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Gene therapy holds promise for the treatment of a range of inher-
ited diseases, such as cystic fibrosis. However, efficient delivery
and expression of the therapeutic transgene at levels sufficient to
result in phenotypic correction of cystic fibrosis pulmonary dis-
ease has proved elusive. There are many reasons for this lack of
progress, both macroscopically in terms of airway defence mech-
anisms and at the molecular level with regard to effective cDNA
delivery. This review of approaches to cystic fibrosis gene therapy
covers these areas in detail and highlights recent progress in the
field. For gene therapy to be effective in patients with cystic fi-
brosis, the cDNA encoding the cystic fibrosis transmembrane con-
ductance regulator protein must be delivered effectively to the nu-
cleus of the epithelial cells lining the bronchial tree within the
lungs. Expression of the transgene must be maintained at adequate
levels for the lifetime of the patient, either by repeat dosage
of the vector or by targeting airway stem cells. Clinical trials of
gene therapy for cystic fibrosis have demonstrated proof of princi-

ple, but gene expression has been limited to 30 days at best. Re-
sults suggest that viral vectors such as adenovirus and adeno-
associated virus are unsuited to repeat dosing, as the immune
response reduces the effectiveness of each subsequent dose. Non-
viral approaches, such as cationic liposomes, appear more suited
to repeat dosing, but have been less effective. Current work
regarding non-viral gene delivery is now focused on understand-
ing the mechanisms involved in cell entry, endosomal escape and
nuclear import of the transgene. There is now increasing evidence
to suggest that additional ligands that facilitate endosomal escape
or contain a nuclear localization signal may enhance liposome-
mediated gene delivery. Much progress in this area has been
informed by advances in our understanding of the mechanisms
by which viruses deliver their genomes to the nuclei of host cells.

Key words: adenovirus, endosomal escape, liposome, molecular
conjugate, nuclear import, vector.

INTRODUCTION

Cystic fibrosis is the most common lethal hereditary disease
among Caucasians, with a prevalence of approx. 1 in 2000 [1]. The
condition is characterized by chronic lung inflammation that re-
sults in life expectancy being reduced to about 45 years at best
[2,3]. The underlying cause for cystic fibrosis remained a mys-
tery until important work by Quinton [4] demonstrated chloride
impermeability across cystic fibrosis sweat duct epithelia. At the
same time, three groups were independently using genetic linkage
studies of families with two or more children affected with cystic
fibrosis to determine the location of the cystic fibrosis gene. In
November 1985, all three groups published simultaneously that
the cystic fibrosis gene was located on the long arm of chromo-
some 7 [5-7]. Further examination of this region led to the
identification of the gene itself and the prediction of the amino
acid sequence of the encoded protein [8], which was termed the
CFTR (cystic fibrosis transmembrane conductance regulator). An
accompanying paper demonstrated the commonest mutation, a
whole codon deletion, resulting in the loss of a phenylalanine
residue at amino acid position 508 (AF508) in the protein [9].
The CFTR amino acid sequence contained 12 domains previously
recognized as membrane-spanning sequences [10], and in vitro
gene transfer experiments demonstrated restoration of chloride

channel function in cystic fibrosis pancreatic cells [11]. Further
work using purified CFTR protein in phospholipid vesicles con-
firmed that the protein functions as a cAMP-dependent chloride
channel [12].

How mutations in this cAMP-dependent chloride channel lead
to the phenotypic inflammatory changes that are characteristic of
cystic fibrosis pulmonary disease remains controversial. However,
there is now increasing evidence to support the view that there
are two critical consequences of impaired CFTR function, namely
a reduction in the volume of airway surface liquid [13], and in-
creased bacterial adherence of organisms such as Pseudomonas
aeruginosa to airway epithelial cells [14].

Airway surface liquid occupies the periciliary space on the
apical surface of bronchial epithelial cells, and is thought to act
as a ‘lubricant’, allowing the overlying mucus to be transported
out of the lungs by beating cilia and/or cough [15]. Normal CFTR
is partly responsible for maintaining this airway surface liquid
volume by means of chloride secretion and down-regulation of
the ENaC (epithelial Na* channel) [16]. In vitro models of polar-
ized human cystic fibrosis bronchial epithelial cells demon-
strate an isotonic reduction in the volume of airway surface liquid,
and consequently impaired movement of the overlying mucus
[13]. The importance of CFTR’s regulation of ENaC has been
strengthened further by recent data demonstrating that
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overexpression of ENaC in a mouse model results in many of the
key features of cystic fibrosis lung disease (e.g. reduction in airway
surface liquid, reduced muco-ciliary clearance and increased
mucus plugging of the lungs) without any direct impairment of
CFTR function [17].

In addition to this mucus plugging, cystic fibrosis bronchial
epithelial cells bind significantly more Ps. aeruginosa to their
surface than matched cells rescued with wild-type CFTR [14].
This was found to be due to undersialylation of apical proteins
and a consequent increase in aGM, (asialoganglioside 1) on the
apical membrane of cystic fibrosis cells [14]. The authors sug-
gested that this undersialylation was due to a loss of CFTR from
the intracellular glycosylation compartments impairing sialyl-
transferase activity, and that this adherence to aGM, was a critical
factor in the aetiology of chronic Ps. aeruginosa infection in cystic
fibrosis patients.

GENE THERAPY IN CYSTIC FIBROSIS

Cystic fibrosis should be an ideal candidate for gene therapy, for
four main reasons: (1) it is a single gene defect; (2) it is a recessive
condition, with heterozygotes being phenotypically normal (sug-
gesting gene dosage effects are not critical); (3) the main patho-
logy is in the lung, which is accessible for treatment; and (4) it is
a progressive disease with a virtually normal phenotype at birth,
offering a therapeutic window.

It has been suggested that only 5-10 % of normal CFTR func-
tion is required to reverse the chloride channel defect [18],
although it is not clear whether this has to be achieved in the ma-
jority of the airway epithelial cells, or whether a minority of cells
expressing much higher levels would suffice. In clinical trials to
date, two main vector systems have been harnessed to deliver
the CFTR cDNA with appropriate promoter into host cells (for
reviews, see Flotte and Laube [19] and Driskell and Engelhardt
[20]). First, viral vectors with the CFTR c¢DNA incorporated
into the viral genome exploit the efficiency of viruses to enter
host cells and achieve relatively high levels of gene expression.
Secondly, cationic liposomes mixed with plasmid DNA encoding
CFTR enhance the transport of the DNA into host cells. Although
cationic liposomes seem to generate a lower immune response
than current viral vector systems, the levels of CFTR expression
using this delivery system have been relatively poor.

The ideal vector system would have the following charac-
teristics: (1) an adequate carrying capacity; (2) to be undetectable
by the immune system; (3) to be non-inflammatory; (4) to be safe
to the patients with pre-existing lung inflammation; (5) to have an
efficiency sufficient to correct the cystic fibrosis phenotype; and
(6) to have long duration of expression and/or the ability to be
safely re-administered.

