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Abstract

Gene therapy (GT) is one of the most fascinating consequences of the 
penetration of molecular biology and genetic engineering into medicine. 
Originally, it was assumed that monogenic genetic diseases will be the 
main field of its application. However, a great majority of the GT-based 
clinical trials in the last decade have dealt with acquired diseases. Still, its 
introduction into clinical practice is associated with serious problems. The 
main obstacle preventing a more rapid development in the field of GT is 
the imperfection of the vectors presently being used for gene transfer. At 
the present time, GT is predominantly being used in oncology where the 
barriers against its employment are weaker than in other medical disci-
plines. Among the acquired diseases, which are now in the focus of inter-
est of GT, are also cardiovascular diseases. A number of different GT 
strategies have been developed. Their choice primarily depends on the dis-
ease to be treated. In addition to technical and strategic problems, ethical 
issues play a significant role in planning and performance of clinical 
studies.
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Introduction

Gene therapy (GT) is a modality whose therapeu-
tic principle is the transfer of sequences of nucleic 
acids. It can be defined as a transfer of genetic 
material, which has a therapeutic effect, either 
because it supplements the cell with a new or 
missing function or because it suppresses its 
abnormal, pathological function. It can also be 
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employed for increasing the efficacy of other 
therapeutic modalities and for removing dis-
turbing symptoms of various diseases, like pain. 
A strong support for GT development is pro-
vided by the progress of proteomics and, espe-
cially, ever-increasing understanding of the 
functioning of human genome. GT is definitely 
one of the most important and most hopeful, but 
also scientifically most demanding consequence 
of penetration of molecular biology and genetic 
engineering into medicine. At the same time 
GT, together with cell therapy (CT), which is 
being developed in parallel, represent two of the 
most controversial therapeutic modalities of 
contemporary medicine. Both call forth contra-
dictory reactions in the lay and the medical 
communities alike.

The original aims of GT mainly comprised the 
treatment of monogenic hereditary diseases, but 
most of the clinical trials performed till now have 
dealt with acquired diseases. Among these domi-
nate oncological diseases. The reasons for this 
are summarized in Table 1. As concerns over the 
number of clinical trials registered, cardiovascu-
lar diseases are on the second place.

The present problems, which GT is facing, are 
considerable. They can be divided into three cat-
egories: technical, methodological (strategic), 
and ethical. They should be dealt with, at least 
most of them, before GT can be raised to the 
level of routine therapy. The author feels that it 
might be useful to define some of the terms that 
will be used in the text below and that may not be 
familiar to some of the readers. A gene, which is 
being transferred, is a transgene. The carriers 
used for gene transfer are vectors, among which 

an important role is played by plasmids; these are 
small, circular genetic elements of bacterial origin. 
The term transfection describes the transfer of a 
foreign gene or its portion by means of the 
“naked” DNA or RNA. The process of transfer of 
a gene is called transduction, and the genetically 
modified cell is a transduced cell. The genetic 
material transfected frequently persists in the 
transduced cell in the form of episome, which is 
a circular, extrachromosomal element, replicat-
ing independently of the cell DNA in the trans-
duced cells. Transposons are short segments of 
DNA capable of moving from one genetic loca-
tion to another in a genome. They can replicate 
and can be integrated into random sites of the cell 
genome. MicroRNAs (miRNAs) are endogenous, 
highly conserved, short, non-protein-coding 
RNA molecules that mediate posttranscriptional 
gene expression by destabilizing target tran-
scripts. They act by annealing to partly comple-
mentary sequences in the 3¢-untranslated regions 
of target mRNA and thereby interfere with trans-
lation. It is assumed that miRNAs fine-tune at 
least 30% of protein-coding genes. Thus, miR-
NAs play a crucial role in the regulation of bio-
logical functions such as cell differentiation [1]. 
Ribozymes are RNA molecules, which possess 
sequence-specific cleavage activity. They occur 
naturally but can be synthesized to target-specific 
nucleic acid sequences.

