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Abstract: As gene therapy has matured from clinical trials to the first commercial products, understanding of the mecha-
nisms of gene delivery has increased tremendously. This has also been reflected in viral vector development, creating a
number of new approaches to tackle issues in transduction efficiency, biodistribution and viral safety. This review will
highlight the most important issues and advancements in vector development, administration, surface modification, inte-
gration to host genome and safety. The gene therapy products currently available or near market approval, based on p53
expression (Gendicine™ and Advexin™), conditionally replicative adenoviruses (Oncorine™) and thymidine kinase +
ganciclovir therapy (Cerepro®), are introduced with emphasis on the molecular mechanisms of action.
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INTRODUCTION

Gene therapy has been defined as the transfer of nucleic
acids to somatic cells of a patient to result in therapeutic ef-
fect [1]. As compared to the traditional medicine, gene ther-
apy offers unique possibilities to treat the genetic causes of
diseases, such as fatal enzyme deficiencies. In addition, the
use of gene therapy as a supportive method along with tradi-
tional treatments has gained increasing attention, for exam-
ple in the treatment of malignant glioma [2]. Currently, the
first gene based products have entered the market: in 2003
SiBiono GeneTech: Gendicine™ and in 2006 Shanghai
Sunway Biotech: Oncorine™, hopefully facilitating further
research and commercialization. Both of these products are
based on adenoviral vectors, reflecting the fact that because
of their efficiency over non-viral systems, the majority of the
gene therapy clinical trials have been performed with viral
vectors. The following sections will introduce possibilities to
enhance properties of gene delivery vectors for future clini-
cal needs.

VECTOR ADMINISTRATION

Ideally, a gene therapy vector would target a specific tis-
sue with high transduction efficiency and sustain a stable,
regulated gene expression without any side effects or immu-
nogenic responses. Currently, none of the most commonly
used gene delivery vectors, introduced in Table 1, fulfill all
these criteria. Yet, vectors and their administration methods
can be extensively modified to decrease the injected dose
and increase the transduction efficiency.

To improve patient safety and increase the gene transfer
efficiency, the target cells can be removed from the patient,
transduced with viral vectors and re-introduced into the pa-
tient [3, 4]. This ex vivo method increases the physical
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proximity and limits the cellular target population thus in-
creasing vector concentration and minimizing immunogenic
responses. However, the method is limited to the cells which
are available either by extraction or by growing from the
stem cells in vitro, making it suitable for tissue engineering
applications [5]. Excluding the ex vivo approach, the vectors
need to be directly injected into the patient. Selection of the
injection method also enables primary tissue targeting, as
used with intracranial injections to the brain cavity after sur-
gical removal of a tumor [6, 7]. Due to the limited diffusion
of viral particles to the brain parenchyma, multiple injections
with a small viral volume result in a higher overall transduc-
tion efficiency than a single injection with a larger volume.
Similarly to multiple injections, a gene gun ejecting gold
particles carrying plasmid DNA can penetrate with high ve-
locity to cells in a wide area [8] but the transfection depth
remains only a few millimetres [9]. Due to limitations in
preparation of the ammunition, this method can only be used
for plasmid DNA which has a poor overall transduction effi-
ciency in vivo. However, the gene gun method has been used
with success to transfer plasmids to foetuses [10] and in vac-
cination trials [8]. In cardiovascular gene therapy, catheters
provide an alternative to surgery with a limited invasiveness
and high targetability [11]. Catheter-based systems are also
widely used in the clinic, providing a solid technical back-
ground for vector administration.

In addition to injections, gene delivery vectors can be de-
livered and retained in target areas with vector reservoirs,
such as the periarterial collar used for gene delivery of vas-
cular endothelial growth factor to the carotid artery of rabbits
[12, 13] or a polymer capsule which may reduce vector im-
munogenicity [14]. Similarly, anatomical features, such as
synovial capsules or the eye can be used to limit the escape
of vectors [15].

