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Abstract

It has been shown that blood clotting factors, including factor X (FX), bind to the adenovirus serotype 5 (Ad5)
hexon protein and target the virus to liver hepatocytes after intravenous injection. These factors bind to hexon
via their conserved vitamin K-dependent g-carboxyglutamic acid (GLA) domains with subnanomolar affinity. In
this work, we have used this strong interaction to retarget Ad to new receptors, using the GLA domain of FX
fused to single-chain antibody variable fragment (ScFv). We demonstrate that fusion of the GLA domain of
human FX to receptor-specific ScFvs will target Ad5 vectors to cells expressing these receptors. Fusion of an
aHer2 ScFv to GLA increased in vitro transduction of Her2-positive versus Her2-negative cells when compared
with untargeted virus. Similar results were obtained with ScFvs against the epidermal growth factor receptor
(EGFR) and against the stem cell marker ATP-binding cassette protein G2 (ABCG2). Direct expression of GLA
fusion protein from replication-defective or replication-competent Ad increased infection and killing of cancer
cells in vitro and in vivo. These data demonstrate the potential of using GLA domains to bridge secreted ligands
with intracellularly produced Ad5 vectors for vector targeting.

Introduction

It was shown that blood coagulation factor X (FX) is a
predominant mediator in delivering adenovirus serotype

5 (Ad5) viruses to hepatocytes in vivo (Parker et al., 2006;
Kalyuzhniy et al., 2008; Waddington et al., 2008; Alba et al.,
2009). FX is a vitamin K-dependent clotting factor bearing a
GLA (g-carboxylated glutamic acid) at its N terminus and a
serine protease at its C terminus (see Fig. 1A). These domains
are separated by two epidermal growth factor (EGF)-like
domains. The GLA domain of FX binds the hypervariable
regions on the hexon protein of Ad5 with nanomolar affinity.
Binding of FX to the virus retargets the virus to heparan sul-
fate proteoglycans on hepatocytes via the heparan sulfate
exosite in the serine protease domain of FX. Inhibiting FX
binding to virus can be achieved by pretreating mice with
warfarin (Parker et al., 2006; Shashkova et al., 2008; Wad-
dington et al., 2008) or by inserting proteins in hexon to block
GLA binding (Kalyuzhniy et al., 2008; Vigant et al., 2008;
Shashkova et al., 2009).

One of the challenges to retargeting Ad5 concerns the
addition of new ligands to the virus to target new receptors.
In particular, it has been challenging to genetically engineer

ligands into Ad that normally traffic through the secretory
pathway, because these require disulfide formation and
glycosylation for function. In contrast, Ad is built in the
nucleus, where neither disulfides nor glycosylation can oc-
cur. Therefore, secreted ligands genetically engineered into
the virus generally fail because of the inability to modify the
ligands appropriately. Efforts to circumvent this problem
have involved the fusion of secreted ligands to soluble cox-
sackievirus–adenovirus receptor (CAR) or leucine zipper
fusion proteins (Pereboev et al., 2002; Li et al., 2007; Glasgow
et al., 2009), bridging them by metabolic biotinylation
(Campos et al., 2004), by fusion of receptor and virus binding
antibodies (Noureddini et al., 2006), and reengineering sin-
gle-chain antibody variable fragments (ScFvs) for stability in
the absence of disulfide formation and glycosylation (Hedley
et al., 2006)

Given the high affinity of FX for Ad5 hexon we hypoth-
esized that fusing the secreted GLA domain to ligands might
enable high-affinity ‘‘bridging’’ of these secreted ligands to
Ad5 for vector targeting.

In this work, we have fused the GLA and GLA-EGF1
domains from FX to ScFvs directed against Her2, epidermal
growth factor receptor (EGFR), and the ATP-binding cassette
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protein G2 (ABCG2). We demonstrate that these GLA fusion
proteins can retarget replication-defective and replication-
competent Ad5 vectors in vitro and in vivo to new receptors.
Retargeting was mediated by addition of exogenous GLA
fusion proteins to Ad5 or by expression of the GLA proteins
from replication-defective or replication-competent Ad5
viruses.

Materials and Methods

Cell culture

Human cancer cell line SKOV-3 (ovarian carcinoma) and
human cancer cell lines SK-BR-3, MDA-MB-435, and MDA-
MB-468 (breast carcinoma) were purchased from the Amer-
ican Type Culture Collection (Manassas, VA). 293 human
embryonic kidney cells were purchased from Microbix
(Toronto, ON, Canada). All cell lines were maintained
in RPMI 1640 supplemented with 10% fetal bovine serum
(FBS; HyClone, Logan, UT) and penicillin–streptomycin
(HyClone).

aHer2 ScFv fusion protein construct

The B1D2 ScFv was generously provided by J.D. Marks
(University of California at San Francisco, San Francisco,
CA). B1D2 has subnanomolar affinity for the Her2 receptor
(Schier et al., 1996). The human FX gene was purchased from
Origene (Rockville, MD). Primers were designed for poly-
merase chain reaction (PCR) of either the GLA domain alone
(FX 5 prime H3, CTCACTAAGCTTACCATGGGCGCCC
ACTGCAC; FX GLA 3 prime, CTCTGGGATCCGAACCG
CCACGGTACCCCACCGGTTTGTAT) or the GLA-EGF1
domains (FX 5 prime H3; FX GLA-EGF1 3 prime, CT
CTGGGATCCGAACCGCCACGGTACCCCACCGGTAAT
TCA) from factor X and to insert a 50 HindIII site and 30 AgeI,
Acc65I, and BamHI sites. PCR products were cloned into the
HindIII and BamHI sites of B1D2=pEFGP-N1-AAT plasmid.
This plasmid is derived from pEGFP and contains a secretion
signal peptide followed by the B1D2 single-chain antibody
(ScFv) fused to the gene encoding green fluorescent protein
(GFP). Expression is from the human cytomegalovirus im-
mediate-early [hCMV(IE)] promoter. AgeI deletion and re-
ligation of the plasmid backbone yielded a control construct
with B1D2 deleted. Acc65I–BsrG1 deletion and religation
followed by insertion of ligated primers bearing a stop codon
(Age-Not stop NC, GGCCGCTTACTAGTCACTCACA; Age-
Not stop c, CCGGTGTGAGTGATGACTAG) yielded a con-
trol construct lacking both the B1D2 and GFP proteins.
Another control plasmid used was B1D2=pEGFP-N1-AAT
with streptavidin (SA) cloned into the multiple cloning site.

aEGFR ScFv fusion protein construct

The EGFR ScFv was amplified by PCR out of plasmid
pTNHaa aEGFR, generously provided by K.W. Peng (Mayo
Clinic, Rochester, MN), using primers pTNH6-Haa ScFv
5 prime (GGTTCGGATCCATGGGCCCTAATCGAGGGA
AGGGCGGCC) and pTNH6-Haa ScFv 3 prime (CTCCAC
CAATTGGAGTGTACACTAGTGATGGTGATGGTG). The
30 primer contains a hexahistidine (His6) tag for purification
purposes. The single chain was cloned into pCR 2.1 TOPO
(Invitrogen, Carlsbad, CA) by standard TA cloning methods.

