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ABSTRACT

Because of their ability to translocate different cargos into cells, arginine-rich cell
penetrating peptides (CPPs) are promising vehicles for drug and gene delivery. The use of
CPP-based carriers, however, is hampered by the lack of specificity and by interactions
with negative serum components. Polyethylene glycol (PEG) is used to decrease such non-
specific interactions, albeit its use is associated with reduced transfection efficiency. In this
study, we describe the development of PEGylated CPP-based gene carrier with an
improved targeting and a high transfection activity. The system was prepared by
condensing DNA with a polycation followed by coating with a lipid envelope containing
the octaarginine (R8) peptide as a model CPP. R8-modified nanoparticles produced high
transfection activities, but the efficiency was reduced by PEG shielding. The reduced
activity could be fully restored by the addition of a targeting ligand and a pH-sensitive
fusogenic peptide. The efficiency of the proposed system is quite high, even in the presence
of serum, and shows improved targeting and selectivity. Surprisingly, the effect of the
fusogenic peptide was dramatically reduced in the absence of R8. Although shielded, R8
augmented the activity of the fusogenic peptide, suggesting a synergistic effect between the

two peptides at the intracellular level.
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1. Introduction

Gene therapy is a promising approach for treating a wide range of inherited and
acquired diseases that are not efficiently cured by conventional medicine (Collins and
Thrasher, 2015; Mountain, 2000; Naldini, 2015). Such diseases include cancer, cystic
fibrosis, diabetes, hemophilia, infections and degenerative diseases. Gene therapy implies
the use of genetic materials as therapeutics to express or to interfere with the synthesis of
certain proteins. Successful gene therapy requires the efficient and selective transfer of
therapeutic genes, not only to specific cells but to intracellular target sites as well. Genetic
materials are not efficiently transferred to target sites in the absence of an appropriate
vector. An ideal gene vector should efficiently, specifically, and safely transfer genetic
materials to intracellular target sites. This ideal gene vector stays speculative since currently
available systems lack one or more of these attributes (Itaka and Kataoka, 2009; Kamiya et

al., 2013).

Cationic lipids are commonly used to condense and protect DNA in cationic
complexes (lipoplexes) that can be internalized into cells and deliver DNA to intracellular
target sites (Tros de llarduya et al., 2010; X. X. Zhang et al., 2012). However, the fact that
lipoplexes have net positive charges renders them non-specific, since they interact with
negatively charged extracellular components (Khalil et al., 2006a; Y. Zhang et al., 2012). In
addition, lipoplexes require the use of high amounts of cationic lipids which can lead to
cytotoxicity issues (Torchilin et al., 2003). The emerging use of short cell-penetrating
peptides (CPPs) in drug and gene delivery represents an attractive potential alternative for

replacing cationic lipids, thus increasing the safety profile (Brooks et al., 2005; Fonseca et



al., 2009; Gupta et al., 2005). CPPs are generally characterized by the presence of
positively charged arginine residues and even peptides comprised exclusively of arginine
residues have been shown to be as efficient as common protein-derived CPPs (Futaki et al.,
2001a). We previously reported on the development of liposomes modified with an
octaarginine peptide (R8) that showed efficient and rapid cellular internalization through
endocytosis (Khalil et al., 2006b; Khalil et al., 2008). To develop gene carriers based on
R8-Lip, the simple mixing of plasmid DNA (pDNA) and liposomes was not sufficient,
since the peptide should be freely expressed on the surface to efficiently interact with cell
membranes (Khalil et al., 2004). A nanotechnology technique that will permit the topology
of the peptide to be controlled to exert its function is clearly needed. To accomplish this, we
developed an R8-modified Multi-functional Envelope-type Nano Device (R8-MEND)
based on the concept of Programmed Packaging (Khalil et al., 2007; Kogure et al., 2008,
2007, 2004). The MEND is composed of a condensed pDNA core covered with a lipid
envelope that is modified with the R8 peptide. This system allows the integration of
multiple functional devices in single nanoparticles with appropriate topology control and
permits them to exert their function. The R8 modification of the MEND resulted in a high
cellular uptake and improved intracellular trafficking after endocytosis (Khalil et al.,
2006b; Khalil et al., 2007). The transfection activity of the R8-MEND encapsulating pDNA
was comparable to that produced by Adenovirus-mediated transfection with reduced
cytotoxicity (Khalil et al., 2007). The R8-MEND successfully transfected liver tissues after
systemic administration (Hayashi et al., 2012, 2011; Khalil et al., 2011). It was even more

efficient than Lipofectamine reagent in transfecting hair follicles after topical



administration (Khalil et al., 2007).

Despite the promise of CPPs as tools for improving gene delivery, the non-specificity
issue is a common and well characterized disadvantage of cationic CPPs in general
(Fonseca et al., 2009; Gupta et al., 2005). Actually, positive CPPs can be internalized with
their cargos into most cell types mediated by electrostatic interactions with negative
components of the cell surface. Therefore, a strategy directed at decreasing non-specific
interactions and increasing the targeting ability of CPP-based gene carriers is clearly
needed to extend their applications in gene therapy. While attempting to decrease the extent
of non-specific interactions, it should be noted that the transfection activity in target cells
must remain high. This is a general dilemma since typical methods used for decreasing
non-specific interactions also frequently result in a decreased transfection activity
(Hatakeyama et al., 2013). For example, hydrophilic polymers such as polyethylene glycol
(PEG) are generally used to stabilize cationic systems. However, PEGylation impairs
interaction with cellular membranes leading to an overall reduced activity (Deshpande et al.,
2004; Hatakeyama et al., 2013; Remaut et al., 2007; Song et al., 2002). Therefore, an
innovative design is needed in which target ability is combined with a high transfection
activity.

