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Abstract

It has long been envisaged that gene disruption or gene correction in affected target cells can be efficiently
conducted in vitro and in vivo and over the recent years several tools for achieving this goal were developed.
Designer nucleases such as zinc finger nucleases (ZFNs) were extensively explored and more recently transcription
activator-like effector nucleases (TALENs) were introduced for sequence-specific genome engineering in the
mammalian genome. ZFNs and TALENs are fusion proteins containing a customized DNA-binding motif for
sequence-specific DNA binding linked to a nuclease for introduction of double-stranded DNA breaks. Both systems
were explored in mammalian cells using non-viral and viral delivery methods. Herein, we will provide a state-of-
the-art overview of available virus-based delivery systems for sufficient expression of functional TALENs. We will
cover the molecular design of recombinant viruses containing TALEN expression cassettes and we will mention
advantages and disadvantages of the respective systems. Although the relevance of these viral vector systems for
novel developments in molecular medicine and genome engineering need to be further evaluated, we believe that
with further improvements these viral vectors for TALEN delivery will play an emerging role in bioengineering and for

establishing novel therapeutic concepts.

Keywords: TALEN; Viral vector, Delivery; Adenovirus; Lentivirus;
Baculovirus; Gene disruption; Gene editing

Transcription Activator-Like Effector Nucleases

(TALENS) and Their Mode of Action

For sequence-specific genome engineering and its biotechnological
and medical applications various systems were tested. Most recent
tools include designer nucleases and the bacteria derived clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9 system
using short RNA to induce precise cleavage at endogenous genomic
loci [1,2]. Designer nucleases are mainly represented by zinc finger
nucleases (ZFNs) and transcription activator-like effector nucleases
(TALENS) [3-7], combining features of a customized DNA binding
motif for sequence-specific DNA binding domain and a nuclease for
introduction of doubled-strand DNA (dsDNA) breaks at the target site.

TALENSs are a promising new class of designer nucleases that can
be specifically designed to bind DNA sequences of interest and to
introduce dsDNA breaks. They are chimeric proteins consisting of a
N-terminal nuclear localization signal, a central DNA binding domain
and a C-terminal FoklI nuclease domain. The DNA binding domain
originates from transcription activator like effectors (TALEs) of the
bacterial plant pathogen Xanthomonas, used by this bacterium to
alter the expression of several host genes [8]. Its main characteristic is
a central repeat region consisting of a variable number of incomplete
tandem repeats that are usually comprised of 33-35 amino acids (aa)
that are identical except for the hypervariable repeat-variable diresidue
(RVD) ata positions 12 and 13 [6]. With some degree of degeneracy, the
RVD of each repeat is specific for binding a corresponding nucleotide
in their contiguous target DNA sequence [6,8]. The C-terminal FokI
domain provides non-specific endonuclease activity and similar to
ZFNs, binding of the TALE domains upstream and downstream of the
respective DNA target and subsequent dimerization at the FokI nuclease
domain lead to dsDNA breaks. It is of note that the spacer between
the TALEN DNA binding sites needs to be considered when designing
novel TALENs [6,7]. After binding, dsDNA breaks are introduced
which can than activate cellular pathways either leading to homologous
recombination in the presence of the respective homologous donor

DNA or stimulation of DNA repair via non homologous end joining
(NHEJ). NHE] usually leads to DNA insertions or deletions causing a
specific knockout of respective genes. Therefore, TALENS are valuable
tools for genetic engineering as well as cell- and gene therapeutic
applications.

Over the recent years several methods arose to specifically
design [6,9] and to assemble TALENs and TALE pairs for the desired
application in an inexpensive , simple and fast manner [6,10-12].
Assembly can be performed without complex screening procedures
or the need for special equipment, making TALEN assembly in this
regard superior to the ZFN technology. The potential of TALENs was
extensively explored in vitro in eukaryotic cell culture models using
co-transfection of TALEN-encoding plasmids [13,14], in vivo using
microinjection [15,16], and for detection of TALEN mediated gene
disruption or gene correction [17-20].

