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Extensive research is currently performedondesigning safe andefficientnon-viral carriers forgenedelivery.
To increase their efficiency, it is essential to have a thorough understanding of the mechanisms involved in
cellular attachment, internalization and intracellular processing in target cells. In this work, we studied in
vitro the cellular dynamics of polyplexes, composed of a newly developed bioreducible poly(amido amine)
carrier, formed by polyaddition of N,N-cystamine bisacrylamide and 1-amino-4-butanol (p(CBA-ABOL)) on
retinal pigment epithelium (RPE) cells, which are attractive targets for ocular gene therapy. We show that
thesenet cationicp(CBA-ABOL)/DNApolyplexes require a charge-mediatedattachment to the sulfate groups
of cell surface heparan sulfate proteoglycans in order tobe efficiently internalized. Secondly,we assessed the
involvementof definedendocytic pathways in the internalizationof thepolyplexes inARPE-19 cells by using
a combination of endocytic inhibitors, RNAi depletion of endocytic proteins and live cell fluorescence
colocalization microscopy. We found that the p(CBA-ABOL) polyplexes enter RPE cells both via flotillin-
dependent endocytosis and a PAK1 dependent phagocytosis-like mechanism. The capacity of polyplexes to
transfect cells was, however, primarily dependent on a flotillin-1-dependent endocytosis pathway.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Efficient delivery of therapeutic nucleic acids into designated
cells and subsequent availability at the intracellular site of action
are crucial requirements for successful gene therapy. It is generally
accepted that gene carriers are internalized through endocytic
vesicles which are then trafficked to other regions of the cell. Thus,
the mechanisms that direct cell attachment, endocytosis, intracel-
lular trafficking and release of the nucleic acids from the carrier
strongly determine transfection efficiency. Most of these processes
are generally dictated by the nature of the gene carrier. It is known
that for non-viral gene delivery vehicles both cellular entry and
intracellular release of therapeutic nucleic acids is significantly less
efficient compared with viral vectors, and non-viral gene therapy
thus generally suffers from low transfection efficiencies [1]. They
are, however, attractive alternatives to viral carriers, because they
are safer to use, are less immunogenic, can be more easily
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chemically modified and are easier to produce at large-scale. In
order to design safe and efficient non-viral carriers for gene
delivery, we need a better understanding of the mechanisms
involved from cell uptake to intracellular fate. In this respect, cell
surface targets need to be identified and evaluated to improve cell
attachment and vector internalization to deliver the gene through
transfection-efficient pathways. This knowledge will allow further
improvements in the design and functionalization of the delivery
vehicle with the intention of developing target-specific, effective
and safe carriers for nucleic acid delivery.

Currently, the mechanisms behind the cellular processing of
non-viral gene complexes remain poorly understood since the
highly dynamic character of these processes makes these studies
very complex. In addition, the interaction between the target cell
and the gene complexmight be highly cell-type specific for the type
of particle being studied. Therefore, little consistency is found in
the scientific literature. The situation is further complicated due to
the fact that a single cell can harbor a number of different endocytic
pathways and because of interconnections and interdependences
between these endocytic processes. However, a common endocy-
tosis classification based on recent reviews distinguishes phagocy-
tosis, macropinocytosis, clathrin-dependent endocytosis (CDE) and
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clathrin-independent endocytosis (CIE) [2]. Phagocytosis is char-
acterized by the engulfment of large solid particles of at least 1 mmin
size, typically restricted to specialized cells such as macrophages.
Macropinocytosis is an induced and transient bulk internalization
process, that is typically characterized by the formation of
membrane ruffles and the engulfment of large volumes of fluid and
membrane into large uncoated vacuoles [3,4]. In addition, some cell
types like immature dendritic cells and macrophages exhibit
constitutive macropinocytosis, constantly surveying their environ-
ment for foreign material [4]. Possibly the best-studied endocytic
pathway to date is CDE, which is characterized by the formation of
clathrin-coated pits [5]. CIE includes several pathways which all
share a dependency on cholesterol [6]. Some of the currently known
CIE pathways are caveolin mediated endocytosis (Cav-ME) [7], flo-
tillinmediated endocytosis (Flot-ME) [8], and the pathway clathrin-
independent carriers - GPI-enriched endocytic compartments
(CLIC/GEEC) [9]. It is clear from recent literature that the use of
different endocytic routes is strongly dependent on the cell type,
gene carrier and nucleic acid [10e12]. It is also becoming apparent
that some endocytic pathways will allow a higher transgene
deliveryand thus efficiencyof transfection thanothers. For example,
polyplex uptake is reported to occur via MP, CDE as well as via CIE
[13e15]. And although no consensus yet exists on the description of
the exact endocytic pathway that would lead preferentially to
transfection, some reports seem to agree that CDE is less preferable
for polyplex mediated gene transfer [12,16e18].

Studying endocytic pathways is typically done by attempting to
selectively inhibit different endocytic pathways and then quanti-
fying the remaining internalized gene complexes. These studies are
often carried out with the help of pharmaceutical endocytic
inhibitors [19,20]. However, due to problems of low specificity,
alternative methods such as RNA interference (RNAi), transfection
of cells with mutant proteins and fluorescence colocalization
microscopy have been employed as alternative tools [14]. In this
work we have combined these approaches to study endocytosis of
a polymeric carrier in retinal pigment epithelium (RPE) cells. These
cells form in vivo a monolayer of highly specialized cells, interposed
between the neurosensory retina and the choroid [21]. This light-
absorbing epithelium functions as a blood-retina barrier, regulating
the transport of nutrition to the retina [21]. RPE cells are attractive
targets for ocular gene therapy because they are involved in several
ocular genetic defects such as retinitis pigmentosa and choroidal
neovascularization (e.g. AMD) which could conceivably be cured by
altering the expression profile in these cells [22,23]. The polymeric
vector in this study is p(CBA-ABOL), a linear poly(amido amine)
with repetitive disulfide linkages in the main chain, prepared by
Michael-type polyaddition of 4-aminobutanol (ABOL) to N,N0-cys-
taminebisacrylamide (CBA) [24]. This polymer contains tertiary
amines that are partially protonated around physiological pH,
which makes the polymer positively charged and suitable to form
positively charged polyplexes by electrostatic interaction with
anionic nucleic acids. The disulfide bonds in the polymeric back-
bone are prone to rapid cleavage into sulfhydryl groups once the
polymer has arrived in the reductive intracellular environment
due to the presence of thioredoxin reductases and high glutathione
concentrations. This identifies this polymer as a “bioreducible
polymer” that is rapidly degraded in the intracellular milieu,
thereby releasing the DNA from the polymer/DNA complex [25].

Thepurposeof thisworkwas to gain insight into themechanisms
of attachment and internalization of p(CBA-ABOL)/DNA polyplexes
in ARPE-19 cells. We initially evaluated the transfection efficacy and
uptake kinetics of p(CBA-ABOL) polyplexes in primary RPE cells and
ARPE-19 cells and also investigated the attachment of the poly-
plexes to RPE cells. Secondly, we studied endocytic uptake of p(CBA-
ABOL)/DNA polyplexes by using a library of different endocytic
inhibitors. Thirdly, as a complementary strategy, we utilized RNAi to
downregulate specific proteins that play key roles in endocytic
processes to block the corresponding endocytic events. Finally, we
performed fluorescence colocalization microscopy studies to
confirm association of the polyplexes with endocytic proteins.
2. Materials and methods

2.1. Materials

Heparinase III, trypan blue, Cpz, MbCD, genistein, nocodazole, dynasore, rottlerin,
Lucifer Yellow CH dilithium salt (LY), (defatted) bovine serum albumin (BSA) and
sodium chlorate were purchased from SigmaeAldrich (Bornem, Belgium). Dulbecco’s
modified Eagle’s medium (DMEM), OptiMEM, L-glutamine, fetal bovine serum (FBS),
penicillin-streptomycin solution (5000 IU/ml penicillin and5000 mg/ml streptomycin)
(P/S), and phosphate-buffered saline (PBS) were supplied by GibcoBRL (Merelbeke,
Belgium). CytoD, human Transferrin (hTf)-AlexaFluor488, BSA-complexed BODIPY FL
C5-Lactosylceramind (LacCer), Oregon Green labeled 70 kDa dextran and FITC labeled
Escherichia coli Bioparticles� (ECs) were purchased from Invitrogen (Merelbeke,
Belgium). Sequences of siRNAs andmanufacturer are given in Supplementary. Table.1.
Antibodies againstheparansulfatewerepurchased fromMillipore (Brussels, Belgium).
Antibodies for Western blotting are listed in Supplementary. Table. 2. JetPEI� was
purchased from Polyplus (Leusden, The Netherlands). Lipofectamin2000� for gene
transfection and LipofectaminRNAiMAX� for transfection of siRNA were purchased
from Invitrogen (Merelbeke, Belgium). All other reagents were purchased from Sig-
maeAldrich (Bornem, Belgium) unless otherwise stated.
2.2. Cell culture

