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Adenovirus serotype 5 (Ad5) is widely used as an oncolytic agent for cancer therapy. However, its infectivity
is highly dependent on the expression level of coxsackievirus-adenovirus receptor (CAR) on the surfaces of
tumor cells. Furthermore, infected cells overproduce adenovirus fiber proteins, which are released prior to cell
lysis. The released fibers block CAR on noninfected neighboring cells, thereby preventing progeny virus entry.
Our aim was to add a CAR-independent infection route to Ad5 to increase the infectivity of tumor cells with
low CAR expression and prevent the fiber-masking problem. We constructed Ad5 viruses that encode the
protein transduction domain (PTD) of the HIV-1 Tat protein (Tat-PTD) in hypervariable region 5 (HVR5) of
the hexon protein. Tat-PTD functions as a cell-penetrating peptide, and Tat-PTD-modified Ad5 showed a
dramatic increased transduction of CAR-negative cell lines compared to unmodified vector. Moreover, while
tumor cell infectivity was severely reduced for Ad5 in the presence of fiber proteins, it was only marginally
reduced for Tat-PTD-modified Ad5. Furthermore, because of the sequence alteration in the hexon HVR,
coagulation factor X-mediated virus uptake was significantly reduced. Mice harboring human neuroblastoma
and neuroendocrine tumors show suppressed tumor growths and prolonged survival when treated with
Tat-PTD-modified oncolytic viruses. Our data suggest that modification of Ad5 with Tat-PTD in HVR5 expands
its utility as an oncolytic agent.

Adenovirus serotype 5 (Ad5), which belongs to the C group
of human adenoviruses, has been widely used as an oncolytic
agent for cancer therapy (14, 20). Various Ad5 viruses have
shown considerable therapeutic effects and have been exten-
sively evaluated in animal models and clinical trials (7, 22, 27,
30, 44). Their advantage in cancer therapy is due to the self-
propagation properties that involve replication in and lysis of
infected tumor cells, which leads to secondary infection and
killing of adjacent cells within the tumor. However, one limit-
ing factor for Ad5 efficacy in cancer therapy is that the infec-
tion is dependent on coxsackievirus-adenovirus receptor
(CAR) expression on target cells. CAR is an adhesion mole-
cule expressed in tight junctions, and many cancer cells down-
regulate CAR expression, which results in difficulties in achiev-
ing sufficient infection and, as a consequence, the oncolytic
therapeutic effect is hampered (39). One approach to circum-
vent this is to genetically modify Ad5 and use fibers or fiber
knobs from the B group of adenoviruses, which do not bind to
CAR but to other cell surface receptors (48, 49). A second
limiting factor is fiber masking of receptors. This is caused by
overproduction of adenovirus fiber proteins (4, 17, 31), which

are released from the infected cell before cell lysis. The re-
leased fibers bind to CAR on noninfected neighboring cells,
thereby limiting infection efficiency of progeny virus (31). The
fiber-masking problem is not limited to the Ad5 fiber but was
also observed for the Ad35 fiber, which binds to CD46 (31).
These limitations must be overcome to develop successful on-
colytic adenovirus agents.

Cell penetrating peptides (CPPs) have been intensively stud-
ied and widely used to deliver cargos into cells regardless of
cellular specificity and independent of cell surface receptor
expression. Drug delivery with CPPs has also been used in
preclinical models and clinical trials (12, 35). Kurachi et al.
generated a recombinant adenovirus with the protein trans-
duction domain (PTD) of the HIV-1 Tat protein (Tat-PTD)
inserted into either the HI loop or the C terminus of the viral
fiber (23). Both modifications resulted in elevated transgene
expression compared to unmodified virus. However, although
such an oncolytic virus can overcome CAR dependency, it still
uses the fiber for infection, and the excess production of fibers
may block the uptake of progeny virus in neighboring cells. Eto
et al. showed that adenoviruses where Tat-PTD was chemically
conjugated to lysine residues on the capsid proteins, such as
the adenovirus hexon, fiber, and penton base proteins, ex-
panded the virus tropism to CAR-negative cell lines (15). Al-
though this may be an excellent approach to expand the tro-
pism of adenoviral vectors, it is not useful for oncolytic viruses,
which rely on production of progeny virus for further rounds of
infection. Only the initial virus contains the Tat-PTD modifi-
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cation, and the progeny virus is not equipped to overcome
CAR dependency and fiber masking.

We genetically introduced the Tat-PTD sequence on hyper-
variable region 5 (HVR5) of the hexon protein, the major coat
protein of the virus capsid, to add a CAR-independent route of
infection. We found that Tat-PTD-modified Ad5 vectors could
transduce CAR-negative neuroendocrine tumor cells and that
the efficacy of Tat-PTD-modified oncolytic Ad5 viruses was
increased in vitro, which resulted in an improved therapeutic
effect in vivo. We also found that Tat-PTD-modified oncolytic
Ad5 was not blocked by soluble Ad5 fibers to the same extent
as nonmodified Ad5 and that it yields larger plaques, indicating
that the Tat-PTD-modified Ad5 is able to overcome the fiber-
masking problem.

MATERIALS AND METHODS

Cell lines. All cell culture reagents were purchased from Invitrogen (Carlsbad,
CA), except when mentioned otherwise. Cell cultures were maintained in 95%
humidity incubator with a 5% CO2 atmosphere at 37°C. The cell lines BON
(kindly provided by J. C. Thompson and C. M. Townsend, Galveston, TX),
CNDT2.5 (13, 43) (kindly provided by L. M. Ellis, M.D. Anderson, Houston,
TX), SKOV-3 (American Type Culture Collection [ATCC], Manassas, VA),
A549 (ATCC), MB49, 911 (Crucell, Leiden, Netherlands), 1064SK, and mel526
(kindly provided by T. Boon, LICR, Brussels, Belgium) were cultured as de-
scribed elsewhere (28). The human neuroblastoma cell line SK-N-SH (kindly
provided by F. Hedborg, Uppsala University, Uppsala, Sweden) was cultured in
minimal essential medium supplemented with 10% fetal bovine serum (FBS), 1
mM NaPyr, and PEST. The human umbilical vein endothelial cell line HuVec
(3H Biosciences, Uppsala, Sweden) was cultured in endothelial cell growth
medium MV2 supplemented with 5 ng of hEGF/ml, 0.5 ng of hVEGF/ml, 20 ng
of R3 IGF/ml, 200 ng of hydrocortisone/ml, 10 ng of hbFGF/ml, and 1 �g of
ascorbic acid (PromCell, Heidelberg, Germany)/ml. The Rmcb hybridoma cell
line, which secrete anti-CAR antibodies, was purchased from the ATCC and
maintained in RPMI 1640 supplemented with 10% FBS.

