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Abstract

In this study, we identified murine breast cancer cell lines
that support DNA replication of E1-deleted adenovirus
vectors and which can be killed by an oncolytic adenovirus
expressing adenovirus E1A and tumor necrosis factor (TNF)–
related apoptosis inducing ligand (TRAIL) in a replication-
dependent manner (Ad.IR-E1A/TRAIL). We showed that
systemic or intratumoral (i.t.) injection of adenovirus vectors
into mice increases plasma levels of proinflammatory
cytokines and chemokines, including TNF-A, INF-;, and
MCP-1, which are potent inducers of dendritic cell matura-
tion. Furthermore, we showed that in vivo expression of Flt3L
from an adenovirus vector increases the number of CD11b+

and CD11c+ cells (populations that include dendritic cells) in
the blood circulation. Based on these findings, we tested
whether Ad.IR-E1A/TRAIL induced killing of tumor cells in
combination with dendritic cell mobilization by Ad.Flt3L or,
for comparison, Ad.GM-CSF would have an additive anti-
tumor effect. As a model, we used immunocompetent C3H
mice with syngeneic s.c. tumors derived from C3L5 cells. We
found that vaccination of mice with C3L5 cells that
underwent viral oncolysis in combination with Flt3L or
granulocyte-macrophage colony-stimulating factor (GM-CSF)
expression induces a systemic antitumor immune response.
I.t. injection of the oncolytic and Flt3L expressing vectors
into established tumors delayed tumor growth but did not
cause efficient tumor elimination. This study shows the
effectiveness of a combined oncolytic/immunostimulatory
tumor therapy approach. (Cancer Res 2005; 65(10): 4343-52)

Introduction

Adenoviruses are known to elicit expression of proinflammatory
cytokines as well as cell-mediated immune responses upon in vivo
administration. Although adaptive immune responses are generally
limited to the virally infected cells, there is some evidence that
adenovirus infections can contribute to immune responses
nonviral antigens. For example, adenovirus infections have been
associated with transient autoimmune features (1) and graft versus
host disease after allogeneic bone marrow transplantation (2, 3).
These clinical observations suggest that adenovirus can break, or
help break, tolerance, and for this reason, adenoviruses have been
extensively studied as delivery vectors and adjuvant for vaccination

(4). Notably, in the largest nonhuman primate study of HIV
vaccines to date (using an SIV-HIV hybrid model), adenovirus
vectors expressing the SIV gag protein were most efficient in
providing true clinical protection when compared with various
vaccine approaches (4).
It is thought that tumor cells dying in an environment

containing proinflammatory cytokines are a potent source of
antigens for presentation by and activation of dendritic cells. This
implies that oncolytic adenoviruses might provide a means to
stimulate an antitumor immune response. We have recently
developed adenovirus vectors that achieve tumor-specific viral
replication, tumor cell lysis, and viral spread. These vectors are
deleted for the immediate early E1A and E1B regulatory genes
(termed E1-deleted adenovirus vectors) and replicate their DNA in
a variety of human tumor cell lines (5–7). In contrast, viral DNA
replication of E1-deleted vectors is not detectable in primary
human cells in vitro or in livers of mice and nonhuman primates
after systemic application. We have modified the genome of these
E1-deleted adenovirus vectors to construct new vectors (termed
‘‘Ad.IR’’ or inverse repeat adenovirus vectors) in which transgene
expression is activated only upon replication-dependent homolo-
gous recombination between inverted homology regions (IR)
flanking the transgene (ref. 8; Supplementary Fig. S1). This limits
expression of transgenes to cells which support E1-deleted
adenovirus vector DNA replication (i.e., tumor cells). To overcome
low level viral replication and lysis of tumor cells (characteristic of
most E1-deleted adenovirus vectors) the E1A gene was inserted
into Ad.IR vectors (6). Ad.IR-E1A vectors showed efficient, tumor-
specific transgene expression, replication, and spread in tumor cell
lines in vitro and in vivo . We have also produced an Ad.IR-E1A
vector expressing tumor necrosis factor (TNF)–related apoptosis-
inducing ligand (TRAIL) (9). I.v. administration of Ad.IR-E1A/
TRAIL resulted in elimination of liver xenograft metastases derived
from human tumor cell lines in mice (9) and caused no toxicity in
nonhuman primates after i.v. injection (10).
In cancer patients, ineffective antitumor responses have been

shown to be in part due to a functional impairment in tumor
recognition and initiation of an immune response through
antigen-presenting cells (APC), most notably dendritic cells. One
approach to overcome these problems is to increase the number
of tumor-infiltrating dendritic cells. The FMS-related tyrosine
kinase 3 ligand (Flt3L) has been shown to mobilize and stimulate
natural killer (NK) cells as well as dendritic cells and to induce
antitumor activity in mouse models (11–13). The ability to
increase the number of dendritic cells from myeloid and
circulating precursors has also been reported for granulocyte-
macrophage colony-stimulating factor (GM-CSF). A series of
studies using adenovirus vectors for GM-CSF gene transfer showed
stimulation of antitumor immune responses (14–18). Whereas
Flt3L predominantly stimulates immature dendritic cells, GM-CSF
can also promote dendritic cell maturation. In contrast to Ftl3L,
GM-CSF is not stimulatory for NK cells (19, 20).

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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In this study, we tested a combination of adenovirus-based
oncolytic and immunostimulatory anticancer therapies. An
oncolytic virus (expressing E1A and TRAIL in a tumor-specific
manner) was used to infect and induce cell death in tumor cells,
which can subsequently serve as a source for tumor antigens. In
parallel, adenovirus vectors expressing Flt3L or GM-CSF were
used to mobilize APCs. Our goal was to investigate whether
infection of tumor cells and induction of apoptosis by oncolytic
vectors provides an antigenic stimulus that, in combination with
expression of Flt3L or GM-CSF, results in control of tumor
growth in a vaccination and therapeutic scheme.

