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ABSTRACT

The emergence of genetic engineering at the beginning of the 1970’s opened the
era of biomedical technologies, which aims to improve human health using genetic
manipulation techniques in a clinical context. Gene therapy represents an innovating
and appealing strategy for treatment of human diseases, which utilizes vehicles or
vectors for delivering therapeutic genes into the patients’ body. However, a few
past unsuccessful events that negatively marked the beginning of gene therapy
resulted in the need for further studies regarding the design and biology of gene
therapy vectors, so that this innovating treatment approach can successfully move
from bench to bedside. In this paper, we review 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. At the end of the manuscript,
we summarized the main advantages and disadvantages of common gene therapy
vectors and we discuss possible future directions for potential therapeutic vectors.

view as a viable alternative for treatment of human
diseases. This would imply that the genetic basis of a
disease could be corrected using a “vehicle” or vector
to deliver a therapeutic gene into the patients’ body. On

INTRODUCTION TO GENE THERAPY

The discovery of restriction enzymes at the
beginning of the 1970s opened the era of genetic

manipulation that would become a major research theme
for many researchers. While genetic engineering was
advancing throughout the 1980s, the concept of gene
therapy was starting to take shape in the researchers’

the basis of delivering the therapeutic gene product, all
gene therapy protocols can be subdivided in ‘in vivo”
gene delivery and “ex vivo” gene delivery. In the first
approach the therapeutic gene is directly introduced
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into the patients’ body to target the affected cells, while
in the second approach, insertion of the delivery vector
harboring the therapeutic gene is made in laboratory and
the transformed/transduced cells are introduced back into
the patients’ body.

Great enthusiasm was generated around this
innovative approach, when in 1990s the first “ex vivo”
clinical trial was a success for a four-years-old girl with an
adenosine deaminase deficiency (ADA). Blood cells taken
from her bone marrow were treated with a recombinant
ADA-retroviral derived vector and re-injected back
into her blood stream. Although the corrected cells did
expressed the ADA gene, she still had to take medication
commonly prescribed for ADA deficiency as only a part
of her white blood cells produced ADA [1]. Unfortunately
this success was followed by the death of 18 year old Jesse
Gelsinger, the first patient who died as a direct result of a
gene therapy treatment [2]. An in vivo approach was used
to correct the ornithine transcarbamylase (OTC) deficiency
he suffered from, by injecting a recombinant adenovirus
harboring the OTC gene directly into his blood stream.
Four days after treatment, he died of multiple organ
failure, most probably as a result of a severe immune
response to the virus vector [2]. Future clinical trials
performed in France on ten children with X-linked severe
combined immunodeficiency (SCID-X1) or the so called
“bubble boy” syndrome used an “ex vivo” approach to
deliver the healthy gene into the blood cells of the patients
via a retroviral-derived vector. After 30 months, two of
the children developed leukemia, raising safety concerns
regarding this type of vectors [3].

Despite approximately 1800 gene therapy clinical
trials that have been reported world-wide up to 2012 [4],
only one product has been approved to be used in clinical
applications. This product, named Glybera, is used for
treatment of lipoprotein lipase deficiency, by means of a
virus which delivers the functional copy of the gene into
the patient muscle cells [5]. This point to the fact that
further optimization studies are needed to address the
efficiency and safety of these vectors, so that gene therapy
can become a clinical reality and a broader range of human
diseases can be treated.

In this paper we review the major types of delivery
systems used for gene therapy applications, pointing
to innovations made in their design meant to overcome
some of the drawbacks that limit their use by the medical
community. At the end of the manuscript, we discuss
future directions for development of gene therapy vectors
that may lead to better clinical outcomes.

NON-VIRAL VECTORS

These type of “vector” are comprised of
synthetically produced biological particles, in which the
plasmid DNA (pDNA) carrying the therapeutic gene

expression cassette (Figure 1), is encapsulated or bound
to a synthetic chemical compound and then released at
the target site upon delivery. In contrast to viral-derived
vectors, non-viral systems are relatively easy to produce,
and the risk for inflammatory complications is lower [6].
Although the efficiency is reduced compared to viral
vectors, non-viral vectors are of particular importance
because besides pDNA, they are also capable of delivering
synthetic compounds like oligonucleotides or siRNA [7].

The limitations of non-viral vectors are related
to extracellular stability of the delivery complex,
internalization and the cellular trafficking of the vector,
and the level and the sustainability of expression of the
therapeutic gene (Figure 2).

Extracellular stability of the delivery complex

This aspect implies that the non-viral vector once
in the extracellular environment has to maintain its
integrity in order to achieve physical contact with the
target cell. Systemic administration of naked pDNA in
the blood stream of mice proved to be inefficient, as the
exogenous DNA is subjected to degradation by nucleases
[8]. The remaining DNA accumulates in the liver [9] in
non-parenchymal endothelial cells through “scavenger”
receptors present on the surface of these cells [8, 10].
However, no detectable levels of transgene expression
could be observed. In contrast, using a hydrodynamic
injection method (intravenous administration of pDNA
in a large volume of saline solution, at high pressure)
significant expression of the transgene was seen in
liver [10] due to an enlargement in the liver fenestrae
and generation of membrane pores [11] or forced
vesicular internalization [12]. However, because of
these morphological changes in cell membranes, the
hydrodynamic method is not feasible with human gene
transfer.

These findings suggest that systemic gene delivery
mediated by naked pDNA in humans is inefficient and
that the therapeutic genetic payload needs to be attached to
another compound which would increase its bioavailability
and hence its efficiency. These compounds of synthetic
origin are mainly represented by lipids or polymers, in
which case the delivery complex is called lipoplex and
polyplex, respectively (http://www.genetherapynet.com/non-
viral-vectors/lipoplexes-and-polyplexes. html). Because the
pDNA has a negative net charge, the chemical compounds
are represented by cationic lipids in the case of lipoplex
and cationic polymers in the case of polyplex. The use
of cationic compounds would facilitate the electrostatic
interaction of the gene delivery complex with the target cells
and would also condense the genetic payload, protecting
it from degradation (http://www.genetherapynet.com/
non-viral-vectors/lipoplexes-and-polyplexes. html).

One of the standard delivery lipoplexes has been a
simple pDNA/liposome conjugate, in which the positive
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Figure 1: Representative components of gene delivery vectors. Expression of the gene of interest or therapeutic gene is driven
by an upstream promoter, either of exogenous or endogenous origin. Inclusion of an intron into the expression cassette assures higher
transcription levels, as splicing and transcriptional are two coupled events. The internal ribosome entry site (IRES) permits co-transcription
of two genes from the same transcript in a bicistronic manner. A further enhancement of gene expression can be achieved by using the
Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) to increase the level and stability of the nuclear transcripts.
The expression of the therapeutic gene can be spatially limited to a specific cell type by inclusion of a miR recognition sequence at the
3’ end, which is recognized by its cognate miR transcript. In cells where the miR transcript is expressed, the activity of the therapeutic
gene is suppressed, whereas in cells that are deficient in the specific miR, the expression of the therapeutic gene is de-repressed. The
polyadenylation signal ensures properly sized transcripts. An optional element which can be included in the vector backbone is the scaffold
matrix-associated region (S/MAR) which permits episomal replication and vector dilution in successive cell generations. An alternative to
obtain stable and long term expression can be achieved by using transposon sequences for integration of the vector into the host genome.
However, this implies the use of other genetic constituents, such as transposon trans-acting factors. In order to limit the activity of nearby
genes, it would be desirable to flank the therapeutic expression cassette with insulator sequences.

charge of the lipid component condenses the pDNA. surface of the liposome, resulting in reduced aggregation
Among liposome formulations, those containing 3p-[N- of the delivery complexes and interaction with the plasma
(N’,N’-dimethylaminoethane)carbamoyl]cholesterol (DC- constituents [15, 16]. In other embodiments, solid lipid
Chol) and dioleoylphosphatidylethanolamine (DOPE) are nanoparticles (SLNs) have been designed to overcome the
the most efficient, and different molar ratios between the limitations that commonly arise with the use of liposomes
cationic lipid (DC-Chol) and helper lipid (DOPE) have [17, 18].

been tested to improve the transfection efficiency [13]. Among the polyplexes, polyethylenimine (PEI)
However, such simple DNA/lipid formulations are rather has been the “gold standard” of gene delivery via
preferred for local administration [14] than for systemic cationic polymers, because of its high transfection
delivery. Under physiological conditions, DNA/liposome efficiency. However, the clinical utility of PEI-based-
complexes tend to aggregate, limiting their circulation only complexes is limited due to their cytotoxic effects
lifetime and hence their efficiency. Thus, further (http://hdl. handle.net/1721.1/62052). To circumvent
modifications have been made in the structure of cationic this drawback, researchers have functionalized the PEI
liposome, in order to overcome this limitation. A popular delivery complexes with different moieties like lipids [19],
approach is to graft poly(ethylene glycol) (PEG) at the PEG [20] or pluronic polycarbamates [21] to improve
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Figure 2: Therapeutic gene delivery mediated by non-viral vectors. Successful gene delivery mediated by non-viral vectors
encounters four major limitation steps. Once the vector is systemically administrated into the patient’s blood stream A. it must preserve its
integrity in order to be able to reach its target site in a functional state. After extravasation from the blood stream and migration into the
extracellular stroma, the vector should be functionalized with a targeting peptide for interaction with the target cell in a receptor-dependent
manner. Upon receptor binding, the vector particle is internalized as an endosomal vector B. Unless the vector escapes the endosome, it
may be subjected to degradation, and this aspect can limit the transduction efficiency mediated by non-viral vectors. If the vector complex
escapes endosomal degradation, it must migrate in an active manner in order to reach the nucleus and host transcription factors C. In the
nucleus, the therapeutic genetic material can persist as an episome or it can integrate into the host genome, depending on the elements used

in the construction of the vector D.

their biological proprieties. Other research efforts have
been directed to identify alternative cationic polymers
to PEIL One such candidate is chitosan, a biocompatible
polymer [22], but with a relatively lower transfection
efficiency than PEI [23]. Grafting PEI onto chitosan
nanoparticles proved to be a good strategy to improve
the efficiency of such particles, without affecting their
safety profile [24, 25]. Other polycationic alternatives
like poly (B-amine esters) [26], cationic bolaamphiphile
[27], dentrimers [28] or poly-D, L-succinimide [29] have
also been proposed as delivery polyplexes with a lower
cytotoxic profile.

Internalization and cellular trafficking of the
vector

The process of internalization of non-viral particles
implies different aspects that include physical contact
with the plasma membrane of the cell, endocytosis of
the delivery complex, endosome release of the genetic
payload, trafficking through the intracellular environment
and nuclear import for the propose of therapeutic gene
expression. In the case of small regulatory sequences like
siRNA, these last two steps are not necessary because
post-transcriptional mechanisms are targeted.
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The distribution of the non-viral vectors is of major
importance, as targeted transduction is a precondition of
gene therapy. Systemic administration of liposome-based
pDNA delivery complexes shows a rather unspecific
distribution of gene expression, targeting different
organs [30]. Such distribution would limit the delivery
efficiency when the goal is to transduce a specific cell
type. Therefore, receptor-specific ligands have been used
to increase the specificity of non-viral vectors. These can
range from natural ligands to peptides and antibodies
(reviewed in [7]). For example, liposome-based vectors
have been functionalized with hyaluronic acid (HA) to
specifically transduce endothelial liver cells, because
these cells express HA receptors [31]. Antigen-presenting
cells have been shown to be efficiently transduced using
a “mannosylated” PEI-based vector [32]. Chitosan-based
vectors have also been subjected to modification that
would imply attaching a functional entity, like a peptide,
to increase their specificity and hence their efficiency [33].

Binding of the ligand to its cognate receptor
determines endocytosis of the non-viral vector and
the formation of endosome vesicles. At this point, the
genetic payload needs to escape the endosome to avoid
degradation. Polycations like PEI can act as “proton
sponges” because of the amine groups can act as
acceptors, leading to osmotic swelling and endosome
disintegration, releasing the genetic payload into the
cytoplasm. Because of PEI high toxicity, other potential
cationic polymers with acceptor amine groups have been
investigated as “safer” alternatives to PEI that could act
as proton sponges [27, 29]. The proton acceptor property
of a chlorochine analog, TP10, was used to enhance the
efficiency of siRNA delivery, in which this compound
was covalently attached to a cell-penetrating peptide,
resulting in a peptide-based vector that would facilitate
both internalization and endosome release of the payload
[34]. A more recent study used a simplified means of
internalization for delivering siRNA to the cytoplasm,
by using a fusion protein composed of a cell-penetrating
peptide and double-stranded RNA-binding domain, that
can efficiently internalize its genetic-bound load by
micropinocytosis (a type of fluid-phase endocytosis) or by
direct penetration of the cell membrane [35].

Endosome-bypass could be an attractive approach
for delivering therapeutic genetic material directly to
the cytoplasm, simplifying the means of production of
such vectors. The propriety of some viruses to escape
the endosome degradation pathway could be exploited
to design non-viral vectors. The hemaglutinating virus
of Japan (HVJ) binds cell surface sialic receptors though
its HN protein and the F protein mediates the fusion of
the virus envelope with the cell membrane, delivering
the viral genome into the cell. The relative ease with
which exogenous genetic loads (pDNA, siRNA, miRNA,
oligonucleotides) can be incorporated directly into
inactivated HVJ constitutes an efficient way of generating

non-viral vectors with enhanced efficiency for clinical
applications (reviewed in [36]).

For cases in which post-transcriptional mechanisms
are targeted, like in the case of siRNA delivery, endosome
escape is sufficient for an therapeutic effect. However,
in the case of expressing therapeutic genes, the DNA
cargo, like pDNA, needs to migrate into the nucleus to
access the host transcriptional machinery. Transport from
the spot of endosome escape to the nucleus is a passive
process which largely depends on the size of the plasmid,
smaller plasmids been favored, as the cytoskeleton acts
as a molecular sieve [37]. The delayed process of cellular
trafficking can limit the efficiency of gene delivery,
subjecting the genetic payload to the action of cytoplasmic
nucleases. Again, the biology of some viruses has inspired
researchers to improve non-viral vectors with functional
entities that could facilitate nuclear import in an active
manner. This has been the case in one study, in which
the nuclear localization signal (NLS) of the Simian Virus
(SV40) attached to the genetic payload via PNA (peptide
nucleic acid) improved the efficiency of gene delivery to
the nucleus up to 8-fold compared to vectors containing an
inverted NLS sequence [38].

PNA is a DNA mimic, in which the negative
deoxyribose phosphate backbone of DNA has been
replaced by glycine, removing the negative charge of the
molecule. This gives the possibility to co-synthetize PNA
and peptides without complicated linking procedures. The
technology, termed “bioplex”, is an innovative approach
by which new functional entities can be attached to pDNA
via hybridization (reviewed in [39]). Research efforts have
been directed to improve the physical proprieties of the
PNA-based delivery complexes [40]. This new concept of
bioplex is a promising tool for development of future gene
therapy vectors, because it gives the possibility to obtain
gene delivery vehicles which could equal viruses in terms
of efficiency, but without the safety concerns that virus-
derived vectors impose, and the high costs and scaling up
production drawbacks.

The level and the sustainability of expression of
the therapeutic gene

The level of therapeutic gene expression depends of
the type of promoter used to drive its expression and this
is directly correlated with the efficiency of gene transfer
in vivo. However this efficiency also depends on the
quantity of pDNA that is able to access the nucleus of the
transfected cell, as discussed above.

Promoters used to drive gene expression can be
classified depending on their origin into exogenous or
viral promoters and endogenous or tissue promoters. The
latter can further be subdivided into tissue-specific and
non-tissue specific promoters. Initial findings have shown
that although the use of tissue-specific promoters might
be advantageous for targeted transcription (reviewed in
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[41]), their utility is limited due to low levels of gene
transcription. However, later studies using tissue specific
promoters, enhancers and introns substantially increased
the long term expression up to therapeutic levels [42]. In
contrast, viral promoters, like CMV, are known to drive
initial very high levels of transcription, however they are
subjected to the phenomenon of promoter inactivation
in which cytokines and tumor necrosis factor TNF-a
and interferon INF-y are implicated, leading to transient
gene expression [41]. Hybrid promoters composed of
viral enhancer/endogenous fusions could be a preferred
alternative to viral promoters, when prolonged expression
of the therapeutic gene is desired [43]. Such fusions
can enhance both the level and specificity of transgene
expression [44].

Another aspect that can limit efficiency of gene
expression is the ability of the immune system to
recognize CpG unmethylated motifs of bacterial DNA,
to which the immune cells react by releasing cytokines,
resulting in inflammation. Indeed, eliminating the CpG
motifs from bacterial genes expressed in mammalian
systems can improve transgene expression levels [45]. The
cytokines can produce an inflammatory response at the
site of pPDNA delivery, which can also result in repressing
of therapeutic gene expression. Likewise, the number of
CpG motifs in the promoter sequence can affect the level
and sustainability of gene expression. Therefore choosing
a CpG-free promoter in conjunction with a CpG-free
plasmid backbone could make a difference to the success
of the gene therapeutic effect. A list of CpG-free promoters
with potential use for gene therapy applications has been
reviewed elsewhere [46].

The use of tissue-specific promoters provides the
possibility of controlling the expression of the therapeutic
gene in a spatially-specific manner; however temporal
control is also a key element in gene therapies. The
tetracycline regulated system, which was originally
described in Escherichia coli, is one of the best
characterized and versatile types of system used for this
propose. It is composed of two basic elements: the Tet
repressor (TetR) and the tetracycline response element
(TRE). By fusing the trans-activator domain of the HSV
viral protein VP16 (a protein that recruits transcription
factors), the TetR has been converted to the tTA trans-
activator, and the tetracycline operator sequence (fetO)
together with the minimal CMV promoter constitutes the
TRE, which drives the gene expression. In the presence
of tetracycline, the tTA is inactive, and the expression
of the transgene is also repressed (Tet-Off). A mutant
variant of tTA, called rtTA (reverse tTA) is capable of
activating the transgene expression in the presence of
doxycycline (Tet-On). Despite the fact that in the Tet-
On system, the activity of the transgene is suppressed
in the absence of doxycycline, there is basal “leakiness”
of this system in the off state [47]. A recent study used
the property of microRNA to silence gene expression to

create a simpler and more versatile system, which could
overcome some of the limitations seen in the Tet systems,
in vivo. In this study, by adding four complementary sites
of microRNA-122 at the 3'UTR of the vector, transgene
expression was maintained at very low levels. The
expression of the transgene could be restored repeatedly
by using a microRNA antagonist, even 6 months after
vector administration in vivo [48].

