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Vaccinia virus GLV-1h237 carrying a Walker A
motif mutation of mouse Cdc6 protein enhances
human breast tumor therapy in mouse xenografts
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Abstract. Recently it was shown that recombinant vaccinia
virus GLV-1h68 is a promising tool for treating different
type of cancers in animal models. The goal of the present
study was to enhance the oncolytic potential of GLV-1h68
without decreasing its safety. A derivative of GLV-1h68
containing the gene for a Walker A motif mutant of the
essential cell cycle protein Cdc6, GLV-1h237, was engineered.
The characteristics of GLV-1h237 and its efficiency in
treating human breast cancer GI-101A cells were compared
with that of GLV-1h236 (carrying the wild-type gene for
Cdc6), GLV-1h71 (a derivative of GLV-1h68) and GLV-1h68,
respectively. RT-PCR and immunoblot analyses revealed that
Cdc6 is efficiently overexpressed in GLV-1h237-infected
GI-101A cells. GLV-1h237 was found to have higher repli-
cation efficiency and enhanced cytotoxity than GLV-1h68 in
cell culture. In the GI-101A tumor xenograft animal model,
GLV-1h237 turned out to be the most potent oncolytic virus
strain investigated. A single i.v. injection of GLV-1h237
resulted in enhanced anti-tumor activity compared to GLV-
1h68 concomitant with a high tumor selectivity and a
comparable safety profile. Thus, the strategy to combine
oncolytic virotherapy with agents that interfere with host cell
DNA synthesis is a promising approach for effective cancer
therapy.

Introduction

Oncolytic viruses have a promising potential in treating tumors
and are therefore currently investigated intensively. These
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viruses, either naturally occurring or genetically engineered,
have the ability to infect, replicate in and specifically kill
cancer cells either after intratumoral or systemic adminis-
tration. Among oncolytic viruses used both in research and
clinical studies are adenovirus (1,2), measles virus (3,4),
vesicular stomatitis virus (5,6), Newcastle disease virus (7,8),
reovirus (9,10), herpes simplex virus (11,12) and vaccinia
virus (13,14). Vaccinia virus (VACV) has great advantages
as an oncolytic agent because of its broad host range, the
efficient replication exclusively in the cytoplasm of host
cells, the natural tropism for tumor tissues, and its large
genome allowing the insertion of multiple foreign genes
(13,15). Furthermore, the remarkable safety record due to its
historic use as a vaccine in the eradication of smallpox is
another attractive hallmark of VACV. In several studies,
tumor-specific replication and effective anti-tumor activities
were observed when mice bearing human or murine tumor
xenografts were treated with attenuated VACV strains, some
of them additionally carrying diagnostic or therapeutic genes
(16-20). Recently it was shown that a triple deletion of
the F14.5L, J2R (encoding thymidine kinase) and A56R
(encoding hemagglutinin) loci in the LIVP strain of VACV
reduced toxicity and enhanced tumor targeting specificity
compared with its parental LIVP strains (21). Treatment with
this virus, GLV-1h68, leads to inhibition of tumor growth in
human breast cancer (21), anaplastic thyroid carcinoma (22),
malignant pleural mesothelioma xenografts (23), squamous
cell carcinoma (24), pancreatic carcinomas (25), prostate
carcinomas (26) as well as canine mammary adenoma (27)
and carcinoma (28).

Cell division cycle 6 (Cdc6) is essential for initiation of
DNA replication in eukaryotic cells by playing an important
role in the assembly of pre-replicative complexes (pre-RCs)
at the origins of replication. During G1 phase of the cell
cycle, pre-RC assembly starts by the binding of the origin-
recognition complex (ORC) to replication origins followed
by the loading of Cdc6. Together with Cdtl, Cdc6 then
recruits multiple copies of the minichromosome maintenance
(MCM) protein complex, thereby forming the pre-RCs.
Transition into S phase is initiated by activation of two S phase-
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Table I. Primer sequences.
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Gene Forward (5'-3") Reverse (5'-3") Product size (bp)
mCdc6 GTC AGG AGC CAG ACA GTCCT TGC CGT TCA GGA CATGCT CTATTTC 430
hCdc6 ACGTCTGGGCGATGACAACC CTG GCA GGC AGC CGA TC 354
lacZ GGC GAG TTG CGT GAC TACC CAC GGC GTT AAAGTTGTTCTGCTITC 419
J-actin GGA GAA AAT CTG GCA CCACACC CCA TCT CTT GCT CGA AGT CCA GG 437

