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Gene therapy of cystic fibrosis (CF) airways:
A review emphasizing targeting with lactose
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Cystic fibrosis is a disease for which a number of Phase | clinical trials of gene therapy have been initiated. Several
factors account for the high level of interest in a gene therapy approach to this disease. CF is the most common lethal
inherited disease in Caucasian populations. The lung, the organ that is predominantly responsible for the morbidity and
mortality in CF patients, is accessible by a non-invasive method, the inhalation of aerosols. The vectors employed in
the Phase | trials have included recombinant adenoviruses, adeno-associated viruses and cationic lipids. While there
have been some positive results, the success of the vectors until now has been limited by either immunogenicity or
low efficiency. A more fundamental obstacle has been the absence of appropriate receptors on the apical surface of
airway epithelial cells. Molecular conjugates with carbohydrate substitution to provide targeting offer several potential
advantages. Lactosylated polylysine in which 40% of the lysines have been substituted with lactose has been shown to
provide a high efficiency of transfection in primary cultures of CF airway epithelial cells. Other important features include
a relatively low immunogenicity and cytotoxicity. Most importantly, the lactosylated polylysine was demonstrated to give
nuclear localization in CF airway epithelial cells. Until now, most non-viral vectors did not have the capability to provide
nuclear localization. These unique qualities provided by the lactosylation of non-viral vectors, such as polylysine may help
to advance the development of molecular conjugates sufficiently to warrant their use in future clinical trials for the gene
therapy of inherited diseases of the lung.

Keywords: lactosylated poly-L-lysine, gene transfer, non-viral vector, cystic fibrosis airway epithelial cells, nuclear
translocation, cystic fibrosis, gene therapy

Abbreviations: CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; NLS, nuclear localization
signal; NPC, nuclear pore complex; PEI, polyethylenimine; WGA, wheat germ agglutinin.

Introduction disease, characterized by thick mucous, inflammation and bac-
terial infection, is the major cause of morbidity and mortality
[2]. Therefore, most CF gene therapy studies target the airway
epithelium. Moreover, it is believed that the human airways can
be selectively targeted by non-invasive methods such as aerosol
and direct instillment [3,4].

The first step of gene transfer in general is the attachment of
the delivery vehicle to the surface of target cells. Subsequently,
the attached vehicle is taken up by endocytosis. Non-viral gene
delivery systems rely on normal cellular uptake mechanisms.
The specificity of gene expression can be increased by the ad-
dition of a targeting ligand to the surface of the DNA delivery
vehicle. After endocytosis the DNA-containing particles are
largely retained in perinuclear endosomes/lysosomes [5]. The
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Gene therapy offers the potential of correcting the underlying
cause of monogenetic diseases for which the responsible gene is
known. Cystic fibrosis is an autosomal recessive disease caused
by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene which encodes for a chloride channel
residing in the epithelium of multiple affected organs [1]. Since
CF is a recessive monogenetic disorder, introduction of a nor-
mal copy of the gene into the host cell should restore the nor-
mal CI™ transport function. A variety of epithelial tissues of
organs are affected in this disease, including airways, pancreas,
sweat ducts and the gastrointestinal system. However, CF lung
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the therapeutic DNA, gene delivery systems must escape from
endosomes [6] and reach the nucleus. Pharmacological agents
such as chloroquine can be used to disrupt the internal routing of
the delivery vehicle/cDNA complex from the endosomes to the
lysosomes [7]. Once released from endosomes the cDNA has to
reach the nucleoplasm where transcription can take place. The
nuclear envelope consists of an outer nuclear membrane and an
inner nuclear membrane, connected to each other by the nuclear
pore complex, a protein structure [8]. Nuclear pore complexes
form aqueous channels through the double membrane of the nu-
cleus [9] and thus create passageways for proteins and genetic
material [10].

Vectors for gene delivery

A number of different gene delivery systems either have been or
are currently under evaluation for use in therapy for CF. These
delivery vehicles fall into two classes. First those based on viral
vectors such as recombinant retrovirus [11], adenovirus [12]
and adeno-associated virus (AAV) [13], and second those that
are synthetic self-assembling systems such as cationic lipids
[14] or molecular conjugates [15—17]. Characteristics of each
gene delivery system are summarized in Table 1. However each
delivery system has to overcome considerable obstacles and to
date none has proven to be completely satisfactory [4].

Viral vectors

Viral based vectors pose concerns regarding their immuno-
genicity and toxicity. Alveolar tissue is sensitive to adenoviral
vectors [18], and major adverse events during clinical trials have
been described [19]. In addition to immunogenicity and toxic-
ity the present use of viral gene delivery systems is limited to
low transfection efficiency in vivo due to the complex barriers
airway epithelia created to prevent penetration of lumenally
delivered materials. A well-defined mucus layer may bind and
clear vectors; a glycocalyx may inhibit vectors from binding to
their receptor and most importantly the apical membrane lacks
a receptor for adenoviral vectors [20,21]. Although a receptor

Table 1. Gene delivery systems for CF airway cells
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(heparan sulfate) for AAV vector has been located on the ba-
solateral membrane of airway epithelial cells [22], it has been
demonstrated that the apical membrane contains abundant high
affinity receptor for AAVS and AAV4. Furthermore the binding
requires sialic acid in an « 2,3 linkage but the vectors differ
in sialic acid linkage specifity [23,24]. Moreover, transfection
with AAV from the apical membrane may also be limited by
endosomal processing [25]. However understanding these ob-
stacles will help in the development of viral-based gene delivery
systems that may circumvent these problems.

Retroviral vectors under investigation for CF gene therapy
were reviewed [26]. Lentiviral vectors and recombinant AAV
address the problem of poor persistence by integration into the
host DNA [27]. However the drawback is the possible risk of
mutagenesis. The risk is low but leukemia induction in an ani-
mal model of retroviral gene marking was observed [28]. An-
other obstacle is the failure of retro- and lentiviral vectors to
transfect airway epithelia when administrated to the apical sur-
face of polarized airway epithelial cells. This may be overcome
by the development of either methods that increase access to
the basolateral membrane or better apical membrane-binding
pseudotypes [29]. A filovirus-pseudotyped HIV vector has been
described to efficiently transfect murine airway epithelium in
vivo [30].

