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Lister strain vaccinia virus with thymidine kinase gene deletion
is a tractable platform for development of a new generation of
oncolytic virus
J Hughes1, P Wang2, G Alusi1, H Shi2, Y Chu2, J Wang2, V Bhakta1, I McNeish1, A McCart3,4, NR Lemoine1,2 and Y Wang1,2

Vaccinia virus (VV) has many attractive characteristics as a potential cancer therapeutic. There are several strains of VV. The
nonvaccine strain Western Reserve VV with deletion of both the thymidine kinase and the viral growth factor genes (known as
WRDD) has been reported as the most potent tumor-targeted oncolytic VV. Other strains, such as the European vaccine Lister strain,
are largely untested. This study evaluated the antitumor potency and biodistribution of different VV strains using in vitro and in vivo
models of cancer. Lister strain virus with thymidine kinase gene deletion (VVΔTK) demonstrated superior antitumor potency and
cancer-selective replication in vitro and in vivo, compared with WRDD, especially in human cancer cell lines and immune-competent
hosts. Further investigation of functional mechanisms revealed that Lister VVΔTK presented favorable viral biodistribution within
the tumors, with lower levels of proinflammatory cytokines compared with WRDD, suggesting that Lister strain may induce a
diminished host inflammatory response. This study indicates that the Lister strain VVΔTK may be a particularly promising VV strain
for the development of the next generation of tumor-targeted oncolytic therapeutics.

Gene Therapy (2015) 22, 476–484; doi:10.1038/gt.2015.13; published online 16 April 2015

INTRODUCTION
Oncolytic viruses are attractive agents for the treatment of cancers
that are resistant to the conventional therapies.1 A first generation
replication-selective oncolytic adenovirus with E1B55K deletion
has been approved as the world's first oncolytic virus for head and
neck cancer therapy.2 Although safety profiles are encouraging,
the therapeutic outcomes of clinical trials of viral monotherapy
have been disappointing.
The potency of oncolytic adenovirus is limited by its depen-

dence on a specific receptor for entry into the host cell, which can
be altered during malignant transformation.3 Vaccinia is an
alternative virus with many superior characteristics,4 including
rapid replication and cytolysis, wide tumor tropism, nonintegrative
with host DNA, efficient spread to tumors, large cloning capacity,
well-defined molecular biology and established treatments for
uncontrolled infections. Furthermore, the hypoxic microenviron-
ment commonly found in solid tumors is detrimental to the
replication and efficacy of many types of oncolytic viruses,5–7 but
not to vaccinia virus.8 A number of strains of vaccinia virus were
used around the world as part of the smallpox eradication
program in the 1950 s.9 The use of vaccine-derived strains in
cancer therapy has the major benefit that they have been used
extensively in human populations, and hence have proven safety.
Certain strains have demonstrated tumor selectivity in vitro,
whereas other strains have demonstrated no inherent cancer
selectivity and no replicative capacity in mammalian cells.4

A comparison of the antitumor potency of different vaccinia
strains concluded that non-vaccine Western serve (WR) strain was
the most cytotoxic.10 However, this study compared wild-type

viruses that are known from clinical trials to be well tolerated,
but exhibit relatively poor oncolytic efficacy.4 Furthermore in vitro
potency was only compared by using a single method of
viral replication assay, and in two human cancer cell lines,
A2780 (ovarian) and HCT116 (colorectal). A WR vaccinia virus
mutant WRDD, with deletions of both thymidine kinase (TK)
and vaccinia growth factor genes, has been shown to exhibit
enhanced tumor selectivity and reduced toxicity.11 This improved
safety did not compromise antitumor potency; with comparable
in vitro cytotoxicity of WRDD compared to the wild-type virus, and
superior potency compared to the most commonly used vaccinia
strain in clinical trials, Wyeth TK-deleted strain. However,
biodistribution studies have demonstrated significant WR viral
titers in the ovary and to lesser extent bone marrow,11 raising the
prospect of infertility and myelo-suppression following WR
treatment.
Recently the UK smallpox vaccine strain, Lister, has been

demonstrated to have a superior antitumor potency compared
with adenovirus (Ad5) in pancreatic and head and neck cancer cell
lines in vitro and in vivo.12,13 Lister VV has also demonstrated
significant cytotoxicity in other types of tumors, such as colorectal,
gastric, mesothelioma, lung, thyroid and breast cancer.14 The
Lister strain was previously thought to have limited tumor
selectivity in vitro.4 Favorable biodistribution of Lister strain has
also been demonstrated; with no virus detectable in ovary, spleen
or brain tissues following IV injection.12 Moreover, vaccinia viruses
express several immunomodulators to evade the host anti-viral
immune response,15 such as interferon decoy receptors, inhibitors
of Toll-like receptor signaling and NF-κB pathway and chemokine
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inhibitors. It has been demonstrated that Lister strain encodes
more genes involved in immuno-evasion than WR strain such
as A53R (a soluble tumor-necrosis factor receptor), and Lister
35 kDa (a viral CC chemokine inhibitor).16 We hypothesized that
Lister strain might represent a safer and more potent virus for
development of cancer therapeutics compared with the dominant
research strain, especially in the immune-competent host.
In this study we have compared the in vitro and in vivo efficacy