Flow cytometry. The CAR expression level on the cell lines were assessed by
flow cytometry as described elsewhere (28).

Recombinant adenoviruses construction by �-Red recombineering. All recombi-
nant adenovirus outlined in Fig. 1a were generated based on �-phage mediated-
recombineering in Escherichia coli strain SW102 using bacmid pAdZ5-CV5-E3�
(kindly provided by Richard Stanton, Cardiff University, Cardiff, United King-
dom) (38). This bacmid contains the Ad5 genome, with the E1 region replaced
by a selection/counterselection cassette (als cassette) consisting of the bla (am-
picillin resistance), lacZ (�-galactosidase), and sacB (sucrose resistance) genes.
To generate pAd5(GFP), the cytomegalovirus promoter-green fluorescent pro-
tein (CMV-GFP) cassette was PCR amplified from Ad5(GFP) (28) using the
primers pF.Shuni and pR.Shuni and purified by gel extraction. Heat-activated
and freshly made competent E. coli SW102 cells containing pAdZ5-CV5-E3�
were electroporated with 100 ng of PCR product by using the Gene Pulser II
(Bio-Rad Laboratories, Hercules, CA). Selection was performed on LB-sucrose
plates, containing LB without NaCl, 6% sucrose, 200 �M IPTG (isopropyl-�-D-
thiogalactopyranoside; Sigma-Aldrich, St. Louis, MO), and 40 �g of X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside; Invitrogen)/ml. Positive col-
onies were designated pAd5(GFP).

To generate a scar-free modification in hexon HVR5, a selection-counterse-
lection method was used. The general procedure is described in Fig. 1a. Briefly,
the als cassette was PCR amplified using the primers pF.HVR5-als and
pR.HVR5-als and knocked into the HVR5 site in pAd5(GFP). Selection was
performed on LB agar plates containing 100 �g of ampicillin/ml, 200 �M IPTG,
and 40 �g of X-Gal/ml. Positive colonies were designated pAd5(GFP, HVR5als).
Next, the als cassette was replaced by the Tat-PTD motif to generate

FIG. 1. Illustration of the Ad5 recombineering strategy, the pre-
dicted structure of hexon with Tat-PTD, with a schematic drawing and
the titers of the viruses used. (a) An illustration of the selection-
counterselection steps used for recombineering of Ad5 with the bac-
teriophage �-Red system. In the first selection step, the als (Amp-
LacZ-SacB) cassette is PCR amplified with primers that introduce 50
bp of homologous sequence to the virus genome on each side of the
site of modification (in this case HVR5). The PCR product containing
the als cassette is inserted into the modification site, and the selection
is based on ampicillin resistance and blue colonies. In the second
counterselection step, a PCR product is generated with the desired
modification (in this case the insertion of Tat-PTD) with flanking
sequences of 50 bp with homology to the virus genome on each side of
the site of modification. The als cassette is replaced by the desired
sequence, and the selection is based on sucrose and white colonies. A
scarless modification has been introduced. (b) The predicted model
shows the side view of a trimerized hexon with Tat-PTD in red (Trace)
and �-helix spacer in cyan (Ribbon) in HVR5. The prediction was
based on the online software tool (ESyPred3D Web Server 1.0), to

which the amino acid sequence with the Tat-PTD modification was
sent, and the original hexon structure (PDB 1P30) was selected as a
template for the prediction. The software automatically gives out the
prediction structure. (c) Illustration of the recombinant viruses used in
the present study. (d) Titers of the viruses used in the study.
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pAd5PTD(GFP). Selection was performed on LB-sucrose plates. The Tat-PTD
motif fragment was generated by joint PCR with the primer pairs pF1.HVR5-
PTD/pR1.HVR5-PTD and pF2.HVR5-PTD/pR2.HVR5-PTD.

pAd5PTD(wt) and pAd5PTD(D24) were generated in the same manner by
replacing the CMV-GFP cassette from the E1 region with serotype 5 wild-type
E1A-E1B or E1A(D24)-E1B sequences. The als cassette was amplified by using
the primers pF.E1-als/pR.E1-als to replace the CMV-GFP cassette. pF.Shuni
and pR.Shuni were used for amplification of either the E1 region from wild-type
adenovirus DNA or the E1-D24 region from plasmid AdEasy(D24).fk3 (kindly
provided by A. Hemminki, Helsinki University, Helsinki, Finland). The PCR
products were then used for replacement of the als cassette in the E1 region to
generate pAd5PTD(wt) and pAd5PTD(D24), respectively. The viruses gener-
ated from pAd5PTD(GFP), pAd5PTD(wt), and pAd5PTD(D24) were named
Ad5PTD(GFP), Ad5PTD(wt), and Ad5PTD(D24). A predicted (24) model of
the trimerized hexon with Tat-PTD in HVR5 based on published hexon structure
(33) (PDB 1P30) is presented in Fig. 1b. All viruses used in the present study are
described in Fig. 1c. All primers used can be found in Table 1.

Virus production and titration. Wild-type Ad5 (ATCC) was propagated in
A549 cells, while all other genetically modified viruses were propagated in 911
cells (16). The replication-defective E1/E3-deleted AdMock, referred to here as
Ad5(mock), was described earlier (6). All viruses were purified by CsCl gradient
ultracentrifugation, dialyzed against a viral storage buffer (10 mM Tris-HCl [pH
8.0], 2 mM MgCl2, 4% [wt/vol] sucrose) as described previously (7, 26), and
stored in aliquots at �80°C.