Technical Problems

When speaking about technical problems in GT, 
we usually have in mind problems with vectors. 
Vectors are of principal importance not only for 
the transduction efficiency and the properties and 
biological behavior of the transduced cell, but 
also for the risks associated with GT. The present 
imperfection of vectors is the main hindrance to 
rapid progress in GT.

The properties of an ideal vector are shown in 
Table 2. Vectors fulfilling all these requirements 
are not available so far. The presently used vec-
tors are shown in Table 3. Extraordinary efforts 
are being devoted to the development of vectors 
that would approximate the ideal set down. 

Table  1  Reasons for extensive use of gene therapy in 
oncology

1.	 It is easier to kill the cell than to repair it.
2.	� Transitory expression of the transgene may be 

sufficient for killing the cell.
3.	� A number of different efficient strategies are available.
4.	� Because of the nature of the disease, the barriers 

against its use are weaker than in other medical 
disciplines.

5.	� Oncological patients are generally willing to undergo 
experimental therapies.
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Many investigators consider this endeavor to be 
the most important part of contemporary research 
in GT. The vectors are usually divided into non-
viral and viral. The former group is nearly entirely 
represented by DNA in the form of non-linearized 
or linearized plasmids, which are introduced into 
the target cells by physical or chemical means or 
their combination. A number of different tech-
niques have been developed for this purpose. 
Plasmids can be introduced into the cell directly, 
e.g., by microinjection, electroporation, ultra-
sound (s.c. sonoporation), bioballistics (by means 
of the gene gun), hydrodynamic method (based 
on an increase of intravenous pressure), or in the 
form of complexes. Especially popular is s.c. 
lipofection, usually based on the connection of 
DNA with cationic lipids. These lipoplexes fuse 
with the cell membrane and enter the cell. Another 
technique making use of the connection of anionic 
DNA with a variety of cationic polymers is some-
times called polyplexion. It is the aim of the latter 
manipulations to increase the stability of DNA 
and to facilitate the endocytosis mediated by cell 
receptors. The major advantage of the nonbio-
logical methods is the relatively easy preparation 
of the genetic materials to be administered and 
their low toxicity and low immunogenicity. 
Among the disadvantages of the use of the plas-
mid-based gene transfer, the dominant are low 
stability in vivo, low efficiency of uptake by the 
target tissue, short term expression of the trans-
gene, and a rare integration of the foreign DNA 

into the cell genome. A lot of effort is being 
exerted to overcome the disadvantages of the 
present nonviral vectors. The aim is especially to 
increase their stability outside the cell, their inter-
nalization, modification of intracellular traffick-
ing from endosome to lysosome, facilitation of 
their dissociation from the carrier, and their entry 
into the nucleus. A number of sophisticated 
approaches are being employed for this purpose 
[2–4]. One of the most hopeful approaches is the 
construction of condensed particles of size less 
than 100 nm. Their preparation pertains to nano-
technologies and has been made possible by the 
recent major progress in the field of mechanics 
and physics. DNA is condensed and encapsu-
lated, making use of the electrostatic interaction 
between anionic phosphate groups in DNA and 
the cationic carrier. In this form, DNA is pro-
tected against the action of endonucleases, and 
the cellular uptake is increased. Coupling cell – 
penetrating peptides and nuclear localization sig-
nals to the particle surface – can further facilitate 
it. Many researchers believe that particles prepared 
in this way, which are designated as synthetic 
virus-like particles by some of them, might, by 
their properties, approximate an ideal vector, as 
has been defined above. Hopes are also associ-
ated with the newly introduced transposon-based 
vectors [5]. Since the transposons present in 
mammalian genome have been inactivated mil-
lions of years ago, the gene carriers used are 
based on a reconstruction of active elements 
found in fish and amphibian genomes. Two of 
them carrying the fairy tale names of Sleeping 
Beauty [6] and Frog Prince [7] are being used for 
gene transfer.

