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ABSTRACT

Understanding the cellular uptake and intracellular
trafficking of dendrimer-DNA complexes is an
important prerequisite for improving the trans-
fection efficiency of non-viral vector-mediated
gene delivery. Dendrimers are synthetic polymers
used for gene transfer. Although these cationic
molecules show promise as versatile DNA carriers,
very little is known about the mechanism of gene
delivery. This paper investigates how the uptake
occurs, using an endothelial cell line as model, and
evaluates whether the internalization of dendri-
plexes takes place randomly on the cell surface or
at preferential sites such as membrane rafts.
Following extraction of plasma membrane choles-
terol, the transfection efficiency of the gene
delivered by dendrimers was drastically decreased.
Replenishment of membrane cholesterol restored
the gene expression. The binding and especially
internalization of dendriplexes was strongly
reduced by cholesterol depletion before transfec-
tion. However, cholesterol removal after transfec-
tion did not inhibit expression of the delivered
gene. Fluorescent dendriplexes co-localize with the
ganglioside GM1 present into membrane rafts in
both an immunoprecipitation assay and confocal
microscopy studies. These data strongly suggest
that membrane cholesterol and raft integrity are
physiologically relevant for the cellular uptake of
dendrimer-DNA complexes. Hence these findings
provide evidence that membrane rafts are important
for the internalization of non-viral vectors in gene
therapy.

INTRODUCTION

Dendrimers represent one of several non-viral systems used
for delivering nucleic acids into cells. They are synthetic
hyperbranched polymers which are highly soluble in aqueous

solutions (1). Dendrimers with positively charged terminal
groups can bind DNA forming complexes (2), termed
dendriplexes (3) by analogy with similar complexes formed
by liposomes and DNA called lipoplexes. The DNA within
dendriplexes is protected from cellular and restriction
nucleases (4). Although they are less efficient than viral
vectors, they have potential for use in gene therapy and other
therapeutic applications due to their safety and lack of
immunogenicity.

An essential prerequisite for achieving improved transfec-
tion efficiencies is an understanding of the whole delivery
process. This study investigates cellular uptake of dendri-
plexes, and specifically whether the entry of the complexes
into cells takes place randomly or at preferential sites in the
plasma membrane.

Eukaryotic cell membranes contain glycerolipids, sphingo-
lipids, cholesterol and proteins. The physical properties of
biological membranes are linked to their lipid composition.
The differences between lipids, such as their melting tem-
perature and the nature of their chains, lead to the formation of
glycero- or sphingo-domains in which phospholipids have
either rapid lateral and rotational diffusion or limited mobility.
Cholesterol, suggested to play a role in endocytosis (5), tends
to partition with sphingolipids to occupy the free space
between acyl chains, therefore promoting the formation of
liquid ordered domains (6-9). Microdomains of cholesterol
and sphingolipids in the exoplasmic leaflet of the plasma
membrane are termed ‘membrane rafts’ (10-12) and are
characterized by their resistance to solubilization with non-
ionic detergent (13-21). Microdomain formation has been
reported in planar supported lipid layers and in giant
unilamellar vesicles (22). Both nanometer-sized (23-26) and
micron-sized (27) domains have been observed.

While questions remain about the nature and size of rafts in
natural membranes (14,28), there is accumulating evidence
regarding their functional role in cells. Several reports have
shown that cholesterol and membrane rafts are involved in
membrane trafficking, signalling, protein and lipid sorting,
bacterial infection, binding and internalization of viruses
(10,11,29-32). These functional dynamic structures on the
membranes also play a role in cellular uptake and endocytosis
of other non-viral vectors, such as liposomes (33).
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This work shows that depletion of plasma membrane
cholesterol profoundly affects the gene delivery mediated by
dendriplexes and that membrane rafts are involved in the
cellular uptake of dendriplexes. These microdomains are
crucial for endocytosis of molecules, although probably not in
a strictly receptor-mediated or specific protein-mediated
manner.

