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Abstract

In the present study, a series of copolymers (PAMD-Ch) was synthesized by grafting polymeric
Plerixafor/AMD3100 (PAMD) with different amounts of cholesterol and the effect of cholesterol
modification on siRNA delivery was investigated. PAMD-Ch/siRNA polyplexes exhibited
improved colloidal and enzymatic stability when compared with PAMD/siRNA polyplexes
containing no cholesterol. PAMD-Ch with low (17 wt%) and medium (25 wt%) cholesterol
content exhibited CXCR4 antagonism comparable to unmodified PAMD. Cholesterol
modification increased cell uptake of siRNA polyplexes and significantly decreased sensitivity of
siRNA transfection to the presence of serum. When used to deliver anticancer siRNA against
polo-like kinase 1 (PLK1), polyplexes based on PAMD-Ch with 17 wt% cholesterol exhibited the
highest cancer cell killing activity both in serum-free and serum-containing conditions. Overall,
the results of this study validate cholesterol modified PAMD as dual-function delivery vectors
suitable for efficient delivery of anticancer siRNA and simultaneous CXCR4 inhibition for
combined anticancer therapies.
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1. Introduction

Nucleic acids represent a class of promising agents with therapeutic potential in a broad
range of diseases — from simple monogenic disorders to complex conditions like cancer.
Despite recent progress towards the therapeutic delivery of nucleic acids, there remains a
compelling need for development of novel delivery systems for various types of nucleic
acids and diseases. In particular, small interfering RNA (siRNA) capable of achieving
sequence-specific gene silencing remain one of the most promising nucleic acid therapeutics
with potential to treat various diseases.!: 2

Polyelectrolyte complexes of nucleic acids with polycations (polyplexes) have received
significant attention in the development of siRNA delivery systems.3 Polyplexes offer
multiple advantages in SiRNA delivery, including low toxicity, minimal immunogenicity,
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and versatility in introducing various functional modifications.* 5 Yet, despite ongoing
efforts, the use of sSiRNA polyplexes remains hindered by a relatively low efficacy when
compared with lipid based delivery methods.®: 7 It has been realized that polyplex
formulations optimized for delivery of large DNA often perform poorly when delivering
SiRNA.8 Taking advantage of the chemical versatility of polyplexes, multiple approaches
have been developed to improve siRNA delivery by polyplexes and to overcome critical
biological hurdles.® 19 Among the most successful approaches has been modification of
polycations with hydrophobic moieties (e.g., cholesterol).11: 12 Cholesterol is a naturally
occurring lipid that is readily metabolized in the body and can play an important role in
controlling stability and interaction of polyplexes with cell membranes during uptake and
intracellular trafficking.13-16 Modification of poly(ethylene imine) (PEI) with cholesterol
allowed formulation of polyplexes with high serum compatibility and enhanced cellular
uptake due to favorable interactions between cholesterol moiety and cell membrane.1” In
another example, bioreducible cholesterol-modified poly(amido amines) were successfully
employed for delivery of anti-angiogenic siRNA with promising antitumor activity in
vivo.18

In tumors, a complex network of chemokines and chemokine receptors controls cell
trafficking into and out of the tumor microenvironment.® The tumor chemokine network
also participates in angiogenesis and generation of the fibroblast stroma. Importantly,
chemokines and chemokine receptors are directly involved in the molecular control of
cancer metastasis and govern organ-specific homing of metastatic cancer cells.2% Although
malignant cells from different types of cancer have different expression profiles of
chemokine receptors, CXCR4 is the most widely expressed chemokine receptor in human
cancers, making it, and its ligand SDF-1, among the most-promising targets within the
chemokine network for novel therapies. Binding of SDF-1 to CXCR4 activates multiple
intracellular signaling transduction pathways that regulate survival, proliferation, adhesion,
and invasion of cancer cells.21: 22 Evidence supporting the exploration of CXCR4 as a
therapeutic target in various cancers stems from experimental in vitro and in vivo studies as
well as retrospective clinical studies. The studies have documented increased invasive and
metastatic potential in CXCR4-expressing tumor cells.?1: 22 The effect of CXCR4
expression on poor clinical outcomes of cancer is also well documented by multiple
retrospective clinical studies.?3: 24 Available evidence points to the involvement of the
CXCRA4/SDF-1 axis in both cancer metastasis and primary tumor growth. CXCR4
expression is increased in general in tumor tissues of multiple cancers (e.g., breast,
pancreatic, prostate, and lung) and in tumors of patients with metastatic disease.

Current evidence strongly supports antimetastatic potential of CXCR4 inhibition, in
particular in combination with other treatment modalities.2> We have recently developed a
new approach to the design of nucleic acid delivery systems that takes advantage of the
crucial role of CXCR4 in cancer progression. The delivery systems rely on polymeric
CXCR4 antagonists for simultaneous nucleic acid delivery and CXCR4 inhibition. We have
used a commercial bicyclam CXCR4 antagonist AMD3100 (Plerixafor) as the main building
block of the polymers (named PAMD in this study). Due to their cationic nature, PAMD
formed polyplexes with DNA and facilitated efficient transfection in various types of cancer
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cells. Importantly, the PAMD/DNA polyplexes exhibited CXCR4 antagonism demonstrated
by their ability to inhibit cancer cell invasion and metastasis.28-28 Although efficient in
DNA delivery, the original PAMD exhibited poor siRNA delivery activity.

