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INTRODUCTION
Oncolytic virotherapy is a cancer therapy that utilizes the natural 
ability of replication-competent viruses to kill cancer cells (reviewed 
in refs. 1,2). Viruses can be considered self-amplifying drugs. In the 
process of killing one cancer cell, a virus can generate thousands of 
progeny viruses that can spread, infect, and kill other cancer cells. 
This self-amplification is tempered by parallel amplification of the 
host’s immune response against the virus that can either attenuate 
oncolytic efficacy or amplify immune responses against tumor anti-
gens as a bystander effect.3

A number of robust viruses are being developed for oncolytic 
virotherapy including herpes virus, measles virus, reovirus, ret-
rovirus, vesicular stomatitis virus, and vaccinia virus to name a 
few.1,2 Adenoviruses (Ads) are nonenveloped viruses that cause 
a variety of respiratory, ocular, and digestive infections.4 Natural 
human Ads were tested as oncolytic agents in humans as early as 
the 1950s.5,6 Since then, most oncolytic adenovirus research has 
focused on human serotype 5 (Ad5) viruses. Indeed, 87 of the 87 
human cancer trials that used Ad5 (www.clinicaltrials.gov). For 
prostate cancer treatment, recent advances with Ad5 have been 
made with conditionally-replicating Ad5s (CRAds) including 
Ad5-PPT-E1A,7 with Ad5-∆24-RGD-T1 (ORCA-010)8 and in other 
applications.9–13

While Ad5 can be potent against an array of cancers, 27–100% 
of humans are immune to Ad5.14,15 Given this human and nonhu-
man adenoviruses with lower seroprevalence are being evalu-
ated as oncolytic that can avoid pre-existing immunity in cancer 
patients.16–21 We recently screened 15 human adenoviruses for 
oncolytic activity against a range of cancers, with emphasis on the 
use of serotypes that are less prevalent in humans than Ad5.20–23 In 
screens against solid tumors with wild-type adenoviruses, lower 
seroprevalence species C Ad6 had equal to or better efficacy than 
Ad5 and other viruses in a number of models. For example, species 
C Ad6 was more effective against DU145 human prostate cancers 
in immunodeficient mice after single intratumoral or intravenous 
injections than Ad5 or species B viruses Ad11 and Ad35.20 Ad6 was 
also most effective when it was compared to Ad5 and Ad11 after 
intratumoral injection in immunocompetent Syrian hamsters.23

Ad5 and Ad6 are species C human adenoviruses with significant 
sequence homology.24 Most variation between Ad5 and Ad6 lie in 
their hexon hypervariable regions and in their E3 immunevasion 
genes. In addition, the fiber protein of Ad6 has three less β-turn 
repeats in its shaft than Ad5.24 The early gene 3 (E3) region of Ads 
encodes a set of genes involved in immune evasion.25 All adeno-
viruses express E3 10.4K and 14.5K proteins that work in concert to 
block Fas and TRAIL-mediated apoptotic killing of an Ad-infected cell. 
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Oncolytic viruses hold promise as “self-amplifying” cancer therapies wherein a virally killed cell can produce thousands of new 
viral “drugs” that can kill more cancer cells. Adenoviruses (Ads) are one family of oncolytic viruses. Most human studies have used 
human Ad serotype 5 (Ad5). Unfortunately, most patients are already immune to Ad5 increasing the likelihood that the agent will 
be neutralized if used as a cancer therapy. In this work, lower seroprevalence Ad6 was tested as a systemic therapy for prostate can-
cer. Ad5 and Ad6 were injected intravenously a single time in nude mice bearing human prostate tumors, and toxicity and efficacy 
were assessed. Ad6 was chemically shielded with polyethylene glycol (PEG) to test if this would further improve its pharmacology. 
Ad6 produced 30-fold lower liver damage and less toxicity than Ad5. Ad6 significantly repressed the growth of androgen-resistant 
human DU145 prostate tumors and androgen-sensitive LNCaP tumors after single intravenous injection. PEGylation did not change 
virus distribution, but blunted liver damage and cytokine production by Ad6. PEGylated Ad6 eradicated LNCaP tumors and main-
tained body mass, but lost potency against the more challenging DU145 tumors. These and other data suggest that low serop-
revalent Ad6 has better efficacy and safety than the benchmark oncolytic virus Ad5 for systemic therapy of prostate cancer. These 
data also indicate that PEGylation may improve Ad6 safety, but that this shielding may reduce oncolytic efficacy after intravenous 
treatment.
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Similarly, the 14.7K protein blocks later intracellular apoptosis events 
when a T-cell attempts to kill the cell. Species B, C, and D Ads express 
the E3 19K protein that binds to and blocks cell surface display of 
major histocompatibility I to hide the infected cell from T-cells. 19K 
also blocks display of minimum inhibitory concentration of antibi-
otic to avoid NK cell killing. Ironically, in most studies exploring the in 
vivo biology of Ads, their E3 genes have been deleted make space for 
exogenous transgenes. Deleting E3 and disabling Ad immune eva-
sion may reduce oncolytic efficacy. Conversely, ablating Ad immune 
evasion may enhance the ability of Ads to act as immune adjuvants to 
stimulate antitumor immune responses.

