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Synthetic gene delivery vehicles have made significant progress in
the past decade in demonstrating strong potential for targeted
delivery to specific cells, low toxicity and immunogenicity, and
large carrying capacity. However, significant advances must still
be made to increase the efficiency of both polymer and lipid
vehicles. Furthermore, techniques to generate more effective
targeting moieties for a variety of cell types, as well as means to
consistently assemble vectors containing these targeting ligands,
are areas for further improvement. This review focuses on
significant recent advances in generating a number of novel
targeted vectors, and discusses progress in the development of new
genetic and chemical systems to enhance the targeting, assembly
and biocompatibility of synthetic vectors.

Keywords Cationic liposome, integrin, lectin, phage-display
technology, RGD sequence

Introduction

For a number of gene therapy applications, targeting of
transgene delivery to, and expression in, specific cells or
tissues may help minimize adverse effects such as
cytotoxicity or immune reactions, as well as maximizing the
efficacy of the therapeutic response. This can be achieved
through the addition of targeting moieties (eg, ligands) to a
gene delivery vector to mediate surface receptor-mediated
binding and internalization to specific cells, or through the
use of promoter elements that are active only in targeted cell
types. The latter, transcriptional targeting approach has
achieved some successes [1,2], but is still at an early stage of
development. This review will focus on the first approach,
ie, targeted delivery, and discuss recent progress, as well as
future improvements that are needed to advance these
vectors to the clinic. Our focus will be on synthetic vectors,
for reasons of both constrained space and certain potential
advantages including safety and manufacturability.

Background

Cell biology of receptor/ligand dynamics

Cells communicate with their environment through
receptors, and their surface receptors allow cells to respond
to stimuli or signals, selectively import certain nutrients or
adhere to a substratum. Since a cells' function uniquely
determines the repertoire of receptors that it expresses,

receptors can be used to target drugs or genes designed to
elicit a response in a specific cell population. As part of
nutrient uptake, protein turnover, or signal downregulation,
cells internalize their receptors and sort them, as well as
their ligands, within the endosomal network [3,4]. Once a
ligand binds to the receptor, conformational changes within
the receptor tail lead to its recruitment to clathrin-coated
pits, which then bud from the cell surface. The resulting
vesicles transport their contents to early endosomes. Within
endosomes, receptors and ligands can remain associated or
dissociated, and can be recycled back to the cell surface or
sorted to the lysosome for degradation. Proton pumps
gradually acidify the contents of the endosomal network
from a surface pH of ~ 7 to a lysosomal pH of ~ 5.

The function of a particular receptor and the biochemical
properties of the ligand affect this trafficking process, eg,
once transferrin releases its iron cargo due to the fall in pH
drop, the receptor ligand pair is recycled to the surface for
further rounds of iron scavenging. In contrast, the function
of asialoglycoprotein is to clear improperly glycosylated, or
foreign, proteins from circulation, and the receptor ligand
pair are therefore sorted to the lysosome. Finally, growth
factor receptors are internalized in order to downregulate or
otherwise modulate the level of signal transduction [5]. The
properties of the ligand, specifically the pH sensitivity of its
binding, directly influence the sorting of receptors and their
ligands [6].

Synthetic vectors

Like many types of viruses, synthetic vectors exploit
endocytosis in order to gain entry into the cell and
ultimately deliver their genetic payload. There are two
major types of synthetic vectors, molecular conjugate or
polyplexes and liposomes or lipoplexes [7]. Polyplexes are
generated by condensing DNA with a cationic polymer
[8+¢], and liposomes are most commonly formed with
cationic lipids [9es]. Furthermore, gene transfer can be
accomplished either by adding an excess of the cationic
component to generate positively charged vectors that
electrostatically bind to components of the cell surface
[10,11], or by crosslinking ligands to the polymer or DNA to
target delivery to only those cells that bear their receptors.
Once the vector has gained entry into the cell and is
transported to early endosomes [12¢¢,13], a fraction of the
vector is able to escape the endosomal network and
translocate to the nucleus.

