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ionic lipids and cationic polymers, and a variety of
functional devices can be added to further optimize the
systems. The design of these functional devices depends
mainly on our understanding of the mechanisms in-
volved in the cellular uptake and intracellular disposi-
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g Abstract——The successful delivery of therapeutic tion of the therapeutic genes as well as their carriers.
genes to the designated target cells and their availability Macromolecules are internalized into cells by a variety
at the intracellular site of action are crucial require- of mechanisms, and their intracellular fate is usually
ments for successful gene therapy. Nonviral gene deliv- linked to the entry mechanism. Therefore, the successful
ery is currently a subject of increasing attention because design of a nonviral gene delivery system requires a
of its relative safety and simplicity of use; however, its deep understanding of gene/carrier interactions as well
é use is still far from being ideal because of its compara- as the mechanisms involved in the interaction of the
tively low efficiency. Most of the currently available non- systems with the target cells. In this article, we review
m viral gene vectors rely on two main components, cat- the different uptake pathways that are involved in non-

viral gene delivery from a gene delivery point of view. In
addition, available knowledge concerning cellular entry
and the intracellular trafficking of cationic lipid-DNA
complexes (lipoplexes) and cationic polymer-DNA com-
plexes (polyplexes) is summarized.
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UPTAKE PATHWAYS IN NONVIRAL GENE DELIVERY

I. Introduction

Gene therapy is a new therapeutic strategy that offers
the promise of treating diseases via the production of
therapeutic proteins within cells. In general, any drug
molecule must reach its intended site of action to exert
its therapeutic effect. If this does not occur, the drug will
have no therapeutic activity and may even cause non-
specific effects through interactions with nonintended
targets. The problem of drug delivery is even more com-
plicated when large, charged molecules such as DNA are
used as drugs, as is the case in gene therapy. For nucleic
acid molecules that are used in gene therapy, the target
sites are mostly inside the cells, in the cytoplasm or the
nucleus. Therefore, it is essential that these molecules
traverse the plasma membrane to reach their target
sites (Bally et al., 1999). The plasma membrane of living
cells is a dynamic structure that is relatively lipophilic
in nature. As a result, it restricts the entry of large,
hydrophilic, or charged molecules. Most genetic mole-
cules are both large and charged, making it difficult for
them to traverse the plasma membrane on their own,
and an appropriate gene delivery system is therefore
required for their efficient cellular uptake. Synthetic or
nonviral gene delivery systems can circumvent some of
the problems associated with viral vectors such as non-
specific inflammations and an unexpected immune re-
sponse (Nabel et al., 1993; Smith et al., 1993b; Yang et
al., 1994). Furthermore, nonviral vectors have advan-
tages in terms of simplicity of use and ease of large-scale
production. However, the comparatively low efficiency is
a main disadvantage of nonviral vectors, and efforts are
ongoing to increase their efficiency (Li and Huang,
2000).

Several biological barriers must be overcome to
achieve efficient nonviral gene delivery (Bally et al.,
1999). These barriers include binding to the cell surface,
traversing the plasma membrane, escaping lysosomal
degradation, and overcoming the nuclear envelope. The
most common materials used in current nonviral prep-
arations include lipids (typically a mixture of cationic
and neutral lipids), cationic polymers, peptides, or com-
binations thereof (Wu and Wu, 1987; Smith et al., 1993a;
Ledley, 1994; Boussif et al., 1995; Lee and Huang, 1996;
Futaki et al., 2001; Torchilin et al., 2003; Khalil et al.,
2004). Functional devices can be further introduced to
overcome different cellular barriers and include the use
of targeting ligands to increase cellular uptake through
receptor-mediated endocytosis, membrane active lipids
and peptides to enhance the endosomal release, and
nuclear localization signals to enhance nuclear delivery
(Wagner et al., 1992; Plank et al., 1994; Sebestyen et al.,
1998; Tachibana et al., 1998; Simoes et al., 1999). The
appropriate design of a nonviral gene vector requires a
complete understanding of both the characteristics of
the vectors as well as the mechanisms by which they
interact with the targeted cells. Several internalization
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mechanisms have been proposed to explain the uptake of
different synthetic vectors (Felgner et al., 1987, 1995;
Friend et al., 1996; Labat-Moleur et al., 1996; Matsui et
al., 1997; Zuhorn et al., 2002). The uptake mechanisms
are, in general, closely linked with the intracellular traf-
ficking and the fate of the vectors. A promising strategy
for increasing the efficiency of nonviral vectors is to
target certain uptake pathways that improve the intra-
cellular fate of the particles. Such a strategy requires a
comprehensive understanding of the different uptake
pathways and the subsequent intracellular events in
each case.

In this review, we attempt to relate the biological
aspects of the uptake of macromolecules to the pharma-
ceutical aspects of molecular design in gene delivery.
Different uptake pathways used for the internalization
of different nonviral gene vectors and the intracellular
trafficking are described in each case. These descrip-
tions will be followed by a summary of the available
knowledge of the uptake mechanism and intracellular
trafficking of common classes of nonviral vectors, focus-
ing mainly on the use of cationic lipids and polymers and
comparing the different steps leading to transfection in
each case.

II. Uptake Pathways for Nonviral Gene Delivery

Most nonviral gene vectors cannot readily cross the
plasma membrane due to their large size and hydrophilic
nature. Endocytosis (the vesicular uptake of extracellular
macromolecules) has been established as the main mech-
anism for the internalization of nonviral vectors into the
cells (Friend et al., 1996; Labat-Moleur et al., 1996; Zuhorn
et al., 2002). Multiple mechanisms for endocytosis have
been described to date (Fig. 1) (Lamaze and Schmid, 1995;
Conner and Schmid, 2003). After endocytosis, the internal-
ized molecules tend to be trapped in intracellular vesicles
and eventually fuse with lysosomes where they are de-
graded (Bally et al., 1999). Therefore, the problem of gene
delivery involves not only the cellular uptake of genes but
also their intracellular availability at the target sites. Spe-
cial devices, such as liposomes or peptides, that can en-
hance the cytosolic release of internalized molecules are

Uptake Pathways in Non-viral Gene Delivery

( Non-endocytocytic )
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(Specialized Cells) (All Cells) ¥
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Fic. 1. Different uptake pathways in nonviral gene delivery.
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essential for achieving successful gene delivery after endo-
cytosis-mediated uptake (Smith et al., 1993a; Plank et al.,
1994). To avoid the degradation problem associated with
endocytosis, other nonendocytic strategies can be used to
deliver genes in a manner that circumvents endocytosis
(Fig. 1) (Dokka and Rojanasakul, 2000). In the following
section, the different endocytic as well as the nonendocytic
uptake pathways used in gene delivery are discussed.

A. Endocytic Uptake Pathways

Endocytosis refers to the cellular uptake of macromole-
cules and solutes into membrane-bound vesicles derived by
the invagination and pinching off of pieces of the plasma
membrane. Kinetically, three modes of endocytosis can be
defined: fluid-phase, adsorptive, and receptor-mediated
endocytosis (Amyere et al., 2002). Fluid-phase endocytosis
refers to the bulk uptake of solutes in the exact proportion
to their concentration in the extracellular fluid. This is a
low-efficiency and nonspecific process. In contrast, in ad-
sorptive and receptor-mediated endocytosis, macromole-
cules are bound to the cell surface and concentrated before
internalization. In adsorptive endocytosis, molecules pref-
erentially interact with generic complementary binding
sites (e.g., by lectin or charged interaction). The bound
molecules then largely follow the fate of plasma mem-
brane. In receptor-mediated endocytosis, certain ligands
can bind to receptors on the cell surface and become con-
centrated before internalization. The efficiency of receptor-
mediated endocytosis reflects both the affinity of the li-
gand-receptor interaction and the concentration of these
complexes in clathrin-coated pits.

