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The nuclear envelope represents a formidable barrier to the transfer of plas-
mids to the cell nucleus, particularly in nondividing cells. The probability of
intact plasmids arriving in the nucleus by a passive process is extremely low.
There is substantial evidence in the literature that describes the transport of
macromolecules, including plasmids, to the nucleus as a very inefficient pro-
cess, and so far attempts to affect the active transport through the nuclear
pores have achieved limited success. Several approaches have been
attempted to improve nuclear transport of plasmids, including the conden-
sation of plasmids to unimolecular complexes of minimal hydrodynamic
diameter to favour passive transport through the nuclear pore complex, and
the incorporation of nuclear localisation signals in the plasmid or in the
delivery system to enhance the active transport of plasmids through the
nuclear pores.
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1. Introduction

Gene therapy can be viewed simplistically as a means to produce proteins in vivo
using the patient’s own cells as mini-bioreactors. The field of gene therapy has
evolved since its inception from ex vivo methods of introducing genes to the direct
administration of invivo gene-based products. The clinical targets have also
expanded from the treatment of genetic disorders such as cystic fibrosis, Duchenne
muscular dystrophy and haemophilia, to the prevention and treatment of acquired
diseases such as cancer, cardiovascular and neurological diseases. Gene therapy is also
being explored for the production of innovative vaccines that can precisely modulate
cellular and humoral immune responses, thus providing prophylactic or therapeutic
treatments for several infectious diseases or cancers.

The rational design of plasmid-based therapeutics and vaccines requires a thor-
ough understanding of the critical events that control both the location and func-
tioning of the administered genes. Scientists have created and tested an array of novel
delivery elements (and devices) to overcome some of the rate-limiting steps from the
site of administration to the nucleus of the target cells. Those key steps have been
described previously by the ‘DART’ approach to plasmid targeting [1-21 and include
distribution (e.g., diffusion through injected tissues such as skeletal muscles or solid
tumours), access (e.g., extravasation through sinusoids in the liver after intravenous
administration), recognition (e.g., passive cell binding through ionic interactions;
active targeting via cell ligands to affect receptor-mediated uptake) and trafficking
(e.g., intracellular transfer of plasmids, including endosomal release, decomplexation
if plasmids are associated with delivery carriers, plasmid cytoplasmic translocation
and nuclear localisation) (Figure 1). So far, a limited number of first-generation deliv-
ery systems have been introduced into clinical trials (e.g., polymer- and lipid-based
formulations) [3-41, and those primarily address the initial rate-limiting steps in gene
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Figure 1. Rate-limiting steps in the delivery of plasmids from injection site to the nucleus of target cells.

delivery (e.g., plasmid diffusion in extracellular matrices, pro-
tection from nucleases and cell uptake via nonspecific mecha-
nisms). More advanced delivery systems have been designed to
address the different rate-limiting steps in DART, but so far
their testing has remained limited to animal models. Major
challenges and opportunities still remain in improving plasmid
delivery to further enhance the potency of gene medicines and
vaccines. Scientists must also continue to address the pharma-
ceutics of the resulting formulations, such as stability and
scale-up, and develop analytical methods for quality control to
ensure manufacturing process comparability and lot-to-lot
consistency of plasmid-based therapeutics as “well-character-
ised biological products”. In addition, once plasmids have
reached the nucleus, following biodistribution and intracellu-
lar trafficking, the ability to control gene expression remains
essential. This review focuses on the last step of gene transfer
with plasmid-based systems, nuclear translocation, and evalu-
ates some of the recent approaches that have been investigated
to increase the number of intact plasmids gaining access to the
cell nucleus.

2. Effect of cell division on transfection
efficiency

Transfection of dividing cells is generally effective, as the
nuclear membrane disintegration during mitosis allows plas-
mids to enter the nucleus before the membrane reforms.
There is experimental evidence to prove that gene transfer
occurs most readily in dividing cells [5-71. However, transfec-
tion of postmitotic cells is typically ineffective (Figure 2). A
few exceptions to the transfection of differentiated cells have
been found in vivo after intramuscular administration of plas-
mids to skeletal (and cardiac) muscle, and the use of hydrody-
namic (bolus injection of a high volume) gene transfer to the
liver and muscle [s-11]. The reason for those exceptions is not
very well understood, but it is possible that in addition to the

transient cell membrane permeability created by the high vol-
ume of injection, a transient increase in nuclear membrane
permeability may also occur. In vitro transfection experiments
have shown that unprotected plasmids can be rapidly
degraded in the cytoplasm, and typically < 1% of plasmids
accessing the cytoplasm will translocate to the nucleus [12-13].
Nuclear entry of unformulated plasmids in postmitotic cells
has been shown by cellular microinjection studies to be
extremely low, with expression being ~ 1000-fold lower after
intracytoplasmic injection compared with injection into the
nucleus [z4]. In addition, nuclear microinjection of cationic
lipid/DNA complexes has been shown to inhibit expression,
suggesting that plasmids need to be released from complexes
(pre- or post-entry in the nucleus) to allow gene expression
[1s]. However, cationic polymers such as poly-L-lysine (PLL)
and polyethylenimine (PEI) [16] have been suggested to medi-
ate nuclear targeting (e.g., PLL is reminiscent of the nuclear
localising signal Pro-Lys-Lys-Lys-Arg-Lys-Val).

3. Nuclear transfer

3.1 Passive transfer

The nuclear membrane prevents the passive transfer of most
macromolecules > ~ 50 kDa into the nucleus, unless they can
interact with the nuclear pore complex (NPC) for active trans-
port. The nuclear envelope is composed of two lipid mem-
brane bilayers creating a formidable barrier between the
cytoplasmic and nuclear compartments. The inner and outer
membranes are connected at NPCs throughout the envelope.
It is estimated that there are 2000 — 4000 nuclear pores/cell.
The NPC has a reported diameter of 10 — 25 nm and does not
allow the direct transfer of plasmids across the nuclear mem-
brane due to the intrinsic colloidal characteristics of plasmids
(persistence length or average linearity of > 50 nm) and their
net negative surface charge. However, the NPC permits the
passive transfer of gold particles < 9 — 10 nm in diameter and
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Figure 2. Passive nuclear transfer of unformulated plasmid
is typically inefficient in postmitotic cells.

linear DNA fragments < ~ 300 bp [17]. Plasmids are too large
to cross the nuclear membrane efficiently and most delivery
systems condense DNA to multimolecular complexes with
diameters in the hundreds of nanometer to micron range that
are also incompatible with passive nuclear entry (assuming no
prior cytoplasmic decomplexation). One approach that has
been evaluated to improve the passive transfer of plasmid mol-
ecules through the NPC is the condensation of plasmids into
unimolecular complexes. Each of these complexes contains
one molecule of DNA and has the minimum possible
compacted size based on computation.

