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Abstract

Purpose—To determine the effect of PEG modification on pharmacologic and gene delivery
properties of polymeric CXCR4 antagonist based on Plerixafor.

Methods—Polymeric Plerixafor (PAMD) was synthesized from Plerixafor (AMD3100) and
grafted with different amounts of PEG (2 kDa). CXCR4 antagonism of the synthesized polymers
was determined using receptor redistribution assay. Inhibition of cancer cell invasion by the
polyplexes of the synthesized polymers was assessed using Boyden-chamber method. Transfection
activity of DNA polyplexes formed with the synthesized polymers was evaluated in U20S
osteosarcoma and B16F10 melanoma cells.

Results—Our results demonstrate that modification of PAMD with PEG decreased toxicity of
the polymers, while preserving their CXCR4 antagonism. Polyplexes prepared with PEG-PAMD
inhibited invasion of cancer cells to an extent similar to the commercial CXCR4 antagonist
Plerixafor. Negative effect of PEG on transfection activity of PEG-PAMD polyplexes could be
overcome by using polyplexes formulated with a mixture of PAMD and PEG-PAMD.

Conclusion—Modification of PAMD with PEG is a viable strategy to preserve the desirable
CXCR4 antagonism and ability to inhibit cancer cell invasion of PAMD, while improving safety
and colloidal stability of the PAMD polyplexes.
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INTRODUCTION

Polyelectrolyte complexes of polycations with nucleic acids, commonly known as
polyplexes, have received significant attention as promising gene delivery vectors.
Polyplexes offer multiple potential advantages when compared with viral vectors, including
lower toxicity, minimal immunogenicity, and easier manufacturing and functional
modifications (1, 2). When prepared from simple polycations, polyplexes are positively
charged nanoparticles that rely on a charge-mediated attachment to heparan sulfate
proteoglycans on the cell surface to facilitate uptake into cells (3). However, high density of
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positive charges damages negatively charged cell membranes and contributes to cytotoxicity
of polyplexes (4). Positively charged polyplexes are colloidally stabilized by electrostatic
repulsion and frequently aggregate under physiological salt conditions. The positive surface
charge and susceptibility to aggregation contribute to rapid elimination of polyplexes from
blood circulation by the mononuclear phagocyte system (5-7). To improve in vivo
applicability, polyplexes are often modified with nonionic polymers like poly(ethylene
glycol) (PEG) to shield the surface charges and improve colloidal stability by steric
stabilization (8-11). PEGylation typically minimizes the role of heparan sulfates in cellular
uptake and interferes with endosomal escape of polyplexes, which decreases transfection
activity. The PEG content has to be carefully balanced or a de-shielding strategy has to be
employed in order to maintain sufficient transfection activity of polyplexes (12-14).

Chemokines and their receptors play a decisive part in the process of cancer metastasis (15).
The role of chemokine networks is consistent with the seed-and-soil hypothesis of metastatic
dissemination (16). Although malignant cells from different types of cancer have different
expression profiles of chemokine receptors, CXC receptor 4 (CXCR4) is the most widely
expressed chemokine receptor in human cancers, making it and its ligand SDF-1 the most-
promising targets within the chemokine network for novel therapies (17). CXCR4 facilitates
the metastatic spread of the disease to sites where SDF-1 is highly expressed (e.g., lung,
liver, bone marrow, and brain). Furthermore, high expression of SDF-1 in primary tumors
enhances growth and inflammation of the tumor by local autocrine and paracrine
mechanisms (18-20). Binding of SDF-1 to CXCR4 activates several intracellular signaling
transduction pathways that regulate proliferation, adhesion, and invasion of cancer cells (21,
22) (Scheme 1). There is growing clinical evidence that certain anticancer therapies increase
CXCR4 expression and thus inadvertently enhance the metastatic potential of tumors (21).
In particular, treatments that promote hypoxic environment are associated with an increase
in CXCR4 expression, which is then correlated with a poorer overall prognosis (23, 24).

