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DNA and adenovirus tumor vaccine expressing truncated survivin
generates specific immune responses and anti-tumor effects

in a murine melanoma model
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Abstract Survivin is overexpressed in major types of
cancer and is considered an ideal “universal” tumor-
associated antigen that can be targeted by immunothera-
peutic vaccines. However, its anti-apoptosis function raises
certain safety concerns. Here, a new truncated human
survivin, devoid of the anti-apoptosis function, was gen-
erated as a candidate tumor vaccine. Interleukin 2 (IL-2)
has been widely used as an adjuvant for vaccination against
various diseases. Meanwhile, the DNA prime and recom-
binant adenovirus (rAd) boost heterologous immunization
strategy has been proven to be highly effective in
enhancing immune responses. Therefore, the efficacy of a
new cancer vaccine based on a truncated form of survivin,
combined with IL-2, DNA prime, and rAd boost, was
tested. As prophylaxis, immunization with the DNA vac-
cine alone resulted in a weak immune response and modest
anti-tumor effect, whereas the tumor inhibition ratio with
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the DNA vaccine administered with IL-2 increased to 89 %
and was further increased to nearly 100 % by rAd boosting.
Moreover, complete tumor rejection was observed in 5 of
15 mice. Efficacy of the vaccine administered therapeuti-
cally was enhanced by nearly 300 % when combined with
carboplatin. These results indicated that vaccination with a
truncated survivin vaccine using DNA prime-rAd boost
combined with IL-2 adjuvant and carboplatin represents an
attractive strategy to overcoming immune tolerance to
tumors and has potential therapeutic benefits in melanoma
cancer.
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Introduction

Cancer ranks as the number one cause of death in eco-
nomically developed countries and the number two cause
of death in developing countries [1]. Vaccines are emerg-
ing as a promising treatment approach for cancer patients.
Many tumor-associated antigens (TAA) have been found as
good targets for immunotherapy and vaccine design. An
optimized cancer vaccine and therapeutic strategy should
combine immunogenic tumor antigens with the most
effective immunotherapy agents and/or delivery strategies
to ensure successful clinical results [2].

Among the large number of tumor antigens identified to
date, survivin has many characteristics that render it an
attractive target for anti-cancer therapy. As a novel mem-
ber of the inhibitor of apoptosis (IAP) protein family,
survivin is overexpressed in most types of cancers and
embryonic tissues, while it is not expressed in most normal
adult tissues [3]. Survivin expression is also positively
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correlated with chemoresistance, unfavorable prognosis,
and shortened patient survival, making it a potential target
for cancer treatment. Multiple strategies have recently uti-
lized survivin as a cancer immunotherapeutic target.
Immunization with a modified vaccinia Ankara (MVA)
vector expressing full-length murine survivin combined
with the chemical drug gemcitabine resulted in significant
tumor regression and prolonged survival in a murine pan-
creatic carcinoma model [4]. Efficient co-transduction of
adenoviral vectors encoding carcinoembryonic antigen and
survivin into dendritic cells by the CAR-TAT adaptor
molecule to enhance anti-tumor immunity has also been
demonstrated in a murine colorectal cancer model [5].
Furthermore, a human survivin DNA vaccine delivered by
intradermal electroporation was verified to induce antigen-
specific cytotoxic T lymphocytes (CTLs), suppress angio-
genesis, and confer protection against mouse melanoma [6].

However, survivin functions as an IAP and its overex-
pression in a wild-type form may be harmful. In the present
study, constructs expressing novel truncations of survivin,
S8, and S38, with deletions of 7 and 37 N-terminal amino
acids residues, respectively, were made based on the pro-
tein structure, function, and immunological characteristics.
These truncated forms of survivin were expected to lose
their anti-apoptosis function and, therefore, would both be
safer vaccine candidate antigens than the full-length pro-
tein. In order to preserve immunogenicity, S8 with the
smaller deletion was chosen as the candidate antigen for
the construction of a tumor gene-specific vaccine. Several
factors other than the antigen contribute to the efficacy of a
vaccine, such as the immunoadjuvant and delivery strategy.
In this study, the cytokine interleukin-2 (IL-2), which can
activate many immune cell types, including T and B
lymphocytes, macrophages, and NK cells, was chosen as
an adjuvant [7].