The goal of this study was to improve the targeting ability of the R8-MEND system
while simultaneously maintaining its transfection activity. We propose a strategy in which
the system is coated with PEG, to decrease non-specific interactions, and further modified
with a targeting ligand, to enhance cellular uptake and impart active targeting ability. In

addition, the system is modified with a pH-sensitive fusogenic peptide to enhance the



endosomal escape. The proposed system, with a net negative charge and a dense PEG coat,
shows a high transfection activity that is comparable to that of non-PEGylated R8-MEND.
Compared to the original system, the optimized system showed an improved targeting, a
higher specificity to cancer cells and an improved serum resistance. This study shows a
dual effect of a CPP and a targeting ligand where each component exerts its function at the
appropriate step. In addition, CPP and fusogenic peptides show a synergistic effect at the

intracellular level.

We believe that PEGylation and adding targeting ability to CPP-based carriers while
retaining their high activity has significant implications in the future design of nonviral
gene delivery systems. In addition, the use of CPP for the augmentation of fusogenic
peptides is a novel strategy that is expected to expand the applicability of these peptides in

future medicines.



2. Materials and methods
2.1. Materials

Plasmid DNA pCMV-luc (7037 bp) encoding luciferase (pDNA) was amplified in
Escherichia coli and purified using an EndoFree Plasmid Mega Kit (Qiagen, Hilden,
Germany). Cholesteryl hemisuccinate (CHEMS), human holo-transferrin (Tf), 3-(2-
pyridyldithio) propionic acid N-hydroxysuccinimide ester (SPDP), dithiothreitol (DTT),
3,3,5-Triiode-L-thyrone (T3), L-thyroxine (T4) and linear polyethyleneimine (PEI)
(average MW 750 KDa) were purchased from SIGMA-Aldrich (St. Louis, MO, USA).
Dioleoyl phosphatidylethanolamine (DOPE), cholesterol (Chol), distearyl phosphatidyl
ethanolamine-polyethyleneglycol 2000 (DSPE-PEG) and maleimidic DSPE-PEG (DSPE-
PEG-mal) were purchased from AVANTI Polar Lipids (Alabaster, AL, USA). Stearylated
R8 (STR-R8) and cholesterol-GALA (Chol-GALA) were synthesized as described
previously (Futaki et al., 2001b; Kakudo et al., 2004). Propidium iodide (PI), sodium
deoxycholate (SDOC), L-ascorbate phosphate magnesium salt n-hydrate and chloroquine
diphosphate were purchased from WAKO Pure Chemicals (Osaka, Japan). Lipofectamine
Plus reagent (LF-Plus), Dulbecco’'s modified eagle medium (DMEM) and fetal bovine
serum (FBS) were purchased from Invitrogen Corp. (Carlsbad, CA, USA). Luciferase assay
reagent and reporter lysis buffer were obtained from Promega Co. (Madison, WI, USA).
HeLa human cervix carcinoma cells were obtained from the RIKEN Cell Bank (Tsukuba,

Japan).

2.2. Cell culture



HelLa cells were cultured in DMEM supplemented with 10% heat-inactivated FBS,
penicillin (100 U/mL) and streptomycin (100 pg/mL) at 37°C in an atmosphere of 5% CO,
and 95% humidity. 3T3-L1 cells were cultured in DMEM supplemented with glucose (4.5
g/L), HEPES (10 mM), L-glutamine (4 mM), ascorbate (0.2 mM), T3 (1 nM), T4 (30 nM),
and 10% heat-inactivated FBS. H9C2 cells were cultured in DMEM supplemented with

glucose (4.5 g/L), L-glutamine (4 mM), pyruvate (0.11%) and 10% heat-inactivated FBS.
2.3. Preparation of MENDs

The R8-MEND was prepared by the lipid hydration method as reported previously
with minor modifications (Kogure et al., 2004). A diluted solution of PEI (100 pL) in 10
mM HEBES buffer (pH 7.4) (HB) was added drop wise under vortexing to a dilute solution
of pDNA (200 pL). The solution was then allowed to stand at room temperature (RT) for
15 min. The nitrogen/phosphate (N/P) ratio in the final solution is adjusted to 0.8.
Simultaneously, a lipid film was formed by the evaporation of chloroform:ethanol (3:1)
solution of lipids (90 nmol) in a round bottom glass tube. The lipid composition was
DOPE/Chol/STR-R8 (7:2:1 molar ratio). The core solution (300 pL) was added to the glass
tube containing the dried lipid film and the tube was rotated gently to allow electrostatic
binding between the negative DNA core and the positive lipid film. After 15 min
incubation at RT to allow hydration of the lipid film, the tube was sonicated for ~1 min in a
bath type sonicator. The resulting R8-MEND suspension was allowed to stand for 30 min at
RT. In the case of a MEND without R8 modification, the lipid film was composed of
DOPE/Chol/CHEMS (7:2:2 molar ratio) and the pDNA/PEI core was prepared at an N/P

ratio 4. MENDs containing GALA was prepared in the same manner, except for the



inclusion of Chol-GALA (2 mol% of total lipid) in the chloroform:ethanol solution of lipids.
PEGylation of different MENDs was performed by a post-modification method. An HB
solution containing different amounts of DSPE-PEG was added to the MEND suspension

followed by incubation for 30 min at RT.
2.4. Transferrin modification

Transferrin modification of different MENDs was performed as previously described
(Sasaki et al., 2008). Tf (final concentration 125 mM) was reacted with SPDP (final
concentration 132 mM) for 30 min at RT with moderate shaking. The formed 3-(2-
pyridinedithio)proprioyl Tf (PDP-Tf) was separated from unreacted SPDP by gel filtration
on a Sephadex G-25 Fine column. The PDP-Tf was then reduced by treatment with 100
mM DTT for 30 min at RT. The resulting 3-mercaptopropyl-Tf was purified on a Sephadex
G-25 Fine column. The concentration of Tf in the final solution was determined using a
BCA protein assay kit (Pierce, Rockford, IL, USA) using a standard curve prepared using
free Tf. Disulfide cross-linking between Tf and MEND was conducted by treating 3-
mercaptopropyl-Tf with PEGylated MENDs containing 2 mol% of DSPE-PEG-mal (16 ug
Tf per 1 pg DNA) at 4°C overnight. The resulting Tf-modified MENDs were separated
from unreacted Tf by centrifugation at 81000 rpm for 2 hours at 4°C. The final
concentration of DNA in the suspensions was determined by treating the samples with
SDOC (final concentration 5 mM) and PI (final concentration 100 pug/mL) for ~15 min at
RT in the dark. The fluorescence intensity was then measured (excitation wavelength 535

nm and emission wavelength 620 nm) using a standard curve for non-centrifuged MENDs.