According to Zuber et al. 18], the volume of a 5.5-kbp
DNA is 11,800 nm? if hexagonal packing is assumed (based
on the model that DNA helices form a hexagonal array with
counterions in the interstices between the helices, resulting in
a stable three-dimensional phase with high structural order as
reported by Shellmann and Parthasarathy [19]). With a calcu-
lated 2700 cationic lipid molecules to neutralise the DNA
negative charges, and with an assumption of the dimensions
of a hydrated lipid molecule of 0.8 nm2 x 4 nm, the resulting
volume of the complex is 20,440 nm3, which translates to a
sphere of 34 nm in diameter. Plasmid condensation into uni-
molecular complexes also alters the surface properties of the
DNA (e.g., by providing a more hydrophobic surface with less
exposed negative surface charges), which may also facilitate
penetration via the NPC.

3.2 Active transport

The NPC enables the active transport of endogenous nucleo-
proteins (e.g., histones and transcription factors) into the
nucleus and the export of RNA to the cytoplasm. The nuclear
transfer of those macromolecules involves energy-independ-
ent recognition of the nuclear localisation sequences (NLS)-
containing protein by the NLS receptor (a heterodimeric
complex composed of the NLS-binding importin-o. and the
NPC docking importin-f protein), docking of the substrate
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at the NPC, energy-dependent translocation of the complex
through the NPC and release within the nucleus [20]. Nucleo-
proteins contain NLS, typically a cluster of four to seven basic
amino acids (e.g., Pro-Lys- Lys- Lys-Arg-Lys-Val), as found in
the Simian virus (SV)40 large T antigen, for example, which
interact with karyopherins or importins that act as shuttle
proteins to the nucleus. Many nucleoproteins have clusters of
the cationic sequences (e.g., bipartite) separated by a spacer of
10 - 12 residues. Covalent coupling of NLS to proteins such
as bovine serum albumin, ferritin and IgM [21] has been
shown to enhance their nuclear localisation. Many viral pro-
teins also contain NLS and are assumed to reach the nucleus
by active transport:

« viral DNA enters the nucleus by way of one or more nucleo-
protein(s) coupled to its DNA (e.g., adenovirus having a
copy of the terminal protein coupled to each 5'-terminus of
the viral duplex DNA);

« histone-like proteins in the viral core mediate the uptake of
viral DNA; these cationic proteins, noncovalently bound
within the viral core, may form complexes of sufficient sta-
bility to contribute to the uptake of the DNA (e.g., adeno-
viral core proteins V and VIl may work that way);

« viral DNA has sequences that bind host cell nucleoproteins
after the viral capsid has dissociated, resulting in active
uptake of the viral DNA (e.g., SV40 sequence).

In a similar manner, it is conceivable that NLS could be used
to improve the nuclear transport of plasmids.

In an attempt to increase the active transport of plasmids to
the nucleus, approaches that mimic the transport of nucleo-
proteins and viral DNA have been investigated and are
reviewed below. NLS have been associated with plasmids by
various means (direct linkage of NLS to DNA; noncovalent
association with NLS-bearing synthetic polymers; association
of DNA with virus-derived proteins/peptides, nuclear pro-
teins such as high mobility group [HMG] proteins and his-
tones). DNA cis-element recognised by a nuclear protein have
also been examined.

4. Unimolecular complexes for enhanced
passive nuclear transfer

Improvement in the nuclear transfer of plasmids could be
achieved by improving the passive diffusion rate through the
NPC by plasmid condensation to unimolecular complexes of
a size amenable for entry via the NPC (< 25 nm) (Figure 3).
Experiments reported by Liu et al. 221 show the effect of uni-
molecular compaction of a plasmid (~ 5 kbp) by 30-mer
lysine polymers (PLL conjugated with poly(ethylene glycol)
PEG, o) on transfection efficiency of terminally differentiated
human neuroblastoma SY5Y cells (by exposing the cells to all-
trans-retinoic acid for 6 days) or growth-arrested human
hepatoma HuH-7 cells after intranuclear or -cytoplasmic
microinjection. There was no difference in timing, level and
extent of gene expression after intranuclear injection of either
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Figure 3. Formation of unimolecular complexes with a
hydrodynamic diameter of ~ < 25 nm enhances the passive
transfer of plasmids to the nucleus.

~ 500 copies/cell of naked DNA or PLL-formulated plasmid,
suggesting a rapid plasmid decomplexation from PLL in the
nucleus. After intracytoplasmic injection, however, there was
a ~ 10-fold increase in the extent of gene expression with
compacted DNA compared with naked DNA, but the expres-
sion was about fivefold lower than following the intranuclear
injection of compacted DNA. The effect of plasmid compac-
tion on transfection efficiency after intracytoplasmic injection
was abolished by coinjection of wheat germ agglutinin, a
compound that is known to block importin-mediated trans-
fer. The effect of the particle size on transfer through the NPC
was investigated by the microinjection of condensed plasmids
of different sizes (3 — 28 kbp) in the cytoplasm or nucleus.
Nuclear microinjection of naked and condensed plasmids
resulted in comparable gene expression, indicating that tran-
scriptional efficiency did not decrease as a function of plasmid
size increase. However, gene expression was inversely propor-
tional to particle size after intracytoplasmic injection. There
was a significant decrease in expression above an approximate
threshold of 25 nm, approximating the physical limitation of
the NPC size for passive transfer to the nucleus.