DNA vectors are currently accepted as ideal vaccines to
induce primary immunity and have certain advantages,
such as mimicking natural immunity, the option of giving
multiple immunizations, as well as the capability of
inducing high levels of memory CTLs [6]. Previous efforts
in targeting tumors using naked DNA vaccines have shown
anti-tumor effects in vivo [8-10]. However, no or only
modest tumor protection was reported for this type of
vaccine. At present, the recombinant adenovirus (rAd)
vector is one of the most widely used virus vectors in gene
therapy research and clinical trials, since it can express
exogenous antigens efficiently. rAd can be used to enhance
(boost) immunity with robust responses by inducing pro-
duction of various cytokines [11]. Since repeated vacci-
nation will induce an immune response to the adenovirus
vector itself and decrease efficacy of the vaccine, a DNA
prime-rAd boost strategy is presently considered an
effective strategy for vaccine immunotherapy [12].
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Despite evidence of primed effector T cells, many
studies have indicated that the failure of tumor vaccines in
clinical trials is likely due to the heterogeneity of tumor
cells, that is, not every tumor cell expresses the antigen
targeted by the vaccine. Therefore, the combination of a
vaccine with other therapies, such as chemotherapy [13],
may be more effective. In this study, we chose a widely
used anti-tumor chemotherapy drug carboplatin to test in
combination with our cancer vaccine.

The aim of this study, therefore, was to construct and
evaluate the immunogenicity and anti-tumor activity of a
DNA vaccine and rAd vaccine expressing a novel trunca-
tion of survivin. At the same time, the DNA prime-rAd
boost immunization strategy, IL-2 adjuvant, and carbo-
platin were used to enhance the immunogenicity and
effectiveness of the anti-tumor vaccine.

Materials and methods
Primers

The sequences of the oligonucleotides (synthesized by
Sangon Biotech Co. Ltd., Shanghai, China) used in this
study for amplifying survivin and its truncates and pro-
ducing the modified IL-2 by overlapping PCR are as
follows:

Pl: 5-CTGCAGTCGACGCCGCCACCATGGGTGCC
CCGACGTTG-3'; P2: 5-GGATCCGGT ACCAAGCTTA
ATCCATGGCAGCCAGC-3'; P3: 5-AGGGCTGCGCCT
GCGCTCCGGAACG GATG-3'; P4: 5-CATCCGTTCCG
GAGCGCAGGCGCAGCCCT-3’; P5: 5-TCTAGAGTCG
A CATGCCTGCCTGGCAGCCC-3'; P6: 5'-TCTAGAGT
CGACATGGCTGAGGCTGGCT-3'; P7: 5-TTCAAGTT
TTACATGCCTAAGAAAGCTACCGAGCTGAAACAT
CTGCAGTGTCTGG-3'; P8: 5-GTTCAGCACTTCTTCC
AGAGGCTTCAGTTCTTCTTCCAGACACTGCAGATG
TTTC-3'; P9: 5-CAACTACAAGAACCCTAAGCTGA
CAAGAATGCTGACCTTCAAGTTTTACATG CCTA-3';
P10: 5'-GTCTCTGGGTCTCAAGTGGAAATTCTTACT
TTGGGCCAAGTTCAGCA CTTCTTCCAGA-3; P11: 5'-
TACTCCTGGACTTGCAGATGATATTGAATGGCATT
AACAA CTACAAGAACCCTAAGC-3'; P12: 5-TCAGT
TCGAGGACGATCACGTTAATGTTGCTAA TCAAGT
CTCTGGGTCTCAAGTGG-3'; P13: 5-CAGCTCCACCA
AGAAGACACAGCTACAG CTCGAACACTTACTCCT
GGACTTGCAGAT-3'; P14: 5'-GTCAGCGTACTCACAC
ATGAAT GTTGTCTCAGATCCCTTCAGTTCGAGGAC
GATCAC-3'; P15: 5-CTCTGAGTCTGGCTCTG GTGA
CAAACAGTGCT CCTACATCCAGCTCCACCAAGAA
GACA-3'; P16: 5-TGATCCACC TGTTCAGAAACTCC
ACAATGGTAGCGGTCTCGTCAGCGTACTCACACAT
G-3'; P17: 5-G GATCCGCCATGTATAGAATGCAGCT
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GCTGTCTTGTATCGCTCTGAGTCTGGCTCTGGT-3';
P18: 5-AGATCTTCAAGTCAGGGTAGAGATGATGCT
CTGACAGAATGTGATCCACCTGTT CAGAA-3'. The
underlined nucleotides indicate sites of mutagenesis.

Construction and preparation of plasmids

The cDNA of human survivin and its truncated fragments
S8 and S38 were amplified from total RNA of HEK293
cells by RT-PCR using primer pairs P1/P2, P5/P2, and
P6/P2. After DNA sequencing, the amplified fragments
were cloned into the Sall/BamHI sites of the VR1012
vector (VR), generating VR-S, VR-S8, and VR-S38. The
survivin mutant VR-S-T34A was obtained by PCR-
mediated mutagenesis using the primer pair P3/P4 with
VR-S as template. The point mutation, ACC (Thr) to
GCT (Ala), was further verified by DNA sequencing. The
human IL-2 ¢cDNA (GenBank, BC070338) was human
codon-optimized and synthesized by overlapping PCR to
increase expression using six pairs of primers, P7-P18.
The modified IL-2 cDNA was cloned into the VR vector
at BamHI/BgIII sites to generate VR-IL2. All plasmids
were amplified in Escherichia coli ToplO cells and
extracted using a Qiagen Maxi purification kit with the
purity of 90 % for supercoiled DNA and 1 EU/mg of
endotoxins.