With respect to the sustainability of expression of the
therapeutic gene, as discussed above, the type of promoter
can have an impact on both the level and durability of
gene expression. Even if long term expression is achieved
by choosing an appropriate promoter, this is limited to
non-dividing cells. In the case of cells which divide, the
transgene-containing vectors are lost with each successive
cell cycle. Therefore, other elements should be taken
into account when designing vectors which are meant to
transduce dividing cells. In order to maintain the vector
in an episomal manner in the nucleus, two strategies
have been investigated. One of these strategies exploits
the potential of some viruses like simian virus (SV40),
papilloma virus (HPV) or Epstein Barr virus (EBV) to
replicate in the nucleus of the host cell as episomes. By
incorporating viral cis replication elements and trans-
acting protein coding sequences into the vector backbone,
episomal plasmids are obtain that are able to maintain their
presence in the cell lineage [49]. However, the expression
of viral trans-acting proteins can surpass the expression
of the therapeutic gene by activating the immune response
against the cells expressing the viral proteins. This can
limit the clinical applicability of such non-viral vectors
that harbor viral sequences. The second approach to
safely maintain the plasmid in an episomal manner is to
include other elements that the immune system does not
recognize as foreign molecules. One potential candidate
is the scaffold/matrix associated region (S/MAR) of
human interferon B, which mediates association of the
plasmid-containing S/MAR to the chromosome scaffold
via scaffold attachment factor-A (SAF-A). This interaction
brings the plasmid DNA into the close proximity of the
cell replicating machinery, favoring its replication with
each successive cell cycle and its maintenance as an
episomal entity for hundreds of cell generations [50,
51, 44].

Another way to obtain durable expression is to
design vectors which integrate into the host genome.
The capability of some bacteriophages to insert their
genetic material into the host bacterial genome has been
exploited by researchers to obtain non-viral vectors that
would be able to stably integrate their therapeutic cargo
into the target host genome. Bacteriophages in their
lysogenic cycle integrate into the bacterial genome by
a homologous recombination phenomenon, a process
which is mediated by enzymes called site-specific
recombinases (SSR). These enzymes recognize unique
sites (RS) on the virus genome and the host genome,

www.impactjournals.com/oncotarget

30680

Oncotarget



at which the recombination takes place. On the human
genome “pseudosites” have been identified that could be
recognized by SSR. Therefore several SSRs have been
described, like Cre recombinase (RS-/oxP), integrase
vy (RS-aatP x aatB) and phiC31. As Cre recombinase
can mediate the reverse excision phenomenon, and vy
integrase requires bacterial factors, integrase phiC31
is a more appropriate candidate for stable insertion of
the therapeutic gene. Although eleven RS have been
identified on the human genome for phiC31, it remains
to be determined whether integration at these sites could
have a tumorigenic effect [52]. A recent study identified
a locus on chromosome 8p22 (DLC1I) as a candidate for
gene therapy applications, which has not been associated
with insertional mutagenesis upon integration of an
exogenous transgene [53].

DNA transposons have attracted the interest of
the biomedical community as useful genetic tools for
delivering genes into mammalian genomes because of
their capability of mobilization by a simple “cut and paste”
mechanism. This class of mobile genetic elements is
poorly represented in the human genome compared to their
retro-transposon counterparts, and their activity subsided
about 31 million years ago [54, 55]. A representative
member of this class of transposable elements is the TC1/
mariner transposon, which is composed of two terminal
inverted repeats (TIRs) that flank the transposase gene
[56]. The “resurrected” TC1/mariner transposon, called
the “Sleeping Beauty” has been developed for stable
insertion of foreign genes into mammalian genomes
by random insertional transposition, and its clinical
importance for treatment of human diseases is beginning
to emerge [57] [Chénais, 2013 http://dx.doi.org/10.4236/
0jgen.2013.32A1001]. Gene delivery mediated by the
Sleeping Beauty transposon system comprises two
plasmids, one that contain the transgene expression
cassette flanked by two TIRs and a helper plasmid that
encodes the transposase. Pre-clinical in vitro and in vivo
experiments have already underlined the versatility of
this gene transfer system for future clinical applications
[58]. In addition to the Sleeping Beauty transposon, other
emerging DNA-transposon-based systems, like PiggyBac
transposon, have proven usefulness as safe and efficient
platforms for gene therapy [59].

VIRAL-DERIVED VECTORS

Viruses represent appealing tools for therapeutic
gene transfer because of their high transfection/
transduction efficiency in wide range of human cells. As
viruses are pathogenic agents, they need to be attenuated
to be safely used in clinical applications. In this regard,
virus-derived vectors have been designed that originate
from different viral classes like adenoviruses (Ad), adeno-
associated viruses (AAV), retroviruses and lentiviruses.
Beside these types, other virus categories have been

investigated for gene transfer. Approximately 70% of the
vectors used in gene therapy clinical trials are represented
by viral-based delivery systems [4]. However, there are
a few failures that negatively marked the past of gene
therapy, which imply that further optimization is needed to
safely use this type of vectors for future clinical proposes.

Adenoviral vectors

Adenoviruses are a family of DNA viruses, which
are comprised of a double stranded DNA genome of
36 kilobases (Kb) encapsulated within the viral capsid.
Transduction of the host cell is initiated by binding of
the coxsackievirus and adenovirus receptors (CAR)
via the knob domain of the fiber protein of the viral
capsid. This event is followed by interaction of the viral
penton base with cell surface integrins, which results
in the internalization of the virus via receptor-mediated
endocytosis. Once in the cell, the virion escapes the
endosome and the viral particle is disassembled, while
the viral genome translocates to the nucleus, where it
replicates in an episomal manner [60].

One way to design adenoviral vectors is to delete the
viral genes that are responsible for replication, in which
case the resulting vectors are replication-defective. When
the viral genes are kept in their design, adenoviral vectors
are replication-competent.

Replication-defective vectors

Therapeutic gene delivery via adenoviral vectors
implies that once the gene is delivered into the target
cell, the virion must not enter its normal lysogenic life
cycle. This would result in cell lysis and the expression
of the transgene would therefore be compromised.
One approach is to generate deletions in the E1 and E3
regions of the viral genome, which results in replication-
defective viral particles. This type of vector, called
first-generation adenoviral vectors (RAd), in which the
transgene expression cassette is inserted in the E1 region,
is dependent on a special cell line to provide in trans the
E1 viral proteins. However, RAd still pose safety concerns
because they can trigger an immune response towards the
expressed viral proteins from the viral construct in the
infected cells [47].

To overcome this limitation, high-capacity or
helper-dependent (HD-Ad) adenoviral vectors have
been designed, in which the entire viral gene set has
been removed. This also gives the possibility to clone
transgene expression cassettes up to 36 Kb. The HD-
Ad vectors retain only the inverted terminal repeats
(ITR) and the packaging signal (V) of the wild-type
adenovirus. A helper virus is required to provide
in trans the viral proteins necessary for assembly of the
viral particles [61]. However, a major drawback of this
system is contamination of the vector batch with helper
viruses. In addition, recombination events between the

www.impactjournals.com/oncotarget

30681

Oncotarget



vector and helper genomes are quite frequent, despite
recent improvements in helper virus design [62, 63].
Such events could result in replication-competent HD-Ad
vectors or helper viruses containing a packaging signal.
Therefore, the titer of pure HD-Ad vectors is very low,
which makes large-scale production inefficient.

The activation of the immune response upon
systemic or local administration of adenoviral vectors
has led to the implementation of strategies that would
circumvent this limitation of therapeutic gene delivery
using these vectors. One such strategy would be to change
the adaptive immune response towards the adenoviral
vectors. In one pre-clinical study, a dendritic cell-based
strategy has been successfully used to induce tolerance to
adenoviral vectors [64]. Other strategies have exploited the
lack of pre-existent immune memory towards non-human
adenoviruses, which would make such vectors attractive
tools for gene therapy. The canine adenovirus type 2 (CAV-
2) has gained attention as being one of the most highly
characterized non-human adenoviruses with potential for
clinical applications such as neurodegenerative disorders
[65]. Production of such vector particles is dependent on
canine cell lines to provide the viral proteins in trans, and
efforts have been made to obtain clinical grade CAV-2
vectors [66, 67].

As mentioned above, transfection of host cells is
dependent on the existence of CAR receptor expression at
the cell surface. This propriety would limit the spectrum
of cell types that are prone to infection with adenoviruses.
Systemic administration of adenoviruses leads to
preferential transduction of the liver cells [68], a result
with potential cytotoxic effects. Some improvements
have been made to reduce the host immune response
to the vector by linking polymers to the virus vector
capsid, such as PEG [69], PEI-CyD-FA [70] or PEG/PEI
[71], which lead to reduced toxicity upon administration
compared to non-modified adenoviral vectors. Liposome-
coated adenoviral vectors also show promise to increase
the biosafety profile of these vectors. In addition, such
vector formulation retargeted the viral-driven expression
of a transgene from liver to the lung, a result with potential
applications for gene therapy of lung diseases [72].

However, the common way of reducing vector
tropism towards CAR-expressing cells is to incorporate
new functional elements in the viral capsid in order to
retarget gene expression to other cell types of therapeutic
interest. Incorporation of peptides with ligand proprieties
towards specific receptors into the fiber capsid protein
has proved to be an efficient approach to target cells
expressing low levels of the CAR receptor [73]. Addition
of retargeting peptides is made either by direct fusion
into the viral fiber protein [74] or by a bifunctional
linker such as PEG [74, 70]. Another approach to modify
adenoviral vector tropism is capsid pseudotyping. Most
of the adenoviral vectors are derived from serotype
5, which displays a high affinity for CAR-expressing

cells. Replacing the serotype 5 knob domain of the fiber
protein with the serotype 3 knob domain resulted in a
fiber chimeric vector that could successfully transduced
muscle cells, which normally express low levels of CAR
[75]. Likewise, pseudotyping with serotype 35 fiber and
penton structures reduced the liver tropism of adenovirus
serotype 5 to cells expressing CD46 [76, 77]. These two
common re-targeting strategies are schematically depicted
in Figure 3.

Another parameter that should be taken in
account when designing adenoviral vectors is to choose
the appropriate cis elements to drive transcription of the
therapeutic gene. This is made in a similar way to the
non-viral vectors. The use of chimeric CMV/endogenous
promoters can give expression levels similar to the ones
obtained with CMV promoters, but in a tissue-specific
manner [78]. Combining a tissue-specific promoter with
a retargeted adenoviral vector could be a better choice
to further improve the specificity of therapeutic gene
expression [79, 80]. In addition, using elements of the
Tet-On regulated system in conjunction with a tissue-
specific promoter could be a means of regulating gene
transcription in both a spatial and temporal-dependent
manner (reviewed in [47]). Also, inclusion of other
regulatory elements like the Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element (WPRE) could
significantly increase the level of gene expression by
elevating the level and stability of nuclear transcripts [81].

Persistence of gene transcription is yet another
parameter that could affect the therapeutic response.
Adenoviruses harbor DNA genomes that do not integrate
into the host genome, and this could be of interest for
gene therapy applications where transient gene expression
is acceptable. However, in the cases where long term
expression of a therapeutic gene product is desired,
further optimization of the vector construct is needed. The
propriety of retroviruses to integrate into the host genome
has gained attention of researchers to develop hybrid
adenoretroviral vectors for stable transduction of target
cells. Incorporation of the Moloney Murine Leukemia
Virus (MoMLV) long terminal repeats (LTR) in the
construction of adenoviral vectors, flanking the transgene
sequence, resulted in integration of the exogenous DNA
into the host genome, without adenoviral sequences [82].
However this poses the risk of insertional mutagenesis.
Using shorter LTR sequences could limit this risk without
significantly affecting the longevity of the transgene
expression, which is higher compared to the adenoviral
vectors without retroviral elements [83].

Replication-competent vectors

Adenoviruses have the ability to infect both dividing
and non-dividing cells, where the replication cycle of the
virus leads to an increase of viral copies, a process that
finally results in destruction of the host cell and release of
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Figure 3: Retargeting strategies for viral vectors. The ablation of the natural tropism of viral vectors can be achieved by two
means. A common strategy is the pseudotyping technique, by which glycoproteins from other serotypes that exhibit a desired tropism are
grafted onto the capsid proteins of the parental viral vector. A ligand with receptor binding proprieties can be fused into the glycoproteins
of the parental virus to retarget the vector to a desired group of target cells.

the newly synthetized viral particles into the surrounding
areas. This lysogenic life cycle of adenoviruses has
potential therapeutic utility in cases where destruction
of “sick” cells is preferred and advantageous rather than
correcting the disturbed cellular mechanisms. Cancer
has been the main target for virotherapy and oncolytic
adenoviral vectors have been designed, in which their
viral genome has been modified to selectively replicate
in cancerous cells. In addition, suicide genes have been
implemented in the construction of oncolytic viruses.
These genes have the property to convert a harmless
prodrug into a cytotoxic compound, which specifically
kills the cell in which the suicide gene is expressed.

The 55-kDa protein encoded by the E1B gene of the
viral genome is an inhibitor of the cellular tumor suppressor

protein p53. A mutant virus, called ONYX-015, which
does not express the 55-kDa protein, has the propriety
to selectively replicate in pS3-deficient cancers cells, but
not in normal cells that express the p53 tumor suppressor.
This E1B restricted virus has already been tested in phase
II clinical trials of head and neck cancers [84]. Further
improvements in terms of efficiency and adenoviral-
induced apoptosis have been made by also deleting the
E1B 19-kDa protein, which is a potent apoptosis inhibitor.
Such EIB 55-kDa/19-kDa-deficient vectors might
enhance the therapeutic potential of apoptosis-inducing
chemotherapies and radiation therapy [85]. Moreover,
deleting the pRb-binding domain of the viral E1A gene
generated E1A/E1B double-restricted vectors that have the
ability to infect tumor cells with pRb-disrupted pathway
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[86]. Inclusion of suicide genes, such as herpes simplex
virus thymidine kinase (HSVtk) under the control of a
tumor specific promoter, in the construction of an E1IA/E1B
double-restricted vector, can further augment the efficiency
and specificity of such vectors, following ganciclovir
treatment [87]. Suicide gene complementation has proved
to be useful for improving the oncolytic potential of E1B-
restricted adenoviral vectors [88].

Insertion of promoters that are upregulated in tumors
in oncolytic adenoviral vectors provides an advantage
to obtain tumor-selective transcriptional targeting. One
possibility towards this end is to replace the promoter that
regulates transcription of the £/4 gene in a E1B55-kDa-
defective vector with a tumor-specific promoter, and this
arrangement will ensure that replication of the viral vector
will be activated only in tumor cells, while normal cells
remain unaffected [89, 90]. Further incorporation of genes
with tumor suppressor activity in the construction of tumor
promoter-regulated oncolytic vectors might prove to be an
even more efficient approach to achieve an efficient anti-
tumor growth effect [91, 92, 93]. Pseudotyping of the fiber
capsid with fiber knob domains of other serotypes, such
as serotypes 3 or 35, is yet another way of directing viral
oncolysis towards desmoglein-2 expressing [94] or CD46-
expressing cancer cells, respectively [95]. Likewise,
insertion of targeting peptides in the fiber knob domain
can enhance tumor specificity of replication competent
adenoviral vectors [96, 97].

Because oncolytic adenoviral vectors harbor viral
genes in their construction, systemic administration can
lead to an innate and adaptive immune response. Therefore
their use is limited to local administration, which is rather
inefficient in the case of large tumors where their diffusion
is hindered by the extracellular matrix. To overcome this,
a biodegradable alginate gel formulation has been shown
to improve the anti-tumor efficiency of such vectors to
1.9-2.4 fold compared to naked oncolytic vectors [98]. As
in the case of replication-defective vectors, conjugation of
oncolytic adenoviral vectors with bioreducible polymers
might be a strategy to circumvent the immune response
upon systemic administration and to increase the half-life
of the vector particles in the blood stream. In one study,
a PEG-conjugated ABP (arginine-grafted bioreducible
poly(disulfide amine) polymer) oncolytic vector improved
the transduction efficiency of tumors vs liver up to 419-
fold compared to the naked vector [99]. Such vector
formulations can have a great impact in the treatment of
metastatic tumors by viral oncolysis.

Adeno-associated viral vectors

Adeno-associated viruses (AAVs) are characterized
by a single-stranded linear genome of 4.7 Kb encapsulated
in an icosahedral viral capsid. The viral genome composed
of two genes, Rep and Cap, is flanked by two hairpin
palindromic repeat sequences termed inverted terminal

repeats (ITRs) of 145 base pairs (bp). In the absence
of a helper virus, such as adenovirus or herpes simplex
virus (HSV), the AAV genome can persist in the host as
an episome, and to a lesser degree it can integrate into
the host genome on chromosome 19 at the specific site,
called AAVSI, by a process mediated by the Rep protein.
In the presence of the helper virus, the AAV undergoes
viral genome replication and productive infection. Adeno-
associated viruses are capable of infecting both dividing
and quiescent cells, which makes them attractive tools for
the delivery of therapeutic genes [100].