The key components in this list are the carrying capacity, ef-
ficiency and low immunogenicity. The CFTR gene is 6.5 kb [10],
although this can be reduced to 4.45 kb if a cDNA is used [21].
The physiological CFTR promoter including all known regulatory
sequences is a further 3.9 kb, although the minimal CFTR pro-
moter is only 250 bp [22]. To provide therapeutic benefit in vivo,
the delivery of CFTR gene therapy must be extremely efficient
to overcome the physical barriers such as thick tenacious mucus
and pulmonary surfactant [23], as well as the logistical difficulties
resulting from many viral receptors only being expressed on the
basolateral membrane of bronchial epithelial cells [24]. Much
of the morbidity and mortality seen in cystic fibrosis patients
is related to pre-existing pulmonary inflammation [25]; conse-
quently, it is important that any vector system does not cause
further inflammation.
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Figure1 Schematic diagram demonstrating methodology used to construct
first generation E1 deletion adenovirus vectors

E1-expressing cells, such as HEK-293 cells, are co-transfected with genomic adenovirus DNA
and a shuttle plasmid containing the expression cassette with flanking sequences derived from
sequences immediately upstream and downstream of the E1 region. The genomic adenovirus
DNA is modified to confer a selection advantage for recombinant virus. Recombination between
the plasmid and genomic DNA results in the generation of an adenovirus vector with an
expression cassette replacing the E1 region. ITRs and the packaging signal are represented in
purple. Reprinted from Advances in Virus Research, vol. 55, M. M. Hittand F. L. Graham, “Adeno-
virus vectors for human gene therapy”, pp. 479-505, (©) 2000, with permission from Elsevier.

VIRAL VECTORS
Adenovirus vectors

Adenoviruses are able to transduce a wide variety of cell types,
including non-dividing cells, and contain a double-stranded DNA
genome of 30—40 kb [26]. These features, together with a genome
that is relatively easy to genetically manipulate, resulted in recom-
binant adenoviruses being the first viral vectors used in clinical
trials [27,28]. First- and second-generation adenovirus vectors
are characterized by deletions within the genes encoding early
transcripts [29].

The first part of the genome to be expressed, E1A (early region
of human adenovirus 1A), encodes two proteins responsible for
transcriptional activation of other viral promoters and facilitation
of host cell entry into the S-phase of the cell cycle [26,30,31].
The E1B 19 kDa gene product prevents apoptosis induced by
E1A [32], and the E1B 55 kDa protein forms a complex with both
the E4 Orf6 gene product and the tumour suppressor gene p53,
resulting in ubiquitination and degradation of p53, further pre-
venting apoptosis [33]. The E2A region encodes the DNA-bind-
ing protein, and E2B encodes DNA polymerase and pre-terminal
protein. Vectors deleted in the E2B region therefore show drastic-
ally reduced viral replication, and thus a reduction in immune
response [29]. Products of the E3 region are involved in evasion
of the host cell immune response, but are not necessary for virus
production in cultured cells. For example, the E3 19 kDa protein
binds MHC class I molecules within the lumen of the endoplasmic
reticulum, preventing their trafficking to the cell surface [34]. The
E4 region encodes proteins involved in a number of different
processes [35]. E4 Orf3 and Orf6 gene products inhibit cellular
mRNA export from the nucleus, and facilitate viral mRNA
transport to the cytoplasm, and E4 Orf6 inhibits the p53 apoptotic
pathway, as described above. E4-deleted adenovirus vectors
appear to be particularly susceptible to down-regulation of trans-
gene expression [36]. Late gene products are predominantly viral
structural proteins [26].

When generating adenovirus vectors, most of the E1 region is
deleted to prevent virus replication and consequent host cell lysis
[26]. These replication-deficient adenoviruses require cells that
express E1 proteins for successful propagation, such as the human
embryonic kidney-derived 293 cell line [37,38]. Figure 1 shows
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schematically how an expression cassette, containing a promoter,
transgene and polyadenylation signal, can be incorporated into
replication-deficient adenovirus vectors.

First-generation adenovirus vectors, adapted by deleting the E1
region and the E3 region, as the latter is non-essential for virus
growth in cell culture, were the first viral vectors used in clinical
trials for cystic fibrosis [27,28]. CFTR cDNA expression was
under the control of the adenovirus major late promoter. The
first human gene therapy trial for cystic fibrosis was commenced
in New York in April 1993 [27]. Four patients had 2 x 10°-
2 x 10° plaque-forming units of the Ad2 (adenovirus 2) CFTR-
encoding vector administered in liquid form, initially to the nasal
epithelium, then one day later to a lower lobe bronchus via
a bronchoscope. AACFTR DNA and AdCFTR-directed CFTR
mRNA were subsequently detected in some respiratory samples,
and there was a modest increase in CFTR protein expression for
approx. 10 days after administration. Unfortunately, dose-limiting
systemic and pulmonary inflammation occurred, particularly at
the higher dose, due to innate immunity (not epitope-specific),
cell-mediated immunity against adenovirus protein products and
humoral immune responses directed primarily against com-
ponents of the viral capsid (for a review, see Vadolas et al. [23]).
Soon afterwards, a group at the University of North Carolina
reported their experiences giving an E1-deleted AdS vector encod-
ing CFTR under the control of a CMV (cytomegalovirus) pro-
moter nasally to 12 cystic fibrosis patients [39]. At doses from
2x10"-2x 10", less than 1% of cells were transfected
with no change in chloride conductance, but marked mucosal
inflammation occurred, and the authors concluded that ‘local in-
flammatory responses limited the dose that could be administered
to overcome the inefficiency of gene transfer’. A repeat dosing
trial by the New York group, using an HAdV-2 (human adenovirus
serotype 2) vector with Ela and E3 deleted, a partial deletion
of E1b and a CMV promoter, was performed in 14 individuals
with cystic fibrosis, using 3-monthly dosing cycles [40]. They
demonstrated less local inflammation, but this may have been due
to the much lower volume of fluid administered to the lungs
(100 ul by bronchoscope spray, rather than 20 ml). However,
vector-derived CFTR expression, although 5% of normal at
higher vector doses, only persisted for approx. 4-30 days follow-
ing the first dose. Expression was reduced following the second
dose, and was undetectable following the third dose. As E3 gene
products are known to suppress the cellular immune response
against virus-infected cells [34], second- and third-generation
adenovirus vectors were then developed, with retention of the E3
region. A vector with deletions in regions E1 and E4 was found
to elicit a markedly reduced helper T cell response in murine
and non-human primate lungs [41], and thus a similar vector
expressing CFTR (H5.001CBCFTR) was tested in 11 human
subjects with cystic fibrosis [42]. This dose-escalation trial from
2.1 x 10° to 2.1 x 10" total viral particles delivered in a total
volume of 7 ml via a bronchoscope demonstrated flu-like symp-
toms for all subjects, and dose-limiting pulmonary inflam-
mation at the highest dose. Gene transfer was detected in only 1 %
of cells by in situ hybridization against vector-specific sequence
4 days after administration, and was undetectable at 43 days.

This persistent poor efficacy of adenovirus vectors to deliver
the CFTR gene to terminally differentiated respiratory epithelium
may be partly due to the CAR (Coxsackie B and adenovirus
receptor) being predominantly located on the basolateral rather
than the luminal surface of human respiratory cells [43]. Non-
clinical studies have thus explored the potential of pseudotyping
the adenovirus vectors to target other more suitable cell-surface
receptors [44,45]. However, the tragic death of Jesse Gelsinger
in September 1999, a volunteer in a dose-escalation clinical trial

of an adenovirus vector containing the gene for ornithine trans-
carbamylase, as a result of an overwhelming immune response
[46] has severely reduced further clinical research into this vector
system. ‘Gutless’ adenovirus vectors, with no viral genes remain-
ing, have been developed and show promise in animal models
[47], but although their coding capacity is high and their
susceptibility to cell-mediated immunity is reduced, the problem
of an immune response to the viral capsid proteins remains.