and biodistribution of tumor-selective WR virus (WRDD) with a
tumor-selective mutant of the Lister European smallpox vaccine
strain (VVΔTK or VVL15). The nature of the host immune response
to these viruses was also examined.

RESULTS
Comparison of the cytotoxicity and replication of vaccinia virus
mutants in vitro
The cytotoxicity of tumor-selective vaccinia mutants of the Lister
and WR strains with single thymidine kinase deletions (WRLuc (WR
strain) and VVL15 (Lister strain with TK deletion)) and a double-
deleted WR with both TK and vaccinia growth factor (VGF)
deletions (WRDD) were compared in a large number of human
and murine cancer cell lines from a variety of organs (Figures 1a, c
and d). The two human cancer cell lines, A2780 and HCT116, used
to demonstrate superior WR strain cytotoxicity over other vaccinia
strains as published previously,10 demonstrated greater antitumor
potency and viral replication with WRDD virus compared with
VVL15 (Figures 1a and b). However, WRDD showed inferior
cytotoxicity to VVL15 in 10 of 11 other human cancer cell lines
tested (Figure 1c) and there was equivalence between VVL15 and

WRDD in the human gastric cancer cell line MKN45. All five of the
murine cancer cell lines showed greater cytotoxicity when
exposed to WRDD compared with VVL15 treatment (Figure 1d).
WRLuc showed a more mixed picture compared with WRDD,

with superior potency (compared with VVL15 and WRDD) in two
mouse cancer cell lines, and 6 out of the 14 human cancer cell
lines. Subsequent animal testing with intratumorally delivered
WRLuc vaccinia virus (1 × 107 PFU) in nude mice demonstrated
significant toxicity resulting in animal death (data not shown).
Given this apparent in vivo toxicity, and published evidence of
equivalent potency of wild-type compared to double-deleted WR
vaccinia against cancer cells in vitro and poor mouse survival in
nude and immunocompetent mice following intraperitoneal
delivery of wild-type and TK-deleted virus, WRLuc was not
investigated further.10,11

Replication of VV in cancer cell lines was quantified by TCID50

assay (Figures 1b, 2a and b). The viral replication in the tested
cancer cell line was consistent with the cytotoxicity.
Tumor selectivity was demonstrated in vitro by comparing viral

replication in cancer cells to replication in nonmalignant normal
human bronchial epithelial cells for the two viruses. Supplementary
Figure S1 illustrates superior tumor-selective replication (values
above Y=1) of Lister strain compared with WR strain with a greater
VVL15 replication demonstrated in tumor cells than in nonmalignant
normal human bronchial epithelial cells.

Comparison of the antitumor potency of vaccinia virus mutants
in vivo
Intratumoral treatment of nude and immunocompetent mice
bearing human and murine tumors using VVL15 and WRDD
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Figure 1. Cytotoxicity and viral replication of Western Reserve and Lister strain vaccinia viruses in vitro. Cytotoxicity of Lister and WR vaccinia
strain mutants in HCT116 colorectal and ovarian A2780 human cancer cell lines. Comparison of mean EC50 values± s.e.m. generated from
sextuplicate MTS cell proliferation assays 6 days after infection; 1000 cells per well were infected with different VV at a series of MOI (highest
MOI of 1000 pfu cell− 1). Statistical analysis was performed using a one-way and two-way analysis of variance test for cytotoxicity and viral
replication data respectively; *Po0.05, **Po0.01 and ***Po0.001, ns indicating no statistical significance. (a) Viral replication of Lister and
WR vaccinia virus mutants in A2780 and HCT116 cancer cell lines. Burst assays were infected with 1 pfu cell− 1 of virus (2 × 105 cells per well).
Cell lysates were harvested at 24 h intervals typically up to 96 h. Mean viral replication± s.e.m. was determined by TCID50 assay on CV1 cells (b).
Cytotoxicity of Lister and WR vaccinia strain mutants in human cancer cell lines (c) and murine cancer cell lines (d) from a variety of organs
were used.
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viruses was investigated. For the human cancer cell lines, FaDu
(Figure 3a) and PT45 (Figure 3b) grown in nude mice, reduced
tumor progression was observed following injection of flank
tumors with VVL15 compared with WRDD or PBS (three injections
of 1 × 107 PFU every other day). Furthermore the improved animal
survival was demonstrated in the FaDu model following five
injected doses of VVL15 (data not shown). The in vivo antitumor
efficacy of the two viruses in nude mice is consistent with the
in vitro cytotoxicity and viral replication data.
A murine cancer cell line (CMT93) was used to establish flank