In addition to the commonly used administration meth-
ods, magnetism has been utilized for gene delivery in vitro
and in vivo. The use of paramagnetic particles enables physi-
cal concentration of the vectors via an applied magnetic field
[16-19]. This has resulted in increased transduction efficien-
cies in vitro [20, 21] and better targeting [22, 23]. However,
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Table1l. Most Common Gene Delivery Vectors
Vector Advantages Limitations Reviewed in
Adenoviridae/ High efficiency Coxsackie adenovirus receptor-dependent transduction [104]
Adenovirus Transduces quiescent and dividing cells Immunogenic
>30 kb transgene capacity Existing humoral response to certain serotypes
Easy to produce in high titers
Retroviridae/ Broad tropism Insertional mutagenesis [105]
Murine leukaemia virus Low immunogenicity Unable to transduce quiescent cells
Stable integration Inactivation by serum
Retroviridae/ Low immunogenicity Insertional mutagenesis [106]
Lentivirus Stable integration to quiescent cells Potential risk of recombination of pathogenic vector
(HIV)
Parvoviridae/ Transduces quiescent and dividing cells Very small transgene capacity [107]
Adenoassociated virus Very Ion_g expression time Insertional mutagenesis may be problem
Non-pathogenic, low immunogenicity
Broad tropism
Alphaviridae/ High titer Low transgene capacity [108]
Semliki forest Broad host range Highly cytotoxic
Efficient transgene expression Short term expression
Alphaherpesviridae/ Broad host range, Latent wild type-viral activation risk, [109]
Herpes simplex-1 High titer, Antigenic
Large capacity
Baculoviridae/ High titer Limited transduction [110]
Autographa californica multi- Large transgene capacity Production in insect cells
capsid nucleopolyhedrovirus .
Easy production Unstable genome
Non-pathogenic
Non-viral vectors Easy preparation, Limited transduction [111]
non-pathogenic Bacterial contaminants

while in vitro a high magnetic field gradient of a few milli-
meters is sufficient to draw the magnetic particles into the
monolayer cells, in vivo such a depth would be inadequate.
In some experiments the typical depth of magnetic field of
0.1 T has been increased to 10 cm resulting in first pass tar-
geting and retainment for six days [24]. In any event, mag-
netic materials have been promising in several clinical stud-
ies including hyperthermia and magnetic drug targeting [25].
Although the idea of a highly specific 3D magnetic targeting
in vivo is tempting, due to the properties of magnetic fields
lateral targeting [26], localization to organs near skin [24,
27] and retention into the extremities [28, 29] have been the
most feasible applications.

VIRAL SURFACE MODIFICATIONS

The ability of viruses to transduce different cell types,
cause immunological responses or resist complement activa-
tion depends greatly on the viral surface proteins. In order to
influence the interactions between the virus and cell surface,
the viral surface proteins can be modified, removed or re-
placed. Retroviruses and lentiviruses are frequently pseudo-
typed to widen their tropism, increase their yield in produc-
tion and improve their safety, most often with Vesicular
Stomatitis virus G-protein [30].

While changing the glycoproteins on the viral envelope
is feasible, non-enveloped viruses require different ap-

proaches. Transduction of serotype 5 adenovirus is depend-
ent on the adenovirus fiber knob protein (Fig. 1) binding to
the coxsackie-adenovirus receptor expressed on the target
tissue (Fig. 2). However the amount of this receptor is often
low in tumour tissues, limiting the adenovirus transduction
efficiency in various cancer cell types [31]. Therefore, vari-
ous approaches have been utilized to increase their transduc-
tion efficiency [32]. Among the most successful have been
the insertion of targeting peptides to the HI loop of the ade-
novirus fiber [33], binding moieties to the capsid [34] and
chemical alteration of the capsid proteins [35]. Combinations
of these techniques have also been used [36]. However, with
the genetic methods the major limiting factor for recovering
viable adenoviruses is the correct folding of the modified
fiber. An incorrect folding of the fiber results in a dramatic
decrease in the viral titer and therefore reduces transduction
efficiency [37]. Adenoviruses chemically coupled with poly-
ethylenglycol resulted in a reduced binding of neutralizing
antibodies [38] and increased half-life after a systemic ad-
ministration [39]. Adenoviruses have also been modified to
block the binding to the native coxsackie-adenovirus recep-
tor, resulting in lower toxicity and enabling targeting the
virus to different cell types [40].