Adeno-associated virus (AAV) vectors

AAV is a parvovirus that requires a helper virus (usually adeno-
virus) to replicate. Unlike adenovirus, AAV is not known to cause
any illness in humans [20]. In the absence of a helper virus, wild-
type AAV can produce a latent infection by stable integration of
its genome into a site on human chromosome 19 [48], although, in
contrast, recombinant AAV that lacks the replicase gene does not
integrate at this specific locus [49]. Various cellular receptors have
been identified for AAV, notably heparan sulphate proteoglycan
for AAV-2 [50]. The first phase I clinical trial using AAV-2 con-
taining the complete human CFTR coding sequence, with ad-
ministration of the vector tgA AV-CF into the maxillary sinuses of
10 cystic fibrosis patients, showed no evidence of inflammation.
However, although gene transfer was achieved for 1 in 10 respir-
atory epithelial cells for up to 10 weeks [51-53], no vector-derived
RNA could be detected in any samples. A further dose escalation
study of this vector with aerosolized delivery of a single dose
of 10'°~10" vector particles into the lungs of 12 volunteers with
cystic fibrosis also demonstrated safe gene transfer to approx. 1
in 10 epithelial cells at 30 days, but without detectable vector-
derived mRNA [54]. Similar results were observed when 10*—
10" tgAAV-CF particles were administered to 25 cystic fibrosis
subjects via a bronchoscope [55]. This poor expression was
attributed to lack of an efficient promoter due to AAV only having
a packaging capacity of approx. 4.8 kb. A further concern was
the rise in serum-neutralizing antibodies to AAV-2 observed in
both studies of pulmonary administration [54,55], which raises
concerns about possible reduced effectiveness in repeat dosing.
This was assessed in the most recently reported clinical trial, with
three doses of 10" tgAAV-CFTR particles, or placebo, admin-
istered at 4-week intervals by aerosol to the lungs of 37 cystic
fibrosis subjects [56]. Encouragingly, and for the first time in any
trial of gene therapy in cystic fibrosis, clinical outcome measures
were significantly improved in the treatment group when com-
pared with placebo, with significant improvements in respiratory
function and reduced levels of the pro-inflammatory cytokine
interleukin-8. However, the effectiveness was reduced with each
subsequent dose, associated with a rise in neutralizing antibodies.

Further work to improve the effectiveness of this promising
vector is being undertaken. One strategy is to explore the use of
other serotypes of AAV. Initial work demonstrated that serotypes
AAV-5, AAV-1 and AAV-6 had increased pulmonary transduction
efficiency when compared with AAV-2 [57], possibly due to the
relative paucity of receptors for AAV-2 on the apical surface of
lung epithelial cells [58]. More than 40 AAV serotypes have now
been discovered, and are being tested for effectiveness in vivo
[57], and a clinical trial using AAV-6 is planned [59]. The tgAAV-
CFTR vector used so far in clinical trials relies on the ITR
(inverted terminal repeat) promoter elements within the AAV-2
[60]. It has been shown that insertion of a further 83 bp tran-
scriptional element increases transcription up to 5-fold in vitro
[56], although further work with shortened CFTR cDNA se-
quences and alternative promoters is also under way [61]. Finally,
agents that modulate proteasome function can re-route AAV-2
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vector from the proteasome to the nucleus, increasing luciferase
reporter expression up to 1000-fold [62,63].

Other viral vectors

There are other viral vector systems under development, the most
promising being pseudotyped lentiviral vectors and parainfluenza
virus type 3. Lentiviral vectors offer the possibility of providing
sustained expression of the therapeutic gene, as they integrate their
genome into the host DNA [57]. However, as with adenovirus and
AAV-2, they are hampered by a lack of suitable receptors on the
apical surface of bronchial epithelial cells. Recent work in vitro
and in vivo suggests that lentiviral vectors pseudotyped with
modified Ebola envelope glycoprotein demonstrate increased
uptake and expression when delivered apically [64,65]. The poten-
tial problem of random integration into the host genome, which
was the cause of T-cell leukaemia in two children treated for severe
combined immunodeficiency with retrovirus-mediated gene ther-
apy [66], will have to be solved prior to a clinical trial in cystic
fibrosis patients [67].

Parainfluenza virus type 3 has the considerable advantage that it
specifically targets ciliated airway epithelial cells from the apical
surface, and a vector containing the CFTR gene efficiently corrects
abnormalities seen in cystic fibrosis bronchial epithelial cells
in tissue culture [68]. Current research with this vector is now
directed at generating forms that can be safely delivered to the
human airway in vivo.

NON-VIRAL GENE DELIVERY

Non-viral vectors have the potential to avoid some of the critical
problems observed with viral vectors, such as the immune
response, limited packaging capacity, and random integration (for
a review, see Ratko et al. [69]). There are three main non-viral
vector systems: cationic liposomes, DNA—polymer conjugates
and naked DNA. To date, only cationic liposome-based systems
have been tested in clinical trials in cystic fibrosis subjects.

Cationic liposomes

Cationic liposomes form large complexes in which their positively
charged side chains interact with DNA and the hydrophobic lipid
portion of the liposome enhances fusion with the host cell mem-
brane (for a review, see Singhal and Huang [70]). Sufficient
cationic liposome has to be mixed with the negatively charged
DNA to ensure a net positive charge, facilitating this interaction
with the cell membrane. Freeze—fracture electron microscopy sug-
gests that the structure of cationic liposome—DNA complexes
is intricate [71], with the liposome complexes fusing with each
other to form a bilayered tube that coats the DNA. The formation
of these bilayered tubes occurs slowly, over approx. 30 min fol-
lowing the addition of DNA to the liposomes. In contrast with
viral vectors, there is no limitation to the length of DNA that can
be incorporated. Most cationic liposomes used for transfection
consist of a positively charged lipid mixed with a neutral
helper lipid (co-lipid). The co-lipid facilitates the formation of
stable lipid bilayers. The first commercially available cationic
lipid, Lipofectin®, is a mixture of DOTMA {N-[1-(2,3-dioleyl-
oxy)propyl]-N,N N -trimethylammonium chloride} and the co-
lipid DOPE (dioleoyl phosphatidylethanolamine), and was
described by Felgner et al. [72] (see Figure 2). DOTMA consists
of a positively charged hydrophilic head-group, generated by a
quaternary ammonium group, linked by an ether bond to two hy-
droxyalkyl chains which form the lipid anchor. Further devel-
opment incorporated a spermine group into the hydrophilic
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Figure 2 Chemical structures of lipids commonly used in the formation
of cationic liposomes, highlighting hydrophilic head-groups, linker regions
and hydrophobic lipid anchors

Head-groups vary in degree of positive charge; the co-lipid DOPE has a neutral head-group.
Lipid anchors consist of either two hydroxyalkyl chains or a modified cholesterol component
(DC-Chol and GL-67™).

head to increase the positive charge, resulting in DOSPA {2,3-
dioleyloxy-N -[2(sperminecarboxamido)ethyl]-N,N -dimethyl-1-
propanaminium trifluoroacetate} [73]. A 3:1 mix of this cationic
lipid with the co-lipid DOPE is available commercially as Lipo-
fectamine™. This cationic liposome has been extensively used
in studies in vitro, but due to the risk of toxicity related to the
spermine group it is unsuitable for use in vivo.

Cationic liposomes that have been used successfully in vivo
include DOTAP [1,2-bis(oleoyloxy)-3-(trimethylammonio)pro-
pane], first synthesized by Leventis and Silvius [74], who sug-
gested that the use of ester bonds to link the cationic head-
group to the lipid anchor would reduce toxicity by facilitating
degradation in eukaryotic cells. DOTAP is particularly effective
when cholesterol is used as a co-lipid [75]. The liposome that has
been most frequently used in cystic fibrosis clinical trials has been
DC-Chol {3b[N-(N',N'-dimethylaminoethane)-carbamoyl]chol-
esterol} mixed with DOPE. This was first produced in 1991
by Gao and Huang [76], who suggested that using cholesterol
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Table 1

Abbreviation: P. D., potential difference.

