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Abstract

The TNF superfamily members including Fas ligand and TRAIL have been studied extensively for 

cancer therapy, including as components of gene therapy. We examined the use of FasL 

expression to achieve tumor selective replication of an oncolytic poxvirus (vFasL) and explored its 

biology and therapeutic efficacy for FasR− and FasR+ cancers. Infection of FasR+ normal and 

MC38 cancer cells by vFasL led to abortive viral replication due to acute apoptosis and 

subsequently displayed both reduced pathogenicity in non-tumor bearing mice and reduced 

efficacy in FasR+ tumor-bearing mice. Infection of FasR− B16 cancer cells by vFasL led to 

efficient viral replication, followed by late induction of FasR and subsequent apoptosis. Treatment 

with vFasL compared to its parental virus (vJS6) led to increased tumor regression and prolonged 

survival of mice with FasR− cancer (B16), but not with FasR+ cancer (MC38). The delayed 

induction of FasR by viral infection in FasR− cells provides for potential increased efficacy 

beyond the limit of the direct oncolytic effect. FasR induction provides one mechanism for tumor 

selective replication of oncolytic poxviruses in FasR− cancers with enhanced safety. The overall 

result is both a safer and more effective oncolytic virus for FasR− cancer.
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Introduction

Oncolytic virotherapy has been actively investigated as a novel approach for treating 

cancer.1–3 Poxviruses possess many properties that make them attractive vehicles for tumor 

directed gene therapy and oncolytic virotherapy.2–4 Investigators have genetically 

engineered a number of oncolytic vaccinia virus (VACV) that target various features of 

cancer cells or tumor tissues.5–9 Most importantly, results from a phase I clinical trial 

suggested that the oncolytic VACV, JX-594, is effective in human patients with 

hepatocellular carcinomas.10 While VACV is a promising oncolytic agent, enhanced safety 

and efficacy will improve this effective antitumor agent. Oncolytic viruses armed with genes 

encoding apoptosis-inducing proteins (such as TRAIL) have also been actively studied for 

cancer treatment.11–13 Combinatorial strategies have been shown to be highly effective in 

comparison to monotherapy.14–17 Despite the fact that oncolytic viruses have been tested in 

cancer patients in a number of clinical trials, improved efficacy and safety are needed for 

this to be a viable treatment option.

Fas receptor (FasR; Fas; CD95; APO-1, TNFRSF6) and Fas ligand (FasL; CD95L; 

TNFSF6) belong to the tumor necrosis factor and receptor superfamilies.18 FasR is a 48-

kDa, type I transmembrane glycoprotein while FasL is a 40-kDa, type II transmembrane 

protein. The death factor FasL was identified as the natural trigger of FasR signaling 

pathway and as an inducer of FasR-dependent activation-induced cell death. Tumor cell 

expression of FasL has been proposed to aid in immune evasion through a FasR-mediated 

“tumor counterattack” mechanism,19 but it has also been described as a proinflammatory 

factor.18 FasR and FasL interactions are important in the control of malignant disease. In 

several cancer types such as breast cancer, lung cancer and osteosarcoma, FasR loss-of-

function tracks with an aggressive disease presentation and decreased patient survival.20–22 

A recent study demonstrated that an additional FasR deficiency in ApcMin/+ mice causes a 

dramatic increase in the number of intestinal tumors.23

FasL exists in both soluble and membrane–bound forms. The two forms of FasL display 

opposing effects on inflammation and tumor cell survival.24 The soluble form of FasL (26 

kDa), a trimer as the bioactive form, is thought to be released from tumor cells after 

enzymatic cleavage of membrane-bound FasL by matrix metalloproteinases. Its abilityto 

cross-link the receptor and induce apoptosis of FasR+ cells is reduced relative to membrane-

bound FasL. Membrane-bound FasL is constitutively expressed in lungs, testes, anterior 

chambers of the eyes, activated B cells, T cells and NK cells. When sFasL or activating anti-

FasR antibodies are given systemically to mice, it results in a rapid death due to hepatic 

injury.