MATERIALS AND METHODS
Cell culture and transfection

EA.hy 926 cells (34,35), a human endothelial hybridoma (a
kind gift from Dr C. J. S. Edgell, University of North Carolina,
USA) and Chinese hamster ovary (CHO) cells were main-
tained in RPMI 1640 medium (Invitrogen, Paisley, UK).
Human embryonic kidney (HEK) 293 cells were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen). Tissue
culture media were supplemented with 10% heat-inactivated
fetal calf serum (FCS) (Globepharm, Cranleigh, UK), 2 mM
glutamine (Invitrogen), 100 pg/ml streptomycin (Invitrogen)
and 100 U/ml penicillin (Invitrogen), and the cells were grown
at 37°C in a humidified atmosphere with 5% CO,.

Cell transfections were carried out using plasmid DNA
encoding for either enhanced green fluorescent protein
(pEGFP-C1) (Clontech, Palo Alto, USA) or B-galactosidase
(pCMVB-gal) (Clontech). Plasmids were grown in
Escherichia coli DH50. strain and purified using endotoxin-
free plasmid purification kits (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Plasmid con-
centration and purity were assessed by spectrophotometry.
Cells, seeded on either 12- or 24-well plates overnight, were
80-90% confluent at the time of transfection. Dendriplexes
were formed by incubating for 30 min at room temperature
plasmid DNA and Superfect® (Qiagen), a commercially
available dendrimer, at 1:3 (w/w) ratio in Optimem medium
(Invitrogen). Preformed complexes were added to cells for 3 h
at 37°C in a humidified atmosphere with 5% CO, and then
removed, replacing the culture medium. After 48 h at 37°C the
cells were analysed for protein expression unless otherwise
specified. Enhanced green fluorescent protein (EGFP) was
detected by flow cytometry (FACScalibur, 488 nm argon ion
and 635 nm red diode lasers, Becton Dickinson, Oxford, UK).
All experiments were carried out using a mock control. The
percentage of positive cells was calculated (36) by setting the
background population as 98% negative when analysing
control cells that had undergone mock transfection. At least
5 X 10 (usually 10*) cells were acquired for each condition.

Enzymatic activity was detected using X-Gal (5-bromo-4-
chloro-3-indolyl-beta-D-galactopyranoside) staining or the
amount of B-galactosidase protein was quantified with respect
to total protein using o-nitrophenyl galactosidase (ONPG)
colometric assay (37). All transfection experiments were
carried out in triplicate; however, for pEGFP transfections,
three wells were pooled together and the results were
considered as an average value of triplicates.

Cholesterol depletion

Methyl-B-cyclodextrin (MBCD), water-soluble cholesterol
(balanced with MPCD), cholesterol (5-cholesten-3[3-ol),
nystatin and filipin III were purchased from Sigma
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(Gillingham, Dorset, UK). MBCD was dissolved in phosphate
buffer saline (PBS) without Ca?* and Mg?* (Invitrogen), kept
on ice and freshly used. Nystatin stock solution was prepared
in endotoxin-free water (Sigma) while filipin III was dissolved
in methanol; aliquots were immediately frozen in liquid
nitrogen to reduce the possible oxidation process. The
compounds were used at final concentrations of 10 mM
MBCD (31,38), 25 ug/ml nystatin (29) and 5 pg/ml filipin III
(29). In post-transfection depletion studies the cholesterol
removal with MBCD was carried out 24 h after transfection.

Cells were grown in 24-well plates until they reached 80—
90% confluence. The culture medium was then replaced with
PBS containing either no additive or MBCD, nystatin or filipin
III. Plates were incubated at 37°C for 30 min in a waterbath.
Following incubation, the PBS was replaced in all wells which
were then incubated for a further 30 min at 37°C in humidified
atmosphere with 5% CO,. The cells were then transfected
using dendriplexes as indicated above.

In some experiments the cells were depleted with MBCD
24 h after transfection, using the same protocol.

To investigate the activity of the drug in the presence of
cholesterol, cells were treated with 10 mM MPBCD in the
presence of either 0.25 or 0.5 mg/ml water soluble cholesterol
using the same conditions as described above. The cells were
then transfected as described above.

To determine the effect of replacing the cholesterol, cells
were treated with 10 mM MBCD as indicated above. They
were then incubated for 30 min at 37°C with 0.4 mg/ml of
either water-soluble cholesterol or cholesterol (5-cholesten-
3B-ol), first dissolved in ethanol and then diluted in PBS. The
cells were then transfected as described.