2.5. Characterization of MENDs

The diameter and zeta potential of the formed nanoparticles (NPs) were measured
using an electrophoretic light-scattering spectrophotometer (Zetasizer; Malvern Instruments

Ltd., Malvern, WR, UK).
2.6. Transfection assay

HeLa cells were cultured in a 24-well plate (40,000 cells per well) 1 day before
transfection. At the transfection time, the culture medium was removed and cells were
washed with 500 uL DMEM. Samples containing 0.4 pg pDNA suspended in 300 uL
DMEM supplemented with 10% FBS were added to each well and the cells were incubated
for 3 hr at 37°C. The medium was then removed and 1 mL of fresh DMEM with 10% FBS
was added followed by further incubation for 21 hr. At the end of the incubation, the
medium was removed and the cells were washed with phosphate buffered saline (PBS) 500
uL then solubilized by adding 75 pL of Reporter Lysis Buffer. Luciferase activity in the
cell lysate was measured in the presence of a Luciferase Assay Reagent by means of a
luminometer (Luminescence-PSN, ATTO, Japan). The amount of total proteins in cell
lysates was measured using a BCA protein assay kit (Pierce, Rockford, IL, USA). To
examine the effect of chloroquine, cells were covered with DMEM containing chloroquine
before addition of the MEND samples (chloroquine final concentration 100 uM). Cells
were incubated for 3 hr, the medium then was replaced with 1 mL of fresh medium with
chloroquine and the incubation was continued for 21 hr. To examine the effect of free Tf, 3

mg of free Tf was added to the DMEM solution over cells before the addition of different

10



MEND samples. Cells were incubated for 1 hr then the medium was replaced with fresh
medium and the cells were further incubated for 23 hr. To examine the effect of serum,
different volumes of serum was added to the DMEM solution over cells before the addition
of the DNA samples. The medium was replaced with fresh medium containing 10% FBS
after 3 hr and the cells were further incubated for 21 hr. Transfection using the
Lipofectamine Plus reagent were performed as described by the manufacturer.
DNA/liposome complexes were formed in the absence of serum then added to cells covered
with medium supplemented with different amounts of serum. Briefly, pDNA (0.4 pg) was
diluted in 21 pL DMEM without serum, 4 uL of Plus Reagent was added and the
suspension then incubated for 15 min at RT. Diluted Lipofectamine (1 pL in 25 uL DMEM
without serum) was then added to pre-complexed DNA followed by incubation for 15 min
at RT. The combined solution was then added to cells covered with 250 uL medium with or
without different amounts of serum and the cells were incubated for 3 hr. The medium was
then replaced with 1 mL of fresh medium with 10% FBS and the incubation continued for

21 hr.
2.7. Evaluation of cellular uptake

HeLa cells were cultured in a 6-well plate (2 x 10° cells per well) 1 day before
transfection. At the transfection time, the culture medium was removed and cells were
washed with 1 mL DMEM. Samples of MENDs labeled with DiD fluorescence (1 mol% of
total lipids) containing 2 ug pDNA suspended in 1.25 mL DMEM supplemented with 10%
FBS were added to each well and the cells were incubated for 3 hr at 37°C. The medium

was then removed and cells were washed with 1 mL PBS containing 20 U heparin then
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harvested by trypsinization. After centrifugation (15000 rpm at 4°C), the cell pellet was
suspended in PBS and re-centrifuged (three times). Finally, the cells were suspended in
PBS and filtered through a nylon mesh before subjected to flow cytometry using FACS

caliber (BD Bioscience, San Jose, USA).
2.7. Statistical analysis

Comparisons between multiple treatments were made using the one-way analysis of
variance (ANOVA), followed by the Bonferroni or the Student-Newman-Keuls test. Pair-
wise comparisons between treatments were made using a two-tail Student t-test. A p-value

of <0.05 was considered significant.
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3. Results
3.1. PEGylation of R8-MEND

The effect of the addition of PEG on the characteristics and transfection activities of
the R8-MEND was examined. The R8-MEND was composed of a negatively charged
DNA/PEI condensed core covered with a lipid envelope comprised of DOPE, Chol and
STR-R8. The resulting R8-MEND had a diameter of ~261 nm and a net positive charge
(~41 mV) (Table 1). The origin of the net positive charge is the positively charged R8
peptide on the surface of the lipid envelope. The addition of increasing amounts of DSPE-
PEG to the pre-formed R8-MEND (post-PEGylation) resulted in a significant reduction in
the positive charge of the system. R8-MENDs modified with 5-10 mol% DSPE-PEG were
still positive while those modified with 15-20 mol% DSPE-PEG had a neutral to slightly
positive or negative charge. This indicates that the addition of 15 mol% PEG or more
successfully shielded most of the positive charge of R8. The presence of the PEG coat
probably decreases the aggregation of NPs since the diameter of the PEGylated R8-MEND

was lower compared to the non-modified R8-MEND.