tumors in nude mice. Treatment with intratumoral WRDD (three
injections of 1 × 107 PFU every other day) resulted in reduced

tumor progression and improved animal survival compared with
VVL15 (Figure 3c), consistent with the superior cytotoxicity and
viral replication demonstrated with WR-derived virus in the CMT93
cell line in vitro.
The antitumor potency was further evaluated in immunocompe-

tent mice bearing murine colorectal flank tumors (CMT93 and CT26).
Strikingly in the presence of an intact immune system the superior
antitumor efficacy by WRDD seen in nude mice was absent, and
instead VVL15-treated (3×1×108 PFU) mice exhibited reduced tumor
progression and improved animal survival (Figures 4a and c). This
effect was enhanced in the CMT93 model when the dose of virus was
increased to five doses at 1×108 PFU (Figure 4b).
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Figure 2. Viral replication of Lister and WR vaccinia viruses in human and murine cancer cell lines. Burst assays were infected with
1 pfu cell − 1 of virus (2 × 105 cells per well). Cell lysates were harvested at 24-h intervals typically up to 96 h. A variety of human (a) and
murine (b) cancer cell lines from a variety of organs were used. Mean viral replication± s.e.m. was determined by TCID50 assay on
CV1 cells.
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Comparison of viral replication of vaccinia viruses in vivo
In view of the interesting differences in in vivo efficacy, the pattern
of replication of the two viruses after local intratumoral admin-
istration was investigated. Virus (three doses of 1 × 107 PFU) was
injected into nude mice bearing flank tumors of murine colorectal
(CMT93) or human pancreatic (PT45) cells. The same experiment
was also performed in immunocompetent mice bearing syngeneic
colorectal (CMT93) tumors by using three doses of 1 × 108 PFU.
Virus in harvested tumors was quantified using quantitative real-
time PCR (qRT-PCR) (and TCID50 in Supplementary Figures S2 and S3).

In the nude mouse CMT93 model, titers of WRDD virus were
much higher than VVL15 virus (Figure 5a and Supplementary
Figure S2). These findings corroborated in vitro cytotoxicity
and viral replication assays, where WRDD demonstrated superior
antitumor potency in this cell line (Figures 1d and 2b).
Furthermore, higher viral titers of WRDD compared with
VVL15 translated into reduced tumor progression and improved
the animal survival in efficacy studies following intratumoral
virus administration to CMT93 flank tumors in nude mice
(Figure 3c).
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Figure 3. Comparison of the antitumor potency of Lister and WR vaccinia virus in nude mouse cancer models. Tumor cells were seeded by
subcutaneous injection into the right flank of nude mice. When tumors reached 4–5mm in diameter, 10 mice each received IT injections of
PBS, WRDD or VVL15 on days 1, 3 and 5 (3 × 1 × 107 PFU). Tumors were measured twice weekly. Antitumor efficacy of VVL15 and WRDD was
compared in the human HNSSC model FaDu in BALB/c nude mice (a), human pancreatic carcinoma model PT45 in ICRF nude mice (b) and
murine colorectal carcinoma model CMT93 ICRF nude mice (c).
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Figure 4. Comparison of the antitumor potency of Lister and WR vaccinia virus in immunocompetent mouse cancer models. Tumor cells were
seeded by subcutaneous injection into the right flank of immunocompetent mice. When tumors reached 4–5mm in diameter, 10 mice
each received IT injections of PBS, WRDD or VVL15 on days 1, 3 and 5 (3 × 1 × 108 PFU) or days 1–5 (5 × 1 × 108 PFU). Antitumor efficacy of
VVL15 and WRDD was compared in the CMT93 following the three and five day injection regimen (a,b) and CT26 (c) colorectal carcinoma
models. Mean tumor sizes± s.e.m. are displayed until the death of the first mouse in each group. Statistical analysis of tumor sizes at stated
time points was performed by using a two-way analysis of variance test. *Po0.05, **Po0.01 and ***Po0.001,ns indicating no statistical
significance.
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Figure 5. Lister and WR vaccinia virus quantification in harvested murine flank tumors following IT treatment. Tumor cells were seeded by
subcutaneous injection into the right flank of mice. When tumors reached 4–5 mm in diameter, 12 mice each received IT injections of PBS,
WRDD or VVL15 on days 1, 3 and 5 (3 × 1 × 107 PFU and 3 × 1 × 108 PFU for nude and immunocompetent mice respectively). On specified
days mice from each group were sacrificed and tumors were harvested and frozen. Samples were then homogenized and repeatedly
freeze-thawed. Lysates underwent DNA extraction. Mean viral genome copy numbers± s.e.m. were determined by qRT-PCR by using
the vaccinia late gene (VLTF-1). Virus genome copy number in harvested CMT93 tumors from ICRF nude mice (a) and C57BL/6
immunocompetent mice (b) was compared. Virus genome copy number in harvested PT45 tumors from ICRF nude mice was also
established (c). *P<0.05, **P<0.01 and ***P<0.001.
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In the immunocompetent CMT93 model, the pattern was
reversed with higher levels of VVL15 found compared with WRDD
(Figure 5b). The extent of vaccinia viral replication within tumor
tissue following intratumoral injection was further evaluated in a
model of human cancer. Nude mice bearing pancreatic PT45
flank tumors were injected with virus. Tumors harvested
from mice treated with VVL15 demonstrated a higher vaccinia
recovery compared to those treated with WRDD (Figure 5c and
Supplementary Figure S3). These findings provided additional
evidence for a reduced Lister VV clearance from host tumors,
resulting in a diminished tumor progression and an improved
animal survival (Figure 3b). The contrast between the antitumor
potency and intratumoral viral replication of the WR and Lister
strain viruses in the nude murine and human models is suggestive
of a host species tropism; with Lister strain demonstrating a higher
relative human tropism.