Cellular binding of dendriplexes

The interaction of dendriplexes with cells was evaluated using
fluorescent complexes. Dendrimer conjugation with fluores-
cein isothiocyanate (FITC) isomer I (Sigma) was performed as
described (39) with minor modifications. Briefly, Superfect®
was diluted 1:3 (v/v) in 150 mM carbonate buffer pH 9.3.
FITC (1 mg/ml in dimethylsulfoxide) was added 1:20 (v/v)
into the solution containing dendrimers with slow vortexing.
After 30 min incubation the reaction was terminated by
addition of 100 mM NaH,PO,. The labelled dendrimers were
purified using a PD10 column, pre-equilibrated with PBS
(pH 7.4) and concentrated with a Centricon YM-10
(Amicon, Millipore, Billerica, USA) at 3000 g at 4°C. The
concentration of conjugated dendrimers was measured by
spectrophotometry.

Dendriplexes formed using FITC-labelled dendrimers were
added to both MBCD-treated and untreated cells on ice. The
cells were then incubated at either 4 or 37°C. At various times,
unbound complexes were removed by washing with PBS and
then cells were harvested. The cells were then analysed by
flow cytometry and the median fluorescence intensity of the
population was determined. This represents the amount of
dendriplexes that have bound to the cell surface (including
those that will have subsequently internalized).

Internalization study

In order to follow the internalization of the vectors,
dendriplexes made using FITC-labelled dendrimers were
added to the cells and incubated for 15 min at 4°C. The
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unbound dendriplexes were then washed off and cells were
warmed up to 37°C (fy). At various times the cells were
harvested and then treated for 4 min with 5 mM NaOH to
remove dendriplexes still bound to the cell surface. After
gentle washing the cells were then analysed by flow
cytometry. The internalization of the complexes was expres-
sed as the ratio of the mean fluorescence intensity of cells that
had been treated with NaOH (MFI n,0on) to that of those
that had not been treated (MFI_y,on) after subtraction of
background fluorescence (MFly,):

MFL; naon — MFly,
MFI_Na0oH — MFlpgg

x 100

% internalization =

Confocal microscopy

Cells grown on coverslips (borosilicate, @ 16 mm, No. 1;
VWR, Poole, Dorset, UK) were treated with MBCD or
untreated and then transfected with dendriplexes as described
above. The complexes were formed using Cy3-labelled
dendrimers and Cy5-labelled DNA. Cy3 was purchased
from  Amersham  Biosciences (Uppsala, Sweden).
Dendrimers were labelled using the same protocol as
described above for FITC conjugation. Cy5-DNA was
obtained using the Cy5 ULS labelling kit (Amersham
Biosciences) and fluorescent DNA was purified by elution in
Microspin G-50 columns (Amersham Biosciences) according
to the manufacturer’s instructions. At the stated times post-
transfection, cells on the coverslip were washed in PBS and
fixed in 4% paraformaldehyde for 15 min at 4°C. Cells were
then washed twice in PBS and once in water, and mounted in
Mowiol-DAPI mounting medium (40). Imaging data were
collected using an inverted Zeiss LSM 510 Meta confocal
laser scanning microscope (Zeiss, Jena, Germany) and
processed using Adobe Photoshop. Cells were identified
with a 60X oil immersion objective. The system was switched
to frame mode for confocal image acquisition.

For co-localization studies EA.hy 926 cells were grown on
@ 0.22 mm glass-well dishes (Willcowells, Amsterdam, The
Netherlands), either treated with MBCD or untreated and then
transfected with either Cy3-dendrimers alone or complexes
formed by Cy3-conjugated dendrimers and Cy5-labelled
DNA. Immediately after addition of either dendrimers or
dendriplexes, 0.02 pg/ul FITC-conjugated cholera toxin, B
subunit (ChTxB) (Sigma) was added and the cells were
observed under the confocal laser scanning microscope for up
to 15 min.

