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Abstract

Adenovirus serotype 5 remains one of the most promising vectors for delivering genetic material
to cancer cells for imaging or therapy, but optimization of these agents to selectively promote
tumor cell infection is needed to further their clinical development. Peptide sequences that bind to
specific cell surface receptors have been inserted into adenoviral capsid proteins to improve tumor
targeting, often in the background of mutations designed to ablate normal ligand:receptor
interactions and thereby reduce off target effects and toxicities in non-target tissues. Different
tumor types also express highly variable complements of cell surface receptors, so a customized
targeting strategy using a particular peptide in the context of specific adenoviral mutations may be
needed to achieve optimal efficacy. To further investigate peptide targeting strategies in
adenoviral vectors, we used a set of peptide motifs originally isolated using phage display
technology that evince tumor specificity in vivo. To demonstrate their abilities as targeting motifs,
we genetically incorporated these peptides into a surface loop of the fiber capsid protein to
construct targeted adenovirus vectors. We then systematically evaluated the ability of these
peptide targeted vectors to infect several tumor cell types, both in vitro and in vivo, in a variety of
mutational backgrounds designed to reduce CAR and/or HSG-mediated binding. Results from this
study support previous observations that peptide insertions in the HI loop of the fiber knob domain
are generally ineffective when used in combination with HSG detargeting mutations. The evidence
also suggests that this strategy can attenuate other fiber knob interactions, such as CAR-mediated
binding, and reduce overall viral infectivity. The insertion of peptides into fiber proved more
effective for targeting tumor cell types expressing low levels of CAR receptor, as this strategy can
partially compensate for the very low infectivity of wild-type adenovirus in those cells.
Nevertheless, the incorporation of relatively low affinity peptide ligands into the fiber knob, while
effective in vitro, has only minimal targeting efficacy in vivo and highlights the importance of
high affinity ligand:receptor interactions to achieve tumor targeting.
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Introduction

Human adenovirus serotype 5 (Ad5) remains one of the most studied vectors for gene
therapy applications based on its capacity to accommodate large DNA insertions and the
ability to infect both dividing and quiescent cells with high efficiency. These agents have
been extensively developed for delivering transiently expressed transgenes to solid tumors
for imaging and therapeutic applications, but they infect a broad range of cell types because
of widespread distribution of primary cell surface receptors used by wild-type Ad5. While
this characteristic has helped facilitate their development as gene delivery vehicles, this
promiscuous behavior can decrease their effectiveness and result in potentially dangerous
toxicities due to immune and inflammatory responses. More than 99% of systemically
administered wild-type Ad5 is taken up by the liver, potentially resulting in severe hepatic
dysfunction.[1-4] The primary mode of adenoviral infection involves binding of the
adenoviral fiber knob to the coxsackievirus and adenovirus receptor (CAR)[5] followed by
interactions between the penton base Arg—-Gly—-Asp (RGD) motif with cellular integrins
avp3 and avp5 to promote internalization of the virus.[6] Ablating CAR and integrin-
mediated interactions have been shown to reduce liver transduction in some studies, but
others show mixed results.[7—10] Since many tumor cells also express high levels of surface
integrins and low levels of CAR, removing the RGD motif in the penton base to reduce
native interactions may not be a rational strategy for vectors designed to target cancer cells.

Studies also indicate that CAR and integrin-mediated interactions are unlikely to be the
primary mechanisms of liver infection, based on high residual levels of in vivo liver
transduction following ablation of CAR or integrin-mediated binding.[11] Indeed, recent
studies have shown that hexon-coagulation factor interactions are responsible for much of
the liver transduction. [12-14] However, interactions between the KKTK sequence in the
adenoviral fiber shaft and heparin sulfate glycosaminoglycans (HSGs) can be important for
liver infection, [15, 16] and efforts to detarget Ad vectors from their native interactions
through mutation of the CAR and HSG bhinding sites in the fiber knob and fiber shaft,
respectively, can reduce liver gene transfer in vivo by nearly two orders of magnitude in
both mice and non-human primates.[10, 17, 18] Recent work in our lab has shown similar
reductions in liver infection for CAR and HSG detargeted vectors in tumor-bearing mice,
[19] but these mutations also reduced tumor infectivity and resulted in no improvement in
overall tumor specificity for these vectors as compared to wild type. The overall reduction in
liver infection, however, means that adenoviral vectors with ablated CAR and/or HSG
binding could be good platforms for introducing further modifications to increase tumor cell
infection and improve tumor specificity.

A variety of techniques have been evaluated for retargeting adenoviral vectors to tumor
cells. One promising strategy involves the insertion of ligands into the exposed surface HI-
loop of the Ad5 capsid, using various peptide sequences identified using phage display that
specifically target tumor vasculature.[20] The RGD sequence in the cyclic peptide
CDCRGDCEFC is a selective binder of avp3 and avp5 integrins which has been shown to
direct binding to tumor vasculature.[21, 22] Additional peptide sequences that can be used to
target either tumors or tumor vasculature include the asparagine-glycine-arginine (NGR) cell
adhesion motif that specifically binds aminopeptidase N (APN/CD13), an enzyme that is
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minimally expressed on normal endothelium but is markedly up-regulated in tumor
neovasculature.[23, 24] A motif containing glycine-serine-leucine (GSL) was also recovered
from phage display screening of breast carcinomas and other tumor types,[25] although
further work is needed to evaluate this motif and the derivative alanine-serine-leucine (ASL)
that we utilized for their ability to target tumor cells and the nature of the receptor bound by
this ligand. RGD and NGR motifs, however, have been evaluated in a variety of systems for
targeting tumors.[25-28] Both of these peptide motifs have also been incorporated into
capsid proteins for retargeting adenoviral vectors to tumors or tumor vasculature. The NGR
motif has been shown to increase the ability of adenoviral vectors to transduce tumor cells in
vitro,[29-31] and minimally augmented in vivo tumor transduction has been accomplished
using intratumoral delivery of these vectors.[31] Incorporating an RGD motif has also
improved tumor cell transduction by adenovirus in a variety of in vitro studies, although this
approach has had mixed results in vivo.[10, 32-34]