Comparison of the biodistribution of vaccinia virus in mouse
models of solid tumors in nude and immunocompetent mice after
systemic delivery
WR virus, both in wild-type and tumor-targeted double-deleted
forms, has been found at significant titers in the ovaries and, to a
lesser extent, bone marrow following IP treatment of nude mice
bearing MC38 murine colon flank tumors.11 Wild-type Lister strain
VV has demonstrated in vivo tumor selectivity as determined by
immunohistochemical analysis of harvested organs in nude mice
bearing SUIT2 flank tumors following IV viral treatment.12

Comparison was made of the biodistribution of VVL15 and WRDD
following a single IV injection in both nude and immuno-
competent mice bearing CMT93 murine colorectal flank tumors
(1 × 107 and 2× 108 PFU respectively) by using TCID50,

qRT-PCR and immunohistochemical staining to quantify virus
from harvested tumors and organs.
In the nude mouse model, higher titers of WRDD virus were

found within tumor tissues across all time points (days 2, 6, 8 and
12), compared with VVL15 (Figure 6a). Similar high levels of WRDD
were also found in ovarian tissue, while there were comparatively
low levels of virus in ovarian tissue following VVL15 treatment
(Figure 6b and Supplementary Figure S4). Analysis of other organs
revealed more similar levels of WR and Lister viruses; however,
there were statistically significant higher titers of the WRDD virus
in liver, spleen, brain and bone marrow compared with VVL15
(Table 1). This suggests that although WRDD virus was able to
replicate better in the tumors in nude mice, it was also better able
to replicate in several off-target sites and hence was less tumor-
selective than VVL15. These findings were consistent across
biodistribution analysis methodologies, but best demonstrated
by qRT-PCR, which proved to be a more sensitive technique, being
able to detect the virus at much lower titers than TCID50 and
immunohistochemistry.
A similar study was performed by using immunocompetent

mice. Much higher levels of virus were found in tumor tissues of
mice treated with VVL15 compared with those treated with WRDD
(Figure 6c). Therefore, analogous to the findings in the CMT93
efficacy studies, the presence of an intact immune system reverses
WRDD superiority to VVL15, suggesting a relative immuno-
tolerance of the host to the Lister strain virus. As in the nude
mouse model, high levels of WRDD virus, but not VVL15, were
demonstrated in ovarian tissue and to a lesser extent in bone
marrow, with equivalent levels of viruses in other organs
(Supplementary Table 1).
Biodistribution was studied in nude mice bearing human

pancreatic PT45 flank tumors following IV WRDD and VVL15
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Figure 6. Lister and WR biodistribution of vaccinia virus in mice following systemic treatment. Tumor cells were seeded by subcutaneous
injection into the right flank of mice. When tumors reached 4–5mm in diameter, 12 mice each received a single IV injection of PBS, WRDD or
VVL15. On selected days four mice from each group were sacrificed and tumors/organs/serum were harvested and frozen. Non-serum samples
were then homogenized and repeatedly freeze-thawed. Lysates underwent DNA extraction. Mean viral genome copy numbers± s.e.m. were
determined by qRT-PCR using the vaccinia late gene (VLTF-1). By using the CMT93 model, ICRF nude mice were injected with 1× 107 PFU of
vaccinia virus and virus quantified within tumors (a) and ovaries (b) at stated time points. Further assessment in a CMT93 model in
immunocompetent C57BL/6 mice following single IV 2 × 108 PFU virus treatment (c) and in a human PT45 nude mouse model (d). Statistical
analysis of viral titers at stated time points was performed by using a two-way analysis of variance test; *Po0.05 and **Po0.01 and
***Po0.001, ns indicating no statistical significance.
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(1 × 1 × 107 PFU) injection, and very-high levels of Lister virus were
found within the tumors, with negligible levels of WR virus
(Figure 6d). This suggests VVL15 has high tumor selectivity and
ability to replicate in human cancer cells; supported by in vitro
viral replication and cytotoxicity assay data, as well as in vivo
efficacy for this cancer cell line.

