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ABSTRACT 

Gene therapy is strategy based on using genes as pharmaceuticals. Gene therapy is a treatment that involves 
altering the genes inside body's cells to stop disease. Genes contain DNA- the code controlling body form and 
function. Genes that do not work properly can cause disease. Gene therapy replaces a faulty gene or adds a new 
gene in an attempt to cure disease or improve the ability of the body to fight disease. Gene therapy holds 
promise for treating a wide range of diseases, including cancer, cystic fibrosis, heart disease, diabetes, 
hemophilia and AIDS.  Various types of genetic material are used in gene therapy; double-stranded DNA 
(dsDNA), single-stranded DNA (ssDNA), plasmid DNA and antisense oligodeoxynucleotides (ASON). The 
success of gene therapy depends on assuring the entrance of the therapeutic gene to targeted cells without any 
form of biodegradation. Commonly used vectors in gene therapy are: adenoviruses (400 clinical studies; 23.8%), 
retroviruses (344 clinical studies; 20.5%), unenveloped/plasmid DNA (304 clinical studies, 17.7%), adeno-
associated viruses (75 clinical studies; 4.5%) and others. In this paper, we have reviewed the major gene delivery 
vectors and recent improvements made in their design meant to overcome the issues that commonly arise with 
the use of gene therapy vectors.  
 
Keywords: Adenoviruses, Bacteriophages, gene therapy, Retroviruses, viral vector.  
 

 

INTRODUCTION 

Gene therapy is a strategy based on using genes as 
pharmaceuticals. It can be used effectively for curing a 
vast spectrum of serious acquired or congenital 
diseases [1], such as cancerous diseases [2-3], Acquired 
Immune Deficiency Syndrome (AIDS)  [4],  
cardiovascular diseases [5], infectious diseases, cystic 
fibrosis, familial hypercholesterolemia, muscular 
dystrophy [6], and X-linked severe immunodeficiency 
(X-linked SCID). [7] Gene therapy is a simple method 
based on principles of transitioning a damaged gene for  
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a healthy one, or by supplementing a missing gene, so 
expression of a required protein can be achieved. [8] 

Nevertheless, in practice it is a complex procedure, in 
which the transported gene (transgene) must overcome 
several obstacles for it to reach targeted nuclei of 
human cells, where the expression should finish 
accurately. 
European medicine agency (EMA) defines a medicinal 
product in gene therapy as a biological-medicinal 
product meeting following descriptions: (a) it 
consisting of an active substance containing or 
composed of recombinant deoxyribonucleic acid used 
or to be used in human beings with respect for 
regulation, correction, shift, completion or excision of 
gene sequence; its therapeutic, prophylactic or 
diagnostic effect is directly related to the sequence of 
recombinant deoxyribonucleic acid which it comprises 
of, or the gene expression product of this sequence. 
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Pharmaceutics in gene therapy do not include vaccines 
against infectious diseases.    
 

 
Fig. 1: The principles of gene therapy [9] 

 
Food and Drug Administration (FDA) defines vectors 
in gene therapy as agents mediating their effects by 
transcription and/or translation of transmitted genetic 
material and/or integration to host genome, and are 
administered as nucleic acids, viruses, or genetically 
modified microorganisms. Products can be used for cell 
reparation in vivo, or can be carried to cells ex vivo 
before delivery to the recipient. [10]  
Gene therapy is one of the fastest developing fields in 
medicine. [11] To this day, more than 1 800 approved 
clinical studies of gene therapy have been or are being 
published. The most common gene therapy is gene 
therapy of cancerous diseases. Worldwide, cancerous 
diseases represent over 60% of clinical studies 
concerning gene therapy, followed by monogenous and 
cardiovascular diseases. [10]  
 