Construction and preparation of rAd vectors

The rAd vector expressing truncated survivin was obtained
using the AdMax™ Adenovirus Vector Creation System
(Microbix Biosystems). The S8 fragment with EcoRl/
BamHI sites was subcloned into the EcoRI/BglII sites of
the pDC316 shuttle vector. rAd was produced by homol-
ogous recombination between pBHGIoxAE1,3Cre, and
pDC316-S8 at the loxP or frt position when co-transfected
into HEK293 cells. Plaque formation observed about
10 days post-transfection indicated successful generation
of the rAd. After verification by PCR or Western blot
analysis, the rAd containing S8 (AD-S8) was amplified and
purified from cell lysates twice in CsCl density gradients,
as described previously [14]. Viral products were desalted
and stored at —80 °C in PBS containing 10 % glycerol
(v/v). The titer of the viral stock was determined using the
Reed and Muench method and expressed as 50 % tissue
culture infectious doses (TCID50).

Reagents

The following reagents were obtained commercially: cas-
pase-3 cellular activity assay kit (Cal Biochem), fetal
bovine serum (FBS) (Gibco), paclitaxel (PTX) and Lipo-
fectamine™ 2000 (Invitrogen), restriction enzymes (New

England Biolabs), Trypan blue (Takara), non-radioactive
cytotoxicity assay kit (Promega), ELISPOT kit (BD Bio-
sciences), VR empty vector (Vical), and mouse monoclo-
nal antibody against human survivin (Novus-Biologicals).

Cell culture and transfection

Cell lines Hela, COS-7, HEK293, Chang liver (human
normal liver cell), HepG2 (human liver cancer cell),
C2C12 (mouse skeletal muscle cell), and B16 (mouse
melanoma cell derived from C57/BL/6 murine, H-2 Db)
purchased from the Cell Bank, Chinese Academy of Sci-
ences were maintained in DMEM containing 10 % heat-
inactivated FBS. Cultured cells were incubated in a
humidified atmosphere containing 5 % CO, at 37 °C.
Transfection of cells with various mammalian expression
constructs by Lipofectamine™ 2000 was performed
according to the manufacturer’s specifications.

Stable cell line and mouse tumor model

The S{B16 cell line stably expressing full-length human
survivin was established in our laboratory. Female C57BL/6
(H-2 Db) mice (age, 6—8 weeks; weight, 18-22 g) were
purchased from the Beijing laboratory animal center and
hosted in appropriate animal care facilities. Three inde-
pendent experiments were performed to test the tumori-
genicity of S{B16 cells, and we confirmed that all mice
injected with at least 10° cells developed tumors.

Cell death and apoptosis assay

At 20-h post-transfection with various plasmids, Hela,
C2C12, Chang liver, and HepG2 cells were incubated with
PTX (80 nM) for another 24 h. The viability of Hela cells
was measured by the standard trypan blue exclusion
method by counting blue dead cells. Apoptosis of C2C12,
Chang liver, and HepG2 cells was determined by staining
with DAPI and counting the bright blue cells that contained
aberrant nuclei with large-scale chromatin condensation,
chromatin fragmentation, or apoptotic bodies. Data are
expressed as percentages of the control and are the means
of three independent experiments.

Capase-3 activity assay

Twenty hours after transfection, cells were treated with
PTX (80 nM). At 48 h after transfection, cells were har-
vested and disrupted in cell lysis buffer (50 mM HEPES,
1 mM DTT, 0.1 mm EDTA 0.1 % chaps, pH 7.4). Cas-
pase-3 activity in the cell lysate was then assayed accord-
ing to the instructions provided by the manufacturer of the
kit (Cal Biochem).
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Analysis of apoptotic DNA fragments

Twenty hours after transfection, cells were treated with
PTX (80 nM). Cells were harvested after another 24 h, and
then low-molecular-weight DNA was collected to analyze
apoptotic DNA fragmentation by agarose gel electropho-
resis as previously described [15].

Epitope prediction and synthesis

T cell epitopes from human survivin sequences were
determined as previously described by prediction of the
optimal proteasomal cleavage sites using the PAProC
algorithm (www.paproc.de) and by the prediction of
binding to H-2 Db MHC molecules using the SYFPEITHI
algorithm (www.syfpeithi.de) [6, 16]. The three highest
scoring SYFPEITHI peptides, S;9.s (STFKNWPFL),
S46-54 (CPTENEPDL), and Sgg 96 (SVKKQFEEL), were
selected and synthesized by Shanghai GL peptide Ltd.
at > 90 % purity.