Summary of clinical trials of liposome-mediated gene therapy in cystic fibrosis subjects to date

Trial/year/reference Liposome No. of patients Target Route Efficacy Side effects
Caplen et al., 1995 [82] DC-Chol/DOPE 15 Nose Aerosol P.D. 20 % correction towards normal None
Zabner et al., 1997 [83] GL-67™/DOPE 12 Nose Direct installation Partial correction nasal PD. None

(equivalent to naked DNA)
Gill etal., 1997 [84] DC-Chol/DOPE 12 Nose Direct installation Functional evidence in 6/8 treated patients None
Porteous et al., 1997 [85] DOTAP 16 Nose Aerosol P.D. 20 % correction in two patients, None

no SPQ-positive
Alton et al., 1999 [86] GL-67™/DOPE/DMPE-PEGsgg 16 Lungs Nebulized Lung P.D. 25 % correction towards normal Mild, flu-like symptoms
Hyde et al., 2000 [87] DC-Chol/DOPE 12 Nose Direct installation, 6/10 patients positive after each dose None

repeat dosing

Noone et al., 2000 [80] EDMPC-Chol 1 Nose Aerosol None None
Ruiz et al., 2001 [88] GL-67™/DOPE/DMPE-PEGsgg 8 Lungs Nebulized Vector-specific mRNA in 3/8 patients Mild, flu-like symptoms

as a lipid anchor rather than hydroxyalkyl chains would lead to
reduced cellular toxicity, because cholesterol stabilizes lipid
bilayers. As well as demonstrating a 4-fold-improved tolerability
over Lipofectin®, DC-chol/DOPE exhibited enhanced effective-
ness and remarkable stability [77,78]. This is due to the carbamoyl
linker that, although hydrolysed by esterases, is more stable than
labile ester bonds [76]. Lipid GL-67™ has a similar structure to
DC-Chol, with cholesterol as the lipid anchor and a carbamoyl
linker, but with a triple amine head-group rather than DC-Chol’s
single amine head. When mixed with DOPE, lipid GL-67™
appeared 1000-fold more effective than naked DNA alone, and
100-fold more effective than DC-Chol/DOPE when delivered to
murine airways, although it is not clear whether equivalent doses
of DNA were delivered [79]. A systematic assessment of a num-
ber of related lipid structures generated important observations
regarding the lipid structure required for optimized gene delivery
to airway epithelial cells in vitro and in vivo. It was concluded
that trivalent cationic head-groups, particularly in a ‘T’ formation
as in GL-67™, were more effective than equivalent monovalent,
bivalent or quadrivalent lipids. Similarly, carbamate linkers and
cholesterol anchors appeared most effective when compared with
alternative structures. Unfortunately, GL-67™ appeared to cause
considerably greater pulmonary toxicity than DC-Chol.

The final cationic lipid of relevance to cystic fibrosis gene ther-
apy is EDMPC (1,2-dimyristoyl-P-O-ethylphosphatidylcholine)
mixed with cholesterol [§0]. EDMPC has a lipid anchor consisting
of two hydroxyalkyl chains, an ester linker region, and a mono-
valent head-group [81].

Clinical trials of cationic liposome-mediated gene therapy
in cystic fibrosis

There have been eight clinical trials of liposome-mediated gene
therapy in cystic fibrosis patients published to date [80,82—88] (re-
sults are summarized in Table 1).

The first trial used DC-Chol/DOPE liposomes and 10-300 ug
of DNA delivered via aerosol to the nose [82]. The results have
to be interpreted with caution, because three of the six control
patients, receiving liposome alone, appeared to demonstrate vec-
tor DNA or CFTR mRNA with the assays used. However, the trial
did demonstrate a 20 % correction of nasal potential difference
towards normal values in the treated group, without any signi-
ficant toxicity. The delivery system was time-intensive, with the
high-dose patients receiving an aerosol puff every 10 min for 7 h.

A trial performed in 12 cystic fibrosis subjects used a 1:2 molar
ratio of GL-67™ and DOPE mixed with 1.25 mg of CFTR plasmid
DNA, with direct instillation on to the nasal epithelium via a

catheter over 80 min [83]. They demonstrated no toxicity at lipid
doses of up to 2 mg, and mild restoration of nasal potential dif-
ference towards normal values. Intriguingly, this trial used CFTR
plasmid DNA alone as a control in the contralateral nostril, and
found that plasmid DNA alone was as effective as plasmid DNA
mixed with liposome, in marked contrast with previous data ob-
tained in murine systems [79].

In the same year, Gill et al. [84] reported results of a trial in
12 cystic fibrosis subjects using a 6:4 molar ratio of DC-Chol/
DOPE liposomes and 40400 g of CFTR plasmid DNA. Direct
instillation over a total of 120 min into the nose resulted in tran-
sient correction of the chloride transport abnormality in two of the
eight treated patients, as measured by nasal potential difference,
lasting approx. 15 days. In addition, four further treated patients
demonstrated CFTR function in an ex vivo assay. Low and high
doses of plasmid DNA demonstrated comparable efficacy, and
there was no evidence of significant local or systemic toxicity.

A study performed using DOTAP and 400 ng of CFTR DNA
delivered via aerosol spray to the nose demonstrated vector-
specific DNA in seven out of eight treated patients, with CFTR
RNA detected in two [85]. Two patients demonstrated a 20 %
correction of nasal potential difference towards normal values,
but ex vivo assays of chloride conductance were negative. Once
again, there were no safety concerns.

The first trial of liposome-mediated gene delivery to the lungs
of cystic fibrosis subjects was then performed [86]. This trial was
particularly well designed in terms of outcome measures, intro-
ducing lung potential difference measurement using a broncho-
scope and a Ps. aeruginosa bacterial adherence assay. Sixteen
cystic fibrosis subjects received either GL-67™/DOPE/DMPE-
PEGsy, [dimyristoyl phosphatidylethanolamine-N-poly(ethylene
glycol)-5000 (molar proportions 1:2:0.05)] mixed with 42.2 mg of
CFTR plasmid DNA or the lipid alone, via a nebulizer. Seven
of the eight patients in the treatment group developed influenza-
like symptoms (high fever, headache and muscular ache) approx.
six hours after nebulization. These transient symptoms were not
seen with lipid alone, and as the plasmid DNA had been purified
to remove endotoxins, the authors suggested that the high un-
methylated cytosine and guanine content of bacterial DNA might
have been responsible. Encouragingly, treated patients demon-
strated chloride conductance significantly restored to 25 % of nor-
mal values, decreased lung inflammatory markers and decreased
Ps. aeruginosa adherence.

The only repeat dosing clinical trial of liposome-mediated gene
therapy in cystic fibrosis was performed by Hyde et al. [87], using
DC-Chol/DOPE and 400 pg of CFTR DNA. Doses were given by
direct instillation to the nose, on three occasions, 4 weeks apart.
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Although there was no significant improvement in nasal potential
difference, there was evidence of CFTR gene transfer in six out
of ten treated patients after each dose. Encouragingly, there was
no evidence of immune response, and no evidence of reduced
efficacy with repeat dosing.

In contrast, Noone and colleagues [80] reported a total lack of
efficacy following aerosol delivery of up to 4 mg of CFTR plasmid
DNA to the nostrils of 11 cystic fibrosis subjects using EDMPC-
Cholesterol. Despite earlier promising data regarding this vector
system when delivered via aerosol to the lungs of non-human
primates [89], in the clinical trial there was no change in nasal
potential difference or any vector-specific CFTR mRNA detected.
The group used a different methodology for nasal potential dif-
ference measurement, but their mRNA detection technique had a
robust internal control, suggesting that in their hands EDMPC-
Cholesterol is unlikely to be useful as a vector system in humans.