We next examined the transfection activities of the R8-MEND compared to
PEGylated R8-MENDs in HeLa cells in the presence of 10% serum. As expected, the R8-
MEND had a high transfection activity (Figure 1). This is mainly due to enhanced cellular
uptake and controlled intracellular trafficking mediated by R8 and the fusogenic DOPE-
containing lipid envelope (Khalil et al., 2007; Kogure et al., 2004). The addition of PEG

decreased the transfection activities in a dose-dependent manner. PEG, at a level of 5 mol%,
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caused a reduction in gene expression by ~2 orders of magnitude. Increasing the amount of
PEG further decreased the activity up to 15 mol%. Since the aim was to decrease non-
specific interactions of R8-MEND, it was important to define the amount of PEG that is
sufficient to shield the positive charge of R8. Figure 1 suggests that 15 mol% PEG is

probably sufficient for shielding most of the positive charge of R8.
3.2. Mechanism of reduced activity of PEGylated MEND

We aimed to restore the activity of R8-MEND that is lost by PEGylation without
affecting the physicochemical characteristics of the PEGylated R8-MEND. To accomplish
this, we needed to identify the mechanism responsible for the reduced activities of
PEGylated R8-MENDs. We compared the cellular uptake of R8-MEND and R8-MEND
coated with 15 mol% PEG using flow cytometry (Figure 2A). The cellular uptake was
significantly reduced by ~50% by the addition of PEG. We also examined the transfection
activity of the PEGylated R8-MEND in the presence of the endosome disrupting agent
chloroquine in an attempt to identify the effect of PEG on endosomal escape. Chloroquine
accumulates in endosomes and eventually causes endosome disruption leading to an
enhanced cytosolic release of endocytosed carriers (Cervia et al., 2017). Chloroquine would
be expected to fully restore the activity if only endosomal escape is impaired. As shown in
Figure 2B, the transfection activity of PEGylated R8-MEND is dramatically increased by
~2 orders of magnitude in the presence of chloroquine. However, the activity in the
presence of chloroquine was lower than that of the R8-MEND by ~8 fold. This indicates
that both cellular uptake and endosomal escape are impaired by PEGylation, the latter being

the more significantly affected step. The effect of chloroquine was consistent with the study
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of cellular uptake inhibition, which confirms the importance of improving endosomal
escape as the main step in restoring the high activity. The activity of the R8-MEND without
PEG was enhanced by ~2.3 fold in the presence of chloroquine. This probably reflects a
relatively high endosomal escape of R8-MEND, a result that is consistent with our previous
analysis of the intracellular trafficking of the R8-MEND (EI-Sayed et al., 2008; Khalil et al.,

2007).
3.3. Effect of transferrin modification

We hypothesized that the cellular uptake of PEGylated NPs could be improved by the
addition of a targeting ligand to the tip of PEG. In addition, the presence of a targeting
ligand would be expected to specifically internalize NPs to cells expressing receptors to this
ligand. We examined the effect of adding a model targeting ligand; transferrin (Tf), which
is a glycoprotein that transports iron into cells. Tf reacts with Tf-receptors (Tf-Rs) on the
cell surface and the complexes are internalized into cells via endocytosis (Sharma et al.,
2016). Since Tf-Rs are over-expressed in tumor cells, Tf is a promising ligand to actively
enhance cellular uptake in tumor cells. To attach Tf to the tip of PEG chains via disulfide
bonding, the PEG coat included maleimidic DSPE-PEG (DSPE-PEG-mal). The addition of
Tf changed the net surface charge of PEGylated R8-MEND to be negative (Table 2). This
confirms that Tf was successfully attached to the PEG. The negative charge increased only
slightly by increasing the mol % of PEG. The diameter of the Tf-modified did not exceed
200 nm, an important parameter for enhancing tumor accumulation after systemic
administration based on enhanced permeability and retention (EPR) effects (Hatakeyama et

al., 2013). The addition of Tf resulted in a significant increase in the gene expression of R8-
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MEND modified with 10 or 15 mol % PEG (Figure 3). This improvement is thought to be
the result of the enhanced cellular uptake of NPs through Tf/Tf-R interactions. The
enhancement by Tf was lower in the case of 20 mol% PEG. The addition of high amounts
of PEG appears to severely impair endosomal escape since enhancing cellular uptake

through Tf addition did not significantly enhance the transfection activity.
3.4. Effect of GALA

The data shown in Figure 2 suggest that the endosomal escape of PEGylated NPs is
impaired to a higher extent compared to cellular uptake. Consistent with this, the addition
of Tf improved the activity only by several fold. Actually, the activity of Tf-modified
PEGylated R8-MEND (RT-MEND) is still far below that of a non-PEGylated R8-MEND.
We introduced the pH-sensitive fusogenic peptide GALA in the form of cholesterol-GALA
(Chol-GALA) to enhance the endosomal escape of the RT-MEND. The inclusion of Chol-
GALA in the lipid in the case of the R8-MEND resulted in a slight decrease in positive
charge while this did not affect the surface charge in the case of the RT-MEND (Table 3).
Interestingly, the presence of GALA dramatically improved gene expression by ~430 fold
in the case of the RT-MEND (Figure 4). Meanwhile, the use of GALA improved gene
expression by ~3 fold in the case of the R8-MEND. This result is relatively consistent with
the results shown in Figure 2, which show that endosomal escape is severely impaired in
the case of the PEGylated R8-MEND but not to the same extent in the case of the R8-
MEND. As a result, the activity of GALA-containing Tf-modified R8-MEND (abbreviated
as RTG-MEND) was comparable to the parent R8-MEND in terms of transfection activity

(no statistically significant difference between R8-MEND and RTG-MEND). This means
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that the activity of R8-MEND that is lost by PEGylation could be fully restored by

enhancing cellular uptake and more importantly by improving intracellular trafficking.
3.5. Role of R8