Non-viral vectors

Non-viral vectors may overcome the current problems in safety,
immunogenicity and mutagenesis associated with viral vectors
[31]. Cationic-lipid based gene delivery systems are lipid:DNA
complexes which have been proven to transfect airway epithe-
lium in vivo [32]. Initial clinical trials have indicated that lipo-
somes have a relatively low toxicity profile for administration
to nasal epithelium [33-35] even when administrated repeti-
tively [36]. However when administrated to human lungs mild
influenza-like symptoms were described which may be related
to the DNA [14]. In addition cationic lipid/DNA complexes
have generally shown to be less efficient than viral vectors [37].

Gene delivery  Toxicity and

Risk of insertional

system immunogenicity Efficiency  Specificity Packaging size mutgenesis Clinical trials
Adenovirus Dose related Moderate CAR receptor Limited Potential risk [12,19,87,88,89]
immune response present
AAV Non-pathogenic Moderate Serotype dependent Small Integrates into [13]
host genome
Retrovirus Potentially toxic Low Serotype dependent Limited Integrates into None
and immunogenic host genome
Liposomes Low but varied Low Requires targeting Large No [33,34,35,36]
toxicity ligand
Molecular Toxicity varies Low Requires targeting Large No None

conjugates ligand
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However the composition of lipids in lipid based gene delivery
vehicles varies and is critical to vector targeting and efficiency.
Moreover, additional components can both increase efficiency
and promote selective targeting [38].

Glycosylation for targeting of non-viral vectors

Non-viral gene delivery using cationic polymers or cationic
lipids based carriers continues to be of interest due to the safety
advantages. However there are many problems to overcome,
notably their comparatively low efficiency and lack of capability
to target gene expression to the area of pathology [39]. The
specificity can be modified by the addition of a targeting ligand
to the carrier [40].

Lectins are proteins that bind to specific carbohydrate struc-
tures [41]. The natural ligands for most lectins are typically
complex glycoconjugates that carry clustered arrays of the
cognate carbohydrate, thus cooperating with clustered lectin-
binding sites to generate high-avidity binding [42]. Some
membrane-bound lectins are internalized upon binding to lig-
ands, followed by delivery to internal acidic compartments
[43]. Therefore glycosylated gene delivery systems may take
advantage of membrane bound lectins to enter a specific cell
through receptor-mediated endocytosis. Currently several car-
bohydrates are under investigation for their application in gene
transfer, including galactose, mannose and lactose (Table 2).

Galactosylation

The asialoglycoprotein located on the hepatocyte mem-
brane specifically recognizes terminally linked B-galactose or
GalNAc residues on circulating glycoproteins and cells [44].
In one of the first gene transfers experiments asialoorosomu-
coid covalently bound to polylysine was used as a ligand for the
transfection of HepG2 cells [45] followed by transfection of the
liver in a rat model [46]. In addition galactosylated polylysine
was used to deliver genes to the rat liver [47], and biochemical
and functional characterization of the galactosylated polyly-
sine/ DNA complex was reported [48]. Galactosylated PEI was
used to transfect hepatocytes in vitro. An advantage over other
polycation polymer-DNA carriers is that PEI is capable of en-
dosomal escape without the aid of endosome disruptive addi-
tives [49]. Bettinger et al. [50] demonstrated that size reduction
of galactosylated PEI/DNA complex improved the gene trans-
fer. When galactosylated poly-L-ornithine was used to trans-
fect the mouse liver, it was demonstrated that administration of
galactosylated albumin prior to transfection reduced reporter
gene expression [51]. Kawakami et al. [52] demonstrated that
galactosylated liposome/DNA complex transfected the mouse
liver through asialoglycoprotein receptor-mediated endocyto-
sis. Thus a variety of DNA carriers are in development us-
ing galactose as a tageting ligand for the hepatocyte asialo-
glycoprotein receptor taking advantage of receptor-mediated
endocytosis to both enhance efficiency and specificity of gene
transfer.
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Table 2. Glycosylated non-viral gene delivery systems
Targeting ligand Carrier Target cells References
Lactose Polylysine  Airway cells [15,16,67,70]
in culture
PEI Isolated [65]
hepatocytes
Liposome  Kupffer cells [64]
and hepato-
cytes in vivo
Galactose Polylysine Rat hepatocytes [47,48,49]
in vivo
PEI Hepatocytes [50]
in vitro
Liposome Murine hepato-  [52]
cytes in vivo
Poly-L- Murine hepato-  [51]
ornithine cytes in vivo
Mannose Polylysine Macrophage [55]
in vitro
Murine macro- [51,56,57]
phages in vivo
Liposomes Murine macro- [61,62]
phages in vitro
and in vivo
Liposome- Murine macro-  [63]
PEI phages in vitro
and in vivo
Asialooro- Polylysine Hepatocytes [45]
somucoid in vitro
Rat hepato- [46]
cytes in vivo
Mannosylation

The mannose receptor located on a variety of macrophage
subtypes [53] recognizes glycoproteins with mannose, glucose,
fucose and N-acetylglucosamine residues in exposed, nonre-
ducing positions [54]. Mannosylated poly-L-lysine was the
most efficient in gene transfer into human monocyte-derived
macrophages when compared to other glycosylated poly-L-
lysine based DNA carriers [55]. In addition mannosylated
poly-L-lysine was used to transfect murine macrophages in vivo
successfully [56,57]. Macrophages are targets for gene therapy
of diseases as Gaucher’s disease [58] and HIV infection [59]
but may also be a target cell for expressing an exogenous gene
with therapeutical effects [60]. When the biodistribution of
mannosylated liposomes in mice was studied, it was found
that intravenously administered mannosylated liposomes
were taken up mainly by non-parenchymal cells in the liver
[61] and transfected mouse peritoneal macrophages in vitro
efficiently. In vivo expression of the reporter gene was detected
in the non-parenchymal cells of the liver and was reduced
by predosing with mannosylated bovine serum albumin [62].
Expression was further enhanced by the incorporation of PEI
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into the liposome complex [63]. Therefore mannosylated DNA
carriers transfect macrophages efficiently in vitro and in vivo
and is thought to employ the mannose receptor for endocytosis.

