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EXECUTIVE SUMMARY: 

 Myocardial regeneration through stem cell therapy is a relatively new concept that has 

the potential to help millions of patients with ischemic heart disease and congestive heart failure. 

Proof of concept for stem cell-mediated angiogenesis and myocardial regeneration was 

established in early animal studies; data from subsequent phase I and II human clinical trials are 

encouraging. Autologous skeletal myoblasts are the most extensively studied stem cells and 

appear to be relatively safe and efficacious when injected directly into the myocardium, either 

through an open-chest or percutaneously. The occurrence of arrhythmogenicity remains an issue, 

however. Other bone marrow stem cell preparations have also shown promise in improving left 

ventricular function at follow-up, however these improvements may not be sustained. 

Refinements in the types of cells delivered and the mode of delivery may lead to more 

substantial and long-lasting results. The use of granulocyte colony-stimulating factor to augment 

the body’s natural mobilization of bone marrow-derived stem cells to damaged myocardium has 

not been proven to be useful based on clinical studies available to date. Future challenges include 

determining the appropriate type, dose, timing, and delivery of cells, as well as identifying the 

subset of patients who are most likely to derive benefit.  
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Introduction 

Despite major advances in the treatment of ischemic heart disease and congestive heart 

failure (CHF) over the past two decades, morbidity and mortality still remain high. The 

development of novel treatment strategies is required to further improve clinical outcomes. One 

such novel approach is the application of stem cell therapy for the treatment of acute myocardial 

infarction, ischemic congestive heart failure, and refractory angina. 

 

 Stem cells are undifferentiated cells, able to renew themselves or replace other cells in a 

variety of tissues, and ultimately give rise to differentiated, mature cell types. Progenitor cells 

usually belong to a transitory amplifying population of cells derived from a stem cell and do not 

have the capacity for sustained undifferentiated self-renewal (1). As work with human 

embryonic stem cells is limited due to ethical and immunological complications, this discussion 

will focus on autologous skeletal myoblasts (ASMs) and human adult bone marrow stem cells 

(unfractionated mononuclear, mesenchymal, and hematopoietic stem cells), as well as bone 

marrow mobilized stem cells.  

 

Autologous Skeletal Myoblasts  

 
  Skeletal myoblasts were the first type of stem cells evaluated in cell-based cardiac repair, 

and have been extensively studied in the past 14 years. ASMs are mononucleated satellite cells, 

which are committed progenitor cells that differentiate into mature skeletal myocytes. They do 

not transdifferentiate into cardiomyocytes. The cells are collected from a skeletal muscle biopsy, 

purified and propagated in vitro (a process which take about 2- 4 weeks), and then injected into 

the infracted area of the myocardium.  

 

Following multiple animal studies investigating skeletal myoblast grafting for cardiac 

repair, the first human case was reported in 2001 by Menasche et al. (2). A patient with ischemic 

heart failure received a direct epimyocardial injection of ASMs at the time of coronary artery 

bypass grafting (CABG) into the infarction zone. A subsequent phase I feasibility and safety trial 

evaluated the direct injection of ASMs into infracted myocardium during CABG in ten patients 

with severe ischemic cardiomyopathy (3). The procedure was determined to be feasible, but 

safety was unclear due to potential arrhythmogenicity. While the study was not powered or 

designed to test efficacy, there was an improvement in mean New York Heart Association 

(NYHA) functional class (from 2.7 to 1.6; p < 0.0001) and left ventricular ejection fraction 

(LVEF) at a mean follow-up of 11 months (from 24% to 32%; p < 0.02). More recently, 30 

patients with ischemic cardiomyopathy underwent ASM epimyocardial injection concurrent with 

CABG or left ventricular assist device (LVAD) implantation (4). The procedure was successful 

and well tolerated, with an increase in LVEF and tissue viability (determined by positron 

emission tomography (PET) scanning and gadolinium magnetic resonance (MR) imaging 

delayed hyperenhancement) in those having CABG, as well as histological confirmation of 

skeletal myoblast survival and engraftment within the infracted myocardium in those 

successfully bridged from LVAD to heart transplantation.  