Inhibition of CXCR4 has the potential to prevent metastasis and limit tumor growth and
vascularization, especially in combination with chemotherapy and radiotherapy. Chemokine
networks are thus an important emerging target for development of novel drug delivery
strategies (25). By devising systems capable of simultaneous CXCR4 inhibition and delivery
of antitumor agents, it should be possible to improve the overall anticancer activity (26). As
part of our long-term efforts to develop dually functioning polycations for combination
drug/gene delivery (27, 28), we have recently reported synthesis of polycations based on a
bicyclam CXCR4 antagonist Plerixafor (PAMD) (29, 30). The PAMD polymers showed
dual functionality as efficient gene delivery vectors and CXCR4 antagonists that inhibited
invasion of cancer cells. The goal of the present study was to improve physical properties
and safety of PAMD by PEGylation. We set to evaluate how the presence of PEG affects
CXCR4 antagonism, inhibition of cancer cell invasion, colloidal stability, safety, and
transfection activity of the polymers and their polyplexes. The objective was to develop
polyplex formulations that retain CXCR4 antagonism of PAMD, while exhibiting decreased
cytotoxicity, improved transfection activity, and enhanced colloidal stability under
physiologic conditions.
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MATERIALS AND METHODS

Materials

N,N~hexamethylenebisacrylamide (HMBA) was obtained from Polysciences, Inc.
(Warrington, PA). AMD3100 was synthesized as published previously (31). mPEG-
Acrylamide (2 kDa) was from Creative PEGworks (Winston-Salem, NC). Branched
polyethylenimine (PEI, 25 kDa) was purchased from Sigma-Aldrich (St. Louis, MO).
Plasmid DNA, gWiz high-expression luciferase (gWiz-Luc), containing luciferase reporter
gene was from Aldevron (Fargo, ND). Dulbecco's Modified Eagle Medium (DMEM),
Dulbecco's Phosphate Buffered Saline (PBS), and Fetal Bovine Serum (FBS) were from
Thermo Scientific (Waltham, MA). Cell culture inserts for 24-well plates with 8.0 m pores
(Translucent PET Membrane, cat# 353097) and BD Matrigel™ Basement Membrane Matrix
(cat# 354234) were purchased from BD Biosciences (Billerica, MA). Human SDF-1 was
from Shenandoah Biotechnology, Inc. (Warwick, PA). All other reagents were from Fisher
Scientific and used as received unless otherwise noted.

Polymer Synthesis

Polymeric Plerixafor (PAMD) was synthesized by Michael polyaddition of equal molar ratio
of AMD3100 and HMBA. Typically, 0.45 mmol of each reactant was dissolved in a glass
vial containing 4 mL methanol/water (7/3 v/v) mixture. Polymerization was carried out
under nitrogen atmosphere and in dark at 37 °C for 4 days. Then, additional 0.045 mmol of
AMD3100 was added and the reaction mixture was stirred for further 12 h to consume all
residual acrylamide groups. PAMD was isolated in overall 85% yield by double
precipitation in diethyl ether, centrifugation, and drying in vacuum.

The synthesized PAMD was PEGylated by Michael addition between the secondary amines
in the cyclam groups of PAMD and acrylamide group of mPEG-acrylamide. PAMD (72.3,
66.4 or 69.7 mg) and mPEG-acrylamide (8.0 mg, 35.8 mg or 69.7 mg) were dissolved in
MeOH/water mixture (7/3 v/v) at a total concentration of 120 mg/mL and the solution was
stirred for 2 days at 37 °C, followed by 1 day at 50 °C. The reaction was cooled to room
temperature and the pH was adjusted to 4 with 1 M HCI. The resulting copolymers (PEG-
PAMD) were isolated by precipitation in diethyl ether, centrifugation, and drying in
vacuum, and finally dialyzed against deionized water (pH 4, membrane molecular weight
cut-off 3.5 kDa). Typical yield was 70-80%.