The host immune response to Western Reserve and Lister strain
vaccinia virus
The reduced tumor viral clearance and superior antitumor potency
of the Lister strain virus, compared with the WR strain virus in
immunocompetent models is suggestive of immunologically
related differences between the two virus strains. To characterize
these potential differences, investigation of the profile of
multiple cytokines in murine serum samples following IT delivery
of virus to CMT93 flank tumors in immunocompetent mice was
undertaken.
Higher levels of proinflammatory cytokines (IL6, IL1β, IFNϒ, IL12

and IL8) were found in the serum of animals treated with WRDD
compared with VVL15; in contrast, IL-10, which is considered an
anti-inflammatory cytokine was found at higher concentration in
animals treated with VVIL15 (Figure 7). This is highly suggestive of
WR infections inducing a more potent host antiviral response, with
resultant increased viral clearance and hence reduced antitumor
potency in immunocompetent in vivo models.

DISCUSSION
In this study, we have demonstrated that a tumor-selective Lister
strain virus (VVL15) is more potent than a tumor-selective mutant
of the dominant research WR strain (WRDD) in human cancer cell
lines in vitro. The WR strain showed greater murine tropism
in vitro, in keeping with its development through repeated
passage of the parental Wyeth strain in mouse brains.17 The
superior viral replication characteristics of Lister strain in tumor
cells compared with WR in vitro and in vivo suggests greater
antitumor potency against human disease and reduced virus side-
effects caused by off-target replication.

Table 1. Vaccinia virus genome copy number of harvested tumors
and organs in ICRF nu/nu mice bearing CMT93 flank tumors following
IV injection of vaccinia virus

WRDD VVL15

Tumor 414342.50 (28708.38)*** 9289.08 (2516.67)
Ovary 103459.10 (28499.390)** 188.713 (22.18)
Bone marrow 774.68 (69.85)*** 233.12 (59.31)
Spleen 247.62 (32.772)** 83.18 (23.75)
Brain 244.978 (41.50)*** 28.61 (1.260)
Liver 95.19 (32.46) ns 31.515 (5.44)
Lung 93.55 (14.54) ns 189.73 (46.718)

*Po0.05, **Po0.01 and ***Po0.001 and ns indicating no statistical
significance. 5x106 CMT93 cells were seeded by subcutaneous injection
into the right flank of 36 ICRF nude mice. When tumors reached 4–5mm in
diameter, 12 mice each received single IV injections of PBS, WRDD or
VVL15 (1x1x107 PFU). On days 2, 6, 8 and 12, four mice from each group
were sacrificed and ovaries were harvested and frozen. Samples were then
homogenized and repeatedly freeze-thawed. Lysates underwent DNA
extraction. Mean viral genome copy numbers (s.e.m.) were determined by
qRT-PCR using the vaccinia late gene (VLTF-1). The results on day 8 are
presented. Statistical analysis of viral titers at the day 8 time point was
performed by using the unpaired t-test.
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Figure 7. The host cytokine response to Western Reserve and Lister strain vaccinia virus IT treatment. CMT93 cells were seeded by
subcutaneous injection into the right flank of C57BL/6 mice. When tumors reached 4-5mm in diameter, nine mice each received IT injections
of PBS, WRDD or VVL15 on days 1, 3 and 5. At days 5, 10 and 15, three animals from each group were sacrificed and the serum was sampled.
Multiple cytokines were analyzed by ELISA. Statistical analysis was performed using a two-way analysis of variance test; *Po0.05, **Po0.01
and ***Po0.001, ns indicating no statistical significance.
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High titers of WR strain virus have been reported in the
ovaries of nude and immunocompetent mice following IV
administration.11,18,19 Smallpox virus is known to replicate
preferentially in areas of increased vascular permeability second-
ary to injury and histamine release.20 It has also been shown that
increases in vascular permeability induced by hyperthermia lead
to increased uptake of VV.21 Furthermore ovarian tissue has been
shown to have high levels of VEGF, which increases vascular
permeability and hence VV uptake.22 Research has shown partial
dependence on asialo-GM1 for WR strain viruses to enter cells.23

