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We investigated the effects of inhibitors of clathrin-mediated endocytosis (chlorpromazine and
K" depletion) and of caveolae-mediated uptake (filipin and genistein) on internalization of FITC-
poly-L-lysine-labeled DOTAP/DNA lipoplexes and PEI/DNA polyplexes by A549 pneumocytes and
Hela cells and on the transfection efficiencies of these complexes with the luciferase gene.
Uptake of the complexes was assayed by fluorescence-activated cell sorting. Lipoplex internal-
ization was inhibited by chlorpromazine and K* depletion but unaffected by filipin and
genistein. In contrast, polyplex internalization was inhibited by all four inhibitors. We conclude
that lipoplex uptake proceeds only by clathrin-mediated endocytosis, while polyplexes are taken
up by two mechanisms, one involving caveolae and the other clathrin-coated pits. Transfection
by lipoplexes was entirely abolished by blocking clathrin-mediated endocytosis, whereas
inhibition of the caveolae pathway had no effect. By contrast, transfection mediated by
polyplexes was completely blocked by genistein and filipin but was unaffected by inhibitors of
clathrin-mediated endocytosis. Fluorescence colocalization studies with a lysosomal marker,
AlexaFluor-dextran, revealed that polyplexes taken up by clathrin-mediated endocytosis are
targeted to the lysosomal compartment for degradation, while the polyplexes internalized via
caveolae escape this compartment, permitting efficient transfection.
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INTRODUCTION

In recent years, cationic lipid-mediated and cationic
polymer-mediated methods of gene transfer have become
useful tools for cellular transfection, potentially applica-
ble to gene therapy. Gene transfer mediated by cationic
lipid/DNA complexes (lipoplexes) and cationic polymer/
DNA complexes (polyplexes) has been accomplished
efficiently both in vitro and in vivo, showing no immu-
nogenicity and low toxicity [1-5]. Nonviral delivery
systems need to overcome several cellular barriers to
deliver their cargo, plasmid DNA, into the nucleus. Due
to its complexity, the precise mechanism by which
synthetic lipids and polymers mediate DNA delivery still
remains to be elucidated. Eukaryotic cells utilize different
endocytic pathways to internalize a variety of substances
and to accomplish different tasks. Therefore, it is con-
ceivable that the mode of internalization of DNA com-
plexes might affect the kinetics of their intracellular
processing and, in this way, transfection efficiency as
such. Different mechanisms have been proposed to be
involved in the internalization of cationic lipid or

polymer/DNA complexes. Several studies have reported
that these complexes enter the cells by means of clathrin-
mediated endocytosis [6,7]. Phagocytosis and macro-
pinocytosis are two other pathways that have been
described as possible pathways of internalization of
complexes of DNA with cationic lipids or polymers [8,9].

It is generally believed that the major obstacle to
efficient gene delivery is entrapment of the DNA in the
endosomal compartment, since this eventually leads to its
degradation in lysosomes. Different escape mechanisms
from the endosomal compartment have been proposed for
both lipo- and polyplexes. These include destabilization of
the endosomal membrane [10-12], an exchange of cationic
lipids with anionic phospholipids normally found on the
cytoplasm-facing monolayer of the cell membrane [13],
and endosomolysis caused by osmotic swelling [14-16].

The purpose of our present work was to establish
whether there is any difference in internalization and
intracellular trafficking of DOTAP lipoplexes and PEI
polyplexes that could determine their intracellular fate
and gene transfer efficiency.
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ResuLTS AND DISCUSSION

The Mechanism of Polyplex and Lipoplex
Internalization

We studied the uptake of DOTAP/DNA lipoplexes and
PEI/DNA polyplexes by A549 type II-derived pneumo-
cytes and HelLa cervical carcinoma cells. We labeled the
complexes with FITC—poly-L-lysine (FITC-PLL), after
having made sure that the presence of FITC-PLL did
not cause any change in the transfection efficiency of
these complexes [17], and assayed uptake by fluores-
cence-activated cell sorting (FACS).