Polymer characterization

The content of PEG in PEG-PAMD was determined using *H-NMR on Varian INOVA (500
MHz). The molecular weight of the copolymers 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). Single-pore AquaGel™ columns (cat# PAA-202 and PAA-203,
PolyAnalytik, London, ON, Canada) were used at a flow rate of 0.3 mL/min. GPC samples
were prepared at 5 mg/mL. GPC data were analyzed using Astra 6.1 software from Wyatt
Technology.
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Ethidium bromide exclusion assay

The ability of the synthesized copolymers to condense DNA was determined by ethidium
bromide (EtBr) exclusion assay by measuring the changes in EtBr/DNA fluorescence. 1 mL
of DNA solution (20 pg/mL) was prepared in 10 mM HEPES buffer (pH 7.4) and mixed
with EtBr (1 ug/mL). Fluorescence intensity was measured and set to 100% using an
excitation wavelength of 540 nm and an emission wavelength of 590 nm. The fluorescence
of ethidium bromide only in HEPES buffer was defined as background and set as 0%.
Fluorescence readings were taken following a stepwise addition of polymer solution and
condensation curves were constructed.

Preparation and characterization of DNA polyplexes

Cell Culture

Cytotoxicity

DNA solution at a concentration of 20 pg/mL was prepared in 10 mM HEPES buffer (pH
7.4). Polyplexes were formed by adding predetermined volume of polymer to the DNA
solution to achieve a desired w/w ratio. The mixture was vigorously vortexed for 10 s and
left standing at room temperature for 30 min before further analysis. To prepare mixed
polyplexes, solutions of PAMD and PEG-PAMD were first mixed at desired ratios and then
added to the DNA solution. Hydrodynamic diameter and zeta potential of the polyplexes
were determined by dynamic light scattering (DLS) using a ZEN3600 Zetasizer Nano-ZS
(Malvern Instruments Ltd., Worcestershire, UK). To evaluate colloidal stability of the
polyplexes, 10x phosphate-buffered saline (PBS) was added to the polyplexes to obtain a
final 1x PBS solution (pH 7.4) with the following composition: 137 mM NaCl, 2.7 mM
KCI, 10 mM NayHPOQOy4, 1.8 mM KH,POy4. The hydrodynamic diameter was then measured
after 15 min, 1 h, and 12 h incubation at 25 °C. Results were expressed as mean + standard
deviation (SD) of three measurements.

Human hepatocellular carcinoma HepG2 cells were purchased from ATCC (Manassas, VA).
Mouse melanoma B16F10 cells were a kind gift from Dr. Rakesh Singh (UNMC). HepG2
cells were cultured at 37 °C and 5% CO, in MEM supplemented with 10% FBS. B16F10
cells were maintained in DMEM supplemented with 10% FBS. 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.

Cytotoxicity of the synthesized polycations was tested by MTS assay in HepG2 and U20S
cells. The cells were seeded in 96-well plates at a density of 10,000 cells/well (HepG2) and
8000 cells/well (U20S) and incubated overnight. Culture medium was then replaced by 150
uL 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 L
serum-free media and 20 L of MTS reagent (CellTiter 96®AQueous Non-Radioactive Cell
Proliferation Assay, Promega). After 1 h incubation, the absorbance [A] was measured using
SpectraMax®M>5e Multi-Mode Microplate Reader (Molecular Devices, CA) at a wavelength
of 490 nm. The relative cell viability (%) was calculated as [A]sampie/[Aluntreated * 100%.
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The 1C5q 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.

Transfection activity

All transfection experiments were conducted in 48-well plates with cells at logarithmic
growth phase. B16F10 (40,000 cells/well) and U20S (20,000 cells/well) cells were seeded
24 h prior to transfection. On the day of transfection, culture medium in each well was
removed and replaced with 150 pL of antibiotic-free medium (+/- 10% FBS) before adding
20 pL of polyplexes prepared (DNA dose 0.4 ug/well). After 4 h incubation, polyplexes
were completely removed and the cells were cultured in complete culture medium for 24 h
prior to measuring luciferase expression. The medium was discarded and the cells were
lysed in 100 pL of 0.5x cell culture lysis reagent buffer (Promega, Madison, WI1) for 30 min.
To measure the luciferase content, 100 puL of 0.5 mM luciferin solution was automatically
injected into each well of 20 pL of cell lysate and the luminescence was integrated over 10 s
using GloMax 96 Microplate Luminometer (Promega). Total cellular protein in the cell
lysate was determined by the bicinchoninic acid protein assay using calibration curve
constructed with standard bovine serum albumin solutions (Pierce, Rockford, IL).
Transfection activity was expressed as relative light units (RLU)/mg cellular protein + SD of
triplicate samples.