Endocytosis can also be classified into two broad cat-
egories, phagocytosis or cell eating (the uptake of large
particles) and pinocytosis or cell drinking (the uptake of
fluid and solutes) (Fig. 1) (Conner and Schmid, 2003).
Phagocytosis is typically restricted to specialized mam-
malian cells, whereas pinocytosis occurs in all cells (Con-
ner and Schmid, 2003). Therefore, the terms endocytosis
and pinocytosis are occasionally considered to be synon-
ymous (Lamaze and Schmid, 1995). At least four mor-
phologically distinct pinocytic pathways have been
characterized: clathrin-mediated endocytosis, caveolae,
macropinocytosis, and clathrin/caveolae-independent
endocytosis (Lamaze and Schmid, 1995). They differ in
the composition of the coat (if any), in the size of the
detached vesicles, and in the fate of the internalized
particles. Different endocytic pathways used in gene
delivery are summarized below.

1. Clathrin-Mediated Endocytosis. Clathrin-medi-
ated endocytosis (CME?) is the major and best-charac-

1 Abbreviations: CME, clathrin-mediated endocytosis; LDL, low-
density lipoprotein; Tf, transferrin; CCV, clathrin-coated vesicle;
PEI, polyethyleneimine; SV40, simian virus 40; PTD, protein trans-
duction domain; His-pLK, histidylated poly-L-lysine; CIDIQ, confocal
image-assisted three-dimensionally integrated quantification; STR-
R8, stearylated-octaarginine; R8, octaarginine; DOPE, dioleoylphos-
phatidylethanolamine; PLL, poly-L-lysine.
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terized endocytic pathway (Lamaze and Schmid, 1995;
Takei and Haucke, 2001). CME occurs constitutively in
all mammalian cells and carries out the continuous up-
take of essential nutrients, antigens, growth factors, and
pathogens (Takei and Haucke, 2001). The most common
examples of molecules that are internalized by CME are
the cholesterol-laden low-density lipoprotein (LDL) that
binds to LDL receptors, and the iron-laden transferrin
(Tf) that binds to Tf receptors (Schmid, 1997; Brodsky et
al., 2001). CME was previously referred to as receptor-
mediated endocytosis, but it is now clear that this is a
misnomer, because most pinocytic pathways involve re-
ceptor-ligand interactions (Parton et al., 1994; Subtil et
al., 1994).

Generally, the first step of internalization through
CME is the strong binding of a ligand to a specific cell
surface receptor. This results in the clustering of the
ligand-receptor complexes in coated pits on the plasma
membrane, which are formed by the assembly of cytoso-
lic coat proteins, the main assembly units being clathrin,
which form a polygonal lattice in the surface of the
membrane, and adaptor protein complexes, which medi-
ate the assembly of the clathrin-lattice on the membrane
(Takei and Haucke, 2001; Conner and Schmid, 2003).
The coated pits then invaginate and pinch off from the
plasma membrane to form intracellular clathrin-coated
vesicles (CCVs) (Fig. 2). CCVs carry concentrated recep-
tor-ligand complexes into the cells. They range in size
from ~100 to 150 nm in diameter and are characterized

ngand
Dynarnln
Receptcr —> & —>
Clathrin-coated plt @ ‘\‘““‘--; Pmc%
Recyclmg Clathrln coat @

Clathrln-coated

Late endosome
w pH) vesicle (CCV)

Endosomal
release

Lysosome

\Degradation

Fic. 2. Receptor (clathrin)-mediated endocytosis. The ligand first
strongly binds to a specific cell surface receptor. This results in the
clustering of the ligand-receptor complexes in coated pits on the plasma
membrane. The coated pits then invaginate and pinch off of the plasma
membrane, aided by dynamin, to form intracellular CCVs. The clathrin
coat then depolymerizes, resulting in an early endosomes. Molecules
entering by this pathway experience a drop in pH from neutral to pH 5.9
to 6 in the lumen of early endosomes, with a further reduction to pH 5
during the progression from late endosomes to lysosomes. The low pH in
endosomes causes the ligands to dissociate from the receptors. A receptor-
rich region buds off to form a separate vesicle that recycles the receptors
back to the cell membrane. The vesicles then fuse with other late endo-
somes and eventually fuse with lysosomes in which the particles are
degraded. For receptor-mediated gene delivery, a device that can facili-
tate the release of the gene to the cytosol is essential; otherwise, the gene
cannot reach the target site such as the nucleus.
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by the presence of a polygonal clathrin coat (Takei and
Haucke, 2001). The clathrin coat then depolymerizes,
resulting in early endosomes, which fuse with each other
or with other preexisting endosomes to form late endo-
somes that further fuse with lysosomes. Molecules en-
tering via this pathway will rapidly experience a drop in
pH from neutral to pH 5.9 to 6.0 in the lumen of early
endosomes, with a further reduction to pH 5 during
progression from late endosomes to lysosomes (Maxfield
and McGraw, 2004). Within the endosomes, ligands and
receptors are sorted to their appropriate cellular desti-
nations, such as lysosomes, the Golgi apparatus, the
nucleus, or the cell surface membrane. For example,
early endosomes containing LDL fuse with late endo-
somes, where the low pH causes the LDL particles to
dissociate from the LDL receptors. A receptor-rich re-
gion buds off to form a separate vesicle that recycles the
receptors back to the cell membrane (Goldstein et al.,
1985). The vesicles containing LDL particles fuse with
other late endosomes and eventually fuse with lyso-
somes in which the particles are degraded, ultimately
producing cholesterol (Goldstein et al., 1985).

CME is a highly regulated process. Similar to other
endocytic routes, CME is an energy-dependent process,
and the assembly of the clathrin lattice on the mem-
brane is essential for the detachment of the vesicles
(Takei and Haucke, 2001). Reagents that dissociate
clathrin and adaptor protein complexes from the mem-
brane specifically inhibit the CME (Lamaze and Schmid,
1995). The GTPase dynamin is required for CME be-
cause it collaborates with coat constituents in mediating
vesicle budding (Damke et al., 1994). It has been sug-
gested that the self-assembly of dynamin functions to
constrict the neck of invaginated coated pits (Takei et
al., 1995). Vesicular trafficking after CME is controlled
by the action of small GTPases, the Rab proteins (Zerial
and McBride, 2001). Although the actin cytoskeleton is
essential for CME in yeast (Ayscough, 2000), treatment
of mammalian cells with actin-disrupting agents has
only a partial or no effect on CCV formation (Fujimoto et
al., 2000). Preventing the acidification of the endosome
inhibits their fusion and maturation (Johnson et al.,
1993).

In terms of gene delivery, CME can be targeted by
using certain ligands, such as transferrin, which can
specifically recognize certain receptors on the cell sur-
face (Stoorvogel et al., 1991). This results in an in-
crease in the internalization of the particles and offers
the possibility of targeting specific cells that substan-
tially overexpress the receptors. However, genes that
are internalized through CME are usually trapped in
endosomes followed by enzymatic degradation in lyso-
somes, and the final result is that genes have little or
almost no access to their target sites. Actually, en-
trapment and degradation can be regarded as two
separate barriers, because preventing lysosomal deg-
radation results in an accumulation of genes in intra-

cellular vesicles without enhancing cytosolic release.
Therefore, to reach the nucleus, genes must avoid
degradation in lysosomes and must also released from
intracellular vesicles into the cytosol. Several strate-
gies have been developed to enhance the cytosolic
release of endocytosed genes (Plank et al., 1994;
Tachibana et al., 1998; Simoes et al., 1999). This in-
volves the incorporation of vesicular destructive ele-
ments to the DNA-carrier complexes, which perturb
the integrity of the vesicular membrane and allow the
cytosolic release of their contents, while not damaging
the DNA. Some cationic polymers, e.g., polyethylenei-
mine (PEI), and some lipids also have the ability to
enhance the cytosolic release of genes through differ-
ent mechanisms as will be subsequently discussed.