Recombinant adeno-associated viruses (rAAVs)
are generated by replacing the Rep and Cap genes with
a transgene expression cassette. Because of the small
sized genome, rAAVs are capable of accommodating
small therapeutic genes. For larger genes (>4.7 Kb),
strategies have to be implemented to expand the
cloning limit imposed by the viral genome. These have
included post-transduction concatemerization of the
transgene harbored on two different constructs either
by trans-splicing, or by homologous recombination of
two overlapping sequences of the transgene. However,
both strategies are limited to the inherent proprieties
of the therapeutic gene. A transgene-independent
approach has been developed as a potential answer to
this limitation, combining features of both the trans-
splicing and overlapping systems. This dual system
uses an engineered highly recombinogenic alkaline
phosphatase (AP) sequence inserted in the frans-splicing
vector system. Upon transfection, the transgene is
reconstituted first by homologous recombination of the
AP sequence, which results in transgene interrupted by
the AP sequence, and subsequent elimination of the AP
sequence by splicing [101]. Other strategies have used
minimal expression elements in the expression cassette
to favor the size limit of the therapeutic gene in a single
vector system, bypassing in this way the relatively low
expression efficiency commonly seen with dual vector
systems [102].

Removal of the viral genes from rAAV vectors for
the propose of inserting a transgene expression cassette,
renders the production of vectors dependent on a helper
construct to provide the Rep and Cap proteins in trans.
A typical production system for rAAV vectors comprises
a vector plasmid (containing the cis elements ITR and
transgene expression cassette), an AAV helper plasmid and
an adenoviral plasmid which provides in trans the AAV
Cap and Rep gene products, and some of the complement
adenoviral proteins, respectively. All plasmids are co-
transfected in a HEK293 producer line that expresses the
Ela and Elb adenoviral proteins. A major drawback of
this producer platform is scalability of the process and
contamination of the rAAV vector batch with adenoviral
vectors or replication competent AAVs particles. In
one embodiment, these limitations have been partly
addressed by substituting the adenoviral vector with an
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attenuated pseudorabies virus (a herpesvirus of swine)
which expresses the Rep and Cap proteins in trans [103].
With this system, better titers of rAAV vectors have
been obtained compared to the standard method. Others
have produced a novel AAV helper vector that includes
tissue-specific microRNA binding sites in the Cap/Rep
expression cassette, in order to reduce their expression
from rcAAV contaminating vectors in the target tissue,
improving in this way the safety profile of the rAAV
vector batch [104]. More recent efforts have been directed
towards simplified vector producer cell lines, in which
a stably transduced HeLaS3 line with a single plasmid
containing the vector sequence, as well as the Cap and Rep
viral genes, upon infection with adenovirus yielded high
quality rAAV vectors with no detectable rcAAV particles
[105]. In addition, introduction of a large intron in the
Cap expression cassette can limit packaging of the Cap-
containing sequence in virions, resulting in a vector batch
with a reduced immune response towards AAV vector-
transduced cells [106].

As in the case of adenoviral vectors the natural
tropism of AAV vectors might impede the transfection
efficiency when other cell types are targeted. AAV serotype
2 has been the standard delivery adeno-associated system
for the past decades. This serotype is known to target
heparan sulfate expressing cells, therefore transfection
efficiency of AAV2-derived vectors is dependent on
the density of these cell surface receptors. Differential
tissue tropism of AAV serotypes has been exploited to
design AAV2 genome-based vectors with broader cell
tropism by the inclusion of capsid proteins from other
AAV serotypes [107]. This pseudotyping approach has
proved to be efficient in transducing different cell types,
such as epithelial airway cells [108], or dermal fibroblasts
[109, 110], with potential implications for gene therapy
of cystic fibrosis and chronic non-healing wounds,
respectively.

Ablation of natural tropism of AAV vectors can also
be achieved by mutating the amino acid residues that are
implicated in receptor binding. This preference has been
shown to reside in lysine residues of the surface-exposed
domain, and substitution of even a single lysine (K) with
a glutamate resulted in reduced preference for heparin
receptors and an increase transduction efficiency in liver
parenchymal cells [111]. In addition, serine (S), threonine
(T) [112] and tyrosine (Y) [113] residues of the surface-
exposed region of the capsid protein have been suggested
to be implicated in the cellular trafficking of the AAV
particle via the ubiquitination-proteasome degradation
pathway. Moreover, tyrosine (Y)-mutated capsid vectors
can more efficiently evade immune destruction [114].
Optimal transduction efficiency can further be obtained
through combinational mutagenesis of the surface-exposed
Y and T residues [115] [116]. Altogether, mutating K/S/
T/Y residues can result in vectors with improved transgene
expression, suggesting that the surface-exposed region of

capsid protein seems to be critical for both vector tropism
and cellular trafficking. Such findings are also supported
by a previous study, in which random mutagenesis in this
region changed the tropism and transduction efficiency of
capsid mutated AAV vectors [117].

Insertion of peptide ligands at specific sites in the
capsid protein is yet another approach to re-target the
AAVs vectors to a particular cell type. However, when
designing such capsid-modified vectors, one must take
into account stearic conflicts with the capsid proteins,
that might affect proper assembly of the viral particle
and hence transfection efficiency. In this regard, selecting
peptides from peptide libraries displayed on AAV capsids
might prove to be advantageous over phage displayed
libraries [118]. In addition to peptide ligands, other types
of moieties can be attached to viral capsids. Fusing affinity
tags to re-targeted peptide-modified vectors permits
relatively easy production and purification of AAV vectors
with modified tropism for gene therapy applications [119].

Upon transduction of the target cell, the AAV
particle escapes the endosome and translocate to the
nucleus, where the viral capsid is uncoated and the
single stranded DNA undergoes double strand synthesis.
This process has been shown to be a limiting step in
efficient transgene expression, which is subjected to
cellular factors (FKBP52) that prevent second strand
synthesis by interacting with the ITR of the AAV genome
[120]. Cumbersome improvements have been made to
increase the efficiency of single-stranded AAV vectors
(ssAAVs). The development of self-complementary
AAV vectors (scAAVs) harboring natural inhibitors of
FKBPS52 (TC-PTP and PP5) has been shown to increase
the transduction efficiency of single-stranded AAV
vectors [121]. Such system would imply the use of a
quadruple-plasmid transfection system for generating
a mixed population of sSAAV and scAAV vectors [122,
123]. A further improvement to this method was to insert
the transgene expression cassette into a scCAAV vector,
thereby eliminating the need for the scAAV-TC-PTP/PP5
vector. Mutating the tyrosine residues from the surface-
exposed domain of the viral capsid can increase transgene
expression efficiency of scAAV vectors [124, 125].

Design of the therapeutic gene expression cassette
is also of major importance when designing AAV
vectors. Choosing the appropriate promoter to drive the
expression of the transgene could have an impact on the
efficiency of the therapeutic response. Like in other gene
therapy delivery systems, the use of disease or tissue-
specific promoters has been preferred over the CMV
promoter in order to obtain targeted transcription of the
therapeutic gene [126, 127, 128]. Expression levels of
the therapeutic gene can further be improved by fusing
the CMV enhancer into the tissue-specific promoter
sequence, resulting in hybrid promoters [129, 130]. In
clinical applications where controllable therapeutic gene
expression is required, such as for cytokine expression,
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using inducible promoters could be a preferred alternative
to other types of promoters. The tetracycline/doxycycline
regulated Tet-On system has expended its applicability
also to AAV vectors. However, because of limited
cloning capacity, modifications have been made to adapt
this inducible system to AAV vectors. In this regard, a
bidirectional TRE promoter has been designed to drive
both transcription of rtTA and the transgene [131, 132].
In the absence of the inducer (tetracycline/doxycycline),
the expression of the transgene is halted to avoid any
undesired side effects.

The sustainability of therapeutic gene expression
is limited to non-dividing cells, where the presence of
the AAV vector as an episome is sufficient for stable
expression. However in the case of dividing cells, the
therapeutic gene is lost along with the AAV vector genome
with each successive cell cycle. Therefore integrating
vectors would be desirable for such cases. The wild-type
AAV, in the absence of a helper virus can integrate at a
specific site on the human chromosome 19, a process
mediated by the Rep protein [100]. However recombinant
AAV vectors tend to randomly integrate in the host
genome, showing a preference for genes, regulatory
sequences, ribosomal DNA sequences and palindromic
sequences. Even such insertions have been associated with
proto-oncogenes sites, and some vectors are more prone
to induce genotoxic effects than others by an unknown
mechanism [133]. To increase the safety of integrating
vectors, site-specific homologous sequences could be
included in the construction of such vectors. One study
has shown that flanking the transgene expression cassette
by a 1 Kb 28S rDNA sequence resulted in a 30 fold higher
integration frequency than in controls, which occurred
at the 28S rDNA genomic locus [126]. Homologous
recombination integrating vectors could be a promising
approach to maintain a prolonged expression of the
therapeutic gene in a population of dividing cells, which
reduces the risk for insertional mutagenesis.

Retroviral vectors

Another important class of vectors for gene therapy
applications is derived from retroviral viruses. In these
pathogens, a diploid (+) RNA genome is transcribed
into a DNA intermediate upon infection. This viral
DNA integrates into the host genome and functions as a
provirus. Simple retroviruses, like onco-retroviruses, have
a genome composed of four genes (gag, pol, pro, env),
while more complex retroviruses, like lentiviruses, have
an additional set of accessory genes. Two long terminal
repeats (LTRs), which enclose the viral genes, represent
together with the primer binding site (PBS), polypurine
tract (PPT) and the packaging signal (), the cis viral
elements, while the trans eclements are represented by
the genes that encode the viral proteins. Each LTR has
an integrase attachment site (atf), by which the integrase

mediates the integration of the viral genome into the host
genome [134].

The potential that retroviral vectors might have for
the treatment of human diseases was demonstrated in early
clinical trials on patients suffering from X-linked severe
combined immunodeficiency (SCID-X1). After treatment,
the symptoms of most of the patients improved; however
a few developed a lymphoproliferative disease, due to
insertional mutagenesis [3, 135]. Therefore the safety
and efficacy of these vectors is of utmost importance and
various attempts have been made to improve them.

The important matters to consider when designing
a vector include limiting of insertional mutagenesis,
infectivity of cell types, internal promoter selection and
how vector elements affect virus titer and transduction.
These matters, which are important for all types of
retrovirus vectors, are discussed below.

In order to limit oncogene activation, self-
inactivating (SIN) vectors have been developed by
deleting the enhancer/promoter sequences of the U3
region of the 3'LTR. Upon transduction of target cells, the
3" LTR is duplicated during reverse-transcription, therefore
the provirus will lack any endogenous promoter activity.
This arrangement also favors the internal promoter of the
transgene expression cassette compared to conventional
vectors, in which promoter interference between the LTR
promoter and the internal promoter can occur. However,
residual U3 promoter activity has been detected in many
SIN vectors and additional deletions in this region are
necessary to attenuate viral promoter activity [136]. In
addition, read-through transcription has been observed
in SIN vectors, which has the potential of activation of
nearby genes. Inclusion of polyadenylation enhancer
sequences in the U3 region might prove to be sufficient to
generate proper terminated transcripts [137].

The capsid of retroviral vectors has been
extensively subjected to pseudotyping with different
viral glycoproteins in order to increase the infectivity
spectrum of these vectors, and hence their applicability
for gene therapy protocols. The vesicular stomatitis virus
G glycoprotein (VGV-G) has been a primary means to
broaden cellular tropism of retroviral vectors; however
such pseudotyped vectors present an associated toxicity
and are prone to inactivation by human serum. Directed
evolution of VGV-G has proven to be a useful tool to
overcome the limitations of VGV-G pseudotyped onco-
retroviral vectors [138]. Still, numerous efforts have been
directed to other types of viral glycoproteins that could
alter the restrictive tropism of retroviruses towards CD4+
cells. Glycoproteins derived from other retroviruses like
gibbon ape leukemia virus (GaLV) and murine leukemia
virus MLV (10A1) have been shown to be valuable tools
to redirect retroviral vectors towards CD34-positive
cells [139]. These types of cells can also be successfully
transduced by retroviral vectors pseudotyped with the
feline endogenous virus RT114 glycoprotein [140, 141]
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and cocal vesiculovirus glycoprotein [142]. Cells of the
immune system, such as lymphocytes, have been targeted
with vectors pseudotyped with glycoproteins derived
from Measles virus [143] or Tupaia paramyxovirus [144].
Such capsid chimeric vectors might have a relevant
clinical importance for lymphocyte-gene therapy and
immunotherapy. Other efforts have been directed to
re-target retroviral vectors towards airway epithelial cells,
which might have an impact in treatment options for lung
diseases such as cystic fibrosis. The property of Sendai
virus (SeV) to bind sialic acid and cholesterol receptors
has been exploited to efficiently transduce epithelial cells
by pseudotyping the simian immunodeficiency virus (SIV)
capsid with the HN and F envelope proteins of SeV [145,
146]. The attachment and fusion proteins of Nipah virus
can be used to specifically transduce endothelial cells
[147]. In addition, the xenotropic and polytropic retrovirus
receptor 1 (XPR1) expressing cells, such as pancreas,
kidney, heart and hematopoietic cells can be successfully
targeted with retroviral vectors pseudotyped with the
murine leukemia virus-related virus (XMRV) Env protein
[148]. Therefore, when one wants to design a LV vector
that is intended to transduce a specific cell type, searching
for other viral glycoproteins that have a receptor on that
particular cell type, is the first step in the pseudotyping
method of altering the vectors’ natural tropism. Likewise,
ligands with receptor specificity could also be fused to
pseudotyped retroviral vectors to improve transduction of
target cells in a cell-type specific manner [149].

The internal promoter that drives therapeutic gene
expression is also a key factor that might influence the
therapeutic effect of the SIN vector. Designing vectors
with a composite inducible/tissue-specific promoter
could be a means to improve both the efficiency and
specificity of the retroviral vector [150] rather than using
a constitutive unspecific promoter. Other elements to
include in designing the expression cassette might be
represented by internal ribosome entry sites (IRES) that
gives the possibility to express two different proteins from
the same transcript [151]. The bicistronic arrangement
could address the deficiency of the targeted disease at
multiple levels.

The type of promoter that drives the expression
of the therapeutic transgene is yet another element to be
evaluated in the vector backbone. Several attempts have
been made to determine if an endogenous or exogenous
promoter is to be preferred to obtain satisfactory
therapeutic expression levels. In a recent study, CMV
displays better expression levels of the transgene
compared to endogenous promoters, such as human
elongation factor-1 alpha (EFla) and phosphoglycerate
kinase (PGK), two commonly used constitutive non-viral
promoters [152]. However, the transduction specificity in
such cases would be determined by viral capsid tropism.
A step forward can be made using promoters that are
expressed in a particular cell type and this can lead to

expression of the therapeutic gene in a cell-specific
manner. For example the human telomerase reverse
transcriptase (h"TERT) promoter, whose expression levels
are elevated in cancer cells but not in normal cells, can
drive expression of a suicide gene to specifically target
and kill cancer cells [153]. In addition, a tissue-specific
promoter can be used to obtain long term therapeutic
gene expression [154], as constitutive viral promoters are
prone to inactivation. The genomic insertion site could
be an important factor that leads to promoter silencing.
A potential promoter candidate has been identified as
the ubiquitous chromatin-opening element (UCOE) that
is able to drive stable and robust gene expression levels
independent of the insertion site [155]. Moreover, insertion
of post-transcriptional regulatory sequences, like the
woodchuck hepatitis virus posttranscriptional regulatory
element (WPRE), downstream of the transgene, can
further improve therapeutic transgene expression levels
driven by tissue-specific promoters [156].

In some instances, temporal control of transgene
expression is desirable in addition to cell type-specific
expression, and different strategies have been developed
toward this end. The Tet-ON system is a useful means of
obtaining drug inducible transgene expression, as in the
case of other types of vectors (see above). In one study,
a LV doxycycline-inducible vector has been designed by
placing the TetR under the control of the spleen focus
forming virus (SFFV) and the transgene under the control
of the regulated CM V-TetO promoter [157]. Bi-directional
Tet-inducible promoters have also been previously
described to regulate the simultaneous expression of two
genes from the same construct, or to correlate the activity
of a transgene with that of a reporter gene, without the
constraints of IRES bicistronic arrangements [158]. Others
have used miR target sequences to tag the repressor
transcriptional unit to create switch LV vectors. The
transgene is ON only when the miR is active; therefore
such a system is cell-type induced by a specific miR [159].

Vector elements can significantly affect virus titer
and transduction. The vector elements should thus be
selected with care. Posttranscriptional regulatory elements,
such as the one derived from woodchuck hepatitis virus
(WPRE), has been shown to enhance both transduction
and vector production, especially when two copies of
this element have been inserted 3’ of the transgene [160].
However, the WRPE can pose a safety risk regarding
associated hepatocellular carcinoma, and mutant variants
have been developed to reduce this risk [161]. Other
studies have been directed to the central polypurine
tract (cPPT) to improve retroviral vector transduction
efficiency, resulting in an increased copy number of
integrated proviral DNA [162]. Such vectors, harboring
the cPPT, can further be improved in terms of transduction
efficiency by adding a matrix attachment region (MAR)
of the immunoglobulin-k into the vector backbone [163].
In addition, combination of both WRPE and cPPT were
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tested in order to increase retroviral vector transduction
efficiency [164].

The 1.2-kb chicken B-globin locus HS4 (cHS4)
insulator element, which is commonly used to reduce
the insertional mutagenic potential of retroviral vectors,
can also affect both titers and efficiency of such vectors.
Generation of a smaller 0.25kb core element of cHS4 can
save vector titers, while still maintaining the transduction
efficiency of retroviral vectors harboring this truncated
form of the cHS4 insulator [165].

Onco-retroviral vectors

The majority of vectors derived from onco-retroviral
viruses are based on the Moloney murine leukemia
virus (MoMLYV). In these vectors, the frans viral genes
have been deleted from their construction and render
them dependent on a helper system to provide the viral
proteins in frans as in other types of virus-based vectors
(see above). MoMLV-derived vectors preserve in their
construction the cis-acting elements necessary for
packaging and expression, while the transgene therapeutic
expression cassette replaces the viral genes [166].