CXCR4 antagonism

CXCR4 antagonism of the polycations and their DNA polyplexes was determined by
CXCR4 redistribution assay using a high-content fluorescence microscopy analysis. U20S
cells stably expressing EGFP-CXCRA receptor were seeded at a density of 8,000 cells/well
in 96-well black plate 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
also 0.25% DMSO at 37 °C for 30 min. Then, SDF-1a solution 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
fixed with 4% formaldehyde at room temperature for 20 min, washed 4 times with PBS and
stained in 1 uM Hoechst 33258 solution for 30 min before imaging by EVOS fl microscope
(20x). Cellomics ArrayScan VT1 Reader and SpotDetectorVV3 BioApplication software were
used to quantify the internalization of the CXCR4 receptors. CXCR4 antagonistic activity of
the polycations and polyplexes is expressed as mean % inhibition + SD (n = 3). CXCR4
inhibitory activity of AMD3100 was considered as 100% and CXCR4 inhibitory activity in
cells treated with SDF-1a only was set as 0%.

Cell invasion

Ice-cold Matrigel was diluted 1:3 (v:v) with serum-free medium (DMEM supplemented with
2 mM L-Glutamine) and 40 uL was added to each cell culture insert. The 24-well plates with
Matrigel-coated inserts were then placed in 37 °C incubator for 2 h. 50,000 of U20S cells
were harvested and resuspended in serum-free medium containing AMD3100 (0.3 uM) or
polyplexes (w/w 5, 2.5 ug/mL PAMD or its equivalent in PEG-PAMD). The treated cells
were placed in the Matrigel-coated inserts and 20 nM SDF-1a in serum-free medium was
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added to the lower chamber of the wells. After 19 h incubation, the non-invaded cells on the
top surface of the insert membrane were removed by cotton swabs and the invaded cells on
the bottom surface of the insert membrane were fixed in 100% methanol and stained with
0.2% Crystal Violet solution for 10 min at room temperature. The number of invaded cells
was counted under microscope set to 20x magnification. The results are expressed as
average number of cells/imaging area = SD (n = 5-10).

RESULTS AND DISCUSSION

We have recently reported synthesis of bioreducible poly(amido amine)s using commercial
bicyclam CXCR4 antagonist Plerixafor as the main building block of the polymers (29). The
synthesized polymers exhibited effective CXCR4 antagonism and demonstrated the ability
to prevent invasion of cancer cells in vitro and metastasis in vivo (30). The synthesized
polymers were positively charged because of the secondary amines in the cyclam ring of
Plerixafor and were thus able to form polyplexes with plasmid DNA and facilitate efficient
transfection. These initial studies suggested potential of the polymers as dual-function
delivery systems suitable for combining antimetastatic effect of CXCR4 inhibition with
antitumor effect of an appropriate therapeutic nucleic acid. As part of further development
of this class of delivery vectors for in vivo use, this study investigates whether PEGylation
can be used to enhance safety and colloidal stability of the polyplexes, while preserving
pharmacologic activity and gene delivery capability (Scheme 1).

Synthesis and characterization of PEG-PAMD

We have synthesized polymeric Plerixafor (PAMD) in the form of a poly(amido amine) by
Michael polyadditon of secondary amines present in Plerixafor to the CH,=CH- group of
bisacrylamide HMBA (Scheme 2). Plerixafor functions as a hexafunctional monomer in the
Michael polyaddition and its use leads to either insoluble crosslinked PAMD or soluble
branched PAMD if the reaction is performed at low temperatures and low monomer
concentrations (32, 33). Optimizing the reaction conditions allowed us to synthesize soluble
PAMD with weight-average molecular weight of 10.6 kDa and unimodal distribution of
molecular weights (Figure 1).

