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Abstract

Live attenuated bacteria have great potential for use in vaccine development due to several unique advantages, includ-
ing stable antigen expression, effective antigen presentation, convenient and inexpensive delivery, and low cost of vaccine
production. In this study, we expressed hepatitis B virus x gene (HBx) on mouse melanoma cells as the target antigen and
constructed Salmonella-based HBx vaccines by two strategies, i.e., recombinant eukaryotic plasmid encoding HBx and a
recombinant prokaryotic plasmid encoding Type III secretion system effector-HBx fusion protein. Both HBx constructs
elicited significant levels of CTL reaction and IFN-c secreting T cells. When mice were challenged with melanoma cells
expressing HBx, tumor growth rates in immunized animals were significantly slower than controls. Tumor sizes and tumor
weight indices of immunized mice were also significantly lower than controls. We conclude that both strategies described in
this study may lead to novel approaches of tumor vaccines.
� 2008 Published by Elsevier Ireland Ltd.

Keywords: Tumor vaccine; Salmonella; Type III secretion system (TTSS); Hepatitis B virus x gene (HBx); Anti-tumor immunity
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O1. Introduction

Live attenuated bacteria have been used exten-
sively in vaccine development due to their unique
advantages as vaccine carriers: (1) stable in vivo anti-
gen expression; (2) effective antigen presentation; (3)
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components of bacterial cells serving as effective
immunological adjuvants; (4) convenient and inex-
pensive vaccine delivery with no associated trauma;
and (5) low cost of vaccine production. Attenuated
strains of Salmonella have all of these characteristics
and have been well studied [1,2].

Salmonella can survive and multiply in macro-
phages and other antigen presenting cells (APCs)
[3,4], which is a very useful feature of Salmonella

as antigen carriers for vaccine development. There
are reports indicating that live attenuated Salmo-
td.
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nella bacterial cells in macrophages could release
plasmids into eukaryotic cytoplasm by some
unknown mechanism [5]. This finding has inspired
the study and development of several vaccines with
antigen sequence inserted in eukaryotic plasmids,
which are then transformed into live attenuated Sal-

monella [5,6]. On the other hand, researchers are
also exploring the bacterial type III secretion system
(TTSS) for use in vaccine development. TTSS is a
needle-like structure expressed on bacterial cell-sur-
face [7,8]. It consists of two types of proteins: struc-
tural proteins and effectors. Effectors can be
secreted and translocated into host cells via the
TTSS needle complex. This translocation is medi-
ated by the N- terminal amino acid sequence of
effectors; changes in the C-terminal region of effec-
tors do not interfere with translocation [9–11].

In Salmonella, there are two types of TTSSs,
encoded by Salmonella Pathogenicity Island-1
(SPI-1) and Salmonella Pathogenicity Island-2
(SPI-2) and denoted as SPI-1 TTSS and SPI-2
TTSS, respectively [12–14]. The SPI-1 TTSS is
expressed and assembled in the early stages of infec-
tion, during which host cell invasion by bacteria is
facilitated by SPI-1 TTSS–host cell interaction
[4,12]. In contrast, SPI-2 TTSS is mainly assembled
in systemic infection stage, during which bacteria
reside within phagocytic vacuoles of the host cells.
SPI-2 TTSS ensures the necessary communication
between bacteria and host cells [12]. Both SPI-1
TTSS and SPI-2 TTSS have their unique effectors,
such as SopE, SopE2, and SptP for SPI-1, and
SspH2 and SifA for SPI-2.

TTSS effectors, or effector-antigen fusion pro-
teins, are secreted into the cytosol of macrophages
so that they can be processed to initiate MHC-I
restricted immune reactions [15–19]. In addition,
these proteins may also start MHC-II restricted
reactions via different mechanisms. Recently, Russ-
mann and colleagues utilized SspH2-fusion proteins
to immunize mice and achieved both significant
CD8+ and CD4+ T cell responses [20]. In their
studies, these researchers found that SspH2 works
better than SopE2 or SifA in the fusion proteins
in eliciting CD8+ or CD4+ T cell responses [20].
However, despite these exciting early results and
some additional TTSS-based vaccine studies [15–
19], no any such vaccine has been successfully devel-
oped to date.