Integration of retroviruses has been shown to be
directed towards proto-oncogenes rather than a random
integration [167], as previously reported in a gene therapy
clinical trial [3]. Moreover, MoMLYV integrations could
also induce genomic instability, which promotes neoplastic
progression [168]. Activation of oncogenes is most likely
a result of the strong promoter activity of the U3 region
of LTRs. Indeed, the MoMLV shows an integration bias
towards the start of transcriptional units [169, 170] and
this has been proposed to be determined by the host
transcriptional factors interaction with the enhancer
elements in the LTR sequence, which synergize with the
integration of the provirus in transcription units [171]
near regulatory elements like enhancers and promoters of
active chromatin regions [172, 173].

Lentivirus vectors

A more preferred type of vector of the retrovirus
class is derived from lentiviruses (LV), especially HIV-
1. In contrast to onco-retroviruses, LVs are capable of
transducing both dividing and non-dividing cells, which
broadens the applicability of this type of viruses for gene
therapy applications. In addition, they present a better
safety profile regarding activation of proto-oncogenes
upon insertion into the host genome. Their preference
seems to be biased towards transcriptional units rather
than 5' regulatory sequences, as in the case of MoMLV
[174, 175]. However, new lines of evidence suggest a
carcinogenic effect of LV integration in the host genome
[176], although such oncogenic potential might be more
limited compared to MoMLV. Development of integration-
deficient LV vectors could be the answer to overcome this
relative limitation [177, 178], but would compromise
the sustainability of transgene expression obtained with
integrating vectors.

The construction of vectors derived from LVs is
largely made in the same way as for onco-retroviral
vectors. However, LV vectors preserve the gag gene
in a non-functional state, as well as the rev responsive
element (RRE), by which the rev protein mediates the
nuclear export of viral ARN [179]. The expression
transgene cassette replaces the viral gene, therefore the
viral genes are provided from a first generation helper
construct. Because the viral accessory genes, which
are responsible for pathogenicity, are not necessary for
gene transfer, they have been deleted from the helper
construct, and a second generation helper construct has
been obtained. A further improvement to this helper
system has been made by providing the regulatory
Rev protein from a separate construct; therefore
co-transfection of the rev construct with the gag-pol
construct is necessary for production of vector particles
[180, 181]. This third generation helper system lowers
the risk of recombination of the helper construct with the
viral vector, which results in lower titers of replication-
competent vector particles. Stable transduced packaging
cell lines represent a next step to reduce the risk of
replication-competent vectors. An inducible packaging
system has been described, in which the viral genes
stably transduced in a cell line are under the control of
a minimal Tet(o) promoter. The presence of tetracycline
ensures a tight control of expression of the viral genes
[182]. Different stable transduced packaging cell lines
have recently been described as a feasible method to
obtain high titers of clinical grade retroviral vectors with
improved safety profile [183, 184].

Besides the viral capsid, the vector backbone has
also gained the attention of researchers as a means of
improving the safety and efficiency of gene delivery.
The first step to improve the safety profile of LV vectors
was to delete the U3 region of the 3’ LTR, resulting in
self-inactivating vectors, in which the viral transcription
capability is lost upon transduction, minimizing the
promoter interference phenomenon and the risk of
activating nearby genes at the site of genomic integration.
A second step would be inclusion of insulators, which are
genomic DNA sequences that are capable of preventing
interaction between the integrating vector and the
adjacent regulatory genomic sequences. They also
prevent transgene silencing by the chromosomal position
effect [185]. The chicken hypersensitivity site 4 insulator
(cHS4) has been the standard for improving transgene
expression in several studies [186,187, 188,189]. This
type of insulator enhances vector titers compared to
LV vectors containing other types of insulators such
as the locus control region [187]. Moreover, the cHS4
insulator has been modified by fusing it to the scaffold
attachment region (SAR) element, resulting in a chimeric
insulator that further improves vector titers and transgene
expression of the LV vector [190]. Besides cHS4, other
types of genomic insulators have been identified and
validated as potential elements to include in LV vector
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design to improve their efficiency and to reduce their
oncogenic potential [191].

Foamy virus vectors

An emerging type of viral vector is derived
from foamy viruses (FV), a spumavirus subfamily
of retroviridae, which are capable of transducing a
variety of both dividing and non-dividing cells, such
as hematopoietic cells, lymphoid cells, epithelial cells
and fibroblasts [192, 193, 194], and also neuronal cells
[195, 196], which makes them attractive for gene therapy
applications of the nervous system. Although the FV
receptor seems to be present on cells derived from
different vertebrate species [197], it has only recently
been identified as being a heparin sulfate receptor [198].
In addition to their broad tropism, they offer several other
advantages over conventional retroviral vectors, such as
accommodation of large transgene expression cassettes,
lack of pathogenicity and minimal genotoxicity, even
when inserted in the vicinity of host chromosomal genes
[199, 200].

Although replication-competent recombinant FV
vectors have been described [201], the helper-dependent
system is the preferred structural conformation for
generating recombinant FV vectors. In this type of vector,
the presence of Bel-/ trans-activator protein gene could
lead to replication competent vectors. A chimeric CMV-
LTR promoter has been generated to drive transcription of
both helper and vector genomes, limiting the requirement
for Bel-1 protein [202]. Stably transduced packaging cells
lines have also been generated to increase vector titers,
bringing LV vectors a step closer to clinical applications
[203]. To this end, generation of SIN-FV vectors with
minimal core elements further increased the safety of these
vectors, while the transgene has been placed under the
control of an endogenous promoter, such as the ubiquitin
C promoter [204].

Other viral-derived vectors

The search for safe and more efficient gene delivery
vectors based on viruses has led researchers to investigate
alternatives to the above mentioned virus types. Among
these, the Herpes simplex virus (HSV) and poxviruses
(PV), like vaccinia virus, have undergone gene therapy
clinical evaluation [4]. HSV has the ability to efficiently
infect cells of the central and peripheral nervous systems.
Generation of genetically engineered HSV has gained
attention as a potential means of treating neuronal
diseases. The viral genome of HSV is comprised of
152 kb double-stranded DNA that harbors two sets of
genes. The immediate early genes are necessary for life
cycle initiation and expression of the remaining viral
functions, while the late viral gene set is responsible for
the lytic cycle. Most of the viral genome is dispensable;
therefore HSV vectors are capable of accommodating

large transgenes or multiple genes. Two immediate early
genes have been deleted to generate replication-defective
HSV vectors. These genes, termed /CP4 and ICP27,
are essential for entering the lytic cycle and viral DNA
replication. Trans-complementing cell lines for ICP4 and
ICP27 proteins have been developed to generate HSV
vectors. However, the vector titers are affected by delayed
expression between ICP4 and ICP27 genes, with the latter
being favored upon vector infection. Improvements to this
system have been made by placing the ICP4 gene under
the control of the ICPO promoter, which is enriched in
recognition sequences for the viral VP16 transactivator
[205]. This arrangement ensures that ICP4 and ICP27 gene
expression is synchronized, and hence higher HSV vector
titers are obtained.

Optimization of transgene expression has also been
evaluated for other viral vectors. Tissue-specific promoters
restrict HSV vector transgene expression to a particular
neuronal cell type, and sustain prolonged expression
levels [206, 207]. Also, the Tet-inducible system has been
successfully used to control transgene expression in a
tetracycline-dependent manner in replication-defective
HSV vectors [208, 209]. In addition to non-proliferative
cells, like neuronal cells, HSV vectors have also been
engineered to transduce dividing cells like glial cells of
the nervous system. This has been achieved by fusing cis
responsive elements of cell cycle progression factors to a
tissue-specific promoter, restricting transgene expression
to glial cells [210]. These cell cycle-dependent and glial-
specific HSV vectors could be very useful tools for targeting
brain tumors like glioblastoma. Locally administered
recombinant HSV vectors showed activation of the immune
system, without affecting surrounding cells [211]. Beside
the promoter, other elements of the vector backbone
could also affect the level and sustainability of transgene
expression. The U, 13,46,47 gene proteins have been shown
to influence transgene expression, and mutating these viral
proteins should be considered when a prolonged expression
of the therapeutic gene is desired [212].

The HSV lytic cycle might be exploited as a mean
of eradicating cancer cells. Brain tumors, such as gliomas,
might be the first to benefit from such treatment. Towards
this end, a double mutated vector G207, containing a
deletion of the y34.5 gene responsible for neurovirulence
and a LacZ gene insertion disrupting the /CP6 gene
encoding the large unit of the ribonucleotide reductase,
has been generated to replicate and kill cancer cells that
are able to compensate for the non-functional genes [213].
Moreover, this double-mutated HSV vector has attenuated
pathogenicity, along with effective killing of cancers cells
when compared to the wild-type virus. To improve the
anti-tumor efficacy of the oncolytic HSV vectors, further
mutations have been employed. Triple-mutated oncolytic
vectors were generated by further deleting the non-
essential viral gene 047, resulting in enhanced replication
within tumor cells [214, 215]. y34.5-deleted variants have
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also been tested, in order to identify the most efficient
mutated vector that is both safe and efficient in targeting
and eradicating various brain tumors [216]. Other efforts
to improve the anti-tumor efficiency have been directed
to creating membrane-enhanced fusogenic vectors by
inserting a hyperfusogenic glycoprotein into a mutated
HSV vector. Such vectors proved their efficiency against
metastatic cancers [217, 218]. Furthermore, Takaota and
colleagues, and Meshii and colleagues described mutated
HSV vectors that combine the tumor-specific replication
of the y34.5-defective phenotype with the highly fusogenic
characteristic of the HSV HF10 strain [219, 220].

Targeted replication of oncolytic HSV vectors
has also been the subject of experimentation to enhance
tumor specificity. Insertion of antibodies to tumor-specific
receptors into the virus envelope glycoproteins is one way
of improving the safety of systemically administrated
oncolytic HSV vectors [221, 222]. Fu and colleagues
[223] incorporated specific miR sequences to essential
viral genes under a liver specific promoter to increase
the targeting of cancer cells. This arrangement ensured
that viral proteins are expressed in cancer cells which are
deficient in the specific miR, while in the normal cell,
which expresses the miR, viral replication is prohibited
by degradation of the viral gene transcripts.

Other types of viruses such as members of the
Poxvirus family (PV) have proved their efficacy as
effective transgene delivery vectors [224, 225, 226, 227,
228]. Their efficiency has also been evaluated in gene
therapy trials [4]. Their safety profile with regard to
activation of the immune response seems to vary among
different strains, vaccinia virus Ankara strain being
the most promising to elicit a lower immune response
towards its own viral antigens [229]. As for the case
of HSV vectors, oncolytic poxvirus mutants have also
been generated by deleting the thymidine kinase gene
(TK). Such replication-competent PV vectors show
preference for tumor cells after systemic administration
[230]. Oncolytic PV vectors harboring suicide genes
outperformed equivalent oncolytic adenoviral vectors in
inhibition of tumor growth [231]. Furthermore, vaccinia
PVs are capable of eliciting an anti-tumor effect on
hypoxic tumors, which makes them attractive tools for
targeting pancreatic tumors or other hypoxic tumors
[232]. Dissemination of the oncolytic PVs in the host after
tumor lysis is important for targeting metastatic tumors.
Towards this end, an A34R gene-mutant oncolytic variant
is a promising vector for such clinical applications, with
improved spreading of virus progeny and resistance
to complement neutralization and poxvirus-specific
antibodies [233]. Other improvements to oncolytic
poxviruses have included “arming” these vectors with
immunostimulatory cytokines [234] or cell surface tumor-
specific antigens [235].

HSV oncolytic vectors, as well as PV oncolytic
vectors, have proved their efficiency in clinical settings.

Oncovex®™-SF is an ICP34.7/ICP47-deleted vector in
which the granulocyte macrophage colony-stimulating
factor gene (GM-CSF) was inserted in the /CP34.7 locus.
Expression of this factor stimulates maturation of antigen-
presenting cells, such as dendritic cells and the cellular
immune response. Therefore, following administration at
the primary tumor site and local oncolysis, a secondary
humoral tumor-specific immunity develops which could
target distant metastatic tumors. In a randomized Phase 111
clinical trial on melanoma cancer patients, OncoVEXM-
OSF administration leads to regression of both injected and
non-injected lesions [236].

As for PV oncolytic vectors, Phase II clinical trial
liver cancer patients presented significantly better overall
survival rates after administration of an improved PV
oncolytic vector, named JX-594 [237]. This vector also
displays the GM-CSF gene, which is inserted in the
thymidine kinase (TK) locus, rendering the vector tumor-
selective.

These clinical studies highlight the feasibility of
oncolytic immunotherapies as a potential means of treating
of both primary and disseminated tumors, and acquisition
of a subject-specific anti-tumor immunity.

Hybrid vectors

What we have seen for the past decades is
a divergent evolution of vectors derived from the
“primordial” vectors, which have been used in the early
beginning of gene therapy. But perhaps now will be a new
beginning for a convergent evolution of the existing gene
therapy vectors. This vision has started to take shape in
the development of hybrid vectors that combine features
of both non-viral and viral vectors. One possible hybrid
vector could comprise a viral vector which is conjugated
with a synthetic biocompatible polymer, resulting in
ablation of the natural tropism of the native virus and
enhanced transduction towards cells that do not express
their cognate receptors [238]. However, such vectors could
still elicit a potential immunologic response to the viral
constituents of the vector. In addition, production of such
vectors implies both production in helper cell lines and
cumbersome purification methods of the recombinant
vector, and subsequent conjugation with the polymer.

Another advance in the field of hybrid vectors is
the development of virus-like particles or shortly VLPs
(reviewed in [239, 240]). These particles have been
described as self-assembling recombinant viral protein
structures, which resemble the parental viral particle in
morphology and infectivity, but are devoid of the viral
genome. This design would limit the commonly seen
issues associated with viral vectors, and the production
procedure, which permits expression of the recombinant
viral proteins in heterologous expression systems like
E. coli. VPLs have primarily been developed for vaccine
applications, but they are also capable of successfully
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transporting exogenous genetic material, as previously
shown [241, 242, 243]. The efficiency of VLPs can further
be enhanced by complexation with synthetically materials,
such as liposomes [244] or cationic polymers, such as
chitosan [245].

Another relatively new and emerging class of
promising gene delivery vectors is represented by a hybrid
AAV viral genome and the M13 bacteriophage genome
(AAVP), which is encapsulated in a bacteriophage capsid
[246]. This type of vector offers several advantages
over other types of gene delivery vectors, because the
bacteriophage does not have natural cognate receptors
in mammalian and human cells, and by engineering the
phage capsid with a receptor-specific ligand, a highly
targeted gene delivery vector can be obtained. The
presence of the AAV genome improves the metabolism of
the transgene and offers sustained expression. In addition,
high titer AAVP particles can be obtained in bacteria
in only three days [246], which gives the possibility to
extrapolate the production procedure at a large scale,
without the expenses of using helper cells lines, as in the
case of viral vectors. It is worth to note that bacteriophages
are safe for systemic administration in humans, and even
in children, as they have been previously used as antibiotic
therapy. A more detailed description of bacteriophage-
derived vectors can be found in two recent published
reviews ([247, 248]).

Despite these encouraging characteristics of AAVP
vectors, there are also some shortcomings that arise with
the use of such vectors. First of all, an AAVP vector
functionalized with a targeting peptide, such as RDG
which binds the o, integrin, is internalized in a clathrin-
mediated manner and subjected to the endo-lysosomal
pathway, and this can limit the transduction efficiency of
AAVP vectors [249]. In addition, the phage capsid proteins
are subjected to polyubiquitination and proteasome
degradation, and such metabolism of the capsid would be
a major drawback for anti-cancer therapy, in which the
proteasomal pathway is over-expressed [250].

SUMMARY AND FUTURE
PROSPECTIVE FOR GENE THERAPY
VECTORS

As described in the previous pages, numerous
efforts have been made to move this innovating potential
therapeutic approach from the bench to the bedside.
However, the fact that a large array of gene therapy vectors
have been developed and only one product is approved for
clinical use, suggests that delivering a genetic therapeutic
product to a specific group of target cells without local or
systemic adverse events is more complex than previous
thought, and that future research is needed to overcome
the limitations that gene therapy vectors impose.

Table 1 are summarizes some of the main advantages
and disadvantages of commonly used gene therapy vectors
intended for clinical applications.

Non-viral gene therapy vectors, in contrast to
viral vectors, have low transduction efficiency, and their
specificity is limited and dependent on functional groups
attached to the delivery complex. This process implies
cumbersome modifications to their structure in order to
be able to achieve a stable and efficient gene therapeutic
delivering vector. However, non-viral vectors display a
relatively superior safety profile and their chemical nature
allows production on a large scale, compared to viral
vectors, which are largely dependent on helper cells lines
to obtain infectious particles. In addition, obtaining good
titers of high quality viral vectors is rather complicated
and expensive.

The efficiency of transduction of viral vectors
is by far superior to non-viral approaches. However,
their specificity is directed to cells that express their
cognate receptors for internalization of the viral particle.
The immunogenic and genotoxic effect, in the case of
integrative vectors, is one of the major drawbacks which
limit the clinical applicability of viral vectors.

Therefore, an “ideal” gene therapy vector should
have high transduction efficiency, but limited to a group
of target cells. In addition, such a vector should display a
high safety profile which can allow it to be systemically
administrated without any cyto-/geno-toxic adverse
events. Another aspect to be taken into consideration is
scaling-up the production of such vectors, which should
be easy and relatively inexpensive.

These characteristics of an “ideal” gene therapy
vector might suggest that a compromise between non-viral
and viral vectors could be one solution to solve these yet
unsolved limitations that we currently experience with the
use of gene therapy vectors. In this regard, “convergent”
hybrid vectors might represent promising tools for safe
and efficient transfer of therapeutic genes, moving gene
therapy a step closer to the clinic. Among these, the viral/
phage hybrid vectors could bring a contribution towards
this end. Finding alternative means for endocytosis/
proteasomal-independent intracellular trafficking could
further improve the transduction efficiency for these
hybrid vectors.