Cell lysis and immunoprecipitation

First, 5 X 107 EA.hy 926 cells were MBCD treated or
untreated as previously described. The cells were then placed
at 4°C and treated for 2 h with dendriplexes formed using
FITC-dendrimers. After washing to remove the unbound
dendriplexes, cells were detached using 150 mM NaCl, 1 mM
EDTA and 40 mM Tris pH 7.5. The resulting cell pellets were
washed once in PBS and then resuspended in 500 pl of cold
PBS and incubated with 100 ul of MACS Magnetic Cell
Sorting anti-FITC microbeads (Miltenyi Biotec Ltd, Bisley,
UK) for 15 min at 4°C. For raft detection, cells were washed

twice and then lysed on ice for 20 min in 1 ml of MNE
buffer (150 mM NaCl, 2 mM EDTA, 25 mM MES pH 6.5)
containing 1% Triton X-100 and protease and phosphatase
inhibitors (41). MACS High Gradient Magnetic separation
columns type LS or MS (Miltenyi Biotec Ltd) were used for
magnetic immunoprecipitation. The column was placed in the
magnetic field of a MACS separator and equilibrated with 2 ml
of PBS followed by =200 pl of MNE buffer. Then 500 ul of
cell lysate was applied onto the column. The unbound fraction
was collected. The column was washed with 500 ul of MNE
buffer. After removing the column from the magnetic field, a
further 500 ul of MNE buffer was added and the fraction
bound to the column collected. Samples (40 pl) of the lysate
were spotted onto Protan® @ 0.45 pm nitrocellulose transfer
membrane (Schleicher & Schuell Biosciences GmbH, Dassel,
Germany). Dot blots were dried under vacuum using Hybri-
blot® Manifold (BRL, Bethesda Research Laboratories, USA).
The membrane was rinsed several times with PBS and treated
with 10% skimmed milk (Marvel, Premier Beverages,
Stafford, UK) for 30 min at room temperature. After washing
with PBS—-0.05% Tween-20 (Sigma), dot blots were probed
with horseradish peroxidase (HRP) conjugated ChTxB
(Sigma) at 5 pug/ml for 2.5 h at room temperature to detect
the glycosphingolipid GM1. The presence of FITC-dendri-
plexes was revealed using rabbit anti-FITC isomer I
polyclonal antibody (DAKO, Ely, UK) at 46 pg/ml for 1.5 h.
After washing, 26 pug/ml HRP-conjugated swine anti-rabbit
antibody (DAKO) was added for 1 h at room temperature.
HRP activity was detected by 3,3’,5,5 -tetramethylbenzidine
(TMB) blotting substrate (Sigma).

RESULTS

Effects of cholesterol depletion on transfection mediated
by dendrimers

To examine the role of cholesterol in gene delivery mediated
by dendrimers, the plasma membrane cholesterol was
depleted. Three different agents were used to deplete choles-
terol, each acting by a different mechanism. MBCD, a water-
soluble cyclic oligomer of glucopyranoside, acts strictly on the
cell surface, selectively extracting cholesterol without being
incorporated into plasma membranes (42—45). Filipin III and
nystatin are antibiotics that incorporate into lipid membranes
and chelate cholesterol (46-51).

Initial experiments were carried out using the EA.hy 926
endothelial hybridoma, as the main interest in the laboratory is
gene transfer to the endothelium. Cells were transfected with
plasmid DNA, which carried reporter genes encoding for
either EGFP (Fig. 1A) or B-galactosidase protein (Fig. 1B and
C). Gene expression was evaluated by flow cytometry and
either X-Gal staining or colorimetric assay. When cells were
treated with 10 mM MBCD (31,38), 5 pg/ml filipin III or
25 pg/ml nystatin (29) 1 h prior to transfection, a strong
decrease was seen in the transfection efficiency for all three
agents (though it was not as dramatic in the case of nystatin) in
terms of both cells expressing the marker genes (Fig. 1A and
B) and the total amount of B-galactosidase protein produced
(Fig. 10).

