth studies.
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1. Introduction


Significant progress in the interventional treatment of patients with acute coronary syndromes (ACS) has contributed to the substantial improvement of prognosis. However, the consequences of the loss of myocardium due to myocardium infarction leads to chronic heart failure. Contemporary data show that the incidence of ST-elevation myocardial infarction (STEMI) in European countries ranges from 43–144 per 100,000 per year [1]. Although survival of patient with STEMI has been improved with optimal medical therapy, registries indicate hospital mortality varies between 4%–12%, while one-year mortality among STEMI patients in the angiography register is approximately 10% [2]. To date, cell-based therapy applied by the intracoronary route has been tested in acute coronary syndromes as adjuvant therapy [3,4]. Its efficacy seems to be limited because of a number of factors.



Stem cell-based methods of treatment can be safely and efficiently employed for regeneration of damaged vascularized organs. However, clinical trials conducted so far with the use of cell therapy in cardiac repair and regeneration in chronic heart failure have yielded neutral or, at most, marginally positive outcomes [5,6]. Other stem cell-based clinical trials in cardiovascular therapies have focused on treatment immediately after injury among STEMI patients [7,8,9,10,11]. The mechanisms for stem cell-based therapies of the heart diseases are complex [12]. The initial understanding of cardiac tissue repair involved direct replacement of damaged cardiomyocytes by transplanted stem cells through differentiation processes. Differentiated cardiac stem cells were expected to repair the host tissue by direct tissue replacement [6,13]. However, many observations of very limited stem cell engraftment and direct differentiation of injected cells into cardiomyocytes and vascular cells, either by transdifferentiation or cell fusion, did not comprehensively explain the cardiac benefits [13]. Later on, secretion of growth factors by SPCs was considered as the major contributor to the functional benefits of stem cell-based therapies [14]. It is important that, besides the potential to self-renew and differentiate into mature cells, SPCs exert trophic, anti-apoptotic, and angiopoietic activity by producing important growth factors [15,16]. Among them are neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic factor (GDNF) as well as angiopoietic factors such as vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF) [15]. In the context of heart tissue regeneration and protection, insulin-like growth factor-1 (IGF-1) could inhibit apoptosis of cardiomyocytes, recruit endogenous stem cells, and promote angiogenesis [17]. Other factors released by SPCs such as VEGF, fibroblast growth factor (FGF) [18], angiopoietin [19] augment angiogenesis. Thus, adult stem cells derived mostly from the bone marrow (BM) or adipose tissue that express a high-secretory profile seem to hold great promise [6]. In our previous work, by employing reverse transcription–polymerase chain reaction, we found that BM-derived stem/progenitor CD34+ cells expressed several mRNA transcripts for neurotrophins, and subsequently we confirmed their presence in cells at the protein level by employing immunofluorescence staining [20]. Selected BM-derived Lin− cells consist of a heterogeneous SPC population that contains a small percentage of stem cells. Most of the cells are progenitors. A methodology based on immunomagnetic negative selection has been developed to deplete mononuclear cells (MNCs) of hematopoietic lineage, marker-expressing mature cells. We have previously shown that umbilical cord blood (UCB)-derived SPCs, especially Lin− cells, strongly and specifically express classical neurotrophins (NTs) and the novel neurotrophic cytokines as well as VEGF. We have also shown that these secreted factors support neuronal proliferation and in vitro survival in a conditioned medium from Lin− SPCs [15]. Interestingly, it has been reported that cell-to-cell contact was pivotal to the functional benefits of cell therapies [21].



Growth factors promote survival of cardiomyocytes and stimulate angiogenesis, leading to protection against ischemia and the decrease of heart remodeling [22,23,24,25,26]. Beneficial effects of SPCs might be explained by paracrine and trophic effects of growth as well as chemotactic factors (i.e., cytokines that are released by the cells). Intracoronary application of autologous SPCs was confirmed as a safe and feasible method. To our knowledge, neurotrophins and angiogenic factor concentration in the blood of STEMI patients during the course of experimental Lin− cell therapy have not been studied comprehensively so far. In this study, we aimed to investigate whether intracoronary injection of autologous BM-derived Lin− cells was safe in STEMI patients and whether it could lead to the improvement of left ventricular ejection fraction. Because growth factors play a pivotal role in regeneration, and SPCs can exert a number of growth factors, we hypothesized that adjuvant cell therapy could also bring specific changes in various neurotrophins, angiogenic factors, and other factor profiles in blood plasma of STEMI patients.