The goal of the present study was to further develop PAMD as siRNA delivery vectors to
achieve combined antimetastatic and antitumor effect. Based on available evidence, we
proposed that modification of PAMD with cholesterol will improve overall stability and
improve cell uptake and intracellular trafficking of siRNA polyplexes. We investigated the
effect of cholesterol modification on siRNA complexation, colloidal and enzymatic stability
of polyplexes, and the ability to inhibit CXCR4 and deliver anticancer siRNA against PLK1.

2. Materials and methods

2.1. Materials

Cholesteryl chloroformate and branched poly(ethylene imine) (PEI, 25 kDa) were from
Sigma-Aldrich (St. Louis, MO). N,N’-Hexamethylenebisacrylamide (HMBA) was purchased
from Polysciences, Inc. (Warrington, PA), N,N-diisopropylethylamine (DIPEA) was from
Acros Organics (New Jersey, US), AMD3100 (base form) was from Biochempartner
(Shanghai, China). Dulbecco’s Modified Eagle Medium (DMEM), Dulbecco’s Phosphate
Buffered Saline (PBS), Fetal Bovine Serum (FBS) and RNase | were from Thermo
Scientific (Waltham, MA). Human SDF-1 was from Shenandoah Biotechnology, Inc.
(Warwick, PA). Scrambled siRNA (siScr, 5’-~ACGUGACACGUUCGGAGAAUU-3’) and
SiIGENOME human polo-like kinase 1 (PLK1) siRNA Smartpool (siPLK1) were purchased
from GE Healthcare Dharmacon, Inc. (Lafayette, CO). Succinimidyl ester of Alexa Fluor®
647 carboxylic acid was from Life Technologies (Eugene, OR). All other reagents were
from Fisher Scientific and used as received unless otherwise noted.

2.2. Polymer synthesis

PAMD was synthesized by Michael-type polyaddition of equal molar ratio of AMD3100
and HMBA. Typically, 0.66 mmol of each reactant was dissolved in a glass scintillation vial
containing 6 mL MeOH/water (7/3 v/v) mixture. Polymerization was carried out under
nitrogen protection in dark at 37 °C for 3 days. Then, additional 0.066 mmol of AMD3100
was added to the reaction mixture and stirred for another day to consume any unreacted
acrylamides. Product was isolated by double precipitation in diethyl ether, collected by
centrifugation, and dried in vacuum (yield 84%).

To synthesize PAMD-Ch with various degrees of cholesterol substitution, PAMD was first
dissolved in a mixture of anhydrous methylene chloride and DIPEA. Different calculated
amounts of cholesteryl chloroformate in anhydrous methylene chloride were added drop
wise to the ice-cold PAMD solution over 1 h. The reaction was continued under stirring for
another 24 h. The product was obtained by evaporating the solvent, and washing with
diethyl ether three times to remove unreacted cholesteryl chloroformate. The product was
further dissolved in ethanol/water (v/v 1/1) mixture, followed by adjusting the pH to 4.0
using HCI. The polymers then underwent extensive dialysis against ethanol/water mixture
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(v/v 1/1) for 2 days and distilled water for another day (membrane molecular weight cut-off
3.5 kDa) before lyophilization. Typical yield of PAMD-Ch ranged from 61% to 88%.

2.3. Polymer characterization

The molar mass of PAMD was analyzed by gel permeation chromatography (GPC) operated
in 0.3 M sodium acetate buffer (pH 5) using Agilent 1260 Infinity LC system equipped with
a miniDAWN TREOS multi-angle light scattering (MALS) detector and a Optilab T-rEX
refractive index detector from Wyatt Technology (Santa Barbara, CA). Polycation-
compatible TSKgel G3000PWx -CP column (Part No. 0021873, Tosoh Bioscience LLC,
King of Prussia, PA) was used at a flow rate of 0.5 mL/min. Results were analyzed using
Astra 6.1 software from Wyatt Technology. The content of cholesterol in PAMD-Ch was
determined using IH-NMR on Varian INOVA (500 MHz). The molecular weights of
PAMD-Ch were calculated using the determined molar mass of PAMD and the known
cholesterol substitution degree determined by 1H-NMR.

2.4, Critical Micelle Concentration (CMC)

Fluorescence spectroscopy was used to determine CMC of PAMD-Ch polymers using
pyrene as a hydrophobic fluorescent probe. Different concentrations of PAMD-Ch in water
were allowed to equilibrate with 600 nM pyrene overnight at room temperature after 1 h
sonication. Each fluorescence intensity index ratio at 335¢,/384em M (13) VS. 335¢4/373em
nm (14) (13/11) was measured, and plotted against the logarithmic concentration of the
polymer. The concentration at the inflection point was determined as CMC.29

2.5. Preparation and characterization of PAMD-Ch/siRNA

PAMD-Ch/siRNA polyplexes were formed by mixing equal solution volumes of siRNA (20
ug/mL) and polymer, followed by incubation at room temperature for 20 min before use.
Complexation of siRNA by PAMD was examined by agarose gel electrophoresis. PAMD-
Ch/siRNA polyplexes were prepared at various polymer/siRNA w/w ratios (w/w 1
corresponds to N/P ratio of ~3), loaded onto a 2% agarose gel containing 0.5 pg/mL
ethidium bromide and run at 75 V in 0.5x Tris/Borate/EDTA (TBE) buffer for 30 min. The
gel was then imaged under UV. Hydrodynamic diameter and zeta potential of the polyplexes
in 10 mM HEPES buffer (pH 7.4) were determined by dynamic light scattering using a
ZEN3600 Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire, UK).

