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Abstract
Adenoviral (AdV) gene vectors offer efficient nucleic acid transfer into both dividing and non-
dividing cells. However issues such as vector immunogenicity, toxicity and restricted transduction
to receptor-expressing cells have prevented broad clinical translation of these constructs. To
address this issue, engineered AdV have been prepared by both genetic and chemical
manipulation. In this work, a polymer-coated Ad5 formulation is optimized by evaluating a series
of N-(2-hydroxypropyl) methacrylamide (HPMA)-co-oligolysine copolymers synthesized by
living polymerization techniques. This synthesis approach was used to generate highly controlled
and well-defined polymers with varying peptide length (K5, K10 and K15), polymer molecular
weight, and degradability to coat the viral capsid. The optimal formulation was not affected by the
presence of serum during transduction and significantly increased Ad5 transduction of several cell
types that lack the Coxsackie and Adenovirus Receptor (CAR) by up to 6-fold compared to
unmodified AdV. Polymer-coated Ad5 also retained high transduction capability in the presence
of Ad5 neutralizing antibodies. The critical role of heparan sulfate proteoglycans (HSPGs) in
mediating cell binding and internalization of polymer-coated AdV was also demonstrated by
evaluating transduction in HSPG-defective recombinant CHO cells. The formulations developed
here are attractive vectors for ex vivo gene transfer in applications such as cell therapy. In addition,
this platform for adenoviral modification allows for facile introduction of alternative targeting
ligands.

1 Introduction
Adenovirus serotype 5 (Ad5) has been used extensively for gene delivery due to the ease
with which it can be produced at high titer and its high transduction efficiency in many
different cell types, both dividing and nondividing (1, 2). In humans, cell types that can be
transduced by Ad5 include the heart, lung, liver, pancreas, central and peripheral nervous
system, prostate, testis, and intestine (3–5). Efficient cell entry by Ad5 depends on high
affinity interactions between the virus and the Coxsackievirus and Adenovirus Receptor
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(CAR) as well as with αV integrins, both of which are important for adenoviral transduction
(6–9). Ad5 interacts with CAR through its globular homotrimeric fiber knob (4, 8–11). After
this initial fiber knob-CAR interaction, the penton base pentamer binds to the αvβ3 and αvβ5
integrins through arginine-glycine-aspartic acid (RGD) sequences, resulting in integrin
clustering and AdV cell entry (8, 11–13). However, certain cell types of interest for gene
delivery, such as primary cancer cells and hematopoietic stem cells, have low expression
levels of CAR and αV integrins on the surface, which can lead to poor transduction with
Ad5 at lower multiplicity of infection (MOI) (14, 15). To address this challenge, alternative
approaches to redirect Ad5 for CAR-independent cellular adhesion and internalization are
important.

Synthetic materials such as cationic lipids and cationic polymers have been used as
complexation reagents with AdV to improve cellular uptake (16–26). Most notably,
Fasbender and colleagues complexed several commercially available cationic lipids and
cationic polymers with Ad2 and showed increased cell transfection efficiencies for most
formulations (16). Most approaches have used off-the-shelf materials such as PLL,
polybrene, or PEI (16, 20, 22). To date, a detailed investigation to optimize cationic
materials used to potentiate AdV infection of CAR-negative cells has, to our knowledge, not
been reported.

We recently reported the synthesis of N-(2-hydroxypropyl) methacrylamide (HPMA)-
peptide copolymers using a living polymerization technique, Reversible Addition-
Fragmentation Chain Transfer (RAFT) polymerization (27). In RAFT polymerization, a
chain transfer agent (CTA) is used in the presence of radical polymerization, which limits
the growth of the polymer chains due to its higher reactivity with the free radical in
comparison to the monomer (28). This characteristic of RAFT results in relatively
monodisperse materials with controlled and facile incorporation of several different water-
soluble peptides. Additional advantages include reproducibility of synthesis and the ability
to produce well-characterized materials. Due to the hydrophilic HPMA backbone, these
materials also impart colloidal stability when incorporated into nanoparticle formulations
(27, 29). In this work, a series of HPMA-co-oligolysine materials with varying polymer
molecular weight, oligolysine peptide length, and degradability were evaluated for
application in Ad5 complexation and and interaction with heparan sulfate proteoglycans
(HSPGs) was also investigated.

2 Materials and Methods
2.1 Virus

Adenovirus serotype 5 encoding for eGFP (Ad5-GFP) with known viral particle
concentration and transducing unit concentration was purchased from UNC Vector Core
(Gene Therapy Center UNC, Chapel Hill NC) or prepared as described previously (30, 31).
Alexa Fluor 568-labeled Ad5-GFP was prepared by labeling 1 × 1012 vp of Ad5-GFP with
five-fold excess of Alexa Fluor 568 succinimidyl ester (Invitrogen, Carlsbad, CA) with
respect to the surface lysines present on the capsid (assumed to be 18,000 from (32)). The
reaction was performed in sodium bicarbonate buffer (final concentration 50 mM, pH 8.0) at
room temperature for one hour. Tris (tris(hydroxymethyl)aminomethane) buffer was added
to a final concentration of 50 mM (pH 8.0) and allowed to react for one hour at room
temperature to quench any unreacted amines. Viruses were purified using a PD-10 column
(GE Biosciences, Piscataway, NJ). All viruses were stored at −80° C until use.

