
original article© The American Society of Gene & Cell Therapy

Molecular Therapy  vol. 17 no. 8, 1365–1372 aug. 2009� 1365

Metastatic ovarian cancer is the leading cause of death 
among women with gynecologic malignancies in the 
United States. The lack of effective treatment for patients 
with advanced ovarian cancer warrants development of 
innovative therapies. Cancer therapy using oncolytic 
viruses represents a promising new approach for con-
trolling tumors. Vaccinia virus has been shown to 
preferentially infect tumor cells but not normal tissue. 
However, oncolytic therapy using recombinant viruses 
faces the limitation of viral clearance due to genera-
tion of neutralizing antibodies. In the current study, we 
found that cyclooxygenase-2 (Cox-2) inhibitors circum-
vented this limitation, enabling repeated administration 
of vaccinia virus without losing infectivity. We quantified 
the antivaccinia antibody response using enzyme-linked 
immunosorbent assay (ELISA) and neutralization assays 
to show that treatment of Cox-2 inhibitors inhibited the 
generation of neutralizing antibodies. Furthermore, we 
showed that combination treatment of Cox-2 inhibi-
tors with vaccinia virus was more effective that either 
treatment alone in treating MOSEC/luc tumor-bearing 
mice. Thus, the combination of Cox-2 inhibitors and 
vaccinia virus represents a potential innovative approach 
to controlling ovarian tumors.
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Introduction
Metastatic ovarian cancer is one of the most lethal gynecological 
malignancies. It is extremely difficult to cure and is responsible for 
the highest mortality rate among patients.1 An estimated 20,180 
women will be diagnosed with ovarian cancer, and 15,310 will die 
from it in 2008.1 Although significant advancement has occurred 
in both surgical and chemotherapeutic techniques, the overall 
5-year survival rate for all stages remains <50%.1,2 Whereas early 
detection improves the chances that ovarian cancer can be treated 
successfully, early stages of ovarian cancer are often asymptomatic. 

As a result, women with ovarian cancer are often not diagnosed 
until the disease is advanced in stage, making ovarian cancer one 
of the most deadly cancers of the female reproductive system. 
Existing therapies for advanced disease, such as chemotherapy 
and radiation therapy, rarely result in long-term benefits in 
patients with locally advanced and metastatic disease and often 
yield a high relapse rate as well as toxic side effects. The lack of 
effective treatment for patients with advanced ovarian cancer 
warrants development of innovative therapies. Hence, there is a 
critical need to develop new therapeutic approaches to control 
advanced stage ovarian carcinoma.

Cancer therapy using oncolytic viruses represents a promis-
ing new approach for controlling tumors. Oncolytic viruses such 
as measles, vaccinia and Sindbis viruses have been shown to 
target and lyse tumor cells directly. The viruses are also capable of 
spreading to adjacent tumor cells, thereby eradicating the target 
cells without seriously harming the normal tissues. In addition, 
as the cellular pathways by which these viruses lyse the cells are 
highly complex, the emergence of virus-resistant tumor cells is 
unlikely. Therefore, the selective targeting and replication of these 
viruses offer a potentially safe and effective alternative for combat-
ing cancers, such as ovarian cancer.

Recently, it has been demonstrated that the vaccinia virus 
can infect and kill both human and murine ovarian cancer cells 
(MOSEC) in vitro and, when injected intraperitoneally (i.p.) into 
mice, the virus preferentially infects tumor cells but not normal 
tissue.3 This work was done with the same strain used in this 
study.3 Other groups have confirmed the cancer-selectivity of 
vaccinia with the wild-type strain of vaccinia.4 The use of the 
oncolytic vaccinia is a potentially effective strategy for control-
ling ovarian cancer. The ability of vaccinia to preferentially infect 
ovarian cancer cells in vivo creates the opportunity to incorporate 
genes that are capable of generating potent tumor-specific immu-
nity to further enhance the therapeutic effects of vaccinia.

Oncolytic therapy using recombinant vaccinia viruses most 
likely requires repeated treatment as the virus may infect only a 
portion of tumor cells in vivo. However, the presence of neutraliz-
ing antibodies specific to the vaccinia viral vector would prohibit 
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the booster effect of the recombinant vaccinia viral vector and 
prevent successful vaccination with vaccinia.5 Neutralizing anti-
bodies have also been shown to be critically inhibitory with other 
viral vectors such as herpes simplex virus, which is much more 
sensitive to innate immune-mediated clearance, and antibody 
clearance, than vaccinia.6 As the vaccinia virus has been used 
for the eradication of smallpox, a significant population has pre-
viously been immunized with vaccinia. These individuals may 
have a preexisting immunity against the vaccinia virus and may 
not be suitable candidates for the treatment with the same kind 
of vaccinia vector. Therefore, it is useful to find conditions for 
repeated vaccination and crucial to identify strategies that are able 
to circumvent this limitation.

