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Figure 2. Efficacy of oncolytic viruses in combination or alone against HPD-1NR and HaK Syrian hamster tumor models in vivo. A total of 1 x 10° HPD-1NR or
5 x 10° HaK cells were seeded by subcutaneous injection into the right flank of Syrian hamsters. When tumors reached 6 to 7 mm in diameter, 8 hamsters
were each injected IT with 5 x 10® PFU Ad5 on days 0, 2, and 4, followed by 5 x 107 VVLister on days 6, 8, and 10; the reverse combination; 6 doses

of either virus alone, or PBS. Tumors were measured twice weekly. Mean tumor size + SEM are displayed until the death of the first hamster in each
group and compared by one-way ANOVA with post hoc Bonferroni testing. A, tumor growth curve of HPD-1NR. B, Kaplan-Meier survival analysis of Syrian
hamsters bearing HPD-1NR tumors after different treatments. C, tumor growth curve of HaK. D, Kaplan-Meier survival analysis of Syrian hamsters bearing

HaK tumors after different treatments. ***, P < 0.001; ns, not significant.

pancreatic tumor cells (HPD-1NR) were replaced by kidney
cancer cells (HaK), none of the splenocytes harvested from
animals in any group displayed cytotoxic activity (Fig. 5B).

One month after a complete response as a result of
combination viral therapy had been observed in animals
bearing HPD-1NR tumors, animals were rechallenged with
either the original pancreatic cancer cells (HPD-1NR, n = 3)
or kidney cancer cells (HaK, n = 4), respectively. There was
no tumor growth 105 days after animals were rechallenged
with HPD-1NR, whereas tumors grew rapidly in 3 of 4
animals challenged with HaK (Fig. 5C). One animal rechal-
lenged with Hak, initially developed a tumor that regressed
63 days later, which might be due to some commonality
of tumor-associated antigens between HaK and HPD-1NR.
Tumors grew rapidly in control naéve Syrian hamsters
injected with HPD-1NR or HaK (Fig. 5D). This confirmed
that the sequential combination of adenovirus followed
by vaccinia virus was the most effective approach to induce
tumor-specific immunity in vivo.

T cells play a critical role in the efficacy of sequential
oncolytic adenovirus and vaccinia virus therapy

To investigate further the role of T-cell responses in
combination oncolytic virus therapy, an antibody against
Syrian hamster CD3 (mAB4F11) was first developed and
characterized (Supplementary Method and Supplementary
Figs. S2 and S3). Interestingly, when injected into hamsters
intraperitoneally, the mAb 4F11 was found to deplete T-cell
subsets in both lymphoid and nonlymphoid tissues com-
pared with animals receiving relevant mouse isotype con-
trol antibody (Supplementary Fig. S3). The efficacy of
depletion was more than 98% and lasted for more than a
week in the lymph nodes as well as the spleen and periph-
eral blood mononuclear cell (PBMC; data not shown).

Syrian hamsters bearing subcutaneous HPD-1NR tumors
were rendered CD3+ T-cell-deficient by injecting them
intraperitoneally with the anti-hamster CD3e mAb (clone
4F11) just 1 day before 3 intratumoral administration of
adenovirus, then vaccinia virus, or the reverse. The superior
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Figure 3. Sequential combination of oncolytic adenovirus and vaccinia virus induces higher levels of TIL infiltration and apoptotic tumor cells. On day 10 after
the last viral treatment, Syrian hamsters were killed and tumors harvested and processed for histopathology and IHC. A, H&E staining of sections of tumors
derived from 5 different groups of Syrian hamsters, original magnification x200. B, immunoreactivity for cleaved caspase-3 for detection of apoptotic cells,
original magnification x200. C, quantitative score of lymphocyte infiltration within tumors. Inflammatory cell infiltration was assessed on day 10 after
treatments were finished. Lymphocytes were counted in 5 high-power fields (HPF) randomly selected from each tumor section (x200). The scoring was
conducted within the tumor and stroma; necrotic areas were avoided. The extent of lymphocyte infiltration was categorized into the following 4 grades: 1, <25
cells/HPF; 2, 25 to 49 cells/HPF; 3, 50 to 75 cells/HPF; 4, >75 cells/HPF. D, quantitative score of apoptotic cancer cells. Cleaved caspase-3-positive cancer
cells were assessed on day 10 after treatments were finished. Caspase-3—positive cells were counted in 10 HPFs randomly selected from each tumor section
(x200) and the mean number of caspase-3-positive cells per HPF from 3 animals presented. **, P < 0.01; ***, P < 0.001.

efficacy of the sequential oncolytic virus regimen seen in
control antibody-treated hamsters was completely ablated
in CD3+ T-cell-depleted animals (Fig. 6A and B). Deple-
tion of CD3+ T cells also significantly inhibited the superior
antitumor efficacy of sequential use of AdV and VV in the
HaK model (Supplementary Fig. S4). These results show
that T-cell responses play a critical role in combination
oncolytic virus therapy.

