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Vesicular stomatitis virus (VSV) has proven to be an effec-
tive vaccine vector for immunization against viral infec-
tion, but its potential to induce an immune response 
to a self-tumor antigen has not been investigated. We 
constructed a recombinant VSV expressing human dop-
achrome tautomerase (hDCT) and evaluated its immu-
nogenicity in a murine melanoma model. Intranasal 
delivery of VSV-hDCT activated both CD4+ and CD8+ 
DCT-specific T-cell responses. The magnitude of these 
responses could be significantly increased by booster 
immunization with recombinant adenovirus (Ad)-hDCT, 
which led to enhanced efficacy against B16-F10 mela-
noma in both prophylactic and therapeutic settings. 
Notably, the interval of VSV/Ad heterologous vaccina-
tion could be shortened to as few as 4 days, making it 
a potential regimen to rapidly expand antigen-specific 
effector cells. Furthermore, VSV-hDCT could increase 
DCT-specific T-cell responses primed by Ad-hDCT, sug-
gesting VSV is efficient for both priming and boosting of 
the immune response against a self-tumor antigen.

Received 5 May 2009; accepted 15 June 2009; published online  
14 July 2009. doi:10.1038/mt.2009.154

Introduction
The identification and molecular characterization of tumor-
associated antigens (TAAs) have provided the basis for specific 
immunization against cancer.1,2 However, cancer cells are self-
derived, so most endogenous TAAs are poorly immunogenic due to 
mechanisms governing self-tolerance.3 Potent immune responses to 
tumors can be induced by a strategy known as xenogeneic immu-
nization, which utilizes homologous proteins derived from another 
species.4,5 Although the mechanism(s) through which xenoim-
munization overcomes self-tolerance remain to be conclusively 
determined, this strategy may improve CD8+ T cells in a number 
of ways. For instance, heteroclitic CD8+ T-cell epitopes derived 
from xenoproteins can increase major histocompatibility com-
plex (MHC)–binding affinity or T-cell receptor contact, leading to 
improved T-cell activities that are crossreactive to native proteins.4,5 
Alternatively, our recent studies indicate that foreign epitopes 

present in the xenogeneic antigen can activate helper T cells lead-
ing to enhanced autoantigen-specific CD8+ T-cell immunity.6 
Xenoantigens can be delivered as genetic materials using viral vec-
tors that effectively target both MHC class I and class II process-
ing pathways.7–10 Furthermore, by combining recombinant viral 
vectors in heterologous prime–boost regimens, the frequency of 
TAA-specific T cells can be increased.11–13 These studies have led to 
a continued effort to improve the immunogenicity of existing viral 
vectors and to identify new vectors and vector combinations.

Vesicular stomatitis virus (VSV) is a negative-strand RNA virus 
that primarily infects livestock and causes only a mild, biphasic 
infection in humans.14,15 Most humans are seronegative for VSV, so 
clinical application would not be impaired by pre-existing immu-
nity. Moreover, the potential toxicity of the wild-type virus can be 
further attenuated through molecular manipulations.16,17 Together 
with its capacity to accommodate insertion of large foreign genes, 
VSV is an attractive vaccine vector candidate. Indeed, previous 
work has shown that vaccination with recombinant VSV vectors 
is highly effective in protecting against challenges with numer-
ous viral pathogens.18–22 Furthermore, the potential of VSV as a 
recombinant cancer vaccine vector has recently been explored in 
animal models where antitumor T-cell responses can be induced 
when a foreign antigen is expressed by both the vector and the 
tumor.19,23 However, the potential of VSV expressing a native TAA, 
alone or in heterologous prime–boost strategies, for T-cell prim-
ing and cancer therapy has not yet been evaluated.

We have engineered a recombinant VSV to express human dop-
achrome tautomerase (VSV-hDCT) and evaluated the potential of 
this vector to induce T-cell responses against murine B16-F10 mel-
anoma that expresses endogenous murine DCT. The VSV-hDCT 
induced T-cell responses to both MHC class I and II–associated 
DCT-specific epitopes, and these responses could be rapidly boosted 
with a previously characterized recombinant adenoviral vector 
expressing hDCT (Ad-hDCT) leading to improved prophylactic 
and therapeutic efficacy in an antimelanoma treatment regime.

