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Gene and Cell Therapy for Heart Failure
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Abstract

Cardiac gene and cell therapy have both entered clinical trials aimed at ameliorating ventricular dysfunction in
patients with chronic congestive heart failure. The transduction of myocardial cells with viral constructs en-
coding a specific cardiomyocyte Ca2þ pump in the sarcoplasmic reticulum (SR), SRCa2þ-ATPase has been shown
to correct deficient Ca2þ handling in cardiomyocytes and improvements in contractility in preclinical studies,
thus leading to the first clinical trial of gene therapy for heart failure. In cell therapy, it is not clear whether
beneficial effects are cell-type specific and how improvements in contractility are brought about. Despite these
uncertainties, a number of clinical trials are under way, supported by safety and efficacy data from trials of cell
therapy in the setting of myocardial infarction. Safety concerns for gene therapy center on inflammatory and
immune responses triggered by viral constructs, and for cell therapy with myoblast cells, the major concern is
increased incidence of ventricular arrhythmia after cell transplantation. Principles and mechanisms of action of
gene and cell therapy for heart failure are discussed, together with the potential influence of reactive oxygen
species on the efficacy of these treatments and the status of myocardial-delivery techniques for viral constructs
and cells. Antioxid. Redox Signal. 11, 2025–2042.

Ischemic heart disease and myocardial infarction (MI)
remain the dominant causes of death in the industrialized

world. Chronic congestive heart failure (CHF) in those who
survive an MI is a debilitating disease with a high morbidity,
resulting in frequent hospital admissions and considerable
pressure on health care resources. Despite significant ad-
vances in the pharmacologic treatment of heart failure, the
mortality of those with this disease remains high (3). In a
significant translational effort by a multitude of groups, gene
and cell therapy for heart failure have entered clinical trials.
However, the road that has led to this point has been mark-
edly different for gene and cell therapy.

The development of gene therapy has been characterized
by extensive experimental work, as well as fits and starts in
the area of clinical trials. After promising results in animal
models, Baumgartner et al. (12) performed the first open-label
study of plasmid DNA encoding VEGF165 to improve blood
supply in patients with critical limb ischemia (12), and this
study was followed by many other nonrandomized studies,
indicating a potential for gene therapy to improve vasculari-
zation in ischemic limbs or hearts. However, large random-

ized studies failed to corroborate these results (26), with the
consequence that clinical gene-therapy studies with the goal
to improve cardiac vascularization have been abandoned.
In the field of chronic CHF, a long trajectory of preclinical
experimentation by many groups has resulted in the recent
initiation of the first clinical study of viral vector–based gene
transfer for CHF (45).

The pathway from bench to bedside for cell therapy has
been markedly different and has shown a relatively quick
adoption of cell transfer into clinical trials, despite the absence
of an understanding of the mechanism through which donor
cells improve cardiac function in patients. For example, Asa-
hara et al. (5) published their identification of endothelial
progenitor cells in 1997, and a case report describing transfer
of bone marrow–derived mononuclear cells in a patient after
MI appeared in 2001 (123). In 1998, Taylor et al. (99) published
improvement of left ventricular function after skeletal myo-
blast transfer in a rabbit MI model, and in 2002, the initiation
of a clinical study involving myoblast transplantation was
announced. Thus, although clinical gene-therapy studies
were preceded by numerous preclinical studies, in the field of
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cell therapy, preclinical and clinical studies progress more
along parallel trajectories.

Both approaches have a few things in common, however,
beyond the intended clinical syndromes that they aim to
ameliorate, which, in the case of this review, is CHF. The
therapeutic efficacy of both approaches is affected in patients
by the fact that the diseases that resulted in CHF, such as
atherosclerosis and diabetes mellitus as well as CHF itself, are
characterized by increased intramyocardial oxidative stress,
which may reduce the beneficial impact of gene and cell
therapy. Considerations regarding delivery methods and ef-
ficacy of myocardial delivery show overlap between the two
fields. This review discusses principles and mechanisms of
action of both approaches, currently available data from
clinical trials, the impact of increased oxidative stress on the
therapeutic effects in CHF patients, and issues surrounding
delivery methods and delivery efficacy.

Gene Therapy

The goal of gene therapy for heart failure of ischemic origin
is to achieve therapeutic levels of a protein that will improve
cardiac performance through restoration of protein levels es-
sential for normal cardiac function or through knockdown of
proteins that impair cardiac function. The DNA that encodes
the protein of interest must reach the nucleus of the cardio-
myocyte, and this can be achieved by administering it in
plasmid form (pDNA), so-called ‘‘naked DNA’’ or by insert-
ing it into the genome of a virus. The viruses that are relevant
for cardiac gene therapy are adenovirus, adeno-associated
virus (AAV), and lentivirus (41). The viruses differ regarding
the size of the insert that they can accommodate, their cardiac
tropism, their propensity for integration into the host genome
and concomitant cancer risk, the inflammatory response that
they initiate, their immunogenicity, and the duration of ex-
pression of the therapeutic DNA sequence.

Smith and Helenius (118) wrote an excellent review of the
mechanisms through which viruses enter mammalian cells,
and the reader is encouraged to refer to their article for further
details. Here a few points are highlighted. Viruses use a
‘‘Trojan horse’’ strategy to enter the host cell, in which they
extract assistance from the host by using the detailed ‘‘insider
information’’ that they have acquired during millions of years
of coevolution with their hosts. Many viruses that infect
mammalian cells rely on the cell’s endocytotic machinery,
which has the added advantage that it provides deep entry
of the particle into the cell, aided by the natural ability of
endocytotic vesicles to traverse barriers imposed by the
cytoskeleton, and the highly structured cytoplasm and en-
docytotic entry helps the particles to escape lysosomal deg-
radation.

Plasmid DNA

Treatment with pDNA constructs has the advantages of
being cheap, simple, and safe because these constructs do not
initiate inflammation, are not immunogenic, and incur no risk
of insertional mutagenesis. All mammalian cell types are ca-
pable of internalizing pDNA and bringing it to expression;
however, this capability is lost when the cells are cultured
in vitro. Thus, it appears that the environment in which the
target cell resides is of importance to its capability to inter-
nalize pDNA. By using pDNA condensed on the cationic

polymer polyethylenimine (PEI) to promote transfection
in vitro, Kong et al. (69) demonstrated that the mechanical
properties of the substrate to which cells adhere (i.e., its ri-
gidity determined the uptake of PEI-pDNA condensates). On
alginate hydrogels in which the elastic modulus (E) could be
varied by modifying the extent of cross-linking and with
fluorescent resonance energy transfer as a readout, they
showed that the transportation of pDNA condensates into
cells increased in proportion to E (69).

