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Abstract
Cardiovascular diseases are among the major targets for gene therapy. Initially, clinical
experiments of gene transfer of vascular endothelial growth factor (VEGF) improved
vascularization and prevented the amputation in patients with critical leg ischemia. However, the
majority of trials did not provide conclusive results and therefore further preclinical studies are
required. Importantly, data indicate the necessity of regulated expression of angiogenic factors,
particularly VEGF, to obtain the therapeutic effect. It is also suggested that the combined delivery
of two or more genes may improve the formation of mature vasculature and therefore may be
more effective in the amelioration of ischemia. Moreover, experimental approaches in animal
models displayed the promise of gene transfer modulating the inflammatory processes and oxidant
status of the cells. Particularly, the concept of preemptive gene therapy has been tested, and recent
studies have demonstrated that overexpression of heme oxygenase-1 or extracellular superoxide
dismutase can prevent heart injury by myocardial infarction induced several weeks after gene
instillation. The combination of a preemptive strategy with regulated gene expression, using the
vectors in which the therapeutic transgene is driven by exogenously or endogenously controllable
promoter, offers another modality. However, we hypothesize that regulatable gene therapy,
dependent on the activity of endogenous factors, might be prone to limitations owing to the
potential disturbance in the expression of endogenous genes. Here, we demonstrated some
indications of these drawbacks. Therefore, the final acceptance of these promising strategies for
clinical trials requires careful validation in animal experiments.
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INTRODUCTION
The progress in gene therapy is dependent on the understanding of the molecular basis of
diseases as well as on the development of efficient tools allowing delivery of therapeutic
nucleic acid. The vast amount of knowledge, which has been accumulated in the last few
years, offers countless possibilities of different therapeutic strategies even in the same type
of disease. It is therefore impossible in a short review to discuss all crucial aspects of gene
therapy, including even the newest strategies for a given type of disease. Therefore, here we
focus only on some examples of recent approaches in the development of delivery tools as
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well as on the exploitation of new therapeutic genes with potential application in
cardiovascular diseases.

Delivery of therapeutic nucleic acids is accomplished by vectors. They belong to two
categories: nonviral and viral (reviewed in ref. 1). Nonviral vehicles comprise plasmids or
short-strand nucleic acids (anti-sense, DNA decoys, and small interfering RNA), which are
delivered to the cells either in a so-called naked form or with the help of various chemical or
physical methods. The advantages of nonviral vehicles are the simplicity of their
construction, relatively easy and cheap method of production in the large quantities
necessary for in vivo gene therapy, and overall safety compared with viral vectors. The
important limitations are the low efficiency of transfection and transient way of expression
of the introduced genes. Thus, delivery of plasmid vectors to the vascular wall by instillation
with intravascular catheters results in transfection efficiency that is usually considerably
below 1% (2). There are, however, some exceptions to these general features. Naked DNA
can transfect skeletal muscles or the heart with the efficiency reaching several percent of
cells in the region of the injection, and the level of expression of introduced genes is
relatively high for several weeks or even months (3–5). This response occurs despite the
episomal localization of the plasmid and is probably because of the structure of the muscles,
which possess a well-developed system of endoplasmic reticulum. Therefore this approach,
particularly when applied to genes that code for secretory proteins, creates an opportunity
for the simple, cheap, and effective gene therapy to be applied.

SELECTION OF DELIVERY VECTORS FOR GENE THERAPY
Viral Vectors

Viral vectors can be integrating and nonintegrating (reviewed in refs. 1, 6). Retroviral
vectors and, to a certain extent, adeno-associated vectors (AAVs) are integrating viral
vectors. Two groups of retroviral vectors are being used. The first one is derived from
animal oncoretroviruses, such as the murine Moloney leukemia virus. These vehicles were
applied in the first trials of gene therapy and still constitute the larger proportions of vectors
used in clinical trials. It is a consequence of a stable integration of retroviral vectors into the
genome of transduced cells that allows for the permanent expression of a transgene. The
limitation of oncoretroviral vectors is their inability to transduce nondividing cells.
Nevertheless, they can efficiently deliver genes to proliferating progenitor cells; in addition,
this type of modification has enabled the treatment of severe combined immunodeficiency
(SCID) in children lacking the gene for common γc chain of cytokine receptor (7–9).
Lentiviral vectors can transduce nondividing cells. Therefore, those carriers found
application in delivery to hematopoietic stem cells and neural cells (10), but they also may
be efficient in the transduction of tumor cells (11) and are particularly considered for gene
therapy in relation to HIV infections (12).