ARPE-19 cells (retinal pigment epithelial cell line; ATCC number CRL-2302) were
cultured in DMEM:F12 supplemented with 10% FBS, 2 mM L-glutamine, and 2% P/S.
All cells were grown at 37 �C in a humidified atmosphere containing 5% CO2. Primary
bovine RPE cells were isolated from fresh bovine eye bulbs and prepared for culture
as previously described [81]. Briefly, after cleaning the fresh eyes from fat, muscle
and connective tissue, the eye bulb was dissected around the pupil. The lens and
vitreous liquid were then removed and the remaining eyecup was washed in PBS
with 4% P/S until the retina detached from the underlying RPE and choroid. After
removal of the retina, the eyecup was washed twice with 6 ml of 0.25% w/v trypsin
and 1 mM EDTA in PBS for 30 min at 37 �C to detach RPE cells from the underlying
choroid. The cells were diluted in cell culture media with 20% FBS and after
centrifugation theywere seeded in 25 cm2 culture flasks (SPL Life Sciences, Pocheon,
Korea). After 24 h of culture, the adherent cells were washed to discard remaining
blood cells. Primary bovine RPE cells were used between passages 6 and 10. All cells
were grown at 37 �C in a humidified atmosphere containing 5% CO2.
2.3. Plasmids

The plasmid construct pEGFP-Flot2 was a kind gift from B. Nichols (Cambridge
University, UK) and pEGFP-Cav1 was a kind gift from M. Gumbleton (Cardiff
University, UK). Plasmids were all transformed in single step (KRX) competent cells
(Promega, Leiden, The Netherlands) according to the manufacturer’s instructions.
The transformed bacteria were then selected for kanamycin resistance and grown to
OD of 1.5. The plasmids were isolated with a QIAfilter Plasmid Giga Kit (Qiagen,
Venlo, The Netherlands) and concentrations determined by UV absorption at
260 nm. Finally, the plasmids were suspended and stored in 20 mM HEPES, pH 7.4.

For all plasmid uptake studies, pGL4.13 plasmid (Promega, Leiden, The
Netherlands), labeled with the nucleic acid stain YOYO-1� (lex ¼ 491 nm,
lem ¼ 509 nm, Molecular Probes, Merelbeke, Belgium) was used. This is a 4641 base
pair (bp) construct and contains a luciferase 2 expression cassette under control of
the cytomegalovirus (CMV) promoter, next to a sequence for ampicillin resistance.
YOYO-1 (1 mM in DMSO) iodide was added to the plasmid at a mixing ratio of 0.15:1
(v:w) ratio of (dye/base pair), resulting in a theoretical labeling density of 1 YOYO-
dye molecule per 10 bp. The mixture was incubated at room temperature for 1 h in
the dark. To remove the DMSO and free YOYO-1, the complex was precipitated
adding 2 volumes of ice-cold ethanol and 0,1 volume of 5 M NaCl. After incubation for
30 min at 4 �C, centrifugation (17.000 g, 10 min) and washing with ice-cold 70%
ethanol, fluorescently labeled plasmid was finally resuspended in 25 mM HEPES, pH
7.2. The concentration of the plasmid was again determined by UV absorption at
260 nm. For microscopy colocalization studies with GFP labeled structures, pGL4.13
plasmid was labeled with Cy5 (Label IT Nucleic Acid Labeling Kit, Mirus Bio
Corporation, WI, USA), according to the manufacturer’s instructions at a 1:2 (v:w)
ratio of Label IT Tracker Reagent and plasmid. For all transfection studies, gWiz�-
GFP plasmid (Aldevron, Freiburg, Germany) was used, consisting of 5757 bp and
containing the GFP expression cassette under control of the CMV promoter, next to
CMV introns and kanamycin resistance.
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2.4. Polyplexes

p(CBA-ABOL)/DNA complexes were obtained by adding a polymer solution of
0.6 mg/ml to a plasmid solution of 0.05 mg/ml in a final mass ratio of 48/1 in 25 mM

HEPES buffer pH 7.2 and vortexing the mixture for 10 s. These gene complexes have
an average hydrodynamic diameter of 120 nm and an average zeta potential of
þ40 mV (See Supplementary. Fig. 3). This was measured in undiluted samples of the
polyplexes on a NanoZS zetasizer (Malvern Instruments, Hoeilaart, Belgium). For
every transfection, fresh polyplexes were made and used within 30 min after
complexation and were diluted 5� in OptiMEM� during the addition to the cells.

JetPEI polyplexes were prepared according to themanufacturer’s instructions. In
summary, 4 mg of pDNA and 8 ml of JetPEI were first separately diluted till 100 ml with
a 150 mM NaCl solution. The JetPEI dilution was then added to the pDNA solution,
shortly vortexed and used within 30 min after the mixing step. Before adding the
polyplexes to the cells, the polyplexes were first diluted 10� in OptiMEM�.

2.5. Pretreatments with pharmacological endocytic inhibitors

For all inhibition studies, 2 � 105 cells were seeded in six-well plates to, 24 h
later, reach 70% confluency. The cells were subsequently pre-incubated with
endocytic inhibitor in OptiMEM� 15 mg/ml Cpz, 400 mM genistein and 3 mM MbCD
for 2 h, 10 mM rottlerin, 5 mg/ml nocodazole and 5 mg/ml CytoD for 1 h or 80 mM

dynasore for 30 min. All endocytic inhibitors were freshly used and fresh inhibitor
was also added during uptake period with fluorescently labeled endocytic markers
or polyplexes. MbCD and chlorpromazine solutions were filter sterilized through
a 0.22 mm pore size filter before use.

2.6. siRNA mediated depletion of endocytic proteins

Cells were seeded at 2 � 105 cells per well in six-well plates and 24 h later trans-
fected with 150 pmol siRNA (See Supplementary. Table. 1) and 7 ml Lip-
ofectaminRNAiMAX� per well in serum free OptiMEM� for 4 h according to the
manufacturer’s instructions. As a negative control, cellswere transfectedwithNegative
Control siRNA (Eurogentec, Seraing, Belgium) (Supplementary. Table. 1). Cells were
subsequently left in growth medium for 20 h before detachment with trypsin and
seeding them in 75 cm2 culture flasks. After another 24 h, cells were transfected for
a second time in the culture flask with 1.25 nmol siRNA and 58 ml Lip-
ofectaminRNAiMAX� in OptiMEM� for 4 h. After 20 h, cells were detached again and
seeded in six-well plates in full growth medium and incubated for 12 h before per-
formingendocytosis and transfectionassays orcell lysis for assessingdepletion (below).

2.7. Immunodetection of proteins following siRNA depletion

Following transfection with siRNA, the cells were washed and incubated for
5e10 minwith ice-cold lysis buffer (50 mM Tris-base, 150 mM NaCl, pH 8.0, 1% Triton
X-100) containing protease inhibitor cocktail (Roche, Vilvoorde, Belgium). The lysate
was centrifuged at 13,000g (4 �C) for 10 min and supernatants were collected for
protein analysis with the BCA protein assay kit (Pierce, Erembodegem, Belgium).
Then, 20 mg protein was resolved by SDS-PAGE and transferred to nitrocellulose
membranes, which were then blocked for 45 min at RT with (TBS containing 5%
dried skimmed milk) then probed with CHC, Flot1, Cav1, DNM2, GRAF1, ARF6 and
PAK1 antibodies (Supplementary. Table. 2), washed and then incubated with
horseradish peroxidase-conjugated anti mouse, anti-rabbit or anti-goat antibodies
(Pierce, Northumberland, UK). Protein bands were visualized by the enhanced
chemiluminescence detection system (Thermo Fisher, Scientific, Leicestershire, UK).
Equal protein loading was confirmed using antibodies recognizing a-Tubulin or CHC.