Results
Construction of recombinant VSV vectors
Recombinant VSV-hDCT and VSV carrying the transgene for 
green fluorescent protein (GFP) were constructed as outlined 
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in Figure 1a. The characterization and application of VSV-GFP 
have been described previously.17 To confirm correct integration 
and expression of the hDCT gene in VSV-hDCT, MCA205 cells 
that do not express endogenous DCT were infected with VSV-GFP 
(Figure  1b) or VSV-hDCT (Figure  1c). Immunohistochemical 
staining using a DCT-specific antibody indicated robust 
expression of DCT protein in VSV-hDCT-infected MCA205 
(Figure  1c) and endogenous DCT protein in murine B16-F10 

cells (Figure 1d). Correct protein size was confirmed by western 
blotting (Figure 1e).

Tolerance of C57BL/6 mice to intranasal  
delivery of recombinant VSV
Intranasal administration of VSV has proven to be a well-tolerated 
and efficacious vaccination method in mice.24–26 Previous reports 
of the sensitivity of C57BL/6 mice to VSV infection have varied 
widely;27,28 therefore, we set out to evaluate the potential neuro-
toxicity of our recombinant VSV. We delivered various doses of 
recombinant VSV-GFP [106–109 plaque-forming units (pfu)] to 
C57BL/6 mice by intranasal instillation and assessed both sys-
temic and local reactions for at least 30 days. Expression of GFP 
observed by fluorescence microscopy was limited to olfactory 
nerves at day 3 (Figure 2a) but extended throughout the olfac-
tory bulbs by day 5 (Figure 2b). GFP expression decreased on day 
7 (Figure 2c) and disappeared on day 10 (data not shown). The 
expression of GFP was not visualized beyond the olfactory bulb 
at any time point (Figure 2b) and was not observed at the low-
est dose (1 × 106 pfu). Viral titration of infected brains with the 
olfactory bulbs removed did not yield any plaques at any infec-
tion dose, confirming that little or no VSV migrated into the brain 
hemispheres (data not shown). As summarized in Table 1, there 
were no mortalities or onset of hindlimb paralysis in mice at any 
dose. At doses ≥1  ×  107 pfu, mice displayed mild flu-like signs 
(i.e., sternutation and lethargy) between 5 and 8 days postinfection. 
Histological analysis of mice receiving ≥1 × 108 pfu of VSV-GFP 
revealed evidence of olfactory bulb atrophy 28 days postinfection 
but not at days 7 or 14 (Figure  2d). Atrophy was not observed 
at lower doses nor was any lesion apparent in other parts of the 
brain at any dose (data not shown). On the basis of these findings, 
1 × 107 pfu was deemed a safe dose for vaccination.

Induction of both CD4+ and CD8+ T-cell  
responses by VSV-hDCT immunization
Using Ad-hDCT as a xenogeneic vaccine, we and others have 
shown that activated CD8+ T cells can recognize an immunodom-
inant epitope, DCT180–188, shared between human and mouse that 
leads to protection against murine B16-F10 tumor challenge.6,29 
Furthermore, our recent studies demonstrated that the potency 
of Ad-hDCT is due to a heteroclitic helper epitope (DCT88–102) 
that greatly enhances CD8+ T-cell responses.6 Using these two 
defined epitopes, we quantified the frequency of antigen-specific 
CD4+ and CD8+ T cells following vaccination with VSV-hDCT 
and compared its potency with the Ad-hDCT vaccine. Compared 
to phosphate-buffered saline (PBS) controls, significant antigen-
specific interferon-γ-producing CD4+ and CD8+ T-cell responses 
were detected 7 days after VSV-hDCT immunization (Figure 3). 
Higher doses of VSV-hDCT did not enhance these T-cell responses 
(data not shown). Interestingly, Ad-hDCT induced a CD8+ T-cell 
response of 3.6 times greater magnitude than that of VSV-hDCT 
(P = 0.008; Figure 3a), whereas the CD4+ T-cell response to VSV-
hDCT was 2.4 times greater than that following Ad-hDCT vac-
cination (P = 0.003; Figure 3b). Because there is a Kb-restricted 
immunodominant epitope from the N protein of VSV that may 
influence DCT-specific cytotoxic T lymphocyte (CTL) immunity, 
we also measured the VSV-specific CD8+ T-cell response. Indeed, 
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Figure 1  Vector construction and expression of DCT in VSV-hDCT-
infected tumor cells. (a) VSV expressing hDCT or GFP was made by 
inserting the full-length sequence for hDCT or GFP between the G and 
L genes of the recombinant VSV-XN genome (Indiana serotype). (b–d) 
The presence of DCT in cytospins was detected as red color by using 
the αPEP8h primary antibody in immunohistochemical staining. Cells 
were counterstained with Mayer’s Hematoxylin, and images were cap-
tured at a magnification of ×200. (b) MCA205 fibrosarcoma cells that do 
not express DCT served as negative controls. (c) MCA205 cells infected 
with VSV-hDCT expressed DCT. (d) B16-F10 melanoma cells, a positive 
control, constitutively express endogenous murine DCT. (e) The αPEP8h 
antibody was also used for detection of DCT protein by western blotting 
of lysates from B16-F10 cells (positive control), A549 cells infected with 
VSV-hDCT, or A549 cells infected with VSV-GFP (negative control). GFP, 
green fluorescent protein; hDCT, human dopachrome tautomerase; VSV, 
vesicular stomatitis virus.
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the response to the immunodominant epitope of VSV was of 
much higher magnitude than the DCT-specific response 7 days 
following vaccination with VSV-hDCT (means of 10.0% versus 
0.2%, respectively; Figure 3c versus 3a).