When the tropism of E3-deleted species C Ads were compared in 
mice after intravenous injection, Ad6 was surprisingly more efficient 
at gene delivery in the liver than Ad1, Ad2, and more surprisingly 
the archetype Ad5 vector.24 Subsequent studies demonstrated that 
this improved tropism was determined by the hexon protein of Ad6, 
since replacement of Ad5’s hexon with that of Ad6 transferred this 
phenotype.26 Unlike the Ad5 hexon, the Ad6 hexon evades mac-
rophage and endothelial scavenger receptors thereby avoiding 
destruction by liver macrophages known as Kupffer cells.26–28

While adenoviruses can be robust oncolytics, they induce side 
effects after intravenous injection including the production of 
innate immune system cytokines like IL-6, thrombocytopenia, and 
liver damage (reviewed in refs. 29,30). For Ad5, these effects can be 
blunted by “shielding” its surface by covalent conjugation with poly-
ethylene glycol (PEG).31–37 Ad5 PEGylation protects the virus from 
pre-existing neutralizing antibodies.32–34 PEG also blunts innate 
immune responses against Ad35,36 and reduces virally-induced 
thrombocytopenia.37 PEG also reduces uptake of Ad5 by Kupffer 
cells35 and binding to endothelial cells and platelets.37 Coating Ad5 
with 5 kDa or 20 kDa PEG reduced in vitro activity of the virus by 
inhibiting its interactions with one of its receptors, the coxsackie 
and adenovirus receptor (CAR).31 However, this did not reduce 
in vivo oncolytic activity against LNCaP prostate tumors after intra-
venous injection in mice.

To evaluate the pharmacology of an intact Ad6 vector, we engi-
neered wild-type Ad6 with a luciferase expression cassette in this 
work. This vector carries all Ad6 genes including the E3 immune eva-
sion cassette. We also test the effects of PEGylation on Ad6 oncolytic 
efficacy, virus tropism, innate immune responses, and liver damage 
after intravenous injection in mice bearing human prostate tumors 
and in permissive Syrian hamsters bearing HaK tumors.

RESULTS
We previously compared the efficacy of Ad5, Ad6, Ad11, and Ad35 
in vitro against a number of tumor cells including PC3, LNCaP, and 
DU145 prostate carcinoma cells.20 In vitro, Ad5 was generally more 
effective at killing these cells. In vivo, Ad5 and 6 were similar after 
intratumoral injection. In contrast, Ad6 was more effective after 
intravenous (i.v.) injection against distant subcutaneous DU145 
tumors20 and was more effective than Ad5 against HaK tumors in 
immunocompetent Syrian hamsters.23

Liver damage in mice after intravenous injection of Ad5 and Ad6
When Ad5, 6, 11, and 35 viruses were compared by i.v. injection in 
immunocompetent CD46 transgenic C57BL/6 mice, Ad6 provoked 
far lower levels of liver damage than Ad5.20 To compare liver dam-
age between Ad5 and Ad6 here, groups of 6 immunocompetent 
C57BL/6 mice were injected i.v. with 3x1010 virus particles (vp) of 
wild type Ad5 and Ad6 by tail vein and their blood was sampled 
3  days later for alanine amino transferase (ALT) levels (Figure  1a). 

Both Ad5 and Ad6 induced ALT levels that were higher than 
phosphate-buffered saline (PBS)-injected animals. However, liver 
damage by Ad5 was 30-fold higher than Ad6 (P < 0.001 by one-way 
analysis of variance (ANOVA)). The level of liver damage produced 
by Ad5 required that most of the animals be sacrificed within 4 days 
of injection (Figure  1b). In contrast, in Ad6-injected animals, ALT 
levels were transiently elevated, but all Ad6 animals survived after 
systemic administration of this 3 × 1010 vp dose. Ad6 survival was 
significantly better than Ad5 (P = 0.004 by log-rank test).

Construction of E3-intact Ad6 expressing Firefly luciferase
These data and previous efficacy comparisons20,23 suggested that 
Ad6 might have a more favorable safety window when compared 
to Ad5 for systemic therapy. To better evaluate its in vivo activity, 
a minimized firefly luciferase expression cassette driven by the 
cytomegalovirus (CMV) enhancer/promoter with an SV40 polyad-
enylation sequence was inserted by red recombination in bacteria 
between the fiber and E4 genes (Figure  2a). The resulting 38,122 
base pair (bp) viral genome was used to rescue the Ad6-Luc virus 
and this was purified from 293 cells on two sequential CsCl gradi-
ents. Purified viral DNA was subjected to Sanger sequencing in E1, 
hexon, E3, fiber, CMV, and luciferase regions and this verified the 
identity of the Ad6-Luc virus (data not shown).

PEGylation to blunt antiviral innate immune responses
Adenoviruses can be used as systemic intravenous therapies for 
cancer.29 However, it has been shown that Ad5 viral capsid and 

Figure 1   Liver toxicity of species C Ad5 and Ad6 after single intravenous 
administration. 3 × 1010 vp of the indicated adenovirus was injected 
intravenously by tail vein into C57BL/6 mice (n = 6 per group). (a) Alanine 
amino transferase activity was measured from their blood 3 days after 
treatment. Statistical analysis shows significant difference of the mean values 
(P < 0.05) and one-way analysis of variance with P < 0.0001. (b) Kaplan-Meier 
survival curves were plotted and analyzed with the log rank-test, significant 
difference with P value  <  0.003. Ad5-treated mice were moribund and 
euthanized at indicated days after treatment.
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infection induces a number of dose-limiting side effects including 
the production of cytokines like IL-6 that are released from macro-
phages and liver Kupffer cells and liver damage due infection and 
killing of liver hepatocytes.