 

An alternative method of ASM delivery, percutaneous transplantation by 

transendomyocardial injection, was presented in a phase I safety and feasibility study with 6 
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month follow-up (5). Five patients with a prior anterior wall myocardial infarction, depressed LV 

function, and NYHA functional class ≥ 2 were enrolled. All procedures were uneventful, but 

arrhythmogenicity during follow-up was again noted (6). LVEF was improved from baseline at 3 

months (from 36 % to 41 %;  p =  0.009), but at the 6 months follow-up there was no difference 

(p =  0.23). At 3 months, there was also significantly increased wall thickening at the target areas 

and less wall thickening in remote areas by MRI regional wall analysis.   

 

A randomized trial of this catheter-based delivery method is currently underway at the 

Arizona Heart Institute. Twenty-four patients with a history of myocardial infarction and 

symptomatic congestive heart failure are being randomized to receive either intramyocardial 

injection using the NOGA® XP Cardiac Navigation System (Biosense-Webster, Inc., Israel) 

(Figure 1) and the NOGA guided Myostar™ injection catheter (Cordis, Miami Lakes, FL) 

(Figure 2) or medical therapy alone. The NOGA system creates a three-dimensional real-time 

dynamic reconstruction of the endocardium of the left ventricle and through electromechanical 

mapping allows identification of targeted tissue, such as an infarction zone (Figure 3). The trial 

is ongoing and, thus far, the procedure appears to be safe and feasible. 

 

Bone Marrow Stem Cells 

 
 Several bone marrow clinical trials have been performed in both acute myocardial 

infarction (MI) and ischemic congestive heart failure (Table 1).   

 

Mononuclear bone marrow (MNBM) stem cells. 

MNBM stem cells are unfractionated autologous bone marrow cells which are generally 

delivered via an intracoronary route. Early clinical investigations suggested that insertion of 

autologous bone marrow cells into the infarcted coronary artery was feasible and safe after acute 

MI. TOPCARE-AMI (Transplantation of Progenitor Cells and Regeneration Enhancement in 

Acute Myocardial Infarction), a non-randomized pilot trial, transplanted MNBM cells into the 

infarcted artery of 20 patients with reperfused acute MI (7). The investigators found that cell 

transplantation was associated with a significant increase in LVEF and a significant decrease in 

end-systolic left ventricular volume at both 4- and 12-month follow-up. No evidence of an acute 

inflammatory response, ischemic damage, or malignant ventricular arrhythmia from the cell 

transplantation was present. The first randomized trial, BOOST (Bone Marrow Transfer to 

Enhance ST-Elevation Infarct Regeneration), included 60 patients with recent ST-elevation MI 

randomized to either optimal medical treatment
 
and PCI together with or without  intracoronary 

injections of autologous MNBM cells (8). The procedure was not associated with adverse 

clinical events. At 6 months, the cell therapy group had a significant increase in LVEF by MRI 

compared with the control group (50% to 57% vs. 51% to 52%;  p = 0.0026). At 18 months, 

however, there was no longer a difference (p = 0.27) (9). It was concluded that a single-dose of 

intracoronary MNBM cells sped up the recovery of LVEF following MI, but ultimately did not 

provide long-term benefit. The lack of long-term benefit may be due to the relatively low number 

of CD34+ cells in the cell preparation, as these cells display higher retention in
 
the infarcted 

myocardium compared with unselected bone marrow cells (10). An increased dose of CD34+ 

cells was evaluated in the REPAIR-AMI (Reinfusion of Enriched Progenitor Cells and Infarct 

Remodeling in Acute Myocardial Infarction ) trial, a large randomized, double-blind, multi-

center study involving 204 patients with ST-elevation MI randomized to autologous 
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intracoronary MNBM cell infusion or placebo through a sham procedure at 4 days post-MI (11). 

