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Abstract

Despite adenovirus (Ad) vector’s numerous advantages for cancer gene therapy, such as high
ability of endosomal escape, efficient nuclear entry mechanism, and high transduction, and
therapeutic efficacy, tumor specific targeting and antiviral immune response still remain as a
critical challenge in clinical setting. To overcome these obstacles and achieve cancer-specific
targeting, we constructed tumor targeting bioreducible polymer, an arginine grafted bio-reducible
polymer (ABP)-PEG-HCBPL1, by conjugating PEGylated ABP with HCBP1 peptides which has
high affinity and selectivity towards hepatoma. The ABP-PEG-HCBP1-conjugated replication
incompetent GFP-expressing ad, (Ad/GFP)-ABP-PEG-HCBP1, showed a hepatoma cancer
specific uptake and transduction compared to either naked Ad/GFP or Ad/GFP-ABP. Competition
assays demonstrated that Ad/GFP-ABP-PEG-HCBP1-mediated transduction was specifically
inhibited by HCBP1 peptide rather than coxsackie and adenovirus receptor specific antibody. In
addition, ABP-PEG-HCBP1 can protect biological activity of Ad against serum, and considerably
reduced both innate and adaptive immune response against Ad. shMet-expressing oncolytic Ad
(oAd; RdB/shMet) complexed with ABP-PEG-HCBP1 delivered oAd efficiently into hepatoma
cancer cells. The o0Ad/ABP-PEG-HCBP1 demonstrated enhanced cancer cell killing efficacy in
comparison to 0Ad/ABP complex. Furthermore, Huh7 and HT1080 cancer cells treated with oAd/
shMet-ABP-PEG-HCBP1 complex had significantly decreased Met and VEGF expression in
hepatoma cancer, but not in non-hepatoma cancer. In sum, these results suggest that HCBP1-
conjugated bioreducible polymer could be used to deliver oncolytic Ad safely and efficiently to
treat hepatoma.
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1. Introduction

The primary goal of gene therapy is development of highly efficient vector or delivery
system that can express therapeutic gene at proper target site [1]. To this end, adenovirus
(Ad)-based gene delivery system has been extensively evaluated for its therapeutic efficacy
and safety in animal models and clinical trials [2, 3]. Oncolytic Ad has numerous advantages
for cancer gene therapy such as self-propagation, cancer-specific infection, lysis of infected
cancer cells, and secondary infection of neighboring cancer cells within the tumor [4].
Oncolytic Ad as a cancer therapeutic agent has been approved for a clinical phase 111 trials
[5, 6]. However, virotherapy using oncolytic Ad has been strictly limited to local
administration [7, 8] as systemic injection can induce acute inflammatory and immune
response against Ad, resulting in poor therapeutic efficacy and adverse side effects [9].

Generation of hybrid vector system combining viral and non-viral carriers has been
extensively studied as a potential solution to immunogenic nature and nonspecific
sequestration of systemically administered naked Ad. Non-viral vector has low
immunogenicity and therapeutic genes of large size can be delivered efficiently. Various
polymeric carriers have been complexed with plasmid DNA to shield and deliver plasmid
DNA to targeted cells [10]. However, these plasmid DNA-based hybrid vectors often exhibit
polymer-induced cytotoxicity and low transfection efficiency due to inefficient endosomal
escape mechanism and nonbiodegradable attributes of the polymer [11]. Thus, further
modification of polymeric carriers is required for clinically efficacious gene delivery.

Previously, our group developed a bio-reducible poly(cystamine bisacrylamide-
diaminohexane, CBA-DAH), which showed significantly higher transfection efficiency and
lower cytotoxicity than 25 kDa polyethylenimine (PEI) [12]. Additionally, we synthesized
arginine-grafted bio-reducible poly(CBA-DAH) polymer (ABP) using backbone of poly
(CBA-DAH) [13]. Arginine has known cell penetrating functions and thus arginine-grafted
non-viral carriers should elicit high gene delivery efficiency. In this regard, many studies
reported that surface modification of Ad with varying nanomaterials, such as ABP [14],
methoxy poly(ethyleneglycol)-b-poly{N-[N-(2-aminoethyl)-2-aminoethyl]-I-glutamate [15,
16], mPEG-PEI-g-Arg-S-S-Arg-g-PEI-mPEG [17], bile acid-conjugated PEI [18], and
multi-degradable bioreducible PEI [19], through electrostatic interaction resulted in
enhanced transfection and lowered immunogenicity of Ad. Cationic polymer coated Ad can
easily dissociate in the endosomes, effectively releasing the Ads through the proton-sponge
effect [20] which enhances transduction efficacy of Ad. However, excess cationic surface
charge of Ad and cationic polymer complex shows poor tumor selectivity due to their
nonspecific uptake into the normal cells, restricting its clinical application. Moreover,
cationic polymer-based delivery vector easily aggregate and nonspecifically interact with
serum proteins ultimately reducing delivery efficacy. Thus, development of polymeric
vector with cancer-selective targeting function is required. To overcome nonspecific uptake

J Control Release. Author manuscript; available in PMC 2016 December 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 3

of polymer-coated Ad, cancer-targeting moieties, such as RGD peptide and folate, have been
investigated and demonstrated efficient cancer-specific delivery of Ad [21-23].
Furthermore, several biomarkers with high affinity and cancer-selectivity have demonstrated
target specific delivery of Ad [9, 24, 25]. Recently, highly cancer-selective hepatoma
targeting peptide (HCBP1), which could discriminate between normal and hepatoma cells
both invitro and in vivo, has been identified by phage display method [26]. Moreover,
HCBP1 conjugated chitosan-linked PEI/DNA complex showed high gene transfer efficiency
and antitumor efficacy in hepatoma [27].