We succeeded in achieving our main target, namely to restore the activity of R8-
MEND that is lost by PEGylation. However, we were also interested in investigating the
role of R8 in the RTG-MEND system. We previously showed that the inclusion of Chol-
GALA in the TF-MEND system improved transfection activity by ~10 fold. Here we show
more than a 400-fold enhancement when chol-GALA is included in the RT-MEND system.
This dramatic difference in the effect of GALA suggests that the presence of R8 greatly
enhances the activity of GALA. To confirm this assumption and to examine the role of RS,
we prepared a Tf-modified MEND lacking R8 and compared it with the MEND containing
Tf and R8 or Tf and octalysine (K8) (with or without GALA). K8-MEND was prepared
similar to R8-MEND except using stearylated octalysine (STR-K8) as a source of a positive
charge instead of STR-R8. The characteristics of the different systems are shown in Table 3.
As shown in Figure 5, in the absence of GALA, the R8 improved the transfection activity
of T--MEND by ~2.5 folds while K8 did not cause a significant effect. This suggests the
existence of a synergistic effect between R8 and Tf in enhancing cellular uptake. However,
a dramatic difference was observed when combining Tf and R8 in the presence of GALA.
The R8 improved the gene expression by ~460 fold. The minor effect of GALA in the
absence of R8 confirms our previous conclusion that R8 augments the activity of GALA. A
similar high GALA effect could be observed in the case of the MEND modified with Tf

and K8. However, the activity of the Tf/R8-MEND was higher than that of the Tf/K8-
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MEND (with or without GALA), indicating that the activity of R8 can only be partially

explained by the presence of a positively charged peptide.
3.6. Evaluation of targeting ability of different MENDs

One of the main disadvantages of short arginine-rich peptides is the lack of specificity
(Gupta et al., 2005). These peptides are able to bind to almost all types of cells owing to
electrostatic interactions with cell surface negative constituents. However, the system
developed in this study contains R8 covered with a PEG coat and Tf is attached to the tip of
the PEG. Therefore, it would be expected that the internalization would mainly be mediated
by Tf. To examine this assumption further, we transfected cells with different MENDs in
the presence of excess free Tf in the transfection medium. As shown in Figure 6A, the gene
expression in the case of RT-MEND and RTG-MEND was significantly inhibited by the
presence of free Tf. Under the same conditions, the gene expression was only slightly
inhibited by free Tf in the case of the PEGylated R8-MEND without Tf (RP-MEND),
although the difference was not statistically significant. The activity of R8-MEND without
PEG was not inhibited by free Tf. Collectively; these findings indicate that Tf-modified
MENDs are targeted to cells that are over-expressing Tf-Rs, despite having the positive R8
peptide in their makeup. To confirm this result, we compared the transfection activities of
RTG-MEND in cancerous (HeLa) and non-cancerous (3T3-L1 and H9C2) cells. The
activity in HelLa cells was significantly higher than that in non-cancerous cells (Figure 6B).
The ratio of luciferase activities in HeLa to that in 3T3-L1 was ~90 while it was ~10 in the
case of H9C2 cells. These ratios were much lower in the case of non-specific R8-MEND

(~8 in the case of 3T3-L1 and ~1.7 in the case of H9C2 cells) (Supplementary Figure S1).
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This indicates that it is possible to overcome the non-specificity of the R8-MEND while the

important role of R8 in intracellular trafficking is maintained.
3.7. Effect of serum and comparison with Lipofectamine Plus reagent

Since the prepared RTG-MEND is intended to decrease non-specific interactions with
serum components, it was necessary to examine the effect of serum on transfection activity.
The effect of serum on this process is shown in Figure 7 (expressed as % transfection in the
absence of serum). Transfection with the RTG-MEND in the presence of 10% serum was
comparable to that in the absence of serum; however, activity was slightly reduced by the
presence of 20% serum and reduced by ~55% by the presence of 40% serum. We examined
the effect of serum on the transfection activities of the Lipofectamine Plus reagent (LF-
Plus), one the most efficient commercially available systems for the transfection of pDNA
in HeLa cells. The pattern of serum resistance of RTG-MEND was different from that of
the LF-Plus reagent, which showed a ~78 % reduction in activity in the presence of 10%
serum. The parent R8-MEND system showed a reduced transfection even in the presence of
10% serum (Supplementary Figure S2). This shows that serum resistance in the case of the
RTG-MEND is relatively higher than that of cationic transfection systems. The absolute
value of the transfection efficiency of the RTG-MEND system is comparable to the LF-
Plus reagent in the presence of 10% serum (Supplementary Figure S2). Finally, transfection
with R8-MEND, RTG-MEND or LF-Plus reagent did not result in a significant effect on
cell viability as judged by the total protein content in cell lysates at the end of the

transfection (Supplementary Figure S2).
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4. Discussion

Although our previously developed R8-MEND produced high transfection activities
in vitro and in vivo (Hayashi et al., 2011, 2012, Khalil et al., 2007, 2011), the presence of a
high net positive charge results in a non-specific system that is highly taken up by the
reticuloendothelial system (RES). In addition, positive systems interact with different cells
and with negative serum components (Y. Zhang et al., 2012). In this study, we intended to
optimize the R8-MEND system to decrease non-specific interactions and to increase its
targeting ability. Nevertheless, the optimized system should ideally retain the high

transfection activity of the parent system.

Cationic systems are generally modified with PEG to decrease non-specific
interactions and to increase circulation time to allow tumor accumulation by the EPR effect.
PEGylation has several advantages related to improving the extracellular movement of
gene carriers and serum resistance; however, PEGylated systems are generally inefficient
due to reduced interactions with cellular membranes in target cells (Hatakeyama et al.,
2013). As a result, a system needs to be developed that combines both improved
extracellular movement, serum resistance and high transfection activity. Several strategies
have been developed to overcome this well characterized PEG dilemma (Hatakeyama et al.,
2013). Some strategies focused mainly on using cleavable PEG derivatives that are
specifically cleaved by enzymes or acid-catalyzed reactions at the target site (Ambegia et
al., 2005; Hatakeyama et al., 2007). This effective de-PEGylation generates the parent

system that can then efficiently transfect the target cells. In this study, we propose an
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alternative strategy in which the intrinsic activity of PEGylated systems can be improved

without the need to remove PEG.