As a compromise between flexible chemical surface
modification and robust genetic modification, display sys-
tems enabling coating of the virus with a wide selection of
ligands have been introduced. Baculoviruses and adenovi-
ruses displaying a synthetic immunoglobulin G binding
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Fig. (1). Schematic representation of adenovirus structure.

a) Adenovirus consists of an icosahedral capsid (from 70 to 100 nm) with 240 hexons and 12 penton base proteins. Each penton bears a fiber
and knob, which contribute to the viral trophism to coxsackie- adenovirus receptor. Inside the viral capsid is a double-stranded linear DNA

with associated 55 kDa terminal proteins.

b) The ~36 kbp adenovirus genome is flanked by inverted terminal repeats (ITR). It contains five early functions (E1A to E4) associated with
the first steps of viral replication and late functions (L1 to L5) which are driven by the major late promoter (MLP) and encode the viral struc-

tural proteins.

domain of protein A have been constructed and shown to be
functionally active [41, 42]. These vectors enable a display
of antibodies on the viral surface enabling the use of a wide
selection of tissue-specific antibodies. Another method takes
advantage of soluble crosslinking reagents, such as bispecific
antibodies to provide a molecular bridge between the vector
and targeting ligand [43].

Metabolically biotinylated vectors further widen the se-
lection of different molecules by using avidin as a cross-
linking reagent [34, 44]. Similarly, the display of avidin en-
ables the use of different biotinylated ligands for an en-
hanced transduction, targeting and viral imaging [21, 44, 45].
While various capsid modifications for adenoviruses have
been published, none of these modifications have yet entered

the market due to the lengthy approval process of gene
medicine products.

VECTOR IMMUNOGENICITY AND INTEGRATION

Currently adenoviruses are the dominant gene delivery
system in gene therapy. During vector development, the
genes responsible for viral replication are the first to be re-
moved to increase patient safety and the vector payload. The
first generation adenoviruses have E1 or E1 and E3 deletions
while the E2 and/or E4 deletions produced the second gen-
eration adenovirus vectors (Fig. 1). Currently the third gen-
eration consists of helper-dependent (gutless) adenovirus
vectors, where all the viral replication genes have been re-
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Fig. (2). Adenovirus transduction of target cell. CAR denotes coxsackie-adenovirus receptor.

moved to provide maximal capacity for transgenes (>30 kb).
For latest review, see [46].

As adenoviruses are known to be highly immunogenic,
limiting factors in their use are the innate and adaptive im-
mune reactions; including antibodies from previous exposure
to wild type adenoviruses, detectable in 97% of individuals
[47]. Over 50 serotypes, divided into six subgroups (A-F),
have been identified [48], of which serotypes 2 and 5 are the
most common [49]. Adenoviral vectors used in clinical trials
belong to serotypes 2 and 5. The presence of pre-existing
immunity is a major factor decreasing the treatment effi-
ciency [50] although in some cases the inflammatory re-
sponses may contribute to the treatment efficiency, such as
in the treatment of malignant glioma, where the immune
activation might intensify the elimination of the malignant
cells [2, 6]. The first death related to gene therapy, a patient
suffering from ornithine transcarbamylase deficiency, was at
least partly due to the highly immunogenic nature of adeno-

virus, although the high dose of the vector (6x10** vp) to-
gether with a liver injection via the hepatic artery and the
poor overall condition of the patient made a major contribu-
tion to the fatal outcome [51].