In another study [20,23], fluorescently labelled PLL/plasmid
complexes of different charge ratios were evaluated for their
translocation to the cell nucleus in vitro. PLL by itself did not
localise to the cell nucleus. With an increased amount of PLL
in the complex (from a charge ratio (+/-) of 0.4 — 4), there
was a significant increase in plasmid accumulation in the
nucleus. Electron and atomic force microscopy revealed that
as the amount of PLL increased in the complex their size
changed from 60 nm (charge ratio 0.4, +/-) to > 150 nm
(charge ratio 2, +/-) to 15 — 20 nm (charge ratio 4, +/-). Ata
charge ratio of 4, the coupling of a NLS to PLL did not
increase plasmid nuclear transfer because the plasmid/PLL
complex is sufficiently condensed to enable the complex to
diffuse through the NPC.

Other delivery systems have recently been developed for
creating small, unimolecular complexes [18]. The principle is
based on plasmid condensation with cationic detergents
(containing a cysteine residue) at an appropriate concentra-
tion to form unimolecular complexes (detergents are used
rather than lipids due to higher solubility), followed by oxi-
dative dimerisation of the detergent into a lipid structure
with increased stability.

Although very limited success has been reported in the
literature so far, condensation of plasmids into unimolecular
complexes that have the ability to cross the nuclear membrane
passively is an attractive concept to increase plasmid transloca-
tion to the cell nucleus. However, significant hurdles remain
in controlling the compaction of plasmids to such discrete
and homogeneous complexes, as well as in their scale-up and
quality control. Even if such unimolecular complexes can be
manufactured at sufficient scale and display adequate shelf-life
stability, it will be extremely challenging to demonstrate
invivo that such complexes retain their physicochemical
properties (in particular a hydrodynamic diameter of ~ 25 nm
with a narrow size distribution) when placed in contact with
biological milieu such as body fluids, extracellular matrices
and intracellular proteins.

5. Approaches for active plasmid transport to
the nucleus

Improvement in nuclear transfer of unformulated or formu-
lated plasmids could also be achieved by improving the
active transport of plasmids through the NPC. NLS have
the potential to be incorporated in either the gene delivery
system or in the plasmid sequence to facilitate the active
transport of plasmids to the nucleus through the NPC
(Figure 4).

5.1 Nuclear localisation proteins and peptides

5.1.1 Viral and nuclear proteins

Several viral proteins have been used to improve nuclear trans-
port of plasmids (e.g., adenovirus hexon protein linked to PEI
[241; C-terminal domain of HIV type 1 viral protein R [25]),
resulting in increased in vitro gene expression. As the use of
microorganism proteins may lead to immunogenicity/safety
issues, endogenous nuclear proteins (HMG proteins, his-
tones) have instead been investigated for the active transport
of plasmids. HMG group 1 (HMG-1) non-histone chromo-
somal protein was associated with plasmid-loaded liposomes
and resulted in a shorter onset of expression, but with no
significant impact on expression levels [26].

5.1.2 NLS peptides

The simple addition of NLS peptides to plasmids has also
been tested [27-30] and has resulted in an enhanced rate and
amount of plasmid taken up by nuclei. A 4.4 kDa tetramer
of NLS from the SV40 large T antigen was synthesised and
tested for interaction and compaction of plasmids, as well as
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Figure 4. Active transport of plasmids through the nuclear
pore complex with NLS (NLS can be added to or
incorporated in the plasmid by means described in
Section 5).

NLS: Nuclear localisation sequence.

transfection efficiency [31). Positively charged nanoparticles
were obtained by interaction of the tetramer peptide with
plasmids, resulting in some protection invitro against
DNase | degradation. Rapid accumulation of the complexed
plasmids in the nucleus of the transfected cells in vitro was
observed by fluorescence in situ hybridisation, and a con-
comitant early onset of expression was evidenced to be less
cell cycle-dependent than with other non-NLS carriers such
as PEI or fractured dendrimers. Interestingly, when the
tetrameric NLS peptide was combined with a PEI carrier to
facilitate cellular uptake, a further increase in gene expres-
sion was observed in vitro. Due to its similarity with the
NLS of SV40 large T antigen, PLL has been investigated for
gene delivery. However, it has been shown that PLL by itself
does not function as a NLS [23].

Other polycationic peptides have been designed to facili-
tate the transfer of plasmids to cell nuclei [32). The arginine-
rich TAT peptide from HIV-1 has been shown to be able to
transport proteins, nanoparticles and liposomes by a mecha-
nism apparently different from endocytosis, and it also acts as
a nuclear translocation domain. Oligomers of the TAT pep-
tide were able to compact plasmids to nanoparticles and pro-
tect against nuclease degradation. Invitro transfection
experiments showed an increase in accumulation of plasmids
in the cell nucleus using dimer and trimer forms of the TAT-
peptide repeats with intervening glycine residues, leading to a
six- to eightfold increased expression compared with poly-L-
arginine-mediated delivery. By precompacting plasmids with
TAT oligomers then adding PEI, a 1 — 2 Log increase in gene
expression was observed compared with PEl-plasmid com-
plexes. When the order of addition of the compacting deliv-
ery systems was reversed, no benefit of the TAT oligomers on
transfection efficiency was observed. Intratracheal instillation
of TAT dimer/PEI/plasmid complexes in mice resulted in a
marginal increase of gene expression in the lungs compared
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with PEI-plasmid complexes. In a similar approach, branched
peptides derived from one to eight identical fragments of the
HIV-TAT protein were synthesised [33], but in vitro results
were disappointing. The plasmid formulation with the eight
TAT moiety peptide resulted in the highest transfection effi-
ciency in dividing cells compared with the other TAT pep-
tides, although transfection was similar to lipofectamine-
mediated delivery. In nondividing endothelial cells, the eight
TAT moiety peptide did not increase gene expression signifi-
cantly above the naked DNA control and expression was
~ 100-fold lower than lipofectamine-mediated transfection.

In another study, plasmids were condensed with NLS pep-
tides, either the adenoviral core peptide mu or the SV40-
derived peptide, and formulated with a cationic lipid system,
3(N-N’,N’-dimethylaminoethanecarbamoyl)cholesterol/dio-
leoyl-phosphatidyl-ethanolamine [34]. It was observed in vitro
that, although the two peptides were able to translocate rap-
idly to the cell nucleus on their own, when formulated with
plasmids and the cationic lipid system, a rapid intracellular
dissociation of plasmids from the condensing, nuclear target-
ing peptides occurred. As a consequence, with such a delivery
system there was no clear benefit of the incorporation of
either NLS peptides on plasmid translocation to the nucleus
in growth-arrested cells.