Discussion

The efficacy of oncolytic viruses depends on multiple
actions including direct tumor lysis, modulation of tumor
perfusion, and stimulation of tumor-directed innate and
adaptive immune responses. It has become apparent that
the antitumor efficacy of oncolytic viruses is dependent on
the interaction of virus, tumor cells, and the host immune
response to the virus as well as to tumor cells (35). Oncolytic
virus replication in tumor cells typically leads to direct

destruction of tumor cells, releasing tumor antigens and
other danger signals into the extracellular environment,
whereas the ultimate clearance of these viruses from the
tumors indicates that the localized immunosuppression
induced by viral gene expression is eventually overcome.
All these actions should, unsurprisingly, induce a long-term
memory immune response targeting tumor-associated anti-
gens (36). Therefore, in the present study, we hypothesized
that sequential combination of immunologically distinct
viruses might enhance antitumor efficacy through the
induction of tumor-specific immunity and circumvention
or mitigation of antiviral immune responses.

To prove the hypothesis, we first validated the immuno-
competent Syrian hamster as an ideal model for combina-
tion oncolytic virus as the Syrian hamster tumors can
support replication of human adenovirus and vaccinia virus
(Fig. 1) and both oncolytic virus can induce lysis of tumor
cells and induce a host immune response in vivo (Figs. 1D
and 3). We, for the first time, have shown that sequential use
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given first as it is more effective than vaccinia virus at
activating Toll-like receptors, which are necessary for anti-
gen presentation, so eliciting a better response to tumor-
associated antigens than vaccinia virus. Vaccinia virus might
create a more effective "boost" of preprimed CD8+ T cells in
preference to vaccinia epitopes due to the expression of its
own immunomodulatory proteins (38). Perhaps vaccinia
virus is able to reduce the host immune response and
improve replication of both oncolytic virus. An alternative
mechanism may be the expression of adenovirus E3 14.7
kDa protein, which has been shown to enhance the viru-
lence of vaccinia virus through attenuation of the effect of
TNF in the local microenvironment (39, 40). Given that in
this study the sequential use of wild-type adenovirus and
vaccinia virus induced effective tumor-specific immunity
(Fig. 6), further investigation is required to understand how
to optimize this novel therapeutic regimen by using different
mutants of engineered oncolytic viruses. We believe that
antitumor efficacy can be improved further through engi-
neering the viruses by deleting viral genes that inhibit the
host immune response, such as adenovirus E3gp19k (29),
and rationally expressing immunotherapeutic genes, such as
interleukin (IL)-7, FI3tL, and IL-15 (41) because arming
oncolyticviruses with cytokines, such as vaccinia virus armed
with granulocyte macrophage colony-stimulating factor
(GM-CSF; JX963), has been shown to have improved anti-
tumor efficacy and enhanced tumor-specific immunity (42).

Both oncolytic adenovirus and vaccinia virus have been
safely used separately in clinical trials (43-45). Despite this,
the use of this combination to treat patients with cancer may
raise safety concerns. It is important to highlight the fact that
the sequential combination of these 2 oncolytic virus did
not induce any overt side-effects in the tumor-bearing
Syrian hamsters. Our findings suggest that the sequential
use of oncolytic adenovirus and vaccinia viruses achieve
antitumor efficacy through a combination of oncolytic
activity and the induction of cellular immunity through T
cells. These findings show that sequential combination of
oncolytic adenovirus and vaccinia virus, both of which have
been used individually in clinical trials, could be a prom-
ising approach for curing cancer in humans. These results
have significance for the design of new regimens for cancer
viroimmunotherapy and vaccines.

Finally, this study strongly supports the development of
the Syrian hamster as a model for the assessment of onco-
lytic viruses, although there are limitations to its use at
present. Scientists are in general less experienced in the
husbandry and use of Syrian hamsters for research. It is far
easier to give mice intravenous injections, as they have tails
with superficial tail veins. However, the femoral veins of
Syrian hamsters are easily accessible, so this should notbe a
major issue (14). Fewer tumor cell lines and transgenic
cancer models are available than for the mouse. The Syrian
hamster genome has not yet been fully sequenced, there are
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few antibodies and no gene microarrays are currently avail-
able. These important tools should now be developed to
meet this demand. In addition, it is also very important to
investigate whether adenovirus and vaccinia virus proteins,
especially immune evasion proteins are active in Syrian
hamster once research tools are available.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed. The funders have no role
in the study design, data collection, analysis, interpretation of results, and the
preparation of the article.