Lactosylation

It was demonstrated that when bound to low density lipoprotein
the lactose residue can target both Kupffer cells and parenchy-
mal cells of the liver. The liver expresses two types of galactose
receptors, one specific for parenchymal cells and one for Kupf-
fer cells. The specificity depends on the degree of lactosylation.
At high substitution of lactose the Kupffer cells mainly take up
lactosylated low-density protein. At low substitution of lactose
parenchymal cells are the main site of uptake [64]. Also lactosy-
lated PEI was used to deliver RNA/DNA oligonucleotides in rat
hepatocytes [65]. The gene transfer efficiency of glycosylated
poly-L-lysines in CF airway epithelial cells was determined us-
ing a spectrum of carbohydrates to derivatize poly-L-lysine. It
was found that lactosylated poly-L-lysine was the most efficient
for transfection in CF airway epithelial cells in primary culture
(Figure 1) [15] and in tracheal serous glands in vitro [66]. Since
it was demonstrated that lactosylated bovine serum albumin
was bound to airway epithelial cells and that this binding was
inhibited by 0.1 M lactose [15], lactose may provide a targeting
ligand for both airway and liver cells.

Lactosylated poly-L-lysine for targeting CF airway cells

Lactosylated poly-L-lysine was formulated on a homopolymer
of 190 residues of L-lysine, substituted with lactosyl residues
on approximately 40% of the ¢-amino groups of lysine [67].
The substitution of poly-L-lysine with carbohydrate groups di-
minishes the immunogenicity and the toxicity of poly-L-lysine
[67-69].

High efficiency of transfection with lactosylated poly-L-lysine

Lactosylated poly-L-lysine when complexed to cDNA proved
most effective in gene transfer into CF airway epithelial cells
in primary culture when compared to other glycosylated
polylysines. The transgene expression can be enhanced by us-
ing a combination of agents. The combination of chloroquine
and E5CA peptide, a fusogenic peptide, increased the reporter
gene expression in immortalized cells 6 fold, when compared to
transfection with chloroquine alone [67]. The combination of
glycerol and ESCA peptide proved to give the highest reporter
gene expression in airway epithelial cells in primary culture
[16]. The role of these agents, which are thought to be endoso-
molytic are discussed [60,67].

Transfection with lactosylated polylysine not only yielded
high reporter gene expression levels but also proved to be very
efficient regarding the percentage of cells transfected. When im-
mortalized CF airway epithelial cells were transfected with lac-
tosylated polylysine/cDNA complex in the presence of chloro-
quine and E5SCA peptide, 90% of the cells showed reporter gene
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Figure 1. Reporter gene expression by CF airway epithelial
cells in primary culture using glycosylated polylysine as vec-
tors. Glycoslylated polylysines were complexed to pCMVLuc
(ratio wt:wt 3:1) and added to CF airway epithelial cells in pri-
mary culture for 4 hours in the presence of 100 M chloroquine.
Luciferase activity was measured 48 hrs post transfection [15].
Used by permission.

expression [67]. It was further shown that lactosylated poly-L-
lysine is a highly efficient (80-90%) vector for transferring the
CFTR gene into airway epithelial cells in primary culture and
into immortalized cell lines [16]. The transfection efficiency in
vitro of lactosylated polylysine is comparable to that of viral
vectors.

In addition when immortalized CF airway epithelial cells
were transfected using lactosylated polylysine complexed to
a GFP-CFTR fusion gene, patch clamp electrophysiology
demonstrated the functional correction of CI~ channel activ-
ity of CFTR. Lactosylated polylysine therefore may provide
the potential for future therapeutic use [16].

Intracellular trafficking of lactosylated
polylysine/cDNA complex

The uptake and intracellular path of lactosylated polyly-
sine/cDNA complex with time was investigated using fluores-
cent markers and confocal microscopy. It was recently shown
that the binding of lactosylated polylysine/cDNA complex is in-
hibited by both lactose and lactosylated polylysine (Figure 2).
Lactosylated polylysine/cDNA complex appears to be internal-
ized via receptor mediated endocytosis utilizing lactose binding
moieties (Manuscript in preparation).

Cellular uptake of lactosylated polylysine/cDNA complex

Thirty minutes after the addition the complex was detected
by optical sectioning with confocal microscopy in intracellular
vesicles [70]. Escape from endosomes and avoidance of lysoso-
mal degradation is key for transport by gene delivery vehicles
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Figure 2. Lactose and lactosylated poly-L-lysine both inhibit
binding of lactosylated poly-L-lysine/cDNA complex to airway
epithelial cells. CF/T43 cells and airway epithelial cells in pri-
mary culture (NHBE) were incubated with 1 pg rhodamine-
pCMVLacZ complexed to 4 g FITC-lactosylated poly-L-lysine.
Allincubation took place at 4°C in either DMEM alone or with the
addition of 0.1 M lactose, 0.1 M GIcNAc or lactosylated poly-L-
lysine (200 ng). After fixation of the cells, the complex was visu-
alized with fluorescent microscopy and digitally merged with the
phase contrastimage of the same field. Bars represent means +
standard deviation (n = 5 experiments in duplicates for CF/T43;
n = 2 experiments in triplicates for NHBE).

into the nucleus. Chloroquine is a weak base and has an affinity
for lysosomes. It was proposed that it accumulates in acidic
compartments of endocytosed material, raising the luminal pH,
inducing a reduction of the delivery to lysosomes and of the
intravesicular degradation of endocytosed material [60]. There-
fore chloroquine, by preventing lysosomal degradation ensured
that the lactosylated poly-L-lysine/plasmid complex reached the
perinuclear region intact where it was then transported into the
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nucleus. One hour after the addition of the transfection medium,
optical sectioning of the cell nucleus demonstrated the presence
of intact lactosylated poly-L-lysine/cDNA complex within the
nucleus itself. Six hours post transfection the nuclear accumula-
tion of complex could be observed (Figure 3A). Similar results
were observed when cells were transfected in the presence of
glycerol or ESCA peptide. In comparison mannosylated poly-
L-lysine (Figure 3B) or unsubstituted poly-L-lysine (Figure 3C)
complexed to plasmid were less efficient for nuclear accumu-
lation [70].

