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Abstract

We have synthesized and investigated properties of new PEI-PEG-based polyplexes containing
MC1SP-peptide, a ligand specific for melanocortin receptor-1 (targeted polyplexes), and control
polyplexes without this ligand peptide (non-targeted polyplexes). The targeted polyplexes
demonstrated receptor-mediated transfection of Cloudman S91 (clone M-3) murine melanoma
cells that was more efficient than with the non-targeted ones. Transfection with the targeted
polyplexes was inhibited by chlorpromazine, an inhibitor of the clathrin-mediated endocytosis
pathway, and, to a lesser extent, by filipin 111 or nystatin, inhibitors of the lipid-raft endocytosis
pathway, whereas transfection with the non-targeted polyplexes was inhibited mainly by nystatin
or filipin I11. The targeted polyplexes caused significantly higher /n vivo transfection of melanoma
tumor cells after intratumoral administration compared to the non-targeted control. The targeted
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polyplexes carrying the HSV tk gene, after ganciclovir administration, more efficiently inhibited
melanoma tumor growth and prolonged the lifespan of DBA/2 tumor-bearing mice compared to
the non-targeted ones. Packed targeted polyplexes appeared and accumulated in the melanoma
cells six hours earlier than the non-targeted ones. The targeted polyplexes enter into the nuclei of
the melanoma cells more rapidly than the non-targeted control, and this difference may also be
attributed to processes of receptor-mediated endocytosis. We believe that these data may be useful
for the optimization of polyplex systems.
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1. Introduction

Mechanisms directing cell penetration, intracellular trafficking, and polyplex unpacking
strongly determine transfection efficiency of such non-viral vectors as polyplexes [1,2] -
complexes of cationic polymers with DNA. Among the most efficient types of polyplexes
are polyethylenimine (PEI)-based ones [3]. Though PEI polymers do not demonstrate
obvious cell specificity, chemical modification of the PEI backbone with ligands [4,5] such
as sugars, peptides, and proteins, including nanobodies [6], provided cell specificity to the
polyplexes made of these targeted PEI polymers. Modification of polyplex polymers with
ligands to internalizable receptors helps to achieve at least two goals: cell specificity and
receptor-mediated internalization into the target cell [2]. To achieve these goals, one needs
to find such receptors on the target cells that are overexpressed on them but only rarely
represented on other, non-target cells. Successful attempts to accomplish this approach
includes liganding PEI (or PEI-containing block-copolymers) with polypeptide ligands [7]
(e.g. transferrin, epidermal growth factor (EGF), transforming growth factor-a., fibroblast
growth factor, vascular endothelial growth factor) and with low molecular weight receptor
ligands like clenbuterol [8], an agonist of B,-adrenoreceptors. Endocytotic pathways of
targeted polyplexes are usually at least partially predetermined by their ligands [5]. In
contrast, endocytosis of non-targeted polyplexes sometimes differs from its polymeric part
[9,10], which compacts DNA and carries ligands, so it is doubtful whether data about
endocytosis pathways of polymeric parts can be used to predict endocytosis of the whole
non-targeted polyplex. Endocytotic pathways can be influenced by many factors: e.g. plating
mesenchymal stem cells on collagen I-coated surfaces inhibited transfection, while plating
them on fibronectin-coated surfaces enhanced transfection, which was due to fibronectin-
promoted internalization through clathrin-mediated endocytosis [11]. It should be mentioned
that for non-targeted PEI-based polyplexes the pathways may also be different and
dependent on the cell type used [12].

Investigations aiming to reveal pathways of polyplex penetration are generally carried out
using known inhibitors of different endocytosis pathways: e.g. chlorpromazine, an inhibitor
of clathrin-dependent pathway; filipin 111, nystatin, and genistein, inhibitors of caveolae-
dependent pathway; wortmannin and LY 294002, inhibitors of macropinocytosis. Though
some investigators used the term “selective” for the above-mentioned inhibitors of
endocytosis, one should keep in mind that effects of these inhibitors can be cell-type
dependent [3], which is especially important when effects of polyplexes are compared for
different cell lines.

Simultaneous characterization of intracellular trafficking and unpacking of polyplexes can
be accomplished with polyplexes in which DNA is labeled with quantum dots, whereas their
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polymeric part is labeled with a fluorescent dye with spectral characteristics permitting
Forster resonance energy transfer (FRET) measurements [13-17]. This approach together
with mathematical modeling permits estimation of quantitative characteristics of both these
processes (e.g. unpacking rate constants, rate constants of entry and exit into/from
subcellular compartments, etc.) [16,17].