While the adenovirus transduction is transient, diminish-
ing in a few weeks, retroviral and lentiviral vectors integrate
their transgene into the host genome, resulting in enduring
expression, unless the viral promoter is silenced [52]. It has
been observed that the retroviral integration occurs often at
an actively expressed site, presenting a possible threat to
patients in the form of promoting uncontrolled cell division.
An analysis of the adverse effects, i.e. leukaemia in X-linked
severe combined immune deficiency trials using haema-
topoietic stem cells, has sparked considerable [53-55]. As a
possible solution to the safety issues, it has been proposed
that integration of the retroviral DNA could be directed to a
predetermined site or chromatin insulators could isolate the
viral promoter [56]. However, a study using a fusion protein
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consisting of a HIV-1 integrase and a DNA-binding protein
showed that random integration still occurs in vitro [57]. The
advantage of lentivirus vectors to transduce non-dividing
cells has led to the development of integrase-defective lenti-
viral vectors resulting in two months expression time in vitro
[58] while still remaining efficient in vivo [59]. Additionally,
transposon systems, such as Sleeping Beauty [60], provide
methods to achieve integration and long-term expression
without viral elements. Another possibility to avoid adverse
effects deriving from integration into harmful sites could be
targeting the integration into those actively transcribed sites
in the genome, which are often related to fundamental cellu-
lar processes [61], but exist with a high copy humber and use
insulator elements [62] to restrict promoter activity only to
viral transgene expression.

To further specify the target cells for gene expression,
tissue-specific promoters and transcriptional activators, such
as hypoxia-inducible factor, can be used to express trans-
genes in selected tissues [63, 64]. This method is often used
as such to compensate for the lack of viral vector cell speci-
ficity, allowing the vector to penetrate into various cell types
and yet express the desired transgene only in selected cells.
As a drawback, the tissue-specific promoters and metabolic
factors are often weaker than constitutive promoters, such as
the cytomegalovirus immediate/early promoter. However,
the tissue-specific promoters can be modified to result in
stronger gene expression, for example by introducing a posi-
tive feed-back loop by using transcriptional activators [65] or
by adding stabilization elements for labile mMRNA, such as
Woodchuck hepatitis virus posttranscriptional enhancer [66].
Remarkably, transient baculoviruses with the tissue specific
glial fibrillary acidic protein/ cytomegalovirus hybrid pro-
moter resulted in 90 day transgene expression, by which time
the regular cytomegalovirus immediate/early promoter de-
rived expression was already undetectable [67].

p53 FOR CANCER TREATMENT

Several gene therapy approaches have been directed to
treat cancer as it is one of the leading causes of death in
Western countries with often poor prognosis. Several cancer
types have been targets for new therapeutics approaches,
based on the molecular differences between cancer and nor-
mal cells.

One such difference is a mutated p53 protein which is the
most frequent alteration in human tumors, occurring ap-
proximately in 50 % of cancers [68] and contributing to tu-
mor resistance to a variety of chemotherapeutics [69]. p53
maintains genetic integrity after DNA damage and functions
as a gatekeeper of cellular growth, apoptosis and senescence.
Normally cellular p53 exists in low concentrations and is
relatively inactive, but during cellular stress the p53 amount
is increased and the protein is activated. Depending on the
cellular environment, the activation of the protein leads to
either a cell cycle arrest or an apoptosis. In cancer therapy,
several p53-approaches have been developed: introduction of
small molecules reactivating the remaining wild type p53
activity in cells [70], reversion of the mutant p53 to the wild
type conformation [71] and introduction of the p53 gene by
gene therapy e.g. in non-small cell lung cancers [72].
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Recently, several studies have indicated that the restora-
tion of p53 function in several different cancers induced
growth arrest or obliterated the tumors (schematic mecha-
nisms presented in Fig. 3). Ventura et al. observed that the
restoration of p53 expression induced an apoptotic cell death
in lymphomas and a cell cycle arrest in sarcomas in condi-
tional p53-knockout mice, reflecting differences in cellular
mechanisms in these tumours [73]. In hepatocellular carci-
noma, transient p53 expression was enough to cause com-
plete tumor regression by a combination of a cell cycle arrest
and an induction of innate immune system activity in
athymic nude mice [74]. However, Martins et al. observed
that while the restoration of p53 increased the survival of
Ep-myc lymphoma mice, the tumours developed alternative
pathways to inactivate p53 [75]. Altogether, these studies
suggest that p53 gene therapy could be useful in the treat-
ment of various tumors.