In this study, we report the development of a novel hepatoma cancer-targeting hybrid
delivery system using HCBP1-conjugated polymer and oncolytic Ad. A bioreducible
polymer, HCBP1 conjugated PEGylated ABP, was electrostatically complexed with
oncolytic Ad generating Ad-ABP-PEG-HCBP1 nanocomplex. The hepatoma-specific cell
killing effect and suppression of both c-Met and VEGF expression was investigated using
Met-inhibiting oncolytic Ad (RdB/shMet) coated with the ABP-PEG-HCBP1. Furthermore,
we demonstrated that the Ad-ABP-PEG-HCBP1 nanocomplex protected Ad against the
serum and reduced immunogenicity. In sum, our results show for the first time that Ad-
ABP-PEG-HCBP1 hybrid system can efficiently target hepatoma with higher safety profile
than naked Ad.

2. Materials and Methods

2.1. Cell lines and preparation of Ad vectors

The human hepato carcinoma (Huh7, and HepG2), Human fibrosarcoma (HT1080), human
embryonic kidney cell line expressing the Ad E1 region (HEK 293) cell lines were
maintained in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO-BRL, Grand Island,
NY) supplemented with 10% fetal bovine serum (FBS; GIBCO-BRL) and penicillin/
streptomycin (GIBCO-BRL) at 37°C in a humidified atmosphere containing 5% CO2. The
adenoviral transduction efficiency was examined with a green fluorescence protein (GFP)-
expressing replication-incompetent Ad (Ad/GFP). The Ad/GFP was constructed and
characterized in our previous study [9, 28]. The construction and generation of oncolytic Ad
backbone was previously described (RdB) [19, 29]. The oncolytic Ad (RdB/shMet, or 0Ad)
was generated and inserted expressing short hairpin RNA (shRNA) against c-Met RNA into
the RdB by homologous recombination. The Ad/GFP and RdB/shMet were propagated in
HEK?293 cells and purified by the CsCl gradient method. Purified viruses were stored at
—-80°C until use.

2.2. Synthesis of hepatoma targeting peptide conjugated ABP (ABP-PEG-HCBP1)

The poly (cystaminebisacrylamide-diaminohexane) (CBA-DAH) and arginine-grafted poly
(cystaminebisacrylamide-diaminohexane) (ABP) were synthethesized as described
previously [12, 13]. Then, ABP was activated with NHS-PEG,k-Mal (M.W. = 2 kDa,
JenKem Technology, Plano, TX). Briefly, ABP was dissolved in 0.1 M phosphate buffered
saline (PBS, pH 7.2, 0.15 M NaCl, 2.0 mM EDTA). 2.4 equivalents of NHS-PEG-Mal were
added to the ABP solution and stirred for 1 h at room temperature and then the mixture was
dialyzed (MWCO = 3500, Spectrum Laboratories, Inc., Rancho Dominguez, CA) and
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Iyophilized. The molecular weight of ABP-PEG was estimated to be 8.85 x 102 Da/mole by
gel-permeation chromatography (GPC). For the thiolation of HCBP1 (FQHPSFI, University
of Utah HSC Cores Research Facility, Salt Lake City, UT), Peptide was dissolved in 0.1 M
PBS (pH 8.0, 0.15M NaCl, 2.0 mM EDTA). The 2 equivalents of Traut’s reagent (Thermo
scientific Inc, Rockford, IL) were added to the peptide solution, and the mixture was further
reacted for 2 h at room temperature. Then, the mixture was dialyzed and lyophilized. For the
conjugation of target peptides with polymer, PEGylated ABP (ABP-PEG2kDa-Mal) was
dissolved in 50 mM PBS (pH 7.2 0.15 M NaCl, 10 mM EDTA). The 1.7 equivalents of
thiolated peptide per maleimide groups of ABP-PEG2kDa-Mal were added to the solution.
The mixture was further reacted for 4 h and then the mixture was dialyzed and lyophilized.
The molecular weight of ABP-PEG-HCBP1 as determined by GPC was 10.6 x 103 Da/mole
its PDI value was 1.41. All reaction was monitored by Thin-Layer Chromatography with
ninhydrin staining, UV spectroscopy and 1H NMR (400 MHz, D,0).