CLASSIFICATION OF GENE THERAPY 
In general, gene therapy can be used as germline or as 
somatic gene therapy. Gene therapy of germlines 
depends on inserting a functional gene to germinative 
cells (reproductive cells) such as sperms or zygotes. 
This gene will be integrated to individual genomes, 
which will cause hereditary modification in the genetic 
makeup of the patient. Therapeutic genes in somatic 
gene therapy carried to somatic cells of the patient 
(non-reproductive cells) will manifest only in one 
generation, therefore changes and effects are limited to 
an individual. The results in a patient’s gene 
characteristic are not hereditary. [12] The difference 
between these two methods is, that in somatic gene 

therapy, the genetic material is inserted to certain  
targeted cells, where the change is not passed on to 
next generations, meanwhile in the gene therapy of 
germlines, the therapeutic or modified gene passes on 
to the next generation. This difference is important, 
because current legal regulations allow only gene 
therapy on somatic cells. [10] 
 
GENE TRANSFER THERAPY 
Gene therapy vectors 
Gene therapy is a recently discovered technique for 
curing serious disorders (acquired or congenital) by 
repairing the genetic causes of these disorders, either 
by replacement of deformed genes by healthy ones or 
by supplementing missing genes. [13] Various types of 
genetic material are used in gene therapy; double-
stranded DNA (dsDNA), single-stranded DNA 
(ssDNA), plasmid DNA and antisense 
oligodeoxynucleotides (ASON). [14] The success of gene 
therapy depends on assuring the entrance of the 
therapeutic gene to targeted cells without any form of 
biodegradation. [15] Passive penetration through cellular 
membrane is prevented by the size of the DNA 
molecule [16], the sensitivity of DNA to nucleases in a 
biological medium and the hydrophilous polyanionic 
character of the DNA macromolecule. [15] For these 
reasons, the DNA must be attached to a distribution 
system or a vector carrying the therapeutic gene to 
targeted cells, protecting it from degradation caused by 
nucleases and ensuring transcription in the cells. 
Ideal genome transfer system, called “vector”, should 
satisfy several criteria: [17]  

1. It cannot invoke a strong immune reaction,  
2. It must be capable of transporting nucleic acids 

regardless of their size,  
3. It must ensure permanent and regular expression 

of the genetic material,  
4. The vector must deliver the gene only to certain 

types of cells, especially when targeted cells are 
localized in various places in the organism, or 
when they are a part of heterogeneous 
population,  

5. It must be capable of penetrating  into dividing 
and non-dividing cells,  

6. It needs to be easily prepared, be low priced and 
available for vast usage in high concentrations,  

7. It must maintain episomal position, or integrate 
itself to a specific location in the genome, but not 
integrate randomly. 

Vectors for therapeutic sequence transfer to targeted 
cells can be divided to three basic groups: viral, non-
viral (unenveloped DNA) and bacterial. Each of these 
groups has its own research, therapeutic indications, 
characteristics, pros and cons. [1, 18] Commonly used 
vectors in gene therapy are: adenoviruses (400 clinical 
studies; 23.8%), retroviruses (344 clinical studies; 
20.5%), unenveloped/plasmid DNA (304 clinical 
studies, 17.7%), adeno-associated viruses (75 clinical 
studies; 4.5%) and others. [19]  
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VIRAL VECTORS 
A virus is a biological object capable of penetration to 
the host cell nucleus and using the cellular mechanism 
for the replication and expression of its own genetic 
material, and subsequent spread to other cells. [20] 
Viruses were the first vectors used for distribution and 
protection of therapeutic genes, where their life cycle 
can be used as an advantage. [21] This type of a vector, 
known as “viral vector”, is one of the most commonly 
used vectors in gene therapy, due to its capability to 
effectively transport genes and secure long-term 
expression. [22] Scientists use various viruses for 
transporting therapeutic genes to cell nuclei, utilizing 
the virus life cycle. The virus must be modified by 
genetic engineering for the purpose of its use as a 
vector for gene transfer. The pathogenic part is 
removed and replaced with a therapeutic gene. [23] 
Simultaneously, the virus keeps its non-pathogenic 
structures, which enable it to enter the cell. [20] The 
resultant non-pathogenic virus carrying the therapeutic 
gene is called “viral vector”. Nowadays, viral vectors 
are commonly used for gene transfer, due to their high 
effectiveness in vivo, despite their disadvantages [24], 
which can be summarized into following points:  