Authors' Contributions

Conception and design: J.R. Tysome, X. Li, S. Wang, N.R. Lemoine, Y. Wang
Development of methodology: J.R. Tysome, X. Li, S. Wang, P. Wang, R.
Gangeswaran, M. Yuan

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): J.R. Tysome, X. Li, S. Wang, P. Du, D. Chen, Y.
Wang

Analysis and interpretation of data (e.g., statistical analysis, biosta-
tistics, computational analysis): J.R. Tysome, X. Li, S. Wang, D. Gao, R.
Gangeswaran, L.S. Chard, M. Yuan, Y. Wang

References

1. Wong HH, Lemoine NR, Wang Y. Oncolytic viruses for cancer therapy:
overcoming the obstacles. Viruses 2010;2:78-106.

2. Prestwich RJ, Harrington KJ, Pandha HS, Vile RG, Melcher AA,
Errington F. Oncolytic viruses: a novel form of immunotherapy. Expert
Rev Anticancer Ther 2008;8:1581-8.

3. Parato KA, Senger D, Forsyth PA, Bell JC. Recent progress in the battle
between oncolytic viruses and tumours. Nat Rev Cancer 2005;5:
965-76.

4. Gauvrit A, Brandler S, Sapede-Peroz C, Boisgerault N, Tangy F,
Gregoire M. Measles virus induces oncolysis of mesothelioma cells
and allows dendritic cells to cross-prime tumor-specific CD8
response. Cancer Res 2008;68:4882-92.

5. Greiner S, Humrich JY, Thuman P, Sauter B, Schuler G, Jenne L. The
highly attenuated vaccinia virus strain modified virus Ankara induces
apoptosis in melanoma cells and allows bystander dendritic cells to
generate a potent anti-tumoral immunity. Clin Exp Immunol 2006;
146:344-53.

6. Kaufman HL. The role of poxviruses in tumor immunotherapy. Surgery
2003;134:731-7.

7. Yang, Li X, Wang Y, Wang S. CD8+ T cell response mediates the
therapeutic effects of oncolytic adenovirus in an mmunocompetent
mouse model. Chin Sci Bull 2012;57:48-53.

8. Bruna-Romero O, Gonzalez-Aseguinolaza G, Hafalla JC, Tsuji M,
Nussenzweig RS. Complete, long-lasting protection against malaria
of mice primed and boosted with two distinct viral vectors expressing
the same plasmodial antigen. Proc Natl Acad Sci U S A 2001;98:
11491-6.

9. Draper SJ, Moore AC, Goodman AL, Long CA, Holder AA, Gilbert SC,
et al. Effective induction of high-titer antibodies by viral vector vac-
cines. Nat Med 2008;14:819-21.

10. Hallden G, Hill R, Wang Y, Anand A, Liu TC, Lemoine NR, et al. Novel
immunocompetent murine tumor models for the assessment of rep-
lication-competent oncolytic adenovirus efficacy. Mol Ther 2003;8:
412-24.

11. Ganly |, Mautner V, Balmain A. Productive replication of human
adenoviruses in mouse epidermal cells. J Virol 2000;74:2895-9.

12. Vorburger SA, Hunt KK. Adenoviral gene therapy. Oncologist 2002;7:
46-59.

13. Silobrcic V, Zietman AL, Ramsay JR, Suit HD, Sedlacek RS. Residual
immunity of athymic NCr/Sed nude mice and the xenotransplantation
of human tumors. Int J Cancer 1990;45:325-33.

14. Thomas MA, Spencer JF, Wold WS. Use of the Syrian hamster as an
animal model for oncolytic adenovirus vectors. Methods Mol Med
2007;130:169-83.

Writing, review, and/or revision of the manuscript: J.R. Tysome, S. Wang,
G. Alusi, N.R. Lemoine, Y. Wang

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): J.R. Tysome, S. Wang, L.S. Chard, G.
Alusi, Y. Wang

Study supervision: S. Wang, G. Alusi, N.R. Lemoine, Y. Wang

Acknowledgments

The authors thank Prof. Istan Fodor (Loma Linda University) for the
generous gift of valuable materials. The authors also thank Mr. Keyur Trivedi
and Dr. Mohammed Ikram for their excellent work of THC.