Viral particle concentration for Alexa Fluor 568-labeled Ad5-GFP was determined by
PicoGreen fluorescence assay as reported previously with minor modification (33). Virus
with known viral particle concentration was diluted 1:100 in Tris-EDTA (TE) buffer (10
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mM Tris, 1 mM EDTA, pH 8.0). Sample virus was diluted 1:20, 1:50, and 1:100 with TE
buffer. Viruses were denatured at 56°C for 30 minutes to release DNA from the viral capsid.
After cooling to room temperature, 0.5% SDS in TE buffer was added to each virus sample.
Virus with known viral particle concentration was diluted 1:2 to create a standard curve with
known concentrations. 100 µL of 1:200 dilution of PicoGreen stock solution (Invitrogen,
Carlsbad, CA) was added to virus samples in black 96-well plates and incubated for 2–3
minutes at room temperature before taking fluorescence measurements (Ex480 nm/Em520
nm) on a Safire2 plate reader (Tecan, Durham, NC).

2.2 Cell lines
HeLa cells (Human cervical carcinoma, ATCC CCL-2) were cultured in MEM medium
supplemented with 10% fetal bovine serum (FBS), and 1% antibiotic/antimycotic solution.
CHO-K1 cells (Chinese Hamster Ovary cells, ATCC CCL-61) were maintained in F12K
medium supplemented with 10% FBS, and 1% antibiotic/antimycotic solution. CHO mutant
cells CHO-pgs-A745 (34) (ATCC CRL-2242) and CHO-pgs-E606 (35) (ATCC CRL-2246)
were cultured in CHO-K1 cell medium supplemented with 200 µM L-asparagine and 200
µM L-proline. BaF3 cells (mouse pro-B cells) were maintained in RPMI supplemented with
10% FBS and 1% antibiotic/antimycotic, with the addition of a final concentration of 5 ng/
mL IL-3 for cell proliferation. RAW 264.7 cells (mouse macrophage cell line, ATCC
TIB-71) were cultured in Dulbecco’s Minimum Essential Medium (DMEM) supplemented
with 10% FBS, and 1% antibiotic/antimycotic solution.

2.3 Polymer Synthesis
2.3.1 Synthesis of peptide monomers—Oligolysine peptides with 5, 10 and 15 lysines
(K5, K10, and K15 respectively) were synthesized with the stable linker, 6- aminohexanoic
acid (Ahx). K10 was also synthesized with the reducible linker AEDP (3-[(2-
aminoethyl)dithio]propionic acid·HCl). Cathepsin B-sensitive peptides used the cathepsin B
substrate FKFL (phenylalanine-lysine-phenylalanine-leucine) flanked on both sides by an
Ahx spacer as a linker, and peptides were synthesized using (d) and (l) amino acids and 6-
aminohexanoic acid (Ahx): AhxFKFLAhxK10 (composed of only (l) amino acids); and
AhxFKFLAhx(D)K10 (composed of (l) amino acid linker with oligo-D-lysine). Peptides
were synthesized on a solid support with Rink amide resin following standard Fmoc/tBu
chemistry on an automated PS3 peptide synthesizer (Protein Technologies, Phoenix, AZ).
Prior to peptide cleavage from the resin, the amino terminus of the peptides were
deprotected and coupled with N-succinimidyl methacrylate, providing methacrylamido
functionality. These functionalized peptide monomers are respectively called
MaAhxFKFLAhxK10 and MaAhxFKFLAhx(D)K10. Synthesized peptides were cleaved
from resin by treatment of the solid support with a solution of TFA/triisopropylsilane
(TIPS)/1,3-dimethoxybenzene (92.5:2.5:5, v/v/v) for 2.5 hours under gentle mixing. Cleaved
peptide monomers were precipitated in cold ether, dissolved in methanol and re-precipitated
twice in cold ether. Each peptide monomer was analyzed by RP-HPLC and MALDI-TOF
MS and shown to have greater than 95% purity after cleavage.

2.3.2 RAFT copolymerization of HPMA and peptide monomers—HPMA-co-
oligolysine polymers were synthesized as described previously (27, 36, 37). In brief,
monomers (0.7 M in 1M acetate buffer, pH 5.1), RAFT chain transfer agent (CTA) ethyl
cyanovaleric trithiocarbonate (ECT, molecular weight 263.4 g/mol) and VA-044 initiator (I)
were dissolved together and polymerized at 44°C in air-free conditions for 48 hours. The
molar ratios of total monomero:CTAo:Io at the start of polymerization were 190:1:0.1 for DP
of 190, 150:1:0.1 for DP 150, 100:1:0.1 for DP 100, and 50:1:0.1 for DP 50. Polymers were
dialyzed against distilled H2O to remove unreacted monomers and buffer salts before
lyophilization.
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2.3.3 Polymer characterization—Molecular weight analysis was carried out by size
exclusion chromatography (SEC) in 150 mM acetate buffer, pH 4.4. Analysis was carried
out on an OHpak SB-804 HQ column (Shodex) in line with a miniDAWN TREOS multi-
angle light scattering detector (Wyatt, Santa Barbara, CA) and an OptiLab rEX refractive
index detector (Wyatt). Absolute molecular weight averages (Mn, Mw) were calculated
using ASTRA software (Wyatt). The actual incorporated amount of peptide and HPMA in
the final copolymers was determined through modified amino acid analysis following the
method of Bidlingmeyer and coworkers (38). Briefly, hydrolyzed lysine and HPMA (which
results in 1-amino-2-propanol) were derivatized with o-phthalaldehyde/β-mercaptopropionic
acid and run on a poroshell 120 EC-C18 (Agilent Technologies, Santa Clara, CA) HPLC
column with pre-column derivatization to label hydrolyzed lysine and 1-amino-2-propanol.
Calibration curves were generated using serial dilutions of (l)-lysine and reagent grade 1-
amino-2-propanol.