Melanocortin receptor-1 (MC1R), a Gs protein-coupled receptor expressed in melanocytes,
determines skin pigmentation by increasing cAMP level and subsequent downstream
activation of tyrosinase, a key enzyme for melanogenesis [18]. Mutations of the MC1R gene
are often associated with cutaneous melanomas [19]. MC1Rs are often overexpressed on
melanoma cells [20-23] as well as on surrounding cells such as keratinocytes [24,25]. The
a-melanocyte-stimulating hormone (aMSH), a natural tridecapeptide ligand to these
receptors, has the same sequence in humans and mice. Sensitivity of human MC1Rs to
aMSH is even higher than that of mouse ones [26]. Here we report results concerning
synthesis and properties of new targeted PEI-PEG-based polyplexes containing MC1SP-
peptide — a ligand specific for MC1R overexpressed on the cells of many melanomas, both
human and murine [20-23].

We believe that our data may be useful for the optimization of polyplex systems.

2. Materials and methods

2.1. Synthesis of polymeric part of polyplexes

Block-copolymer of linear 25 kDa polyethylenimine (PEI), Polysciences (Warrington, PA),
and heterobifunctional polyethylene glycol MAL-dPEG,4"™-NHS ester (PEG), Quanta
BioDesign (Powell, OH), was synthesized as previously described [16]. Briefly, PEI
solution (2.83 mg/ml) in 0.1 M borate buffer at pH 5.5 was added to bifunctional PEG
containing both a maleimide and N-hydroxysuccinimide ester groups (PEG/PEI ratios were
6.8 £ 2.1 (mean £ S.D.)). The activation reaction was carried out for 4 h at room temperature
followed by pH adjustment to 7 with NaOH. MC1SP-oligopeptide,
CGYGPKKKRKVSGSGSSI I SHFRWGK PV (Rusbiolink, Moscow, Russia), was added in
3.2-fold excess and covalently attached to the PEI-PEG block-copolymer. Under these
conditions, purification of the reaction mixture from unreacted PEG did not change the
coupling of the peptide to the PEI-PEG. The sequence in bold is a specific ligand to MC1Rs
[27], and the sequence in italic is the simian virus 40 large T-antigen minimal nuclear
localization signal [28]. The dissolved oligopeptide was added to the activated PEI-PEG for
the reaction of maleimide residues of the bifunctional PEG with cysteine sulfhydryl groups
of MC1SP-peptide. The mixture was stirred for 2 h at room temperature and kept in a
refrigerator overnight at 4°C with constant stirring. Unreacted PEG and low molecular
weight residues were removed with an Amicon Ultra Ultracel-10k ultrafiltration cell
(Millipore, Bedford, MA) equipped with a 10 kDa molecular weight cutoff membrane and
0.1 M borate buffer at pH 7.5 as the eluent. The PEI concentration of the conjugate was
measured by a copper assay at 620 nm [29,30]. Measurements of PEI concentration by this
method in a mixture of PEI, PEG, and the peptide with known PEI concentrations showed
that PEG and the peptide did not interfere with the copper assay. (MC1SP, NLS")
oligopeptide, CGYGPKT KRKVSGSGSSI | SHFRWGK PV (Rusbiolink, Moscow, Russia),
was similarly attached to the PEI-PEG block-copolymer. The PEG concentration was
determined by a method described by Gong et al. [31]. The MC1SP concentration was
determined by the increase in amino group concentration [32]. The ratios of MC1SP-
peptide/PEI in the conjugates were 0.63 £ 0.22 (mean = S.D.).
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2.2. Preparation of polyplexes

Polyplexes were prepared [16] in sterile isotonic glucose solution at pH 7.4. Briefly, the
polymer solution was added rapidly to the DNA and mixed by vortex followed by 20 min
incubation at room temperature prior to use.

2.3. Dynamic light scattering and zeta potential determination

Particle sizes of polyplexes were measured using a ZetaPALS instrument (Brookhaven
Instruments, Holtsville, NY) in 5% D-glucose, 5 mM HEPES, pH 7.4. Particle sizes of
polymers were measured in 0.1 M borate buffer at pH 7.5. The instrument was validated
with nanosphere size standards (polystyrene microspheres in water, 92 + 3.7 nm) from Duke
Scientific (Palo Alto, CA). The scattered light was detected at 90° angle. Measurements
were performed in 40 pl quartz cuvettes at 25°C with count rates between 10 and 40 kCps in
ten or more runs of 240-s duration each and analyzed by multimodal size distribution
analysis. Mean hydrodynamic diameter of particles was determined for the fraction with
maximum number weight (more than 99% of all particles).

The C-potentials of polyplexes were measured in the standard electrophoresis cell of the
ZetaPALS instrument in 5% D-glucose, 5 mM HEPES, pH 7.4. The instrument was
validated with C-potential reference material (BI-ZR3, =53 £ 4 mV) from Brookhaven
Instruments (Holtsville, NY). Measurements were performed in 4 ml glass cuvettes (with 1.6
ml of sample solution added) at 25°C in ten or more runs of 20 cycles duration each. The
results are the mean values of indicated number of (usually, 10-40) runs with S.E.M. For C-
potential measurements, the following parameters were used: viscosity, 1.078 cP; refractive
index, 1.338; dielectric constant, 78.54.