1. Acute immune reaction stimulated by viral 
vectors can lead to death [24-25], 

2. The production of viral vectors in great 
quantities is very complex and costly [25],  

3. The size of the genes supplied by the virus is 
limited. 

Most commonly used viruses used as vectors are: 
adenoviruses, retroviruses, adeno-associated viruses 
(AAV) and herpes simplex viruses. [26]  
 
ADENOVIRUSES  
Adenoviruses are common DNA viruses, causing 
upper respiratory tract infections in humans. The 
genome length of double-stranded DNA in 
adenoviruses is 36 kilobases (kb), and can be 
manipulated by standard recombinant technology. [27] 
Adenoviruses are most commonly used vectors for 
gene distribution, because of their gene transfer 
effectiveness in vivo and their capability to deliver 
double-stranded DNA to the nucleus effectively. Their 
genome length enables extensive modifications and 
incorporation of therapeutic genes. Most of these 
adenoviral vectors were modified to replication-
deficient forms by excision of essential genes E1A and 
E1B. [28-29] 
Adenoviral vectors can be replication-deficient when 
certain genes are excised and replaced by a cassette 
expressing foreign therapeutic genes. These vectors are 
used as vaccines and in gene therapy of cancerous 
diseases. 
Oncolytic vectors are designed to replicate primarily in 
cancer cells and destroy them via natural lytic viral 
replication process. Many clinical studies show that 
replication defective and replication competent 

adenoviral vectors are safe and have therapeutic 
activity. [30]  
Three generations of adenoviruses were developed. 
The first generation is highly immunogenic, and only 
one adenoviral sequence is missing – E1. The 
therapeutic gene is distributed to targeted cells with the 
rest of the viral genes. Remaining adenovirus 
sequences induce a strong humoral and cellular 
immune response targeted against modified cells. [31] 
Some adenovirus genes were excised in the second 
generation, but transduced cells still expressed a few 
products coded by adenovirus sequences. [32] The third 
generation of adenoviral vectors was developed in 
Frank Graham laboratory, where all viral genes were 
removed and an extremely low-immunogenic vector 
capable of distributing a large number of therapeutic 
genes (30 kb) was created. These vectors present very 
promising means for gene therapy applications, despite 
the production being more complex than of first 
generation vectors. [33]  
Adenoviral vectors have several advantages: a high 
titer (1012 – 1013 viral particles per ml) of recombinant 
viruses; the ability to infect post-osmotic cells; the 
ability to infect a vast scale of cellular types; a 
capability to accept foreign DNA to the extent of 8 kb, 
including expression cassettes or other regulative 
sequences; and previous experiences exist when 
vaccines on the basis of adenoviruses were used on 
humans without any side effects. 
However, there are some limiting features of 
adenoviral vectors, and those are: insufficient 
permanent expression, when viral DNA is not 
integrated in the host genome; antigenicity against viral 
proteins by humoral and cytotoxic T-lymphocytes; and 
a possible toxicity in higher dosage. The lack of 
permanent expression probably does not present a 
problem in acute applications, as cancer, re-stenosis 
after angioplasty or therapy of angiogenesis. [34]  
 