Hepatocellular carcinoma (HCC) is one of the
most prevalent forms of human cancer worldwide
[21] and its development is strongly associated with
Please cite this article in press as: Y.-J. Wang et al., Two oral H
(2008), doi:10.1016/j.canlet.2007.12.022
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infections with hepatitis viruses, including hepatitis
B virus (HBV). HBx, an HBV-encoded protein with
multiple functions in cellular signal transduction
and HBV replication [22], has been recognized as
an important oncogene, closely relevant with the
carcinogenesis and development of HBV-induced
HCCs [23–25]. Several cytotoxic T lymphocyte
(CTL) epitopes have been mapped wiin HBx
sequence [26,27]. Vaccines based on HBx full-length
sequence or specific epitopes could elicit significant
immune reactions [28]. However, immunogenicity
of cancer antigens has been low, imposing a long-
existing hurdle in anti-tumor immunology. There-
fore, augmentation of the immunogenicity of cancer
antigens has been a long sought goal in the develop-
ment of effective vaccines. In this study, we
attempted to take the advantages of Salmonella as
a vaccine vector to elevate the immunogenicity of
cancer antigens, using HBx as a representative
tumor antigen in the experiments. We cloned HBx
into Salmonella by two strategies, one into a eukary-
otic plasmid and one into TTSS expressed as a pro-
tein fused to SspH2 (SspH2-HBx). When delivered
orally to the animal, both vaccine strains elicited
significant levels of protective immunity against
the transplanted melanoma tumor that expressed
the HBx antigen.

2. Materials and methods

2.1. Bacteria strains and cell lines

Salmonella typhimurium SL1344 and SL3261 were
obtained from Salmonella Genetic Stock Center, SGSC
(www.ucalgary.ca/�kesander). Bacterial strains were all
cultured in LB broth or on LB-agar plates [29]. B16
C57BL/6J mouse melanoma cells (ATCC Nos. CRL-
6475, H2-Kb) and RAW264.7 mouse macrophage cells
(ATCC No. TIB-71) were generously provided by Dr.
Hongyan Pang (Department of Pharmacology, Institute
of Materia Medica, Chinese Academy of Medical Sciences
& Peking Medical College, China). B16 cells were cultured
in RPMI 1640 (Invitrogen) + 10% calf serum (Invitro-
gen), and RAW264.7 cells were cultured in DMEM (Invit-
rogen) + 10% calf serum.

2.2. HBx gene amplification, cloning, and transfection

HBV-carrying serum was collected from a female
patient with acute hepatitis B and was kindly provided
by Dr. Jia Wang (Department of Microbiology, Peking
University Health Science Center, China). HBV genomic
DNA was isolated using DNAout reagent (Biolife Bio-
technology Co., Ltd., Beijing, China), and HBx was
Bx vaccines delivered by live attenuated ..., Cancer Lett.
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amplified using primers HBx-up-1 and HBx-down-1
(Table 1). Six repeated His codons were added to pri-
mer HBx-down-1 so as to obtain the HBx PCR prod-
uct with a 6�His tag at the 30 end. The resulting PCR
product was digested with XhoI and HindIII (Takara
Biotechnology Co., Ltd., Dalian, China), cloned into
pCDNA3.1-B (Invitrogen; abbreviated as PCDB), and
sequenced. The resulting plasmid was designated as
PCDB-HBx. PCDB and PCDB-HBx were transfected
into B16 cells as suggested by Sofast Cell Transfection
reagent kit (Biolife Biotechnology Co., Ltd., Beijing,
China). Briefly, approximately 2 lg of PCDB-HBx or
PCDB was added into 70% confluent B16 cells in cul-
ture medium containing Sofast transfection reagent.
After incubation for 6 h at 37 �C, cells were resus-
pended in fresh culture medium without transfection
reagent. G418 (Amresco) was added 24 h later at a
final concentration of 800 lg/ml to screen for transfec-
ted cells. This G418 concentration was maintained for
72 h, and then it was gradually reduced to 100 lg/ml
two weeks later. We chose well isolated colonies of
cells and transferred them to fresh culture plates to cul-
ture them separately. We then verified the effect of
transfection through RT-PCR and Western blot. PCDB
and PCDB-HBx were transformed into S. typhimurium

SL3261 by electroporation (Bio-Rad Inc.).
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2.3. Construction of plasmids with SspH2-fusions

SspH2 segment with the native promoter (�361 to
+ 642 nt from start codon) was PCR-amplified from S.