Implementation of peptide targeting strategies must be performed cautiously because the
deletion of native peptide sequences or the incorporation of novel targeted peptides could
have dramatic effects on the biodistribution and/or stability of adenoviral vectors.[35] In
fact, recent studies suggest that ablation of the HSG binding site in the fiber shaft reduces
the efficacy of peptide retargeting motifs incorporated into the adenoviral fiber knob, either
because structural changes in the fiber reduce the accessibility of the peptide ligand or
because mutations in the KKTK sequence reduce liver transduction by an unknown
mechanism following primary receptor binding by liver cells.[10, 36] These studies suggest
that retargeting adenoviral vectors using HI peptide insertions in the context of CAR and
HSG detargeting might be ineffective for improving tumor specific infection. Another study
showed that a RGD motif inserted in the HI loop failed to retarget adenovirus to tumors in a
mouse xenograft model when the KKTK motif was mutated to ablate HSG interactions,[10]
but this group did not assess whether peptide ligands could retarget vector when HSG
interactions were left intact. The biodistribution of adenoviral vectors incorporating HI loop
peptide insertions in the context of various detargeting strategies is therefore still in
question.

In this study, we further investigate the use of tumor-targeting peptide motifs for reducing
liver infection and improving the tumor specificity of adenoviral vectors both in vitroand in
vivo. We evaluate this strategy using a variety of retargeting peptides inserted into the HI
loop of the adenoviral fiber knob domain, either with or without ablation of CAR binding,
HSG binding, or both. The goal of this investigation is to further assess the feasibility of
peptide retargeting and to identify optimal vector platforms for the insertion of peptide
targeting ligands in the adenoviral fiber HI loop for cancer imaging and therapy.

Materials and Methods

Adenoviral expression vectors

Peptide retargeted vectors were constructed by first introducing a BspE1 restriction site

at 342T G543 of the fiber gene in pQE30Ad5Knob using the QuickChange® mutagenesis
protocol (Stratagene, La Jolla, CA). Mutations in the CAR binding site of the
pQE30Ad5Knob expression vector and mutations in the pFiber (a plasmid containing Ad5
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np#30818-33306) HSG binding site were produced to modify residues in the fiber gene
previously shown to be involved in native CAR and HSG interactions.[17, 18,

37] *1’KDAK420 in fiber knob was mutated to either 1’QDAD*20 or 417"GDAA*20 to ablate
CAR interactions, and 91KKTK9 at the end of the third repeat in the fiber shaft was mutated
in pFiber to 92EAGA% to reduce HSG-mediated interactions. Oligonucleotides encoding the
peptides of interest were ligated into pQE30Ad5Knob following cleavage with BspE1.
Oligos were designed so that properly oriented constructs could be identified by BspE1l
digestion. Targeting peptide sequence insertions were GGCDCRGDCFCG,
GGNGRAHAS, and GGCASLVRCG.

Oligos used for peptide insertions were as follows:
RGD(fwd):CCGGTGGTTGTGATTGCCGTGGTGATTGCTTCTGTGGCT;
RGD(rev):CCGGAGCCACAGAAGCAATCACCACGGCAATCACAACCA,;
NGR(fwd):CCGGTGGTAACGGTCGTGCTCATGCATCTT,;

NGR(rev): CCGGAAGATGCATGAGCACGACCGTTACCA;
ASL (fwd): CCGGTGGTTGTGCTTCTCTGGTACGCTGTGGTT;
ASL (rev): CCGGAACCACAGCGTACCAGAGAAGCACAACCA.

Mutated knob domains were moved from the pQE30 expression vector into pFiber, and the
entire fiber gene was sequenced to verify the mutations and proper peptide insertions. These
fiber mutations were subsequently incorporated into the recombinant viral genome cloned
into pTG3602CMVIux (pTG3602 containing a luciferase transgene under the control of the
human CMV immediate early promoter inserted into the viral E1 region) using homologous
recombination in E. coli BJ5183.[38] Virus was reconstructed from the plasmid by excising
the viral genome with Pacl and transfection into 911 cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA).

Purified virus preparation

Viruses that were not mutated for HSG and CAR interactions were propagated and purified
as previously described.[39] Briefly, large-scale preparations were grown on 911 cells,
harvested and purified sequentially on CsCl step gradients and Sepharose CL-4B columns
equilibrated with Tris-buffered isotonic saline (137mM NaCl, 5mM KCI, 10mM Tris-HCI
pH7.4, ImM MgCl,). For adenoviral vectors with HSG and/or CAR binding mutations,
propagation exclusively in 911 cells is possible, but extremely slow due to poor infectivity
of the mutated virus. The wild-type Ad5 fiber complementing cell line 633 was kindly
provided by Dr. Glen Nemerow and was therefore used for all initial plaque purification and
small scale stock virus propagation.[40] The ultimate propagation of these vectors was
performed on 911 cells to yield preparations with only the mutant fiber incorporated into the
virion particles, which were subsequently purified as above. Virus concentrations were
determined using a spectrophotometer, with 1.0 Ayg equal to 1.0x1012 particles per ml.
Viruses were stored frozen at —80°C after the addition of 10% glycerol at concentrations
between 1012 and 1013 particles per ml until use.
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Production of soluble fiber knob constructs

Cell culture

Soluble fiber knob proteins including wild-type and those with mutations to ablate CAR
interactions were prepared both with and without RGD, NGR, or ASL targeting peptide
moieties by expression in E. coli SG13009 as a six histidine N-terminal affinity-tagged
protein using the commercially available plasmid expression vector pQE30 from Qiagen
(Valencia, CA). Expression and purification of the knob protein to homogeneity in mg
quantities was carried out in a straightforward manner using IPTG induction, salt/detergent
extraction of the soluble knob and affinity purification on a Ni-agarose column according to
the supplier’s protocols. For CAR- knob variants, expression at 30°C increased the yield of
soluble protein. Purified protein was dialyzed versus Tris-buffered isotonic saline containing
10% glycerol and stored frozen at —80°C. SDS-PAGE was used to confirm purity of the
preparations.

Permissive 911cells, clonal HT1080 fibrosarcoma cells, DU145 prostate cancer and MDA-
MB-435s human melanoma cells (ATCC# HTB-129™, originally thought to be a breast
cancer line) were all propagated in Dulbecco’s minimal essential medium (DMEM)
containing 10% fetal bovine serum (FBS). ES-2 human ovarian carcinoma cells (ATCC#
CRL-1978™) were propagated in McCoy’s medium with 10%FBS, and CHO K1 cells were
propagated in a 50:50 mixture of DMEM:F12 with 10%FBS.