At 4 months there was more improvement in LVEF from baseline in the treatment group 

compared with the placebo group (5.5 % vs. 3.0 %; p = 0.014). This improvement was more 

marked in those with a lower baseline EF (< 49%) and those treated later (> 5 days) after their 

infarct.  

 

Mesenchymal Stem Cells 

Mesenchymal stem cells (MSCs) are a rare population of cells found in mature bone 

marrow (0.05 % of the total cell population); however, like skeletal myoblasts, one donor sample 

can be expanded in vitro to treat hundreds of patients. MSCs are progenitor cells able to 

differentiate into different kind of cells such as osteocytes, adipocytes, and even occasional 

cardiomyocytes after intracoronary infusion. In addition, MSCs lack histocompatibility antigen 

on their surface which makes them theoretically less immunogenic and attractive for allogenic 

use (12). A randomized, double-blind, multi-center, placebo-controlled phase 1 safety and 

efficacy trial was recently completed using a universal adult stem cell drug candidate 

(Provacel™, Osiris Therapeutics, Inc., Baltimore, MD). This drug uses CD45-, CD105+, and 

CD166+ MSC, is allogenic (not patient specific), and is given through intravenous infusion. 

Fifty-three patients successfully treated with percutaneous revascularization following an acute 

MI were randomized to the drug versus placebo and early safety data looks favorable.  

 

Hematopoietic Stem Cells 

Hematopoietic stem cells (HSCs) are 10 to 20 times more abundant than the 

mesenchymal stem cells, comprising 1-2 % of the bone marrow. There is evidence that when 

transplanted into the (murine) myocardium, HSCs
 
may transdifferentiate into cardiomyocytes 

and blood vessels (13). In particular, hematopoietic CD34+ stem cells are thought to be more 

likely to form angiogenic precursors than undifferentiated bone marrow cells, thus potentially 

being able to regenerate damaged microcirculation. Following promising phase I results, Baxter 

Healthcare Corporation (Deerfield, IL) has initiated the first human phase II stem cell therapy 

trial in the U.S. using hematopoietic CD34+ stem cells. In this double-blind, placebo-controlled, 

multi-center study approximately 150 adult patients with untreatable refractory angina will be 

randomized to intramyocardial injection of autologous CD34+ cells versus placebo using the 

NOGA system. To create a concentrated preparation of CD34+ cells, the company is using a 

specialized sorting system that selects out CD34+ cells from granulocyte colony-stimulating 

factor (G-CSF) mobilized peripheral blood, rather than obtaining the cells directly from the bone 

marrow. 

 

Bone Marrow Stem Cell Mobilization with Granulocyte Colony-Stimulating Factor (G-

CSF) 
 Following an MI, bone marrow-derived stem cells spontaneously mobilize to the heart 

where they differentiate into cardiac cells; this process may be enhanced with G-CSF (Table 2).  

In the FIRSTLINE-AMI (Front-Integrated Revascularization and Stem Cell Liberation in 

Evolving Acute Myocardial Infarction) trial, 50 patients who had been successfully stented 

following an acute ST-elevation MI were randomized to receive standard of care with or without 

subcutaneous G-CSF at 10 µg/kg for 6 days (14). There was evidence of G-CSF-induced cell 

mobilization and the drug was well tolerated. At 4 months, resting wall motion score index, left 
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ventricular end-diastolic diameter, and ejection fraction were all significantly improved in the 

treated group.  