Designing a hybrid viral/phage vector with oncolytic
potential would be an appealing research direction for anti-
cancer therapies. Such hybrid viral/phage vector would be
comprised of the phage capsid on which a targeted ligand
is expressed to improve the targeting specificity of the
vector. The genetic material would contain both phage
elements for assembly into phage particles, and elements
of an oncolytic viral genome. Upon transduction of the
cancer cells, the vector is internalized and the oncolytic
viral genes are transcribed into structural and functional
proteins for assemble in oncolytic viral particles. These
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Table 1: Basic characteristics of conventional gene therapy vectors

Vector Description Transduction Specificity Clinical Safety Production  References
type efficiency applications* profile
Naked
genetic Cancer
material or L . .
Non-viral [complexed |[Low Low C:?lrdlovascula.r Relatively Relatively 6,7,8,9, 14,30
. diseases, cystic good easy
with a .
. fibrosis
chemical
compound
Double-
stranded Cancer
DNA L
. . cardiovascular
viruses in diseases
which the ’ .
. neurodegenerative
therapeutic disorders
Adenoviral | "¢ High CAR diabetes, nghly .| Difficult 47, 60, 61, 62,
replaces the receptors ; immunogenic 63, 64, 65
metabolic
structural . .
enes diseases, cystic
$(goncol tic fibrosis, angina
Y pectoris, OTC
vectors deficienc
make an y
exception)
St Hemophilia, '
neurodegenerative
stranded . .
disorders, retinal
DNA .
. . Heparan diseases, muscular
Adeno- viruses in .
associated |which the sty dysiogies, Relativel
. . | High receptors | cancer, Y Difficult 100, 103, 107
virus therapeutic . . good
(wide cardiovascular
(AAV) gene . .
tropism) diseases,
replaces the ;
metabolic
structural .
enes diseases,
& hepatitis C
Single-
stranded
RNA
viruses in Cancer, SCID, Potential
. which the . CD4+ inherited anemia, . . 134, 135, 138,
Retro-viral . |High i genotoxic Difficult
therapeutic receptors | retroviridae 139, 166
. . effects
gene infections
replaces the
structural
genes
www.genetherapy.net; https://clinicaltrials.gov/
virions would undergo viral oncolysis and cell lysis of expressed, and only in cancer cells that are deficient in that
cancer cells. A further step to improve organ specificity specific miR [223].
and tumor targeting could be achieved by incorporating However treatment of distant metastatic tumor still
miR recognition sequences to the viral genes, which are poses a challenge for anti-cancer genetic therapies. One
placed under the control of a tissue specific promoter. This strategy, which has been previously described [236], is
would ensure that the viral genes are transcribed only in to insert the granulocyte macrophage colony-stimulating
a particular cell type where the tissue-specific promoter is factor gene (GM-CSF) into the vector backbone. GM-CSF
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would elicit a secondary tumor-specific immune response
subsequent to viral oncolysis that could treat distant
metastatic sites.

In summary, a hybrid viral/phage that expresses a
tissue-specific ligand on the phage capsid would be an
appealing alternative to the viral capsid-based vector
for targeting specific organs and to evade the innate and
adaptive immune response upon systemic administration.
In addition, a challenge would be to design a hybrid viral/
phage with oncolytic potential that would target tumor
cells either by systemic administration or by producing
a secondary tumor-specific immunity upon local
administration.

ACKNOWLEDGMENTS

This work is part of research grant No. 128/2014; PN-
II-PT-PCCA-2013-4-2166 “New strategies for improving
life quality and survival in cancer patients: molecular and
clinical studies of the tumor genome in deuterium-depleted
water treatment augmentation - GenCanD”. Dr Calin is
The Alan M. Gewirtz Leukemia & Lymphoma Society
Scholar. Work in Dr. Calin’s laboratory is supported in
part by the NIH/NCI grants I[UH2TR00943-01 and 1 RO1
CA182905-01, the UT MD Anderson Cancer Center SPORE
in Melanoma grant from NCI (P50 CA093459), Aim at
Melanoma Foundation and the Miriam and Jim Mulva
research funds, the Brain SPORE (2P50CA127001), the
Center for Radiation Oncology Research Project, the Center
for Cancer Epigenetics Pilot project, a 2014 Knowledge
GAP MDACC grant, a CLL Moonshot pilot project, the UT
MD Anderson Cancer Center Duncan Family Institute for
Cancer Prevention and Risk Assessment, a SINF grant in
colon cancer, the Laura and John Arnold Foundation, the
RGK Foundation and the Estate of C. G. Johnson, Jr,.

Dr Ioana Berindan-Neagoe is a Fulbright fellow at
MD Anderson Cancer Center in Houston, TX and visiting
professor at MD Anderson Cancer Center in Houston, TX.

CONFLICTS OF INTEREST

The authors declare no conflict of interests.

REFERENCES

1. Blaese RM, Culver KW, Miller AD, Carter CS, Fleisher T,
Clerici M, Shearer G, Chang L, Chiang Y, Tolstoshev P,
Greenblatt JJ, Rosenberg SA, Klein H, Berger M, Mullen
CA, Ramsey W1, et al. T lymphocyte-directed gene therapy
for ADA- SCID initial trial results after 4 years. Science.
1995; 270:475—-480.

2. Raper SE, Chirmule N, Lee FS, Wivel NA, Bagg A,
Gao G-p, Wilson JM, Batshaw ML. Fatal systemic inflam-
matory response syndrome in a ornithine transcarbamylase

deficient patient following adenoviral gene transfer. Mol
Genet Metab. 2003; 80:148—158.

10.

11.

12.

13.

14.

15.

16.

Hacein-Bey-Abina S, Von Kalle C, Schmidt M,
McCormack MP, Wulffraat N, Leboulch P, Lim A,
Osborne CS, Pawliuk R, Morillon E, Sorensen R, Forster A,
Fraser P, Cohen JI, de Saint Basile G, Alexander I, et al.
LMO2-associated clonal T cell proliferation in two
patients after gene therapy for SCID-X1. Science. 2003;
302:415-419.

Ginn SL, Alexander IE, Edelstein ML, Abedi MR, Wixon J.
Gene therapy clinical trials worldwide to 2012 - an update.
J Gene Med. 2013; 15:65-77.

Yla-Herttuala S. Endgame: glybera finally recommended
for approval as the first gene therapy drug in the European
union. Mol Ther. 2012; 20:1831-1832.

Kaminski JM, Huber MR, Summers JB, Ward MB. Design
of a nonviral vector for site-selective, efficient integration
into the human genome. FASEB J. 2002; 16:1242—-1247.
Molas M, Gémez-Valadés AG, Vidal-Alabro A, Miguel-
Turu M, Bermudez J, Bartrons R, Perales JC. Receptor-
mediated gene transfer vectors: progress towards genetic
pharmaceuticals. Curr Gene Ther. 2003; 3:468-485.

Kawabata K, Takakura Y, Hashida M. The fate of plasmid
DNA after intravenous injection in mice: involvement of

scavenger receptors in its hepatic uptake. Pharm Res. 1995;
12:825-830.

Chia D, Dorsch CA, Levy L, Barnett EV. The metabolism
of nucleic acids in mice. Immunology. 1979; 36:323-329.
Kobayashi N, Kuramoto T, Yamaoka K, Hashida M,
Takakura Y. Hepatic uptake and gene expression mecha-
nisms following intravenous administration of plasmid
DNA by conventional and hydrodynamics-based proce-
dures. J Pharmacol Exp Ther. 2001; 297:853—860.

Zhang G, Gao X, Song YK, Vollmer R, Stolz DB,
Gasiorowski JZ, Dean DA, Liu D. Hydroporation as the
mechanism of hydrodynamic delivery. Gene Ther. 2004;
11:675-682.

Budker VG, Subbotin VM, Budker T, Sebestyén MG,
Zhang G, Wolff JA. Mechanism of plasmid delivery by
hydrodynamic tail vein injection.Il. Morphological studies.
J Gene Med. 2006; 8:874-888.

Zhang Y, Li H, Sun J, Gao J, Liu W, Li B, Guo Y, Chen J.
DC-Chol/DOPE cationic liposomes: a comparative study of
the influence factors on plasmid pDNA and siRNA gene
delivery. Int J Pharm. 2010; 390:198-207.

Alton EWFW, Boyd AC, Cheng SH, Davies JC, Davies LA,
Dayan A, Gill DR, Griesenbach U, Higgins T, Hyde SC,
Innes JA, McLachlan G, Porteous D, Pringle I, Scheule RK,
Sumner-Jones S. Toxicology study assessing efficacy and
safety of repeated administration of lipid/DNA complexes
to mouse lung. Gene Ther. 2014; 21:89-95.

Kim H-K, Davaa E, Myung C-S, Park J-S. Enhanced siRNA
delivery using cationic liposomes with new polyarginine-
conjugated PEG-lipid. Int J Pharm. 2010; 392:141-147.
Chan C-L, Majzoub RN, Shirazi RS, Ewert KK, Chen Y-J,
Liang KS, Safinya CR. Endosomal escape and transfection
efficiency of PEGylated cationic liposome-DNA complexes

www.impactjournals.com/oncotarget

30693

Oncotarget



17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

prepared with an acid-labile PEG-lipid. Biomaterials. 2012;
33:4928-4935.

Carrillo C, Sanchez-Hernandez N, Garcia-Montoya E,
Pérez-Lozano P, Sufié-Negre JM, Ticoé JR, Suii¢ C,
Mifiarro M. DNA delivery via cationic solid lipid nanopar-
ticles (SLNs). Eur J Pharm Sci. 2013; 49:157-165.
Vankayala R, Chiang C-S, Chao J-1, Yuan C-J, Lin S-Y,
Hwang KC. A general strategy to achieve ultra-high gene
transfection efficiency using lipid-nanoparticle composites.
Biomaterials. 2014; 35:8261-8272.

Schifer J, Hobel S, Bakowsky U, Aigner A. Liposome-
polyethylenimine complexes for enhanced DNA and siRNA
delivery. Biomaterials. 2010; 31:6892—6900.

Wang Y-Q, Wang F, Deng X-Q, Sheng J, Chen S-Y, Su J.
Delivery of therapeutic AGT shRNA by PEG-Bu for hyper-
tension therapy. PLoS ONE. 2013; 8.

Wang M, Wu B, Lu P, Tucker JD, Milazi S, Shah SN,
Lu QL. Pluronic-PEI copolymers enhance exon-skipping of
2'-O-methyl phosphorothioate oligonucleotide in cell cul-
ture and dystrophic mdx mice. Gene Ther. 2014; 21:52-59.

Gaspar VM, Correia 1J, Sousa A, Silva F, Paquete CM,
Queiroz JA, Sousa F. Nanoparticle mediated delivery
of pure P53 supercoiled plasmid DNA for gene therapy.
J Control Release. 2011; 156:212-222.

Koping-Hoggard M, Tubulekas I, Guan H, Edwards K,
Nilsson M, Varum KM, Artursson P. Chitosan as a non-
viral gene delivery system.Structure-property relationships
and characteristics compared with polyethylenimine in vitro
and after lung administration in vivo. Gene Ther. 2001;
8:1108-1121.

Peng Y-S, Lai P-L, Peng S, Wu H-C, Yu S, Tseng T-Y,
Wang L-F, Chu IM. Glial cell line-derived neurotrophic
factor gene delivery via a polyethylene imine grafted chito-
san carrier. Int ] Nanomedicine. 2014; 9:3163-3174.

Lu H, Dai Y, Lv L, Zhao H. Chitosan-graft-
polyethylenimine/DNA nanoparticles as novel non-viral
gene delivery vectors targeting osteoarthritis. PLoS ONE.
2014; 9.

Yin Q, Gao Y, Zhang Z, Zhang P, Li Y. Bioreducible poly
(B-amino esters)/shRNA complex nanoparticles for efficient
RNA delivery. J Control Release. 2011; 151:35-44.

Khan M, Ang CY, Wiradharma N, Yong L-K, Liu S,
Liu L, Gao S, Yang Y-Y. Diaminododecane-based cat-
ionic bolaamphiphile as a non-viral gene delivery carrier.
Biomaterials. 2012; 33:4673-4680.

Luo K, Li C, Li L, She W, Wang G, Gu Z. Arginine func-
tionalized peptide dendrimers as potential gene delivery
vehicles. Biomaterials. 2012; 33:4917-4927.

Shen J, Zhao DJ, Li W, Hu QL, Wang QW, Xu FJ,
Tang GP. A polyethylenimine-mimetic biodegradable poly-
cation gene vector and the effect of amine composition in
transfection efficiency. Biomaterials. 2013; 34:4520-4531.
Thierry AR, Lunardi-Iskandar Y, Bryant JL, Rabinovich P,

Gallo RC, Mahan LC. Systemic gene therapy:

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

biodistribution and long-term expression of a transgene in
mice. Proc Natl Acad Sci USA. 1995; 92:9742-9746.

Yamada Y, Hashida M, Hayashi Y, Tabata M, Hyodo M,
Ara MN, Ohga N, Hida K, Harashima H. An approach
to transgene expression in liver endothelial cells using a
liposome-based gene vector coated with hyaluronic acid.
J Pharm Sci. 2013; 102:3119-3127.

Hu Y, Xu B, Ji Q, Shou D, Sun X, Xu J, Gao J,
Liang W. A mannosylated cell-penetrating peptide-graft-
polyethylenimine as a gene delivery vector. Biomaterials.
2014; 35:4236-4246.

Mohammadi Z, Dorkoosh FA, Hosseinkhani S, Gilani K,
Amini T, Najafabadi AR, Tehrani MR. In vivo transfection
study of chitosan-DNA-FAP-B nanoparticles as a new non
viral vector for gene delivery to the lung. Int J Pharm. 2011;
421:183-188.

Andaloussi SEL, Lehto T, Méger I, Rosenthal-Aizman K,
Oprea 11, Simonson OE, Sork H, Ezzat K, Copolovici DM,
Kurrikoff K, Viola JR, Zaghloul EM, Sillard R,
Johansson HJ, Said Hassane F, Guterstam P, et al. Design
of a peptide-based vector, PepFect6, for efficient delivery
of siRNA in cell culture and systemically in vivo. Nucleic
Acids Res. 2011; 39:3972-3987.

Qi W, Ding D, Zhu H, Lu D, Wang Y, Ding J, Yan W,
Jia M, Guo Y. Efficient siRNA transfection to the inner
ear through the intact round window by a novel proteidic
delivery technology in the chinchilla. Gene Ther. 2014;
21:10-18.

Fuminori K. Kaneda Y. Hemagglutinating Virus of Japan
Envelope Vectors as High-Performance Vehicles for
Delivery of Small RNAs. Journal of Genetic Syndromes &
Gene Therapy. 2013; 4:1-9.

Kreiss P, Cameron B, Rangara R, Mailhe P, Aguerre-
Charriol O, Airiau M, Scherman D, Crouzet J, Pitard B.
Plasmid DNA size does not affect the physicochemical
properties of lipoplexes but modulates gene transfer effi-
ciency. Nucleic Acids Res. 1999; 27:3792-3798.

Brandén LJ, Mohamed AJ, Smith CI. A peptide nucleic
acid-nuclear localization signal fusion that mediates nuclear
transport of DNA. Nat Biotechnol. 1999; 17:784-787.
Lundin KE, Simonson OE, Moreno PMD, Zaghloul EM,
Oprea II, Svahn MG, Smith CIE. Nanotechnology
approaches for gene transfer. Genetica. 2009; 137:47-56.

Oprea II, Simonson OE, Moreno PMD, Viola JR,
Lundin KE, Smith CIE. Temperature-assisted cyclic hybrid-
ization (TACH): an improved method for supercoiled DNA
hybridization. Mol Biotechnol. 2010; 45:171-179.
Papadakis ED, Nicklin SA, Baker AH, White SJ. Promoters
and control elements: designing expression cassettes for
gene therapy. Curr Gene Ther. 2004; 4:89-113.

Wooddell CI, Reppen T, Wolff JA, Herweijer H. Sustained
liver-specific transgene expression from the albumin pro-
moter in mice following hydrodynamic plasmid DNA deliv-
ery. J Gene Med. 2008; 10:551-563.

WWw

.impactjournals.com/oncotarget

30694

Oncotarget



43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

Nishikawa M, Hashida M. Nonviral approaches satisfying
various requirements for effective in vivo gene therapy. Biol
Pharm Bull. 2002; 25:275-283.

Haase R, Magnusson T, Su B, Kopp F, Wagner E, Lipps H,
Baiker A, Ogris M. Generation of a tumor- and tissue-spe-
cific episomal non-viral vector system. BMC Biotechnol.
2013; 13.

Chevalier-Mariette C, Henry I, Montfort L, Capgras S,
Forlani S, Muschler J. CpG content affects gene silencing
in mice: evidence from novel transgenes. Genome Biol.
2003; 4.

Pringle IA, Gill DR, Connolly MM, Lawton AE, Hewitt A-M,
Nunez-Alonso G, Cheng SH, Scheule RK, Davies LA, Hyde
SC. Rapid identification of novel functional promoters for
gene therapy. J Mol Med. 2012; 90:1487-1496.

Goverdhana S, Puntel M, Xiong W, Zirger JM, Barcia C,
Curtin JF, Soffer EB, Mondkar S, King GD, Hu J,
Sciascia SA, Candolfi M, Greengold DS, Lowenstein PR,
Castro MG. Regulatable gene expression systems for gene
therapy applications: progress and future challenges. Mol
Ther. 2005; 12:189-211.

Oprea 11, Viola JR, Moreno PMD, Simonson OE, Rodin S,
Teller N, Tryggvason K, Lundin KE, Girnita L, Smith CIE.
Repeatable, Inducible Micro-RNA-Based Technology
Tightly Controls Liver Transgene Expression. Mol Ther
Nucleic Acids. 2014; 3.

Jackson DA, Juranek S, Lipps HJ. Designing nonviral vec-
tors for efficient gene transfer and long-term gene expres-
sion. Mol Ther. 2006; 14:613-626.