2.4. Plasmids

pPEGFP-N3 (Clontech, Mountain View, CA), pGL3-CMV, and pCMV-HSVtk encoding
enhanced green fluorescent protein, firefly luciferase, and HSVtk gene respectively were
propagated in Escherichia coli (DH5a.), purified by EndoFree Plasmid Maxi Kit (Qiagen,
Hilden, Germany), and kept at =40 °C. We used for all these genes the cytomegalovirus
immediate early promoter (CMV) that is often employed for PEI-mediated transfection [33—
35]. For experiments with plasmid DNA labeling with QD605 quantum dots, we used the
phTERT-TK plasmid encoding HSV tk under human telomerase reverse transcriptase
promoter as described earlier [16].

2.5. Cell culture

Cloudman S91 mouse melanoma cells (clone M-3) and Cloudman S91 mouse melanoma
cells (clone M-3) stably expressing the CopGFP gene, hereafter called M-3 and M-3
CopGFP cells, as well as HEK293 cells (human embryonic kidney cells) were cultured in
DMEM/F12 medium supplemented with 10% FBS. All cultured cells were grown at 37°C in
a humidified 5% CO, atmosphere.

2.6. In vitro gene delivery

Two cell lines were used: M-3 and HEK293 cells. The cells were grown in DMEM/F12
medium supplemented with fetal calf serum (both Gibco Invitrogen, Eugene, OR) at 37°C
and 5% COs in air. For transfection, the cells were seeded onto 48-well plates, 12,000 cells
per well, and incubated in serum-containing medium for 24 h. After replacement of the
cultural serum-containing medium, polyplex solutions were added to the cells to final DNA
concentration of 0.5 pg/ml. For details for transfections with inhibitors of endocytosis, see
Supplementary Materials and Methods.
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Transfection efficacy was estimated either as a percentage of cells expressing EGFP or as
firefly luciferase activity (relative light units (RLU) per mg protein). In the first case, the
cells were photographed 48 h after the start of incubation with polyplexes under a Zeiss
LSM 510 META NLO (Carl Zeiss, Oberkochen, Germany) confocal laser scanning
microscope, with x10 lens. Then the number of cells expressing EGFP as well as the total
number of the cells in the monolayer were counted, and the percentage of EGFP-expressing
cells was calculated. For description of measuring of firefly luciferase activity, see
Supplementary Materials and Methods.

2.7. Cellular uptake of polyplexes

To assay polyplex internalization, M-3 cells were seeded in 24-well plates at density 3x10%
cells per well 48 h prior to transfection. They were preincubated with chlorpromazine,
nystatin, or filipin I11 in fresh serum-free culture medium for 45 min (see details in
Supplementary Materials and Methods). Subsequently, polyplexes containing QD605-
labeled DNA were added to the cells at DNA concentration 0.5 pg/ml. After 4.5 h, the cells
were washed once and treated with 100 1U/ml heparin for 15 min at 37 °C to remove
extracellularly bound complexes. The cells were then harvested by treatment with trypsin
(0.25 %) in Versene solution (PanEko, Moscow, Russia), precipitated by centrifugation at
1000xg for 5 min, and dissolved in Versene solution. Analysis was performed using an
Epics Altra Flow Cytometer (Beckman Coulter, Miami, FL). The QD605 fluorophore was
excited at 488 nm, and emission was detected at 610 nm. To discriminate between vital and
apoptotic cells, cells showing low level in forward-angle light scatter and high level in side-
angle light scatter as a measure for the cell diameter and the conformation of inner cellular
structures were excluded from further analysis [36]. Per sample, 1x10* gated events were
collected. To study the influence of the inhibitors on cellular uptake of polyplexes, we
analyzed mean fluorescence intensity of all cells in the sample. Control cells were pre-
chilled on ice for 4.5 h with polyplexes before commencing the study. Control cells were
used to account for cell autofluorescence and exclude fluorescence from extracellularly
bound complexes.

2.8. Establishment of melanoma tumors

M-3 or M-3 CopGFP mouse melanoma tumors were established in female DBA/2 mice by
subcutaneous injection of 2x106 M-3 cells suspended in 20 .l DMEM/F12 media into the
flank region. Polyplexes were locally injected into the tumor mass when the tumor size was
400-600 mms3 for mRNA and luciferase expression studies or 250 mm3 for gene therapy
study. Tumor volume was calculated according to ellipsoid formula [37]. Tumor-bearing
mice were euthanized when their tumors achieved 1500 mm?3 volume. The animals were
maintained under specific pathogen-free conditions with access to mouse chow and water ad
libitum. The experimental protocol was approved by the Institute Commission for Animals.