Infections of cells in vitro to compare viruses harboring different fiber mutations were
performed with purified stocks of viruses diluted into DMEM containing 2% FBS using
defined titers (in particles per ml) for infection. Cell cultures were infected for 1 hr at 37°C,
and incubated overnight to permit luciferase expression before cells were harvested and
luciferase activity determined to assess the level of gene expression as an indicator of
infectivity. To assess virus binding and uptake to cells in vitro as an independent measure of
transduction efficiency, an aliquot of the extract from wells infected with the highest viral
concentration used for the luciferase expression assay was collected for quantitative real-
time PCR, which was performed as previously described.[41]

Infections of cells in vitro to compare the ability of different knob mutants to compete for
virus infection were performed as previously described[42] with purified knob proteins (0.1
pg/mL) diluted into DMEM containing 2% FBS and allowed to pre-absorb to cell
monolayers for 30 min at room temperature before the addition of virus. After 30 min of
virus absorption, cells were washed and incubated overnight at 37°C to allow for luciferase
expression and quantification of viral DNA content as described above.

Determination of cell surface integrin expression using quantitative RT-PCR (qRT-PCR)

Relative expression levels of mMRNA encoding av, B3 and 35 integrin subunits in tumor cell
lines were assessed using the PrimeTime® gPCR assay (Integrated DNA Technologies,
Coralville, 10). For details on experimental protocol, see supplementary material.
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Animal experiments

All animal experiments were approved by the Institutional Animal Care and Use Committee.
Female mice were used preferentially for HT1080 and MDA-MB-435s tumor cell
implantation, although not exclusively. Mice were injected subcutaneously with 3-5x10%
cells suspended in 0.5ml DMEM on the dorsal flank. Tumors were allowed to grow until
0.4-0.8 cc in size as measured by calipers, at which time the various purified adenoviral
constructs were injected via the tail vein at doses of 1019-101 particles per mouse.

Luciferase Imaging and Biochemical Determination

Three days after injection of adenovirus, mice to be imaged were anaesthetized with
isoflurane and injected subcutaneously with luciferin (0.1 mg/g body weight). Whole body
luciferase activity was imaged with a Lumina bioluminescence imaging system (Caliper
Biosciences, Hopkinton, MA). Total tumor light flux was quantified using the imaging
software provided with the instrument. Mice were subsequently sacrificed and major organs
and tumors removed for biochemical determination of luciferase activity performed as
previously described.[41] Viral DNA content in tissues was measured by real time PCR
detection of the adenovirus type 5 hexon gene as previously described.[41]

Statistical Analyses

Results

SigmaStat for Windows v3.11 was used to perform Mann-Whitney Rank Sum Test analyses
for pairwise comparisons between individual treatment groups and controls.

Evaluation of cell surface receptor density in various cell lines

The cells used in this study were chosen based on variations in cell surface receptor profiles
to evaluate the different contributions of CAR, integrin, and APN/CD13-mediated
interactions with the various vectors and peptide retargeting strategies (Table 1). The
scientific literature served as a source of some of these data, notably the expression levels of
APN/CD13. CAR receptor expression levels were estimated from the relative ability of
soluble knob protein to block adenoviral infection and subsequent luciferase transgene
expression ([19] and data not shown). DU145 cells expressed very high CAR levels
(33,000-53,000 sites per cell) that were determined by Scatchard analysis.[42]

In addition to fiber knob-CAR binding as the primary, high-affinity interaction, Ad5
employs interactions between the RGD motif in the penton base and the avp3 and avp5
integrins to promote binding and/or viral entry into cells.[43] Incorporation of the RGD
peptide into the HI surface loop in the fiber knob was one of the peptide targeting strategies
used in this study, so we assessed relative mRNA expression of av, 33, and 5 integrin
subunits in the various cell lines using quantitative RT-PCR. Results indicate that CHO K1
and MDA-MB-435s cells exhibit the highest levels of integrin expression, with ES-2 and
HT1080 cells expressing lower levels of integrin subunits (Supplemental Figure 1). Since
proangiogenic factors such as VEGF-A and FGF2 have been shown to increase integrin
expression, the in vitro tumor cell receptor expression profile and vector infectivity is only
an approximation of that expected in vivo for tumors.
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Effect of RGD, NGR, and ASL targeting peptides on infection of various cell lines with
HSG-CAR-vectors

To obtain a preliminary assessment of the ability of RGD, NGR and ASL peptide motifs for
retargeting Ad vectors, we first used an Ad vector with mutations designed to ablate both
CAR and HSG binding (AdH-C-) as the experimental platform. In MDA-MB-435s cells
expressing undetectable levels of CAR, insertion of the RGD or NGR peptides into the HlI
loop resulted in similar or slightly reduced viral infectivity compared to untargeted AdH-C-
(Figure 1, panel A). However, insertion of the ASL peptide increased viral infectivity since
the concentration of AdH-C—-ASL virus needed to achieve similar luciferase expression
decreased by a log compared to untargeted AdH-C-. Results similar to those seen on MDA-
MB-435s cells were observed for all viruses in CHO K1 and ES-2 cells using the AdH-C-
platform (Supplemental Figure 2 and Table Il), and comparison of the three peptides showed
that ASL>RGD>NGR. In HT1080 tumor cells, incorporation of all peptides improved cell
targeting, as shown by a 2-16 fold decrease in the concentration of virus needed to achieve
equivalent luciferase expression compared to untargeted AdH-C- (Figure 1, panel B). In
HT1080 cells, NGR peptide targeting was more effective than on the other three cell types.

All three cell lines that express either low or no CAR showed comparable expression from
AdH-C- and AdH+C+ viruses (Figure 2, panel A, and data not shown). By contrast, since
HT1080 cells express CAR, they showed approximately 30-fold greater infectivity by AdH
+C+ than AdH-C- (Figure 2, panel B)

Increases in luciferase expression were roughly correlated with improved cell transduction
assessed by quantifying cell associated viral DNA using TagMan qPCR (Table I1). Up to 3-
fold increases in cell-associated viral DNA were detected for the peptide targeted viruses
compared to untargeted virus in tumor cells by quantitative PCR, and the rank order of
comparative efficiency is consistent with that seen for luciferase expression.