Advances in receptor targeting

Perhaps the most significant recent advances in targeted,
synthetic gene delivery are evident from the growing body
of literature that demonstrates that genes can be targeted to
a progressively larger number of cell surface receptors or
antigens. One class of receptors that have received
significant attention is the integrins. These heterodimeric cell
adhesion receptors are composed of members of a and
subunit families and bind to ligands, such as collagen or
fibronectin that contain an arginine-glycine-aspartic acid
(RGD) consensus sequence. Since each af integrin



combination preferentially binds to RGD sequences
encompassed in a particular  polypeptide and
conformational context, such sequences can potentially be
used to target drugs or genes to integrin receptors
specifically expressed on the surfaces of a number of cell
types [14]. Peptides containing the RGD maotif facilitate
integrin  receptor-mediated molecular conjugate gene
delivery when crosslinked to polylysine [15] or PEI [16]. In
addition, RGD peptides have been used in conjunction with
cationic lipids to generate integrin-selective lipoplexes,
including ones generated by Schneider et al with potentially
high specificity for the a9B1 integrin [17,18]. If RGD
peptides with higher specificity for a variety of integrins can
be developed, vectors such as these may find use for
targeted delivery to hematopoietic cells for HIV or SCID
disorders, airway epithelia for cystic fibrosis, or tumor cells
or vasculature that overexpress certain integrins.

Growth factor receptors are another class of cell surface
proteins with promise for targeted gene delivery. These
receptors are most commonly single pass transmembrane
proteins with an extracellular ligand binding domain and an
intracellular region with enzymatic activity, usually a
tyrosine kinase domain, that transmits a growth factor signal
from the cell's environment to its interior. Like integrins,
growth factor receptors are selectively expressed in specific
regions or tissues within the body, and therefore also offer
the opportunity for targeted gene delivery [3]. The most
utilized receptor of this class has been the epidermal growth
factor receptor (EGFR), and two of its ligands, epidermal
growth factor and transforming growth factor (TGF)a, have
been linked to DNA in order to target molecular conjugate
gene delivery in vitro and in vivo [19-23]. EGFR is
overexpressed on some tumors, such as squamous cell
carcinomas, and may therefore be of utility for cancer gene
therapy.

Vascular endothelial growth factor (VEGF) stimulates
angiogenesis, and the endothelial cells that express its
receptors play an important role in both tissue recovery after
ischemic injury and tumor progression. Conjugates targeted
to VEGF receptors, through the crosslinking of peptides that
bind these receptors, have been shown to delivery genes to
endothelial cells in vitro and in vivo, and may therefore be
promising in gene therapy for cancer or cardiovascular
disease [24]. Conjugate delivery to cells of the hematopoietic
system is also under development, and the use of an
antibody against CD117 antigen mediated the delivery of a
gene encoding IL-3 to CD34+ hematopoietic progenitor cells
in vitro [25]. Delivery efficiencies of a GFP construct were
1.35% for a CD117-bearing TF-1 cell line and 0.25% for
primary human CD34+ cells.

Another receptor family that has often been targeted is the
lectins, or oligosaccharide binding receptors. Members of this
class play an important role in the recognition and elimination
of foreign glycoproteins by cells of the liver and immune
system [26], and therefore offer the opportunity for targeting
genes to these cells. The asialoglycoprotein receptor, which is
expressed by hepatocytes and macrophages and mediates the
receptor-mediated internalization and subsequent degradation
of molecules with exposed galactose residues, was the first
receptor ever targeted for gene delivery [8e]. It can be
transduced via both desialyated glycoproteins, such as al-acid

glycoprotein or asialofetuin, as well as synthetic sugar moieties
crosslinked to a cationic polymer. In addition, both molecular
conjugates and cationic liposomes displaying such ligands
have successfully transduced both primary and immortalized
hepatocytes in vitro with high efficiency [27,28,29¢¢,30].
Bandyopadhyay et al reported transfer efficiencies of synthetic
oligonucleotides approaching 100% for primary hepatocytes.
Furthermore, Wu et al report successful transduction of
hepatocytes in vivo with a asialofetuin-linked liposome, and
Nishikawa with a galactosylated polylysine molecular
conjugate.