Since the viral surface protein was modified in the present study, the infectious
virus titer will depend on cell line used for titration. Therefore, virus titers
(encapsidated viral genomes) were determined by real-time quantitative-PCR
(40). Briefly, viral DNA was extracted by using a High Pure viral nuclear acid kit
(Roche, Mannheim, Germany). The DNA copy number was detected by using
the primers Ad.Titration.F and Ad.Titration.R targeting the adenovirus E4
ORF1 region. Plasmid, pCR2.1(AdE4orf1), containing the same amplicon, was
used for the generation of standard curve (10). Virus titer was calculated as the
mean of three independent experiments. The titer was designated as encapsi-
dated viral genome(s) (evg). A fluorescent forming unit (FFU) assay on 911 cells
was also used to determine the infectious virus titers (9). The evg/�l, FFU/�l, and
evg/FFU ratios of the viruses used in the present study are given in Fig. 1d. We
used fixed evg when comparing the viruses on the various cell lines.

Transduction efficiency assay. Cells were de-attached and mixed with appro-
priate amount of GFP-containing virus at different evg/cell at 37°C for 2 h in a
volume of 200 �l. Free virus was washed away after transduction, and cells were
seeded in 24-well plates. The percent GFP-expressing cells was evaluated by flow
cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ) after 48 h.

Cell viability assay. Cells were transduced with virus in suspension for 2 h with
different evg per cell and then seeded in a 96-well plate in a total volume of 100
�l (1,000 cells/well for SK-N-SH and 5,000 cells/well for CNDT2.5). Cell viability
was evaluated at day 4 by using a MTS Cell Titer Aqueous One Solution cell
proliferation assay kit (Promega, Madison, WI). The relative cell viability was
calculated by using the ratio between the average absorbance for viral transduced
cells and the average for nontransduced cells.

In vitro viral replication assay. Cells were seeded in 24-well plates to 80%
confluence and transduced with virus at 500 evg/cell. The transduction medium
was replaced by cell culture medium after 2 h. Viral genomic DNA was isolated
directly after transduction (day 0) and at days 1, 2, and 3 and then quantified by
real-time PCR. Relative viral replication was presented as the fold increase in
genomic DNA copy number.

Western blotting. SK-N-SH cells were transduced in suspension with
Ad5PTD(GFP), Ad5(wt), Ad5PTD(wt), and Ad5PTD(D24) at 500 evg/cell and
cultured in 12-well plates. Cells were harvested 48 h later, and total protein
extracts were prepared. E1A and �-actin protein expression was detected as
described previously (26), with minor modifications. In brief, the membrane was
incubated with a mouse monoclonal anti-E1A antibody (M73; Neomarkers, Inc.,
Fremont, CA) and a goat polyclonal anti-�-actin antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA). After a washing step, the membrane was incubated
with rabbit anti-mouse 680 antibody (Invitrogen) and donkey anti-goat 800
antibody (Odyssey Infrared Imaging/LI-COR Biosciences, Lincoln, NE). The
membrane was then scanned using the Odyssey infrared imaging system (LI-
COR Biosciences).

Fiber blocking assay. Soluble Ad5 fiber molecule was obtained as described
previously (31). A549 cells were transduced at 500 evg/cell with Ad5(GFP) or
Ad5PTD(GFP) in the presence or absence of fiber molecules (500 �l) for 2 h.
The cells were then washed once and seeded in a 24-well plate. After 48 h,
GFP-expressing cells were analyzed by flow cytometry.

Plaque formation assay. A standard plaque formation assay with neutral red
staining as described previously (42) was performed to visualize plaques. In brief,
monolayer A549 cells in a six-well plate were transduced with 100 evg of either
Ad5(wt) or Ad5PTD(wt). The medium was removed, and the cells were washed
once with phosphate-buffered saline (PBS) and overlaid with low-melting-point
agar. After 5 days the cells were once more overlaid with low-melting-point agar
containing neutral red (Sigma) for visualization of plaques, and the plates were
thereafter inspected daily. Plaques were measured on day 8 after viral transduc-
tion by using an eyepiece graticule and visualized by scanning the plate.

FX-mediated adenovirus binding assay. SKOV3 cells were plated in a 24-well
plate at 105 cells/well. The next day, the cells were incubated with virus in the
presence or absence of the physiological level of coagulation factor X (FX; 8
�g/ml) (Hematologic Technologies, Inc., Essex Junction, VT) at 500 evg/cell in
a total volume of 300 �l at 4°C for 1 h while rocking. Thereafter, the supernatant
was replaced by cell culture medium. Viral genomic DNA was isolated directly
after incubation using a High Pure viral nucleic acid kit (Roche) and quantified
by real-time PCR as described above for virus titration.

Either Ad5(wt) or Ad5PTD(wt) were mixed with reactive fluorescein isothio-
cyanate (FITC) at a ratio of 1 �g of FITC per 1010 evg viruses in borate buffer
(pH 9.0), followed by incubation for 1 h at 37°C. The FITC-labeled viruses were
then dialyzed against PBS. Real-time measurements of the binding of FITC-
labeled viruses to SKOV3 cells was performed at room temperature in Li-
gandTracer Green (Ridgeview Instruments AB, Uppsala, Sweden), essentially
according to a previously published protocol (3). Compared to surface plasma
resonance, LigandTracer Green is an alternative instrument for monitor virus-
cell interaction. Briefly, a baseline was generated by incubation of cells in 3 ml of
culture medium. The cells were then incubated for �2 h with 5,000 evg FITC-
labeled viruses in the presence or absence of FX (8 �g/ml), while the association
rates were recorded. After incubation, the virus solution was replaced with fresh
medium, and the dissociation rate was monitored and recorded.