2.3.4 Labeling of HPMA-co-MaAhxK10 with Alexa Fluor 488—Polymer was
dissolved in phosphate buffered saline (PBS, pH 7.4), and 5 mole equivalents of TCEP (Tris
(2-carboxyethyl)phosphine) was added to reduce the trithiocarbamate polymer termini and
mixed with stirring. Two mole equivalents of Alexa Fluor 488 maleimide (Invitrogen,
Carlsbad CA) were added, and the reaction was stirred at room temperature overnight in the
dark. Unreacted dye was purified with a PD-10 column.

2.4 Preparation of polymer-coated virus and virus characterization
Polymer solutions (dissolved in dH2O) were added to virus solutions to achieve desired
polymer to viral particle mole ratios in a total of 25 µL. After addition of polymer solution
to virus, solution was incubated at room temperature for 30 minutes prior to further studies.
The zeta potential of unmodified virus and polymer-coated virus was determined using
dynamic light scattering (Brookhaven Instruments Zeta PALS analyzer, Holtsville, NY).
Unmodified virus was diluted to a concentration of 1 × 1011 vp/mL, and polymer-coated
virus was diluted to 6 × 1010 vp/mL. Samples were performed with 15 runs in triplicate.

2.5 Cell transduction
Cells were seeded in 24-well plates (40,000 cells/well) and allowed to incubate overnight.
After incubation, adenovirus or freshly-prepared polymer-coated virus solutions were
further diluted with complete culture medium (medium + 10% FBS + 1% Ab/Am) or culture
medium without serum (medium + 1% Ab/Am) to a final volume of 300 µL per well.
Multiplicity of infection (MOI) was calculated based on PFU/mL. Cells were washed one
time with PBS before virus solutions were added. Virus solutions were incubated overnight
and 1 mL of complete culture medium was added to each well the following day. 24 hours
after additional culture medium was added, cells were washed one time with PBS before
trypsinization. Cells were treated with 2 µg/mL propidium iodide for 5 minutes at 4°C or 7-
AAD (7-amino-actinomycin D) as used according to manufacturer’s instructions for 10 min
at room temperature before washing twice and resuspension in cell culture medium. Samples
were performed in triplicate and were kept on ice prior to conducting flow cytometry. Flow
cytometry was performed on a BD FACScan system in the UW Cell Analysis Facility.

2.6 Virus internalization studies
Cells were seeded at 80,000 per well in a 24-well plate and allowed to incubate overnight.
Polymer-coated virus at a polymer to virus ratio of 5000 using Alexa Fluor 568-labeled
Ad5-GFP were formulated as performed previously. Polymer-coated virus using Alexa
Fluor 568-labeled Ad5-GFP were diluted in cell culture medium and added to cells at
multiplicity of infection (MOI) of 50 (vp/cell) based on comparable viral particle numbers as
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unlabeled Ad5-GFP in a total volume of 300 µL. After a 30 minute incubation at 37°C, 5%
CO2, virus solution was removed and cells were washed once with PBS. Cells were then
trypsinized and washed one time with cell culture medium and kept on ice prior to
conducting flow cytometry. Samples were performed in triplicate.

2.7 Transmission Electron Microscopy (TEM)
Unmodified and polymer-coated virus were diluted to 8.3 × 1011 vp/mL after formulation
and deposited on silicon nitride support films (50 nm membrane thickness, 200 µm frame
thickness, 0.25 × 0.25 mm window, Ted Pella, Redding CA). Samples were deposited on
grids and incubated at room temperature for 15 minutes. Virus solutions were then wicked
away, and grids were washed with PBS followed by double distilled water. 1% uranyl
acetate (pHK10-Ad5) or 1% methylamine tungstate (Ad5) was then deposited on the grid
and incubated for 1 minute, wicked away, and then deposited again for another 2 minute
incubation. The final negative stain solution was wicked away, and the grids were allowed
to air dry. TEM images were taken on an FEI Tecnai G2 F20 instrument at 200 kV, 17,000×
and 39,000×.

2.8 Transduction of Ad5 or pHK10-Ad5 in the presence of neutralizing anti-Ad5 antibodies
HeLa cells were seeded at 20,000 cells/well in a 24-well plate 24 hours before transduction.
CHO-K1 cells were seeded 40,000 cells/well in a 24-well plate 16 hours before transduction.
pHK10-Ad5 were formulated as described previously at a polymer to virus ratio of 5000:1.
Human serum containing AdV neutralizing antibodies (NAb) was diluted 1:20 in PBS and
heated to 56°C for 20 minutes to inactivate complement. Diluted serum (100 µL) was then
incubated with Ad5 or pHK10-Ad5 at 37°C for 20 minutes before culture medium was added
to a final volume of 300 µL per sample. Cells were washed once with PBS before virus
solutions were added. After overnight incubation, 1 mL of culture medium was added, and
samples were assayed for transduction 24 hours later via flow cytometry.