Wong SP, Argyros O, Coutelle C, Harbottle RP. Non-viral
S/MAR vectors replicate episomally in vivo when provided
with a selective advantage. Gene Ther. 2011; 18:82-87.
Argyros O, Wong SP, Gowers K, Harbottle RP. Genetic mod-
ification of cancer cells using non-viral, episomal S/MAR
vectors for in vivo tumour modelling. PLoS ONE. 2012; 7.
Glover DJ, Lipps HJ, Jans DA. Towards safe, non-viral
therapeutic gene expression in humans. Nat Rev Genet.
2005; 6:299-310.

Sivalingam J, Phan TT, Kon OL. Intragenic integration in
DLCI sustains factor VIII expression in primary human
cells without insertional oncogenicity. Gene Ther. 2014;
21:402-412.

Pace JK, Feschotte C. The evolutionary history of human
DNA transposons: evidence for intense activity in the pri-
mate lineage. Genome Res. 2007; 17:422-432.

Cordaux R, Batzer MA. The impact of retrotranspo-
sons on human genome evolution. Nat Rev Genet. 2009;
10:691-703.

Smit AF, Riggs AD. Tiggers and DNA transposon fossils
in the human genome. Proc Natl Acad Sci USA. 1996;
93:1443-1448.

Hackett PB, Largaespada DA, Cooper LIN. A transposon

and transposase system for human application. Mol Ther.
2010; 18:674-683.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Hong I-S, Lee H-Y, Kim H-P. Novel therapeutic approaches
for various cancer types using a modified sleeping beauty-
based gene delivery system. PLoS ONE. 2014; 9.

Di Matteo M, Samara-Kuko E, Ward NJ, Waddingon SN,
McVey JH, Chuah MK, VenDriessche T. Hyperactive
PiggyBac Transposons for Sustained and Robust Liver-
targeted Gene Therapy. Mol Ther. 2014; 22:1614—-1624.

Meier O, Greber UF. Adenovirus endocytosis. J Gene Med.
2004; 1:S152-163.

Alba R, Bosch A, Chillon M. Gutless adenovirus: last-
generation adenovirus for gene therapy. Gene Ther. 2005;
1:S18-27.

Gonzalez-Aparicio M, Mauleon [, Alzuguren P,
Bunuales M, Gonzalez-Aseguinolaza G, San Martin C,
Prieto J, Hernez-Alcoceba R. Self-inactivating helper virus
for the production of high-capacity adenoviral vectors.
Gene Ther. 2011; 18:1025-1033.

Ahn M, Gamble A, Witting SR, Magrisso J, Surendran S,
Obici S, Morral N. Vector and helper genome rearrange-
ments occur during production of helper-dependent adeno-
viral vectors. Hum Gene Ther Methods. 2013; 24:1-10.

Kushwah R, Oliver JR, Duan R, Zhang L, Keshavjee S,
Hu J. Induction of immunological tolerance to adenoviral
vectors by using a novel dendritic cell-based strategy. J
Virol. 2012; 86:3422-3435.

Lau AA, Rozaklis T, Ibanes S, Luck AJ, Beard H,
Hassiotis S, Mazouni K, Hopwood JJ, Kremer EJ,
Hemsley KM. Helper-dependent canine adenovirus vector-
mediated transgene expression in a neurodegenerative lyso-
somal storage disorder. Gene. 2012; 491:53-57.

Fernandes P, Peixoto C, Santiago VM, Kremer EJ,
Coroadinha AS, Alves PM. Bioprocess development
for canine adenovirus type 2 vectors. Gene Ther. 2013;
20:353-360.

Szelechowski M, Bergeron C, Gonzalez-Dunia D,
Klonjkowski B. Production and purification of non replicative

canine adenovirus type 2 derived vectors. J Vis Exp. 2013 .

Huard J, Lochmiller H, Acsadi G, Jani A, Massie B,
Karpati G. The route of administration is a major determi-
nant of the transduction efficiency of rat tissues by adenovi-
ral recombinants. Gene Ther. 1995; 2:107-115.

Leggiero E, Astone D, Cerullo V, Lombardo B,
Mazzaccara C, Labruna G, Sacchetti L, Salvatore F,
Croyle M, Pastore L. PEGylated helper-dependent adeno-
viral vector expressing human Apo A-I for gene therapy
in LDLR-deficient mice. Gene Ther. 2013; 20:1124-1130.
Yao H, Chen S-C, Shen Z, Huang Y-C, Zhu X, Wang X-
m, Jiang W, Wang Z-F, Bian X-W, Ling E-A, Kung H-f,
Lin MC. Functional characterization of a PEI-CyD-FA-
coated adenovirus as delivery vector for gene therapy. Curr
Med Chem. 2013; 20:2601-2608.

Singarapu K, Pal I, Ramsey JD. Polyethylene glycol-grafted

polyethylenimine used to enhance adenovirus gene delivery.
J Biomed Mater Res A. 2013; 101:1857-1864.

WWw

.impactjournals.com/oncotarget

30695

Oncotarget



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Kim S-Y, Lee S-J, Lim S-J. Formulation and in vitro and in
vivo evaluation of a cationic emulsion as a vehicle for improv-
ing adenoviral gene transfer. Int ] Pharm. 2014; 475:49-59.

Ballard EN, Trinh VT, Hogg RT, Gerard RD. Peptide tar-
geting of adenoviral vectors to augment tumor gene trans-
fer. Cancer Gene Ther. 2012; 19:476-488.

Reetz J, Genz B, Meier C, Kowtharapu BS, Timm F,
Vollmar B, Herchenréder O, Abshagen K, Piitzer BM.
Development of Adenoviral Delivery Systems to Target
Hepatic Stellate Cells /n Vivo. PLoS ONE. 2013; 8.

Guse K, Suzuki M, Sule G, Bertin TK, Tyynismaa H,
Ahola-Erkkild S, Palmer D, Suomalainen A, Ng P,
Cerullo V, Hemminki A, Lee B. Capsid-modified adeno-
viral vectors for improved muscle-directed gene therapy.
Hum Gene Ther. 2012; 23:1065-1070.

Parker AL, White KM, Lavery CA, Custers J,
Waddington SN, Baker AH. Pseudotyping the adenovirus
serotype 5 capsid with both the fibre and penton of sero-
type 35 enhances vascular smooth muscle cell transduction.
Gene Ther. 2013; 20:1158-1164.

Kim EK, Seo HS, Chae MJ, Jeon IS, Song BY, Park YJ,
Ahn HM, Yun CO, Kang CY. Enhanced antitumor immu-
notherapeutic effect of B-cell-based vaccine transduced
with modified adenoviral vector containing type 35 fiber
structures. Gene Ther. 2014; 21:106-114.

Frauli M, Ribault S, Neuville P, Augé F, Calenda V.
Adenoviral-mediated skeletal muscle transcriptional tar-
geting using chimeric tissue-specific promoters. Med Sci
Monit. 2003; 9:BR78-84.

GuoL, LiX, Yang S, Xu'Y, Tao R, Wulan H, SuC, Han Y.
A highly infectious chimeric adenovirus expressing basic
fibroblast growth factor exerts potent targeted therapy for
rabbit ear chronic ischemic wounds. Plast Reconstr Surg.
2014; 134:248e-256¢.

Zhan Y, Yu B, Wang Z, Zhang Y, Zhang H-H, Wu H,
Feng X, Geng R-S, Kong W, Yu X-H. A fiber-modified
adenovirus co-expressing HSV-TK and Coli.NTR enhances
antitumor activities in breast cancer cells. Int J Clin Exp
Pathol. 2014; 7:2850-2860.

Appleby CE, Kingston PA, David A, Gerdes CA, Umaiia P,
Castro MG, Lowenstein PR, Heagerty AM. A novel com-
bination of promoter and enhancers increases transgene
expression in vascular smooth muscle cells in vitro and
coronary arteries in vivo after adenovirus-mediated gene
transfer. Gene Ther. 2003; 10:1616-1622.

Zheng C, Baum BJ. Integration of the hybrid adenoretro-
viral vector AALTR-luc involves both MoMLV elements
flanking the transgene. Int J Med Sci. 2014; 11:803-809.

Zheng C, Cotrim AP, Nikolov N, Mineshiba F, Swaim
W, Baum BJ. A novel hybrid adenoretroviral vector with
more extensive E3 deletion extends transgene expression
in submandibular glands. Hum Gene Ther Methods. 2012;
23:169-181.

Nemunaitis J, Ganly I, Khuri F, Arseneau J, Kuhn J,
McCarty T, Landers S, Maples P, Romel L, Randlev B,

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Reid T, Kaye S, Kirn D. Selective replication and oncolysis
in p53 mutant tumors with ONYX-015, an E1B-55kD gene-
deleted adenovirus, in patients with advanced head and neck
cancer: a phase II trial. Cancer Res. 2000; 60:6359-6366.

Kim J, Cho JY, Kim J-H, Jung KC, Yun C-O. Evaluation
of E1B gene-attenuated replicating adenoviruses for cancer
gene therapy. Cancer Gene Ther. 2002; 9:725-736.
Cherubini G, Kallin C, Mozetic A, Hammaren-Busch K,
Miiller H, Lemoine NR, Halldén G. The oncolytic adeno-
virus AdBB enhances selective cancer cell killing in com-
bination with DNA-damaging drugs in pancreatic cancer
models. Gene Ther. 2011; 18:1157-1165.

Fukuda K, Abei M, Ugai H, Kawashima R, Seo E,
Wakayama M, Murata T, Endo S, Hamada H, Hyodo I,
Yokoyama KK. E1A, EIB double-restricted replicative
adenovirus at low dose greatly augments tumor-specific
suicide gene therapy for gallbladder cancer. Cancer Gene
Ther. 2009; 16:126—136.

Ma S, Qu W, Mao L, Zhu Z, Jia L, Zhao L, Zheng X.
Antitumor effects of oncolytic adenovirus armed with
Drosophila melanogaster deoxyribonucleoside kinase in
colorectal cancer. Oncol Rep. 2012; 27:1443-1450.

Wang F, Wang Z, Tian H, Qi M, Zhai Z, Li S, Li R, Zhang
H, Wang W, Fu S, Lu J, Rodriguez R, Guo Y, Zhou L.
Biodistribution and safety assessment of bladder cancer
specific recombinant oncolytic adenovirus in subcutane-
ous xenografts tumor model in nude mice. Curr Gene Ther.
2012; 12:67-76.

Wang L, Zhang Y, Zhao J, Xiao E, Lu J, Fu S, Wang Z.
Combination of bladder cancer-specific oncolytic adenovi-
rus gene therapy with cisplatin on bladder cancer in vitro.
Tumour Biol. 2014.

Ding M, Cao X, Xu H-n, Fan J-k, Huang H-1, Yang D-q, Li
Y-h, Wang J, Li R, Liu X-y. Prostate cancer-specific and
potent antitumor effect of a DD3-controlled oncolytic virus
harboring the PTEN gene. PLoS ONE. 2012; 7.

Zhu W, Wei L, Zhang H, Chen J, Qin X. Oncolytic adeno-
virus armed with IL-24 inhibits the growth of breast cancer
in vitro and in vivo. J Exp Clin Cancer Res. 2012; 31.
Wang W, Ji W, HuH, MaJ, Li X, Mei W, Xu Y, Hu H, Yan
Y, Song Q, Li Z, Su C. Survivin promoter-regulated onco-
lytic adenovirus with Hsp70 gene exerts effective antitu-
mor efficacy in gastric cancer immunotherapy. Oncotarget.
2014; 5:150-160.

Oneal MJ, Trujillo MA, Davydova J, McDonough S,
Yamamoto M, Morris JC. Characterization of infectiv-
ity-enhanced conditionally replicating adenovectors for
prostate cancer radiovirotherapy. Hum Gene Ther. 2012;
23:951-959.

Takagi-Kimura M, Yamano T, Tamamoto A, Okamura N,
T, Tagawa M,
Kasahara N, Kubo S. Enhanced antitumor efficacy of fiber-

Okamura H, Hashimoto-Tamaoki
modified, midkine promoter-regulated oncolytic adenovi-
rus in human malignant mesothelioma. Cancer Sci. 2013;
104:1433-1439.

WWw

.impactjournals.com/oncotarget

30696

Oncotarget



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Wakayama M, Abei M, Kawashima R, Seo E, Fukuda K,
Ugai H, Murata T, Tanaka N, Hyodo I, Hamada H,
Yokoyama KK. E1A, E1B double-restricted adenovirus
with RGD-fiber modification exhibits enhanced oncolysis
for CAR-deficient biliary cancers. Clin Cancer Res. 2007,
13:3043-3050.

Behr M, Kaufmann JK, Ketzer P, Engelhardt S, Miick-
Héausl M, Okun PM, Petersen G, Neipel F, Hassel JC,
Ehrhardt A, Enk AH, Nettelbeck DM. Adenoviruses using
the cancer marker EphA2 as a receptor in vitro and in vivo
by genetic ligand insertion into different capsid scaffolds.
PLoS ONE. 2014; 9.

Choi JW, Kang E, Kwon OJ, Yun TJ, Park HK, Kim PH,
Kim SW, Kim JH, Yun CO. Local sustained delivery of
oncolytic adenovirus with injectable alginate gel for cancer
virotherapy. Gene Ther. 2013; 20:880-892.

Kim J, Kim P-H, Nam HY, Lee J-S, Yun C-O, Kim SW.
Linearized oncolytic adenoviral plasmid DNA deliv-
ered by bioreducible polymers. J Control Release. 2012;
158:451-460.

Le Bec C, Douar AM. Gene therapy progress and pros-
pects—vectorology: design and production of expression
cassettes in AAV vectors. Gene Ther. 2006; 13:805-813.

Ghosh A, Yue Y, Lai Y, Duan D. A hybrid vector system
expands adeno-associated viral vector packaging capac-
ity in a transgene-independent manner. Mol Ther. 2008;
16:124-130.

Choi J-H, Yu N-K, Baek G-C, Bakes J, Seo D, Nam HJ,
Baek SH, Lim C-S, Lee Y-S, Kaang B-K. Optimization of
AAYV expression cassettes to improve packaging capacity
and transgene expression in neurons. Mol Brain. 2014; 7.

Shiau A-L, Liu P-S, Wu C-L. Novel strategy for genera-
tion and titration of recombinant adeno-associated virus
vectors. J Virol. 2005; 79:193-201.

LuH, QugG, Yang X, Xu R, Xiao W. Systemic elimination
of de novo capsid protein synthesis from replication-com-
petent AAV contamination in the liver. Hum Gene Ther.
2011; 22:625-632.

Martin J, Frederick A, Luo Y, Jackson R, Joubert M,
Sol B, Poulin F, Pastor E, Armentano D, Wadsworth S,
Vincent K. Generation and characterization of adeno-asso-
ciated virus producer cell lines for research and preclini-
cal vector production. Hum Gene Ther Methods. 2013;
24:253-2609.

Halbert CL, Metzger MJ, Lam SL, Miller AD. Capsid-
expressing DNA in AAV vectors and its elimination by
use of an oversize capsid gene for vector production. Gene
Ther. 2011; 18:411-417.

Rabinowitz JE, Rolling F, Li C, Conrath H, Xiao W, Xiao
X, Samulski RJ. Cross-packaging of a single adeno-asso-
ciated virus (AAV) type 2 vector genome into multiple
AAV serotypes enables transduction with broad specific-
ity. J Virol. 2002; 76:791-801.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Keswani SG, Balaji S, Le L, Leung A, Katz AB, Lim F-
Y, Habli M, Jones HN, Wilson JM, Crombleholme TM.
Pseudotyped AAV vector-mediated gene transfer in a
human fetal trachea xenograft model: implications for in
utero gene therapy for cystic fibrosis. PLoS ONE. 2012; 7.
Keswani SG, Balaji S, Le L, Leung A, Lim F-Y, Habli M,
Jones HN, Wilson JM, Crombleholme TM. Pseudotyped
adeno-associated viral vector tropism and transduction
efficiencies in murine wound healing. Wound Repair
Regen. 2012; 20:592—600.

Balaji S, King A, Dhamija Y, Le LD, Shaaban AF,
Crombleholme TM, Keswani SG. Pseudotyped adeno-
associated viral vectors for gene transfer in dermal fibro-
blasts: implications for wound-healing applications. J Surg
Res. 2013; 184:691-698.

Wu Z, Asokan A, Grieger JC, Govindasamy L, Agbandje-
McKenna M, Samulski RJ. Single amino acid changes
can influence titer, heparin binding, and tissue tropism in
different adeno-associated virus serotypes. J Virol. 2006;
80:11393-11397.

Sen D, Gadkari RA, Sudha G, Gabriel N, Kumar YS,
Selot R, Samuel R, Rajalingam S, Ramya V, Nair SC,
Srinivasan N, Srivastava A, Jayharan GR. Targeted
modifications in adeno-associated virus serotype 8 capsid
improves its hepatic gene transfer efficiency in vivo. Hum
Gene Ther Methods. 2013; 24:104-116.

Mowat FM, Gornik KR, Dinculescu A, Boye SL,
Hauswirth WW, Petersen-Jones SM, Bartoe JT. Tyrosine
capsid-mutant AAV vectors for gene delivery to the canine
retina from a subretinal or intravitreal approach. Gene
Ther. 2014; 21:96-105.

Martino AT, Basner-Tschakarjan E, Markusic DM,
Finn JD, Hinderer C, Zhou S, Ostrov DA, Srivastava A,
Ertl HCJ, Terhorst C, High KA, Mingozzi F, Herzog RW.
Engineered AAV vector minimizes in vivo targeting of
transduced hepatocytes by capsid-specific CD8+ T cells.
Blood. 2013; 121:2224-2233.

Aslanidi GV, Rivers AE, Ortiz L, Song L, Ling C,
Govindasamy L, Van Vliet K, Tan M, Agbandje-
McKenna M, Srivastava A. Optimization of the capsid of
recombinant adeno-associated virus 2 (AAV?2) vectors: the
final threshold? PLoS ONE. 2013; 8.