2. Results


2.1. Baseline Characteristics


Table 1 shows patient baseline characteristics. The study population consisted of males, and the median age (IQR) was 54.5 (11.3) y in Lin− group and 52 (11.5) y in control group.



Most patients (71%) had anterior STEMI due to occlusion of left anterior descending coronary artery (LAD), and the median time from onset of chest pain to reperfusion therapy was 4 (3.75) h for Lin− and 3.5 (5.75) h for the control group. In each patient, during the procedure, only the infarct-related artery was supplied. In Lin− group, 10 patients had LAD, 2 patients had left circumflex artery (LCX), and 3 patients had right coronary artery (RCA) supplied. In the control group, 14 patients had LAD, 1 patient had LCX, and 4 patients had RCA supplied.



Patients in the control group had a lower ejection fraction (EF) (median 35% (3.75%) vs. 40% (5.75%), p = 0.047), higher left ventricular end-diastolic volume (LVEDV) (median 151.5 (31.75) mL vs. 128.5 (39.25) mL, p = 0.025), and higher aortic bulb dimension (Ao) (median 36.5 (6.0) mm vs. 33 (4.75) mm, p = 0.043) at the day 0; higher left ventricular end-systolic volume (LVESV) (median 90.5 (16.0) mL vs. 74 (22.25) mL, p = 0.043) and higher left ventricular internal dimension at end-diastole (LVIDD) (median 56 (4.0) mm vs. 51 (4.0) mm, p = 0.007) at day 0 and 1. A trend toward a lower body mass index (BMI) (p = 0.096) and higher left atrium (LA) diameter (p = 0.066) in the control group was observed. These differences could be partially explained by the fact that the study was not randomized. Apart from this, there was no statistically significant difference in baseline characteristics (for patient age, time from onset of chest pain to reperfusion therapy, and supplied coronary artery) between Lin− and the control group.



Laboratory tests were performed on the obtained peripheral blood samples, and the selected results are presented in Table 1. Pharmacological treatment was initiated according to current guidelines shortly after primary percutaneous coronary intervention (PCI). In the Lin− group, a mean of 8.37 ± 7.8 × 106 autologous BM-derived Lin− cells were infused in the infarct-related artery the next day after PCI.




2.2. Application of Lin− Cells into the Infarct-Related Coronary Artery


In our previous studies, we thoroughly characterized Lin− cells as a heterogeneous population, which consists of precursors, progenitors, and stem cells and lacks mature blood cells [15]. The phenotypic characterization of administered Lin− cells is shown in Table 2. Of note, inter-individual variability related to the number of Lin− cells isolated from the bone marrow from each STEMI patient and subsequently delivered into infarct-related artery underlines the heterogeneity of this study’s patient group.



We did not observe any adverse effects of autologous BM-derived Lin− cells delivered intracoronarily, which makes them a safe and feasible source of material for use in the myocardium for trophic support provision. There were no deaths, transplant-related infections, acute kidney injuries, and no cases of subsequent AMI during one-year follow-up. All patients included in the study in the first day and after 6 and 12 months underwent a Holter ECG for 24 h. At follow-up, no evidence of ventricular or supraventricular arrhythmias in 24 h ECG monitoring was noted.



In all patients, echocardiography was performed by the same professional blinded to the treatment arm on the day of admission, and subsequent echocardiographic examinations were carried out in all patients on day 0, 2, 4, and 7 as well as 1, 3, 6, and 12 months after myocardial infarction. We analyzed the results obtained by ultrasonography and compared them between groups. The EF, LVEDV, and LVESV parameters evaluated in subsequent time intervals during one-year follow-up did not significantly differ between the groups. Interestingly, at 6 and 12 months of observation, the heart ventricles in the control group began to undergo unfavorable reconstruction by increasing their diameter (median (IQR); month 6—55.5 (10.25) mm vs. 49.5 (9.75) mm, p = 0.05; month 12—58 (9.0) mm vs. 53 (9.5) mm, p = 0.05). Similarly, the diameter of the aortic bulb tended to increase in the control group at 6 (median; 37 (5.5) mm vs. 35.5 (5.0) mm, p = 0.066) and 12 months (median; 35 (5.0) mm vs. 33 (5.75) mm, p = 0.071) (Table 3).