Results
Optimization of polymer-coated adenovirus

A series of HPMA-co-oligolysine polycations synthesized by RAFT polymerization (Table
1) were evaluated as surface-modification materials for Ad5. The polymer architecture
(Scheme 1A) offers several parameters for optimization: pendant peptide length, overall
polymer molecular weight, and polymer degradability at the linker site. Polymer-coated Ad5
was prepared by mixing polycation solutions with Ad5 solutions, resulting in polymer
adsorption to viral capsid (Scheme 1B).

First, the effect of oligolysine length and polymer to virus ratio was determined by
transfecting CAR-negative RAW 264.7 cells with coated Ad5. HPMA copolymers
incorporating oligolysine of various lengths (K5, K10, K15) with a fixed degree of
polymerization (DP=190) were tested at polymer to virus ratios 1k, 5k, 10k and 20k. For all
three polymers, optimal transduction was obtained at a 5000 polymer: virus ratio. pHK10-
Ad5 virus showed the highest transduction, resulting in 16% GFP positive cells, 4.3 -fold
higher than unmodified virus, and less than 3% cell death, as assessed by propidium iodide
(PI) staining (Figure 1).

Next, the molecular weight of pHK10 was varied. Polymers were synthesized with target DP
of 50, 100, 150 and 190 by adjusting the CTA to monomer ratio, resulting in polymers with
molecular weights of 23 kDa, 44.91 kDa, 65.71 kDa, and 77.6 kDa, respectively. These
polymers were used for Ad5 coating at the optimized 5000:1 polymer to virus ratio, and
transduction efficiency to RAW 264.7 cells was compared (Figure 2). No significant
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difference was observed between pHK10 DP 50-, pHK10 DP 150-, and pHK10 DP190-Ad5
samples (transfection efficiency ~25%, 6-fold higher than unmodified virus, all polymers
showing less than 6% PI positive cells).

Finally, the effect of linker degradability on Ad5 transduction was assessed. Two degradable
linkages were used: AEDP, an analog of the Ahx linker in pHK10 that contains a disulfide
bond and a cathepsin B-cleavable linker, FKFL, flanked by Ahx spacers. These polymers
are respectively called pHSSK10 and pHCathK10. Since (l)-amino acids can also be
degraded by peptidases, (d)-amino acid analogues of pHK10 (pH(d)K10) and pHCathK10
(pHCath(d)K10) were also synthesized. Transductions were conducted in serum-free and
10% serum conditions under the optimal 5000:1 polymer: virus ratio (Figure 3). Serum
significantly decreased transduction efficiency of unmodified Ad5 but not pHK10-,
pH(d)K10-, nor pHCath(d)K10-coated Ad5. Transduction efficiency of pHSSK10- and
pHCathK10-Ad5 was reduced by 40% and 30%, respectively, in serum conditions.
pH(D)K10- and pHCath(d)K10-Ad5 did not impact Ad5 transduction efficiency in serum
conditions. Transduction efficiency of pHK10-, pHSSK10-, and pHCathK10 -Ad5 were
similar in serum-free conditions, increasing transduction by up to 113%.

Characterization of pHK10-coated adenovirus
Ad5 and pHK10-Ad5 were characterized by transmission electron microscopy (TEM) to
determine virus morphology and zeta potential measurements to determine surface charge
after polymer coating (Figure 4). TEM imaging revealed that both Ad5 and pHK10-Ad5 had
average diameters of 78.2 and 82.0 nm, respectively. Zeta potential measurements revealed
that Ad5 had negative surface charge (−6 mV) while pHK10-Ad5 were positively charged
(+17.6 mV).

Ad5 and pHK10-Ad5 transduction in CAR-negative cell lines
The transfection efficiency of the optimized pHK10-Ad5 and Ad5 was then compared in two
additional CAR-negative cell lines, adherent CHO-K1 and suspension BaF3 cells (Figure
5A). Again, RAW cells showed over a 6-fold increase in transduction efficiency over naked
virus using MOI 50 (18.9% vs 3.1% GFP-positive). A 4-fold increase in transduction
efficiency was achieved with CHO-K1 cells using MOI 5 (61.1% vs 14.3% GFP-positive)
and BaF3 cells showed a 1.5-fold increase at MOI 1000 (10.4% vs. 6.9% GFP-positive).
Low cytotoxicity was observed for both polymer-coated and unmodified Ad5 in all three
cell types (PI-positive <7%, Figure 5B). The mean GFP fluorescence levels in the gated
transduced cell population was 2-fold, 1.3-fold, and 2-fold greater for CHO-K1, RAW
264.7, and BaF3 cells, respectively, for pHK10-Ad5 compared to naked Ad5 (Figure 5C).