In most of the GT clinical studies carried out 
so far, viral vectors (VV) have been used. The 
most frequently employed VVs and their basic 
properties are listed in Table 4. When compared 
with the nonviral vectors, VVs possess three 
major advantages. First, their surface structures 
predetermine their interaction with the cell recep-
tors and penetration into the cell. It follows that 
the uptake of the transgene is much higher than in 
the case of nonviral vectors. Second, viral genome 
is equipped with regulation elements easily recog-
nizable by mammalian cells. Third, some viruses 

Table 2 P roperties of an ideal vector

1.	 It should be easy to prepare.
2.	 It should penetrate into a large number of target cells.
3.	� It should not be toxic either for the target cells or for 

other cells that might be hit unintentionally.
4.	� The transgene must be transferred in a trancription-

ally active state.
5.	� It should be capable of transferring large genes.
6.	� The expression of transgene should be sufficiently 

high and must persist long enough to achieve the 
effect desired.

7.	� Its immunogenicity should be low.
8.	� It should not induce any serious systemic untoward 

reactions in the recipient.
9.	� Its administration should not represent any risks for 

the recipient’s contacts.
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(retroviruses, adeno-associated viruses (AAVs)) 
enable integration of the foreign genetic material 
into the cell genome, this ensuring a long-term 
expression of the transgene. On the other hand, 
VVs also have some disadvantages. First, the con-
struction of VV is a challenging process practica-
ble only in a well-advanced virus laboratory. 
Second, most of the viruses are strongly immuno-
genic. Preexisting antibodies may curtail or even 
block the expression of the gene delivered and 
the immunity developed after their administra-
tion may prevent repeated use of the same VV. 
Intensive investigations are under way for the 
preparation of VV with lowered immunogenicity. 
The “gutless” adenovirus can serve as an example 
of a significant success [8]. Third, the small size 
of viruses limits the size of the genetic material to 
be transferred. Fourth, the broad tissue tropism of 
some of the VVs is increasing the possibility of 
untoward off-target effects being induced. 
Therefore, considerable effort is being directed to 
such modification of VV as would increase their 
tissue specificity. There are quite a number of pos-
sible solutions [9]. One line of endeavor is to uti-
lize specific receptors, which is attainable by 
adjusting the viral genome so that the requisite 
ligand is included in the surface structures of the 
virus particle. This has been termed transduc-
tional targeting. Another possibility is the inclu-
sion of a promoter functional only in the target 
cell. Such targeting is called transcriptional. Fifth, 
there are biological risks associated with the use 
of VV. These risks are diminished, but not com-
pletely eliminated, by modifying the viral genetic 
material so as to disable the agent for replication. 

This is usually achieved by deleting a portion of 
the virus genome [10]. Specifically genetically 
modified cell lines that complement the missing 
virus function are needed for the formation of 
virus particles from these defective virus particles. 
Such particles are capable of transferring the 
genetic material but are unable to replicate in the 
transduced cells. Still, all of the several tragic 
events that occurred recently (invariably cases of 
therapy of hereditary diseases, see below) were 
caused by virus particles incapable of reproduc-
ing in the cells transduced. It should be added that 
from the iron rule of non-infectivity of VV, two 
exceptions exist. The first relates to the oncolytic 
viruses, the effects of which are based on the rep-
lication of viruses in the tumor but not in non-
tumor cells, this leading to their destruction. The 
other exception is represented by recombinant 
viruses, which are being used as experimental 
therapeutic vaccines.

In addition to the properties of VV shown in 
Table 4, they also differ by the time and duration 
of the expression of transgene, which influences 
the choice of the vector in any particular situa-
tion. In the case of adenovirus-based vectors the 
expression is relatively fast (within 1–4 days), 
which is of high advantage in situations where 
prompt expression is important. On the other 
hand, the expression of the transgene often ceases 
within a fortnight. If AAVs are used as vectors, 
the expression of transgene is not very efficient 
for weeks, but it may be sustained over months or 
even years. It should be kept in mind, however, 
that VVs are not the only factors responsible for 
the duration of transgene expression in  vivo. 
It also depends on the tissue that is targeted and 
on the host response factors.