One approach to blunt Ad5 side effects is to chemically “shield” 
its surface with the hydrophilic polymer PEG. We previously showed 
that shielding fully replication-competent Ad5 vectors with 5 or 
20 kDa PEG preserved oncolytic efficacy in nude mice bearing human 
LNCaP prostate tumors.31 Whether Ad6 would benefit from similar 
shielding was unclear. To test this, Ad6-Luc was purified on CsCl gra-
dients and was reacted with amine-reactive succinimide-activated 
5 or 20 kDa PEG and unreacted PEG was removed.

In vitro shielding of Ad6 proteins by PEG
Unmodified and PEGylated Ad6 Luc were separated by SDS-PAGE 
and viral proteins were stained with SYPRO Ruby. Under these 
conditions, staining of hexon, the predominant capsomer on Ad6 
virions, was markedly reduced by 5 kDa PEG, but not by 20 kDa 
PEG (Figure  2b). To test to what degree the surface of the virion 
was still exposed after PEGylation, virions were incubated with 
succinimide-activated green fluorophore Oregon Green that reacts 
with the same sites as PEG. When these virions were separated 
by SDS-PAGE and were imaged for green fluorescence, the hexon 
of unmodified Ad6 was strongly labeled with the fluorophore 
(Figure  2b). In contrast, Oregon Green labeling was not detected 
on the hexon of Ad6 that was shielded with 5 kDa PEG. 20 kDa PEG 
protected hexon from Oregon green labeling, but not as well as pro-
tection by 5 kDa PEG. These data suggest that the smaller 5 kDa PEG 
shields the Ad6 virion surface against binding (as demonstrated by 
SyproRuby) and that more lysines are conjugated to and protected 
by 5 than 20 kDa PEG (as demonstrated by protection against 
Oregon Green reaction).

Effects of PEGylation on Ad6-Luc in vitro infection
Previous work demonstrated random PEGylation of Ad5 will block 
its CAR-mediated infection in vitro without negatively impacting 
liver transduction or killing of LNCaP cells after intravenous injec-
tion of Ad5 vectors.31,35,37 Unmodified and PEGylated Ad6-Luc were 
used to infect DU145 prostate carcinoma cells in vitro at varied 
multiplicities of infection (MOI) and cell viability was assessed by 
staining with crystal violet (Figure  2c). Consistent with previous 
results,31,35,37 conjugation of 5 or 20 kDa PEG to Ad6 virions mark-
edly reduced the ability of the viruses to kill prostate cancer cells 
in vitro. Ad6 Luc was significantly more lethal than Ad6 Luc with 
5 kDa PEG at MOIs of 10 vp/cell and above and was more effective 
than the 20 kDa PEGylated vector at MOIs of 100 vp/cell and above 
(P = 0.0001 by one-way ANOVA). At 10 vp/cell, Ad6 20 kDa PEG vec-
tor was more lethal than Ad6 5 kDa vector (P = 0.01). These data are 
consistent with the stronger protection of Ad6 virions by 5 kDa ver-
sus 20 kDa PEG (Figure 2b).

In vivo tropism and oncolytic activity of Ad6-Luc after systemic 
injection in human prostate tumor-bearing mice
We previously showed that Ad6 mediated more potent tumor 
control against human DU145 prostate tumors than Ad5, 11, and 
35 after intravenous injection in nude mice.20 In this previous 
study, each virus was injected twice 4 hours apart to “predose” and 
eliminate liver Kupffer cells to improve the efficacy of the second 
injection.

Given that Ad6 can avoid Kupffer cells, in these studies, predosing 
was not performed and Ad6-Luc vectors injected only a single time. 
Groups of 10 nude mice were engrafted with DU145 tumors and 
were injected a single time by tail vein with 3 × 1010 vp or 1.2 × 1012 
vp/kg of Ad6-Luc (Figure 3). Ad6-Luc was tracked by luciferase imag-
ing over 42 days after single intravenous injection. Within 1–4 days 