A 120%
100% |
80% |
60% |
40% |

cellular uptake

20% f

ek
sk
0% : : : . :

Fig. 1A represents the internalization of DOTAP lip-
oplexes by A549 and HeLa cells in the presence of
inhibitors of clathrin- or caveolae-mediated uptake.
Pretreatment of the cells with filipin or genistein, both
reported to block caveolae-mediated uptake processes
[37,38], prior to incubation with the lipoplexes had no
significant effect on their uptake. By contrast, potassium
depletion of the cells, which is known to perturb clathrin-
mediated endocytosis [33], caused a more than 50%
decrease of the uptake of the lipoplexes. Also chlorpro-
mazine, another inhibitor of clathrin-mediated endocy-
tosis [34], decreased internalization of the lipoplexes. The
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FIG. 1. Effects of inhibitors on internalization and cellular transfection of DOTAP lipoplexes and PEI polyplexes. Internalization (A) of DOTAP lipoplexes and (B) of
PEI polyplexes. Cells were pretreated with chlorpromazine, genistein, or filipin or depleted of intracellular potassium (for the details see Materials and Methods).
Subsequently, FITC-PLL-labeled lipoplexes were added and after 2 h cells were analyzed by FACS. 10,000 cells were measured in each sample. A549 cells, white
bars; Hela cells, black bars. The fluorescence intensity in control cells (gray bars) was set as 100%. Mean values + SD were obtained from three separate
experiments carried out in duplicate. Student’s t test was carried out to determine the statistical significance of the data (*P < 0.05; **P < 0.01). (C) Cellular
transfection mediated by polyplexes and lipoplexes. A549 (white bars) and Hela (black bars) cells, pretreated with different inhibitors, were transfected with
lipoplexes or polyplexes and screened for luciferase gene expression. The level of luciferase in control cells (gray bars) was set as 100%.
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combination of chlorpromazine and any inhibitor block-
ing caveolae-mediated internalization did not cause any
further decrease in the uptake of DOTAP lipoplexes.
These data are fully compatible with a major role of
clathrin-mediated endocytosis in the internalization of
DOTAP lipoplexes. The predominant role of this mech-
anism in lipoplex uptake was earlier reported for lip-
oplexes with other cationic lipids [7].

As depicted in Fig. 1B, the uptake of the PEI polyplexes
by A549 cells pretreated with filipin or genistein was
diminished by about 25%, relative to control values. We
observed a slightly higher degree of inhibition (about
40%) for AS549 cells treated with chlorpromazine. The
uptake of polyplexes by A549 cells depleted of potassium
was reduced by only 20%. Interestingly, the combination
of chlorpromazine and any inhibitor interfering with
caveolae-mediated internalization resulted in a substan-
tial further decrease in the uptake of PEI polyplexes.

Fig. 1B also presents data on the internalization of PEI
polyplexes by Hela cells. Pretreatment with genistein,
filipin, or chlorpromazine or depletion of intracellular
potassium reduced polyplex uptake by at least 50%. The
highest degree of inhibition was observed for genistein
(65%). Simultaneous treatment with two inhibitors
interfering with two different pathways of internalization
almost entirely abolished the uptake of polyplexes by
HelLa cells.

The Effects of Endocytosis Inhibitors on Cellular
Transfection Mediated by Polyplexes and Lipoplexes
After having established the effects of different endocy-
tosis inhibitors on the internalization of DOTAP lip-
oplexes and PEI polyplexes, we investigated the effects of
these compounds on cellular transfection mediated by
these complexes. To this end, we transfected A549 and
HeLa cells with lipoplexes or polyplexes containing the
luciferase gene and screened them for expression of
enzyme activity.

Transfection of both A549 and HeLa cells by DOTAP
lipoplexes was unaffected by the caveolae inhibitors
filipin and genistein (Fig. 1C). This is fully compatible
with the lack of effect of these compounds on DOTAP
lipoplex uptake, which apparently does not involve
caveolae, as described in the preceding section. In sharp
contrast to this, lipoplex-mediated transfection was
completely blocked by inhibitors of clathrin-mediated
endocytosis (Fig. 1C), in line with the strong inhibitory
effect of these inhibitors on lipoplex uptake as also
described in the preceding section.