specific protein kinases and is marked by the conversion of
pre-RCs to initiation complexes (29,30).

Cdc6 is a member of the AAA* family, i.e. ATPases
associated with various cellular activities (30,31). Like other
members of this family, Cdc6 contains an NTP binding site
consisting of conserved Walker A (GXXGXGKT) and
Walker B (DEXD) motifs suggesting that ATP binding and
hydrolysis regulate Cdc6 activity. The Walker A motif
contains an invariant lysine residue and is essential for
phosphate binding of ATP, whereas the acidic residues
within the Walker B motif coordinate a magnesium ion and
are crucial for ATP hydrolysis (32-34). Mutations in the
Walker A motifs of yeast (35,36), mammalian (37,38) and
Xenopus Cdc6 (39) led to failures in the assembly of pre-RCs
and, as a consequence therefore, initiation of DNA replication
is impaired in these cells.

It has been reported that levels of replication proteins like
Cdc6, Cdtl or MCM proteins are upregulated in different
types of cancer compared to their normal counterparts (40-44)
and therefore it has been suggested that they might serve as
tumor diagnostic markers. Despite the use as a biomarker in
cancer diagnostics, the overexpression of replication proteins
in tumors also provides a promising opportunity in cancer
therapy by creating agents that specifically target replication
proteins.

The goal of the present study was to further enhance the
promising anti-tumor activity of GLV-1h68 without decreasing
its safety. Our idea was to generate a new recombinant
VACYV, starting from a derivative of GLV-1h68, overexpres-
sing the essential cell cycle protein Cdc6 containing a
mutated Walker A motif. The capability of the resulting
virus, GLV-1h237, to infect, lyse and replicate in cell cultures
of human breast cancer cells and to treat human GI-101A
breast tumor xenografts in live animals was investigated. Our
results suggest that GLV-1h237 has a stronger therapeutic
potential against human breast cancer in nude mice concomi-
tant with unchanged safety profile compared to the previously
described GLV-1h68 (21).

Materials and methods

Cell lines. African green monkey kidney fibroblasts (CV-1;
ATCC number CCL-70) were cultured in growth medium
consisting of DMEM with 10% fetal bovine serum (FBS;
PAA, Pasching, Austria) and antibiotic solution (100 U/ml
penicillin G/100 U/ml streptomycin; PAA) at 37°C under 5%
CO,. The GI-101A cell line (21) was maintained in RMPI-
1640 (PAA) supplemented with 20% FBS, 10 mM HEPES,

antibiotic solution (all from PAA), 1 mM sodium pyruvate,
5 ng/ml B-estradiol and 5 ng/ml progesterone (all from
Sigma-Aldrich, Steinheim, Germany) at 37°C and 5% CO,.

Cloning and generation of vaccinia viruses expressing wild-
type and mutant Cdc6. MmCdc6 cDNA was obtained from
F. Grummt's laboratory. The conserved lysine residue 237
within the Walker A motif of MmCdc6 was replaced by
glutamate using site-directed mutagenesis (cdc6-K237E-
forw: 5'-GCTCCTGGGACTGGAGAAACTGCCTGTTTAA
GCCG-3"; cdc6-K237E-rev: 5'-CGGCTTAAACAGGCAGT
TTCTCCAGTCCCAGGAGC-3'") (45). Wild-type and mutant
cDNAs were cloned into transfer plasmids containing flanking
regions of the VACV A56R locus. To generate recombinant
VACV, CV-1 cells were infected with 1x103 pfu (plaque-
forming units)/ml of a derivative (GLV1h73) of previously
described GLV1h68 (21). In contrast to GLV1h68, GLV1h73
has no gene insertions in the deleted F/4.5L and A56R loci.
After one hour, cells were transfected with transfer vectors
using FuGENE 6 transfection reagent (Roche Applied Science,
Mannheim, Germany). Recombinant VACV expressing wild-
type or mutant Cdc6 were purified by five consecutive rounds
of plaque purification in the presence of selective drugs.
Virus stocks were prepared on CV-1 cells and further purified
by sucrose gradient centrifugation. Viral titers were determined
by plaque assays on CV-1 cells.