2. Caveolae-Mediated Endocytosis. Caveolae are
small, hydrophobic membrane microdomains that are
rich in cholesterol and glycosphingolipids (Matveev et
al., 2001; Harris et al., 2002). Classically, caveolae were
defined as flask-shaped invaginations of the plasma
membrane, but they can also be flat, tubular, or de-
tached vesicles (Smart et al., 1999; Pelkmans et al.,
2001; Harris et al., 2002). Caveolae are present in many
cell types and are especially abundant in endothelial
cells (Conner and Schmid, 2003). They are involved in
several cellular processes, including cholesterol ho-
meostasis and glycosphingolipid transport (Harris et al.,
2002). Caveolae are also involved in transcytosis and
endocytosis of certain viruses such as simian virus 40
(SV40), as well as some bacteria and bacterial toxins,
e.g., cholera toxin. Caveolae are characterized by their
association with a family of cholesterol-binding proteins
called caveolins, which function to create and/or mediate
these structures (Lamaze and Schmid, 1995; Matveev et
al., 2001; Harris et al., 2002).

The mechanisms of caveolar internalization have been
elucidated by visualizing the trafficking of the SV40 that
uses caveolae to gain entry into the cells (Pelkmans et
al., 2001). SV40 initially associates with the cell mem-
brane and then becomes trapped in relatively stationary
caveolae. The subsequent uptake of the virus leads to its
delivery to intracellular organelles that are distinct from
the classic Tf-labeled endosomes (Fig. 3). The presence of
caveolin in these organelles gave rise to the name caveo-
some. SV40 then segregates from caveolin and is sorted
out of caveosomes for delivery to the endoplasmic retic-
ulum. In general, caveolae (~50—60 nm) are highly sta-
ble and are only slowly internalized, in contrast to the
rapid and dynamic nature of Tf-labeled endosomes (Con-
ner and Schmid, 2003). Another major difference is that
the caveolar uptake is a nonacidic and nondigestive
route of internalization (Ferrari et al., 2003). Caveolae
do not suffer a drop in pH, and most pathogens that are
internalized by caveolae can be directly transported to
the Golgi and/or endoplasmic reticulum, thus avoiding
normal lysosomal degradation.
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Fic. 3. Phagocytosis and clathrin-independent endocytosis. Phagocy-
tosis is conducted primarily by specialized cells to clear large-sized patho-
gens or debris. Actin assembly causes the formation of cell surface exten-
sions that zipper up around the particle to engulf it. After internalization,
phagosomes mature by fusion with the components of the endocytic
pathway, resulting in the formation of mature phagolysosomes where
internalized particles are degraded. Three different types of clathrin-
independent endocytosis have been characterized to date. Macropinocy-
tosis refers to the formation of large and heterogeneous macropinosomes
via actin-mediated cell surface ruffling. The intracellular fate of macropi-
nosomes differs with the specific cell type. In macrophages, they merge
into lysosomes. In human A431 cells, they eventually recycle most of the
contents back to the cell surface. Macropinosomes are inherently leaky
vesicles compared with other types of endosomes. Caveolae are typically
flask-shaped invaginations of the plasma membrane characterized by the
presence of caveolin. The particles initially associated with the cell mem-
brane then became trapped in caveolae and subsequently are taken up
into caveosomes. Caveolar uptake is nonacidic and nondigestive. The
third type involves the formation of small vesicles that are independent of
clathrin or caveolae.

The term potocytosis is usually associated with caveo-
lae (Anderson et al., 1992; Matveev et al., 2001). It was
first described to explain the uptake of folic acid. Poto-
cytosis describes the internalization of small molecules
without the merging of an endocytic vesicle with endo-
somes (Anderson et al., 1992). In uptake of folic acid, it
is thought that folic acid binds to folate receptors that
are clustered in invaginated caveolae, but the caveolae
stay attached to the plasmalemma proper and generate
a distinct microenvironment by pinching the neck region
closed (Anderson et al., 1992). The ligand is then re-
leased from the receptors, and 5-methyltetrahydrofolic
acid moves across the caveolar membrane where it stays
in the cytosol after modification with polyglutamate, and
the caveolae begin to reopen again to the extracellular
space to repeat the cycle. Another term associated with
caveolae is lipid rafts. Markers for lipid rafts are fre-
quently found within caveolae. In general, caveolin-con-
taining rafts are referred to as caveolae, whereas caveo-
lin-devoid rafts are denoted by a variety of names such
as glycolipid-enriched membranes and caveolae-like do-
mains (Matveev et al., 2001).

KHALIL ET AL.

Cholesterol is required for caveolar uptake and drugs
that specifically bind to cholesterol perturb internaliza-
tion through the caveolae (Schnitzer et al.,, 1994;
Lamaze and Schmid, 1995). Caveolae also depend on the
actin cytoskeleton, and drugs that cause the depolymer-
ization of the actin cytoskeleton such as cytochalasin D
can inhibit caveolae uptake without affecting clathrin-
mediated endocytosis (Parton et al., 1994). Genestein, a
tyrosine kinase inhibitor, can also inhibit caveolae (Or-
landi and Fishman, 1998).

It is generally believed that caveolar uptake does not
lead to lysosomal degradation (Harris et al., 2002; Fer-
rari et al., 2003). Therefore, this pathway seems to be
advantageous in terms of DNA delivery. Evidence sup-
porting the existence of a role of caveolae in the uptake
of cationic polymer-DNA complexes and the class of pro-
tein transduction domains (PTDs), such as the TAT pep-
tide, have appeared (Ferrari et al., 2003; Fittipaldi et al.,
2003; Rejman et al., 2005). Another report suggested
that large particles (500 nm) are preferentially taken up
through caveolae where they do not suffer lysosomal
degradation (Rejman et al., 2004). However, caveolae
are slowly internalized and small in size, and their fluid-
phase volume is small. Thus, it is unlikely that they
contribute significantly to constitutive endocytosis, al-
though the situation is different in endothelial cells in
which caveolae constitute 10 to 20% of the cell surface
(Conner and Schmid, 2003). Caveolae-mediated endocy-
tosis is still a promising strategy for gene delivery espe-
cially if the internalization can be increased, possibly
through the use of specific receptors for caveolae.

3. Macropinocytosis. Macropinocytosis refers to the
formation of large endocytic vesicles of irregular size and
shape, generated by actin-driven envagination of the
plasma membrane (Swanson and Watts, 1995; Amyere
et al., 2002). Macropinocytosis usually accompanies cell
surface ruffling that is induced in many cell types upon
stimulation by growth factors or other signals (Swanson
and Watts, 1995; Conner and Schmid, 2003). A ruffle is
formed by a linear band of outward-directed actin poly-
merization near the plasma membrane, which lengthens
into a planar extension of the cell surface. After stimu-
lation by any mitogenic factor, the ruffles become longer
and broader and frequently close into large macropino-
somes (Fig. 3) (Swanson and Watts, 1995). Macropino-
somes have no coat and do not concentrate receptors.
They vary in size, sometimes being as large as 5 um in
diameter. Because they are relatively large, macropino-
cytosis is an efficient route for the nonselective endocy-
tosis of solute macromolecules (Conner and Schmid,
2003). Macropinocytosis fulfills diverse functions, espe-
cially when massive fluid-phase endocytosis is neces-
sary. This route facilitates the bulk uptake of soluble
antigens by immature dendritic cells (Conner and
Schmid, 2003). Some pathogens trigger macropinocyto-
sis to facilitate their own uptake.
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After the formation of macropinosomes, these vesicles
lose their F-actin and their intracellular fate differs,
depending on the cell type (Meier and Greber, 2003;
Swanson and Watts, 1995). In macrophages, they move
toward the center of the cell, shrink by loss of water,
become acidified, and then completely merge into the
lysosomal compartment (Meier and Greber, 2003). In
human A431 cells, they do not interact with endocytic
compartments other than macropinosomes (Swanson
and Watts, 1995). They constitute a distinct vesicle pop-
ulation, which eventually recycles most of its contents
back to the cell surface. Although the pH of macropino-
somes decreases, they do not fuse into lysosomes in this
case. Macropinosomes are thought to be inherently
leaky vesicles compared with other types of endosomes
(Wadia et al., 2004).