WGA inhibits the nuclear uptake of lactosylated
poly-L-lysine/cDNA complex

Optical sectioning by confocal microscopy of the nucleus
demonstrated that the lactosylated poly-L-lysine/cDNA com-
plex was translocated into the nucleus intact (Figure 3A). The
nucleus is bound by the nuclear envelope, which poses a consid-
erable hydrophobic barrier to macromolecular transport [71].
The nuclear envelope consists of an outer nuclear membrane
and an inner nuclear membrane, connected to each other by
NPCs [8]. NPC form aqueous channels through the double
membrane of the nucleus [9] and permit entry of proteins
and genetic material [10]. WGA binds to N-acetylglucosamine
residues present on a class of NPC proteins and so blocks trans-
port through the NPC [72].

CF airway epithelial cells were incubated with FITC-labeled
WGA for 60 minutes and subsequently transfected. WGA in-
hibited the nuclear transfer of lactosylated poly-L-lysine/cDNA
complex (Figure 4). WGA added alone was internalized and ac-
cumulated around the nucleus within 60 minutes (Figure 4A),
and 6 hours later it was still present around the nucleus in small

Figure 3. Nuclear localization of FITC-labeled glycosylated and unsubstituted polylysine/rhodamine-labeled cDNA complex in
airway epithelial cells in primary culture in the presence chloroquine. Cells were grown on cover slips for 48 hrs. The cells were
transfected with FITC-labeled glycosylated or unsubstituted polylysine complexed to rhodamine labeled pCMV LacZin the presence
50 M chloroquine. Six hours after addition, transfection medium was removed and cells were washed. Subsequently the cells
were fixed in methanol and the nuclei were stained with Hoechst reagent. A Leica TCS4D confocal microscope was used for optical
sectioning. Rhodamine was visualized in red, FITC was visualized in green and Hoechst was in blue. Yellow fluorescence represents
the co-localization of the rhodamine and FITC signal. (A) Lactosylated polylysine/cDNA complex; (B) mannosylated polylysine/cDNA
complex; (C) unsubstituted polylysine/cDNA complex. Original magnification x100. Size bar, 10 um [70]. Used by permission.
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Figure 4. FITC-labeled WGA (green) inhibits nuclear accumulation of lactosylated polylysine/rhodamine-cDNA complex (red) in
airway epithelial cells in primary culture. Cells were incubated with 300 | DMEM containing 40 g/ml FITC-WGA for (A) 1 hour. After
1 hour the FITC-WGA was removed and cells were refed with growth medium for (B) an additional 6 hours. After 1 hour incubation
(C) with FITC-WGA or (D) DMEM cells were transfected with lactosylated polylysine/rhodamine-cDNA complex for 6 hours. See
legend to Figure 3 for details. Original magnification x100. Size bar, 10 um. [70]. Used by permission of publisher.

patches (Figure 4B). When primary airway epithelial cells pre-
treated with WGA were transfected with lactosylated poly-L-
lysine/rhodamine-labeled cDNA complex, no nuclear accumu-
lation of complex was observed (Figure 4C). In contrast at the
same time transfected cells, which were not pretreated with
WGA showed nuclear accumulation of complex as expected
(Figure 4D) [70].

WGA clearly inhibits the entry of lactosylated polyly-
sine/cDNA complex into the nucleus (Figure 4). It is still un-
known how DNA of therapeutic relevant sizes (up to 10 kbp)
can pass through the NPC [71]. It was reported that plasmid
DNA up to 14.4 kbp localized in the nucleus in the absence of
cell division. Its nuclear import required energy, cytoplasmic
factors and was blocked by WGA [73].

The nuclear entry of the lactosylated polylysine/cDNA com-
plex may occur through a receptor-mediated event for which
the lactosyl residues provide the ligand. The specific nuclear
import of glycoconjugates could be related to the presence of
lectins in the cell nucleus [74]. Galectin-3 a galactose/lactose-
specific lectin was located in the nucleus [75,76]. The nuclear
import and retention of galectin-3 has been ascribed to the car-
bohydrate recognition domain [77]. Galectin-3 has been shown
to facilitate transfer of spliceosomes out of the nucleus [78].

The entry of many large molecules into the nucleus depends
on a short stretch of basic amino acids called nuclear local-
ization signal [79]. Moreover, another mechanism can be pro-
posed from the recent description of the Chrp protein [80]. This
cysteine and histidine rich protein binds galectin-3 at a site
other than the carbohydrate recognition domain and is found in
both the cytoplasm and the nucleus. We hypothesize that this
protein translocates galectin-3 to the nucleus and that galectin-3
binding to the lactose residues on lactosylated polylysine allows
translocation of the lactosylated polylysine/plasmid complex to
the nucleus (Figure 5).

Helenius and colleagues [81] described the docking and dis-
association of the adenovirus capsid followed by DNA entering
the nucleus through the nuclear pore accompanied by adenovi-
ral protein VII. We are proposing a similar mechanism in our
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Figure 5. Schematic of the hypothetical trafficking of lactosy-
lated polylysine/plasmid complex via galectin-3 and the recently
described cysteine and histidine rich protein (Chrp) [80]; (a) the
complex entering the cell; (b) the complex binding with galectin-
3 which binds to Chrp; and (c) nuclear docking.

hypothesis with the exception that galectins may provide the
docking site close to the nuclear pore complex and facilitate
binding of the lactosylated polylysine to intranuclear galectins.

Future directions

Lactosylated polylysine when used in vitro as a transfer agent
overcomes some of the barriers of gene transfer, namely cellular
uptake and nuclear translocation. Although the lungs are readily
available for administration through non-invasive methods [3],
the airways in vivo have evolved a remarkable defense system
against foreign material. When administered topically all gene
delivery systems, viral and non-viral, have to overcome a layer
of mucous-containing liquid, ciliary clearance and phagocytos-
ing macrophages to reach the targeted airway epithelial cells.