Materials and Methods

Adenovirus vectors. Ad.BG (8) and Ad.CMV-GFP (21) are E1/E3-

deleted adenovirus vectors that expresses Escherichia coli h-galactosidase
and green fluorescent protein (GFP) under the control of the Rous
sarcoma virus (RSV) promoter. Ad.IR-GFP (22) expresses GFP in a

replication-dependent manner. Ad.IR-TRAIL (23) expresses the proapop-

totic TRAIL in a replication-dependent manner. Ad.IR-E1A/AP (6)

expresses Ad5 E1A and alkaline phosphatase (AP) in a replication-
dependent manner. Ad.IR-E1A/TRAIL is an Ad5-based vector that has the

same transgene cassette as Ad5/35.IR-E1A/TRAIL (9) and expresses Ad5

E1A and TRAIL in a replication-dependent manner. Ad.Flt3L is an E1/E3-

deleted adenovirus vectors that expresses human Flt3L under the control
of the RSV promoter. The hflt3-L cDNA was obtained from the American

Type Culture Collection (ATCC, Manassas, VA) and cloned into pAd.RSV

(8) to construct Ad.Flt3L. Ad.GM-CSF was kindly provided by Richard

Vile (Mayo Clinic, Rochester, MN). Ad.GM-CSF is a first-generation
adenovirus vector containing a bicistronic HSVtk/murine GM-CSF

expression cassette (24, 25). Viral vectors were produced and propagated

following standard procedures (26). Viruses were banded in CsCl
gradients, dialyzed, and stored in aliquots as described previously. Titers

were determined by plaque titration in 293 cells as described (26) and

the contamination level of wild-type (wt) virus was examined by real-

time PCR as described (6). Only vector preparations that contained less
than one wt viral genome in 106 genomes were used in these studies.

Lack of endotoxin contamination was shown using a Limulus amebocyte

lysate endotoxin detection kit (Bio Whittaker, Walkerville, MD).

Cells. Murine breast cancer cell lines 4T1, JC, EMT-6, TM40D are
derived from BALB/c mice; C3L5 is derived from C3H/Je mice. 4T1 and

JC cells were obtained from the ATCC (CRL-2539). We are grateful to Dr.

Rasey (Department of Radiation Oncology, University of Washington,
Seattle, WA; ref. 27), Dr. Medina (Department of Cell Biology, Baylor

College of Medicine, Houston, TX; ref. 28), and Dr. Lala (Department of

Anatomy and Cell Biology, The University of Western Ontario, London,

Ontario, Canada; ref. 29) for providing the EMT-6, TM40D, and C3L5 cell
lines, respectively. 4T1 and JC cells were grown in RPMI with 2 mmol/L

glutamine, 1.5 mg/mL NaHCO3, 4.5 mg/mL glucose, 10 mmol/L HEPES, 1

mmol/L sodium pyruvate, and 10% fetal bovine serum (FBS). TM40D

cells were grown in DMEM/F-12 (v/v 1:1) with 2% FBS, 5 ng/mL
epidermal growth factor, and 10 Ag/mL insulin. C3L5 cells were cultured

in RPMI with 10% FBS. EMT-6 cells were cultured in DMEM with 10%

FBS and 2 mmol/L L-glutamine. Penicillin (100 units/mL) and
streptomycin (100 Ag/mL) were added to all media.

In vitro replication assay. A site-specific methylation strategy was

used to monitor viral DNA replication in infected cells (30). Methylated

adenovirus vectors were produced by propagation in 293 cells expressing
PaeR7 methyltransferase (PMT). PMT protects XhoI sites from XhoI

cleavage and loss of methylation through replication in (PMT negative)

tumor cells restores XhoI cleavage. Replicated genomes can therefore be

detected by Southern blotting of XhoI- and HindIII-digested genomic
DNA from infected cells.

Flt3L/GM-CSF ELISA. C57Bl/6, BALB/c, and C3H/H3J mice (three

animals per group) received a single dose of 5 � 109 plaque-forming unit

(pfu) Ad.Flt3L or Ad.BG control virus via tail vein injection. A third

group did not receive any virus. At 3, 7, and 14 days after tail vein
injection, serial dilutions of plasma were subjected to ELISA analysis

according to the manufacturer’s instructions (Quantikine hFlt3L kit, R&D

Systems, Minneapolis, MN). Ad.GM-CSF was injected into C3H mice and

serum concentrations of murine GM-CSF were analyzed by ELISA
(Quantikine mGM-CSF kit, R&D Systems).

Analysis of peripheral blood cells. C57Bl/6, BALB/c, and C3H/H3J

mice received a single dose of 5 � 109 pfu of Ad.Flt3L or Ad.BG control

virus via tail vein injection. At the indicated time points, blood was
drawn for fluorescence-activated cell sorting analysis (FACS). Red cells

were lysed using ammonium chloride (PharmLyse, BD Biosciences, Palo

Alto, CA). Leukocytes were washed with PBS + 1% inactivated FBS and

incubated with anti-CD3q-PE (9145-2C11), anti-CD4-PE (RM4-5), anti-
CD8a-PE (53-6.7), anti-CD19-PE (1D3), anti-CD11b-PE (M1/70), anti-

CD11c-PE (HL3), and appropriate isotype controls (all from BD

Biosciences; 1 AL antibody per 106 cells). Cells were washed and the
percentage of cells expressing each CD molecule was determined using

flow cytometry (FACScan, BD Biosciences). Plasma samples from at least

three mice were analyzed.

WBC and spleen weight was measured at day 10 after injection of 5 � 109

pfu of Ad.BG, Ad.Ftl3L, or Ad.GM-CSF into C3H mice.

Plasma levels of cytokines/chemokines. To analyze serum levels of

proinflammatory cytokines and chemokines, 30 minutes, 6, and 24 hours

after i.v. administration of adenovirus vectors, blood samples were collected
into heparin-treated Eppendorf tubes. Cells were pelleted for 5 minutes at

1,000 � g , and plasma was obtained and stored at �80jC in aliquots.

To analyze plasma cytokine/chemokine levels, a ‘‘Mouse Inflammatory
Cytometric Bead Array’’ (BD Biosciences) was used. Briefly, 10 AL of

mouse plasma were diluted five times and mixed with cytometric beads

capable of binding mouse TNFa, IL-6, MCP-1, and IFN-g. Bound cytokines/

chemokines were detected with corresponding secondary phycoerythrin-
conjugated antibodies and analyzed by flow cytometry along with provided

standard proteins. The collected data were processed using the manufac-

turer’s software. Plasma samples obtained from at least three mice were

analyzed in duplicate.
Crystal violet staining. Plated cells were infected and allowed to

develop cytopathic effect (CPE). Before crystal violet staining, medium was

removed and cells were fixed for 3 minutes in 3.7% paraformaldehyde at
room temperature. Fixed cells were washed with PBS and incubated for 3

minutes in 1% crystal violet in 70% ethanol followed by three rinses with

water. Air-dried cells were photographed.