An importin B-binding peptide (31 amino acid sequence)
from the amino terminus of the human T-cell leukaemia
virus type 1 (HTLV) Rex post-transcriptional regulatory pro-
tein was also used to condense plasmids [35). The HTLV pep-
tide was found to bind the intracellular transport receptor
importin-f, invitro using an enzyme-linked immuno-
sorbent assay-based assay, but also unexpectedly to importin-o,
and transportin 1. The HTLV peptide was shown to con-
dense plasmids into discrete particles at nitrogen:phosphate
(N:P) ratios of 2 — 3. At a higher N:P ratio of 10 the diame-
ter of the plasmid/HTLV peptide complexes was measured to
< 90 nm by photon correlation spectroscopy. Significant
transfection was observed in PC-3 human prostatic carci-
noma cells with HTLV peptide-condensed plasmids. The
HTLV peptide mediated levels of expression ~ 15- to 32-fold
higher than PLL and K18, respectively.

5.1.3 NLS peptides linked to templates

An alternative approach to ensure the colocalisation of plas-
mids and NLS in the target cells has been to link the NLS to
templates (e.g., peptide nucleic acid [PNA] clamp, cationic
peptides) that bind DNA [36-371. Some of these approaches
have also resulted in enhanced in vitro transfection efficiency.
The SV40 large T antigen NLS that binds to importin-o., was
attached to plasmids at specific locations using PNA clamp
135]. A very modest increase in gene expression (twofold) was
observed in vitro when circular plasmids were used, whereas a
sevenfold increase was achieved with linearised plasmid com-
pared with unmodified DNA. A 38-mer peptide (M9) derived
from the heterogeneous nuclear ribonucleoprotein A1 was
investigated in vitro to enhance nuclear transport of plasmids
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in a variety of cell types [38-39]. Heterogeneous nuclear ribonu-
cleoprotein is a mMRNA-binding protein complex that shuttles
RNA between the nucleus and the cytoplasm via the NPC.
The M9 peptide binds to the nucleoporin via karyopherin-f3,
(transportin-1) to permit nuclear transport through the
nuclear pores. The karyopherin-M9 complex then dissociates
in the nucleus in response to Ran-GTP present at high con-
centration in the nucleus. The M9 peptide was coupled to a
scrambled version of the SV40 large T antigen to enhance the
ability of the peptide to bind plasmids via ionic interactions. In
combination with low concentrations of lipofectamine to facil-
itate cell entry in vitro, the modified M9 peptide was shown to
enhance nuclear trafficking of plasmids in oesophageal
mucosal cells and fibroblasts in vitro and transfection effi-
ciency. An NLS peptide derived from the SV40 large T anti-
gen was also linked with high affinity to plasmids by fusion
with the tetracycline repressor protein TetR that can bind to a
short DNA sequence, the tetracycline operator sequence tetO,
included in the plasmid sequence [40]. In vitro studies demon-
strated that the TetR—NLS fusion protein enhanced transfec-
tion efficiency by ~ 10-fold in cell cycle-arrested cells.
Increased transfection was observed in a number of cell lines,
including primary mesenchymal stem cells, and the enhance-
ment was higher with a shorter linearised fragment than for
the corresponding plasmid. In another study, a SV40 large T
antigen NLS peptide was bound to plasmids in an irreversible
way without affecting the plasmid physicochemical properties:
the NLS peptide was linked to plasmids via triplex-forming
oligonucleotides [411. A 63-mer triplex-forming oligonucle-
otide was designed to bind a specific plasmid sequence in the
phage f1 replication origin using a heating step and that oligo-
nucleotide was then ligated using a T4 DNA ligase to a
32-mer hairpin oligonucleotide that had been conjugated to
the NLS. This resulted in a circular 95-mer oligonucleotide/
NLS with a dumbbell-like structure catenated to a supercoiled
plasmid. Using either a cationic lipid- or PEI-based formula-
tion, those modified plasmids with a single NLS peptide did
not lead to increased expression levels in vitro compared with
unmodified plasmids. The authors hypothesised that super-
coiled plasmids may require more than one NLS peptide per
DNA molecule or different NLS peptides.

5.1.4 Covalently bound NLS peptides

The direct covalent linkage of NLS to DNA has been achieved
via chemical and photochemical reactions. Although covalent
coupling of increased number of NLS to DNA has been shown
to result in stronger binding to importins, a concomitant
increase in expression was not observed [42], suggesting that the
location and number of NLS per plasmid may be important for
nuclear import of plasmids. Using a capped 3.3-kbp linearised
cytomegalovirus (CMV)-luciferase plasmid linked to a single
NLS (PKKKRKVEDPYC) using a synthesised oligonucleotide
peptide, a 10- to 1000-fold increase in transfection efficiency
was achieved in vitro. The enhancement in transfection was
independent of the cell type and cationic formulation used [43].

A single mutation in the NLS (a lysine to threonine replace-
ment of the third amino acid) completely abolished the NLS
effect. In another recent study, Van der Aa et al. [44] tested the
effect of covalently linking NLS peptide to linear DNA on
transfection efficiency when formulating the modified DNA
with cationic polymers. To avoid premature degradation of lin-
ear DNA from the 5'- and 3'-sides, linearised plasmid DNA
was capped at both ends with a hairpin, and a NLS peptide
derived from SV40 large T antigen was conjugated to one of
the hairpins. When formulated with various cationic polymers,
the linear DNA—peptide conjugate did not lead to increased
in vitro transfection and no nuclear localisation was observed.
The reason for the failure of that specific study was hypothe-
sised to be partly related to the absence of a spacer linking the
NLS peptide to DNA, making ionic interactions between the
cationic NLS peptide and the linear DNA more likely, thus
potentially masking the peptide efficiency. Plasmid—NLS pep-
tide conjugates were also prepared by covalent binding via
diazocoupling using a short (Cg alkyl chain) or a long spacer
(PEG 3400 Da) [451. Covalent modification of plasmids with
the SV40 large T antigen NLS sequence resulted in binding to
the nuclear transport proteins, importin-o. and -f3, as a func-
tion of the number of NLS sequences and spacing with the
DNA molecule. Similarly, there seemed to be a trend in
increased transfection efficiency with a higher number of NLS
sequences and the longer spacer. However, after intracyto-
plasmic microinjection there was no clear evidence of nuclear
translocation of the covalently modified plasmids.