Entrapment of transfection agents in the mucous layer in CF
lungs could be due to the increased viscosity and increased in-
flammatory response, therefore mucolytic agents could be used
to reduce this difficulty. Moreover, nucleases in the mucus may
reduce the activity of the transgene [4]. It is reported how-
ever that polylysine prevents DNA degradation [82]. In addi-
tion, macrophages may interfere with the gene delivery system
and may stimulate an immune response. Macrophage activity
may be blocked by pharmacological means such as the use of
gadolinium chloride [4].
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Cell entry of lactosylated polylysine/cDNA into undifferen-
tiated airway epithelial cells appears to be receptor-mediated
(Manuscript in preparation) based on lactose specificity. Pre-
liminary data indicate that lactosylated polylysine also transfers
cDNA into polarized airway epithelial cells from the apical side.
Agents used for endosome disruption such as chloroquine and
fusogenic peptides [83] enhanced transfection in vitro using
lactosylated polylysine complexed to cDNA. These series of
studies will provide clues for investigations in vivo.

Most gene delivery systems have problems to be solved be-
fore they can be successful in vivo, not the least of these are
the methods of delivery. Lactosylated polylysine proved to be
highly efficient in vitro [15] and preliminary data showed lacto-
sylated polylysine was able to transfer cDNA into murine nasal
epithelium. Therefore lactosylated polylysine is a promising
gene delivery vehicle. Another promising approach may be the
addition of lactose to other molecular conjugates, representing
afinal area of exploration to transfer the CFTR gene into airway
epithelial cells.

Summary

Lactosylated polylysine proved to be a highly efficient vector
for transferring genes into CF airway epithelial cells in primary
culture. In the presence of enhancing agents the efficiency of
transfer (90-100%) is comparable to that of viral vectors [67].
Lactosylated polylysine was used to transfer the CFTR gene
into CF airway epithelial cells giving a correction of the chlo-
ride channel dysfunction as shown with patch clamp electro-
physiology [16]. Moreover, lactosylated poly-L-lysine/cDNA
complexes remains intact during cellular internalization and
nuclear translocation.

Polylysine, when used unsubstituted as a transfection agent,
does not provide nuclear localization [70,84]. Polyethylenimine
provided increased expression and nuclear localization after it
had been substituted with galactose [49]. These reports, when
taken together with the reports of the nuclear galectins [74—78]
and the nuclear localization of lactosylated polylysine/cDNA
complexes [70] provide support for the concept of a galac-
tose/ lactose binding protein which is involved at least in dock-
ing lactosylated polylysine to the nuclear pore complex. The
importance of the docking step in nuclear transport was recently
emphasized [85].

Anderson [86] cited safety and ease of manufacture as the two
most important features of non-viral vectors. These two factors
are both characteristics of the glycosylated polylysines. The
incorporation of lactose into molecular conjugates can provide
both surface membrane and nuclear targeting for gene transfer
in CF airway epithelial cells.

Acknowledgments

Supported in part by NIH DK55610 (TFS) and the Ter Meulen
Fund Netherlands Royal Academy of Sciences (DTK). The

737

authors gratefully acknowledge Kearston Ingraham and Ellie
Patounas for assistance with the manuscript and all of the au-
thors on our publications cited here.

References

1 Welsh MJ, Tsui LC, Boat TF, Beaudet AL, Cystic fibrosis. In The
Metabolic and Molecular Basis of Inherited Diseases, edited by
Valle D (McGraw-Hill, New York, 1995), pp. 3799-876.

2 Robinson C, Scanlin TF, Cystic fibrosis. In Pulmonary Diseases
and Disorders, edited by Fishman AP (McGraw-Hill, New York,
1997), pp. 1273-94.

3 Davies JC, Geddes DM, Alton EWFW, Gene therapy for cystic
fibrosis, J Gene Med 3, 409-17 (2001).

4 Koehler DR, Hitt MM, Hu J, Challenges and strategies for cystic
fibrosis lung gene therapy, Mol Ther 4, 84-91 (2001).

5 HuangL, Viroonchatapan E, Introduction. In Non-Viral Vectors for
Gene Therapy, edited by Wagner E (Academic Press, San Diego,
1999), pp. 13-4.

6 Wivel NA, Wilson JM, Methods of gene therapy, Hematol Oncol
Clin North Am 12, 483-99 (1998).

7 Wagner E, Zenke M, Cotton M, Beug H, Birnstiel ML, Transferin-
polycation conjugates as carriers for DNA uptake into cells, Proc
Natl Acad Sci USA 87, 34104 (1990).

8 Goldberg JC, Allen TD, Structural and functional organization of
the nuclear envelope, Curr Opin Cell Biol 7, 301-9 (1995).

9 Talcott B, Moore MS, Getting across the nuclear pore complex,
Trends Cell Biol 9, 312—8 (1999).

10 Wente SR, Gatekeepers of the nucleus, Science 288, 1374-6
(2000).

11 Wang G, Slepushkin V, Zabner J, Keshavjee S, Johnston JC, Sauter
SL, Jolly DJ, Dubensky TJ Jr, Davidson BL, McCray PB Jr, Feline
immunodeficiency virus vectors persistently transduce nondivid-
ing airway epithelia and correct the cystic fibrosis defect, J Clin
Invest 104, R55-62 (1999).

12 Zuckerman JB, Robinson CB, McCoy KS, Shell R, Sferra TJ,
Chirmule N, Magosin SA, Propert KJ, Brown-Parr EC, Hughes
JV, Tazelaar J, Baker C, Goldman MJ, Wilson JM, A phase I
study of adenovirus-mediated transfer of the human cystic fibro-
sis transmembrane conductance regulator gene to a lung segment
of individuals with cystic fibrosis, Hum Gene Ther 10, 2973-85
(1999).

13 Wagner J, Reynolds T, Moran ML, Moss RB, Wine JJ, Flotte TR,
Gardner P, Efficient and persistent gene transfer of AAV-CFTR in
maxillary sinus, Lancet 351, 1702-3 (1998).

14 Alton EWFW, Stern M, Farley R, Jaffe A, Chadwick SL, Phillips
J, Davies JC, Smith SN, Browning J, Davies MG, Hodson ME,
Durham SR, Li D, Jeffery PK, Scallan M, Balfour R, Eastman
SJ, Cheng SH, Smith AE, Meeker D, Geddes DM, Cationic lipid-
mediated CFTR gene transfer to the lungs and nose of patients with
cystic fibrosis: A double-blind placebo-controlled trial, Lancet
353, 947-54 (1999).