PEG-PAMD copolymers were synthesized by the reaction of mPEG-acrylamide with the
secondary amines of PAMD (Scheme 2). In contrast to common amide coupling, using
Michael addition for the PEGylation allowed us to conserve the overall number of
protonizable amines in PAMD. Three copolymers with increasing content of PEG were
synthesized and named according to their PEG content (Table 1). The copolymers were
isolated as hydrochloride salts after extensive dialysis. The content of PEG in the
copolymers was determined from 1H-NMR integral intensity of the PEG methylene protons
at 3.7 ppm and aromatic protons of Plerixafor at 7.4-7.8 ppm (Figure 2). Removal of the
low-molecular-weight polymer fractions rich in PAMD during dialysis helps to explain why
the PEG content in the final copolymers exceeded the feed content (Table 1). GPC analysis
confirmed successful synthesis of PEG-PAMD as indicated by the shift to shorter elution
times with increasing PEG content (Figure 1). The polydispersity index (PDI) of the
polymers ranged from 1.1 to 1.4, indicating a good control of the polymerization.

Pharm Res. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

Page 7

Preparation and characterization of PEG-PAMD polyplexes

The influence of PEGylation on the ability of PAMD to condense DNA into polyplexes was
investigated by ethidium bromide exclusion assay (Figure 3). All the polymers displayed
similar condensation curves with a typical sigmoidal shape. All PEG-PAMD were able to
condense plasmid DNA to the same extent as PAMD as indicated by the same residual
fluorescence at the highest polymer/DNA ratios. The DNA condensation curves shifted to
higher w/w ratios with increasing PEG content because of the decreasing polycation content
in the copolymers. However, when we considered only the polycation part of PEG-PAMD
and re-plotted the data as relative fluorescence vs. N/P ratio, the shift was eliminated and all
condensation curves were super-imposed (not shown). This suggests that PEG represented
no significant steric hindrance for binding of the PAMD part of the copolymers to DNA, a
finding similar to a recent report by Fitzsimmons and Uludag (34).

One of the key motivations for use of PEGylated polycations is to shield the positive surface
charge of polyplexes. Our results confirmed that the use of PEG-PAMD significantly
decreases surface charge of the polyplexes as documented by the decrease in the measured
zeta potential (Figure 4). All PEG-PAMD polyplexes exhibited nearly neutral zeta potential
in 10 mM HEPES buffer, pH 7.4. In contrast, the parent PAMD polyplexes showed a highly
positive surface charge with zeta potential of +20 mV.

The positive surface charge provides electrostatic stabilization to the polyplex nanoparticles
at low concentration buffers but is ineffective at preventing aggregation at physiologic ionic
strengths. Steric stabilization by PEG can typically overcome the problem of low colloidal
stability of polyplexes (35). We have prepared PEG-PAMD and PAMD polyplexes in 10
mM HEPES buffer (pH 7.4) at polymer/DNA (w/w) ratio of 5 and measured their
hydrodynamic diameter. Then, we added phosphate-buffered saline (PBS) (pH 7.4) to
simulate physiologic ionic conditions and observed changes in polyplex size during the
following period of 12 h (Figure 5). The results showed that PAMD polyplexes begin to
aggregate immediately after PBS addition as documented by the increase of their size from
~60 nm to ~430 nm in the span of only 15 min. The size of PAMD polyplexes increased to
nearly 1 um within 1 h of PBS addition. In contrast, polyplexes prepared with PEG-PAMD
exhibited markedly improved colloidal stability.

Our results show that although PEG-PAMD with the lowest PEG content improved short-
term (1 h) colloidal stability, it was ineffective in long-term evaluation as documented by the
increase in size from 58 nm to 690 nm within 12 h of PBS addition. Both PEG-PAMD with
the higher PEG content were capable of effective stabilization of the polyplexes with nearly
constant size displayed for the duration of the experiment.