Plasmid DNA and rAd immunization in C57BL/6 mice

Five groups of C57BL/6 mice were used (5 mice per
group). Immunizations were performed by intramuscular
injection with 100 pg of plasmid or 1 x 10® plaque-
forming units (pfu) rAd into the tibialis anterior muscles of
both legs (50 pg each) at 2-week intervals. Two weeks
after the final immunization, all mice were killed to collect
blood and spleens for the evaluation of humoral and cel-
lular immune responses.

Cytotoxicity assay

Cytotoxicity was measured by a standard lactate dehy-
drogenase (LDH) release assay with a non-radioactive
cytotoxicity assay kit as previously described [17].
Briefly, splenocytes from the immunized mice were
incubated at different effector cell-to-target cell ratios
(E:T) with 1 x 10* target cells labeled with the H-2
Db-restricted survivin peptide or S{B16 cells for at
least 4 h. The released LDH was assayed to ana-
lyze CTL activity according to the manufacturer’s
instructions.

IFN-y ELISPOT assay
Survivin peptide-specific IFN-y release of effector CD8" T

cells was detected with an ELISPOT kit according to the
instructions provided by the manufacturer. The reaction
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was terminated upon the appearance of dark purple spots,
which were quantitated using the Alphalmager System.

Anti-survivin antibody detection

The sera were incubated at 1:50 dilution on blocked
Western blot strips, which were prepared by separating
survivin-transfected cell lysates by SDS-PAGE and
transferring to nitrocellulose membranes for Western blot
analysis.

Tumor protection in C57BL/6 mice

C57BL/6 mice (8-15 per group) were immunized four
times with 100 pg of plasmid or 1 x 10® pfu rAd into the
tibialis anterior muscles of both legs at 2-week intervals.
The immunization schedule was the same as that outlined
in Fig. 4a. One week after the final immunization, the
mice were challenged subcutaneously with 5 x 10°
S{B16 viable cells in the right lower flank and monitored
daily for tumor development. Tumor width and length
were measured periodically with a caliper and esti-
mated using the formula: (length x widthz)/2 (cm3).
Tumors > 2 mm in diameter with progressive growth
were recorded as positive. The mice were monitored for
approximately 4 weeks after tumor challenge, and the
tumor-bearing mice were then killed for tumor weight

measurement. In survival studies, the animals were
monitored for approximately 50 days after tumor
challenge.

Tumor therapy in C57BL/6 mice

C57/BL/6 mice (8—15 per group) were injected subcuta-
neously with 5 x 10°> S{B16 viable cells per mouse on day
0. The vaccine group was then immunized intramuscularly
with 100 pg VR-S8 plus 100 pg VR-IL2 per mouse on day
1 and 8 and with 1 x 10® pfu AD-S8 per mouse on day 15.
Negative control mice were given 100 pl PBS, and positive
control mice were given carboplatin intraperitoneally four
times at 4-day intervals (0.5 mg/100 pl per mouse each
time). The combination group was immunized with the
vaccine and treated with carboplatin simultaneously.

Statistical analysis

All in vivo and in vitro experiments were performed at
least 3 times. For all statistical methods, values of
P <0.05 were considered significant and those of
P < 0.01 were considered highly significant. All statistical
analyses were performed with SPSS software.
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Results

Construction and expression of survivin and truncated
mutants

Several point mutations such as T34A, DS3A, and C84A
have been reported to eliminate the ability of survivin to
inhibit apoptosis [18-21]. However, whether the N-termi-
nal deletion of 7 or 37 amino acids in survivin (S8 and S38,
respectively) can affect its anti-apoptosis function has not
been studied. Therefore, we constructed expression vectors
for S8 and S38 as novel survivin mutants and used the
dominant negative Thr34 to Ala mutant of survivin
(S-T34A) as a control (Fig. 1a) [22, 23]. The expression
levels of survivin and these mutants in Hela cells are shown
in Fig. 1b. S8 was also subcloned into the adenovirus
vector, and the expression of this rAd in HEK293 cells is
shown in Fig. Ic.