FasR-FasL engagement results in apoptosis. As apoptotic cell death is a natural response to 

cellular stress and a means of shutting down viral replication, VACV encodes numerous 

anti-apoptotic proteins as a means of self preservation.25 We hypothesized that replication of 

an oncolytic poxvirus expressing FasL would be aborted by FasR mediated apoptosis in 

FasR+ cells. This should lead to enhanced attenuation in normal tissues while retaining 

efficacy in FasR− tumors. The late induction of FasR in FasR− tumors may even lead to an 

enhanced therapeutic effect. Any apoptosis-induction signaling late in the infection cycle 
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would work synergistically or additively with the oncolytic virus to enhance tumor cell 

killing. The results presented in this study support our hypothesis and indicate that vFasL 

may be a novel and highly effective agent to treat FasR negative cancers which are difficult 

to treat with currently available therapies.

Materials and Methods

Cell lines

CV-1 cells and murine melanoma (B16) and colorectal (MC38) cancer cells have been used 

in the laboratory.6, 7 Other cell lines, such as human breast cancer MCF7 and melanoma 

MeWo, and mouse normal hepatocyte AML12 cells were obtained from American Type 

Culture Collection (Manassas, VA).

Construction of vFasL

In order to generate cDNA encoding murine FasL, total RNA was isolated from splenocytes 

of a female C57BL/6 mouse using TRIzol reagent according to a protocol provided by the 

supplier (Invitrogen, Carlsbad, CA). PCR primers were generated from the published murine 

FasL sequence with flanking SalI or EcoRI sites, respectively. RT-PCR using these primers 

and total RNA from mouse splenocytes was performed to obtain the cDNA encoding FasL 

(GenBank accession no. NM_010177). The cDNA was then isolated and digested with SalI 

and EcoRI and inserted into the transfer plasmid pCB023-II, in which the transgene is driven 

by vaccinia viral pSE/L promoter. The plasmid pCB023-II-FasL was amplified in E. coli 

DH5α cells. The inserted DNA was sequenced to confirm its identity.

To construct the new virus (vFasL), a tk-gene deleted WR strain of VACV vJS6 was used as 

the parental virus.5 vFasL was made in CV-1 cells by homologous recombination of 

transfected plasmid pCB023-II-FasL and infection of cells with the parental virus vJS6. The 

caspase inhibitor z-VAD-fmk (20 μM) was included in the media of the transfection mixture 

and subsequent clone isolation was performed. PCR was then used to confirm the correct 

identity of viral construct. The virus vFasL was expanded in HeLa cells without the presence 

of z-VAD-fmk in the growth medium. All viral tiers were determined by plaque assays on 

CV1 cells.

Western blot analysis

CV1 cells were infected with vJS6 or vFasL at MOI of 5.0 in serum-free growth media. 

Infected CV1 cells and supernatants were harvested at 24 h post infection and lysed in 

NuPAGE sample buffer (Invitrogen, Carlsbad, CA). Cell lysates and supernatants were run 

on NuPAGE gel according to manufacturer’s instructions (45 min at 200 V), and then 

blotted onto nitrocellulose membrane for 1 h at 30 V. The presence of murine FasL protein 

in cells after infection with vFasL was confirmed by the Western Breeze immune-detection 

system performed as per manufacturer’s instructions using an anti-FasL mAb (H11) (Alexis 

Biochemicals; San Diego, CA).
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Flow cytometry

Mouse and human cells were harvested and probed using a PE-conjugated anti-mouse FasR 

mAb with isotype control (mouse IgG1) or anti-human FasR mAb and isotype control 

(eBioscience, San Diego, CA). To test for FasR upregulation in virus-infected cells, mouse 

and human cancer cells were infected with vJS6 at MOI of 0.1 and harvested at various time 

points and probed with PE-conjugated anti-FasR mAb.