The most recently reported trial involved eight cystic fibrosis
subjects receiving pulmonary delivery of GL-67™/DOPE/
DMPE-PEGsy, (molar proportions 1:2:0.05) complexed to 7.9—
21.1 mg of CFTR plasmid DNA [88]. Transient influenza-like
symptoms were again described in four patients, which was not
related to the dose received. An in vitro assay comparing liposome
complexed with eukaryotic DNA with liposome complexed with
the CFTR plasmid DNA suggested that the symptoms were not
due to an immune response specifically to bacterial DNA, as sug-
gested previously [86], but may rather be due to a more general
response to this particular liposome-DNA complex. Vector-
specific mRNA was positive in three patients, and negative in
three, as assessed by reverse transcriptase-PCR. Two patients were
not sampled due to the influenza-like syndrome.

Thus clinical trials of liposome-mediated gene therapy in cystic
fibrosis patients have demonstrated evidence of vector-specific
CFTR expression and some functional changes towards normality,
but this has been variable and at low levels. Variation in end-point
measurement techniques, particularly potential difference assess-
ment and vector-specific mRNA detection, makes comparisons
between studies difficult [80,90]. Although there has been no
evidence of an immune response or any reduction in effectiveness
in a repeat dosing clinical trial [87], current levels of gene transfer
efficiency are probably too low to result in clinical benefit [90].

DNA-polymer conjugates

An alternative non-viral vector system uses cationic polymers
such as polylysine, PEI (polyethyleneimine) and polyamidoam-
ine. These polymers condense DNA, which is thought to offer pro-
tection from degradation and facilitate release from endosomes
[91]. PEI, the organic macromolecule with the highest cationic
charge density potential, has been extensively tested in animal
models and shows promise, transfecting up to 5 % of pulmonary
cells after intravenous administration [92]. Lactosylated poly(L-
lysine) enhanced reporter gene expression by 100-fold in primary
human cystic fibrosis airway epithelial cells when compared with
naked DNA, and confocal microscopy demonstrated improved
trafficking of rhodamine-labelled plasmid DNA into the nucleus
via the nuclear pore when complexed with this peptide [93].
Similarly, polyarginine (Arg,) increased gene expression by
7 times more than Lipofectin® in HEK-293T cells in 10 % serum
in vitro [94].

Other groups have studied receptor-mediated endocytosis as
a mechanism for gene delivery, for instance using the integrin
receptor-binding ligand RGD linked to the short DNA-binding
peptide polylysine [95]. This peptide has shown transfection effi-
cacy comparable with the commercial liposome Lipofectamine™,
but as it targets a broad range of integrins this system is relatively
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non-specific. Furthermore, integrins are predominantly expressed
on the basolateral, rather than apical, surface of bronchial epi-
thelial cells [96]. The serpin enzyme complex receptor (sec-R)
is expressed on the apical surface of airway epithelial cells, and
administration of CFTR plasmid DNA complexed to polylysine
linked to the sec-R ligand to the lungs of cystic fibrosis mice
resulted in correction of chloride channel activity [97].

Similarly, the integrin o, is mainly restricted to airway epi-
thelial cells, but attempts to use the specific ligand PLAEIDGIEL
linked to oligolysine proved 200-fold less effective than Lipo-
fectamine™ [98].

In addition to facilitating cell entry, peptides can also assist in
nuclear targeting of plasmid DNA; for example, polylysine can
be linked to NLSs (nuclear localization sequences) [99]. Poly-
lysine alone doubled the transfection efficacy of naked DNA, but
linked to the NLS from SV40 (simian virus 40) T-antigen there
was a further 50 % enhancement, and evidence of interaction
with nuclear import factors importin & and importin 8. Similarly,
a polylysine peptide linked to two motifs from adenovirus fibre
protein, an NLS and an internalization signal for receptor-me-
diated endocytosis, demonstrated a 2-fold enhancement of gene
delivery when compared with a DOTAP control [100]. A series
of deletion mutants demonstrated that all three domains of this
transfecting peptide contribute to this enhancement, although it
is possible that charge/mass ratio was as important as the parti-
cular motifs. Unfortunately, the peptide was only effective in the
presence of up to 5 % serum, limiting the potential in vivo use to
topical or direct instillation.

More recently, it has been demonstrated that the HI'V-1 tat pro-
tein (GRKKRRQRRRPPQ) increased nuclear delivery of rhoda-
mine-labelled plasmid DNA 30-fold [101]. This appeared to be
partly mediated by an interaction with cell-surface proteoglycans.
Work with similar synthetic arginine-rich peptides suggested that
optimum translocation across the cell membrane occurred with
peptides containing eight arginine residues [102]. Spacing the
arginine residues with histidine and glycine residues [e.g. CG-
(RHGH);RGC compared with CR;C] resulted in a further 50-fold
improvement of reporter gene expression in COS-7 cells [103].

To date, there has been one clinical trial of gene therapy
using DNA—polymer conjugates in cystic fibrosis subjects. Nasal
application of a system using poly(L-lysine) modified on an N-ter-
minal cysteine with PEG complexed with plasmid DNA encoding
CFTR demonstrated a modest improvement in nasal potential
difference [104,105].

Naked DNA

As many of the serious side effects seen in clinical trials of gene
therapy have been related to the vector [27,46], the delivery of
naked DNA by injection, gene gun or electroporation has potential
safety benefits. Manufacture and storage considerations also
favour this system [69]. Clinical trials of intramuscular or endo-
arterial injection of plasmid DNA encoding vascular endothelial
growth factor for coronary artery disease [106] or peripheral
arterial disease [107], and ex vivo electroporation of factor VIII
plasmid DNA for haemophilia A [108], have been performed with
some positive short-term results. However, despite one report of
efficacy in the nose [83], these methods are unlikely to be suited
to gene delivery to the lung.

METHODS TO ENHANCE LIPOSOME-MEDIATED GENE THERAPY

Of the non-viral vector systems studied so far, cationic liposomes
have shown the most promise to date (for reviews, see Audouy
et al. [109] and Smyth-Templeton [110,111]). However, further



Novel molecular approaches to cystic fibrosis gene therapy 7

A Cationic liposome +
Plasmid complex
» """--..‘_“_
)~
1S9 Degradation
K - in lysosomes
B Cationic liposome +

FPlasmid complex

Figure 3 Cell-entry mechanisms for cationic liposome-plasmid DNA
complexes

The two major pathways are by endocytosis (A) and direct fusion with the cell membrane (B). The
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of plasmid DNA before release into the cytoplasm. Reprinted from Bioscience Reports, vol. 22(2),
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improvements are required to achieve the efficacy necessary to
offer the prospect of a cure for cystic fibrosis. Ongoing work
towards this goal is based on a detailed understanding of the
barriers facing plasmid DNA delivered by this means.

Overview of liposome-cell interaction

There are two main pathways by which cationic liposomes deliver
plasmid DNA to the intracellular compartment (Figure 3). It has
been suggested that endocytosis, with the liposome-DNA com-
plex taken up into the early endosome (Figure 3A), is the pre-
dominant pathway for DOTAP [74]. Mixing of plasmid DNA
with DOTAP inhibited the fusion of the liposome with artificial
lipid membranes, yet the same mixture was effective in transfect-
ing cultured mammalian cells. Furthermore, inhibitors of endo-
cytosis prevented uptake of DC-Chol and DOTAP liposomes,
suggesting that both DC-Chol and DOTAP enter mainly by this
route [112]. In contrast, fusion of the cationic liposome with the
cell membrane (Figure 3B) seemed to be the main cell-entry mech-
anism in the case of Lipofectin® [72], since fluorescently labelled
DOPE was widely dispersed within the cell membranes early fol-
lowing transfection, rather than the punctate intracellular localiz-
ation seen soon after endocytosis [112].