Neutralization assay. Neutralizing antibody (NAb) was prepared by immuniz-
ing mice with adenovirus followed by isolation of plasma from whole blood.
Briefly, BALB/c mice were injected intraperitoneally with Ad5(mock) at 1010

evg/mouse and boosted twice with the same amount of virus with 2-week inter-
vals. Plasma was isolated from whole blood by centrifugation at 3,000 � g for 20
min at 4°C. The plasma was heat inactivated at 56°C for 1 h. Ad5(GFP) and
Ad5PTD(GFP) were then mixed with plasma dilutions (1:10 to 1:1,000,000) in a
96-well plate at 106 evg with a volume of 100 �l/well. The plate was incubated at

TABLE 1. Primers used in this study

Primer Sequence (5	–3	)a

pF.Shuni ..............................................GATTTGGCCATTTTCGCGGG
pR.Shuni..............................................GGCGGCTGCTGCAAAACAGAT
pF.HVR5-als .......................................AATGGAAAGCTAGAAAGTCAAGTGGAAATGCAATTTTTCCCTGTGACGGAAGATCACTTCG
pR.HVR5-als ......................................CCACTTTAGGAGTCAAGTTATCACCATTGCCTGCGGCTGCCTGAGGTTCTTATGGCTCTTG
pF.E1-als..............................................CTGAATAAGAGGAAGTGAAATCTGAATAATTTTGTGTTACTCATAGCGCGGGATCCCCTGTGACGGAAGATC
pR.E1-als .............................................GATACAAAACTACATAAGACCCCCACCTTATATATTCTTTCCCACCCGGATCCCTGAGGTTCTTATGGC
pF1.HVR5-PTD .................................CCCCAATGAAACCATGTTAC
pR1.HVR5-PTD.................................TCTTCGTCGCTGTCTCCGCTTCTTCCTGCCATATCCACCTCCAGCTCCACCTCCAGCAGTAGTTGAGAAAAATTGCA
pF2.HVR5-PTD .................................TATGGCAGGAAGAAGCGGAGACAGCGACGAAGAGGAGGTGGAGCTGGAGGTGGAGCTACTCCTAAAGTGGTATTGTAC
pR2.HVR5-PTD.................................GCAATGTAATTAGGCCTGTTG
Ad.Titration.F.....................................CATCAGGTTGATTCACATCGG
Ad.Titration.R ....................................GAAGCGCTGTATGTTGTTCTG

a Sequences with homologous regions are underlined. PTD modification sequences are indicated in boldface. Restriction sites are indicated in italics.
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37°C for 1 h. Subsequently, 105 911 cells were added in a volume of 100 �l to each
well. After 24 h of incubation, the cells were analyzed for GFP expression by flow
cytometry (BD LSR II flow cytometer; BD sciences).

Animal studies and tumor models. Female, SCID/beige mice (3 to 4 weeks
old) were purchased from Taconic (Denmark). Male, NMRI-nude mice (3 to 4
weeks old) were purchased from Harlan (Germany). All mice were housed at the
Rudbeck animal facility (Uppsala, Sweden) in individually ventilated cages
(three mice per cage). Tumor implantation was performed 1 week after mouse
delivery.

Neuroblastoma cells (106 SK-N-SH) were mixed 1:1 (vol/vol) with Matrigel
(BD Biosciences) in a total volume of 50 �l and injected subcutaneously into the
hind flank of SCID/beige mice. Mice were treated with peritumoral injections of
either Ad5(wt), Ad5PTD(wt), Ad5PTD(D24), or PBS on days 10, 12, 14, and 16
at a dose of 5 � 109 evg/injection in 30 �l. Six mice per group were used. Tumor
growth was monitored by caliper measurement. Tumor size was calculated using
an ellipsoid volume formula (length � width � depth � 
/6). The experiment
was terminated directly after the last mouse was sacrificed in the Ad5(wt)-
treatment group.

Neuroendocrine tumor cells (5 � 106 CNDT2.5) were mixed 1:1 (vol/vol) with
Matrigel in a total volume of 100 �l and injected subcutaneously in the hind flank
of NMRI-nude mice. Mice were treated with intratumoral injections of either
Ad5(mock), Ad5PTD(D24), or PBS on days 17, 19, 21, and 23 at a dose of 5 �
109 evg/injection in 30 �l. Six mice per group were used. Tumor growth was
monitored by caliper measurement. Tumor size was calculated using an ellipsoid
volume formula (length � width � depth � 
/6).

Statistical analysis. Statistical analysis was performed by using GraphPad
Prism software version 5.01 (GraphPad Software, San Diego, CA). An unpaired
Student t test was used to compare the transduction efficiency, MTS cell killing
assay, viral replication assay, fiber blocking assay, anti-CAR antibody blocking
assay, and neutralization assay. A Mann-Whitney test was performed to compare
plaque sizes in plaque formation assay. Log-rank test was used to compare
survival curves created by the Kaplan-Meier method. Tumor sizes in different
treatment groups were compared by using two-way analysis of variance.

Biosafety level and ethics declaration. The Swedish Work Environment Au-
thority approved the work with genetic modification of the infectious capacity of
human adenovirus serotype 5 (ID number 202100-2932 v66a13 [laboratory] and
v66a9 [mice]) and genetic modification of replication capacity of human adeno-
virus serotype 5 (ID number 202100-2932 v66a11 [laboratory] and v66a7 [mice]).
All experiments regarding modified adenoviruses were conducted under bio-
safety level 2. The Uppsala Animal Ethics Committee approved the animal
studies (ID number C319/9).

RESULTS

A Tat-PTD-modified adenoviral vector can efficiently trans-
duce CAR-negative cells. Adenoviral vectors are widely used as
gene transfer vehicles. They efficiently introduce foreign genes
into cells expressing CAR, the native receptor for Ad5 infec-
tion. We compared the gene transduction capacity of two
GFP-expressing adenoviral vectors in a range of cell lines.
Ad5(GFP) uses the same infection route as wild-type Ad5,
while Ad5PTD(GFP), in addition to the Ad5 infection route,
has the Tat-PTD sequence in HVR5 of the hexon protein on
the virus capsid. SK-N-SH, MB49, CNDT2.5, and 1064SK are
CAR negative or have low CAR expression levels, whereas
A549, mel526, HuVec, and BON express moderate to high
levels of CAR (Fig. 2). Ad5PTD(GFP) showed efficient trans-
duction of CAR-negative cell lines, whereas Ad5(GFP)
showed no or very poor transduction of these cells (Fig. 2).
Furthermore, transduction of CAR-positive cell lines by
Ad5PTD(GFP) was always more efficient or as efficient as
transduction with the unmodified Ad5(GFP) (Fig. 2). These
results indicate that insertion of a small cell penetrating pep-
tide into the adenoviral hexon protein surface HVR5 region
dramatically enhances adenovirus transduction ability.