2.8. Flow cytometry

Cell-associated fluorescence was analyzed with a 5-color FACS Calibur (Beckton
Dickinson, Erembodegem, Belgium) equipped with an Argon laser (excitation
488 nm) and a red diode laser (excitation 635 nm). For quantification, all experi-
ments were performed in triplicate and for each sample 1 � 104 events were
collected by list-mode data that consisted of side scatter, forward scatter and fluo-
rescence intensities in different channels. Fluorescence emission of AF488, Oregon
Green, LY, FITC and Bodipy FL was detected with a 530/30 nm bandpass filter (FL1)
and emission of trypan blue was detected with a 670 long pass filter (FL4). Cellquest
software (Beckton Dickinson, Erembodegem, Belgium) was used for analysis.
Appropriate gating was applied to the scatterplot of untreated cells to select for
intact cells. FL1 and FL4 signals were measured for all gated cells.

2.9. Quantification of uptake of endocytic markers or polyplexes

Control or inhibitor pre-treated cells, seeded 24 h earlier in six-well plates at
2 � 105 cells per well, were incubated with fluorescently labeled endocytic marker
or gene complexes in OptiMEM�. Due to the presence of hTf in OptiMEM, DMEM
was used as an alternative hTf free medium. The concentration and incubation time
for the different endocytic markers were applied under following conditions:
16.7 mg/ml hTf for 15 min, 0.81 mM LacCer for 15 min, 5 mg/ml LY for 1 h, 0.5 mg/ml
70 kDa dextran for 3 h and 0.2 mg/ml ECs for 3 h. Polyplexes of p(CBA-ABOL) and
YOYO-1 labeled pGL4.13 were incubated with the cells for 2 h at an amount corre-
sponding to 4 mg plasmid per well. For quantification of the internalized fraction of
endocytic marker or gene complexes with flow cytometry, it is imperative to remove
the fraction that was not internalized and is still associated with the plasma
membrane. For hTF and LacCer we applied an acid wash and back exchange protocol,
respectively, as described previously [19]. The fluorescence of the plasmamembrane
associated fraction of FITC labeled ECs, Oregon Green labeled dextran, LY or YOYO-1
labeled pDNA was quenched with a 0.2% trypan blue solution in PBS for 5 min at
room temperature. After thoroughwashing stepswith PBS, cells were detachedwith
trypsin, centrifuged and resuspended in ice-cold PBS with 0.1% azide and 1% BSA.
Mean fluorescence values of triplicates were analyzed with flow cytometry and used
as a measure for uptake of the endocytic markers or gene complexes. For inhibition
experiments, mean fluorescence values were corrected for a 0% uptake (negative
control) and normalized to a 100% uptake (positive control). The 0% uptake was
determined from cells which were incubated with the fluorescent endocytic
markers or complexes at 4 �C and underwent the same acid wash, back exchange or
quenching. Uptake corresponding to 100% was determined from cells which were
not treated with any inhibitor or with control siRNA.

2.10. Analysis of transfection efficiency

Cells were seeded into 6-well plates (2 � 105 cells per well) and allowed to
attach overnight. Subsequently, the culture medium was removed and gene
complexes, composed of gWiz�-GFP pDNA and gene carrier, were added to the well
(4 mg of DNA per well). After 2 h, cells were washed with PBS and incubated for 22 h
in full cell culture medium, unless stated differently. The average GFP expression of
the total gated population of cells and the amount of GFP-positive cells in the same
gate were subsequently measured by flow cytometry. As a negative control, cells
were transfected with pGL4.13 plasmid since luciferase expression does not produce
a detectable signal in the FL1 channel of the flow cytometer. A cell was considered
GFP-positive and therefore successfully transfected if the average fluorescence was
above the threshold T, defined as the 99.5 percentile of the negative control sample.
For inhibition experiments, GFP values were corrected for negative control (0%
transfection) and normalized to the positive control (100% transfection), the latter
being cells that were not treated with any inhibitor or with control siRNA.

2.11. Fluorescence colocalization microscopy

ARPE-19 cells were seeded at a concentration of 300.000 cells per well on sterile
MatTek coverslips (1.5)-bottom dishes (MatTek Corporation, MA, USA). The next day,
cells were transfectedwith plasmids coding for the EGFP constructs (pEGFP-Flot2 and
pEGFP-Cav1) using Lipofectamin2000� (Invitrogen, Merelbeke, Belgium) according
to themanufacturer’s description. The stainingwith pEGFP-Flot1 not satisfactory, and
therefore omitted in this study. Briefly, for every Petri dish, 7 ml of Lipofectamin2000�
wasmixedwith 4 mg plasmid in 500 ml OptiMEM� and after 30min, these lipoplexes
were added to 1500 ml OptiMEM� on top of the cells. After 4 h, the lipoplex containing
mediumwas removed and replacedwith full cell culturemedium. 24 hr later, the cells
were incubated with p(CBA-ABOL) polyplexes, 5� diluted in 2 ml OptiMEM�, rep-
resenting 4 mg Cy5-labeled pGL4.13 plasmid per well. Mixing the polyplexes with
OptiMEM� induces the formation of micrometer sized polyplex aggregates. There-
fore, after 15 min, polyplexes were washed away and replaced with cell culture
medium to reduce the amount of bright, non-internalized polyplex aggregates that
can cause high background intensity in the fluorescence images. Cells were finally
placed in a stage top incubation chamber (Tokai Hit, Shizuoka, Japan), on the micro-
scope, set at 37 �C, 5% CO2 and 100% humidity. GFP transfected cells were chosen for
imaging based on a relatively low expression level of GFP-constructs. Cells were
imaged on a custombuiltwidefieldfluorescencemicroscope set-up using a TE2000-E
inverted microscope equipped with a Plan Apo VC 100� 1.4 NA oil immersion
objective lens (Nikon Belux, Brussels, Belgium). GFP was excited with a 491 nm laser
line (Cobolt, Stockholm, Sweden), while Cy5 was excited with a 636 nm diode laser
(IQ1C, Power Technology, Little Rock, AR). GFP emission was captured in a spectral
range between 500 and 600 nm and Cy5 between 655 and 745 nm. GFP and Cy5
fluorescence images were registered simultaneously on separate halves of the chip of
an EMCCD camera (Roper Scientific, Nieuwegein, The Netherlands) and the overlay of
the two channels was obtained with custom developed software.

3. Results

3.1. In vitro evaluation of p(CBA-ABOL) as a carrier for gene delivery

Linear disulfide-containing poly(amido amine) polymers such
as p(CBA-ABOL) are promising carriers for nucleic acid delivery as
disulfide-containing polymers have shown to offer higher average
transgene expression and lower cytotoxicity, compared to poly-
ethylenimine (PEI) which is typically considered as the standard
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reference for polymer based gene delivery [24,26e29]. To evaluate
the transfection efficiency of p(CBA-ABOL) in RPE cells, we
compared transgene expression of p(CBA-ABOL) polyplexes with
commercially available linear PEI vector JetPEI� and the lipid based
transfection agent Lipofectamin2000�. This was done both in
ARPE-19 cells, a continuous human cell line of the RPE, as well as
in primary bovine RPE cells (BRPE). RPE cells were transfected in
serum free OptiMEM� for 2 h with 4 mg of gWiz�-GFP plasmid,
complexed with the different carriers. The percentage of GFP-
positive cells and the average GFP expression were determined by
flow cytometry, 24 h post-transfection (Fig. 1). This time point was
chosen, because analysis of GFP expression for up to 5 days after
transfection in ARPE-19 cells with p(CBA-ABOL) polyplexes showed
that maximum GFP expression is reached after 24 h
(Supplementary. Fig. 1). In the case of ARPE-19 cells, p(CBA-ABOL)
polyplexes were able to transfect 80% of the cell population (Fig. 1,
black dots), which was similar to Lipofectamin2000� lipoplexes,
but significantly higher than JetPEI�. Similar observations were
obtained for average GFP expression (Fig. 1, black bars).