In vitro viral growth

MC38, B16 and AML12 cells were infected with vJS6 or vFasL at MOI of 1.0, and the cells 

were harvested at 12 h intervals. The cells were homogenized and the quantity of infectious 

virus was determined by plaque assays on CV1 cells.

The Apo-BrdU TUNEL assay

Cancer cells were infected with vJS6 or vFasL at MOI of 1.0 or 0.1 and cells were then 

harvested, fixed with 4% paraformaldehyde, and stored at −20°C in 70% ethanol at various 

time intervals. The Apo-BrdU assay was performed using a kit per manufacturer’s 

instructions (eBioscience, Inc.), then run on FACS. Results presented are a composite of 

three repeated experiments.

Mice

Female athymic nude mice of 5–6 weeks old, were obtained from either the NCI animal 

Facility (Frederick, MD) or Taconic Corporation (Germantown, NY). All animal studies 

conducted at the two institutions were approvedby the Institutional Animal Care and Use 

Committees at the two institutions.

Viral pathogenecity and biodistribution of the viruses

For assays of viral pathogenecity, ten nude mice per group were injected i.p. with 1.0 × 108 

PFU/mouse of either vFasL or vJS6. The time of death was recorded and plotted on a 

Kaplan-Meier curve.

The biodistribution of the viruses were determined in tumor-bearing nude mice. Bilateral 

flank tumors were obtained by injection of 2.0 × 105 MC38 and B16 cancer cells into left 

and right flanks, respectively. Tumors were allowed to grow to approximately 60–70 mm3 

in size (7–14 days). Mice were then injected i.p. with 1.0 × 108 PFU/mouse of vFasL or 

vJS6. The tumors and normal tissues were harvested under sterile conditions, homogenized, 

and the infectious virus was quantified by plaque assays on CV1 cells. Titer results were 

then normalized to tissue protein concentration and recorded as PFU/mg of protein, as 

described previously.6, 7

Tumor models and treatments

MC38 and B16 tumors were established with 2.0 × 105 cells in the right flank of each nude 

mouse. When the tumors reached a volume of ~100 mm3, the mice were given i.p. injection 

of either 1× PBS, vJS6, or vFasL in equal volumes with 1.0 × 107 PFU being administered 
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to each/mouse. The tumor growth was monitored, and tumor sizes measured at regular 

intervals.

Results

Construction and characterization of new virus vFasL

A new recombinant VACV with the murine membranous FasL gene inserted into the TK 

locus (vFasL) was created, isolated and expanded. The parental tk-deleted virus vJS6 was 

used as the control (Figure 1A). CV1 cells were infected with vJS6 or vFasL, then 

supernatants and cells were collected separately and analyzed by Western blot analysis 

(Figure 1B). A band of approximately 40 kDa, identified with a monoclonal antibody 

against murine FasL, is associated only with the cellular component of vFasL, but not vJS6-

infected CV1 cells, consistent with membrane bound FasL in vFasL- infected cells. Of note, 

there is no band from the supernatant of the vFasL-infected cells, indicating that the protein 

sFasL is not secreted to a level detectable by Western blot analysis.

In order to explore the utility of vFasL in cancer therapy, we have also examined the status 

of FasR expression on the cell surface by flow cytometry (Figure 1C). B16 cancer cells 

express little, if any, FasR on the cell surface, with 2% positive; while MC38 (cancer cells) 

and AML12 (normal cells) express high levels of FasR, with over 38% and 42% of cells 

positive respectively. We have also examined the expression of FasR in human breast cancer 

cells with MCF7 showing 18.3% FasR+ and melanoma MeWo cells which showing only 

0.3% FasR+ (data not shown).

vFasL and vJS6 displayed contrasting kinetics of viral replication and apoptosis induction 
in Fas− versus Fas+ cells

The replication of vJS6 and vFasL in FasR− or FasR+ cells was then examined. B16 (FasR