The employment of cyclooxygenase (Cox) inhibitors may be 
able to circumvent the limitation of repeated treatment with vaccinia 
virus. Cox-2 inhibitors represent a new class of nonsteroidal anti-
inflammatory drugs that reduce inflammation. Cox-2 has multiple 
procancerous effects such as stimulating angiogenesis by promot-
ing prostaglandin E2, thromboxane A2, and prostacylin production 
and increasing expression of vascular endothelial growth factor 
within tumors.7,8 It has been shown that Cox inhibitors can attenu-
ate antibody production by inhibiting antibody induction9,10 and 
as Cox-2 is highly expressed by B lymphocytes, specifically inhibit-
ing Cox-2 is efficient in attenuating antibody responses to human 
papillomavirus virus–like particles.10

In the current study, we hypothesized that inhibition of 
Cox-2 would prolong the activity of vaccinia and limit the pro-
duction of antivaccinia antibodies in mice previously vaccinated 
with vaccinia. We found that Cox-2 inhibitors prevent the 

generation of antivaccinia neutralizing antibodies, enabling 
repeated administration of vaccinia virus without losing infectivity 
in both mice preimmunized with vaccinia and in MOSEC tumor-
bearing mice. Furthermore, we found that treatment of vaccinia in 
combination with Cox-2 inhibitors can be used to treat MOSEC/luc 
tumors in C57BL/6 mice as well as enhance the survival of tumor-
bearing mice. Additionally, we demonstrate that the use of Cox-2 
inhibitors and vaccinia in combination is more effective in treating 
tumors than either administration of vaccinia or Cox-2 inhibitors 
alone. The clinical implications of this study are discussed.

Results
Treatment with Cox-2 inhibitor enables repeated 
infection with vaccinia virus in treated mice
To determine if administration of Cox-2 inhibitors can allow us 
to repeatedly treat mice with recombinant vaccinia virus without 
losing the infectivity of vaccinia, we performed in vivo luminescence 
imaging assays in infected mice. C57BL/6 mice (five per group) 
were infected with wild-type vaccinia (vv) on day 1 (D1). Mice were 
treated with or without the Cox-2 inhibitor, Celecoxib orally from 
D21 to D28 at a dose of 100 mg/kg based on previous studies.11 We 
also tested lower doses of the Cox-2 inhibitor (10 mg/kg, 30 mg/kg) 
and found that administration of lower doses of Cox-2 inhibitor 
also enables repeated infection with vaccinia virus in treated mice 
(Supplementary Figure S1). We then infected the naive mice with 
luciferase-expressing vaccinia (vac-luc) on D28. The schematic 
regimen of treatment is depicted in Figure 1a. Naive mice injected 
only with luciferin served as a negative control. As shown in 
Figure 1b, preimmunized mice injected with vac-luc demonstrate 
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Figure 1 L uminescence imaging of mice infected with luciferase-expressing vaccinia (vac-luc) virus with or without treatment of Cox-2 
inhibitor. (a) Schematic diagram demonstrating the regimen of vac-luc and Cox-2 inhibitor treatment in naive mice or mice previously infected with 
wild-type vaccinia. Naive mice injected with luciferin served as a negative control. C57BL/6 mice (five per group) were infected with wild-type vaccinia 
(vv) at a dose of 1 × 107 pfu/mouse on day 1 (D1). Mice were treated with Cox-2 inhibitor (100 mg/kg per day) orally from D21 to D28. Mice were 
then infected with vac-luc at a dose of 1 × 107 pfu/mouse on D28. Mice were imaged using the IVIS Imaging System Series 200. (b) Representative 
bioluminescence images of mice with or without previous wild-type vaccinia infection on D30. (c) Bar graph illustrating the luciferase activity (photons/
seconds) of infected mice in each group on D30 (P = 0.04). Data shown are representative of two experiments performed (mean ± s.d.).
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the powerful effect of neutralizing antibodies; very little luciferase 
activity was seen as compared to the naive mice injected only with 
vac-luc. Preimmunized mice infected with vac-luc and treated 
with Cox-2 inhibitor showed increased luminescence expression 
on D30 compared to preimmunized mice reinfected with vac-luc 
in the absence of Cox-2 inhibitor, at levels comparable to those of 
the naive mice injected with vac-luc. A graphical representation of 
the luciferase activity is shown in Figure 1c (**P = 0.04). We have 
previously demonstrated the preferential infection by vaccinia 
virus in tumor cells compared to normal tissue.3 However, vaccinia 
can also infect normal cells in nontumor bearing mice as shown in 
Figure 1. Thus, our data indicate that treatment with Cox-2 inhibi-
tor enables efficient reinfection with vaccinia virus in treated mice. 
We also tested another Cox-2 inhibitor, rofecoxib and observed 
that treatment with rofecoxib also enabled repeated infection with 
vaccinia virus in treated mice and inhibited the generation of neu-
tralizing antibodies against vaccinia (data not shown).