Gene therapy with pDNA has been hampered by low
transfection and expression levels (111), and this is not sur-
prising because it involves cellular uptake of negatively
charged molecules (i.e., the phosphate backbone of DNA)
through a negatively charged cell membrane. To increase
transfection efficacy, pDNA has been complexed with cat-
ionic lipids (54), and mechanical approaches such as in-
tramyocardial injection, electroporation, and destruction of
targeted ultrasound bubbles that contain the plasmid have
also been applied (89), but currently, transfection efficacy re-
mains too low for pDNA-based gene transfer to become a
viable strategy for the treatment of heart failure (41, 106). The
major advantage of viral constructs over pDNA is their high
transduction rate. In rabbits, adenoviral and adeno-associated
constructs were 30- to 360-fold more efficient in cardiac
transduction than were plasmids (138), and in pigs, up to 75%
of cardiomyocytes showed expression of a reporter gene
along the needle track after intramyocardial injection of an
adenoviral construct (36).

Adenovirus

Named for the adenoid tissue from which they were orig-
inally isolated, adenoviruses are double stranded, none-
nveloped DNA viruses that are 60–90 nm in diameter and
must enter the nucleus for replication. From the family of
Adenoviridae, the human subgroup C adenoviruses have
been most extensively characterized, and serotypes 2 and 5
are most frequently used as platforms for in vivo gene transfer.
Adenoviral constructs can accept inserts of up to 35 kilobases
(kb) in size, the largest insert size of all three viral constructs
relevant to cardiac gene therapy. Adenoviral constructs ex-
hibit cardiac tropism and generate a very high level of initial
gene expression a few days after entry into the target cell,
which lasts for *2 weeks (106). This duration of expression
typically is not sufficient for therapeutic applications in heart
failure (136), but it allows proof-of-concept studies in animal
models and clinical studies of angiogenesis (122).

In addition to the relatively short-lived expression of the
therapeutic DNA sequence, inflammation and immunoge-
nicity are two issues that are inherent to adenoviral gene
therapy. Immunogenicity is a significant problem because
adenoviral infections are so prevalent in the general popula-
tion. The immune response triggered by the construct causes
significant inflammation and clearance of the infected cells,
thus limiting the duration of expression after adenoviral gene
transfer (124).

To limit inflammatory and immunogenic responses, the
viral genome has been increasingly removed from the con-
structs, to the point at which the current third-generation
adenoviral vectors are called ‘‘gutless’’ because the entire viral
genome has been removed, except for the packaging and
replication sequence in cis. This means that for growth in vitro,
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they must be co-infected with a helper virus that provides all
the necessary viral proteins in trans (34). Helper-dependent
vectors accept insert sizes up to 35 kb (89). In a comparison of
first- and third-generation adenoviral constructs for cardiac
gene transfer, however, no differences were found in dura-
tion of reporter gene expression, despite a lower number of
monocytes=macrophages, total T cells, CD4þ and CD8þ T
cells, and less inflammatory cytokine production in the ani-
mals that received the third-generation construct (34). The
authors of this article postulated that because adenovirus can
infect dendritic cells (59), which then can initiate a cytotoxic
immune response, even gutless constructs can still have
abrogated duration of expression due to host immune
responses.

Adenoassociated virus

In 1965, Atchison et al. (7) described a viral particle that was
associated with a simian adenovirus. The particles were an-
tigenically different from the adenovirus but were incapable
of replication in the absence of the adenovirus. Thus, they
appeared to be a defective satellite virus that was dependent
on co-infection with a helper virus. Later it was established
that AAV belongs to the dependovirus genus of the parvovir-
idiae. Nine human subtypes and AAV2 are known; the most
common subtype was first described in 1968 as a co-infecting
agent during an adenovirus outbreak in a children’s nursery
(16), but no known human pathology has been attributed to
AAV2. The defective replication and the absence of any hu-
man pathology make this virus an attractive candidate for
gene-transfer applications.

AAV is a 20-nm icosahedral single-strand DNA virus that
can accommodate an insert size of 4.5 kb. When used in gene-
transfer studies, AAV transgene expression results prima-
rily from extrachromosomal viral genomes that persist as
double-stranded circular or linear episome (91). In cardiac
gene-transfer studies, AAV was shown to be as efficient as
adenovirus in transducing cardiac cells, and stable reporter-
gene expression was observed for periods up to 1 year (134).
After a single intravenous injection, skeletal and cardiac
muscle were efficiently transduced, whereas the reporter gene
could not be identified in brain, lung, liver, spleen, intestine,
kidney, or testes. Even though the transgene was not ex-
pressed in these tissues, the rAAV6 genome was detectable in
homogenates of all organs, which is in keeping with the broad
tissue tropism of AAV (19). To increase specificity of rAAV for
the target cell, constructs can be generated that contain cell
type–specific gene-regulatory elements (137), and others have
proposed to integrate cell type–specific ligands in the viral
capsid (19).

Lentivirus

Lentiviruses are a genus within the family of Retroviridae.
Retroviruses are RNA viruses that rely on conversion of their
RNA sequences to DNA and integration in the host genome
for replication after infection of the host cell; therefore, their
replication depends on cell division. Lentiviruses have a
more-complex structure than retroviruses and can multiply in
nondividing cells. Gene-transfer constructs based on lenti-
viruses do not induce inflammatory and immune responses
(143); they have the same transfection efficiency in the myo-
cardium as adenoviruses, but the duration of transgene ex-

pression is longer, and their capability to accept inserts up to
18 kb puts them at an advantage over AAVs (71). Lentivirus
encoding SERCA2 was used successfully to ameliorate heart
failure in a rat model of myocardial infarction (92).

Lentiviral vectors are derived from the human immuno-
deficiency type 1 (HIV-1) virus; thus, the tropism of the wild-
type HIV-1 virus for CD4þ T cells must be overcome the
construct to become suitable for gene-therapy applications. In
addition, lentivirus-based gene transfer is hampered by im-
paired nuclear translocation of the vectors (35). To improve
tropism for other cells types than T cells, a pseudotype lenti-
viral vector was generated in which the lentiviral envelope
glycoprotein was replaced by the G glycoprotein of vesicular
stomatitis virus (105). To address the problem of poor nuclear
translocation, Follenzi et al. (35) generated a self-inactivating
lentiviral construct in which a 118-bp sequence of HIV-1
polymerase ( pol) encompassing the central polypurine tract
(cPPT) and termination sequences was inserted upstream of
an expression cassette for enhanced green fluorescent protein.
They showed that the cPPT sequence increased transgene
expression by promoting a rate-limiting step of infection that
occurs after reverse transcription of viral RNA and concurrent
with nuclear translocation. Once in the nucleus, vector tran-
scripts with or without the cPPT sequence were similarly
processed. However, safety concerns regarding clinical ap-
plication of lentivirus, centering on the construct’s deriva-
tion from wild-type HIV-1, thus far have prevented the
application of lentivirus-based gene transfer for heart failure
in patients.

Therapeutic Targets

In chronic heart failure, numerous changes in the homeo-
stasis of the remaining viable myocytes occur, and especially
the changes in Ca2þ handling offer opportunities for thera-
peutic intervention (64).