−) melanoma cells, MC38 (FasR+) colon cancer cells and AML12 (FasR+) normal 

hepatocytes were infected with vJS6 or vFasL at an MOI of 1.0, and harvested at various 

time points. The titers were determined by plaque assays. The viral growth curves in those 

cells were then plotted (Figure 2A). In FasR− B16 cells, after a latent period of time (~12 h), 

vJS6 replicated exponentially up to the endpoint of the assay, while vFasL replicated 

exponentially at the initial period of time following latency, the titer peaked at 60 h (~42 

PFU/cell) and then decreased. In FasR+ MC38 cells, vJS6 replicated exponentially, 

plateaued at 60 h (~15 PFU/cell) and then declined over time (because cells were mostly 

dead). In contrast, the replication peak of vFasL was much lower at 6 PFU/cell, and 

occurred at an earlier time, compared to vJS6. In FasR+ AML12 normal cells, the 

replication of vFasL was similarly inhibited compared to vJS6 (Figure 2A). We have also 

examined the viral growth characteristics in cancer cells infected at an MOI of 1, and similar 

patterns were observed (data not shown). We examined the apoptosis of cells at 24 h after 

infection by TUNEL assays to confirm the functional exression of mFasL from 

vFasL(Figure 2B). The results showed that vJS6 virus caused minimal apoptosis in each of 

the three cell lines at this time point. In contrast, vFasL infection caused 39.6% and 29.8% 

of apoptosis in FasR+ MC38 and FasR+ AML12 cells respectively, while only 4% apoptosis 

in FasR− B16 cells.
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Delayed and gradual induction of apoptosis in Fas− cells by vFasL

To seek a correlation of apoptosis, viral replication and the status of FasR expression of host 

cells, we examined the cell morphology and apoptosis of cells infected with viruses at a 

lower MOI (MOI = 0.1) at multiple times post infection. Cells were first examined by light 

microscopy for cell death and apoptosis were confirmed by Apo-Brdu TUNEL assays by 

flow cytometry, and tried to correlate with the yield of viruses in the cells. In FasR− B16 

cells, we found little apoptosis in vJS6-infected cells, but significant and gradual increase in 

apoptosis of vFasL-infected cells at 48 and 72 h post infection (Figure 3A,D). In FasR+ 

MC38 cancer cells, more cells underwent apoptosis at early time points, with more death in 

vFasL-infected cells (Figure 3B,D). In FasR+ AML12 normal cells, cell death in vFasL-

infected cells was evident as early as 12 h, while vJS6-infected cells showed signs of cell 

death at 48 h (Figure 3C).

In summary, a significant degree of apoptosis occurred at later time points in FasR− B16 

cells infected with vFasL, but not vJS6. In addition, a progressive degree of apoptosis 

occurred in FasR+ MC38 cells infected with vFasL over time (Figure 3D). Thus, it was 

reasonable to postulate that FasR was induced in both B16 and MC38 cells infected by 

viruses and this signal triggered cellular apoptosis at later time points.

The induction of FasR in cancer cells infected by oncolytic vaccinia virus

In order to test our hypothesis that VACV may induce the expression of FasR in infected 

cancer cells, we used flow cytometry to examine the amounts of FasR in mock or vaccinia 

virus-infected cancer cells (Figure 3). Four lines of cancer cells, with low levels (B16 and 

MeWo) and high levels (MC38 and MCF7) of FasR expression (both human and murine 

origin), were infected with vJS6 at an MOI of 0.1, and cells were collected and probed with 

monoclonal antibodies against FasR and subjected to flow cytometry. In FasR− B16 cancer 

cells, FasR expression increased from undetectable to ~5% positive at 24 h, 11% at 48 h and 

~70% at 72 h. In FasR+ MC38 cells, the basal level was ~65%, and we observed the value 

increased to 95% at 48 h (Figure 3B). We also observed the time-dependent enhanced FasR 

expression in two human cancer cell lines, MeWo and MCF7. Even though FasR induction 

was seen in all four cell lines, FasR− cell lines showed a more considerable upregulation 

from their baseline when compared to the FasR+ cell lines which have higher baselines of 

expression.