2.6. Colloidal and enzymatic stability of polyplexes

Colloidal stability of PAMD-Ch/siRNA polyplexes was evaluated by measuring
hydrodynamic diameter of the polyplexes in PBS at 25 °C for up to 12 h. Results were
expressed as mean * SD of three measurements. To study the resistance to RNase |, PAMD-
Ch/siRNA polyplexes containing a total amount of 0.2 pug siRNA were incubated with 2.5
units of RNase I at 37 °C for 30 min, followed by incubation at 87°C for 30 min to
inactivate the enzyme. Heparin (200 pg/mL) was added to the samples and the mixture was
incubated for additional 30 min to release the siRNA. Gel electrophoresis was then used to
determine siRNA integrity.
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2.7. Cell Culture

Human epithelial osteosarcoma U20S cells stably expressing functional EGFP-CXCR4
fusion protein were purchased from Fisher Scientific and cultured in DMEM supplemented
with 2 mM L-glutamine, 1% Pen-Strep, 0.5 mg/mL G418 and 10% FBS. The cells were
maintained at 37°C with 5% CO> in a humidified incubator.

2.8. Cytotoxicity

Cytotoxicity of the synthesized polycations was tested by MTS assay in U20S cells. The
cells were seeded in 96-well plates at a density of 8000 cells/well and incubated overnight.
Culture medium was then replaced by 150 pL of serial dilutions of a polymer in serum-
supplemented medium and the cells were incubated for 24 h. The medium was then
aspirated and replaced by a mixture of 100 pL serum-free media and 20 pL of MTS reagent
(CellTiter 96®AQueous Non-Radioactive Cell Proliferation Assay, Promega, Madison, WI).
After 1 h incubation, the absorbance [A] was measured using SpectraMax®M>5e Multi-
Mode Microplate Reader at a wavelength of 490 nm. The relative cell viability (%) was
calculated as [Alsample/[Aluntreated X 100%. The ICsq were calculated in GraphPad Prism
using a built-in dose-response analysis as the polymer concentration that achieves 50%
growth inhibition relative to untreated cells (n = 3).

2.9. CXCR4 antagonism

CXCR4 antagonism of the polycations and their sSiRNA polyplexes was determined by
CXCR4 redistribution assay. U20S cells were seeded at a density of 8,000 cells/well in 96-
well black plates with optical bottom 24 h before the experiment. On the day of the assay,
cells were washed twice with 100 pL assay buffer (DMEM supplemented with 2 mM L-
glutamine, 1% FBS, 1% Pen-Strep, and 10 mM HEPES) and incubated with different
concentrations of the polycations, polyplexes, or AMD3100 in the assay buffer containing
0.25% DMSO at 37 °C for 30 min. Then, SDF-1 was added to each well to make final
concentration of 10 nM and the cells were incubated at 37 °C for 1 h. Cells were then fixed
with 4% paraformaldehyde at room temperature for 20 min, washed 4 times with PBS and
stained in 1 pM Hoechst 33258 solution for 30 min before imaging by EVOS fl microscope.
To quantify the internalization/redistribution levels of the CXCR4 receptors, high-content
analysis was conducted using Cellomics ArrayScan V1! Reader and SpotDetectorV3
BioApplication software. CXCR4 antagonism was determined based on % CXCR4
internalization inhibition calculated relative to the positive (AMD3100, 100%) and negative
(SDF-1 only, 0%) controls, and the results were expressed as mean % inhibition + SD (h =
3).

2.10. siRNA transfection

siRNA transfection efficiency of the polyplexes was evaluated in U20S cells using human
SiPLK1 as a therapeutic SiRNA. Cells were seeded at a density of 2,500 cells/well in 96-well
plates one day before. On the day of experiment, culture medium was carefully removed and
replaced with 50 pL medium (+/- 10% FBS) and 12.5 uL polyplexes (siRNA dose: 5 pmol
per well). After 4 h of incubation, polyplexes were removed and cells were maintained in
200 pL fresh culture medium for another 44 h. CellTiter-Blue Cell Viability Assay
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(Promega) was used to measure % cell viability. Activity was expressed as % cell death
induced by PLK1 gene silencing compared with scrambled siRNA.

2.11. Cellular uptake and intracellular distribution of polyplexes

PAMD-Ch polymers were fluorescently labelled with AlexaFluor 647 following
manufacturer’s instructions and purified by dialysis to remove unreacted dye. Fluorescently
labelled siRNA (Block-iT™ Alexa Fluor® Red) was purchased from Invitrogen (Carlsbad,
CA). 100,000 of U20S cells were seeded in a 23 mm glass-bottom dish (Nioptechs Inc.
Cat# 0420041500C) 24 h before the experiment. Cells were then incubated with PAMD-Ch/
SiRNA polyplexes (siRNA concentration 25 nM) for 1 h, washed twice with PBS, fixed with
4% paraformaldehyde, washed with PBS for additional 4 times and stained in 1 pM Hoechst
33258 solution All the images were taken using Zeiss 710 confocal laser scanning
microscope equipped with a 63x oil objective and 4 lasers (Blue Diode 405 nm, Argon
458/488/514 nm, DPSS 561 nm and He-Ne 633 nm).