Cytotoxicity of PEG-PAMD

Toxicity of polycations is strongly dependent on their molecular weight and charge density
and for the most part follows a generally accepted two-phase model (36, 37). In the first
acute phase, polycations disrupt cellular membranes and induce membrane leakage due to
pore formation (36, 38, 39). The second phase originates from intracellular effects of
polycations on mitochondrial membrane and is manifested by induction of apoptosis. The
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highly hydrophilic PEG forms a steric barrier in the form of a shell around a polycation. The
shell creates a barrier that decreases the ability of the PEGylated polycations to perturb
cellular membranes (34). As a result, PEGylation of polycations typically results in
decreased cytotoxicity (40-45). We have evaluated cytotoxicity of PEG-PAMD by MTS
assay in two cell lines, U20S and HepG2 (Figure 6). In order to establish a safe, nontoxic
working concentration range of PAMD, we have first tested U20S cells which were then
used throughout this study in evaluating CXCR4 antagonism, cell invasion inhibition, and
transfection of PAMD. As expected, increasing the PEG content resulted in increased ICsg
as a consequence of the relative decrease of the polycation content in the polymers.
Importantly, similar trend was observed also when only the polycation part of the
copolymers was considered in calculating I1Csg. In such case, the ICgq values for PAMD and
PEG12-PAMD were indistinguishable at ~17 pg/mL but they increased to 25 pg/mL and 41
pg/mL in case of PEG41-PAMD and PEG52-PAMD, respectively. The cytotoxicity was
then tested also in HepG cells, which are commonly used in drug development for prediction
of liver toxicity (46). Although the toxicity profile of PEG-PAMD was similar in the two
used cell lines, the HepG2 cells were overall less susceptible to the toxic effects of the
polycations. The measured ICgq value for PAMD was 72 pg/mL. The ICsq values of PEG-
PAMD were calculated considering only the PAMD polycation content. In such case, the
cytotoxicity of PEG12-PAMD was similar to that of PAMD (77 pg/mL). The two
copolymers with higher PEG content exhibited significantly decreased cytotoxicity with
their 1C5q values above the maximum tested polycation concentration of 100 pg/mL. For
comparison, PEI was used as benchmark in this experiment and its 1Csq was found to be 22
ug/mL. Unlike some existing reports, our results suggest that PEG decreases PAMD toxicity
not only by simply decreasing the cationic content in the copolymers but also by directly
affecting the toxicity of the PAMD part of the copolymers, most likely by reducing their
interactions with cellular membranes and vital intracellular proteins (34, 43).

CXCR4 antagonism and inhibition of cancer cell invasion by PEG-PAMD

Binding of polymers and other macromolecules such as proteins to receptors on the cell
surface can be negatively affected by the steric barrier created by PEGylation. Binding of
PAMD to CXCR4 receptor is required for the pharmacologic activity of the polymers. We
evaluated the CXCR4 inhibition using CXCR4 receptor redistribution assay. The assay
relies on high content screening (HCS) based on the inhibition of SDF1-triggered
endocytosis of EGFP-tagged CXCR4 receptor. HCS is a phenotypic assay that in this case
uses automatic image analysis to quantify the extent of EGFP-CXCR4 internalization into
the cells. The difference in the fluorescence pattern of EGFP-CXCR4 between untreated
cells and cells treated with CXCR4 inhibitor is illustrated in Figure 7a. The control small-
molecule CXCR4 antagonist AMD3100 inhibits EGFP-CXCR4 internalization, as
documented by the diffuse pattern of fluorescence. In contrast, untreated cells display
punctate fluorescence indicative of EGFP-CXCR4 internalization into endosomes. Activity
of PEG-PAMD was analyzed and expressed as % CXCR4 antagonism relative to the control
AMD3100 (Figure 7b). In order to permit direct evaluation of the effect of PEGylation on
CXCR4 antagonism of PAMD, we have tested activity of the synthesized polymers at equal
concentrations of the polycationic (PAMD) content. At the lowest concentration tested (0.05
ug/mL), PEG-PAMD exhibited CXCR4 antagonism that ranged from 57 to 77% of
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AMD3100 activity. The differences between PEG-PAMD and PAMD were not statistically
significant in a one-way ANOVA analysis. At the two higher tested concentrations, all PEG-
PAMD and PAMD reached CXCR4 inhibitory activity that was equal to that of the control
AMD3100, indicating that the polymers could fully inhibit CXCR4 at concentrations higher
than 0.5 g/mL. We then tested if PEG-PAMD polyplexes prepared at two different w/w
ratios retained the CXCR4 inhibitory functionality of the free polymers under practically
relevant experimental conditions employed in transfection assays (Figure 7c). The
polyplexes were prepared at w/w 1.5 and 5, which corresponded to the total PAMD
concentration of 0.75 and 2.5 pg/mL. As suggested by the EtBr condensation assay, only a
minimum amount of free polycation was present in polyplexes at w/w 1.5 (Figure 3) and
thus this formulation is mostly reflective of the ability of the polyplexes to inhibit CXCRA4.
In contrast, polyplexes prepared at w/w 5 contained significant amount of free polycation,
which was most likely the dominant contributor to the observed CXCR4 antagonism.
Nevertheless, both polyplex formulations achieved nearly 100% CXCR4 inhibition
suggesting that PEGylation does not negatively affect pharmacologic activity of PAMD
even in polyplex formulations.