vFasL displayed reduced pathogenicity in nude mice and reduced viral titers in normal 
tissues

We then examined the pathogenicity of the two viruses in nude mice. Athymic nude mice 

were injected with either vJS6 or vFasL and followed for survival. As expected, vJS6, the 

control parental virus, was quite virulent, with mice surviving a median of 17 days. The 

virus of interest, vFasL, displayed much milder virulence, with median survival not yet 

reached after 120 days (p < 0.0001) (Figure 5A). The biodistribution of normal tissues in 

non-tumor bearing nude mice showed reduced viral titers in vFasL treated mice compared to 

vJS6 (Figure 5B). Brain and lung showed a two log decrease, while liver and spleen showed 

one log decrease (independent sample t test, p < 0.02, mean+/− SEM). This reduced 

pathogenicity correlated with abortive viral replication in normal tissues.

Sathaiah et al. Page 6

Cancer Gene Ther. Author manuscript; available in PMC 2012 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biodistribution of the viruses in tumor-bearing mice

We then examined the replication and persistence of the viruses in tumor tissues in mice 

bearing (FasR−) B16 and (FasR+) MC38 tumors in the right and left flanks. When tumors 

reached the size of about 5 × 5 mm in diameters, the viruses were injected into mice i.p at 

the dose of 1.0 × 108 pfu. On days 3, 4 and 5, groups of mice were sacrificed and tumor 

tissues were collected. Infectious virions were determined by plaque assays on CV1 cells 

(Figure 5 C). On day 3, we observed similar titers of vJS6 from both tumors, but lower titers 

of vFasL from (FasR+) MC38 than (FasR−) B16 cancer. This trend was maximized on days 

4 and 5, when we did not recover any vFasL virus from MC36 tumors, yet high levels of 

vFasL from (FasR−) B16 tumors (independent sample t test, mean +/− SEM, p ≤ 0.05). In 

contrast, we observed high and comparable titers of vJS6 from both B16 and MC38 tumors.

The anti-tumoral effect of vFasL in FasR− and FasR+ tumor models

The efficacy of vFasL versus vJS6 in treating Fas negative and positive tumors were 

examined in FasR− B16 and FasR+ MC38 tumor models (Figure 6). In the FasR− B16 

tumor model, vFasL is more effective than vJS6, (on day 7: 2711 mm3 vs 1453 mm3, 

ANOVA=0.001, one-tailed, independent sample t test, p=0.04). On the other hand, vFasL is 

less efficacious than vJS6 in the FasR+ MC38 tumors (on Day 14: 1746 mm3 vs 3999 mm3, 

ANOVA= 0.011, one-tailed independent sample t test, p=0.046). Paradoxically, vFasL 

displayed a superior antitumor effect in the FasR negative cancer model, while vJS6 was 

superior to vFasL in the FasR positive tumor model. This is consistent with our original 

hypothesis and it correlates with the viral recovery data reported above.

Discussion

Cancer therapy using genetically engineered and multi-mechanistic VACV is efficacious 

and safe in both preclinical models and early clinical trials.3, 10 We have previously 

demonstrated the tumor-selectivity and oncolytic potency of an oncolytic VACV with a 

mutated viral tk gene 5, 26. In the current study, we set out to further enhance the safety and 

selectivity of this oncolytic VACV by arming it with the gene encoding the membrane-

bound FasL. Our goal was to inhibit replication in normal cells through the induction of 

apoptosis, while the virus would replicate normally in tumor cells which lack FasR.

Our data demonstrated enhanced safety of the vFasL virus compared to the parent VJS6 

virus. The median survival of nude mice treated with 1 × 107 pfu of VACV, improved from 

15 days to 120 days with the addition of FasL expression. While all cells infected with the 

virus ultimately die, the inhibition of viral replication leads to a safer virus. While other 

factors may contribute to this safety in vivo, including the immune response (even in nude 

mice), the enhanced safety correlates with decreased viral recovery from normal tissue. This 

also correlated with the induction of apoptosis and decreased replication in FasR+ cells in 

vitro.