Tat-PTD-modified oncolytic adenoviruses yield enhanced
cell killing. Genetically engineered oncolytic adenoviruses

have been tested in several clinical cancer trials. Therefore, we
wanted to investigate whether the oncolytic ability of Ad5
could be enhanced by the Tat-PTD modification. Two replica-
tion-competent Tat-PTD-modified adenoviruses were pro-
duced. Ad5PTD(wt) is a wild-type adenovirus with Tat-PTD in
HVR5, and Ad5PTD(D24) is a Tat-PTD-modified virus with a
24-bp deletion in E1A, which confers selectivity to replication
in pRb pathway-deficient cancer cells (2, 19). In vitro cell
killing and viral replication assays were performed. The
Ad5PTD(wt) and Ad5PTD(D24) viruses exhibited signifi-
cantly (P � 0.001 at 1,000 evg/cell) increased the killing ability
of CAR-negative neuroblastoma and neuroendocrine tumor
cells compared to unmodified wild-type virus Ad5(wt) (Fig.
3a). Furthermore, Ad5PTD(wt) and Ad5PTD(D24) yielded
significantly (P � 0.001 at day 3) higher numbers of progeny
virus compared to Ad5(wt) (Fig. 3b). The increased cell killing

FIG. 2. A Tat-PTD-modified Ad5 vector can transduce cells with
low CAR expression. Cells were transduced in suspension for 2 h with
GFP-expressing adenoviral vectors at various levels of evg/cell. The
viral vector was then washed away, and the cells were analyzed by flow
cytometry 48 h after transduction. Values are shown as means � the
standard deviation (SD) from three independent experiments, each
with triplicate samples. An unpaired Student t test was used for com-
parison (***, P � 0.001; not significant [n.s.], P � 0.05; n 
 3). The
values in parenthesis after each cell line name indicate the CAR
expression level (percentage of CAR-positive cells), as assessed by
fluorescence-activated cell sorting staining.
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and replication are tributes to higher transduction efficacy.
Interestingly, Ad5(wt) did replicate in SK-N-SH cells to a cer-
tain degree but did not exhibit any killing ability in this cell line,
not even at 1,000 evg/cell, most likely due to the inability to
achieve a high enough transduction level of these cells (Fig. 3a
and b), while the Tat-PTD-modified viruses showed both kill-
ing and replicating activities (Fig. 3a and b). Western blot
analysis detects E1A protein expression in SK-N-SH cells only
after transduction with the Tat-PTD-modified viruses, indicat-
ing once more that the transduction rate of wild-type Ad5 is
very low in this cell line (Fig. 3c). These results show that the
Tat-PTD modification can broaden the viral transduction abil-
ity with gain in killing of CAR-negative cells and without any
loss of oncolytic capacity in CAR-positive cells (data not
shown).

Tat-PTD-modified adenovirus overcomes the fiber-masking
problem, leading to an increase in oncolytic virus spread. The
adenovirus fiber protein is expressed in huge excess during the
cycle of viral infection and replication (4, 17, 31). Recently, it
was reported that the excess fiber proteins, which are released

to the environment before mature viral particles lyse the in-
fected cells, masks the receptors on uninfected cells in the
vicinity, thereby preventing the second round of progeny virus
infection (31). This property hampers the spread of oncolytic
virus within tumors. Since the Tat-PTD-modified virus has a
CAR-independent entry mechanism, we compared gene trans-
fer activity of Ad5(GFP) and Ad5PTD(GFP) in the presence
of excessive soluble fiber molecules. GFP expression in cells
transduced with Ad5(GFP) in the presence of soluble fiber was
reduced to 20% compared to that in the absence of soluble
fiber. However, cells transduced with Ad5PTD(GFP) retained
80% transduction efficacy in the presence of soluble fiber (Fig.
4a). Furthermore, we performed a plaque formation assay to
evaluate virus spread during replication. The plaques formed
by Ad5PTD(wt) started to be visible at day 3, while the plaques
formed by Ad5(wt) started to be visible at day 6. At day 8, the
plaques formed by Ad5PTD(wt) were on average 1.6 times
larger than the plaques formed by Ad5(wt) (Fig. 4b). A rep-
resentative data set of the plaques formed by both viruses is

FIG. 3. Tat-PTD-modified oncolytic adenoviruses yield enhanced
cell killing and replication activities. (a) A neuroblastoma (SK-N-SH)
and a neuroendocrine tumor (CNDT2.5) cell lines, both with low CAR
expression, were transduced with Tat-PTD-modified or wild-type Ad5
virus at various levels of evg/cell. The non-replication-competent Tat-
PTD-modified viral vector Ad5PTD(GFP) was used as a negative
control. The relative cell viability was analyzed 4 days after transduc-
tion by MTS assay. The data are shown as means � the SD from three
independent experiments, each with triplicate samples (***, P �
0.001; n 
 3). (b) Neuroblastoma (SK-N-SH) cells were transduced
with virus at 500 evg/cell. Viral genomic DNA was isolated at days 0,
1, 2, and 3 after transduction and quantified by using real-time PCR.
Values show the fold change in relation to day 0 (set to 1). The data are
shown as means � the SD from three independent experiments, each
with triplicate samples (***, P � 0.001; n 
 3). (c) SK-N-SH cells were
transduced with virus at 500 evg/cell. Total protein lysates were pre-
pared after 48 h, and 50-�g samples were resolved by SDS-PAGE.
E1A was detected by Western blotting with an anti-E1A antibody.
�-Actin was used as a loading control.