Mannose crosslinked to molecular conjugates has been used
to target gene delivery to the mannose receptor expressed by
macrophages. Ferkol et al observed reporter gene expression
in both primary macrophages, with expression in up to 18%
of cells, and in liver and spleen macrophages in vivo [31].
Ferkol et al subsequently used a similar conjugate to target a
gene encoding al-antitrypsin to the lung and observed
expression both in vitro and in pulmonary macrophages in
vivo [32]. Mannosylated PEI has also been used to deliver
reporter genes to dendritic cells in vitro [33,34]. The transient
transduction frequency was increased to up to 13% of the
primary cells through the crosslinking of adenovirus
particles to the conjugates, an efficiency that reportedly
approaches that of adenoviral vectors. Delivery to antigen
presenting cells such as dendritic cells is an attractive
approach for the development of DNA vaccines, and the
authors report that conjugates assisted by the adenoviral
particles were successful in eliciting an antigen-specific T-
cell response in an in vitro system.

Targeted gene delivery is particularly attractive for cancer
gene therapy, where expression of cytotoxic antitumor genes
in non-tumorous tissue must be minimized. One goal is to
identify tumor-specific cell surface antigens, proteins that
are expressed selectively by particular tumors and can be
utilized for targeted gene delivery, typically with a whole
antibody or an antibody fragment of antigen binding (Fab).
For example, one polylysine conjugate system was targeted
with an antibody fragment, specific for the tumor-associated
ErbB2 antigen then fused to membrane tranlocation and
DNA-binding domains [35]. In a similar approach,
Fominaya et al fused cDNA encoding the EGFR ligand TGFa
to different membrane translocation and DNA-binding
domains to target a reporter gene containing polyplex to
A431 tumor cells overexpressing the EGFR [20]. Chen et al
targeted the same receptor using a Fab against the EGFR
crosslinked to polylysine. Delivery of the herpes simplex
virus thymidine kinase (HSV tk) suicide gene to A431 tumor-
bearing nude mice followed by administration of the
prodrug gancyclovir suppressed the growth of the tumors.

Cationic liposomes have also been targeted to tumors. Mohr et
al employed a monoclonal antibody against a cell-surface
glycoprotein antigen overexpressed by hepatocellular
carcinoma and other tumor cells [36]. Linking this antibody to
a cationic amphiphile, cholesterol-spermine, followed by
complexation with reporter gene plasmids yielded lipoplexes
that targeted gene delivery to cell lines expressing the antigen,
with efficiencies of approximately 5%. Finally, Xu et al linked
transferrin to cationic liposomes to target the wild-type p53
tumor suppressor to a squamous cell carcinoma of the head
and neck cell line that expressed high levels of transferrin



receptor [37]. Gene delivery by these liposomes to nude mouse
xenograft tumors significantly sensitized the tumors to
radiation therapy, resulting in complete tumor regression and
long-term inhibition of recurrence.

Reducing non-specific uptake

In addition to successfully coupling ligands to vectors to
enhance receptor-mediated delivery, efforts have been made
to address the other requirement for selective gene delivery:
reducing non-specific vector binding and gene transfer. This
issue is to our minds perhaps more important than might be
ascertained by the comparative amount of attention given to
it in terms of literature reports. Reducing non-specific vector
uptake can be highly beneficial in preventing elimination of
vectors from the bloodstream or tissue following injection,
as well as in minimizing adverse side effects that might arise
from transgene expression in an inappropriate cell or tissue
type or location.

Two major factors have been identified that can lead to
reductions in non-targeted uptake: the size and structure of
the complexes and their surface chemistry. Ferkol and
Hanson have conducted extensive work to characterize how
salt concentration and mixing conditions affect the final
structure of molecular conjugates, and how this structure
affects delivery efficiency and specificity [31,38ee]. They
found that conjugates assembled under optimal salt
concentrations generated conjugates specifically targeted to
the mannose receptor of macrophages, while those formed
under suboptimal conditions formed larger structures or
aggregates that underwent non-specific phagocytosis. A
related finding by Schaffer and Lauffenburger demonstrated
that molecular conjugate gene delivery is both efficient and
specific only within a narrow window around an
electroneutral charge ratio between the polycation and DNA
[21]. Negatively charged formulations are repelled by the
cell surface, while even slightly positively charged
conjugates mediate non-specific delivery, likely via
interactions with proteoglycans [10,11]. Fundamental,
detailed investigations of synthetic vector structure, such as
those conducted by Koltover et al with cationic liposomes,
may yield more information on the influence of vector
structure on delivery efficiency and specificity [39,40].