2.9. Gene therapy study in vivo

Polyplexes with pCMV-HSV tk DNA concentration of 80 pg/ml and PEI nitrogen to DNA
phosphate ratio (N/P) equal to 30 were used for treatment of tumors. DBA/2 mice bearing
experimental subcutaneous M-3 melanoma tumors were intratumorally (10 g DNA/tumor)
injected with 125 .l of polyplexes on the 18th day after inoculation. Seven intraperitoneal
injections of ganciclovir (25 pg/g, Hoffmann-La Roche Ltd., Switzerland) were made twice
per day. One day after the last ganciclovir injection, the polyplexes were injected the second
time with subsequent seven ganciclovir administrations as earlier. The control group was
intraperitoneally injected with ganciclovir only.
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2.10. Fluorescent labeling of polyplex components and formation of fluorescently labeled
polyplexes

Plasmid DNA labeling with QD605 quantum dots, PEI-based block-copolymer labeling with
Alexa Fluor647 dye, and formation of fluorescently labeled polyplexes were performed as
described earlier [16].

2.11. Transfection of living cells with labeled polyplexes and laser scanning microscopy

M-3 cells were seeded into POCmini chambers (Cell Cultivation System: Open Cultivation,
PeCon, Erbach, Germany), 20,000-50,000 cells per chamber in 1 ml of DMEM/F12
medium with 10% bovine fetal serum, and cultivated at 37°C under 5% CO». After a
specified time, the cells were repeatedly washed with Improved MEM Zinc Option medium
without indicator supplemented with 10% bovine fetal serum, 8 mM HEPES, and 0.15 %
NaHCO3 (IMEM) and transfected with the labeled polyplexes (0.5 pg/ml DNA) in the same
medium. Then 50-60 min before imaging, 5 pg/ml Hoechst 33258 was added to the
transfected cells to visualize the cell nuclei. Endocytosis processes in the living cells were
inhibited by cooling the chambers to 10-12°C for 10-15 min. Then the medium was
replaced with IMEM containing 5 pg/ml wheat germ agglutinin labeled with Cy3 to
visualize plasma membranes, and the cells were incubated for 10 min more at 10-12°C on a
cooled microscope stage. The cells were then washed two times with IMEM, and the initial
culture medium containing polyplexes was added to them.

Attimes 2, 4, 6, and 8 h after transfection, the cells were examined using the LSM-510 Meta
NLO multiphoton laser scanning microscope equipped with Plan-Apochromat x63/1.4 QOil
DIC lens and cooled stage (10-12°C). For each time point, at least 150-200 cells were
randomly selected. Cell images were obtained using multi-track Z-stack mode (not less than
25 optical sections for every stack). Hoechst 33258 was registered using 2-photon excitation
at 760 nm and 435-485 nm pass band for emission. FRET measurements for the QD605—
Alexa Fluor647 pair were made: (1) at 458 nm excitation and 650-710 pass band for
emission (AlexaFluor647 emission, energy transfer, if any) and (2) at 458 nm excitation and
590-612 nm pass band for emission (QD605, absence of energy transfer).

3. Results

3.1. Characterization and transfection properties of targeted and non-targeted polyplexes

Our method for synthesis of peptide-containing PEI-based block-copolymers [16] yielded
PEI-PEG-MC1SP product having similar ability to interact with MC1Rs as free MC1SP-
peptide, which was demonstrated by induction of receptor-mediated melanogenesis using
B16-F1 mouse melanoma cells (Supplementary Fig. 1). Mixing plasmid DNA with PEI-
PEG-MCL1SP or PEI-PEG (at N/P = 30) resulted in formation of polyplex nanoparticles with
average hydrodynamic diameters of 47.1 = 0.7 and 53.6 £ 1.0 nm, respectively (+ S.E.M. for
9-10 runs). The C-potentials for the targeted and non-targeted polyplexes at N/P = 30 were
22.7+1.0and 19.4 + 0.5 mV (% S.E.M. for 19-25 runs), respectively. For more detail
information, see Supplementary Results and Supplementary Fig. 2. The uptake of targeted
polyplexes was inhibited by free a-MSH (Fig. 1A). Competitive inhibition of intracellular
uptake by the free ligand indicates high contribution of receptor-mediated endocytosis to
entry of polyplexes into the cells.

For N/P 10, 20, 30, and 40, we evaluated transfection efficacies (TESs) with the EGFP
reporter gene as the percentage of EGFP expressing cells (Fig. 1B) and cytotoxicities
(Supplementary Fig. 3) of both targeted and non-targeted polyplexes. The targeted
polyplexes carried the MC1SP peptide, with its C-part being a selective ligand [27] to
MC1Rs overexpressed on many melanoma cells including Cloudman S91 murine melanoma
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cells (ca. 5,000 sites per cell) [18]. These polyplexes demonstrated significantly higher TE
than non-targeted ones at N/P of 20 and 30. Addition of excess aMSH decreased the TE of
targeted polyplexes to the level of the non-targeted ones on M-3 melanoma cells. We did not
observe these effects (enhancement of TE with targeted polyplexes in comparison with non-
targeted ones or competitive action of a MSH) on HEK?293 cells lacking MC1Rs (Fig. 1C)
[38].

