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Abstract
Matrix (M) protein mutants of vesicular stomatitis virus (VSV), such as rM51R-M virus, are
attractive candidates as oncolytic viruses for tumor therapies because of their capacity to
selectively target cancer cells. The effectiveness of rM51R-M virus as an antitumor agent for the
treatment of breast cancer was assessed by determining the ability of rM51R-M virus to infect and
kill breast cancer cells in vitro and in vivo. Several human- and mouse-derived breast cancer cell
lines were susceptible to infection and killing by rM51R-M virus. Importantly, non-tumorigenic
cell lines from normal mammary tissues were also sensitive to VSV infection suggesting that
oncogenic transformation does not alter the susceptibility of breast cancer cells to oncolytic VSV.
In contrast to results obtained in vitro, rM51R-M virus was only partially effective at inducing
regression of primary breast tumors in vivo. Furthermore, we were unable to induce complete
regression of the primary and metastatic tumors when tumor-bearing mice were treated with a
vector expressing interleukin (IL)-12 or a combination of rM51R-M virus and IL-12. Our results
indicate that although breast cancer cells may be susceptible to VSV in vitro, more aggressive
treatment combinations are required to effectively treat both local and metastatic breast cancers in
vivo.
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Introduction
Invasive breast cancer is a leading cause of cancer-related death for women worldwide
(reviewed by Dodwell and Williamson1; Nicolini et al.2) Although major strides have been
made in the detection and treatment of the local disease, most patients with advanced
metastatic disease have fatal outcomes, mainly because of the development of resistance to
standard treatments. Therefore, the challenge is to develop new and effective therapies for
treatment of metastatic tumors that are unable to respond to conventional approaches. The
use of genetically engineered viruses for the treatment of metastatic cancer is an attractive
and promising tactic because of the natural ability of viruses to spread throughout the body
and target tissues that are susceptible to infection.
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Vesicular stomatitis virus (VSV) is currently being explored as an oncolytic agent in a
number of tumor models3–15 because of its potent ability to induce apoptosis in infected
cells.16–19 It has been proposed that the susceptibility of tumors to VSV and other oncolytic
viruses is due to development of defects in antiviral responses, such as the type I interferon
(IFN) response, during tumorigenesis.4,5,13,14,20 Furthermore, along with other groups, we
have demonstrated that the selectivity of VSV for tumor cells versus normal cells can be
enhanced either by pretreatment with IFNs or by using matrix (M) protein mutant VSV
strains that induce IFN production in infected cells.3,10,11,13,14 One such recombinant strain
is rM51R-M virus, which contains an arginine for methionine substitution at position 51 of
the M protein sequence. This mutation renders the virus defective at inhibiting host gene
expression and thus, in contrast to its isogenic recombinant wild-type counterpart (rwt
virus), rM51R-M virus stimulates expression of genes involved in host innate immune
responses.21 We have shown that rM51R-M virus is an effective oncolytic agent because of
its ability to selectively kill tumor cells in mice without causing disease.3 Furthermore, it
effectively induces maturation of several subsets of dendritic cells (DCs),22,23 thus offering
the promise of promoting antitumor immunity during therapies.

Studies have shown that many breast cancer cell lines are highly sensitive to infection and
killing by wt and M protein mutant VSV.7,14,24 However, survival of mice-bearing
syngeneic breast tumors is not improved dramatically on treatment with VSV.7

Recombinant VSVs expressing the suicide gene product, thymidine kinase, or the cytokine,
interleukin 4 (IL-4) have shown greater efficacy at treatment of local and metastatic breast
cancers in vivo than treatment with wt VSV alone.24 These studies raise the question of why
oncolytic therapy with VSV is not completely effective in the case of some cancers. It is
possible that the immune response limits virus replication and spread, thus hindering access
of the virus to the tumor cells. Alternatively, the rate of tumor growth may be faster than the
ability of VSV to induce apoptosis in tumor cells. These hurdles are important to understand
and overcome in order to develop effective oncolytic agents for the treatment of cancers.