The CXCR4/SDF-1 axis is involved in migration of multiple types of cancer cells, and
CXCR4 antagonists like AMD3100 are known to inhibit invasion of those cancer cells
towards SDF-1 concentration gradient. We have previously shown that bioreducible PAMD
and PAMD/DNA polyplexes effectively inhibit cancer cell invasion mediated by SDF-1
(29). Using a Boyden chamber method, here we investigated how PEGylation affects the
ability of PAMD polyplexes to inhibit invasion of cancer cells (Figure 8). Control
AMD3100 was able to prevent 81% cancer cells from invading and migrating through the
layer of Matrigel. Both PAMD and PEG-PAMD polyplexes prepared at equivalent
PAMD/DNA w/w ratio 5 achieved similar activity as they inhibited invasion of 77-80%
cancer cells. Thus, PEGylation did not negatively impact the ability of PAMD/DNA
polyplexes to inhibit cancer cell invasion, indicating that PEG-PAMD could be well-suited
for applications in treatments that aim at preventing or delaying metastasis.

Transfection of PEG-PAMD polyplexes

The effect of PEGylation on transfection of PAMD polyplexes was studied using luciferase
reporter plasmid in B16F10 and U20S cell lines (Figure 9). Transfection activities of
polyplexes formed with PAMD and PEG12-PAMD were fully comparable, but the
transfection declined greatly for polyplexes prepared with PEG41-PAMD and PEG52-
PAMD. For example, transfection of PEG52-PAMD polyplexes decreased more than 6,000-
times in B16F10 and ~500-times in U20S cells when compared with non-PEGylated
PAMD polyplexes. These findings are fully consistent with previous reports on the effect of
PEGylation on transfection activity of polyplexes and are due to decreased cellular uptake
and compromised endosomal escape of polyplexes due to restricted interaction with cellular
membranes (35, 41).

As discussed above, several strategies have been developed to overcome the negative effect
of PEGylation on transfection activity. Here, we have utilized a mixed polyplex strategy to
prepare polyplexes with acceptable colloidal stability, near-neutral zeta potential, and high
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transfection activity. The mixed polyplex strategy relies on using a mixture of non-
PEGylated and PEGylated polycations. The non-PEGylated polycation provides effective
DNA condensation and facilitates endosomal escape of the polyplexes, while the PEGylated
polycation equips the polyplexes with favorable surface properties and colloidal stability.
This strategy has been successfully used with several different types of polycations (14, 47,
48). We used a mixture of PAMD with PEG52-PAMD to optimize the polyplex formulation
(Figure 10). We found that the DNA condensation curves of the mixed formulations shifted
to higher w/w ratios with increasing PEG content (Figure 10a), however, the condensation
efficiency of PAMD part in the formulation was not affected because the curves overlaid
when re-plotted as relative fluorescence vs. N/P ratio (not shown). Using a mixture
consisting of 80% PAMD and 20% PEG52-PAMD resulted in positively charged polyplexes
with poor colloidal stability as indicated by rapid increase in size and aggregation in PBS
(Figure 10b). Increasing the content of PEG52-PAMD in the mixture to 40 and 70% resulted
in decreased zeta potential and formulation of colloidally stable polyplexes. The transfection
results revealed that even polyplexes prepared with 70% PEG52-PAMD retained
transfection activity that was similar to the transfection activity of non-PEGylated PAMD
polyplexes (Figure 10c). This effect was particularly evident in experiments conducted in
the presence of 10% serum. These results confirm that the mixed polyplex strategy is a
suitable approach to prepare polyplexes that exhibit high transfection activity, while
showing good colloidal stability and low surface charge.