2.3. Cytotoxicity of ABP, ABP-PEG-HCBP1

The ABP or ABP-PEG-HCBP1 polymers were analyzed for cytotoxicity, including 25 kDa
branched PEI (Mw 25,000 Da, Sigma-Aldrich, St. Louis, MO). The cell viability
determination was performed by measuring conversion of MTT to formazan as a function of
time. Huh7, HepG2, and HT1080 cells were grown to 50% confluence in 96 well plates and
were then treated with varying polymer concentrations, up to 20 pg/mL. 48 h following
polymer treatment, 100 L of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT, 2 mg/mL in PBS; Sigma) in PBS was added to each well and incubated for
4 h at 37°C. The supernatant was discarded, and the precipitate was dissolved in 200 pL
dimethyl sulfoxide (DMSO, Sigma). Plates were read on a microplate reader (Tecan Infinite
M200; TecanDeutschland GmbH, Crailsheim, Germany) at 540 nm. The number of living
cells in a PBS-treated cell group was analyzed similarly as a negative control.

2.4. Complexation and Physical characterization of polymer coated Ad

Complexes between cationic polymers and Ad were formed by ABP or ABP-PEG-HCBP1
cationic components and the Ad particles (1 x 101° V/P) in an E-tube using PBS (pH 7.4).
The molar ratios of cationic molecules to Ad particle (1 x 10° ~ 1 x 106). The diluted
cationic polymers were added drop-wise to the solution of diluted Ad particles, mixed by
inversion or tapping in a tube diluted to total volume of 100 ul with PBS solution. The
hydrodynamic diameters of naked Ad, ABP or ABP-PEG-HCBP1 coated Ad nanocomplex
were measured with a dynamic light scattering (DLS). DLS was measured with an argon ion
laser set at 488 nm and a fixed 90-degree scattering angle (Malvern Instruments, Inc,
Worcestershire, UK). Surface charge was measured using a zeta potentiometer (Zetasizer
3000HS, 10mW HeNe laser, 633 nm; Malvern Instruments) at 25°C. Ad particles (1 x 1010)
were gently added to each polymer (1 x 105 ~ 1 x 108 polymer molecules/Ad particle)
diluted in PBS for 30 min. The naked Ad, or after formation of Ad-ABP, Ad-ABP-PEG-
HCBP1 complexes, HEPES (H0887; Sigma, St. Louis, MO) was added to a final volume at
1 mL before analysis. The sizes and potential values were presented as the average values
from five measurements.
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2.5. Cellular uptake of Ad/polymers

The synthesis of fluorescein isothiocyanate (FITC, Sigma)-labeled Ad was based on the
reaction between the isothiocyanate group of FITC and the primary amine groups of Ad.
The Ad (2 x 1011 VPs) was conjugated with FITC (FITC/Ad molar ratio = 1 x 102 in 1mL
PBS in the dark at room temperature for 4 h then Ad-FITC was dialyzed at 4°C (10K cut off,
Slide-A-Lyzer™ Dialysis Cassettes, Life Technologies, Grand Island, NY) to remove
unconjugated FITC and Ad until no fluorescence was detected in the dialysis buffer (PBS).
Ad-FITC was sequentially complexed with either ABP or ABP-PEG-HCBP1 for subsequent
cellular uptake assay. Huh7 or HT1080 cells were plated onto 24-well plates at 70 — 80%
confluence. After 24 h, cells were treated with Ad-FITC, Ad-FITC-ABP, or Ad-FITC-ABP-
PEG-HCBP1 at multiplicity of infection (MOI, refers to the number of virion that are added
per cell during infection.) of 100 (Huh7) or 500 (HT1080) in 5% FBS containing DMEM for
2 h, and then the cells were washed with ice cold-PBS three times. Cellular uptake activity
was quantified by measuring the fluorescence intensity with Tecan Infinite M200
(fluorescence reader).

2.6. Assay for the hepatoma cancer specific transduction efficiency of Ad/GFP-ABP-PEG-
HCBP1

Huh7, HepG2, and HT1080 cancer cells were seeded onto 24-well plate at 50 ~ 60% of
confluence 24 h in 5% FBS containing DMEM before transduction assay, the cells were
treated with naked Ad (Ad/GFP) at a multiplicity of infection (MOI) of 20 (Huh7 or HepG2)
and 50 (HT1080) or Ad coated with each polymer (ABP or ABP-PEG-HCBP1) at variable
ratio (1 x 10°, 3 x 10°, 6 x 10°, and 1 x 10% molecules/\/P). After 48 h of transduction at
37°C, the cells were observed with a fluorescence microscope (Olympus 1X81; Olympus
Optical, Tokyo, Japan). For quantifying transgene expression, each GFP expression level
was quantified by measuring the absorbance at 485 nm for excitation and 535 nm for
emission in a plate reader (Tecan Infinite M200) and indicated as values of mean
fluorescence intensity (MFI).

2.7. Competition assay

Huh7 cells were seeded onto 24-well plates at 6 x 104 cells per well in 5% FBS containing
DMEM. On the following day, either CAR specific antibody (20 pg/ml) or HCBP1peptide
(100 nM) diluted in serum-free DMEM or equivalent amount of PBS was treated for 1 h,
before naked Ad/GFP, Ad-ABP, or Ad-ABP-PEG-HCBP1 (20 MOI) transduction. The cells
were incubated for 2 days, imaged using fluorescence microscopy (Olympus 1X81), and
analyzed by the fluorescence plate reader (Tecan Infinite M200).