Heterologous prime–boost vaccine dramatically 
increased the magnitude of the DCT-specific  
T-cell response
Because VSV-hDCT induced a robust CD4+ helper T-cell 
response and only a moderate CD8+ T-cell response against the 
transgene, we wondered whether priming the host with VSV-
hDCT would allow a potential boost by Ad-hDCT. To test this 
possibility, we first evaluated sequential immunization with VSV-
hDCT followed 14 days later by Ad-hDCT (VSV/Ad), a time 
point beyond the peak of primary CTL responses induced by 
VSV and other vectors. Indeed, examples of cytokine staining for 
interferon-γ shown in Figure 4a indicate that this heterologous 

vaccination approach induced a 46 times greater CD4+ and 
a 6  times higher CD8+ T-cell responses against DCT than the 
mean responses by Ad-hDCT immunization alone (Figure 4b,c). 
To determine whether enhanced T-cell responses were depen-
dent on the order of immunization, we reversed the priming and 
boosting inoculation. Immunization with Ad-hDCT followed by 
VSV-hDCT (Ad/VSV) also increased the CD4+ and CD8+ T-cell 
responses to 5 and 4 times higher, respectively, than Ad-hDCT 
alone (P = 0.001 and 0.0002; Figure  4b,c). Our results suggest 
these two vectors in either order can achieve the prime–boost 
effect, though the VSV/Ad combination was superior (P = 0.02 
for CD4 and P = 0.04 for CD8).

Rapid priming and boosting could be achieved 
without compromising the magnitude  
of the CD8+ T-cell response
Many viral vector–induced primary CTL responses peak at 
7–12 days. This kinetic and the level of primary CTL response 
could affect the efficacy of an early boosting immunization.30,31 
Considering the VSV-hDCT-primed CTL response was mod-
erate and the success in boosting the response at day 14, we 
hypothesized that CD8+ T cells might be boosted even earlier 
by secondary immunization with Ad-hDCT. Consistent with 
our hypothesis, data in Figure  5 indicate that levels of CD8+ 
T-cell responses similar to those achieved with a 14-day boost-
ing interval (Figure 4) could be obtained when this interval was 
shortened to 7 or even as few as 4 days (Figure 5a,b). However, 
enhancement of the CD4+ T-cell response was reduced at 
an interval of 7 days and completely diminished with  a 4-day 
interval.

Olfactory nerves, 3 days postinfectiona b

c d

Brains, 5 days postinfection

Brains, 7 days postinfection Brains, 28 days postinfection

1 mm

Figure 2  Vesicular stomatitis virus (VSV) infection is limited to the olfactory bulbs following intranasal delivery. Mice received intranasal 
phosphate-buffered saline (PBS) or VSV-GFP in 10 µl PBS. Doses ranged from 1 × 106 to 1 × 109 plaque-forming units (pfu). Intact brains from mice 
euthanized 2, 5, 7, and 10 days postinfection were evaluated by fluorescence microscopy for evidence of GFP expression. Shown are representative 
images from mice treated with PBS (left panel) and 1 × 108 pfu VSV-GFP (right panel). (a) Olfactory nerves, 3 days postinfection. (b) Brains, 5 days 
postinfection. (c) Brains, 7 days postinfection. (d) Brains were harvested at 7, 14, and 28 days postinfection, fixed in formalin, embedded in paraffin, 
sectioned and stained with hematoxylin and eosin to look for signs of neurotoxicity. Representative sections from mice 28 days after receiving PBS 
(left panel) and 1 × 108 pfu VSV-GFP (right panel) are shown. GFP, green fluorescent protein.