Overexpressed S8 and S38 do not inhibit apoptosis
induced by treatment with PTX

To investigate the function of our novel survivin trun-
cations S8 or S38, we transfected Hela cells with various
plasmids, including VR, VR-S, VR-S-T34A, VR-S8, or
VR-S38. Twenty hours after transfection, cells were
treated with PTX (80 nM). After 24 h of PTX treatment,

S8, S38, and S-T34A transfected cells showed signifi-
cant levels of apoptosis characterized by the typical
morphological changes of apoptotic cell shapes from
spindle-like to round. The results of cell viability, DNA
fragmentation, and caspase-3 activity assays were similar
between the Hela cells with S8 and S38 and those with
S-T34A, which all had significantly greater levels of
apoptosis than did cells expressing wild-type survivin
(P < 0.05) (Fig. 2a—c). Similar results were also found in
other cells, such as C2C12, Chang liver, and HepG?2 cells
(Fig. 2d).

Predicted epitope is targeted by CD8" T cells in mice

The predicted H-2 Db-restricted epitope peptides were
tested in CTL assays in LDH release cytotoxicity assays.
The cytolytic activities of splenocytes from VR-S8
immunized C57/BL/6 mice challenged with S{B16 tumor
cells were assessed against MHC-matched B16 tumor cells
labeled with these peptides. The results showed that spe-
cific CTL responses were induced against Sy »g, Si6_s54
and Sgg 9. The responses to S;gg and Sgg_gg Were
stronger than that to S46_s4, and the response to Sgg_gs Was
modestly stronger than that to S;o_pg. Therefore, we used
the Sgg o6 peptide to measure CD8™ T cell responses in the
subsequent experiment. The results of CTL assays using
the E:T ratio of 33:1 are shown in Fig. 3.
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Fig. 1 Construction and expression of survivin, N-terminal trunca-
tion mutants of survivin, and IL-2. a Schematic diagrams of
constructs for survivin, S-T34A, S8, and S38. b Expression levels
of survivin and its mutants transfected in Hela cells were verified by

Western blot using an anti-survivin mAb. ¢ Expression of AD-S8 in
HEK293 cells. d Expression of VR-IL2 in COS-7 cells. e Schematic
diagram of the synthesis of modified human IL-2 by overlapping PCR
using six pairs of primers (BIR: baculovirus IAP repeat)
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Fig. 2 Overexpression of S8 or S38 does not inhibit apoptosis in
different types of cells induced by treatment with PTX. The ability of
S8 and S38 to affect cell viability was assayed by transfecting cells
(4 x 10° cells/well) in 6-well plates with 4 pg of each mammalian
expression vector. Twenty-four hours after transfection, cells were
incubated with PTX (80 nM) for another 24 h. a Viability of the Hela
cells was then measured with the standard trypan blue exclusion
method by counting blue dead cells. b Low-molecular-weight DNA

Specific humoral responses to survivin

We examined the potential of the DNA vaccine VR-S8
alone to induce survivin-specific antibody responses, the
efficiency of IL-2 as an adjuvant for the DNA vaccine, as
well as the DNA prime-rAd boost strategy for enhancing
humoral immunity using the immunization schedule shown
in Fig. 4a. The results showed that the mice injected with
VR-S8, VR-S8/VR-IL2, or VR-S8/VR-IL2/AD-S8 all
produced survivin-specific antibodies, and the response in
the VR-S8/VR-IL2 group was obviously stronger than that
of the VR-S8 group, but obviously weaker than that of the
VR-S8/VR-IL2/AD-S8 group (Fig. 4b).

Specific cellular immune responses to survivin
The CTL activities of splenocytes from immunized C57/

BL/6 mice (Fig. 4c, left and middle) were assessed against
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was collected from Hela cells and analyzed on ethidium bromide-
stained agarose gels. ¢ Caspase-3 activity was detected using the lysed
supernatant of Hela cells. d Apoptosis of C2C12, Chang liver, and
HepG2 cells was determined by staining with DAPI and counting the
bright blue cells that contained aberrant nuclei with large-scale
chromatin condensation, chromatin fragmentation, or apoptotic
bodies

MHC-matched B16 tumor cells labeled with an H-2 Db-
restricted survivin peptide Sgg_o and S{ B16 cells in LDH
release cytotoxicity assays. The results showed that a
weak specific CTL response was induced by the VR-S8
DNA vaccine alone. A higher specific CTL response was
induced by the VR-S8/VR-IL2 DNA vaccine, while the
specific lysis of the splenic lymphocytes from VR-S8/VR-
IL2/AD-S8-vaccinated mice was significantly increased
compared with that from VR-S8/VR-IL2-vaccinated mice
(P < 0.05).