In contrast to our observations of the DOTAP
lipoplexes, transfection mediated by PEI polyplexes
was completely abolished by inhibition of the caveolae
pathway with filipin or genistein, whereas inhibition
of clathrin-mediated endocytosis did not have any
effect on transfection (Fig. 1C). In Fig. 1B we demon-
strated that PEI polyplexes, in contrast to DOTAP

lipoplexes, are internalized by two different pathways,
one clathrin mediated and the other caveolae medi-
ated. Now it appears (Fig. 1C) that only one of them,
i.e., the caveolae-mediated pathway, leads to efficient
transfection.

Earlier studies provide indirect evidence of caveolae
involvement in polyplex uptake. Kichler and co-workers
[18] reported a low level of luciferase expression in
HepG2 cells transfected with DNA/PEI complexes and
demonstrated that in these cells most of the internalized
DNA was degraded in intracellular compartments. For
293 cells they observed high transfection and no intra-
cellular degradation. Since HepG2 cells lack endogenous
caveolins [19], the polyplexes cannot be internalized via a
caveolae-mediated pathway, which, as demonstrated by
our results, is required to achieve efficient gene transfer.
Instead, they are taken up by clathrin-mediated endocy-
tosis, which ultimately leads to their degradation in the
lysosomal compartment.

Ogris and co-workers [20] observed that large aggre-
gates of DNA and PEI (>500 nm), even though internal-
ized very slowly and to a low extent, were more efficient
in gene transfer than small polyplexes, which were taken
up very rapidly and almost completely. Since the
composition of these polyplexes was identical, the only
parameter determining their gene transfer potential was
their size. Observations of the uptake of fluorescent latex
beads published by Rejman and colleagues [21] revealed
that the size of ligand-devoid particles determines the
pathway of their entry into the cell and their subsequent
intracellular routing. Microspheres with a diameter of
<200 nm were internalized via clathrin-mediated endo-
cytosis and were ultimately delivered to the lysosomes,
while 500-nm particles entered the cells via caveolae and
never reached the lysosomal compartment.

A number of in vivo observations showing rapid
crossing of small linear PEI22/DNA polyplexes from the
blood compartment to lung tissue [3,17,22,23] may seem
to contradict caveolae involvement in polyplex uptake.
However, later studies showed that these small poly-
plexes tend to aggregate on the cell surface before being
internalized in a transfection-effective way [17,22,23].
More recently this was confirmed under in vitro con-
ditions and proposed to be the main reason for the high
transfection activity of these polyplexes [24].

It is known that uptake kinetics of clathrin-mediated
endocytosis is much faster than that of caveolae-medi-
ated uptake. Therefore, we also determined the effect of
time of incubation on the level of luciferase expression
(“transfection efficiency”). Fig. 2 demonstrates that in
A549 cells DOTAP lipoplexes produce nearly maximal
levels of gene expression already after a 15-min internal-
ization period. For PEI polyplexes, on the other hand,
levels of transfection were still very low at up to 1 h of
internalization, maximal levels being attained only after
3 h of internalization.
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FIG. 2. Kinetics of polyplex- and lipoplex-mediated gene transfer. Cells were
incubated with DOTAP/DNA or PEI/DNA complexes for different periods of
time, then washed, and further incubated in fresh medium. The reporter gene
expression was screened 24 h later. The data are expressed as relative light
units per milligram of protein. Mean values + SD were obtained from three
separate experiments carried out in duplicate (**P < 0.01, Student’s ¢ test).

These data are compatible with a rapid internalization
of DOTAP lipoplexes with kinetics distinctive of clathrin-
mediated internalization of ligands such as transferrin.
This is fully in line with the results of the effects of
inhibitors on gene expression, depicted in Fig. 1C, which
also point to a clathrin-dependent uptake mechanism for
transfection by DOTAP lipoplexes.