ZFNs and TALENSs are suitable for genome engineering in vitro and
in vivo. However, for instance for the majority of in vivo applications
and approaches in primary cells, viral vectors may be more efficient for
delivery of the respective designer nucleases. For efficient delivery of
the ZFNs technology into the desired target cell, commonly used viral
vectors including adenoviruses (AdV), lentiviruses (LV) and adeno-
associated viruses (AAV) were broadly explored [4,21,22]. However,
a limited number of attempts exist for viral delivery of TALENS. The
following chapter provides an overview of viral vector types which
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were studied for TALEN delivery.
Viral Vectors for TALEN Delivery

Several viral vectors are available for delivery of TALEN expression
cassettes which usually consist of the RNA polymerase II (Pol II)
promoter, the TALE encoding sequence with an approximate length
of 15 to 33 repeats, the nuclease domain and the polyadenylation
signal. Here we introduce viral vector systems which were evaluated
for delivery of TALEN expression cassettes including vectors based on
adenovirus, lentivirus and baculovirus (BV).

AdVs belong to the family of Adenoviridae which are non-
enveloped viruses with an icosahedral capsid. The capsid contains the
double-stranded DNA genome with a length of 26 to 45 kilo base pairs
(kb) dependent on the serotype. There are more than 60 identified
human adenoviral serotypes displaying varying tropisms for different
cell lines and organs. Historically, the most commonly used adenoviral
serotype is the human adenovirus serotype 5 which shows a broad
tropism in vitro and in vivo. Wild type adenovirus serotype 5 contains
a 36 kb genome and for generation of first generation AdVs the early
gene E1 (3.15 kb) and the early gene E3 (3.1 kb) can be deleted. Since
the total packaging capacity of an adenoviral genome should not exceed
105%, up to 8.25 kb of foreign DNA can be encapsidated into the
icosahedral capsid. Second generation AdVs lack more than two early
genes including E2 and E4, providing an extended genome packaging
capacity compared to first generation AdVs [23,24]. However, due to
leaky expression of adenoviral genes preserved in the recombinant
AdV genome, first and second generation AdVs are not considered as
optimal vectors for therapeutic approaches, because de novo production
of adenoviral proteins causes enhanced adaptive immune responses
including a cytotoxic T-cell response [25]. The most advanced version of
recombinant AdVs are represented by high-capacity AdVs (HCAdVs)
lacking all viral coding sequences [26,27]. They can be distinguished
from the other recombinant AdVs by a significantly reduced induction
of innate and adaptive immune responses [28]. Only the left and right
inverted terminal repeats (ITR) and the packaging signal at the 5" end
of the genome are maintained, providing a total packaging capacity of
up to 36 kb. It is of note that recombinant AdVs show low integration
efficiencies in vitro and in vivo and that they predominantly persist as
extrachromosomal DNA vector genomes [29].

LVs are part of the family of Retroviridae and belong to the group
of enveloped and single-stranded RNA viruses. LV vectors are derived
from the human immune deficiency virus (HIV) and the prototype of
these vectors was already developed in 1996 [30]. Early generation LV
genomes contain the gene of interest and essential cis-acting elements
such as the long terminal repeats (LTRs), the packaging signal and
the Rev-responsive element (RRE). To further improve the LV vector
system, second generation vectors deleted for multiple non-essential
accessory genes were generated [31] and self-inactivating (SIN) vectors
were established [32], avoiding unwanted generation of replication-
competent LVs and the activation of nearby genes due to genomic
integration. For third generation LVs “transactivator of transcription”
(tat)-independent vectors were generated. Moreover, the central
polypurine tract (cPPT) for increased vector transduction efficiency and
the woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) for enhanced transgene expression levels were inserted into
the recombinant LV genome. Numerous preclinical and clinical
trials using LV were performed or are currently being conducted. For
achieving stable transgene expression, LVs which have a packaging
capacity of up to 8 kb integrate into the host genome mediated by

the HIV-derived integrase. Since LV predominantly integrates into
transcriptional active regions in the host genome [4,33,34] causing
potentially genotoxic side effects [35], non-integrating lentiviral vectors
(IDLVs) were developed [36] carrying a mutation in the catalytic
domain of the integrase protein. During infection, genomes of IDLV's
form DNA intermediates such as 1- and 2-LTR circles within a cell
and it was shown that these LTR circles mediate short-term transgene
expression after transduction [37].