Animal models. For s.c. tumors, 1 � 104 C3L5 cells (in a volume of
0.1 mL of DMEM) were injected into the right and left inguinal regions

of C3H mice. S.c. tumors were measured with a caliper every other day,

and the tumor volume was calculated using the formula largest diameter
� (smallest diameter)2. For vaccination studies (Fig. 7), C3L5 cells were
infected with adenovirus vectors at a multiplicity of infection (MOI) of

100 plaque forming units (pfu) per cell overnight, trypsinized, and

washed to remove noninternalized vector particles. Mice were sacrificed

when the tumor volume exceeded 1,000 mm3 or 10% of the body weight.
Intratumoral (i.t.) adenoviral injections were done with 50 AL of

adenovirus vectors in PBS at a dose of 1 � 109 pfu. I.v. injections of

5 � 109 pfu (in 200 AL PBS) were done via the tail vein.

Results

Identification of mouse breast cancer cell lines supporting
efficient viral infection, DNA replication, and oncolysis. Several
syngeneic mouse models of breast cancer have been described,
including 4T1, EMT-6, TM40D, C3L5, and JC cells. We first
selected cell lines that can be efficiently infected and killed by our
oncolytic vector, Ad.IR-E1A/TRAIL. High sensitivity to Ad.IR-E1A/
TRAIL implies that the cell line is readily infectible by adenovirus
vectors, supports DNA replication of E1-deleted adenoviruses and
formation of rearranged genomes, and is susceptible to TRAIL-
mediated apoptosis. To compare infectibility, the cell lines were

Cancer Research

Cancer Res 2005; 65: (10). May 15, 2005 4344 www.aacrjournals.org

Research. 
on April 14, 2017. © 2005 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


infected with Ad.CMV-GFP (21), and the percentage of GFP-
expressing cells was analyzed (Fig. 1A). Infectibility was best for
EMT-6 cells followed by C3L5, TM40D, JC, and 4T1 cells.
Next, we studied whether the tumor cell lines support viral

DNA replication and homologous recombination of an E1-deleted
adenovirus vector. As outlined above, viral DNA replication is a
prerequisite for homologous recombination in Ad.IR vectors and
activation of transgene expression. Viral DNA replication was
analyzed by a demethylation assay after infections at MOIs that
allow for comparable uptake of adenovirus vectors (see Fig. 1B , ‘‘3
hour’’ lane). Efficient replication of E1-deleted vector genomes
was observed in EMT-6 and C3L5 cells. Low-level DNA replication
was found in the 4T1 cell line. To analyze replication-activated
transgene expression through homologous recombination, a GFP-
expressing Ad.IR vector was used in infections at increasing MOIs
(Fig. 1C). Both EMT-6 and C3L5 cells efficiently supported GFP
expression from the Ad.IR system, whereas 4T1 and JC cells
allowed for replication-activated expression at higher MOIs. In
contrast, TM40D cells did not show recombination-activated GFP
expression, and increasing MOIs led to cell death from viral CPE
before recombination could be observed.
We also tested how well our murine breast cancer cell lines

support the replication of wild-type viral DNA and production of
progeny viral particles (Supplementary Fig. S2). EMT-6, C3L5,
and TM-40D cells supported wild-type adenovirus DNA replica-
tion at similar levels, in contrast with the data obtained for E1-
deleted genomes, where TM40D cells were far more inefficient
than the other two cell lines. EMT-6 and C3L5 cells also
supported the production of progeny virions, as analyzed by
plaque assay. However, the efficiency of progeny virus production
was orders of magnitude lower than in human HeLa cells. No
progeny virion production was detectable in 4T1, JC, and TM40D
cells.
Of all the cell lines analyzed, EMT-6 and C3L5 seemed the

most suitable models to test oncolytic adenoviral vectors in
syngeneic mouse models. However, when we tried to establish
s.c. tumors with EMT-6 and C3L5 cells, in syngeneic immuno-
competent C3H and BALB/c mice, respectively, only C3L5 cells
engrafted. EMT-6 cells are highly immunogenic, which prevented
their use in our tumor model. Subsequent studies were therefore
done with C3L5 cells.
We tested whether Ad.IR vectors expressing TRAIL and E1A in

a replication-activated manner, individually, or in combination,
would efficiently kill C3L5 cells. Ad.IR-TRAIL, Ad.IR-E1A,
Ad.IR.E1A/TRAIL, and an E1-deleted control vector (Ad.BG)
were infected onto tumor cells at increasing MOIs. Six days after
infection, viable cells were stained with crystal violet (Fig. 2A).
Overall, the vector that expressed both E1A and TRAIL exerted
greater cytotoxicity than vectors that express these genes
individually. For example, an MOI of 10 pfu per cell of Ad.IR-
E1A/TRAIL was sufficient to kill all cells. Figure 2B shows
characteristic apoptotic features in C3L5 cells infected with
Ad.IR-E1A/TRAIL, in comparison with Ad.BG-infected cells.
In vivo tumor model. We first studied the growth kinetics of

s.c. tumors after injection of untransduced and transduced C3L5
cells. To ensure that Ad.IR-E1A/TRAIL exerts an antitumor effect
in vivo , C3L5 cells were infected in vitro with Ad.IR-E1A/TRAIL,
Ad.IR-E1A/AP, or an Ad.BG control vector. Infected cells were
mixed at ratios of 1% and 10% with uninfected cells. Mice were
inoculated s.c. with 107 uninfected cells or infected/uninfected
cell mixtures, and tumor growth was monitored over time. All

Figure 1. Infectibility, viral DNA replication, and replication-activated gene
expression from E1-deleted Ad.IR vectors. A, murine breast cancer cells,
4T1, JC, C3L5, EMT-6, and TM40D, were seeded at similar densities, left to
adhere overnight, and exposed to varying MOIs of an E1/E3-deleted adenovirus
vector expressing GFP from a CMV promoter. At 72 hours after infection, the
percentage of GFP expressing cells was determined using flow cytometry.
Points, means of three individual experiments; bars, SD. B, 4T1 and JC
cells were infected at an MOI of 300 pfu per cell, C3L5 and TM40D* cells at
100 pfu per cell, and EMT-6 cells at 30 pfu per cell of a methylated, E1-deleted
Ad5 virus to ensure similar uptake of viral DNA. At the indicated time points,
DNA was extracted, digested with HindIII and Xho I, subjected to Southern
blotting and probed for viral DNA. C, cells were infected with Ad.IR-GFP at
MOIs ranging from 0.03 to 1,000 pfu per cell. At 72 hours after infection, cells
were analyzed for GFP expression by flow cytometry. Points, means of three
individual experiments; bars, SD. *TM40D cell could not be infected with
MOIs above 300 pfu per cell due to toxicity.