FIG. 4. A Tat-PTD-modified oncolytic adenovirus overcomes the
fiber-masking problem and spreads more efficiently than a nonmodi-
fied virus. (a) A549 cells were transduced with GFP-expressing adeno-
viral vectors at 500 evg/cell in the presence of free soluble Ad5 fiber
molecules and analyzed by flow cytometry after 2 days. Transduced
cells in the absence of soluble Ad5 fiber served as control (set to 100%)
(***, P � 0.001; n 
 3). (b) Monolayer A549 cells were transduced
with equal amount of either Ad5(wt) or Ad5PTD(wt), followed by a
low-melting-point agar overlay and neutral red staining. Plaque sizes
measured after 8 days are represented as whisker box plot with me-
dian, lower quartile, upper quartile, minimum, and maximum values. A
comparison was performed by the nonparametric Mann-Whitney test
(***, P � 0.001, n 
 50). (c) Representative images of the whole well
from the plaque formation assay at day 8, formed by Ad5(wt) and
Ad5PTD(wt). Corresponding pictures (�10 magnification) are shown
as well.
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shown in Fig. 4c, with entire wells shown in the upper panel
and photographs with �10 magnification pictures of the
plaques shown in the lower panel. These results indicate that
viruses with the Tat-PTD-modification can overcome the fiber-
masking problem and thus enhance the second round of infec-
tion by progeny virus. Moreover, these results further
strengthen the notion that the Tat-PTD-modified virus can
enter the cells via a CAR-independent pathway.

Tat-PTD-modified Ad5 vector can resist FX-mediated up-
take and partially overcome anti-Ad5 antibody neutralization.
It has been reported that viral transduction of hepatocytes is
mediated by binding of coagulation factor X (FX) to the hy-
pervariable region of the Ad5 hexon surface (47). We investi-
gated whether our Tat-PTD modification could reduce the
FX-mediated viral uptake by incubating SKOV3, a cell line
commonly used to demonstrate FX-mediated Ad5 uptake,
with or without physiological concentrations of FX. By real-
time measurements of virus-cell interactions using Li-
gandTracer Green, we found that FITC-labeled Ad5PTD(wt)
showed far less FX-mediated binding to SKOV3 cells than
FITC-labeled Ad5(wt) during the retention phase (Fig. 5a).
These results were confirmed by real-time quantitative PCR
measurement of viral genome copies associated with the cells
after binding. For the real-time PCR experiments, the viral
binding ability of the unmodified Ad5(GFP) vector was ca. 20
times higher than the binding of the Tat-PTD-modified
Ad5PTD(GFP) vector to the cell surface of SKOV-3 cells in
the presence of FX (Fig. 5b). Taken together, these results
indicate that the small modification of introducing Tat-PTD in
HVR5 significantly altered FX-mediated viral uptake.

One limitation of using oncolytic adenovirus for cancer vi-
rotherapy is the high prevalence of neutralizing anti-Ad5 an-
tibodies (32), which may limit the use of intravenous adminis-
tration of Ad5. We investigated whether the Tat-PTD
modification conferred the ability to escape from existing
NAbs. Mice were immunized with unmodified Ad5. Plasma
was isolated from the immunized mice and used to perform in
vitro neutralization assay. Tat-PTD-modified viruses were
moderately protected from NAbs. There was a trend toward
protection for all plasma dilution points, but only two points
reached statistically significant differences (Fig. 5c).

Treatment with Tat-PTD-modified oncolytic adenoviruses
delays tumor growth and prolongs survival in mice carrying
xenografted human neuroblastoma and neuroendocrine tu-
mors. To evaluate the oncolytic viruses as therapeutic agents in
vivo, SCID/beige mice harboring human neuroblastoma (SK-
N-SH) and NMRI-nude mice harboring human neuroendo-
crine tumors (CNDT2.5) were used. Tumor cells were im-
planted subcutaneously on the right hind flank. Once
established, SK-N-SH tumors on SCID/beige mice were
treated with peritumoral injections of Tat-PTD-modified vi-
ruses or Ad5(wt), while PBS was used as a control. CNDT2.5
tumors on NMRI-nude mice were treated with intratumoral
injections of Ad5PTD(D24), while Ad5(mock) and PBS were
used as controls. Tumor growth was monitored by caliper mea-
surements.

In the SK-N-SH xenograft model, mice treated with either
Ad5PTD(wt) or Ad5PTD(D24) showed a significant (P �
0.001) suppression of tumor growth (Fig. 6a) and prolonged
survival compared to mice treated with Ad5(wt) (Fig. 6b).

Interestingly, there was no difference between Ad5(wt)-treated
mice and PBS-treated mice, reflecting the lack of Ad5(wt)
transduction of SK-N-SH cells.

In the CNDT2.5 xenograft model, mice treated with
Ad5PTD(D24) showed a significant (P � 0.001) suppression of
tumor growth compared to mice treated with the replication-
defective virus Ad5(mock) or PBS (Fig. 6c). Although there
was a significant tumor growth suppression for Ad5(mock)-
treated mice compared to PBS-treated mice, no mice were
cured in the Ad5(mock) treatment group. Moreover, mice
treated with Ad5PTD(D24) showed a significantly prolonged
survival compared to PBS-treated mice and Ad5(mock)-