However, both categories of retroviral vectors create the risk of the insertional mutagenesis
owing to random integration into the cellular genome. Although such events have been
rarely observed in experimental trials, three cases of leukemia in SCID patients treated with
gene therapy highlight the important concerns of the safety of this strategy (7,13).
Additionally, the risk of lentiviral-induced oncogenesis has recently been highlighted (14) in
relation to potential pro-oncogenic effect of woodchuck post-transcriptional regulatory
element (15), which is widely used in many retroviral, adenoviral and AAV vectors.

Adenoviral Vectors—AAV vectors are created from small, nonpathogenic single-
stranded DNA viruses, which do not induce any human diseases. Eight serotypes of AAV
have been discovered so far, and AAV-2 is the prototype of the AAV vectors that have been
the most commonly used in gene therapy. Wild-type AAVs specifically integrate into the
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clearly defined site on chromosome 19 (16). This integration requires Rep proteins encoded
by one of two genes of wild-type AAV. The removal of both rep and cap genes is, however,
necessary during AAV vectors synthesis, and, as a consequence, the AAV vectors lost the
propensity for the specific and efficient integration. Nevertheless, recombinant AAV vectors
can randomly integrate in low proportions into the chromosomal DNA, although the
majority of AAV vectors remain in episomal forms. The nonpathogenic nature of AAV
decreases the risk of an inflammatory response (17). Moreover, AAV-2 can transduce the
majority of quiescent cells with a high efficacy, and long-term expression can be achieved
(17). However, some cells are refractory to transduction with AAV and endothelial cells are
among them, with efficacy as low as 2% in case of the AAV-2 serotype (18,19), whereas
efficacy can be as high as 20–40% for vascular smooth muscle cells (17,20,21).
Modifications of the viral capsids (22) as well as the exploitation of the different tropism of
other AAV serotypes (23) offer new possibilities to match AAV to vascular cells.

Limitation of Viral Vectors—Inflammatory response is a major concern in the
application of adenoviral vectors. They are very efficient in transducing various cell types
irrespective of the stage of their cell cycle; and in endothelial cells, a transduction efficiency
up to 75% or more in vivo has been reported (17). However, the first generation of
adenoviral vectors, which have been the most commonly used besides retroviruses in
clinical trials (24), still possess a significant proportion of adenoviral genes. Therefore, in a
short time after transduction, the immune response develops against viral proteins. This
response may limit the time and level of expression of therapeutic genes. Nevertheless, it
seems that these vectors, when carefully delivered, still hold promise of being a potent
therapeutic tool, as is suggested by progress in the application of the p53 gene in patients
with head and neck cancer (25). Moreover, the construction of the new class of adenoviral
vectors, or so-called helper-dependent vectors, creates new, exciting possibilities (26).

CLINICAL TRIALS IN CARDIOVASCULAR DISEASES
Despite the progress in pharmacotherapy, the efficient treatment of the advanced stages of
cardiovascular diseases is still lacking. Therefore, great expectations all have been attributed
to gene therapy. Particularly, the cloning of vascular endothelial growth factor (VEGF), so
the major angiogenic mediator, has raised the hopes for they its application for the
stimulation of blood vessels formation in coronary heart diseases or peripheral tissue
ischemia. However, despite the initial promising results of small clinical trials in which the
delivery of plasmid harboring VEGF cDNA was used for the stimulation of angiogenesis in
ischemic legs (27–29), the efficacy of that strategy has not been convincingly confirmed in
other experiments (reviewed in ref. 30).