Combined Oncolytic and Immunostimulatory Therapy

www.aacrjournals.org 4345 Cancer Res 2005; 65: (10). May 15, 2005

Research. 
on April 14, 2017. © 2005 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


mice developed tumors, however, Ad.IR-E1A/TRAIL more effec-
tively delayed tumor growth than the two control vectors (P <
0.01 for 10% Ad.IR.E1A/TRAIL at day 21), and this effect was dose
dependent (Fig. 3A).
Microdissected tumors showed high degrees of vascularization

as shown by staining for the endothelial cell marker CD31 (Fig. 3B).
Furthermore, infiltrating (F4/80-positive) monocytes/macrophages
were detected in s.c. tumors (Fig. 3C). Tumor vascularization and
infiltration by cells of the immune system is a prerequisite for
immunotherapy.
Next we studied adenoviral transduction of tumor cells in s.c.

tumors. Ad.BG was injected i.t. (1 � 109 pfu) and i.v. (5 � 109 pfu)
and h-galactosidase expression was analyzed in tumor sections 3
days later. Whereas i.t. adenoviral injection resulted in transduction
of about 40% of tumor cells (Fig. 4A), i.v. Ad.BG injection conferred
transgene expression in <1% of tumor cells in any given s.c. tumor
(data not shown). Figure 4B shows that a significant fraction of
vector genomes can be found in the blood circulation after
adenoviral injection into s.c. tumors. This finding is in agreement
with earlier observations by Lohr et al. (31). We also measured
plasma levels of selected proinflammatory cytokines/chemokines
(Fig. 4C). All analyzed cytokines and chemokines, including potent
inducers of dendritic cell maturation, were elevated upon i.v. and
i.t. adenoviral injection. In summary, s.c. C3L5 tumors grow
aggressively and can be efficiently transduced by adenovirus
vectors upon i.t. injection. Tumors are vascularized, which allows
for leukocyte infiltration. Adenovirus injection results in release/
expression of cytokines that potentially can activate maturation of
dendritic cells.
Mobilization of CD11b/c+ populations by Ad.Flt3L. Murine and

human Flt3L cross-react, and numerous studies showed the effect
of human Flt3L in healthy and tumor-bearing mice. We therefore
decided to work with the human flt3-L cDNA. The target cell for
Flt3L in this therapeutic approach (immature dendritic cells) does
not reside within the tumor. In this study, we constructed an

adenoviral vector that expresses Flt3L under the direct control of
the strong RSV-promoter (Ad.Flt3L). In earlier studies, we have
shown that i.v. injection of this type of vector results in high and
sustained systemic expression levels of various transgenes for a
period of at least 2 weeks. Groups of eight mice of different genetic
backgrounds, C57Bl/6, BALB/c, C3H (known to mount different
antivector immune responses; ref. 32), were injected with Ad.Flt3L.
At the indicated time points, blood samples were drawn and
analyzed for the presence of human Flt3L by ELISA and for
leukocyte subsets by FACS analysis (Fig. 5). Three days after
Ad.Ftl3L injection, high systemic Flt3L plasma levels were
measured in mice that had received Ad.Flt3L (data not shown).
Plasma levels peaked at day 7 post injection and declined
afterwards in BALB/c and C3H mice (Fig. 5A). These mouse
strains have previously been reported to mount a strong anti-
adenovirus immune response (32) and the decline in Flt3L

Figure 2. Cytopathic effect of C3L5 cells. C3L5 cells were plated in 24-well
dishes and left to adhere overnight. The following day, cells were infected
with adenovirus vectors at the indicated MOIs. After 7 days, cells were
fixed in formaldehyde, washed, and stained with crystal violet (A ) or analyzed
by light microscopy (B).

Figure 3. Characterization of in vivo tumor model. A, tumor growth
kinetics. C3H/Je mice were s.c. injected with 107 C3L5 cells. C3L5 cells were
either uninfected, or contained 1% or 10% cells infected with Ad.BG, Ad.IR-E1A/
AP, or Ad.IR-E1A/TRAIL at an MOI of 100 pfu per cell for 3 hours. B, tumor
vascularization. Two weeks after tumor cell injection, tumor sections were
analyzed by immunofluorescence with anti-mouse CD31 antibodies.
Secondary antibodies are PE labeled and blood vessels appear in red (CD31
is an endothelial cell marker). C, monocyte infiltration. Tumor sections (B)
were analyzed with antibodies against a mouse monocytes/macrophage
marker (F4/80). Secondary antibodies are FITC labeled and positive signals
appear in green. Nuclei are stained with 4V,6-diamidino-2-phenylindole (blue ).
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expression is most likely due to elimination of transduced
hepatocytes. A small peak in plasma Flt3L levels was observed
on day 7 after the injection of the Ad.BG control virus. This may
also reflect an immune response caused by viral infection of a large
number of hepatocytes. Analysis of leukocyte subsets in Ad.Flt3L-
injected C57Bl/6 mice shows a substantial increase in the
percentage of both myeloid CD11b+ and CD11c+ cells, a
subpopulation which comprises dendritic cells (Fig. 5C). Similar
results were obtained with BALB/c and C3H mice (Fig. 5B). The
spleen weight and total number of leukocytes were also found to
be substantially increased in Ad.Flt3L-injected mice (data not
shown). A small increase in CD11b-positive but not CD11c-positive
cells was noted in control virus–injected mice. In addition, the
spleen size but not the number of peripheral circulating white cells
was increased in these mice. In conclusion, the administration of a
standard dose of Ad.Flt3L leads to high transient plasma levels of
Flt3-L and mobilization of several leukocyte subsets including
CD11c-positive cells.
For comparison, we included an adenovirus vector expressing

murine GM-CSF (24, 25) into our studies. (In contrast to Flt3L,
GM-CSF is species-specific; ref. 33); 5 � 109 pfu of Ad.BG,
Ad.Flt3L, or Ad.GM-CSF were i.v. injected into C3H mice and
serum GM-CSF and Flt3L levels were measured by ELISA at days
3, 7, and 10. GM-CSF expression peaked at day 3 after vector
injection; however, compared with Flt3L levels in Ad.Flt3L-

injected mice, serum GM-CSF levels were 10-fold lower and
declined much faster (data not shown). In addition to intrinsic
differences in the ELISA, the lower GM-CSF levels might be due
to the nature of the adenovirus construct that carries a
bicistronic expression cassette with the GM-CSF cDNA as
second cistron. To assess the functionality of GM-CSF expressed
from the adenovirus vector, we compared WBC and spleen
weight at day 10 after adenoviral injection. Whereas both
Ad.Flt3L and Ad.GM-CSF stimulated leukocytosis and caused
splenomegaly (Fig. 5D), these effects were less pronounced for
the GM-CSF–expressing vector, which might be due to the lower
serum concentration of this cytokine.
Combined oncolytic and immunostimulatory therapy. We

first tested whether Ad.IR-E1A/TRAIL-mediated tumor cell lysis in
combination with Ad.Flt3L or Ad.GM-CSF–mediated dendritic cell
mobilization would induce an antitumor effect after injection of
adenovirus vectors into s.c. C3L5 tumors. Preestablished tumors
were injected twice with a total dose of 1 � 109 pfu of adenovirus.
This dose results in transduction of about 40% of tumor cells in
any given s.c. tumor (see Fig. 4A). Tumors were mock-injected or
injected with a combination of Ad.IR-E1A/TRAIL + Ad.Flt3L or
Ad.IR-E1A/TRAIL + Ad.GM-CSF, with either vector alone, or with
control vector (Ad.BG). The tumor sizes of all groups were
measured before injection (day 0) and at days 4, 9, 13, and 18 after
adenoviral injection. Figure 6A shows the tumor size for all groups