RT-PCR analyses. At indicated time points total RNA from
uninfected and VACV-infected GI-101A cells (MOI 0.5) was
prepared using the RNeasy mini kit and the RNase-free
DNase set (both from Qiagen, Hilden, Germany) following
the manufacturer's instructions. An additional DNase digest
was performed with the DNA-free reagent (Ambion, Austin,
TX, USA). cDNA synthesis was performed with the Revert
Aid First Strand cDNA synthesis kit (Fermentas, St. Leon-
Rot, Germany) in a total volume of 20 ul using 1 ug of each
RNA sample and oligo(dT),s primers according to the protocol
provided. Each cDNA sample (1.5 pl) was amplified using
Taq DNA polymerase (Fermentas) and primers listed above
(Table T). PCR conditions were 2 min at 95°C, followed by
30 cycles of 30 sec at 95°C, 30 sec at 53°C, 1 min at 72°C, and
finally 7 min at 72°C.

Immunoblot analyses. Protein extracts from GI-101A cells
were prepared by the following method: cells were infected
at MOI 0.5 or left uninfected. At the time points indicated,
cells were washed twice with ice-cold PBS (PAA). Proteins
were isolated by scraping cells directly into lysis buffer
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(15 mM NaCl, 1 mM EDTA, 10 mM HEPES,pH 74, 1.5 mM
DTT, 0.1% NP-40, protease inhibitors) and passing detached
cells through a 20-gauge (0.9 mm) needle attached to a syringe
for 30 times. After two centrifugation steps (10.000 rpm,
4°C) protein concentrations were determined by Bradford
colorimetry. Equal amounts (20 pg) of protein were subjected
to SDS-PAGE and transferred onto nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany). Membranes were
probed with primary antibodies followed by corresponding
secondary antibodies conjugated with horseradish peroxidase
and detected by the ECL system (Amersham Biosciences).
The following antibodies were used: anti-Cdc6 (CC30,
Calbiochem), anti-f-galactosidase (A-11132, Molecular
Probes) and anti-3-actin (ab6276, Abcam).

Viral replication assay. For the viral replication assay, GI-
101A cells grown in 24-well plates were infected with
VACYV at MOI 0.1 in infection medium (RMPI-1640 con-
taining 2% FBS and supplements). After one hour of
incubation at 37°C with gentle agitation every 20 min, virus
inoculi were removed and replaced by fresh infection
medium. After 4, 12, 24, 48 or 72 h, cells and supernatants
were harvested. Following three freeze-thaw cycles, serial
dilutions of the lysates were titered by standard plaque assays
on CV-1 cells. All samples were measured in triplicate.

MTT assay. For quantitation of virus cytotoxity, VACV-
infected and uninfected GI-101A cells in 24-well plates
(4x10* cells/well in triplicate) were analyzed using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Cells were infected with VACV at MOI 0.5 or
mock-infected with infection medium (RMPI-1640
containing 2% FBS and supplements). After one hour of
incubation, virus inoculi were removed by aspiration and
fresh medium was added. After 24, 48 and 72 h, respecti-
vely, media were removed and 500 ¢l MTT (2.5 mg/ml)
solution in RMPI without phenol red was added for 4 h
at 37°C and 5% CO,. MTT solution was then removed
and 400 ul of IN HCI in isopropanol was added. Each
sample (3x100 ul) was transferred to a 96-well plate and
absorbance was measured at 570 nm with a reference wave-
length of 650 nm in a Sunrise Microplate reader (Tecan,
Austria). The percentage of cell survival was calculated using
the following formula: % cell survival = (absorbance value of
infected cells/absorbance value of uninfected control cells) x
100%.