To further assess the transfection capacity of p(CBA-ABOL)
complexes, we also performed experiments on primary bovine RPE
cells. Similar trends were observed, although the percentage of
transfected cells and average GFP expression was consistently less,
compared to ARPE-19 cells. In addition, we assessed immediate
cytotoxicity in ARPE-19 cells of the p(CBA-ABOL) transfection for
different p(CBA-ABOL)/DNA mass ratios (Supplementary. Fig. 2).
Higher mass ratios generally resulted in higher transfection effi-
ciencies, but these were also more toxic to the cells [24]. As a trade
off, a mass ratio of 48/1was chosen for all further experiments since
this ratio did not cause any significant cytotoxicity after 2 h expo-
sure to the cells (Supplementary. Fig. 2), while still saturating the
cellular uptake machinery (Supplementary. Fig. 3) and leading to
high transfection efficiencies (Fig. 1). From these experiments we
conclude that under defined conditions p(CBA-ABOL) is a safe and
highly efficient polymeric carrier for DNA delivery to the RPE.

3.2. Role of anionic cell surface proteoglycans in p(CBA-ABOL)
polyplex attachment and internalization

In order to study the interaction of p(CBA-ABOL)/DNA poly-
plexes with the plasma membrane, we investigated the role of
highly anionic cell surface heparan sulfate proteoglycans (HSPGs).
Fig. 1. Comparison of transfection efficacies between different gene carriers p(CBA-ABOL), J
three different carriers and subsequently washed with cell culture medium. Transfection
percentage of fluorescent cells (dots) and the average transgene GFP expression (bars). Tra
bovine RPE cells (BRPE, in gray). Experiments were performed in triplicate and error bars r
Cell surface HSPGs make up a great deal of the extracellular matrix
(ECM) of different cell types [30] and it is known that they can
function as primary co-receptors for cellular entry of lipoproteins
[31], pathogenic bacteria, cell penetrating peptides [32], viruses
[33] and also non-viral gene complexes [14,34,35]. For this reason,
we investigated the role of HSPGs in attachment and subsequent
uptake of p(CBA-ABOL) polyplexes in ARPE-19 cells. First, we
attempted to interfere with the charge interaction between the
cationic polyplexes and anionic HSPG chains by adding exogenous
heparan sulfate analogs [31]. For this, ARPE-19 cells were exposed
for 2 h to YOYO-1 labeled p(CBA-ABOL) polyplexes in OptiMEM in
the presence of 10mg/ml heparin. The presence of heparin led to an
increase in size of the polyplexes and caused a charge reversal of
the polyplexes to �60 mV (See also Supplementary. Fig. 4). After
this 2 h exposure, the cells werewashed and the fluorescence of the
membrane bound fraction of polyplexes was quenched with trypan
blue. Interestingly, since trypan blue formed complexes with the
non-internalized polyplexes during the quenching step, trypan
blue fluorescence could be used as a measure of plasma membrane
associated polyplexes, or in other words cellular attachment. Both
cellular attachment (Fig. 2, black bars) and endocytosis (Fig. 2, gray
bars) of the p(CBA-ABOL) polyplexes were quantified by flow
cytometry. The presence of heparin and consequent charge reversal
of the polyplexes completely blocked cellular adhesion and uptake
of the polyplexes (Fig. 2). This highlights the charge-based nature of
the interaction between p(CBA-ABOL) polyplexes and the cell
surface. We note that similar effects were observed when incu-
bating the polyplexes in the presence of 10% FBS, probably because
of similar binding of the abundant serum protein albumin and
other proteins to the polyplexes (data not shown).

In a complementary experiment, we attempted to interferewith
cellular sulfation by inhibiting ATP-sulfurylase, the enzyme that
maintains the cellular sulfate pool. Here, ARPE-19 cells were pre-
treated for 24 h with 80 mM of sodium chlorate as this treatment is
reported to result in a strong reduction of the sulfation of the HSPGs
(Keller, 1989). Sodium chlorate treated cells were then incubated
with YOYO-1 labeled p(CBA-ABOL) polyplexes and their cell
attachment and uptake were measured after 2 h. As a control
experiment, uptake of hTf and LY after chlorate treatment was also
assessed. hTf is specifically internalized via CDE after binding to the
transferrin receptor [5] and LY, a small anionic hydrophilic
membrane impermeable fluorescent molecule, is internalized via
etPEI and Lipofectamin2000. Cells were transfected with a GFP reporter plasmid using
levels were determined 24 h after transfection using flow cytometry showing the

nsfection was assessed on both a continuous cell line (ARPE-19, in black) and primary
epresent standard deviations.



Fig. 2. Cellular attachment and uptake of p(CBA-ABOL)/DNA gene complexes is
mediated by cell surface heparan sulfate proteoglycans. Cell attachment (black bars)
and internalization (gray bars) of p(CBA-ABOL) polyplexes in ARPE-19 cells are shown.
The remaining cell attachment or uptake is expressed as a relative percentage,
normalized to untreated cells (represented by the dashed horizontal line). Experiments
were performed in triplicate and error bars represent standard deviations.
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fluid phase endocytosis [36]. We observed no inhibitory effect of
sodium chlorate treatment on fluid phase endocytosis, nor on CDE
(data not shown), demonstrating the specificity of this treatment.
In contrast, desulfation of HSPGs reduces cell attachment of p(CBA-
ABOL) polyplexes by more than 60% (Fig. 2) and consequently, cell
uptake of the polyplexes is almost completely inhibited. Overall
Fig. 3. Internalization of fluorescently labeled endocytic markers (transferrin, LacCer, 70 kD
treatment with endocytic inhibitors in ARPE-19 cells. Measurements were performed by flow
to untreated cells (represented by the dashed horizontal line). Transfection of GFP reporter g
positively transfected cells, again both normalized to the fluorescence of untreated cells (da
deviations. (Cpz: chlorpromazine; MbCD: methyl-b-cyclodextrin; CytoD: cytochalasin D).
this indicates the necessity of sulfate groups on the cell surface for
polyplex attachment and subsequent internalization.

Finally, as a third complementary strategy, the effect of heparan
sulfate hydrolysis on polyplex attachment and endocytosis was
examined through treatment with Heparinase III, a heparan sulfate
lyase that exclusively cleaves heparan sulfate [37]. ARPE-19 cells
were pretreated with this enzyme for 2 h in OptiMEM. p(CBA-
ABOL) polyplexes were then added for 2 h in OptiMEM containing
fresh Heparinase III. As shown in Fig. 2, this treatment significantly
reduced polyplex attachment and to a comparable extent, polyplex
uptake. However, in comparison to sodium chlorate treatment, the
effect on polyplex internalization is less pronounced. The effect of
Heparinase III treatment, however, confirms the particular
involvement of heparan sulfate moieties of HSPGs for cell attach-
ment of a significant fraction of p(CBA-ABOL) polyplexes in serum
free conditions. Overall, we find that the electrostatic interaction
between the cationic p(CBA-ABOL) polyplexes and the negatively
charged HSPGs on the cell surface promotes efficient polyplex
attachment and uptake.
3.3. Unraveling the involvement of endocytic pathways: chemical
inhibitors

To unravel the involvement of known endocytic pathways in the
internalization of p(CBA-ABOL) polyplexes, we inhibited endocytic
processes using chemical inhibitors: chlorpromazine (Cpz), genis-
tein, nocodazole, methyl-b-cyclodextrin (MbCD), cytochalasin D
(CytoD), dynasore and rottlerin (Fig. 3). Drug induced cytotoxicity,
the extent of inhibition and specificity of these endocytic inhibitors
is cell-type-dependent [19] and we therefore first characterized the
a dextran and ECs) and p(CBA-ABOL) polyplexes, and transfection efficiency following
cytometry. The remaining cell uptake is expressed as a relative percentage, normalized

ene was quantified 24 h later as the average expression per cell and as the percentage of
shed line). Experiments were performed in triplicate and error bars represent standard
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effect of these inhibitors on several possible endocytic uptake
routes in ARPE-19 cells using four fluorescently labeled endocytic
markers: hTf, LacCer, dextran and ECs. Fluorescently labeled hTf is
used as a marker for CDE. The glycosphingolipid LacCer resides
preferably in lipid rafts and is reported to be internalized via Cav-
ME [38] and is used here as a marker for CIE. Because of the lack of
unique macropinocytic markers [39], fluid phase endocytosis of
70 kDa dextran molecules has often been measured as a marker for
this process. Dextran uptake in unstimulated cells represents
a combination of constitutive fluid phase endocytosis and possible
constitutive macropinocytosis that is known to operate in some cell
types. To qualitatively check ARPE-19 cells for constitutive macro-
pinocytosis, they were incubated for 3 h with fluorescently labeled
70 kDa dextran. Supplementary. Fig. 5 demonstrates that a fraction
of the cells contained intracellular mm-sized vacuoles, likely to be
macropinosomes, resulting from constitutive macropinocytosis.
This suggests that at least a part of the dextran is internalized via
constitutive macropinocytosis. As a marker for phagocytosis, we
used fluorescently labeled E. coli Bioparticles� (ECs). The effects on
the endocytic markers after inhibitor treatment in ARPE-19 cells is
shown in Fig. 3 (Blue, red, green and orange bars), including the
effect of the same inhibitors on polyplex uptake (dark purple bars).
To correlate endocytosis route with gene delivery efficiency, we
transfected cells with non-fluorescent polyplexes carrying the GFP
reporter gene in the presence of endocytic inhibitors. Transfection
efficiency is expressed both as percentage of fluorescent cells, and
as average fluorescence level per cell (Fig. 3, two last light purple
bars). Results from experiments with each type of inhibitor are
discussed in turn below.