BVs belong to the family of Baculoviridae and exhibit a double-
stranded circular DNA genome in a filamentous shape. They primarily
infect insects but BV derived vectors are also capable of infecting various
mammalian cell types including also human embryonic stem cells [38]
and pluripotent stem cells [39,40]. BV vectors are derived from the well
characterized Autographa californica multiple nucleopolyhedrovirus
(AcMNPV), which contains a genome of 134 kb with 155 genes. Since
viral proteins polyhedrin and p10 are dispensable for virus replication,
their respective genes can be replaced by transgene expression
cassettes. This leads to a total transgene capacity of approximately
38 kb. After transduction, AcCMNPV neither replicates nor integrates
into the genome of mammalian cells, making it in combination with
its simple production and no pre-existing immunity to an efficient
vector system for various applications. AcCMNVPare extensively used
for protein production [41,42], virus production [43,44], vaccine
development [32,45] vaccine production [46] and cancer therapy [47].
However, although BV is replication-deficient in mammalian cells,
several viral genes are expressed and lead to robust immune responses
in vivo [48,49]. This effect is reduced in stem cells and therefore, BV
derived vectors are primarily useful in regenerative medicine. Several
improvements of this vector system were achieved by altering the viral
surface protein gp64 with different signal peptides for transduction of
certain mammalian cells [50]. Other improvements could be achieved
by protecting BV vectors from inhibition factors within serum which
lead to more efficient transduction in vitro and in vivo [51].

Molecular Design and Functionality of TALEN
Delivering Viral Vectors

To date there are two studies demonstrating that viral vectors can
be explored for delivery of TALEN expression cassettes into target
cells [40,52]. In the first study lentiviral and adenoviral vectors and
their ability to result in sufficient expression of functional TALENs
in the desired target cells was investigated. For this purpose a TALEN
expression cassette under control of a constitutive cytomegalovirus
(CMV) promoter was integrated into different adenoviral and
lentiviral vectors. The TALE encoding sequence contained 18 repeats
for targeting of the AAVSI locus within the human genome which
represents the predominantly used site of insertion of wild type AAV
on chromosome 19 [53]. For the LV constructs third generation vectors
including WPRE and cPPT were used whereas for the AdV based
approach first and second generation AdVs were employed, either
lacking only the early gene E1 or E1 and the early gene region E2A.

For each TALEN expression cassette a single AdV or LV vector
was constructed and therefore, simultaneous infection of one cell
with two vectors for expression of the functional TALEN pair was
required. The strategy of these approaches based on AdV and LV is
schematically shown in Figure 1. Different cell types including HeLa
cells, immortalized cells from patient affected by Duchenne muscular
dystrophy (DMD) and human mesenchymal stem cells (hMSCs,
primary cells) were infected. Obtained results demonstrated that the
adenoviral constructs of both generations were able to deliver the
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complete TALEN expression cassette into all cell types. TALEN proteins
could be detected via western blot analysis and immunofluorescence
microscopy. The functionality of the TALEN pair was checked via
Surveyor nuclease mutation detection assay for which amplicons of the
target locus were denaturated and subsequently re-annealed. In case
of mutated sequences this leads to DNA mismatches caused by NHE]
of TALEN-induced dsDNA breaks, which can be detected and cleaved
by mismatch-sensitive enzymes. Holkers and colleagues [52] could
demonstrate that for AdV-based delivery this cleavage increased in a
vector dose-dependent manner. To confirm this result, 20 randomly
selected clones were sequenced of which 12 clones were mutated.
Overall these findings prove that first and second generation AdVs
are valuable tools for viral delivery of complete and functional TALEN
expression cassette into human cells.