In order to determine whether Cox-2 inhibitor enabled rein-
fection with vaccinia-luciferase in tumor-bearing mice, we per-
formed luminescence imaging in MOSEC tumor-bearing mice. 
C57BL/6 mice (five per group) were infected with wild-type 
vaccinia on D1. Mice were treated with or without Cox-2 inhibitor 
(100 mg/kg per day) orally from D21 to D28. Mice without vacci-
nation treated with or without Cox-2 inhibitor served as controls. 
All groups of mice were then challenged with MOSEC cells on 

D24 and infected with vac-luc on D28. The schematic regimen 
of treatment is depicted in Figure  2a. Luciferase activities were 
determined by IVIS bioluminescent image system by injection of 
luciferin on D30. As shown in Figure 2b, MOSEC tumor-bearing 
mice reinfected with vac-luc and treated with Cox-2 inhibitor 
showed significantly higher intensity of luminescence, indicating 
more vaccinia infection compared to tumor-bearing mice with-
out Cox-2 inhibitor treatment. A graphical representation of the 
luciferase activity is shown in Figure 2c (*P < 0.0001). In order 
to confirm these results, we also characterized the difference in 
the vaccinia virus titer in mice reinfected with vaccinia with or 
without administration of the Cox-2 inhibitor. Our data demon-
strate that treatment with Cox-2 inhibitor led to an increase in 
vaccinia virus titer, thus enabling the reinfection of vaccinia virus 
(Supplementary Figure S2). Taken together, this data suggests 
that previous vaccinia infection can inhibit subsequent infections 
with the same type of vaccinia in vaccinated mice and treatment 
with Cox-2 inhibitors can circumvent this limitation, allowing the 
repeated vaccinia infection of mice without losing the infectivity.

Cox-2 inhibitor inhibits the generation of neutralizing 
antibodies against vaccinia virus infection in mice
To further demonstrate the ability of Cox-2 inhibitor treat-
ment to inhibit the generation of neutralizing antibodies against 
vaccinia virus, thereby enabling reinfection, we performed 
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Figure 2 L uminescence imaging of MOSEC tumor-bearing mice infected with luciferase-expressing vaccinia virus with or without treatment 
of Cox-2 inhibitor. (a) Schematic diagram demonstrating the regimen of vac-luc and Cox-2 inhibitor treatment in MOSEC tumor-bearing mice 
previously infected with wild-type vaccinia. C57BL/6 mice (five per group) were infected with wild-type vaccinia at a dose of 1 × 107 pfu/mouse on 
day 1 (D1). Mice were treated with or without Cox-2 inhibitor (100 mg/kg per day) orally from D21 to D28. Mice without the first vaccination treated 
with or without Cox-2 inhibitor served as controls. All groups of mice were then challenged with 2 × 106 MOSEC cells/mouse on D24 and infected 
with vac-luc at a dose of 1 × 107 pfu/mouse on D28. Mice were imaged using the IVIS Imaging System Series 200. (b) Representative biolumine
scence images of MOSEC tumor-bearing mice treated with vac-luc ± Cox-2 inhibitor. Images were acquired on D30. (c) Bar graph illustrating the 
luciferase activity (photons/second) in MOSEC tumor-bearing mice treated with or without Cox-2 inhibitor. (d) Bar graph illustrating the luciferase 
activity (photons/second) in MOSEC tumor-bearing mice treated with vac-luc ± Cox-2 inhibitor (*P < 0.0001). Data shown are representative of two 
experiments performed (mean ± s.d.).
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an enzyme‑linked immunosorbent assay (ELISA) analysis to 
quantify antivaccinia antibody titers at different time points after 
reinfection with vac-luc in preimmunized mice. C57BL/6 mice 
(five per group) were infected with wild-type vaccinia on D1 and 
treated with or without Cox-2 inhibitor orally from D21 to D28 
and then reinfected with vac-luc on D28 as outlined in the sche-
matic regimen shown in Figure 3a. Serum was collected on D32 
from each group of mice for characterization of the antivaccinia 
antibody response as described in Materials and Methods. As 
shown in Figure 3b, serum from preimmunized mice reinfected 
with vac-luc in the presence of Cox-2 inhibitors demonstrated sig-
nificantly lower antivaccinia antibody titers compared to those of 
preimmunized mice reinfected with vac-luc alone on D32 (**P = 
0.02). Our data indicate that treatment with Cox-2 inhibitors 
reduces the level of antivaccinia antibody response generated after 
vaccinia reinfection.