There has been an ever-increasing interest in 
biological vectors other than viruses [11, 12]. 
These include bacteria genetically modified in 
such a way to make them nonpathogenic without 
losing their capability of penetrating into the tar-
get cells to be altered. These systems, properly 
genetically modified, could ensure a long-term 
expression of transgene without the risk of potent 
immune reactions against the vector developing. 
Bactofection might also permit the regulation of 
the production of the protein of interest, because 

Table 3 V ectors used

Vector
Technical  
demands

Efficacy of
Transduction Integration

1.	� DNA Low Low Low
2.	� RNA Low Low -
3.	�V iruses High High High a

4.	� Synthetic  
VLP b

High High ?

5.	� Bacteria High High -
6.	� Transposons High ? High
a In the case of some viral vectors
b Virus-like particles
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antibiotics could abolish it. There are two other 
great advantages of using gene-modified bacteria 
for GT. Their capacity for foreign genetic mate-
rial is quite large and their preparation is inexpen-
sive. Biological vectors include also the so-called 
biological liposomes, which are represented by 
spherical fragments of erythrocytes or exosomes.

An object of extraordinary interest is the 
development of vectors with whose aid it would 
be possible to direct the transgene to a particular 
position in the human genome. In spite of this 
aspiration not having been achieved so far, there 
is no lack of optimism among those who work on 
this difficult problem, and progress is evident. 
The mastering of this task would change the face 
of contemporary GT, in particular the treatment 
of monogenic hereditary diseases.

Methodical (Strategic) Problems

There exist some general principles for the appli-
cation of GT. They can be outlined as follows: 
(1) understanding of the pathogenesis of the par-
ticular disease on the molecular level, (2) identi-
fication of the causative gene and knowledge of 
the nature of its aberration, (3) development of a 
therapeutic gene, (4) development of a vector that 
will ensure expression of the therapeutic gene 
over a desired time, (5) consideration of the off-
target action of the gene and/or target effects that 
are different from the anticipated ones. However, 
these general principles acquire concrete and 
often very distinct forms, depending on the nature 
of the disease that is to be treated. Let us illustrate 
this through the examples of oncological and 

cardiovascular diseases (that together are respon-
sible for some 80% of deaths in the developed 
countries), in whose treatment quite controversial 
intensions are sometimes involved. This is not 
surprising. In the case of malignant tumors the 
object is to destroy life-threatening tissue, while 
in cardiovascular diseases the aim, in great 
majority of cases, is to renew the functioning of 
an impaired organ, the regenerative capacity of 
which is low.

Still, there exist some general strategies aimed 
at blocking or tuning the expression of genes. 
One of the strategies being employed is to use 
antisense deoxyribonucleotides [13]. These 
sequences bind directly to the genes to be inacti-
vated, blocking gene transcription, or to their 
mRNA, blocking gene translation. The latter 
event results in the formation of an RNA–DNA 
complex. Owing to the activity of the ubiquitous 
ribonuclease H, the RNA component of the 
duplex is destroyed. The antisense molecule 
remains untouched and can readily bind to 
another mRNA molecule. A major disadvantage 
of antisense nucleotides is their low stability. 
Replacing oxygen atoms with sulfur atoms can 
increase it. A significant enhancement of stability 
has been achieved by the introduction of the 
so-called PNA (protein nucleic acid). PNA is an 
analogue of the DNA molecule. Its backbone is 
made up of a peptide to which the individual 
bases are attached in a sequence, ensuring its 
binding to the target molecule. Another method 
of gene silencing, and also its fine-tuning, is 
based on synthetically prepared small interfering 
RNAs (siRNAs) mimicking the role of the endog-
enous double-stranded microRNA (miRNA)  