Ruffling is dependent on actin cytoskeleton; therefore,
drugs that disrupt the actin cytoskeleton can inhibit
macropinocytosis. The ruffling response is also depen-
dent on protein kinase C (Conner and Schmid, 2003).
Macropinocytosis can be inhibited by amiloride and its
analogs, which inhibit the Na™/H"* exchange protein in
the plasma membrane (Hewlett et al., 1994).

Macropinocytosis has recently received attention as
an entry route for gene and drug delivery. Recent re-
ports have demonstrated that the uptake of the TAT
peptide and its cargos occurs by macropinocytosis
(Kaplan et al., 2005; Nakase et al., 2004; Wadia et al.,
2004). This pathway provides some advantageous as-
pects such as the increased uptake of macromolecules,
the avoidance of lysosomal degradation and the ease of
escape from macropinosomes because of their relatively
leaky nature. We have obtained data showing that,
when uptake through macropinocytosis is blocked, gene
expression mediated by an octaarginine peptide is im-
paired (Khalil et al., 2006), suggesting that this route is
more productive for transfection. In contrast, a recent
report has shown that macropinocytosis impaired gene
expression mediated by histidylated poly-L-lysine (His-
pLK), a polymer that requires an acidic pH for DNA
endosomal release (Goncalves et al., 2004). It is likely
that the lumen of macropinosomes is not sufficiently
acidic to allow DNA delivery to the cytosol in the case of
His-pLK, which is probably not the case with the octa-
arginine peptide. The role of macropinocytosis in gene
delivery and the mechanism of macropinosomal escape
are currently under investigation in our laboratory.

4. Phagocytosis. Phagocytosis in mammalian cells is
conducted primarily by specialized cells, including mac-
rophages, monocytes, and neutrophiles, that function to
clear large (>0.5 um) pathogens such as bacteria or
yeast or large debris such as dead cells and arterial fat
deposits (Allen and Aderem, 1996). Particle internaliza-
tion is initiated by the interaction of specific receptors on
the phagocyte with ligands on the surface of the particle.
This triggers actin assembly and the formation of cell
surface extensions that zipper up around the particle to
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engulf it (Fig. 3). After internalization, actin is shed
from phagosomes, which then mature by a series of
fusion and fission events involving the components
of the endocytic pathway, resulting in the formation of
mature phagolysosomes where internalized particles are
degraded (Allen and Aderem, 1996). Phagosome traffick-
ing occurs primarily in association with microtubules,
and its maturation requires a coordinated interaction
between actin-based and tubulin-based cytoskeletons
(Conner and Schmid, 2003). Several cell surface recep-
tors are involved in phagocytosis; the most extensively
studied of which are the opsonic receptors, including Fc
receptors and complement receptors (Allen and Aderem,
1996).

Because it is primarily performed by specialized cells,
phagocytosis is not expected to play a significant role in
gene delivery. However, a phagocytosis-like mechanism
was proposed for the uptake of large cationic lipid-DNA
complexes (lipoplexes) and PEI polyplexes (Matsui et al.,
1997; Kopatz et al., 2004). The proposed mechanism is
dependent on the actin cytoskeleton and can explain the
uptake of large lipoplexes, larger than can be taken up
by the classic CME.

5. Receptor-Mediated Endocytosis. Although most
receptors are clearly internalized by clathrin-coated
pits, other pinocytic pathways are capable of selective
receptor-mediated endocytosis events (Parton et al.,
1994; Subtil et al., 1994). For example, the internaliza-
tion of interleukin-2 into lymphocytes was partially in-
hibited by treatments that disrupt clathrin-mediated
endocytosis, suggesting that a clathrin-independent
mechanism significantly contributes to the efficient in-
ternalization of interleukin-2 receptors (Subtil et al.,
1994). The targeting of some glycophosphatidylinositol-
anchored proteins and receptors to caveolae might also
be induced by a ligand, such as the GM1-binding subunit
of cholera toxin (Parton et al., 1994).

The use of receptor-mediated endocytosis is a promis-
ing approach for the introduction of DNA into defined
cell populations. For example, hepatocytes exclusively
express large numbers of high-affinity cell surface recep-
tors that bind to and subsequently internalize asialogly-
coproteins (Perales et al., 1997). Introduction of a galac-
tose moiety into a gene delivery system can produce
liver-parenchymal cell-specific gene transfection. Man-
nose receptor-mediated gene transfection is another ap-
proach for targeting macrophages, which overexpress
mannose receptors on their surface (Kawakami et al.,
2004). Tf, an iron-binding glycoprotein, has been used as
a tumor-targeting ligand for gene delivery systems
(Wagner et al., 1992; Kakudo et al., 2004). Tf receptors
are overexpressed in rapidly dividing cells due to the
increased cellular need for iron. The folate receptor is
another example of receptors overexpressed in tumor
cells, and it can be used for tumor targeting (Lee and
Huang, 1996; Cho et al., 2005). Although receptor-medi-
ated endocytosis is a promising approach for drug tar-
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geting, most of the currently used ligands are internal-
ized by clathrin-mediated endocytosis, and the poor
intracellular trafficking associated with this signifi-
cantly limits the transfection activities of the systems.
Therefore, functional devices that increase the cytosolic
delivery of genes are needed. For example, the intracel-
lular fate of Tf-liposomes was improved by adding
GALA, a pH-sensitive fusiogenic peptide, which en-
hances the endosomal escape in response to the low pH
in endosomes (Kakudo et al., 2004; Li et al., 2004).
Exploring and targeting new receptors that can be in-
ternalized by clathrin-independent endocytosis are
likely to provide more efficient systems because these
uptake mechanisms are relatively unaffected by lysoso-
mal degradation.

B. Nonendocytic Delivery

Although the endocytosis-mediated uptake of macro-
molecules is an efficient cellular uptake pathway, inter-
nalized molecules suffer from poor availability at the
target sites such as the nucleus. Therefore, it would be
more advantageous to bypass the endocytic pathway and
somehow achieve the cytosolic delivery of genes using
other pathways. Microinjection is a technique that per-
mits the rapid delivery of genes to the cytosol or the
nucleus (Kleuss et al., 1991; Leonetti et al., 1991). Each
cell is injected with the gene using glass capillary pi-
pettes. Permeabilization is another technique of nonen-
docytic delivery. In this technique, pore-forming agents,
such as streptolysin O or anionic peptides similar to the
N-terminal segment of the HA2 subunit of the influenza
virus hemagglutinin, which have the ability to fuse with
the plasma membrane, are used to induce transmem-
brane channels or large apertures in the cell membrane,
which then allow the entry of large molecules (Barry et
al., 1993; Midoux et al., 1995). A third technique is the
use of electroporation, which involves the use of an elec-
tric field to open pores in the cell (Bergan et al., 1993).
However, these three techniques are highly invasive and
cannot be used for in vivo gene delivery. The use of
noninvasive nonendocytic cellular uptake is anticipated
in the area of gene delivery.