Animal model and treatment. All animal experiments were
approved by the government of Unterfranken and conducted
according to the German animal protection guidelines.
Tumors were generated by implanting 5x10° GI-101A cells
[in 100 x1 PBS (PAA)] subcutaneously into the right flank of
6-8-week-old female nude mice (NCI/Hsd/Athymic Nude-
Foxnl™, Harlan Winkelmann GmbH, Borchen, Germany).
Tumor volume was measured in two dimensions using a
digital caliper and calculated with the following formula:
[(Iength x width?) x 0.52]. When tumors reached 300-500 mm?,
mice were infected via tail vein with 5x10° pfu of VACV (in
100 u1 PBS) or PBS as control and tumor growth was
monitored weekly.
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To assess viral distribution, GI-101 A tumor-bearing mice
were infected via tail vein with 5x10° pfu of VACV (in 100 pl
PBS). Ten days after infection, mice were sacrificed. Tumors
and organs were prepared and homogenized using FastPrep™
FP120 (Thermo Electron Corporation, Langenselbold,
Germany). After three freeze-thaw cycles, viral titers in
homogenates were determined by standard plaque assays on
CV-1 cells. All samples were measured in duplicate.

Results

Construction of recombinant VACV expressing wild-type and
mutant murine Cdc6 genes. In previous studies it was shown
that a recombinant VACV, GLV-1h68, leads to inhibition of
tumor growth in different types of human cancers as well as
canine mammary cancer (21-28). In this study we wanted to
improve the anti-tumor potency of this virus by constructing
a derivative which carries a gene for a Walker A motif
mutant (K237E) of Cdc6. We expected that delivering a
mutated essential cell cycle protein directly into tumors would
lead to impaired tumor cell DNA replication and therefore
enhanced anti-tumor effects of VACV.

Cdc6 DNA, amplified from plasmids containing wild-
type or the K237E mutant of Cdc6, was cloned into VACV
A56R transfer plasmids under control of a VACV synthetic
strong early promoter (PSSE). Transfer vectors were sequenced
to ascertain the presence of Cdc6 genes and promoters and to
verify the K237E mutation in the mutant Cdc6 transfer
plasmid (data not shown). Recombinant VACV were then
generated as described in the Materials and methods section.
Purified viruses were again sequenced to assure that no
additional mutations developed during the procedure (data
not shown). A schematic illustration of newly generated
recombinant vaccinia viruses, GLV-1h236 and GLV-1h237,
is shown in Fig. 1. Wild-type or mutant Cdc6 cDNA under
control of the PSSE promoter were inserted into the AS6R
locus of VACV. These viruses also contain a LacZ expres-
sion cassette in the J2R locus as well as a functional deletion,
i.e. an insertion of a short non-sense sequence, of the F14.5L
locus. Since TFR cDNA is inserted in reverse orientation to
the promoter it is not expressed. As control viruses served
previously described GLV-1h68 (21) and a derivative thereof,
GLV-1h71. The latter one was chosen because GLV-1h71,
like the newly generated VACV recombinants, contains two
gene expression cassettes in the J2R and A56R locus and
deletion of the F/4.5L locus, respectively.