Different liposome formulations and preparation techniques are
thought to alter which of these two pathways predominate. It is
suggested that fusion is the most advantageous cell-entry mech-

anism, since this results in the majority of the plasmid DNA
avoiding entry to the endosome and consequent potential destruc-
tion by the lysosomal system [110]. Extrusion of cationic lipo-
somes through 0.1 um filters, resulting in conversion of large
multi-lamellar vesicles into small bilamellar invaginated struc-
tures, has been shown to double the effectiveness of DOTAP-
cholesterol [75]. The authors suggested that the main reason for
this enhancement was that the overall surface area of the lipo-
some suspension was increased by extrusion, resulting in more
efficient coating of the plasmid DNA. They have further suggested
that extruded DOTAP—cholesterol delivers plasmid DNA to the
intracellular compartment predominantly by the fusion pathway
[110], although the supportive data has not been published.

Various adjuvants have been mixed with the liposome-DNA
complex with the aim of facilitating cell entry. A promising ap-
proach is to combine the benefits of liposomes with cationic
or receptor-ligand proteins. Gao and Huang [113] showed that
polylysine enhanced the efficacy of Lipofectin®, Lipofectamine™
and Dc-Chol/DOPE liposome-mediated gene therapy by 10—
30 times in vitro, and suggested that, since polylysine condensed
the liposomes by approx. 20-fold, endocytosis might be enhanced.
Liposome-DNA complexes of approx. 200 nm diameter are
thought to be the largest that can be endocytosed efficiently via
the clathrin-coated pathway [78]. RGD-polylysine enhanced the
transfection efficacy of Lipofectin® by 4-70-fold in vitro, depend-
ing on cell type [114], and a series of peptide mutants suggested
that the RGD motif, rather than the polylysine domain, was chiefly
responsible for this effect. Similarly, the integrin o8, ligand
PLAEIDGIEL linked to oligolysine, although ineffective as a
gene-delivery agent on its own, enhanced Lipofectamine™-me-
diated transfection 10-fold in vitro [98], and Lipofectin®-
mediated transfection 4-fold in vivo [115]. However, this appears
to be mainly by an «,f8,-independent mechanism, as it is also
occurs in cells not expressing oy ;.

ENDOSOMAL ESCAPE

For cationic liposomes that enter the cell via the endocytic path-
way, amechanism of endosomal escape is vital to prevent eventual
destruction of the plasmid DNA in the lysosome. For DC-Chol/
DOPE liposomes, the neutral co-lipid DOPE appears to be criti-
cally important in this regard. Experiments using the similar co-
lipid DOPC and chloroquine to prevent endosomal maturation
demonstrated that DOPE appeared to destabilize the endosome
membrane, triggering release into the cytosol [116]. The cationic
polymer PEI is believed to efficiently buffer endosomes, lead-
ing to chloride influx, osmotic swelling and endosome rupture
[91], and plasmid DNA delivery to the nucleus is thus enhanced.
A co-polymer of histidine and lysine appears to be 3-50-fold
more effective than poly(L-lysine) in enhancing DOTAP-me-
diated gene delivery, possibly due to the histidine residues buffer-
ing the endosome [117]. Amphipathic peptides can also be
designed to facilitate endosomal escape, such as a peptide (GLFE-
ALLELLESLWELLLEA) with hydrophobic and hydrophilic do-
mains at each extremity of an «-helical structure stable at
pH 7.4 [118]. Under low-pH conditions, as found in early endo-
somes, there was a loss of the «-helix, resulting in membrane
destabilization, endosome rupture and a 10-fold increase in
reporter gene expression.

Nuclear import

Plasmid DNA must be delivered to the nucleus for transcription to
occur. Entry to the nucleus in non-dividing cells is via the nuclear
pore complex [119]. Small molecules up to 10 nm, or 50-60 kDa
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in size, can pass through by passive diffusion, but larger molecules
require a peptide NLS for active transport through the pore [120].
Such NLSs, typically comprising clusters of four or more basic
amino acids flanked by «-helix breakers proline or glycine,
principally interact with importin ¢, which subsequently interacts
with importin $, resulting in energy-dependent uptake of the com-
plex through the nuclear pore (Figure 4) [121]. When supercoiled,
plasmid DNA is approx. 25 nm in diameter, suggesting such active
transport is likely to be required [120]. Indeed, Texas Red-labelled
linear double-stranded DNA of up to 310 bp diffused passively
across the nuclear pore complex, but larger fragments required
active transport facilitated by binding to peptide containing the
SV40 large T antigen NLS (PKKKRKVED) [122]. The transport
of isolated DNA from the cytoplasm to the nucleus is extremely
inefficient: less than 0.1 % of naked cDNA copies were delivered
to the nucleus when micro-injected into the cytoplasm of COS-7
cells [123]. Furthermore, co-injection of cationic lipids into the
cytoplasm did not enhance this process [123,124], and injection
of plasmid DNA, alone or in combination with cationic lipids,
directly into the nucleus suggested that cationic lipids inhibit
expression of the transgene. This would suggest that once plasmid
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DNA is delivered to the cytoplasm, cationic lipids have no role in
ongoing transport into the nucleus and must dissociate from the
DNA prior to nuclear entry. This critical stage of plasmid DNA
transport from the cytoplasm to the nucleus is generally recog-
nized as a major limiting step in the efficiency of gene transfer
using non-viral vectors [90,119,123,124]. As cationic lipids are
unlikely to contribute to this step, various alternative adjuvant
molecules have been proposed as facilitators of transport into the
nucleus.

PEI and polylysine enhance the delivery of plasmid DNA from
the cytoplasm to the nucleus approx. 10-fold [123]. PEI appears
to facilitate nuclear transport due to compaction, rather than by
overall ionic charge of the complex [124], although the exact
mechanism remains unclear. Protection of plasmid DNA from
degradation by cytoplasmic nucleases is suggested as one import-
ant factor [113,119]. A more specific system for facilitating
nuclear translocation of liposome-delivered plasmid DNA in-
volves the use of NLS-containing peptides. Fritz et al. [125] used
the NLS of the SV40 large T antigen (PKKKRKVEDK) fused to
a 94-amino-acid sequence from the C-terminus of human histone
H1. When mixed with plasmid DNA and Lipofectin®, expression
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of the transgene was increased by between 3 and 20 times when
compared with DNA and Lipofectin® alone. Surprisingly, how-
ever, their micro-injection data demonstrate that transport from
the cytoplasm to the nucleus was not enhanced, and that the overall
increase in effectiveness was due to improved internalization
into cells. The same group subsequently assessed the benefits of
covalently linking the SV40 large T antigen NLS to plasmid DNA,
but demonstrated that, to increase nuclear accumulation of the
plasmid, 100 NLS peptides per 1 kb of DNA were required [126].
This level of covalent modification of the plasmid completely
abolished reporter gene expression. In contrast, Zanta et al. [127],
using the cationic lipid Transfectam, demonstrated that a single
SV40 large T antigen-derived NLS fused to a 3.3 kb DNA frag-
ment encoding luciferase under the control of a CMV promoter,
with hairpin cap termini, led to a 10-1000-fold enhancement
of luciferase expression when compared with an identical DNA
fragment without an NLS. This did seem to be related to the
functional interaction of the NLS with nuclear import proteins,
because a single mutation of Lys® to threonine abolished the effect.
Importantly, although both groups had used the same NLS in
HeLa cells, the latter group had the NLS linked C-terminally to
the DNA, rather than N-terminally. The oligonucleotide, although
containing a similar quantity of DNA as a plasmid, had an
estimated diameter of 3 nm, which may have eased transport once
the single NLS had been recognized and imported. Zanta et al.
[127] suggested, when comparing their studies with others, that
multiple NLSs associated with the full length of a plasmid may
hamper import, since it may be recognized by importins at more
than one nuclear pore. The SV40 large T antigen NLS linked to a
short polylysine tail enhanced DC-Chol/DOPE-mediated trans-
fection 8-fold in a human cystic fibrosis epithelial cell line
in vitro, although the exact mechanism was not determined [128].
Schwartz et al. [129] demonstrated that the SV40 large T antigen
NLS fused via its C-terminus to sequences of 9-27 amino acids
in length from human histone H1 did not offer any additional
benefit to liposome-mediated gene delivery when compared with
the same peptides without the NLS. Despite this, the histone-
derived peptides, with or without the NLS, did enhance liposome-
mediated gene delivery up to 50-fold compared with liposome and
plasmid DNA alone. This may be due to either non-specific DNA
condensation and nuclease protection properties of the peptides
together with dissociation from the DNA prior to arrival at the
nuclear pore, or alternatively the peptides may remain associated
with the DNA but with the SV40 NLS masked. Alternatively,
the histone-derived sequence (KTPKKAKKP) could itself also
be acting as an NLS.