Figure 2  PEGylation of E3-intact Ad6 expressing luciferase. (a) Ad6-Luc vector genome structure. A luciferase expression cassette was inserted into 
the region between fiber and E4 sequence of Ad6. (b) Unmodified and PEGylated Ad6-Luc were separated on SDS-PAGE, virion hexon was stained 
with Sypro Ruby (left) and NHS-Oregon Green (right). (c) In vitro testing the viability of human DU145 prostate carcinoma cells with Ad6-Luc, Ad6-Luc 
5 kDa-PEG, and Ad6-Luc 20 kDa-PEG. Cells were seeded on 96-well plates, and infected after 24 hours at triplicated multiplicities of infection (MOI) of 
viral particles/cell. At day 4 after infection, cells were stained with crystal violet protocol and read the absorbance at 580 nm. Statistical significance 
was analyzed by one-way analysis of variance. Ad6 Luc was significantly more lethal than Ad6 Luc with 5 kDa PEG at MOIs of 10 vp/cell above and was 
more effective than the 20 kDa PEGylated vector at MOIs of 100 vp/cell and above (P = 0.0001). At 10 vp/cell, Ad6 20 kDa PEG vector was more lethal 
than Ad6 5 kDa vector (P = 0.01).
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strong luciferase signals were observed in the livers of most of the 
mice demonstrating the natural liver tropism of this and all species 
C adenoviruses. Luciferase was observed in some of the tumors as 
early as day 1. By day 14, all tumors had luciferase activity while the 
liver activity was no longer observed. The tumors in PBS-treated ani-
mals grew steadily over 40 days (Fig. 4A). In contrast, tumor growth 
was significantly delayed in Ad6-Luc treated mice for 70 days 
after single intravenous injection (P  =  0.003 by one-way ANOVA). 
Kaplan-Meier analysis demonstrated Ad6-Luc mediated signifi-
cantly better survival than PBS-treated animals (P < 0.002). 60% of 
Ad6-treated mice survived through 200 days. Of the 40% that did 
not survive, 20% were sacrificed due to tumor size and the rest were 
sacrificed due to tumor ulceration.

Ad6-Luc-5 kDa PEG tropism appeared similar to that of Ad6-Luc 
with early liver infection followed by predominant luciferase activ-
ity in the tumors at later time points (Figure  3). The tumor growth 
curve for PEGylated Ad6 was similar to unmodified Ad6 (Figure 4a). 
However, at day 55 and beyond, a larger fraction of PEGylated Ad6 
animals had to be euthanized resulting in significantly worse survival 
than in the Ad6 group (P < 0.002). In this case, 30% were sacrificed 
due to large tumor size. 50% of the Ad6-PEG mice were sacrificed not 
due to tumor size, but instead because their tumors had ulcerated.

Testing unmodified and PEGylated Ad6-Luc against human LNCaP 
prostate tumors
DU145 human prostate carcinoma cells were isolated from a brain 
metastasis, but are not androgen sensitive and do not express pros-
tate-specific antigen.38 In contrast, LNCaP human prostate adeno-
carcinoma cells are hormone sensitive and may serve to represent 
earlier prostate cancers.39

Nude mice were engrafted subcutaneously with LNCaP cells and 
these animals were treated a single time by the intravenous route 

with 3 × 1010 vp of unmodified or PEGylated Ad6-Luc (Figure 5). In 
this case, Ad6-Luc was mock treated or was conjugated with 5 and 
20 kDa PEG molecules prior to injection. Single intravenous injec-
tion of 3 × 1010 vp of unmodified or PEGylated Ad6-Luc induced 
significant reductions in tumors size in all virally treated groups. 
Tumors were eradicated in the virus-treated groups with only a 
residual small bump < 10 mm3 remaining to mark the sites (data not 
shown). In contrast, the tumors of PBS-treated animals grew steadily 
over the same time period. The body weights of the young animals 
treated with unmodified and PEGylated Ad6 climbed in conjunction 
with tumor control (Figure 5). In contrast, the body weights of the 
PBS-treated animals remained flat suggesting the strain of tumor 
burden on their systems.

Effects of PEGylation on systemic side effects after intravenous 
injection
3 × 1010 vp dose of Ad6 equals 1.2 × 1012 vp/kg. If this was used in a 
70 kg human, it would equate to a very high dose of virus of 8.4 × 1013 

Figure 3  Luciferase imaging after intravenous injection of unmodified 
and 5 kDa PEGylated Ad6-Luc 5 kDa PEGylated. Luciferase activity of 
nude mice treated with Ad6-Luc and Ad6-Luc 5 kDa PEG compared 
to the PBS control group at days 1, 4, 7, 14, 28, and 42 after treatment. 
Nude mice were implanted with 107 human DU145 prostate cancer cells 
subcutaneously in their right hind flank. When tumor volumes reached 
200 mm3, groups of 9 or 10 mice were randomized and administered with 
a single intravenous dose of 3 × 1010 vp of the indicated viruses or with 
PBS. PBS, phosphate-buffered saline.
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vp. To evaluate if PEGylation affected the relatively low toxicity of 
Ad6, mice were injected with a single 3 × 1010 vp dose of unmodi-
fied or PEGylated Ad6-Luc viruses and IL-6 levels were measured 
6 hours later (Figure 6a). All of the Ad6-injected animals produced 
low, but significant levels of IL-6 after intravenous injection. IL-6 lev-
els were only slightly, but insignificantly blunted by PEGylation. To 
test liver damage, increasing doses of unmodified and PEGylated 
Ad6-Luc were injected a single time into mice and ALT levels were 
measured 3 days later (Figure 6b). At the same 3 × 1010 vp dose used 

in Figure 1, Ad6-Luc induced similarly low ALT levels. As doses were 
increased up to 2.5 × 1011 vp, ALT levels increased only 2.5-fold for 
Ad6-Luc. In contrast, the 5 and 20 kDa PEGylated vectors blunted 
ALT levels and held them to around 1,000 mU/ml up to the high-
est 2.5 × 1011 vp dose. This ALT level generated with 2.5 × 1011 vp of 
PEGylated Ad6 was comparable to the liver damage produced with 
nearly twofold less unshielded Ad6. This 2.5 × 1011 vp/mouse or 1013 
vp/kg dose of this fully replication-competent virus would extrapo-
late to a dose of 7 × 1014 vp in a 70 kg human.