Effect of RGD, NGR, and ASL targeting peptides on infection of various cell lines with wild-
type vectors

Results from prior investigations suggest that mutations in the KKTK HSG binding motif
reduce the efficacy of peptide retargeting using an RGD peptide.[10, 36] We therefore tested
these peptide motifs in an adenoviral vector platform with intact CAR and HSG binding
(AdH+C+). All three targeting peptides improved luciferase expression compared to
untargeted AdH+C+ in all cells tested including MDA-MB-435s and HT1080 tumor cells
(Figure 1, panels C and D) as well as ES-2 and CHO K1 cells (Supplemental Figure 2,
panels C and D). The greatest increases in luciferase expression for the peptide targeted
viruses occurred in the CAR-negative cell lines in which 2- to 42-fold decreased
concentrations of viruses achieved luciferase expression equal to untargeted AdH+C+
(Table I11). In CAR-positive HT1080 cells, improved infectivity was more modest, and
ranged from 2- to 4-fold.

Increases in luciferase expression for peptide targeted AdH+C+ vectors again were
correlated with increases in cell-associated viral DNA determined by quantitative real time
PCR (Table I11). However, a greater degree of transduction for all three targeted viruses over
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nontargeted AdH+C+ was observed in ES-2 cells. CHO K1 cells also showed anomalously
high levels of transduction by the AdH+C+RDG virus that correlated closely with the higher
level of reporter gene expression.

Taken together, these data shown that viral transduction and reporter gene expression are not
always tightly correlated as is commonly assumed, and this can greatly complicate any
analysis of targeting efficacy. In the H+C+ vector backbone, peptide targeting generally
resulted in smaller overall increases in viral transduction and gene expression in HT1080
tumor cells than in the three CAR-negative tumor cell lines. In the H-C- vector backbone,
increases in viral transduction were more readily apparent in all cell lines, although most
changes in transduction or gene expression that occurred as a consequence of peptide
insertion into the HI loop of the fiber knob were small and typically amounted to less than
an order of magnitude.

Evaluating the effects of individual HSG and CAR mutations on viral infectivity using
peptide targeting in vitro

To further analyze the effects of individual mutations on the efficacy of RGD peptide
targeting, we next evaluated adenoviral constructs with various combinations of mutations
designed to eliminate HSG and/or CAR binding. In CAR-negative MDA-MB-435s cells, the
addition of RGD peptide into the singly mutated AdH+C- or AdH-C+ vectors resulted in
either no change or a slight reduction in luciferase expression compared to the
corresponding vectors lacking the peptide (Figure 2, panel C), although a 4- to 9-fold
increase in cell transduction was observed for the RGD targeted vectors (Table IV). Similar
results were observed using the CAR-negative CHO K1 and ES-2 cell lines (Supplementary
Figure 3). In CAR-positive HT1080 cells, AdH+C-RGD showed very similar levels of
luciferase compared to non-targeted AdH+C— (Figure 2, panel D), although a 7-fold
increase in viral DNA was detected in cells infected with the RGD targeted vector.
Interestingly, the addition of RGD peptide in the AdH-C+ vector dramatically reduced its
infectivity in HT1080 cells- a 30-fold higher concentration of AdH-C+RGD was required to
reach similar luciferase expression compared to untargeted AdH-C+ (Figure 2, panel D).
This suggests that not only is RGD targeting ineffective in the context of HSG mutations,
but also that the presence of RGD peptide in the HI loop might attenuate CAR interactions
in vectors with ablated HSG interactions.

As shown above, only in the case of the wild type H+C+ vector platform was cell infection
increased by incorporation of the RGD peptide. In cells expressing high levels of integrins
and low/no CAR, MDA-MB-435s (Figure 2, panel A), CHO K1 and ES-2 (Supplemental
Figure 3), substantial increases of 30- to 60-fold in the efficiency of luciferase expression
and in viral transduction (5- to 36-fold) were observed (Table IV). In HT1080 cells, RGD
peptide insertion into wild-type AdH+C+ fiber resulted in smaller concentration-dependent
increases in luciferase expression compared to untargeted control vectors (approximately 2-
fold; Figure 2, panel B). This is likely because high affinity fiber knob:CAR interactions
dominate the infection process in this CAR-positive cell line, and the addition of low affinity
RGD:integrin interactions result in only a small increase in infectivity.
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Inhibition of peptide targeting on various cell lines using soluble fiber knob constructs

The fiber knob of adenovirus serotype 5 forms a highly stable trimeric structure that has
previously been functionally and structurally characterized,[42, 44] and previous data from
our lab showed that a wild-type soluble fiber knob construct reduces infectivity of HT1080
cells up to 90% in vitro by binding to CAR and eclipsing virus attachment.[19] To further
demonstrate the contributions of native ligand:receptor interactions and the specificity of
peptide retargeting strategies in adenoviral vectors, we constructed bacterial expression
vectors for wild-type or CAR-negative fiber knob proteins both with and without targeting
peptide insertions to be used as soluble, competitive inhibitors of wild-type or peptide
targeted adenoviruses.

As expected, in CAR-negative MDA-MB-435s cells, the CAR status of the soluble knob
inhibitor protein was irrelevant, as the virus cannot utilize CAR as a receptor (Figure 3). In
CAR-positive HT1080 cells, the CAR-positive knob proteins were capable of inhibiting
AdH+C+viral transduction, but CAR-negative knob proteins were not. Wild-type CAR+
soluble knob reduced the relative luciferase expression of wild-type virus by approximately
30-40%.

Interestingly, the RGD targeted soluble knob showed additional competition for virus
transduction, and only of the RGD targeted viruses. Addition of relatively high
concentrations (0.1 mg/ml) of soluble CAR+RGD or CAR-RGD targeted knob significantly
reduced luciferase expression due to AdH+C+RGD virus in HT1080 and MDA-MB-435s
cells (Figure 3). Similar results were also seen in the CAR-negative CHOKZ1 cells
(Supplemental Figure 4). In HT1080 cells, the competitive effect of the RGD peptide was
apparently greater than that of CAR+knob alone (up to 70% inhibition), that may indicate
eclipse of integrin receptor binding.