Recombinant VACV encoding wild-type or mutant Cdc6
overexpress Cdc6 in GI101A cells. In a first set of experi-
ments, we studied the expression of Cdc6 and marker gene
lacZ in VACV-infected human breast cancer GI101A cells
by RT-PCR and immunoblot analyses. Therefore, GI101A
cells were infected with GLV-1h236 or GLV-1h237 at
multiplicity of infection (MOI) of 0.5 and total RNA was
isolated at indicated time points. Kinetics of Cdc6 mRNA
expression was then analyzed by RT-PCR using murine
Cdc6-specific primer pairs. Induction of Cdc6 mRNA
synthesis was observed as soon as one hour after infection in
both GLV-1h236- and GLV-1h237-infected cells (Fig. 2A).
This was expected since Cdc6 constructs are under control of
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Figure 1. Schematic illustration of VACYV used in this study. Genes for murine wild-type and mutant Cdc6 were inserted in the AS6R locus of a derivative of
previously described VACV GLV-1h68 (21) in which the marker genes RUC-GFP and GusA in the F'/4.5L and A56R loci, respectively, had been removed.

GLV1h71 as well as GLV-1h68 served as control viruses. PE/L, VACV synthetic early/late promoter; P7.5, VACV early/late promoter; PSSE, VACV
synthetic strong early promoter; P11/, VACV late P11 promoter.
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Figure 2. Cdc6 overexpression in GLV-1h236- and GLV-1h237-infected GI-101A cells. (A) Total RNA was isolated at indicated time points from GI-101A
cells infected with GLV-1h236, GLV-1h237 and GLV-1h71 (MOI 0.5) and cDNA synthesis was performed. PCRs were carried out with indicated primer
pairs. (B) Proteins were extracted at indicated time points from GI-101A cells infected with GLV-1h236 and GLV-1h237 (MOI 0.5). Expression of indicated

proteins was determined by immunoblotting. Molecular size markers (kDa) are shown on the left. C, uninfected control; hpi, hours post infection; mCdc6,
murine Cdc6-specific primer pairs; #Cdc6, human Cdc6-specific primer pairs.
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Figure 3. New recombinant VACYV efficiently replicate in and lyse human
breast cancer GI-101A cells. (A) Replication of different VACV in GI-101A
cells infected with MOI 0.1. Cells and supernatants were harvested over
time and viral titers were determined as pfu/well in triplicate by standard
plaque assays on CV-1 cells. Average plus standard deviation are plotted.
(B) Viability of GI-101A cells upon VACYV infection. Tumor cells were
infected with VACV (MOI 0.5) or left uninfected and viable cells were
determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The cell survival compared to untreated cells (in %)
is shown.

a synthetic strong early VACV promoter and early VACV
gene expression is known to start within minutes after infec-
tion (46). During the infection course, levels of Cdc6 mRNA
increased. Expression of marker gene /acZ, under control of
an early/late VACV promoter, was also detectable 1 hpi.
Transcript levels of B-actin were used as control. To exclude
the possibility that the increase of Cdc6 mRNA levels is due
to VACYV infection per se, synthesis of endogenous Cdc6
mRNA in GLV-1h7l1-infected cells was analyzed by primer
pairs annealing to human Cdc6. As shown in Fig. 2A (lower
row), VACYV infection has no enhancing effect on endo-
genous Cdc6 mRNA synthesis. Thus, elevated Cdc6 mRNA
levels observed in GLV-1h236- and GLV-1h237-infected
cells derive from virus-encoded overexpression.

Cdc6 expression was further confirmed by immunoblot
analyses. Proteins were extracted at different time points
from GLV-1h236- or GLV-1h237-infected cells (MOI 0.5),
separated by SDS-PAGE and immunoblotted for Cdc6 and
3-galactosidase. Membranes were probed with anti-B-actin as
loading control. In GLV-1h236- and GLV-1h237-infected
cells, Cdc6 protein overexpression was detectable at 4 hpi.
Expression of the marker protein B-galactosidase could be
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observed from 8 hpi on. Thus, by RT-PCR and immunoblot
analyses it was shown that in GI-101A cells infected with the
newly generated VACV recombinants, GLV-1h236 and
GLV-1h237, virus-encoded Cdc6 is overexpressed.