Transgene expression

The original study describing GL-67™/DOPE delivery of plasmid
DNA to murine airways [79] demonstrated impressive peak re-
porter gene expression at day 2 following instillation, but this had
diminished to 20 % by day 7, and only 5 % by day 21. This was
not due to an immune response, because the same pattern was seen
in mice lacking humoral or cell-mediated immunity. This raised
the concern that the CMV promoter used might be undergoing
down-regulation. The same fall in reporter gene expression was
seen with the CMV promoter in human cystic fibrosis bronchial
epithelial cells in vitro [130]. This group then demonstrated that
pulmonary expression in mice was sustained for 3 months when
an identical plasmid was used containing CMV promoter en-
hancer sequences linked to a human ubiquitin promoter [130].
Similarly, the human elongation factor 1o promoter and ubiquitin
C promoters resulted in persistence of luciferase expression far in
excess of that seen with CMV, rous sarcoma virus and SV40 pro-

moters following topical instillation into the murine lung [131].
The ongoing research into promoters suitable to drive sustained
and qualitatively physiological levels of therapeutic transgene is
of great importance to the potential success of gene therapy.

Adenovirus core proteins

In order for adenovirus to replicate, it must deliver its DNA
genome to the nucleus (for a review, see Shenk [31]). Understand-
ing the role that adenovirus core proteins play in this delivery
process may facilitate the rational design of improved gene ther-
apy adjuvant proteins.

Enclosed by 12 structural proteins, the linear double-stranded
DNA adenovirus genome of approx. 36 kb is non-covalently
bound to the viral core proteins Mu, V and VII [132]. Protein VII
and Mu are tightly associated with the viral DNA [132-134],
whereas protein V, found only in mastadenoviruses [135], may
form a link between the viral DNA—core protein complex and the
viral capsid [134]. These core proteins all contain highly basic
arginine and/or lysine-rich domains [136,137]. Proteins V, pre VII
and preMu are encoded via late transcription unit L2 [138].

HAdV-2 protein V is 369 amino acids in length, and contains
at least three highly basic sequences, rich in arginine and lysine,
that can independently target the nucleolus [136]. Previous studies
demonstrated that protein V is associated with the nucleolus
during the late phase of infection and, in the nucleus, V is excluded
from the viral DNA-binding, protein-rich centres where single-
stranded DNA accumulates [134]. Protein V may disrupt nu-
cleolar function by affecting the subcellular localization of the
nucleolar antigens, nucleolin and B23 [136]. Why adenovirus
might disrupt nucleolar function is unknown, but recent data
suggest that B23, for example, may have importance in initiating
adenovirus DNA replication [139].

HAGJdV-2 protein VII contains 174 amino acids, and is formed
from its precursor by adenovirus-encoded protease-mediated
cleavage of a 24-amino-acid N-terminal segment [137]. The
mature protein has four highly basic domains containing arginine-
and lysine-rich sequences, separated by predicted «-helices. Pro-
tein VII has homologues in every adenovirus studied so far, iso-
lated either from mammals or birds or from lower vertebrates
[135,140-142], and has significant functional and sequence simi-
larity with histone H3 [143].

Mu protein (pX) is also highly conserved across all four
recognized adenovirus genera [135]. In HAdV-2, Mu is made as a
79-amino-acid precursor, undergoing both N- and C-terminal
cleavage to form Mu [144]. Of Mu’s 19 amino acids, nine are
arginine, possibly explaining the observation that Mu protein pre-
cipitates DNA in vitro [144]. The interaction of proteins V, VII and
Mu with adenovirus DNA appears to be charge-based between
these basic regions and the phosphate backbone of the DNA
[145], resulting in the DNA being considerably condensed as
a result of superfolding [146,147]. Protein VII associates more
efficiently with double-stranded DNA than single-stranded DNA
[147]. Binding of both proteins VII and Mu to DNA is not
DNA-sequence-specific [148].

Adenovirus entry into host cells

The mechanisms by which Ad2 and AdS enter host cells and
transport their genome to the nucleus have become increasingly
well understood over the last 10 years, particularly since the dis-
covery of the CAR protein in 1997 [149]. An overview is shown
in Figure 5 (for reviews, see Shenk [31] and Meier and Greber
[150]). CAR functions as the cellular receptor for most human
adenoviruses, other than subgroup B [151]. Adenovirus binds to

© 2005 Biochemical Society



10 T.W.R. Lee, D. A. Matthews and G. E. Blair

4) Transport to nuclear
pore complex
dynein/dynactin

6) Virus disassembles /

5) Virus docks at nuclear
pore complex
CAN/Nup214 receptor

7) Histone H1 *recruited,
then histone H1 import
factors

—=CELL MEMBRANE

2) Uptake by endosome
___and acidification

3) Release from
endosome

=

/
Vi
|

*
NUCLEUS

*

8) Viral genome and core proteins enter via

Figure 5 Adenovirus 2 entry into host cells during infection

nuclear pore, complexed to Importin 3 ®,

Importin 7®, and Histone H1 *

Following binding to CAR and «,-integrin, clathrin-mediated endocytosis occurs. The virus particle is taken up into the acidic endosome, but escapes to the cytosol. Transport to the nuclear pore
complex along the microtubules is dynein/dynactin-dependent. The virus then docks to CAN/Nup214 on the nuclear pore complex, disassembles and recruits histone H1. The adenovirus genome
and core proteins are then imported with the H1 import factors importin A and importin 7. Reproduced from the Journal of Gene Medicine, “Adenovirus endocytosis”, O. Meier and U. F. Greber,

pp. 451-462, 2003, with permission. (©) John Wiley and Sons Limited.