Ad5 and pHK10-Ad5 transduction in the presence of neutralizing antibodies (NAb)
Human serum samples were first analyzed using a neutralization assay to determine the
inhibition of adenoviral transduction by Ad5-specific NAb in serum diluted from 1:5 to
1:160. A corresponding decrease in Ad5 transduction was observed with decreasing serum
dilution, thus confirming the presence of NAb (Supplementary Figure 1). Ad5 and pHK10-
Ad5 pre-incubated with the NAb-containing human serum at 1:20 dilution were used to
transduce CAR-positive HeLa and CAR-negative CHO-K1 cells at MOI=10 (Figure 6).
Transduction to HeLa cells in the absence of NAb was efficient for both Ad5 and pHK10-
Ad5 (87% GFP+). While NAb significantly inhibited Ad5 transduction (19% GFP+),
polymer coating protected the virus against NAb binding (69% GFP+). Ad5 transduction of
CHO-K1 cells decreased by ca. 95% in the presence of NAb (19% GFP+ to 1% GFP+)
while NAb only decreased pHK10-Ad5 transduction in these cells by ca. 30% (76% GFP+ to
54% GFP+).
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Virus uptake in HSPG-mutant cells
Virus internalization in engineered CHO-K1 cell lines with disrupted HSPG expression was
assessed. CHO-pgs-E606 have undersulfated HSPGs, while CHO-pgs-A745 do not express
HSPGs. Unmodified and pHK10-coated, Alexa Fluor 568-labeled Ad5 were exposed to cells
for 30 minutes followed by flow cytometry analysis for cell association (Figure 7A). Uptake
of unmodified Ad5 was low in all CHO cells (<1.5%). In contrast, significant cell
association was observed with pHK10-coated Ad5 in CHO-K1 cells (44% of CHO-K1 cells
associated with virus). The percent of cell-associated Ad5 decreased by 63% and 91%
respectively in CHO-pgs-E606 (16.4%) and CHO-pgs-A745 cells (3.9%). All CHO cells
showed slightly lower mean fluorescence in pHK10 coated Ad5 compared to unmodified
Ad5 (Figure 7B).

Transduction efficiency in these cells lines was assessed two days after Ad5 incubation and
similar trends to cellular association were obtained. CHO-K1 cells were efficiently
transduced by pHK10-Ad5 (83%) and lower transduction efficiencies were observed with
CHO-pgs-E606 cells (60.6) and CHO-pgs-A745 cells (49.0%) (Figure 6C). CHO-K1 also
showed the greatest fold increase in mean fluorescence with pHK10-Ad5 over Ad5 (4.7-
fold), followed by CHO-pgs-E606 (2.9-fold), and the CHO-pgs-A745 cells (1.5-fold).

Discussion
Ad5 transduces cells mainly through interaction of the fiber protein with the Coxsackie and
Adenovirus Receptor (CAR) and αV integrins present on cell surfaces (6, 13). Previous
studies have shown that physical mixtures of AdV with cationic polymers or lipids improve
AdV transduction to CAR-negative cells (19, 21, 23). The goal of this work was to
systematically investigate the effects of polycation structure, molecular weight and
degradation on Ad5 transduction. We previously demonstrated that these parameters could
be independently controlled by RAFT polymerization of HPMA-co-oligolysine polymers
(36). Here, ten HPMA-co-oligolysine polymers were evaluated for their relative ability to
increase transduction efficiency of Ad5 by electrostatic coating of the virus.

First, the effect of oligolysine length was probed (Figure 1). All polycations (pHK5, pHK10,
and pHK15) increased gene delivery efficiencies to CAR-negative RAW 264.7 cells over
unmodified Ad5 when complexed with the vector. The optimal polymer to Ad5 ratio
identified for all three polymers was 5000:1. Because the mol% lysine was kept relatively
constant between the three polymers, the optimal average lysine per adenovirus (2 × 106)
was also similar for all three polymers. This trend does not hold in CAR-positive cells or
PC-12 cells; in these cells, the transduction efficiency of coated Ad5 decreases both with
increasing peptide content in the polymer (mol% peptide) and with polymer to virus ratio
(data not shown), possibly due to blocking of the CAR-binding domain in the fiber knob.

After selecting K10 as the optimal peptide length, the effect of polymer length was tested by
synthesizing pHK10 polymers with molecular weights ranging from 23kDa-78kDa (Figure
2). There was no significant difference in transduction efficiency or toxicity among the four
different molecular weights tested. Fasbender et al. also investigated coating Ad2 with
poly(l)lysine of various molecular weight (9k, 25k, 55k and 233k), PEI, histone and
spermine for transducing COS-1 cells and found that all agents except spermine similarly
improved Ad2 transduction (16). The optimal PLL was 55k (~125k lysines per adenovirus)
although the variation in luciferase activity only ranged between 1 to 5 million RLU for the
tested range. These results show that a minimum polyvalency is likely required for high
affinity virus binding, but that once this criterion is met, there is a broad range of polymer
lengths that are effective for AdV coating for in vitro transductions. However, the effect of
polymer MW may become critical in in vivo conditions where other proteins may displace
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weakly bound polymers. This phenomena has been reported in vivo for non-viral systems
(39, 40). The lack of correlation between transduction efficiency and polymer MW within
the tested MW range contrasts with our observation from non-viral transfections using these
materials, where higher molecular weight cationic polymers have shown to be more
cytotoxic than lower molecular weight polymers (41). One possible explanation is that
cytotoxicity was correlated with polyplexes (cationic polymer/plasmid DNA complexes)
formulated with higher molecular weight and higher concentrations of polycations while the
amount of polymer used for Ad5 coating is approximately 5000-fold lower.