The first gene therapy virus approved for clinical use in
China (2003), Gendicine™ (from Chinese Shenzhen SiBiono
Genetechnologies) is a p53 adenovirus for the treatment of
head- and neck squamous cell cancer in combination with
radiotherapy [76, 77]. A similar product: Advexin™ (INGN
201; Introgen; Austin, TX, USA) [78] is pending approval
from EMEA [79]. The approval of Gendicine™ by the Chi-
nese SFDA, has lead to discussion about the efficacy of the
treatment [80, 81].

The replication-incompetent adenovirus contains the p53
transgene in place of the viral E1 region (Fig. 1b), under a
Rous sarcoma virus promoter together with a bovine growth
hormone poly(A)-tail, produced in a bioreactor using human
embryonic kidney cells and purified with chromatographic
methods. In a phase | clinical trial with 12 laryngeal cancer
patients, only one patient experienced self-limited fever and
none of the patients had tumor relapse during the 5 year fol-
low-up after the treatment [82]. Similarly in phase I1/111 trials
with 132 head and neck squamous cell carcinoma patients,
32% showed fever as the only side-effect of the treatment.
When Gendicine™ was used in combination with radiother-
apy, 64 % of the patients responded with a complete regres-
sion and 29 % with a partial regression while with radiother-
apy alone, 19 % showed a complete regression and 60 % a
partial regression, suggesting a synergistic effect of the com-
bination treatment [76]. The tumor regression was evaluated
by tumor shrink rates according to WHO response criteria
[76, 83]. However, the published details of these clinical
trials are limited, making comparisons to other cancer trials
difficult [80].

Due to the various roles of the p53 protein, the authors
suggested that the results derive from the role of p53 in se-
quence-specific transcription regulation inducing apoptosis
in the nucleus, mitochondria and Golgi apparatus; activating
the immune system, inhibiting DNA repair and downregulat-
ing drug resistance-genes and vascular endothelial growth
factors [76].

ONCOLYTIC CANCER THERAPY

In Gendicine™ and Advexin™, the deletion of the viral
E1 gene results in a non-replicative virus. However, by de-
leting the adenovirus E1B 55K gene coding region (Fig. 1b),
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Fig. (3). A schematic representation of different approaches in currently available gene therapy agents. Cancer cells in darker shade, apoptotic
cells with rugged surface.

a). Gene delivery starts with administration of the viruses, which carry a therapeutic gene. In the target cells, viruses release the therapeutics
genes, which are then processed by the host cells and translated into therapeutic protein, causing the desired treatment effect.

b). In p53 therapy, therapeutic gene is a tumor suppressor gene p53 whose deactivation is known to promote cancer. Reintroduction of p53
protein to cancer cells suppresses cancer activity, prevents cell growth and proliferation and induces apoptosis. However the effect is limited
only to the transduced cells.

c). Conditionally replicating adenoviruses contain alterations in their genome, which direct virus replication only to p53- deactivated cells.
After the initial transduction, replication continues into neighbouring p53-deficient cells, increasing the treatment effect and reducing the
initial amount of virus needed to obtain a therapeutic effect.

d). With thymidine kinase gene therapy, the ganciclovir prodrug is administered (ball) when the thymidine kinase expression levels peak. The
enzyme converts ganciclovir to a guanine analogue (star), which will be incorporated in cellular DNA, thus preventing cell proliferation and
promoting apoptosis in actively dividing cancer cells. When cells die, guanine analogues are released into neighbouring cells and spread the
effect (bystander effect), increasing treatment efficacy. Also, uptake of the prodrug via gap junctions helps to spread the treatment effect to
the neighbouring cells.

