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Abstract

Oncolytic adenoviruses are anticancer agents that replicate within tumors and spread to uninfected tumor cells,
amplifying the anticancer effect of initial transduction. We tested whether coating the viral particle with poly-
ethylene glycol (PEG) could reduce transduction of hepatocytes and hepatotoxicity after systemic (intravenous)
administration of oncolytic adenovirus serotype 5 (Ad5). Conjugating Ad5 with high molecular weight 20-kDa
PEG but not with 5-kDa PEG reduced hepatocyte transduction and hepatotoxicity after intravenous injection.
PEGylation with 20-kDa PEG was as efficient at detargeting adenovirus from Kupffer cells and hepatocytes as
virus predosing and warfarin. Bioluminescence imaging of virus distribution in two xenograft tumor models in
nude mice demonstrated that PEGylation with 20-kDa PEG reduced liver infection 19- to 90-fold. Tumor
transduction levels were similar for vectors PEGylated with 20-kDa PEG and unPEGylated vectors. Anticancer
efficacy after a single intravenous injection was retained at the level of unmodified vector in large established
prostate carcinoma xenografts, resulting in complete elimination of tumors in all animals and long-term tumor-
free survival. Anticancer efficacy after a single intravenous injection was increased in large established hepa-
tocellular carcinoma xenografts, resulting in significant prolongation of survival as compared with unmodified
vector. The increase in efficacy was comparable to that obtained with predosing and warfarin pretreatment,
significantly extending the median of survival. Shielding adenovirus with 20-kDa PEG may be a useful approach
to improve the therapeutic window of oncolytic adenovirus after systemic delivery to primary and metastatic
tumor sites.

Introduction

Adenoviral vectors are used as an experimental ap-
proach for the treatment of cancer. Oncolytic adenoviral

vectors are designed to replicate within tumor cells, with the
progeny virions spreading to initially uninfected tumor cells,
thus amplifying efficacy (Liu et al., 2007, 2008). In clinical trials
the first oncolytic adenovirus, ONYX-015, replication of
which was rendered specific or preferential to p53-negative
cells as opposed to normal cells by a mutation in E1B 55K,
demonstrated an acceptable level of safety, but antitumor
efficacy was not observed when it was used in single-agent
regimens (Kirn, 2001). An oncolytic adenovirus, H101
(Oncorine, similar to ONYX-015 but carrying a deletion of E3
region), was approved for clinical use in China to treat head-

and-neck cancer patients as intratumoral injections in com-
bination with cisplatin (Garber, 2006; Yu and Fang, 2007).

At present, oncolytic adenoviruses are used as intratu-
moral injections to treat accessible lesions. Theoretically,
these self-amplifying anticancer agents would be most useful
to treat metastatic disease. However, the innate hepatic tro-
pism of human adenovirus type 5 (Ad5) after intravenous
injection makes its use as a systemic therapeutic impractical.
More than 90% of systemically injected adenovirus is taken
up and destroyed by liver macrophages (Kupffer cells)
(Worgall et al., 1997; Alemany et al., 2000), thus reducing the
dose delivered to the target tumor site(s). Viral particles that
escape Kupffer cells are taken up by hepatocytes, where
unspecific viral replication results in dose-limiting hepato-
toxicity that prevents the use of high doses of oncolytic
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adenovirus for systemic treatment (Nemunaitis et al., 2001;
Reid et al., 2002; Small et al., 2006). If oncolytic adenovirus
could be detargeted from hepatocytes and Kupffer cells, this
should reduce liver toxicity and increase the ability of the
virus to reach distant tumor sites after intravenous injection.
Liver tropism is also a problem after intratumoral injection.
Intratumoral injection of oncolytic adenovirus results in liver
infection due to the leak of virus into the blood from the
injection site (Lohr et al., 2001; Sauthoff et al., 2003; Wang
et al., 2006; Dhar et al., 2009). Therefore, liver detargeting
should also benefit intratumoral approaches, by reducing
untoward liver toxicity.

Discovery of the hexon-mediated pathway of liver trans-
duction through interaction of adenoviral capsid with blood-
coagulation factor X (Kalyuzhniy et al., 2008; Waddington
et al., 2008) opens an opportunity to interfere with this
pathway to achieve a wider therapeutic window of the
treatment with oncolytic adenovirus. We have demonstrated
that replication-competent adenovirus can be successfully
detargeted from liver by a combination of macrophage de-
pletion achieved with adenoviral capsid predosing and
anticoagulation treatment with warfarin (Shashkova et al.,
2008a). Importantly, these liver-detargeting strategies re-
sulted in improved systemic anticancer activity of a single
intravenous injection of adenovirus (Shashkova et al., 2008a).
As warfarin has a narrow therapeutic window and Kupffer
cell depletion results in a cytokine storm, alternative strate-
gies to detarget liver cells are required to improve the effi-
cacy of systemically delivered oncolytic adenovirus.

Covalent linking of adenoviral particles with polymers of
polyethylene glycol (PEG) or poly-N-(2-hydroxypropyl)-
methacrylamide (HPMA) was previously reported to have a
beneficial effect on pharmacological properties of adenoviral
vectors (Kreppel and Kochanek, 2008; Morrison et al., 2008;
Carlisle et al., 2009). PEG is approved for clinical use as a
component of various drug formulations and is used to
modify the pharmacological properties of protein therapeu-
tics. Covalent attachment of PEG (PEGylation) has been
shown to extend the half-life of recombinant proteins in
humans and to improve their efficacy (Harris and Chess,
2003; Fishburn, 2008; Ryan et al., 2008). This approach was
also used in preclinical studies to improve pharmacological
properties of recombinant adenoviruses (Croyle et al., 2001,
2005; Mok et al., 2005; Hofherr et al., 2008; Weaver and Barry,
2008; Wortmann et al., 2008). PEGylation reduces innate and
adaptive immune responses to adenovirus and reduces viral

binding to platelets, red blood cells, and Kupffer cells.
Comparison of low and high molecular weight (MW) PEGs
has shown that the larger polymers have better properties for
both recombinant proteins and adenoviruses (Hofherr et al.,
2008; Kreppel and Kochanek, 2008; Weaver and Barry, 2008;
Wortmann et al., 2008). In particular, it was observed that
conjugation of large 20-kDa PEG to replication-defective Ad5
markedly reduced liver infection after intravenous injection
(Hofherr et al., 2008). We tested whether PEGylation of on-
colytic adenovirus with small 5-kDa PEG and large 20-kDa
PEG would improve its efficacy–toxicity profile after sys-
temic administration in tumor-bearing animals.