The association of plasmids with nuclear proteins has pre-
sented limited success so far and safety concerns remain with
such approaches, in particular the potential for immune
responses to proteins derived from microorganisms. The use
of shorter synthetic peptides for plasmid translocation to cell
nucleus has shown mixed results in vitro and some of the pro-
posed approaches to bind NLS peptides to plasmids still suffer
from a lack of characterisation and potential for scale-up. In
addition, there is a possibility that some of the noncovalently
bound NLS peptides may dissociate prematurely from plas-
mids in vivo and, therefore, not improve plasmid transfer to
the nucleus. Although a few approaches with covalent binding
of NLS to intact or linearised plasmids have shown some
promising results in vitro, it is unlikely that such strategies will
be economically and technically viable in the near future.

5.2 Cis-elements for nuclear localisation

The introduction of a minimal sequence from the SV40
enhancer/early promoter to the plasmid sequence has been
shown in invitro microinjection experiments [46-47] tO
promote nuclear import (in contrast to other viral promoter/
enhancer sequences from CMV or Rous Sarcoma Virus) in
mammalian cells from mouse, rat, monkey and human in a
variety of cell types, including smooth and striated muscle
cells, fibroblasts, endothelial and epithelial cells. In contrast
to all of the above approaches that have been tested in vitro
only, the effect of such a cis-element recognised by a nuclear
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protein has also been evaluated in animal models. In a study
of transfection of rat vasculature using electroporation,
Young et al. (481 compared green fluorescent protein and luci-
ferase plasmids driven by the human cytomegalovirus imme-
diate-early promoter to constructs containing the SV40
enhancer downstream of the reporter genes. A 10- to 40-fold
increase in gene expression was observed with the plasmids
containing the SV40 sequence with a concomitant nuclear
localisation as shown by insitu hybridisation. In another
in vivo study, the comparison of plasmids driven by a CMV
enhancer/promoter with or without the SV40 enhancer at
either the 5’-end of the CMV promoter/enhancer or at the
3’-end of the polyadenylation site resulted in a < 20-fold
increase in gene expression in mouse skeletal muscle [491. The
minimum size of the enhancer was found to be a single copy
of a 72-bp element of the SV40 enhancer. The addition of
the SV40 sequence in forward and reverse orientation to
plasmids driven by other promoters (e.g., skeletal actin)
resulted in significant enhanced gene expression from mouse
muscle, also suggesting that the 72-bp sequence (that does
not contain the origin of replication of SV40) was as effective
as the full-length SV40 sequence (245 bp).

Similarly, cis-acting nucleotide sequences for NFkB (induc-
ible transcription factor transported to the nucleus by the
nuclear import machinery) were added to a luciferase plasmid
and shown to increase nuclear localisation by ~ 10-fold with
an associated increase in gene expression [s0]. This approach
would be dependent on NF«B activation, as in the absence of
stimulus the proteins would predominantly be cytoplasmic.

The Epstein-Barr virus (EBV) oriP sequence has also been
incorporated into plasmids to increase nuclear import and
gene expression (levels and duration) in the presence of the
EBV nuclear antigen 1 (EBNAL) [51-52). For nuclear transport
of plasmids containing the EBV oriP, EBNAL is required as it
contains the DNA binding domain and the nuclear localisa-
tion signal for transport through the nuclear pore. The oriP is
~ 2 kbp, but the family of repeats FR comprising 20 copies of a
30-bp binding site motif for EBNAL may be sufficient (dele-
tion of the dyad symmetry element DS, the site for initiation
of replication, should not affect nuclear localisation). The pres-
ence of the EBNAL protein in cells at the time of transfection
seemed to be critical to enhance nuclear transport (shown by
cotransfection of EBNAL1 versus EBNAL stably expressing
cells). In the presence of EBNAL, the oriP-containing plasmid
increased in vitro gene expression as a result of transcriptional
or post-transcriptional activation (as shown by intranuclear
injection) and increased nuclear transport (as shown by
intracytoplasmic injection). The increase in oriP-EBNA1-
dependent gene expression was not restricted to a CMV pro-
moter as replacement by other promoters resulted in the same
effect. Safety concerns, however, may be raised with that
approach if EBNAL was used in conjunction with the oriP as
EBNAL has been shown to be tumorigenic in mice [53].

The introduction of cis-acting sequences in plasmids that
favour binding to karyophilic proteins has shown promise,

Rolland

increasing nuclear translocation and gene expression both
in vitro and in vivo, but some of those approaches continue to
raise some safety concerns.

6. Expert opinion

Efficient gene delivery to the nucleus of target cells in vivo still
remains a major limitation to effective therapy. Many barriers
to gene delivery have been addressed through the rational
design of delivery systems that tackle some of the rate-limiting
steps from the site of administration to the cell nucleus.
Although first-generation plasmid formulations designed to
primarily address the early steps in gene delivery (i.e., passive
distribution, diffusion in solid tissues and cellular uptake)
have reached human clinical status, improvement of plasmid
intracellular trafficking still remains one of the major
challenges to significantly improve transfection efficiency.

Although plasmids can access the cell nucleus during mitosis
and be retained in the nucleus following cell division [54], in
nondividing cells strategies will continue to need investigation
to facilitate either the passive or active transfer of plasmids to
the cell nucleus [55. Many approaches to improve on the
penultimate step in gene transfer, nuclear translocation,
designed primarily to enhance the number of plasmid copies
that can reach the nucleus in order to improve transfection effi-
ciency in both dividing and nondividing cells, have been
described in this review. Condensation of plasmids with cati-
onic carriers to form unimolecular complexes of minimal
hydrodynamic size have shown some promise in enhancing the
passive nuclear diffusion of plasmids. A product candidate
based on the concept of condensation of single plasmid mol-
ecules with PLL is currently being tested in cystic fibrosis
patients [101], but few data have been reported on the effect of
such a system on enhanced plasmid translocation to the
nucleus and gene expression. Significant technical hurdles seem
to remain to develop stable, unimolecular complexes at a large
scale and to ensure their stability once exposed to biological
milieu. The use of one or more NLS peptides or proteins
linked to plasmids either covalently or noncovalently has
shown some promising results primarily in vitro in helping
active transport of plasmids to the cell nucleus, resulting in
enhanced gene expression. However, challenges still remain
associated with controlling the rate of dissociation of NLS from
plasmids, preventing potential immune responses to NLS,
needing in some instances linearisation of plasmids and over-
coming technical challenges in scale-up and characterisation of
such systems. The introduction of cis-acting sequences in
plasmids to bind nuclear transport proteins seems to be the
most straightforward approach to enhance nuclear transloca-
tion and gene expression. Although promising results have
been observed in vivo with plasmids containing NLS elements
(e.g., the SV40 enhancer sequence), in some instances the need
to coexpress or introduce karyophilic proteins has raised con-
cerns as they may impact cell function and require controlled
expression in vivo.