In contrast, the uptake of PEI complexes, as reflected
by gene expression levels, was substantially slower,
maximal expression becoming apparent only after several
hours of internalization (Fig. 2). Such slow kinetics are
characteristic for internalization via a mechanism involv-
ing caveolae, confirming our observations on the effect of
inhibitors summarized in Fig. 1C.

The Effects of Internalization Pathway on

Intracellular Processing of Lipoplexes and Polyplexes
The preceding sections demonstrate that PEI polyplexes
are internalized by two different endocytic pathways,
only one of which leads to efficient transfection of the
cells. This would imply that the polyplexes taken up by
these two pathways are processed by the cells in differ-
ent ways. To examine that, we incubated A549 cells first
with a lysosomal compartment marker, i.e., a fluores-
cently labeled dextran, for the time required to com-
plete its accumulation in the lysosomal compartment
and subsequently with FITC-labeled polyplexes follow-
ing prior treatment with inhibitors of caveolae- or
clathrin-mediated uptake. Then we determined the
localization of the two types of fluorescence by fluo-
rescence microscopy. In cells treated with chlorproma-
zine, which blocks clathrin-mediated endocytosis while

leaving caveolae-mediated uptake unaffected, dextran
and polyplexes did not colocalize (Fig. 3A). In cells
treated with filipin, which blocks caveolae-mediated
uptake while leaving clathrin-mediated uptake unaf-
fected, the polyplexes colocalized with the dextran in
the lysosomes (Fig. 3B). Apparently, while PEI poly-
plexes internalized by the clathrin-mediated endocytosis
pathway are targeted to the lysosomal compartment,
they do not reach this compartment when taken up
exclusively via caveolae.

Up until now, there has been no consensus as to
whether PEI/DNA complexes reach the lysosomal com-
partment. Some studies indicate that PEI polyplexes do
reach this compartment [25,26], whereas others present
evidence against a lysosomal localization [27]. Bieber and
colleagues [28] reported a partial colocalization of a
lysosomal marker and PEI, indicating that only a fraction
of the polyplexes reaches the lysosomal compartment.
Our present data demonstrating that PEI complexes are
taken up by two mechanisms, which further determine
their intracellular fate, may help to explain these contra-
dictory results.

Evidence that the caveolar pathway avoids the lysoso-
mal compartment abundantly emerges from studies on a
variety of pathogens. As a matter of fact, some pathogens
(viruses and bacteria) that use caveolae as their portal of
entry escape delivery to and digestion in lysosomes [29].
It is thought that caveosomes lack the proper signal
molecules required for interaction with other cellular
compartments [30].

An important question to be answered is why DNA
apparently is released on time from DOTAP lipoplexes
internalized via clathrin-mediated endocytosis to
become transfection effective, while DNA in PEI poly-
plexes, taken up by the same internalization pathway,
does not become transfection effective but probably
ends up in the lysosomal compartment to be degraded.
One possible explanation may be the difference in
mechanisms postulated for DNA release from lipoplexes
and polyplexes, respectively. The model proposed by
Xu and Szoka [13] and further extended by Hafez [31]
assumes that anionic phospholipids in the endosomal
membrane form neutral charge pairs with cationic
lipids from the lipoplexes, allowing DNA to dissociate
from the complex. This model is supported by the
observation that DOPE strongly increases gene transfer
mediated by lipoplexes [11,12], which is attributed to
DOPE’s potential to promote the formation of an
inverted hexagonal phase (Hy). This in turn would
destabilize the lipoplex structure and ultimately the
endosomal membrane, thus facilitating the release of
the plasmid DNA from the lipoplexes into the cytosol.
Obviously, such a mechanism cannot apply to the
polyplexes, which, by their nature, lack the proper
lipid constituent required for the proposed release
mechanism.
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FIG. 3. The effect of internalization pathway on intracellular processing of lipoplexes and polyplexes. Cells were preincubated with fluorescent dextran (Dextran,
AlexaFluor 594) to label the lysosomal compartment. Then the cells were treated with (A) chlorpromazine or (B) filipin for 30 min. The cells were incubated with
FITC-labeled PEI polyplexes for a subsequent 2 h. After treatment with trypan blue the cells were further cultured for 2 h and then examined by means of
fluorescence microscopy. Each micrograph represents a single cell. Original magnification: x1000. Upper left, AlexaFluor—dextran (red); lower left, FITC-labeled

PEI polyplexes (green); right panel, merged picture.