Earlier work has suggested that the lipoplex-medi-
ated delivery of genes occurs through the fusion of the
lipids with the cell membrane and the direct release of
DNA to the cytosol before entering the endocytic path-
way (Felgner et al., 1987, 1995). However, more recent
reports clearly show a significant involvement of endo-
cytosis in the uptake, suggesting that fusion with the
cell membrane contributes minimally to the overall in-
ternalization of genes (Friend et al., 1996; Labat-Moleur
et al., 1996; Zuhorn et al., 2002). A class of cationic
peptides, the PTDs, such as the TAT, penetratin, and
VP22 peptides, may have the ability to be taken up by
cells without endocytosis events (Vives et al., 1997;
Thoren et al., 2003; Nakase et al., 2004; Brooks et al.,
2005; Gupta et al., 2005). It was initially suggested that
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these peptides directly penetrate cell membranes by an
energy-independent route (Vives et al., 1997). A mecha-
nism involving the direct penetration of the lipid bilayer
caused by the localized positive charge of the peptide
was proposed to explain this uptake (Trehin and Merkle,
2004). An inverted micelle-driven delivery was also pro-
posed for the uptake of the penetratin peptide (Derossi
et al., 1996). However, we have previously shown that
the uptake mechanism of an octaarginine peptide, a
prototype of the PTDs, was dramatically changed by
N-terminal stearylation and complexation with DNA
(Khalil et al., 2004). This raised a serious issue concern-
ing the ability of the peptide to retain its activity after
modification, conjugation, or complexation with other
molecules. Nevertheless, according to a recent reevalu-
ation of the uptake of these peptides and their cargos,
more evidence appeared to suggest that endocytosis is
the major uptake pathway (Lundberg et al., 2003; Rich-
ard et al., 2003). The possibility of the energy-indepen-
dent uptake of these peptides and their cargos, however,
cannot be excluded (Thoren et al., 2003), and it may be
possible that certain factors, which may affect the up-
take mechanism, should be optimized to achieve a suc-
cessful nonendocytic delivery.

III. Tools to Study Intracellular Trafficking in
Nonviral Gene Delivery

A. Perturbation of the Endocytosis-Mediated Uptake
and Intracellular Trafficking

Certain cell treatments can inhibit internalization via
endocytosis, which is generally useful in determining
the uptake pathways (Table 1). These treatments should
be used with caution, because they usually show cell
type variations and sometimes cause nonspecific toxic-
ity. In general, endocytic uptake is an energy-dependent
mechanism. Therefore, it can be strongly inhibited by
lowering the temperature or by the use of metabolic
inhibitors to deplete the ATP pool (Saraste et al., 1986).
Some treatments can specifically inhibit a certain endo-
cytic pathway. For example, treatments that cause the
dissociation of the clathrin lattice can specifically inhibit
CME (Lamaze and Schmid, 1995). These treatments
include potassium depletion, hypertonicity, cytosol acid-
ification, and the use of chlorpromazine (Larkin et al.,
1983; Sandvig et al., 1987; Heuser and Anderson, 1989;
Wang et al., 1993). Some reports, however, suggest that
potassium depletion can also inhibit phagocytosis (Mat-
sui et al., 1997). The overexpression of a dominant neg-
ative mutant of dynamin potently blocks CME (Damke
et al., 1994). Drugs that specifically bind, sequester, or
deplete cholesterol such as filipin, nystatin, and methyl-
B-cyclodextrin, respectively, perturb internalization
through the caveolae (Lamaze and Schmid, 1995). How-
ever, the specificity of these drugs is not always certain.
For example, nystatin was shown to inhibit macropino-
cytosis and methyl-B-cyclodextrin was shown to inhibit
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Perturbation of endocytosis and intracellular trafficking
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Treatment

Effect

Mechanism

Reference

Low temperature
Metabolic inhibitors
Potassium depletion
Cytosol acidification
Hypertonic medium
Chlorpromazine
Filipin

Nystatin
Methyl-B-cyclodextrin

General inhibitor of endocytosis
General inhibitor of endocytosis

Specific inhibitor of CME
Specific inhibitor of CME
Specific inhibitor of CME
Specific inhibitor of CME
Specific inhibitor of caveolae
Inhibitor of caveolae
Inhibitor of caveolae

Energy depletion

Energy depletion

Dissociation of clathrin lattice
Dissociation of clathrin lattice
Dissociation of clathrin lattice
Dissociation of clathrin lattice
Cholesterol binding
Sequester cholesterol

Deplete cholesterol

Tyrosine kinase inhibitor
Actin depolymerization

Lamaze and Schmid (1995)

Saraste et al. (1986)

Larkin et al. (1983)

Sandvig et al. (1987)

Heuser and Anderson (1989)

Wang et al. (1993)

Lamaze and Schmid (1995)

Lamaze and Schmid (1995)

Lamaze and Schmid (1995);
Zuhorn et al., (2002)

Orlandi and Fishman (1998)

Parton et al. (1994)

Genestein Inhibitor of caveolae

Cytochalasins Inhibitors of caveolae and macropinocytosis
Amiloride Specific inhibitor of macropinocytosis
Phorbol esters Specific stimulators of macropinocytosis
Wortmannin Inhibitor of macropinocytosis

Monensin Inhibitor of endosome maturation
Chloroquine Disrupting endosomes and lysosomes

Inhibits the Na*/H" exchange protein

Protein kinase C activators

Phosphatidyl inositol-3-phosphate inhibitor

Prevents endosome acidification

Prevents endosome acidification and causes
swelling to endosomes and lysosomes

Hewlett et al. (1994)
Lamaze and Schmid (1995)
Arcaro and Wymann (1993)
Mollenhauer et al. (1990)
de Duve et al. (1974);
Wattiaux et al. (2000)

the formation and budding of clathrin-coated pits (Zu-
horn et al., 2002; Wadia et al., 2004). The effect of filipin
is dose-dependent and possibly loses its specificity at
higher doses (Lamaze and Schmid, 1995). Cytochalasins
cause the depolymerization of the actin cytoskeleton and
inhibit uptake through the caveolae and macropinocyto-
sis without affecting clathrin-mediated endocytosis
(Parton et al., 1994). Genestein, a kinase inhibitor, can
also inhibit caveolae (Orlandi and Fishman, 1998), al-
though its specificity is doubtful. Macropinocytosis can
be inhibited by amiloride and its analogs, which inhibit
the Na*/H* exchange protein in the plasma membrane
(Hewlett et al., 1994). Activators of protein kinase C
such as phorbol esters and diacylglycerol can stimulate
macropinocytosis. Nocodazole causes the depolymeriza-
tion of microtubules whereas paclitaxel (Taxol) confers
stability (Peterson and Mitchison, 2002). Wortmannin is
a phosphatidyl inositol-3-phosphate inhibitor, which can
inhibit macropinocytosis (Arcaro and Wymann, 1993).
Monensin, bafilomycin A, and nigricin can inhibit the
acidification of endosomes, thus preventing their matu-
ration and fusion into lysosomes (Tartakoff, 1983; Drose
and Altendorf, 1997). Treatments such as ammonium
chloride, methylamine, propylamine, and chloroquine
accumulate in endosomes/lysosomes due to their low pH
and prevent further acidification of these vesicles
(Wattiaux et al., 2000). Chloroquine causes the swelling
and disruption of endocytic vesicles by osmotic effects
(de Duve et al., 1974).