3. Results and discussion

We have previously reported PAMD as a new class of dual-function poly(amidoamine)s
based on the CXCR4 antagonist AMD3100. We showed that PAMD are capable of
inhibiting CXCR4/SDF-1 signaling to limit cancer invasion, while simultaneously
delivering DNA for gene therapy.25-28 While suitable for delivery of DNA, the first
generations of PAMD showed limited ability to deliver other types of therapeutic nucleic
acids such as siRNA and microRNA.

To further explore and develop the potential of PAMD as a versatile platform for delivery of
nucleic acids in cancer treatment, the aim of this study was to adapt PAMD for efficient
delivery of siRNA. Based on available evidence with polycations used in siRNA delivery,
the hypothesis was that simple modification of PAMD with cholesterol would improve
SiRNA delivery.12 Modification with cholesterol is a well-established method to improve
polycation-medicated siRNA delivery and in vivo stability.3° This modification is expected
to improve siRNA delivery due to stabilization through hydrophobic interactions within the
interior of the polyplexes and enhanced interaction of the polyplexes with endosomal
membranes during intracellular trafficking (Scheme 1).17: 31

3.1. Synthesis and characterization of PAMD-Ch

PAMD was synthesized by Michael-type polyaddition of equal molar ratio of AMD3100
and HMBA (Scheme 2). AMD3100 contains six secondary amines and functions as a
hexafunctional monomer in this reaction. The acrylamide groups in HMBA react randomly
with the AMD3100 amines, which results in the formation of branched water-soluble
polymers when conducting the reaction at low temperature.32 33 The weight-average molar
mass (My,) of the PAMD synthesized and used in this study was 13.9 kg/mol and
polydispersity index (M,,/M;,) was 1.9.

PAMD-Ch copolymers were synthesized by reaction of cholesteryl chloroformate with the
available secondary amines in PAMD (Scheme 2). The content of cholesterol in the
copolymers could be easily tuned by changing the ratio of cholesteryl chloroformate to
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PAMD in the reaction. The content of cholesterol in the copolymers was determined

from 1H-NMR integral intensity of the cholesterol methyl group b at 0.65 ppm and the
aromatic phenylene protons in AMD3100 at 7.1-7.5 ppm (Figure 1). The molar mass of the
PAMD-Ch copolymers was calculated based on the known molar mass of PAMD and the
degree of cholesterol modification from the 1H-NMR analysis. We have synthesized three
copolymers with increasing content of cholesterol (Table 1). The copolymers are named
according to the weight percentage of cholesterol.

The introduction of hydrophobic cholesterol moieties to the hydrophilic PAMD polycation
backbone results in the formation of amphiphilic PAMD-Ch copolymers. The potential of
these copolymers to self-assemble into micelles in agueous media could change the nature
and dynamic of the complexation with siRNA depending on whether the copolymers bind
the nucleic acid as a unimer or as assembled micelles. Here we determined the critical
micelle concentration (CMC) values for the PAMD-Ch in distilled water by fluorescence
spectroscopy using pyrene as a hydrophobic fluorescent probe. In the presence of micelles
(above CMC), pyrene could be incorporated into the hydrophobic core in the micelles,
resulting in the increase in the ratio of two fluorescence intensity peaks (I3/17). By plotting
the ratio of 13/11 against the polymer concentration, CMC of each PAMD-Ch could be
determined (Figure 2). The results showed that all PAMD-Ch could form micelles with
CMC ranging from 63.1 to 89.1 pg/mL in water. As expected, increasing the cholesterol
content in the copolymers resulted in decreasing CMC.

3.2. Preparation and characterization of PAMD-Ch/siRNA polyplexes

The influence of cholesterol grafting on the ability of PAMD to complex siRNA into
polyplexes was investigated by agarose gel electrophoresis (Figure 3a). All the PAMD-Ch
copolymers were able to fully complex siRNA at or above w/w ratios equivalent to PAMD/
SiRNA w/w = 1. The siRNA binding ability of the parent PAMD was slightly better than
PAMD-Ch, as suggested by nearly complete siRNA complexation at w/w ratio 0.5. The
better complexation ability of PAMD is likely due to a decreased number of protonated
amines in PAMD-Ch due to cholesterol conjugation. Therefore all sSiRNA polyplexes used
in the following studies were prepared above w/w = 1 (N/P ~3) to assure complete sSiRNA
complexation. All w/w ratios in this study are expressed as equivalent PAMD/siRNA ratios
(i.e., not taking into account cholesterol content).

Hydrodynamic size and zeta potential of PAMD-Ch/siRNA polyplexes were evaluated by
dynamic light scattering (Figure 3b). Polyplexes were prepared in 10 mM HEPES buffer
(pH 7.4) at various equivalent w/w ratios and were allowed to stabilize for 20 min before
measurement. Except for PAMD-Ch34/siRNA prepared at lower w/w ratios, all the other
polyplexes displayed small particle size ranging from 56 to 121 nm. All the PAMD-Ch/
siRNA polyplexes prepared at higher w/w ratios showed significantly smaller sizes than
polyplexes prepared at lower w/w ratios, perhaps suggesting tighter binding. At w/w ratios
above 2, PAMD-Ch17 with the lowest cholesterol content exhibited the smallest sizes
compared with other PAMD-Ch/siRNA polyplexes. All PAMD-Ch/siRNA polyplexes
exhibited positive surface charge indicated by zeta potentials ranging from 18 to 31 mV.
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3.3. Stability of PAMD-Ch/siRNA polyplexes