 

 The largest and most recent trial, the REVIVAL-2 (Regenerate Vital Myocardium by 

Vigorous Activation of Bone Marrow Stem Cells) trial, was a randomized, double-blind, 

placebo-controlled study of 114 patients who presented with an ST-elevation MI and were 

successfully reperfused with percutaneous coronary intervention (15). These patients were 

randomized to subcutaneous injections of either 10 µg/kg of G-CSF or placebo for 5 days. There 

was evidence of significant mobilization of stem cells in the treated group, and no major 

differences in adverse events between either of the groups. However, unlike previous studies, 

this trial found no effect of G-CSF on mean infarct size (as measured by technetium Tc 99m 

sestamibi scintigraphy, p = 0.56) or LVEF (as measured by mean residence time, p = 0.14). In 

addition, there was no increased rate of in-stent restenosis as had been previously reported (16). 

Given the results of this trial, it is unlikely that any further large clinical trials of this nature will 

be performed.  

 

Stem Cell Delivery 

 
The best way to deliver stem cells remains unknown. Various routes, including   

intravenous (IV), intracoronary (IC), via the coronary sinus, and intramyocardial (IM), have been 

investigated in combination with different endomyocardial injection techniques for either direct 

injection during open-chest surgery or percutaneously delivery. To compare the efficacy of 

different delivery modalities, human radiolabeled peripheral blood mononuclear cells were 

injected via IC, IM (open-chest), and interstitial retrograde coronary venous delivery 6 days after 

a myocardial infarction was induced in swine (17). The IC route was relatively easy to use and 

did not require any significant training, but the retention of cells within the myocardium was 

only 2.6 % compared with 11% when the IM method was used (p < 0.05). Retention following 

injection via the coronary sinus was also low (3.2%). While the IM injection had the best 

retention of the three modalities, it also displayed the greatest amount of variability in delivery 

efficiency. 

 

Conclusions 

 
Cell-based cardiac repair is a very promising new frontier in the treatment of acute 

myocardial infarction, ischemic congestive heart failure, and refractory angina. The idea of using 

autologous or allogenic stem cells to repair injured myocardium is gathering momentum with 

data mounting from basic science studies, animal research, and phase I and II clinical trials. Stem 

cell therapy appears to be relatively safe and there are trends toward benefit, but multiple 

unanswered questions remain in terms of type, dosing, timing, and delivery of stem cells. In 

addition, new concepts such as stem cells causing a paracrine effect, i.e. producing beneficial 

growth factors, cytokines, and other local signaling molecules, continue to emerge. Further basic 

science work along with eventual phase III clinical trials will shed more light about efficacy and 

hopefully move this concept of regenerative cardiology from bench to bedside.  
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Table 1. Bone Marrow Clinical Trials  

 

LVEF (BL) LVEF (FU) 
Study N 

# of 

cells (x 

10
6
) 

Mean infarct 

duration 

(hours) 

Peak 

CK 

Days to 

cell 

delivery 

Safety 

Con Tx Con Tx 

Strauer et al. 

Circulation 2002;106:1913 
40 46 11 1156 9 yes 54 55 56 66 

Assmus et al. 

(TOPCARE-MI) 

Circulation 2002;106:3009 

28 238/13 23 1381 4.5 yes  44  49 

Wollert et al. 

(BOOST) 

Lancet 2004;364:141 

60 2460 9.8 2968 5.7 yes 51.3 50 52 56.7 

Janssens et al. 

Lancet 2006;367:87 
67 304 3.7 2255 1 yes 46.9 48.5 49 51.8 

Lunde et al. 

(ASTAMI) 

Scand Card J 2005;39:150 

50  4.4  5 yes 46 46 48 47 

Aviles et al. 

Rev Esp Card 2004;57:191 
33 78   13 yes  51  57 

Schachinger et al. 

(REPAIR-AMI) 

unpublished 

204  4.5  4 yes 47 48 50 54 

Bartunek et al. 