In the work presented here, we determined that several breast cancer cell lines were
susceptible to infection and killing by both wt and rM51R-M virus. However, breast cancer
cells were no more susceptible to VSV than non-tumorigenic cell lines from normal
mammary tissues. We used a syngeneic mouse model (4T1) to compare the treatment of
breast cancer with rM51R-M virus with an IL-12-based immunotherapy that is currently in
clinical trials. The 4T1 tumor model is known to be highly tumorigenic, invasive and
nonimmunogenic.25 Our results have shown that rM51R-M virus was only partially
effective at inducing regression of the primary 4T1 tumors in vivo, similar to treatment of
tumor-bearing mice with a vector expressing IL-12. In addition to a delay in the growth of
the primary tumor, there was a reduction in spontaneous metastases in the lungs of animals
treated with rM51R-M virus, IL-12 or the combination of the two. None of the treatment
regiments were successful at inducing complete regression of the primary and metastatic
tumors and all animals were eventually killed because of excessive tumor burden. Therefore,
although breast cancer cells may be susceptible to killing by VSV in vitro, our results
suggest that oncolytic VSV therapy or immune therapies with IL-12 may be limited by the
fast rate of tumor growth in vivo.

Materials and methods
Cells and viruses

The human mammary epithelial cell lines, immortalized human mammary epithelial (HME),
HME expressing large T antigen (HMLE) and HMLE transduced with a puromycin
resistance and Ras-expressing vector (HMLE-PR), were kindly provided by Dr Griffith
Parks (Wake Forest University School of Medicine) and described by Elenbaas et al.26 Cells
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were used at low passage numbers to preserve their original phenotypes. MCF7, MCF10A,
TM40D and 4T1 cells were obtained from the American Type Culture Collection
(Manassas, VA). The recombinant viruses, rwt and rM51R-M, were isolated from infectious
VSV complementary DNA clones18 and were grown on BHK cell monolayers. Supernatants
containing progeny virions were harvested, titrated and stored at −80 °C.

Reagents
The mouse IL-12 DNA expression vector, pUMVC3-mIL-12, was obtained from Aldevron
(Fargo, ND) and is described in Mahvi et al.27 Briefly, the IL-12 p35 and p40 subunits in
this plasmid are separated by an internal ribosomal entry site and driven by a single
cytomegalo-virus promoter (National Gene Vector Laboratory, University of Michigan, Ann
Arbor, MI).

35S radiolabeling of infected cells
To analyze protein synthesis during virus infections, HME, HMLE and HMLE-PR cells (1 ×
106 cells) were infected with rwt or rM51R-M virus at an multiplicity of infection (MOI) of
0.1 and 10 plaque-forming unit (PFU) per cell in RPMI containing 10% fetal bovine serum.
At different times post-infection, cells were labeled with a 15-min pulse of [35S]methionine
(100 μCi ml−1) in a total volume of 0.3 ml of methionine-free medium. Cells were washed
with phosphate-buffered saline and harvested in radioimmunoprecipitation assay buffer
(0.15M NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 10mM
Tris and pH 7.4). Extracts normalized for protein levels (by the Lowry protein assay) were
electrophoresed by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
were analyzed by phosphorescence imaging as described previously.18

Growth curves
HME, HMLE and HMLE-PR were infected with rwt or rM51R-M viruses in six-well dishes
at the indicated MOI in RPMI containing 10% fetal bovine serum. Cells were washed at 1-h
post-infection and recultured in 3ml of fresh media. At 24-h post-infection, 100 μl of
medium was removed from each dish and stored at −70 °C. The yields of virus were
determined by plaque assays on BHK cells and were expressed as PFUml−1.

Cell viability assay
In all, 4T1 cells were infected with wt and mutant viruses at an MOI of 10 or 0.1PFU per
cell. At different times post-infection, live cells were measured by an MTT assay (Cell
Proliferation Kit 1; Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s
instructions.