Colloidal and enzymatic stability is an important prerequisite for successful application of
PAMD/Ch/siRNA polyplexes. Similar to other polycation/siRNA polyplexes, PAMD/
SiRNA polyplexes maintained stable size only when prepared in low concentration buffer
(e.g., 10 mM HEPES, pH 7.4) and addition of salts to reach physiologically relevant levels
resulted in aggregation (Figure 3b vs. 4). Aggregation of polyplexes depends on various
parameters including the chemical structure, molar mass and hydrophobicity of the used
polycations.34

To evaluate the colloidal stability of PAMD-Ch/siRNA polyplexes, we prepared the
polyplexes at two different equivalent w/w ratios (2 and 5) and incubated them in PBS (137
mM NacCl, 2.7 mM KCI, 10 mM NayHPOy,, 1.8 mM KH,PO,4) while monitoring changes in
hydrodynamic diameter over time (Figure 4). At w/w 2, all the PAMD-Ch/siRNA
polyplexes aggregated and reached sizes ranging from ~690 nm to ~2 um within 15 min of
incubation in PBS. Polyplexes based on PAMD-Ch with higher cholesterol content (PAMD-
Ch25 and 34) showed significantly faster rate of aggregation than PAMD-Ch with low
(PAMD-Ch17) or no (PAMD) cholesterol. Interestingly, when we prepared PAMD-Ch/
SiRNA polyplexes at w/w ratio 5, all the cholesterol-containing polyplexes exhibited
markedly improved colloidal stability with sizes <150 nm maintained for at least 12 h
incubation in PBS. This observation was fully consistent with similar findings on the
behavior observed in DNA polyplexes where increasing the amount of cholesterol resulted
in polyplexes with enhanced colloidal stability.3° In contrast, SiRNA polyplexes prepared
with the parent PAMD showed similar aggregation behavior as polyplexes prepared at w/w
ratio of 2 and rapidly formed large aggregates. We propose that as the surface positive
charge of polyplexes is reduced at physiological salt concentrations, more PAMD-Ch can
bind to the particle surface via hydrophobic interactions and increase colloidal stability by
forming an additional shell of a polycation. In all of the above experiments, the PAMD-Ch
concentrations were below their CMC. Nevertheless, local copolymer concentration within
each polyplex particle was likely significantly higher than CMC, thus providing another
contributing factor to the improved stability.

Enzymatic degradation is one of the main factors hindering effective siRNA delivery in
vivo. Here we evaluated the effect of cholesterol modification on the stability of PAMD-Ch/
siRNA polyplexes against RNase | degradation. siRNA polyplexes were formed at various
equivalent w/w ratios, and incubated with 0.5 U RNase | for 30 min. In order to evaluate
SiRNA integrity, heparin was then added to dissociate the polyplexes and release the siRNA.
Gel electrophoresis was used to examine the siRNA integrity and the intensity of each band
was quantified and normalized to free sSiRNA. As shown in Figure 5, free sSiRNA completely
degraded once exposed to RNase I. All the polymers, including parent PAMD, were able to
provide protection of the siRNA against RNase I. PAMD with lower cholesterol
modification (PAMD-Ch17 and 25) exhibited improved ability to protect sSiRNA when
compared with the parent PAMD at the same equivalent w/w ratio. In addition, PAMD-
Ch17 and PAMD-Ch25 also displayed increasing protecting ability with increasing w/w
ratio, similar to PAMD, indicating important role of excess polycations in properties of
polyplexes. PAMD-Ch25/siRNA polyplexes prepared above w/w 4 demonstrated the best
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protection against RNase | degradation with ~80% siRNA remaining intact after exposure.
In contrast, PAMD-Ch34 with the highest cholesterol content, showed decreasing ability to
protect siRNA above w/w 2, while ~50% siRNA remained intact when the polyplexes were
prepared at w/w 1.5.

3.4. Cytotoxicity of PAMD-Ch

Cytotoxicity of polycation-based gene delivery systems is known to correlate with several
key factors including the polymer structure, molar mass of the polycations, cationic charge
density and biodegradability.36-38 Both positive and negative effects of hydrophobic
modification on polycations have been reported previously.1? In some cases, high content of
hydrophobic chains could cause cell membrane disruption, which resulted in cell death.3?
Thus it was important to evaluate how cholesterol affects toxicity of PAMD to avoid or
minimize any undesired toxic side effects. Here we investigated the cytotoxicity of PAMD-
Ch by MTS assay in U20S osteosarcoma cells, as these cells were then used throughout this
study to assess the biological activity of the PAMD-Ch/siRNA polyplexes (Figure 6). In all
toxicity experiments, PAMD-Ch concentrations are expressed as PAMD concentration only
(i.e., excluding cholesterol), and the 1C50 values were also calculated considering only the
PAMD content to allow direct evaluation of the effect of cholesterol modification on the
toxicity of the polycation. Unmodified PAMD showed ICsq 12.8 pg/mL, which was
significantly higher than the benchmark 25 kDa branched PEI used here as a control (4.2 pg/
mL). 1C5o of PAMD-Ch17 was 10.3 pg/mL, which was only slightly lower than PAMD.
However the ICgq values increased to 16.7 pg/mL and 33.4 ug/mL in the case of PAMD-
Ch25 and PAMD-Ch34. The results demonstrated that higher content of cholesterol leads to
safer polycations, most likely due to decreased number of exposed positive charges in the
polymer available for interaction with cell membranes.