Finally, the effect of polymer degradability was assessed. A polymer with reducible linkers,
pHSSK10, and two polymers with enzymatically-cleavable linkers, pHCathK10 and
pHCath(D)K10 were synthesized and tested as viral coatings. Ideally, the adsorbed polymer
would not affect Ad5 trafficking after cellular internalization, and intracellular polymer
degradation would facilitate displacement of materials from the adenoviral capsid. Disulfide
bond reduction has been reported to occur in the endosome for some systems (42) and
cathepsin B, a cysteine protease, functions primarily in the endo/lysosomal compartments
(43, 44). In addition, the pendant peptides synthesized with (L)-amino acids are susceptible
to exopeptidase digestion by serum proteases (45). In serum-free conditions, all polymers
synthesized with only HPMA and (L)-amino acids (pHK10, pHSSK10 and pHCathK10)
increased Ad5 transfection efficiency when used as a coating, regardless of the presence of a
degradable linker (Figure 3).

The reducible pHSSK10 polymer, when used directly as a non-viral gene delivery material,
transfects poorly compared to the pHK10 polymer. This effect was attributed in part to the
instability of the disulfide bond possibly due to metal-catalyzed oxidation and crosslinking
of reduced polymer (37). When used as a virus coating, the concentration of polymers is
~5000-fold lower so that polymer crosslinking is less likely to occur. The pHCathK10,
pHCath(D)K10, and pH(D)K10 polymers transfect cells with similar efficiency to pHK10 when
used directly in polyplex formulation (unpublished data). When applied as an Ad5 coating,
pHCathK10 has a similar effect on Ad5 serum free transfection efficiency as pHK10. In
contrast, the polymers containing (D)-amino acids had no significant effect on Ad5
transfection in serum-free conditions. We previously showed that HPMA-co-oligolysine
copolymers with (D)-lysine are stable against enzymatic degradation whereas copolymers
with (L)-lysine undergo exopeptidase degradation. Therefore, polymer degradation is critical
for efficient Ad5 transfection but the mechanism (disulfide reduction or enzymatic
hydrolysis) and degradation site (linker region or peptide carboxy terminus) is not as
important. Degradation may facilitate polymer uncoating of virus after cellular
internalization, thereby minimizing further disruption to the adenovirus infection pathway.
For example, defensins are antimicrobial peptides that also exert antiviral activity against
adenovirus by interacting with a negatively charged region at the interface of the penton
base and fiber, blocking viral uncoating (46). Adsorbed polymer may similarly interfere
with viral capsid disassembly that is critical for efficient intracellular and gene transfer by
the virus (47).

The inclusion of 10% serum during transduction decreased delivery efficiency of Ad5 by
65%. The negative effect of serum on in vitro adenovirus transduction has also been
reported by others in the literature (16, 19). In the absence of CAR receptor, Ad5 interacts
with HSPG through a KKTK motif on the fiber shaft, resulting in low efficiency
transduction (48, 49). Serum proteins may therefore interfere with this low affinity
interaction. pHK10-Ad5, on the other hand, transduces cells with similar efficiencies both in
the presence and absence of serum. This is in contrast to two other polymer-coated virus
systems that report decreased transduction efficiency in serum conditions (16, 19) as well as
to pHK10-based polyplexes that have an order of magnitude decrease in transfection
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efficiency in the presence of serum (37). The retention of high transfection efficiency using
pHK10-Ad5 in serum conditions may be attributed to the HPMA backbone of the pHK10.
This hydrophilic polymer has been used to modify both non-viral particles and AdV to
improve particle stability (50, 51). Indeed, the size of pHK10-Ad5 increases only ~25% in
the presence of serum as measured by dynamic light scattering (data not shown). The
difference between the effect of serum on pHK10 polyplex delivery compared to pHK10-Ad5
may be due to the importance of uncomplexed polymer on non-viral gene delivery (52); free
polymer has been shown to enhance gene transfer efficiency by affecting intracellular
trafficking of polyplexes but may be bound up by serum proteins. However, free polymer is
not expected to impact adenoviral trafficking.

Transduction in the presence of serum decreases Ad5 efficiency by ~40% and 30% for
pHSSK10- and pHCathK10-coated Ad5, respectively, although these polymer-coated viruses
are still more effective than Ad5 in the presence of serum. The polyvalency of these
materials is expected to provide a higher affinity to HSPGs than the Ad5 KKTK motif. The
decreased effectiveness of pHSSK10- Ad5 in serum may be due to premature polymer
degradation by extracellular thiols in the serum (53), which could affect the polymer-coating
of the virus and thus decrease transfection gains afforded by the polymer-coating. Similarly,
the pHCathK10 polymer has been shown to undergo both exopeptidase and slow non-
specific endopeptidase degradation at the FKFL linker site in the presence of serum (45).
While intracellular degradation facilitates polymer release from Ad5, degradation before the
polymer can facilitate cellular uptake is undesirable.

The optimized polymer-coated Ad5 formulation was characterized by zeta potential
measurements and TEM imaging (Figure 4). Unmodified adenovirus is negatively charged
(−6.14 mV zeta potential) while pHK10-coated Ad5 is positively charged (+17.6 mV zeta
potential). TEM imaging show that both Ad5 and pHK10-Ad5 were similar in size with
diameters around 80nm. Therefore, virus structure remains intact after polymer coating.