Tumor treatment
In total, 4T1 cells were harvested from semi-confluent cultures, and cell viability was
determined using Trypan blue exclusion. Cells with > 90% viability were suspended at 1 ×
106 cells per 0.2 ml of phosphate-buffered saline (PBS) and injected subcutaneously in the
flanks of BALB/c wt or nude mice (Charles River Laboratories, Wilmington, MA). Animals
were monitored for tumor development daily by palpation of the injection site. Animals with
palpable tumors had their tumor volume measured by calipers and the volume calculated
using the formula Volume = (width)2 × length/2. At 12 days after tumor cell injection, the
tumor-bearing animals were randomly separated into experimental groups. Animals were
injected in the tumor with 1 × 107PFU of rM51R-M virus at days 1, 3 and 5, 50 μg of IL-12
plasmid at days 1 and 3, or PBS alone as a negative control. Tumor volume was measured
daily with calipers, as described above, and animal mass was also measured. If the animals
showed irreversible symptoms of VSV infection (usually around 6 days post-infection) or
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signs of end-stage illness as indicated by IACUC guidelines of Wake Forest University
Health Sciences, they were killed, and the tumor and selected tissues (brain, lungs, spleen
and liver) were harvested for histological analysis.

IL-12 and IFNγ enzyme-linked immunosorbent assays
Tumors and spleens from tumor-bearing mice were harvested and homogenized in 0.5 ml
sterile PBS containing 0.1% Triton X-100. Supernatants were removed after centrifugation
of homogenized tissue solutions and frozen at −20 °C. Supernatants were assayed for the
presence of IL-12 p40 and IFNγ using OptiEIA ELISA kits (BD Pharmingen, San Diego,
CA).

Immunohistochemistry
Harvested tissues were fixed in 4% paraformaldehyde overnight, embedded in paraffin and
sectioned at 5 μm. Sections were stained with hematoxylin and eosin for histological
examination or used in immunohistochemical staining. For immunohistochemical staining,
cells were fixed in descending series of ethanol washes, quenched with 0.3% peroxide in
PBS and blocked in 5% goat serum. Serial sections were incubated overnight with
antibodies against the viral envelope glycoprotein (rabbit anti-G, Research Diagnostics, Inc.,
Flanders, NJ). Secondary antibody (biotinylated anti-rabbit from BioGenex Supersensitive
Kit, Biogenex, San Ramon, CA) was incubated on sections at room temperature for 30 min.
Primary antibody detection was accomplished using a streptavidin alkaline phosphatase
detection kit (Supersensitive Detection Kit, Biogenex). Vector Red Substrate Kit No. 1 for
alkaline phosphatase (Vector Laboratories, Burlingame, CA) was used to visualize the
antibody–antigen complex. Nuclei were counterstained using Mayers hematoxylin. Negative
controls consisted of histologic sections processed without the addition of primary antibody,
but incubated instead with 1% goat serum or mouse immunoglobulin G (Reagent Grade,
0.33mg ml−1, Sigma Chemical, St Louis, MO).

Clonogenic assay
Metastases in the lungs were determined by a clonogenic assay modified from the protocol
described by Shan et al.28 Basically, lungs were harvested, washed with Hank’s balanced
salt solution (HBSS) and minced into small pieces. Tissue was incubated with 2mgml−1

collagenase type IV for 2 h. After digestion, the sample was filtered through a 70 μm nylon
cell strainer and centrifuged for 5 min at 1500 r.p.m. The cells in the pellet were washed
with HBSS and resuspended in culture medium (1 × Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum and 60 μM 6-thioguanine). Cells were then plated onto
100mm tissue culture dishes in serial dilutions and incubated at 37 ° for 10–14 days. When
colonies appeared, culture media from plates were removed and cells were fixed in methanol
and stained with 0.03% methylene blue solution. Each colony represented one clonogenic
metastatic cell.