In case of LV-based delivery of TALEN expression cassettes, it could
be shown that both integration competent (ICLV) and integration
deficient (IDLV) LVs failed to deliver complete TALEN expression
cassettes into target cells [52]. PCR results showed reduced numbers of
repeat domains for the integrated proviruses and IDLVSs after infection.
Subsequent sequencing confirmed that deletion of complete repeats
occurred during vector production ranging from 5-15 repeats per
TALEN [52]. However, there is evidence that reverse transcriptase (RT)
of simple and complex retroviruses possesses low affinity to their RNA
template and therefore switching events within the template during
the reverse transcription reaction from RNA to DNA may occur [54-
56]. Due to the fact that the presence of direct repeats increases these

(AdVAEL) TALEN L TALEN R
AdVAEl/AE2A

nucleus

switching events resulting in deletion of one or more repeats [54-57], it
seems that the usage of commonly used versions of LV vector systems
for sufficient delivery and expression of TALENs in mammalian cells is
not feasible.

In the second study a BV vector system was used to deliver TALENSs
into U87 glioblastoma-derived cells and human-induced pluripotent
stem cells (h-iPSCs) [40]. Unlike the study by Holkers and colleagues
[58], this study was based on a single vector containing both TALEN
expression cassettes in one virus genome (BV-TALEN) (Figure 2). It is
of note that for the BV system TALENS were tested targeting a different
sequence within the AAV-S1 locus when compared to the study
exploring AdV and LV as vehicles for TALEN delivery. Nevertheless,
TALENSs utilized in the BV-based study were confirmed as highly specific
for the respective genomic target site via cleavage mismatch-sensitive
assay. It could also be demonstrated that transduction of BV-TALEN at
moderate MOI resulted in no genomic instability or increased cell death
in glioma cells. After co-transduction of U87 cells with BV-TALEN
and a BV vector containing an neomycin-eGFP-expression cassette
(Neo-eGFP) flanked by homologous sequences to the AAVSI locus,
Zhu et al. [40] could show stable integration of the Neo-eGFP cassette
into the AAVSI locus. Efficiency was determined by measuringe GFP
expression levels, a PCR approach detecting the modified AAVS1 locus,
and Southern blot analysis, reaching a value of up to 95% eGFP positive
cells. These results show that high efficiency and specificity of TALEN-
mediated homologous recombination via a viral vector delivery system
can be achieved. In order to investigate whether also stem cells could

Figure 1: Schematic overview of adenoviral and lentiviral vector systems available for TALEN delivery into mammalian cells. First generation (AdVAE1) and second
generation (AdVAE1/AE2A) adenoviral vectors can be used for delivery of TALEN pairs (TALEN-L and TALEN-R). After nuclear entry adenoviral vectors form linear
DNA molecules from which direct mMRNA transcription of TALENs occurs (1). Lentiviral vectors (LV) contain RNA based genomes and after entry into the cytoplasm
these are transcribed into cDNA by a virus encoded reverse transcriptase (RT). For integration deficient LV (IDLV) vector genomes can exist as episomal 1-LTR
and 2-LTR circles from which TALENSs can be expressed (2). For integration competent LV vectors (ICLV) integration of cDNA into the host genome is mediated by
a virus encoded integrase (INT) (3). Subsequently, expression of TALENs from stable integrated cDNA (provirus) can occur (3). For both vector systems TALEN
proteins can bind to the desired DNA target site and TALEN induced double-strand breaks then either lead to non-homologous end joining (NHEJ) or homologous
recombination (HR) in the presence of donor DNA with homologous DNA sequences (4). TALEN-L: left part of the TALEN pair; TALEN-R: right part of the TALEN
pair; grey horizontal boxes: TALEN-L expression cassette; blackhorizontal boxes: TALEN-R expression cassette; grey oval: TALEN-L protein; black oval: TALEN-R
protein; dashed boxes: RNA genomes of lentiviruses encoding TALEN-L and TALEN-R; white horizontal arrows: adenoviral inverted terminal repeats (ITR); white
boxes: lentiviral long terminal repeats (LTR); dotted ovals: lentiviral retroviral transcriptase (RT) and lentiviral integrase (INT); AdVAE1: first generation adenoviral
vector deleted for the early gene E1; second generation adenoviral vector deleted for the early genes E1 and E3.
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be site-specifically modified, co-transduction of BV-TALEN and the
BV vector with Neo-eGFP was performed in h-iPSCs. After selection
with neomycin eGFPexpression could be detected in up to 99.3% of
all selected cells 65 days post-transfection. Site-specific integration of
the Neo-eGFP cassette was confirmed via PCR. In summary, these data
revealed that TALEN-mediated engineering of stem cells via a BV-
based vector system is highly efficient and could play an emerging role
in future stem cell based applications.