3.4. Depleting plasma membrane cholesterol

To assess the role of plasma membrane cholesterol, ARPE-19
cells were incubated with MbCD, a cyclic oligomer of glucopyr-
anoside that inhibits cholesterol-dependent endocytic processes by
reversibly extracting the steroid out of the plasma membrane [40].
MbCD is regularly used to determine whether endocytosis is
dependent on the integrity of lipid rafts but has also been shown to
inhibit CDE [40]. As can be seen from the results in Fig. 3, MbCD
affected all endocytic markers as well as polyplex uptake and
transfection. As can be expected, uptake of LacCer was reduced the
most. However, all other endocytic markers were also affected by
this treatment, which demonstrates the lack of specificity of this
inhibitor for blocking subtypes of endocytic pathways. Despite this,
the results indicate that the presence of cholesterol in the plasma
membrane is indispensable for uptake of p(CBA-ABOL) polyplexes
and their capacity for effective transfection.

3.5. Blocking actin and microtubule dynamics

CytoD is a fungal alkaloid that binds the barbed, fast growing
plus ends of actin microfilaments and therefore blocks further
polymerization and elongation of actin [41,42]. Actin disruption
was visually confirmed on confocal microscopy images by staining
the actin network in paraformaldehyde fixed cells with AF488
labeled phalloidin (results not shown). Data in Fig. 3 clearly show
that actin polymerization is necessary for CDE, fluid phase endo-
cytosis and phagocytosis; CIE is also affected, although to a lower
extent. Interestingly, polyplex internalization is only partially (50%)
dependent on actin polymerization, despite the substantial
decrease of GFP expression. This suggests that actin polymerization
is essential for successful intracellular processing of the internal-
ized polyplexes.

Nocodazole induces depolymerization of the microtubules,
which impairs the molecular motor-driven transport of vesicles on
these tubular cytoskeletal structures [43]. Nocodazole treatment
strongly inhibits the uptake of 70 kDa dextran but has only minor
effects on the other endocytic probes including polyplexes (Fig. 3).
This drug also had pronounced inhibitory effects on transfection
efficiency. According to the proton sponge theory, endosomal
acidification is necessary to enable polyplexes, composed of poly-
mers with high buffer capacities around physiological pH, to escape
from the endosomes into the cytoplasm and to cause successful
gene transfer [44]. It is known that microtubule integrity is
necessary for maturation of early/sorting endosomes to late
endosomes with the accompanying drop in luminal pH [45,46].
These results suggest that nocodazole probably inhibits endosomal
escape of the polyplexes by inhibiting the luminal acidification of
the endosomes.

Overall, these results suggest that p(CBA-ABOL) polyplexes are
internalized in ARPE-19 cells via an endocyticmechanism that relies
on local actin polymerization but not on microtubule integrity.

3.6. Role of CDE

To investigate the involvement of CDE, we applied Cpz, a cationic
amphiphilic drug which is believed to inhibit clathrin-coated pit
formation by a reversible translocation of clathrin and its adapter
proteins from the plasma membrane to intracellular vesicles [47].
As expected, Cpz treatment inhibits hTf uptake, an established CDE
marker (See Fig. 3). In contrast, it does not inhibit LacCer uptake, nor
polyplex uptake or transfection. This indicates that CDE does not
play a significant role in polyplex uptake. This conclusion is
corroborated by the genistein data (See Fig. 3). Genistein, a well-
characterized inhibitor of tyrosine kinase mediated signal trans-
duction [48], has only a slight effect on CDE, while clearly inhibiting
fluid phase uptake, phagocytosis, CIE and completely blocking
polyplex uptake. From the Cpz and genistein data we conclude that
polyplex uptake is primarily independent of CDE.

3.7. Blocking dynamin function with dynasore

Because dynamin is a regulatory protein for several endocytic
pathways, we assessed its role in cell uptake of the polyplexes. This
large GTPase forms a helical polymer around the neck of a newly
invaginated endosome and catalyzes upon GTP hydrolysis the
fission of the vesicle from the plasma membrane. Dynamin has
been shown to regulate CDE, Cav-ME and phagocytosis [49]. To
assess the role of dynamin in polyplex uptake, ARPE-19 cells were
incubated with dynasore, an inhibitor of the GTPase activity of both
dynamin-1 and 2 isoforms [50]. Dynasore, as predicted, inhibited
EC uptake and 50% of hTf uptake (Fig. 3) and reduced, though to
a lower extent, uptake of both 70 kDa dextran and LacCer. Dynasore
treated cells were unable to internalize polyplexes, indicating that
dynamin function is essential for p(CBA-ABOL) polyplex endocy-
tosis in ARPE-19 cells.

3.8. Inhibition of PKC signaling

To investigate the role of macropinocytosis, we treated the cells
with rottlerin, a polycyclic aromatic compound inhibiting protein
kinases C (PKC) [51] and reported to be a fairly selective inhibitor of
constitutive macropinocytosis [52]. Fig. 3 demonstrates that rot-
tlerin slightly inhibited the uptake of hTf and LacCer and exhibited
a pronounced inhibition of polyplexes, ECs and fluid phase uptake
of 70 kDa dextran molecules. Since rottlerin seems to affect both
fluid phase endocytosis and phagocytosis, it does not provide
further information on the possible specific involvement of mac-
ropinocytosis on polyplex internalization.
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However, the response of the polyplexes and dextran to inhib-
itors like dynasore and nocodazole was very different. In particular,
after nocodazole treatment, complete inhibition of 70 kDa dextran
uptake was observed, while uptake of the complexes was similar to
untreated cells (Fig. 3). In case of dynasore, polyplex uptake was
completely inhibited, while 70 kDa dextran uptake was reduced by
only 40%. This would suggest that fluid phase uptake and consti-
tutive macropinocytosis is not correlating with p(CBA-ABOL) pol-
yplex uptake in ARPE-19 cells. In contrast, the results in Fig. 3
generally show a strong correlation between EC and polyplex
endocytosis in response to these pharmacological inhibitors. This
suggests phagocytosis as a potential uptake route for p(CBA-ABOL)
polyplexes in ARPE-19 cells.

3.9. Unraveling the involvement of endocytic pathways: RNAi

To complement the chemical inhibitor studies, RNAi was
implemented in this work to downregulate expression of key
endocytic proteins thus inhibiting specific endocytic pathways. The
targeted proteins were clathrin heavy chain (CHC), caveolin-1
(Cav1), flotillin-1 (Flot1), GTPase regulator associated with focal
adhesion kinase (GRAF1), ADP ribosylation factor 6 (Arf6), dyna-
min-2 (DNM2) and serine/threonine-protein kinase (PAK1). A list of
the corresponding siRNA sequences, used in this work, is given in
Supplementary. Table. 1. Downregulation was assessed by Western
blotting (Fig. 5). The same flow cytometry methods were used to
evaluate the effects on endocytic uptake and transfection of the GFP
reporter gene (Fig. 4).

3.10. Role of heavy chain clathrin

As expected, depleting the expression of clathrin heavy chain
inhibited transferrin uptake by 80% (Fig. 4), however we were
surprised to observe that the same depletion caused an induction in
Fig. 4. Internalization of fluorescently labeled endocytic markers (transferrin, LacCer, HM
mediated depletion of endocytic proteins in ARPE-19 cells. Measurements were performed
normalized to cells, treated with NC siRNA (represented by the dashed horizontal line). Trans
as the average expression per cell and as the percentage of positively transfected cells, ag
Experiments were performed in triplicate and error bars represent standard deviations. (CH
Associated with Focal Adhesion Kinase; Arf6: ADP ribosylation factor 6; DNM2: dynamin-2
the uptake of all other endocytic markers, including polyplexes. In
any case, this confirms that internalization of p(CBA-ABOL) poly-
plexes in ARPE-19 cells is independent of CDE. The depletion in
expression of CHC was clearly confirmed by Western blotting
(Fig. 5A).