Excitation–contraction coupling denotes the series of
events that lead from the myocyte action potential to con-
traction of myofilaments in the cell, and this process was de-
scribed in detail by Bers (15). In summary, on depolarization,
a small amount of Ca2þ enters the myocyte through voltage-
dependent L-type Ca2þ channels. These Ca2þ ions activate the
ryanodine receptors in the sarcoplasmic reticulum (SR). The
ryanodine receptors are located adjacent to the L-type Ca2þ

channels in the cell membrane and release a large amount of
Ca2þ into the cytosol, where the ions bind troponin C on the
myofilaments of the sarcomere, triggering contraction. Sar-
comere relaxation on return of Ca2þ from the cytosol into the
sarcoplasmic reticulum requires energy and is the result of
a specific Ca2þ pump, SRCa2þ-ATPase (SERCA). The princi-
pal isoform in cardiomyocytes is SERCA2a. The activity of
SERCA2a is regulated by a closely associated protein in
the sarcoplasmic reticulum, phospholamban, which regulates
SERCA2a, dependent on its phosphorylation state. Depho-
sphorylated phospholamban inhibits SERCA2a. In a final
step, Ca2þ is removed from the myocyte by the Naþ=Ca2þ

exchange.
In heart failure, peak systolic Ca2þ concentration is re-

duced, and diastolic concentration is increased. Concomit-
antly, SERCA2a mRNA and protein levels (48), as well as
enzymatic activity (30), are reduced, and phospholamban
has been shown to be hypophosphorylated because of
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desensitization of the b-adrenergic signaling pathway (48, 86);
this, in all likelihood, further reduces SERCA2a activity.

Gene-transfer approaches to restore SERCA2a activity have
shown improvement of ventricular function in preclinical
studies. For example, in a large-animal model of LV volume
overload, Kawase et al. (63) ruptured the chordae tendinae of
16 Yorkshire-Landrace pigs and infused AAV encoding
SERCA2a or saline into the coronary arteries 2 months later.
At 2 months after treatment, the animals that had received
AAV had increased LV inotropy by LV pressure–volume
measurements compared with the saline-treated group, and
LV dimensions had decreased (63). These encouraging pre-
clinical results led to the initiation of a clinical study using an
AAV construct encoding SERCA2a in heart-failure patients
(45).

Other gene-transfer approaches aimed at restoring Ca2þ

handling by the cardiomyocyte with viral vectors have tar-
geted phospholamban. A competitive approach was studied
by Hoshijima et al. (57), by using AAV encoding a pseudo-
phosphorylated mutant of human phospholamban to treat
heart failure in BIO14.6 cardiomyopathic hamsters. The mu-
tation consisted of the substitution of the Ser16 amino acid
residue with a glutamate, which resulted in a conformational
change that mimics the effect of phosphorylation of phos-
pholamban at position 16. Sustained improvement of cardiac
function was measured by echocardiography and pressure–
volume in the animals treated with AAV expressing mutant
phospholamban up to 30 weeks after gene transfer. Protein
phosphatase 1 (PP1) is the major Ser=Thr phosphatase in
cardiomyocytes, and it dephosphorylates phospholamban at
Ser 16. Yamada et al. (140) hypothesized that myocardial gene
transfer of inhibitor-2 (INH-2), an endogenous PP1 inhibitor,
would increase phospholamban phosphorylation and ame-
liorate cardiac function in cardiomyopathic UMX7.1 ham-
sters. Two treatment groups were studied; one group received
recombinant adenovirus (AdV) encoding INH-2 and was
followed up for 1 week, whereas the other group received
AAV-INH-2 and was followed up for 3 months. After INH-2
gene transfer, a significant decrease in microsomal PP1 ac-
tivity was noted, concomitant with increased phospholamban
phosphorylation at Ser 16. At 7 days after AdV-INH2 transfer,
a significant reduction in LV size by echocardiography oc-
curred, whereas control animals showed further increase
of LV dimensions and deterioration of LV function. In the
AAV-INH2 group, 3-month survival was significantly higher
than that in the control group.

Finally, another avenue through which phospholamban
could be affected in the failing heart is through adenylyl
cyclase (AC) gene transfer. Adenylyl cyclase is an effector
enzyme activated by a G protein coupled to a transmembrane
receptor. In the heart, a typical example of such a G protein–
coupled receptor is the b1-adrenergic receptor. Stimulation of
b1-adrenergic receptors leads to activation of AC, which
synthesizes the second-messenger cyclic AMP, which in turn
activates protein kinase A to phosphorylate phospholamban
and the ryanodine receptors (75).

However, other proteins relevant to cardiac Ca2þ cycling
are also phosphorylated by protein kinase A, and the molec-
ular mechanism responsible for functional improvement after
AC gene transfer remains to be elucidated (46). Nine isoforms
of AC are expressed in mammals, but AC5 and AC6 are the
predominant isoforms in the heart. In a porcine model of

pacing-induced heart failure, Lai et al. (72) documented a
significant reduction in LV dimensions and improvement in
LV function by echocardiography and LV pressure=volume
measurements after intracoronary infusion of AdV-AC6. Thus
far, no studies of cardiac AC5 gene transfer have been re-
ported, and reports on the effect of AC5 in heart failure are
difficult to reconcile. When transgenic mice with hypertrophic
heart failure due to overexpression of the a-subunit of the G
protein–coupled receptor were crossed with transgenic mice
that overexpressed AC5, the double-transgenic mice showed
a significant improvement in cardiac function (126). Con-
versely, in a pressure-overload model involving aortic band-
ing in AC5-knockout mice, LV function remained unchanged
compared with baseline measurements (95). In addition, a
discrepancy between gene-transfer studies aimed at increas-
ing phosphorylated phospholamban was summarized earlier
in heart failure studies using genetic models. In a mouse
model of hypertrophic heart failure, silencing of phospho-
lamban expression led to a restoration of cardiac function
(112). Minamisawa et al. (86) proposed that in heart failure, the
inhibitory effects of dephosphorylated phospholamban pre-
dominate because phosphorylation is reduced because of
blunted b-adrenergic receptor signaling, and consequently, a
reduction in protein kinase A–dependent phosphorylation of
phospholamban and knockout of phospholamban would pre-
vent the accumulation of dephosphorylated phospholamban.

Safety and Side Effects

Adenoviral vectors are widely used and studied, and the
insights into their pathogenicity continue to evolve. It has
become clear that even gutless or helper-dependent adeno-
viral constructs are capable of initiating inflammatory and
immune responses. A review of recent progress in this field
has been published, and highlights of findings in vivo are
summarized later (47). The problem of preexisting immunity
was mentioned earlier, and it was shown that adenoviral
vectors may be more toxic in the presence of antiadenoviral
antibodies (133). The reasons for this increased toxicity are
unknown. Adenoviruses are strong inducers of interferons in
the cells that they infect, and this may contribute to their
toxicity in vivo. Interferons are a class of small soluble proteins
that induce non-infected cells to produce an antiviral protein
that inhibits viral multiplication. After liver transduction with
adenoviral vectors, an upregulation was observed in inter-
feron-related genes, including MCP-1, IP-10, RANTES, and
MIP-2 with a peak at 6–12 h after injection, and no difference
was seen between first-generation constructs and helper-
dependent vectors (47). A second response was seen at 5–7
days after injection that was elicited by vector-derived gene
transcription.