For further characterization of the antivaccinia antibody 
response, serum collected from the preimmunized mice was used 
in a subsequent neutralization assay. Luciferase activity was deter-
mined using IVIS bioluminescent imaging system. As shown in 
Figure 3c, treatment with the Cox-2 inhibitor significantly dimin-
ished the percentage of neutralization in preimmunized mice on 
D32 (*P = 0.0004), which is consistent with our findings from 
the ELISA analysis. Taken together, our data suggest that Cox-2 
inhibitors eliminate the generation of neutralizing antibodies 
against vaccinia virus in preimmunized mice.

Cox-2 inhibitor treatment enhances the long‑term 
protective antitumor effects generated by 
treatment with oncolytic vaccinia virus
To determine if the observed reduction of antivaccinia neutral-
izing antibodies mediated by treatment with Cox-2 inhibitors 
would translate into enhanced antitumor treatment with vac-
cinia, we performed in vivo tumor protection experiments using 
C57BL/6 mice. C57BL/6 mice (five per group) were inoculated via 
intraperitoneal injection with luciferase-expressing MOSEC cells 
on D0 and immunized with vaccinia on D7. The mice were either 
treated with vaccinia virus alone on D28 (vaccinia), administered 
Cox-2 inhibitor alone daily from D21 to D28 (Cox-2 inhibitor) or 
treated with the vaccinia in combination with the Cox-2 inhibitor 
(vaccinia + Cox-2 inhibitor) as outlined in the schematic regimen 
shown in Figure  4a. Another group of MOSEC tumor-bearing 
preimmunized mice was used as a negative control. The tumor 
load was represented by luciferase activity determined using IVIS 
Bioluminescent Imaging System. As shown in Figure 4b,c, mice 
treated with vaccinia virus with the Cox-2 inhibitor exhibited 
significantly decreased tumor growth on both D30 (**P < 0.05) 
and D50 (*P < 0.01), compared to mice treated with vaccinia 
virus alone or Cox-2 inhibitor alone. We further characterized 
the survival in the different mice groups using Kaplan-Meier sur-
vival analysis. As shown in Figure 4d, the mice treated with the 
combination of vaccinia with Cox-2 inhibitor exhibited signifi-
cantly improved survival compared to mice treated with vaccinia 
virus alone or treated with Cox-2 inhibitor alone (*P < 0.01). We 
also characterized the frequency of infiltrating CD4+ and CD8+ 
T cells and natural killer cells within the tumor following vaccinia 
infection and administration of Cox-2 inhibitor. Our data indicate 

that treatment with Cox-2 inhibitor does not significantly affect 
the number of infiltrating CD8+ and natural killer cells within the 
tumor in mice infected with vaccinia. However, we do observe a 
slight reduction in the number of CD4+ T cells in the tumor with 
Cox-2 inhibitor treatment (Supplementary Figure S3). Thus, 
treatment with Cox-2 inhibitor in combination with oncolytic 
vaccinia virus infection can enhance the long-term protective 
antitumor effects generated by vaccinia infection and improve 
survival in tumor-challenged mice.

In order to exclude the possibility that the enhanced antitumor 
effects generated by treatment with oncolytic vaccinia virus is due 
to enhancement of vaccinia virus replication by Cox-2 inhibitor, 
we treated MOSEC tumor cells with a wide range of concentrations 
of Cox-2 inhibitor for 24 hours and infected them with wild-type 
vaccinia for 96 hours. Vaccinia virus titer was then determined 
using plaque-forming assay. We found that treatment with Cox-2 
inhibitor does not enhance the vaccinia virus replication at any of 
the concentrations tested (See Supplementary Figure S4). Our 
data suggest that the observed antitumor effects generated by vac-
cinia treatment is not contributed by the enhancement of vaccinia 
replication by Cox-2 inihbitor, but it is likely due to the inhibition 
of neutralizing antibody response.