The ELISPOT results shown in Fig. 4c (right) indicate
that survivin-specific CD8" T cells releasing IFN-y were
induced in mice immunized with VR-S8, VR-S8/VR-IL2,
and VR-S8/VR-IL2/AD-S8. Moreover, the average number
of IFN-y spots doubled in mice immunized with VR-S8/
VR-IL2 compared with that of mice immunized with
VR-S8 (P < 0.05). The average number of peptide-specific
IFN-y spots doubled in mice immunized with VR-S8/
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Fig. 3 Predicted survivin epitope peptides can be used to measure
CD8* T cell responses. Splenocytes were separated from five mice
immunized with VR-S8 and challenged with S{B16 tumor cells. CTL
activity was assessed by the LDH assay with B16 target cells labeled
with the predicted epitope peptides survivin S»g g, S46_54, and Sgg o6
at E:T ratio = 33:1 (**P < 0.01; ***P < 0.001)

VR-IL2/AD-S8 compared with that of mice immunized
with VR-S8/VR-IL2 (P < 0.01).

Tumor protective efficacy of the S8-based combination
vaccine

As shown in Fig. 5a and b, tumor growth was potently
inhibited in mice vaccinated with VR-S8/VR-IL2 relative
to mice immunized with VR-IL2 or VR-S8 alone, and the
tumors were significantly inhibited in mice boosted with
AD-S8 compared with those in mice given VR-S8/VR-
IL2 (P < 0.01). Moreover, complete tumor rejection
occurred in 5 of 15 mice, while no tumor rejection was
observed in the control group. Survival (Fig. 5¢) was
monitored and illustrated using a Kaplan—Meier plot,
which showed that 53.3 % of the mice in the AD-S8-
boosted group were alive at 50 days with survival pro-
longed by 35.6 %, whereas only 6.7 % of the mice in the
VR-S8/VR-IL2 and VR-S8 groups were alive with sur-
vival prolonged by 17 and 10.5 %, respectively. There
was a significant difference in survival of the VR-S8/VR-
IL2/AD-S8 group versus the VR-S8/VR-IL2 group
(P < 0.01 by log-rank test).

Synergistic effect of S8-based vaccine combined
with carboplatin in tumor therapy

Prior to the tumor therapy assessment, we performed an
independent experiment to compare the possible anti-tumor
effects of VR-S8/VR-IL2, AD-S8, VR-IL2/AD-S8, VR-S8/
VR-IL-2/AD-S8 and found that only VR-S8/VR-IL-2/AD-
S8 showed an anti-tumor effect (data not shown). There-
fore, only the VR-S8/VR-IL-2/AD-S8 combination vaccine
was tested in this study. Results of the tumor inhibition
experiment (Fig. 6a, b) showed that the vaccine or carbo-
platin treatment alone could potently delay tumor growth
compared with PBS (both P < 0.05). Moreover, the com-
bination of the vaccine with carboplatin could significantly
inhibit tumor growth (P < 0.001), and complete tumor
rejection was observed in 2 out of 15 mice. According to
the survival analysis shown in Fig. 6c, all mice in the
vaccine group were dead by day 44 after tumor inoculation,
whereas 7.1 % of mice in the carboplatin-treated group
remained alive, indicating that the survival was prolonged
by 13.07 %. However, by day 50 after tumor implantation,
21.4 % of mice in the vaccine/carboplatin combination
group remained alive, with survival significantly prolonged
by 25.89 % (P < 0.01) compared with PBS treatment.

Safety

The survivin-based vaccine was well tolerated in mice, and
no adverse events were observed during or after vaccina-
tion. The major organs (such as heart, liver, kidney, lung,
and spleen) of mice immunized with the DNA prime-rAd
boost regimen were removed for toxicity testing by
hematoxylin—eosin staining (data not shown), and the
results showed no toxic effects.

Discussion

Survivin has many advantages that make it an attractive
tumor antigen. Moreover, specific immune responses
against survivin have been detected in cancer patients [24].
Hence, survivin is likely to be an ideal “universal” TAA
for the development of cancer vaccines. At present, there
are several ongoing phase I and II clinical trials using
survivin-based immunotherapy. These studies are mostly
focused on the specific epitopes that elicit the most potent
immunodominant and immunoprevalent T cell responses
against survivin, with the likelihood that those inducing
both a CD8" and CD4" T cell response will be most
effective. Most of these trials are testing peptide vaccines
[25-29] or dendritic cell (DC)-based vaccines [30-33].
There are also many preclinical studies targeting survivin.
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Fig. 4 Survivin-based vaccine elicits specific humoral and cellular
immune responses. a Immunization schedule. b Western blot to verify
specific anti-survivin antibody responses in mouse sera collected from
immunized mice 1 week after the last immunization. The lysate of
COS-7 cells transfected with VR-S8 was used as the detection
antigen. Lane I, prestained protein marker; lane 2, positive control
with the anti-survivin mAb; lane 3, PBS group; lane 4, VR-IL2 group;
lane 5, VR-S8 group; lane 6, VR-S8/VR-IL2 group; lane 7, VR-S8/
VR-IL2/AD-S8 group. ¢ Survivin-specific functional CD8" T cells
induced by vaccination in C57BL/6 mice (left and middle) (E:T ratio,

Administration of survivin-based vaccines to experimen-
tal animals has been found to induce tumor regression in
several types of malignancies, including lung cancer [34],
pancreatic cancer [4], lymphoma, and neuroblastomas
[10].