Grant Support

This project was supported by Nature Sciences Foundation of China
(30530800), Department of Science and Technology as well as Department
of Health, Henan Province (124200510018 and 104300510008), and
Pancreatic Cancer Research UK.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received March 28, 2012; revised October 7, 2012; accepted October 12,
2012; published OnlineFirst October 22, 2012.

15. Thomas MA, Spencer JF, La Regina MC, Dhar D, Tollefson AE, Toth K,
et al. Syrian hamster as a permissive immunocompetent animal model
for the study of oncolytic adenovirus vectors. Cancer Res 2006;66:
1270-6.

16. Toth K, Spencer JF, Wold WS. Immunocompetent, semi-permissive
cotton rat tumor model for the evaluation of oncolytic adenoviruses.
Methods Mol Med 2007;130:157-68.

17. Liu TC, Hallden G, Wang Y, Brooks G, Francis J, Lemoine N, et al. An
E1B-19 kDa gene deletion mutant adenovirus demonstrates tumor
necrosis factor-enhanced cancer selectivity and enhanced oncolytic
potency. Mol Ther 2004;9:786-803.

18. Toth K, Spencer JF, Tollefson AE, Kuppuswamy M, Doronin K, Lich-
tenstein DL, et al. Cotton rat tumor model for the evaluation of oncolytic
adenoviruses. Hum Gene Ther 2005;16:139-46.

19. Hung CF, Tsai YC, He L, Coukos G, Fodor I, Qin L, et al. Vaccinia virus
preferentially infects and controls human and murine ovarian tumors in
mice. Gene Ther 2007;14:20-9.

20. Gnant MF, Puhlmann M, Alexander HR Jr, Bartlett DL. Systemic
administration of a recombinant vaccinia virus expressing the cytosine
deaminase gene and subsequent treatment with 5-fluorocytosine
leads to tumor-specific gene expression and prolongation of survival
in mice. Cancer Res 1999;59:3396-403.

21. Puhlmann M, Brown CK, Gnant M, Huang J, Libutti SK, Alexander HR,
et al. Vaccinia as a vector for tumor-directed gene therapy: biodis-
tribution of a thymidine kinase-deleted mutant. Cancer Gene Ther
2000;7:66-73.

22. Qin H, Valentino J, Manna S, Tripathi PK, Bhattacharya-Chatterjee M,
Foon KA, et al. Gene therapy for head and neck cancer using vaccinia
virus expressing IL-2 in a murine model, with evidence of immune
suppression. Mol Ther 2001;4:551-8.

23. Hanabuchi S, Ohashi T, Koya Y, Kato H, Hasegawa A, Takemura F,
et al. Regression of human T-cell leukemia virus type | (HTLV-I)-
associated lymphomas in a rat model: peptide-induced T-cell immu-
nity. J Natl Cancer Inst 2001;93:1775-83.

24. Derby ML, Sena-Esteves M, Breakefield XO, Corey DP. Gene transfer
into the mammalian inner ear using HSV-1 and vaccinia virus vectors.
Hear Res 1999;134:1-8.

25. Carroll MW, Moss B. Host range and cytopathogenicity of the highly
attenuated MVA strain of vaccinia virus: propagation and generation of
recombinant viruses in a nonhuman mammalian cell line. Virology
1997;238:198-211.

26. Nelles MJ, Duncan WR, Streilein JW. Immune response to acute virus
infection in the Syrian hamster. Il. Studies on the identity of virus-
induced cytotoxic effector cells. J Immunol 1981;126:214-8.

Clin Cancer Res; 18(24) December 15, 2012

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on January 27, 2013
Copyright © 2012 American Association for Cancer Research


http://clincancerres.aacrjournals.org/
http://www.aacr.org/

Published OnlineFirst October 22, 2012; DOI:10.1158/1078-0432.CCR-12-0979

Sequential Use of Two Oncolytic Viruses for Cancer Treatment

27.

28.

29.

30.

31.

32.

33.

34.

35.

Melby PC, Chandrasekar B, Zhao W, Coe JE. The hamster as a model
of human visceral leishmaniasis: progressive disease and impaired
generation of nitric oxide in the face of a prominent Th1-like cytokine
response. J Immunol 2001;166:1912-20.

van Den Broek M, Bachmann MF, Kohler G, Barner M, Escher R,
Zinkernagel R, et al. IL-4 and IL-10 antagonize IL-12-mediated pro-
tection against acute vaccinia virus infection with a limited role of IFN-
gamma and nitric oxide synthetase 2. J Immunol 2000;164:371-8.
Wang Y, Hallden G, Hill R, Anand A, Liu TC, Francis J, et al. E3 gene
manipulations affect oncolytic adenovirus activity in immunocompe-
tent tumor models. Nat Biotechnol 2003;21:1328-35.