Replication and oncolytic effects of GLV-1h236 and GLV-
1h237 in cell culture. To determine whether inserted wild-
type or mutant Cdc6 genes influence viral proliferation, we
quantified production of infectious viral particles over time
following infection. For that, GI-101A cells were infected
with different VACV at a MOI of 0.1 and total virus yield
was determined in lysed cells and supernatants by titering
on CV-1 cells. All investigated viruses showed comparable
replication kinetics with a 3-log increase in viral titers from
4 to 72 hpi (Fig. 3A). However, if replication multiples are
compared (72 hpi versus 4 hpi), GLV-1h236 and GLV-1h237
replicate stronger (3396 resp. 2089) than GLV-1h71 or
GLV-1h68 (1680 resp. 1317). Furthermore, after 72 h higher
amounts of viral particles were found in supernatants of
GLV-1h236- and GLV-1h237-infected cells (55.78% resp.
45.81%; i.e. 44.22% resp. 55.19% were intracellular or cell-
associated) than in supernatants of GLV-1h71- or GLV-1h68-
infected cells (35.05% resp. 34.55%; i.e. 64.95% resp. 65.45%
intracellular or cell-associated) suggesting that GLV-1h236
and GLV-1h237 lyse GI-101A cells more efficiently.

In order to investigate the cytotoxic effects of the viruses
more directly, MTT assays were performed. GI-101A cells
were infected with VACV (MOI 0.5) or left uninfected and
relative cell survival was determined at indicated time points
as described in the Materials and methods section. Cell
viability was markedly decreased after infection of GI-101A
cells with VACV (Fig. 3B). After 72 h, infection with GLV-
1h236 or GLV-1h237 resulted in 57+11% and 57+13% cell
survival in contrast to ~77+17% and 77+12% cell survival
after infection with GLV-1h71 or GLV-1h68. Thus, GLV-
1h236 and GLV-1h237 have a stronger oncolytic effect on
GI-101A cells compared to control viruses. Together, the
higher replication efficiency and the enhanced cytotoxicity of
GLV-1h236 and GLV-1h237 on GI-101A cells suggest that
these viruses also might have a greater therapeutic potency
for treating GI-101A tumors in a mouse model.

GLV-1h237 efficiently colonizes GI-101A tumors in mice. To
investigate biodistribution of systemically injected VACV,
homogenates of tumors and organs from intravenously injected
(5x10° pfu) GI-101A tumor-bearing nude mice (n=4) were
titered on CV-1 cells 10 days after injection. All investigated
VACY localized primarily to the tumors and were either not
detectable or found at notably lower titers in normal tissues
(Table II). GLV-1h236-infected tumors displayed the highest
viral load, on average 1.5x10%+ 9.48x107 pfu/g tumor tissue,
followed by GLV-1h71-, GLV-1h237- and GLV-1h68-
infected tumors, which showed titers of 5.66x107+1.48x107,
3.36x107+3.49x10°¢ and 1.24x107+ 9.19x10° pfu/g, respec-
tively. GLV-1h236 and GLV-1h71 were more infective to
normal tissues, since these viruses were found at higher titers
than GLV-1h237 and GLV1h68 in spleens and lungs.
However, the newly generated VACV, GLV-1h237, has
comparable safety profiles and tumor selectivity as previously
described GLV-1h68.
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Table II. Tumor selectivity of VACV in vivo.
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Mean pfu/g tissue or organ

Spleen Lungs

Tumor
GLV-1h236 1.50x108+9.48x107
GLV-1h237 3.36x107+3.49x10°
GLV-1h71 5.66x107x1.48x107
GLV-1h68 1.24x107+£9.19x10°

2.00x10%+1.94x102 2.65x10°£1.92x103

62.7£95.1 8.11x10%+9.81x10?
71.9+88.6 1.54x10%£1.09x103
65.9+86.7 1.76x10%+1.84x10?