EGFR ScFv was then cloned into B1D2=pEGFP-N1-AAT
between the ApaI and BsrGI sites, replacing the B1D2 ScFv.

aABCG2 ScFv fusion protein construct

5D3, a hybridoma cell line expressing an antibody against
the stem cell marker ABCG2, was generously provided by B.
Sorrentino (St. Jude Childrens’ Cancer Center, Memphis,
TN). The 5D3 ScFv was generated using previously pub-
lished primers and methods (Barbas et al., 2001). Restriction
sites on the amino and carboxy termini of the 5D3 ScFv were
added by PCR, using primer 5D3 5prime into pEGFP
(GGTTCGGATCCATGGGCCCTAGGCCGAGCTCGATA
TTCAGATG) and primer 5D3 3prime into pEGFP
(CACATGCGGCCGCTTAGGTGGCGACCGGTATACCT
TCCTGGCCGGCCTGGCC). The single chain was TA cloned
into pCR 2.1 TOPO. The 5D3 ScFv was then cloned into
B1D2=pEGFP-N1-AAT, using the restriction sites BamHI and
BstZ17I without GFP fusion protein.

Viruses

Ad-Red is a first-generation Ad5 vector that has been
rendered replication incompetent due to deletions in E1 and
E3. It expresses the dsRed2 transgene from the CMV pro-
moter (Campos et al., 2004). Ad-LacZ-RD is a similar virus
with the lacZ gene in place of the dsRed2 transgene. Ad-GL-
RC virus is a replication-competent virus derived from Ad5
with E3 deleted, but overexpressing the adenovirus death
protein (ADP) (Shashkova et al., 2008). The EGFP-luciferase
fusion gene expresses the enhanced green fluorescent protein
fused to firefly luciferase off the CMV promoter. This virus
was produced by insertion of the SnaBI–HpaI CMV-EGFP-
Luciferase-SV40 poly(A) cassette from pEGFP-Luc (Clontech,
Mountain View, CA) into the HpaI site between E1A and E1B
in Ad5 (Shashkova et al., 2008). This insertion into the E3-
deleted virus generates a genome of 103% of wild-type Ad5
and has no effect on virus efficacy relative to unmodified
Ad5. Ad-GL-FB-RC is identical to Ad-GL-RC with the ex-
ception that a large 75-amino acid biotin acceptor domain
(BAP) has been added to the C terminus of the fiber protein
(Parrott et al., 2003; Campos and Barry, 2006). This modifi-
cation prevents Ad-GL-FB-RC from binding CAR. This same
BAP was inserted into hypervariable region 5 (HVR5) of
hexon to generate Ad-GL-HB-RC (Shashkova et al., 2009). To
generate replication-defective Ad-GLA-aEGFR-RD, the
EGFR=pEGFP-N1-AAT plasmid was digested with BglII and
NotI to remove the GLA-EGF1-aEGFR-ScFv transgene. This
fragment was cloned into the multiple cloning site of
pShuttle-CMV (Stratagene=Agilent Technologies, La Jolla,
CA). This plasmid was recombined with AdEasy vector and
transfected into 293 cells to produce virus. To generate
Ad-GLA-aEGFR-RC, EGFR=pEGFP-N1-AAT plasmid was
digested with SnaBI and NotI to isolate the CMV-GLA-
EGF1–aEGFR-SV40polyA expression cassette. This was in-
serted into the HpaI site between Ad5 E1A and E1B in pXC1
plasmid (Microbix) at the same site as GFPLuc in Ad-GL-RC
(Shashkova et al., 2008). pXC1 GLA-aEGFR plasmid was
cotransfected with pBHGKD3E3 (Habib et al., 2002) into
293 cells. Homologous recombination resulted in the repli-
cation-competent Ad GLA-aEGFR-RC. Viruses were purified
by double cesium chloride banding and viral concentrations
were determined on the basis of absorbance at 260 nm (A260).
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Generation and analysis of GLA
fusion proteins

Fusion protein construct plasmids were transfected into
293 cells, using Lipofectamine 2000 (Invitrogen). Three days
posttransfection, cell-free medium was collected and 100-ml
aliquots were analyzed for GFP fluorescence, using a Mul-
timode DTX 880 plate reader (Beckman Coulter, Fullerton,
CA). All the cells produced GFP in the medium, indicating
that proteins were being secreted. To establish stable cell
lines, the cells were trypsinized 3 days after transfection,
seeded into a larger plate, and were selected with G418
(1000 mg=ml).

Testing fusion proteins for binding
to Her2-positive cells

Five milliliters of supernatant from transfected 293 cells
expressing the GLA fusion proteins or control proteins were
incubated with 106 SK-BR-3 or MDA-MB-435 cells on ice for
1 hr. Cells were then washed four times with 4 ml of phos-
phate-buffered saline (PBS) solution and then analyzed for
green fluorescence, using a FACScan (BD Biosciences, San
Jose, CA). Ten thousand cells were analyzed in each of three
replicate tests.

Targeting Ad5 to Her2-positive cells, ABCG2-positive cells,
or EGFR-overexpressing cells

Supernatants from transfected 293 cells expressing the
GLA fusion proteins or control proteins were incubated with
purified Ad-Red virus at a concentration of 1�107 viral
particles (VP)=ml for 1 hr. One milliliter of supernatant con-
taining virus was applied to 106 SK-BR-3, SKOV-3, MDA-
MB-435, Chinese hamster ovary (CHO)-ABCG2, or CHO
cells for 30 min at 378C. Cells were washed four times with
4 ml of PBS and plated onto tissue culture-treated plastic.
After 24 hr, cells were removed from plates with cell disso-
ciation buffer (GIBCO; Invitrogen). Cells were washed three
times with PBS and analyzed by flow cytometry, using a
FACScan, for red fluorescence. Ten thousand cells were an-
alyzed in each of three replicate tests.