Materials and Methods

Viral vectors and cell lines

Ad-GL is a replication-competent adenovirus expressing
an enhanced green fluorescent protein–firefly luciferase
fusion protein (EGFPLuc) (Shashkova et al., 2008a) (Fig. 1).
Ad-DsRed is a replication-defective first-generation adeno-
viral vector with deletions in the E1 and E3 regions that
expresses the DsRed red fluorescent protein. Viruses were
grown in spinner cultures of KB cells (Ad-GL) or N3S cells
(Ad-DsRed). KB spinner cells were kindly provided by
William S.M. Wold (St. Louis University School of Medicine,
St. Louis, MO) and N3S cells were from Microbix (Toronto,
ON, Canada). Vectors were extracted and purified by CsCl
banding as described previously (Tollefson et al., 2007). Hu-
man hepatocellular carcinoma Hep3B, human prostate car-
cinoma LNCaP, and human lung adenocarcinoma A549 cells
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS; HyClone, Logan, UT).

PEGylation of adenovirus with 5-kDa or 20-kDa PEG

PEGylation of viruses was performed as described previ-
ously (Mok et al., 2005). After CsCl centrifugation, the CsCl
was removed from adenovirus preparations by passage
through Econo-Pac 10DG desalting columns (Bio-Rad, Her-
cules, CA), replacing the CsCl buffer with KPBS (136 mM
NaCl, 2.6 mM KCl, 1.7 mM KH2PO4, 10 mM K2HPO4). The
5-kDa succinimide-activated PEG (Sunbright ME-050HS;
NOF America, White Plains, NY) and 20-kDa succinimide-
activated PEG (m-SCM-20K PEG; JenKem Technology, Allen,

FIG. 1. Schematic of Ad-GL genome. Open arrows, early adenoviral regions. Solid arrows, late adenoviral regions. Gray
arrows, inserted transgenes. Solid boxes, inverted terminal repeats (ITR). Ad-GL is a replication-competent adenoviral vector
carrying the EGFPLuc fusion transgene for bioimaging and overexpressing adenovirus death protein (ADP) (E3-11.6 K) for
increased vector spread.
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TX) were equilibrated to room temperature. Each type of
PEG was added to the respective virus sample at a concen-
tration of 10 mg per 1�1012 viral particles per ml of reaction
mixture. Each virus–PEG solution was rotated at room
temperature for 1 hr. After this incubation, the unbound PEG
was removed by passage through a Sephadex G-100 (GE
Healthcare, Piscataway, NJ) size-exclusion column. The
mock-treated adenovirus was treated in the same manner,
but no PEG was added. Vector concentration was measured
by quantitative real-time polymerase chain reaction (qPCR)
and expressed as viral genomes (VG) per milliliter (Hofherr
et al., 2008). We use qPCR as the method of choice for as-
sessing concentration of PEGylated adenoviral vectors be-
cause OD260 assay results and infectious titers are affected by
PEGylation.

In vitro characterization of PEGylated vectors

Particle sizing was performed with a 90Plus=BI-MAS
particle sizer (Brookhaven Instruments, Holtsville, NY) in
accordance with the manufacturer’s instructions. Particle size
and polydispersity are shown as means and standard error
(SE) between triplicate runs and were calculated by using the
instrument’s software. Molecular weights were calculated
from Mark–Houwink–Sakurada equation.

To characterize in vitro transduction properties of PEGy-
lated vectors, A549 cells were plated at semiconfluency in
96-well plates. Twenty-four hours later, PEGylated or mock-
PEGylated vectors were serially diluted 10-fold and added to
monolayers of A549 cells at the indicated multiplicity of in-
fection (MOI). Twenty-four hours later, green fluorescence
resulting from EGFPLuc expression was assessed by fluo-
rescence microscopy and microphotographs were taken. At
the same time point, fluorescence in monolayers was quan-
tified in quadruplicate by scanning the plates with a micro-
plate reader (DTX 800 multimode detector; Beckman
Coulter, Fullerton, CA). To assess the ratio of viral genomes
to infectious units, A549 monolayers infected with serial di-
lutions of vectors were stained with crystal violet 19 days

after infection and infectious titers were determined by the
Spearman–Karber method.

Animal tumor models

Female nu=nu mice (4 weeks old; Harlan Sprague Dawley,
Indianapolis, IN) were injected subcutaneously with 1�107

Hep3B cells, or with 1�107 LNCaP cells in 100 ml of DMEM–
50% Matrigel (BD Biosciences, San Jose, CA). Thirty days
later (LNCaP model) or 21 days later (Hep3B model) animals
with established tumors (average tumor volume, 202 mm3

for LNCaP tumors and 545 mm3 for Hep3B tumors) were
randomized and assigned to treatment groups. Mice were
injected intravenously via the tail vein with a single dose of
100ml of phosphate-buffered saline (PBS), 5�1010 VG of Ad-
GL, or 5�1010 VG of PEGylated Ad-GL. Adenovirus pre-
dosing and warfarinization were performed in a subset of
mice in the Hep3B tumor model before Ad-GL administra-
tion as described previously (Shashkova et al., 2008a). For
predosing, mice were injected intravenously with 3�1010 VG
of Ad-DsRed in 100ml of PBS 4 hr before Ad-GL injection. For
warfarinization, mice were injected subcutaneously with
133mg of warfarin (Sigma-Aldrich, St. Louis, MO) in 100ml of
peanut oil 3 and 1 days before Ad-GL injection (Parker et al.,
2006). Noninvasive whole body bioluminescence imaging of
luciferase expression was performed at the indicated time
points as in Shashkova and colleagues (2008a). Tumor di-
mensions were taken with calipers and tumor volumes were
calculated as width2�length�1=2. Mice were euthanized
when the tumor volume reached 2000 mm3.