In addition to efforts to optimize non-viral vector structure,
stealthier vectors can also be generated through surface
modifications. Non-viral vectors bind to serum proteins
after injection into the bloodstream, and this can in cases
lead to complement activation, vector aggregation, or vector
disruption and disassembly [41-44]. In order to reduce these
problems, poly(ethylene glycol) (PEG), a highly hydrated
polymer commonly used for repelling protein-binding, has
been crosslinked to the surface of vectors [45]. This
modification has reportedly resulted in reduced non-specific
gene delivery [46,47], reduced interaction with serum
proteins and longer circulation times [44], lower toxicity [44]
and increased stabilization of vector formulations [47-49].
PEG modification is therefore promising for generating
stable formulations with improved biocompatibility.

Searching for improved ligands

Extensive literature has demonstrated the potential for
targeted non-viral gene delivery to a variety of targets and
exploiting a number of receptor classes. Many of the efforts

to date, particularly with growth factor receptors, employ
the natural ligands for these receptors. However, it may be
more advantageous to use alternative targeting agents that
can bind without eliciting a biological response, as well as
have the ability to target a much wider variety of surface
antigens for which natural ligands may not even exist. There
are currently two types of targeting agents under
development that have this potential, antibodies and
peptides.

Some of the gene delivery work discussed previously used
antibodies to target delivery [19,25,35,36], and recent
antibody surface display technology promises to greatly
enhance the targeting capabilities of these proteins. The
affinity of an antibody for its antigen can be increased by
using techniques such as random mutagenesis or DNA
shuffling [50] to generate a library of related antibody
mutants, expressing the library on the surface of a virus or
cell, and screening for clones with improved binding. This
surface display technology has been implemented with
phage [51], bacteria [52,53] and yeast [54e+ ,55]. Dissociation
constant improvements of several orders of magnitude have
been reported [54+¢ ], and the method can also potentially be
used to generate antigen-binding specificities different from
the parent antibody.

Another technology, bacteriophage-display of random
peptides, promises to yield short peptides that can bind to
specific tissues or cells in vivo, even without the necessity of
identifying a tissue-specific antigen beforehand. Pasqualini
and Ruoslahti performed selection of a library of phage
displaying random peptides in vivo and found several that
mediated selective homing to the vasculature of brain or
kidney [56¢¢ ]. This technology has been extended to identify
peptides that mediate specific binding to receptors that
undergo endocytosis in culture cells [57-59]. Phage-display
technology may eventually lead to the identification of
peptides that can specifically bind to a number of tissue or
cell targets in vivo, and these peptides can later be
chemically or genetically fused to synthetic or viral vectors
[60]. In addition to significantly broadening the set of cell
surface antigens available for targeting, the size of the
targeting agent offers the possibility of minimizing any
disruption or enlargement of the structure of gene delivery
vehicles.

Recently, bacteriophages have taken a significant step
beyond being a simple means of identifying peptide ligands
for targeting, into being a gene delivery vehicle in their own
right. Like a synthetic polyplex or lipoplex vector, phages
contain a core comprised of nucleic acids and, in this case,
polycationic proteins. In addition, phage surface-display
technology has been under development for over a decade
and readily permits the 'genetic crosslinking' of ligands or
other polypeptides onto the surface of this core. Larocca et al
cloned a GFP expression cassette into the phage genome,
fused either FGF-2 or EGF to a viral coat protein, and found
receptor-mediated gene delivery at a low frequency in
cultured cells [61es,62]. This work has been extended by
Larocca et al and others to yield phage that target gene
delivery using antibodies [63,64] or peptides [Larocca D,
personal communication]. Although initially low, 01 to 2%,
the efficiency has been enhanced to as high as 12% in vitro



through the use of genotoxic treatments that enhance
conversion to double stranded DNA [Larocca D, personal
communication]. In addition to its potential for gene
therapy, phage-mediated gene delivery could be used as a
means of identifying novel targeting ligands. In this case,
phage displaying a functional targeting ligand are selected
by their ability not simply to bind but to deliver a reporter
gene [63]. This biological vector, conceptually similar to
synthetic vectors, may therefore be an effective platform to
genetically fuse a variety of activities to the vector surface in
order to yield even further increases in efficiency.