In vivo targeting of adenovirus to Her2 cells

Nude mice were injected intraperitoneally with 4�106

SKOV-3 cells in PBS. After 28 days, GLA-aHer2 supernatants
or control 293 supernatants were mixed for 1 hr with repli-
cation-competent oncolytic Ad5 expressing GFP-luciferase,
and these were injected intraperitoneally into the mice. Lu-
ciferase imaging was performed 24 hr after viral treatment.
Ten days later, two animals from each group were killed and
their abdomens were opened to reveal the peritoneum for
imaging.

Survival of mice bearing SKOV-3 tumors
after treatment with targeted oncolytic viruses

SKOV-3 cells (4�106) were injected intraperitoneally into
nude mice. Viral particles (3�1011) of Ad-GL-RC and Ad-GL-
FB-RC were mixed with or without GLA-aHer2 supernatants
for 1 hr at 48C. Viral particles (3�1010) were then injected
intraperitoneally into each mouse with SKOV-3 tumors 21
days after tumor implantation. Mice were monitored every

other day and were killed if they showed severe abdominal
swelling or other signs of distress.

Purification of GLA-aEGFR-ScFv protein
from cell supernatants

293 cells were transfected with EGFR=pEGFP-N1-AAT
plasmid. The cells were incubated in serum-free medium
supplemented with synthetic vitamin K (menadione) at
10 ng=ml and cell supernatants were collected 5 days after
transfection. Guanidine hydrochloride, sodium phosphate,
and NaCl were added to a final concentration of 6 M gua-
nidine hydrochloride, 20 mM sodium phosphate (95% di-
basic and 5% monobasic), and 500 mM NaCl. The solution
was then adjusted to pH 7.8 with 1 N HCl or 1 N NaOH.
This solution was added to ProBond nickel beads (Invitro-
gen) that had been washed with water and denaturing
binding buffer at a ratio of 1:100 (beads to medium).
Binding was done at room temperature for 1 hr or 48C
overnight with constant rotation. Purification was then
completed under denaturing conditions according to the
ProBond protocol. Bulk purification was done in conical
tubes instead of by column purification when purifying
from large volumes of medium. Purified protein was vali-
dated by Coomassie staining and Western blotting. Final
concentrations were determined by bicinchoninic acid
(BCA) assay (Pierce Biotechnology=Thermo Fisher Scien-
tific, Rockford, IL).

In vitro targeting of adenovirus with purified
GLA fusion protein

Purified GLA-aEGFR ScFv protein was mixed with
2�109 VP of Ad-GL-RC or Ad-GL-HB-RC at molar ratios
between 0 and 100:1 GLA:hexon for 1 hr at 48C. Viral parti-
cles (4�108) coated with GLA-aEGFR ScFv were then added
to 4�104 SKOV-3 cells seeded on a 96-well black-walled
plate. After 24 hr transgene expression was measured by
luciferase assay (n¼ 4; Promega, Madison, WI).

Intravascular injections

Mice were injected intravenously with 3�1010 VP of Ad-
GL-RC that had been preincubated with a 100-fold molar
excess of purified GLA-aEGFR protein, bovine serum albu-
min (BSA), or buffer in 100 ml of Hanks’ buffered salt solution
(HBSS) for 1 hr at 48C. Warfarinized mice were injected
subcutaneously with 133mg of warfarin (Sigma-Aldrich, St.
Louis, MO) in 100ml of peanut oil 3 and 1 days before Ad
injection as described by Shashkova and colleagues (2008) to
inactivate endogenous FX.

Surface plasmon resonance analysis of hexon
binding to purified GLA-aEGFR protein

Analysis was performed with a Biacore 3000 device
(Biacore=GE Healthcare Life Sciences, Piscataway, NJ).
Purified GLA-EGF-aEGFR-ScFv protein was covalently
linked to Biacore CM5 chips via amine coupling (1500 re-
sponse units) according to the manufacturer’s instructions.
Seven 2-fold serially diluted aliquots of empty adenoviral
capsid were injected into the flowcells at 30 ml=min for 1 min
in triplicate. Protein concentrations ranged from 200 to
3.125 ng=ml. Adenovirus was suspended in HBSS (GIBCO;
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Invitrogen). Dissociation was monitored for 10 min. Flow-
cells were regenerated in 5 mM EDTA in HBSS for 1 min.
Sensorgrams were analyzed by Biacore evaluation kinetic
analysis.

Transwell targeting of Ad-GL to SKOV-3 cells
with Ad-GLA-EGF-EGFR

A549 cells were seeded onto the upper well of a 24-well
Transwell plate containing a permeable membrane for
cell adhesion. These wells were infected with Ad-LacZ-RD
or Ad-GLA-aEGFR at a multiplicity of infection (MOI) of
1000. Twenty-four hours later, the A549 cells were washed
to remove uninfected virus before these upper wells were
added to Transwell plates with SKOV-3 cells in the bottom
wells. Twenty-four hours before addition of the upper
wells, SKOV-3 cells were plated onto the lower standard
plastic wells of the Transwell plate. Each lower well was
infected with Ad-GL virus at an MOI of 10 and the A549
upper wells were inserted into these SKOV-3 wells to pro-
vide the virus with secreted targeting protein. After 24 hr,
cells were analyzed for luciferase activity (n¼ 4).

In vitro cell-killing assay for Ad
GLA-aEGFR-RC virus

SKOV-3 cells plated on a 96-well plate were infected with
serially diluted Ad GLA-aEGFR-RC or control Ad-GL virus.
Two weeks after infection, cell viability was assessed by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay (Sigma-Aldrich) (n¼ 4).

In vivo targeting of subcutaneous SKOV-3 tumors

Nude mice were injected subcutaneously with 3�106

SKOV-3 cells. Eight days later, the mice were injected in-
tratumorally with buffer, or with a mixture of 1.5�1010 VP of
Ad-EL-RC plus 1.5�1010 VP of Ad-LacZ-RD, 1.5�1010 VP of
Ad-EL-RC plus 1.5�1010 VP of Ad-GLA-aEGFR-RD,
1.5�1010 VP of Ad-EL-RC plus 1.5�1010 VP of Ad-RC, or
1.5�1010 VP of Ad-EL-RC plus 1.5�1010 VP of Ad-GLA-
aEGFR-RC. Mice were injected six times over 11 days and
luciferase expression from Ad-EL was monitored on the in-
dicated days. Tumor size and survival were also monitored
over time. Tumor volume was determined by the following
formula: V¼ (1=2)�width�length�length. Mice were killed
when tumor volumes reached 2 ml or the tumors became
ulcerated. For imaging studies, mice were anesthetized with
intraperitoneally injected ketamine–xylazine and then in-
jected intraperitoneally with 100 ml of luciferin (20 mg=ml;
Molecular Imaging Products, Bend, OR). Mice were imaged
with the Lumazone imaging system (Photometrics, Tucson,
AZ), using 1-min exposures.