Discussion
In the current study, we demonstrated that treatment with 
Cox-2 inhibitors efficiently inhibited generation of neutralizing 
antibodies against vaccinia virus infection in both preimmunized 
and tumor-bearing mice. Neutralizing antibodies created by 
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Figure 3 C haracterization of the antivaccinia antibody response to 
a 2nd vaccinia administration using ELISA and neutralization assay. 
(a) Schematic diagram demonstrating the regimen of vac-luc and Cox-2 
inhibitor treatment in vaccinated mice. C57BL/6 mice (five per group) 
were infected with wild-type vaccinia (vv) at a dose of 1 × 107 pfu/mouse 
on day 1 (D1). Mice were then infected with vac-luc at a dose of 1 × 
107 pfu/mouse on D28. Mice were treated with Cox-2 inhibitor (100 mg/
kg per day) orally from D21 to D28. Serum was collected on D32 from 
each group of mice for characterization of the antivaccinia antibody 
response. (b) Line graph illustrating antivaccinia antibody titers in serum 
of infected mice treated with or without Cox-2 inhibitor on D32 (**P = 
0.02). (c) Line graph depicting percentage of antibody-mediated neu-
tralization of vaccinia virus infection in mice treated with or without 
Cox-2 inhibitor on D32 (*P = 0.0004). Data shown are representative of 
two experiments performed (mean ± s.d.).
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inflammatory antiviral responses induced by the immune system 
are perhaps the most significant problem for systemic viral deliv-
ery and persistence. Administration of the anti-inflammatory 
Cox-2 inhibitor, Celecoxib, was shown to enable efficient repeated 
infection with vaccinia virus in treated mice without losing the 
infectivity of vaccinia. Furthermore, vaccinia virus administered 
intraperitoneally to ovarian tumor-bearing mice translated to 
long-term protective antitumor responses and increased survival 
for treated tumor-bearing mice. Our current findings show that 

the employment of Cox-2 inhibitors improves the therapeutic 
efficacy of vaccinia as a treatment for ovarian cancer.

Cox-2 inhibitors have also demonstrated direct antitumor 
effects against a multitude of different cancer models including 
liver cancer,12 ovarian cancer,13 colorectal cancer,14 and breast 
cancer.15,16 Although inhibition of Cox-2 activity is one mecha-
nism by which Cox-2 inhibitors dampen malignant cell prolif-
eration, emerging evidence using Cox-2 deficient and Cox-2 
knockdown cells suggests that Cox-2 independent effects are also 
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Figure 4 C haracterization of antitumor effects against luciferase-expressing, murine ovarian tumors in mice treated with Cox-2 inhibitor and 
two injections of vaccinia. (a) Schematic diagram demonstrating the regimen of vaccinia and Cox-2 inhibitor treatment in luciferase-expressing 
MOSEC tumor-bearing mice. C57BL/6 mice (five per group) were intraperitoneally inoculated with 5 × 105 MOSEC-luc cells/mouse on D0. Seven 
days after tumor inoculation, all the tumor-bearing mice were treated with 1 × 107 pfu/mouse of vaccinia virus. The mice were either administered 
Cox-2 inhibitor alone (100 mg/kg per day) daily from day 21 (D21) to D28 (Cox-2 inhibitor), treated with vaccinia virus alone at a dose of 1 × 107 pfu/
mouse on D28 (vaccinia) or treated with the vaccinia in combination with the Cox-2 inhibitor (vaccinia + Cox-2 inhibitor) as outlined in the schematic 
regimen. Mice were imaged using the IVIS Imaging System Series 200. (b) Representative bioluminescence images of MOSEC tumor-bearing mice 
treated with vaccinia alone, Cox-2 inhibitor alone or combination of vaccinia with Cox-2 inhibitor. Images were acquired on D30 (**P < 0.05) and 
D50 (*P < 0.01) after tumor inoculation. (c) Bar graph illustrating the luciferase activity (photons/second) in MOSEC tumor-bearing mice treated with 
treated with vaccinia alone, Cox-2 inhibitor alone or combination of vaccinia with Cox-2 inhibitor on D30 and D50. Data shown are representative 
of two experiments performed (mean ± s.d.). (d) Kaplan-Meier survival analysis of MOSEC tumor-bearing mice treated with vaccinia alone, Cox-2 
inhibitor alone or combination of vaccinia with Cox-2 inhibitor (*P < 0.01).
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involved. For example, Cox-2 inhibitor SC-58125 was shown to 
decrease the content of intracellular glutathione, an antioxidant 
that protects cells from toxins, in normal and malignant human 
B cells.7 Celecoxib has close structural similarity to SC-58125 and 
was shown to inhibit cellular growth and dampen malignant cell 
proliferation, inducing apoptosis via a mitochondrial-dependent 
pathway.17–20 Meloxicam, a Cox-2 inhibitor selective for ovarian 
cancer, has shown strong antitumor effects against ovarian cancer 
by inducing apoptosis in ovarian cancer cells and downregulat-
ing production of prostaglandin E2.