Expert Opin. Drug Deliv. (2006) 3(1) 7

RIGHTES

L



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Nuclear gene delivery: the Trojan horse approach

Bibliography
Papers of special note have been highlighted as
either of interest () or of considerable interest

The combination of unimolecular complexes and NLS for
nuclear transport, although untested so far, could represent a
more effective way to enhance the transport of plasmids to the
cell nucleus. Alternatively, cytoplasmic transgene expression
remains a possible option that may bypass the need for nuclear
localisation, thus potentially providing a solution to enhance
expression and/or biological responses [s6-61]. Synthetic gene
delivery is still at an early stage of discovery and there are many
lessons that can be learnt from the intracellular trafficking of

Evaluation of mitosis on transgene
expression measured by quantitative flow
cytometry after transfection of HeLa cells

viruses that have evolved over millions of years. The develop-
ment of better models and techniques to evaluate nuclear
localisation both in vitro and in vivo, rational design of effec-
tive and safe NLS and formulations that can remain stable in a
biological environment will continue to be critical to advance
more efficient second-generation gene delivery systems to
human clinical testing. Gene therapy remains a promising bio-
technological breakthrough that is likely to revolutionise the
medicines of this new century.

primary rat myotubes. Proc. Natl. Acad. Sci.
USA (1995) 92:4572-4576.

16. BOUSSIF O, LEZOUALC'H F,

() to readers. with plasmid formulated with a DOTAP: ZANTA MA et al.: A versatile vector for

1. ROLLAND A: From genes to gene dio'leoyl-phosphatidyl-ethanolamine gene and oligonucleotide transfer into cells
medicines: recent advances in nonviral gene delivery system. in culture and in vivo: polyethylenimine.
delivery. Crit. Rev. Ther. Drug Carrier Syst. 8.  ZHANG G, BUDKER V, WOLFF JA: Proc. Natl. Acad. Sci. USA (1995)

(1998) 15:143-198. High levels of foreign gene expression in 92:7297-7301.

< Athorough review of nonviral gene hepatocytes after tail vein injections of es  Description of the ‘proton-sponge’ effect of
delivery systems. naked plasmid DNA. Hum. Gene Ther. PELI.

2. ROLLAND A: Synthetic gene delivery: (1999) 10:1785-1737. 17.  LUDTKE JJ, ZHANG G,
another quest for the Holy Grail? Curr. 9. ZHANG G, GAO X, SONG YK et al.: SEBESTYEN MG, WOLFF JA: A nuclear
Opin. Investig. Drugs (2001) 2:1767-1769. Hydroporation as a mechanism of localization signal can enhance both the

. hydrodynamic delivery. Gene Ther. (2004) nuclear transport and expression of 1 kb

3. Advanced Gene Delivery: from Concepts to .

Pharmaceutical Products, Drug Targeting and 11:675-682. DNA. J. Cell Sci. (1999) 112:2033-2041.
Delivery Series (Volume 10), A Rolland 10. KNAPP JE, LIU D: Hydrodynamic 18. ZUBER G, ZAMMUT-ITALIANO L,
(Ed.), Harwood Academic Publishers, delivery of DNA. Methods Mol. Biol. (2004) DAUTY E, BEHR JP: Targeted gene
Amsterdam, The Netherlands (1999). 245:245-250. delivery to cancer cells: directed assembly of

e« Acomprehensive volume on plasmid-based es  Description of a simple preclinical method nanometric DNA particles coated with folic
systems and their in vivo prophylactic and as a means to achieve significant levels of acid. Angew. Chem. Int. Ed. Engl. (2003)
therapeutic applications. transgene expression in vivo, especially in 42:2666-2669.

4, Pharmaceutical Gene Delivery Systems. mouse liver. ‘ Taljget.ing of monomolecular plasmid/

A Rolland, SM Sullivan (Eds), 11. HAGSTROM JE, HEGGE J, ZHANG G cationic cyste.lne-based detergent.
Marcel Dekker, Inc., New York, NYY, USA et al.: A facile nonviral method for complexes using PEG—folate moiety.
(2003). delivering genes and siRNAs to skeletal 19. SHELLMANN JA,

e« Acomprensive volume describing the latest muscle of mammalian limbs. Mol. Ther. PARTHASARATHY N: X-ray diffraction
development in gene therapy, plasmid- and (2004) 10:386-398. studies on cation-collapsed DNA.
virus-based gene delivery systems, and 12. ESCRIOU V, CARRIERE M, J. Mol. Biol. (1984) 175:313-329.
selected clinical applications. BUSSONE F, WILS P, SCHERMAN D: 20. CHAN CK, JANS DA: Using nuclear

5. FASBENDER A, ZABNER J, Critical assessment of the nuclear import of targeting signals to enhance non-viral gene
ZEIHER BG, WELSH MJ: A low rate of plasmid during cationic lipid-mediated gene transfer. Immunol. Cell Biol. (2002)
cell proliferation and reduced DNA uptake transfer. J. Gene Med. (2001) 3:179-187. 80:119-130.
limit cationic lipid-mediated gene transfer 13. LECHARDEUR D, SOHN KJ, s Acomprehensive review on nuclear import
to primary cultures of ciliated human HAARDT M et al.: Metabolic instability of pathways.
airway epithelia. Gene Ther. (1997) plasmid DNA in the cytosol: a potential 21. HEBERT E: Improvement of exogenous
4:1173-1180. barrier to gene transfer. Gene Ther. (1999) DNA nuclear importation by nuclear

6. ZABNER J, FASBENDER AJ, 6:482-497. localization signal-bearing vectors: a
MONINGER T, POELLINGER KA, 14. UYECHI-O’BRIEN LS, SZOKA FC: promising way for non-viral gene therapy?
WELSH MJ: Cellular and molecular Mechanisms for cationic lipids in gene Biol. Cell (2003) 95:59-68.
barriers to gene transfer by cationic lipid. transfer. In: Pharmaceutical Gene Delivery = Areview of nuclear localisation signals for
J. Biol. Chem. (1995) 270:18997-19007. Systems. A Rolland (Ed.), Marcel Dekker, plasmid delivery.