Conversely, the changes in cytokine levels are typically
transient, and in cardiac gene-transfer studies adenoviral
vectors have shown an excellent safety profile (52), with the
most frequently reported side effect being a transient and
mild fever (106). However, the severity of these effects may be
dose related, as suggested by the death of a patient in an
adenoviral gene-transfer trial for ornithine transcarbamylase
deficiency (an X-linked inborn error of urea synthesis in the
liver) who received a very high dose of 6�1011 viral particles=
kg (103). The doses used in clinical cardiac gene-transfer trials
have ranged between 1�1010 and 4�1010 viral particles (42,
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52, 122). Because adenoviral vectors do not integrate into the
host genome, the risk of malignant transformation of trans-
duced cells is anticipated to be low. Indeed, this is cor-
roborated by clinical studies with adenoviral vectors, as
no increased incidence of neoplasia was observed in these
studies (60).

The inflammatory and immune responses to AAV and
lentiviral vectors have not been studied as extensively as those
for adenovirus, but in baboons, myocarditis has been reported
after intramyocardial injection of an adeno-associated con-
struct encoding human TNF receptor II (81). This myocarditis
was attributed to a cellular immune response with circulating
anti-AAV antibodies.

AAVs and lentiviral vectors have not been used in clinical
heart-failure studies in part because of their unattractive
safety profile, whereas the first clinical gene-transfer study
with AAVs has been initiated (45). Although AAVs and len-
tiviral vectors remain relevant to the development of new
strategies for the treatment of heart failure, because they allow
mechanistic and proof-of-principle studies in animals, the
defective replication and lack of any human pathology that
can be ascribed to AAVs are attractive features of this vector in
clinical studies. Moreover, for gene-transfer approaches to be
effective in heart failure, expression of the target gene at high
levels for many months is likely to be necessary, and as
mentioned earlier, AAV has been shown to meet this re-
quirement at least in animal studies (134).

In conjunction with long-term expression, control of ex-
pression is an important safety requirement, and the detri-
mental effect of unregulated gene expression was clearly
illustrated in a study by Lee et al. (73). This study assessed the
effect of myoblast implantation in mice after these cells had
been transduced ex vivo with a retrovirus encoding VEGF, and
the authors observed that heart failure and hemangiomas
developed in the animals. The most widely used tool to reg-
ulate gene expression is the tetracycline (Tet) regulatory
system based on the repressor=operator elements of an Es-
cherichia coli tetracycline-resistance operon (39). The Tet-OFF
system was developed first, and it operates by coordinated
interaction of two components, the Tet-repressor protein
(TetR) and the tetracycline response element (TRE). In bac-
teria, TetR inhibits gene transcription, but when fused to
a herpes simplex viral protein (VP) domain, VP 16, it be-
comes a transcriptional activator called transactivator. The
transactivator=TRE complex can be fused to cell type–specific
promoters (e.g., the CMV promoter), and when Tet binds the
complex, transcription is abrogated. Randomly induced mu-
tations of the Tet-OFF transactivator led to the development
of the Tet-ON system in which the construct is similar to that
of the Tet-OFF system, except for alterations in four amino
acids in the transactivator that result in activation of tran-
scription on binding of tetracycline (40). For applications in
heart failure, the Tet-ON system would appear to be more
appropriate because tetracycline would need to be taken by
the patient only for the desired duration of gene expression.

Another system that offers conditional expression of genes
encoded by viral vectors relies on hypoxia. Hypoxia-inducible
factor-1a (HIF-1a) is a master-switch transcriptional activator
that induces expression of numerous genes under conditions
of hypoxia. Under normoxic conditions, HIF-1a interacts with
the von Hippel–Landau protein that recruits prolyl hydrox-
ylases. On hydroxylation of HIF-1a, it is ubiquitinated and

subsequently destroyed by the S26 proteasome. This hydrox-
ylation is oxygen dependent and absent or reduced under
hypoxic conditions. Fusion of DNA-binding and dimerization
domains of HIF-1a with the VP16 transcriptional activator
generates a powerful, oxygen-dependent inducer of HIF-
1a–dependent gene expression. One of the genes that is acti-
vated by HIF-1a is brain natriuretic peptide (BNP), which has
a cardioprotective effect. Luo et al. (76) showed that BNP
was upregulated in human cardiomyocytes transfected with
HIF-1a=VP16 only after exposure to hypoxia. Thus, the
HIF-1a=VP16 complex may be viewed as a ‘‘vigilant system’’
that lies dormant until the heart is exposed to hypoxia and
that will shut down again on restoration of normoxia. The
efficacy and safety of this concept remain to be studied in
clinical studies, however, and more generally, none of the
systems for controlled expression of vector-based genes has
reached the phase of clinical trials.

Cell Therapy

The expanding literature describing the use of multipotent
cells to improve cardiac function has made it necessary to
define clearly the cell types that are being used for these types
of treatment. Different cells in adult organs have different
degrees of regenerative capacity. Some progenitor cells are
capable of producing only one type of differentiated cell; for
example, spermatogonial cells are unipotent and differentiate
into spermatozoa. Other cells have a broader differentiation
repertory. One bone marrow–precursor cell can reconstitute
all lineages found in the bone marrow, and thus, these cells
can be described as being multipotent (Fig. 1) (50). Likewise,
tripotent cardiac progenitor cells have been demonstrated in
the adult heart to have a capability to differentiate into car-
diomyocytes, endothelial cells, and vascular smooth muscle
cells (13). These multipotent progenitor cells must be distin-
guished from ‘‘true’’ stem cells, which are clonogenic, and
have the capability of unlimited self-renewal by symmetric
division while maintaining a stable diploid karyotype, but
conversely can give rise to all differentiated cell types through
asymmetric division, with one daughter cell retaining the
stem cell phenotype and the other giving rise to differentiated
cell types (117). Stem cells that meet these criteria have not
been identified in adult organs.