B. Quantitative Evaluation of Intracellular Trafficking

To optimize a gene delivery system, it is important to
collect sufficient information about its intracellular traf-
ficking to permit the rate-limiting steps in transfection
to be defined. Therefore, a quantitative evaluation of
intracellular trafficking is required to successfully de-
sign a gene delivery system. Quantification of DNA in
the nucleus can be performed using a combination of the
polymerase chain reaction and Southern blotting (Tachi-

bana et al., 2001). However, only a few reports are avail-
able concerning the quantification of DNA in other
intracellular compartments, such as endosomes and ly-
sosomes. The subcellular fractionation of different com-
partments can be used for this purpose; but this tech-
nique has some disadvantages, such as the complexity of
the procedures and the mutual contamination of each
compartment, which limit its use in practical applica-
tions. We recently proposed a novel strategy for simul-
taneously quantifying the distribution of DNA in the
cytosol, endosomes/lysosomes, and nucleus, using se-
quential Z-series images captured by confocal laser scan-
ning microscopy [confocal image-assisted three-dimen-
sionally integrated quantification (CIDIQ)]. Details of
this methodology are described elsewhere (Akita et al.,
2004). A rhodamine-labeled DNA is typically used in the
transfection, and different intracellular compartments
are labeled with different fluorescent markers. For ex-
ample, the acidic compartments (endosomes/lysosomes)
can be stained with pH-sensitive probes, such as Lyso-
Sensor (green), and the nucleus can be stained with a
third marker, such as Hoechst 33258 (blue). DNA par-
ticles that are colocalized with the endosomes/lysosomes
appear yellow, and those colocalized with the nucleus
appear pink, whereas DNA in the cytosol appears red.
Cells are scanned three-dimensionally, and images of
different sections are recorded. For the quantification of
DNA in each compartment, the pixel areas of the clus-
ters are used as an index for the amount of DNA. The
total pixel area for the clusters of plasmid DNA in each
subcellular compartment is first determined in each xy-
plane. These values are then further integrated to give
the amount of DNA in each organelle, in a single cell.
This novel methodology was successfully used to re-
late the intracellular trafficking of three gene vectors to
the expression levels of the transgene. The gene expres-
sion level obtained after the complexation of DNA with a
stearylated-octaarginine (STR-R8) was considerably
higher than that for DNA complexed with unmodified
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octaarginine (R8), whereas it was much less than the
DNA complexed with the commercially available Lipo-
fectAMINE PLUS reagent. To determine which process
is the rate-determining one, CIDIQ was applied to ana-
lyze the intracellular trafficking of DNA, transfected by
R8, STR-R8, and LipofectAMINE PLUS. Most of the
DNA was trapped by endosomes/lysosomes in the case of
R8. STR-R8 underwent endosomal escape followed by
nuclear translocation in a time dependent manner.
These data suggest that a stearyl moiety enhances
the endosomal escape process. Furthermore, Lipo-
fectAMINE PLUS was the most effective for rapidly
delivering DNA to the nucleus as well as the cytosol.
Surprisingly, nuclear localization was observed within
1 h, which is as rapid as that for an adenovirus. This
phenomenon is consistent with the fact that transgene
expression was observed within 3 h. Collectively; the
differences in transgene expression can be readily ex-
plained by intracellular trafficking assessed by CIDIQ.
Such quantitative data can also be used to assess the
contribution of various pathways to overall cellular up-
take, which is essential for establishing intracellular
pharmacokinetic models in the future.

IV. Uptake Mechanisms and Intracellular
Trafficking of Gene Delivery Mediated by
Cationic Lipids and Polymers

After summarizing the different pathways used for
the cellular uptake of macromolecules, we now consider
the available knowledge concerning how nonviral vec-
tors are internalized and processed by cells to achieve
transgene expression. In this section we focus mainly on
the two most common methods for nonviral gene deliv-
ery: cationic lipids and cationic polymers. Both form
complexes upon mixing with DNA. Cationic lipid-DNA
complexes are denoted as lipoplexes whereas cationic
polymer-DNA complexes are denoted as polyplexes. The
use of cationic lipids in gene delivery was first intro-
duced by Felgner et al. in 1987. Cationic polymers were
introduced in the same year by Wu and Wu (1987) and
were further expanded by a second generation, PEI, by
Behr and coworkers in 1995 (Boussif et al., 1995). New
methods have been further developed in which the cat-
ionic lipid and polymers are combined in one system
(Lee and Huang, 1996; Kamiya et al., 2003; Kogure et
al., 2004). An ideal nonviral vector was proposed based
on both systems in combination with other functional
devices to overcome extracellular and intracellular bar-
riers (Kamiya et al., 2003).

A. Interaction between DNA and Cationic Lipids or
Polymers

Cationic lipids are typically used in the form of cat-
ionic liposomes. All cationic lipids possess hydrophobic
groups, which may be either one or two fatty acid or
alkyl moieties that are 12 to 18 carbons in length, in
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addition to a positively charged polar head group. The
hydrophobic moieties and head groups cause the cationic
lipids to assemble into bilayer vesicles (liposomes) when
are dispersed in aqueous solutions. However, many cat-
ionic liposomes cannot form liposomes alone and are
normally accompanied by a neutral lipid such as dio-
leoylphosphatidylethanolamine (DOPE) or cholesterol.
DOPE is frequently useful because it can fuse with other
lipids when exposed to a low pH, such as in endosomes,
which aid in the release of the associated DNA into the
cytosol (Cullis et al., 1986; Farhood et al., 1995). Choles-
terol provides structural stability, and there is evidence
that it can influence targeting in vivo via scavenger
receptors (Allen and Chonn, 1987; Hug and Sleight,
1991).

Lipoplexes are typically formed by direct mixing be-
tween cationic liposomes and DNA solutions. Positively
charged liposomes bind to negatively charged phosphate
molecules on the DNA backbone through electrostatic
interactions. Generally, complexes are formed with a
slight excess positive charge to permit them to interact
with the negatively charged cell surface. The ratio be-
tween the cationic charge of the liposome and the nega-
tive charge of the DNA usually controls the size of lipo-
plexes (Almofti et al., 2003). At high positive or negative
charge ratios, relatively small complexes are formed,
whereas large aggregates are usually formed when the
net charge is close to neutrality (Eastman et al., 1997,
Almofti et al., 2003). The cationic liposomes used are
typically small (~100 nm) before adding to DNA; how-
ever, complexes formed with DNA exhibit diameters
that range from as small as 200 nm to structures as
large as 2 um (Wasan et al., 1996). The formation of
lipoplexes is generally difficult to control, and different
structures are produced in the same lipoplex prepara-
tion. The proposed model for describing the interaction
between cationic liposomes and DNA involves the fol-
lowing. First, liposomes cause a compaction of the DNA
molecules and charge neutralization. Second, neutral-
ization may induce aggregation, resulting in the forma-
tion of a heterogeneous group of multilamellar struc-
tures of different shapes and consisting of DNA
sandwiched between lipid bilayers. Third, it is proposed
that DNA affects the liposomes, inducing lipid mixing
and rearrangement resulting in fusion of the multila-
mellar structures to form large DNA-lipid complexes
(Radler et al., 1997).

Usually, positively charged lipoplexes lead to more
efficient gene expression by virtue of ionic interactions
with the negative cell surface. In addition to the com-
paction and neutralization of DNA, cationic liposomes
provide a protective role against extra- and intracellular
nucleases. This can be attributed to the compaction and
covering of DNA by the lipid bilayers (Eastman et al.,
1997). Unfortunately, the positive charge of lipoplexes
makes them susceptible to interaction with negative
constituents in the circulation after in vivo admini-
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stration, which significantly limits their use in sys-
temic administration. Although smaller-sized lipoplexes
would be expected to be more efficiently internalized via
endocytosis, larger lipoplexes have been reported to im-
prove transfection activities (Liu et al., 1997). This may
be due to the greater ability of the larger particles to
sediment onto the cell surface. However, the in vivo
transfection ability of larger complexes is weak, mainly
because of their inability to reach the target cells be-
cause of their large size, which also renders them more
susceptible to interaction with extracellular compo-
nents.