3.11. Role of DNM2 function

To confirm the involvement of dynamin in polyplex uptake, we
downregulated DNM2 expression with the help of RNAi [53] and
Western blotting demonstrated at least a partial reduction in
protein expression (Fig. 5B). In agreement with the dynasore data,
DNM2 downregulation significantly inhibited hTf, EC and polyplex
uptake (Fig. 4), although LacCer and 70 kda dextran uptake was not
inhibited, despite the significant inhibitory effect of dynasore.
Indeed, it was previously reported that selective knockdown of
DNM2 may still permit CIE of cholera toxin subunit B (CtxB) and
fluid phase endocytosis, possibly because DNM1 adopts the role of
DNM2 for vesicle fission [54]. Finally, Fig. 4 also shows that DNM2
depletion results in substantial reduction of transgene expression,
indicating that the endocytic pathways that lead to successful
transfection are dynamin dependent.

3.12. Role of Cav1 and Flot1

Combined, the experiments with chemical endocytic inhibitors
suggested that CDE is not involved in polyplex uptake. However, the
inhibitors did not allow us to distinguish between different
subclasses of CIE pathways. To evaluate the specific involvement of
Cav-ME and Flot-ME, two known subclasses of CIE, we used RNAi to
downregulate the expression respectively of Cav1 and Flot1.
Depletion of these two proteins was again confirmed by Western
blotting (Fig. 5C). As shown in Fig. 4, Cav1 downregulation, as
predicted, inhibited a fraction of LacCer uptake, but there was no
W dextran and ECs), p(CBA-ABOL) polyplexes, and transfection efficiency after siRNA
by flow cytometry. The remaining cell uptake is expressed as a relative percentage,

fection of the GFP reporter gene was measured again 24 h later and was both quantified
ain both normalized to the cell population, transfected with negative control siRNA.
C: clathrin heavy chain; Cav1: caveolin-1; Flot1: flotillin-1; GRAF1: GTPase Regulator
; PAK1: Serine/threonine-protein kinase).



Fig. 5. Protein expression after siRNA downregulation, visualized byWestern blotting. In all cases, the control cells were treated with negative control siRNA (Supplementary. Table.
1). For (A), (B), (D) and (F) the expression of a-Tubulin served as an internal control for equal protein loading, while CHC expression levels were used as a reference in (C) and (E). In
(E), the PAK1 band of 60 kDa is marked with a black arrow. (CHC: clathrin heavy chain; Cav1: caveolin-1; Flot1: flotillin-1; GRAF1: GTPase regulator associated with focal adhesion
kinase; Arf6: ADP ribosylation factor 6; DNM2: dynamin-2; PAK1: Serine/threonine-protein kinase).

D. Vercauteren et al. / Biomaterials 32 (2011) 3072e3084 3079
effect on uptake of any of the other endocytic markers or poly-
plexes. Interestingly, transfection was clearly less successful in the
absence of Cav1, suggesting a crucial role for this protein in gene
transfer with p(CBA-ABOL) polyplexes. The observed role of Cav1 in
gene transfer may here be indirect, and not related to endocytosis,
noting that Cav1 knockdown appears not to inhibit polyplex
endocytosis. Conversely, Flot1 downregulation inhibited both pol-
yplex uptake and transfection. We therefore conclude that Flot-ME
is not only involved in p(CBA-ABOL) polyplex endocytosis in ARPE-
19 cells, but also contributes to successful transfection. This
demonstrates the importance of Flot-ME as a portal to the cell for
successful gene transfer.
3.13. Role of the CLIC/GEEC pathway

A recently defined CIE pathway, independent of Cav1 and Flot1,
is the CLIC/GEEC pathway. This portal plays a major role in the
endocytosis of certain GPI linked proteins [55]. The cargoes are
collected in tubular invaginations, called clathrin-independent
carriers (CLIC’s), and are trafficked to Rab5-independent endo-
somes, called GPI-enriched endosomal compartments (GEEC’s).
Other cargoes like Cholera toxin subunit B (CtxB), Simian Virus 40
(SV40) and Shiga toxin were also found to be internalized via this
pathway [53]. This pathway is also reported to be responsible for
a major fraction of fluid phase uptake and is independent of DNM2
[56]. We therefore investigated its role in entry of the endocytic
markers and polyplexes by depleting GRAF1, a protein shown to
regulate this pathway [57]. Efficient GRAF1 depletion was
confirmed byWestern blotting (Fig. 5D). Downregulation of GRAF1
didn’t decrease polyplex internalization (Fig. 4), suggesting a lack of
involvement of the CLIC/GEEC pathway. Interestingly, we observed
that GRAF1 knockdown stimulated both polyplex and phagocytosis
uptake, but not transgene GFP expression.
3.14. Role of PAK1 and Arf6

To further elucidate the possible involvement of macro-
pinocytosis, we depleted expression of PAK1 and Arf6, two proteins
that have been shown to regulate this process [39,58]. PAK1 is
a serine/threonine kinase, regulating cytoskeleton dynamics and
motility; upon activation, it relocates to the plasma membrane
where it activates a variety of effectors, such as BARS, needed for
ruffling, blebbing and macropinosome formation [59]. Knockdown
of PAK1 kinase expression in ARPE-19 cells was successful
according to Western blot analysis (Fig. 5E). Two other bands were
also observedwith the anti-PAK1 antibody but their expressionwas
insensitive to PAK1-siRNA. Fig. 4 shows that PAK1 downregulation
had no effect on hTf internalization, while cell uptake of polyplexes
and fluid phase marker 70 kDa dextran were reduced by 50%.
Surprisingly, PAK1 downregulation also decreased EC uptake, sug-
gesting an additional role for this protein in ARPE-19 phagocytosis.
Despite PAK1 having a significant role in polyplex endocytosis,
transfection was not inhibited (Fig. 4). We conclude that, while
either macropinocytosis or phagocytosis contributes to endocytosis
of our polyplexes, this PAK1- dependent pathway does not
contribute to successful gene transfer.

Arf6 is a member of the Arf family of small GTPases, which are
involved in the regulation of membrane structure and transport
[60], and is known to be a positive modulator of MP [39]. Successful
knockdown of this protein (Fig. 5F) led to a decrease in 70 kDa
dextran uptake, while endocytosis of both ECs and p(CBA-ABOL)
gene complexeswas induced (Fig. 4). This suggests that constitutive



Fig. 6. Colocalization of p(CBA-ABOL) polyplexes with flotillin or caveolin containing vesicles in living ARPE-19 cells. Cells transfected with (A) Cav1-EGFP and (B) Flot2-EGFP were
exposed to p(CBA-ABOL) Cy5-pDNA polyplexes for 15 min. After washing, the cells were transferred in a stage top incubator and imaged on a wide field fluorescence microscope in
OptiMEM. Fluorescence images, selected from livecell time-lapse movies show colocalization of the polyplexes at early timepoints with Flot2 (B1 and 2), which disappears at later
timepoints (B3). The white arrows show colocalizing signals. Very little colocalization is observed between the Cy5-labeled plasmids and Cav1, either at early (A1) or at later
timepoints (A2 and 3). Scale bar is 5 mm.

D. Vercauteren et al. / Biomaterials 32 (2011) 3072e30843080
macropinocytosis is not involved in the internalization of p(CBA-
ABOL) polyplexes.

3.15. Live cell fluorescence colocalization microscopy

Aside from inhibiting endocytic pathways with chemical inhib-
itors and siRNA depletion, fluorescence microscopy was utilized to
probe further the involvement of Cav-ME or Flot-ME in the initial
uptake of p(CBA-ABOL) polyplexes. Cells were transfected with
plasmids encoding EGFP-Flot2 or EGFP-Cav1 for visualization of
flotillin or caveolin containing endosomes, respectively. It is
believed that coassembly of both Flot1 and Flot2 is necessary for
Flot-ME to occur [61]. Caveolin containing endosomes are typically
termed cavicles and caveosomes [7]. GFP fusion proteins were
clearly expressed after 24 h and they were then incubated with
p(CBA-ABOL) polyplexes containing Cy5-labeled plasmids. After
15 min of incubation with the polyplexes, cells were washed with
OptiMEM and observed as live cells on a stage top incubator by
fluorescence microscopy. We clearly observed colocalizationwithin
30 min between polyplexes and flotillin-2 (Fig. 6B1 and 2), which
generally disappeared about 150 min after initial incubation with
polyplexes (Fig. 6B3). In contrast, virtually no colocalization was
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observed between polyplexes and caveolin-1 (Fig. 6A1-3). These
observations provide further evidence that p(CBA-ABOL) polyplexes
are internalized in flotillin-vesicles rather than caveosomes.

