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Lost and found: cardiac stem cell therapy revisited
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Several	clinical	trials	of	bone	marrow	stem	cell	therapy	for	myocardial	
infarction	are	ongoing,	but	the	mechanistic	basis	for	any	potential	therapeu-
tic	effect	is	currently	unclear.	A	growing	body	of	evidence	suggests	that	the	
potential	improvement	in	cardiac	function	is	largely	independent	of	cardiac	
muscle	regeneration.	A	study	by	Fazel	et	al.	in	this	issue	of	the	JCI	provides	
evidence	that	bone	marrow–derived	c-kit+	cells	can	lead	to	an	improvement	
in	cardiac	function	in	mutant	hypomorphic	c-kit	mice	that	is	independent	
of	transdifferentiation	into	either	cardiac	muscle	or	endothelial	cells,	but	
rather	is	associated	with	the	release	of	angiogenic	cytokines	and	associated	
neovascularization	in	the	infarct	border	zone	(see	the	related	article	begin-
ning	on	page	1865).	These	findings	suggest	the	potential	therapeutic	effect	
of	specific	paracrine	pathways	for	angiogenesis	in	improving	cardiac	func-
tion	in	the	injured	heart.

The physician without physiology 
flounders along in an aimless fashion, 
never able to gain an accurate 
conception of disease, practicing a 
sort of popgun pharmacy, hitting now 
the malady and again the patient, he 
himself not knowing which.

— William Osler

Over  the past  few years,  several hundred 
patients have been treated with various forms 
of bone marrow stem cell therapy during 
acute myocardial infarction, ranging from 
direct intracoronary injection of unfraction-
ated bone marrow–derived cells to treatment 
with agents that mobilize circulating hema-
topoietic stem cells (refs. 1–5; for review, see 
refs. 6, 7). Based on dramatic, early studies in 
experimental animals (8, 9), these cell-based 
therapy clinical trials were quickly initiated, 
with the hope that augmenting the number 
of injected or circulating hematopoietic stem 
cells would lead to the regeneration of the 
myocardium that had been lost during the 
acute ischemic event. The large, unmet clini-
cal need and the promise of stem cell therapy 
formed the basis for this rapid clinical trans-
lation. Despite great interest in cell-based 
therapy for heart failure, the suitability of 
this approach remains as intriguing as ever. 
Although  initial anecdotal, uncontrolled 
clinical reports suggested that there might 
be a therapeutic benefit, there now appears 

to be a growing consensus that the mecha-
nism for any potential benefit is unknown 
and there is little evidence to support the 
onset of cardiac muscle regeneration fol-
lowing any type of clinical bone marrow cell 
therapy (for review, see ref. 7). Experimental 
studies now suggest that the transferred cells 
are largely eliminated from the heart within 
the first 24–48 hours after  intracoronary 
infusion (10). Compounding the difficulty, 
the results of 4 separate double-blind, ran-
domized, placebo-controlled trials have been 
ambiguous, either showing a modest effect 
(the REPAIR-AMI [Reinfusion of Enriched 
Progenitor Cells and Infarct Remodeling in 
Acute Myocardial Infarction] trial reported 
a 3% improvement in ejection fraction versus 
controls; for review see ref. 6), short-lived ben-
efit (results of the BOOST II [Bone Marrow 
Transfer to Enhance ST-Elevation Infarct 
Regeneration] trial showed no significant 
difference between control and treated indi-
viduals at 18 months; ref. 2), or no improve-
ment  in  global  cardiac  function  (STEMI 
[ST-Elevation Acute Myocardial Infarction; 
ref.  3];  and  ASTAMI  [Autologous  Stem 
Cell Transplantation in Acute Myocardial 
Infarction; ref. 4] trials; for review see ref. 6).  
Although previous studies have reported 
that the administration of hematopoietic 
growth factors can mobilize hematopoietic 
stem cells and thereby augment cardiac func-
tion by regenerating myocardium following 
myocardial infarction (8), the results of the 
large scale clinical Regenerate Vital Myocar-
dium by Vigorous Activation of Bone Mar-
row Stem Cells (REVIVAL-2) trial designed 
to test this concept have also been negative 