2.3. Brain-Derived Neurotrophic Factor (BDNF) and Glial-Derived Neurotrophic Factor (GDNF) Plasma Levels


In order to assess the influence of the intra-arterial administration of Lin− cells in patients with STEMI on the plasma concentration of selected neurotrophins, we evaluated BDNF and GDNF levels on the day 0, 2, 4, and 7 as well as after 1 and 3 months. We found that the baseline concentration of BDNF on day 0 before using Lin− cells was significantly higher in the control group than in the Lin− study group. However, in the following days, we did not find any significant differences between the groups in the range of BDNF concentrations in subsequent time points (Table 4, Figure 1A). Next, we analyzed the dynamics of changes in BDNF concentrations in the control group vs. the Lin− group. The level of BDNF in the control group tended to reduce on day 2 in relation to day 0 (borderline significance in Friedman ANOVA, p = 0.02 in Wilcoxon signed-rank test). In contrast, in the Lin− group on day 4, we observed a tendency for the plasma level to be increased in BDNF in relation to day 0 (borderline significance in Friedman ANOVA, p = 0.01 in Wilcoxon signed-rank test) (Table 4 and Table 5).



In parallel, we analyzed the plasma concentrations of GDNF. The baseline concentration of GDNF on day 0 before using Lin− cells was significantly higher in the study group than in the control group. The concentration of GDNF in following days remained at the same level in both groups (Table 4, Figure 1B).



Summing up, the plasma level of BDNF tended to be increased in the study group in the first days of therapy, contrary to the control group where a steady decrease of BDNF was noticed. There were no changes in plasma GDNF concentration after cell therapy.




2.4. Plasma Level Profiles of Angiogenic Growth Factors


Next, we analyzed the concentration of angiogenic growth factors in peripheral blood of patients with STEMI. We found that the baseline VEGF level was higher in the control group than in the Lin− group (median 18.3 (15.6) pg/mL vs. 7.6 (7.6) pg/mL, p = 0.033) (Table 4). However, we did not observe differences between these groups in other time points. Similarly, baseline angiopoietin-1 levels were also significantly higher in the control group than in the Lin− group, but in further observation we found that angiopoietin levels in the Lin− group were higher than in the control group on day 2. As Tie-2 is concerned, we observed insignificantly higher levels of the factor in the control group on day 0, and then we did not observe any differences between the plasma levels in both groups. Interestingly, endoglin levels were higher in the control group than in the Lin− group in every time point. There were no differences between endothelin levels between both groups of patients (Table 4).



We noticed a tendency for HGF levels to be higher in Lin− patients in month 3 of observation compared to the control group (median 105 (58) pg/mL vs. 85.7 (46.5) pg/mL, p = 0.051); however, this difference was not statistically significant. Insulin-like growth factor binding-protein 1 (IGFBP-1) levels were higher in the Lin− group than in control group at day 0 (p = 0.023).



Baseline basic fibroblast growth factor (bFGF) levels tended to be higher in the control group than in the Lin− group (p = 0.051). In contrary, there was a tendency for bFGF plasma levels to be higher in the Lin− group on day 4 (p = 0.056) (Table 4, Figure 2). Differences in bFGF concentrations (days 2 and 4 vs. day 0; and months 1 and 3 vs. day 0) were significantly different between the groups (p = 0.006, p ≤ 0.001; and p = 0.03, p = 0.036, respectively). Similarly, baseline platelet-derived growth factor-aa (PDGF-AA) levels were higher in the control group compared to the Lin− group, and, subsequently, we observed the tendency for these levels to be higher in the Lin− group.



Next, we analyzed changes in growth factor levels during the time of observation. We noticed a significant increase in plasma levels of VEGF, angiopoietin-1, bFGF, and platelet-derived growth factor-aa (PDGFA-AA) in Lin− patients mostly from day 2 to 4 compared to baseline level (day 0) (Table 4).