Statistical analysis

Data are presented as mean values of triplicate measure-
ments unless otherwise noted. Error bars represent the
standard deviation. Statistical analysis was done with PRISM
software. Statistical significance was evaluated by one-way
analysis of variance (ANOVA) followed by the Bonferroni
post test. p< 0.05 was considered significant. Survival anal-
ysis was performed by log-rank analysis.

Animal studies

All animal studies were approved by the Mayo Clinic
Institutional Review Board and were conducted in accor-
dance with the approved animal protocols.

Results

Generation of GLA and GLA-EGF1 ScFv fusion proteins

FX has a GLA-EGF1-EGF2-SP structure in which GLA
binds the Ad5 hexon and the serine protease (SP) binds cell
surfaces (Fig. 1A and Waddington et al., 2008). To use GLA
to retarget Ad5, plasmids were constructed that removed the
SP domain and fused the GLA domain of FX to ScFvs (Fig.
1B and C). FX binding to hexon is calcium dependent, with
the GLA domain binding seven Ca2þ atoms, the EGF1 do-
main binding a single Ca2þ, and EGF2 binding no Ca2þ

(Waddington et al., 2008). Given this, and that GLA and
EGF1 are naturally separated by a flexible linker, we gener-
ated GLA fusion proteins with and without EGF1 (Fig. 1C
and data not shown). Although both fusions bound to target
cells and increased viral transduction, the GLA fusion with
the EGF1 domain was more efficient (data not shown).
Therefore all subsequent fusion proteins were made with the
GLA–EGF1 domains and are designated simply as ‘‘GLA’’.

FIG. 1. (A) Schematic of natural binding of FX to the ade-
novirus hexon. (B) Schematic of the engineered GLA–ScFv
fusion protein strategy for generating targeting ligands. (C)
GLA fusion protein constructs and controls designed for
Her2, EGFR, and ABCG2 targeting. ABCG2, ATP-binding
cassette protein G2; Ad5, adenovirus serotype 5; EGF, epi-
dermal growth factor; EGFR, EGF receptor; GFP, green
fluorescent protein; His6, hexahistidine; SA, streptavidin;
ScFv, single-chain antibody variable fragment.
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GLA was fused to ScFvs with a 13-amino acid flexible linker
between the proteins to increase the likelihood that the dif-
ferent domains could function in the fusion. Each construct
was cloned into expression plasmids bearing an N-terminal
secretion signal peptide. This allowed for secretion of the
fusion proteins into the extracellular environment. ScFvs
directed against Her2 and epidermal growth factor receptor
(aHer2 and aEGFR, respectively) were used as positive
control targeting ligands as these same ScFvs were previ-
ously used to retarget measles virus (Nakamura et al., 2005;
Hasegawa et al., 2007).

GLA-aHer2 fusion proteins bind to Her2-positive,
but not Her2-negative cells

We first tested fusion of GLA to the B1D2 ScFv that binds
the Her2 receptor with 1.6�10–11 M affinity (Tang et al.,
2007). Fusion of B1D2 to measles virus was demonstrated to
mediate receptor-specific targeting to Her2 (Hasegawa et al.,
2007). Her2 is overexpressed on 15–20% of breast cancers
and its expression is correlated with more aggressive tumors
(Bosher et al., 1995). In ovarian carcinoma, Her2 has been
shown to be overexpressed in 20 of 20 tumor cell lines de-
rived from stage III and stage IV tumors (Hellstrom et al.,
2001). GLA-aHer2 was also fused to GFP to detect binding of
the ligand to cells (Fig. 1C). Control fusion proteins were
produced lacking the aHer2 ScFv or substituting an irrele-
vant protein, streptavidin (SA), fused to B1D2.

Each of the control and GLA-aHer2 fusion protein plas-
mids was transfected into 293 cells. After 3 days, medium
from these cells was collected and these cell supernatants
were applied to breast cancer cells that express high (SK-BR-
3) or low (MDA-MB-435) amounts of Her2. To verify Her2
levels, SK-BR-3 and MDA-MB-435 breast cancer cells were
stained with Herceptin, a monoclonal antibody against the
Her2 receptor. Flow cytometry demonstrated that SK-BR-3
cells were nearly 100% positive for the Her2 receptor,
whereas MDA-MB-435 cells were 15% positive (Fig. 2A).
SK-BR-3 and MDA-MB-435 cells were incubated with cell
supernatants containing the GLA fusion proteins for 1 hr and
were analyzed for green fluorescence from GFP by flow cy-
tometry. This assay showed that incubation of SK-BR-3
cells with supernatants from GLA-aHer2-GFP generated
approximately 60% GFP-positive cells, whereas less than 2%
of MDA-MB-435 cells stained positively for GFP (Fig. 2A and
data not shown; p< 0.001 for both). In contrast, GLA and
streptavidin-aHer2 did not produce GFP-positive cells (Fig.
2A). The lack of binding by streptavidin-aHer2 might be due
to the C-terminal display of the ScFv on this tetrameric
protein. These data suggested that GLA-aHer2 fusion pro-
teins could target GFP to cells in a Her2-dependent fashion.

GLA-aHer2 fusion protein retargets Ad5
to Her2-positive cells in vitro

To determine whether the B1D2 fusion protein could re-
target Ad5 to Her2-expressing cells, targeting was tested on
Her2-positive breast and ovarian cancer cells (SK-BR-3 and
SKOV-3) and on Her2-negative MDA-MB-435 breast cancer
cells. Replication-defective Ad5 expressing red fluorescent
protein (Ad-Red) was incubated with GLA and control cell
supernatants for 1 hr. This mixture was then applied to cells
at an MOI of 10 VP=cell (0.2 plaque-forming units [PFU]=cell)

FIG. 2. (A) Secreted GLA-aHer2-GFP fusion proteins bind
to Her2-positive SK-BR-3 cells in vitro. Supernatant from
293 cells stably transfected to express various GLA fusion
proteins or controls was incubated with 1�106 MDA-MB-
435 or SK-BR-3 cells. For Her2 expression analysis, cells
were incubated with biotinylated Herceptin followed
by streptavidin Alexa Fluor 488 incubation. After 1 hr of
incubation on ice, cells were washed and analyzed by
fluorescence-activated cell sorting (FACS) for green fluo-
rescence. Incubation of Ad-Red virus with GLA-aHer2-GFP
protein before infection increased the transduction of Her2-
positive cells. Ad-Red viral particles (1�107) were incubated
with supernatant from cells expressing GLA-aHer2-GFP or
control protein for 1 hr and then applied to cells for 30 min
at 378C. Cells were then washed and plated overnight. After
24 hr, cells were trypsinized and analyzed by FACS. (B)
Percent dsRed positive. (C) Mean fluorescence index (MFI).
***p< 0.001.
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for 30 min at 378C. Cells were washed and were analyzed by
flow cytometry for red fluorescence 24 hr later (Fig. 2B and
C). GLA-aHer2-GFP fusion proteins increased transduction
15-fold on Her2-expressing cells.