21 In addition to its antitumor 
properties, recent work convincingly demonstrates that Celecoxib 
can also act as a potent antiangiogenic agent.22,23 These findings 
have led to the clinical evaluation of selective Cox-2 inhibitors 
as an adjuvant to radiation24–28 and chemotherapy29,30 for treating 
solid tumors. Hence, Cox-2 inhibitors not only enable repeated 
infection with vaccinia virus, they also serve to contribute to the 
direct oncolytic effect of vaccinia virus.

The combination of Cox-2 inhibitors with immunotherapies 
using viral vectors has been explored to control tumor in other 
systems. For example, an adenoviral vector expressing human 
papillomavirus virus E7 protein used in combination with 
Cox-2 inhibitor significantly slowed the growth of large tumors 
and prolonged survival of vaccinated mice than either treat-
ment alone.31 Additionally, recombinant poxviruses expressing 
carcinoembryonic antigen administered with Cox-2 inhibitor 
has been shown to elicit potent antitumor immunity and enhance 
long-term survival in carcinoembryonic antigen transgenic mice 
that developed spontaneous carcinoembryonic antigen-expressing 
intestinal neoplasms.32 Although the antitumor effect may be 
attributed to the direct inhibition of the tumor by Cox-2 inhibitors 
as well as the viral vector-based therapeutic vaccine, the observed 
improved antitumor effects may also be attributed to the ability of 
Cox-2 inhibitors to reduce generation of neutralizing antibodies, 
allowing the boost of viral vector. In both studies, the viral vector-
based vaccines have been used to treat tumors with boost of the 
same vaccine.31,32

Intratumoral treatment with vaccinia vaccine strains have 
resulted in significant and reproducible efficacy in numerous 
clinical trials. Park et al. evaluated intratumoral injection of a 
targeted oncolytic poxvirus, JX-594, in a phase I trial in patients 
with refractory primary or metastatic liver cancer.33 Ten patients 
were found to be radiographically evaluable for objective 
responses and according to Response Evaluation Criteria in Solid 
Tumors, three patients had partial response, six had stable disease, 
and one had progressive disease. Liu et al. also tested the same 
oncolytic poxvirus, JX-594, and found antitumoral, antivascular, 
and antiviral activities in patients with liver cancer. Both trials 
found that treatment with oncolytic vaccinia was well-tolerated 
and resulted in antitumoral efficacy in three patients, despite high 
levels of neutralizing antibodies.34 Phase II trials using this virus 
are currently ongoing.

The investigation of Cox-2 inhibitors to augment immunother-
apies renders it important to consider the safety of Cox-2 inhibi-
tors for clinical use. Recently, the reported adverse cardiovascular 
effects of rofecoxib, a selective Cox-2 inhibitor, resulted in its 
removal from the market due to concerns of cardiovascular toxic-
ity. Though reports focused on rofecoxib, the concern spread to 

include other Cox-2 inhibitors as it was thought that the problem 
stemmed from a class effect related to the degree of Cox-2 selec-
tivity, though there has been little evidence to support this find-
ing.35 Published scientific literature suggests that both specific and 
nonspecific Cox inhibitors may increase the risk of cardiovascular 
events, but that the effect varies between individual drugs. A note 
of caution may come from the observation that long-term admin-
istration of Cox-2 inhibitor may also produce significantly higher 
levels of Cox-2 and reactivate prostaglandin E2-associated growth 
factor signaling pathways in tumor and normal tissues, which may 
contribute to treatment toxicity.36 Nevertheless, Celecoxib is asso-
ciated with a lower cardiovascular risk than rofecoxib and has the 
greatest evidence for cardiovascular safety.35 It would be clinically 
useful to administer Cox-2 inhibitors after surgical debulking of 
the tumor to maximize benefits of Cox-2 inhibitor use.