2.5. Correlation between Selected Neutrotrophins and Angiogenic Factor Concentration with the Number of Administered Lin− cells


Next, we focused on factors that could have influenced concentrations of neurotrophins and angiogenic factors. Correlation analysis showed that the increase in BDNF concentration observed in the Lin− group one month after therapy compared to baseline concentration significantly correlated with the number of administered Lin− cells (Spearman’s correlation coefficient, Rs = 0.55, p = 0.034). The more Lin− cells that were infused, the higher the increase of BDNF concentration was at month 1 in relation to baseline.



Similarly, correlation analysis showed that the increase in bFGF plasma levels observed in the Lin− group one month after therapy compared to baseline level significantly correlated with the number of administered Lin− cells (Spearman’s correlation coefficient, Rs = 0.56, p = 0.029). The more Lin− cells that were infused, the higher the increase of bFGF concentration was after one month in relation to baseline.





3. Discussion


Irreversible death of cardiomyocytes and scar formation due to prolonged ischemia of myocardium in consequence lead to adverse remodeling of the left ventricle. Contractile dysfunction of the left ventricle and cardiac arrhythmias represent common results of remodeling and most serious complications in patients with heart failure [27]. Strategies to prevent of remodeling, consecutive heart failure, and sudden death are urgently required. It has been expected that stem cell-based therapy will benefit patients by modifying adverse cardiac remodeling. Stem/progenitor cells used in therapeutic approaches could initiate immunomodulatory mechanisms, thereby reducing remodeling and having cardioprotective effects. One of mechanisms probably involved in the process is the secretion of growth and trophic factors including neurotrophins and angiogenic factors [14]. Therapeutic results associated with stem cell therapy, mainly due to paracrine mechanisms, might play an important role in the future [28].



The last two decades have brought an increased interest in neurotrophic factors. Neurotrophins (NTs) play an essential role as a regulator of cell survival and maintenance of their physiological activity. One of the most potent NTs is BDNF. Although the expression of BDNF primarily affects the central nervous system, this unique factor is also present in serum, which has been confirmed in numerous clinical and preclinical studies [29,30,31]. As potential sources of BDNF, blood platelets, brain neurons, and vascular endothelial cells are mentioned [32]. Fujimura observed that activated blood platelets may bind, store, and release BDNF [33]. However, the values of BDNF concentration in blood plasma depend on many factors, among others mental illness, eating disorders, lower respiratory tract infections, and physical activity [29,34,35,36]. Reduced plasma levels of neurotrophins, such as nerve growth factor (NGF) and BDNF, have been reported in patients with ACS [37]. These observations support the hypothesis that BDNF may be implicated in the pathogenesis of human coronary atherosclerosis. It has been demonstrated that BDNF stimulates formation of new vessels through an increase of VEGF concentration. Otherwise, the results reported by Kermani et al. have suggested that local regional delivery of BDNF may provide a novel mechanism for inducing neoangiogenesis through both direct actions on local TrkB-expressing endothelial cells in skeletal muscle and recruitment of specific subsets of TrkB+ BM-derived hematopoietic cells to provide peri-endothelial support for the newly formed vessels [38]. Moreover, BDNF concurs to increase factors that promote survival of cardiomyocytes and stimulate angiogenesis resulting in a decrease of remodeling of heart after myocardial infarction [39].



It is commonly speculated that benefits related to administration of SPCs are associated predominantly with their paracrine effects. Currently, it is widely believed that the paracrine effect—understood as the release of cytokines, chemokines, and growth factors inhibiting apoptosis and fibrosis, which enhances contractility and activates regenerative mechanisms—plays a pivotal role in stem cell-based therapy [40]. Secretion of cytoprotective factors by mesenchymal stem cells (MSCs) was first reported by Gnecchi et al. [41,42]. Released growth factors increase the survival of nearby cardiomyocytes, promote angiogenesis, and improve left ventricular function [43,44,45]. It has been proven that paracrine factors derived from stem cells transplanted into the myocardium contribute to left ventricular remodeling and function [45].