3.5. CXCR4 antagonism of PAMD-Ch and PAMD-Ch/siRNA

CXCR4 antagonism of PAMD requires accessibility of the receptor-binding cyclam
moieties in the polycation structure. Although not all of the eight amino groups in the
AMD3100 are required for CXCR4 binding and inhibition,*? the activity of the cyclam
residues in PAMD is decreased when compared with the parent small molecule drug.*! The
conjugation of cholesterol to the remaining secondary amines of PAMD could further
negatively impact the CXCR4 antagonism of PAMD-Ch. Furthermore, the presence of the
hydrophobic cholesterol residues in the polyplex structure could alter the particle
morphology and surface properties and thus the ability to bind the CXCR4 receptor. It was
therefore important to investigate the effect of cholesterol on the ability of free PAMD-Ch
and PAMD-Ch/siRNA polyplexes to bind CXCR4 receptor and inhibit the CXCR4/SDF-1
pathway in order to assure that the proposed dual functionality of the vector is preserved.

We evaluated the CXCR4 inhibition of all the PAMD-Ch copolymers and their SiRNA
polyplexes to investigate the effect of cholesterol grafting on the CXCR4 antagonism. We
used a CXCR4 redistribution assay based on the inhibition of SDF1-triggered endocytosis of
EGFP-CXCRA4 receptors in U20S osteosarcoma cells. This is a phenotypic assay that uses
automatic image analysis to quantify the extent of EGFP-tagged CXCR4 internalization into
the cells. Untreated cells display punctate fluorescence indicative of EGFP-CXCR4
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internalization into endosomes in response to SDF-1 stimulation. In contrast, CXCR4
antagonists like AMD3100 inhibit receptor internalization, as documented by the diffuse
pattern of fluorescence. The distinct fluorescence patterns of EGFP-CXCR4 in untreated and
AMD3100-treated cells are shown in Figure 7a. To allow direct evaluation of the effect of
cholesterol moieties on CXCR4 antagonism of PAMD, we tested CXCR4 inhibitory activity
of PAMD-Ch at equal concentrations of the PAMD part of the copolymers using two
different concentrations (0.6 and 2 pg/mL). We also evaluated PAMD-Ch/siRNA polyplexes
prepared at w/w ratios (1.5 and 5). The selected w/w ratios allowed us to achieve the same
polymer concentrations as in the experiment with free polymers. All the results are
expressed as % CXCR4 antagonism relative to the positive control (300 nM AMD3100)
(Figure 7b). We found that CXCR4 antagonism of PAMD-Ch copolymers and their sSiRNA
polyplexes display similar concentration-dependent behavior. In general, polyplexes showed
slightly decreased CXCR4 inhibition when compared with the free polymer at the same
concentration, a likely result of sequestration of a portion of the copolymers in the core of
the siRNA polyplexes. Increasing the content of cholesterol in PAMD-Ch resulted in a
decrease in CXCR4 inhibition. However, PAMD-Ch17/siRNA polyplexes were able to
attain nearly complete CXCR4 inhibition at a low w/w ratio of 1.5. PAMD-Ch25/siRNA
polyplexes required w/w 5 to achieve similar levels of CXCR4 antagonism. Copolymer with
the highest cholesterol content (PAMD-Ch34) showed the lowest CXCR4 antagonism
among all the tested polymers in all the tested conditions. This finding shows that there is a
fine balance when introducing the cholesterol moieties into dual-function polymeric CXCR4
antagonists that require specific receptor binding for their activity.

3.6. Delivery of anti-PLK1 siRNA (siPLK1) by PAMD-Ch

PLK1 - a key mitotic regulator in mammalian cells — is an attractive target in cancer
treatment.#2 43 PLK1 expression is elevated in multiple types of human cancers and it has a
prognostic value for predicting aggressiveness of cancer.*# Inhibition of PLK1 by small
molecule inhibitors or using PLK1 gene silencing with siRNA results in cell apoptosis and
inhibition of tumor growth in vivo.#>-47 Thus, combining the antitumor activity of PLK1
silencing with antimetastatic effect of CXCR4 antagonism by PAMD-Ch represents a
promising therapeutic approach to treat cancer.