Figure 4. Plasma cytokine levels upon i.v. or i.t. adenovirus administration. A, mice bearing tumors with an average volume of 100 mm3 were i.t. injected twice
(on two consecutive days) with 1 � 109 pfu of Ad.BG. Three days after the last injection, tumor sections were analyzed for h-galactosidase expression. The tumor
appears as a compact mass surrounded by lose connective tissue. Magnification, 4� (left) and 20� (right ). B, systemic leakage of i.t. injected adenovirus. Ad.BG
were injected into s.c. tumors (i.t. ) at a total dose of 2 � 109 pfu or into the tail vein (i.v. ) at a dose of 5 � 109 pfu. Adenovirus vector genomes in plasma 3, 15, and
120 minutes after adenovirus injection were quantitated by real-time PCR. C, plasma cytokine levels were measured 6 hours after Ad.BG injection. Previous
studies showed that plasma cytokines reached peak levels 6 hours after i.v. injection of adenovirus vectors (41).
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measured at day 13 after injection. (Mice with mock- and Ad.BG-
injected tumor had to be sacrificed before day 18 because of the
large tumor burden.) Both injection of the oncolytic vector Ad.IR-
E1A/TRAIL and the Flt3L-expressing vector alone significantly
slowed tumor growth compared with the mock- or Ad.BG-injected
groups (P < 0.00001), whereas the Ad.GM-CSF vector alone had no
significant antitumor effect. The combination of Ad.IR-E1A/TRAIL
and Ad.Flt3L had an additive antitumor effect compared with
either vector alone (P < 0.00001). The same is true for the
combination of Ad.IE-E1A/TRAIL and Ad.GM-CSF. The combina-
tion of the oncolytic vector with Ad.Flt3L had a greater antitumor
effect than the combination of the oncolytic and GM-CSF–
expressing vectors (P = 0.00038). Importantly, tumor regression
(one of five tumors) or absence of progression (three of five
tumors) was seen in the Ad.IR-E1A/TRAIL + Ad.Flt3L–injected
group (Fig. 6B). In the Ad.IR-E1A/TRAIL + Ad.GM-CSF–injected

group, tumor growth stagnated in one of five tumors. All other
tumors in this group and in all the other groups progressed. In
conclusion, i.t. Ad.IR-E1A/TRAIL and Ad.Flt3L injection had an
additive antitumor effect that lead to regression/attenuation of
tumor growth in the majority of mice.
Systemic antitumor immune response after vaccination

with adenovirus-transduced tumor cells. We assessed whether
a combination of viral oncolysis and expression of Flt3L or GM-
CSF can induce a protective antitumor immune response. Figure
7A shows the scheme of this experiment. We s.c. vaccinated C3H
mice with mock-, Ad.BG-, or Ad.IR-E1A/TRAIL–infected C3L5
cells. C3L5 cells were infected 24 hours before transplantation at
an MOI of 100 pfu per cell, which allows for efficient
transduction and cell killing by Ad.IR-E1A/TRAIL (see Figs. 1
and 2). One day after vaccine tumor cell transplantation, mice
received an i.v. administration of Ad.BG, Ad.Flt3L, or Ad.GM-CSF.

Figure 5. In vivo effect of Ad.Flt3L and
Ad.GM-CSF. A, groups of eight mice from
three different genetic backgrounds
(C57Bl/6, C3H, BALB/c) received 5 � 109

pfu of Ad.Flt3L or control virus (Ad.BG) via
tail vein injection. At the indicated time
points, blood samples were drawn and
serum levels of Flt3L were analyzed by
ELISA. B, FACS analysis of CD11c
subsets for C57Bl/6, C3H, and BALB/c
mice on days 7 and 14 after injection of
5 � 109 pfu of Ad.Flt3L or control virus.
C, leukocyte surface markers were
analyzed at different time points after
injection of C57Bl/6 mice by flow
cytometry. D, leukocyte counts (left) and
spleen weight (right ) 10 days after tail vein
injection of 5 � 109 pfu of Ad.BG, Ad.Flt3L,
or Ad.GM-CSF (labeled as Ad.GM) into
C3H mice.
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Three weeks after the vaccination, animals were challenged with
nontreated tumor cells to assess whether mice had developed
protective immunity against the tumor cells. Tumor sizes were
measured 4 weeks later (Fig. 7B and C).
Ad.BG-infected C3L5 cells had a slight vaccination effect

against subsequent challenge (P = 0.023 mock- versus Ad.BG-
transduced cells), probably due to adenovirus-mediated cell
death or expression of viral proteins. Induction of TRAIL-
mediated apoptosis in C3L5 cells upon infection with Ad.IR-E1A/
TRAIL had a significantly greater vaccination effect than Ad.BG
infection alone (P = 0.0002 for mock/Ad.BG versus Ad.IR-E1A/
TRAIL; P = 0.024 for Ad.BG/Ad.BG versus Ad.IR-E1A/TRAIL).
Vaccination of mice with cells that underwent Ad.IR-E1A/
TRAIL–mediated lysis in combination with Flt3 expression had
a significantly greater antitumor effect than vaccination with
mock- or Ad.BG-infected cells (P = 0.0042, P = 0.034, res-
pectively). Notably, 7 of 10 mice vaccinated with Ad.IR-E1A/
TRAIL infected cells and injected with Ad.Flt3L rejected tumors
upon challenge, indicating strong antitumor immunity. Ad.GM-
CSF injection alone and in combination with viral oncolysis had
a similar vaccination effect (P = 0.0004 for mock/Ad.GM-CSF
versus Ad.IR-E1A/TRAIL/Ad.GM-CSF), whereby the difference

between the corresponding Ad.Flt3L- and Ad.GM-CSF–injected
groups was not significant. In conclusion, vaccination with cells
that underwent viral oncolysis in combination with Flt3L or GM-
CSF expression induces a systemic antitumor immune response
that is stronger than vaccination with mock- or control Ad.BG-
infected cells.