Ad6 and PEGylated Ad6 in immunocompetent hamsters bearing 
HaK tumors
These studies tested oncolytic activity against human prostate 
tumors in immunodeficient mice. To test the utility of Ad6 and 
PEGylated Ad6 in an immunocompetent animal model, both 
viruses and a PBS group were tested by single intravenous treat-
ment in Syrian hamsters bearing subcutaneous HAK kidney tumors. 
Hamsters were injected a single time by the intravenous jugular 
route with PBS or 1.5 × 1011 vp of unmodified or 5 kDa PEGylated 
Ad6-Luc. This dose equaled the 1.2 × 1012 vp/kg dose used in DU145 
and LNCaP tumor-bearing mice. Tumor size and survival was mea-
sured over time (Figure 7). In this immunocompetent model, HAK 
tumors in the PBS- and Ad6-Luc PEG-treated animals increased simi-
larly in size over 50 days whereas tumor growth was delayed in the 
Ad6-Luc group (Figure 7a). Tumor growth in the PBS and 5 kDa PEG 
group resulted in reduced survival within 60–70 days (Figure 7b). In 
contrast, all Ad6-Luc-treated hamsters survived through 100 days. 
While Ad6-Luc mediated better delays in tumor growth and sur-
vival, all animals in all groups eventually succumbed with 125 days 
of treatment after single intravenous treatment.

Figure 5  Oncolytic activity of Ad6-Luc and PEGylated Ad6-Luc in LNCaP 
xenograft nude mice. 107 human LNCaP cells were subcutaneously 
implanted onto the right hind flank of mice. Mouse groups (n = 5 per 
group) were randomized and administered with a single intravenous 
dose of 3 × 1010 vp/m indicated viruses or PBS at day 0 when the 
established tumor volume reaches 200 mm3. Body weight (g) and tumor 
volume (mm3) were used to monitor the efficacy of treatment. Data were 
collected twice a week.
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DISCUSSION
This study was directed at evaluating the efficacy and safety of 
replication-competent Ad6 as a systemic therapy for prostate cancer. 
Defining the efficacy and safety of this fully replication-competent 
adenovirus as an oncolytic agent lays the foundation for subsequent 
engineering approaches to convert it into a conditionally-replicating 
Ad (CRAd) or to retarget its tropism.

Patients with pre-existing antibodies to an oncolytic virus can 
neutralize the virus and render it ineffective. Direct tumor injection 
may avoid this to some degree, but high levels of antibodies in the 
blood are likely to inactivate intravenously administered viruses. 
Considering that 27–100% of humans are already immune to Ad5,15 
it is perhaps not surprising that Ad5 has not produced impressive 
clinical effects when applied as a cancer therapy in patients.

Ad6 is a lower seroprevalent virus than the benchmark onco-
lytic virus Ad5. Most neutralizing antibodies against adenoviruses 
target the hexon hypervariable regions of their hexon proteins.40 
Seroprevalence screening in Belgium indicated that 78% of volun-
teers had neutralizing antibodies against Ad5 and 42% had anti-
bodies to Ad6.41 In the United States, 27% of adults were positive 
for Ad5 antibodies.14 In contrast, only 3% had antibodies against 
Ad6. These data suggest that more prostate cancer patients can be 
treated with Ad6 than Ad5 without direct and immediate neutral-
ization of the oncolytic.

When wild-type Ad5, 6, 11, and 35 viruses were previously tested 
as intratumoral or intravenous therapies against human DU145 
prostate tumors in nude mice, species C Ad6 and Ad5 were marked 
more effective than Ad11 and 35.20 Interestingly, Ad6 was more 
potent by the intravenous route than by direct intratumoral injec-
tion suggesting it may have utility for systemic therapy against 
advanced prostate cancer. In these and all other tests against 
tumors in mouse and in immunocompetent hamster models, Ad6 
has been more effective than Ad5.20–23 Ad6 may therefore not only 
have a lower likelihood of frank neutralization in prostate cancer 
patients, but may also have better efficacy than Ad5.

Liver damage caused by replication-competent Ad5 limits its 
therapeutic window (reviewed in refs. 29,30). Liver damage gener-
ally manifests in the days immediately after intravenous injection 
due to direct lysis of hepatocytes by the virus or weeks later due 
to T-cell killing of infected cells.42,43 When liver damage by wild-
type Ad5, 6, 11, and 35 viruses were compared in CD46 transgenic 
C57BL/6 mice, Ad6 provoked by far lower levels of liver damage than 
Ad5.20 This result was confirmed here. When we attempted to test 
high doses of 1 × 1011 vp and above, Ad5-injected animals became 
moribund within 1–2 days and had to be sacrificed. When doses 
were reduced to 3 × 1010 vp (1.2 × 1012 vp/kg) Ad5-injected animals 
survived to the desired 3-day time point for ALT measurement, but 
became moribund after this and had to be sacrificed. In contrast, 
all Ad6-injected animals survived this dose. ALT measurements at 
this lower dose demonstrated that Ad6 produced 30-fold less ALT 
release than Ad5. This suggests that Ad6 has a better safety window 
for the liver than Ad5 for systemic intravenous treatment even when 
applied as a fully replication competent virus. This safety profile can 
likely be further improved by conversion of Ad6 to a CRAd or by 
detargeting it from the liver.