Table 1  Biosafety of recombinant VSV in C57BL/6 mice

Dose (pfu)

Clinical signs [no. of mice, days postinfection (if present)]

Sternutation Lethargy Hindlimb paralysis Mortality

1 × 106 0/10 0/10 0/10 0/10

1 × 107 6/10, 6–8 7/10, 6–8 0/10 0/10

1 × 108 10/10, 5–10 10/10, 5–10 0/10 0/10

1 × 109 10/10, 5–10 10/10, 5–10 0/10 0/10

Abbreviations: GFP, green fluorescent protein; pfu, plaque-forming units; 
VSV, vesicular stomatitis virus.
Mice were infected intranasally with various doses of recombinant VSV-GFP 
(Indiana serotype) and monitored for 30 days for clinical signs.
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Heterologous prime–boost vaccination  
provided greater protection against  
tumor challenge than Ad-hDCT alone
We hypothesized that higher magnitude T-cell responses induced 
by heterologous prime–boost vaccination would confer better 
protection against tumor challenge than either vector alone. To 
test this, mice were immunized with VSV-hDCT, followed by 
Ad-hDCT, the sequence that yielded the highest DCT-specific 
T-cell responses. A 7-day interval was chosen because it repre-
sented the shortest window that maximized the CD8+ T-cell 
response without excessively compromising induction of CD4+ 
T cells. A shorter interval is also better to accommodate therapeu-
tic models where the time frame for the treatment is often limited. 
We immunized mice with Ad-hDCT alone and then challenged 
with various numbers of B16-F10 cells (results for 1 × 104 and 
1 × 105 cells are not shown) to determine the dose at which protec-
tion was lost. As shown in Figure 6a, Ad-hDCT vaccination can 
protect against a subcutaneous tumor challenge of up to 1 × 106 

B16-F10 cells, confirming our previous results;8 sterile protection 
was lost at a dose of 2 × 106. Therefore, 2 × 106 cells were used 
to evaluate our prime–boost regime (Figure 6b). Consistent with 
their ability to activate CD8+ T cells, Ad-hDCT was more effective 
than VSV-hDCT as a single vaccine to confer protection against 
tumor growth (Figure 6a). When used together in a prime–boost 
strategy, however, VSV-hDCT priming enabled a booster immu-
nization with Ad-hDCT, leading to complete protection in 70% of 
the mice. Such an extended survival was not seen in the control 
group that received VSV-GFP followed by Ad-hDCT, confirm-
ing that the efficacy of the VSV-hDCT/Ad-hDCT prime–boost 
regime was due to enhanced antigen-specific immunity.
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Figure 3  VSV-hDCT immunization elicits antigen-specific CD4+ and 
CD8+ T-cell responses. C57BL/6 mice (n = 5/treatment) were immu-
nized with 1 × 107 plaque-forming units (pfu) of VSV-hDCT. Negative 
and positive controls received PBS and 1 × 108 pfu Ad-hDCT, respectively. 
Seven days later DCT-specific, blood-derived (a) CD4+ and (b) CD8+ 
T cells and (c) VSV-specific CD8+ T cells were quantified by flow cytome-
try after in vitro peptide restimulation and intracellular cytokine staining. 
Data shown are means plus standard error bars. Asterisks denote signifi-
cant differences compared to PBS control (P ≤ 0.05, by one-way analysis 
of variance). Ad, adenovirus; hDCT, human dopachrome tautomerase; 
IFN-γ, interferon-γ; PBS, phosphate-buffered saline; VSV,  vesicular 
stomatitis virus.
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Figure 4 S equential immunization with VSV-hDCT and Ad-hDCT 
generates a strong prime–boost effect. C57BL/6 mice (n = 5/group) 
were treated as follows: (i) PBS on days 0 and 14 (PBS), (ii) PBS on day 0  
and Ad-hDCT on day 14 (Ad-hDCT), (iii) VSV-hDCT on day 0 and 
Ad-hDCT on day 14 (VSV/Ad), and (iv) Ad-hDCT on day 0 and VSV-
hDCT on day 14 (Ad/VSV). Blood sampled on day 21 was used to quan-
tify T-cell responses by flow cytometry after in vitro peptide restimulation 
and intracellular cytokine staining. (a) Representative dot plots showing 
DCT-specific CD4+ (top row) and CD8+ (bottom row) T-cell responses 
in the PBS controls (first column), mice immunized with Ad-hDCT only 
(second column), and mice immunized with VSV-hDCT and subse-
quently boosted with Ad-hDCT (third column). A summary of CD4+ and 
CD8+ T-cell responses to DCT is shown in (b) and (c), respectively. Data 
shown are means plus standard error bars. Asterisks denote significant 
differences compared to PBS control (P ≤ 0.05, by one-way analysis of 
variance). Ad, adenovirus; hDCT, human dopachrome tautomerase; 
IFN-γ, interferon-γ; PBS, phosphate-buffered saline; VSV, vesicular 
stomatitis virus.
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Enhanced therapeutic efficacy of heterologous 
prime–boost vaccination in a multifocal  
metastatic lung cancer model
To evaluate the potential therapeutic efficacy of the heterologous 
prime–boost vaccine, we employed a lung metastasis model. In 
this model, lung surface tumor nodules can be counted, giving a 
quantitative assessment of tumor burden. Mice were challenged 
by intravenous injection of 1 × 106 B16-F10 cells. After three days, 
mice were treated with VSV-GFP (a control for priming immu-
nization) or VSV-hDCT. Seven days after VSV priming, mice 
were boosted with Ad-hDCT. Additional controls received PBS, 
Ad-hDCT, or VSV-hDCT alone. A comparable outgrowth of lung 
metastases (>600 tumor nodules per mouse) was observed in 
PBS-treated mice and those receiving a single VSV inoculation 
(Figure 7). In contrast, a significant reduction of metastatic nod-
ules (<400, P < 0.05) was achieved by Ad-hDCT immunization. 
This therapeutic efficacy could be further enhanced by preimmu-
nization with VSV-hDCT but not VSV-GFP (Figure 7, P < 0.01 
versus PBS controls, P < 0.05 versus Ad-hDCT).