CAR via the C-terminal knob of the fibre protein [152], but for
internalization to occur a second interaction between the RGD
motif on the penton base of the virus particle and cell-surface
o, integrins is necessary [153]. This triggers clathrin-mediated
endocytosis of the adenovirus particle [154], and uptake into the
acidic early endosome. The virus particle then escapes from
the endosome, with approx. 90 % of the endocytosed virus being
released into the cytosol within 5 min [155]. This critical step is
poorly understood, but is thought to depend on viral protease-
mediated modification of capsid proteins, as viruses deficient in
protease fail to escape from the endosome [156]. Penton base
and «, integrins are also thought to activate endosomal release
[155]. Once in the cytoplasm, virus particles are transported to
the nucleus by the dynein/dynactin motor complex along micro-
tubules [157], and reach the nuclear pore complex approx. 40 min
after cell entry [155]. Attachment of the virus particle to the
nuclear pore complex receptor CAN/Nup214, and subsequent
recruitment of nuclear histone H1, are then both required for virus
disassembly and nuclear import of viral DNA [158]. The import of
histone H1 by the nuclear import factors importin 8 and importin 7
has been suggested as the mechanism by which the viral genome is
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then co-transported into the nucleus via the nuclear pore complex
[150,158]. Adenovirus DNA enters the nucleus together with core
protein VII and the terminal protein [159], but whether these pro-
teins perform any active role in nuclear entry has not yet been
determined. Protein VII inhibits adenovirus DNA synthesis [160]
and transcription in vitro [161], and thus is then likely to dissociate
from DNA following entry of the complex into the nucleus to
allow these processes to occur. It is not known whether Mu protein
remains part of this complex during nuclear entry, as antibodies
raised against Mu protein cross react with protein VII, possibly
due to an homologous arginine-rich sequence present in both
proteins [162].

Adenovirus core proteins and gene therapy

Whether proteins VII and Mu have any role beyond that of DNA
binding proteins remains unclear, and their potential as gene
therapy adjuvants remains largely unexplored. Recent work has
demonstrated that protein VII and Mu contain nuclear and/or nu-
cleolar targeting sequences [163,164], and protein VII co-local-
izes with host cell chromosomes when expressed in cells
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undergoing mitosis [163]. In 1987, Wienhues et al. [165] reported
that mature protein VII enhanced the uptake and expression of
naked DNA 4-fold when used alone as a transfection agent for
human HeLa and hamster BHK?21 cells, suggesting that it may be
actively involved in the transport of DNA to the nucleus. Only one
other group has published data regarding the ability of adenovirus
core proteins to enhance liposome-mediated gene delivery
[166-169].

The first of these studies (Murray et al. [166]) demonstrated
that Mu protein enhanced transfection efficiency up to 11-fold
when used as an adjunct to DC-Chol/DOPE liposome-mediated
gene therapy on differentiated hybrid rat x mouse ND7 neuronal
cells in vitro. This enhancement was attributed to Mu’s ability to
bind DNA tightly as a result of its strong positive charge. The
DNA binding protein Vpl from polyomavirus bound DNA less
tightly in gel-retardation assays, and proved disappointing as an
adjunct to liposome-mediated gene delivery, despite containing a
classical monopartite NLS (APKRKSGVSK).

This liposome-Mu-DNA (LMD) transfection complex was
characterized further by Tagawa et al. [167]. Buffer conditions and
ratios of DC-Chol/DOPE liposomes, peptide and plasmid DNA
proved critical to achieve maximum enhancement of DNA ex-
pression. These particles appeared stable and amenable to long-
term storage, in contrast with similar complexes formed using
poly(L-lysine) or protamine instead of Mu. In vitro data
using ND7, COS7 and Panc-1 cells suggested that LMD com-
plexes were associated with 10-35-times-greater reporter gene
expression under serum-free or 10 % serum conditions; however,
these data are difficult to interpret because the liposome—-DNA
complex controls contained different amounts of liposome than
within the LMD complexes. Confocal data using cyanine dye-
labelled plasmid DNA within the LMD complexes on cells
arrested in S-phase by the DNA polymerase inhibitor aphidicolin
demonstrated DNA was effectively transported to the cytoplasm
within 15 min. However, the DNA then accumulated at the nuclear
pore complex, suggesting that the addition of Mu to the liposome—
DNA complex may aid endocytosis and endosomal escape, but
not nuclear import. Finally, this study [167] presented in vivo data
demonstrating a 6-fold-greater chloramphenicol acetyltransferase
activity in mouse lungs with LMD compared with the current
in vivo ‘gold standard’ GL-67/DOPE/DMPE-PEGs, following
topical administration.

The intracellular trafficking of plasmid DNA delivered by
LMD complexes was investigated further by Keller et al. [168].
They compared LMD to a similar complex containing an SV40-
derived NLS peptide with arginine-flanking residues (RRRPK-
KKRKVSRRR). Mu peptide was labelled at its N-terminus by
tetramethylrhodamine, NLS peptide was N-terminally labelled
with green fluorescent 5-carboxyfluorescein (FAM), fluorescently
labelled lipid FAM-Lp-24 was incorporated at a 3 % molar ratio
into the CD-Chol/DOPE liposomes, and plasmid DNA was label-
led with cyanine dye. Although the potential effects of the
labelling process on the dynamics of complex formation have to be
considered, the data suggest that, when complexes are transfected
into cells, both Mu and the NLS peptide are predominantly loc-
ated within the nucleus after 15 min, but both liposome and DNA
are predominantly in the cytoplasm. By 45 min following trans-
fection, the labelled DNA is observed in the nucleus, but as found
by Tagawa et al. [167] above, aphidicolin treatment appeared to
result in the plasmid DNA being arrested at the nuclear pore com-
plex. Taken as a whole, this study suggests that the major barrier
to effectiveness of LMD complex-mediated transfection is the
nuclear pore, and although Mu has nuclear-targeting properties,
it does not appear to efficiently augment the transport of plas-
mid DNA through the nuclear pore. This may be due to Mu

disassociating from the plasmid DNA too readily in the cytoplasm
of the cell, although this may be partly, or even wholly, due to the
labelling methodology employed.

The fourth paper from this group [169] contrasts slightly
with the previous three. LMD complexes were compared with
similar complexes containing a 23-amino-acid nuclear/nucleolar
localization signal from adenovirus core protein V (RPRRR-
ATTRRRTTTGTRRRRRRR). Importantly, the positive control
liposome—DNA had exactly the same ratio of DC-Chol/DOPE to
plasmid DNA as in the LMD and protein V-containing complexes.
The protein V sequence bound to plasmid DNA less strongly
than Mu protein, on the basis of ethidium bromide exclusion
assays, but formed complexes with liposome and DNA in a similar
manner to LMD. Assays of relative transfection efficacy were per-
formed in vitro using HeLa cells and a §-galactosidase reporter
plasmid. Under serum-free conditions, LMD showed no benefit
over liposome-DNA complex, in contrast with the previous
studies [166—168], although the complex containing the sequence
from protein V did appear to demonstrate a 50 % improvement
over liposome—DNA. The authors concluded that Mu and the
sequence from protein V had great potential as gene delivery adju-
vant proteins, but require further characterization, and possibly
modification, to enhance nuclear targeting of the plasmid DNA.

Conclusions

Clinical trials of gene therapy for cystic fibrosis lung disease
have demonstrated proof of principle, but so far levels of gene
expression have been considered too low to offer therapeutic
benefit [24,90]. The augmentation of gene delivery to the nucleus
is dependent on the efficiency of a number of key processes,
such as cell entry, endosomal escape, trafficking to the nuclear
pore and nuclear import. Various approaches have been used to
address individual components of this system, but to date exam-
ination of the effect of gene delivery adjuvants on successive
steps has been limited. The airway epithelium in vivo is mainly
composed of non-dividing cells with intact nuclear membranes
[90]. Thus, although ligands such as RGD, to enhance cell entry,
may offer modest improvements in gene expression, it is likely
that adjuvants that enhance nuclear entry through the nuclear pore
will have considerably greater impact when used in liposome-
mediated gene delivery. For this reason, data from in vitro studies
using subconfluent cells, a proportion of which will be in mitosis,
are unlikely to predict which candidate adjuvants are likely to be
most effective in vivo. The methods that viruses use to deliver
genomic material to the nucleus of host cells offer useful insights
into potential routes that might be exploited by further vector
development.
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