CONCLUSIONS

In summary, this study demonstrates the potential of polymeric Plerixafor as a dual-function
vector capable of preventing cancer cell invasion and facilitating efficient transfection. Our
results suggest that combination of PEGylation of PAMD with using a mixed polyplex
approach is a viable strategy to prepare formulations that retain CXCR4 antagonism and
cancer cell inhibitory activity of PAMD, while at the same time, exhibit favorable colloidal
stability and high transfection activity.
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Scheme 1.
Mechanism of dual-function PEG-PAMD as gene delivery vector and CXCR4 antagonist

inhibiting cancer cell invasion.
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Figure 1.
Gel permeation chromatograms of PAMD and PEG-PAMD.
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Figure 2.
Typical 1H-NMR spectrum of PEG-PAMD (PEG41-PAMD in D,0) used in the

determination of the PEG content (a — aromatic phenylene protons of AMD3100, b -
methylene protons of PEG).
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Figure 3.
DNA condensation ability of PAMD and PEG-PAMD determined by ethidium bromide

exclusion assay.
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Zeta potential (mV)

Figure4.
Zeta potential of DNA polyplexes prepared at polymer/DNA (w/w) ratio of 5 and measured

in 10 MM HEPES (pH 7.4) (mean + SD, n = 3).
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Figureb5.
Effect of PEG on colloidal stability of PAMD polyplexes (w/w 5) in phosphate-buffered

saline (PBS). Results are shown as mean + SD (n=3).
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measured by MTS assay after 24 h incubation with increasing concentrations of polymers.
Polymer concentration for PEG-PAMD copolymers is expressed as PAMD concentration
only (i.e., excluding PEG). Results are expressed as mean + SD (n=3).
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1.5 5
PAMD/DNA (w/w) ratio

CXCR4 antagonism of PAMD polycations and polyplexes. (a) Effect of AMD3100 on
redistribution of EGFP-CXCR4 receptor in U20S cells. CXCR4 antagonism of PAMD and
PEG-PAMD (b) and their polyplexes (c). The results are shown as mean % CXCR4

inhibition relative to AMD3100 * SD (n=3).
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Figure8.
Inhibition of cancer cell invasion by PAMD polyplexes. Polyplexes were prepared at w/w

ratio of 5 (total PAMD concentration 2.5 pg/mL). Cells were allowed to invade through a
layer of Matrigel toward SDF-1 concentration gradient for 19 h before fixation and imaging.
Average numbers of invaded cells were counted in randomly selected 5-10 imaging areas at
20x magnification (Scale bar = 200 pm).
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Figure9.
Transfection activity of PAMD polyplexes in B16F10 and U20S cells. Polyplexes were

prepared at PAMD/DNA (w/w) ratio 10 in B16F10 transfections and 5 in U20S
transfections. Results are expressed as luciferase expression in RLU/mg protein = SD (n=3).
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Figure 10.
Properties of mixed PAMD/PEG-PAMD polyplexes. (a) DNA condensation ability of the

PAMD/PEG-PAMD mixture determined by ethidium bromide exclusion assay. (b) Colloidal
stability (left) and zeta potential (right) of polyplexes (w/w 5) prepared with increasing
content of PEG52-PAMD in a mixture with PAMD. (c) Transfection activity of the mixed

polyplexes.
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Table PEG content in PEG-PAMD determined by 'H-NMR.

Polymer PEG content (wt %)

infeed in copolymer

PAMD 0 0
PEG12-PAMD 10 12
PEG41-PAMD 35 41
PEG52-PAMD 50 52
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