7. TSENG WC, HASELTON, FR, Inc., New York, NYY, USA (2003):79-108. 22. LIUG, LI D, PASUMARTHY MK et al.:
GIORGIO TD: Mitosis enhances transgene 15. DOWTY ME, WILLIAMS P, ZHANG G, Nanoparticles of compacted DNA transfect
expression of plasmid delivered by cationic HAGSTROM JE, WOLFF JA: Plasmid postmitotic cells. J. Biol. Chem. (2003)
liposomes. Biochim. Biophys. Acta (1999) DNA entry into postmitotic nuclei of 278:32578-32586.

1445:53-64.
8 Expert Opin. Drug Deliv. (2006) 3(1)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

oo

23.

24,

25.

26.

217.

28.

29.

30.

3L

32.

Plasmid compaction with PLL into
unimolecular complexes and the effect of
particle size on plasmid nuclear transport.

CHAN CK, JANS DA: Enhancement of
polylysine-mediated transferrinfection by
nuclear localization sequences: polylysine
does not function as a nuclear localization
sequence. Hum. Gene Ther. (1999)
10:1695-1702.

CARLISLE RC, BETTINGER T,

OGRIS M, HALE S, MAUTNER V,
SEYMOUR LW: Adenovirus hexon protein
enhances nuclear delivery and increases
transgene expression of polyethylenimine/
plasmid DNA vectors. Mol. Ther. (2001)
4:473-483.

KICHLER A, PAGES JC, LEBORGNE C
et al.: Efficient DNA transfection mediated
by the C-terminal domain of human
immunodeficiency virus Type 1 viral
protein R. J. Virol. (2000) 74:5424-5431.

KANEDAY, IWAI K, UCHIDAT:
Increased expression of DNA cointroduced
with nuclear protein in adult rat liver.
Science (1989) 243:375-378.

COLLAS P, ALESTROM P: Nuclear
localization signals: a driving force for
nuclear transport of plasmid DNA in
zebrafish. Biochem. Cell Biol. (1997)
75:633-640.

ARONSOHN Al, HUGHES JA: Nuclear
localization signal peptides enhance cationic
liposome-mediated gene therapy.

J. Drug Target. (1998) 5:163-169.

SCHWARTZ B, IVANOV MA,
PITARD B et al.: Synthetic DNA-
compacting peptides derived from human
sequence enhance cationic lipid-mediated
gene transfer in vitro and in vivo.

Gene Ther. (1999) 6:282-292.

ESCRIOU V, CARRIERE M,
SCHERMAN D, WILS P:

NLS bioconjugates for targeting therapeutic
genes to the nucleus. Adv. Drug Deliv. Rev.
(2003) 55:295-306.

A review on NLS for plasmid delivery to
the nucleus.

RITTER W, PLANK C, LAUSIER Jet al.:
A novel transfecting peptide comprising a
tetrameric nuclear localization sequence.

J. Mol. Med. (2003) 81:708-717.

Effect of four identical repeats of a nuclear
localisation signal on plasmid compaction
and in vitro transfection.

RUDOLPH C, PLANK C, LAUSIER J,

SCHILLINGER U, MULLER RH,
ROSENECKER J: Oligomers of the

33.

34,

35.

36.

38.

39.

40.

41.

arginine-rich motif of the HIV-1 TAT
protein are capable of transferring plasmid
DNA into cells. J. Biol. Chem. (2003)
278:11411-11418.

TUNG CH, MUELLER §,
WEISSLEDER R: Novel branching
membrane translocational peptide as gene
delivery vector. Bioorg. Med. Chem. (2002)
10:3609-3614.

KELLER M, HARBOTTLE RP,
PEROUZEL E et al.: Nuclear localisation
sequence templated nonviral gene delivery
vectors: investigation of intracellular
trafficking events of LMD and LD vector
systems. Chembiochem. (2003) 4:286-298.

BREMNER KH, SEYMOUR LW,
LOGAN A, READ ML: Factors influencing
the ability of nuclear localization sequence
peptides to enhance nonviral gene delivery.
Bioconjug. Chem. (2004) 15:152-161.

In vitro evaluation of NLS peptide/DNA
conjugates prepared by site-specific
binding via a PNA clamp.
SUBRAMANIAN A, RANGANATHAN P,
DIAMOND SL: Nuclear targeting peptide
scaffolds for lipofection of nondividing
mammalian cells. Nat. Biotechnol. (1999)
17:873-877.

BRANDEN 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.

BYRNES CK, NASS PH, SHIM J,
DUNCAN MD, LACY B, HARMON JW:
Novel nuclear shuttle peptide to increase
transfection efficiency in esophageal
mucosal cells. J. Gastrointest. Surg. (2002)
6:37-42.

BYRNES CK, NASS PH, DUNCAN MD,
HARMON JW: A nuclear targeting
peptide, M9, improves transfection
efficiency in fibroblasts. J. Surg. Res. (2002)
108:85-90.

VAYSSE L, HARBOTTLE R, BIGGER B,
BERGAU A, TOLMACHOV O,
COUTELLE C: Development of a self-
assembling nuclear targeting vector system
based on the tetracycline repressor protein.
J. Biol. Chem. (2004) 279:5555-5564.

ROULON T, HELENE C, ESCUDE C:
Coupling of a targeting peptide to plasmid
DNA using a new type of padlock
oligonucleotide. Bioconjug. Chem. (2002)
13:1134-1139.

Innovative strategy to couple a targeting
peptide to a plasmid via triple helix

42.

43.

44.

45.

46.