Bioluminescence imaging

Animals were anesthetized with ketamine and xylazine
and injected intraperitoneally with 100 ml of d-luciferin
(20 mg=ml; Molecular Imaging Products, Bend, OR), and
were imaged with a Kodak In-Vivo Imaging System F
(Carestream Health, Rochester, NY) for 5 min. Images were
processed and analyzed with Kodak imaging software
(Carestream Health).

FIG. 2. Transduction properties of Ad-GL PEGylated with 5-kDa or 20-kDa PEG in vitro, in monolayers of A549 cells. (a)
A549 cells grown in monolayers were transduced with PEGylated or mock-PEGylated Ad-GL at the indicated MOIs. At 24 hr
postinfection monolayers were analyzed by fluorescence microscopy and microphotographs were taken. Original magnifi-
cation:�100. (b) A549 cells were transduced at the indicated MOIs and, 24 hr after infection, fluorescence was quantified. Data
are shown as means and SD. (c) A549 cells were infected at the indicated MOIs; 19 days after infection monolayers were
stained with crystal violet and photographed.
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Real-time PCR for quantification
of vector biodistribution

Nude mice bearing subcutaneous Hep3B tumors (average
volume, 500 mm3) were injected intravenously via the tail
vein with a single dose of 100ml of PBS, 5�1010 VG of
Ad-GL, or 5�1010 VG of PEGylated Ad-GL. At 24 hr after
injection, animals (n¼ 3 per group) were euthanized and
tissues (blood, tumor, liver, and spleen) were collected. DNA
from tissue samples was prepared with DNeasy blood and
tissue kits (Qiagen, Valencia, CA). qPCR was performed with
QuantiTect SYBR green PCR master mix and primers specific
for firefly luciferase (GGATTCTAAAACGGATTACCAGGG
and CAGTTCTATGAGGCAGAGCGACAC). Standard curves
were generated with pEGFPLuc (Invitrogen, Carlsbad, CA)
diluted in purified DNA from mock-injected animals. qPCR
was carried out on an ABI 7900HT (Applied Biosystems, Foster
City, CA) in absolute quantification mode. The results were
analyzed with ABI analysis software.

Hepatotoxity and Kupffer cell uptake

To measure the hepatotoxicity levels, female C57BL=6
mice (4–6 weeks old; Jackson Laboratory, Bar Harbor, ME)
were injected intravenously via the tail vein with 1011 VG of
Ad-GL or PEGylated Ad-GL. On day 3 after injection, serum
samples were collected and alanine aminotransferase (ALT)
levels were measured with an ALT kit as described by the
manufacturer (BioTron Diagnostics, Hemet, CA).

To study the effect of PEGylation on uptake of the ade-
novirus by Kupffer cells, outbred female ICR mice (6 weeks
old; National Cancer Institute, Rockville, MD) were injected
with 100 ml of PBS, 3�1010 VG of Ad-DsRed, or 3�1010 VG of
PEGylated Ad-DsRed 4 hr before injection with 3�1010 VG of
Ad-GL. On day 1 after Ad-GL injection, expression of lucif-
erase was measured by bioluminescence imaging.

Statistical analysis

The statistical significance was estimated with repeated
measures analysis of variance (ANOVA) or one-way ANOVA
followed by Tukey’s HSD (honestly significantly different)
test for pair-wise comparisons between multiple groups.
Kaplan–Meier survival curves were plotted and analyzed
with the log-rank test. p< 0.05 was considered significant.

Results

In vitro characterization of PEGylated vectors

We sought to assess whether PEGylation with high mo-
lecular weight PEG could improve the in vivo efficacy–toxicity

profile of oncolytic adenoviral vectors. We used replication-
competent Ad-GL, which was previously described as
Ad-EGFPLuc (Shashkova et al., 2008a) (Fig. 1). This vector
expresses enhanced green fluorescent protein–firefly luciferase
fusion protein (EGFPLuc) at the early and late stages of ade-
noviral infection from the human cytomegalovirus (HCMV)
immediate-early (IE) promoter and overexpresses Ad death
protein (E3-11.6 K) for improved vector release and spread
(Tollefson et al., 1996; Doronin et al., 2000, 2003). We hypoth-
esized that PEGylation with high molecular weight PEG
would increase adenoviral particle diameter such that trans-
duction of hepatocytes would be prevented or reduced. At the
same time, we expected that reduction of entrapment by
Kupffer cells might occur with PEGylated vectors, resulting in
increased efficacy as we have previously observed with de-
pletion of Kupffer cells by adenovirus predosing in combi-
nation with anticoagulation (warfarin) treatment (Shashkova
et al., 2008a).

It was previously reported that PEGylation reduces or
ablates transduction of cells in vitro (Mok et al., 2005; Hofherr
et al., 2008; Weaver and Barry, 2008). In accord with this
observation, Ad-GL PEGylated with either 5-kDa or 20-kDa
PEG had reduced ability to transduce A549 cells (Fig. 2). The
ratio of viral genomes to infectious units was increased by
five orders of magnitude for Ad-GL-PEG5K and by four
orders of magnitude for Ad-GL-PEG20K as compared with
mock-PEGylated Ad-GL (Table 1). Particle diameters and
predicted molecular weight (Table 1) were found to be in
accord with previously published estimates (Hofherr et al.,
2008), indicating that Ad-GL was PEGylated as expected. In
addition, we performed transmission electron microscopy on
PEGylated and mock-PEGylated samples of vectors to con-
trol for integrity of virions in preparations and to rule out
physical aggregation of particles (clumping), and found that
PEGylation indeed did not cause aggregation or damage of
virions (data not shown). It was previously reported that
precipitation of adenovirus could take place when the con-
centration of PEG used in the reaction exceeded 10% (w=v);
however, at the concentration of PEG we used in the
PEGylation reaction (1%, w=v), precipitation of adenovirus
is not expected to occur (O’Riordan et al., 1999).