Results
Non-tumorigenic and highly tumorigenic breast cancer cells are similarly sensitive to
infection with VSV

A main hypothesis driving oncolytic VSV therapy is that the susceptibility of cancers to
oncolytic viruses is due to development of defects in antiviral responses during
tumorigenesis. To determine whether alterations involved in forming breast carcinoma lead
to greater susceptibility to VSV infection, we used the cell culture system developed by
Elenbaas et al.26 in which primary human mammary epithelial cells (HMECs) were
sequentially transformed to carcinoma cells through the introduction of specific genes. HME

Ahmed et al. Page 4

Cancer Gene Ther. Author manuscript; available in PMC 2013 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells were derived from HMECs immortalized through the loss of p16INK4a expression and
the introduction of human telomerase reverse transcriptase (hTERT), and are non-
tumorigenic. HME cells were transformed by introduction of the SV40 Large-T (LT)
antigen to generate HMLE cells and by introduction of LT antigen together with the H-ras
oncogene to generate HMLE-PR cells, which are highly tumorigenic. To determine the
permissiveness of HME, HMLE and HMLE-PR cells to VSV infection, the production of
infectious progeny in the supernatants of infected cells was measured by plaque assay
(Figure 1). Cells were synchronously infected at a MOI of 10PFU per cell with rM51R-M
virus and its isogenic wt counterpart, rwt virus, to determine the level of virus replication in
a single cycle of growth. Each of the cell lines infected with rwt virus produced progeny
virus between 107 and 108PFUml−1 by 24 h, while viral titers in rM51R-M virus-infected
cells were slightly higher. This result is consistent with our previous data in other cell types
showing that the M51RM protein mutation has little effect on the virus assembly function of
M protein and that the rM51R-M virus produces slightly higher virus yields than rwt virus.21

More importantly, these results show that both non-tumorigenic and tumorigenic cells were
permissive for VSV infection.

The permissiveness of HME, HMLE and HMLE-PR cells to virus infection was further
tested by determining rates of viral protein synthesis. Cells were infected with rwt or
rM51R-M viruses at a multiplicities of 10PFU per cell and pulse labeled with
[35S]methionine for 15 min at different times post-infection. Proteins were solubilized, and
equivalent amounts of protein were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and phosphorescence imaging. Representative images are shown in Figure
2a and the results of quantification of three independent experiments are shown in Figures
2b and c. rwt virus effectively inhibited host protein synthesis in HME, HMLE and HMLE-
PR cells as compared with mock-infected controls. This is clearly seen in the regions of the
gel that are devoid of viral proteins (Figure 2a and quantified Figure 2b). rM51R-M virus
also inhibited host protein synthesis in each of the cell lines, but shut-off of host genes was
slightly delayed as compared with that observed in rwt virus-infected cells. Again, the shut-
off of host protein synthesis is typical of cells that are highly permissive for VSV. Viral
proteins were synthesized at high levels in all three cell types infected with rwt virus
peaking at 12-h post-infection and declining thereafter (Figure 2c). This is a typical pattern
of viral protein synthesis in highly permissive cells. Levels of viral protein synthesis were
slightly less in cells infected with rM51R-M virus, even though higher levels of infectious
virus were produced (Figure 1), which is also typical of this virus.

The data in Figures 2a–c indicate that the three cell lines are similarly permissive for
rM51R-M virus as rwt virus in a single-cycle infection. Rates of viral protein synthesis were
also evaluated under conditions of multiple-cycle virus growth (Figure 2d). In these
experiments, cells were infected at a multiplicity of 0.1PFU per cells so that only 10% of
cells were initially infected and infection of the remaining cells depended on spread of virus
through the culture. Under these conditions, viral protein synthesis in cells infected with rwt
virus was not detected above the background of host protein synthesis until 24-h post-
infection. Similarly, viral protein synthesis in cells infected with rM51R-M virus was only
observed at 24 h, but levels were lower than those detected in rwt virus-infected cells. This
result is likely due to antiviral responses induced by rM51R-M virus that delay spread of the
virus to uninfected cells.