The difference between the PEI-PEG-MC1SP and PEI-PEG polyplexes cannot be attributed
to the influence of the polyplexes on promoter. We did not find statistically significant
difference between these polyplexes with DNA not encoding fluorescent protein when they
were added to cells permanently expressing green fluorescent protein under the CMV
promoter (Supplementary Fig. 4).

The MC1SP peptide includes also a positively charged stretch, the SV40 large T-antigen
nuclear localization sequence (NLS), at its N-terminus located after an —SGSG- spacer (see
Materials and Methods). This stretch was included to check whether the NLS in the
polymeric part of polyplex nanoparticles can enhance their transfection efficacy. We
compared transfectabilities of the targeted polyplexes described above with polyplexes
where MC1SP was replaced with its analog, CGYGPKTKRKVSGSGSSIISHFRWGKPV
(MC1SP, NLS™), with “Thr (in bold) instead of ’Lys. This replacement completely abolishes
nuclear translocation of macromolecules with such a motif [39]. Experiments did not show
any statistically significant difference between these polyplexes: firefly luciferase activity
after transfection with MC1SP-containing polyplexes carrying the luciferase gene was (4.9 +
1.9) x 108 relative light units (RLU) per mg protein (mean = S.E.M., n = 5) and that for
(MC1SP, NLS™)-containing ones was (6.3 + 2.8) x 108 RLU per mg protein (n = 5); N/P =
30, 40-hr incubation with M-3 cells in both cases. This result shows little contribution of the
packed targeted polyplex nanoparticle transport through nuclear pore complex for entry into
the nuclei for the fast dividing cells.

3.2. Effects of inhibitors of endocytosis on transfection efficacy and entry of polyplexes

into cells

To determine the contribution of endocytosis pathways of targeted and non-targeted
polyplexes to their TEs, we used chlorpromazine as an inhibitor of clathrin-dependent
endocytosis and nystatin and filipin I11 as inhibitors of lipid raft-dependent endocytosis. The
inhibitors were used in nontoxic concentrations (Supplementary Materials and Methods,
Supplementary Fig. 5 and [40,41]).

Usually, incubation of cells with endocytosis inhibitors and polyplexes ends with washing of
the cells either with fresh medium or with a simple replacement of the medium [11,42]. Our
preliminary experiments (Supplementary Fig. 6) demonstrated that these operations are not
sufficient to wash out polyplexes. Residual unwashed polyplexes in the absence of inhibitors
as a result of replacement of medium could influence the experimental results, so we sought
better washing conditions. We found that addition of heparin resulted in practically complete
washing out of transfectable polyplexes, so the experiments were carried out under these
conditions.

Transfection efficacy was evaluated using both determination of percentage of transfected
cells with EGFPreporter gene and assay of firefly luciferase activity, and the two
approaches gave similar results. Transfection of M-3 cells with targeted polyplexes was
inhibited more by chlorpromazine than by nystatin or filipin 111, whereas the opposite
situation was observed with non-targeted polyplexes: their effect was mainly inhibited by
nystatin or filipin I11. The combination of inhibitors of both endocytosis pathways resulted
in an almost complete suppression of transfection (Fig. 2A-C).
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Cell entry of polyplexes, the DNA of which was labeled with QD605 quantum dots, was
measured using flow cytometry. The data showed (Fig. 2D) that cell penetration of the
targeted polyplexes was inhibited mainly by the inhibitor of the clathrin-dependent pathway,
while suppression of entry of non-targeted polyplexes needed inhibitors of both types.

3.3. Assessment of tumor transgene expression after intratumoral administration of
targeted and non-targeted polyplexes

The difference in TE of targeted and non-targeted polyplexes was also demonstrated /77 vivo.
The polyplexes carrying firefly luciferase reporter gene (in pPCMV-Luc plasmid) were
administered intratumorally into M-3 cell (transformed with the CopGFP gene)
subcutaneous experimental tumors of DBA/2 mice. Total RNA was isolated from cancer cell
areas removed from frozen sections of the tumors using laser dissection and catapulting
(Fig. 3). Laser microdissection is a method for separating and extracting cells of interest out
of tissue samples. For the separation we marked tumor tissue regions (M-3 melanoma cells
stably transformed with the CopGFP gene were revealed by their pigmentation and green
fluorescence) on the monitor and the laser cut them out and separated them from the residual
tissue. The separated specimens were extracted with a software-controlled laser pulse and
were catapulted into a microfuge tube.

The RNA was purified and assayed using real-time RT-PCR. Detailed information about
preparation of tumor specimens and analysis of transgene mRNA expression using RT-PCR
are given in Supplementary Materials and Methods. Using the comparative A AC; method
and internal b2M for normalization [43], targeted polyplexes demonstrated significantly
higher expression of firefly luciferase in cancer cells after /n vivo transfection than non-
targeted ones (Table. 1).