(5). Independent attempts from many labs 
to reproduce the results of the initial ani-
mal studies (9) that claimed a robust effect 
of bone marrow stem cell therapy in acute 
myocardial infarction with respect to car-
diac muscle  regeneration have also been 
negative (11–13). Although there has been 
continued evidence to suggest an improve-
ment in cardiac contractile function in the 
short term following multiple forms of cell 
therapy in the post–myocardial infarct set-
ting, the basis for this effect remains unclear 
(14). Given the lack of an unequivocal proof 
of concept in either the clinical or experi-
mental arena,  the field of cardiovascular 
stem cell therapy could be viewed as lost in 
translation (15). Unfortunately, without a 
proven physiological underpinning for any 
potential therapeutic signal, it has become 
difficult to optimally redesign the clinical 
studies. Conceptually, a number of known 
variables could account for the potential 
therapeutic effects of cell therapy on cardiac 
function following myocardial infarction, 
both cardiomyocyte cell autonomous (cell 
survival/death pathways, hypertrophy, cal-
cium cycling, cytoskeletal, etc.) and non–cell 
autonomous (neoangiogenesis, scar forma-
tion, chamber dilation, hemodynamic work-
load, etc.). As noted by Osler over a century 
ago, the transition from “popgun pharma-
cy” to targeted therapy first requires a firm 
understanding of the pathophysiological 
basis of the desired therapeutic endpoint.

Paracrine angiogenic pathways  
for cardiac repair by bone  
marrow precursors
In the current  issue of the JCI, Fazel and 
coworkers report on their use of genetically 
engineered mouse models toward this goal 
(16) (for brief diagrammatic overview, see  
Figure 1). Utilizing hypomorphic c-kit mutant 
mice (compound heterozygote KitW/KitW-v  
mice)  that  harbor  an  intrinsic  defect  in 
hematopoietic stem cell mobilization, the 
authors noted an accelerated progression 
to dilated cardiomyopathy following acute 
myocardial infarction versus control mice, 
which is associated with a decrease in neo-
angiogenesis in the injured myocardium. By 
reconstituting the bone marrow of irradiat-
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ed wild-type mice with GFP-tagged cells, the 
authors determined	that there are only rare 
c-kit+ cells in the heart at baseline and the 
vast majority of the cells that are resident in 
the heart following acute myocardial infarc-
tion are bone marrow derived, suggesting 
that it might be possible to rescue the cardiac 
defect in the mutant mice via bone marrow 
reconstitution with wild-type bone marrow 
cells. The authors go on to document this 
rescue of the heart phenotype with wild-type 
bone marrow cell transplantation, which is 
associated with an induction of angiogenic 
cytokines and enhanced neoangiogenesis. 
Taken together, these results suggest that 
bone marrow–derived progenitors can have 
a marked influence on cardiac repair by pro-
moting neoangiogenesis via paracrine sig-
naling pathways as opposed to directly trans-
differentiating into either cardiac muscle or 
vascular cells. The studies identify clearly, 
for the first time, a defined paracrine role for 
cell-based therapy in the injured heart fol-
lowing myocardial infarction.

Experimental and clinical 
implications
On the experimental front, the study (16) 
raises several critical issues. First and fore-
most is whether these studies in a mutant 
mouse model system have any direct bear-
ing on ongoing human clinical trials. It will 

become  critical  to  rigorously  quantitate 
changes in specific paracrine factors follow-
ing cell therapy in small and large animal 
models of myocardial infarction. Ascribing 
any therapeutic benefit to an effect on neo-
vascularization may require conditionally 
knocking down (or out) specific cytokines in 
the transplanted cell population, where one 
would lose the presumed therapeutic effect 
on cardiac function as well as on neoangio-
genesis. Second, if it is indeed a paracrine 
effect, an examination of the relative efficacy 
of the intramyocardial delivery of angiogenic 
cytokines in experimental model systems of 
acute myocardial  infarction appears war-
ranted. If indeed the effects of cell therapy in 
the acutely ischemic heart are not related to 
transdifferentiation, it could become valu-
able to define which autologous cell type has 
the optimal profile of angiogenic paracrine 
factors to drive the desired neovasculariza-
tion end point. It will also become of interest 
to determine if there is a distinct functional 
difference and role for the previously resi-
dent c-kit+ cells in the heart (17) versus the 
influx of c-kit+ cells from the bone marrow. 
In this regard, further characterization, puri-
fication, and functional analyses of specific 
cell subsets could be informative.

On the clinical front, these studies raise 
the  larger  question  as  to  whether  the 
mechanistic basis for cardiovascular cell 

therapy following acute myocardial infarc-
tion might be more closely related to the 
biology of wound healing than regenera-
tive medicine. The short-term effects of 
infiltrating  or  transplanted  cell  types 
from  bone  marrow  might  be  partially 
based on the triggering of an inflamma-
tory response, with the secondary release 
of cytokines and nonspecific angiogenic 
cues. In a similar manner, homing of these 
cells into the injured myocardium might 
represent the migration of inflammatory 
cells across a breakdown in the vascular 
permeability  barrier  that  accompanies 
many forms of tissue injury. Interestingly, 
one of the clear messages from the pla-
cebo-controlled trials is that there can be 
a statistically significant, partial recovery 
of cardiac function in control groups (5). 
In the only long-term study to date, the 
control group eventually reached the same 
extent of functional recovery seen in the 
treated groups (2), which might relate to 
the acceleration of cardiac scar formation 
by  inflammatory  pathways.  Inflamma-
tion is known to be linked to atherogen-
esis, and recent studies suggest luminal 
loss in the infarct-related artery following 
intracoronary  delivery  of  bone  marrow 
precursors (18). Accordingly, careful clini-
cal monitoring for these long-term effects 
seems warranted.