GI-101A tumor-bearing nude mice (n=4) were infected with 5x10% pfu of VACV. Ten days after infection, tumors and organs were
harvested and viral titers were determined by standard plaque assays on CV-1 cells. Results are shown as mean pfu/g tissue or organ.
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Figure 4. Regression of GI-101A xenografts after VACV infection. (A)
Female nude mice bearing GI-101A tumors (300-500 mm?; n=10) were
infected via tail vein with 5x10° pfu of indicated VACV or PBS as control.
Average tumor volume per week is shown. A two-tailed Student's t-test was
used for statistical analysis. P<0.05 were considered statistically significant.
(B) Diagram displaying median tumor volumes 42 days after infection
expressed as a percentage of tumor volumes at time of infection (initial
volume).
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Enhanced therapeutic effect of GLV-1h237 on GI-101A
tumors in nude mice. To investigate whether GLV-1h237 has
an enhanced anti-tumor activity as formerly applied GLV-
1h68, nude mice bearing GI-101A xenografts were treated
with different VACV. Mice were implanted with 5x10° GI-

101A cells into the right flank and tumors were allowed to
develop to volumes of 300-500 mm? before 5x10°¢ pfu of
individual VACV or PBS as control were administered via
tail vein injection. Tumor growth was then monitored weekly
for 42 days. Fig. 4A shows the kinetics of tumor regression
after treatment of nude mice with VACV. Control mice
injected with PBS showed exponential tumor growth. In
marked contrast, infection of mice with VACV led to tumor
regression, which was significant in the GLV-1h236-, GLV-
1h237- and GLV-1h71-treated groups. Volumes of infected
tumors peaked at 21 to 28 days followed by tumor regression
in all treatment groups. Fig. 4B shows tumor volumes after
42 days normalized to the day of virus injection. Control
tumors had a volume of 601+324% compared to the beginning
of the experiment. Strikingly, treatment of GI-101A tumors
with GLV-1h237 led to the most prominent anti-tumor
response resulting in 221+119% of the initial tumor volume.
The anti-tumor effects of GLV-1h236 (308+166%) and
GLV-1h71 (237+£170%) were slightly better than that of
GLV-1h68 (337£119%). These in vivo experiments clearly
demonstrated that GLV-1h237 displayed a similar tumor
selectivity and safety profile concomitant with an enhanced
anti-tumor activity compared to GLV-1h68. Therefore, GLV-
1h237 might be useful as a novel therapeutic agent for the
treatment of cancers.

Discussion

Oncolytic virotherapy has great potential in the treatment of
cancer since the active agent, i.e. the virus, is amplificated
preferentially within the tumor but not in normal tissues. By
genetically engineering oncolytic viruses, additional diagnostic
or therapeutic tools can be delivered directly into tumors.
Recently it was reported that a newly constructed recombinant
VACV, GLV-1h68, shows an enhanced tumor-targeting
specificity and a greatly reduced toxicity compared with its
parental strain LIVP (21). A single i.v. injection of GLV-
1h68 led to tumor regression of subcutaneous GI-101A
human breast cancer xenografts. Furthermore, GLV-1h68
was used to successfully treat different types of human cancers
as well as canine mammary cancers (22-28). In the present
study we intended to further enhance the promising anti-
tumor potential of GLV-1h68 without decreasing its safety.
Since replication proteins such as Cdc6, Cdtl or MCM are
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known to be often overexpressed in cancer cells (40-44), we
thought to arm VACV with a mutated replication protein
with the aim to interfere with tumor cell DNA replication. It
has previously been reported that silencing of replication-
initiating genes, such as Cdc6, Mcm?2 or Cdc45, results in
inhibition of DNA replication and cell proliferation as well as
pS3-independent apoptosis of cancer cells but not of normal
cells (47). Especially the induction of p53-independent
apoptosis renders the strategy of inhibiting DNA replication
proteins for cancer therapy very attractive since appro-
ximately half of the cancers are p53-defective.