the ability of the virus to bind and inactivate wild-type p53
protein is restricted [84]. Inactivation of the host cell p53 is
essential for wild-type adenoviruses to disable the activation
of the apoptotic pathway when the host cell shifts to S phase
in the lytic infection. When E1B 55K activity is removed,
replication in normal cells is blocked, allowing only replica-
tion in p53-deficient cells. In malignant cells the viral prolif-
eration leads to oncolysis, used as a cancer therapy to treat

solid tumours. Although replication increases the concentra-
tion of viruses in target tissue, the viruses still suffer from
neutralizing antibodies and dependency on the coxsackie-
adenovirus receptor. Therefore, several modifications of on-
colytic viruses have been constructed, [85], including altera-
tions in viral pathways (e.g. [86]), transductional targeting
(e.g [87]) and transcriptional targeting (e.g [88]). In addition
to oncolytic adenoviruses, there are a number of other vi-
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Table 2. Some Naturally Oncolytic Viruses

Oncolytic Viruses Advantages Limitations References

Paramyxoviridae/ Oncolytic Pathogenic [112,113]
Measles virus

Paramyxoviridae/ Non-pathogenic in humans, moder- Unclear mechanism, not well studied, non- [114,115]
Newcastle disease virus ate efficiency, oncolytic recombinant viruses used

Paramyxoviridae/ Oncolytic Pathogenic [116]
Mumps virus

Parvoviridae/ Tumor tropism, autonomous replica- Low transgene capacity, low titers, replica- [117]
Rat virus H1 and Minute vi- tion, low immunogenity tion competent viruses
rus of mice

Reoviridae/ Mild pathogen, specific oncolytic Previous antigens exist [118, 119]
Respiratory enteric orphan activity
virus

Picornaviridae/ Oncolytic Narrow tropism, pathogenic, difficult ma- [120]
Poliovirus nipulation

Rhabdoviridae/ Vesicular Stomatitis Relatively non-pathogenic, oncolytic Difficult manipulation, [121]
virus Vesicular stomatitis G-protein inactivation

ruses that are naturally oncolytic and are currently being
evaluated for oncolytic therapy (Table 2 and [89]).

Oncorine™ (H101; similar to Onyx Pharmaceutical’s
discontinued Onyx-015) from Chinese Shanghai Sunway
Biotech is a conditionally replicative adenovirus, which
gained marketing approval in China in 2006 for treating head
and neck cancer and is in clinical trials for non-small-cell
lung cancer. Oncorine™ contains a deletion in the E1B 55K
region and together with Onyx-015 has provided a plethora
of data in various types of cancer e.g glioma, head and neck,
pancreatic and ovarian cancers [89-91]. In phase I trials, On-
corine™ showed safe and effective tumor shrinking in 3 pa-
tients out of 15 (1 partial regression and 2 with minor re-
sponse). In phase Il trials in 53 patients, the treatment group
(two cycles of intratumoral injection of Oncorine™) showed
a 28 % response rate against the 12 % rate seen in controls
(no data available). The agent was well tolerated in the re-
sponsive patients (3 with complete regression and 11 with
partial regression). Finally, in a phase Il trials with 123 pa-
tients in the treatment group (combination of chemotherapy
and Oncorine™) or control (chemotherapy alone), the re-
sponse rate in the treatment group was 72.7 %, as compared
to 40.4 % in the control group. Similarly with nasopharyn-
geal cancer, combination treatment with chemotherapy and
Oncorine™ resulted in a response rate of 75.6 % against
57.1 % in the control group. The response was evaluated by
the shrinkage of the tumor according to the WHO criteria.

The complications included fever, injection site pain,
nausea, alopecia, leucopenia and flu-like symptoms. The
authors speculate that since patients with fever showed an
increased response rate, the elevated temperature might im-
prove viral replication through heat shock protein assisted
late mMRNA export [90].