In summary, our findings suggest a novel therapeutic approach 
for the control of lethal ovarian cancer. Although the applica-
tion of Cox-2 inhibitors has been shown to enable reinfection of 
vaccinia administered intraperitoneally to control ovarian cancer, 
it would be of interest to explore whether the administration of 
Cox-2 inhibitors would enable reinfection of systemically deliv-
ered vaccinia virus to control other tumors.37 The data generated 
serve as an important foundation for future experimental and 
clinical efforts to combine cancer vaccines with Cox-2 inhibi-
tion. The combination of preferential killing of ovarian cancers by 
vaccinia virus and the use of Cox-2 inhibitors to inhibit neutraliz-
ing antibodies and accordingly enable repeated infection without 
loss of infectivity of vaccinia virus represents a promising strategy 
for the control of ovarian cancer.

Materials and Methods
Mice and cell lines. Female C57BL/6 mice were purchased from the 
National Cancer Institute. All animals were maintained under specific 
pathogen-free conditions, and all procedures were performed according 
to approved protocols and in accordance with recommendations for the 
proper use and care of laboratory animals. Immortalized murine ovarian 
surface epithelial cell line MOSEC was generated as previously shown.38 
Thymidine kinase negative (tk−) cells were obtained from the American 
Type Culture Collection (ATCC, Rockville, MD). MOSEC-luciferase 
(MOSEC-luc) cells were generated by transducing MOSEC with the 
retrovirus containing luciferase pLuci-thy1.1 and flow cytometry sorting 
following the protocol described in ref. 3.

Vaccinia virus. The Vac-luciferase (Lister strain, rVV4) was generated 
using a previously described protocol. The rVV4 is a hyper-attenuated 
recombinant derivative of the vaccine strain Lister of vaccinia virus. It con-
tains two reporter genes (luc and lacZ) inserted into the thymidine kinase 
region of VV (tk−) as described.39 The Vac-WT (WR strain) was prepared 
as described previously.40

Cox-2 inhibitor. For confirming the common pharmacological anti-
Cox-2 effect of Cox-2 inhibitors, we used Celecoxib in vaccinia infection 
and other assays. Celecoxib (100 mg/kg/day) was ground from the tablet 
and dissolved in water. Mice were given Cox-2 inhibitor by daily gavages 
during treatment.

Immunization of mice with Lister stain of vaccinia virus and collection 
of serum. Naive mice or mice preimmunized with Lister stain of vaccinia 
virus (intraperitoneal injection with 1 × 107 pfu/mouse on D1) were 
treated with Cox-2 inhibitor (Celecoxib, 100 mg/kg/day, D21–D28, daily 
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by gavages, as outlined in Figure  1a). The other two groups (naive and 
preimmunized) of mice without Cox-2 inhibitor treatment were used as 
control. Postimmunization serum was obtained from the mice on D32 
from each group of mice (five per group) for subsequent ELISA and virus 
neutralization assay, as outlined in Figure 3a.

ELISA. Titers of antivaccinia antibodies within the serum were represented 
and determined by ELISA in a standard protocol. Briefly, ELISA plate was 
coated with 100 µl/well of 10 µg/ml vaccinia virus antigen and incubated 
overnight at 4 ºC. Serum obtained from the postimmunization mice of 
each group was diluted in serial five-time folds and added to the coating 
well. Positive and negative controls were also included in each test. Plates 
were incubated in a humid chamber at 37 °C for 1 hour, followed by 1-hour 
incubation with horseradish peroxidase–conjugated antimouse secondary 
antibody (1:5000) after washing. The ELISA result was developed by add-
ing 1-StepTM Turbo TMB-ELISA substrate (Pierce, Rockford, IL) and 
quenched with sulfuric acid, then quantified at 450 nm using a microplate 
reader (Bio-Rad, Hercules, CA).

Virus neutralization assay in vitro. Serum obtained from the postimmu-
nization mice of each group described above was preheated at 55 °C 1 hour 
for inactivation of complement and diluted in serial two-folds with culture 
medium. Forty microliters of diluted serum and 10 µl of vaccinia encoding 
luciferase (2.5 × 104 pfu/mouse) were added to each well in a 96-well round 
bottom plate and incubated at 37 °C for 1 hour. After incubation, 10 µl of 
MOSEC cells (2.5 × 106/ml) were added into the vaccinia-luciferase/serum 
mixture in each well and incubated at 37 °C for 2 hours. The plate was 
centrifuged to spin down the cells and washed five times with PBS. Those 
MOSEC cells within each well were then transferred into 96-well flat bot-
tom plate and incubated at 37 °C and 5% CO2 overnight. Bioluminescent 
activities indicating vaccinia infection were determined using IVIS image 
system by adding with luciferin in each well after 18 hours later.