typhimurium SL1344 using primers NSspH-pro and
NSspH-rev (Table 1). Then the PCR product was digested
with BglII and EcoRI (Takara Biotechnology Co., Ltd.,
Dalian, China) and cloned into pET-28a plasmid (Nova-
gen) to generate pET-SspH. To create EcoRI and XhoI
ends, HBx was PCR-amplified using PCDB-HBx as the
template and HBx-up-2 and HBx-down-2 as primers
(Table 1). pET-SspH was then digested with EcoRI and
XhoI and ligated to HBx full-length segment to generate
U
N

C
O

Table 1
Primers used in this experiment

Primer name Primer sequence

HBx-up-1 50-CGCCTCGAGATGGCTGC
HBx-down-1 50-CGCAAGCTTCTAGTGGTG
HBx-up-2 50-GACGAATTCATGGCTGC
HBx-down-2 50-GTCCTCGAGGGCAGAGG
HBx-up-3 50-CCAATTTATGCCTACAGC
HBx-down-3 50-TCCACCACCCTGTTGCTG
G3PDH-F 50-GACAGATCTAGTTGCCTG
G3PDH-R 50-GACGAATTCGGTAAGAC
NSspH-pro
NSspH-rev

Please cite this article in press as: Y.-J. Wang et al., Two oral H
(2008), doi:10.1016/j.canlet.2007.12.022
pET-NSspH-HBx. All recombinant plasmids were chemi-
cally transformed into DH5a and selected by Kanamycin
at 50 lg/ml. Plasmids were transformed into S. typhimurium

SL3261 by electroporation.
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2.4. RT-PCR and Western blot

TRIzol reagent was used to extract total cellular RNA
from 70% confluent B16/PCDB-HBx and B16/PCDB
cells. RT-PCR was performed to examine HBx expression
with primers HBx-up-3 and HBx-down-3 (Table 1) by the
RT-PCR high-plus kit (TOYOBO Co., Ltd., Osaka,
Japan). For Western blots, B16/PCDB-HBx and B16/
PCDB cells were lysed with Triton X-100 solution
(Sigma), and total proteins were resolved by 12% SDS–
PAGE and transferred to PVDF membranes electropho-
retically. Fusion proteins were detected using rabbit
monoclonal anti-6His antibody (1:1000) purchased from
Tiangen Biotech Co., Ltd. (Beijing, China) as a primary
antibody. Horseradish peroxidase-conjugated Goat anti-
rabbit IgG antibody (1:2000, Beijing Biosynthesis Bio-
technology Co., Ltd., China) was used as secondary anti-
body. Binding was detected by enhanced
chemiluminescence. Rabbit b-actin (Beijing Biosynthesis
Biotechnology Co., Ltd., China) at 1:000 was used as an
internal control.

For detection of SspH2-HBx fusion protein expression
and translocation, we co-cultured RAW264.7 cells with S.

typhimurium SL3261 carrying pET-NSspH-HBx or pET-
NSspH as follows. Bacteria carrying corresponding plas-
mids were cultured with vigorous shaking in LB broth
with 0.3 M NaCl and 50 lg/ml Kanamycin at 37 �C for
3 h. The bacteria were then added to RAW264.7 cells that
had been starved for 1 h in Hank’s balanced salt solution
(HBSS) at a multiplicity of infection (MOI) of 30:1. The
cells and bacteria were co-cultured at 37 �C for 1 h. After
washing for three times with fresh HBSS, the cells were
incubated at 37 �C for 30 min in DMEM with 100 lg/ml
gentamicin to kill cell-surface attached bacteria. The cul-
ture supernatant was removed and the cells were washed
TAGGGTGTGCTG-30

GTGGTGGTGGTGGGCAGAGGTGAAAAAGTTG30

TAGGGTGTGCTGC-30

TGAAAAAGTTGCA-30 50-CCCGTCTGTGCCTTCTCATC-30

CTCC-30

TA-30 50-ACCACAGTCCATGCCATCAC-30

ATACGGATGAAAACC-30

CTGATTCTCCCAC-30

Bx vaccines delivered by live attenuated ..., Cancer Lett.
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for three times with fresh HBSS. Incubation was contin-
ued at 37 �C for 18 h before the cells were collected to
extract bacterial and host proteins. Total proteins were
quantitated, separated in 10% SDS–PAGE and Western
blotted using anti-6His monoclonal antibody as described
above.
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2.5. Oral immunization of mice with Salmonella carrying