Discussion
We have evaluated the potency of VSV as a novel vaccine vector, on 
its own or in combination with a recombinant Ad vaccine, against 
a self-TAA. In vitro and in vivo infection with recombinant VSV 
resulted in high-level transgene expression. Intranasal immuniza-
tion with VSV-hDCT elicited antigen-specific CD8+ and CD4+ 
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Figure 5  Heterologous vaccination with VSV-hDCT, followed by 
Ad-hDCT allowed rapid priming and boosting of the CD8+ T-cell 
response. C57BL/6 mice (n = 5/group) received 1 × 107 plaque-forming 
units (pfu) of VSV-hDCT, followed 4, 7, or 14 days later by 1 × 108 pfu 
Ad-hDCT. Single-immunized controls received phosphate-buffered 
saline on day 0 and 1 × 108 pfu Ad-hDCT on day 14. On day 21, antigen-
specific, blood-derived T cells were quantified by flow cytometry after 
in  vitro peptide restimulation and intracellular cytokine staining. The 
mean fold-increase in percentage of (a) CD4+ and (b) CD8+ T cells rela-
tive to the single-immunized controls are shown. Asterisks denote signifi-
cant differences (P ≤ 0.05, one-way analysis of variance). Ad, adenovirus; 
hDCT, human dopachrome tautomerase; VSV, vesicular stomatitis virus.

0
0 20 40 60

Days post-tumor challenge
80 100

PBS controls (1 × 106 B16-F10)
PBS controls (2 × 106 B16-F10)
VSV-hDCT (1 × 106 B16-F10)
VSV-hDCT (2 × 106 B16-F10)
Ad-hDCT (1 × 106 B16-F10)
Ad-hDCT (2 × 106 B16-F10)