Effect of PEGylation with 5-kDa and 20-kDa
PEG on liver and tumor transduction
in LNCaP xenograft tumor model

Ad-GL does not have cancer-restricting features and cau-
ses severe hepatotoxicity in mice at doses over 3�109 plaque-
forming units per animal after intravenous administration,
due to viral replication in liver (Duncan et al., 1978; Shash-
kova et al., 2007). We evaluated the influence of PEGylation

Table 1. In Vitro Properties of Adenovirus Conjugated to 5-kDa and 20-kDa Polyethylene Glycol

Ad-GL Ad-GL-PEG5K Ad-GL-PEG20K

Viral genomesa=infectious unitsb ratio 2.41�102 8.68�107 3.95�106

Effective diameter (nm) 110.4� 1.6 122.8� 0.9 138.5� 1.8
Polydispersity 0.063� 0.04 0.173� 0.008 0.122� 0.022
Calculated molecular weight (�107 g=mol)c 3.58 4.61 6.11

aViral genome concentration measured by qPCR.
bTiter determined by limiting dilution assay in A549 cells and calculated by the Spearman–Karber method.
cDetermined using the Mark–Houwink–Sakurada equation.
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with 5-kDa and 20-kDa PEG on liver and tumor transduction
in LNCaP prostate carcinoma tumors grown as xenografts in
nu=nu mice.

After a single intravenous injection, PEGylation with either
5-kDa or 20-kDa PEG markedly influenced liver transduction
on days 1 and 3 (Fig. 3a). As was observed previously with
replication-deficient adenoviral vector (Hofherr et al., 2008),
modification with 5-kDa PEG increased expression of the
reporter gene in liver, whereas modification with 20-kDa
PEG reduced expression. All animals injected with mock-
PEGylated Ad-GL or with Ad-GL-PEG20K survived for the
duration of the experiment (250 days), whereas five of seven
animals injected with Ad-GL-PEG5K died or were found

moribund and were euthanized on days 3–5 after injection.
This lethality=morbidity was presumably caused by hepato-
toxicity mediated by adenoviral replication in mouse liver
(Duncan et al., 1978; Shashkova et al., 2007).

Quantification of luciferase bioluminescence from liver
and tumor (Fig. 3b) demonstrated that in liver the signal
peaked on day 3 after injection and declined on days 7 and
12 with consequent slow reduction of the signal on days 16,
26, and 41, consistent with the kinetics of abortive viral
replication (Duncan et al., 1978). The reduction of biolumi-
nescence signal in the PEGylated Ad-GL-PEG20K group
versus the mock-PEGylated Ad-GL group was 57-fold on
day 1, 90-fold on day 3, 2.3-fold on day 7, 5.5-fold on day 12,

FIG. 3. Effect of PEGylation on liver and tumor transduction in LNCaP xenograft model after systemic injection of replication-
competent adenovirus. (a) PEGylation with 20-kDa PEG but not with 5-kDa PEG reduces transduction of liver in nu=nu mice
bearing LNCaP tumor xenografts. Mice (n¼ 7 per group) with established tumors (30 days; average volume, 202 mm3) were
injected intravenously with a single dose of 5�1010 VG of Ad-GL or PEGylated Ad-GL in 100ml of PBS. Mice were imaged for
luciferase expression on days 1 and 3 after virus injection. (b) Quantification of the effect of PEGylation on the levels and kinetics
of luciferase expression in mice bearing LNCaP tumors after injection of Ad-GL. The luminescence signal in liver and tumor of
mice was measured and quantified on days 1, 3, 7, 12, 16, 26, and 41 after Ad-GL injection. Data are shown as means and SD.
Color images available online at www.liebertonline.com=hum.
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5.1-fold on day 16, 1.9-fold on day 26, and 2.8-fold on day 41.
For Ad-GL-PEG5K, on day 1 there was an 11.8-fold increase
in expression signal from liver versus mock-PEGylated Ad-
GL. There was no additional increase in the signal from
mouse liver injected with Ad-GL-PEG5K on day 3 as com-
pared with day 1 levels or as compared with Ad-GL-mediated
levels on day 3. In tumor the signal peaked on day 12 and
returned to the initial day 1 level by day 26.

Analysis by repeated measures ANOVA of biolumines-
cence data from liver and tumor on days 1–3 indicated a
significant difference between groups ( p< 0.001). Post-hoc
analysis by Tukey’s HSD test of the data for liver on days 1–3
has shown a significant difference between groups ( p< 0.001
for all pair-wise comparisons for liver). Post-hoc analysis by
Tukey’s HSD test of the data for tumor on days 1–3 indicated
that the Ad-GL-PEG5K group was significantly different
from the other groups ( p¼ 0.047, Ad-GL vs. Ad-GL-5K;
p¼ 0.001, Ad-GL-20K vs. Ad-GL-5K). The difference for tu-
mor on days 1–3 for Ad-GL versus Ad-GL-20K was not sig-
nificant ( p¼ 0.154). Analysis by repeated measures ANOVA
of bioluminescence data for liver and tumor from the animals
injected with mock-PEGylated Ad-GL and Ad-GL-PEG20K
indicated a significant difference on days 1–41 between
groups for liver ( p< 0.001), whereas the signal from tumor