2.8. Cancer cell killing effect of oncolytic Ad complexed with ABP-PEG-HCBP1

To evaluate the hepatoma cancer specific killing effects of 0Ad or oAd-ABP, cAd-ABP-
PEG-HCBP1, Huh7 and HT1080 cells were grown to 50% confluence in 24-well plates in
5% FBS containing DMEM, treated with PBS, naked 0Ad, 0Ad-ABP, or 0Ad-ABP-PEG-
HCBP1 (10 MOI for Huh7 cells, 50 MOQI for HT1080 cells), and incubated at 37 °C. Two
days post-infection, 200 pL of MTT (Sigma) was added to each well. The samples were
incubated at 37 °C for 4 h, the supernatants were discarded, and the precipitates were
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dissolved in 1.0 mL DMSO (Sigma). The plates were read on a microplate reader at 540 nm.
The number of living cells in a PBS-treated cell group was analyzed similarly as a negative
control.

2.9. Suppression of Met and VEGF

Huh7 and HT1080 cells were seeded on 12-well plate with a number of 2 x 10° cells per
well in 5% FBS containing DMEM. After 24 h, the plated cells were treated with RdB/
shMet, RdB/shMet coated with ABP, or ABP-PEG-HCBP1 at an MOI of 2 (Huh7), 20
(HT1080), respectively. 72 h later, each conditioned medium was harvested and the
knockdown level of Met or VEGF was measured by human c-Met (Invitrogen, life
technology. Grand Island, NY 14072) or VEGF (R&D Systems, Inc. Minneapolis, MN
55413) ELISA assay Kkit.

2.10. Sability test of Ad/polymer complex

After coating Ad/GFP with polymers (ABP or ABP-PEG-HCBP1, 25 kDa PEI, 3 x 10°
molecules/V/P) for 30 min at room temperature, respectively, naked Ad and each Ad/
polymer were incubated with 30% FBS containing PBS at 37°C for 1, 4 h. Then, naked Ad
was applied to Huh7 cells at 20 MOI, after 2 days, GFP expression was analyzed and
quantified by fluorescence microscope and fluorescent analyzer.

2.11. Assay for Innate and adaptive immune response

For evaluating innate immune response, murine RAW264.7 macrophage cells were seeded
on a 6-well plate at a cell density of 5 x 10°/well in 5% FBS containing DMEM. After 24 h,
cells were infected with PBS, 0Ad (1 x 1010 VVPs) or oAd complexed with ABP (3 x 10°
molecules/VP, 1 x 1010 \/Ps), or ABP-PEG-HCBP1 (3 x 10° molecules/VP, 1 x 1010 \/Ps).
The supernatants from the infected cells were then collected and analyzed for the presence
of Interleukin (IL)-6 by the mouse ELISA kit (R&D Quantikine; M6000B). For evaluating
adoptive immune response, we used serum from Ad immunized Balb/c mice, as previously
describe [15]. The naked Ad/GFP, Ad/GFP-ABP, or Ad/GFP-ABP-PEG-HCBP1 (50 MOI)
were exposed to serum with or without Ad-specific neutralizing Ab, for 1h at 37°C and then
treated to Huh7. After 2 days of incubation, each GFP expression was analyzed and
quantified by fluorescence microscope and fluorescent analyzer.

2.12. Statistical analysis

The data was expressed as the mean + standard deviation (SD). The Mann—Whitney test was
used for statistical comparisons (SPSS 18.0 software; SPSS, Chicago, IL). Groups with P
values less than 0.05 were considered statistically significant.

3. Results and discussion

3.1 Synthesis and characterization of HCBP1-conjugated bioreducible polymers

The bioreducible polymer, ABP, showed the greatly enhanced transfection efficiency with
significantly less cytotoxicity compared to the PEI due to its bioreducible property [13]. To
further impart the hepatoma cancer specific targeting ability, ABP was conjugated with
HCBP1 peptide. For enhancing the further in vivo blood circulation and stability, PEG was
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introduced between ABP and HCBP1 peptide (Figure 1A). The synthesis of ABP-PEG-
HCBP1 was confirmed by 'H NMR. The poly (CBA-DAH) was synthesized by using N-
Boc-DAH and CBA as repeated monomers. Based on the results of the 1H NMR spectra,
poly (CBA-DAH) was composed of eight repeating units and 100% of primary amine of
poly (CBA-DAH) was conjugated with arginine. The conjugation ratio of peptide was
calculated with unique peaks for ABP (1.2 ppm), PEG (3.6 ppm), isoleucine (0.7 ppm) and
phenylalanine of peptide (7.2 ppm) (Figure 1B). This results showed 25% PEG-HCBP1 had
been successfully conjugated to the ABP.