120

20

40

60

80

100
a

%
 S

ur
vi

va
l

0
0 20 40 60

Days post-tumor challenge
80 100 120 140

20

40

60

80

100

PBS controls
Ad-hDCT
VSV-hDCT + Ad-hDCT
VSV-hDCT
VSV-GFP + Ad-hDCT

b

%
 S

ur
vi

va
l

*

Figure 6 E nhanced survival of mice following heterologous vacci-
nation and tumor challenge. (a) Single vaccination: C57BL/6 mice 
received PBS, 1 × 107 plaque-forming units (pfu) of VSV-hDCT or 1 × 
108 pfu of Ad-hDCT on day 0. On day 7, they were challenged sub-
cutaneously with 1 × 106 or 2 × 106 B16-F10 cells. (b) Prime–boost: 
mice received the following treatments on days 0 and 7, respectively. 
(i) PBS/PBS (PBS controls), (ii) PBS/Ad-hDCT (Ad-hDCT), (iii) PBS/VSV-
hDCT (VSV-hDCT), (iv) VSV-hDCT/Ad-hDCT (VSV-hDCT + Ad-hDCT), 
and (v) VSV-GFP/Ad-hDCT (VSV-GFP + Ad-hDCT). On day 16, mice 
were challenged subcutaneously with 2 × 106 B16-F10 cells. End point 
was defined as a tumor volume >1,000 mm3. Data are representative of 
three independent experiments. Asterisks denote significant differences 
compared to Ad-hDCT alone or VSV-GFP + Ad-hDCT (P ≤ 0.0013). 
Ad,  adenovirus; GFP, green fluorescent protein; hDCT, human dop-
achrome tautomerase; PBS, phosphate-buffered saline; VSV, vesicular 
stomatitis virus.
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Figure 7  Increased therapeutic efficacy of heterologous vaccination. 
To establish multifocal lung tumors, 1 × 106 B16-F10 cells were injected 
intravenously into C57BL/6 mice (n = 5/group) on day 0. Mice then 
received the following treatments on days 3 and 10, respectively. (i) PBS/
PBS (PBS controls), (ii) PBS/VSV-GFP (VSV-GFP), (iii) PBS/VSV-hDCT (VSV-
hDCT), (iv) PBS/Ad-hDCT (Ad-hDCT), (v) VSV-GFP/Ad-hDCT (VSV-GFP + 
Ad-hDCT), and (vi) VSV-hDCT/Ad-hDCT (VSV-hDCT + Ad-hDCT). On 
day 21, lungs were harvested and surface metastases enumerated. Data 
are representative of two independent experiments. Asterisks denote a 
significant difference compared to PBS control or VSV alone (P < 0.05). 
Ad, adenovirus; GFP, green fluorescent protein; hDCT, human dop-
achrome tautomerase; PBS, phosphate-buffered saline; VSV, vesicular 
stomatitis virus.
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T-cell responses that could be significantly increased by a booster 
immunization with Ad-hDCT. Mice immunized with VSV-
hDCT, followed by Ad-hDCT boosting were effectively protected 
against subsequent tumor challenge or early established tumors. 
Interestingly, the interval of the VSV/Ad heterologous vaccination 
could be shortened to 4–7 days making it a potential regimen to 
rapidly expand antigen-specific effector cells. Furthermore, VSV-
hDCT could increase CD4+ and CD8+ T-cell responses primed 
by Ad-hDCT suggesting the VSV vector is suitable for both prim-
ing and boosting of the immune response against a self-TAA.

Different from other reports,16,26 vaccination with VSV-hDCT 
as a single vector did not induce a robust CD8+ T-cell response 
against the transgene in our hands. It is likely that the coinci-
dence of immunodominant epitopes from both the transgene 
(DCT180–188) and the virus (RGYVYQGL) that share the same Kb 
allele resulted in clonal competition of antitransgene and antiviral 
CD8+ T cells. The fact that VSV-hDCT-induced CD8+ T-cell 
responses to the RGYVYQGL peptide were almost two orders 
of magnitude higher than those observed against DCT, confirms 
VSV as a vaccine vector does not have an inherent defect for MHC 
class I peptide presentation. Interestingly, compared to Ad-hDCT, 
immunization with VSV-hDCT produced a higher magnitude 
CD4+ T-cell response, which may be explained by its cytopathic 
property. The VSV used in this study is replication competent and 
cytolytic; it is possible that the transgene protein released by VSV-
infected cells could be reprocessed by host antigen-presenting 
cells leading to enhancement of MHC class II presentation.

The potency of heterologous prime–boost vaccines has been 
demonstrated in different disease models, though the underlying 
mechanisms remain to be fully understood.32 Both the magni-
tude and phenotype of activated primary CD8+ T cells have been 
suggested to affect the efficacy and interval of booster immuni-
zation, possibly because preactivated effector T cells can impair 
robust antigen presentation.33–35 This phenomenon has been 
interpreted as a negative feedback mechanism where recently 
activated CTL rapidly eliminate antigen-bearing dendritic cells 
and prevent naive or memory T cells from accessing the boost-
ing antigen.36 Because the CTL response activated by VSV was 
of low magnitude, similar to that observed following priming 
with DNA vaccines, a rapid boosting effect could be achieved 
due to the relative lack of antigen competition. Although the 
early development of memory T  cells by certain vaccines can 
be an alternative mechanism to facilitate amplification of T-cell 
responses by booster immunization, we were unable to address 
this possibility due to the low frequency of DCT-specific CTL 
induced by VSV.37,38 Another possible explanation is that VSV 
induced a robust hDCT-specific CD4+ T-cell response that may 
have provided help for the CD8+ T-cell expansion. Indeed, we 
have shown that CD4+ T cells specific for the heteroclitic helper 
epitope (DCT88–102) greatly enhance DCT180–188-specific CD8+ 
T-cell responses.6