Discussion

In this study, we showed that the combination of an oncolytic
vector and an immunostimulatory vector expressing Flt3L or
GM-CSF has an additive antitumor effect. The ability of cell
death induced by an oncolytic adenovirus to assist the induction
of tumor-specific immunity was particularly apparent in the
vaccine scheme. I.t. injection of the oncolytic and Flt3L
expressing vector into established tumors delayed tumor growth;
however, it did not result in efficient tumor elimination. The
following limitations of our model should be kept in mind when
interpreting these results: (i) Productive replication of human
adenoviruses is less efficient in murine than in human cells,
even when adjusted for differences in receptor-mediated uptake
and intracellular trafficking (34). The inefficient progeny virus
production implies that viral spread in tumors in situ will likely

Figure 6. Tumor growth after injection
of adenovirus vectors into preestablished
s.c. C3L5 tumors. Pre-established tumors
at a size of 100 mm3 were injected twice
(on two consecutive days) with PBS (Mock )
or with a combination of adenovirus
vectors Ad.BG, Ad.IR-E1A/TRAIL
(labeled as Ad.IR-E/T), Ad.Flt3L, and
Ad.GM-CSF (labeled as Ad.GM). The total
adenovirus dose per injection was 1 � 109

pfu: [Ad.BG + AdBG: 1.0 � 109 Ad.BG],
[Ad.IR-E/T + Ad.BG: 0.5 � 109 Ad.IR-E1A/
TRAIL + 0.5 � 109 Ad.BG], [Ad.Flt3L:
0.5 � 109 Ad.Flt3L + 0.5 � 109 Ad.BG],
[Ad.GM + Ad.BG: 0.5 � 109 Ad.GM-CSF +
0.5 � 109 Ad.BG], [Ad.Flt3L + Ad.IR-E/T:
0.5 � 109 Ad.Flt3L + 0.5 � 109 Ad.IR-E1A/
TRAIL], and [Ad.GM + Ad.IR-E1A/TRAIL:
0.5 � 109 Ad.GM-CSF + 0.5 � 109

Ad.IR-E1A/TRAIL]. (Ad.BG was added to
achieve a total adenovirus dose of 1 � 109).
A, tumor volume at day 13 after adenovirus
injection (n z 5). Points, average; bars,
SD. B, growth of individual tumors in
selected groups. Note the different scale in
the Ad.Flt3L + Ad.IR-E/T–injected group.
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be minimal with Ad.IR-E1A-based vectors. Whereas in the
vaccination experiment cells were transduced in a monolayer
under conditions that allow for infection of close to 100% of the
cells, i.t. injection of adenovirus vectors resulted in transduction
of <40% of tumor cells. It is likely that only cells directly
expressing TRAIL and potentially immediately neighboring cells
(due to a bystander effect of membrane localized TRAIL) were
killed in this approach. (ii) C3L5 tumors grew relatively fast once
they reached a size that made i.t. adenovirus vector injection
physically possible. The timeframe from adenoviral injection to
the point where mice had to be sacrificed was only 12 days. This
is a short time for immunity to be established and an effective
immune response to be carried out. Tumor models in which
successful immunotherapy for established tumors was shown
were usually slower growing ( for example, see refs. 35, 36). (iii)
The fast growth kinetics of C3L5 tumors also imply that the
tumor burden was already relatively large before an effective
antitumor immune response was elicited by our dual vector
approach.
Whereas in the vaccination scheme both the Ad.Flt3L and

Ad.GM-CSF vector displayed similar antitumor effects (Fig. 7),
the Ad.GM-CSF vector was less efficient in slowing down tumor

growth after i.t. injection (therapy scheme, Fig. 6). In contrast to
GM-CSF, Flt3L is also stimulatory for NK cells (19, 20), and these
cells might have been partly responsible for the early tumor
regression/delayed growth seen within 13 days after injection of
adenovirus vectors into preestablished tumors. However, as the
vaccination study shows, both molecules are apparently compa-
rable in their ability to induce a long-term protective antitumor
immune response when expressed from adenovirus vectors.
A number of studies using tumor cells that express cytokines

after retroviral gene transfer compared the ability of Flt3L and GM-
CSF to induce an antitumor immune response. Whereas Alsheikhly
et al. found no difference between GM-CSF, soluble or membrane-
bound forms of Flt3L (14), Mach et al. reported that vaccination
with irradiated tumor cells expressing GM-CSF stimulated a more
potent antitumor immune responses than vaccination with Flt3L-
expressing tumor cells (18). The latter studies argued that in
contrast to Flt3L, GM-CSF can also promote dendritic cell
maturation. We speculate that the inability of Flt3L to induce
dendritic cell maturation might be compensated if adenovirus
vectors are used for its expression. As outlined above, adenoviral
transduction induces expression of potent stimulators of dendritic
cell maturation. Other factors that might account for the

Figure 7. Protection against challenge with C3L5 tumor cells. Mice were vaccinated with mock-, Ad.BG-, or Ad.IR-E1A/TRAIL–transduced C3L5 cells*.
Twenty-four hours after transplantation, mice received a tail vein injection of 5 � 109 pfu of Ad.BG, Ad.Flt3L, or Ad.GM-CSF. Three weeks later, mice were
challenged by s.c. injection of 1 � 104 (untreated) C3L5 cells and tumor volumes were measured four weeks later. *Tumors developed in mice transplanted with
mock- and Ad.BG-infected C3L5 vaccines but not in mice transplanted with Ad.IR-E1A/TRAIL–infected cells. Before challenge, these tumors were surgically removed.
Notably, we did not observe that C3L5 tumor cells metastasize from the parental s.c. tumor. A, scheme of the experiment. B, volume of individual challenge
tumors. Asterisks, absence of tumors. C, average (n = 10) tumor volumes (columns ) and SD (bars ).
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discrepancy between Mach’s study and our data include the use of
different tumor cell lines, different transgene expression levels, and
expression from tumor versus ectopic site (which in our case is
hepatocytes, because i.v. injection of Ad5 vectors into mice leads to
predominant transduction of liver; ref. 37). Although not compared
directly, other studies showed that expression of GM-CSF (14–18)
and Flt3L (14, 17, 18, 38) after adenovirus gene transfer induced
strong stimulation of antitumor immune responses.
Our studies also support the hypothesis that Ad.IR-E1A/TRAIL–

mediated oncolysis stimulates antitumor immune responses. This
hypothesis is based on the assumption that TRAIL- and/or
adenovirus-induced tumor cell apoptosis/lysis results in the release
of cryptic tumorantigens in immunogenic form for presentation to
dendritic cells and subsequent activation of antitumor T-cell
responses. Based on our data, we conclude that the ability of Flt3L
and GM-CSF to mobilize APCs together with the high local
concentrations of proinflammatory cytokines and the release of
tumor antigens upon adenovirus-mediated oncolysis is critical for
the creation of protective immunity. Our data are in agreement
with earlier studies showing that a combination of oncolytic and
GM-CSF expressing adenovirus vectors elicited greater antitumor
efficacy in a xenograft (nude) mouse model compared with the
oncolytic vector alone (15, 16).
It is unclear whether tumor-specific expression of Flt3L/GM-

CSF is more effective in promoting antitumor immunity than
systemic expression or administration, although one animal study
has suggested that this may be the case (13). The target cells for
Flt3L/GM-CSF in this therapeutic approach (progenitors for
dendritic cells) do not reside within the tumor, and therefore, at
least theoretically, local expression should not necessarily be
advantageous.