Modifying an oncolytic virus with a reporter gene makes tracking 
its in vivo tropism and pharmacology easier as one can perform in life 
imaging with genes like luciferase or the sodium iodide symporter 
(NIS) or identify infected cells by detecting fluorescent proteins like 
GFP. Adding a gene to adenovirus usually comes with a cost, since 
this icosahedral virus packages only a narrow window of genome 
sizes. Therefore, in most cases, when reporter genes are added to 
Ads, something has to be removed. In most cases, it is the early gene 
3 (E3) region that is deleted to make space for exogenous genes. E3 
is considered “dispensable” for the virus, since E3 deleted Ad5 can 
still be grown in vitro. Deleted species C E3 frees up approximately 
3–4 kb of genome “space” to allow that addition of other genes.

While E3-deleted virus do grow in vitro, it should be noted that this 
growth is slower and the yields of virus are reduced when compared 
to an E3-intact viruses.44,45 Therefore, E3 is not entirely dispensable 
even in vitro. The E3 region of all Ads encodes a set of genes involved 
in immune evasion25,44,45). The E3 regions of Ads can express proteins 
that detection and killing by T cells and NK by reducing major histo-
compatibility I and minimum inhibitory concentration of antibiotic 
display on the cells, by blocking Fas and Trail-mediated apoptosis, 
and blocking intrinsic apoptosis signaling. In addition, species C Ads 
including Ad5 and Ad6 also express the adenovirus death protein 
that accelerates cell killing.45 If the virus evolved several thousand 
bases of sequence to evade the immune system naturally, deleting 
these in an oncolytic version of the virus that also has to survive in 
the immune system may blunt efficacy. Direct testing of this for Ad5 
has shown that E3-deleted oncolytic viruses are generally less effec-
tive than E3-intact viruses.46,47 Therefore, E3-intact oncolytic viruses 
may be more effective for human therapy. Conversely, if the intent 

Figure 7  Oncolytic activity of Ad6-Luc and PEGylated Ad6-Luc in 
immunocompetent hamsters bearing HaK tumors. HaK tumors were 
inoculated subcutaneously into Syrian hamsters and groups of four 
animals were treated by single intravenous injection by the jugular vein. 
1.5 × 1011 vp of unmodified or 5 kDa PEGylated Ad6-Luc was injected 
equaling the 1.2 × 1012 vp/kg dose used in DU145 and LNCaP tumor-
bearing mice. (a) Tumor growth and (b) survival were monitored after 
injection.
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is to use Ads to lyse tumors to release tumor antigens and stimulate 
antitumor immune responses, deleting E3 may have benefits.

Considering the pivotal role of E3 in the in vivo pharmacology and 
persistence of Ads, in this work, we aimed to generate an Ad6 that 
could carry a reporter gene without deleting any viral gene includ-
ing E3. We were able to introduce a minimal CMV-luciferase cassette 
into intact Ad6 using precision bacterial red recombination.48 By this 
approach, a minimal CMV promoter luciferase cassette was intro-
duced into Ad6 increasing its size to 106%, a size that still allowed 
it to be packaged into virions with no loss of viral sequences. The 
resulting Ad6-Luc virus was rescued and was used here to evaluate 
viral pharmacology by in vivo luciferase imaging.

Consistent with previous work with Ad5 and replication-defective 
Ad6,49,50 Ad6-Luc infected the livers of intravenously injected mice 
immediately and spread later to distant subcutaneous prostate 
cancer tumors. Peak liver infection detected by luciferase activity was 
observed at day 4 and this corresponded well ALT elevations at day 3.

After one intravenous dose, Ad6-Luc luciferase activity appeared 
in distant subcutaneous DU145 tumors within 4 days. Since mice 
do not support the full viral life cycle, this luciferase activity most 
likely occurred from viruses that infected the tumors immediately 
after injection and spread in situ rather than from viruses produced 
elsewhere. Luciferase activity “bloomed” over time in the animals 
and this tracked with the ability of the virus to repress tumor growth 
over time. These data demonstrate the ability to track E3-intact Ad6 
with the luciferase transgene and lays the foundation for using this 
feature to track E3 modified Ad6 vectors in future work.

When Ad6-Luc was tested by single intravenous injection in 
mice bearing androgen-sensitive LNCaP prostate tumors as sub-
cutaneous tumors, the virus eradicated these distant tumors. 
LNCaP tumor sites remained tumor-free until the end of studies  
(9–12 months) and were only evident as a residual small bump 
marking the site. In contrast, the same single intravenous treat-
ment of androgen-insensitive DU145 tumors markedly reduced 
tumor growth, but did not eradicate the tumors. Considering that 
these treatments consisted of only one single intravenous injection, 
increasing the number doses over multiple days may well improve 
systemic efficacy.