It is interesting that the immunogenicity of the prime–boost 
regime in a reversed order (Ad/VSV) could also be achieved at a 
relatively short interval (14 days), though the underlying mecha-
nism is unclear. Previous studies, including ours, demonstrated that 
primary effector CD8+ T cells could eliminate antigen-carrying 
cells before they reached the lymph nodes and prevent a boosting 

immunization if it is delivered too soon.35,39 However, other studies 
have shown that VSV infection can result in a rapid distribution 
in secondary lymphoid organs that may bypass the elimination by 
circulating CTL and lead to de novo expression of the transgene in 
lymphoid organs.40,41 In that scenario, the antigen will be presented 
in the presence of a minimal number of effector CD8+ T cells, 
allowing engagement of memory or naive T cells for expansion. 
This possibility is currently under active investigation in our lab.

Our data confirmed that the recombinant version of VSV is 
relatively safe in C57BL/6 mice, especially at the dose we tested 
that enables a rapid and robust booster immunization without 
evidence of apparent local or significant systemic pathology. Our 
data extend the potential of VSV for anticancer treatment, as a 
vaccine vector for priming antitumor immunity against a self-
antigen, in addition to its traditional role as an oncolytic agent.42–45 
Future studies focusing on a combination of the immunothera-
peutic and oncolytic properties may unleash the full anticancer 
potential of this virus. The fact that VSV-primed CTL responses 
can be boosted quickly is of potential benefit in the treatment of 
diseases with short therapeutic windows, including cancer and 
antiviral therapy where both the magnitude and rapid generation 
of effector cells are critical.

Materials and Methods
Cells and culture conditions. Cells used included Vero (derived from 
African green monkey kidney), MCA205 (murine fibrosarcoma), B16-F10 
(murine melanoma), and L929 (murine fibrosarcoma) (American Type 
Culture Collection, Manassas, VA). Vero cells were grown in α-minimum 
essential medium supplemented with 10% heat-inactivated fetal bovine 
serum, 2 mmol/l l-glutamine, and antibiotics (all cell culture reagents 
from Invitrogen, Grand Island, NY). MCA205 and L929 cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium containing 10% fetal bovine 
serum, 2 mmol/l l-glutamine, and antibiotics. B16-F10 cells were grown in 
F11-minimum essential medium with 10% fetal bovine serum, 2 mmol/l 
l-glutamine, 5 ml sodium pyruvate, 5 ml minimum essential medium non-
essential amino acids, 5 ml vitamin solution, 55 µmol/l 2-mercaptoethanol, 
and antibiotics. All cultures were grown at 37 °C in a humidified atmo-
sphere with 5% CO2.

Recombinant VSV. A recombinant VSV of the Indiana serotype was 
engineered to express the hDCT gene by subcloning a full-length 
hDCT PCR fragment into the XhoI and NheI sites between the G and 
L genes (Figure  1a) of the plasmid pVSV-XN (provided by John Rose, 
Yale University School of Medicine, New Haven, CT). Recombinant 
genomes were rescued using standard techniques46 to generate replication-
competent VSV-hDCT. VSV was propagated and titered in Vero cell 
cultures. A VSV carrying the same pVSV-XN plasmid but with the full-
length GFP gene inserted into the genome was previously described and 
used as a control vector in this study.17

Characterization of DCT expression. To confirm successful construc-
tion of VSV-hDCT, MCA205 cells, which lack endogenous DCT, were 
incubated with the virus for 18 hours at a multiplicity of infection of 10. 
VSV-GFP-infected MCA205 and B16-F10 cells, which constitutively 
express endogenous murine DCT, provided negative and positive controls 
for DCT expression, respectively. DCT was detected in harvested cells by 
immunohistochemical staining and western blotting using a rabbit anti-
serum specific for DCT (αPEP8h; provided by Vincent Herring, National 
Cancer Institute, Bethesda, MD).

Mice. Age-matched (8–10 weeks old at initiation of each experiment) 
female C57BL/6 mice (H-2b) were purchased from Charles River 
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Laboratories (Wilmington, MA) and housed in specific pathogen-free 
conditions. Animal studies complied with Canadian Council on Animal 
Care guidelines and were approved by McMaster University’s Animal 
Research Ethics Board.