In 1993 Koh et al. (68) reported the feasibility of cell trans-
plantation to the myocardium. The group used atrial cardio-
myocytes from transgenic mice in which cardiomyocyte
proliferation had been induced by targeted expression of
simian virus 40 large T antigen and documented myocyte
survival up to 4 months after transplantation of these cells into
hearts of syngeneic mice. However, no evidence of electro-
mechanical coupling was found between the transplanted
and host cardiomyocytes, and this prompted the group to
study fetal cardiomyocytes from transgenic mice carrying a
fusion construct encoding a-cardiac myosin heavy chain pro-
moter and b-galactosidase (120). On electron microscopy after
implantation of these cells into hearts of syngeneic mice, the
transplanted cells were readily identifiable because the X-gal
product is an electron-dense precipitate, and the authors
observed numerous intercalated disks between transplanted
and host cardiomyocytes. Later, resident cardiac progenitor
cells were identified in mice by a number of groups by using
various markers, and the reader is referred to an excellent
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FIG. 1. Hemangioblasts can be derived from blastocyst-derived embryonic stem cells, and in vivo, they arise from the
yolk sac or AGM region of the early embryo. With appropriate stimulation in vitro, hemangioblasts develop into hema-
topoietic progenitor cells that can give rise to all cell lines of the lymphoid and hematopoietic system, or they can develop into
angioblasts that form endothelial cells and capillaries. In adult bone marrow, self-renewing cells differentiate into he-
mangioblasts that generate all cells of hematopoietic lineage, but cells of monocyte lineage can also differentiate into en-
dothelial cells. The origin of the multipotent adult progenitor cell is unknown, but its progeny forms all mesenchymal tissues,
and it can differentiate into cardiomyocytes and endothelial cells. Skeletal muscle is of mesenchymal lineage and can
dedifferentiate into a myoblast phenotype, and then can differentiate into a cell with cardiomyocyte features. In adult
myocardium, several multipotent cells have been identified by immunohistochemistry and fluorescence-activated cell sort-
ing, and by sorting for side population cells. These cells have been shown to differentiate into endothelial cells and capillaries,
cardiomyocytes, and vascular smooth muscle cells. (Reproduced with permission of Nature Publishing Group from ref. 27.
ª 2006.)



review on this subject by Wu et al. (139). For some of these
cells, a capability was demonstrated to differentiate into en-
dothelial cells, vascular smooth muscle cells, and cardio-
myocytes (61), whereas others demonstrated improvement in
LV function in murine MI models after intravenous injection
of cardiac progenitor cells (24). The demonstration of cardiac
progenitor cells in mice initiated studies of cells obtained from
adult human hearts [for example, tissue samples from pa-
tients who underwent surgery for aortic stenosis (131) or heart
transplantation (101)] yielded cardiac progenitor cells that
were positive for the cardiac progenitor cell marker c-Kit.
When these c-Kitþ cells were isolated by flow cytometry, they
exhibited a tripotent differentiation capability in vitro, giving
rise to cardiomyocytes, vascular smooth muscle cells, and
endothelial cells (13). A relation appears to exist between the
molecular signature of cardiac progenitor cells and their ca-
pability to differentiate in a uni-, bi-, or tripotent manner, and
this relation is currently being investigated by a number of
groups (139). In a parallel development, Asahara et al. (5)
discovered that a cell type can be isolated from human pe-
ripheral blood on the basis of cell surface–antigen expression
that is capable of differentiating into endothelial cells in vitro
and that contributes to neovascularization in vivo (5).

Because of these discoveries, many different cell types have
been shown to exhibit multipotent differentiation capacities.
The cells that have been applied to stimulate post-MI wound
healing are of a greater variety in their origin than are the cells
that have been transplanted into the chronically failing heart.
Functional improvement after cell transplantation after MI
has been demonstrated in preclinical and clinical studies for
homogenous and heterogenous autologous cell populations
from peripheral blood and bone marrow (33, 97, 113), cells of
mesenchymal origin such as bone marrow stromal cells (28),
adipose stromal cells (129), epicardium-derived cells (130),
and mesenchymal progenitor cells (49), as well as cardiac
progenitor cells (94) and stem cells (56). It is unclear whether
these different cell types achieve functional improvement
through a final common pathway or whether the improve-
ment is the result of different mechanisms attributable to
different progenitor cell types. Moreover, direct compari-
sons of different cell types in MI models yield conflicting re-
sults, with some studies showing a difference in functional
improvement between cell types (62), and others showing
equivalency (2).

For the treatment of chronic CHF, the cell types have been
restricted primarily to skeletal myoblasts and bone marrow–
derived cells (Table 1). Because these cells are injected into
nonviable vascular scars (82), the primary rationale for cell
therapy in CHF has been to increase the number of contractile
units, as opposed to promoting neovascularization and re-
ducing cardiomyocyte death (67).

Myoblast cells

Skeletal myoblasts are cells that reside in a quiescent state
underneath the basal lamina of skeletal muscle fibers; they are
mobilized quickly in response to muscle injury and contrib-
ute to muscle healing. Since the identification of myoblasts, a
cell has been discovered in the same location that can com-
pletely regenerate skeletal muscle fibers, and these cells are
called satellite cells (22). Satellite cells, like all ‘‘organ-specific
stem cells,’’ such as hematopoietic ‘‘stem’’ cells and cardiac

progenitor cells, are rare cells that are capable of self-renewal
and regeneration of the organ in which they reside. Collins
et al. (22) demonstrated in mice that a single muscle fiber as-
sociated with seven satellite cells was capable of originating
100 new myofibers containing thousands of nuclei. It is un-
clear how many satellite cells were included in the myoblast
populations that have been used for cardiac myoblast trans-
plantation studies. It seems unlikely that they contained sat-
ellite cells, because virtually all protocols for isolating satellite
cells have resulted in their activation and differentiation to-
ward a myocyte phenotype (102). Thus, it would seem that
procedures to isolate and culture myoblasts would also result
in satellite cell activation and myogenic differentiation.

As explained by the pioneers of myoblast transplantation,
Menasché (83) and Taylor (141), myoblasts are attractive
candidates for cardiac cell transplantation for a number of
reasons. Under the correct culture conditions, hundreds of
millions of cells can be obtained from a small muscle biopsy.
The cells are well into the myogenic differentiation pathway,
which makes it very unlikely that they will undergo malig-
nant transformation after transplantation, and they are resis-
tant to ischemia, which is important because they are
implanted in an avascular myocardial scar. Since the first
experiment by Taylor et al. (125), the beneficial effect of
myoblasts on cardiac function has been demonstrated in a
number of ways in animal models. By using sonomicrometry,
He et al. (51) showed an increase in end-systolic pressure and a
decrease in end-systolic volume in a dog MI model. In a study
using magnetic resonance imaging (MRI), van den Bos et al.
(132) showed improved wall thickening and a reduction in left
ventricular remodeling after MI in rabbits, and in a rabbit
model of ventricular aneurysm, myoblast transplantation
showed improved wall motion at rest and under dobutamine
stress by sonomicrometry (31).

Other cells

Although bone marrow cells are less resistant to ischemia
than are myoblasts, they too have been applied in approaches
to improve cardiac function in CHF. The majority of studies
with bone marrow–derived cells have been performed in the
subacute period of post-MI wound healing, in which the MI
wound still is in transition (hemorrhagic ‘‘mushy’’ infarct) and
is better vascularized than in the end stage of healing, which is
characterized by the presence of a scar. Nevertheless, when
bone marrow cells were injected in the periphery and the
center of a myocardial scar in a rabbit MI model, the animals
showed functional improvement (128). Cells of mesenchymal
origin have also been shown to improve cardiac function
when injected after the myocardial scar has formed. In rats,
Mazo et al. (80) injected cells derived from adipose stroma
1 month after MI; these showed functional improvement by
echocardiography and increased tissue viability by 18F-FDG
microPET.