In this study, we assessed whether cellular therapy affected the levels of selected neurotrophins in patients undergoing application of autologous, BM-derived Lin− SPCs into the coronary artery in the acute phase of myocardial infarction. We observed an increase in BDNF concentration on days 2 and 4 in patients that were administered Lin− cells into the infarct-related artery (statistically insignificant). Whereas, the level of BDNF in the control group tended to be reduced on these days. This observation may suggest the short-acting trophic support derived from administered SPCs. Moreover, we also noticed that the increase in BDNF concentration one month after therapy significantly correlated with the number of administered Lin− cells. The more Lin− cells that were infused, the higher the increase of median BDNF concentration was at month 1 in relation to baseline. These observations support the hypothesis that the Lin− cells used had short-acting as well as long-acting benefits. In previous studies, it has been suggested that BDNF protects the myocardium against ischemic injury [46,47]. BDNF expression is probably upregulated by neural signals from the heart after myocardial infarction. The BDNF/TrkB axis has been demonstrated to alleviate cardiac ischemic injury and inhibit cardiomyocyte apoptosis by regulating TRPC3/6 channels. BDNF has inhibited cardiomyocyte apoptosis by upregulating Bcl-2 expression and downregulating caspase-3 expression and activity in ischemic myocardium [47]. A complementary explanation for the cardioprotective activity of BDNF could be an interplay between BDNF and miR-195 in ischemic cardiomyocyte apoptosis. It has been shown that upregulation of miR-195 in ischemic cardiomyocytes promotes ischemic apoptosis by targeting Bcl-2, and BDNF mitigates the pro-apoptotic effect of miR-195 [48].



Another neurotrophin, a member of the transforming growth factor superfamily, GDNF, promotes the survival of developing sympathetic neurons and the growth of neurites from these neurons in culture. GDNF also acts as a potent chemoattractant for axon guidance of sympathetic neurons both in vitro and in vivo, and it exerts strong effects to navigate sympathetic axons to target cardiac tissues in the case of myocardial damage or transplantation of regenerated myocardial tissue [49]. Recently, it has been demonstrated that GDNF receptor GFRA2 is essential in heart development [50]. However, we did not find any increase in GDNF plasma concentration in patients that received Lin− cells.



Growth factors are crucial in the development and regeneration of every tissue. Evidence has accumulated that various cytokines released by SPCs, such as growth factors, stimulate angiogenesis and protect the myocardium against ischemia. Data from animal models indicate that regenerative responses of endogenous cardiac stem cells (CSCs) can be enhanced by the administration of growth factors in situ. CSCs have been shown to possess receptors for IGF-1 and HGF, factors that regulate their growth, survival, and migration [23]. Activation of signaling pathways deriving from their receptors was confirmed by phosphorylation of c-met protein and further transmitters. There is accumulating evidence that such a regenerative response can be activated in myocardial ischemia [24,51]. The mitogenic potential to stimulate HGF proliferation and the cytoprotective effects of IGF-1 appear to be a complementary combination necessary in cardiac repair processes.



Inducing angiogenesis is one of the biggest challenges for modern therapy. It seems that only use of stem cells and growth factors can compete in this challenge. Recently, great therapeutic potential has been attributed to VEGF [52]. Data from preclinical and clinical studies indicate that VEGF may induce angiogenesis in myocardial infarction [52]. Besides its prominent role in angiogenesis, VEGF also exerts important mobilizing effect on stem cells. It is one of the factors that mobilizes BM stem cells and participates in the recruitment of these cells to sites of damaged tissue in STEMI. Angiopoietin-1 is another factor that stimulates angiogenesis and promotes the maturation of blood vessels [19,22]. A unique, advantageous feature of angiopoietin-1 is stabilization of blood vessels and protection from VEGF-induced plasma leakage [53]. Angiogenic and anti-apoptotic properties of HGF have been demonstrated [54]. Previous studies have shown a gradual increase in the endogenous concentration of HGF mRNA and its receptors (c-met) for up to one week after myocardial infarct [55]. It has also been shown that the expression of HGF and its secretion into the blood circulation are promoted in the early phase of AMI [55].