FIG. 5. Tat-PTD-modified Ad5 vector can resist FX-mediated up-
take and partially overcome anti-Ad5 antibodies. (a) A total of 5,000
evg of either FITC-labeled Ad5(wt) or FITC-labeled Ad5PTD(wt) in
3 ml of culture medium was added to monolayer SKOV3 cells, cover-
ing a small portion of the culture dish, in the presence or absence of
FX (8 �g/ml). The FX-mediated virus-cell binding interaction was
measured and recorded in real-time by using LigandTracer Green.
Representative data from one experiment out of three are shown. (b)
Monolayer SKOV3 cells were transduced for 1 h at 4°C with GFP-
expressing adenoviral vectors at 500 evg/cell in the presence of FX (8
�g/ml). Transduced cells without the addition of FX served as a con-
trol (set to 100%). Viral genomic DNA was isolated directly after
transduction and quantified by real-time PCR. Representative data
from one experiment out of two are shown. (c) A549 cells were trans-
duced with GFP-expressing adenoviral vectors at 500 evg/cell in the
presence of heat-inactivated mouse plasma, from mice immunized with
Ad5(mock), at various dilutions and analyzed by flow cytometry after
24 h. Transduced cells in the absence of mouse serum served as control
(set to 100%). The data are presented as means � the SD from at least
three independent experiments, each with triplicate samples. A Stu-
dent t test was performed to evaluate statistical differences (***, P �
0.001; *, P � 0.05; n.s., P � 0.05).
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treated mice and, in addition, two mice out of six were cured by
the Ad5PTD(D24) treatment (Fig. 6d). The better results for
Ad5PTD(D24) compared to Ad5(mock) is most likely a com-
bination of the PTD modification, D24 deletion of E1A, and
the fact that Ad5PTD(D24) replicates, whereas Ad5(mock)
does not.

DISCUSSION

Adenoviruses are widely used for gene transduction and
oncolytic therapy. In order to selectively target certain cell
types, many groups, including our own, have modified the viral
capsid or fiber protein (8, 22, 28, 44). Most studies report
modifications of either the HI loop or the C terminus of the
adenovirus fiber. However, tumor selectivity can also be
achieved by promoter-controlled E1A expression in tumor tis-
sues or micro RNA target sequences to selectively degrade
E1A expression in off-target tissues (7, 26, 27). The main aim
of the present study was to increase viral transduction effi-
ciency and to overcome the fiber-masking problem caused by
excessive fiber proteins release from infected cells that blocks
CAR on noninfected neighboring cells and prevents progeny
virus entry (31). To achieve this, we decided to keep the targeting
agent away from the fiber and to put it on the virus capsid.
Although modification of the hexon HVR has been difficult to
achieve (50), several groups have verified that the HVR5 site is
tolerant for foreign peptide insertion (37, 45, 46, 50). Moreover,
given the fact that there are 240 hexon trimers expressed on the
adenoviral surface versus only 12 fiber trimer molecules and that

hexon modification would not affect the native fiber binding, we
decided to modify the hexon HVR5 site.

Our targeting peptide of choice is the protein transduction
domain of the Tat protein from HIV-1 (Tat-PTD). Kurachi et
al. have previously introduced Tat-PTD in the adenovirus fiber
knob (23), and Eto et al. reported a method to modify adeno-
virus with Tat-PTD by chemical conjugation to lysine residues
on exposed viral proteins (15). However, the chemical conju-
gation procedure is relatively complex, and the exact ratio of
conjugated Tat-PTD peptide per viral particle could not be
determined (15, 51). In our case, the Tat-PTD sequence was
flanked by a short �-helix spacer and genetically inserted into
the hexon HVR5 region. We hypothesized that the short �-he-
lix spacer would expose the Tat-PTD motif, thereby increasing
the virus-cell interactions, thus improving the transduction ef-
ficiency. The predicted model of the modified trimerized hexon
(Fig. 1b) was obtained by superimposition of the Tet-PTD and
linkers on the hexon trimer previously modeled by others. It
shows that the Tat-PTD sequence in HVR5 is exposed on the
top surface of the hexon, the portion of the protein facing the
surrounding.

The transduction efficiency of Ad5PTD(GFP) was dramati-
cally increased for CAR-negative cell lines compared to the
unmodified virus Ad5(GFP). Interestingly, up to 90% of the
SK-N-SH cells, which are nonpermissive for native adenovirus
transduction, could be transduced by the Tat-PTD-modified
Ad5PTD(GFP). In all other tested cell lines, the modified
vector shows the same or better transduction efficiency than

FIG. 6. Treatment with Tat-PTD-modified oncolytic adenoviruses delay tumor growth and prolong survival in mice with transplanted human
neuroblastoma and neuroendocrine tumors. (a) SCID/beige mice harboring subcutaneous neuroblastoma, SK-N-SH, were treated by peritumoral
virus injections, as indicated by the arrows. (c) NMRI-nude mice harboring subcutaneous neuroendocrine tumor, CNDT2.5, were treated by
intratumoral virus injections as indicated by arrows. The tumor volume was monitored by caliper measurements. Six mice per group were used,
and the data represent means � the SD. Mice were sacrificed when the tumor size reached 800 mm3. The experiment of SCID/beige mice was
terminated when the last mouse in the Ad5(wt) treatment group was sacrificed due to wounds on the tumors. The experiment with NMRI-nude
mice was terminated at day 100 after tumor implantation. A Kaplan-Meier survival curve shows the survival data (b, SCID/beige mice; d,
NMRI-nude mice). A log-rank test was performed for comparison.
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the nonmodified Ad5(GFP) vector. The mechanism of cellular
uptake and cell penetration of CPPs has been studied for
decades and still remains divergent. Different models have
been proposed to describe the mechanism. In general, these
models can be categorized as energy-dependent endocytosis
and direct translocation via the lipid bilayer (34). Another
suggestion is that CPPs only play a role in “adherence” or
“docking” to the cell surface while endocytosis mediates the
actual cellular uptake (25). The secondary structure was also
found to be important for different classes of CPPs (11). In our
case, the exact transduction mechanism of the Tat-PTD mod-
ified viruses is unclear. We are able to transduce CAR-negative
cells with the Tat-PTD-modified viruses and the transduction
can only be partly blocked by soluble fiber molecules, which
strongly indicates that a CAR-independent pathway is utilized
for cellular uptake.

Recent data have demonstrated that the overproduced fiber
molecules during the first round of viral infection are released
prior to cell lysis and mask the receptor on adjacent uninfected
cells and therefore inhibit the following rounds of infection
(31). This phenomenon limits the usage of replicating oncolytic
adenoviruses as anticancer agents. In contrast to chemically
conjugated Tat-PTD-modified virus (15) or HI-loop/C-termi-
nus Tat-PTD-modified virus (23), which would only enhance
the first round of infection, we show that our Tat-PTD-modi-
fied virus, which utilizes a CAR-independent cellular transduc-
tion pathway, can overcome this problem. The plaque forma-
tion assay confirmed that Ad5PTD(wt) spreads faster than
Ad5(wt) in a two-dimensional model, which suggests that the
Tat-PTD-modified virus should spread faster also in three-
dimentional structural tumors.