CAR status was the only determinant in the ability of soluble knob competitors to inhibit
relative luciferase expression in another cell line (DU145) that has relatively low levels of
integrins[45, 46] and very high levels of CAR. RGD and other peptides provided no added
competitive effect on any virus in this cell line over that seen with wild type knob
(Supplemental Figure 4).

Surprisingly, inhibition of any virus was minimal or nonexistent when NGR or ASL soluble
knob constructs were used as competitors in any of the cell lines tested. Any additional
infectivity conferred by NGR or ASL peptide on the virus was not competed out by the
soluble knob proteins containing those same peptides even when higher concentrations of
soluble competitors were used (data not shown). We attribute this to two factors-the
multivalent nature of the virus, which contains 12 copies of the fiber protein and is likely a
more avid ligand than the soluble knob, and the relatively low affinity of NGR and ASL for
their respective receptors.

In summary, peptide targeted knob proteins were ineffective competitors in vitro, with the
exception of the RGD peptide knob which was able to specifically inhibit RGD-targeted
viral infection of a variety of integrin-expressing cells. These data are consistent with the
observations made above that high affinity fiber knob:CAR interactions dominate the
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infection process in CAR-positive cell lines. The addition of low affinity peptide:receptor
interactions only result in observable competition when viral:CAR interactions are lacking.

Effect of peptide retargeting on adenoviral vectors with ablated CAR and HSG interactions
in tumor bearing mice

We first assessed the ability of RGD, NGR, and ASL peptide sequences to improve tumor
targeting of the double mutated AdH-C- vector in our HT1080 fibrosarcoma mouse model.
In vivo imaging of luciferase showed that expression was frequently observed in tumors
using whole animal bioluminescence (Supplemental Figure 5) for all four H-C- vectors.
Expression in other tissues was not observed.

Developing HT1080 fibrosarcomas were also a major target of gene transfer and expression
from the AdH-C- vector as shown biochemically by analyzing organ homogenates as
previously reported.[19] AdH-C-NGR and AdH-C-ASL showed similar luciferase
expression (RLU per mg of tissue) and transduction (viral DNA per mg of tissue) compared
to untargeted AdH-C- in both liver and tumor (Figure 4, panels A and B). All other tissues
tested including heart, kidney, lung, and spleen (data not shown) showed similar results for
the three different viruses. This suggests that inclusion of these peptides had little effect on
the biodistribution of the double mutant AdH-C- vector. However, the AdH-C-RGD
vector showed significantly reduced luciferase expression (Figure 4, panel A) in both liver
(18-fold) and tumor (20-fold) as well as reduced viral transduction (Figure 4, panel B) of the
liver (50-fold) compared to untargeted AdH-C-. The 9-fold reduction in tumor transduction
approached but did not achieve statistical significance (p=0.071). Luciferase expression was
also significantly reduced in the heart, kidney, and lung, and viral DNA per mg of tissue was
significantly reduced in the heart, lung, and spleen for AdH-C-RGD compared to AdH-C-
(data not shown).

No improvement in tumor specificity as indicated by the tumor/liver ratio of luciferase
expression or viral DNA per mg tissue was observed for any of the three targeted viruses as
compared to the control (Figure 4, panels A and B). Gene expression per copy of viral DNA
delivered to the tissue (Figure 4, panel C) was similar for all three peptide targeted viruses in
comparison to the control with one exception. The AdH-C-NGR virus showed a 1-log
increase in gene expression per copy of viral DNA delivered in all tissues except liver and
lung, which translated into a 9-fold increase in the tumor/liver ratio for this virus.

Effect of peptide targeting on adenoviral vectors with wild type CAR and HSG interactions
in tumor bearing mice

Previous studies have suggested that the incorporation of the RGD peptide in the HI loop is
ineffective for retargeting adenovirus when mutations are introduced into the fiber shaft to
ablate HSG interactions.[10, 36] We therefore compared the in vivo infectivity of peptide
targeted AdH+C+ vectors with untargeted AdH+C+ in HT1080 tumor bearing mice. The
results of in vivo bioluminescent imaging are shown in Supplementary Figure 6. Similar to
what we observed previously,[41] a dose of 1011 particles per mouse resulted in high levels
of expression in both tumor and liver. Injection of peptide targeted viruses clearly reduced
overall gene expression detected by optical imaging, and appeared to increase the specificity
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of tumor expression in some instances (for example, mice 2717, 2723, 2729 and 2867 in the
AdH+C+NGR group). Luciferase expression detected by whole animal imaging was clearly
lowest for the AdH+C+RGD group.

However, biochemical analysis of luciferase expression is a more accurate quantitative
measurement of gene expression in vivo. As was observed for the AdH-C-RGD vector,
AdH+C+RGD showed significantly reduced luciferase expression (Figure 5, panel A) in
both liver (11-fold) and tumor (20-fold) as well as reduced viral transduction (Figure 5,
panel B) of the liver (5-fold) compared to untargeted AdH+C+. There were also no
significant changes in tumor/liver ratio for gene expression, gene delivery or luciferase
expression per DNA copy (Figure 5, panel C) that were due to RGD peptide incorporation.

Incorporation of the NGR peptide resulted in a small but significant increase in the mean
luciferase expression in tumor tissue (in keeping with the results observed by optical
detection of bioluminescence), that did not result in any change in the tumor/liver ratio
(Figure 5, panel A). This was despite significantly less viral gene delivery to both liver (10-
fold) and tumor (7-fold) quantified by PCR (Figure 5, panel B). As a result, the specific
activity of expression from the AdH+C+NGR virus in both the liver and tumor were
increased and the tumor/liver ratio decreased by a factor of 5. However, the results for
specific activity of expression from the AdH+C+NGR virus were probably biased by
anomalous values for two mice in the group which skewed the data, so these results should
be interpreted cautiously.

The ASL peptide insertion into fiber knob had no effect on luciferase expression in vivo, but
significantly reduced viral gene delivery in the liver with no discernable effects on gene
delivery in tumor (Figure 5, panel B). There was no change in the tumotr/liver ratios of
luciferase expression, viral gene delivery, or specific activity of gene expression with this
virus.