Table 4  Basic properties of the viral vectors most frequently used

Virus Titre a (per mL) Stability Maximum capacity (kb) Risks, disadvantages

Retroviruses 10 6 Low 6–7 Oncogenicity, gene silencing
Adenoviruses >10 10 High 7.5 Toxicity, immunogenicity
AAV b >1011 Very high 4.5 Low capacity
Herpesviruses 108 Low >30 Recombination c, activation 

of latent infection, 
immunogenicity

a Titres easily achievable
b Adeno-associated viruses
c Possible recombination with wild type virus
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(see above). siRNAs, used as GT tools, are repre-
sented by synthetically prepared short, double-
stranded, noncoding RNA molecules possessing 
a length of 19–22 ribonucleotides. Within the cell 
one of the strands is destroyed and the other one 
binds to complementary mRNA. This results in 
its degradation [14]. Much interest is devoted to 
ribozymes, which exhibit a strong antitransla-
tional activity [15]. They can be introduced into 
cells by transfection or by means of VV.

There are a number of strategies, the value of 
which is markedly different in oncology and car-
diology. Some of the differences will be outlined 
in the subsequent text.

Oncology

In the treatment of malignancies, GT has at its 
disposal a large number of different strategies. 
An attempt will be made to classify the approaches 
used, although we are aware that this is a task that 
cannot be fulfilled exactly, because a clear funda-
mentum divisionis is missing. Moreover, the indi-
vidual strategies can be combined, they may 
overlap somewhat, and they have their say at dif-
ferent levels.

The strategies of the first group are based on 
direct modification of tumor cells. In addition to 
the approaches listed above, which primarily aim 
at inactivating the activated oncogenes, several 
others can be put to this group. These include, 
e.g., the introduction of fully functional tumor-
suppressor genes [16]. Their expression may 
lead to the restoration of cell growth control or 
result in apoptosis of the tumor cells. Apoptosis 
can also be induced by the introduction of 
proapoptotic genes. All of these approaches are 
successful in the cell-culture systems and in 
some experimental models. A major problem 
comes in vivo. It is impossible to introduce the 
genetic material into all cells of the tumor being 
treated. The unmodified cells have a growth 
advantage over those whose malignant pheno-
type has been altered. They may soon become 
dominant in the tumor cell population. For suc-
cessful treatment, combination with other treat-
ment modalities is needed.

Therefore, two other direct modifications of 
tumor cells deserve more attention. The first one 
is based on the introduction of genes for immu-
nostimulatory factors into tumor cells [17]. This 
ensures a high local concentration of such factors 
without any signs of toxicity that accompany 
their systemic administration. This raises the 
probability of a robust immune response that may 
have a clear therapeutic effect, without it being 
necessary to genetically modify all cells of the 
tumor. Similarly, it is not necessary to affect the 
whole tumor-cell population if the so-called sui-
cide genes (SG) are used [18]. After prodrug 
treatment the toxic metabolites spread to neigh-
boring cells (“bystander effect”), and the release 
of large amounts of tumor antigens may stimu-
late the development of a systemic antitumor 
immune reaction.

A second major group of GT strategies in the 
therapy of tumors is the one directed at gene 
modification of non-tumor cells. It includes, e.g., 
the introduction of the gene designated MDR-1 
(multidrug-resistance-1), the product of which 
increases resistance of bone-marrow cells to 
toxic effects of chemotherapy [19] or the cre-
ation of conditions for the treatment of the life-
threatening graft-versus-host disease by ex vivo 
introducing SG into donor T-lymphocytes [20].

Another group of GTs in oncology is proce-
dures suppressing neoangiogenesis, a necessary 
precondition for tumor growth and metastasis 
formation. Precisely in this strategy, the differ-
ence between the GT of malignant tumors and 
the GT of the heart is the most marked. The intro-
duction of, e.g., the gene for the angiogenesis-
suppressing factor endostatin into tumor cells 
lowers their oncogenic potential and ability of 
metastasis formation [21]. However, an anti-
angiogenetic effect can also be attained by a 
blockade of the functionality of important proan-
giogenetic factors, such as members of the fami-
lies of VEGF (vascular endothelial growth factor) 
or FGF (fibroblast growth factor), e.g., by means 
of the corresponding antisense.