Based on optimal composition of polyplexes that provided high TE (Fig. 1B), we
investigated /n vivo delivery of the HSVtk therapeutic gene under the CMV promoter by the
polyplexes after their intratumoral injection into experimental M-3 melanoma tumors
subcutaneously produced in DBA/2 mice. The Herpes simplex virus thymidine kinase gene
(HSVtK) is widely used for suicide therapy. This enzyme is responsible for converting the
rather nontoxic drug ganciclovir into its triphoshorylated form, which interferes with DNA
synthesis leading to death of transfected cells [44]. Two intratumoral injections of
polyplexes together with intraperitoneal ganciclovir administration resulted in significant
inhibition of tumor growth; moreover, the targeted polyplexes induced tumor regression
during the treatment (Fig. 4A). Treatment with the targeted polyplexes resulted in a 3.6-fold
enhancement of the lifespan of the mice, which is 1.6-fold higher than the effect of control
non-targeted polyplexes (Fig. 4B).

Our data demonstrate both /in vitroand in vivo higher TE of targeted polyplexes in
comparison with control non-targeted ones. The data, especially those obtained /n vitro, also
serve as an indicator that the causes of this difference can be sought in features of cell entry
and trafficking of the polyplexes.

3.4. Intracellular transport and unpacking kinetics of polyplexes

Using FRET technology as described earlier [16], polyplexes with QD605-labeled DNA and
Alexa Fluor647-labeled PEI-based block-copolymer were colocalized with nuclei or
cytoplasm using in-house computer-aided particle localization (CAPL) software
(Supplementary Fig. 7), and kinetic curves of polyplex accumulation in these compartments
(five experiments with targeted polyplexes and three experiments with non-targeted
polyplexes) were obtained. Objects exhibiting FRET-mediated AlexaFluor647 signals were
considered as condensed DNA within polyplexes (“packed DNA”), and objects exhibiting
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only Qdot signals were considered as released, repacked, or free DNA (“unpacked DNA”™).
Transport rates and unpacking kinetics of polyplexes were assessed as described in the
Supplementary Materials and Methods.

A 2-h delay in accumulation was estimated for non-targeted polyplexes (PEI-PEG/DNA)
(Fig. 5A) as opposed to no delay for targeted ones (PEI-PEG-MC1SP/DNA).

Similar results were obtained for packed polyplexes, i.e. no entry delay was observed for the
targeted polyplexes, and a 6-h delay was found for the non-targeted polyplexes (Fig. 5B).
This delay may be due to the fact that beginning from the first time points, most of the non-
targeted polyplexes localized at the cell surface produced no detectable FRET signal: the
result that can be interpreted as a loss of the polymeric part of the polyplexes. Early
dissociation of polyplexes leads to DNA being in an unpacked state, which might be
followed by DNA packaging with a natural polycation. The unpacked DNA state may be a
cause for its degradation by nucleases in acidifying compartments [45], thus lowering
transfection.

There is also a 6-8 h time lag before the entry of the non-targeted polyplexes into the nuclei,
whereas the targeted polyplexes start accumulating in the nuclei from the first hours of
incubation (Fig. 5C).

4. Discussion

As we mentioned in the introduction, the action of endocytosis inhibitors can be cell-type
dependent, so this is important when polyplex effects are compared on different cell lines. In
this work, effects of targeted and non-targeted polyplexes were compared using one cell
line, M-3 cells. It is noteworthy that when investigating endocytosis of disulfide-based
poly(amido amine) polyplexes by ARPE-19 retinal cells, Vercauteren et al. [2] used three
different approaches: (1) endocytosis inhibitors; (2) RNAI to block the corresponding
endocytotic events; (3) fluorescence colocalization microscopy to confirm association of the
polyplexes with endocytotic proteins. They obtained complementary (rather than
contradictory) data that still allows considering endocytosis inhibitors as efficient tools for
experiments carried out on the same cell line. The other reason for using inhibitor analysis in
our work was the necessity to obtain at least semiquantitative data about impacts of different
endocytosis pathways in polyplex uptake and transfection efficacy, which is impossible or
very time-consuming if one uses fluorescence colocalization microscopy or RNAI
approaches.

As expected, inclusion of an a-melanocyte stimulating hormone analog into the polymeric
part of the polyplexes, though it comprised not more than 4% of the total PEI-PEG
molecular weight, imparted receptor specificity to the polyplexes: (1) the peptide ligand on
targeted block-copolmers is able to cause receptor-mediated melanogenesis, so the ligand is
accessible to melanocortin receptors (Supplementary Fig. 1); (2) enhanced transfection with
targeted polyplexes was observed on melanocortin-receptor bearing M-3 cells but not on
HEK?293 cells lacking these receptors (Fig. 1C); (3) the enhanced transfection with targeted
polyplexes was decreased to the level of transfection with non-targeted polyplexes by
addition of a free ligand to melanocortin receptors on M-3 cells (Fig. 1C); (4) this enhanced
transfection with targeted polyplexes was inhibited by chlorpromazine (Fig. 2), an inhibitor
of clathrin-dependent endocytosis, which is characteristic of receptor-mediated endocytosis
of melanocortin receptors [47,48]. Increase in transfection with targeted polyplexes in
comparison with non-targeted ones cannot be due to the influence of the polymeric part of
the polyplexes on the CMV promoter: we found only a slight activation of the promoter in
cells permanently transformed with CopGFP under the CMV promoter by PEI-PEG-MC1SP
polyplexes (see Supplementary Fig. 4), which was remarkably less than the 2-3-fold
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enhancement of transfection observed with the targeted polyplexes if compared with the
non-targeted ones. A possible explanation of this slight CMV promoter activation could be
the NFkB-mediated effect of PEI on the promoter that was found by Merkel et al. [49] in
certain cell lines. It is worth emphasizing that the contribution of nonspecific pathways
comprises from 30-40% to 90% of the total transfection effect of targeted polyplexes (e.g.
for polyplexes with such receptor ligands as EGF [50,51], transferrin [52,53], folate [54],
and pentacyclic RDG-mimetic [55]), so understanding of these pathways and minimization
of their contribution are the major requirements for amendment of polyplexes.