Dhar D, Spencer JF, Toth K, Wold WS. Effect of preexisting immunity
on oncolytic adenovirus vector INGN 007 antitumor efficacy in immu-
nocompetent and immunosuppressed Syrian hamsters. J Virology
2009;83:2130-9.

Tysome JR, Briat A, Alusi G, Cao F, Gao D, Yu J, et al. Lister strain of
vaccinia virus armed with endostatin-angiostatin fusion gene as a
novel therapeutic agent for human pancreatic cancer. Gene Ther
2009;16:1223-33.

Tysome JR, Wang P, Alusi G, Briat A, Gangeswaran R, Wang J, et al.
Lister vaccine strain of vaccinia virus armed with the endostatin-angios-
tatin fusion gene: an oncolytic virus superior to dl1520 (ONYX-015) for
human head and neck cancer. Hum Gene Ther 2011;22:1101-8.
Deng H, Tang N, Stief AE, Mehta N, Baig E, Head R, et al. Oncolytic
virotherapy for multiple myeloma using a tumour-specific double-
deleted vaccinia virus. Leukemia. 2008;22:2261-4.

McCart JA, Ward JM, Lee J, Hu Y, Alexander HR, Libutti SK, et al.
Systemic cancer therapy with a tumor-selective vaccinia virus mutant
lacking thymidine kinase and vaccinia growth factor genes. Cancer
Res 2001;61:8751-7.

Wong HH, Jiang G, Gangeswaran R, Wang P, Wang J, Yuan M, et al.
Modification of the early gene enhancer-promoter improves the onco-
lytic potency of adenovirus 11. Mol Ther 2012;20:306-16.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Thorne SH. Immunotherapeutic potential of oncolytic vaccinia virus.
Immunol Res 2011;50:286-93.

Le Boeuf F, Diallo JS, McCart JA, Thorne S, Falls T, Stanford M, et al.
Synergistic interaction between oncolytic viruses augments tumor
killing. Mol Ther 2010;18:888-95.

Schneider J, Gilbert SC, Blanchard TJ, Hanke T, Robson KJ, Hannan
CM, et al. Enhanced immunogenicity for CD8+ T cell induction and
complete protective efficacy of malaria DNA vaccination by boosting
with modified vaccinia virus Ankara. Nat Med 1998;4:397-402.
Tufariello JM, Cho S, Horwitz MS. Adenovirus E3 14.7-kilodalton
protein, an antagonist of tumor necrosis factor cytolysis, increases
the virulence of vaccinia virus in severe combined immunodeficient
mice. Proc Natl Acad Sci U S A 1994;91:10987-91.

Tufariello J, Cho S, Horwitz MS. The adenovirus E3 14.7-kilodalton
protein which inhibits cytolysis by tumor necrosis factor increases the
virulence of vaccinia virus in a murine pneumonia model. J Virol
1994;68:453-62.

Cheever MA. Twelve immunotherapy drugs that could cure cancers.
Immunol Rev 2008;222:357-68.

Thorne SH, Hwang TH, O'Gorman WE, Bartlett DL, Sei S, Kaniji F, et al.
Rational strain selection and engineering creates a broad-spectrum,
systemically effective oncolytic poxvirus, JX-963. J Clin Invest
2007;117:3350-8.

Breitbach CJ, Burke J, Jonker D, Stephenson J, Haas AR, Chow LQ,
et al. Intravenous delivery of a multi-mechanistic cancer-targeted
oncolytic poxvirus in humans. Nature 2011;477:99-102.

LiuTC, Galanis E, Kirn D. Clinical trial results with oncolytic virotherapy:
a century of promise, a decade of progress. Nat Clin Pract Oncol
2007;4:101-17.

Park BH, Hwang T, Liu TC, Sze DY, Kim JS, Kwon HC, et al. Use of a
targeted oncolytic poxvirus, JX-594, in patients with refractory pri-
mary or metastatic liver cancer: a phase | trial. Lancet Oncol 2008;9:
533-42.

www.aacrjournals.org

Clin Cancer Res; 18(24) December 15, 2012

Downloaded from clincancerres.aacrjournals.org on January 27, 2013
Copyright © 2012 American Association for Cancer Research

6689


http://clincancerres.aacrjournals.org/
http://www.aacr.org/