To determine the susceptibility of HME, HMLE and HMLE-PR cells to killing by VSV,
cells were infected with rwt and rM51R-M viruses, and cell viability was determined by
MTT assays (Figure 3). For this experiment, cells were infected with wt and mutant viruses
at both a high and low MOI in order to determine the susceptibility of cells to VSV in a
synchronous infection (MOI = 10) (Figure 3a) or to determine whether antiviral responses
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affect the ability of virus to spread and kill surrounding cells in the culture (MOI 0.1)
(Figure 3b). All cell lines were susceptible to killing by rwt virus when infected at a
multiplicity of 10PFU per cell such that close to 40% of cells were viable by 48 h. However,
cells were more resistant to rM51R-M virus-induced killing. When infected at the low MOI,
cells were more resistant to killing by either virus, again indicating that these cells may
retain intact antiviral signaling pathways to prevent spread and killing by VSV.
Furthermore, our results indicate that there was no difference in the ability of VSV to kill
non-tumorigenic versus highly tumorigenic cells.

Many breast cancer cell lines are sensitive to killing by VSV
To further determine the ability of VSV to kill non-tumorigenic mammary cells versus
breast cancer cells, non-tumorigenic MCF10A (Figure 4a) and highly tumorigenic MCF7
(Figure 4b) cells were infected and compared for their susceptibility with killing by rwt and
rM51R-M viruses. Both cell lines were highly sensitive to infection and killing by rwt and
rM51R-M viruses when infected at a MOI of 10PFU per cell as indicated by a decrease in
cell viability by 24–48-h post-infection. Although killing by both viruses was delayed when
cells were infected at a MOI of 0.1, cells succumbed to VSV-induced cell death over time as
a result of virus replication and spread. These results further support the conclusion that
tumorigenic and non-tumorigenic cells are similarly sensitive to infection and killing by
oncolytic VSV. Furthermore, although there appears to be a slight delay in the ability of
rM51R-M virus to kill these cells, they eventually succumb to infection and killing by both
viruses.

rM51R-M virus is partially effective at killing breast cells in vivo
We used a syngeneic mouse model (4T1) to compare the treatment of breast cancer with
rM51R-M virus to an IL-12-based immunotherapy that is currently in clinical trials. 4T1
mouse mammary tumor cells are highly invasive breast cancer cells with the capacity to
metastasize efficiently in vivo to sites affected in human breast cancer.25,29 In cell culture,
4T1 cells were sensitive to killing by rwt and rM51R-M viruses at both high and low MOIs,
and there was no difference between wt and mutant viruses in their ability to kill these cells
(Figure 5a). 4T1 cells were injected subcutaneously in the flanks of wt BALB/c mice. When
palpable tumors were obtained, approximately 14 days following implantation, mice were
treated intratumorally with rM51R-M virus, IL-12 plasmid DNA, or the combination of
rM51R-M virus and IL-12 plasmid DNA. The IL-12-encoding plasmid used in this study
has been shown to induce tumor regression when administered locally or systemically in
several tumor systems30,31 in the absence of local or systemic toxicity.27 Tumors were mock
treated with PBS as a control, and tumor volume was measured every other day (Figure 5b).
Treatment with rM51R-M virus significantly delayed the growth of 4T1 tumors as compared
with mock-treated tumors. Nevertheless, tumor size continued to increase over time,
indicating that therapy with rM51R-M virus was only partially effective in this model.

Treatment of mice with IL-12 alone also delayed tumor growth as compared with mock-
treated animals but was no more effective than treatment with rM51R-M virus. Furthermore,
the addition of IL-12 to virus therapy had no additional benefit.

Immunohistochemical analysis of tumors from mice at day 7 post-treatment was carried out
with antibodies against the viral G protein to determine the ability of rM51R-M virus to
replicate and spread in the tumor tissue (Figure 5c). We were able to detect areas of antigen-
positive cells in the tumor tissue of mice treated with rM51R-M virus and rM51R-M +
IL-12, corresponding to areas of necrosis. However, staining was not widespread, suggesting
that the low efficacy of rM51R-M virus therapy may be due in part to the inefficient
replication and spread of virus in the tumor tissue.
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To determine the extent of immune stimulation in treated animals, the levels of IL-12 were
assayed in the tumors and spleens (Figures 6a and b) and the levels of IFNγ, which is
induced by IL-12, were assayed in the spleens (Figure 6c). Levels of IL-12 in response to
treatment with virus were comparable to those produced from plasmid DNA and there was
little, if any, increase from the combination treatment. However, treatment with virus was
more effective in stimulating IFNγ production than treatment with IL-12 plasmid DNA.