was not significantly different ( p¼ 0.85). Additional analysis
by one-way ANOVA of bioluminescence data for tumors on
separate days after injection detected significant differences on
days 1 and 3 ( p< 0.002); there was no significant difference on
days 7, 12, 16, 26, and 41 ( p> 0.2). Post-hoc analysis by Tu-
key’s HSD test of the data on day 1 demonstrated significantly
higher expression for the Ad-GL-PEG5K group versus the Ad-
GL group ( p¼ 0.006) and versus the Ad-GL-PEG20K group
( p¼ 0.003), whereas there was no significant difference for
Ad-GL versus Ad-GL-PEG20K ( p¼ 0.97). On day 3, the ex-
pression in tumor for the Ad-GL-PEG5K group was signifi-
cantly higher versus the Ad-GL-PEG20K group ( p¼ 0.001);
the difference for Ad-GL was not significant from either the
Ad-GL-PEG5K group ( p¼ 0.114) or the Ad-GL-PEG20K
group ( p¼ 0.087).

Effect of PEGylation with high molecular weight
(20-kDa) PEG on antitumor efficacy in LNCaP
xenograft tumor model

Tumor volumes for animals in the experiment shown in
Fig. 3 were monitored (Fig. 4). Tumors in animals injected
with buffer continued to grow. Injection with either Ad-GL
or Ad-GL-PEG20K reduced tumor size (Fig. 4a). There were

FIG. 4. Anticancer activity of PEGylated Ad-GL in LNCaP tumor xenografts in nu=nu mice after intravenous adminis-
tration. (a) Effect of a single intravenous injection of Ad-GL or PEGylated Ad-GL on tumor growth. nu=nu mice (n¼ 7 per
group) bearing established LNCaP tumors (average volume, 202 mm3) in the right hind flank were injected intravenously
with a single dose of 5�1010 VG of unmodified Ad-GL or Ad-GL PEGylated with 20-kDa PEG. Tumor dimensions were
measured with calipers twice per week and tumor volume was calculated as width2�length�1=2. Data are shown as means
and SD. (b) Effect of a single intravenous injection of Ad-GL or PEGylated Ad-GL on survival. Animals from (a) were
euthanized when the tumor volume reached 2000 mm3 (uncensored event) and Kaplan–Meier survival curves were plotted.

FIG. 5. Effect of PEGylation with 20-kDa PEG on liver and tumor transduction in Hep3B xenograft tumor model after
systemic injection of replication-competent adenovirus. (a) PEGylation with 20-kDa PEG reduces liver transduction in nu=nu
mice bearing Hep3B tumor xenografts on day 1 after virus injection. Mice with established tumors (day 21; average volume,
545 mm3) were injected intravenously with a single dose of 5�1010 VG of Ad-GL or PEGylated Ad-GL in 100ml of PBS. þPW,
mice were pretreated by predosing (intravenous, 3�1010 VG of replication-deficient Ad-DsRed in 100 ml of PBS 4 hr before
Ad-GL injection) and administration of warfarin (subcutaneous, 133mg of warfarin in 100ml of peanut oil 3 and 1 days before
Ad-GL injection). Mice (n¼ 10 per group) were imaged for luciferase expression on day 1 after virus injection. (b) Decreased
liver transduction with retained tumor transduction is maintained on days 3 and 7 after Ad-GL injection. (c) Quantification of
the effect of PEGylation on the levels and kinetics of luciferase expression in mice bearing Hep3B tumors after injection of Ad-
GL or PEGylated Ad-GL. þPW, mice pretreated with predosing and warfarin. Luminescence signal in liver and tumor of
mice was measured and quantified on days 1, 3, 7, and 13 after Ad-GL injection. Data are shown as means and SD. Color
images available online at www.liebertonline.com=hum.
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significant differences in tumor size between the animals
injected with modified or unmodified virus versus the
buffer-treated group (days 1–41, repeated measures ANOVA
followed by Tukey’s HSD test for pair-wise comparisons;
p< 0.001). There was no significant difference in tumor size
between the Ad-GL and Ad-GL-PEG20K groups ( p¼ 0.99).
On day 41 after virus injection, buffer-treated tumors started
to cross the threshold of 2000 mm3 and these animals were
euthanized. In contrast, tumors in both the Ad-GL and Ad-
GL-PEG20K groups were completely eradicated in all ani-
mals in this experiment and did not relapse during the ob-
servation period of 250 days (Fig. 4b). Survival rates in both
the Ad-GL and Ad-GL-PEG20K groups were significantly
different from the buffer group (log-rank test; p< 0.0004).
The Ad-GL and Ad-GL-PEG20K groups were not signifi-
cantly different from each other ( p value undefined as no
uncensored events were detected).

Effect of PEGylation with high molecular weight
(20-kDa) PEG on liver and tumor transduction
in Hep3B xenograft tumor model in comparison
with predosing–warfarin treatment

As a second model for assessing the effect of PEGylation
on the efficacy and safety of oncolytic adenovirus, we used
human Hep3B hepatocellular carcinoma grown as xenografts
in nu=nu mice. We have previously described a predosing–
warfarin treatment that allowed for reduction of liver
transduction in this mouse model and led to increased
treatment efficacy (Shashkova et al., 2008a). Predosing mice
with an irrelevant adenovirus 4 hr before oncolytic injection
kills Kupffer cells, allowing more virus to reach other sites
including liver. Warfarin inhibits blood-coagulation factors
involved in Ad5 uptake into hepatocytes and reduces in-
fection and toxicity in liver (Shashkova et al., 2008a). We
sought to compare PEGylation with a predosing–warfarin
regimen and whether a combination of PEGylation with
predosing–warfarin treatment would lead to further im-
provement in the vector efficacy–toxicity profile.