4. Discussion

The RPE is an attractive target for treating diseases such as AMD
or retinitis pigmentosa with non-viral nucleic acid carriers
following subretinal or intravitreal injection. However the effi-
ciency of subcellular delivery of therapeutic nucleic acids into these
cells remains low. The carrier defines the mechanisms that direct
cell attachment, subsequent endocytosis and intracellular traf-
ficking and therefore strongly determines transfection efficiency.
A better understanding of these mechanisms will help to improve
the design of efficient CBA based polymeric carriers since little
information is currently available on cellular adhesion, intracellular
uptake and intracellular processing of p(CBA-ABOL) polyplexes in
RPE cells. Here, we studied cell attachment and endocytosis of
polyplexes, composed of the novel bioreducible polymer p(CBA-
ABOL) and plasmid DNA. We first focused on cell attachment and
proceeded with characterizing the endocytic pathways that are
involved in their subsequent uptake by using a combination of
pharmacological inhibitors, RNAi knockdown and live cell fluores-
cence colocalization microscopy.

4.1. In vitro evaluation of p(CBA-ABOL) as a carrier for gene delivery
in RPE cells

First, we compared the in vitro transfection potential of different
carriers on both a continuous RPE cell line and primary bovine cells
(BRPE). Overall, the data showed p(CBA-ABOL) to be a promising
transfection agent in both cultured and primary cells, out-
performing linear PEI and equaling commercial liposome based
systems. JetPEI polyplexes transfected only 50% of the cells, which
we believe is a consequence of significantly lower cell uptake (4e5
times) during the 2 h exposure time, when compared with the
other carrier systems (See Supplementary. Fig. 6). In primary cells,
transfection efficiency was lower for all carriers and this is probably
due to general lower internalization rates, because we observed
that only about half of the amount of p(CBA-ABOL) and Lip-
ofectamin2000� complexes are internalized in BRPEs cells
compared to the RPE cell line (ARPE-19) (See Supplementary.
Fig. 6). This is possibly due to their lower metabolic, and there-
fore lower endocytic activity. In line with this, we observed
significant lower cellular growth rates for the primary RPE cells.

4.2. Role of anionic cell surface proteoglycans in p(CBA-ABOL)
polyplex attachment and internalization

We identified that the interaction between cationic polyplexes
and cell surface HSPGs is essential for efficient internalization. This
is in agreement with reports for other types of cationic complexes
and can be easily explained by the electrostatic interaction between
the positively charged gene carrier and negatively charged heparan
sulfate chains [14,34,62,63]. In order to ascertain the rate of poly-
plex internalization and identify optimal incubation times for cells
with the polyplexes, we also evaluated their uptake kinetics in
ARPE-19 cells (Supplementary. Fig. 3). Similar to what was found
for other gene delivery vehicles, viral and non-viral [1,15], we
observed that p(CBA-ABOL) polyplexes are rapidly taken up in
ARPE-19 cells and that this internalization is saturated after 2 h. The
internalization kinetics follow a sigmoid-like function which is
typical for an endocytic uptake pattern because of saturation of the
endocytic machinery. These results suggest that general cellular
uptake as such is not the bottle neck for efficient transfection, at
least in the absence of anionic biopolymers.

4.3. p(CBA-ABOL) polyplex uptake via a PAK1 dependent
phagocytosis-like mechanism

As afirst strategy to identify the endocytic pathway(s) utilized by
p(CBA-ABOL) complexes to enter ARPE-19 cells, we made use of
chemical endocytic inhibitors. We have recently shown that
chemical endocytic inhibitors should be used with care as their
effect is highly cell-type-dependent and not as specific as they are
often reported to be [19]. Therefore, alongside our polyplexes, we
evaluated the effect of these inhibitors on several types of endocytic
markers. These results suggested that polyplex uptake does not
involve CDE but is strongly dependent on cholesterol, tyrosine
kinase activity and dynamin as well as on actin and PKC activity.
Several reports link HSPG mediated endocytosis to macro-
pinocytosis [32,64,65], also in cellular uptake of cationic gene
delivery vehicles [15,65e67]. However, Kopatz et al. discovered
close similarities between HSPG-dependent phagocytosis in
epithelial cells and endocytosis of PEI/DNA polyplexes [62]. More-
over, it has previously been suggested that viruses like HSV-1 can
infect both professional and non-professional phagocytes via
a phagocytosis-like mechanism after heparan sulfate binding [68].
Despite the difficulties of distinguishing between the involvement
of macropinocytosis and phagocytosis in nanomedicine uptake,
since there are no chemical inhibitors that are specific for either of
them, we were able to come to some conclusions on this matter
basedon several observations. First, usingnocodazole anddynasore,
we found marked opposite inhibitory effects for uptake of poly-
plexes and 70 kDa dextran, the latter often being used as a marker
for constitutive macropinocytosis. Interestingly, we found a strong
correlation between cellular internalization of the polyplexes and E.
coli particles, the latter being an established marker for phagocy-
tosis. Second, while actin, tyrosine kinases and PKC, all appear to be
required for polyplex uptake in ARPE-19 cells and are known criteria
formacropinocytosis [39], these proteins also regulate phagocytosis
(Fig. 3) [39] and therefore do not exclude the involvement of
a phagocytosis-like mechanism. Third, dynamin is often known to
play a redundant role in macropinocytosis [69], though its function
is essential for phagocytic cup closure [39]. Using dynasore to block
all dynamin isoforms, this study showed a noticeable dependence
on dynamin function during polyplex endocytosis, which is again in
favor of the involvement of a phagocytosis-like mechanism.

As a second strategy to identify the involvement of endocytic
pathway(s) during polyplex endocytosis, we depleted key endo-
cytic proteins with the help of RNAi. By depleting DNM2, we could
confirm the involvement of this protein for polyplex uptake.
Furthermore, when depleting PAK1 and Arf6 which are both
reported to regulate macropinocytosis [39], we observed that Arf6
did not have any inhibitory effect on polyplex uptake, providing
further evidence that macropinocytosis is probably not involved in
p(CBA-ABOL) polyplex endocytosis. The involvement of PAK1
during polyplex endocytosis could then be attributed to its
involvement in phagocytosis in ARPE-19 cells. Indeed, it has been
previously reported that PAK1 plays a role in actin rearrangements
during phagocytosis [70,71]. The effect of PAK1 knockdown on
polyplex uptake could therefore be assigned to the inhibition of
phagocytic uptake of the polyplexes.

Finally, it should be noted that our polyplexes have the tendency
in physiologic media of high ionic strength to form spherical
aggregates with sizes up to 5 mm (Supplementary. Fig. 7). Therefore,
the cells were exposed to polyplexes with a wide distribution of
sizes. Since the RPE is in vivo the most active phagocytic tissue in
humans [21], it is unsurprising that these large aggregates were
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observed to be internalized in ARPE-19 cells. Taken together,
despite the inability to specifically inhibit phagocytosis, our
observations suggest that a PAK1 dependent, phagocytosis-like
mechanism is involved in the cellular internalization of p(CBA-
ABOL) polyplexes in ARPE-19 cells.