Clinical Studies

Whereas currently only one clinical study of viral vector–
based gene transfer for heart failure has been initiated (45),
multiple clinical studies of cell transplantation for this syn-
drome have been completed, and the results have been mixed,
with some studies showing improvement, and one ran-
domized study showing no benefit over placebo injections

CARDIAC REGENERATIVE THERAPY 2031
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(Table 1). From the limited experience with long-term clinical
follow-up, it appears, however, that any functional im-
provement is not sustained after 4 years (135).

One explanation for the difference between clinical and
experimental data could be that most experimental studies
have been performed in young otherwise healthy animals,
and evidence suggests that a young systemic environment
restores the regenerative capacity of progenitor cells. In a
parabiosis experiment with young and old mice, which ex-
posed the old mice to factors present in the young serum,
Conboy et al. (23) showed that old satellite cells regained their
regenerative capacity by enhanced expression of the Notch
ligand (Delta), increased Notch activation, and increased
proliferation in vitro. Thus, the exposure of transplanted cells
to serum factors in young animal models of MI might favor-
ably affect their regenerative capacity compared with trans-
plantation in old patients. In this context, a study by Mangi
et al. (77) is of interest; bone marrow–derived mesenchymal
progenitor cells were transfected ex vivo with a retroviral
construct encoding Akt because this procedure significantly
improved the viability of these cells after transplantation.

Although skeletal myoblasts have been shown to improve
LV function in preclinical studies and, as described earlier,
have a number of characteristics that make them attractive for
cell-transfer approaches to improve cardiac function, the
largest clinical randomized study to date did not show any
improvement in LV function after myoblast transplantation
(83). Moreover, an increase in early ventricular arrhythmia
was found in the myoblast group, and therefore, the lack of
functional improvement in combination with an increased
risk of ventricular arrhythmia makes it doubtful that this
particular cell type will acquire a place in clinical heart-failure
therapy within the near future.

Mechanism of Benefit

Although no doubt exists that the mechanism of action of
gene transfer relies on expression of the gene of interest by the
host cell, it is unclear how transplanted cells improve cardiac
function after MI. Considerable controversy occurs over the
hypothesis that cells transdifferentiate into cardiac myocytes.
Evidence in support of this hypothesis comes from a study in
a child with a mutation in the gene for cardiac troponin T
(TnT) (110). After heart transplantation for heart failure, pe-
ripheral blood was collected, and circulating progenitor cells
were isolated and cocultured with neonatal rat cardiomyo-
cytes. After 6 days, the cardiac marker protein, a-sarcomeric
actin, could be detected in the progenitor cells. The fact that
these cells originated from the patient’s circulation was con-
firmed by the presence of the mutated TnT gene. Conversely,
proof for transdifferentiation in vivo has been more difficult to
obtain. By using bone marrow cells from transgenic mice ex-
pressing enhanced green fluorescent protein and injected into
the periinfarct zone of wild-type mice, Scherschel et al. (114)
were unable to show that these cells acquired intracellular
Ca2þ transients in response to membrane depolarization
in situ by monitoring the Ca2þ-sensitive fluorophore rod-2 in
the perfused, isolated hearts by two-photon laser scanning fluo-
rescence microscopy. Others have also provided evidence that
hematopoietic cells do not transdifferentiate into cardiomyo-
cytes after transplantation to the heart (90). The reasons for the
discrepancies between these studies are manifold and can be

attributed both to a poor understanding of the biologic effect
of cell transfer in vivo and to deficiencies in the readouts that
are used to study the effects of cell transfer in animal models.
For example, the use of fluorescent labels to track and locate
cells after transfer into the infarcted heart is prone to error
because the macrophages, contractile proteins, and collagen
in the infarct area render the tissue highly autofluorescent,
making the identification of fluorescently labeled cells prone
to error. The use of reporter genes encoding b-galactosidase in
combination with the Cre=lox system or Y chromosome in situ
hybridization allows easier recognition of transplanted cells.

Little evidence exists that skeletal myoblasts undergo
transdifferentiation, and it has been postulated that the me-
chanical effects of cell transfer in terms of modification of the
scar by a new inert tissue mass may in itself favorably alter
ventricular geometry and cardiac output (27). Another plau-
sible mechanism of benefit from cell transfer, which has been
suggested primarily for skeletal myoblasts, is cell integration
or electromechanical coupling (44). The presence of connexin-
43 between myoblasts and cardiomyocytes has been demon-
strated with immunohistochemistry in rat hearts (21), and
others found action potential–induced Ca2þ transients in
synchrony with host cardiomyocytes in a small number of
transplanted myoblasts, but the duration of these [Ca2þ]i

transients was heterogeneous compared with that of the
neighboring cardiomyoblasts (108). Interestingly, in the same
study, evidence was noted for fusion between myoblasts and
resident cardiomyocytes, based on the identification of cells
that expressed both a donor- and a host-derived reporter
gene, and these fused cells were in the same anatomic location
as the cells that showed the heterogeneous [Ca2þ]i transients;
thus, the authors concluded that these transients are likely to
be result of cell fusion and not an expression of bona fide
electromechanical coupling. Cell fusion is a not-infrequent
event observed after cell transfer to the heart, not only after
myoblast transfer, but also after transplantation of bone
marrow–derived cells (93). Another manner in which contact
and exchange of molecules between host and donor cells can
be established has been proposed by Koyanagi et al. (70), who
found evidence that contact between transplanted and resi-
dent cells can be established by naturally occurring nanotu-
bules that facilitate intercellular transport of macromolecules,
which then could be responsible for the phenotype switches
that have been observed by multiple groups. In summary, no
conclusive evidence exists that electromechanical coupling
occurs after cell transfer in vivo (104). The electrical hetero-
geneity introduced by the nonsynchronous electrical activity
of transplanted myoblasts may have caused the increase in
ventricular arrhythmias observed in clinical myoblast studies
(83).

The most recent hypothesis is that the transplanted cells
exert their beneficial effect via a paracrine mechanism (66) in
which molecules from transplanted cells affect changes in
resident cells. For example, Gnecchi et al. (38) demonstrated a
significant reduction of MI size and a reduction of apoptosis in
rat hearts after injection of mesenchymal progenitor cells that
overexpressed the survival gene Akt1 (Akt-MPC) (77), as
well as after injection of media with a high concentration of
Akt1 obtained from cultures of Akt-MPC (38). Later, members
of the same group reported that the most prominently ex-
pressed and secreted protein by Akt-MPC was the secreted
frizzled-related protein 2 (Sfrp2), a known modulator of Wnt
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signaling, and they showed that Sfrp2 promotes survival of
cardiomyocytes after MI and that these effects were signifi-
cantly reduced after knockdown of Sfrp2 with siRNA (87).
Wnt proteins form a family of highly conserved secreted
signaling molecules that regulate cell-to-cell interactions
during embryogenesis and are expressed at low levels in adult
organs under normal conditions. After MI, however, Wnt
levels are increased, and overexpression of an antagonist of
Wnt signaling in mice has been shown significantly to reduce
MI size and improve cardiomyocyte survival (11). The para-
crine hypothesis is in better alignment with the low retention
of transplanted cells after delivery (see later) and the high
mortality within the first 24 h after transplantation (88). It
could explain the observed functional improvement in the
face of this extensive cell loss early after cell transfer.