Treatment of 4T1 tumors decreases lung metastases
Previous studies have demonstrated that IL-12 treatment is effective at reducing spontaneous
metastases in the lungs of 4T1 tumor-bearing mice while significantly prolonging their
survival time.32 To determine whether rM51R-M virus affected tumor metastases, the lungs
of treated mice were collected at day 14 post-treatment and examined for metastases. Mice
injected with the control PBS showed large numbers of metastasized 4T1 cells in the lung
(Figure 7a), while no tumor masses were detected in any of the treated animals. When lung
metastasis was measured by a clonogenic assay, the number of metastasized 4T1 cells in the
lungs of each of the treated mice treated was significantly reduced by a log (Figure 7b),
corresponding to a decrease in lung weights (Figure 7c). We were unable to detect infectious
virus in the lungs of rM51R-M virus-treated animals suggesting that immune components
may contribute to anti-metastatic effects during local therapies with VSV.

Discussion
The selectivity of VSV as an antitumor agent is attributed to inherent defects in the antiviral
response, such as the type I IFN response, in tumor cells as compared with normal cells
from which they were derived.4,13 The underlying assumptions in this hypothesis are that
normal cells are relatively resistant to VSV-induced cell killing, and that oncogenic
transformation leads to alterations in antiviral pathways, thus promoting sensitivity to the
cytopathic effects of VSV. Data presented here, comparing the ability of wt and M protein
mutant VSV with infect non-tumorigenic HME cells to those that had been sequentially
transformed (HMLE and HMLE-PR cells) indicates that there was little if any difference in
their sensitivity to infection with either virus. Normal HME cells were sensitive to VSV-
induced inhibition of host gene expression when infected synchronously at a MOI of 10PFU
per cell (Figure 2). These results are similar to those obtained in primary prostate epithelial
cells3 that are permissive to VSV infection, but contrast with those in rat hepatocytes8 that
appear to be non-permissive for VSV growth. On the other hand, tumorigenic HMLE and
HMLE-PR cells were relatively resistant to M protein mutant VSV at the low MOI (Figures
2 and 3), suggesting that these cells retain antiviral signaling to prevent spread of virus to
surrounding cells. Therefore, normal mammary cells are not completely resistant to infection
and killing by VSV and oncogenic transformation may not always result in the disruption of
antiviral signaling pathways.

M protein mutant viruses, such as rM51R-M virus, are promising candidates as oncolytic
viruses for antitumor therapies because they have been shown to selectively, and effectively
kill tumor cells in vivo without causing disease in normal tissues.3,14 In addition, they offer
the promise of more effectively activating DC as means of initiating tumor-specific T-cell
responses.22,23 Results shown here indicate that rM51R-M virus effectively killed breast
cancer cells in vitro and that there was little difference in the sensitivity of cancer cells to
infection with rwt or rM51R-M virus. However, rM51R-M virus was only partially effective
at killing 4T1 tumors in vivo (Figure 5b). We have shown that rM51R-M virus is non-
virulent in vivo, and effectively stimulates innate and adaptive immune cells in vitro and in
vivo.21–23,33 Although the combination of immune cell and viral infection within the tumor
has the potential to prime antitumor immune responses, host responses may severely limit
viral replication and tumor cell infection, thus limiting anticancer efficacy.34
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Studies have shown that IL-12 is one of the most potent antitumoral cytokines in animal
models.35 IL-12 facilitates the presentation of tumor antigens through the upregulation of
class I and II major histocompatibility molecules and the generation of T helper type I
immune responses. In addition, IL-12 mediates tumor regression by increasing CD8+ T cell,
natural killer (NK)T cell, NK cell, and granulocyte cytotoxicity, and by inhibiting
angiogenesis. 36 Several viruses engineered to express IL-12 or used in combination with
IL-12 treatment, including VSV, alphaviruses and herpes simplex virus type I, have shown
promise at treatment of both local tumors and metastases in a variety of tumor
models.12,37–39 In the case of VSV, IL-12 expression has been shown to enhance the effect
of viral therapy in murine squamous cell carcinoma.12,37 However, we did not observe an
added benefit of treating 4T1 tumor-bearing animals with IL-12 in combination with
rM51R-M virus (Figure 5b). Therefore, we can conclude that IL-12 treatment does not
markedly enhance rM51R-M therapies in the 4T1 model system.