Characterization of infection by vaccinia in mice. C57BL/6 mice were 
injected with 1 × 106 MOSEC cells/mouse intraperitoneally (mice with 
tumor). Five days later after the tumor challenge, mice with tumor or 
without tumor were divided into four groups (five per group) regard-
ing the preimmunization of vaccinia virus (1 ×107 pfu/mouse) or not, 
and Cox-2 inhibitor treatment (Celecoxib, 100 mg/kg/day by gavages) 
or not (−/−,  −/+, +/+, +/−). To determine the infectivity and persis-
tence of vaccinia virus in vivo, each group of mice (five per group) were 
injected with 1 × 107 plaque-forming unit (pfu/mouse) vaccinia virus 
encoding luciferase gene intraperitoneally (D1). Luminescence activity 
images were recorded on D30, after the vaccinia-luciferase injec-
tion. The mice were injected with 0.2 ml of 15-mg/ml beetle luciferin 
(potassium salt; Promega, Madison, WI). After 10 minutes incubation, 
the mice were imaged using the IVIS 200 system (Xenogen, Alameda, 
CA). An integration time of 60 seconds were used for image acquisi-
tion. The relative time points of vaccinia immunization, Cox-2 inhibitor 
administration, tumor challenge and vaccinia-luciferase administration 
are depicted in panel a of Figures 1 and 2.

Determination of antitumor effects by vaccinia and Cox-2 inhibitor 
in mice. To demonstrate the effects of Cox-2 inhibitor administration on 
vaccinia virus infection and thus on controlling murine ovarian tumors, 
C57BL/6 mice were intraperitoneally challenged with 1 × 105 MOSEC cells 
expressing luciferase (MOSEC-luc) (D0). Five days later, the mice were 
examined using IVIS image system for the bioluminescent activities indi-
cating basal tumor loading. Mice with excessive or diminished luminescent 
signals were excluded out of the experiment. Those with the same level of 
signal were divided into four groups (five per group) subjected to differ-
ent treatment, including control, vaccinia virus alone (1 × 107 pfu/mouse, 
D7, i.p.), Cox-2 inhibitor (Celecoxib, 100 mg/kg/day, gavages) alone or 
combination. Each group of mice was treated again with the same regimen 

3 weeks later as outlined in Figure 4a. The tumor load was checked and 
represented by luciferase activity determined using IVIS Bioluminescent 
Imaging System on D30 and D50. The survival of mice was recorded.

Characterization of cells infiltrating the tumor in mice treated with Cox-2 
inhibitor and vaccinia virus. C57BL/6 mice (five per group) were intrap-
eritoneally inoculated with 5 × 105 MOSEC-luc cells/mouse on D0. Seven 
days after tumor inoculation, all the tumor-bearing mice were treated with 
1 × 107 pfu/mouse of vaccinia virus. The mice were treated with or without 
Cox-2 inhibitor (100 mg/kg per day) daily from D21 to D28 followed by 
reinfection with vaccinia on D28 as outlined in the schematic regimen in 
Figure 4a. Peritoneal cells were stained with CD4 or CD8 and interferon-γ 
or natural killer 1.1 and analyzed by flow cytometry of D30.

Characterization of vaccinia virus titer in mice reinfected with vaccinia 
with or without Cox-2 inhibitor treatment. C57BL/6 mice (five per group) 
were infected with wild-type vaccinia (vv) at a dose of 1 × 107 pfu/mouse 
on D1. Mice were treated with Cox-2 inhibitor (100 mg/kg per day) orally 
from D21 to D28. Mice were then infected with vac-luc at a dose of 1 × 
107 pfu/mouse on D28. Mice were sacrificed on D31 and the vaccinia virus 
titers within peritoneal lavage (10 ml) were determined by plaque-forming 
assay by serial dilutions.

Statistical analysis. All data expressed as means ± s.d. are representative of 
at least two different experiments. Comparisons between individual data 
points were made using a Student’s t-test. Differences in survival between 
experimental groups were analyzed using the Kaplan-Meier approach. 
The statistical significance of group differences will be assessed using the 
log‑rank test.

Supplementary Material
Figure S1.  Luminescence imaging of mice infected with luciferase-
expressing vaccinia virus with different doses of Cox-2 inhibitor 
treatment.
Figure S2.  Characterization of vaccinia virus titer in mice reinfected 
with vaccinia with or without Cox-2 inhibitor treatment.
Figure S3.  Characterization of total intraperitoneal lymphocyte sub-
populations in mice treated with Cox-2 inhibitor and vaccinia virus.
Figure S4.  Characterization of the vaccinia titer in the vaccinia 
infected MOSEC cells treated with Cox-2 inhibitor.
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