Safety and Side Effects

The aggregate of clinical studies of cell transplantation in
the subacute MI-healing phase and in chronic CHF has shown
that the procedure is safe (1). Notably, no increased incidence
of malignancies was found in these studies. The risk of po-
tentially fatal ventricular arrhythmia after skeletal myoblast
transplantation in patients with chronic CHF (83), together
with the lack of demonstrable efficacy in the first clinical
randomized trial, is a major impediment to further develop-
ment of this cell type for clinical heart-failure therapy.

Oxidative Stress

In addition to the influence of recipient age mentioned
earlier, the therapeutic effect of gene and cell transfer is also
likely to be influenced by oxidative stress in the recipient
myocardium. Oxidative stress can be described as an imbal-
ance in the generation of reactive oxygen species (ROS) and
opposing antioxidant molecules in favor of the former. In the
overwhelming majority of cases, atherosclerosis is the cause of
ischemic CHF, and this state of vascular inflammation, to-
gether with its precipitating factors (hyperlipidemia, diabetes
mellitus, hypertension, metabolic syndrome, or smoking), is
characterized by increased levels of ROS (20). In addition to
the pathologic states leading to CHF, the syndrome itself is
characterized by increased myocardial ROS levels generated
by endothelial cells, vascular smooth muscle cells, and cardi-
omyocytes (4, 58). It has been suggested that increased levels
of ROS in patients compared with animal models may explain
some of the discrepancies that have been observed between
preclinical and clinical gene- and cell-transfer studies (18).

Within cells, ROS are generated by a number of pro-
cesses that include the electron-transport chain, the xanthine
oxidase=dehydrogenase system, uncoupling of eNOS, and a
number of enzymes, such as the cytochrome P450 family and
NADPH oxidases, with NADPH oxidases being the most
important source of ROS (4). Importantly, mitochondria of
cardiomyocytes are a main source of ROS (4), and Terentyev
et al. (127) showed that the diastolic ‘‘leak’’ of Ca2þ from the
SR, which is a characteristic of failing cardiomyocytes and is
responsible for the lack of excitation–contraction coupling in
these cells, can be attributed to modification of the ryanodine
receptor on the SR by ROS. Thus, it is conceivable that transfer
of AAV encoding SERCA2a, as proposed by Hajjar et al. (45),
may not be sufficient to restore excitation–contraction cou-
pling in the presence of continued ryanodine receptor modi-

fication by ROS in the failing cardiomyocyte. Strategies that
alter the redox state of the failing heart may have to accom-
pany this gene-therapy approach. Fortunately, many phar-
macotherapeutics used in heart-failure patients have been
shown to reduce the prevalence of ROS [for example, ACE
inhibitors and angiotensin-receptor blockers have been
shown to reduce cardiovascular oxidative stress (32,109)].
Evidence indicates that statins reduce NADPH oxidase ac-
tivity and ROS generation (115), and tight glycemic control in
diabetic patients with CHF is likely to reduce oxidative stress
in the failing heart (142). It remains to be seen whether these
medications reduce oxidative stress in the failing heart to the
extent at which the effect of viral SERCA2a gene transfer is not
nullified by the effect of ROS on other determinants of intra-
cellular Ca2þ flow (for example, the ryanodine receptor).

As with gene transfer, the effects of cell transfer may be
altered by the redox state of the patient heart. For example, the
production of ROS by mitochondria is regulated to a large
extent by the adapter protein p66Shc (85). This protein has
been identified as a master regulator of ROS production and is
encoded by the mammalian protooncogene locus SHC, which
also encodes two similar adapter proteins, p52Shc and p46Shc
(85). The unique role of p66Shc to amplify basal and stimulus-
dependent ROS generation in mitochondria is conveyed by an
N-terminal extension that contains an S36 phosphorylation site
that is critical to this capability (43). Recently Guo et al. (43)
reported evidence for the existence of a redox-sensitive path-
way initiated by a1- adrenergic receptor (a1-AR) activation,
which leads to p66Shc phosphorylation with subsequent in-
creases in Akt phosphorylation, inactivation of the forkhead
transcription factor FOXO3a, and decreases in expression of
the antioxidant enzyme manganese superoxide dismutase
(MnSOD). Thus, p66Shc phosphorylation decreases ROS de-
toxification by activating the Akt-FOXO3a pathway that
regulates MnSOD. This finding may have implications for
cell-transfer strategies that rely on ex vivo transfection of cells
with constructs that encode Akt to promote their survival in
the host myocardium (77). In the redox environment of the
patient heart, the Akt protein synthesized by these cells may
be diverted away from an Akt-mediated antiapoptotic path-
way, although the progenitor cell may not have a1-AR because
the donor cell may be exposed to phosphorylated p66Shc from
the host cell through fusion or connection via nanotubules
mentioned earlier, or both. As with viral gene transfer, it is as
yet uncertain whether the effects of cell transfer will be
modified by the redox-sensitive mechanism summarized
earlier and whether the standard medical regimen of CHF
patient will be sufficient to alter the redox state of the recipient
heart or whether additional antioxidant strategies will have to
be used for cell transfer to reach its full therapeutic potential.

Delivery Methods

The optimal delivery strategy for viral vectors and cells
remains to be established, and compared with the number of
preclinical and clinical studies aimed at understanding
mechanisms of action and clinical efficacy, work comparing
and optimizing delivery methods has been lagging. Both viral
gene vectors and multipotent cells are typically transferred
into the myocardium by mechanical techniques, with in-
tracoronary infusion (6) and intramyocardial injection being
the most frequently applied. Intramyocardial injection can be
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into the endocardium by using injection catheters (10, 25, 119)
and into the epicardium during open-chest coronary artery
bypass surgery (83). Other techniques include retroinfusion
into coronary veins (10, 17), delivery of vectors via extracor-
poreal circulation (100), or a percutaneous closed-loop re-
circulatory system (65).