GLA-aHer2 fusion proteins retarget Ad5
to Her2-positive cells in vivo

Nude mice were injected intraperitoneally with 4�106

SKOV-3 cells 28 days before intraperitoneal virus injection.
GLA-aHer2 supernatants or control 293 supernatants were
mixed for 1 hr with replication-competent oncolytic Ad5
expressing GFP-luciferase (Ad-GL-RC; Shashkova et al.,
2008) and these were injected intraperitoneally into the mice.
Luciferase imaging, 24 hr later, revealed large areas of lucif-
erase activity in three of the five mice that received the GLA
targeting protein. In contrast, only one mouse that received
control 293 supernatant had moderate luciferase signal
(Fig. 3A). Because of high variation amongst the mice, these
differences in luciferase activity did not reach statistical sig-
nificance ( p¼ 0.25; GLA-aHer2 vs. control supernatant). Ten
days later, two animals from each group were killed and
their abdomens were opened to reveal the peritoneum for
imaging (Fig. 3B). This revealed that most of the luciferase
activity in the mice was confined to tumor sites and that this
activity was higher in the GLA-treated animals.

The oncolytic effects of the GLA protein were next tested
with a CAR-binding standard oncolytic Ad5 (Ad-GL-RC)
and a CAR binding-ablated oncolytic Ad5 called Ad-GL-FB-
RC. Ad-GL-FB-RC is identical to Ad-GL-RC with the ex-
ception that a large 75-amino acid biotin acceptor peptide
(BAP) has been added to the C terminus of the fiber protein.
We have previously shown that addition of this BAP to fiber
inhibits binding of fiber to CAR (Parrott et al., 2003; Campos
and Barry, 2006). Therefore Ad-GL-FB-RC is a non-CAR-
binding analog of Ad-GL-RC that allows comparison of the
role of CAR binding in oncolysis.

Ad-GL-RC and Ad-GL-FB-RC were mixed with or without
GLA-aHer2 supernatant for 1 hr and then were injected intra-
peritoneally into groups of 10 nude mice 21 days after intra-
peritoneal SKOV-3 tumor initiation and Kaplan–Meier
survival curves were generated (Fig. 3C). Most untreated ani-
mals had to be killed within 20 days of single treatment. Ani-
mals receiving Ad-GL-RC or Ad-GL-FB-RC died with similar
kinetics to buffer-treated mice ( p¼ 0.69 and 0.19, respectively,
when compared with the buffer group by log-rank analysis). In
contrast, survival was extended for groups receiving either
virus when combined with GLA-aHer2 ( p¼ 0.026 for Ad-GL-
RC vs. buffer, p¼ 0.007 for Ad-GL-FB-RC vs. buffer, p¼ 0.29
for Ad-GL-RC vs. Ad-GL-RC plus GLA-aHer2, p¼ 0.0065 for
Ad-GL-FB-RC vs. Ad-GL-FB-RC plus GLA-aHer2 by log-
rank). These data suggest that retargeting by GLA-aHer2 at
initial intraperitoneal injection can improve oncolytic effects,
and this targeting does not require CAR binding.

ScFv targeting EGFR

EGFR is overexpressed in several cancers including lung,
breast, colon, pancreas, and brain. Overexpression of EGFR
is associated with higher grade, increased proliferation, and
poorer survival. An ScFv against EGFR was used previously
to retarget measles virus to EGFR-positive cells (Nakamura
et al., 2005). A plasmid coding for this ScFv with a His6 tag
fused to GLA (Fig. 1C), was transfected into cells to produce
cell supernatants containing secreted GLA fusion proteins.
Ad-Red was incubated with supernatants from GLA-aEGFR-
transfected cells and from control 293 cells and was applied
to cells at an MOI of 1000 VP=cell (20 PFU=cell). Under these
conditions, GLA-aEGFR supernatant increased transduction
of EGFR-expressing SKOV-3 and MDA-MB-468 cancer cells
4-fold when compared with cells treated with virus incu-
bated with control 293 cell supernatant (Fig. 4A). In contrast,
GLA-aEGFR did not enhance transduction of MDA-MB-435
cells, which do not express EGFR.

FIG. 3. In vivo effects of GLA-aHer2 on
SKOV-3 infection by Ad5. (A and B) Nude
mice injected intraperitoneally with 4�106

SKOV-3 cells 28 days before treatment
were injected with 1�109 Ad-GL-RC virus
that had been mixed with control 293 cell
supernatant or with the supernatant from
GLA-aHer2-expressing cells. (A) Lucifer-
ase images were taken on day 24 after virus
injection. (B) Two mice from each group in
(A) were imaged after the abdominal cavity
was opened to facilitate viewing 10 days
after viral injection. (C) Nude mice injected
intraperitoneally with 4�106 SKOV-3 cells
21 days before virus treatment were injected
with 1�109 Ad-GL-RC or Ad-GL-FB-RC
virus with or without prior incubation with
GLA-aHer2 supernatant. Survival was
monitored over time after this single treat-
ment and was analyzed by Kaplan–Meier
survival analysis. Statistical comparisons
described in text were performed by log-
rank analysis. Color images available online
at www.liebertonline.com=hum.