3.2 Generation and characterization of Ad-ABP, Ad-ABP-PEG,-HCBP1

After synthesized polymers, we evaluated the cytotoxicity of ABP-PEG-HCBPL1, the
viabilities of Huh7, HepG2, and HT 1080 cells were measured by MTT assays after
treatment with ABP-PEG-HCBP1, 25 kDa PEI, and ABP as controls. As shown in Figure 2,
25 kDa PEI treated cells exhibited significant cytotoxicity. A much lower cytotoxicity was
observed for ABP, ABP-PEG-HCBP1 at concentrations below 10 pg/ml (P < 0.001).
Meanwhile, ABP exhibited more cytotoxicity compare with ABP-PEG,k-HCBP1 at
concentration of 20 pg/ml. The viabilities of the cells treated with the two bioreducible
polymers (ABP, ABP-PEG-HCBP1), were above 87.9%, 91.8% for Huh7, 77.5%, 93.4% for
HepG2, and 92.8%, 97.7% for HT1080 throughout the up to 20 pg/ml of polymer
concentrations, respectively. These findings were correlated with previous report
demonstrating that ABP showed a few cytotoxicity. More importantly, ABP-PEG-HCBP1
also showed no cytotoxicity, it may be attributed to the reducible character of ABP as well
as conjugation of PEG.

The average size of naked Ad or Ad coated with the polymers (ABP, HCBP1 conjugated
PEGylated ABP) were assessed by DLS. As shown in figure 3A, while the average size of
naked Ad was about 112 nm, size of polymer coated Ad complexes were shown
approximately 125.7, 261.7, 327.3, and 430.6 nm for Ad-ABP, 134.7, 272.3, 296.3, and
322.4 for Ad-ABP-PEG-HCBP1, respectively. This result describes that the positively
charged HCBP1-conjugated PEGylated ABP can physically form complex with the
negatively charged surface of Ad. In zeta potential results, naked Ad showed negative
charge (-19 mV), in contrast the surface charge of ABP coated Ad increased to positive
charge (-4.4, 3.9, 10.2, and 14.2 mV) following increasing polymer concentration.
Moreover surface charge of Ad-ABP-PEG-HCBP1 was decreased compared to Ad-ABP,
due to PEGylation (-7.5, 2.8, 1.7, and 6.2 mV). This suggests that ABP or ABP-PEG-
HCBP1 successfully coated the surface of Ad through electrostatic interactions, resulting in
a net positive charge (Ad-ABP) or neutral charge (Ad-ABP-PEG-HCBP1). Of note, size of
Ad-ABP indicated larger than Ad-ABP-PEG-HCBP1 complex, implying strong positive
charge of ABP can induce aggregation of Ad/polymer complex through interaction with
negative charge of Ad [14]. One of the advantages with PEGylation method is enable to
decrease surface charge of cationic polymer resulting increased stability in the serum.
However, reduced surface charge of polymer complex could decrease the transduction
efficiency, due to reduce the interaction between cationic polymer and cellular surface.
Thus, we introduced HCBP1, hepatoma cancer targeted peptide to the cationic bioreducible
polymer for enhancing transduction efficiency.
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To further evaluate hepatoma cancer targeting efficiency of Ad-ABP-PEG-HCBP1, we
performed the cellular uptake assay of Ad-ABP-PEG-HCBP1 complex in comparison to
naked Ad or ABP-coated Ad by fluorescence labeling with FITC (Figure 3B). Targeting
specific binding ligands on the certain tumor site is an efficient way to improve the
selectivity of therapeutic vector, and this process is critical to the development of cancer
specific therapy. For this purpose, we used previously investigated HCBP1 peptide by phage
display technology, which showed high accuracy and selectivity for hepatoma cancer. The
cellular uptake was markedly enhanced when Ad-FITC was complexed with either ABP or
ABP-PEG-HCBP1 compared to naked Ad-FITC in hepatoma cancer (P < 0.01). However,
cellular uptake was significantly reduced when non-hepatoma cancer cells were treated with
Ad-FITC-ABP-PEG-HCBP1 in comparison to that with Ad-FITC-ABP (P < 0.05). Ad-
FITC-ABP treated cells showed high cellular uptake efficiency both hepatoma and non-
hepatoma cancer due to strong net positive surface charge, otherwise, Ad-FITC-ABP-PEG-
HCBPL1 treated cells showed 1.6-fold increase in hepatoma cancer compare to non-hepatoma
cancer (supplementary figure 1, P < 0.01), suggesting that conjugation of HCBP1 has
specifically targeting to the hepatoma cancer.