In order to confirm that these results are not unique to EA.hy
926 cells, and also to test cells that are easier to transfect, the
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Figure 1. Cholesterol depletion reduces transfection efficiency. Cells were
transfected with plasmids encoding either (A) EGFP or (B and C) B-galacto-
sidase. Transfections were carried out following cholesterol chelation with
MBCD, nystatin or filipin III. Transfection efficiencies were evaluated by
(A) flow cytometry, (B) X-Gal staining or (C) ONPG colometric assay. All
the experiments were carried out in triplicate. Error bars represent the stand-
ard error of the mean: (A) n = 4; (B) n = 2. Statistical significance (unpaired
t test) is represented as follows: *** p < 0.05; ** p < 0.1; *,
p < 0.2 (A and B). The error bars of a representative experiment in (C),
expressing the amount of B-galactosidase protein produced, correspond to
the standard deviation of the mean.

experiments were repeated with CHO and HEK293 cells. As is
shown in Figure 2, the same pattern of inhibition by MBCD
was seen. Similar data were also obtained when filipin or
nystatin was used to treat CHO cells (data not shown). The
transfection efficiency seen with these cells (15-20%) is, in
our hands, around the maximum observed for any cell type
using this reporter system.

MPBCD treatment and/or simultaneous addition of
soluble cholesterol

MBCD binds to cholesterol in its internal cavity, and co-
administration of MBCD and cholesterol results in an equi-
librium in which cholesterol is simultaneously depleted and
replenished. In order to confirm that the effect of MBCD was
due to cholesterol depletion, rather than some other action of
the drug, we co-incubated EA.hy 926 cells with MBCD and
0.25 or 0.5 mg/ml cholesterol. As shown in Figure 3A and B,
the addition of cholesterol largely reversed the inhibition of
transfection caused by MPBCD, indicating that it was the
cholesterol depletion activity of MBCD that was responsible
for the reduction in transfection. Similar data were also seen in
CHO and HEK 293 cells (data not shown).
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Figure 2. Transfection efficiencies of cholesterol depletion on CHO and
HEK 293 cells. A representative experiment shows the effect of cholesterol
depletion with MBCD on the transfection efficiency on (A) CHO and (B)
HEK 293, as previously shown in Figure 1 for EA.hy 926 cells. The cells
were transfected using EGFP reporter gene and triplicate wells were pooled
together prior to flow cytometry.

Cholesterol replenishment re-establishes the efficiencies
mediated by dendriplexes

The role of cholesterol in the cellular uptake of dendriplexes
was confirmed by first depleting plasma membrane cholesterol
with MBCD and then incubating cells with 0.4 mg/ml
cholesterol for 30 min at 37°C. Two different sources of
cholesterol were provided: first, water-soluble cholesterol,
which is in a form suitable for replenishment, and, secondly,
cholesterol initially dissolved in ethanol and then further
diluted in PBS as a source not available for membrane
reconstitution. Figure 3C shows that cholesterol replenishment
immediately following MBCD deprivation could restore the
expression the delivered gene by up to 70%.

Effect of cholesterol depletion after transfection

We went on to exclude the possibility that the reduction in
transfection was due to MBCD affecting gene expression or
protein production. Cells were treated with MBCD either 1 h
before or 24 h after transfection with pEGFP or pCMV-Bgal.
As shown in Figure 4, while treatment with MBCD before
transfection reduced expression of the genes, treatment at 24 h
had no effect. Similar data were seen at 40 h (not shown).
These data indicate that MBCD depletion of cholesterol had no
effect on gene expression following transfection.

Binding of dendriplexes to the cell

To investigate whether the decrease in gene expression was
determined by an impairment in binding to the cell surface, the
complexes were formed using dendrimers labelled with
fluorescein. The kinetics of cellular binding of dendriplexes
(which, at least at 37°C, will include subsequent internaliz-
ation) was compared at two different temperatures: 4°C (at
which endocytosis is reduced or blocked) and 37°C (at which
internalization occurs). In untreated cells (Fig. 5, left panel),
the binding at 37°C was higher than at 4°C. In MBCD-treated
cells, however, the binding of dendriplexes was markedly
decreased at both 4 and 37°C (Fig. 5, right panel), indicating
that cholesterol depletion affects the binding of complexes. At
37°C the viability of MBCD-treated cells and untreated cells
was similar (>92%), as determined by FACS analysis using
propidium iodide and annexin V staining. However, at 4°C
there was greater necrosis of MBCD-treated cells (35%), when
compared with untreated cells.
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Figure 3. The effect of reconstitution of cholesterol on gene delivery. (A) The transfection efficiency using pEGFP (n = 6); (B) transfections carried out using
pCMVB-gal (n = 4). Cells were treated with MBCD alone (10 mM), MBCD with soluble cholesterol at either 0.25 or 0.5 mg/ml or left untreated (untr).
Following treatment, the cells were transfected with dendriplexes and the transfection efficiency determined as described in Figure 1. Error bars represent the
standard error of the mean. Statistically significant differences (unpaired ¢ test) are shown as follows: *** p < 0.05; *, p < 0.2. Following MBCD-depletion,
the cholesterol pool was restored (C) by adding 0.4 mg/ml of either cholesterol (water-soluble, SC) or 5-cholesten-3f3-ol (water insoluble, ISC). This latter
source was not available for restoration. The results are presented as the mean percentage of replenishment compared with untreated cells (control) = the