Determination of the appropriate VSV dose for intranasal administration. 
To determine the appropriate dose for in vivo immunization, anesthetized, 
supine mice received intranasal doses of VSV-GFP ranging from 1 × 106 to 
1 × 109 pfu in 10 µl of PBS and were monitored daily for 30 days for signs of 
illness. Using additional mice, hematoxylin and eosin staining of brain tis-
sues harvested 7, 14, and 28 days postinfection was performed to evaluate 
neurotoxicity. To visualize the location and kinetics of transgene expression 
following intranasal delivery of VSV-GFP, intact brains and lungs harvested 
from mice 2, 5, 7, and 10 days postinfection were viewed under a fluores-
cent microscope to determine the extent of GFP expression.

Recombinant Ad. The Ad-hDCT vector was an E1/E3-deleted human 
type 5 Ad that expressed the full-length hDCT gene and was propagated in 
293 cells and purified on a CsCl gradient as described previously.47

Peptides. Immunodominant peptides from DCT that bind to H-2Kb 
(Trp2180–188, SVYDFFVWL; shared by hDCT and murine DCT)48 and 
I-Ab (hDCT88–102, RKFFHRTCKCTGNFA)6 were synthesized by PepScan 
Systems (Lelystad, the Netherlands). The H-2Kb-restricted epitope 
from the N protein of VSV (RGYVYQGL) was purchased from Biomer 
Technologies (Hayward, CA).

Antibodies. The following monoclonal antibodies used for flow cytometry 
assays were purchased from BD Biosciences (San Diego, CA): anti-CD4-
PE-Cy5 (clone RM4-5), anti-CD8-PE-Cy7 (clone 53-6.7), and anti-interfe
ron-γ-antigen-presenting cells (clone XMG1.2).

Detection of DCT-specific T-cell responses. C57BL/6 mice were immu-
nized with VSV vectors in 10 µl of PBS by intranasal administration or 
Ad vaccines in 100 µl of PBS by intramuscular injection (50 µl/hamstring). 
For heterologous VSV/Ad prime–boost vaccination, intervals of 14, 7, and 
4 days between immunizations were evaluated. Antigen-specific T-cell 
responses were quantified by flow cytometric analysis 7 days after pri-
mary or secondary vaccination using blood samples. Mononuclear cells 
were stimulated with peptides (1 µg/ml) and brefeldin A (BD Biosciences; 
1 µg/ml) was added after 2 hours of incubation. After 6 hours of total incu-
bation time, cells were treated with Fc Block (BD Biosciences) and stained 
for surface expression of CD4 and CD8. Cells were subsequently permea-
bilized and stained for intracellular interferon-γ. Data were acquired using 
a FACSCanto with FACSDiva 5.0.2 software (BD Biosciences) and ana-
lyzed with FlowJo Mac Version 6.3.4 (Tree Star, Ashland, OR).

Prophylactic treatment of subcutaneous melanomas. To evaluate heter-
ologous prime–boost vaccine efficacy, mice were immunized intranasally 
with VSV-hDCT, followed 7 days later with intramuscular Ad-hDCT. Single 
immunization with either vector alone, VSV-GFP, or PBS was included 
as controls. Nine days after the single or second vaccination, 1–2  × 106 
B16-F10 cells in 100 µl of PBS were injected subcutaneously between the 
scapulae. Tumor volume (height × length × width) was measured using 
digital vernier calipers (Mitutoyo Canada, Toronto, Ontario, Canada) and 
deemed to be at end point when >1,000 mm3.

Therapeutic treatment of metastatic lung melanomas. Lung metastases 
were established by tail vein injection with 1 × 106 B16-F10 cells. Mice 
were treated intranasally with VSV-hDCT 3 days after tumor inoculation 
and boosted with intramuscular Ad-hDCT 10 days later. Control mice 
received one of the following inoculation pairs on days 3 and 10, respec-
tively: VSV-GFP and Ad-hDCT; PBS and Ad-hDCT; or two injections of 
PBS. Twenty-one days after tumor challenge, lungs were harvested and 
visible metastases were enumerated using a dissection microscope (Zeiss 
TLB3000 series; Diagnostic Instruments, Sterling Heights, MI).

Statistical analyses. T-cell response, tumor volume, and lung metastasis 
data were graphed and analyzed by Student’s two-tailed t-test, one- or two-
way analysis of variance using GraphPad Prism version 4.00 for Windows 
(GraphPad Software, San Diego, CA). Differences between means were 
considered significant at P ≤ 0.05. Means plus standard error bars are 
shown.
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