In the present study, a new recombinant VACV, GLV-
1h237, starting from a derivative of GLV-1h68, was engineered
which contains the murine gene for a Walker A motif mutant
of the essential cell cycle protein Cdc6 in order to treat human
GI-101A breast tumors. Replication proteins like Cdc6 are
highly conserved during eukaryotic evolution (48). We
therefore expected that the use of the murine cDNA might
not affect the therapeutic efficiency of treating human breast
tumors by GLV-1h237. Moreover, in this study we used a
mouse model of human breast cancer and we did not observe
any enhanced toxicity on mouse organs after delivering of
VACV overexpressing murine mutant Cdc6. This implies
that GLV-1h237 specifically targets and destroys tumors,
even that of human origin, but does not harm normal tissues
of the body, an aspect that is very essential for future cancer
therapy of patients.

To more thoroughly assess the therapeutic effect of GLV-
1h237 on human breast cancer, we compared this construct
to the first-generation oncolytic VACV GLV-1h68 and in
parallel to GLV-1h236, expressing wild-type Ccd6 as well as
to GLV-1h71, a VACV that only differs from the newly
generated VACVs in that it contains an expression cassette
for gusA in the A56R locus instead that for wild-type or
mutant Cdc6. RT-PCR and immunoblot analyses revealed
that Cdc6 was expressed in human breast cancer GI-101A
cells after infection with GLV-1h236 or GLV-1h237. Using
anti-Cdc6 antibodies in immunoblot experiments not only the
62-kDA full-length Cdc6 but also smaller fragments were
detected. The latter migrate between 40 and 55 kDa,
especially later in the course of infection (Fig. 2B). It has
previously been reported that human Cdc6 is cleaved by
caspase 3 during apoptosis (49,50). However, it remains to
be investigated if the fragments observed in our immunoblot
experiments derive from specific cleavage by caspases during
apoptosis or if they result from unspecific cleavage due to
massive overexpression in infected cells.

We also observed that GLV-1h236 and GLV-1h237
replicated stronger and had an enhanced oncolytic effect
on GI-101A cells compared to GLV-1h68 and GLV-1h71.
In vivo, both effects are probably important for efficient
spreading of viral particles in tumors and, thus, for the
therapeutic potency of the newly generated Cdc6-expressing
viruses.

In the in vivo GI-101A tumor xenograft model GLV-1h237
turned out to be the most potent virus investigated. We demon-
strated that GLV-1h237 had similarly high tumor selectivity
and a comparable safety profile as GLV-1h68 since GLV-
1h237 localized primarily to the tumors and was either not
detectable or found at much lower titers in other organs. A
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single i.v. injection of 5x10° pfu GLV-1h237 resulted in a
tumor volume of 221+£119% of the initial volume 42 days
after infection. In contrast, after infection with GLV-1h68 a
tumor volume of 337+119% was observed, infection with
GLV-1h236 and GLV-1h71 led to a volume of 308+166%
and 237+170%, respectively. The molecular events under-
lying the enhanced tumor regression after infection with
GLV-1h237 are currently unknown. Hence one future objective
will be to find out how exactly the stronger therapeutic effect
of GLV-1h237 is mediated. Wali and Strayer reported that
VACYV infection leads to an increase in the percentage of
cells in S phase (51). These authors suppose that VACV
might benefit from a prolonged S phase as host cell factors
required for or facilitating viral replication may be longer
available. Conceivably, blocking the host cell cycle before
the onset of S phase, as it was our aim by using the recombi-
nant GLV-1h237 virus, may contribute to a further more
efficient viral proliferation by increasing the time of availa-
bility for essential host cell factors.

In conclusion, in the present study it was shown that
GLV-1h237 has a stronger anti-tumor activity compared to
previously used GLV-1h68 concomitant with high tumor
selectivity and comparable safety profile. However, this work
did not elucidate the effects of overexpressed mutant Cdc6
on tumor cell cycle machinery directly. Therefore, future
studies have to elucidate the molecular mechanisms of how
GLV-1h237 mediates the enhanced therapeutic effect on GI-
101A breast cancer xenografts. However, the data reported
here suggest the application of GLV-1h237 as a novel
improved agent for oncolytic cancer therapy.
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