3.3 Hepatoma cancer cell specific transduction efficiency of Ad-ABP-PEG-HCBP1

To test whether the Ad-ABP-PEG-HCBP1 nanocomplexes showed hepatoma specific
transduction, GFP expression was measured in both hepatoma cancer and non-hepatoma
cancer cell lines. Huh7 and HepG2 hepatoma cancer at a multiplicity of infection (MOI) of
20, and non-hepatoma cancer HT1080 cells (50 MOI) were transduced with Ad/GFP, Ad/
GFP-ABP or Ad/GFP-ABP-PEG-HCBP1, and at polymer: Ad molar ratios ranging from 1 x
105 to 1 x 108. After 48 h of incubation, GFP expressing levels were measured by
microscopy images and fluorescence intensity. We previously reported that bioreducible
ABP polymer coated Ad results in high transduction efficiency and significantly lesser
cytotoxicity than 25 kDa PEI due to its bioreducibility [14]. As shown in Figure 4, the
transduction efficiency of Ad/GFP-ABP was markedly increased in comparison to naked Ad
in Huh7 (polymer:Ad molar ratios of 3 x 105), HepG2 (polymer: Ad molar ratios of 3 x
105), and HT1080 cells (polymer:Ad molar ratio of 6 x 105). This suggests that Ad-ABP
can efficiently transduce cancer cells through charge-mediated cell entry mechanism rather
than coxsackie and adenovirus receptor (CAR)- and HCBP1 receptor (HCBP1R)-mediated
entry. However, HCBP1-conjugated ABP backbone has PEGylated primary amine groups
which decrease net cationic surface charge of the polymer resulting in decreased
internalization of Ad-ABP-PEG-HCBP1 in comparison to ABP-complexed Ad. In
HCBP1R-negative cells, Ad-ABP-PEG-HCBPL1 is expected to have lower transduction than
Ad-ABP due to issues such as steric hindrance caused by PEG side chains. Of note, Ad-
ABP-PEG-HCBP1 exhibits significantly enhanced transduction than Ad-ABP in cancer cells
with high HCBP1R expression which confirms efficient targeting by conjugated HCBP1 on
the polymer surface. In specific, Ad/GFP-ABP-PEG-HCBP1 induced GFP expression
showed higher level compared to Ad/GFP-ABP treated cell in both Huh7 (P < 0.05) and
HepG2 (P < 0.01) cell lines, respectively. However, transduction efficiency into HT1080
non-hepatoma cells did not show significant difference with targeting peptide (P < 0.01). Of
note, transduction efficiency of Ad/GFP-ABP exhibited significant variations depending on
ABP concentration reacted with Ad. Insufficient polymer concentration can lead to
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inefficient cellular uptake due to low cationic charge of Ad/polymer. However, excess
polymer can also decrease polyplex’s transduction efficiency due to increased particle size
or poor endosomal escape mechanism. Moreover, Ad/polymer complex has different
optimizing conditions for transduction in different cell lines likely due to varying cellular
endocytosis or pinocytosis property. Thus optimization of Ad/polymer is required to
enhance complex’s cellular uptake. As shown in supplementary figure 2, Ad-ABP-PEG-
HCBP1(1: 6 x 10° ratio) treated cells showed 3.3-, 4.0-fold increase transduction efficiency
compare to Ad-ABP treated cells in Huh7 and HepG2 hepatoma cancer (P < 0.001) however
transduction efficiency decreased 0.5-fold in HT1080 non-hepatoma cancer (P < 0.01). The
results demonstrate that ABP-PEG-HCBP1 polymer give Ad to selectivity for the hepatoma
cancer and limited delivery into non-hepatoma cells.

To further demonstrate that Ad-ABP-PEG-HCBP1 transduction was dependent on HCBP1R
and independent of the CAR, Huh7 hepatoma cancer, which express both HCBP1R and
CAR, were pre-incubated with free HCBP1 peptide or CAR Ab prior to transduction,
respectively. (Figure 5). Pretreatment of Huh7 cells with CAR Ab significantly reduced GFP
transduction of naked Ad/GFP decreasing 83% (P < 0.001). In contrast, Ad/GFP-ABP or
Ad/GFP-ABP-PEG-HCBP1 transduced GFP expression was not reduced by the effects of
CAR Ab, indicating that Ad/GFP-ABP or Ad/GFP-ABP-PEG-HCBP1 uptake was not
mediated by interaction between CAR and adenoviral fiber. When Huh7 cells were pre-
treated with the free HCBP1 peptide, GFP transduction by Ad/GFP-ABP-PEG-HCBP1 was
81% (P < 0.001) lower than in non-treated cells, but HCBP1 had no effect on GFP
transduction by both naked Ad/GFP and Ad/GFP-ABP. Thus, these data show that Ad/ABP-
PEG-HCBP1 cellular entry is mediated primarily by CAR-independent pathway and
HCBP1R-dependent mediated pathway, and it may have hepatoma specific therapeutic
value.