standard error of the mean of three independent experiments.
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Figure 4. Post-transfection MBCD-depletion and gene expression. The
figure shows the effect of MBCD treatment of cells 1 h prior to transfection
and 24 h after transfection with dendriplexes formed using either (A and B)
pEGFP or (C and D) pCMV-fgal. At 48 h the transfection efficiency was
evaluated as previously reported. The result shows a representative
experiment where error bars represent the standard deviation of the mean.

%\ 10000, o g aC

5 —A—37°C —w—37°C

€ 8000 ~

3

@

g 6000

(7]

g 1

S 4000 [ v

i */

g v

= 2000 / ! |

© ) L g

s 7 Y
—

15 30 60 120 180
MBCD

0 15 30 60 120 180 O
Untreated
time (min)

Figure 5. Kinetics of cellular uptake of dendrimers in the presence or
absence of MBCD and cell viability at different temperatures. Cells were
untreated (left panel) or treated with MBCD (right panel) and then incubated
at 37°C (closed symbols) or 4°C (open symbols) with FITC-labelled dendri-
plexes. The cells, after washing off the unbound complexes, were analysed
by flow cytometry at various times to determine the amount of dendriplexes
both bound to the cell surface and internalized. The results are plotted as
mean = SEM of four and three independent experiments in untreated cells
and MBCD-treated cells, respectively.



Internalization of dendriplexes

Internalization kinetics of the complexes was monitored in
cells exposed to the fluorescent dendriplexes for 15 min at
4°C, before being warmed up to 37°C after washing away the
unbound dendriplexes. A period of 15 min was chosen to
allow similar amounts of dendriplex to adhere to the surface of
untreated and MBCD-depleted cells (Fig. 5). Cell-surface-
bound dendriplexes were removed at different times using
5 mM NaOH, thus allowing detection of dendriplexes that had
internalized.

In untreated cells the endocytosis of dendriplexes occurred
at a constant rate, following a 30 min lag period after
increasing the temperature to 37°C (Fig. 6A, left panel), with
70% of cell-bound dendrimers becoming internalized by 3 h.
In contrast, only 20% of dendrimers were internalized in
MPBCD-treated cells (Fig. 6A, right panel).

The internalization of dendriplexes was also followed in
MPBCD-treated and control cells using confocal microscopy.
As shown in Figure 6B, where DNA labelled with Cy5 and
dendrimers labelled with Cy3 were detected at 15 min and 3 h,
considerably more complex has internalized in control cells
than in MBCD-treated cells.

Co-localization of glycosphingolipid GM1 and
dendrimers

The interactions between dendriplexes and membrane rafts
were assessed using immunoprecipitation with dendriplexes
formed with FITC-labelled dendrimers. Following transfec-
tion at 4°C, cells were incubated with anti-FITC beads, then
lysed and the beads separated. The bound and unbound
fractions were collected. The collected fractions were assessed
by dot blot with HRP-ChTxB (to detect raft-associated
glycosphingolipids GM1) and anti-FITC antibodies (to detect
the dendrimers).