47.

48.

49.

50.

Rolland

formation without covalent modification
of the DNA backbone.

SEBESTYEN MG, LUDTKE JJ,

BASSIK MC et al.: DNA vector chemistry:
the covalent attachment of signal peptides
to plasmid DNA. Nat. Biotech. (1998)
16:80-85.

ZANTA MA, BELGUIS-VALLADIER P,
BEHR JP: Gene delivery: a single nuclear
localization signal peptide is sufficient to
carry DNA to the cell nucleus. Proc. Natl.
Acad. Sci. USA (1999) 96:91-96.

Increased in vitro expression with a capped
linearised plasmid bound to a single
nuclear localisation signal.

VAN DER AA MA, KONING GA,
D’OLIVEIRA C et al.: An NLS peptide
covalently linked to linear DNA does not
enhance transfection efficiency of cationic
polymer based gene delivery systems.

J. Gene Med. (2005) 7:208-217.

NAGASAKI T, MYOHOII T,
TACHIBANA T, FUTAKI S,
TAMAGAKI S: Can nuclear localization
signals enhance nuclear localization of
plasmid DNA? Bioconjug. Chem. (2003)
14:282-286.

WILSON GL, DEAN BS, WANG G,
DEAN DA: Nuclear import of plasmid
DNA in digitonin-permeabilized cells
requires both cytoplasmic factors and
specific DNA sequences. J. Biol. Chem.
(1999) 274:22025-22032.

DEAN DA, DEAN BS, MULLER S,
SMITH LC: Sequence requirements for
plasmid nuclear import. Exp. Cell Res.
(1999) 253:713-722.

YOUNG JL, BENOIT JN, DEAN DA:
Effect of a DNA nuclear targeting sequence
on gene transfer and expression of plasmids
in the intact vasculature. Gene Ther. (2003)
10:1465-1470.

In vivo effect of incorporating SV40
enhancer in plasmid sequence on
transfection efficiency of rat vasculature
using electroporation.

LI'S, MACLAUGHLIN FC, FEWELL JG
et al.: Muscle-specific enhancement of gene
expression by incorporation of SV40
enhancer in the expression plasmid.

Gene Ther. (2001) 8:494-497.
Determination of minimal SV40 sequence
in plasmid for increased in vivo expression
in mouse skeletal muscle.

MESIKA A, GRIGOVERA I, ZOHAR M,
REICH Z: A regulated NFkappaB-assisted
import of plasmid DNA into mammalian
cell nuclei. Mol. Ther. (2001) 3:653-657.

Expert Opin. Drug Deliv. (2006) 3(1)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Nuclear gene delivery: the Trojan horse approach

51. LANGLE-ROUAULT F, PATZEL V, transgene expression system delivered by 59. BRISSON M, HE Y, LI S, YANG JPR,
BENAVENTE A et al.: Up to 100-fold cationic liposomes. Biochem. Biophys. Res. HUANG L: A novel T7 RNA polymerase
increase of apparent gene expression in the Commun. (1994) 200:1201-1206. autogene for efficient cytoplasmic
presence of Epstein-Barr virus oriP ee  Sustained expression in vitro usinga T7 expression of target genes. Gene Ther.
sequences and EBNAZL: implications of the autogene that contains the T7 RNA (1999) 6:263-270.
nuclear import of plasmids. J. Virol. (1998) polymerase gene driven by the T7 60. BRISSON M, TSENG WC,
72(7):6181-6185. promoter formulated with 3(N-N’,N’- ALMONTE C, WATKINS S, HUANG L:

52. TU G, KIRCHMAIER AL, LIGGITT D dimethylaminoethanecarbamoyl)- Subcellular trafficking of the cytoplasmic
et al.: Non-replicating Epstein-Barr virus- cholesterol cationic lipid system as a self- expression system. Hum. Gene Ther. (1999)
based plasmids extend gene expression and amplifying regeneration mechanism for the 10:2601-2613.
can improve gene therapy in vivo. J. Biol. polymerase. 61. FINN J, LEE AC, MACLACHLAN I,
Chem. (2000) 275:30408-30416. 57. MIZUGUCHI H, KAKAGAWA T, CULLIS P: An enhanced autogene-based

53.  WILSON JB, BELL JL, LEVINE Al: MORIOKA 'Y et al.: Cytoplasmic gene dual-promoter cytoplasmic expression
Expression of Epstein-Barr virus nuclear expression system enhances the efficiency of system yields increased gene expression.
antigen-1 induces B cell neoplasia in cationic liposome-mediated in vivo gene Gene Ther. (2004) 11:276-283.
transgenic mice. EMBO J. (1996) transfer into mouse brain. Biochem. Biophys.

15:3117-3126. Res. Commun. (1997) 234:15-18. Website

54. GASIOROWSKI JZ, DEAN DA: 58. CHEN X, L1Y, XIONG K et al.: Cancer
Postmitotic nuclear retention of episomal gene therapy by direct tumor injections of a 101. http://www.copernicustherapeutics.com
plasmids is altered by DNA labeling and nonviral T7 vector encoding a thymidine Copernicus Therapeuctics, Inc. company
detection methods. Mol. Ther. (2005) kinase gene. Hum. Gene Ther. (1998) website (clinical indications).
12:460-467. 2;29'736- ; N Affiliat

. ect of repeated tumour injections of a iliation

55. DEAN DA, STRONG DD, T7 autogene plasmid, T7T7, and a human Alain Rolland PharmD, PhD
ZIMMER WE: Nuclear entry of : . L . - .
nonviral vectors. herpes simplex vm.Js thymidine kinase SE.I’IIOI’ Vice Pre5|dent,.P.roduct Development,

(HSV-TK) gene driven by a second T7 Vical, Inc., 10390 Pacific Center Court,
Gene Ther. (2005) 12:881-890. promoter (T7TK) and intraperitoneal San Diego, CA 92121-4340, USA

56. GAO X, JAFFURS D, ROBBINS PD, injections of ganciclovir on tumour growth Tel: +1 858 646 1208; Fax: +1 858 646 1151;
HUANG L: A sustained, cytoplasmic and tumour shrinkage in mice. E-mail: arolland@vical.com

10 Expert Opin. Drug Deliv. (2006) 3(1)

RIGHTES

Ay