In immunocompetent mice there is the possibility that the effectiveness of oncolytic virus
therapy is limited by immune clearance of the virus. However, we have found that there is
no difference in the rate of 4T1 tumor regression during therapies in nude versus
immunocompetent mice (data not shown). 4T1 breast carcinoma is a highly malignant and
poorly immunogenic tumor model, which is only partially sensitive to most immune
stimulation-based treatments,25 including treatment with IL-12 (Figure 5b). Several studies
have demonstrated that the depletion of both CD4- and CD8-positive T cells does not impact
the growth and metastases of 4T1 cells even in the presence of an elevated immune
response.32,40 In fact, Tlymphocyte infiltration into the host stroma has been shown to
promote the growth and metastases of 4T1 tumors, most likely because of the immune-
suppressive effects of CD4 + CD25 + regulatory T cells.41 Therefore, our results are
consistent with these findings and suggest that T cells may not have a major role in the
efficacy of antitumor therapies with VSV. However, previous studies have shown that virus-
specific and tumor-specific CD8 + T cells are induced during wt VSV therapy of B16-OVA
melanoma tumors, and that the combination of virotherapy and adoptive tumorspecific T-
cell therapy enhances the efficacy of tumor killing.42 Thus, breast cancers may differ from
melanoma in that the potential beneficial effects of T cells may be balanced by the potential
negative effects of the immune response.

Our results have shown that treatment of the primary tumor with rM51R-M virus or IL-12
resulted in the reduction of spontaneous metastases in the lungs of mice (Figure 7).
Although viral antigen-positive cells were readily detected in the primary tumor (Figure 5c),
we were unable to detect viral antigen-positive cells in the lungs of virus-treated mice,
suggesting that the anti-metastatic effect was either because of lower numbers of 4T1 cells
migrating to the lung, or because of the induction of an immune response by VSV. Previous
studies have shown that the anti-metastatic effect of IL-12 in the 4T1 system occurs
independently of T cells, but involves NK cells and IFNγ.32 In fact, studies have shown
IL-12 therapies promote activation of antitumor NK cells 43,44 perhaps through stimulation
of IFN-α producing plasmacytoid DC.45 VSV replication and expression of the viral
glycoprotein are essential for recognition and lysis of VSV-infected B16 cells by NK cells.46