Kay CN, Ryals RC, Aslanidi GV, Min SH, Ruan Q, Sun J,
Dyka FM, Kasuga D, Ayala AE, Van Vliet K, Agbandje-
McKenna M, Hauswirth WW, Boye SL, Boye SE.
Targeting photoreceptors via intravitreal delivery using
novel, capsid-mutated AAV vectors. PLoS ONE. 2013; 8.
Pulicherla N, Shen S, Yadav S, Debbink K, Govindasamy
L, Agbandje-McKenna M, Asokan A. Engineering liver-
detargeted AAV9 vectors for cardiac and musculoskeletal
gene transfer. Mol Ther. 2011; 19:1070-1078.

Michelfelder S, Varadi K, Raupp C, Hunger A, Korbelin J,
Pahrmann C, Schrepfer S, Miiller OJ, Kleinschmidt JA,
Trepel M. Peptide ligands incorporated into the threefold

www.impactjournals.com/oncotarget

30697

Oncotarget



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

spike capsid domain to re-direct gene transduction of
AAVS8 and AAV9 in vivo. PLoS ONE. 2011; 6.

Hagen S, Baumann T, Wagner HJ, Morath V,
Kaufmann B, Fischer A, Bergmann S, Schindler P, Arndt
KM, Miiller KM. Modular adeno-associated virus (rAAV)
vectors used for cellular virus-directed enzyme prodrug
therapy. Sci Rep. 2014; 4.

Zhong L, Li W, Yang Z, Chen L, Li Y, Qing K, Weigel-
Kelley KA, Yoder MC, Shou W, Srivastava A. Improved
transduction of primary murine hepatocytes by recombi-
nant adeno-associated virus 2 vectors in vivo. Gene Ther.
2004; 11:1165-1169.

Jayandharan GR, Zhong L, Li B, Kachniarz B,
Srivastava A. Strategies for improving the transduction
efficiency of single-stranded adeno-associated virus vec-
tors in vitro and in vivo. Gene Ther. 2008; 15:1287-1293.

Ma W, Li B, Ling C, Jayandharan GR, Srivastava A,
Byrne BJ. A simple method to increase the transduc-
tion efficiency of single-stranded adeno-associated virus
vectors in vitro and in vivo. Hum Gene Ther. 2011;
22:633-640.

Alaee F, Sugiyama O, Virk MS, Tang Y, Wang B,
Lieberman JR. In vitro evaluation of a double-stranded
self-complementary adeno-associated virus type2 vec-
tor in bone marrow stromal cells for bone healing. Genet
Vaccines Ther. 2011; 9.

Ku CA, Chiodo VA, Boye SL, Goldberg AFX, Li T,
Hauswirth WW, Ramamurthy V. Gene therapy using self-
complementary Y733F capsid mutant AAV2/8 restores
vision in a model of early onset Leber congenital amauro-
sis. Hum Mol Genet. 2011; 20:4569-4581.

Ryals RC, Boye SL, Dinculescu A, Hauswirth WW,
Boye SE. Quantifying transduction efficiencies of unmodi-
fied and tyrosine capsid mutant AAV vectors in vitro using
two ocular cell lines. Mol Vis. 2011; 17:1090-1102.

Wang L, Wang H, Morizono H, Bell P, Jones D, Lin
J, McMenamin D, Yu H, Batshaw ML, Wilson JM.
Sustained correction of OTC deficiency in spf( ash) mice
using optimized self-complementary AAV2/8 vectors.
Gene Ther. 2012; 19:404—410.

von Jonquieres G, Mersmann N, Klugmann CB,
Harasta AE, Lutz B, Teahan O, Housley GD, Frohlich
D, Kramer-Albers E-M M. Glial promoter selectivity fol-
lowing AAV-delivery to the immature brain. PLoS ONE.
2013; 8.

Zhu H, Cao M, Mirandola L, Figueroa JA, Cobos E,
Chiriva-Internati M, Hermonat PL. Comparison of efficacy
of the disease-specific LOX1- and constitutive cytomeg-
alovirus-promoters in expressing interleukin 10 through
adeno-associated virus 2/8 delivery in atherosclerotic
mice. PLoS ONE. 2014; 9.

Wang CY, Guo HY, Lim TM, Ng YK, Neo HP,
Hwang PYK, Yee WC, Wang S. Improved neuronal trans-
gene expression from an AAV-2 vector with a hybrid

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

CMYV enhancer/PDGF-beta promoter. J Gene Med. 2005;
7:945-955.

Bosch MK, Nerbonne JM, Ornitz DM. Dual transgene
expression in murine cerebellar purkinje neurons by viral
transduction in vivo. PLoS ONE. 2014; 9.

Vanrell L, Di Scala M, Blanco L, Otano I, Gil-Farina I,
Baldim V, Paneda A, Berraondo P, Beattie SG, Chtarto A,
Tenenbaum L, Prieto J, Gonzalez-Aseguinolaza G.
Development of a liver-specific Tet-on inducible system
for AAV vectors and its application in the treatment of
liver cancer. Mol Ther. 2011; 19:1245-1253.

Goudy KS, Johnson MC, Garland A, Li C, Samulski RJ,
Wang B, Tisch R. Inducible adeno-associated virus-medi-
ated IL-2 gene therapy prevents autoimmune diabetes.
J Immunol. 2011; 186:3779-3786.

Rosas LE, Grieves JL, Zaraspe K, La Perle KM, Fu H,
McCarty DM. Patterns of scAAV vector insertion associ-
ated with oncogenic events in a mouse model for genotox-
icity. Mol Ther. 2012; 20:2098-2110.

Debyser Z. A short course on virology / vectorology / gene
therapy. Curr Gene Ther. 2003; 3:495-499.
Hacein-Bey-Abina S, Garrigue A, Wang GP, Soulier J,
Lim A, Morillon E, Clappier E, Caccavelli L, Delabesse E,
Beldjord K, Asnafi V, Maclntyre E, Dal Cortivo L,
Radford I, Brousse N, Sigaux F, et al. Insertional onco-
genesis in 4 patients after retrovirus-mediated gene ther-
apy of SCID-X1. Journal of Clinical Investigation. 2008;
118:3132-3142.

Xu W, Russ JL, Eiden MV. Evaluation of residual pro-
moter activity in y-retroviral self-inactivating (SIN) vec-
tors. Mol Ther. 2012; 20:84-90.

Schambach A, Galla M, Maetzig T, Loew R, Baum C.
Improving transcriptional termination of self-inactivating
gamma-retroviral and lentiviral vectors. Mol Ther. 2007,
15:1167-1173.

Hwang BY, Schaffer DV. Engineering a serum-resistant
and thermostable vesicular stomatitis virus G glycoprotein
for pseudotyping retroviral and lentiviral vectors. Gene
Ther. 2013; 20:807-815.

Stitz J, Buchholz CJ, Engelstidter M, Uckert W,
Bloemer U, Schmitt I, Cichutek K. Lentiviral vectors
pseudotyped with envelope glycoproteins derived from
gibbon ape leukemia virus and murine leukemia virus
10A1. Virology. 2000; 273:16-20.

Sandrin V, Boson B, Salmon P, Gay W, Negre D,
Le Grand R, Trono D. Lentiviral vectors pseudotyped with
a modified RD114 envelope glycoprotein show increased
stability in sera and augmented transduction of primary
lymphocytes and CD34+ cells derived from human and
nonhuman primates. Blood. 2002; 100:823—832.

Bell AJ, Fegen D, Ward M, Bank A. RD114 envelope pro-
teins provide an effective and versatile approach to pseu-
dotype lentiviral vectors. Exp Biol Med (Maywood). 2010;
235:1269-1276.

www.impactjournals.com/oncotarget

30698

Oncotarget



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Trobridge GD, Wu RA, Hansen M, Ironside C, Watts KL,
Olsen P, Beard BC. Cocal-pseudotyped lentiviral vectors
resist inactivation by human serum and efficiently trans-
duce primate hematopoietic repopulating cells. Mol Ther.
2010; 18:725-733.

Lévy C, Amirache F, Costa C, Frecha C, Muller CP,
Kweder H, Buckland R, Cosset F-L, Verhoeyen E.
Lentiviral vectors displaying modified measles virus
gp overcome pre-existing immunity in in vivo-like
transduction of human T and B cells. Mol Ther. 2012;
20:1699-1712.

Enkirch T, Kneissl S, Hoyler B, Ungerechts G, Stremmel
W, Buchholz CJ, Springfeld C. Targeted lentiviral vectors
pseudotyped with the Tupaia paramyxovirus glycopro-
teins. Gene Ther. 2013; 20:16-23.

Mitomo K, Griesenbach U, Inoue M, Somerton L, Meng
C, Akiba E, Tabata T, Ueda Y, Frankel GM, Farley R,
Singh C, Chan M, Munkonge F, Brum A, Xenariou S,
Escudero-Garcia S, et al. Toward gene therapy for cystic
fibrosis using a lentivirus pseudotyped with Sendai virus
envelopes. Mol Ther. 2010; 18:1173-1182.

Griesenbach U, Inoue M, Meng C, Farley R, Chan M,
Newman NK, Brum A, You J, Kerton A, Shoemark A,
Boyd AC, Davies JC, Higgins TE, Gill DR, Hyde SC,
Innes JA, et al. Assessment of F/HN-pseudotyped lenti-
virus as a clinically relevant vector for lung gene therapy.
Am J Respir Crit Care Med. 2012; 186:846-856.

Witting SR, Vallanda P, Gamble AL. Characterization of a
third generation lentiviral vector pseudotyped with Nipah
virus envelope proteins for endothelial cell transduction.
Gene Ther. 2013; 20:997-1005.

Sakuma T, De Ravin SS, Tonne JM, Thatava T, Ohmine
S, Takeuchi Y, Malech HL, Ikeda Y. Characterization of
retroviral and lentiviral vectors pseudotyped with xenotro-
pic murine leukemia virus-related virus envelope glyco-
protein. Hum Gene Ther. 2010; 21:1665-1673.

Ou W, Marino MP, Suzuki A, Joshi B, Husain SR,
Maisner A, Galanis E, Puri RK, Reiser J. Specific target-
ing of human interleukin (IL)-13 receptor a2-positive cells
with lentiviral vectors displaying IL-13. Hum Gene Ther
Methods. 2012; 23:137-147.

Zhang L, Feldman SA, Zheng Z, Chinnasamy N, Xu
H, Nahvi AV, Dudley ME, Rosenberg SA, Morgan
RA. Evaluation of y-retroviral vectors that mediate the
inducible expression of IL-12 for clinical application. J
Immunother. 2012; 35:430-439.

Fontes AM, Melo FUF, Greene LJ, Faga VM, Lin Y,
Gerson SL, Covas DT. Production of human factor VIII-FL
in 293T cells using the bicistronic MGMT(P140K)-
retroviral vector. Genet Mol Res. 2012; 11:775-789.
Johnston JM, Denning G, Doering CB, Spencer HT.
Generation of an optimized lentiviral vector encoding a

high-expression factor VIII transgene for gene therapy of
hemophilia A. Gene Ther. 2013; 20:607-615.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Zhang N, Zhao L, Ma S, Gu M, Zheng X. Lentivirus-
mediated expression of Drosophila melanogaster deoxy-
ribonucleoside kinase driven by the hTERT promoter
combined with gemcitabine: a potential strategy for cancer
therapy. Int J Mol Med. 2012; 30:659-665.

Lee C-J Fan, X Guo, X and Medin. Promoter-specific len-
tivectors for long-term, cardiac-directed therapy of Fabry
disease. J Cardiol. 2011; 57:115-122.

Knight S, Zhang F, Mueller-Kuller U, Bokhoven M, Gupta
A, Broughton T, Sha S, Antoniou MN, Brendel C, Grez
M, Thrasher AJ, Collins M, Takeuchi Y. Safer, silencing-
resistant lentiviral vectors: optimization of the ubiquitous
chromatin-opening element through elimination of aber-
rant splicing. J Virol. 2012; 86:9088—9095.

Yilmaz A, Fernandez S, Lairmore MD, Boris-Lawrie K.
Coordinate enhancement of transgene transcription and
translation in a lentiviral vector. Retrovirology. 2006; 3.

Benabdellah K, Cobo M, Muioz P, Toscano MG, Martin
F. Development of an all-in-one lentiviral vector system
based on the original TetR for the easy generation of
Tet-ON cell lines. PLoS ONE. 2011; 6.

Loew R, Vigna E, Lindemann D, Naldini L, Bujard H.
Retroviral vectors containing Tet-controlled bidirectional
transcription units for simultaneous regulation of two gene
activities. ] Mol Genet Med. 2006; 2:107-118.

Amendola M, Giustacchini A, Gentner B, Naldini L.
A double-switch vector system positively regulates trans-
gene expression by endogenous microRNA expression
(miR-ON vector). Mol Ther. 2013; 21:934-946.

Hlavaty J, Schittmayer M, Stracke A, Jandl G, Knapp E,
Felber BK, Salmons B, Giinzburg WH, Renner M. Effect
of posttranscriptional regulatory elements on transgene
expression and virus production in the context of retrovirus
vectors. Virology. 2005; 341:1-11.

Schambach A, Bohne J, Baum C, Hermann FG, Egerer L,
von Laer D, Giroglou T. Woodchuck hepatitis virus post-
transcriptional regulatory element deleted from X protein
and promoter sequences enhances retroviral vector titer
and expression. Gene Ther. 2006; 13:641-645.

Van Maele B, De Rijck J, De Clercq E, Debyser Z. Impact
of the central polypurine tract on the kinetics of human
immunodeficiency virus type 1 vector transduction. J
Virol. 2003; 77:4685-4694.

Park F, Kay MA. Modified HIV-1 based lentiviral vec-
tors have an effect on viral transduction efficiency and
gene expression in vitro and in vivo. Mol Ther. 2001;
4:164-173.

Barry SC, Harder B, Brzezinski M, Flint LY, Seppen J,
Osborne WR. Lentivirus vectors encoding both central
polypurine tract and posttranscriptional regulatory element
provide enhanced transduction and transgene expression.
Hum Gene Ther. 2001; 12:1103-1108.

www.impactjournals.com/oncotarget

30699

Oncotarget



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Hanawa H, Yamamoto M, Zhao H, Shimada T, Persons
DA. Optimized lentiviral vector design improves titer and
transgene expression of vectors containing the chicken
beta-globin locus HS4 insulator element. Mol Ther. 2009;
17:667-674.

Anson DS. The use of retroviral vectors for gene therapy-
what are the risks?.A review of retroviral pathogenesis and
its relevance to retroviral vector-mediated gene delivery.
Genet Vaccines Ther. 2004; 2.

Beard BC, Dickerson D, Beebe K, Gooch C, Fletcher
J, Okbinoglu T, Miller DG, Jacobs MA, Kaul R, Kiem
H-P, Trobridge GD. Comparison of HIV-derived lenti-
viral and MLV-based gammaretroviral vector integra-
tion sites in primate repopulating cells. Mol Ther. 2007;
15:1356-1365.

Bester AC, Kafri M, Maoz K, Kerem B. Infection with
retroviral vectors leads to perturbed DNA replication
increasing vector integrations into fragile sites. Sci Rep.
2013; 3.

Wu X, Li Y, Crise B, Burgess SM. Transcription start
regions in the human genome are favored targets for MLV
integration. Science. 2003; 300:1749-1751.

Mitchell RS, Beitzel BF, Schroder ARW, Shinn P, Chen
H, Berry CC, Ecker JR, Bushman FD. Retroviral DNA
integration: ASLV, HIV, and MLV show distinct target
site preferences. PLoS Biol. 2004; 2.

Felice B, Cattoglio C, Cittaro D, Testa A, Miccio A,
Ferrari G, Luzi L, Recchia A, Mavilio F. Transcription
factor binding sites are genetic determinants of retroviral
integration in the human genome. PLoS ONE. 2009; 4.
Cattoglio C, Pellin D, Rizzi E, Maruggi G, Corti G, Miselli
F, Sartori D, Guffanti A, Di Serio C, Ambrosi A, De Bellis
G, Mavilio F. High-definition mapping of retroviral inte-
gration sites identifies active regulatory elements in human
multipotent hematopoietic progenitors. Blood. 2010;
116:5507-5517.

LaFave MC, Varshney GK, Gildea DE, Wolfsberg TG,
Baxevanis AD, Burgess SM. MLV integration site selec-
tion is driven by strong enhancers and active promoters.
Nucleic Acids Res. 2014; 42:4257-4269.

Ronen K, Negre O, Roth S, Colomb C, Malani N, Denaro
M, Brady T, Fusil F, Gillet-Legrand B, Hehir K, Beuzard
Y, Leboulch P, Down JD, Payen E, Bushman FD.
Distribution of lentiviral vector integration sites in mice
following therapeutic gene transfer to treat f-thalassemia.
Mol Ther. 2011; 19:1273-1286.

Ambrosi A, Glad IK, Pellin D, Cattoglio C, Mavilio F,
Di Serio C, Frigessi A. Estimated comparative integration
hotspots identify different behaviors of retroviral gene
transfer vectors. PLoS Comput Biol. 2011; 7.

Ranzani M, Cesana D, Bartholomae CC, Sanvito F,
Pala M, Benedicenti F, Gallina P, Sergi LS, Merella S,
Bulfone A, Doglioni C, von Kalle C, Kim YJ, Schmidt M,

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Tonon G, Naldini L, et al. Lentiviral vector-based inser-
tional mutagenesis identifies genes associated with liver
cancer. Nat Methods. 2013; 10:155-161.

Wang Z, Tang Z, Zheng Y, Yu D, Spear M, Iyer SR,
Bishop B, Wu Y. Development of a nonintegrating Rev-
dependent lentiviral vector carrying diphtheria toxin A
chain and human TRAF6 to target HIV reservoirs. Gene
Ther. 2010; 17:1063-1076.

Torres R, Garcia A, Jimenez M, Rodriguez S, Ramirez JC.
An integration-defective lentivirus-based resource for site-
specific targeting of an edited safe-harbour locus in the
human genome. Gene Ther. 2014; 21:343-352.

Hu WS, Pathak VK. Design of retroviral vectors and
helper cells for gene therapy. Pharmacol Rev. 2000;
52:493-511.