Circulation 2005;112:I178 
35 12.6   11.6 Restenosis 44.3 45 48.6 52.1 

TOTAL 517 28-2460 3.7-23 
1156-

2968 
1-9 Yes 48.1 48.4 50.6 54.2 

N = number of patients randomized, CK = creatinine kinase, Con = control, Tx = treatment, LVEF (BL) = left ventricular function at baseline, 

LVEF (FU) = left ventricular function at follow-up. 

 

 
Table 2. G-CSF Clinical Trials in Acute MI 

 

Study Cell Type Enrolled Treatment Control 

Kang et al. 
(MAGIC) 

Lancet 2004;363:751 

IC peripheral blood stem 

cells + G-CSF 
27 

10 cell only 

10 G-CSF + cell 
7 

Zohlnhofer et al. 
(REVIVAL-2) 

JAMA 2006;295:1003 

10µg/kg G-CSF for 5 days 114 56 58 

Ince et al. 
(FIRSTLINE-AMI) 

Circulation 2005;112:3097 

10µg/kg G-CSF for 6 days 50 25 25 

Ripa et al. 
(STEMMI) 

Circulation 2006;113:1983 

10µg/kg G-CSF for 6 days 78 39 39 

Valgimigli et al. 
Eur Heart J 2005:26:1838 

5µg/kg G-CSF for 4 days 20 10 10 

Total 269 130 129 
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Figure 1. NOGA® XP Cardiac Navigation System 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. NOGA® guided Myostar™   Injection Catheter 
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Figure 3. NOGA® Mapping of the Left Ventricle: Red indicates the infarction zone; the two 

black dots point to the stem cell transplantation sites. 

 

 

 



Chapter 13:  Stem Cell Therapy 

 157

References 

1. Report of the National Heart, Lung, and Blood Institute's working group on cell-based 

therapies for regenerative and reparative medicine: vision, scope, and directions. 2002; 

Pooks Hill Marriott, Bethesda, MD. Available at 

http://www.nhlbi.nih.gov/meetings/stemcell_wg.pdf. 

2. Menasche P, Hagege AA, Scorsin M, Pouzet B, Desnos M, Duboc D, Schwartz K, 

Vilquin JT, Marolleau JP. Myoblast transplantation for heart failure. Lancet 

2001;357:279-280. 

3. Menasche P, Hagege AA, Vilquin JT, Desnos M, Abergel E, Pouzet B, Bel A, Sarateanu 

S, Scorsin M, Schwartz K, Bruneval P, Benbunan M, Marolleau JP, Duboc D. 

Autologous skeletal myoblast transplantation for severe postinfarction left ventricular 

dysfunction. J Am Coll Cardiol 2003;41:1078-1083. 

4. Dib N, Michler RE, Pagani FD, Wright S, Kereiakes DJ, Lengerich R, Binkley P, 

Buchele D, Anand I, Swingen C, Di Carli MF, Thomas JD, Jaber WA, Opie SR, 

Campbell A, McCarthy P, Yeager M, Dilsizian V, Griffith BP, Korn R, Kreuger SK, 

Ghazoul M, MacLellan WR, Fonarow G, Eisen HJ, Dinsmore J, Diethrich E. Safety and 

feasibility of autologous myoblast transplantation in patients with ischemic 

cardiomyopathy: four-year follow-up. Circulation 2005;112:1748-1755. 

5. Smits PC, van Geuns RJ, Poldermans D, Bountioukos M, Onderwater EE, Lee CH, Maat 

AP, Serruys PW. Catheter-based intramyocardial injection of autologous skeletal 

myoblasts as a primary treatment of ischemic heart failure: clinical experience with six-

month follow-up. J Am Coll Cardiol 2003;42:2063-2069. 

6. Makkar RR, Lill M, Chen PS. Stem cell therapy for myocardial repair: is it 

arrhythmogenic? J Am Coll Cardiol 2003;42:2070-2072. 