Since MDA-MB-435s cells express much higher levels of integrins and are targeted in vitro
several fold more efficiently than HT1080 cells by the AdH+C+RGD vector (Table I1), we
also tested this vector in an in vivo MDA-MB-435s flank tumor model. Compared to
HT0180 tumors, the MDA-MB-435s tumors were relatively avascular and grew very slowly.
In vivo bioluminescent imaging of luciferase expression (Supplemental Figure 7) showed
that the liver is the primary site of gene expression in most animals at a dose of 1011
particles of AdH+C+ with little evidence of tumor expression, as was previously observed
for non-tumor-bearing mice. By contrast, liver expression was not seen when AdH+C+RGD
was injected into mice. Biochemical analysis of luciferase expression showed no significant
differences between the two viruses in either tumor or liver (Figure 6, panel A) or in any
other tissue (data not shown). The mean tumor/liver ratio was 11-fold higher for the RGD
peptide targeted virus but the difference was not statistically different. Quantification of
viral DNA delivery to the tissues by the AdH+C+ and AdH+C+RGD viruses showed a
significant 12-fold reduction in the liver but no difference in DNA delivery to the tumor or
the tumor/liver ratio (Figure 6, panel B). Apparently, the minimal increases in cell
transduction observed in vitro for HT1080 and MDA-MB-435s cells are not sufficient to
significantly increase in vivo tumor specificity for the RGD-targeted virus.
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Effect of various mutational backgrounds on adenoviral infectivity and RGD peptide
targeting in tumor-bearing mice

We also evaluated the AdH+C- and AdH-C+ singly mutated vectors with and without
incorporation of the RGD targeting peptide in the HT1080 in vivo tumor model. A summary
figure of the effects of all possible mutational backgrounds with and without targeting
peptides is shown in Figure 7. With no peptide insertions, single H- or C— mutations had no
substantial effect on luciferase expression or cell transduction in liver or tumor, although a
small increase in luciferase expression was observed in liver for AdH+C- compared to AdH
+C+. Ablation of both H- and C-interactions significantly reduced luciferase expression in
both liver and tumor, and also significantly reduced liver cell transduction.

RGD peptide insertion reduced liver transgene expression and transduction in the context of
all H- and/or C- mutational backgrounds when compared to untargeted controls, and these
effects were significant in all cases except AdH+C- versus AdH+C-RGD (p=0.059). In
tumor tissue, RGD peptide insertion significantly reduced transgene expression in all
mutational backgrounds compared to untargeted vectors, just as they did in liver. Cell
transduction, however, was only significantly lower when HSG interactions were ablated,
supporting previous observations that peptide targeting is ineffective in HSG-ablated
vectors.[10, 36] Systemic administration of singly mutated AdH+C- or AdH-C+ vectors
with RGD peptide insertions also resulted in significantly reduced luciferase expression
compared to untargeted AdH+C- or AdH-C+ in nearly all other tissues tested (data not
shown). Administration of AdH+C-RGD resulted in a significant increase in the tumor/liver
ratio of both luciferase expression (p=0.005) and cell transduction (p=0.001) compared to
untargeted AdH+C- (data not shown), an effect primarily due to very low levels of
luciferase expression and gene delivery in the liver for this RGD targeted, CAR ablated
vector.

Discussion

Engineering adenoviral vectors using peptide targeting motifs to improve transduction and
transgene expression in tumor cells has been evaluated over the last decade, but many
questions remain about the overall utility of this strategy. Evidence from this investigation
and others suggests that the effectiveness of this approach might be limited, particularly
when used in combination with mutations designed to reduce native interactions. In vitro
results from this study show that in most cell types, the incorporation of peptides in the HI
loop of the adenoviral fiber knob only modestly improve targeting when these vectors are
mutated to ablate CAR interactions, HSG interactions, or both. In fact, the use of targeting
peptides occasionally had a detrimental effect on luciferase expression and/or cell
transduction compared to mutated vectors with no peptide insertions. The incorporation of
RGD, NGR, or ASL peptides in a wild-type AdH+C+ vector, however, consistently
improved luciferase expression over untargeted AdH+C+ virus in all cell types, with the
greatest improvement observed for viral infection of cells expressing low levels of CAR
receptor.

We observed only small improvements in peptide targeting of adenovirus using HSG-
ablated vectors that also lack intact CAR interactions. Interestingly, although similar or
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reduced luciferase expression was observed for AdH-C+RGD compared to untargeted AdH
—C+, viral binding and uptake of the RGD-targeted vector often increased, particularly in
cells lacking high levels of CAR receptor. Increased viral binding was also observed for
RGD targeting of AdH+C- vectors in MDA-MB-435s or HT1080 cells, despite the reduced
luciferase expression observed. Although defects in cell transduction for our singly mutated
HSG- or CAR- vectors was expected based on the importance of these interactions for cell
binding and internalization, our in vitro results suggest that the incorporation of RGD
peptide in the HI loop often fails to overcome these deficiencies, even when more viral
particles appear to bind cells. Prior observations also showed no improvement in tumor cell
transduction and transgene expression for RGD targeted H-C-adenovirus despite the
enhanced cell binding seen for the RGD targeted vectors.[36] We observed that detrimental
effects on luciferase expression due to the presence of RGD peptide in the AdH-C+ vector
was much greater in CAR-positive HT1080 cells, and unlike the CAR-deficient MDA-
MB-435 cells, also correlated with reduced cell-associated viral DNA. Several explanations
for the reduced transduction of RGD-targeted virus due to the presence of RGD peptide in
the HI loop are possible, such as interference with native CAR interactions, reduced particle
stability, cross-interference with integrins which affects virus internalization or viral
sequestration due to RGD-mediated interactions with other tissues or circulating factors.
Peptides other than RGD may have similar effects due to interfering ligand:receptor
interactions. As such, our results are in agreement with previous studies showing that
peptides inserted into the HI loop were ineffective for retargeting adenovirus in vitro or in
vivo when mutations in the fiber shaft were used simultaneously to ablate HSG-mediated
interactions.[10, 36] The inability of peptide motifs to target these mutated vectors was
proposed to be due to structural changes in the KKTK-mutated fiber shaft that affect fiber
knob function.[32]