This potential accessory receptor is widely expressed in ovarian
and brain tissue, and anti-serum to asialo-GM1 has been shown to
abrogate ovarian infection.23 Further studies have shown that two
viral proteins, A27L and H3L, interact with heparan sulfate to infect
host cells.24,25 Heparan sulfate is found abundantly in ovarian
follicular basal lamina and is a potential candidate for supporting
WR virus entry into ovarian follicles.
The immune response to oncolytic viral therapy is a complex

interaction, with seemingly dichotomous effects of the host
immune system on tumor progression.26 One argument is that the
tumor microenvironment is immunosuppressed,27 which facili-
tates viral replication and prolonged virally mediated oncolysis.
The opposing view is that activation of the immune system in
response to virus treatment leads to a bystander cytotoxic effect
on cancer cells,26 as well as viral clearance. The data presented
here are more supportive of the first hypothesis, in that the
superior antitumor efficacy of Lister strain was associated with
higher viral titers within the tumors. Furthermore, through analysis
of cytokines in serum of tumor-bearing mice following vaccinia IT
treatment, WR strain induced higher levels of proinflammatory
cytokines IL8, IL6, IL1β, IL12, IFN-γ and lower levels of the anti-
inflammatory cytokine IL-10. Therefore there is an association of
heightened proinflammatory host response to WR virus with lower
in vivo intratumoral viral titers and reduced antitumor efficacy
compared with Lister strain virus.
The elevation of the anti-inflammatory cytokine, IL-10, in

response to Lister but to a much lesser extent with WR strain
treatment is of interest. IL-10 was first described as a cytokine
synthesis inhibitor factor secreted by murine T-helper 2 (Th2) cells,
which suppressed cytokine production by T-helper 1 (Th1) cells.28

IL-10 has broad anti-inflammatory properties through suppression
of the antigen-presenting cell function and proinflammatory
cytokine production of macrophages and dendritic cells.29

This anti-inflammatory action has led to investigation of the use
of IL-10 in the treatment of chronic inflammatory diseases,
such as Crohn’s disease, rheumatoid arthritis and psoriasis. More
recently a role for IL-10 in cancer treatment has been researched
with evidence of antitumor efficacy,30 and suppression of
angiogenesis.31–33

IL-10 production has been demonstrated in various cell types
including Th2 cells, monocytes, B-cells, eosinophils, mast cells and
dendritic cells; however, the major source appears to be
macrophages.34 Moreover, IL-10 has been found to be expressed
by a variety of malignant tumor cell types, including breast,
colorectal and lung cancers,29 and is correlated with poor
prognosis. It has been shown that IL-10 contributes to tumor
survival by generating a microenvironment conducive to tumor
growth and metastasis.35–38 The majority of tumor-associated
macrophages in solid tumors express higher levels of IL-10 and
lower levels of IL12 and tumor-necrosis factor α,39–41 resulting in
suppression of antitumor T-cell responses.
Poxviruses are unique in their capacity to induce the release of

proteins that bind cytokines, chemokines or interferons to evade
the host immune response.42 There is also evidence of endogenous
viral IL-10 expression by poxviruses (Yaba-like disease virus).43

Transduction of peritoneal mesothelial cells with an adenoviral
vector expressing IL-10 in a gastric cancer model resulted in
reduced cancer growth30 and inhibition of angiogenesis. We also

have evidence that arming VVL15 with IL-10 significantly
enhances the antitumor efficacy by the virus (Chard et al,
unpublished data). In summary, the present study suggests that
Lister strain VV with TK deletion is a potentially promising
backbone for development of new cancer therapeutic agents.

MATERIALS AND METHODS
Cell lines
CV1, the African Green Monkey normal kidney cell line was obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal calf serum (FCS). Normal human bronchial epithelial cells
were obtained from Cambrex (Cambridge, UK) and maintained in
bronchial epithelial growth medium (Cambrex).
The human HNSCC cell lines SCC4 (tongue) and SCC25 (tongue) were