High molecular weight (20-kDa) PEG was chemically
conjugated to the surface of Ad-GL. Ad-GL or 20-kDa PEG-
modified Ad-GL was injected intravenously once into Hep3B
tumor-bearing nu=nu mice with and without predosing–
warfarin treatment (Fig. 5). Bioluminescence imaging on day
1, before viral replication and spread took place (Fig. 5a),
revealed reduced liver transduction both in mice treated
with PEGylated vector and in animals receiving predosing–
warfarin pretreatment. Imaging on day 3 after injection (Fig.
5b) demonstrated increased levels of signal from both liver
and tumor. On day 7 after vector injection luciferase ex-
pression was decreased in liver and continued to increase in
tumor (Fig. 5b).

Quantification of luciferase bioluminescence from liver
and tumor (Fig. 5c) demonstrated that in liver the signal
peaked on day 3 after injection and declined on days 7 and
13, consistent with the kinetics of abortive viral replication
(Duncan et al., 1978). Predosing–warfarin treatment ap-
peared to be slightly more efficient in reducing liver trans-
duction than PEGylation. Tumor transduction was reduced
in the predosing–warfarin group, whereas it appeared to be
unaffected in the PEGylation group. Interestingly, PEGylated
vector mediated a higher level of tumor transduction when

animals received predosing and warfarin treatment. Bio-
luminescence from liver transduced with PEGylated Ad-
GL-PEG20K was 15-fold lower than with Ad-GL on day 1,
19-fold on day 3, 3.8-fold on day 7, and 6-fold on day 13. In
contrast, in tumor the signal increased between days 3 and 7,
and reached a plateau on day 13.

Statistical analysis by repeated measures ANOVA of the
data from days 1–13 indicated that there was a significant
difference in bioluminescence signal from liver between
groups ( p< 0.001). Post-hoc analysis with Tukey’s HSD test
demonstrated that the signal from liver was significantly
reduced in both the predosing–warfarin and PEGylation
groups as compared with the unmodified Ad-GL group
without predosing–warfarin treatment (Ad-GL vs. Ad-GL-
PEG20K, p¼ 0.007; vs. Ad-GL plus predosing–warfarin,
p< 0.001; vs. Ad-GL-PEG20K plus predosing–warfarin,
p¼ 0.001). No significant difference in signal from liver was
detected between PEGylated virus, predosing–warfarin
treatment, and combination of PEGylation plus predosing-
warfarin treatment groups ( p> 0.6). Repeated measures
ANOVA analysis of the data from days 1 to 13 in tumor
indicated that there was no statistically significant differ-
ence between groups in terms of bioluminescence signal
( p¼ 0.32).

Additional analysis by one-way ANOVA of biolumines-
cence data from tumor on separate days after injection de-
tected significant differences on days 1 and 3 ( p¼ 0.03 and
p¼ 0.006); there was no significant difference on days 7 and
13 ( p¼ 0.3 and p¼ 0.19). Post-hoc analysis by Tukey’s HSD
test of the data on day 1 demonstrated significantly lower
expression for the Ad-GL plus predosing–warfarin group
versus the Ad-GL-PEG20K plus predosing–warfarin group
( p¼ 0.04); the difference versus the Ad-GL group did not
reach significance ( p¼ 0.07). There was no significant dif-
ference between other groups ( p> 0.4). On day 3, expression
in tumor for the Ad-GL-PEG20K plus predosing–warfarin
group was significantly higher versus the Ad-GL group
( p¼ 0.029) and versus the Ad-GL plus predosing–warfarin
group (0.005); other pair-wise comparisons did not show
statistical significance ( p> 0.179).

Comparison of predosing–warfarin and PEGylation
on antitumor efficacy in Hep3B tumor model

Tumor volumes in mice from the experiment in Fig. 5
were monitored and individual tumor volumes were plotted
(Fig. 6a). Ad-GL delayed tumor growth as compared with
PBS. PEGylation or predosing–warfarin treatment further
delayed tumor growth and in some cases produced complete
cure of the tumors. The combination of PEGylation with
predosing–warfarin did not improve effects on tumor
growth. When Kaplan–Meier survival curves were com-
pared (Fig. 6b), all groups injected with virus were signifi-
cantly different from the PBS-injected group ( p< 0.05),
except for the Ad-GL group with p¼ 0.506. Ad-GL-PEG20K
was significantly better than Ad-GL ( p¼ 0.02). The remain-
ing groups were intermediate between Ad-GL and Ad-GL-
PEG20K, with no significant difference detected versus either
of these groups ( p> 0.08 vs. Ad-GL and p> 0.4 vs. Ad-GL-
PEG20K). There were two tumor-free animals surviving
more than 200 days after virus injection in the predosing–
warfarin group, and one animal in the Ad-GL-PEG20K
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group and the Ad-GL-PEG20K plus predosing–warfarin
group.

Effect of PEGylation on biodistribution, hepatotoxicity,
and uptake by Kupffer cells

To elucidate the mechanism of increased antitumor ac-
tivity of Ad-GL-PEG20K, we studied the biodistribution of
Ad-GL-PEG20K in comparison with mock-PEGylated Ad-
GL 24 hr after intravenous injection of vectors in nu=nu mice
bearing large established Hep3B tumors (Fig. 7a). Viral ge-
nome copy number was determined by qPCR. We did not
observe a significant difference in biodistribution of viral
genomes in blood, tumor, or spleen ( p> 0.35). Surprisingly,

we found an increase in vector deposits in liver; how-
ever, this difference did not reach statistical significance
( p¼ 0.07).

To confirm that Ad-GL-PEG20K was retargeted from he-
patocytes and to determine whether PEGylation with 20-kDa
PEG reduces hepatotoxicity of systemically injected oncolytic
adenovirus, we evaluated liver enzyme ALT serum levels on
day 3 after systemic administration of Ad-GL or Ad-GL-
PEG20K vectors into C57BL=6 mice (Fig. 7b). Ad-GL injec-
tion produced elevated levels of ALT as compared with
PBS-injected controls ( p¼ 0.003). ALT levels in Ad-GL-
PEG20K-injected mice were not significantly different from
the PBS-injected group ( p¼ 0.93) and were significantly lower
as compared with the Ad-GL-injected group ( p¼ 0.001).