3.4 Cancer cell killing effect of ABP-PEG-HCBP1 with oncolytic adenovirus

To confirm the hepatoma cell specific killing effect, MTT assay was performed using with
oncolytic adenovirus complexed with ABP-PEG-HCBP1 (Figure 6A). The c-Met signaling
promotes hepatocyte proliferation and regeneration, suggesting a potential tumor-promoting
role in hepatoma [30]. The signaling of c-Met and its ligand is often overexpressed in
several cancer cells, and triggered primary tumor growth and metastasis. Thus specific
knockdown against c-Met can give rise a promising therapeutic efficacy through abrogate c-
Met and HGF signaling in hepatoma cancer. In this study, we investigated a dual tumor-
targeting therapy by hepatoma cancer specific targeting peptide HCBP1 conjugated ABP
complexed with an oncolytic Ad expressing c-Met specific knockdown by short hairpin Met
(RdB/shMet, 0Ad), which can strongly suppress c-Met signaling for hepatoma. Previously,
our group has engineered an Ad expressing c-Met-specific ShRNAs which showed potent
and effective suppression of endogenous expression of c-Met. [31]. One of the limitation of
SiRNA system as therapeutic agent is short duration of sSiRNA expression, resulting in
suboptimal therapeutic efficacy in vivo. siRNA-expressing oncolytic Ad system can
overcome this limitation as oncolytic Ad selectively-replicates in cancer cells which can
amplify and prolong expression of shMet in the tumor microenvironment. In addition, HGF-
Met signaling is a potent inducer of endothelial cell growth and promoter of angiogenesis.
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Therefore, shMet-expressing oncolytic Ad can sequentially downregulate angiogenesis
through inhibition of Met. [32]. We hypothesized that the generated 0Ad-ABP-PEG-HCBP1
would target both the hepatoma-specific tumor and knockdown of overexpressed Met in
hepatoma cancer. In the result, Cancer cell killing efficacy was increased when oncolytic Ad
was complexed with ABP, showing 43.3% for Huh7 and 62.1% for HT1080 increase of
cancer cell killing at 10 (Huh7 and HepG2), 50 (HT1080) MOlI, suggesting the facilitated
oncolytic Ad delivery mediated by positively charged ABP either hepatoma or non-
hepatoma cells (P < 0.001 for Huh7 and P < 0.01 for HT1080). In marked contrast, 0Ad-
ABP-HCBP1 elicited significantly enhanced cancer cell killing efficacy compared to either
naked oAd or 0Ad-ABP in hepatoma cells. In specific, cancer cell killing was observed at
76.3% for Huh7 and 28% for HT1080, showing2.2- and 1.3-fold increase compared to
naked oAd, respectively. This results suggest that 0Ad-ABP-PEG-HCBP1 had potent
oncolytic activity, comparable with either naked 0Ad or oAd-ABP, but it was restricted to
non-hepatoma cells. Of interest, 0Ad-ABP-PEG-HCBP1 treated non-hepatoma cell was
much less cancer cell killing than oAd-ABP treatment for non-hepatoma HT1080 cells,
suggesting that conjugation with HCBP1 peptide may have provided de-targeting ability
against non-target cells oncolytic activity. Together, these data demonstrate that oncolytic
Ad coated with ABP-PEG-HCBP1 specifically killed hepatoma cancer, mediated by HCBP1
targeting peptide.

3.5 Suppression of VEGF and Met by ABP-PEG-HCBP1 with oncolytic adenovirus

Vascular endothelial growth factor (VEGF) has been demonstrated to be one of key
regulator of angiogenesis and, it plays a crucial role in tumor growth and progression [33].
Previous studies has reported that c-Met induce the angiogenesis by upregulation of VEGF
level in vitro and in vivo [34]. Moreover, cross-talk between the c-Met and VEGF pathways
synergistically enhanced proliferation, cytoskeletal remodeling, and migration in endothelial
cells [35]. With this background, we hypothesized that shMet-expressing oncolytic Ad-
ABP-PEG-HCBP1 can inhibit the both Met and VEGF level, resulted in maximized
therapeutic efficacy for hepatoma cancer. To investigate the effects of Met-specific ShRNA,
the expression level of Met and VEGF were determined in the hepatoma cancer (Huh7) and
non-hepatoma cancer cells (HT1080) treated with 0Ad, 0Ad-ABP, c0Ad-ABP-PEG-HCBP1
using ELISA assay, respectively. As shown in Fig. 6B. C, the significant suppression of Met
or VEGF expression by Ad-ABP was observed in both cancer cells (Huh7 and HT1080)
when compared with the results by naked oAd. However, oAd -ABP-PEG-HCBP1 treated
cells showed significantly suppression of Met or VEGF expression in hepatoma cancer
compared with 0Ad-ABP treated group, but no significant suppression of Met or VEGF
expression was observed in HT1080 cancer cells. Among all experimental groups, the most
noticeable suppression of Met or VEGF expression by 0Ad-ABP-PEG-HCBP1 complex was
investigated with 2.2- for Met or 2.7-fold for VEGF decreased than oAd in Huh7 cells.
These results demonstrate that oAd complexed with ABP-PEG-HCBP1 can suppress both
Met and VEGF expression in hepatoma cancer, maximized therapeutic value.