7. Schachinger V, Assmus B, Britten MB, Honold J, Lehmann R, Teupe C, Abolmaali ND, 

Vogl TJ, Hofmann WK, Martin H, Dimmeler S, Zeiher AM. Transplantation of 

progenitor cells and regeneration enhancement in acute myocardial infarction: final one-

year results of the TOPCARE-AMI Trial. J Am Coll Cardiol 2004;44:1690-1699. 

8. Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, Breidenbach C, 

Fichtner S, Korte T, Hornig B, Messinger D, Arseniev L, Hertenstein B, Ganser A, 

Drexler H. Intracoronary autologous bone-marrow cell transfer after myocardial 

infarction: the BOOST randomised controlled clinical trial. Lancet 2004;364:141-148. 

9. Meyer GP, Wollert KC, Lotz J, Steffens J, Lippolt P, Fichtner S, Hecker H, Schaefer A, 

Arseniev L, Hertenstein B, Ganser A, Drexler H. Intracoronary bone marrow cell transfer 

after myocardial infarction: eighteen months' follow-up data from the randomized, 

controlled BOOST (BOne marrOw transfer to enhance ST-elevation infarct regeneration) 

trial. Circulation 2006;113:1287-1294. 

10. Hofmann M, Wollert KC, Meyer GP, Menke A, Arseniev L, Hertenstein B, Ganser A, 

Knapp WH, Drexler H. Monitoring of bone marrow cell homing into the infarcted human 

myocardium. Circulation 2005;111:2198-2202. 

11. Schachinger V. Intracoronary infusion of bone marrow-derived progenitor cells in acute 

myocardial infarction: a randomized, double-blind, placebo-controlled multicenter trial 

(REPAIR-AMI).  Available at 

http://scientificsessions.americanheart.org/portal/scientificsessions/ss/lbctnewsrelease1.  

Accessed June 7, 2006. 



Chapter 13:  Stem Cell Therapy 

 158

12. Pittenger MF, Martin BJ. Mesenchymal stem cells and their potential as cardiac 

therapeutics. Circ Res 2004;95:9-20. 

13. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, Pickel J, McKay R, 

Nadal-Ginard B, Bodine DM, Leri A, Anversa P. Bone marrow cells regenerate infarcted 

myocardium. Nature 2001;410:701-705. 

14. Ince H, Petzsch M, Kleine HD, Schmidt H, Rehders T, Korber T, Schumichen C, Freund 

M, Nienaber CA. Preservation from left ventricular remodeling by front-integrated 

revascularization and stem cell liberation in evolving acute myocardial infarction by use 

of granulocyte-colony-stimulating factor (FIRSTLINE-AMI). Circulation 

2005;112:3097-3106. 

15. Zohlnhofer D, Ott I, Mehilli J, Schomig K, Michalk F, Ibrahim T, Meisetschlager G, von 

Wedel J, Bollwein H, Seyfarth M, Dirschinger J, Schmitt C, Schwaiger M, Kastrati A, 

Schomig A. Stem cell mobilization by granulocyte colony-stimulating factor in patients 

with acute myocardial infarction: a randomized controlled trial. JAMA 2006;295:1003-

1010. 

16. Kang HJ, Kim HS, Zhang SY, Park KW, Cho HJ, Koo BK, Kim YJ, Soo Lee D, Sohn 

DW, Han KS, Oh BH, Lee MM, Park YB. Effects of intracoronary infusion of peripheral 

blood stem-cells mobilised with granulocyte-colony stimulating factor on left ventricular 

systolic function and restenosis after coronary stenting in myocardial infarction: the 

MAGIC cell randomised clinical trial. Lancet 2004;363:751-756. 

17. Hou D, Youssef EA, Brinton TJ, Zhang P, Rogers P, Price ET, Yeung AC, Johnstone 

BH, Yock PG, March KL. Radiolabeled cell distribution after intramyocardial, 

intracoronary, and interstitial retrograde coronary venous delivery: implications for 

current clinical trials. Circulation 2005;112:I150-156. 

 

 