15 Kollen WJW, Midoux P, Erbacher P, Yip A, Roche AC, Monsigny
M, Glick MC, Scanlin TF, Gluconoylated and glycosylated polyly-
sine as vectors for gene transfer into cystic fibrosis airway epithelial
cells, Hum Gene Ther 7, 1577-86 (1996).

16 Kollen WIW, Mulberg AE, Wei X, Sugita M, Raghuram V, Wang
J, Foskett JK, Glick MC, Scanlin TF, High-efficiency transfer of
cystic fibrosis transmembrane conductance regulator cDNA into



738

20

21

22

23

24

25

26

27

28

29

30

31

32

33

cystic fibrosis airway cells in culture using lactosylated polylysine
as a vector, Hum Gene Ther 10, 615-22 (1999).

Gautam A, Densmore CL, Golunski E, Xu B, Waldrep JC, Trans-
gene expression in mouse airway epithelium by aerosol gene ther-
apy with PEI-DNA complexes, Mol Ther 3, 551-6 (2001).
Harvey BG, Maroni J, O’Donoghue KA, Chu KW, Muscat JC,
Pippo AL, Wright CE, Hollman C, Wisnivesky JP, Kessler PD,
Rasmussen HS, Rosengart TK, Crystal RG, Safety of local delivery
of low- and intermediate-dose adenovirus gene transfer vectors to
individuals with a spectrum of comorbid conditions, Hum Gene
Ther 13, 15-6 (2002).

Crystal RG, McElvaney NG, Rosenfeld MA, Chu CS, Mastrangeli
A, Hay JG, Brody SL, Jaffe HA, Eissa NT, Danel C, Administra-
tion of an adenovirus containing the human CFTR c¢DNA to the
respiratory tract of individuals with cystic fibrosis, Nat Genet 8,
42-51 (1994).

Boucher RC, Status of gene therapy for cystic fibrosis lung disease,
J Clin Invest 103, 441-5 (1999).

Pickles RJ, McCarty D, Matsui H, Hart PJ, Randell SH, Boucher
RC, Limited entry of adenoviruses vectors into well-differentiated
airway epithelium is responsible for inefficient gene transfer, J
Virol 72, 6014-23 (1998).

Sumerford C, Samulski RJ, Membrane-associated heparan sulfate
proteoglycan is a receptor for adeno-associated virus type 2 viri-
ons, J Vir 72, 1438-45 (1998).

Walters RW, Yi SMP, Keshavjee S, Brown KE, Welsh MJ, Chiorni
JA, Zabner J, Binding of Adeno-associated virus type 5 to 2,3-
linked sialic acid is required for gene transfer, J Biol Chem 276,
20610-6 (2001).

Kaludov N, Brown KE, Walters RW, Zabner J, Chiorni JA, Adeno-
associated virus serotype 4 (AAV4) and Aav5 both require sialic
acid binding for hemagglutination and efficient transduction but
differ in sialic acid linkage specifity, J Virol 75, 6884-93 (2001).
Duan D, Yue Y, Yan Z, Yang J, Engelhardt JE, Endosomal process-
ing limits gene transfer to polarized airway epithelia by adeno-
associated virus, J Clin Invest 105, 1573-87 (2000).

Wang G, Sinn PL, McCray PBJ, Development of retroviral vectors
for gene transfer to airway epithelia, Curr Opin Mol Ther 2, 497—
506 (2000).

Crystal RG, Transfer of genes to humans: Early lessons and ob-
stacles to success, Science 270, 404—10 (1995).
LiZ,DullermanJ, Schiedlmeier B, Schmidt M, von Kalle C, Meyer
J, Forster M, Stocking C, Wahler A, Frank O, Ostertag W, Kuhlcke
W, Eckert H-G, Fehse B, Baum C, Murine leukemia induced by
retroviral gene marking, Science 296, 497 (2002).

Johnson LG, Retroviral approaches to gene therapy of cystic fi-
brosis, Ann NY Acad Sci 953, 43-52 (2001).

Kobinger GP, Weiner DJ, Yu QC, Wilson JM, Filovirus—
pseudotyped lentiviral vector can efficiently and stably transduce
airway epithelia in vivo, Nat Biotechnol 19, 225-30 (2001).

Han S, Mahato RI, Sung YK, Kim SW, Development of biomate-
rials for gene therapy, Mol Ther 2, 302—-17 (2000).

Yoshimura K, Rosenfeld MA, Nakamura H, Scherer EM, Pavirani
A, Lecocq JP, Crystal JP, Expression of the human cystic fibrosis
transmembrane conductance regulator gene in the mouse lung after
invivo intratracheal plasmid-mediated gene transfer, Nucl Acid Res
20, 3233-40 (1992).

Caplen NJ, Alton EW, Middleton PG, Dorin JR, Stevenson
BJ, Gao X, Durham SR, Jeffery PK, Hodson ME, Coutelle C,

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Klink, Glick and Scanlin

Liposome-mediated CFTR gene transfer to the nasal epithelium
of patients with cystic fibrosis, Nat Med 1, 39-46 (1995).
Porteous DJ, Dorin JR, McLachlan G, Davidson-Smith H,
Davidson H, Stevenson BJ, Carothers AD, Wallace WA, Moralee
S, Hoenes C, Kallmeyer G, Michaelis U, Naujoks K, Ho LP,
Samways JM, Imrie M, Greening AP, Innes JA, Evidence for safety
and efficacy of DOTAP cationic liposome mediated CFTR gene
transfer to the nasal epithelium of patients with cystic fibrosis,
Gene Ther 4,210-8 (1997).

Noone PG, Hohneker KW, Zhou Z, Johnson LG, Foy C, Gipson
C, Jones K, Noah TL, Leigh MW, Schwartzbach C, Efthimiou
J, Pearlman R, Boucher RC, Knowles MR, Safety and biological
efficacy of a lipid-CFTR complex for gene transfer in the nasal
epithelium of adult patients with cystic fibrosis, Mol Ther 1, 105—
14 (2000).