Our results conform to those of de Bruin et al. [56] who also observed a time delay in
internalization of non-targeted PEI-based polyplexes in Huh7 cells and prolonged
attachment of non-targeted polyplexes to the cell membrane as compared with targeted,
EGF-containing ones. Their analysis [56] of the internalization process by single-particle
tracking and quenching experiments revealed that targeted (EGF) and non-targeted PEI-
based polyplexes differed in the duration of attachment to the cell membrane prior to
internalization. They suggested that the prolonged attachment of non-targeted polyplexes to
the cell membrane implied a more complex or time-consuming internalization mechanism,
which may involve clustering of heparan sulfate proteoglycans at the cell surface followed
by endocytosis. Kopatz et al. [57] showed that penetration of non-targeted polyplexes into
HeLa cells proceeds via the following steps: (1) electrostatic binding of the cationic
polyplex particle to syndecan heparan-sulfate proteoglycans; (2) polyplex-induced syndecan
clustering into cholesterol-rich rafts; (3) actin-mediated engulfment of the polyplex particle
into the cell. Syndecans can also interact with Frizzled receptors [58], which undergo
clathrin-mediated endocytosis [59]. It is noteworthy that penetration of PEI polyplexes into
HEK?293 cells via syndecan-1 occurred within minutes after addition of the polyplexes,
whereas endocytosis via syndecan-2 took hours. Moreover, coexpression of syndecan-2
together with syndecan-1 resulted in a negative effect on syndecan-1-mediated PEI
transfection [60]. On the other hand, extracellular proteoglycans cause aggregation of
polyplexes and release of DNA from them [61,62]. So, cell surface proteoglycans can play a
double role: they contribute (1) to internalization of mainly non-targeted polyplexes via long
and complicated pathways; (2) to unpacking of the polyplexes on the cell surface. Both
processes make the non-targeted polyplexes more susceptible to degradation. A balance
between these contrary effects of surface proteoglycans seems to be one of determinants of
the intracellular fate of non-targeted polyplexes. We assume that similar processes take
place in our case because melanoma cells also overexpress at least three types of heparan
sulfate proteoglycans, i.e. syndecan-1 and syndecan-4 [63] and especially syndecan-2 [64],
the latter being a general protumorigenic receptor in melanoma cells and possessing Frizzled
receptors [65].

The main difference between targeted and non-targeted polyplexes were observed when
their N/P ratios were between 20 and 30, i.e. when there was a significant excess of free PEI
[66,67], which helps to overcome cell-surface proteoglycan binding that might otherwise
lead to a block in transfection [67]. Or else, the difference was observed under the
conditions favorable for the non-targeted polyplexes.

During past decade, several models providing quantitative information (such as rate
constants of entry/exit from subcellular compartments) from experimental data have been
developed [68-72]. As one can see from the above discussion, the situation on the cell
surface, such as state of polyplexes (packed or unpacked, their surface concentrations)
should be taken into account to obtain a complete picture of the processes of polyplex
transport within the cell. Though this idea had been expressed [73] in the beginning of the
quantitative investigations of polyplex transport, it did not attract attention until our recent
publication [16] where quantitative consideration of intracellular transport Kinetics of
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polyplexes was combined with quantitative description of their unpacking based on the
works of Leong et al. [13,14]. Here we used a similar approach to estimate polyplex
accumulation and unpacking rates.

As both direct measurements and calculations made on the basis of developed kinetics
models (Supplementary Materials and Methods, Supplementary Fig. 8, and Supplementary
Table 1) demonstrated, the non-targeted polyplexes differ from the targeted ones in: (1) later
entry of packed polyplexes into the murine melanoma cells and their nuclei; (2) different
relations between entry velocities of packed and unpacked polyplexes. These differences can
be possibly attributed to different velocities [59] of different interactions of polyplexes with
components of the cell surface. Whereas targeted polyplexes relatively quickly interact with
the corresponding receptors on the cell surface and undergo subsequent clathrin-mediated
endocytosis, the non-targeted polyplexes need to interact with surface proteoglycans
including syndecan-2 (which is overexpressed on melanoma cells [63], see also above),
being partially unpacked meanwhile (see above) in order to be finally endocytosed.