TREATING MALIGNANT GLIOMAS WITH THY-
MIDINE KINASE GENE THERAPY

In malignant glioma, the tumour infiltrates into normal
brain tissue, making a complete surgical removal very diffi-

cult. Several direct applications of the thymidine kinase ex-
pressing adenovirus to the walls of the tumor cavity after a
surgical removal has been shown to be the most promising
new treatment for malignant gliomas [2, 6, 92]. Herpes sim-
plex virus thymidine kinase is an enzyme capable of convert-
ing a prodrug ganciclovir to a monophosphate form. Cell
kinases continue the phosphorylation further and convert the
monophosphate through the diphosphate form to a toxic gan-
ciclovir triphosphate. This results in an inhibition of the ac-
tivity of the DNA polymerase thus preventing DNA replica-
tion [93, 94]. However, the problem with this approach is the
poor bioavailability of ganciclovir within the central nervous
system. This is due to the blood brain barrier and the disad-
vantageous physicochemical properties of ganciclovir. Due
to poor aqueous solubility and low lipophilicity, the hydro-
philic ganciclovir possesses poor transcellular permeability
across membranes [95]. Additionally, an effective influx and
efflux transport system prevents accumulation of most anti-
viral drugs within the central nervous system [96]. After
ganciclovir administration, the cells undergo apoptosis and
phosphorylated analogues are released from the cells, taken
up by the neighboring cells and the lethal effect spreads fur-
ther without the need of transducing all cells with the
thymidine kinase (so called bystander effect) [97, 98]. Due
to the small size of the adenovirus and the bystander effect
following the enzyme activity, the agent is diffused several
millimetres from the injection site, thus potentially reaching
distant tumor cells. It is also noteworthy, that since the gan-
ciclovir administration is separate from the gene transfer,
safety of the treatment is improved in the case of acciden-
tally widespread or undesirably excessive transgene expres-
sion. As current gene therapy vectors cannot achieve 100%
gene transfer in low concentrations, the bystander effect is
essential in solid tumour eradication through increasing the
treatment efficacy [99]. It has been estimated that a 10 %
transduction efficiency is enough for tumor eradication in
some models [100]. Also, the number of gap junctions plays
a vital role in this effect [101], since the number of gap junc-
tions seems to correlate with the efficiency of the bystander
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effect in different cell lines [102]. The key component in gap
junctions, connexin-43, is often downregulated in tumors. It
has been shown that a chemically induced increase in con-
nexin-43 intensified the bystander effect [102]. By enhanc-
ing the levels of connexin or developing 2’-deoxy-guanosine
analogues with improved efficacy at lower concentrations,
the cancer treatment efficacy could be further improved.

Cerepro® from the Anglo-Finnish company Ark Thera-
peutics Group PLC is an adenovirus containing a Herpes
simplex type-1 thymidine kinase transgene, under the cy-
tomegalovirus promoter, for the treatment of malignant
glioma together with ganciclovir. In a phase Ila clinical trial
with Cerepro®, the mean survival time of patients increased
to 15 months as compared to that in patients treated with
retroviral therapy (7.4 months) or a non-effective adenovirus
(8.3 months) [6]. In a continued phase b study, Cerepro®
treatment increased survival to 17.65 months as compared to
standard care groups (9.75 months) [2]. In all studies Cere-
pro® was well-tolerated and adverse effects were mostly
limited to transient fever [103]. A phase Il trial with 250
patients is currently underway.

FUTURE DIRECTIONS OF GENE THERAPY

With the first gene therapy products in the market in
China, the future of gene therapy seems promising. In addi-
tion to treating fatal monogenic diseases, the use of gene
therapy as an adjuvant treatment with radiotherapy and che-
motherapy has shown promising results. The transfer of gene
therapy from rare genetic conditions to more common disor-
ders, such as cancer or cardiovascular diseases is likely to
benefit clinical medicine with a wider choice of treatments
available for the patients.
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CAR = Coxsackie-adenovirus receptor

DNA = Deoxyribonucleic acid
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HIV = Human immunodeficiency virus

ITR = Inverted terminal repeats

MLP = Major late protein

mRNA = messenger ribonucleic acid
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