bFGF is an endogenous, multifunctional protein with strong affinity for the extracellular matrix and basal lamina as well as well-documented paracrine, autocrine, and intracellular modes of action [56]. It has been demonstrated that bFGF exerts acute and direct prosurvival effects in ischemic myocardium. bFGF has also been shown to be a potent angiogenic protein and a crucial agent for the proliferation, expansion, and survival of several cell types including those with stem cell properties [57]. It has also been demonstrated that bFGF has cytoprotective and regenerative properties [55]. In the study, we noticed that the increase in bFGF concentration one month after SPC intracoronary application significantly correlated with the number of administered Lin− cells. The more Lin− cells that were infused, the higher the increase of BDNF concentration was at month 1 in relation to baseline. These observations support the hypothesis that autologous, BM-derived Lin− may be a source of angiogenic and trophic factors for damaged myocardium. Given the cytoprotective and regenerative properties of bFGF, intracoronary administration of SPCs may exert beneficial effects on the myocardium.




4. Materials and Methods


4.1. Patients


The study was designed as a prospective, open-label, nonrandomized clinical trial in a single center for subjects with STEMI. The trial was approved by the Ethics Committee of the Pomeranian Medical University in Szczecin (Poland) and performed in accordance with the Declaration of Helsinki (BN-001/122/05, 20.06.2005). All patients provided written, informed consent.



A total of 34 patients, all males without diabetes, between 35 and 63 years old (mean 52 ± 7.7) with STEMI were enrolled in the study. The survey was carried out from December 2010 to June 2014 at the Department of Cardiology at Pomeranian Medical University in Szczecin. The participants were divided into two groups: a study group (standard cardiovascular treatment with autologous Lin− stem cell transplantation—15 patients) and a control group (standard cardiovascular treatment solely—19 patients). Patients enrolled in the study met the following criteria:




	(a)

	
under 65 years of age;




	(b)

	
occurrence of a typical angina pectoris lasting at least 30 min and the appearance of chest pain up to 12 h before admission to the clinic;




	(c)

	
elevation of the ST segment at point J > 0.2 mV in at least two adjacent leads from V1 to V3 or >0.1 mV in other electrocardiogram (ECG) leads;




	(d)

	
first ever myocardial infarction;




	(e)

	
ejection fraction (EF) ≤45% on day 0 of echocardiographic examination; and




	(f)

	
single-vessel coronary disease in coronary angiography qualified for coronary angioplasty with stent implantation.









On the day of admission, clinical conditions of all enrolled patients were assessed according to Killip Kimball’s classification and heart ultrasound examination. Subsequently, patients underwent coronary angiography and percutaneous revascularization with the implantation of drug eluting stent (DES) to the infarcted artery. Coronarography was performed using the Judkins technique on Integris HM hardware (Philips Healthcare, Amsterdam, Netherlands). The recording from the study was stored at a speed of 25 frames/s. Angiograms were analyzed offline using DICOM 3 software (Medical Imaging & Technology Alliance, Arlington, VA, USA). The flow through the infarct-related coronary artery was evaluated in the initial angiogram and after the primary angioplasty based on the Thrombosis In Myocardial Infarction (TIMI) scale. Primary angioplasty was performed according to generally accepted principles in patients with TIMI 0 flow (fully obstructed coronary artery). In each patient, during the procedure, only the infarct-related artery was supplied. In the study group, 10 patients had a left anterior descending coronary artery (LAD), 2 patients had a left circumflex artery (LCX), and 3 patients had a right coronary artery (RCA) supplied. In the control group, 14 patients had LAD, 1 patient had LCX, and 4 patients had RCA supplied.