The optimized pHK10-Ad5 was tested in two other cell lines: CHO-K1 cells (Chinese
Hamster Ovary epithelial cells), and BaF3 cells (mouse pro-B cell line). pHK10-Ad5 virus
was able to improve transduction efficiency into these cell types over Ad5 (Figure 5). An
MOI that resulted in low but reproducibly detected transduction was first selected for each
cell line. CHO-K1 cells were relatively easy to transduce. At MOI of 5, pHK10-Ad5
transduction was increased 4.3-fold over Ad5 (61% compared to 14.3% GFP-positive). Of
the GFP-expressing cells, more transgene expression was also achieved; the mean
fluorescence per cell was two-fold higher using pHK10-Ad5 as the vector. RAW 264.7
macrophage cells required MOI of 50 to achieve just 3% cell transfection, although pHK10-
Ad5 improved transduction efficiency 6.1-fold to 19%. Transgene expression in macrophage
cells have been reported to be 100–1000 fold lower than in CAR-positive cells; this effect is
likely due to impaired endosomal escape in these types of scavenging cells (54). Kaner et al.
previously showed that introduction of CAR to alveolar macrophage increases subsequent
Ad5 transfection but only by around 5-fold (55), similar to the increase achieved by pHK10-
Ad5. Pro-B BaF3 cells were the most resistant to transfection. At MOI of 1000, only 6.9%
of cells were transfected by unmodified Ad5 and pHK10-Ad5 transfected 10.4%, a 1.5-fold
increase. Unlike macrophages, ectopic expression of CAR in BaF3 cells and other
lymphocyte cell lines rescues adenovirus transfection, indicating that adenoviral uptake is
the limiting barrier in transfection of these cells (56). However, BaF3 cells also do not
express HSPGs (57), which have been shown to be a major partner that mediates cellular
entry of cationic polymer-based particles (58). Therefore, HSPG may also be required for
transduction using polymer-coated AdV.
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Neutralizing antibodies generated after adenoviral infection inhibit subsequent transduction
efficiency, thus either limiting the efficacy of the initial adenoviral gene therapy or
preventing vector readministration. This is particularly an issue for Ad5 serotypes because
of the prevalence of anti-Ad5 NAb. In the United States for example, about 33–60% of the
population already have anti-Ad5 NAb due to prior adenoviral infection (59). Direct
polymer conjugation to adenovirus has been shown to decrease antibody induction as well
antibody binding;(60) however, this is often achieved at a significant cost to transduction
efficiency.(61, 62) For example, Subr and colleagues conjugated an HPMA copolymer with
quaternary ammoniums (to increase association via electrostatic interaction) to AdV. The
polymer-conjugated polymer exhibited over three orders of magnitude decrease in
transduction efficiency but also reduced binding of vector to erythrocytes, indicating
protection against antibody and complement binding.(62) The vectors developed in their
work are therefore promising formulations on which retargeting functionality can be
introduced. In this work, coating of Ad5 with pHK10 significantly protected the virus from
inactivation due to NAb without compromising transduction efficiency (Figure 6).

To test the hypothesis that HSPG may be required for pHK10-Ad5 transduction, pHK10-
Ad5 and unmodified Ad5 were used to transduce CHO-K1 and CHO cells with deficiencies
in HSPG synthesis. CHO-pgs-E606 is deficient in heparan sulfate N-sulfotransferase activity
(35), which sulfates 40–50% of N-glucosamine residues in HSPGs (63). Without heparan
sulfate N-sulfotransferase, only ~20% of the N-glucosamine residues are sulfated resulting in
under-sulfation. CHO-pgs-A745 is defective in xylosyltransferase activity, which catalyzes
the first sugar transfer reaction necessary in the formation of glycosaminoglycans (34).
Because of the loss of this enzyme, these mutants lack both heparan sulfate and chondroitin
sulfate proteoglycans (CSPGs) (48).

Cell association of pHK10-Ad5 and Ad5 was determined by exposing cells to Alexa Fluor
568-labeled vectors for 30 minutes, followed by flow cyometry analysis (Figure 7A).
Interaction of pHK10-Ad5 with CHO-K1 was efficient and rapid, whereas low Ad5
association was observed for all 3 cell lines. Cell association of pHK10 correlated with the
levels on HSPG sulfation in the cell lines, confirming that the primary mechanism of cell
binding is likely through electrostatic interactions with surface proteoglycans. Binding is
significantly reduced but not eliminated in HSPG- and CSPG-negative CHO-pgs-A745
cells, indicating that pHK10-Ad5 do also have other binding partners in addition to these
proteoglycans.