The other clinically tested approach of gene therapy uses the application of DNA decoys for
the E2F transcription factor. This strategy relies on the delivery of short, about 20-bp,
double-stranded oligonucleotides, containing the sequence to which this transcription factor
binds in the promoter of genes, particularly those involved in cell proliferation. In such a
way, the expression of several genes, e.g., c-myc, c-myb, or PCNA is prevented. The E2F-
based DNA decoy strategy has demonstrated its feasibility in a PREVENT trial and resulted
in the attenuation of development of restenosis in arterio-venous bypasses, because of the
inhibition of the proliferation of vascular smooth muscle cells (31). Ex vivo, pressure-
mediated transfection efficiency of E2F decoys reached approx 90% and resulted in >70%
inhibition of PCNA and c-myc expression and bromodeoxyuridine-labeling index (31).
However, the approach still requires validation in larger randomized clinical trials. Thus, the
progress in cardiovascular gene therapy is slower than expected. Although some clinical end
points have been positive in several trials, these did not produce any clear meaningful
clinical benefits for the patients (recently reviewed in refs. 30, 32) The reasons are various
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and include the technical obstacles concerning the delivery of vectors, transfection
efficiency, and biological effect of produced factors as well as the selection of patients
(reviewed in ref. 30). Therefore, besides solving those problems, it also seems reasonable to
look for the other strategies to ameliorate ischemia and to prevent the consequences of
myocardial infarction. Some such approaches are discussed in the next section.

RECENT DEVELOPMENTS IN GENE THERAPY FOR CARDIOVASCULAR
DISEASES
Modification of Progenitor Cells

Modification of progenitor cells by retroviral vector-mediated delivery of therapeutic gene is
being tested for cardiovascular gene therapy. In the study by Iwaguro et al. (33), ex vivo-
expanded endothelial progenitor cells (EPCs) were transduced with VEGF before
transplantation into an ischemic hindlimb muscle. Such modified EPCs demonstrated a
higher capacity to augment neovascularization. In another study, EPCs were transduced with
an active subunit of telomerase reverse transcriptase that also enhanced their migratory and
proliferative capacity (34).

Recently, Dzau and coworkers have modified rabbit endothelial progenitor cells with
retroviral vectors harboring the reporter gene (green fluorescent protein) or with one of two
potentially therapeutic genes, namely, endothelial nitric-oxide synthase (eNOS) or heme
oxygenase (HO)-1 (35). Such modified cells have then been delivered to the rabbit artery,
previously denuded by balloon angioplasty, imitating the procedure performed in
atherosclerotic vessels. The instillation of progenitor cells per se enhanced the process of
reendothelialization. Moreover, the recovery was faster in animals treated with EPC
transduced with the eNOS gene. This study demonstrates the feasibility of the combination
of gene with stem cell therapy in cardiovascular diseases and highlights again the important
role of nitric oxide (NO) in the endothelial function. Surprisingly, no additional therapeutic
effect of HO-1 overexpression in EPSs has been observed in contrast to previous studies
showing significant attenuation of neointimal thickening owing to HO-1 overexpression in
the damaged vessel wall (36). It is surmised that the beneficial outcome of HO-1 requires a
higher level of its expression to reach the sufficiently high production of HO-1 products,
carbon monoxide (CO) and/or bilirubin (35).

Modification of EPCs may find application in patients with cardiovascular diseases,
particularly in situations when the propensity of their endothelial (and hence also progenitor
cells) to generate NO is impaired because of the various underlying factors (37). Such
transduced EPCs also may offer better prospects for the seeding of vascular prosthetic
grafts, used in patients lacking suitable vessels for a bypass. Also, transduced EPC may be
used to cover the stents applied in angioplasty procedure. The limitation of such an approach
is, however, the small amount of progenitor cells available for modification from a potential
patient.