Vigna E, Naldini L. Lentiviral vectors: excellent tools for
experimental gene transfer and promising candidates for
gene therapy. J Gene Med. 2000; 2:308-316.

Delenda C. Lentiviral vectors: optimization of packag-
ing, transduction and gene expression. ] Gene Med. 2004;
1:S125-138.

Farson D, Witt R, McGuinness R, Dull T, Kelly M, Song
J, Radeke R, Bukovsky A, Consiglio A, Naldini L. A new-
generation stable inducible packaging cell line for lentivi-
ral vectors. Hum Gene Ther. 2001; 12:981-997.
Stornaiuolo A, Piovani BM, Bossi S, Zucchelli E, Corna
S, Salvatori F, Mavilio F, Bordignon C, Rizzardi GP,
Bovolenta C. RD2-MolPack-Chim3, a packaging cell
line for stable production of lentiviral vectors for anti-
HIV gene therapy. Hum Gene Ther Methods. 2013;
24:228-240.

Feldman SA, Xu H, Black MA, Park TS, Robbins PF,
Kochenderfer JN, Morgan RA, Rosenberg SA. Use of
the piggyBac Transposon to Create Stable Packaging
Cell Lines for the Production of Clinical-Grade Self-
Inactivating y-Retroviral Vectors. Hum Gene Ther
Methods. 2014; 25:253-260.

Emery DW. The use of chromatin insulators to improve
the expression and safety of integrating gene transfer vec-
tors. Hum Gene Ther. 2011; 22:761-774.

Zhou S, Mody D, DeRavin SS, Hauer J, Lu T, Ma Z,
Hacein-Bey Abina S, Gray JT, Greene MR, Cavazzana-
Calvo M, Malech HL, Sorrentino BP. A self-inactivating
lentiviral vector for SCID-X1 gene therapy that does not
activate LMO2 expression in human T cells. Blood. 2010;
116:900-908.

Papanikolaou E, Georgomanoli M, Stamateris E, Panetsos
F, Karagiorga M, Tsaftaridis P, Graphakos S, Anagnou
NP. The new self-inactivating lentiviral vector for thal-
assemia gene therapy combining two HPFH activating
elements corrects human thalassemic hematopoietic stem
cells. Hum Gene Ther. 2012; 23:15-31.

www.impactjournals.com/oncotarget

30700

Oncotarget



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Uchida N, Hanawa H, Yamamoto M, Shimada T. The
chicken hypersensitivity site 4 core insulator blocks pro-
moter interference in lentiviral vectors. Hum Gene Ther
Methods. 2013; 24:117-124.

Koldej RM, Carney G, Wielgosz MM, Zhou S, Zhan J,
Sorrentino BP, Nienhuis AW. Comparison of insulators
and promoters for expression of the Wiskott-Aldrich syn-
drome protein using lentiviral vectors. Hum Gene Ther
Clin Dev. 2013; 24:77-85.

Benabdellah K, Gutierrez-Guerrero A, Cobo M, Muiioz P,
Martin F. A chimeric HS4-SAR insulator (IS2) that pre-
vents silencing and enhances expression of lentiviral vec-
tors in pluripotent stem cells. PLoS ONE. 2014; 9.

Groth AC, Liu M, Wang H, Lovelett E, Emery DW.
Identification and characterization of enhancer-blocking
insulators to reduce retroviral vector genotoxicity. PLoS
ONE. 2013; 8.

Hirata RK, Miller AD, Andrews RG, Russell DW.
Transduction of hematopoietic cells by foamy virus vec-
tors. Blood. 1996; 88:3654-3661.

Mergia A, Chari S, Kolson DL, Goodenow MM,
Ciccarone T. The efficiency of simian foamy virus vector
type-1 (SFV-1) in nondividing cells and in human PBLs.
Virology. 2001; 280:243-252.

Vassilopoulos G, Trobridge G, Josephson NC, Russell
DW. Gene transfer into murine hematopoietic stem
cells with helper-free foamy virus vectors. Blood. 2001;
98:604-609.

Liu W, Liu Z, Cao X, Cao Z, Xue L, Zhu F, He X, Li W.
Recombinant human foamy virus, a novel vector for neuro-
logical disorders gene therapy, drives production of GAD
in cultured astrocytes. Mol Ther. 2007; 15:1834—-1841.

Caprariello AV, Miller RH, Selkirk SM. Foamy virus as
a gene transfer vector to the central nervous system. Gene
Ther. 2009; 16:448-452.

Hill CL, Bieniasz PD, McClure MO. Properties of human
foamy virus relevant to its development as a vector for
gene therapy. J Gen Virol. 1999; 80:2003-2009.

Nasimuzzaman M, Persons DA. Cell Membrane-
associated heparan sulfate is a receptor for prototype
foamy virus in human, monkey, and rodent cells. Mol
Ther. 2012; 20:1158-1166.

Trobridge GD, Miller DG, Jacobs MA, Allen JM, Kiem
H-P, Kaul R, Russell DW. Foamy virus vector integra-
tion sites in normal human cells. Proc Natl Acad Sci USA.
2006; 103:1498-1503.

Deyle DR, Khan IF, Ren G, Russell DW. Lack of geno-
toxicity due to foamy virus vector integration in human
iPSCs. Gene Ther. 2013; 20:868-873.

Nestler U, Heinkelein M, Liicke M, Meixensberger J,
Scheurlen W, Kretschmer A, Rethwilm A. Foamy virus
vectors for suicide gene therapy. Gene Ther. 1997,
4:1270-12717.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Trobridge GD, Russell DW. Helper-free foamy virus vec-
tors. Hum Gene Ther. 1998; 9:2517-2525.

Wu M, Mergia A. Packaging cell lines for simian foamy
virus type 1 vectors. J Virol. 1999; 73:4498—4501.

Bastone P, Romen F, Liu W, Wirtz R, Koch U,
Josephson N, Langbein S, Lochelt M. Construction and
characterization of efficient, stable and safe replica-
tion-deficient foamy virus vectors. Gene Ther. 2007,
14:613-620.

Grant KG, Krisky DM, Ataai MM, Glorioso JC.
Engineering cell lines for production of replication defec-
tive HSV-1 gene therapy vectors. Biotechnol Bioeng.
2009; 102:1087-1097.

Rasmussen M, Kong L, Zhang G-r, Liu M, Wang X,
Szabo G, Curthoys NP, Geller Al. Glutamatergic or
GABAergic neuron-specific, long-term expression in
neocortical neurons from helper virus-free HSV-1 vectors
containing the phosphate-activated glutaminase, vesicular
glutamate transporter-1, or glutamic acid decarboxylase
promoter. Brain Res. 2007; 1144:19-32.

Zhang G-1, Geller Al A helper virus-free HSV-1 vector
containing the vesicular glutamate transporter-1 promoter
supports expression preferentially in VGLUT1-containing
glutamatergic neurons. Brain Res. 2010; 1331:12-19.
Schmeisser F, Donohue M, Weir JP. Tetracycline-
regulated gene expression in replication-incompetent
herpes simplex virus vectors. Hum Gene Ther. 2002;
13:2113-2124.

Jiang Y, Wei N, Zhu J, Zhai D, Wu L, Chen M, Xu G,
Liu X. A new approach with less damage: intranasal deliv-
ery of tetracycline-inducible replication-defective herpes
simplex virus type-1 vector to brain. Neuroscience. 2012;
201:96-104.

Ho IAW, Hui KM, Lam PYP. Glioma-specific and cell
cycle-regulated herpes simplex virus type 1 amplicon viral
vector. Hum Gene Ther. 2004; 15:495-508.

Wolfe D, Niranjan A, Trichel A, Wiley C, Ozuer A, Kanal
E, Kondziolka D, Krisky D, Goss J, Deluca N, Murphey-
Corb M, Glorioso JC. Safety and biodistribution studies of
an HSV multigene vector following intracranial delivery
to non-human primates. Gene Ther. 2004; 11:1675-1684.

Liu M, Wang X, Geller Al. Improved long-term expres-
sion from helper virus-free HSV-1 vectors packaged using
combinations of mutated HSV-1 proteins that include the
UL13 protein kinase and specific components of the VP16
transcriptional complex. BMC Mol Biol. 2009; 10.
Mineta T, Rabkin SD, Yazaki T, Hunter WD, Martuza
RL. Attenuated multi-mutated herpes simplex virus- for
the treatment of malignant gliomas. Nat Med. 1995;
1:938-943.

Fukuhara H, Ino Y, Kuroda T, Martuza RL, Todo T. Triple
gene-deleted oncolytic herpes simplex virus vector double-
armed with interleukin 18 and soluble B7-1 constructed by

www.impactjournals.com/oncotarget

30701

Oncotarget



215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

bacterial artificial chromosome-mediated system. Cancer
Res. 2005; 65:10663—-10668.

Liu R, Varghese S, Rabkin SD. Oncolytic herpes sim-
plex virus vector therapy of breast cancer in C3(1)/
SV40 T-antigen transgenic mice. Cancer Res. 2005;
65:1532-1540.

Kanai R, Zaupa C, Sgubin D, Antoszczyk SJ, Martuza
RL, Wakimoto H, Rabkin SD. Effect of y34.5 deletions
on oncolytic herpes simplex virus activity in brain tumors.
J Virol. 2012; 86:4420-4431.

Nakamori M, Fu X, Meng F, Jin A, Tao L, Bast RC,
Zhang X. Effective therapy of metastatic ovarian cancer
with an oncolytic herpes simplex virus incorporating two
membrane fusion mechanisms. Clin Cancer Res. 2003;
9:2727-2733.

Nakamori M, Fu X, Pettaway CA, Zhang X. Potent antitu-
mor activity after systemic delivery of a doubly fusogenic
oncolytic herpes simplex virus against metastatic prostate
cancer. Prostate. 2004; 60:53-60.

Takaoka H, Takahashi G, Ogawa F, Imai T, Iwai S,
Yura Y. A novel fusogenic herpes simplex virus for onco-
lytic virotherapy of squamous cell carcinoma. Virol J.
2011; 8.

Meshii N, Takahashi G, Okunaga S, Hamada M, Iwai S,
Takasu A, Ogawa Y, Yura Y. Enhancement of systemic
tumor immunity for squamous cell carcinoma cells by an
oncolytic herpes simplex virus. Cancer Gene Ther. 2013;
20:493-498.

Gambini E, Reisoli E, Appolloni I, Gatta V, Campadelli-
Fiume G, Menotti L, Malatesta P. Replication-competent
herpes simplex virus retargeted to HER2 as therapy for
high-grade glioma. Mol Ther. 2012; 20:994-1001.

Nanni P, Gatta V, Menotti L, De Giovanni C, lanzano M,
Palladini A, Grosso V, Dall’ora M, Croci S, Nicoletti G,
Landuzzi L, Iezzi M. Preclinical therapy of disseminated
HER-2" ovarian and breast carcinomas with a HER-2-
retargeted oncolytic herpesvirus. PLoS Pathog. 2013; 9.

Fu X, Rivera A, Tao L, De Geest B, Zhang X. Construction
of an oncolytic herpes simplex virus that precisely tar-
gets hepatocellular carcinoma cells. Mol Ther. 2012;
20:339-346.

Hogervorst EJ, Schouls L, Wagenaar JP, Boog CJ, Spaan
W1J, van Embden JD, van Eden W. Modulation of experi-
mental autoimmunity: treatment of adjuvant arthritis by
immunization with a recombinant vaccinia virus. Infect
Immun. 1991; 59:2029-2035.

Lee SS, Eisenlohr LC, McCue PA, Mastrangelo MJ,
Lattime EC. Intravesical gene therapy: in vivo gene trans-
fer using recombinant vaccinia virus vectors. Cancer Res.
1994; 54:3325-3328.

Xie YC, Hwang C, Overwijk W, Zeng Z, Eng MH, Mulé
1], Imperiale MJ, Restifo NP, Sa MG. Induction of tumor
antigen-specific immunity in vivo by a novel vaccinia vec-
tor encoding safety-modified simian virus 40 T antigen. J
Natl Cancer Inst. 1999; 91:169-175.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Nagorsen D, Panelli M, Dudley ME, Finkelstein SE,
Rosenberg SA, Marincola FM. Biased epitope selec-
tion by recombinant vaccinia-virus (rVV)-infected
mature or immature dendritic cells. Gene Ther. 2003;
10:1754-1765.

Fodor I, Timiryasova T, Denes B, Yoshida J, Ruckle H,
Lilly M. Vaccinia virus mediated p53 gene therapy for
bladder cancer in an orthotopic murine model. J Urol.
2005; 173:604-609.

Ramirez JC, Gherardi MM, Esteban M. Biology of attenu-
ated modified vaccinia virus Ankara recombinant vector
in mice: virus fate and activation of B- and T-cell immune
responses in comparison with the Western Reserve strain
and advantages as a vaccine. J Virol. 2000; 74:923-933.
Puhlmann M, Brown CK, Gnant M, Huang J, Libutti SK,
Alexander HR, Bartlett DL. Vaccinia as a vector for
tumor-directed gene therapy: biodistribution of a thy-
midine kinase-deleted mutant. Cancer Gene Ther. 2000;
7:66-73.

Erbs P, Findeli A, Kintz J, Cordier P, Hoffmann C,
Geist M, Balloul JM. Modified vaccinia virus Ankara as a
vector for suicide gene therapy. Cancer Gene Ther. 2008;
15:18-28.

Hiley CT, Yuan M, Lemoine NR, Wang Y. Lister strain
vaccinia virus, a potential therapeutic vector targeting
hypoxic tumours. Gene Ther. 2010; 17:281-287.
Thirunavukarasu P, Sathaiah M, Gorry MC, O’Malley
ME, Ravindranathan R, Austin F, Thorne SH, Guo ZS,
Bartlett DL. A rationally designed A34R mutant oncolytic
poxvirus: improved efficacy in peritoneal carcinomatosis.
Mol Ther. 2013; 21:1024-1033.

Lee JH, Roh MS, Lee YK, Kim MK, Han JY, Park BH,
Trown P, Kirn DH, Hwang TH. Oncolytic and immu-
nostimulatory efficacy of a targeted oncolytic poxvirus
expressing human GM-CSF following intravenous admin-
istration in a rabbit tumor model. Cancer Gene Ther. 2010;
17:73-79.

Yu F, Wang X, Guo ZS, Bartlett DL, Gottschalk SM.
T-cell engager-armed oncolytic vaccinia virus significantly
enhances antitumor therapy. Mol Ther. 2014; 22:102—-111.
Kaufman HL, Bines SD. OPTIM trial: a Phase III trial
of an oncolytic herpes virus encoding GM-CSF for unre-
sectable stage III or IV melanoma. Future Oncol. 2010;
6:941-949.

Heo J, Reid T, Ruo L, Breitbach CJ, Rose S, Bloomston M,
Cho M, Lim HY, Chung HC, Kim CW, Burke J,
Lencioni R, Hickman T, Moon A, Lee YS, Kim MK, et al.
Randomized dose-finding clinical trial of oncolytic immu-
notherapeutic vaccinia JX-594 in liver cancer. Nat Med.
2013; 19:329-336.

Chorny M, Fishbein I, Alferiev IS, Nyanguile O, Gaster R,
Levy RJ. Adenoviral gene vector tethering to nanopar-
ticle surfaces results in receptor-independent cell entry
and increased transgene expression. Mol Ther. 2006;
14:382-391.

www.impactjournals.com/oncotarget

30702

Oncotarget



239.

240.

241.

242.

243.

244.

245.

Pushko P, Pumpens P, Grens E. Development of virus-like
particle technology from small highly symmetric to large
complex virus-like particle structures. Intervirology. 2013;
56:141-165.

Zeltins A. Construction and characterization of virus-like
particles: a review. Mol Biotechnol. 2013; 53:92—-107.

Erbacher P, Remy JS, Behr JP. Gene transfer with syn-
thetic virus-like particles via the integrin-mediated endo-
cytosis pathway. Gene Ther. 1999; 6:138-145.
Krauzewicz N, Stokrova J, Jenkins C, Elliott M, Higgins
CF, Griffin BE. Virus-like gene transfer into cells medi-
ated by polyoma virus pseudocapsids. Gene Ther. 2000;
7:2122-2131.

Miiller K, Nahde T, Fahr A, Miiller R, Briisselbach S.
Highly efficient transduction of endothelial cells by tar-
geted artificial virus-like particles. Cancer Gene Ther.
2001; 8:107-117.

Keswani RK, Pozdol IM, Pack DW. Design of hybrid
lipid/retroviral-like particle gene delivery vectors. Mol
Pharm. 2013; 10:1725-1735.

Keswani R, Su K, Pack DW. Efficient in vitro gene deliv-
ery by hybrid biopolymer/virus nanobiovectors. J Control
Release. 2014; 192:40-46.

246.

247.

248.

249.

250.

Hajitou A, Rangel R, Trepel M, Soghomonyan S,
Gelovani JG, Alauddin MM, Pasqualini R, Arap W.
Design and construction of targeted AAVP vectors
for mammalian cell transduction. Nat Protoc. 2007;
2:523-531.

Asavarut P, O’Neill K, Syed N, Hajitou A. Chimeric
adeno-associated virus and bacteriophage: a potential
targeted gene therapy vector for malignant glioma. Ther
Deliv. 2014; 5:975-990.

Pranjol MZI, Hajitou A. Bacteriophage-derived vectors for
targeted cancer gene therapy. Viruses. 2015; 7:268-284.
Stonecham CA, Hollinshead M, Hajitou A. Clathrin-
mediated endocytosis and subsequent endo-lysosomal
trafficking of adeno-associated virus/phage. J Biol Chem.
2012; 287:35849-35859.

Przystal JM, Umukoro E, Stonecham CA, Yata T,
O’Neill K, Syed N, Hajitou A. Proteasome inhibition in
cancer is associated with enhanced tumor targeting by the
adeno-associated virus/phage. Mol Oncol. 2013; 7:55-66.

www.impactjournals.com/oncotarget

30703

Oncotarget