Cationic polymers can also condense and neutralize
DNA. They do not have hydrophobic moieties, but they
can condense the DNA more efficiently resulting in
smaller DNA condensed particles. Among the many cat-
ionic polymers available, the most frequently used in
gene delivery are poly-L-lysine (PLL)- and PEI-based
polymers (Wu and Wu, 1987; Boussif et al., 1995). Un-
like lipoplexes, polyplexes formed with PLL usually use
ligands to facilitate their cellular uptake, and endoso-
molytic reagents are usually used to facilitate endoso-
mal escape. PEI-based polyplexes are more efficient and
do not require agents for endosomal escape (Klemm et
al., 1998). Upon mixing with DNA, electrostatic interac-
tions occur between the cationic charge of the polymer
and the negative charge of the DNA, resulting in the
formation of particles, as small as 20 to 40 nm in some
cases. The size and the charge of the polyplexes depend
to a greater extent on the ratio between the polymer and
DNA than on the properties of the polymer (Choosak-
oonkriang et al., 2003). The term lipopolyplex has been
introduced more recently and involves the condensation
of DNA using a polycation followed by entrapping the
polyplexes within anionic, neutral or even cationic pep-
tide-modified liposomes (Lee and Huang, 1996; Kogure
et al., 2004). This method is less toxic, probably due to
the exclusion of the cationic lipids, and in some cases
more efficient compared with lipoplexes or polyplexes
(Ibanez et al., 1996). It combines the high compaction of
polyplexes and the facilitated endosomal escape of the
lipoplexes. In addition, they provide more protection to
DNA. Furthermore, the liposome surface can be easily
modified with targeting ligands or polyethyleneglycol to
escape the recognition by opsonins as well as macro-
phages after systemic administration (Kiwada et al.,
1998) .

B. Cellular Binding

Unless a specific targeting ligand is incorporated in
the system, the binding of lipoplexes and polyplexes to
the cell surface is the result of a nonspecific ionic inter-
action between the positive charge of the complexes and
the negative charge of the cell surface. Negatively
charged cell surface constituents, such as heparan sul-
fate proteoglycans and integrins play a role in the
cellular binding of positively charged lipoplexes, poly-
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plexes, or even cationic peptides, such as TAT (Behr et
al., 1989; Labat-Moleur et al., 1996; Tyagi et al., 2001;
Richard et al., 2005). For example, in proteoglycan-defi-
cient mutant cells, the cellular binding of lipoplexes and
polyplexes is reduced (Mislick and Baldeschwieler,
1996). The presence of soluble heparin and heparan
sulfate in the medium competitively inhibits the bind-
ing. At this point, the heparan sulfate proteoglycans
may act as nonspecific receptors for cationic macromol-
ecules, but their exact role in mediating cellular uptake
is not clear. There is some evidence to show that the
transmembrane proteins, syndecans, may cluster to
form focal points at the plasma membrane during bind-
ing to cationic particles and this clustering induces their
interaction with the actin cytoskeleton, probably result-
ing in the formation of tension fibers. This tension pro-
vides the energy required to engulf the particles (Woods
and Couchman, 1994). Similarly, a recent report sug-
gested that the uptake of PEI polyplexes occurs through
actin-mediated phagocytosis as a result of the adhesion
of polyplexes to syndecan molecules followed by their
clustering in lipid rafts (Kopatz et al., 2004).

C. Cellular Uptake

The internalization mechanism of lipoplexes is not
well understood. Early reports suggested that fusion
between the lipids and the plasma membrane is respon-
sible for delivering DNA directly to the cytosol (Felgner
et al., 1987, 1995). It was suggested that the interaction
between the liposomes and DNA or the cell membrane
destabilize the liposomes, thus facilitating their fusion
with each other and with other membranes. However,
most of the following experimental evidence supports
the involvement of endocytosis as a main entrance route
(Fig. 4). For example, the use of endocytosis inhibitors
significantly reduces gene expression. Furthermore, in-
terference of the endocytic pathway with lysosomotropic
reagents such as chloroquine was found to enhance the
gene expression (Cotten et al., 1990). The strongest ev-
idence comes from electron microscopy imaging of gold-
labeled DNA, which clearly shows the presence of DNA
in intracellular vesicles, a typical entry via endocytosis
(Friend et al., 1996). In general, it is currently believed
that membrane fusion is important for transfection but
that most of the uptake occurs through endocytosis.
Membrane fusion occurs as a result of endosome acidi-
fication and is responsible for releasing the endosome
contents to the cytosol. In contrast to this general belief,
Almofti et al. (2003) proposed that the uptake of lipo-
plexes occurs by endocytosis but that membrane fusion
occurs mostly (72%) at the plasma membrane level, and
it is essential for endocytosis to occur.

The current question is which pathway of endocytosis
is responsible for uptake. The available data show di-
verse results. Rejman et al. (2005) reported that the
uptake of lipoplexes formed between the cationic lipid
DOTAP and DNA is inhibited by chlorpromazine and
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Fic. 4. Uptake and intracellular trafficking of cationic liposome/DNA
complexes (lipoplexes). Lipoplexes are mainly taken up through endocy-
tosis. The low pH of endosomes causes fusion between the liposomal and
endosomal membranes. The DNA is released to the cytosol either free or
associated with the lipids and is then delivered to the nucleus for trans-
lation into protein. Fusion may also occur at the plasma membrane, thus
delivering the DNA directly to the cytosol.

potassium depletion but is unaffected by filipin and
genestein, suggesting that the uptake occurs solely by
clathrin-mediated endocytosis. Furthermore, they have
shown that particles that are internalized by CME are
eventually degraded in lysosomes. Earlier, Zhou and
Huang (1994) suggested that the uptake of lipopoly-L-
lysine lipoplexes occurs through clathrin-mediated en-
docytosis because the presence of the actin-depolymer-
izing reagent cytochalasin B increased transfection
activities. In contrast to Rejman et al. (2005), Zhou and
Huang (1994) suggested that CME is the most produc-
tive pathway for internalization. Zuhorn et al. (2002)
have shown that lipoplex-mediated transfection occurs
through cholesterol-dependent clathrin-mediated endo-
cytosis. Cholesterol depletion with methyl-B-cyclo-
dextrin decreased the activities of SAINT-2-DOPE
lipoplexes. This is largely indicative of nonclathrin endo-
cytosis; however, inhibitors of caveolae such as filipin
and cytochalasin D had only a slight effect on internal-
ization. Colocalization with Tf (a CME marker) and the
inhibition by potassium depletion further confirmed the
involvement of CME. In contrast to these reports, Mat-
sui et al. (1997) suggested that the uptake of Lipofec-
tACE lipoplexes occurs through phagocytosis in poorly
differentiated airway epithelia cells. Similar to the up-
take of large (2 wm) microspheres, which were used as
markers for phagocytosis, they found that the uptake of
lipoplexes was inhibited by cytochalasin B as well as by
potassium depletion.

The uptake of polyplexes also occurs through endocy-
tosis, but without fusion with the cell membrane, and
similarly shows some diverse results regarding specific
uptake pathways. In general, it is believed that the
uptake of PLL and PEI complexes occurs through CME.
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Goncalves et al. (2004) have shown that the uptake of
His-pLK polyplexes occurs through both clathrin-depen-
dent and -independent pathways; the latter is mostly
macropinocytosis, because it was inhibited by amiloride
and stimulated by phorbol esters. Furthermore, they
found that macropinocytosis of the polyplexes and the
recycling of DNA impaired the transfection and con-
cluded that CME is the most productive pathway. Rej-
man et al. (2005) also suggested that the uptake of PEI
polyplexes occurs through both clathrin-dependent and
-independent pathways; however, they suggested that
the latter mechanism involves the caveolae because it
was inhibited by filipin and genestein. Another differ-
ence arises from their finding that CME is less produc-
tive since caveolar internalization escapes lysosomes,
thus leading to efficient transfection. The diversity of
results suggests that a variety of factors may affect the
actual mechanism. However, in general these results
collectively suggest that endosomal escape is a signifi-
cant barrier to lipoplex- and polyplex-mediated transfec-
tion.

