
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, n¼ 3)
or kidney cancer cells (HaK, n ¼ 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 na€�ve 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, themAb 4F11was 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 CD3þ 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

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� 106 HPD-1NR or
5 � 106 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 � 108 PFU Ad5 on days 0, 2, and 4, followed by 5 � 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.
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efficacy of the sequential oncolytic virus regimen seen in
control antibody–treated hamsters was completely ablated
in CD3þ T-cell–depleted animals (Fig. 6A and B). Deple-
tionofCD3þ 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 aswell 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
and3).We, for the first time, have shown that sequential use

C D

Ad5x6PBS VVX6 Ad/VV VV/Ad

A

B

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 �200. B, immunoreactivity for cleaved caspase-3 for detection of apoptotic cells,
original magnification �200. 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 (�200). The scoring was
conductedwithin the tumor and stroma; necrotic areaswere 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
(�200) and the mean number of caspase-3–positive cells per HPF from 3 animals presented. ��, P < 0.01; ���, P < 0.001.
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of oncolytic adenovirus and vaccinia virus, even at low
doses, resulted in a complete tumor response in vivo and
induction of effective tumor-specific immunity (Figs. 2
and 5), to which the T-cell response is critical (Figs. 3
and Fig. 6; Supplementary Fig. S4) and humoral immunity
to the viruses is unchanged (Fig. 4).Of note, combinationof
2 genetically distinct viruses, vesicular stomatitis virus (VSV)
and VV, has been reported to show a synergistic antitumor
efficacy previously (37). However, the synergistically
enhanced antitumor efficacy of VV and VSV is induced

through a different mechanism of action from our combi-
nation of Ad and VV (37).

Currently, we are not able to dissect which subtype of T
cells playsmore important role due the lackof research tools
such as hamster-specific antibodies and microarrays, but it
is highly likely that tumor-specific CD8þ T cells play an
important role in this regimen. The functional mechanisms
that underlie the efficacy of treatment with adenovirus
before vaccinia virus are not fully understood, but it is
possible to speculate. Adenovirus may be superior when

Figure 4. The humoral immune
response to adenovirus and
vaccinia virus in HPD-1NR bearing
Syrian hamster animals after
treatment with different regimens.
A, total antibody against
adenovirus in sera of Syrian
hamster bearing HPD-1NR tumors
on day 10 after treatment with
different regimens. B, total
antibody against vaccinia virus in
sera of Syrian hamster bearing
HPD-1NR tumors on day 10 after
treatment with different regimens.
C, neutralizing antibody against
adenovirus in sera of Syrian
hamsters bearing HPD-1NR
tumors on day 10 after treatment
with different regimens. D,
neutralizing antibody against
vaccinia virus in sera of Syrian
hamsters bearing HPD-1NR
tumors on day 10 after treatment
with different regimens.

Figure 5. Induction of tumor-
specific immunity in vivo following
treatment with the combination of
oncolytic adenovirus and vaccinia
virus or 1 virus alone. A, cytotoxic
activity of splenocytes against
HPD-1NR cells. Splenocytes were
harvested from Syrian hamsters
bearing HPD-1NR tumors after
treatment with different regimens.
B, cytotoxic activity of splenocytes
against HaK cells. Splenocytes
were harvested from Syrian
hamsters bearing HPD-1NR
tumors after treatment with
different regimens. �, P < 0.05;
��, P < 0.01; ���, P < 0.001; tumor-
free Syrian hamsters (C) or Naïve
Syrian hamsters (D) were kept for
more than 30 days and then
rechallenged with 1 � 106 HPD-
1NR cells or HaK cells into the left
flank. Tumor volumes were
measured twice weekly. Mean
tumor size � SEM are displayed
until the death of the first hamster in
each group.
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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 virusmight
create amore effective "boost" of preprimedCD8þT 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
tooptimize 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, Fl3tL, and IL-15 (41) because arming
oncolytic viruseswith cytokines, suchas 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 patientswith cancermay
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 ofwhich 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 not be 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

Figure 6. Superior antitumor
efficacy by sequential use of
oncolytic adenovirus and vaccinia
virus is mediated by CD3þ T cells in
the immunocompetent Syrian
hamster. Four- to 5-week-old Syrian
hamsters were inoculated
subcutaneously with 1 � 106 HPD-
1NR cells. The established tumors
(about 6–7 mm in diameter) were
injected directly with 5 � 108 PFU of
Ad5 and 5 � 107 PFU of VVLister in
combination, or PBS (n¼5/group) on
day 0, 2, 4, 6, 8, and 10. Mouse
anti-hamster CD3e MAbs (4F11)
or control Ig were injected
intraperitoneally at doses of
500 mg/g every fourth day from the
daybefore the viral therapy to the end
of the experiment. Tumor sizes of
individual miceweremonitored twice
weekly. A, tumor growth curve of
HPD-1NR. B, Kaplan–Meier survival
analysis of Syrian hamsters bearing
HPD-1NR tumors after different
treatments. �,P < 0.05; ���,P < 0.001.

Sequential Use of Two Oncolytic Viruses for Cancer Treatment

www.aacrjournals.org Clin Cancer Res; 18(24) December 15, 2012 6687

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

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

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


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.
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