The R8-MEND used in this study showed a high transfection activity (Figure 1).
Based on our previous analysis of cellular uptake and intracellular trafficking of a similar
R8-MEND system, the R8 peptide enhanced cellular uptake mainly through endocytosis
(Khalil et al., 2006b). After internalization, the R8-mediated close contact between the
endosomal and liposomal membranes, which continues even after endosome acidification,
facilitates the interaction between the two membranes (El-Sayed et al., 2008). Under acidic
conditions, fusion activity between the DOPE-containing lipid envelope and the endosomal
membrane facilitates the release of DNA cores to the cytosol. These cores provide
additional protection of DNA against cytosolic enzymes and other degrading factors. It is
clear that PEGylation interferes with one or more of these steps, since it dramatically
reduces transfection activities (Figure 1). As per our strategy, we attempted to identify the
reasons behind this PEG-mediated reduction in activity of R8-MEND in order to correct
them. Deshpande et al. (2004) showed that PEGylation reduces the cellular uptake of
lipoplexes. Meanwhile, Song et al. (2002) reported that only the endosomal escape of
lipoplexes is impaired by PEGylation. Remaut et al. (2007) showed that PEGylation favors
endosomal degradation of the delivered oligonucleotides. Due to this discrepancy, we
needed to identify which step is impaired by PEGylation of the R8-MEND, i.e., cellular

uptake, endosomal escape or both.

Our results show that both cellular uptake and endosomal escape are impaired by

PEGylation of the R8-MEND, but the latter step is more severely impaired. This conclusion
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was based on measuring cellular uptake and transfection in the presence of the endosome
disrupting agent chloroquine (Figure 2). PEGylation did not completely inhibit the cellular
uptake since it was reduced by ~50% compared to R8-MEND. PEGylated R8-MEND
showed a slight positive charge (ranging from 2.5 to 4.5) which may explain why the
uptake is not severely impaired. However, the addition of Tf in a later step made the system
negatively charged (Table 2), which is expected to limit the cellular uptake in cells not
expressing Tf receptors. This is supported by the inhibition of the activity by around 80%
in the presence of excess free Tf (Figure 6A). Furthermore, the activity is reduced to 1% in
non-cancerous 3T3-L1 cells or to 13% in HI9C2 cells (Figure 6B). This supports our
concept that the final system lost most of the non-specific cellular uptake of the original

system.

The activity of the PEGylated R8-MEND was dramatically increased in the presence
of chloroquine; however, the activity is less than that for a non-PEGylated R8-MEND by
~8 fold. While the effect of chloroquine may be more than just endosome disruption as
previously suggested (Yang et al., 2009), we used chloroquine effect to roughly estimate
the impaired step. The data shown in Figure 2 suggests that inefficient endosomal escape is
a major reason for the reduced activity of the PEGylated R8-MEND. PEG may severely
affect lipid exchange with the endosomal membrane, a critical step for efficient endosomal
release. It is worth noting that we used a post-PEGylation strategy rather than pre-
PEGylation. Actually, the use of the pre-PEGylated R8-MEND resulted in lower gene
expression (data not shown). This is consistent with findings reported by Peeters et al.

(2007) who showed that pre-PEGylated lipoplexes severely inhibit transfection. The
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authors attributed this reduced activity to inefficient and slower internalization as well as
higher endosome entrapment compared to post-PEGylated lipoplexes. Peeters et al. used
PEG-ceramides for post-PEGylation while we used DSPE-PEG. We favor using the latter
since PEG-ceramides are believed to leave the lipoplexes upon contact with cell
membranes (Peeters et al., 2007). In contrast, DSPE-PEG is more stably attached to the

lipid and is not easily removed, which confirms the stealth property of the system.

To restore the activity of the R8-MEND that is lost by PEGylation, we first attempted
to increase cellular uptake. The contribution of R8 to cellular uptake would be expected to
be minimal, since the peptide is shielded with the PEG coat. Therefore, we needed an
alternate molecule to be expressed on the outer surface of the system to enhance cellular
uptake. This alternate structure should not be positively charged and preferably should be
serum resistant. We suggested adding a targeting ligand to enhance cellular uptake and to
add an active targeting ability to the system. We previously showed improved activities of
systems modified with dual ligands including R8 and specific targeting ligands (Kibria et
al., 2011; Takara et al., 2012). In this study, we used Tf, a well-known targeting ligand to
cancer cells, which overly express Tf receptors. Several reports showed that the activity of
cationic lipoplexes is improved by Tf modification (Sakaguchi et al., 2008; Singh et al.,
2006; Tros De llarduya et al., 2002). As shown in Figure 3, the use of Tf resulted in a
significant enhancement in gene expression when the amount of PEG used was 15 mol% or
lower. The Tf effect was not significant when higher amounts of PEG were used. We
hypothesize that the high levels of PEG severely impaired endosomal escape. As a result,

uptake may be significantly improved by Tf but the overall activity is not proportionally
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enhanced. The addition of Tf also added active targeting ability to the system (Figure 6).
Therefore, the system would be expected to target tumor tissues by both passive and active
mechanisms. Passive targeting arises from the dense PEG coat while the active targeting

can be attributed to the presence of Tf on the outer layer of the system.