recombinant plasmids

Forty female C57BL/6 mice, 6–8 weeks old, were pur-
chased from Experimental Animal Facilities of Peking
University Health Science Center (Beijing, China). The
mice were divided into eight groups, each containing five
mice. Four of the eight groups were used for lactate dehy-
drogenase (LDH) and ELISPOT assays, each immunized
with a Salmonella strain carrying either SL3261/PCDB,
SL3261/PCDB-HBx, SL3261/pET-NSspH or SL3261/
pET-NSspH-HBx; the other four groups were used for
tumor challenge experiments. The bacteria carrying
SL3261/PCDB and SL3261/PCDB-HBx were cultured in
LB broth plus 0.3 M NaCl and Kanamycin (50 lg/ml).
Each mouse was orally administrated twice with 108

CFU each of the bacterial strains at an interval of 14 days.
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2.6. CTL activity assay

Two weeks after the final immunization, three out of
the five mice in each of the immune response assay groups
were sacrificed and lymphocytes were isolated from the
spleens. LDH assay was performed as described [30].
Briefly, RBC-depleted splenocytes (1 � 106 cells/ml) were
co-cultured with mitomycin C-treated B16/HBX cells
(1 � 106 cells/ml) for 5 days, and then non-attached cells
were collected as effector cells. At ratios of Effector
cells:Target cells = 20:1 and 80:1, effector cells were incu-
bated with B16/HBx cells (5 � 105 cells/ml) in a 96-well
flat-bottom plate at 37 �C for 4 h, followed by centrifuga-
tion at 800g for 10 min. OD490 of the supernatants was
measured with Universal Microplate Reader. The per-
centage of cytotoxicity was calculated as follows:

%Cytotoxicity

¼ ODexperiment�ODeffector spontaneous�ODtarget spontaneous

ODtarget maximum�ODtarget spontaneous

� �

� 100

ODtarget maximum values were measured by treating target
cells with NP40 and then examining the OD490 values
of the supernatants for the total LDH level released from
cytoplasm.
308
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312
2.7. ELISPOT assay

Two weeks after the final immunization, two out of the
five mice in each of the immune response assay groups
Please cite this article in press as: Y.-J. Wang et al., Two oral H
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were sacrificed. Spleen lymphocytes were gathered for
IFN-c ELISPOT assays. Mouse IFN-c ELISPOT Kit
was purchased from U-CyTech Bioscience (Netherlands).
The procedure for ELISPOT assays was as described [31]
with modifications. Briefly, RBC-depleted mouse spleno-
cytes were co-cultured with mitomycin C-treated B16/
HBx cells (1:1 responder:stimulator ratio) with 25 U/ml
recombinant mouse IL-2 for 5 days. The reconstituted
splenocytes were added to 96-well mixed cellulose plates,
which had been pre-coated with anti-IFN-c antibody.
After incubation at 37 �C for 24 h, cells were removed.
Following three washes with HBSS, the plates were incu-
bated first with a biotinylated secondary antibody and
then with alkaline phosphatase-conjugated streptavidin,
followed by addition of freshly prepared AEC substrate
buffer. Spots were counted under a dissecting microscope.

2.8. Tumor challenge and immunological protection

analysis

Two weeks after the final immunization, each mouse
from the tumor challenge groups was inoculated subcuta-
neously into the right flank with 105 B16 cells in 100 ll
PBS. During the first week after inoculation, mice were
observed for tumor growth by palpation. When the tumor
became palpable, the size was measured with a caliper
ruler and recorded every day for one week. The volume
of tumor was calculated as: [(the maximum length) � (the
maximum width)2]/2. One week after the tumor was first
palpable, the mice were sacrificed and weighed, and the
tumors were dissected and weighed. Tumor weight index
was calculated by the formula: (tumor weight)/(body
weight).

2.9. Statistics

A two-tailed Student’s t-test was used to analyze the
inter-group differences in LDH-release assays, ELISPOT
experiments, tumor sizes or weight indices. All results
were presented as means ± standard error (SE). p < 0.05
was considered statistically significant.