D. Endosomal Escape

After internalization via endocytosis, the internalized
molecules exist in endosomes with no access to the cy-
tosol or the nucleus. These endosomes either fuse with
lysosomes for degradation or recycle their contents back
to the cell surface. Therefore, escape from endosomes is
essential for efficient transfection. Lipoplexes contain-
ing the pH-sensitive fusiogenic lipid DOPE can release
the associated DNA into the cytosol (Farhood et al.,
1995). DOPE forms a stable lipid bilayer at physiological
pH ~7; however, at an acidic pH 5 to 6, it undergoes a
transition from a bilayer to an inverted hexagonal struc-
ture, which fuses and destabilizes the endosomal mem-
brane, releasing its contents to the cytosol (Cullis et al.,
1986). Evidence exists to show that fusion with the en-
dosomal membrane is essential for DOPE-containing
lipoplexes (Wrobel and Collins, 1995; Almofti et al.,
2003). It is possible that only DNA or the lipoplex as a
whole will be released to the cytosol after fusion. If
lipoplexes are released, the dissociation of DNA must
occur in the cytosol or even at the nuclear membrane to
achieve transfection.

Similar to DOPE, which has an intrinsic ability to
cause endosomal release, the polycation PEI has the
same ability, although through a different mechanism
(Behr et al., 1989). This is evident by the observation
that transfection with PEI polyplexes is not improved by
fusiogenic peptides or chloroquine (Kichler et al., 2001).
A proton sponge hypothesis was proposed by Behr and
coworkers to explain this phenomenon (Boussif et al.,
1995). This hypothesis suggests that PEI becomes more
protonated at low pH as in endosomes. This protonation
triggers an influx of Cl™ ions with protons leading to a
water influx and finally the swelling and rupturing of
the endosomes.
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Lipoplexes lacking fusiogenic lipids and polyplexes
without proton sponge ability are not released efficiently
into the cytosol unless additional functional devices for
endosomal release are used. Viruses such as the influ-
enza and adeno virus use the acidic pH of endosomes to
induce endosomal disruption or fusion. Similarly, func-
tional devices, which use the acidic pH of the endosome
to induce their rupture, are incorporated in these sys-
tems. An example of such functional devices is the pH-
sensitive fusiogenic peptides. These peptides are derived
from viruses, such as the peptide derived from the N-
terminal sequence of the influenza virus hemagglutinin
subunit HA-2, or prepared synthetically, such as GALA
or KALA (Wagner et al., 1992; Simoes et al., 1999).
These peptides undergo conformational changes at the
low pH in the endosomes to interact with and perturb
the endosomal membrane. The incorporation of the in-
fluenza HA-2 subunit augmented the Tf-PLL-mediated
gene transfer. The presence of the cholesterol-GALA
peptide on the liposomal membrane effectively enhanced
the endosomal release of the liposome contents (Kakudo
et al., 2004). Another approach for increasing endosomal
escape is the use of lysosomotropic reagents such as
chloroquine. It is a weak, hydrophobic base, which en-
ters the lysosomes and becomes protonated in its acidic
environment. This triggers a swelling of lysosomes and
destabilization of their membranes. Chloroquine also
inhibits the acidification and maturation of endosomes
(Mellman et al., 1986), thus retarding the lysosomal
degradation of genes. The addition of chloroquine to the
transfection medium usually favors transfection. This
may be due to the destabilization of the endosomal/
lysosomal membranes and/or to a slowdown in the trans-
location of DNA to the lysosomes. However, depending
on the system used, chloroquine may decrease the trans-
fection, such as with PEI polyplexes, by inhibiting endo-
some acidification, which is required for the release of
DNA from endosomes. It is worth mentioning, that the
use of chloroquine and similar lysosomotropic reagents
is usually associated with toxicity, which limits their use
in actual applications.

E. Nuclear Delivery

The nuclear envelope contains nuclear pores with a
passive transport limit of 70 kDa molecular mass or ~10
nm diameter (Melchior and Gerace, 1995). This is much
smaller than the size of DNA, even when condensed in
lipoplexes or polyplexes. Microinjection of plasmid DNA
encoding B-galactosidase into the nucleus produced a
much higher gene expression than when the same plas-
mid was microinjected into the cytosol (Pollard et al.,
1998). This suggests that the nuclear envelope is a sig-
nificant barrier against transfection. How then is the
DNA is delivered to the nucleus? The most widely ac-
cepted model is that cell division is an important factor
in the nuclear translocation of transgenes. During mito-
sis, the integrity of the nuclear membrane is transiently
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lost, which allows the nuclear entry of transgenes. This
is the case in the in vitro transfection with dividing cells,
whereas in vivo transfection usually targets differenti-
ated nondividing cells. Therefore, the nuclear envelope
cannot be neglected in in vivo situations. DNA could be
detected in the nucleus in time intervals as low as 1 h
after lipoplex-mediated transfection, which suggests
that a different mechanism is involved in this early
nuclear delivery (Akita et al., 2004). We have previously
shown that lipoplexes can fuse with the nuclear mem-
brane, thus releasing DNA to the nucleus (Kamiya et al.,
2002). Targeting efforts to enhance this mechanism are
needed, especially for the transfection of nondividing
cells.

The nuclear injection of lipoplexes results in poor gene
expression compared with injection of naked DNA (Zab-
ner et al., 1995). This finding suggests that decondensa-
tion in the nucleus is a poor process. The generally
accepted model was proposed by Xu and Szoka (1996)
and involves the release of DNA from lipoplexes during
endosomal release, thus delivering only naked DNA to
the cytosol. In contrast to cationic lipids, the microinjec-
tion of PEI polyplexes did not affect the transgene ex-
pression when the complexes are injected into the nu-
cleus (Zabner et al.,, 1995), suggesting that a rapid
release of DNA from the polyplexes occurs in the nu-
cleus, probably via an exchange with cellular DNA.

Nuclear proteins require a nuclear localization signal
(NLS), which contains basic amino acids and can be
recognized by cytosolic factors to mediate active trans-
port through the nuclear pore complex (Jans and Hub-
ner, 1996). During this active transport, the diameter of
the nuclear pore complex is expanded to ~30 nm, and
this allows the delivery of nuclear proteins to the nu-
cleus (Dworetzky et al., 1988). The same approach can
be used to enhance gene delivery to the nucleus. The
nuclear delivery of DNA was increased by the coupling
of 100 NLS peptides/kilobase pair of DNA (Sebestyen et
al., 1998). The amount of the NLS peptides seems to be
important in delivering the gene. In addition, the pep-
tide should be coupled to the DNA in the case of poly-
plexes, because coupling of the NLS to the polycation
PLL did not enhance gene expression.

V. Conclusions

Different uptake pathways are involved in the cellular
delivery of macromolecules. The contribution of certain
pathways in the uptake of lipid- and polymer-mediated
gene delivery is not well understood and seems to be
affected by the nature and characteristics of the gene
vectors. An understanding of the mechanism of uptake
and intracellular trafficking is basically required for
designing successful gene delivery. Receptor-mediated
endocytosis is an efficient way to target a specific cell
population; however, components to overcome the endo-
cytic barriers are essential for efficient gene delivery.
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Exploring new ligands to target endocytic pathways
other than and superior to CME is the next step in terms
of increasing the efficiency of nonviral gene delivery
systems.
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