Figure 1
Bone marrow transplantation of mutant c-kit mice partially rescues dilated cardiomyopathy following acute myocardial infarction via neovascu-
larization (16). (A) Compound heterozygote mutant KitW/KitW-v mice are irradiated and the bone marrow reconstituted with GFP-tagged bone 
marrow precursors derived from wild-type mice. (B) A small number of the wild-type c-kit+ GFP-tagged bone marrow–derived cells migrate into 
the heart of the mutant c-kit+ mice. (C) Coronary ligation results in an acute myocardial infarction in the mutant mice, with the marked migration 
of the wild-type GFP-tagged c-kit+ cells into the infarct border zone. Compared with mutant c-kit mice that have not had reconstitution with wild-
type bone marrow precursors, there is a markedly smaller extent of chamber dilation and associated dysfunction in the wild-type transplanted 
mutant c-kit mice. The beneficial effect is not associated with transdifferentiation into cardiac myocytes or vascular cells but rather is associated 
with the release of angiogenic cytokines and an increase in neovascularization.
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A parable for regenerative medicine
In this ongoing parable of regenerative medi-
cine, the initial hope was that we were in an 
advantageous position to take a “shot on 
goal” by moving quickly to clinical studies. 
The rationale was noble, clear, and compel-
ling, particularly given the unmet clinical 
need and the robust results of early scien-
tific studies. However, it now is becoming 
increasingly clear that we may not have the 
optimal cell type in hand, let alone a clear 
understanding of other key variables such 
as in vivo delivery, efficiency of grafting, and 
suppression of alternative, unwanted cell 
phenotypes (e.g., pacemaker cell formation 
in the midst of cardiac muscle regeneration). 
Cardiovascular stem cell biology still remains 
one of the most intriguing fields of scientific 
inquiry in the cardiovascular field and holds 
great long-term potential. Perhaps, given our 
growing understanding of the complexity of 
cell therapy for heart disease, the time has 
come to “move the ball down the field” by 
first trying to understand the mechanistic 
basis of this potential therapy.
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The leak stops here: platelets as delivery  
vehicles for coagulation factors
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Gene	therapy	is	an	attractive	approach	for	the	treatment	of	hemophilia,	as	
continuous	expression	of	donated	clotting	factor	VIII	(FVIII)	DNA	would	
ensure	clotting	factor	replacement	at	constant	circulating	levels	rather	than	at	
the	peaks	and	troughs	that	characterize	the	current	protein	infusion	therapeu-
tic	approach.	In	this	issue	of	the	JCI,	Shi	et	al.	describe	an	interesting	variant	of	
a	gene	transfer	approach	for	hemophilia	(see	the	related	article	beginning	on	
page	1974).	They	show	that	targeted	expression	of	FVIII	in	megakaryocytes,	
with	storage	in	the	α-granules	of	platelets,	has	the	advantage	of	delivering	clot-
ting	factors	directly	to	the	site	of	an	injury,	where	platelets	accumulate	in	large	
numbers	and	undergo	activation	accompanied	by	release	of	granule	contents.	
Earlier	clinical	experience	with	gene	transfer	into	hematopoietic	cells	high-
lighted	the	potential	safety	risks	of	this	approach,	but	an	F8	transgene	may	
represent	a	lower	risk	than	transgenes	for	growth	factors	or	their	receptors.

Nonstandard	abbreviations	used: FVIII, factor VIII.
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Gene transfer for the treatment of genetic 
disease remains one of the most compel-
ling ideas in modern molecular medicine. 
In genetic disease, where the therapeutic 
objective is long-term expression of a spe-
cific protein, there are — broadly speaking —  

two potential strategies: gene transfer into 
a stem cell via an integrating vector, so that 
all daughter cells contain the genetic modi-
fication, and gene transfer with a noninte-
grating vector into long-lived postmitotic 
cells  (such as  skeletal or cardiac muscle, 
hepatocytes, or cells in the central nervous 
system), so that long-lasting expression is 
achieved even without vector integration. 
Both of these strategies have been used to 
achieve long-term expression of a clotting 
factor, with phenotypic correction, in large 
animal models of hemophilia, one by use of 
a retroviral vector in neonatal (rapidly divid-
ing) hepatocytes (1), and the other by use of 
an adeno-associated virus vector introduced 
into mature hepatocytes (2–4) (Figure 1A).

One of the advantages of hemophilia as 
a model for gene therapy is that tissue-spe-
cific expression of the donated gene is not 