4.2. Cells


Bone marrow from the 15 patients in the study group was obtained within 24 h after coronary angioplasty. Each time, informed consent was given. BM samples (40–50 mL) were aspirated in local anesthesia from the posterior iliac crest of recruited patients and subsequently resuspended in a collecting medium (phosphate-buffered saline (PBS), pH 7.2) and heparin (20 U/mL; Gibco, Waltham, MA, USA). MNCs were obtained after centrifugation over Gradisol L (Polfa, Kutno, Poland) [58]. The obtained suspension of BM MNCs was subjected to immunomagnetic separation procedures (MiniMACS, Miltenyi Biotec, Auburn, AL, USA). Lin− cells were isolated from MNCs using immunomagnetic isolation and a lineage cell depletion kit (Miltenyi Biotec, Auburn, AL, USA), as described [15], according to good medical practice (GMP) conditions. Before implantation, the cells were maintained in 2 mL of sterile PBS. According to the experimental protocol, all isolated Lin− cells were administered into the infarct-related coronary artery each time, which had been previously subjected to coronary angioplasty. Table 2 shows the phenotypic characterization of administered Lin− cells. Lin− cells are a very heterogeneous population that is highly enriched for immature SPCs. In our previous work, by employing flow cytometry, we have shown that Lin− cells contain populations of CD34+ cells (12.1% ± 7.2%), CD133+ cells (12.3% ± 8.2%), endothelial progenitor cells (CD34+, CD133+, and CD144+ cells, 1.7% ± 1.1%), and cells with mesenchymal stem cell phenotypes (CD105+, CD73+, CD90+, CD45−, CD34−, CD11b−, CD19−, and HLA-DR− cells; 0.0084% ± 0.0108%) [15].




4.3. Administration of the Lin− Stem Cells Suspensio to the Infarct-Related Artery


Administration of isolated Lin− SPCs to the patient was performed up to 24 h after coronary angioplasty. Lin− cells were infused into the infarct-related coronary artery, which had been previously subjected to coronary angioplasty. A typical set for coronary angioplasty, with a guide catheter and an over-the-wire (OTW) balloon dilatation catheter (Boston Scientific Emerge TM), was used to implant stem cells. After placing the balloon of the OTW catheter within the previously implanted stent, it was expanded. The prepared suspension of Lin− cells was administered in a sterile fashion through the catheter flow channel distal to the balloon. Deflation of the balloon was performed 2 min after the suspension was administered, restoring blood flow in the artery. The control group was not subjected to another coronary angiography within 24 h to stop the flow in the artery solely due to ethical reasons.




4.4. Ultrasound Assessment of the Heart


In all patients, echocardiography was performed on the day of admission to the Department of Cardiology (day 0—initial examination). Subsequent echocardiographic examinations were carried out in all patients on days 1, 3, and 7 as well as after 1, 3, 6, and 12 months after myocardial infarction. Echocardiographic examination was performed each time by the same professional that was blinded to the treatment arm using an Acouson 128 XP/10c apparatus with cardiac transducer 2/5/3.5 MHz. The study was performed in standard projections: apical four-chamber, dual-chamber, and long and short axes in two-dimensional mode. Results were recorded on a CD and analyzed both online and offline. The left ventricular function was assessed based on the left ventricular ejection fraction (LVEF), end-diastolic volume (LVEDV), end-systolic volume (LVESV), and diameter of the aortic bulb (Ao) obtained with Simpson’s two-dimensional method in four-chamber and two-chamber apical projections using Acouson software.




4.5. Holter ECG Examination


In addition, all patients included in the study in the first day and after 6 and 12 months underwent a 24 h Holter ECG. Oxford apparatus and software were used for the study (Oxford Pol Sp. z o.o., Poland).




4.6. Assessment of Plasma Concentration of Selected Neurotrophins, Growth, and Chemotactic Factors Using Luminex


Angiopoietin-1, bFGF, platelet-derived growth factor-aa (PDGF-AA), and VEGF concentrations were quantified by multiplex fluorescent bead-based immunoassays (Luminex Corporation, Austin, TX, USA) using commercial Human Angiogenesis Premixed Kit A Magnetic Luminex Performance Assay (R&D Systems, Minneapolis, MN, USA) at various time points (day 0, 2, 4, and 7; month 1 and 3). Human Premixed Multi-Analyte Kit Magnetic Luminex Assay (R&D Systems, Minneapolis, MN, USA) was used to detect the concentrations of BDNF, endoglin, endothelin-1, GDNF, HGF, insulin-like growth factor binding-protein 1 (IGFBP-1), and Tie-2 using the Luminex system. The procedures were performed according to the manufacturer’s protocol.