Regulated Gene Expression Therapy
The level of therapeutic gene expression determines the efficiency of gene therapy. It has
been demonstrated that constitutive promoters, the most commonly used in both
experimental and clinical gene therapy, can provide sufficient level of expression of genes
used in cardiovascular gene therapy. However, it is suggested that the tight regulation of
expression of therapeutic genes at least in the case of some genes, might be beneficial (38).
Such a strategy would allow for adjusting the production of therapeutic protein to the needs
of the modified (or targeted) organ. Regulated gene expression has been particularly
considered for the therapeutic application of VEGF. This potent angiogenic factor has been
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tested for the stimulation of blood vessel formation in ischemic heart and skeletal muscles.
Interestingly, some experiments demonstrated that high and unregulated expression of
VEGF may lead to harmful effects. Studies indicate that the high overexpression of VEGF,
the strong angiogenic but also proinflammatory agent with a potent vascular permeability
activity, may result in serious side effects, such as hypotension (39,40) or hemangioma
formation (41–43). Therefore, it can be suggested that the application of VEGF in a mode of
regulated gene transfer would be a better approach.

Hypoxia Induced Gene Expression Therapy
The expression of genes in hypoxic conditions, including VEGF, is dependent on the
activation of a hypoxia inducible factor (HIF)-1 (reviewed in refs. 44, 45). This transcription
factor works in the form of a dimer, consisting of HIF-1α and HIF-1β subunits. In
normoxia, both proteins are constitutively generated in cells, however, HIF-1α is also
permanently degraded, which prevents the dimer formation. Degradation of HIF-1α is
dependent on the action of the oxygen-dependent prolyl hydroxylase, which by adding
hydroxyl groups to specific proline residues (P402 and P564) present in so-called oxygen-
dependent degradation (ODD) domain, creates the signal for von-Hippel-Lindau (VHL)
ligase. VHL ubiquitylates HIF-1α, which is targeted for proteasome degradation. This
mechanism degradation is abolished in hypoxia, which inhibits prolyl hydroxylase activity,
resulting in stabilization of HIF-1α, followed by the dimer formation and its binding to a
hypoxia responsive element (HRE), present in the regulatory regions of many hypoxia-
dependent genes, e.g., VEGF. As a result, the expression of such genes is enhanced in
hypoxic conditions. Hypoxia-regulated gene therapy is an attractive approach that can be
applied to specific overexpression of various genes exclusively in the ischemic tissues. The
following interesting experimental strategies, applying the so-called vigilant vectors, have
been tested (46–49); for reviews of other strategies, see refs. 30, 50 (Fig. 1).

In the first strategy, the DNA sequence, harboring several HRE sequences, is linked to a
transgene (Fig. 1A). The classical HIF-binding sequence (HBS), present in the HRE part of
the VEGF promoter, consists of six nucleotides (TACGTG). Three to nine HRE sequences
containing HBS are essential to achieve the sufficient level of expression during hypoxia
(51–53). Because HIF-1α is unstable in the presence of oxygen, the trans-gene should not be
expressed in normoxic conditions. Once the oxygen tension decreases, HIF-1α is stabilized,
and the HIF-1 transcription factor binds to HRE and induces the expression of therapeutic
transgene.

The second tested approach combines hypoxia-dependent gene expression with the organ-
specific over-expression of HIF-1α, or its ODD domain (reviewed in refs. 46, 47) (Fig. 1B).
To this end, two vectors have to be constructed. The first one harbors the ODD coding
sequences under the control of the cell-specific promoter, e.g., myosin light-chain promoter,
which drives the expression only in cardiomyocytes. The ODD coding sequence is bound to
the fragment encoding the yeast GAL4DBD activation protein. The second vector consists
of a therapeutic gene, e.g., HO-1, driven by the GAL4 binding sequence. Both vectors are
introduced into the ischemic heart. The expression of ODD occurs only in the
cardiomyocytes as a result of the specificity of the myosin light-chain promoter. Hypoxia
stabilizes the ODD and results in stabilization of the whole activation factor (GAL4DBD-
ODD-p65AD), which by binding to the Gal4 binding sequence, induces locally the
expression of a therapeutic gene in the ischemic heart (Fig. 1B).

Another approach to achieve the required level of gene expression is based on promoter
sequences regulated by exogenously applied stimuli. The most commonly used are
tetracycline-dependent promoters (54), but artificially engineered transcription factors have
recently been used (55, 56). To this end, an interesting opportunity is offered by rapamycin.
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First, it can act as an external regulator of the expression of genes that are driven by the
artificial rapamycin-dependent promoter (57). Second, the drug also is used to cover
vascular stents as it attenuates restenosis by inhibition of proliferation of vascular smooth
muscle cells (58). Third, the therapeutic potential of rapamycin can be exerted by its direct
effect on the expression of other genes in vascular cells. Indeed, rapamycin has been proven
to increase the expression of HO-1 (59).