RETROVIRUSES/LENTIVIRUSES 
γ-retroviruses and lentiviruses belong to the family 
Retroviridae, and they are characterized by their ability 
to transcribe RNA genome to a cDNA copy, which is 
subsequently integrated in the genome of the host cell. 
Retroviruses are commonly divided into simple 
(sometimes called oncogenic γ-retroviruses, such as 
mice leukemia virus) and complex (for example 
lentiviruses) [34]. Simple and complex retroviruses 
contain two copies of linear, non-segmented single-
stranded RNA 7-12 kb in length, coding genes gag, pol 
and env. [35] 
Recombinant retrovirus vectors have been used in the 
first gene therapy study by Rosenberger et al. in 1990. 
These vectors can transduce dividing cells and 
integrate the viral genome to the genome of host cells. 
Recombinant retroviruses are the most commonly used 
viruses in the production of anti-cancer vaccines. They 
incorporate therapeutic genes into cancer cells ex vivo 
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and create stabile genetically modified lines of cancer 
cells. [36]  
Almost all retroviral vectors are based on C-type mice 
leukemic viruses, for example Moloney virus, and more 
than 70% of clinical studies in cancer gene therapy uses 
retroviral vectors. The advantages of C-type retrovirus 
vectors in malignant disease gene therapy are that these 
were extensively studied and capable of infecting only 
actively dividing tissue. [37] For example, in a liver 
containing colorectal metastases, normal hepatocytes 
will be in a steady G0 phase, meanwhile division will 
occur in the group of metastatic cells, although this 
group can present only 10% of cancer cell population. 
This can lead to a certain degree of tumor specificity.  
There are numbers of reasons why retroviral vectors 
are not the best instruments for cancer cell in vivo 
modification. Recombinant retroviruses cannot reach 
high titer volumes; they can transduce only dividing 
cells and are not effective by in vivo delivery, because 
they are subjected to intense destruction by 
complement in the serum. [38]  
Retroviral vectors are particularly preferable for cell 
“gene corrections”, for the reason of long-lasting and 
stabile expression of the transported transgenes and 
also for low efforts used for their cloning and 
production. Despite a few unsuccessful attempts of 
using retroviruses as a means of therapy, there is a new 
generation available with improved genome 
integration and safe characteristics, which makes 
retroviral vectors useful tools for several gene therapy 
applications. [39] 

 

 
Fig. 2: Gene therapy using retrovirus vector [40] 

 
Lentiviral vectors are effective and stabile means of 
gene transfer to numerous cell types, such as stem cells. 
The safety of lentiviral vectors rose by minimizing the 
chance of recombination between various gene 

elements, which was accomplished by keeping less 
than 5% of viral genome and by creating “self-
inactivating” vectors. [41] Lentiviruses can be produced 
in high titer volumes, can transduce and integrate with 
a genome of non-dividing cells and effectively 
distribute therapeutic genes to CD34+ cells. Lentiviral 
vectors are derived from HIV, which belongs to the 
group of complex retroviruses. [36] The main difference 
between simple retroviruses (such as Moloney mice 
leukemic virus) and lentiviruses is, that simple 
retroviruses hold only three structural genes, while 
lentiviruses contain nine (three structural – gag, pol, 
env, and six regulatory – Vif, Vpr, Vpu, Tat, Rev and 
Nef) genes. The production of the most advanced (third 
generation) viral vectors on the basis of HIV requires 
the four-time transfecting of 293 cells (three envelope 
plasmids and one transfer vector. [42] Despite certain 
safety risks connected with the fact of HIV being a 
deadly virus to humans, the latest generation of 
lentiviral vectors will be undoubtedly soon applied in 
gene therapy clinical studies. [36, 43] 
 
ADENO-ASOCIATED VIRUSES 

Adeno-asociated viruses (AAV) belong to the genus 
Dependovirus, part of the family Parvoviridae, AAV is 
small (20 nm), replication-deficient non-enveloped 
virus. The genome composes of positive or negative 
polarity single-stranded DNA (ssDNA), and is 4.7 kb in 
length. Type 2 Adeno-associated virus is a non-
pathogenic DNA virus used as a vector for transport of 
eukaryotic genes in vitro and in vivo. AAV hold a 
unique set of characteristics, which can make them 
useful in human gene therapy. AAV infections do not 
require proliferation of host cells, although expression 
from AAV vectors can show relative preference to 
actively dividing cells. The wild types AAV, as well as 
AAV vectors, have the tendency to persist in infected 
cells for an extended period of time without adverse 
effects for the host. The wild type AAV frequently 
integrates in one specific region of chromosome 19, 
while replication-deprived AAV vectors integrate in 
less specific regions of the host cell genome and can 
persist in episomal state. AAV vectors were used for 
transduction of a vast scale of cell types in vitro, 
including epithelial cells of the respiratory tract, as well 
as bone marrow and lymphocyte-divided cells. [44]   
AAV are characterized by low frequency of random 
incorporations to the genome and moderate immune 
response. As in all vector systems, the tropism of AAV 
limits their use in systemic application. Yet the tropism 
can be modified by aimed modification of the capsid 
and by using different serotypes, and this is how the 
AAV become a distribution system aimed for the right 
types of cells. [45] 
 