744 CHEN ET AL.



GLA-ScFv targeting ABCG2

ABCG2 is an efflux protein that is believed to be respon-
sible for the side-population (SP) phenotype of many adult
stem cells and tumor stem cells (Hirschmann-Jax et al., 2004).
In addition to effluxing Hoechst 33342 dye, ABCG2 also
effluxes many anticancer drugs such as mitoxantrone and
doxorubicin. Putative stem cells expressing ABCG2 are also
resistant to chemotherapy. For this reason, these cells may be
important targets for cancer therapy. We generated an ScFv
against ABCG2 from the aABCG2 hybridoma 5D3 (Fig. 1C).
Preincubation of Ad-Red virus with supernatants containing
GLA-aABCG2 before infection of CHO cells stably expres-
sing ABCG2 resulted in greater than 3-fold improvement
in dsRed fluorescence when compared with cells infected
with virus preincubated with 293 supernatant ( p< 0.001 by
ANOVA; see Supplementary Fig. 1 at www.liebertonline.
com=hum). Considering that this ScFv has not been opti-
mized for affinity, this increased transduction suggests that
improved ScFvs versus ABCG2 may mediate more robust
effects.

Retargeting by purified GLA-aEGFR

The His6-tagged GLA-aEGFR ScFv was purified from
293 cell supernatants by nickel resin affinity and quantitated

by Western blotting, using FX as a standard curve (see
Supplementary Fig. 2 at www.liebertonline.com=hum). The
purified protein was mixed at various molar ratios of GLA to
hexon to Ad-GL-RC. After 1 hr of binding at 48C, the virus–
protein mixtures were added to SKOV-3 cells and luciferase
activity was measured 24 hr later (Fig. 4B). Increasing
amounts of purified GLA-aEGFR produced increasing
amounts of transduction.

GLA targeting is blocked by hexon modification of Ad5

We previously demonstrated that insertion of a large 75-
amino acid biotin acceptor protein (BAP) into hypervari-
able region 5 (HVR5) of the hexon of Ad5 reduces binding
by FX 10,000-fold (Kalyuzhniy et al., 2008). When this
hexon–BAP was previously inserted into oncolytic Ad-GL-
RC to create Ad-GL-HB-RC, it markedly reduced liver
hepatocyte infection in vivo (Shashkova et al., 2009). Given
its lower affinity for FX, we used Ad-GL-HB-RC as a con-
trol for GLA protein binding (Fig. 4B). In this case, addition
of increasing amounts of GLA-aEGFR ScFv to Ad-GL-HB-
RC produced markedly reduced increases in transduction
of SKOV-3 cells as compared with unmodified Ad-GL-RC.
These data show that blocking binding of the GLA fusion
protein to hexon ablates the retargeting effects of the GLA
fusion protein.

Affinity of GLA-aEGFR ScFv binding to Ad5

The His6-tagged GLA-aEGFR protein was affinity purified
and used for surface plasmon resonance (SPR) analysis of its
binding to Ad5 hexon. GLA-aEGFR ScFv was bound in
Biacore sensor chips and Ad5 virions were then flowed
across the cells; their binding to the proteins was quantitated
by SPR (see Supplementary Fig. 3 at www.liebertonline
.com=hum). Kinetic analysis of the sensorgrams for purified
GLA-aEGFR ScFv demonstrated a KD for the protein of
2.39�10–8. This was consistent with previously reported KD

of Ad5 binding to immobilized FX of 1.94�10–8 (Waddington
et al., 2008). This suggests that fusion of this ScFv directly to
the GLA domain of FX retains much of the binding affinity of
FX for Ad5 hexon.

Purified GLA-ScFv does not detarget Ad5
from liver after intravenous injection

Given that the GLA fusion protein retained much of its
binding affinity for Ad5 hexon, we hypothesized that bind-
ing of the GLA fusion protein to Ad5 before intravenous
injection might block binding of native FX to the virus and
reduce hepatocyte transduction. To test this, Ad-GL-RC was
incubated with purified GLA-aEGFR at a 100-fold molar
ratio of GLA to hexon for 1 hr at 48C, as in Fig. 4B. In parallel,
control viruses were incubated in buffer alone or with BSA as
a negative control protein. After incubation, the mixtures
were injected intravenously into nude mice and luciferase
imaging was performed 24 hr later (Fig. 5). Under these
conditions, liver infection by Ad5 was unaffected by addition
of BSA or GLA-aEGFR. Notably, when mice were pre-
treated with warfarin to inactivate FX before injection, liver
transduction was substantially reduced. This suggests that
the observed hepatocyte transduction is mediated by
endogenous FX.

FIG. 4. GLA can be fused to other targeting ScFvs and used
to target Ad5. (A) aEGFR ScFv fused to GLA in cell super-
natant was used to target Ad-Red to EGFR-overexpressing
cells lines SKOV-3 and MDA-MD-468. Supernatant from
293 cells not secreting the targeting protein was incu-
bated with Ad-Red and used as a negative control. dsRed
expression was analyzed after 24 hr by FACS. (B) Purified
GLA-aEGFR protein was incubated with Ad-GL-RC or
Ad-GL-HB-RC at the indicated GLA-to-hexon molar ratios
for 1 hr at 48C before infection of EGFR-expressing SKOV-3
cells. After 24 hr, in vitro luciferase expression was measured.
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Using a replication-defective Ad expressing GLA
fusion protein to target oncolytic Ad5 in trans

Although a combination of purified protein with Ad5
could be used for targeting, it would be simpler to have the
virus express its own targeting ligand. To test this, we gen-
erated a replication-defective E1=E3-deleted Ad5 expressing
GLA-aEGFR ScFv (Ad-GLA-aEGFR-RD). To test the ability
of this virus to secrete its ligand and retarget Ad5, we tested
it in a paracrine model using Transwell culture plates. Ad5-
permissive A549 cells were seeded into the upper wells of a
24-well Transwell plate containing a permeable membrane
for cell adhesion. These wells were infected with Ad-GLA-
aEGFR-RD or control virus Ad-LacZ-RD at an MOI of 1000.
Twenty-four hours after infection, the cells were washed to
remove free virions before these upper wells were added to
Transwell plates with SKOV-3 cells in the bottom wells. Before
addition of the upper well, each lower well was infected with
Ad-GL-RC virus at an MOI of 10. Under these conditions,
untargeted Ad5 would be expected to poorly infect the SKOV-
3 cells in the lower wells. If Ad-GLA-aEGFR-RD could
provide secreted GLA-aEGFR protein in trans from the upper
wells, then SKOV-3 transduction might be increased. Under
these conditions, infection of A549 cells by Ad-GLA-aEGFR-
RD in the upper wells increased Ad-GL infection of SKOV-3

cells in the lower wells by 470% when compared with Ad-
LacZ-RD control virus (Fig. 6A).