Hyde SC, Southern KW, Gileadi U, Fitzjohn EM, Mofford KA,
Waddell BE, Gooi HC, Goddard CA, Hannavy K, Smyth SE,
Egan JJ, Sorgi FL, Huang L, Cuthbert AW, Evans MJ, Colledge
WH, Higgins CF, Webb AK, Gill DR, Repeat administration of
DNA/liposomes to the nasal epithelium of patients with cystic fi-
brosis, Gene Ther 7, 1156-65 (2000).

Flotte TR, Laube BL, Gene therapy in cystic fibrosis, Chest 120,
1245-31S (2001).

West J, Rodman DM, Gene therapy for pulmonary diseases, Chest
119, 613-7 (2001).

Brown MD, Schatzlein AG, Uchegbu IF, Gene delivery with syn-
thetic (non viral) carriers, Int J Pharm 229, 1-21 (2001).
Cristiano RJ, Roth JA, Molecular conjugates: A targeted gene
delivery vector for molecular medicine, J Mol Med 73, 479-86
(1995).

Sharon N, Lectins (Chapman and Hall, New York, 1989).

Sharon N, Lectin-carbohydrate complexes of plants and animals:
An atomic view, Trends Biochem Sci 18, 221-6 (1993).

Weis WI, Drickamer K, Structural basis of lectin-carbohydrate
recognition, Annu Rev Biochem 60, 443—73 (1996).

Ashwell G, Harford J, Carbohydrate-specific receptors of the liver,
Ann Rev Biochem 51, 531-54 (1982).

Wu GY, Wu CH, Receptor-mediated in vitro gene transforma-
tion by a soluble DNA carrier system, J Biol Chem 262, 4429-32
(1987).

Wu GY, Wu CH, Receptor-mediated gene delivery and expression
in vivo, J Biol Chem 263, 14621-4 (1988).

Perales JC, Ferkol T, Beegen H, Ratnoff OD, Hanson RW, Gene
transfer in vivo: Sustained expression and regulation of genes intro-
duced into the liver by receptor-taregeted uptake, Proc Natl Acad
Sci USA 91, 4086-90 (1994).

Perales JC, Grossman GA, Molas M, Liu G, Ferkol T, Herpst
J, Oda H, Hanson RW, Biochemical and functional characteriza-
tion of DNA complexes capable of targetting gene to hepatocytes
via the asialoglycoprotein receptor, J Biol Chem 272, 7398—-407
(1997).

Zanta M, Boussif O, Abid A, Behr JP, In vitro gene delivery to hep-
atocytes with galactosyalted polyethylenimine, Bioconjug Chem
8, 839-44 (1997).

Bettinger T, Remy JS, Erbacher P, Size reduction of galactosylated
PEI/DNA complexes improves lectin-mediated gene transfer into
hepatocytes, Bioconjug Chem 10, 558-61 (1999).

Nishikawa M, Yamauchi M, Morimoto K, Ishida Y, Takakura
Y, Hashida M, Hepatocyte-targeted in vivo gene expression by



Gene therapy of cystic fibrosis (CF) airways

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

intravenous injection of plasmid DNA complexed with synthetic
multi-functional gene delivery system, Gene Ther 7, 548-55
(2000).

Kawakami S, Fumoto S, Nishikawa M, Yamashita F, Hashida, In
vivo gene delivery to the liver using novel galactosylated cationic
liposomes, Pharm Res 17, 306—13 (2000).

Wileman T, Boshans R, Stahl P, Studies on ATP-dependent
receptor-ligand dissociation, J Biol Chem 260, 7387-93 (1985).
Shepherd VL, Lee YC, Schlesinger PH, Stahl PD, L-Fucose-
terminated glycoconjugates are recognized by pinocytosis recep-
tors on macrophages, Proc Natl Acad Sci USA 78, 1019-22 (1981).
Erbacher P, Bousser MT, Raimond J, Monsigny M, Midoux P,
Roche AC, Gene transfer by DNA/glycosylated polylysine com-
plexes into human blood monocyte-derived macrophages, Hum
Gene Ther 7, 721-9 (1996).

Ferkol T, Perales JC, Mularo F, Hanson RW, Receptor-mediated
gene transfer into macrophages, Proc Natl Acad Sci USA 93, 101-5
(1996).

Nishikawa M, Takemura S, Yamashita F, Takakura Y, Meijer DK,
Hashida M, Swart PJ, Pharmacokinetics and in vivo gene transfer
of plasmid DNA complexed with mannosylated poly(L-lysine) in
mice, J Drug Target 8, 29-38 (2000).

Ohashi T, Gene therapy for Gaucher disease, Nippon Rinsho 53,
3089-94 (1995).

Kohn DB, Sarver N, Gene therapy for HIV-1 infection, Adv Exp
Med Biol 394, 421-8 (1996).

Erbacher P, Roche AC, Monsigny M, Midoux P, Putative role of
chloroquine in gene transfer into a human hepatoma cell line by
DNA/lactosylated polylysine complexes, Exp Cell Res 225, 186—
94 (1996).

Kawakami S, Wong J, Sato A, Hattori Y, Yamashita F, Hashida M,
Biodistribution characteristics of mannosylated, fucosylated, and
galactosylated liposomes in mice, Biochim Biophys Acta 1524,
258-65 (2000).

Kawakami S, Wong J, Sato A, Hattori Y, Yamashita F, Hashida
M, Mannose receptor-mediated gene transfer into macrophages
using novel mannosylated cationic liposomes, Gene Ther 7, 292—
9 (2000).

Sato A, Kawakami S, Yamada M, Yamashita F, Hashida M, En-
hanced gene transfection in macrophages using mannosylated
cationic liposome-polyethylenimine-plasmid DNA complexes, J
Drug Target 9, 201-7 (2001).

Bijsterbosch MK, Van Berkel TJ, Uptake of lactosylated low-
density lipoprotein by galactose-specific receptors in rat liver,
Biochem J 270, 233-9 (1990).

Bandyopadhyay P, Ma X, Linehan-Stieers C, Kren BT, Steer C,
Nucleotide exchange in genomic DNA of Rat hepatocytes using
RNA/DNA oligonucleotides, J Biol Chem 274, 10163-72 (1999).
Allo JC, Midoux P, Merten M, Souil E, Lipecka J, Figarella C,
Monsigny M, Briand P, Fajac I, Efficient gene transfer into human
normal and cystic fibrosis tracheal gland serous cells with synthetic
vectors, Am J Respir Cell Mol Biol 22, 166-75 (2000).