Flt3 has been described as an important oncogene in acute
myeloid leukemia ( for a review, see ref. 39). In our model, due to
the episomal status of adenovirus genomes and the strong
immunogenicity of adenovirus vectors, Flt3L expression was only
transient and it is unlikely that this will result in neoplastic
transformation of Flt3+ hematopoietic cells. Furthermore, in a
recent clinical trial using HER-2/neu peptide vaccines in combi-
nation with Flt3L autoimmune phenomena were observed in some
patients (40) which could suggest that Flt3L did mobilize antigen
presenting cells, but these were unable to recognize there intended
target. We did not systematically screen our mice for autoimmune
responses, as this was beyond the scope of this study. However, we
did not see any clinical signs of autoimmunity (such as hair
depigmentation). It might be speculated that this is due to the use
of adenovirus vectors for Flt3L expression as outlined above.
This study provides proof of principle for the feasibility of a

combined adenoviral oncolytic and immunostimulatory therapy
approach. Clearly, a more detailed characterization of tumor-
specific T cells and NK cells is required to further validate this
approach. Furthermore, the differences between the tumor cell
lines in their ability to support DNA replication and homologous
recombination of E1-deleted vectors are interesting and might be a
basis to delineate cellular factors involved in regulating adenovirus
DNA replication in future studies.

Acknowledgments

Received 9/30/2004; revised 1/27/2005; accepted 3/4/2005.
Grant support: Avon Foundation and NIH grant R01 CA 80192.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank Daniel Stone for editing the article.

References
1. Uthman IW, Gharavi AE. Viral infections and anti-
phospholipid antibodies. Semin Arthritis Rheum 2002;
31:256–63.

2. Goker H, Haznedaroglu IC, Chao NJ. Acute graft-vs-
host disease: pathobiology and management. Exp
Hematol 2001;29:259–77.

3. Wasserman R, August CS, Plotkin SA. Viral infections
in pediatric bone marrow transplant patients. Pediatr
Infect Dis J 1988;7:109–15.

4. Cohen J; AIDS research. Merck reemerges with a bold
AIDS vaccine effort. Science 2001;292:24–5.

5. Steinwaerder DS, Carlson CA, Lieber A. DNA replica-
tion of first-generation adenovirus vectors in tumor
cells. Hum Gene Ther 2000;11:1933–48.

6. Bernt K, Liang M, Ye X, et al. A new type of adenovirus
vector that utilizes homologous recombination to
achieve tumor-specific replication. J Virol 2002;76:
10994–1002.

7. Bernt KM, Steinwaerder DS, Ni S, Li ZY, Roffler SR,
Lieber A. Enzyme-activated prodrug therapy enhances
tumor-specific replication of adenovirus vectors. Can-
cer Res 2002;62:6089–98.

8. Steinwaerder DS, Carlson CA, Otto DL, Li ZY, Ni S,
Lieber A. Tumor-specific gene expression in hepatic
metastases by a replication-activated adenovirus vector.
Nat Med 2001;7:240–3.

9. Sova P, Ni S, Ren X-W, Bernt K, Lieber A. Efficacy of
tumor-targeted and conditionally replicating oncolytic
adenovirus expressing Apo2/TRAIL in treatment of liver
metastases in a mouse xenograft model. Mol Ther 2004;
9:496–509.

10. Bernt KM, Gaggar A, Ni S, Li Z-Y, Lieber A.
Biodistribution and short term toxicity of a capsid-
modified adenoviral. Mol Ther 2003;7:S6–7.

11. McKenna HJ. Role of hematopoietic growth factors/
flt3 ligand in expansion and regulation of dendritic
cells. Curr Opin Hematol 2001;8:149–54.

12. Chen K, Braun S, Lyman S, et al. Antitumor activity
and immunotherapeutic properties of Flt3-ligand in a
murine breast cancer model. Cancer Res 1997;57:3511–6.

13. Braun SE, Chen K, Blazar BR, et al. Flt3 ligand
antitumor activity in a murine breast cancer model: a
comparison with granulocyte-macrophage colony-
stimulating factor and a potential mechanism of
action. Hum Gene Ther 1999;10:2141–51.

14. Alsheikhly AR, Zweiri J, Walmesley AJ, Watson AJ,
Christmas SE. Both soluble and membrane-bound
forms of Flt3 ligand enhance tumor immunity
following ‘‘suicide’’ gene therapy in a murine colon
carcinoma model. Cancer Immunol Immunother 2004;
53:946–54.

15. Bristol JA, Zhu M, Ji H, et al. In vitro and in vivo
activities of an oncolytic adenoviral vector designed to
express GM-CSF. Mol Ther 2003;7:755–64.

16. Burroughs KD, Kayda DB, Sakhuja K, et al. Potenti-
ation of oncolytic adenoviral vector efficacy with
gutless vectors encoding GMCSF or TRAIL. Cancer
Gene Ther 2004;11:92–102.

17. Lee CT, Wu S, Ciernik IF, et al. Genetic immunother-
apy of established tumors with adenovirus-murine
granulocyte-macrophage colony-stimulating factor.
Hum Gene Ther 1997;8:187–93.

18. Mach N, Gillessen S, Wilson SB, Sheehan C, Mihm M,
Dranoff G. Differences in dendritic cells stimulated
in vivo by tumors engineered to secrete granulocyte-
macrophage colony-stimulating factor or Flt3-ligand.
Cancer Res 2000;60:3239–46.

19. Shaw SG, Maung AA, Steptoe RJ, Thomson AW,
Vujanovic NL. Expansion of functional NK cells in
multiple tissue compartments of mice treated with

Flt3-ligand: implications for anti-cancer and anti-viral
therapy. J Immunol 1998;161:2817–24.