The induction of apoptosis is a cell’s natural defense to viral infection, and VACV produces 

many proteins which inhibit different cellular apoptotic pathways for its own protection 25. 

The intentional induction of apoptosis for the purpose of inhibiting replication and 
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improving safety is a novel strategy. Investigators have utilized gene therapy to produce pro-

apoptotic proteins for the purpose of an anti-tumor response, and have tried to selectively 

avoid the induction of apoptosis in normal tissues. In general, the efficiency of gene 

transduction has limited the effectiveness of this approach. For efficient, replicating viruses 

like VACV, the anti-tumor effect of the replicating viral-mediated cellular destruction 

outweighs the effect of the therapeutic transgene expression, especially if that transgene 

inhibits viral replication.26 The toxicity to organs and tissues such as the brain, depends not 

on the initial infection of the virus at the time of injection, but on ongoing viral replication in 

the tissue. By inhibiting viral replication, normal tissues are spared destruction and safety is 

enhanced.

In FasR+ tumor cells, the viral delivery of FasL will also lead to apoptosis and tumor cell 

death. However, our hypothesis suggests that this will paradoxically lead to decreased viral 

replication and a decreased anti-tumor response. In fact, our data demonstrated this paradox. 

The FasL expressing virus was statistically inferior to the parent virus in the FasR+ MC-38 

tumor model. This effect has not been previously reported on by other investigators 

examining the expression of FasL. Based on our hypothesis, our expectation for FasR− 

tumors was that the FasL expressing virus would be equally effective to the parent virus. 

Our data, however, demonstrated a statistical advantage for FasL expression over the parent 

virus in the FasR− B16 tumor model. This suggests that FasL is having an anti-tumor effect 

unrelated to FasR expression and the induction of apoptosis, or that FasR is being induced in 

the tumor cell over time. If FasR is being induced, the timing of induction must be such that 

the virus is reaching the end of its effect as an oncolytic virus (due to immune clearance) and 

the apoptotic effect extends the response. This seems to be the case in our models. The FasR 

is being induced in FasR− tumors, and this is leading to late apoptosis and an enhanced anti-

tumor effect in vivo.

Previous studies have shown that FasR and/or FasL are induced in certain types of host cells 

following viral infection. This occurs following infection with influenza virus in cultured 

cells,27 herpes simplex virus in neonatal neutrophils,28 respiratory syncytial virus in 

respiratory epithelial cells,29 reovirus in the brain,30 simian immunodeficiency virus, human 

T cell lymphotropic virus type I and human immunodeficiency virus in immune cells,31–33 

dengue virus in human endothelial cells 34, and ectromelia virus (a poxvirus) in mouse 

brain.35 An oncolytic vesicular stomatitis virus induce apoptosis via signaling through PKR, 

Daxx and FasR, by inducing the movement of Fas death receptor to cell surface.36 Based on 

these observations, we hypothesized that VACV induces FasR in infected cancer cells, and 

we found evidence of this in multiple experiments. We found that FasR was upregulated in 

the B16 cancer cells infected by vJS6 virus as analyzed by flow cytometry. Further 

experiments showed that FasR was strongly induced in FasR-cancer cells, and further 

induced in Fas+ cells (such as MC38 cells). One possible mechanism is the stress response 

of host cells to the viral infection. Activated HSF-1, an early response to stress (including 

infection by a virus), positively regulates the transcription of the FasR gene with delayed 

kinetics.37 VACV encodes a number of early genes (such as M2L) to inhibit NF-κB and 

inflammation.38, 39 However, NF-κB was eventually induced in the late phase of the viral 

life cycle, which leads to the activation of FasR.40

Sathaiah et al. Page 8

Cancer Gene Ther. Author manuscript; available in PMC 2012 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is well known that FasL can cause inflammation. FasL exerts its pro-inflammatory effects 

via neutrophil recruitment because sFasL is a potent neutrophil chemoattractant 41. 