Kollen WIW, Schembri FM, Gerwig GJ, Vliegenthart JFG, Glick
MC, Scanlin TF, Enhanced efficiency of lactosylated poly-L-
lysine-mediated gene transfer into cystic fibrosis airway epithelial
cells, Am J Respir Cell Mol Biol 20, 1081-6 (1999).

Fiume L, Di Stefano G, Busi C, Mattioli A, Battista Gervasi
G, Bertini M, Bartoli C, Catalani R, Caccia G, Farina C, Fissi
A, Pieroni O, Giuseppetti R, D’Ugo E, Bruni R, Rapicetta M,

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

739

Hepatotropic conjugate of adenine arabinoside monophosphate
with lactosaminated poly-L-lysine, J Hepatol 26, 253-9 (1997).
Di Stefano G, Busi C, Mattioli A, Fiume L, Selective delivery to the
liver of antiviral nucleoside analogs coupled to a high molecular
mass lactosaminated poly-L-lysine and administered to miceby
intramuscular route, Biochem Pharmacol 49, 1769-75 (1995).
Klink DT, Chao S, Glick MC, Scanlin TF, Nuclear translocation of
lactosylated poly-L-lysine/cDNA complex in cystic fibrosis airway
epithelial cells, Mol Ther 3, 831-41 (2001).

Meyer KEB, Uyechi LS, Szoka FC Jr, Intracellular trafficking of
nucleic acids. In Gene Therapy for Diseases of the Lung, edited
by Brigham KL (Marcel Dekker, New York, 1997), pp. 135-80.
Dabauvalle MC, Schulz B, Scheer U, Peters R, Inhibition of nu-
clear accumulation of karyophilic proteins in living cells by the
microinjection of the lectin wheat germ agglutinin, Exp Cell Res
174, 291-6 (1998).

Wilson GL, Dean BS, Wang G, AD, Nuclear import of plasmid
DNA in digitonin-permeabilized cells requires both cytoplasmic
factors and specific DNA sequences, J Biol Chem 274, 22025-32
(1996).

Wang JL, Laing JG, Anderson RL, Lectins in the cell nucleus,
Glycobiol 1, 209-14 (1991).

Wang JL, Werner EA, Laing JG, Patterson RJ, Nuclear and
cytoplasmic localization of a lectin-ribonucleoprotein complex,
Biochem Soc Trans 20, 269-74 (1992).

Laing JG, Wang JL, Identification of carbohydrate binding protein
35 in heterogeneous nuclear ribonucleoprotein complex, Biochem
27, 5329-34 (1988).

Gaudin JC, Mehul B, Hughes RC, Nuclear localisation of wild
type and mutant galectin-3 in transfected cells, Biol Cell 92, 49—
58 (2000).

Dagher SF, Wang JL, Patterson RJ, Identification of galectin-3 as a
factor in pre-mRNA splicing, Proc Natl Acad Sci USA 92, 1213-7
(1995).

Richardson WD, Mills AD, Dilworth DM, Laskey RA, Dingwall
M, Nuclear protein migration involves two steps: Rapid binding
at the nuclear envelope followed by slower translocation through
nuclear pores, Cell 52, 655-64 (1988).

Menon RP, Strom M, Hughes RC, Interaction of a novel cys-
teine and histidine-rich cytoplasmic protein with galectin-3 in
a carbohydrate-independent manner, FEBS Ltr 470, 227-31
(2000).

Greber UF, Suomalainen, Stidwill RP, Boucke K, Ebersold MW,
Helenius A, The role of the nuclear core complex in adenovirus
DNA entry, EMBO J 16, 5998-6007 (1997).

Wagner E, Cotton M, Foisner R, Beug H, Birnstiel ML,
Transferrin-polycation-DNA complexes: The effect of polycations
on the structure of the complex and DNA delivery to cells, Proc
Natl Acad Sci USA 89, 7934-8 (1991).

de Lima MC, Gene delivery mediated by cationic liposomes: From
biophysical aspects to enhancement of transfection, Mol Membr
Biol 16, 103-9 (1999).

Chan KC, Jans DA, Enhancement of polylysine mediated trans-
ferrinfection by nuclear localization of sequences: Polylysine does
not function as a nuclear localization sequence, Hum Gene Ther
10, 1695-702 (1999).

Rout MP, Aitchison JD, The nuclear pore complex as a transport
machine, J Biol Chem 276, 16593-6 (2001).

Anderson WF, Human gene therapy, Nature 392, 25-30 (1998).



740

87

88

Knowles MR, Hohneker KW, Zhou ZQ, Olsen JC, Noah TL, Hu
PC, Leigh MW, Engelhardt JE, Edwards LJ, Jones KR, Grossman
M, Wilson JM, Johnson LG, Boucher RC, A controlled study of
adenoviral-vector-mediated gene transfer in the nasal epithelial of
patients with cystic fibrosis, N Engl J Med 384, 823-31 (1995).

Bellon G, Michel-Calemard L, Thouvenot D, Jagneaux V, Poitevin
F, Malcus C, Accart N, Layani MP, Aymard M, Bernon H,
Bienvenu J, Courtney M, Doring G, Gilly B, Lamy D, Levrey
H, Morel Y, Paulin C, Perraud F, Rodillon L, Seme C, So S,
Touraine-Moulin F, Schatz C, Pavirani A, Aerosol administration

89

Klink, Glick and Scanlin

of a recombinant adenovirus expressing CFTR to ystic fibrosis
patients: A phase I clinical trial, Hum Gene Ther 8, 15-25 (1997).
Harvey BG, Leopold LP, Hackett NR, Grasso TM, Williams
PM, Tucker AL, Kaner RJ, Ferris B, Gonda I, Sweeney TD,
Ramalingam R, Kovesdi I, Crystal RG, Airway epithelial CFTR
mRNA expression in cystic fibrosis patients after repetitive admin-
istration of a recombinant adenovirus, J Clin Invest 104, 1245-55
(1999).

Received 22 May 2002; accepted 31 July 2002