Previous data suggest that modifying the HI loop with the RGD peptide motif can reduce
native CAR-dependent viral binding.[47, 48] The data herein showed that in cell lines
expressing avp3 and/or avp5 integrins, substantial improvement in transgene expression for
adenovirus incorporating RGD peptide in the HI loop occurred only in the cell lines
expressing little or no CAR.[49] Consistent with previous studies,[29, 43, 50] in vitro data
from this investigation also showed substantially lower infection of CAR-positive HT1080
cells using AdH-C+RGD compared to AdH-C+. In fact, similar luciferase expression
profiles were observed for AdH-C-RGD and AdH-C+RGD in HT1080 cells, suggesting
that the combination of HSG binding mutations and RGD peptide insertion could both be
reducing native CAR interactions. The CAR+RGD soluble knob protein was still effective
as a competitive inhibitor, however, so the lack of an intact HSG binding site seems to be
the primary factor reducing the effectiveness of both RGD targeting and native CAR
interactions. This supports previous suggestions that the HSG mutation could be affecting
fiber shaft structure,[10] thereby preventing the proper function of both the RGD-integrin
and CAR binding sites in the fiber knob.

Utilization of targeted adenoviral vectors in vivo produced results that vary widely from
those expected based on in vitro studies. Despite small improvements in HT1080 cell
infection for the addition of NGR or ASL peptides to doubly-mutated AdH-C- vectors in
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vitro, these motifs showed no ability to enhance tumor targeting in our in vivo model. The
RGD peptide also failed to improve AdH-C- targeting of HT1080 tumors in mice, and in
fact resulted in lower luciferase expression and viral gene delivery compared to untargeted
controls in all tissues tested. Prior results using an RGD-targeted adenoviral vector with
intact native interactions in non-tumor bearing mice show increased transgene expression in
all tissues tested, with the greatest increase observed in kidney.[51] Our results, however,
showed decreased gene expression for AdH+C+RGD compared to AdH+C+ in all tissues
except kidney, where we observed a small but insignificant increase in luciferase expression
for the RGD targeted virus. The inability of RGD to improve targeting of wild-type
adenovirus to the highly vascularized HT1080 tumors was perhaps not surprising given the
small increases in luciferase expression and transduction seen for RGD targeted AdH+C+ in
HT1080 cells in vitro. One factor could be that contributions from RGD-integrin binding
with an affinity of 100 nM[21, 52] are quite weak in comparison to the much stronger 3-8
nM native CAR interaction with fiber knob used by Ad5 to bind cells.[42, 53] In fact, most
peptides suffer from this limitation of relatively low binding affinity for their receptor that
can only partially be compensated for by an increase in ligand number (36 per virion for HI
loop insertions into fiber knab).

Very low levels of CAR expression have been observed in MDA-MB-435 cells,[31, 54, 55]
and data from our lab also suggests only low levels of CAR in CHO K1 and ES-2 cells. In
vitro data from this study show much greater improvements in relative transgene expression
and cell transduction in these CAR-negative cell types compared to HT1080 cells using the
RGD targeting strategy in otherwise wild-type H+C+ vectors. HT1080, however, is the
neoplastic origin of our tumor model and cell line shown in our lab and others to be CAR-
positive, and it is not surprising that adenoviral vectors capable of interacting with CAR are
the most effective on these tumors. Despite the inability of RGD, NGR, or ASL peptides to
significantly improve tumor targeting in the HT1080 tumor model, this strategy could still
be an effective means of overcoming the reduced adenoviral infection normally seen in other
tumor types expressing low CAR. Even so, we did not observe a significant increase in
tumor specificity of the AdH+C+RGD vector in MDA-MB-435 tumors. It thus appears that
further work needs to be done in CAR-negative tumor models to validate the utility of this
approach, and results from this study suggest that the overall benefit afforded by targeting
strategies using short RGD, NGR, or ASL peptides of relatively low affinity may be of
limited value in vivo. These results also underscore the need to discover or develop targeting
ligands with substantially higher affinity than those used in the current study if adenoviral
retargeting of tumors using peptides is to become a more efficient process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of targeting peptides on viral infection of tumor cells in vitro
Tumor cells expressing undetectable levels of CAR (MDA-MB-435s) or high levels of CAR

(HT1080) were infected with varying concentrations of adenoviral particles either with or
without targeting peptide sequences (CON, squares) inserted into the HI loop of the fiber
knob. Targeting peptide sequences included RGD (circles), NGR (triangles), or ASL
(diamonds) moieties. Both vector detargeted for native interactions (AdH-C—, panels A and
B) or wild-type vector (AdH+C+, panels C and D) were used as platforms to evaluate the
effects of peptide targeting on cell infection and luciferase expression in the two tumor cell
types. Error bars indicate standard deviation of mean values for wells infected in triplicate.
Data for each virus were fitted to a power function, and the equations used to calculate the
luciferase data in Tables Il and IlI.
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Figure 2. Effect of RGD peptide on retargeting of adenoviral vectors harboring various
combinations of mutations

Contribution of RGD peptide to targeting of doubly mutated AdH-C- (open symbols) or
wild type AdH+C+ (closed symbols) vectors in MDA-MB-435 (panel A) or HT1080 (panel
B) tumor cells. Effect of RGD targeting in MDA-MB-435 (panel C) or HT1080 (panel D)
cells for singly mutated vectors designed to ablate either CAR (AdH+C-, open symbols) or
HSG (AdH-C+, closed symbols) interactions with adenoviral ligands. Vectors without RGD
are indicated by solid lines and square symbols, while vectors with the RGD peptide are
shown as dotted lines and circular symbols. Error bars indicate standard deviation of mean
values for wells infected in triplicate. Data for each virus were fitted to a power function,
and the equations used to calculate the luciferase data in Table V.
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Figure 3. Inhibition of targeted virus infectivity using soluble knob proteins as competitors
MDA-MB-435S and HT1080 cells were preincubated with soluble peptide knob proteins

(either CAR-positive or CAR-negative) to bind receptors and eclipse viral infection, and
then infected with either AdH+C+ or a peptide targeted virus as indicated. Luciferase
expression was normalized to that present in the absence of any added knob (open bars) for
the individual viruses. No peptide (black bars), RGD peptide (gray bars), NGR peptide
(hatched bars) and ASL peptide (stippled bars). Error bars indicate standard deviation of

mean values for wells infected in triplicate.
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Figure 4. Effect of targeting peptides incorporated into fiber knob of AdH-C- vectors on
biodistribution in HT1080 tumor bearing mice