FIG. 6. Effect of PEGylation on anticancer efficacy of systemically administered replication-competent adenovirus in the
Hep3B tumor model. (a) Effect of vector modification on tumor growth. nu=nu mice with established Hep3B tumors (average
volume, 545 mm3) were injected intravenously with a single dose 5�1010 VG of Ad-GL or PEGylated Ad-GL in 100 mm3 of
PBS. þPW, mice were pretreated by predosing (intravenous, 3�1010 VG of replication-deficient Ad-DsRed in 100 ml of PBS
4 hr before Ad-GL injection) and administration of warfarin (subcutaneous, 133mg of warfarin in 100ml of peanut oil 3 and 1
days before Ad-GL injection). Tumor volume (n¼ 10 per group) was calculated from tumor dimensions and individual tumor
size was plotted. (b) Effect of vector modification on survival. Mice were euthanized when tumor volume reached 2000 mm3

(uncensored event) and Kaplan–Meier survival curves were plotted. þPW, mice were pretreated by predosing and ad-
ministration of warfarin.
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We have previously shown that PEGylation reduces Ad5
uptake into macrophages and Kupffer cells (Mok et al., 2005).
Because PEGylation reduces the ability of the virus to infect
Kupffer cells, PEGylated Ad5 should be less effective at
predosing, that is, less able to deplete Kupffer cells. To test
this, mice were predosed intravenously with unPEGylated or
PEGylated Ad-DsRed 4 hr before injection of Ad-GL and
luciferase activity from the second virus was determined to
assess how well each virus mediated the predosing effect.
Predosing with unPEGylated Ad-DsRed resulted in an
11-fold increase in luciferase expression in liver compared
with PBS control ( p¼ 0.004; Fig. 7c), indicating that pre-

dosing with unmodified virus reduced Kupffer cell function
in liver, resulting in a compensatory increase in hepatocyte
transduction. In contrast, the PEGylated virus mediated only
a partial predosing effect, producing a 4.7-fold increase in
luciferase activity versus PBS control. Predosing with Ad-
DsRed-PEG20K mediated significantly lower luciferase ex-
pression than predosing with Ad-DsRed ( p¼ 0.03). These
data suggest that PEGylation reduces both Kupffer cell and
hepatocyte uptake of oncolytic Ad5; however, the virus can
still be found in liver. It was reported previously that abla-
tion of adenoviral transduction of hepatocytes in mice with
depleted Kupffer cells did not prevent infection of endothe-

FIG. 7. Effect of PEGylation of oncolytic adenovirus with 20K PEG on biodistribution, hepatotoxicity, and the ability of the
virus to deplete Kupffer cells. (a) Biodistribution of PEGylated virus 24 hr after injection. Nude mice bearing Hep3B tumors
were injected intravenously with 5�1010 VG of Ad-GL or Ad-GL-PEG20K. At 24 hr tissues were collected and viral genome
concentration was determined by qPCR. (b) Effect of PEGylation with 20K PEG on the hepatotoxicity of Ad-GL. Four-week-
old female C57BL=6 mice (n¼ 5 per group) were injected intravenously via the tail vein with 100 ml of PBS, 1011 VG of Ad-GL
in PBS, or 1011 VG of PEGylated Ad-GL in PBS. ALT levels in serum were determined on day 3 after injection. (c) Effect of
PEGylation with 20K PEG on depletion of Kupffer cells by predosing with replication-defective adenovirus. Six- to 8-week-
old female ICR mice (n¼ 3 or 4 per group) were injected intravenously via the tail vein with 100ml of PBS, 3�1010 VG of
replication-deficient Ad-DsRed in PBS, or 3�1010 VG of PEGylated replication-deficient Ad-DsRed in PBS. Four hours later,
mice were injected intravenously with 3�1010 VG of replication-competent Ad-GL. One day later, expression of luciferase in
mouse liver was estimated by whole body bioluminescence imaging. Data are shown as means� SE.
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lial cells in liver unless the vector was also ablated for
transduction via the penton base RGD-integrin pathway (Liu
et al., 2003; Di Paolo et al., 2009).

Discussion

After intravenous injection, a large fraction of Ad5-based
vectors is depleted from the blood by at least two major
mechanisms: sequestration by Kupffer cells and sequestra-
tion and infection of hepatocytes in liver. These effects result
in rapid reduction of bioavailability of systemically injected
adenoviral vectors and also in hepatotoxicity (Worgall et al.,
1997; Alemany et al., 2000; Shashkova et al., 2007). Adeno-
virus is spilled into the bloodstream even during in-
tratumoral injections or at later stages of oncolytic viral
replication within tumors (Lohr et al., 2001; Sauthoff et al.,
2003; Wang et al., 2006; Dhar et al., 2009); therefore, this
problem is relevant not only for systemically delivered ade-
novirus but also for the intratumoral route of adenovirus
administration.

We have reported that adenovirus can be efficiently de-
targeted from hepatocytes and Kupffer cells by a combina-
tion of depletion of Kupffer cells by adenovirus predosing
and detargeting from hepatocytes by anticoagulant drug
warfarin treatment (Shashkova et al., 2008a). Predosing–
warfarin treatment allowed for improved efficacy of sys-
temically delivered oncolytic adenovirus (Shashkova et al.,
2008a).

We hypothesized that PEGylation of oncolytic adenovirus
with 20-kDa PEG would reduce transduction of the liver and
toxicity. We predicted that this would either not affect or
might improve antitumor efficacy by liberating more virions
to infect distant tumor sites. We show here that transduction
of hepatocytes was significantly decreased by PEGylation in
mice bearing human hepatocarcinoma and prostate carci-
noma xenografts. The level of reduction of hepatocyte
transduction was similar to that achieved by predosing and
warfarin. PEGylation resulted in a reduction of biolumines-
cence signal from mouse liver of 19- to 90-fold. Whereas
hepatocyte infection and damage were markedly reduced,
tumor transduction and antitumor effects were notably not
reduced by PEGylation. Combination of predosing–warfarin
treatment with PEGylation did not result in further reduction
of liver transduction or in a further increase in efficacy, im-
plying that these interventions might operate via similar
mechanisms.