As the comparison between transfectabilities of MC1SP- and (MC1SP, NLS™)-containing
polyplexes showed, entry of the packed targeted polyplex nanoparticles into the nuclei of
dividing melanoma cells is hardly accomplished through nuclear pore complex. So, one
needs to investigate other pathways of nuclear entry of the polyplex DNA.

5. Conclusion

The presence of the ligand to MC1R provides more efficient transfection by polyplexes
under both /n vivo and in vitro conditions. According to our experimental data, the
difference in TE between targeted and non-targeted polyplexes could be explained by
difference in rates of intracellular accumulation of packed polyplex nanoparticles. The data
revealed a significant contribution of the clathrin-dependent endocytosis pathway for
internalization of the targeted polyplexes. It provides fast accumulation of polyplex
nanoparticles inside target cells and avoids the interaction of the polyplexes with surface
proteoglycans that can lead to polyplex unpacking and subsequent degradation. We believe
that knowledge of the detailed intracellular transport of polyplexes will help to construct
more efficient polyplex nanoparticles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Impact of free a MSH on cellular uptake of targeted polyplexes and TEs of M-3 and
HEK?293 cells with targeted and non-targeted polyplexes. Targeted polyplexes (PEI-PEG-
MC1SP/DNA) with QD605 labeled plasmid DNA were added to M-3 cells in presence or
absence of free aMSH (1M) (A). M-3 cells were transfected with targeted (PEI-PEG-
MC1SP/DNA) and non-targeted (PEI-PEG/DNA) polyplexes with N/P ratios of 10, 20, 30
and 40 (B). M-3 and HEK293 cells were transfected with i) targeted (PEI-PEG-MC1SP/
DNA) polyplexes, ii) non-targeted (PEI-PEG/DNA) polyplexes, and iii) targeted polyplexes
with 1 pM of aMSH (PEI-PEG-MC1SP/DNA + free a MSH); N/P ratio was 20 (C). All
values are shown as mean + S.E.M. (n = 6-9). *p < 0.05, **p < 0.03 (Mann-Whitney U test
for A and B, one-way ANOVA followed by a post hoc Dunnett’s t-test for C).
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Fig. 2.

Transfection efficacies and cellular uptake of targeted and non-targeted polyplexes in the
presence of inhibitors of endocytosis. M-3 cells were pretreated with chlorpromazine (CP),
nystatin (N), filipin 111 (F), or their mixtures and targeted (PEI-PEG-MC1SP/DNA) or non-
targeted (PEI-PEG/DNA) polyplexes with the plasmid encoding luciferase (A, B) or EGFP
(C) reporter genes or plasmid DNA labeled with QD605 (D) for 4.5 h. Reporter gene
expression was determined 48 h after transfection. Uptake of polyplexes was assessed by
flow cytometry. Results are means + S.E.M. (n = 4-6). *p < 0.05, **p < 0.01, ***p < 0.0001
(one-way ANOVA followed by a post hoc Dunnett’s t-test).
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Fig. 3.

Isolation of M-3 cells from frozen sections of M-3 melanoma tumors using laser dissection
and catapulting. A typical image of a tumoral microscopic section before (A, B) and after
(C, D) laser microdissection and catapulting using a PALM laser capture microscope.
Images A and C represent transmitted light, and images B and D represent fluorescence. Red
circles limit the dissection area of the cancerous CopGFP-expressing M-3 cells in the tumor.
The bars indicate 50 pm.
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Fig. 4.

Tumor growth (A) and survival of tumor-bearing mice (B) after intratumoral injection of
targeted and non-targeted polyplexes with HSV tk gene under CMV promoter and
ganciclovir. The injections of targeted (PEI-PEG-MC1SP/DNA) (n = 8) or non-targeted
(PEI-PEG/DNA) (n = 6) polyplexes, indicated with arrows, were made intratumorally to
DBA/2 mice with subcutaneous M-3 melanoma tumors. These were followed by
administrations of ganciclovir (25 mg/kg, twice per day for 3.5 days). The control group (n
= 6) was intraperitoneally injected with ganciclovir only. Results are means + S.E.M. p <
0.05 for relative tumor growth with administration of targeted polyplexes compared to non-
targeted ones. *p < 0.05 (Mann-Whitney U test).
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Fig. 5.

Kinetics of accumulation of polyplexes. Overall accumulation (A) and accumulation of
packed (B) targeted (PEI-PEG-MC1SP/DNA) and non-targeted polyplexes (PEI-PEG/DNA)
inside cells and overall accumulation of polyplexes in nuclei (C). Effective concentration of
internalized polyplexes is expressed as a voxel volume of quantum-dot signal (sum of pixel
areas on each slice of 3D-image) per cell [46]. Solid curves are model curves for A and B
(see below) and trend lines for C.
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