3.6 Stability and safety profiles of Ad/ABP-PEG-HCBP1

Serum proteins can have a significant impact on the biological activity of Ad or Ad/
polymers because of non-specific interaction between Ad or Ad/polymer complexes and
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serum or other negatively charged components. This interaction may induce complex
aggregation or dismantling, which makes the decreasing gene transfection efficiency [36].
Thus, we evaluate the effect of serum on the stability of Ad or Ad/polymers complexes in
the presence or absence of 30% serum. To evaluate protection against serum, Ad/GFP, Ad/
GFP-ABP, or Ad/GFP-ABP-PEG-HCBP1, or Ad/GFP-PEI 25 kDa PEI were incubated in
30% serum for 1, 4 h, and transgene expression efficiency was estimated. As shown in
Figure 7A, the transduction efficiency of Ad/GFP, Ad/GFP-25 kDa PEI were significantly
decreased as incubation time increased (P < 0.01), whereas Ad/GFP-ABP were less
negatively influenced by serum (P < 0.05). However, Ad/ABP-PEG-HCBP1 was not
decrease the adenoviral transduction activity at both 1 h and 4 h serum incubation. These
results demonstrate that coating the surface of Ad with ABP-PEG-HCBPL1 can protect Ad
against serum due to its PEGylation, supporting the potential use of ABP-PEG-HCBP1-
coated Ad for clinical application.

The major hurdle of systemic injection of Ad for maximized therapeutic value is host
immune response to inactive foreign pathogens [4]. After systemic injection of Ad, innate
immune response factors such as interleukin-6, or tumor necrosis factor-a were elevated
resulted in increasing host adverse effect [28, 37]. Moreover, pre-exist anti-Ad neutralizing
Ab captured and inactivated the injected Ad could decrease the therapeutic value. Therefore,
it is novel strategy for overcoming the limit of therapeutic Ad delivery by masking the
surface of the Ad vectors with non-immunogenic viral vectors.

First, we evaluated the attenuation of pro-inflammatory cytokine IL-6 secretion from murine
macrophage cell (RAW264.7) by infection with Ad complexed with ABP or ABP-PEG-
HCBP1 (Fig. 7B). The secretion of IL-6 in RdB/shMet-infected macrophage cells were
13.8-fold higher than those of PBS-treated macrophage cells, confirming that naked Ad
evoked a strong innate immune response (P < 0.01). In contrast, there was no significant
secretion of IL-6 from infection with either RdB/shMet-ABP or RdB/shMet-ABP-PEG-
HCBPL1. Of interestingly, RdB/shMet-ABP-PEG-HCBP1 treated macrophage cells less
secretion of IL-6 than RdB/shMet-ABP, due to PEGylation of ABP. This noteworthy results
showed that coating the surface of the Ad with non-immunogenic polymer such as ABP or
ABP-PEG-HCBP1 can significantly prevent the innate immune response.

To evaluate the adoptive immune evasion of the Ad/polymer complex, naked Ad/GFP, Ad/
GFP-ABP, or Ad/GFP-AB-PEG-HCBP1 complexes were incubated for 1 h with serum from
Ad-immunized mice or non-immunized serum, respectively. After incubation with non-
immunized serum, or serum containing Ad-specific neutralizing Ab (Nab), Huh7 cells were
transduced with each experimental group (Figure 7C). The result showed the transduction
efficiency of Ad/GFP incubated with Nab treated cells were significantly reduced by 89.9%
compared to Ad/GFP incubated with serum without Nab treated cells (P < 0.001), the GFP
expression levels of cells treated with Ad/GFP-ABP incubated with Nab serum, less
decreasing GFP expression compared to Ad/GFP-ABP treated cells. However, Ad/GFP-
ABP-PEG-HCBP1 treated cells have shown no difference of GFP expression levels between
the cells whether exposed to the serum with or without the Nab, indicating PEGylation of
ABP may more protect Ad against Nab-containing serum than ABP. All together, these data
demonstrate that ABP-PEG-HCBP1 masking the surface of Ad particles can substantially
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reduce the not only innate immune response and but also the adaptive immune response
related with Ad-specific NAb.

4. Conclusions

In this study, we synthesized hepatoma-targeting peptide (HCBP1)-conjugated bioreducible
polymer to induce hepatoma-specific delivery of potent oncolytic Ad expressing ShRNA
against c-Met mRNA. Hybrid systems utilizing cationic nonviral carrier and oncolytic Ad
for systemic administration can encounter several hurdles such as nonspecific sequestration
and instability in the blood due to net cationic surface charge of the polyplex. To this end,
conjugation with tumor targeting moiety and PEGylation can increase tumor targeting
efficacy and blood circulation time, respectively. ABP-PEG-HCBP1 coated Ad showed
highly hepatoma- selective and efficacious transduction and cytolysis. Competition assay
with CAR Ab or free HCBP1 peptides confirmed that Ad/ABP-PEG-HCBP1 is internalized
by HCBP1R rather than CAR ultimately overcoming CAR-dependency of Ad. Furthermore,
Ad/ABP-PEG-HCBP1 induced significantly enhanced Met or VEGF suppression in cancer
cells than naked oncolytic Ad. Moreover, Ad-ABP-PEG-HCBP1 complex enabled Ad to
evade both innate and adaptive immune responses, implying that Ad/ABP-PEG-HCBP1
nanocomplex is suitable for further in vivo study. To our knowledge, the data presented here
is the first to demonstrate hepatoma-specific delivery by hepatoma-targeting peptide
conjugated bioreducible polymer coated oncolytic Ad, and its enhanced therapeutic efficacy
and safety.
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