4.4. p(CBA-ABOL) polyplex uptake via flotillin-dependent
endocytosis

Despite excluding a role for CDE in polyplex uptake, the chem-
ical inhibitors could not differentiate between the various CIE
routes. CIE like Cav-ME is often reported to be involved in inter-
nalization of non-viral gene delivery vehicles [13]. To discriminate
between different CIE pathways, we employed siRNA depletion
studies and found no involvement of Cav-ME, the CLIC/GEEC
pathway, nor Arf6-dependent endocytosis for polyplex uptake.
However, p(CBA-ABOL) polyplex internalization was found to be
dependent on DNM2, Flot1 and PAK1. As discussed above, the
involvement of PAK1 can be related to phagocytic uptake. Inter-
estingly, however, the strong dependency on Flot1 suggests Flot-
ME as an important alternative entry route. To verify this, we
investigated the colocalization of flotillin-2 positive vesicles and
the polyplexes using livecell dual color fluorescence microscopy.
Polyplexes resided within flotillin-2 positive vesicles within 30 min
after transfection, but there was no evidence of their association
with caveolin and thus caveolae. This is in agreement with a recent
study on the uptake of PEI polyplexes and Lipofectamine� lip-
oplexes in HeLa cells [14], where a link was found between the
attachment of gene complexes to cell surface HSPGs and subse-
quent Flot-ME of HSPG bound gene complexes. Knowledge of HSPG
endocytosis is still quite limited, despite its essential role in the
internalization of some viruses, bacteria and cationic peptides [31].
After interacting with heparan sulfate binding ligands, HSPGs are
reported to cluster in cholesterol-dependent micro-environments
that are internalized in endocytic vesicles deficient of caveolin-1
and clathrin, but positive for flotillin-1. This process requires an
intact actin cytoskeleton tyrosine kinase activity, PKC activity,
dynamin and activated Rac [72]. This is in strong agreement with
our findings here. Whether DNM2 is required for Flot-ME seems to
depend on the nature of the internalized cargo. For example, DNM2
is not required for HSPG mediated internalization of eosinophil
cationic protein in Beas-2B cells [64], but was shown to be required
for HSPG mediated uptake of PEI polyplexes in HeLa cells [14]. This
is in good agreement with our findings for p(CBA-ABOL) polyplexes
in RPE cells. We conclude that, apart from phagocytosis, the p(CBA-
ABOL) polyplexes enter ARPE-19 cells through Flot-ME.

It is accepted that nanoparticle size can have a substantial
influence on endocytic uptake of nanomedicines [73], which is
attractive in the sense that it would offer possibilities to target for
preferred endocytic pathways simply by engineering the size of the
nanomedicines. In this study we have found that the p(CBA-ABOL)
polyplexes aggregate when suspended in OptiMEM. This could be
easily demonstrated using fluorescence single particle tracking (see
Supplementary. Fig. 7) [74]. In an attempt to study the influence of
size on uptake, we have performed extra experiments in which the
polyplexes were first incubated for 30 min in OptiMEM before
adding them to the cells. This will increase the extent of aggregation
andcould give somepreliminary insight if the identifiedendocytosis
pathways depend on the size of the complexes. As summarized in
Supplementary. Fig. 8, while the polyplex uptake and transfection
was increased when pre-incubated in OptiMEM, we could not find
a shift in endocytosis pathways, at least as far as the PAK1 and flo-
tillin-1-dependent or Flot-1-dependent routes are concerned.
Although this is not a stringent proof, it is a first indication that the
results published here, perhaps surprisingly, are not size dependent.
4.5. Correlation between endocytosis and transgene expression

Having established that p(CBA-ABOL) polyplexes are internal-
ized in ARPE-19 cells via a phagocytosis-like mechanism and Flot-
ME, it remained to be determinedwhether theyare equally involved
in mediating transfection. It is important to evaluate whether
certain endocytic pathways preferentially lead to cell transfection,
as it would allow one to consider a strategy to target the polyplexes
towards the most successful endocytic pathway through ligand
coupling. Using siRNA depletion of flotillin-1 we could clearly show
that Flot-ME is an important route for transfection. In contrast,
despite the significant role of PAK1 in polyplex uptake, PAK1
knockdown did not decrease GFP expression. This suggests that the
phagocytosis-like internalization of polyplexes is not as effective for
transfection and this could be due to the instant delivery of the
polyplexes through phagosomes to degradative lysosomes.

Inaddition,weobservedan intriguingly strongeffectof caveolin-1
depletion on reporter gene expression, despite the fact that polyplex
uptakewas relatively unaffected. Since this proteinwas not shown to
play a major role in early intracellular trafficking of p(CBA-ABOL)
polyplexes (Fig. 6), this suggests an indirect effectof Cav1knockdown.
Indeed, Fig. 5Cclearlyshows thatknockdownofcaveolin-1 resulted in
a comparable downregulation of flotillin-1 expression. Interestingly,
a similar though opposite effect has been reported in HeLa cells [75]
and in intestinal epithelial cells [76]. To explain the observed effects
on uptake and transfection, we propose the following hypothesis.
Downregulating caveolin-1 results in a decrease of Flot-ME and
thereby decreases polyplex uptake. At the same time caveolin-1
knockdown causes stimulation of phagocytosis (Fig. 4), resulting in
a net unaltered uptake of polyplexes. However, because the induced
phagocytosis-like internalization pathway of the polyplexes does not
contribute to transfection, its overall efficiency drops.
4.6. Inhibiting endocytic pathways: chemical versus molecular
inhibition

Chemical inhibitors are frequently used to study endocytosis
and results generated from studies using these agents are often
insightful. However, without adequate controls their effects are
difficult to interpret and could give rise to erroneous conclusions.
The experiments with genistein and resulting data highlight this
issue. Genistein is frequently used to study Cav-ME functioning as
a tyrosine kinase inhibitor that impairs actin recruitment and
DNM2 recruitment to the site of endocytosis [48]; both are indis-
pensable for Cav-ME. However, genistein treatment might also
affect other endocytosis routes as we observed here and in fact our
studies showed that CDE was the only endocytic pathway tested
that was insensitive to this drug. Phagocytosis has been also shown
to be sensitive for genistein [77,78] and Flot-ME is reported to be
tyrosine kinase dependent [79]. Therefore, if genistein inhibits
uptake of gene complexes, one cannot necessarily draw the
conclusion that they are taken up by Cav-ME. Indeed, while we
found that the uptake of p(CBA-ABOL) complexes is inhibited by
genistein, RNAi depletion revealed that it is not Cav-ME but rather
a combination of phagocytosis and Flot-ME that regulate polyplex
uptake. Similar issues and difficulties in interpretation were
encountered with rottlerin, a PKC inhibitor reported to inhibit
macropinocytosis [52]. Macropinocytosis and phagocytosis have
been reported to be PKC dependent [52], thus questioning the
specificity of this drug. Indeed, our own results showed rottlerin to
inhibit uptake of 70 kDa dextran, but it also inhibited 40% of EC
uptake and 30% of hTf and LacCer uptake (Fig. 3).

It is clear that chemical inhibitors by itself are generally not
sufficient to fully elucidate endocytosis of gene complexes or
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nanoparticles in general. As demonstrated in this work, RNAi
downregulation of specific proteins can provide further comple-
mentary data. It is however, important to note that not all cells will
be evenly affected by siRNA and thus the cell population may be
heterogeneous with respect to their level of expression of the target
protein. To analyze the cells which were successfully depleted,
cotransfection experiments with reporter gene forming a selection
marker for knockdown cells are often employed [14]. Alternatively,
to increase the probability of downregulating a majority of cells,
one can repeatedly transfect the cells with siRNA [14,80]. It is the
latter strategy that was applied in this work. Furthermore, siRNA
mediated knockdown exhibits generally high specificity. However,
in some cases protein downregulation can affect, directly or indi-
rectly, expression of other proteins. These effects were also
observed in our studies, where the siRNAs against caveolin-1
seemed to knockdown flotillin-1 expression (Fig. 5C).

5. Conclusion

In this work we performed a detailed study on the attachment
and internalizationmechanisms of p(CBA-ABOL) gene complexes in
a in vitro model of the retinal pigment epithelium. To elucidate
endocytic mechanisms, we encourage the combination of different
methodological approaches, like chemical and RNAi based inhibi-
tion, which can be further complemented with dual color fluores-
cence colocalizationmicroscopy. Here, we show that the polyplexes
are internalized via two endocytic portals to the cell, after associ-
ation with cell surface HSPGs. These portals are flotillin mediated
endocytosis and a PAK1 dependent, phagocytosis-like mechanism.
Interestingly we found that of both internalization routes, only Flot-
ME leads to successful transfection. An elaborate comprehension of
both the characteristics of the vectors as well as the mechanisms by
which they interact with the targeted cells is required to eventually
help us design safe and efficient non-viral gene vectors to transfect
the RPE and, by extension, any other type of target cells. This
knowledge may help us (1) to evaluate the effects of chemical
modifications of the carrier polymer on cell attachment and
endocytosis, (2) to identify new specific cell surface targets to
improve cell attachment and (3) to aim for specific endocytic
pathways that lead to successful transfection.
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