Transduction efficiency to the three CHO cell lines follows similar trends as cell association
(Figure 7B). For these studies, virus was incubated with cells for 36 hours. Transduction
studies were performed at subconfluent conditions (50% confluency) because the extent of
HSPG-mediated AdV internalization depends on cell confluency (48). As reported
previously, CHO cells with defective HSPGs are more resistant to AdV infection (48). In
addition, CSPG does not play a significant role in Ad5 infection since CSPG-negative CHO-
pgs-A745 cells do not show impaired Ad5 transduction compared to CHO-pgs-E606. In
contrast, pHK10-Ad5 infection is facilitated by both HSPG and CSPG, with 24% and 41%
decrease in transduction efficiency to CHO-pgs-E606 and CHO-pgs-A745 cells,
respectively, compared to CHO-K1. Both the percent of transduced cells and the average
transgene expression per cell is reduced in the mutant CHO cell lines. Mislick and
Baldeschwieler also previously showed that both HSPGs and CSPGs play a role in uptake of
polyplexes (58). Therefore sulfated proteoglycans are the primary binding partners for
pHK10-Ad5, although other binding interactions can still mediate pHK10-Ad5 transduction.
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Conclusion
In summary, we have synthesized and evaluated ten cationic HPMA-oligolysine polymers
for polymer-coating of adenovirus to transduce CAR-negative cells. The pHK10-Ad5
formulation provides substantial increase in transduction efficiency over Ad5 in the tested
CAR negative cell lines. Notably, transduction efficiency of pHK10-Ad5 is not affected by
the presence of 10% serum. The primary internalization pathway of polymer-coated Ad5
was shown to be redirected from CAR to sulfated proteoglycans. This facile virus
modification approach is therefore a potential solution for improving Ad5 transduction to a
variety of CAR-negative cell types.
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Figure 1.
Transduction of RAW 264.7 cells with polymer-coated adenovirus. Adenovirus was coated
with pHK15, pHK10, or pHK5 at different polymer to virus ratios (20K = 20,000:1, 10K =
10,000:1, 5K = 5000:1, 1K = 1000:1). * denotes p < 0.03 with respect to pHK10 5K. pHK5
5K showed statistically higher transduction than pHK510K, pHK51K and virus only
(p<0.05). pHK15 5K showed statistically higher transduction than pHK15 20K, pHK15 1K
and virus only (p<0.005). Student’s t-test was used to determine statistical significance.
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Figure 2.
Transduction efficiency of pHK10-coated adenovirus at different degrees of polymerization.
Polymer-coated viruses were formulated at MOI of 50, with transductions performed in
RAW 264.7 cells. No statistical significance was found between pHK10 DP 190 and pHK10
DP 50 or pHK10 DP 150. pHK10 DP 190 showed statistically higher transduction than virus
only and pHK10 100 (p<0.004). Statistical significance was based on student’s t-test.
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Figure 3.
Transduction efficiency of pHK10-coated adenovirus with reducible linker (AEDP) and
Cathepsin-B cleavable linker (AhxFKFLAhx) in serum free or serum-containing medium.
Ad5, pHSSK10/Ad5, and pHCathK10/Ad5 showed statistically higher transduction in serum
free conditions compared to serum conditions (p<0.008). *In serum free conditions, pHK10/
Ad5, pH(d)K10/Ad5, and pHCathK10/Ad5 showed significantly higher transduction than
Ad5, pH(d)K10/Ad5, and pHCath(d)K10/Ad5 (p<0.003), but no difference from each other.
Ad5, pH(d)K10/Ad5, and pHCath(d)K10/Ad5 also showed no significant difference from
each other in serum free conditions when p = 0.01.
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Figure 4.
TEM (A, B) and zeta potential (C) of Ad5 and pHK10-Ad5. TEM images were conducted on
silicon nitride membranes, with Ad5 stained with methylamine tungstate and pHK10-Ad5
stained with uranyl acetate. Images were taken at 39,000×. Scale bar represents 50 nm.
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Figure 5.
Transduction efficiency (A), cytotoxicity (B), and ratio of GFP positive mean fluorescence
(C) of pHK10-Ad5 compared to Ad5 in three different CAR negative cell lines. Virus was
used at MOI of 5, 50, and 1000 for CHO-K1, RAW, and BaF3 cells respectively. * pHK10-
Ad5 showed statistically higher transduction compared to Ad5 in all cell types (p<0.05).
There was no statistical difference in cell cytotoxicity between Ad5 and pHK10-Ad5 within
each of the cell lines. pHK10-Ad5 showed significantly higher toxicity in BaF3 cells
compared to RAW 264.7 and CHO-K1 cells (p<0.05).
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Figure 6.
Ad5 and pHK10-Ad5 transduction of CAR-positive HeLa (A) and CAR-negative CHO-K1
(B) cells in the presence and absence of neutralizing antibodies (NAb).
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Figure 7.
Cell uptake (A) and transduction (B, C) of pHK10-Ad5 and Ad5 in CHO-K1 and CHO
mutant cell lines. Percent cells that are Alexa Fluor 568 or GFP positive (A, C) and the
fluorescence ratio of pHK10-Ad5 to Ad5 (C) for the diffe rent cell types is shown. MOI 5
was used for all cells.
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Schematic.
HPMA-peptide copolymers used for adenovirus polymer coating (A). Linkers can be
nondegradable (Ahx), reducible (AEDP), or enzyme cleavable (AhxFKFLAhx). Negatively
charged adenovirus interact with cationic HPMA-oligolysine polymers to form a polymer-
coated virus (B).

Wang et al. Page 22

Biomaterials. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 23

Table 1

Physical properties of HPMA-co-oligolysine copolymers

HPMA
Oligolysine
Copolymer

Lysine Peptide
Monomer

Degree of
Polymerization
(DP)

Mw/Mn Degradability

pHK5 MaAhxK5 190 1.17 Exopeptidase

pHK10 MaAhxK10 190 1.18 Exopeptidase

pHK15 MaAhxK15 190 1.27 Exopeptidase

pHK10 DP 50 MaAhxK10 50 1.09 Exopeptidase

pHK10 DP 100 MaAhxK10 100 1.10 Exopeptidase

pHK10 DP 150 MaAhxK10 150 1.14 Exopeptidase,

pHSSK10 MaAEDPK10 190 1.11 Reducible exopeptidase

pH(d)K10 MaAhx(d)K10 190 1.13 None

pHCathK10 MaAhxFKFLAhxK10 190 1.17 Endopeptidase, Exopeptidase

pHCath(d)K10 MaAhxFKFLAhx(d)K10 190 1.16 Endopeptidase
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