Mechanisms of the rapamycin-dependent gene expression rely on the employment of its
intracellular targets. Rapamycin binds to the FK-binding protein 12 (FKB12) forming a
complex that binds to the mammalian targets of rapamycin (mTOR), inhibiting both DNA
and protein synthesis. This effect is responsible for the inhibition of vascular smooth muscle
cell proliferation and also is probably involved in the induction of the HO-1 expression (59).
The FKB12 protein also is used in the system of rapamycin-dependent artificial promoters.
It is the complex of the bipartite transcription factor consisting of two chimeric human
peptides. The first one is composed of a domain ZFHD1 complexed to FKB12, whereas the
second one is the truncated protein FRAP connected with the nuclear factor-κB p65 protein.
In the presence of rapamycin, the ZFHD1-FKB protein binds to the FRAP-p65 chimera to
form a complex that activates ZFHD1 sites in a promoter driving the therapeutic gene
expression (reviewed in ref. 54).

NEW THERAPEUTIC OPTIONS FOR CARDIOVASCULAR GENE THERAPY
AAV vectors harboring the VEGF cDNA under the control of the HRE sequence have been
constructed and delivered into the ischemic rat myocardium (52,53). The expression of
VEGF was sufficient to induce the formation of new blood vessels. Thus, the hypoxia-
regulated production of VEGF may prevent the negative aspects of high expression of this
potent angiogenic factor. Moreover, the combination of HRE-dependent regulation of VEGF
expression and the cardiac-specific over-expression of HIF-1 may offer additional benefits,
limiting the transgene expression only to the ischemic heart (52). Interestingly, it also is
possible that not only the total amount of VEGF should be regulated but also its local
concentration. Accordingly, in a recent article, Ozawa and coworkers demonstrated that the
formation of hemangiomatous blood vessels was strictly dependent on the amount of locally
released VEGF (41). In this study, mice myoblasts were stably transduced with retroviral
vector harboring VEGF. Several clones of VEGF-producing cells have been selected based
on the level of production of VEGF. When such cells were implanted into the muscles of
adult mice, the formation of normal or tumor-type blood vessels was dependent on the
VEGF dosage. Clonal myoblasts that secrete low-to-medium levels of VEGF (up to about
70 ng/106 cells/d) induced growth of stable, pericyte-coated capillaries of uniform size that
were not porous. In contrast, the clones producing high amounts of VEGF induced
hemangiomas. Surprisingly, when only a few myoblasts generating very high amounts of
VEGF were mixed with nontrandsuced cells, which did not produce VEGF, the formation of
hemangioma still occurred after implantation of such a mixture into the muscle. Therefore, it
is suggested that it was not the total amount of VEGF that was produced by the cells in a
certain location but the local concentration of VEGF that determined the formation of either
normal or tumorigenic blood vessels. If so, even long-term, local continuous delivery of
VEGF, when maintained below a threshold microenvironmental level, may lead to normal
angiogenesis (41). Thus, a very high local or systemic level of VEGF may not necessarily be
the required aim of gene therapy, because it may result in significant edema (28), the
formation of hemangioma (42,43), or aggravation of atherosclerotic lesions (60).