Oncolytic viruses, i.e., viruses replicating 
exclusively or predominantly in tumor cells, are 
also considered to be agents for tumor GT. Two 
groups of oncolytic viruses are distinguished: those 
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that are naturally oncolytic and mutants of other 
viruses. Taken sensu stricto, only the latter should 
be taken as GT agents, because their use was pre-
ceded by their genetic adjustment.

The last, viz. the fifth, group consists of genetic 
therapeutic anticancer vaccines. It is very likely 
that during the coming decade they will enter 
medical practice on a large scale. There are several 
distinct types of vaccines that are at the stage of 
development. Each of them has some advantages 
and some disadvantages. Considerable attention is 
being given to DNA vaccines [22], which are bac-
terial plasmids into which a gene for a specific 
tumor antigen has been incorporated. The gene 
must be in a form that ensures its expression in 
mammalian cells. Another type of genetic vac-
cines is recombinant vaccines. They are repre-
sented by recombinant proteins with the peptide 
carrying the immunodominant epitope of the 
tumor antigen inserted into another protein, known 
to produce a potent effect on the immune system 
[23]. A great endeavor is given to recombinant live 
viruses in which a certain gene that is not essential 
for replication is replaced by a gene for tumor 
antigen. Another type of genetic vaccines consists 
of cellular vaccines. They have a number of advan-
tages. The first is that it is not necessary to know 
the immunodominant tumor antigens. These vac-
cines are prepared via modifying tumor cells by 
the introduction of genes for immunostimulatory 
factors. Both autologous and allogenic vaccines 
are under consideration. The development in the 
recent years rather favors the latter [24].

Cardiovascular Diseases

Interest in the use of GT in cardiology has been 
growing in the recent past, the reasons being sev-
eral. The most important has been the gradual but 
rather fast recognition of the basics of physiologi-
cal processes and the mechanisms that lead to the 
development of pathological states at the molecu-
lar level. Contributory to its development have 
been the quickly accruing successes in experi-
mental systems. The growing interest in GT in 
cardiology has also reflected the slowdown in the 
development of efficient and safe new drugs.

Similarly as in other medical disciplines, a 
condition for the use of GT in cardiology is reli-
able and clinically relevant vectors, with safety 
aspects being more important than in oncology. 
The vectors most frequently used so far have 
been adenoviruses; however, it is probable that 
their place will gradually be taken over by adeno-
associated viruses (AAVs) [25–27]. The recent 
discovery that some AAV serotypes are highly 
cardiotropic has been very helpful in this respect. 
However, a vector is still being sought that could 
be administered intravenously and that would 
have specific uptake by cardiomyocytes, with 
minimal off-target effects [28].

The use of a large spectrum of strategies is 
being considered and some are already in use. It 
is much more difficult to classify them in cardiol-
ogy, because the efforts are less straightforward 
than in the field of oncology, in which the aim 
of the interventions is destruction of the unwanted 
tissue. Possibly the most marked differences are 
the absence of strategies influencing the immune 
system (with the exception of transplantations) 
and no use for SG. Another difference is a closer 
interconnection of GT and CT in cardiology. The 
choice of the strategy always depends on the pur-
pose of the intervention. They are necessarily 
different when the therapy is meant just to serve 
as bridge to transplantation or bridge to recovery 
or whether a long-term expression of transgene is 
required [29]. To find optimal delivery system of 
the vectors is another important point. Among 
those which are under investigation is direct 
needle injection, pericardial delivery, catheter 
delivery into coronary arteries, and endocardial 
delivery.