BACTERIOPHAGES 
Bacteriophages (phages) are viruses composed of a 
DNA or RNA genome covered by a protein capsule. 
They infect bacteria, either by incorporating viral DNA 
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to the host genome and replicating as a part of the host 
(lysogenes), or by simply replicating in the host cell. 
Afterwards they release phage particles by budding 
from the cell or by active lysis of the cell. [46]  
Waclaw Szybalski began a new type of research on a 
group of lambda-phages. The goal of his experiments 
was to determine gene transfer, modification and 
regulation. [10] Szybalski knew that cells are capable of 
accepting foreign DNA, however, at this time; no one 
could successfully prove the hereditable transformation 
of biochemical traits until the year 1962, when 
Szybalski published the study “DNA-mediated 
heritable transformation of a biochemical trait”. [47] 
Szybalski proved that a genetic defect can be corrected 
by transferring functional DNA from a different 
(foreign) source. Other than that, he proved that a 
therapeutic gene can be inherited when daughter cells 
express the same phenotype as the transformed 
parental cells. [10]  
In recent years, it was proved that bacteriophages have 
several potential applications in modern 
biotechnological industry; they were designed as 
protein and DNA vaccine transport systems; as 
distribution systems in gene therapy; as an alternative 
to antibiotics; for the purpose of detecting pathogenic 
bacteria and as tools for protein, peptide or antibody 
“libraries” screening. This diversity, manipulation and 
production simplicity gives an estimate for their 
potential use in research, therapy and production in 
biotechnological and medicinal area. [46]  
The capsid of bacteriophages protects DNA from 
degradation after injection, gives phages the capability 
to display foreign molecules on the phage capsid, and 
enables targeting of specific cell types, anticipating the 
success of gene therapy. Artificial covalent conjugation 
of molecules on the surface of the bacteriophages and 
phage marking were used to target and to utilize 
molecules on the phage surface. [48] Target sequence 
marking of, for example, fibroblast growth factor, was 
used for the purpose of phage distribution to cells with 
specific receptors; in the meantime, proteins sequences, 
such as adenoviral Penton base, mediating adhesion of 
the virus, entrance and endosomal release are used for 
amplifying phage uptake into cells and endosomal 
release. [49]  
For the purposes of testing phage capability to target 
specific types of tissue, phage display libraries were 
studied on mice models several times, and isolated 
from specific tissues in every experiment. [50] For 
example, to isolate phages targeting the liver, mice 
were inoculated with a phage display library and after 
a liver extraction phages were isolated from this organ. 
This process should be repeated several times, until 
phages exhibit a relatively high degree of tissue-specific 
tropism. [46] A similar testing strategy in vitro was used 
for isolating phages displaying peptides and has shown 
elevated cytoplasmic uptake to mammal cells. [50] 
Again, this shows the universality of phage usage and 

proves targeting on specific tissues can be achieved 
either by rational designing of phages or testing 
random phage displaying libraries.    
For many years now, virus expression vectors have 
been explored as a mechanism for gene delivery, 
therapy and vaccine development. More recently, the 
next generation of virus vectors possess greater 
attributes such as tissue specificity and improved 
expression levels, while at the same time have many 
shortcomings of their predecessors, such as issues 
regarding immunogenicity and safety. Despite the 
scientific and technological advances there are still 
many uncertainties about the side effects of treatment. 
Furthermore, the less known effects, such as long-term 
expression of the introduced genes, the lack of 
controlling the expression of these genes and genetic 
modification of germ cells, are now ignored. There is no 
doubt that currently the main problem is the high 
immunogenicity of viral vectors introduced into the 
patient, as well as problems related to efficacy, toxicity 
and inflammatory response. 
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