In addition to the proper level of VEGF, other angiogenic mediators also are necessary for
the formation of fully mature blood vessels (reviewed in refs. 30, 50). The recruitment of
mural cells and the formation of an organized vascular wall are required for the development

Dulak et al. Page 6

Cell Biochem Biophys. Author manuscript; available in PMC 2006 March 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



of fully functional veins and arteries. As suggested by Ozawa’s work, it is possible that this
can be achieved by tight regulation of local production of VEGF. Another approach is to use
the combination of genes of various growth factors. The potential candidates are fibroblast
growth factors (FGFs) and angiopoietin-1 as well as the platelet-derived growth factor,
which in several experimental settings have been demonstrated to stimulate the growth of
mature vasculature (reviewed in refs. 30, 50). It also can be suggested that bicistronic
vectors, harboring two therapeutic genes can be used for such purposes. In such an
approach, the expression of one gene, e.g., VEGF, is under the control of a constitutive
promoter, whereas the expression of a second gene, e.g., FGF-2, is driven by the internal
ribosome entry site (IRES) (61). IRES allows the cap-independent translation, and it can
permit the protein synthesis also under hypoxic conditions (62). Some experiments
demonstrated the feasibility of such an approach (46,64). However, the therapeutic
potentials of such vectors in cardiovascular settings remain to be established. Nevertheless,
IRES-dependent translation of VEGF from plasmid vector efficiently restored blood flow in
a murine hindlimb ischemia model (62), suggests that IRES-based vectors may be exploited
for therapeutic purposes.

Functional improvement of the vascular network also can be accomplished indirectly by the
overexpression of genes, whose products stimulate VEGF synthesis (Fig. 2). Among genes
regulating VEGF production are those of which cardiovascular protective effect is well
established. Accordingly, we have shown recently that NO enhances VEGF expression and
that this effect can be achieved by the transfer of NOS III or NOS II genes (65,66).
Furthermore, we demonstrated that HO-1, the enzyme generating CO, iron, and biliverdin
from a substrate heme could be a mediator of VEGF synthesis (67). Accordingly, the gene
transfer of HO-1 augmented the VEGF expression and angiogenic activity of endothelial
cells (67,68). It also is possible to increase the VEGF synthesis by gene transfer of
superoxide dismutase-1 (SOD1), an enzyme-dismutating superoxide radical to hydrogen
peroxide (69). Interestingly, the stimulation of VEGF by reactive oxygen species, including
SOD1-derived H2O2 also involves the enhancement of the HO-1 expression (70).

Our data obtained from in vitro experiments have recently been corroborated in animal
studies, which showed the stimulation of angiogenesis in ischemic tissues by gene transfer
of NOS III (71) or the HO-1 gene (72). Moreover, overexpression of MnSOD (SOD2) or
eNOS has been demonstrated to promote wound healing, the process being also dependent
on the proper vasculature formation (73). The indirect stimulation of angiogenesis by
overexpression of anti-inflammatory genes offers another possibility of stimulation of the
growth of vasculature in ways that may prevent the unwanted effect of high expression of
VEGF (Fig. 2). However, this hypothesis requires further verification in animal experiments.

THERAPEUTIC POTENTIAL OF GENE TRANSFER OF HO-1
The absence of HO-1 exacerbates atherosclerosis (74). Accordingly, HO-1 overexpression
prevented the development of atherosclerosis in several animal models (75–78). The
beneficial effect of HO-1 gene transfer on prevention of restenosis after balloon angioplasty
also has been shown (36,79). These advantageous effects are the result of the modulation of
the several crucial process, such as augmentation of the endothelial cells resistance to
proapoptotic stimuli, inhibition of the vascular smooth muscle cell proliferation, and
inhibition of the synthesis of proinflammatory mediators (protective actions of HO-1
reviewed in ref. 80).

The application of HO-1 for stimulation of angiogenesis in ischemic tissues provides an
interesting option. However, the animal data on this approach are still limited to one study,
in which Suzuki et al. (72) showed that the adenoviral transduction of HO-1 enhanced
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VEGF expression in rat ischemic hindlimbs, which in turn induced angiogenesis and
improved blood flow. It can be suggested that similar beneficial effects can be applied for
the prevention of ischemia reperfusion injury in myocardial infarction (46,81). Addressing
the concept of preventive gene therapy with HO-1, Tang and coworkers used two plasmid
vectors, one of which harbored the ODD coding sequence of HIF-1α and the second the
HO-1gene under the control of Gal4 sequence (Fig. 1). Plasmids were injected into the
mouse heart subjected to myocardial ischemia. The overexpression of hypoxia-induced
HO-1 attenuated the formation of fibrotic scar, the effect probably being related to the
down-regulation of proapoptotic Bax, Bak, and caspase 3 levels and upregulation of
antiapoptotic Bcl-2 protein (46).