Risks and Improvements

Single TALEN expression vectors as performed in the study by
Holkers and colleagues [58] require co-infection of two vectors encoding
for each part of the nuclease pair. These approaches for adequate TALEN
expression especially in vivo are confronted with several problems.
First of all both vectors have to infect the same cell with nearly equal
efficiency to provide the same amount of each TALEN protein within
the cell. Furthermore, a system which relies on co-infection with two
viral vectors may require an increased viral dose which could stimulate
enhanced toxic side effects and an enhanced immune response. The
next challenge could be associated with high expression levels and
long-term expression of designer nucleases when using viral vectors for
TALEN delivery. For instance the risk of genotoxicity due to off-target
effects and therefore activity of TALEN pairs at unwanted loci due to
unspecific binding should be analyzed in further detail. Furthermore,
activity of the TALEN pair at the targeted chromosomal location in
combination with unspecific binding and activity of the same TALEN
pair at off-target sites may also lead to chromosomal translocations
by linking the two translocation breakpoints. Although there is no
direct evidence that chromosomal translocations can be induced

nucleocapsid

cytoplasm

after introducing a single TALEN pair into mammalian cells, there is
evidence that translocations can be specifically induced in the presence
of two TALEN pairs targeting different loci within the host genome
[59,60].

To circumvent these problems it could be beneficial to design viral
vectors that contain both expression cassettes of a TALEN pair in one
construct as conducted in the BV-based study [40]. This approach may
decrease toxic side effects induced by the viral vector itself, because a
decreased viral dose may be required for sufficient TALEN delivery.
Depending on the number of RVD motifs of the respective TALEN,
the size of a single TALEN expression cassette consisting of a promoter,
the TALEN-gene and a polyadenylation signal can easily exceed 3.5
kb. Keeping in mind that the specificity of TALENs correlates with
the number of repeats, besides HCAdV and BV the majority of the
commonly used vector systems (AdV, LV, AAV) fail in providing the
appropriate capacity for two TALEN expression cassettes contained
in one vector. However, internal ribosomal entry site (IRES)-based
bicistronic expression cassettes or 2A peptide linked multicistronic
vectors may represent a potential solution. With respect to high
expression levels of TALENs and duration of TALEN expression in
transduced cells, expression of TALENs could be tightly controlled
or only induced during a short period of time. Towards that end a
possible solution would be the introduction of inducible promoter
systems to control TALEN expression. Several inducible systems
are well established as exemplified by the antibiotic-based TET-ON
system [61] as well as mifepristone-inducible systems [62] to control
protein expression. These machineries provide the opportunity to
tightly control and monitor transgene expression. Especially antibiotic-
inducible promoters could be of great importance for therapeutic

AcMNPV

TALEN-L TALEN-R

nucleus

HR

Figure 2: Schematic overview of TALEN expression via baculovirus derived vectors (AcMNPV). Virions of ACMNPVs contain a varying number of nucleocapsids
each containing one vector genome carrying both expression cassettes of the TALEN pair. Transduction is mediated by membrane fusion of virion and host cell
membranes and subsequent endosomal uptake (1). Next, release of nucleocapsids into the cytoplasm and subsequent transport of the genetic cargo on actin
filaments to the nucleus occurs (2). After nuclear entry expression of the TALEN pair from circular double-stranded DNA vector genomes takes place which can
then bind to the desired genomic target site (3). TALEN induced double-strand break then either leads to non-homologous end joining (NHEJ) or homologous
recombination (HR) in the presence of respective donor DNA (4). AcMNPV: Autographa californica multiple nucleopolyhedrovirus; TALEN-L: left part of the TALEN
pair; TALEN-R: right part of the TALEN pair; Grey boxes: TALEN-L expression cassette; Black boxes: TALEN-R expression cassette; Grey oval: TALEN-L protein;

Black oval: TALEN-R protein.
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approaches because their inductors can be applied in a non-invasive
manner.