3. Results

3.1. Cloning and expression of HBx gene

The HBx gene, PCR-amplified from HBV isolated in
a hepatitis B patient, had 91% DNA sequence identity
with the NCBI Refseq hepatitis B genome sequence
(NC_003977, Fig. 1A). The main differences in HBx
predicted protein included a deletion of an 8-amino acid
segment near the –COOH end and several single amino
acid changes (Fig. 1B), but no apparent changes in
identified or predicted antigenic epitopes were found.
A histidine tag was added to the 30-end for detection
of protein expression. The HBx-His sequence was
Bx vaccines delivered by live attenuated ..., Cancer Lett.
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Fig. 1. Sequence comparisons of the cloned HBx gene (Query) with that of reference HBV genome (Subject, Accession No. NC_003977).
(A) Nucleotide sequences; (B) amino acid sequences.
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Fig. 2. HBx expression in B16 cells. (A) RT-PCR result of B16
cells stably transfected with PCDB-HBx (lane 2) or PCDB (lane
3). Both HBx and G3PDH-specific primers (Table 1; HBx-up-3
and HBx-down-3 for HBx, product length: 241 bp; G3PDH-F
and G3PDH-R for control G3PDH gene, product length: 450 bp)
were used in the same reaction. (B) Western blot of B16 cells
stably transfected with PCDB-HBx (left) or PCDB (right). The
monoclonal antibody (Mab) against His epitope was used for
probing HBx recombinant protein. Anti-b actin Mab was used as
an internal control.

1            2 3          4

42 kD Ssp-HBx-His

Fig. 3. Western blot detection of SspH2-HBx fusion protein
expression under the control of SspH2 native promoter. Repre-
sentative results of RAW264.7 cells infected with S. typhimurium

SL3261 vaccine strains carrying pNSspH-HBx (lanes1 and 2) and
pNSspH (lanes 3 and 4) are shown. Lanes 1 and 3, cell pellets
(Triton X-100 insoluble parts); lanes 2 and 4, supernatant. These
results demonstrate that, whereas a major part of the expressed
fusion protein SspH-HBx-His seems to be still associated with the
bacteria, apparently a significant portion has been delivered to
the eukaryotic cells.
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cloned into plasmid pCDNA3.1-b (PCDB) to generate
PCDB-HBx. We transfected PCDB or PCDB-HBx plas-
mid into B16 cells and confirmed HBx expression by
RT-PCR (Fig. 2A) and Western blotting (Fig. 2B).
PCDB and PCDB-HBx plasmids were also transformed
into live attenuated S. typhimurium strain SL3261 for
use in animal experiments.

3.2. Expression of NSspH-HBx fusion protein in macro-

phages

The pET-28a vectors producing NSspH or NSspH-
HBx fusion proteins were transformed into the attenuated
S. typhimurium vaccine strain SL3261. RAW264.7 macro-
phage cells were infected with the SL3261 bacteria carry-
ing the DNA construct encoding NSspH or NSspH-HBx
fusions and analyzed for recombinant protein expression
with an anti-6His monoclonal antibody. Western blot
results demonstrated that both pellets and supernatants
contained a 42 kDa protein (SspH2-HBx fusion protein)
18 h after infection of RAW264.7 macrophage cells by
SL3261/pET-NSspH-HBx (Fig. 3).
Please cite this article in press as: Y.-J. Wang et al., Two oral H
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3.3. Specific CTL activities against HBx

LDH-releasing assay was performed on spleen lym-
phocytes to examine the CTL activity elicited by SL3261
carrying the HBx constructs two weeks after final immu-
nization of mice. The spleen cells from mice of the
PCDB-HBx-group caused considerable levels of cytotox-
icity (Fig. 4A). Similarly, the spleen cells from mice of
the pET-NSspH-HBx group also showed significant cyto-
toxicity (Fig. 4B), although the level of killing was not
comparable with that as seen in the PCDB-HBx group
(p < 0.01 at 20:1 or 80:1 E/T ratio).
3.4. Production of IFN-c by HBx-immunized mice

ELISPOT assays demonstrated significantly greater
numbers of IFN-c secreting lymphocytes from the spleens
of mice immunized with PCDB-HBx (Fig. 5A) or pET-
NSspH-HBx (Fig. 5B) than the controls. Like in the
CTL activity assays, mice immunized with PCDB-HBx
had higher production levels of IFN-c than those immu-
nized with pET-NSspH-HBx (Fig. 5A and B, p < 0.05).
3.5. Tumor inhibition of immunized mice