Another, preemptive strategy also has been tested by Pachori and coworkers (81) who used
AAV vector containing human HO-1 cDNA, driven by an erythropoietin gene-derived HRE
sequence. The single administration of such a vector into the rat heart prevented the
ischemia/reperfusion injury by myocardial infarction, which was induced 8 wk later.
Ischemia in such pre-treated hearts resulted in approximately a 50-fold induction in human
HO-1 over endogenous rat HO-1, whereas the rise of the latter was delayed by about 12 h
and did not reach the level attained from the transgene. There also was an immediate 5-fold
(sustained for 24 h) increase in total HO-1 protein levels in human HO-1-transduced animals
after 1 h of ischemia.

Furthermore, Agrawal and coworkers (82) have evaluated the preemptive gene therapy
using extracellular SOD (EC-SOD and SOD3). AAV-mediated delivery of EC-SOD, driven
by a constitutive promoter, prevented the injury caused by myocardial infarction induced 6
wk later. Importantly, analysis performed 16 mo after gene transfer demonstrated the
persistent increase of functional SOD in the EC-SOD-treated ventricles (82). Thus, the proof
of the concept of a preemptive gene therapy strategy has been demonstrated in several recent
studies (46,48,49). This approach may be used for patients at high risk of acute coronary
ischemia, and, as pointed out by Pachori and coworkers (81), may be administered in cardiac
catheterization laboratory during a revascularization procedure or in the operating room
during cardiac surgery.

POTENTIAL DRAWBACKS OF HYPOXIA-REGULATED GENE THERAPY
Endogenous regulation of delivered genes by changes in the microenvironment of the
targeted organ offers the possibility of obtaining the expression of therapeutic transgene
only in the conditions when it is really required. Therefore, the idea of hypoxia-dependent
regulation of transduced genes has gained so much attention. Interestingly, so far the effect
of such a strategy on the expression of endogenous genes, regulated by the same
transcription factor that drives the transgene expression, has not been investigated. However,
one may presume that delivery of large amounts of plasmid or viral vector molecules may
result in the trapping of the transcription factor by large amounts of the regulatory sequences
delivered to the cells. We have tested the hypothesis in the following experiments.

Human microvascular endothelial cells (HMEC)-1 have been transfected in vitro with a
plasmid vector harboring the HRE of human VEGF promoter coupled to a reporter
luciferase gene. The other cells have been transfected by a plasmid harboring an HRE-
related NPAS2:BML1 response element (NRE sequence) (83), which is not activated in
hypoxia (84). Cells were exposed to 1% oxygen. After 24 h of hypoxia, the activity of the
reporter gene was determined, and enzyme-linked immunosorbent assay (ELISA) assessed
the VEGF release into the media. As expected, hypoxia strongly induced the production of
VEGF (Fig. 3). The synthesis of VEGF in cells transfected with NRE-luc plasmid was
similar to those obtained in cells not transfected. However, the synthesis of VEGF in cells
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transfected with HRE-luc plasmid was approx 3 times lower (Fig. 3). Comparable data have
been obtained in several independent experiments. A similar effect also has been noted in
other sets of experiments. HMEC-1 cells were transduced with plasmids harboring HO-1
cDNA under the control of the HRE sequence (p-HRE-HO-1) or plasmid harboring HO-1
cDNA under the control of the cytomegalovirus (CMV) promoter (p-CMV-HO-1). Cells
were treated with cobalt chloride to mimic hypoxia conditions (85). As expected, CoCl2
induced the HO-1 expression driven by the HRE sequence. CoCl2 also enhanced the
production of VEGF, although it was less potent in cells transfected with pHRE-HO-1
vector in comparison with cells transfected with pCMV-HO-1 (not shown).