Future Viral Vectors for Delivery of TALENSs

Although LV vectors hold great promise for gene therapeutic
applications, at the time they are not capable of sufficiently delivering
functional TALEN pairs based on their current molecular design.
However, in 2004 a novel version of a retroviral vector deficient for
reverse transcriptase activity was designed, which was generated by
deletions or mutations in the primer binding site necessary for the viral
reverse transcription reaction [63]. Previous studies could show that
these vectors provide highly efficient transduction rates in combination
with transient transgene expression. Without the ability to reversely
transcribe the viral RNA to DNA, the vector genome acts like mRNA
molecules in the cytoplasm leading to short time expression of the
desired transgene. With the possibility to express TALENs directly
from RNA with a short life span, it may be possible to overcome the
potential problem of toxicity and off-target effects. However, up to
now only murine leukemia virus (MLV)-based retroviral systems have
been invented to act only on the translational level, but in the future it
may also be possible to design LV vectors which lack the function of
reverse transcriptase. Most importantly, these new vectors would also
circumvent the deletion of repetitive sequences within the TALE during
the lentiviral reverse transcription reaction. It is of note, that LV vectors
may also be able to provide required space for two TALEN encoding
sequences contained in one vector. Depending on the number of repeats
within each TALEN, it could be possible to translate both TALENSs from
one bicistronic mRNA template. To achieve that, both TALEN genes
could be linked via an IRES sequence. Another strategy could be based
on a multicistronic approach in which TALEN proteins could be linked
via a 2A peptide. However, at the time no data are available for these
approaches but combining reverse transcriptase deficient LV vectors
expressing a complete TALEN pair from one bicistronic RNA would
offer a beneficial tool for further scientific and therapeutic studies.

So far the only platforms which can provide the necessary capacity
for two complete TALEN expression cassette of large and specific
TALENs are HCAdV and BV based vectors. Especially HCAdV
vectors lacking all viral genes offer great potential for delivery of these
large TALEN expression cassettes, because in contrast to BV vectors
HCAdVs show only moderately induced immune responses it vivo.
In combination with the possibility to strictly control duration of
TALEN expression based on inducible promoters, the HCAdV system
may hold great promise especially for sequence-specific genome
engineering in vivo. BV based vectors instead provide a powerful tool
for ex vivo approaches. For instance progenies of modified iPSCs using
the BV vector system for TALEN delivery could play an emerging role
in regenerative medicine.

Besides gene disruption due to TALEN activity in mammalian
cells, another major goal of TALEN-based therapeutic approaches is
the establishment of efficient strategies for gene correction. It could
be shown that dsDNA breaks caused by TALENSs induce homologous
recombination in the presence of homologous sequences contained
in the respective donor DNA [64-66]. This mechanism can be used
to correct mutations associated with genetic diseases by transducing
a DNA sequence homologous to the target sequence along with the
TALEN encoding sequences. In the context of the ZFN technology,
IDLVs [4] and first generation AdVs [67] were explored as donors
providing DNA substrates for homologous recombination. However,
efficiencies of homologous recombination for these systems are low

and the molecular design especially of the donor DNA vectors needs
to be improved.

Currently there are no data available for TALEN-based approaches
in a clinical context. Due to the fact that this technology is relatively new
only preclinical studies were performed until now. However, the ZFN
technology could show some benefits for clinical applications [22,68,69]
and clinical trials were initiated using these nucleases to disrupt the
human CCR5 locus in T cells in order to prevent entry of human
immunodefiency virus 1 (HIV-1) into these cells (www.clinicaltrials.
govNCT00842634, NCT01252641, NCT01044654). Keeping in mind
that ZFN and TALE nucleases share the same mode of action, TALENs
could be also be used in clinical applications in the future.

Notably, besides LV, AdV and BV vectors, also other viral vectors
such as adeno-associated viral vectors (AAV vectors) for delivery of
functional TALEN expression cassettes will be of interest in the future.
However, it remains to be shown whether these approaches are feasible
and whether they are more efficient compared to the currently available
vector systems.
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