Therefore, production of antitumor NK cells may have a major role in tumor regression
during treatment with VSV. Our studies have shown that rM51R-M virus induces expression
of IL-12 by myeloid DC and type I IFN by plasmacytoid DC.22,23 In addition, IL-12 was
detected in the tumors and spleens of mice treated with rM51R-M virus (Figure 6), thus
having the potential to stimulate an effective antitumor NK cell response. Future studies will
determine the role of NK cells during therapies with rM51R-M virus and investigate more
aggressive treatment combinations in order to improve the outcome of treating tumors that
are resistant to oncolytic VSV therapies.47
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Figure 1.
Single-cycle growth analysis of wt and M protein mutant viruses in non-tumorigenic and
tumorigenic breast cancer cells. HME (a), HMLE (b) and HMLE-PR (c) cells were infected
with rwt and rM51R-M viruses at a multiplicity of 10PFU per cell. A small aliquot of the
supernatant was removed at the indicated times post-infection to determine the amount of
progeny virus by plaque assay. Data are the average of two independent experiments.
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Figure 2.
Rates of host and viral protein synthesis in VSV-infected HME, HMLE and HMLE-PR
cells. Cells were infected with rwt and rM51R-M viruses at a multiplicity of 10 or 0.1PFU
per cell, or were mock infected as a control. Cells were labeled with a 15-min pulse of
[35S]methionine (100 μCi ml−1) at 6-, 12- and 24-h post-infection. Lysates were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) and labeled
proteins were quantitated by phosphorimaging. (a) Representative images of HME, HMLE
and HMLE-PR cells infected with rwt and rM51R-M viruses at a MOI of 10PFU per cell.
Positions of viral proteins are indicated on the left. (b) Rates of host protein synthesis (MOI
= 10PFU per cell) were quantitated from images similar to that in panel (a). Results are
shown as a percentage of the mock-infected control. Rates of viral protein synthesis were
determined by quantitating labeled M proteins in cells infected at multiplicities of 10PFU
per cell (c) and 0.1PFU per cell (d) and are expressed as the percentage of the rwt M protein
in HME cells labeled at 12-h post-infection (MOI = 10PFU per cell). Data are the mean ±
standard error of four experiments.
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Figure 3.
Viability of non-tumorigenic and tumorigenic breast cancer cells infected with rwt and
rM51R-M viruses under singleand multiple-cycle infection conditions. HME, HMLE and
HMLE-PR cells were infected with rwt and rM51R-M viruses at multiplicities of 10 (a) and
0.1PFU per cell (b). At 24- and 48-h post-infection, live cells were measured by MTT assay.
Data are expressed as the percentage of the cell viability of mock-infected cells and
represent the means ± s.d. of three experiments.
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Figure 4.
Sensitivity of human breast cancer cell lines to killing by VSV. MCF10A (a) and MCF7 (b)
cells were infected with rwt and rM51R-M viruses at multiplicities of 10 and 0.1PFU per
cell. At indicated times post-infection, live cells were measured by MTT assay. Data are
expressed as the percentage of the cell viability of mock-infected cells and represent the
means ± s.d. of three experiments.
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Figure 5.
Treatment of 4T1 tumors with M protein mutant VSV and IL-12. (a) 4T1 cells were infected
with rwt and rM51R-M viruses at multiplicities of 10 and 0.1PFU per cell. Cell viability was
measured at different times post-infection. Data are expressed as the cell viability of mock-
infected cells. (b) 4T1 cells were injected subcutaneously in the flanks of BALB/c mice.
Animals with palpable tumors were randomly separated into five experimental groups (5–10
animals per group) and were injected in the tumor with 1 × 107 PFU of rM51R-M virus at
days 1, 3 and 5, 50 μg of IL-12 plasmid at days 1 and 3, or PBS alone as a negative control
(mock). Tumor volume was measured daily with calipers. Results are expressed as the
change in tumor volume on treatment of mice with rM51R-M virus and/or IL-12. Data
represent two separate experiments and are shown as the percentage of original tumor size
on day 1 (mean ± s.e.). (c) Viral antigen staining in sections of 4T1 tumors from untreated
mice or mice treated with rM51R-M virus and rM51R-M + IL-12.
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Figure 6.
IL-12 and IFNγ levels in the tumors and spleens of tumor-bearing mice treated with rM51R-
M virus or IL-12 plasmid DNA. Tumors and spleens from tumor-bearing mice were
harvested at days 7 and 14 post-treatment and assayed for the presence of IL-12 p40 (a and
b) and IFNγ (c) by enzyme-linked immunosorbent assay (ELISA). Data represent the
average ± s.d. of a total of 3–5 mice from two experiments.
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Figure 7.
Reduction of spontaneous metastases to the lungs of tumor-bearing mice. Lungs of treated
mice were collected at day 14 post-treatment and examined for metastases. (a) Hematoxylin
and eosin (H and E) staining of lung tissue from a mock-treated mouse. (b) Number of
metastatic 4T1 cells in the lungs of mice treated with rM51R-M virus or IL-12. (c) Weight
of lungs from tumor-bearing mice. Data is the average ± s.d. of 4–5 mice from two
experiments.

Ahmed et al. Page 18

Cancer Gene Ther. Author manuscript; available in PMC 2013 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