obtained from the Cancer Research UK Cell Culture Service (CRUK CCS,
Clare Hall Laboratories, Potters Bar, UK) and were maintained in 1:1 DMEM
and Ham’s F12 supplemented with 10% heat-inactivated FCS and 400 -
ngml− 1 hydrocortisone (Sigma-Aldrich, St Louis, MO, USA). The HNSCC cell
lines TR126 (tongue) and TR138 (larynx) were obtained from the CRUK CCS
and were maintained in DMEM and Ham’s F12 respectively, each with 10%
FCS. FaDu was obtained from ATCC and maintained in Earle’s minimal
essential medium with 10% FCS. The human pancreatic carcinoma cell
lines SUIT2, MiaPaCa2, PANC1, PT45 and Capan1 were obtained from CRUK
CCS and maintained in DMEM with 10% FCS. The human colorectal
carcinoma cell lines HT29, HCT116 and SW620 were obtained from ATCC
and maintained in DMEM with 10% FCS. MKN45 gastric adenocarcinoma
cell line was kindly provided by Professor Stephen Mather (Barts Cancer
Institute, Queen Mary University of London, UK) and maintained in DMEM
with 10% FCS. The human ovarian carcinoma cell line A2780 was kindly
provided by Professor Iain McNeish (Institute of Cancer Sciences, University
of Glasgow) and maintained in DMEM with 10% FCS. All human cell lines
were genotyped by STR and confirmed their identification.
The murine HNSCC cell line SCCVII was kindly provided by Dr Osam

Mazda (Department of Microbiology, Kyoto Prefectural University of
Medicine, Japan) and maintained in DMEM supplemented with 10% FCS.
The murine pancreatic carcinoma cell line PANC02 was obtained from the
ATCC and maintained in DMEM with 10% FCS. The murine colorectal
carcinoma cell lines CT26 and CMT93 was obtained from CRUK CSS and
maintained in DMEM supplemented with 10% FCS. MOSEC ovarian
carcinoma cell line was kindly provided by Professor Iain McNeish (Barts
Cancer Institute, Queen Mary University of London, UK) and maintained
in DMEM with 1% Insulin-Transferrin-Selenium supplement-G (GIBCO,
Invitrogen) and 3% FCS.

Viruses
VVL15 was constructed by the insertion of the lacZ reporter and the firefly
luciferase genes into the TK region of the Lister vaccine strain of vaccinia
virus (VVLister) under the control of the synthetic early/late and p7.5
promoters respectively,18 using an in vitro intracellular recombination
technique previously described.44 The virus was kindly provided by
Professor Istvan Fodor (Loma Linda University, Loma Linda, CA, USA).
WR, TK deletion vaccinia virus and WRDD, double deletion (TK and VGF)

vaccinia virus were kindly provided by Dr Steve Thorne (University of
Pittsburgh, Pittsburgh, PA, USA) and Dr Andrea McCart (University of
Toronto, Toronto, ON, Canada) respectively.11,19

Evaluation of viral cytotoxicity in vitro
Cells were seeded at 1 × 103 and 1× 104 cells per well, depending on
growth rates, in 96-well plates, and infected with viruses 16–18 h later. Cell
survival on day 6 after viral infection was determined by MTS assay and
EC50 value (viral dose killing 50% of tumor cells) was calculated as
previously described.45 All assays were performed at least three times.

Viral replication
Cells were seeded at 2–4 × 105 cells per well, depending on growth rates,
in three wells of six-well plates in media with 10% FCS, and infected with 1
PFU cell− 1 of vaccinia viruses 16–18 h later. Samples were harvested in
triplicate at 24-h intervals up to 144 h. Viral replication was detected by
TCID50 (50% tissue culture infective dose) as previously described.45
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ELISA
Tumor and serum samples were generated and processed as described
in other sections of the methods. The concentration of cytokines was
determined by using a Meso Scale Discovery multispot assay system
mouse proinflammatory 7-plex ultra-sensitive kit (MSD Gaithersburg,
Maryland, USA) following the manufacturer’s instructions, and 1:2 dilutions
were used, with samples tested in triplicate.

In vivo efficacy experiments
Flank tumors were established in 10 mice per treatment group through
subcutaneous injection of 1–5× 106 murine and human cancer cells and
allowed to reach 0.4–0.5 cm in diameter, then the mice were regrouped by
tumor size and received three 50 μl IT injections of 1 × 107 PFU (nude mice)
or 1 × 108 PFU (immunocompetent mice) or PBS on days 1, 3 and 5 or days
1, 2, 3, 4 and 5. Tumor volumes were calculated (volume= (length×
width2×π)/6) twice weekly until mice were sacrificed when tumor volume
reached 1.00 cm3 or had been present for 3 months. 4–5-week-old female
nude mice strains BALB/c and ICRF, and immunocompetent mice strains
BALB/c and C57BL/6 were obtained from Harlan UK Ltd (Bicester,
Oxon, UK).

Biological time point studies
Nude mouse models. 5 × 106 CMT93 cells were implanted subcutaneously
into the right flank of 36 ICRF nude female 4–5-week-old mice (Harlan UK
Ltd). When tumors reached 0.4–0.5 cm in diameter, mice were regrouped
into 12 mice per group to ensure even spread of tumor sizes. Each group
received 50-μl IT injections of 1 × 107 PFU VVL15, WRDD or PBS on days 1, 3
and 5. On days 5, 10, 15 and 20 three mice were sacrificed from each
group, and the tumors were harvested and snap frozen in liquid nitrogen
for further processing. Blood samples were collected in heparinised tubes
prior to freezing.
The experiment was repeated with PT45 cells using the same method,

except mice were sacrificed on days 7, 12 and 20.