The detailed mechanisms of such changes will require further investigation. However, one
can presume that the trapping of the HIF-1 transcription factor by HRE sequences present in
the introduced plasmids, analogically to the effect exerted by DNA decoys, may be
responsible for the less effective stimulation of VEGF production. The effect on other
hypoxia-dependent genes also should be determined. Investigators in studies performed to
date by using the hypoxia-regulated gene expression have not noted such changes. However,
it is reasonable to suppose that the amount of transcription factor available in the cells may
be limited. The outcome of the enhanced expression of one therapeutic gene (e.g., HO-1)
together with the concomitant decrease in the endogenous production of other important
genes, such as VEGF, remains to be elucidated before the application of this type of therapy
in clinical conditions.

CONCLUSIONS
Gene therapy with proangiogenic factors did not fulfill the initial promise. In such a
situation, other potentially therapeutic genes are tested. Among them, HO-1 emerges as an
important target for interventions in various diseases. Perhaps the anti-inflammatory and
proangiogenic effects of HO-1 can be exploited for treatment of cardiovascular diseases,
which will require the augmentation of protection against oxidative stress and enhancement
of blood supply to the ischemic tissues (Fig. 2). Additionally, redox-induced genes are
promising targets for therapeutic applications not only in atherosclerosis but also in other
diseases, particularly in cancers. The coming years should provide more data demonstrating
the feasibility of such an approach in animal models and first clinical trials.

The concept of preemptive gene therapy, as exemplified here by experiments with AAV-
EC-SOD or AAV-HO-1 expression is a novel approach offering exciting possibilities. It is
therefore suggested that in future preemptive myocardial gene therapy may find its utility in
selected high-risk patients undergoing interventional or a surgical revascularization
procedure (82). However, further studies are required to elucidate whether the application of
vectors regulated by induced transcription factors, such as HIF-1, will not result in the
attenuation of the expression of endogenous genes dependent on the same activation
pathway. It remains to be tested whether the combined strategy, namely the overexpression
of the transcriptional activator (ODD domain of HIF-1), together with the target gene (e.g.,
HO-1 gene) could overcome such an inhibitory effect as observed and described for in vitro
experiments herein. The improvement in gene transfer technology and in modes of
regulation of therapeutic gene expression is thought to increase the effectiveness of clinical
trials. It is necessary to follow this road with the aim of transforming gene therapy from a
purely experimental to a more therapeutic approach.
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Fig. 1.
Strategies for hypoxia-dependent regulation of gene expression in gene therapy. (A)
Expression of a therapeutic gene, e.g., HO-1, is driven by several repeats of the hypoxia-
responsive element. Activation is exerted when HIF-1α produced constitutively in the cells,
is stabilized by hypoxia and forms an active dimmer with HIF-1β(B) Expression of a trans-
gene is driven by a complex transcription factor, containing the ODD domain of HIF-1α.
The amount of complex increases in hypoxia because of stabilization of ODD.
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Fig. 2.
Strategies for direct and indirect stimulation of angiogenesis. (A) In a direct strategy, the
formation of new blood vessels is enhanced by overexpression of the genes of angiogenic
factors. Because of the other activities of those factors, the strategy may be connected with
the risk of side effects, such as edema, inflammation, or hemangioma formation. In the
setting of atherosclerosis, the risk of disease aggravation has to be considered (60). (B) In
the indirect approach, the synthesis of proangiogenic factors is enhanced by overexpression
of the vasculoprotective genes, such as eNOS, HO-1, or SOD1. Besides stimulation of the
synthesis of growth factors, the transfer can have an anti-inflammatory effect.
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Fig. 3.
Effect of transfer of plasmid vector harboring HRE sequence on the expression of
endogenous VEGF in human microvascular endothelial cells. (A) HMEC-1 were seeded
onto a 24-well plate and were transfected with 250 ng HRE or NRE (mutated HRE site)
luciferase reporter vectors by using Superfect (QIAGEN, Valencia, CA). Twenty-four hours
after transfection, cells were placed in hypoxic (1% O2) conditions for the next 24 h. The
efficiency of transfection and response to hypoxia were measured by luciferase activity. (B)
In nontransfected cells, luciferase was not detected. Hypoxia-mediated induction of HRE-
driven luciferase expression was paralleled by attenuated induction of endogenous HRE-
dependent protein VEGF as measured by ELISA.
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