Intravenous injection of fully replication-competent Ad6 pro-
voked relatively mild side effects when compared to benchmark 
oncolytic virus Ad5. Innate cytokine responses to Ads are likely 
mediated by immune cells, particularly by liver Kupffer cells and 
macrophages. Ad6 may provoke relatively mild IL-6 responses by 
virtue of its natural ability to avoid macrophage and endothelial cell 
scavenger receptors and natural antibody-mediated destruction 
by liver Kupffer cells and macrophages.26,27 We tested if covalent 
“shielding” of Ad6 could blunt these relatively mild Ad6 side effects. 
Consistent with previous work with replication-defective and onco-
lytic Ad5, PEGylation reduced IL-6 and ALT generated by Ad6. PEG’s 
protective effects were relatively mild, likely due to the already rela-
tively low toxicity of Ad6.

Covalent reaction of 5 kDa PEG with Ads results in the attachment 
of a linear 35 nm polymer to the virion. Therefore, each 5 kDa PEG 
is about the same length as Ad fiber itself. Attachment of 20 kDa 
PEG results in an even longer polymer being attached. Once PEG 
is attached to Ad, it not only “shields” the reaction site and adja-
cent surfaces from interactions with problematic proteins, but 
can also block useful interactions like CAR binding. Previous stud-
ies have shown that random PEGylation blocks in vitro Ad5 infec-
tion, but has little impact on liver transduction or tumor killing in 
the LNCaP model.31,35,37 For Ad6, we have verified that 5 or 20 kDa 
PEGylation reduces in vitro infection, but does not reduce efficacy 

after intravenous injection in the LNCaP model. In contrast, when 
PEGylated viruses were tested in more stringent DU145 and HaK 
mouse and hamster models, PEGylation reduced viral efficacy. This 
loss of efficacy in these models may be due in part loss of CAR bind-
ing and reduced infection after PEGylation (Figure 2c).

Considering that most in vitro activity is lost, it is interesting that 
there is any efficacy after PEGylation. In vitro, 5 and 20 kDa PEG 
both significantly reduced Ad6 infection at MOIs of 100 vp/cell and 
above. This is consistent with loss of CAR binding and infection by 
Ad5 after 5 kDa PEGylation.35 While CAR binding by Ad5 was mark-
edly reduced by 5 kDa PEG, this notably did not inhibit αv integrin 
binding.35 Therefore, some oncolytic efficacy by the PEGylated vec-
tors may be mediated by tumor cell infection via integrins rather 
than by CAR binding.

Oncolytic activity could also be maintained by FX binding to hexon 
acting as a “bridge” to bind heparin sulfate proteoglycans on cells.51–53 
Each PEG attachment on Ad can shield against nearby interactions 
with proteins and cells on the surface of the virus. However, each 
attachment likely also shields against nearby PEG conjugation as the 
reaction continues. Each linear PEG attached to a lysine on the virus 
likely creates a “shadow” over nearby lysines that sterically inhibits 
new PEG molecules from reacting with these sites. If so, 20 kDa PEG 
likely creates a much larger shadow than 5 kDa PEG and therefore is 
less effective at preventing smaller molecules from interacting with 
the virion surface. For example, 5 kDa PEG blocked binding of 0.5 kDa 
Oregon green and 1.5 kDa SYPRO Ruby, but 20 kDa was less able to 
prevent binding. By extension, binding of globular 4 × 9 nm FX likely 
inhibited more effectively by 5 kDa PEG than by larger PEGs. Previous 
work supports this, since 5 kDa PEG reduces FX-mediated infection by 
Ad5 30-fold in vitro, but larger 35 kDa PEG does not.53 This difference 
in shielding by small and large PEGs is consistent with our observa-
tions of differential protection of hexon to SYPRO ruby and succin-
imide-Oregon green binding and reaction. If FX bridge effects were 
involved in maintaining oncolytic activity after PEGylation, we would 
predict that 5 kDa PEGylated vector would have worse activity than 
the 20 kDa modified virus. This was not observed, so we speculate 
that FX bridging is not involved in vivo.

Ad6 is consistently more effective than Ad5 against a number of 
cancers in mouse and immunocompetent hamster models in our 
hands.20–23 This may be due in part to Ad6’s ability to evade natu-
ral antibody-mediated destruction of the virus by liver Kupffer cells 
and macrophages.26,27 Data in this study demonstrate that Ad6 
has a better safety profile than the archetype oncolytic adeno-
virus, Ad5. We show that Ad6 generates relatively mild innate 
immune cytokine responses and lower liver damage even as a fully 
replication-competent virus. While PEGylation was able to blunt 
these side effects, this modification was at a cost and Ad6 efficacy 
was reduced. Considering the already relatively low side effects for 
fully replication-competent Ad6, the cost/benefit ratio of PEGylation 
argues against adding this modification to this virus at this time. 
This is perhaps fortunate as adding PEG as a second test article to 
this experimental therapy would also complicate gaining regula-
tory IND approval for phase 1 testing. Perhaps better strategies for 
Ad6 will be to modify this current fully replication-competent Ad6 
platform to be a CRAd, for liver detargeting, and cancer retargeting.