Self-targeting by oncolytic Ad5 expressing
a GLA-targeting protein in vitro

The simplest way to use this system to treat tumors would
be to have the oncolytic virus express its own GLA fusion
protein. This would allow a self-targeting approach in which
progeny virus would be targeted by the transgene proteins
expressed by the parental viruses. To test this, we generated
replication-competent Ad5 expressing GLA-aEGFR (Ad-
GLA-aEGFR-RC) by insertion of the CMV-GLA-aEGFR-
SV40 cassette into the HpaI site between E1A and E1B in
Ad5. This insertion site is the same as was used to generate
Ad-GL expressing GFP-luciferase. To test its oncolytic abil-
ity, oncolytic Ad-GL-RC and Ad-GLA-aEGFR-RC were
incubated with SKOV-3 cells at various MOIs (Fig. 6B).
Determination of cell viability after 14 days by MTT assay
showed that Ad-GLA-aEGFR-RC was nearly 100-fold im-
proved in killing of SKOV-3 cells after 14 days.

In vivo oncolytic activity of GLA-expressing viruses

Ad-GLA-aEGFR-RD could retarget itself for gene delivery,
but not mediate oncolytic effects because it is replication

FIG. 5. Luciferase imaging of mice 24 hr after injection with
Ad-GL virus. Warfarin was administered to the indicated
animals on days 1 and 3 before viral injection. Ad-GL was
mixed with either buffer, bovine serum albumin, or purified
GLA-aEGFR protein 1 hr before injection. Color images
available online at www.liebertonline.com=hum.

FIG. 6. (A) In vitro luciferase expression from SKOV-3 cells
infected with Ad-GL. SKOV-3 cells have low CAR expres-
sion and are not readily infected by Ad at low MOI. A549
cells infected with either Ad-GLA-aEGFR-RD or Ad-LacZ-
RD control virus provided secreted protein via a permeable
Transwell. Protein secreted by Ad-GLA-aEGFR-RD-infected
A549 cells enhanced the infection of SKOV-3 cells by Ad-GL-
RC. n¼ 4. (B) In vitro cell-killing assay for Ad-GLA-aEGFR-
RC virus. SKOV-3 cells plated on a 96-well plate were
infected with serially diluted Ad-GLA-aEGFR-RC or control
Ad-GL-RC virus. Two weeks after infection, cell viability
was assessed by MTT assay (n¼ 4).
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defective. For oncolytic therapy, Ad-GLA-aEGFR-RD would
have to be used in combination with another replication-
competent Ad5 to provide targeting ligand in trans as in Fig. 6A.
This targeting approach would have the safety advantage of
separating the targeting moiety from the replication-competent
virus, but would require the introduction of two separate
viruses. In contrast, Ad-GLA-aEGFR-RC carries its own tar-
geting protein, allowing one virus to be used for therapy.

To perform a direct comparison, Ad-GLA-aEGFR-RD had
to be paired with an oncolytic Ad. Therefore, Ad-GLA-
aEGFR-RD was combined with Ad-GL-RC to provide
oncolysis as well as the ability to image infection with lu-
ciferase. The negative control virus group used Ad-LacZ-RD
combined with Ad-GL-RC. Ad-GL-RC was also paired with
Ad-GLA-aEGFR-RC to remove it as a variable between
groups and also to allow for luciferase imaging. The negative
control virus for Ad-GLA-aEGFR-RC was Ad-RC lacking
any transgene.

The SKOV-3 subcutaneous tumor model was used to al-
low precise measurement of tumor size that is not feasible in
the peritoneal model. Intratumoral virus injections were
started 8 days after tumor initiation. One group of eight mice
was injected intratumorally with buffer, one group with Ad-
GL-RC plus Ad-LacZ-RD, one group with Ad-GL-RC plus
Ad-GLA-aEGFR-RD, one group with Ad-GL-RC plus Ad-
RC, and one group with Ad-GL-RC plus Ad-GLA-aEGFR-
RC. Each group of eight mice received six virus injections
over 11 days to mimic a clinical treatment course. A total of
3�1010 VP was injected during each injection, with 1.5�
1010 VP of Ad-GL-RC and 1.5�1010 VP of the GLA or control
viruses.

Luciferase imaging after 5 and 11 days of treatment
showed expression due to Ad-GL-RC infection was observed
in most of the mice, but was somewhat higher in the
Ad-GLA-RD group (see Supplementary Fig. 4 at www
.liebertonline.com=hum). The tumors grew most rapidly in
buffer-treated animals (Fig. 7A), with the first animal having
to be killed by day 16 after the start of treatment. (Note: Each
line in Fig. 7 terminates when the first animal is removed
from the group, because the tumor size average no longer
applied.) Tumor growth was slowed relative to the buffer
group for all virus groups, with the greatest delay being
observed in the Ad-GLA-aEGFR-RD and Ad-GLA-aEGFR-
RC groups. Paired two-tailed t test through day 26 (the last
day when all virus groups still retained all mice) demon-
strated that the Ad-GLA-aEGFR-RD group had smaller tumor
sizes than its control Ad-LacZ-RD group ( p¼ 0.0235). Like-
wise, the Ad-GLA-aEGFR-RC group tumors were smaller
than the tumors in its control group with Ad-RC ( p¼ 0.0272).
These data indicated that expression of GLA protein reduced
tumor sizes relative to matched control vectors.

Kaplan–Meier survival curves demonstrated that all of
the control mice died by day 50 (Fig. 7B). Death was de-
layed in all of the Ad-treated groups as compared with the
buffer group. Fifty to 40% of the mice in the Ad-GLA-
aEGFR-RD, Ad-LacZ, and Ad-RC groups survived through
day 60, with few differences between the groups. Median
survival times were 53, 47, and 56 days for Ad-GLA-
aEGFR-RD, Ad-LacZ-RD, and Ad-RC, respectively. There-
fore, even though Ad-GLA-aEGFR-RD gave smaller tumor
sizes than its control Ad-LacZ-RD, this only slightly shifted
survival time. This limited response is likely due to the loss

of expression of the GLA fusion protein from dying cells. In
contrast to the other groups, the Ad-GLA-aEGFR-RC group
had significantly better survival with only one of eight an-
imals dying over 60 days (Fig. 7B). Log-rank comparison of
the survival curves between Ad-GLA-RC and its control
Ad-RC group showed that the GLA-expressing virus me-
diated significantly improved survival ( p¼ 0.05). These
data suggest that an oncolytic adenovirus carrying a GLA
targeting protein may mediate better antitumor effects than
untargeted Ads.