Few studies quantify the retention of the agent that was
delivered, and likewise, few data compare the efficacy of

different delivery systems. This is surprising because delivery
efficacy is likely to affect the therapeutic effect. In a porcine MI
model, we compared catheter-based intramyocardial injec-
tion with retrograde intravenous infusion with radiolabeled
microspheres to quantify the amount of injectate that was
retained in the myocardium; we found that overall retention
was comparable between the two methods, but that it was
low and decreased with the age of the myocardial infarction

FIG. 2. Microsphere reten-
tion and distribution in nor-
mal hearts and in hearts with
1- and 2-week-old MI.
The retention is expressed
as percentage of the total
microspheres injected. Values
<0.5% are shown as 0. (A)
Moving from left to right in
these hearts, the anterior wall
is shown on the left side, fol-
lowed by the septum, poste-
rior wall, and lateral wall.
(Reproduced with permission
of John Wiley and Sons, Inc.
from ref. 10. ª 2006.)
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(Fig. 2) (10). A difference was found between the two methods
regarding myocardial distribution, because the catheter was
navigated to the infarct zone, and the majority of spheres were
distributed in that area, whereas after retrograde venous in-
fusion, the spheres were retained mostly in the periinfarct area
in midventricular segments. A novel strategy that allows in-
travenous injection of agents and thus has the advantage of

being less invasive is the use of ultrasound bubbles that are
targeted to the cells of interest by incorporation of antibodies
or peptide-recognition sequences in the bubble shell and that
carry a payload of vectors (79). On arrival in the target area,
these bubbles are destroyed by a high-energy ultrasound
pulse that makes the vector available in the target tissue. No
studies investigated the effect of different delivery modes on
functional recovery of the heart after gene or cell transfer.

FIG. 2. (Continued). Microsphere retention and distribu-
tion in normal hearts and in hearts with 1- and
2-week-old MI. (B) When comparing endo- and epicardial
distribution, in healthy hearts, significantly more retention of
microspheres is found in the epicardium after retrograde
infusion; this relation is reversed in 7-day-old MI, but in
2-week-old MI characterized by a transmural scar, retrograde
infusion deposits more spheres in the epicardium than does
transendocardial injection (Reproduced with permission of
John Wiley and Sons, Inc. from ref. 10. ª 2006.)

FIG. 3. Vascular smooth muscle cells labeled ex vivo with
iron particles (Feridex i.v.; Bayer Healthcare, Leverkusen,
Germany) and injected retrogradely into the anterior in-
terventricular vein in a porcine model of myocardial in-
farction, 1 week after induction of myocardial infarction by
a 45-min balloon occlusion in the midsegment of the left
anterior descending coronary artery. T2*-weighted magnetic
resonance imaging shows a dark shadow indicating accu-
mulation of the cells at the border of the infarct zone (arrow).
After Prussian blue staining, iron-labeled cells are visible on
4-mm sections from the myocardium, and the fact that the
iron label is retained within the cytoplasm of the labeled cells
can be interpreted as indicating that these cells are still intact
and viable (lower panel). (Reproduced with permission of
John Wiley and Sons, Inc. from ref. 9. ª 2004.)
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Methods to track cells after injection include radioactive
labeling, but cells can also be labeled with iron particles ex vivo,
and we (9) and others (37, 55) have shown the feasibility of
locating transplanted cells in the infarcted heart by MRI
(Fig. 3). The advantage of iron labeling and MRI is that, in
conjunction with localizing the cells, cardiac function can
measured, and thus, the effect of cells on cardiac recovery can
be assessed during the same imaging session. Because the
disruption of the magnetic field extends to a much larger area
than the labeled cells, conventional T2*-weighted MRI of iron-
labeled cells creates a ‘‘shadowing’’ effect that obscures the
immediate surroundings of the cells and that impedes quan-
tification of the signal. Recently, a novel positive-contrast
technique was developed that addresses this problem (74).
Finally, when iron labels are used, it is impossible to distin-
guish between viable cells and cells that have died after
transplantation because in the latter situation, even when the
cell has lysed the iron particle may still be retained in the
myocardium for a time. However, when imaged within hours
after injection, the majority of transplanted cells appear to be
viable (Fig. 3), and therefore, MRI of iron-labeled cells may
prove useful to study early distribution of injected cells
throughout the myocardium. The capability of MRI to iden-
tify scar tissue would be of benefit especially to determine
the relation between transplanted cells and myocardial scar
(8). The lack of a contrast agent that distinguishes between
viable and nonviable cells currently limits MRI and other
cell-tracking techniques to distribution studies early after in-
jection. In the future, imaging particles that are sensitive to
differences between the intra- and extracellular milieus may
become available that would solve this problem.

Discussion

Gene and cell therapy for heart failure are exciting and
rapidly evolving fields that require a multidisciplinary ap-
proach to succeed. Molecular biologists, chemists, imaging
specialists, clinicians, and those of us who develop cardiac
devices all must come together to take advantage of the
promises that these approaches hold. The first clinical study of
viral vector–based gene therapy for chronic heart failure is in
progress, and for cell therapy, the clinical studies to date show
that the treatment is safe and produces a modest but signifi-
cant improvement of left ventricular function above and be-
yond conventional therapy when applied in the subacute
phase of MI healing (1). Further studies must show whether
this benefit is sustained during long-term follow-up and
whether it translates into a reduction of morbidity and mor-
tality after MI.

The clinical studies of cell therapy for heart failure present a
more mixed picture, with the first randomized comparison of
myoblast transfer showing no benefit over placebo treatment
and an increased incidence of ventricular arrhythmia in the
myoblast group. The loss of functional benefit 4 years after
myoblast transplantation is disappointing. Gene therapy and
cell therapy may come together to address this lack of efficacy
and sustained benefit in studies in which cells are transduced
with viral vectors encoding sequences that improve their
survival and therapeutic potency. Within this context, it is
important to realize that the effects of ROS on myocardial
gene and cell transfer remain largely unaccounted for and that
a strategy that combines gene and cell transfer may be espe-

cially relevant to reducing the detrimental effects of ROS on
this type of therapeutic approach.

Finally, different delivery methods must be compared re-
garding their effect on therapeutic efficacy of the vectors and
cells, and more-sophisticated methods must be developed to
understand the effects of gene and cell therapy on myocardial
neovascularization, perfusion, oxygenation, and cardiac
function.

Abbreviations

a1-AR, a1-adrenergic receptor; AAV, adenoassociated
virus; AC, adenylyl cyclase; ACE, angiotensin-converting
enzyme; AdV, adenovirus; cPPT, central polypurine tract;
eNOS, endothelial nitric oxide synthase; HIF-1a, hypoxia-
inducible factor-1a; HIV-1, human immunodeficiency virus-1;
INH-2, inhibitor-2; LTR, long terminal repeat; LV, left ven-
tricle; MI, myocardial infarction; MnSOD, manganese super-
oxide dismutase; MPC, mesenchymal progenitor cell; MRI,
magnetic resonance imaging; NADPH, nicotinamide dinucle-
otide phosphate; pDNA, plasmid DNA; PEI, polyethyleni-
mine; PET, positron emission tomography; pol, polymerase
gene; PP1, protein phosphatase 1; ROS, reactive oxygen spe-
cies; SERCA, sarcoplasmic reticulum Ca2þ-ATPase; Sfrp2,
secreted frizzled-related protein 2; siRNA, small interfering
ribonucleic acid; SR, sarcoplasmic reticulum; Tet, tetracycline;
VEGF165, 165-amino acid isoform of vascular endothelial
growth factor; VP, viral protein.
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