Hexon proteins were reported to play a major role in liver
toxicity after intravenous administration of adenovirus (47).
Liver infection, at least in mice, is mediated by binding of FX
(Gla domain) to the HVR of the Ad5 hexon surface. The
uptake of FX-Ad5 complexes in hepatocytes is mediated
through a heparin-binding exosite in the FX serine protease
domain. It has also been demonstrated that a single mutation
on HVR5 or HVR7 could significantly reduce or totally abolish
the FX binding ability (1). We evaluated the FX de-targeting
ability of our HVR5 modified virus. Consistent with other
reports, we found that the substitution of HVR5 by the Tat-
PTD motif significantly reduces the FX-mediated virus cellular
binding activity in two independent assays. In addition, the
modification of the hexon removes antigenic epitopes on the
virus particle surface, which leads to partial protection from
preexisting neutralizing anti-Ad5 antibodies. Surprisingly, the
protection from NAbs was not as efficient as was reported for
the Tat-PTD chemically conjugated viruses (15) and the other
hexon-modified viruses (32, 36). This is probably because the
relatively small-sized modification cannot remove all natural
Ad5 viral capsid epitopes.

We also examined the in vivo therapeutic effects of the
Tat-PTD-modified oncolytic viruses on human neuroblastoma
and neuroendocrine tumors. To our knowledge, this is the first
study using adenoviruses modified with cell-penetrating pep-
tides as oncolytic agents for cancer therapy. The human neu-
roblastoma cell line SK-N-SH was chosen for establishing xe-
nografts since it is not transducible by native Ad5. We found
that a therapeutic effect on SCID/beige mice with SK-N-SH

xenografts can only be achieved by treatment with Tat-PTD-
modified viruses, indicating that viral entry is crucial in order to
achieve an oncolytic therapeutic effect. Since Ad5PTD(wt) is
not tumor selective, we also produced and evaluated the
Ad5PTD(D24) virus, along with Ad5(wt) and Ad5PTD(wt).
We found that Ad5PTD(D24) is as efficient as Ad5PTD(wt),
but not better (Fig. 6a and b). Therefore, only Ad5PTD(D24)
was selected for treatment of neuroendocrine CDNT2.5 tu-
mors on NMRI-nude mice. Geoerger et al. reported on an
adenovirus Ad�24-425S11 expressing a bispecific scFv which
targets both the adenoviral fiber knob and the epidermal
growth factor receptor, to generate higher transduction level
on CAR-low neuroblastoma cells (21). However, the infectivity
enhancement of that virus still relies on uptake via CAR at the
first round of viral infection in order to produce the 425S11-
targeting adapter. In contrast, the infectivity of our Tat-PTD-
modified viruses is guaranteed also on CAR-low cells at the
first viral infection step and will be carried on to viral progeny.
Parikh et al. claimed that treatment of neuroblastoma by wild-
type Ad5 was not as efficient as by oncolytic herpes simplex
virus due to the lack of Ad5 transduction (29). We show in the
present study that by enhancing Ad5 transduction, a therapeu-
tic effect could be achieved for neuroblastoma.

It has been reported that the therapeutic effect achieved by
treatment with oncolytic virus is partially dependent on the
host immune response raised by viral infection (5, 41, 52). We
evaluated the therapeutic effect on both nude and SCID/beige
mouse models. Nude mice, lacking T cells but with functional
B and NK cells, reflect the therapeutic effect from both viral
oncolysis and a partially functioning host immune system.
SCID/beige mice, deficient for T, B, and NK cells, are severely
immunocompromised; thus, any therapeutic effect observed is
solely dependent on viral oncolytic activity. Nude mice harbor-
ing CNDT2.5 xenografts treated with Ad5(mock) showed de-
layed tumor growth, indicating that a virally induced host im-
mune response was involved. SCID/beige mice have also
reported to have dysfunctional platelets and therefore pro-
longed bleeding time after needle puncture (18). All of the
SCID/beige mice harboring tumor xenografts got wounds in
the tumor area during tumor growth; therefore, the experi-
ment had to be terminated immediately after the last mouse in
the Ad5(wt) treatment group was sacrificed.

The changed tropism caused by genetic introduction of Tat-
PTD in the Ad5 hexon raises potential safety concerns since
the virulence and pathogenicity/transmission in the natural
host as well as the host range may have changed. It is therefore
important to combine the transductional alteration caused by
Tat-PTD with a transcriptional modification in order to restrict
virus activity in normal cells. In the present study we chose to
combine it with the D24 deletion of E1A. An alternative ap-
proach would be to control E1A gene expression with a tissue-
or tumor-specific promoter. In either case, the safety and vir-
ulence of Tat-PTD-modified Ad5 will have to be further
examined and monitored before a clinical trial can be pro-
posed. It should, however, be noted that Ad5 NAbs are also
quite efficient in neutralizing Tat-PTD-modified Ad5.
Ad5PTD(wt) shows significantly better shielding against Ad5
NAbs only under certain dilutions of sera (1:1,250 to 1:625).
This means that under physiological conditions, Ad5 NAbs in
the bloodstream will neutralize Tat-PTD-modified Ad5. Nev-
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ertheless, it is very important to follow strict guidelines when
working with Tat-PTD-modified replicating viruses.

In conclusion, we have developed Tat-PTD-modified onco-
lytic Ad5-based viruses with elevated infectivity. The viruses
circumvent problems caused by excessive production and se-
cretion of virus fiber protein in the first round of infection,
fibers that could block receptors on neighboring noninfected
cells and slow down subsequent replication rounds. They are
particularly promising for the treatment of tumors with low
CAR expression, as demonstrated here for experimental neu-
roblastoma and neuroendocrine tumors.
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