Discussion

The discovery that binding of the FX GLA domain to the
hexon protein on Ad5 played a role in liver transduction has
opened the door to developing new ways to reduce viral
uptake in the liver. In this study, we have taken a different
approach and have tested an alternative use for FX with Ad5.
We hypothesized that fusing the hexon-binding GLA do-
main of FX to ligands might be able to retarget the virus to
new receptors. We also hoped that this would enable the use
of potent ScFv ligands with the virus by bypassing the

FIG. 7. Treatment of SKOV-3 ovarian cancer xenografts
with GLA-expressing viruses. Subcutaneous tumors were
initiated and treated six times with the indicated virus com-
binations described in text. Black lines represent mice treated
with buffer. Blue lines represent mice treated with oncolytic
Ad-GL-RC in combination with replication-defective gene-
expressing viruses. Ad-LacZ-RD was the negative control
replication-defective virus for Ad-GLA-aEGFR-RD in these
groups. Red lines represent mice treated with oncolytic Ad-
GL-RC in combination with oncolytic replication-competent
viruses. Ad-RC was the negative control replication-competent
virus for replication-competent Ad-GLA-aEGFR-RC. Dashed
lines represent negative control viruses. Solid lines represent
GLA-expressing viruses. (A) Mean tumor volumes. Note:
Lines terminate when the first mouse was killed, because
tumor averages after this point are skewed from the begin-
ning averages. (B) Kaplan–Meier survival analysis through
60 days posttreatment. Color images available online at
www.liebertonline.com=hum.
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compatibility problem between secreted ligands and intra-
cellularly assembled Ad.

Our data show that both the GLA and GLA-EGF1 do-
mains of human coagulation FX can bind to Ad5 and redirect
the virus to new receptors when they are fused to separate
ScFvs. It is interesting to note that the GLA protein retargets
virus more efficiently when coupled with the EGF1 domain
from FX. These data suggest that binding of the GLA domain
to Ad5 may be dependent on binding of calcium to the ad-
jacent EGF1 domain or may simply be due to increasing the
flexibility of the fusion protein. We show that three sepa-
rate ScFvs targeting three different receptors worked with
GLA-EGF1, suggesting that it should be a generally useful
platform for many ligands.

First proof of principle was demonstrated with cell su-
pernatants from transfected cells. This demonstrated that the
GLA fusion could be combined with three different ScFvs
to mediate targeting. Testing with purified GLA-aEGFR
demonstrated that increasing amounts of the fusion protein
mediated increased transduction. Importantly, this failed
when GLA-aEGFR was combined with Ad5 whose hexons
were modified with a large BAP, demonstrating that the
GLA–hexon interaction is pivotal to the retargeting effect.

We hypothesized that the GLA affinity for hexon might be
sufficient to block binding of native FX to the virus after
intravenous injection and reduce hepatocyte infection. Un-
fortunately, preincubation of purified GLA-aEGFR failed to
mediate this type of hepatocyte detargeting after intravenous
injection. This failure could simply be due to the exception-
ally high levels of FX in the blood (2�10–4 M) that may still
rapidly replace GLA protein on the virus after injection. This
is supported by the observation that inactivation of endog-
enous FX with warfarin before injection ablated liver infec-
tion. Regardless of the explanation, GLA fusions do not
appear to detarget liver, so they are likely to be most useful
for retargeting to new receptors.

To sidestep any need for protein purification and to allow
for multiple generations of targeting by viruses in vivo, GLA
fusion proteins were inserted into replication-defective and
replication-competent oncolytic Ad to allow these vectors to
retarget vectors in situ. Expression from a replication-defective
Ad allows this virus to provide targeting protein in trans to an
oncolytic Ad or another Ad gene therapy vector. Expression
directly from an oncolytic Ad allows the virus to produce its
own cell-targeting proteins. Under these conditions, we show
in vivo that both replication-defective and replication-competent
Ads expressing the EGFR-targeting ScFv fused to GLA re-
duce tumor size in an ovarian cancer model and that the
replication-competent virus has markedly stronger effects on
improving survival of mice bearing these tumors. These data
suggest that GLA targeting with ScFvs may be an effective
Ad-retargeting scheme for oncolytic therapy, cancer gene
therapy, or other applications.

Unlike other methods that have been used to target ad-
enovirus via fiber conjugates, the GLA fusion is conjugated
to hexon. Evidence suggests that release of the over-
produced fiber protein after lysis of adenovirus-infected
cells inhibits viral spread. The proposed mechanism is that
free-floating fiber binds to and blocks fiber receptors, like
CAR, on uninfected cells (Rebetz et al., 2009). This implies
that most fiber-targeted adenoviruses (including wild type)
will spread poorly. In fact, this has been a major problem

for adenoviral therapy, as exemplified by oncolytics that fail
to spread beyond the needle track. Interestingly, free GLA
fusion protein should not block adenovirus binding after
binding to its ScFv receptor. Rather, receptor-bound GLA
fusion protein could act as an attachment site for any ade-
novirus not saturated with GLA proteins. Because each
adenovirus has 720 hexon proteins, it is not likely to become
saturated with GLA fusion protein in an extracellular en-
vironment. Thus, GLA fusion-targeted adenovirus may be
superior to other targeted adenovirus in its ability to spread
to uninfected cells.

ScFvs have arguably been the most difficult ligand to use
with Ad5 because of their need for disulfide formation and
glycosylation. Therefore, successful retargeting with ScFvs
suggests that the use of GLA or other hexon interacting
domains with other ligands will likely mediate retargeting.
High-affinity peptides, proteins, full-length antibodies, drug
compounds, or magnetic particles could also be linked to the
GLA domain. Because GLA can bind to any Ad5 or serotype
that binds FX, this targeting approach can be applied to an
array of adenoviruses to modify tropism. For those that do
not bind FX, the development of other hexon display ap-
proaches may also enable retargeting of other Ads.

Previous attempts to target with high affinity antibodies
bound to hexon via the high affinity avidin-biotin interaction
(10�15M) failed (Campos and Barry 2006). In contrast, anti-
body targeting using the lower affinity GLA-hexon interac-
tion (10�9M) succeeded here. This suggests that ligand-
receptor and ligand-virus interactions must be sufficiently
stable to target in vivo, but that if any of these interactions are
too strong, the virus may become trapped on the receptor or
fail in downstream interactions. This paradigm appears to
apply for targeting via complex formation and will likely
apply when inserting ligands genetically into Ad and other
viral capsids (i.e., AAV). In these cases, insertion of a low
affinity peptide ligand into the capsid of hexon on Ad or VP
on AAV will likely fail to target in vivo. In contrast, insertion
of too strong of a ligand or complex forming domain will
likely fail due to the virus being trapped on receptors.
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