As shown in Figure 7A, dots stained with ChTxB show the
presence of ganglioside GMI, indicating that this glyco-
sphingolipid is present, as would be expected, in the total cell
lysates of all cells. In addition, ChTxB stained the anti-FITC
immunoprecipitated fractions of cells that were incubated with
dendriplexes, but not the equivalent fraction of control cells
that had not been exposed to FITC-dendrimers. This indicates
that GM 1 was associated with the FITC-dendrimers during the
immunoprecipitation stage. Furthermore, these results also
show that rafts can be isolated by immunoprecipitation. In dot
blots stained with anti-FITC antibody, FITC-dendrimers were
detected in total lysates and the immunoprecipitated fractions
of cells (either untreated or treated with MBCD), but not in
control cells that had not been incubated with dendrimers. A
weak positive stain was seen in the unbound fraction of the
lysates, possibly due to some of the FITC-dendrimers having
internalized and so not being available to the anti-FITC beads,
which were used on intact cells.

To determine further the nature of the interaction between
dendriplexes and membrane rafts, confocal microscopy
studies on living cells were performed. As shown in
Figure 7B, dendriplexes labelled with Cy3 (dendrimer) and
Cy5 (DNA) co-localized with ChTxB, indicating that they co-
localized with membrane rafts. Dendriplexes are larger than
membrane rafts, so we repeated the microscopy (Fig. 7C)
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using cells incubated with dendrimers alone (no DNA).
Again, co-localization of dendrimers with ChTxB was seen,
indicating that dendrimers preferentially bind to rafts.

DISCUSSION

Cationic dendrimers are being developed for application as
gene therapy vectors, as well as for other forms of drug
delivery. Their branched structure, terminating in charged
groups, results in binding of DNA. The overall positive charge
of the dendrimer—-DNA complex (dendriplex) is thought to
mediate electrostatic interactions with the cell surface, though
there is also a potential to modify these groups to incorporate
molecules suitable for targeting.

At present there is little understanding of how dendrimers
mediate gene delivery to cells. Our data clearly indicate that
membrane cholesterol has a significant function, at least in the
cells shown here, as gene delivery is greatly reduced when
cholesterol is removed from the cells and replacement of
cholesterol restores the ability of the cell to be transfected. In a
similar manner, cholesterol depletion has been shown to
reduce the ability of liposomes to deliver genes to cells (33).
Transfection has been shown to be enhanced by free
cholesterol (52) or cationic cholesterol derivatives (53,54).
Cholesterol has been reported to play an important role in the
ability of intracellular bacteria (29,31) and viruses (55) to
enter cells, as well as for protein fusions containing the TAT
protein transduction domain (56).

The effect of cholesterol on gene delivery could be at the
level of binding of dendriplexes to the cell surface, in their
internalization (probably in endosomes) or in endosomal
escape. The use of chelating agents acting with different
mechanisms provides evidence that cholesterol is essential for
the cellular uptake of dendriplexes. We have shown that gene
expression was not affected by cholesterol depletion after
transfection, indicating that the results are not due to a
reduction in transcription and/or translation processes.

Our data indicate that the binding of dendriplexes to cells is
reduced by cholesterol depletion. Cholesterol may have a
direct role in the binding of dendriplexes, for example by
interaction of the polar head at position C3 of the molecule
with the charged amino groups of the dendrimer.
Alternatively, dendriplexes may preferentially interact with
membrane rafts, which are dynamic structures involved in
signalling and endocytosis. Depletion of cholesterol has been
shown to disrupt rafts, which are cholesterol enriched. We
have reported that dendriplexes that are on the surface of cells
co-precipitate with the glycosphingolipid GM1. Furthermore
co-localization of the complexes with the raft marker ChTxB
supports the hypothesis that dendrimers associate with rafts. It
is not known what structures of the membrane microdomains
the dendriplexes are interacting with, though one candidate
would be the annular anionic phospholipids surrounding rafts
(57).