20. Yu H, Fehniger TA, Fuchshuber P, et al. Flt3 ligand
promotes the generation of a distinct CD34(+) human
natural killer cell progenitor that responds to interleukin-
15. Blood 1998;92:3647–57.

21. Shayakhmetov DM, Papayannopoulou T, Stama-
toyannopoulos G, Lieber A. Efficient gene transfer into
human CD34(+) cells by a retargeted adenovirus vector.
J Virol 2000;74:2567–83.

22. Bernt K, Ni S, Li Z-Y, Shayakhmetov DM, Lieber A.
The effect of sequestration by nontarget tissues on
anti-tumor efficacy of systemically applied, condition-
ally replicating adenovirus vectors. Mol Ther 2003;8:
746–55.

23. Mi J, Ni S, Li Z-Y, Lieber A. Replication dependent
expression of PTEN or TRAIL via an adenovirus vector
and efficacy of tumor suppression. Mol Ther 2001;3:
S342.

24. Castleden SA, Chong H, Garcia-Ribas I, et al. A family
of bicistronic vectors to enhance both local and
systemic antitumor effects of HSVtk or cytokine
expression in a murine melanoma model. Hum Gene
Ther 1997;8:2087–102.

25. Diaz RM, Todryk S, Chong H, et al. Rapid adenoviral
transduction of freshly resected tumour explants with
therapeutically useful genes provides a rationale for
genetic immunotherapy for colorectal cancer. Gene
Ther 1998;5:869–79.

26. Carlson CA, Shayakhmetov DM, Lieber A. An
Adenoviral expression system for AAV Rep78
using homologous recombination. Mol Ther 2002;
6:91–8.

27. Rasey JS, Grunbaum Z, Magee S, et al. Characteriza-
tion of radiolabeled fluoromisonidazole as a probe for
hypoxic cells. Radiat Res 1987;111:292–304.

Combined Oncolytic and Immunostimulatory Therapy

www.aacrjournals.org 4351 Cancer Res 2005; 65: (10). May 15, 2005

Research. 
on April 14, 2017. © 2005 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


28. Kittrell FS, Oborn CJ, Medina D. Development
of mammary preneoplasias in vivo from mouse mam-
mary epithelial cell lines in vitro . Cancer Res 1992;
52:1924–32.

29. Timoshenko AV, Lan Y, Gabius HJ, Lala PK.
Immunotherapy of C3H/HeJ mammary adenocarcino-
ma with interleukin-2, mistletoe lectin or their combi-
nation. Effects on tumour growth, capillary leakage and
nitric oxide (NO) production. Eur J Cancer 2001;37:
1910–20.

30. Nelson JE, Kay MA. Persistence of recombinant
adenovirus in vivo is not dependent on vector DNA
replication. J Virol 1997;71:8902–7.

31. Lohr F, Huang Q, Hu K, Dewhirst MW, Li CY.
Systemic vector leakage and transgene expression
by intratumorally injected recombinant adenovirus
vectors. Clin Cancer Res 2001;7:3625–8.

32. Barr D, Tubb J, Ferguson D, et al. Strain related
variations in adenovirally mediated transgene expres-

sion from mouse hepatocytes in vivo : comparisons
between immunocompetent and immunodeficient in-
bred strains. Gene Ther 1995;2:151–5.

33. Gough NM, Gough J, Metcalf D, et al.
Molecular cloning of cDNA encoding a murine
haematopoietic growth regulator, granulocyte-mac-
rophage colony stimulating factor. Nature 1984;309:
763–7.

34. Shenk T. Adenoviridea. In: Fields BN, Knipe DM,
Howley PM, editors. Fields virology. Philadelphia:
Lippincott-Raven Publisher; 1996. p. 2111–48.

35. Yang S, Yang Y, Raycraft J, et al. Melanoma cells
transfected to express CD83 induce antitumor immu-
nity that can be increased by also engaging CD137. Proc
Natl Acad Sci U S A 2004;101:4990–5.

36. Huang XF, Ren W, Rollins L, et al. A broadly
applicable, personalized heat shock protein-mediated
oncolytic tumor vaccine. Cancer Res 2003;63:7321–9.

37. Vrancken Peeters MJ, Perkins AL, Kay MA. Method

for multiple portal vein infusions in mice: quantitation
of adenovirus-mediated hepatic gene transfer. Biotech-
niques, 1996;20:278–85.

38. Ali S, Curtin JF, Zirger JM, et al. Inflammatory and
anti-glioma effects of an adenovirus expressing human
soluble Fms-like tyrosine kinase 3 ligand (hsFlt3L):
treatment with hsFlt3L inhibits intracranial glioma
progression. Mol Ther 2004;10:1071–84.

39. Naoe T, Kiyoi H. Normal and oncogenic FLT3. Cell
Mol Life Sci 2004;61:2932–8.

40. McNeel DG, Knutson KL, Schiffman K, Davis DR,
Caron D, Disis ML. Pilot study of an HLA-A2 peptide
vaccine using flt3 ligand as a systemic vaccine adjuvant.
J Clin Immunol 2003;23:62–72.

41. Shayakhmetov DM, Li Z-Y, Ni S, Lieber A.
Analysis of adenovirus liver sequestration, transduc-
tion of hepatic cells, and innate toxicity after
injection of fiber-modified vectors. J Virol 2004;78:
5368–81.

Cancer Research

Cancer Res 2005; 65: (10). May 15, 2005 4352 www.aacrjournals.org

Research. 
on April 14, 2017. © 2005 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


2005;65:4343-4352. Cancer Res 
  
Kathrin Maria Bernt, Shaoheng Ni, Anh-Thu Tieu, et al. 
  
and Immunostimulatory Tumor Therapy
Assessment of a Combined, Adenovirus-Mediated Oncolytic

  
Updated version

  
 http://cancerres.aacrjournals.org/content/65/10/4343

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://cancerres.aacrjournals.org/content/suppl/2005/05/06/65.10.4343.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://cancerres.aacrjournals.org/content/65/10/4343.full.html#ref-list-1

This article cites 39 articles, 14 of which you can access for free at:

  
Citing articles

  
 /content/65/10/4343.full.html#related-urls

This article has been cited by 4 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
.permissions@aacr.orgDepartment at

To request permission to re-use all or part of this article, contact the AACR Publications

Research. 
on April 14, 2017. © 2005 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/content/65/10/4343
http://cancerres.aacrjournals.org/content/suppl/2005/05/06/65.10.4343.DC1
http://cancerres.aacrjournals.org/content/65/10/4343.full.html#ref-list-1
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
mailto:permissions@aacr.org
http://cancerres.aacrjournals.org/