We have evaluated the effect of cholesterol modification on the ability of PAMD-Ch to
deliver siPLK1 in U20S osteosarcoma cells. Scrambled siRNA (siScr) was used in control
experiments to assess toxicity of the studied polyplexes. PEI/siPLK1 polyplexes prepared at
w/w 1.5 were used as a positive control. We first established safety of the selected polyplex
formulations in serum-free conditions using siScr (Figure 8a). All the tested polyplex
formulations exhibited acceptable levels of toxicity with cell viability above 85%. Then,
anticancer activity of PAMD-Ch/siPLK1 polyplexes was evaluated from their ability to
trigger cell death as a result of PLK1 gene silencing. As shown in Figure 8a (right), multiple
of the tested polyplex formulations were able to kill substantial fraction of the cancer cells.
PAMD-Ch17 and PAMD-Ch24 polyplexes exhibited significantly higher anticancer activity
than control PAMD and PAMD-Ch34 polyplexes. The best performing PAMD-Ch17/
siPLK1 polyplexes showed cell killing activity (48-62%) fully comparable to the PEI/
siPLK1 control.
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While useful for mechanistic studies, experiments conducted in the absence of serum have
limited value for practical application of PAMD-Ch/siRNA polyplexes. Thus, we evaluated
the anticancer activity also in the presence of 10% serum (Figure 8b). As expected, safety of
the polyplex formulations assessed with siScr improved markedly in the presence of serum
as indicated by negligible effect of the PAMD-Ch/siScr treatment on cell viability (Figure
8b left). However, the presence of serum had detrimental effect on the ability of most of the
tested polyplexes to deliver siPLK1 as indicated by nearly-background levels of cell killing.
Notably, both PAMD/siPLK1 and PEI/siPLK1 lost nearly all their anticancer activity when
compared with the serum-free conditions. In contrast, PAMD-Ch17/siPLK1 polyplexes
retained significant cell killing activity. When prepared at w/w 2, the cell killing activity of
PAMD-Ch17/siPLK1 polyplexes was comparable to the activity in serum-free conditions.
Unlike the results in serum-free conditions, the cell killing activity in the presence of serum
was highly dependent on the w/w ratios. For PAMD-Ch17 and PAMD-Ch25, optimal
activity was achieved when the polyplexes were prepared at w/w 1.5 and 2, while in the case
of PAMD-Ch34 the highest activity was reached at w/w 2.5. These findings suggest that
content of cholesterol in PAMD-Ch has to be carefully controlled and optimized to achieve
maximum anticancer activity.

3.7. Intracellular distribution of PAMD-Ch/siRNA polyplexes

Appropriate intracellular trafficking is critical for successful delivery of functional SIRNA
by polyplexes. In general, sSiRNA has to be protected in the polyplexes, internalized by the
cells and released in the cytoplasm to gain the desired silencing effect. Multiple previous
reports have shown positive effects of introducing hydrophobic moieties into polycations on
enhancing nucleic acid delivery due to favorable effects on cell membrane adsorption,
alleviation of serum inhibition, and facilitation of nucleic acid dissociation from
polycations,12 18

In order to better illuminate the mechanism of action of the dual-function PAMD-Ch
copolymers, we employed confocal microscopy to investigate the influence of cholesterol
modification on the cellular uptake and intracellular distribution of the PAMD-Ch/siRNA
polyplexes. In order to visualize both components of the polyplexes, we labelled the
copolymers with AlexaFluor 647 and used commercially available siRNA labelled with
AlexaFluor 555 to conduct side-by-side comparison between the best performing PAMD-
Ch17/siRNA polyplexes and parent PAMD/siRNA polyplexes (Figure 9). Not surprisingly,
our results revealed that polyplexes that exhibited high transfection activity (Figure 8) also
showed high levels of cellular internalization, confirming that cellular uptake is one of the
main factors determining the success of siRNA delivery by the dual-function PAMD
polyplexes. We then evaluated the effect of serum on the polyplex uptake and intracellular
distribution. Serum is rich in anionic proteins that can bind to cationic polyplexes and affect
the extent and mechanism of cell uptake and intracellular trafficking.#® Several studies have
shown that hydrophobic modification of polycations can enhance serum compatibility.49 50
While the presence of serum greatly decreased the uptake of PAMD/siRNA polyplexes, the
adverse effect on uptake of PAMD-Ch17/siRNA was markedly reduced. In particular,
PAMD-Ch17/siRNA polyplexes prepared at w/w 2 exhibited considerably higher cellular
uptake and distribution to the cytoplasm than PAMD/siRNA polyplexes. We also observed
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less co-localization of the PAMD-Ch17 and siRNA signal (bright pink) when compared
with PAMD/siRNA where nearly all siRNA was associated with the polycation. The
decreased co-localization points to increased intracellular dissociation of the cholesterol-
containing polyplexes and release of free siRNA. Such facilitation of intracellular polyplex
dissociation by incorporating hydrophobic moieties has also been reported in other
studies.>1 52 |t is also worth noting that PAMD-Ch17/siRNA polyplexes prepared at w/w 2
appeared larger inside the cells than the ones prepared at w/w 5 (Figure 9). This could be
due to lower colloidal stability (Figure 4) or due to the enhanced intracellular dissociation.

CXCR4 antagonists compete with chemokine ligand SDF-1 and bind to CXCR4 receptors at
the cell membrane, leading to inhibition of receptor internalization. Such receptor inhibition,
however, would not be productive for siRNA delivery to the cytoplasm. Our previous
studies with PAMD/DNA polyplexes have shown the internalization to be independent of
the CXCR4 trafficking pathway. In a competitive binding experiment, we have shown that
saturating CXCR4 receptors by preincubation with a small molecule inhibitor had no effect
on cell uptake or transfection activity of the DNA polyplexes.2’: 28 However, because
cholesterol modification may alter the mechanism of interaction of polyplexes with cell
membranes and membrane-bound receptors, it was essential to determine if the CXCR4
trafficking was involved and if any significant amount of siRNA polyplexes was trapped at
the cell membrane.