However, while binding to cell surface is reduced in the
absence of cholesterol, the most striking result is that the
internalization of dendriplexes is virtually abolished in
cholesterol-depleted cells. One possible explanation is that
internalization of dendriplexes is dependent on lipid rafts.
Internalization of viruses and bacteria has previously been
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Figure 6. Internalization of fluorescein-labelled dendriplexes. (A) Cells were incubated with complexes formed using FITC-conjugated dendrimers at 4°C for
15 min to prevent internalization. The samples were then warmed to 37°C and, at various times, the amount of internalized dendriplexes was determined after
removing cell-surface-bound material with 5 mM NaOH. The results represent the mean = SEM of three independent experiments of both untreated and
cholesterol-depleted cells. (B) Dendriplexes formed with Cy3-dendrimers (green) and Cy5-DNA (red) were incubated with untreated or MBCD-treated EA.hy
926 cells for 15 min or 3 h as indicated. The cells were fixed and stained with DAPI (nuclear stain, blue) and then examined by confocal microscopy.
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Figure 7. Co-localization of dendriplexes and ganglioside GM1. (A) EA.hy 926 cells were either untreated or treated with MBCD followed by transfection
with dendriplexes formed using FITC-dendrimers. Cells not incubated with dendriplexes were used as a control. Cells were then probed with anti-FITC beads
and lysed. This lysate was run through a column retaining the beads. Total lysate (T), the unbound material (UB) and the bound fraction (B) were then spotted
onto the nitrocellulose. Dot blots were probed with either HRP-conjugated ChTxB, for detecting GM1 ganglioside, or anti-FITC antibody to localize dendri-
plexes. Data show that GM1 as well as dendrimers were both detected in the total lysates and the fractions bound to the columns of both untreated and
MPBCD treated cells. A weak signal for both GM1 and FITC-dendrimers was also detected in the unbound fraction of untreated cell lysate. In control untrans-
fected cell lysates, only dots of total and unbound fraction, but not the bound fraction, were positive for GM1, whereas no FITC-dendriplexes were detected.
(B) Confocal microscopy was performed on living cells that had been incubated with dendriplexes formed using Cy3-dendrimers (red) and CyS DNA (blue),
together with FITC-ChTxB (green) which binds to the raft marker ganglioside GM1. (C) In addition, cells were imaged that had been incubated with Cy3

dendrimers alone (no DNA) together with FITC-ChTxB.

shown to be mediated by membrane rafts (29-31,58,59).
Cholesterol may not only play a role in maintaining the
structure of the rafts but may also be involved in a signalling
cascade that initiates endocytosis.

Once within the cell, the dendriplex (or at least the
DNA component) has to escape into the cytosol before
trafficking to the nucleus. The data presented in this paper
do not address the issue as to whether cholesterol has a role
in this process. It has been proposed that dendrimers may act
as a ‘proton sponge’, leading to osmotic lysis of endosomes/
lysosomes and so resulting in escape of the dendrimers (2).
An additional model is that electrostatic interactions between
the surface of dendrimers and charged groups on the lipid
bilayer cause ‘bending’ of the membrane and resulting
disruption/leakage of the vesicle (60). The presence of
cholesterol in the endosomes could influence the endosomal
escape by altering either the lipid—dendrimer interaction or the
strength, rigidity or permeability of the membrane. In many
systems, addition of chloroquine has been shown to enhance
transfection by interfering with the acidification of the
endosomes/lysosomes and so reducing degradation of the
DNA. However, in the case of dendrimer-mediated gene

delivery, chloroquine has a variable effect on the efficiency of
gene transfer; one report shows no enhancement and another
shows a variable effect depending on the cell line used (1,61).
This is presumably because the pH of the endosomes/
lysosomes is important in the escape of the DNA into the
cytosol, and so addition of choloroquine has opposing effects
on gene delivery (reducing both the degradation of DNA and
the efficiency of escape into the cytosol). We have therefore
not carried out experiments in which we have used
chloroquine to determine its effect on gene delivery following
cholesterol depletion.

In summary, we have shown that cholesterol profoundly
affects the ability of dendrimers to mediate gene transfer to
endothelial and other cells. While cholesterol is involved in
the binding of dendrimers to the cell surface, and may have a
role in endosomal escape, our data suggest that the most
important effect is on internalization of the dendriplexes. This
is most likely because of the importance of lipid rafts in
endocytosis, though the mechanisms by which they direct
dendrimer gene delivery have yet to be elucidated. Further
characterization of the internalization and delivery pathways
of dendrimers, which may be different in different cell types,
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will be important for the design and use of the next generation
of dendrimer-based gene therapy vectors. In addition, as
dendrimers are also used for drug delivery, such insights are
likely to have a wider application.
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