However, using the wild-type survivin as a tumor anti-
gen in a vaccine is potentially dangerous due to its ability
to inhibit apoptosis. In order to improve the safety of a
tumor vaccine based on survivin, two N-terminal trunca-
tions of survivin were designed in this study according to
its structural and functional characteristics. Three residues
(leu6, pro7, trp10) in the N-terminus of survivin have been
shown to be key to its dimer formation [35] and highly
important for its anti-apoptosis function [36, 37]. In addi-
tion, survivins_;3 is an HLA-A2-restricted epitope [38—40].
Based on this information, the novel truncation S8 was
made with a 7 amino acid N-terminal deletion in survivin.
This truncation was expected to also affect dimerization
and thereby impact the function of the protein on cellular
apoptosis.

@ Springer

effector:target ratio). Splenocytes were pooled from five mice per
group immunized with survivin DNA vaccine alone, combined with
IL-2 adjuvant, or combined with a rAd boost. PBS and VR-IL2
groups were negative controls. The CTL lytic activity was assessed by
the LDH assay with target cells S{ B16 (leff) or B16 cells labeled with
the Sgg_9s CTL epitope peptide (middle). Data points represent mean
values of triplicate wells £ SEM. Released IFN-y was detected by
ELISPOT (right) and expressed as the average number of peptide-
specific spots formed in response to Sgg 96 among 1 x 10° cells from
each group (SFU, spot-forming units)

Thr34 is a CDC2/cyclin bl-specific phosphorylation
site, and it has been reported that the survivin point mutant
S-T34A is able to spontaneously induce apoptosis [22, 23].
In addition, the 38th amino acid residue of the human
survivin protein is methionine, which provides a translation
initiation signal for the expression of a truncated human
survivin protein. Accordingly, the second truncation tested
in this study S38 was constructed with a 37 amino acid
deletion in the N-terminal of survivin. We anticipated that
both S8 and S38 would not have the anti-apoptosis function
of the wild-type survivin. The abilities of S8 and S38
to affect cellular apoptosis after overexpression in Hela
cells were assessed using trypan blue exclusion, DNA
fragmentation assay, and caspase-3 activity assay, using
wild-type survivin and S-T34A as negative and positive
controls, respectively. The results of these three methods
confirmed that neither S8 nor S38 could inhibit apoptosis
induced by PTX in vitro (Fig. 2). In this study, we chose
the larger mutant S8 as the antigen for the construction of a
tumor recombinant DNA vaccine and adenovirus vaccine
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in order to retain as much of the protein as possible to
maximize the potential immune responses.

Many studies have shown that a heterologous immuni-
zation strategy is an effective strategy for enhancing
immune responses [41]. Here, in order to elicit a strong
specific immune response and effective anti-tumor activity,
DNA and rAd vectors expressing S8 were constructed for a

<« Fig. 5 Prophylactic immunization of mice with VRS8/VR-IL2 or

VRS8/VR-IL2/AD-S8 inhibits growth of survivin-expressing tumors and
prolongs survival of tumor-bearing mice. Female C57BL/6 mice were
vaccinated four times at 2-week intervals as described in Fig. 4a and
challenged with 5 x 10° S{B16 tumor cells subcutaneously | week after
the final vaccination. The tumor volume (a) was measured for 26 days
after tumor challenge. The mice were killed and tumor weights were
measured (b) on day 26 after tumor challenge. Tumor weights expressed
as mean = SD were as follows: PBS group = 1.18 &+ 0.47 g, VR-IL2
group = 1.07 £ 0.47 g, VR-S8 group = 0.95 + 045 g, VR-S8/VR-
IL2 group = 0.73 £ 039 g, and VR-S8/VR-IL2/AD-S8 group =
0.37 £ 0.29 g. Survival (¢) was monitored for 50 days, and the mean
survival times were as follows: PBS group = 33.92 + 1.36 days, VR-
IL2 group = 35.40 £ 1.70 days, VR-S8 group = 37.47 £+ 1.60 days,
VR-S8/VR-IL2  group = 39.67 £ 1.70 days, and VR-S8/VR-IL2/
AD-S8 group = 46.01 £ 1.60 days. (**P <0.01; ***P < 0.001;
#EEEP < 0.0001)

heterologous prime-boost immunization strategy. Mean-
while, human codon-optimized IL-2 was used as an
immunoadjuvant to further enhance the efficiency of the
vaccine. The experimental results demonstrated that the
S8 DNA vaccine alone elicited weak immune responses
and modest anti-tumor activity, while the IL-2 adjuvant
could obviously enhance the production of survivin-
specific CTLs and antibodies and anti-tumor efficacy.
As prophylaxis, immunization with VR-S8/VR-IL2
enhanced the tumor inhibition ratio by 89 % compared
with VR-S8. Thus, the DNA prime-rAd boost immuni-
zation strategy could remarkably improve vaccine-
induced immunity and anti-tumor activity. Furthermore,
rAd boosting after DNA priming enhanced the IFN-y-
secreting cellular response by nearly twofold in the
ELISPOT assays, while the prophylactic tumor inhibition
ratio and the prolonging of survival in tumor-bearing
mice was enhanced twofold.