We tracked fluorescently labelled polyplexes and EGFP-CXCR4 receptors in U20S cells by
confocal microscopy to study the intracellular distribution of the polyplexes, as well as their
interactions with the CXCR4 receptors in a single experimental setting. Cells were treated
with PAMD-Ch17/siRNA polyplexes (w/w 5) and 10 nM SDF-1 for 1 h, which allowed
PAMD-Ch17 polyplexes to directly compete with the chemokine ligand for binding with
CXCR4. As shown in Figure 10, the polyplexes effectively antagonized CXCR4, as
indicated by the mostly diffuse pattern of the EGFP-CXCR4 fluorescence (green) and only a
limited amount of internalized receptors (discrete green puncta). In contrast to our previous
finding with PAMD/DNA polyplexes,2” intracellular trafficking of at least a fraction of the
PAMD-Ch/siRNA polyplexes overlapped with the CXCR4 trafficking as demonstrated by
the colocalization of sSiRNA and CXCR4 (yellow), as well as the PAMD-Ch17 and CXCR4
(bright blue). The significance of this observation for the mechanism of siRNA delivery by
PAMD-Ch is not clear and remains to be fully elucidated.

4. Conclusion

This study examined the effect of cholesterol modification on the ability PAMD to
simultaneously deliver siRNA and inhibit CXCR4 chemokine receptor. Our results show
that cholesterol modification provided the PAMD-Ch/siRNA polyplexes with increased
colloidal stability and greatly enhanced siRNA transfection in the presence of serum, all the
while preserving strong CXCR4 inhibitory activity. Studies with therapeutic siPLK1
demonstrated promising anticancer activity suggesting potential of PAMD-Ch/siRNA
polyplexes as a novel combination treatment of cancer.
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Figurel.

Typical 1H-NMR spectrum of PAMD-Ch used in the determination of the cholesterol

content (spectrum of PAMD-Ch25 in DMSO shown).
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Figure 2.
Critical micelle concentration (CMC) of PAMD-Ch determined by fluorescence

spectroscopy. CMC was determined as the concentration at the inflection point of the curve
where I3/l1 was plotted against PAMD-Ch concentration (n=3).
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Figure 3.

siRNA complexation and physicochemical characterization of sSiRNA polyplexes. (a) SIRNA
binding ability of the PAMD-Ch copolymers. (b) Hydrodynamic size and zeta potential of
PAMD-Ch/siRNA polyplexes at various w/w ratios (equivalent PAMD/siRNA). Results are
shown as mean + SD of three measurements.
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Figure4.
Colloidal stability of PAMD-Ch/siRNA polyplexes in PBS up to 12 h. Results are shown as

mean + SD of three measurements.
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Figureb.
Stability of PAMD-Ch/siRNA polyplexes against RNase I. Polyplexes prepared at various

w/w were exposed to RNase I, followed by incubation with heparin to release the siRNA for
agarose gel electrophoresis. sSiRNA band intensity was quantified to calculate % siRNA
remaining compared with untreated free siRNA.
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Figure6.
Cytotoxicity of PAMD-Ch. % Cell viability was measured by MTS assay after 24 h

incubation with increasing concentrations of polymers. PAMD-Ch concentrations are
expressed as PAMD concentration only (i.e., excluding cholesterol). Results are expressed
as mean cell viability £ SD (n = 3).
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Figure7.
CXCR4 antagonism of PAMD-Ch and PAMD-Ch/siRNA polyplexes. (a) lllustration of

EGFP-CXCRA4 receptor redistribution assay: untreated cells (0% CXCR4 antagonism) and
cells treated with 300 nM AMD3100 (100% CXCR4 antagonism). (b) CXCR4 antagonism
of PAMD-Ch and their siRNA polyplexes. The results are shown as mean % CXCR4
inhibition relative to positive control 300 nM AMD3100 + SD (n = 3).
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SiRNA delivery by PAMD-Ch in U20S cells. Transfections were conducted either in the
absence (a) or the presence of 10% serum (b). Polyplexes were prepared with control siScr
(left) or siPLK1 (right) at various equivalent PAMD/siRNA wi/w ratios and cell killing
mediated by PLK1 knockdown was measured (n = 4).
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Figure9.
Intracellular distribution of PAMD/siRNA and PAMD-Ch17/siRNA polyplexes in U20S

cells using siRNA labelled with AlexaFluor 555 (red) and polymers labelled with
AlexaFluor 647 (blue) (cell nuclei stained with Hoechst 33258 (shown as white)).
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PAMD-Ch17

Figure 10.
Intracellular distribution of fluorescently labelled PAMD-Ch17/siRNA polyplexes in U20S

cells expressing EGFP-CXCRA4 receptors. Cells were incubated with polyplexes and 10 nM
SDF-1 for 1 h and imaged using a confocal microscope: siRNA (red), PAMD-Ch17 (blue),
EGFP-CXCRA4 (green), cell nuclei (white).
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Scheme 1.
Proposed mechanism of action of the dual-function PAMD-Ch as polymeric CXCR4

antagonists and siRNA (PLK1) delivery vectors.
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Synthesis of PAMD-Ch. (*please note that any of the cyclam secondary amines could
participate in the Michael-type addition)
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Table 1

Characterization of PAMD-Ch copolymers.

Cholesterol content (wt %)

w
e InFeed  |n copolymer@ (kg/mol)
PAMD 0 0 13.9b
PAMD-Ch17 15 17 16.7¢
PAMD-Ch25 25 25 18,5
PAMD-Ch34 36 34 21 1€

8From 1H-NMR.

bFrom GPC.

c
Calculated from the Myy of PAMD and cholesterol content.
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