We studied the ability of PEGylated Ad-GL-PEG20K to
evade hepatocyte transduction and entrapment by Kupffer
cells. We found that hepatotoxicity caused by Ad-GL-
PEG20K was reduced in animals injected with PEGylated
virus to levels not distinguishable from those of the buffer
control group. The ability of 20-kDa PEG-modified adeno-
virus to deplete Kupffer cells was reduced as compared with
mock-PEGylated adenovirus, suggesting that the level of
uptake by Kupffer cells might have been reduced. However,
we have observed increased concentrations of viral genomes
in livers of mice treated with Ad-GL-PEG20 at 24 hr after
injection. It was shown that endothelial cells in liver sinu-
soids can be transduced by adenovirus via the penton base
RGD motif through secondary adenoviral receptors, avb3–5

integrins (Liu et al., 2003; Di Paolo et al., 2009). We have

previously demonstrated that PEGylation with 5-kDa PEG
does not completely ablate transduction via the RGD-in-
tegrin pathway (Mok et al., 2005), and therefore it can be
anticipated that endothelial cells in the liver could still be
transduced with PEGylated adenoviruses. Mutation of the
RGD motif in adenoviral vectors could provide a solution to
this problem (Di Paolo et al., 2009); however, this mutation
might simultaneously decrease the antitumor efficacy of
oncolytic adenovirus (Shayakhmetov et al., 2005).

We have observed the decreased transduction of hepato-
cytes by Ad-PEG20K in two different in vivo xenograft tumor
models. We hypothesize that the size of adenoviral particles
covalently linked with 20-kDa PEG exceeds the size of liver
sinusoid fenestrae, thus providing a physical barrier for in-
fection of hepatocytes by PEGylated adenoviruses. In sup-
port of this hypothesis, we have previously reported that
PEGylation of replication-deficient adenovirus with 20-kDa
and 35-kDa PEG, but not with the smaller 5-kDa PEG, re-
sulted in decreased transduction of hepatocytes in mice
(Mok et al., 2005; Hofherr et al., 2008). In this paper, we
demonstrate that PEGylation with 20-kDa, but not with
5-kDa, PEG detargets oncolytic adenovirus from hepatocytes
in mouse liver. The size of liver sinusoid fenestrae varies
between species (Snoeys et al., 2007; Wisse et al., 2008), and
therefore different sizes of PEG might be required to observe
the same detargeting effect in animal models of different
species or in human patients.

Simultaneously with the decreased transduction of he-
patocytes, we have observed the retained transduction of
tumor, and retained=increased anticancer efficacy. It was
reported previously that PEGylation of adenovirus results in
diminished in vitro infectivity (O’Riordan et al., 1999; Mok
et al., 2005; Hofherr et al., 2008), the phenomenon that we
have observed for Ad-GL PEGylated with either 5-kDa or
20-kDa PEG. It is plausible to hypothesize that the same
mechanism that is postulated for improved pharmacological
properties of PEGylated proteins and small drugs is opera-
tional in the case of adenoviral vector (Fishburn, 2008), that
is, that PEGylated adenoviruses have an improved phar-
macokinetic profile due to reduced interaction with blood
cells and plasma proteins, resulting in prolonged circulation
time and enhanced tumor permeability and retention effect
(Alemany et al., 2000; Ogawara et al., 2004; Gao et al., 2007;
Hofherr et al., 2008).

To our knowledge, this is first report on PEGylation of
oncolytic adenovirus with high molecular weight PEG,
demonstrating reduction of liver transduction with concomi-
tant retention or increase in anticancer efficacy after systemic
administration. We used unrestricted replication-competent
adenovirus to study hepatotoxicity caused by adenoviral
replication in liver. Wild-type Ad5 replicates in the liver of,
and causes morbidity and mortality in, immunocompromised
human patients (Kojaoghlanian et al., 2003). Ad5 was shown
to replicate in the liver of and kill immunosuppressed Syrian
hamsters (Toth et al., 2008), and was shown to replicate
abortively in mouse liver, resulting in severe and fatal liver
damage (Duncan et al., 1978; Shashkova et al., 2007). It can be
anticipated that PEGylation of oncolytic adenovirus may be
combined with genetic modification of adenoviral hexon,
ablating binding to factor X (Kalyuzhniy et al., 2008;
Waddington et al., 2008), resulting in further reduction of
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hepatotoxicity with a simultaneous increase in efficacy. Im-
portantly, ablation of liver sinusoid endothelial cell trans-
duction might be needed to further improve transductional
detargeting of oncolytic adenovirus from liver (Di Paolo et al.,
2009). Transcriptional control and=or deletion=modification of
transcriptional activators encoded by adenovirus allow for
decreased off-target adenoviral replication, providing an in-
crease in therapeutic window independent of transductional
targeting=detargeting (capsid modifications) (Doronin et al.,
2001; Jakubczak et al., 2003; Cascallo et al., 2007; Shashkova
et al., 2007). In addition, the oncolytic adenoviral vector
toxicity=efficacy profile can be improved by expression of
therapeutic transgenes (Sova et al., 2004; Heideman et al., 2005;
Sarkar et al., 2005; Barton et al., 2006; Su et al., 2006; Post et al.,
2007; Schepelmann et al., 2007; Luo et al., 2008; Shashkova et al.,
2008b). It can be anticipated that transductional and tran-
scriptional targeting approaches may be combined with the
arming approaches, resulting in a safe and efficacious treat-
ment for cancer (Hermiston, 2006; Alemany, 2007; Cattaneo
et al., 2008).
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