Adenoviral vectors detargeted for CAR and HSG interactions with or without RGD, NGR,
or ASL targeting peptides were intravenously administered at a dose of 1011 particles per
mouse. Values for individual mice are shown, with mean and standard deviation represented
by horizontal and error bars. Significant differences between experimental groups and the
control are indicated by daggers (1 p<0.01) and double daggers (+ p<0.001). Panel A,
luciferase expression was quantified in tumor and liver using biochemical means and is
expressed in RLU per milligram of tissue. T/L, tumor liver ratio as an indicator of tumor
targeting was calculated for each animal. Panel B, effect of peptide insertions into fiber knob
on biodistribution of viral DNA was quantified using real-time PCR. Gene delivery
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expressed as viral DNA copies per mg of tissue was measured in liver and tumor. Panel C,
specific activity, measured in RLU per DNA copy, was calculated from data for individual
mice shown in the previous two panels.
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Figure 5. Effect of targeting peptides incorporated into AdH+C+ on biodistribution in HT1080
tumor bearing mice

Wild-type adenoviral vectors with or without RGD, NGR, or ASL targeting peptides were
intravenously administered at a dose of 1011 particles per mouse. Values for individual mice
are shown as circles, with mean and standard deviation represented by horizontal and error
bars. Significant differences between experimental and control groups are indicated by
asterisks (* p<0.05), daggers (T p<0.01) and double daggers ( p<0.001). Panel A,
Luciferase expression was quantified in tumor and liver using biochemical means and is
expressed in RLU per milligram of tissue. T/L, tumor liver ratio as an indicator of tumor
targeting was calculated for each animal. Panel B, effect of targeting peptides on
biodistribution of viral DNA. Gene delivery in viral DNA copy per mg of tissue was
measured in liver and tumor using real-time PCR. Panel C, specific activity, measured in

Cancer Gene Ther. Author manuscript; available in PMC 2013 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ballard et al.

Page 28

RLU per DNA copy, was calculated from data for individual mice shown in the previous
two panels.
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Figure 6. Effect of the RGD targeting peptide on adenoviral targeting in mice harboring MDA-
MB-435s tumors

Wild-type adenoviral vectors either with (H+C+RGD) or without (H+C+) RGD peptide
inserted into the fiber knob domain were intravenously administered at a dose of 1011
particles per mouse. Values for individual mice are shown, with mean and standard
deviation represented by horizontal and error bars. Significant differences between
experimental and control groups are indicated by asterisks (* p<0.05). Panel A, luciferase
expression was quantified in tumor and liver using biochemical means and is expressed in
RLU per milligram of tissue. Panel B, effect of the RGD targeting peptide on biodistribution
of adenoviral DNA. Gene delivery in viral DNA copy per mg of tissue was measured in
liver and tumor using real-time PCR.

Cancer Gene Ther. Author manuscript; available in PMC 2013 January 01.



B [ AOY+D-HPY
) Rl +2-HPY
wHe H A9¥-D+HPY
~HY — D+HPY .
*H®1L M| @9¥-D-HpY
- 2
RHE -2-HpY :
= [ ADY+I+HPY g
= i +D+HPY :
o N~ © 0 <t ™ o - p
+ + + + + + + + 2
& 8 & ¥ o® ®B & B :
5 181 Buw/NTY
Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 32

1E+8
TEET
1E+6
1E+5
1E+4
1E+3
1E+2
1E+1

Jown) Buy/Ny

Ballard et al.

d94+I-HPV
+2-HPV
dSY-O2+HPV
“J+HPV
d94-0-HPV
-J-HPV
d9Y+I+HPY

+J+HPV

Author Manuscript Author Manuscript

Author Manuscript Author Manuscript

Cancer Gene Ther. Author manuscript; available in PMC 2013 January 01.



Page 33

Ballard et al.

# = d94Y+I-HPV
—u | +D-HPV
Hm H A94-D+HPYV
m — -J+HPV
+ | -QOm-u-Iu,q
a }—|m | --u-_._n,q
TR i _00x+u+1n<
“ -+u+Iu<

Janl BwyAdon

Cancer Gene Ther. Author manuscript; available in PMC 2013 January 01.

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ballard et al.

Copy/mg tumor

Page 34
1E+8
1E+T
@
1E+6 I oo
s

1E+5 - @

1E+4

1E+3

1E+2

1E+1

Figure 7. Comparison summary of wild-type, HSG- and/or CAR- mutated adenoviral vectors
with and without RGD peptide insertions in HT1080 tumor bearing mice

Luciferase expression is expressed as RLU per mg of tissue for tumor and liver and viral
transduction (viral DNA copies/mg) was assessed by real-time PCR. In the box plot, mean
values are shown as solid blue boxes and median values by horizontal lines. 75% confidence
intervals are shown as boxes and 95% confidence intervals are shown by double-sided error
bars. Significant differences between experimental RGD targeted vectors compared to non-
peptide controls are indicated by asterisks (* p<0.05), daggers (T p<0.01) and double
daggers (+ p<0.001), and significant differences between mutated vectors without peptide
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insertions as compared to wild-type vector (AdH+C+) are indicated by italicized letters (a,
p<0.05 and b, p<0.001).
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Table |

Expression levels of various receptors used for targeting adenoviruses by tumor cell lines.

Cell Line Integrin expression? CAR expression APN/CD132 expression
MDA-MB-435S | Medium high ([31, 54-56] and Not detectable [19, 31, 54, 55] Low [31]

Supplemental Figure 1)
CHOK1 High (Supplemental Figure 1) Not detectable (our unpublished data and Low [57]

Supplemental Figure 3)

HT1080 Medium ([58] and Supplemental Figure 1) High ([19] and our unpublished data) Medium-high [26, 59]
ES-2 Medium (supplemental Figure 1) Very low (our unpublished data) High[60]
DU145 Medium low[45, 46] Very high ([45]and our unpublished data) Not detectable-low[61, 62]

lNGR peptide can use integrins as alternative mode of cell entry[31]

2APN/CD13 is target for NGR peptide[24]
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