Immunocompetent mouse models. The experiment was further repeated
in C57BL/6 immunocompetent mice implanted with CMT93 cells. 50-μl IT
injections of 1 × 108 PFU and PBS were performed on days 1, 3 and 5. Mice
were sacrificed on days 5, 10, 15 and 20.

Biodistribution experiments in the nude mouse model. 5 × 106 CMT93 cells
were implanted subcutaneously into the right flank of 60 ICRF nude female
4–5-week-old mice (Harlan UK Ltd). When tumors reached 0.4–0.5 cm in
diameter, mice were regrouped into 12 mice per group to ensure even
spread of tumor sizes. Each group received a single 100-μl IV tail vein
injections of 1 × 107 PFU VVL15, WRDD or PBS. On days 2, 6, 8 and 12 three
mice were sacrificed from each group and the tumors and other tissues
(ovary, bone marrow, liver, lungs, brain and spleen) were harvested and
snap frozen in liquid nitrogen for further processing.

Biodistribution experiments in the immunocompetent mouse model. 5 × 106

CMT93 cells were implanted subcutaneously into the right flank of 36
C57BL/6 female 4–5-week-old mice (Harlan UK Ltd). When tumors reached
0.4–0.5 cm in diameter, mice were regrouped into 9 mice per group to
ensure even spread of tumor sizes. Each group received 100 μl IV tail vein
injections of 2 × 108 PFU VVL15, WRDD or PBS. On days 4, 8 and 12 three
mice were sacrificed from each group and the tumors and other tissues
(ovary, bone marrow, liver, lungs, brain, blood and spleen) were harvested
and snap frozen in liquid nitrogen for further processing. Blood samples
were collected in heparinized tubes prior to freezing.

In vivo virus quantification
Tissue processing. Mouse tissue was weighed, homogenized to a total
volume of 2ml in DMEM, then frozen and thawed three times in liquid
nitrogen and in a water bath at 37 1C respectively.

TCID50. Vaccinia virus titration in homogenized mouse tumor and organ
samples was performed using a TCID50 technique as previously described.
As with the in vitro samples, 20 μl of homogenized tissue was added to the
first row of seeded CV1 cells and following a change of pipette tips, serial
1:10 dilutions were made to the next seven consecutive rows. Viral titers
were corrected for the initial weight of the sample.

Quantitative Real-Time PCR (qRT-PCR). 100 μl of homogenized tissue was
used for DNA extraction using the DNeasy 96 blood and tissue kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instructions, and eluted
in 100 μl of buffer AE. DNA concentration was determined by using
the NanoDrop ND-1000 Spectrophotometer (Nanodrop Technologies,
Wilmington, DE, USA) and a fixed amount of DNA was used for qRT-PCR.
DNA was accepted as adequately pure where the ratio of absorbance at
260 and 280 nm was ~ 1.8. DNA copies were against total DNA and the
results are displayed as arbitrary units. The results are displayed as
PFUml− 1 g− 1, normalized against the weight of the tissue sample. Primers
and probes for VVLister were designed manually using Primer Express v3.0
software (Applied Biosystems, Hammonton, NJ, USA) and constructed by
Sigma-Aldrich and Applied Biosystems respectively.
Samples, control (RNAse free water) and nine 10-fold serial dilutions of

standards (5 × 108 to five viral genome copies diluted in 5-μl RNAse free
water) were tested in triplicate in each plate by qRT-PCR. A 25-μl reaction
volume consisted of 5-μl sample or standard and 20 μl of Master mix
(0.9-μM forward primer, 0.9-μM reverse primer, 0.2-μM probe in TaqMan
Universal PCR Master Mix, Applied Biosystems). Reactions were performed
in MicroAmp optical 96-well reaction plates sealed with optical adhesive
covers and amplified by using the 7500 Real-time PCR System (1 cycle of
48 °C for 30min, 95 °C for 10min then 40 cycles of 95 °C for 15 s, 60 °C for
1 min). Cycle thresholds (CT) were determined using 7500 System SBS
software (all Applied Biosystems).

Immunohistochemistry staining
All tissues were processed for histopathology and IHC analysis for viral coat
protein (1:2000 rabbit anti-vaccinia virus coat protein polyclonal antibody
(MorphoSys UK Ltd, Bath, UK).

Statistical analysis
All statistical analyses were performed as described in Figure legends or
results. Differences were considered significant where Po0.05.
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