Preliminary data on the combination of immunotherapy
with chemotherapy suggest a synergistic effect, opening
new avenues in cancer treatment [42]. In this study,
administration of the widely used chemotherapy drug car-
boplatin in combination treatment obviously enhanced the
anti-tumor effect over use of the tumor gene vaccine alone.
In the therapeutic study, the tumor inhibition ratio was
enhanced nearly threefold and the survival was prolonged
nearly twofold in tumor-bearing mice treated with the
vaccine and carboplatin compared with those given the
vaccine alone.

In summary, our results showed that the VR-S8 DNA
vaccine could induce both cellular and humor immune
responses, and the anti-tumor efficacy was enhanced
when combined with the IL-2 immunoadjuvant and
boosted by the recombinant AD-S8 vaccine. The VR-S8/
VR-IL2/AD-S8 combination vaccine is a potent formu-
lation that may be effective as a prophylactic strategy.

@ Springer



1866

Cancer Immunol Immunother (2012) 61:1857-1867

a Tumor Vaccinization Carboplatin Sarifice
0 18,15 15913 27 Days
‘;E 50 PBS Carboplatin SB/IL2/AD-S8  SBIIL2/AD-S8/Carbo
£ * vs PBS +vs PBS «sx Vs PBS
o 40 ++vs S8/L2/AD-S8
o
-
T 30
E
3 20-
g
> a0 =
o
E ol—F———— " — | L :
'2 13 18 23 28 13 18 23 28 13 18 23 28 13 18 23 28
Days after tumor challenge
Mice each 9 12 10 14
group
No tumor 0 0 0 2
mice
b 204 . . *** s PBS
5 **  vs S8/L2/AD-S8
—
D 1.5
— 'y
; 'Y
o ..
7] 1.0 4 hy
2 .
HEFE
0.5 4 Y
E . Ak
- :. " T
ug a
0.0 - » T Trener
PBS Carboplatin S8/IL2/AD-S8 S8/IL2/AD-S8/Carbo
Tumor Vaccinization Carboplatin
cC = 0 3 000000 0 9 e
0 18,15 159,13 50 Days

[
: LT
20~ i Carboplatin e le

.7 S8/L2/AD-58 _l._....._ o
0 - SB/L2/AD-SBICarbo
— T T T T T T
20 25 30 35 40 45 50

Days after tumor challenge

However, in order to obtain better therapeutic effects, the
vaccine should be combined with a chemotherapy drug,
such as carboplatin. Such a DNA prime-rAd boost
immunization strategy in combination with IL-2 and
carboplatin may become the new scheme in therapy for
survivin-expressing tumors.
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<« Fig. 6 Therapeutic immunization of mice with survivin-based vac-

cine with or without chemotherapeutic treatment. Treatment with the
VR-S8/VR-IL2/AD-S8 vaccine protocol, chemical drug carboplatin, or
the combination of both could inhibit the growth of survivin-expressing
tumors, and the combination treatment prolonged survival of the tumor-
bearing mice. Female C57BL/6 mice were inoculated with 5 x 10°
S{B16 tumor cells on day 0 and then treated as follows: VR-S8/VR-IL2
onday 1 and day 8; AD-S8 on day 15; carboplatin ondays 1, 5,9, and 13.
Tumor volumes (a) were measured for 27 days after tumor challenge.
The mice were killed and tumor weights were measured (b) on day 27
after tumor challenge. Tumor weights denoted as mean & SD were
as follows: PBS group = 1.81 = 0.88 g, VR-S8/VR-IL2/AD-S8
group = 1.39 4+ 0.84 g, carboplatin group = 0.82 £ 0.56 g, and VR-
S8/VR-IL2/Ad-S8/Carbo group = 0.53 £ 0.89 g. Survival (¢) was
monitored for 50 days, the mean survival times were as follows: PBS
group = 31.21 £ 1.28 days, VR-S8/VR-IL2/AD-S8 group = 33.93 +
1.67 days, carboplatin group = 35.29 4+ 1.53 days, VR-S8/VR-IL2/
AD-S8/Carbo = 39.29 £ 2.28 days (**P < 0.01)
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