The efficiency issue

Despite the considerable progress in the development of
new vectors and receptor targets for gene delivery, more
advances must be made in order to increase the efficiency of
the overall gene delivery process. One way to approach this
problem is to conceptualize the passage of gene delivery
vehicles from the point of injection in vivo to the nucleus of
target cells as a series of rate-limiting barriers to gene
delivery. Experiments have been designed to determine the
extent of the bottleneck of each of these potential barriers
and to yield mechanistic information useful for engineering
the vector to overcome the barrier. Successful traversal of
the bloodstream [41,42,44], binding to the surface of target
cells [21], endosomal escape [65,66], nuclear translocation
[67, 68+ ,69] and vector disassembly within the nucleus [23]
have all been shown to be potential barriers to efficient gene
delivery and expression.

Further improvements in delivery efficiency will focus on
engineering vectors to overcome these barriers. For example,
the development of novel polymers [66,70-72] and lipids
[73,74] that overcome one or more of these bottlenecks show
significant promise for the development of more efficient
and biocompatible vectors. In addition, the development of
accessory agents, such as peptides, can be attached to the
polymer or lipid scaffold to improve the efficiency of steps
such as endosomal escape [65,75] or nuclear translocation
[67,68e¢ ,69]. Also, controlling the method of vector assembly
can lead to compact structures that are transported through
tissues and cells more efficiently [32,38e¢ ], but still retain the
ability to relinquish their DNA cargo within the nucleus
[23]. Next, controlling the surface properties of vectors with
polymers such as PEG can generate more stable and stealthy
vectors [44,45]. Furthermore, the properties of the targeting
agents, also on the vector surface, can determine the success
of their interactions with cell-surface receptors [21]. Finally,
efficient means to assemble these pieces, whether chemical
or genetic, must be developed in order to generate vectors
that can easily be manufactured on a large-scale.

One last area with potential improvements for delivery
efficiency is the very focus of this review, the targeting
moieties themselves. There are a variety of reports that the
presence of a targeting ligand can significantly enhance the
level of polyplex- and lipoplex-mediated uptake and
expression both in vitro and in vivo [16,21,28,37]. It is known
that the pH sensitivity of ligand-receptor affinity determines
the extent of their continued association within the
endosomal network and therefore their pattern of
intracellular trafficking [6,76]. It is also known that the
number of binding sites present in an oligomer, or the

valency of the ligand, can dramatically affect the
intracellular sorting of the ligands [77]. Given the extent of
the cellular mechanisms and organelles devoted to this
process of receptor-mediated endocytosis, sorting and
degradation, it seems reasonable to propose that receptor-
ligand interactions can be used not only to target the initial
binding event of the vector to the cell surface, but also to
facilitate the passage of the conjugates through the correct
compartments within the cell. Although the effects of
receptor-ligand dynamics on gene delivery vectors is not yet
well characterized, it has been found that the presence of the
ligand in a vector can greatly enhance gene delivery beyond
the binding and internalization step [21]. Drawing from the
cell biology of the gene delivery process in order to
investigate the effects of receptor-ligand interactions on
vector trafficking may therefore be a further avenue for
improvements in efficiency.

Conclusions

It has been over a decade since synthetic gene delivery
vectors were first developed, and they have gained ground
on viruses. Starting from simple DNA-cation systems, vast
improvements in the properties of the cations, as well as the
addition of accessory activities to facilitate vector passage
through various steps of the gene delivery process, have
yielded increased delivery efficiency. Furthermore,
significant progress has been made in the rapidly expanding
number of receptors that can be targeted for gene delivery,
as well as in the properties of the targeting ligands.
Additional improvements, particularly in gene delivery
efficiency, are required before these vectors are suitable for a
number of therapeutic applications. However, continued
improvements in the chemistry of the vectors, as well as the
cell biology of their targeting, may soon yield clinically
viable gene delivery vehicles.
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