On the 13th day after tumor challenge, all five mice in
each group began to develop palpable tumors, except one
in the PCDB-HBx group, which developed tumor on the
14th day. Tumor growth was significantly inhibited in
mice immunized with either PCDB-HBx or pET-
NSspH-HBx, as reflected in the average tumor growth
curves of differently immunized mice (Fig. 6A). On the
19th day after tumor challenge, compared to controls,
the tumors on mice of both the PCDB-HBx and pET-
NSspH-HBx groups had apparently smaller average
tumor volumes (Fig. 6B). Similar trends were observed
from the average tumor weight indices on the 19th day
(Fig. 6C). We also compared tumor volumes between
groups on the 17th and 18th day, and similar results were
obtained. Interestingly, a similar magnitude of difference
Bx vaccines delivered by live attenuated ..., Cancer Lett.
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Fig. 4. LDH release assay. (A) LDH release elicited in C57BL
mice by SL3261 transformed with PCDB-HBx or PCDB with a
20:1(left) or 80:1(right) of effector to target ratio (effector cells:
RBC-depleted mouse lymphocytes; target cells: HBx-expressing
B16CL cells). (B) LDH release elicited in C57BL mice by SL3261
transformed with pNSspH-HBx or pNSspH with a 20:1(left) or
80:1(right) of effector to target ratio (effector cells: RBC-depleted
mouse lymphocytes; target cells: HBx-expressing B16CL
cells).The bars represent different vaccine types and the height
of bar represents the average LDH release percentage (n = 3)
elicited. pNSspH and pNSspH-HBx are the abbreviation of pET-
NSspH and pET-NSspH-HBx, respectively.
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PCDB-HBx vaccine or PCDB control. (B) Average number of
spot forming cells per 106 splenocytes of mice immunized with
pNSspH-HBx vaccine or pNSspH control. pNSspH and
pNSspH-HBx are the abbreviation of pET-NSspH and pET-
NSspH-HBx, respectively.
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seen in CTL and IFN-c assays between PCDB-HBx and
pET-NSspH-HBx groups were not seen for tumor volume
or weight index (Fig. 6B and C, p = 0.10 and 0.20 for the
measurements of tumor volume and weight index, respec-
tively, on 19th day).

We also noticed differences between the vectors: the
tumor seemed to grow more slowly in mice vaccinated
with PCDB than with pNSspH as judged by tumor vol-
ume (p = 0.04) or weight indices (p = 0.0007). The com-
Please cite this article in press as: Y.-J. Wang et al., Two oral H
(2008), doi:10.1016/j.canlet.2007.12.022
parisons were conducted on 19th day after tumor
inoculation and all the animals had been immunized
and challenged with tumor cells at the same time under
the same conditions. One explanation is that PCDB may
non-specifically stimulate the immune system, which will
need further investigations.

4. Discussion

In this study, we attempted to evaluate the anti-
tumor immune effects of two Salmonella mediated
vaccine strategies. In both strategies, we used HBx
as the target epitope, because this viral gene has
long been recognized as an important oncogene
[23,24] and several CTL epitopic peptides have been
Bx vaccines delivered by live attenuated ..., Cancer Lett.
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Fig. 6. Mouse melanoma growth inhibition. (A) Tumor growth
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different vaccines. (B) Average tumor volumes and (C) average
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with different vaccines on Day 19 after tumor cell inoculation.
pNSspH and pNSspH-HBx are the abbreviation of pET-NSspH
and pET-NSspH-HBx, respectively.
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mapped in the sequence [26,27]. There are reports
demonstrating the significant effects of the identified
HBx epitopes in eliciting immune responses [28].

By one of the strategies, i.e., using a eukaryotic
recombinant plasmid, we constructed PCDB-HBx,
which elicited considerable levels of specific immune
Please cite this article in press as: Y.-J. Wang et al., Two oral H
(2008), doi:10.1016/j.canlet.2007.12.022
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responses. By the other strategy, i.e., using TTSS for
delivering the epitope, we generated a vaccine strain
that harbored a vector coding for SspH2-HBx
fusion protein. LDH release and ELISPOT assays
as well as animal tumor challenging experiments
all demonstrated that this SspH2-HBx vaccine
could elicit protective immune responses against
B16 mouse melanoma cells bearing HBx. In the
in vitro assays, we noted that immune responses elic-
ited by SspH2-HBx were markedly lower than that
elicited by PCDB-HBx. However, we did not see
significant differences in immune protection between
SspH2-HBx and PCDB-HBx in animal tumor chal-
lenging experiments. Further studies involving lar-
ger numbers of animals and additional
immunological assays may provide insight into this
issue.