The activity of the RT-MEND was still lower than that of a non-PEGylated R8-
MEND. As shown in Figure 2, improving intracellular trafficking in the presence of PEG is
an essentially required step. Therefore, we incorporated a pH sensitive fusogenic peptide
GALA to enhance endosomal escape. GALA is used in the form of cholesterol-GALA to
allow attachment of the peptide to the lipid envelope. We have previously demonstrated
successful cytosolic release of the liposomal aqueous phase by the introduction of Chol-
GALA (Kakudo et al., 2004). GALA is a synthetic, 30 amino acid peptide with a glutamic
acid-alanine-leucine-alanine repeat. It converts from a random coil to an amphipathic o-
helix when the pH is reduced from 7.0 to 5.0. It is believed that the peptide forms a
transbilayer pore responsible for enhancing endosomal escape (Li et al., 2004). The use of
Chol-GALA dramatically enhanced the transfection activity of the PEGylated RT-MEND
by more than 400 fold (Figure 4). Therefore, while PEG may inhibit endosomal escape
resulting from DOPE-mediated fusion; it did not inhibit the activity of GALA. Interestingly,
this dramatic effect of GALA was lost when R8 was not included in the system (Figure 5).
This provides a clear demonstration of the indispensable role of R8 to achieving high
transfection activity, even when it is shielded by PEG. One possible explanation is that the
R8 peptide allows a close contact between liposomes and endosomal membranes, even in

an acidic pH range. This close contact may augment the effect of GALA. In the absence of
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R8, Tf ligands are dissociated from Tf-R at acidic pH values, which may result in a low
level of contact of liposomes with the endosomal membrane. We conclude that this design
protected R8 against non-specific extracellular interactions, but allowed the peptide to
augment GALA effect at the intracellular level. This control of the topology of the peptide
is an important issue, in terms of the time and location where the peptide functions. The
effect of R8 was higher than that of K8, a similar positively charged peptide. We previously
investigated the superiority of R8 compared to K8 (El-Sayed et al., 2008). The role of R8 is
further confirmed by previous reports showing a lower GALA effect in the absence of R8.
For example, Sasaki et al. (2008) showed that Chol-GALA caused ~10 fold enhancement in
transfection activity of a TF-MEND prepared in the absence of R8. In addition, Hatakeyama
et al. (2007) showed that the silencing effect of a PEGylated siRNA system was not highly
improved by Chol-GALA, unless a specific tumor-cleavable PEG was used. We believe the
augmentation of GALA effect by a CPP is an important finding that may have future

implications for the use of pH sensitive fusogenic peptides.

The optimized system described herein is protected with a dense PEG coat and carries
a net negative charge, but still shows a high transfection activity that is comparable to
Lipofectamine Plus reagent in the presence of 10% serum. In addition, the system has
improved serum resistance and probably possess both passive and active targeting ability to
tumor cells. We believe our proposed strategy will permit different targeting ligands to be
combined with CPPs to target different tissues while maintaining high transfection

activities.
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5. Conclusion

We report herein on a potential strategy for preparing CPP-based stealth systems with
high transfection efficiencies and increased targeting characteristics. The strategy involves
combining a CPP with a targeting ligand in a configuration that protects the former from
non-specific interactions while allowing it to function at the intracellular level. The design
also allows the targeting ligand to mediate specific cellular uptake in certain cells that
express receptors for this ligand. Both functional devices proved to be important for
achieving efficiency and targeting ability, provided that the system contains a device to
improve intracellular trafficking. We developed a targeted, efficient, and serum resistant

gene carrier that has a high potential for applications in the area of gene therapy.
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Abbreviations:

CHEMS, cholesteryl hemisuccinate; Chol-GALA, cholesterol GALA; DOPE,
Dioleoyl phosphatidylethanolamine; DSPE-PEG, distearyl phosphatidylethanolamine-
polyethyleneglycol 2000; DSPE-PEG-mal, maleimidic DSPE-PEG; DTT, dithiothleitol; K8,
octalysine; LF-Plus, Lipofectamine Plus reagent; MEND, multifunctional envelope-type
nanodevice; PDP-Tf, 3-(2-pyridinedithio)proprioyl Tf; PEG, polyethylene glycol; PEI,
polyethyleneimine; PI, propidium iodide; R8, octaarginine; R8-Lip, R8-modififed
liposomes; R8-MEND, R8-modified MEND; RT-MEND, Tf-modified PEGylated R8-
MEND; RTG-MEND, Tf-modified PEGylated R8-MEND with GALA; SDOC, sodium
deoxycholate; SPDP, 3-(2-pyridyldithio) propionic acid N-hydroxysuccinimide ester; STR-
R8, stearylated R8; Tf, transferrin; Tf-R, Tf receptors; T-MEND, Tf-modified PEGylated

MEND.
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Figure Legends
Figure 1

Transfection activities of different R8-MENDs

HeLa cells were transfected with an R8-MEND containing luciferase-encoding
pDNA and modified with different amounts of DSPE-PEG for 3 hr. The medium was then
replaced with fresh medium plus serum and cells were incubated for a further 21 hr. At the
end of the transfection, the cells were lysed and transfection activities were measured in the
cell lysates (expressed as relative light units (RLU) per mg of protein). Each bar represents
the mean of 3 different experiments, each performed in triplicate. Error bars show the S.D.

(**P<0.01).
Figure 2

Comparison of cellular uptake and the effect of chloroquine on transfection activities

of R8-MEND or PEGylated R8-MEND

A. Effect of PEG on the cellular uptake of R8-MEND. Different MENDs labeled with
1 mol% DiD were added to HelLa cells in the presence of 10% serum followed by
incubation for 3 h before subjected to FACS analysis. Geo-mean fluorescence of cells is
expressed as % of that in the case of R8-MEND (means +/- S.D. of 3 different experiments)
(**P<0.01, compared to R8-MEND). B. Effect of chloroquine on transfection activities.
HeLa cells were transfected with pDNA encapsulated in R8-MEND or R8-MEND

modified with 15 mol% DSPE-PEG with or without the addition of chloroquine. Each bar
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represents the mean of 3 different experiments, each performed in triplicate. Error bars

show the S.D. (*P<0.05, compared to [-Chloroquine]).
Figure 3

Effect of transferrin on transfection activities of different PEGylated R8-MENDs
HeLa cells were transfected with pDNA encapsulated in different PEGylated R8-
MENDSs with or without transferrin (Tf) for 3 hr. The medium was then replaced with fresh
medium and the cells were incubated for a further 21 hr. Transfection activities are
expressed as fold increase compared to non-Tf-modified R8-MEND. Each bar represents
the mean of at least 3 different experiments, each performed in triplicate. Error bars show

the SEM (*P<0.05, compared to PEGylated R8-MEND without Tf).
Figure 4

Effect of GALA on transfection activities of R8-MEND and RT-MEND

HelLa cells were transfected with R8-MEND or PEGylated R8-MEND modified with
Tf (RT-MEND) with or without GALA. Each bar represents the mean of at least 3 different
experiments, each performed in triplicate. Error bars show the S.D. (*P<0.05, compared to