The mode of DNA release from polyplexes is described
as the “proton sponge” mechanism [14-16]. This implies
that PEI sequesters the protons that are transported into
the endosomal compartment, thus preventing its acid-
ification. Subsequently, the increased osmolarity in this
compartment causes the influx of water that eventually
leads to endosome lysis and release of contents into the
cytoplasm.

Other reports question the role of endosomal acid-
ification in the proton sponge hypothesis. Bieber and co-
workers [28] claim that release of the gene from the
complex occurs from the lysosomal compartment, while
Forrest and Pack [32] presented data indicating that PEI
does not preclude exposure of polyplexes to an acidic
environment. Furthermore, it has been demonstrated
that PEI is incapable of destabilizing membranes even
under acidic conditions [18].

CONCLUSIONS

Our study provides strong evidence that DOTAP lip-
oplexes are internalized by cells solely by means of
clathrin-mediated endocytosis, while PEI polyplexes are
internalized both by clathrin-mediated and by caveolae-
mediated endocytosis. While lipoplexes internalized via
the clathrin-mediated route are fully transfection effec-
tive, for the polyplexes only the caveolae-dependent
route leads to effective transfection. These observations
are explained as follows. While the DNA complexed in
the DOTAP lipoplexes is efficiently released from the
acidic endosomal compartment prior to endosome/lyso-
some fusion, due to the presence of the cationic lipids,
and thus escapes intralysosomal degradation, the DNA in
polyplexes internalized by clathrin-mediated endocytosis
cannot be released and is taken with the complex into the
lysosomal compartment to be degraded. Only the DNA
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that enters the cell by caveolae-mediated uptake of the
polyplexes escapes the lysosomal destination and can
become transfection effective.

Our observations may contribute to the rational
design of novel strategies to overcome intracellular
barriers in PEI-mediated gene transfer.

MATERIALS AND METHODS

Cell cultures. A549 pneumocytes and HelLa cells were from ATCC. A549
cells were cultured in Dulbecco’s modified Eagle’s medium and HeLa cells
in Iscove’s modified Dulbecco’s medium. The media were supplemented
with 10% FCS, 2 mM L-glutamine, and 100 pug/ml penicillin/streptomycin
(Gibco BRL, Life Technology, Merelbeke, Belgium) at 37°C (5% CO5).

Plasmid preparation. The plasmid pCLuc carries the Photinus pyralis
luciferase coding region under the control of the cytomegalovirus
immediate-early enhancer/promoter region [5]. It was isolated from
Escherichia coli with the Maxi-Prep Kit from Qiagen (Hilden, Germany).
Isolated DNA was stored in TE buffer (100 mM NaCl, 10 mM Tris-HCI) at a
concentration of 1 mg/ml after its purity was verified by determining the
ratio of absorbance at 260/280 nm and gel electrophoresis.

Complex labeling. FITC-PLL-labeled complexes were prepared as previ-
ously described [17]. Briefly, 3.6 ul of 1 mM FITC-PLL was added to 2 ug of
DNA and incubated 15 min at room temperature, which was followed by
addition of either PEI or DOTAP. The presence of FITC-PLL did not cause
any decrease in transfection efficiency of these complexes.

FACS analysis. After incubation with lipoplexes or polyplexes, the cells
were washed and detached by trypsinization. After centrifugation, the
cells were resuspended and analyzed by flow cytometry (Becton-Dick-
inson FACScan). Ten thousand cells were measured in each sample.