From the literature available, it is apparent 
that special attention in heart GT is being paid to 
miRNA. This interest has been ever increasing 
with the gradual broadening of the recognition of 
the role played by the different miRNA species 
in the pathogenesis of cardiovascular diseases 
such as heart failure, cardiac hypertrophy, isch-
emia, arrhythmia, and atherosclerosis [30–32], 
and the recognition of potential approaches for 
miRNA-based interventions [33]. As has been 
summarized in a recent review, many cardiac 
patients can be treated by correcting their miRNA 
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expression [34]. The fact that the involvement of 
certain miRNAs in several different heart dis-
eases has been experimentally established brings 
the miRNA-based strategy closer to extensive 
clinical application.

There have been many applications of GT, 
with different strategies being used. In the next 
section some of them will be mentioned, the 
object not being to cover the entire field and its 
problems, but rather to document, on several 
examples, their diversity and the possibilities 
they offer.

GT is trying to break the classical dogma of 
heart regeneration, i.e., cardiomyocytes become 
postmitotic soon after birth. Recent findings of 
the research on myocardial regeneration suggest 
that it is possible to induce adult cardiomyocytes 
to reenter division by means of genes, the prod-
ucts of which are involved in the regulation of the 
cell cycle or act as pro-mitogenic growth factors, 
such as VEGF or FGF [35]. However, there seems 
to be a long way to go before these new observa-
tions are fully translated into clinical practice. 
Although in animal models of ischemic myocar-
dium the administration of plasmids carrying 
VEGF or FGF have resulted in an increased col-
lateral blood flow [36], similar studies in humans 
did not provide consistent results. The adminis-
tration of a plasmid carrying VEGF gene into 
inoperable heart has been reported to result in 
increased perfusion and reduced angina symp-
toms [37], and favorable results have been 
reported also by another group [38]. However, 
they have not been confirmed by a more recent 
study [39].

One of the main topics of GT in cardiovascu-
lar diseases is the modification of ion channels. 
Their aberration is central to many cardiovascular 
diseases, including hypertension, heart failure, 
ventricular arrhythmias, or atrial fibrillation 
[40, 41]. There are also efforts aimed at develop-
ing biological pacemakers that might serve as an 
alternative to electronic devices [42]. A cell ther-
apy approach using gene-modified human mes-
enchymal stem cells implanted into dog heart 
produced encouraging results [43].

The last-cited experimental study may serve 
as an example of interconnection of GT and CT. 

It is not the only instance. Quite a few other 
studies are under way that are based on the same 
principle, i.e., genetic manipulation of cells using 
cardiac stem cells, endothelial stem cells, bone-
marrow stem cells, and adipose-tissue-derived 
stem cells, with this resulting in differentiation 
into cardiomyocytes. Sophisticated techniques 
for obtaining, for in vitro treatment, for implanta-
tion, and for in  vivo activation of their growth, 
differentiation, and migration have been devel-
oped (for a review; see Madonna et al. [44]).

Another task for GT in cardiology is the pre-
vention of rejection of heart transplant. In GT the 
aim is to inactivate genes that code for cytokines 
and adhesion molecules, the products of which 
are involved in rejection (for a review; see Suzuki 
et al. [45]).

To summarize, in spite of considerable efforts 
having been exerted and in spite of GT clinical 
trials representing the second largest group (after 
oncology) of clinical trials registered, the recent 
progress of GT in cardiology has been rather 
modest, more modest than anticipated 10 years 
ago. In their recent fine review Katz et  al. [46] 
summarized the results of the recent experimental 
studies, described the advantages and disadvan-
tages of the different approaches, and then defined 
the conditions that would lead to an optimization 
of the methods to be used. Notwithstanding the 
existing shortcomings, their conclusion is opti-
mistic “the outlook remains promising.”