Expressing FasL in CT26 colon cancer leads to rejection of the implanted tumor due to the 

inflammatory response.42 FasL can also have a negative impact on the immune response, 

inducing apoptosis in infiltrating lymphocytes. While beyond the scope of this manuscript, 

the immune system may have an effect on the in vivo results that are presented. We have 

been careful to support our hypothesis through in vitro work where the immune system does 

not play a role, and much of the immunologic effect of FasL is expected to be independent 

of the FasR status of the tumor cells.

Our results show that vFasL can selectively replicate in FasR− cancer cells, and induce the 

expression of cellular FasR in the later stage of infection. The potential utility for this FasL 

expressing VACV will be in FasR− tumors. In breast, lung and certain other types of cancer, 

low expression of FasR by tumor cells often correlates with poor prognosis.20, 21 In 

osteosarcoma, FasR also plays a role in metastasis. FasR negative cancer cells are selected 

during metastasis to the lung, and increased Fas expression reduces the metastatic potential 

of human osteosarcoma cells.43, 44 Therefore, the targeting of FasR-tumors and the 

induction of FasR in cancer cells may sensitize these cells to other therapeutic strategies 

targeting this pathway.

The FasL-FasR signaling may pose severe toxicity. Severe toxicity by FasL in normal 

tissues hampers its application to cancer therapy. FasL is a type 2 transmembrane protein; 

upon cleavage by specific proteases, it can form soluble homotrimeric molecules. Soluble 

FasL is a very weak agonist and can antagonize the function of membrane-associated FasL, 

which has potent apoptosis-inducing activity.45 FasR is constitutively expressed in cells of 

the immune system and in normal tissues by a broad panel of epithelial cells.46 As suggested 

previously by other investigators, FasL expressed from tumor might pose toxicity to 

lymphonoid organs and in the liver.47 Even though our oncolytic poxvirus expresses a 

membrane-bound FasL which should pose minimal toxicity, it could be shed from dying 

tumor cells and diffuse to the circulation and into normal tissue. We observed that mice died 

rapidly due to acute toxicity when a high titer of vvFasL was administered (data not shown). 

Minimal toxicity was observed when virus at the dose used in our experiments was used to 

treat tumor-bearing mice. Our results were consistent with another published report showing 

that when FasL is expressed from an oncolytic adenovirus selectively in the tumor, it 

displays minimal toxicity.48

In summary, we have established that the selective induction of apoptosis is a mechanism 

for tumor selective viral replication and enhanced safety of oncolytic viruses. The Fas 

pathway is only one of many mechanisms by which this can be accomplished, and the 

application of this strategy to other oncolytic viruses is certainly possible. The delayed 

induction of FasR provides the added benefit of a bystander killing beyond the limit of the 

oncolytic effect. The result is both a safer and more effective oncolytic virus.
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Figure 1. Construction and characterization of new virus vFasL
(a) Schematic representation of the new vaccinia virus vFasL versus parental virus vJS6. 

Both are derivatives of WR strain virus with tk gene mutated. (b) Western blots analysis 

showing a ~40 kDa band in the vFasL-infected CV1 cells and not in the supernatants. (c) 

FasR (CD95) expression on B16 and MC38 cancer cells, and AML12 normal hepatocytes. 