Trypan blue quenching. Trypan blue (TB) solution in PBS (0.04%) was
employed to quench extracellular fluorescence. To explore the feasibility
of using TB as a quenching dye in our system we performed a control
experiment. Briefly, cells were incubated with fluorescently labeled
complexes on ice and subsequently washed twice with ice-cold PBS.
Trypan blue-treated and untreated samples were further analyzed by
FACS. The fluorescence of TB-treated cells was quenched by 90-100%.

Potassium depletion. Here we adopted a procedure described by Larkin
and co-workers [33], which results in rapid depletion of cellular
potassium. Briefly, A549 cells were washed once with potassium-free
buffer containing 140 mM NaCl, 20 mM Hepes, pH 7.4, 1 mM CaCl,, 1
mM MgCl,, 1 mg/ml D-glucose. Subsequently, the cells were washed with
hypotonic buffer (potassium-free buffer diluted with water 1:1), followed
by washing with potassium-free buffer (three times). Control cells were
treated with buffer containing 140 mM NaCl, 20 mM Hepes, pH 7.4, 1
mM CacCl,, 1 mM MgCl,, 1 mg/ml p-glucose, and 10 mM KCI. Lipoplexes
or polyplexes were incubated with the cells in potassium-free or
potassium-containing buffer for 90 min. Subsequently, the cells were
analyzed by FACS.

Treatment with inhibitors. Cells were treated with chlorpromazine (10
pg/ml) [34] or genistein (200 uM) [35,36] or filipin (5 pg/ml) [37,38] (all
from Sigma) in normal culture medium for 30 min at 37°C. Subsequently,
lipoplexes or polyplexes were added and incubation was continued for 2
h. Subsequently, the cells were analyzed by FACS.

The concentration of chlorpromazine and the conditions for potas-
sium depletion employed in the study were such that uptake of
fluorescently labeled transferrin, which is widely recognized as a ligand
exclusively internalized via clathrin-mediated endocytosis, was inhibited
by 90-100%. To optimize the concentrations of genistein and filipin we
employed BODIPY-lactosylceramide (BODIPY-LacCer; Molecular Probes),
since it has been reported that this sphingolipid is exclusively internalized
via a caveolae-mediated mechanism [39]. The concentration of genistein
and filipin used in the study blocked the uptake of BODIPY-LacCer by

80-100%. The uptake of fluorescently labeled transferrin and lactosyl-
ceramide was assayed by FACS.

Transfections. Formation of DOTAP/DNA and PEI 25 K/DNA complexes
was achieved as previously described [5,40]. Briefly, the following
amounts of each vector were used per microgram of DNA: 6 ul of 1
mg/ml DOTAP solution (Roche) or 0.3 pl of 100 mM PEI solution
(Sigma). Cells were seeded 1 day prior to transfection in 6- or 24-well
plates. The cells were incubated with the complexes in FCS-supple-
mented medium. Luciferase expression was evaluated 24 h later, unless
indicated otherwise.

Lysosomal staining. A549 cells were preincubated with fluorescent
dextran (Dextran, AlexaFluor 594 10,000 MW; Molecular Probes) for 12
h at 37°C to allow the marker to accumulate in the endosomal/lysosomal
compartment. After extensive washing the cells were cultured in a
standard cell culture medium for 2 h. The cells were then treated with
chlorpromazine (10 pg/ml) or filipin (5 pg/ml) in normal culture medium
for 30 min at 37°C. Subsequently, fluorescently labeled polyplexes were
added and incubation was continued for 2 h. The cells were extensively
washed with PBS and treated with trypan blue (0.04%) to quench
extracellular fluorescence. After further incubation for 2 h (under stand-
ard conditions) samples were examined by means of fluorescence micro-
scopy (Zeiss Axioplan 2; Germany).

Statistical analysis. Statistical significance of differences was evaluated
by a two-tailed unpaired Student t test. A value of P <0.05 was considered
significant.
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