[-GALA)).
Figure 5

Comparison between MENDs containing Tf, Tf/R8 or Tf/K8 in the presence or the

absence of GALA
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HelLa cells were transfected with MENDs modified with Tf, Tf and R8 or Tf and K8
in the presence or the absence of GALA. Each bar represents the mean of at least 3
different experiments, each performed in triplicate. Error bars show the S.D. (*P<0.05 vs.

Tf or Tf+K8)
Figure 6

Evaluation of targeting ability and selectivity of different MENDs

A. Effect of free Tf on transfection activities of different MENDs. HelLa cells were
transfected with R8-MEND, PEGylated R8-MEND (RP-MEND), Tf modified R8-MEND
with or without GALA (RTG-MEND or RT-MEND, respectively). Transfection was
performed in the absence or the presence of free Tf for 1 hr. The medium was then replaced
with fresh medium and cells were further incubated for 23 hr. Transfection activities are
expressed as percent of control (in the absence of free Tf) in each case. Each bar represents
the mean of 3 different experiments, each performed in duplicate. Error bars show the
S.E.M (**P<0.01, compared to [- free Tf]). B. Comparing transfection activities of RTG-
MEND in cancerous and non-cancerous cell lines. Transfection was performed for 3 hr in
the presence of medium supplemented with 10% serum as previously described. Each bar
represents the mean of 3 different experiments, each performed in triplicate. Error bars

show the S.D. (**P<0.01, compared to [HeLa cells]).
Figure 7

Effect of serum on transfection activities
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HeLa cells were transfected with R8-MEND modified with Tf and GALA (RTG-
MEND) or pDNA complexed with Lipofectamine Plus reagent (LF-Plus) in the presence or
the absence of different serum amounts for 3 hr. The medium was then replaced with fresh
medium plus 10% serum and cells were further incubated for 21 hr. At the end of
transfection, cells were lysed and transfection activities were measured in the cell lysates
(expressed as percent of transfection activities in the absence of serum). Values are the
means of at least 3 different experiments, each performed in triplicate. Error bars show the

S.D. (*P<0.05, **P<0.01, compared to serum-free transfection).
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Figure 5
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Figure 7
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Table 1
Characterization of R8-MENDs with or without DSPE-PEG

Diameter  Zeta potential

(nm)” (mV)
Plasmid DNA/PEI core 886 -25+8
R8-MEND 261 £ 21 41+3
R8-MEND + PEG 5 mol% 208 £ 21 21+4
R8-MEND + PEG 10 mol% 216+ 41 9+3
R8-MEND + PEG 15 mol% 218+ 16 441
R8-MEND + PEG 20 mol% 224+ 29 3+5

"Data are mean + S.I). of at least 3 different preparations

Table 2
Characterization of different PEGylated R§-MENDs
with or without transferrin (Tf)

PEG TF Diameter Zeta potential
(mol %) (nm)* (mV)*
10 - 199+ 9 T+4
+ 179+ 2 -15+3
15 - 184+2 1+5
+ 180+ 6 -17+1
20 - 181 +8 2%1
+ 183+ 7 -18+ 6

"Data are mean + S.I). of at least 3 different preparations

Table 3
Characterization of different MENDs prepared with or
without GALA
GALA  Diameter  Zeta potential

(nm)” (mV)*
274+ 71 46+ 5
R3-MEND + 217+ 4 41+4
R8-T-MEND - 177+ 4 -17+1
(RT-MEND) + 205 + 4 1743
T-MEND - 152+ 26 24+ 5
(T-MEND) + 159+ 7 3143
K8-T-MEND - 202 +26 -18+3
(KT-MEND) + 217+ 11 -19+2

*Data are mean + S.D. of at least 3 different preparations



Supplementary Figure S1
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Transfection activities of R8-MEND or RTG-MEND were evaluated in 3 different cell
lines (HeLa, 3T3-L1 and H9C2). Transfection was performed for 24 hr in the presence of 10%
serum. Selectivity was estimated by calculating the ratio of luciferase activity in the case of
cancerous (HeLa cells) to non-cancerous (3T3-L1 or H9C2 cells). Each bar represents the mean
of 3 different experiments, each performed in triplicate. Error bars show the S.D. (*P<0.05,
**P<(0.01, compared to [R8-MEND]).



Supplementary Figure S2
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A. Effect of serum on transfection activities of R8-MEND. HeLa cells were transfected with R8-
MEND in the presence or the absence of different serum amounts. Transfection activities are
expressed as percent of transfection activities in the absence of serum. Values are the means of 3
different experiments, each performed in triplicate. Error bars show the S.D. (**P<0.01,
compared to serum-free transfection).

B. Absolute values of transfection activities of RTG-MEND and Lipofectamine Plus reagent in
the presence of 10 % serum (data from Figure 7). Each bar represents the mean of at least 3
different experiments, each performed in triplicate. Error bars show the S.D. (NS is non-
significant).

C. Total protein content of cells after transfection with different MENDs or with Lipofectamine
Plus reagent. Total proteins are expressed as % of non-treated cells. Each bar represents the mean
of at least 3 different experiments, each performed in triplicate. Error bars show the S.D. (NS is

non-significant).
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