Cells were stained with a PE-conjugated anti-mouse Fas antibody and then analyzed by flow 

cytometry. Green shading corresponds to cells stained the antibody for FasR and red shading 

corresponds to the isotype control.
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Figure 2. Viral replication and induction of apoptosis in infected cells as determined by TUNEL 
assay
(a) Viral replication curves for vJS6 and vFasL in (FasR−) B16 cancer and (FasR+) MC38 

cancer and normal AML12 (FasR+) cells infected at MOI of 0.1. Infected cells were 

harvested at indicated times and infectious viruses were determined by plaque assays on 

CV1 cells. Data are presented as mean +/− s.d. for PFU/cell. Time points where p<0.05 is 

indicated as *. (b) Apoptosis of infected cells was determined by Apo-BrdU TUNEL assays, 

confirming the functional ability of induction of apoptosis by vFasL at 24 h at MOI of 1.0 

(mean+/− s.d., * p<0.01).
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Figure 3. FasR upregulation in both murine and human cancer cells infected with vJS6
All cancer cells were infected with vJS6 at MOI of 0.1, and cells were harvested at indicated 

time points and stained with anti-murine Fas or anti-human Fas antibodies and subject them 

to flow cytometry. (a) Fas expression on B16 (Fas−) and MC38 (Fas+) mouse cancer cells. 

(b) Fas expression on MeWo (Fas−), and MCF7 (Fas+) human cancer cells. Data presented 

are mean +/− s.d., *- p<0.001 compared to its baseline (before viral infection).
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Figure 4. Phase contrast pictures and TUNEL assays of cancer and normal cells infected with 
vFasL undergoing apoptosis
(a) Phase contrast pictures of FasR− B16 cancer cells infected at MOI of 0.1 with vJS6 or 

vFasL at 24, 36, 48, 72 h post infection, showing increased apoptosis at 72 h by vFasL. (b) 

FasR+ MC38 cancer cells infected with vJS6 and vFasL. The apoptosis was more severe in 

vFasL-infected cells at 36 h. (c) Normal hepatocyte AML12 cells (FasR+) were infected 

with either vJS6 or vFasL. The pictures show rapid induction of cell death even at 12 h post 

infection in cells infected by vFasL, but not with vJS6. (d) TUNEL assay by apo-Brdu 

staining by flow cytometry from the cells in the corresponding phase contrast pictures. In 

FasR− B16 cancer cells, apoptosis is evident only at later time in cells infected with vFasL. 

In FasR+ MC38 cancer cells, apoptosis started early and increased over time. Data are 

presented as mean +/− s.d, *-p<0.01 when compared to 24hr post infection. The controls 

are, NC: negative control; and PC, positive control.
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Figure 5. Viral pathogenecity in athymic nude mice
(a) Athymic mice were injected with vJS6 or vFasL intraperitoneally (i.p.) at a dose of 1.0 × 

107 pfu/mouse, or PBS (n = 10 each). Median survival of the mice treated with vJS6 was 15 

days while that of the mice with vFasL was 120 days (P < 0.00001 by log rank test). (b) 

Recovery of viruses on day 7 from normal tissues in non-tumor-bearing nude mice. 

Compared to vJS6, vFasL showed a significant decrease in viral titers from normal tissues at 

day 7 (p<0.02). (c) Viral titers of vJS6 and vFasL on days 3, 4, 5 in bilateral MC38 and B16 

flank tumors. The virus vFasL showed a faster clearance in MC38 cancers even at day 3 

compared to vJS6. vFasL persisted in FasR− B16 cancer like vJS6 virus, even though the 

titers are decreased on day 5.
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Figure 6. Inhibition of MC38 and B16 tumor growth in nude mice treated with the two viruses
Subcutaneous MC38 or B16 cancers were established in nude mice. When cancers reached 

about 5 × 5 mm (~ day 14), mice were treated with PBS saline, vJS6 or vFasL at 1.0 × 107 

pfu/mouse (n = 8 to 10). (a) The growth curves of FasR− B16 melanoma. Significant 

difference in B16 tumor volumes in groups of mice was observed [p = 0.003 by ANOVA; 

vJS6 versus vFasL: p < 0.05 by one tailed, two samples, equal variance T-test]. (b) The 

growth curves of FasR+ MC38 colon cancer. Significant difference in tumor volumes in 

groups of mice was observed [p = 0.011 by ANOVA; vJS6 versus vFasL: p < 0.05 by one 

tailed, two samples, equal variance T-test].
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