MATERIALS AND METHODS
Cell lines
DU145 and LNCaP human prostate carcinoma and HaK hamster kidney can-
cer cells were obtained from ATCC (Manassas, VA). 293 cells were obtained 
from Microbix, Toronto, Ontario, Canada. Cells were maintained in Dulbecco’s 
Modified Eagle’s medium with 10% fetal bovine serum (HyClone, Logan, UT).
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Viruses
Wild-type Ad5 and Ad6 were purchased from ATCC. The genome of wild-type 
Ad6 Tonsil 99 strain (ATCC VR-1083) was cloned previously into a low copy 
plasmid with kanamycin resistance.54 A CMV-luciferase-SV40 polyA followed 
by an FRT-Zeocin Resistance gene-FRT cassette was recombined into the 
genome by red recombination48 between the poly-adenylation sites of the 
fiber and E4 genes (Figure 2a). The FRT-Zeocin-FRT cassette was removed 
by transformation in FLP expressing bacteria. This produced an Ad6-Luc 
viral genome in the plasmid of 38,122 bp equal to 106.5% of the 35,770 bp 
wild-type Ad6 genome.49 The virus was rescued by transfection into 293 cells 
followed by serial passage up through a 10 plate CellStack (Corning Life 
Sciences, Lowell, MA). Viruses were purified by banding sequentially on two 
CsCl gradients and viral particle numbers were calculated by OD260. Viral 
identity was confirmed by sequencing the E1, hexon, E3, fiber, E4, and lucif-
erase cassette region.

Ad6 PEGylation
Ad6-Luc was PEGylated as in ref. 35. Following CsCl centrifugation, the prepa-
ration was desalted on EconoPac 10-DG columns (BioRad, Hercules, CA) into 
0.5 M sucrose in PBS (136 mmol/l NaCl, 2.6 mmol/l KCl, 1.7 mmol/l KH2PO4, 
10 mmol/l K2HPO4). 5 or 20 kDa succinimide-activated PEG (NOF America, 
White Plains, NY) was reacted with Ad6 at 10 mg/ml PEG for 1 hour at room 
temperature with rotation. Unreacted PEG was removed on a Sephadex G50 
(GE Healthcare, Piscataway, NJ) size exclusion column. Mock-treated Ad5 
was treated with no addition of PEG and treated in parallel.

PEGylation analysis
Unmodified and PEGylated viruses were analyzed by labeling and SDS-PAGE 
gel separation. 1010 vp of each CsCl-banded and desalted virus was sepa-
rated on 7–15% gradient SDS-PAGE gels (BioRad, Hercules, CA) and total pro-
tein was detected by staining with SYPRO Ruby (Thermo Fisher Scientific, 
Grand Island, NY). After PEGylation, the viruses were postreacted with 
Oregon Green 488 Carboxylic Acid, Succinimidyl Ester, 5-isomer (Invitrogen) 
to detect remaining reactive lysines on the virus. Each of these was then 
separated on SDS-PAGE gels and green fluorescently label capsomers were 
visualized on a Kodak In Vivo F Imaging system.

Cell culture studies
DU145 cells were infected with the indicated viruses in 96-well plates at var-
ied MOI in virus particles/cell (vp/cell). Four days later, media was removed 
and the cells were stained with crystal violet solution (0.05% crystal violet, 
1% formaldehyde, 1% methanol) for 20 minutes, and the cells were gently 
washed with water. The dye was solubilized with 1% SDS and the absor-
bance of each well was measured at 580 nm.

Animal tumor models
Animals were housed under the Association for Assessment and 
Accreditation of Laboratory Animal Care (AALAC) guidelines in the Mayo 
Clinic Animal Facility. Experiments were performed under animal use pro-
tocols approved by the Mayo Clinic Animal Use and Care Committee. All 
experiments were performed under the provisions of the Animal Welfare 
Act, PHS Animal Welfare Policy and the principles of the NIH Guide for the 
Care and Use of Laboratory Animals. Four-week-old nude mice (Harlan 
Sprague Dawley, Indianapolis, IN) were injected subcutaneously (s.c.) 
with 1 × 107 DU145 or LNCaP cells in 100 µl of Dulbecco’s Modified Eagle’s 
medium/50% Matrigel (BD Biosciencies, San Jose, CA). Tumor size was mea-
sured with calipers and tumor volumes were calculated using the equation 
½ length × width × width. When tumors reached 200 mm3 in volume, mice 
were randomized to different groups and were treated a single time by 
intravenous (i.v.) injection by tail vein with 3 × 1010 vp of the indicated virus 
or with PBS. Mice were euthanized when the tumor volume reached 10% 
body weight, if animals were moribund, in distress, or if the skin ruptured 
over the tumor. Four- to 5-week-old female Syrian hamsters were obtained 
from Harlan Sprague Dawley (Indianapolis, IN) and were injected with 2 × 107 
HAK cells subcutaneously into the hind flank. When tumor volume reached 
200 mm3, the animals were injected intravenously a single time by the jugu-
lar route with the indicated number of viral particles. Tumors were measured 
every 7 days. Volume was calculated as ½ length × width × width. Animals 
were sacrificed when tumor volume exceeded 2000 mm3 or were observed 
with ulcerated tumors.

Statistical analysis
Statistical analysis was performed with Prism (Graphpad). Statistical signifi-
cance was calculated with repeated measures ANOVA or one-way ANOVA 
followed by Tukey’s honest significant difference test and two sample t-tests. 
Kaplan-Meier survival curves were plotted and analyzed with the log rank 
test.
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