Ethical Problems

Ethical issues are of paramount importance for 
GT. Their importance is stressed by some serious 
events that took place in the past 10 years in the 
treatment of some genetic diseases. When a group 
of French scientists reported the successful treat-
ment of children suffering from severe combined 
immunodeficiency (SCID) with a retrovirus car-
rying a therapeutic gene, a surge of enthusiasm 
followed. Unfortunately, 4 of the 11 children 
treated developed acute T-cell leukemia [47]. 
One of them died of leukemia. Another case of 
leukemia was reported in similarly treated British 
children [48]. The subsequent molecular analysis 
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revealed that in at least four of these children, a 
similar pathogenic mechanism was involved. The 
retroviral vector was integrated in close neigh-
borhood of the promoter of LMO2 gene, coding 
for a transcription factor whose overexpression 
was apparently involved in the pathogenesis of 
the disease. The phenomenon, called insertional 
mutagenesis, resulted in uncontrollable cell pro-
liferation. Such risk is particularly associated 
with retrovirus integration. Theoretically, a 
similar risk may be coupled with AAV, the 
genomes of which are also readily integrated into 
cell genomes. However, their safety profile seems 
to be much higher than in the case of retroviruses 
because AAV DNA preferentially integrates into 
a certain locus of chromosome 19. Another death 
was reported from a trial aimed at GT treatment 
of ornithine-decarboxylase deficiency. It was 
caused by the use of a disproportionately high 
concentration of a recombinant adenovirus which 
produced a deadly toxic shock [49].

Another problem may be caused by the 
toxicity of siRNAs arising from competition with 
cellular miRNA processing [50] or from its off-
target effects. Yet another possible source of 
untoward reactions may be chronic overexpression 
of the gene products, with uncertain consequences 
[51]. There is also a theoretical possibility that 
the VV used can recombine with a wild-type 

strain. The properties of such a recombinant 
cannot be anticipated.

The warning events call for carefulness in the 
use of GT and have stimulated a new ethical 
debate on GT. The result has been considerable 
toughening of the conditions for performing 
clinical studies.

Table 5 summarizes the principles that should 
be respected in all clinical GT studies.

Conclusions

The ongoing development of GT and its gradual 
introduction into clinical practice embodies some 
serious problems, which I tried to characterize in 
the preceding parts of this brief review. However, 
their existence does not mean that GT reaserch and 
applications should be calmed down. On the con-
trary, the breadth of the GT potential – its utility in 
combating not only genetic diseases but also 
acquired conditions that are beyond the possibili-
ties of conventional cure – is a great promise for 
future medicine. Nevertheless, the up-to-now expe-
rience signifies that the road from the laboratory 
bench to the bedside should not be unidirectional. 
In the years ahead, researchers will be repeatedly 
returning from clinical studies to the laboratory to 
clarify the causes of unexpected events. Only in 

Table 5  Guidelines for gene therapy clinical studies

1.	� Every preparation must be produced in accordance with good manufacturing practice. Its quality and safety must 
be verified by all the methods specified by the law and must respect the newest achievements of biomedical 
sciences.

2.	� The researchers must do their best to inform the patient about both the benefits and possible risks of the therapy. 
In these interviews they have to respect the education and the intelligence of the patient.

3.	� Every clinical undertaking should unconditionally respect the rules of good clinical practice. The research group 
must have extensive experience in testing new pharmaceuticals.

4.	� The protocol approved must be strictly adhered to. Patients who do not fulfill the criteria specified in the protocol 
must not be included.

5.	� Any untoward or unexpected reaction must be reported without delay and thoroughly analyzed.
6.	� The supervising authority should have enough resources for constant control of the undertaking.
7.	� All undertakings should be double blind. There are two strong reasons for this. (1) The interest of the researchers 

in a positive outcome of the study, which may be subconsciously reflected in the process of evaluation. (2) The 
placebo effect, which is known to be strong in seriously ill patients.

8.	� At this stage of knowledge, gene therapy should not be performed in patients suffering from diseases which can 
be successfully treated by other means. On the other hand, gene therapy should not be limited to patients in the 
terminal phase of their disease.



16 V. Vonka

this way will it be possible to fill up the vacancies 
in our knowledge, reduce the risks involved, and 
raise the effectiveness of the operations being 
performed. In the light of what we know at pres-
ent, it might be expected that in the next decade 
the progress in the clinical utilization of GT will 
be faster in oncology than in cardiology.
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