4.7. Statistics


Chi-square or Fisher’s exact tests were used to compare qualitative variables. Since the number of patients in each group was too low to reliably assess the normality of distributions of quantitative variables, non-parametric tests were used, and data were presented as median (interquartile range—IQR). Mann–Whitney tests were used to compare quantitative variables between groups. Differences of parameters measured on day 0 and on subsequent days of observation in each patient (delta values) were calculated and compared between groups to study the dynamics of changes. Significance of the differences within each group was assessed with repeated-measures Friedman ANOVA, which was followed, in the case of significant (p < 0.05) differences between time points, by Wilcoxon signed-rank tests for comparison to baseline (day 0) values. Spearman’s rank correlation coefficient (Rs) was used to measure the strength of associations between quantitative variables within groups. A p < 0.05 was considered statistically significant.





5. Limitations


Overall, our study gave some interesting results, but this was not without some drawbacks. The first is the diversity among the investigated groups. Patients enrolled in the study differed considerably in terms of age (from 35 to 63 years old) and coronary artery supplied. Relatively low numbers of injected Lin− stem/progenitor cells varied in each particular patient. Additionally, it should be mentioned that the application of Lin– cells containing a significant percentage of progenitor cells, although relatively easy to obtain, does not fully reflect the results obtained using a pure fraction of stem cells. Due to lack of randomization, the analysis showed the differences in baseline patient characteristics, which significantly impeded analysis of obtained results. The double-blinded, placebo-controlled, randomized study might have reduced this limitation to some extent. Another factor that might have affected the results is the limited number of recruited patients. Overall, this study was not designed, nor was it large enough, to determine the efficacy of Lin− stem/progenitor cells on myocardial regeneration or LVEF improvement. Additional studies are warranted to address this study limitation. The final drawback was the lack of subsequent angiography within 24 h in the control group due to ethical reasons.




6. Conclusions


Altogether, we have not observed any adverse effects of autologous, BM-derived Lin− stem/progenitor cells delivered intracoronarily, which makes them a safe and feasible source for cell therapy. There were no deaths, severe adverse effects, transplant-related infections, acute kidney injuries, and subsequent AMI during one-year follow up. No evidence of ventricular or supraventricular arrhythmias in 24 h ECG monitoring in the first day and after 6 and 12 months were noted.



We found a tendency for BDNF plasma levels to be increased in patients treated with Lin− stem/progenitor cells in the initial days of the infarction, while in the control group we observed a trend for BDNF levels to be reduced. In parallel, we noticed significant increases in plasma levels of VEGF, angiopoietin-1, bFGF, and PDGF-AA in Lin− patients mostly from day 2 to 7. However, we did not find any increase in GDNF plasma concentration in patients that received Lin− stem/progenitor cells. The increase in the plasma concentrations of neurotrophic, angiopoetic, and anti-apoptotic factors in most cases took place until day 7 of the experiment. This relatively short period of increased paracrine function of progenitor cells may prove to be crucial for patients with AMI. Likewise, the fastest possible revascularization increases the chances of survival and full recovery of patients.



In addition, we confirmed that in the study group the increases in BDNF and bFGF levels in the first month of observation significantly depended on the number of autologous Lin− cells that were administered. The obtained number of Lin− stem/progenitor cells from the same BM volume differs among patients for individual reasons, linearly decreases with age, and depends on coexisting diseases and their severity. In future studies, aspiration of larger amounts of BM should be considered to obtain higher amounts of Lin− stem/progenitor cells.



To sum up the clinical effects of this experiment, we showed that at 6 and 12 months of observation the heart ventricles in the control group began to undergo unfavorable reconstruction by increasing their diameter. Similarly, the diameter of the aortic bulb tended to be increased in the control group at six months. This might be the result of the beneficial, long-term effect of increased levels of several angiogenic factors in the study group. Higher concentrations of trophic factors in plasma may protect the myocardium against ischemic injury [46,47], indirectly promote survival of cardiomyocytes, and stimulate angiogenesis, resulting in a decrease of remodeling of the heart after myocardial infarction [39].



Taken together, these findings suggest that the administered SPCs may be a valuable source of angiogenic and trophic factors for damaged myocardium, although this observation requires further in-depth studies.
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