HBx as a tumor antigen is known to enhance the
carcinogenesis and development of hepatoma
[23,24]. The antigenicity and even T cell epitopes
have been delineated [26–28], opening great oppor-
tunities for development of effective vaccines.
Unfortunately, however, no HBx-related liver
tumor vaccines have been developed. In our experi-
ment, both eukaryotic and prokaryotic HBx recom-
binant plasmids could elicit significant immune
responses against HBx-expressing B16 mouse mela-
noma cells, demonstrating that both strategies could
effectively augment the immunogenicity of the anti-
gen epitopes and may eventually lead to novel vac-
cines against cancer. Admittedly, the differences
between B16/HBx cells and liver cells bearing HBx
are extensive. However, our study reported here
demonstrated that HBx-expressing mouse tumor
cells might be a useful experimental system for eval-
uating the effectiveness of tumor vaccines. The HBx
gene we cloned in this study was slightly different in
sequence from those previously published and the
main difference lies in loss of a small segment along
with a few nucleotide changes in our HBx sequence.
Bioinformatics analysis suggests that these nucleo-
tide changes have very little influence, if any, on
the overall immunogenicity of HBx protein (data
not shown).

In the TTSS-mediated vaccine strategy, we chose
reconstructive pET28a plasmid as expression vector
because it contains a replicon of moderate-number
copies, which ensures the reasonable abundance of
antigen protein without apparent toxicity to bacte-
ria [20]. The plasmid contains a 30-end His tag,
which can be used for detection of protein expres-
sion. The replacement of the T7 promoter with
Bx vaccines delivered by live attenuated ..., Cancer Lett.
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SspH2 native promoter region ensured the expres-
sion of the recombinant protein.

One of the main concerns in the development of
bacteria-mediated vaccines is the stability of anti-
genic epitope expression. For example, although
plasmid-meditated vaccines allow the expression of
quite long protein sequences, e.g., PCDB-HBx or
pET-NSspH-HBx in this study, with multiple
potential epitopes and adjuvant sequences, which
may enhance immunological effects, plasmids are
usually not stable even though some ‘‘balanced plas-
mids” have been developed [32]. Recently, other
groups as well as ourselves are developing a bacte-
rial chromosome-integral vaccines [33,34], in which
the stability of vaccine is greatly improved.
T
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
U
N

C
O

R
R

E
C

Acknowledgements

We thank Drs. Xiao-Ming Gao and Yue-Dan
Wang for careful reading and constructive com-
ments on this manuscript. This work was supported
by Specialized Research Fund for the Doctoral Pro-
gram of Higher Education (No. 20030001029), an
NSFC Grant (30370774), and a 985 Project Grant
of Peking University Health Science Center.

References

[1] P. Samuelson, E. Gunneriusson, P.A. Nygren, S. Stahl,
Display of proteins on bacteria, J. Biotechnol. 96 (2) (2002)
129–154.

[2] S. Spreng, G. Dietrich, G. Weidinger, Rational design of
Salmonella-based vaccination strategies, Methods 38 (2)
(2006) 133–143.

[3] A. Siebers, B.B. Finlay, M cells and the pathogenesis of
mucosal and systemic infections, Trends Microbiol. 4 (1)
(1996) 22–29.

[4] T. Kubori, J.E. Galan, Temporal regulation of salmonella

virulence effector function by proteasome-dependent protein
degradation, Cell 115 (3) (2003) 333–342.

[5] A. Darji, C.A. Guzman, B. Gerstel, P. Wachholz, K.N.
Timmis, J. Wehland, T. Chakraborty, S. Weiss, Oral somatic
transgene vaccination using attenuated S. typhimurium, Cell
91 (6) (1997) 765–775.

[6] R. Xiang, H.N. Lode, T.H. Chao, J.M. Ruehlmann, C.S.
Dolman, F. Rodriguez, J.L. Whitton, W.W. Overwijk, N.P.
Restifo, R.A. Reisfeld, An autologous oral DNA vaccine
protects against murine melanoma, Proc. Natl. Acad. Sci.
USA 97 (10) (2000) 5492–5497.

[7] T.C. Marlovits, T. Kubori, A. Sukhan, D.R. Thomas, J.E.
Galan, V.M. Unger, Structural insights into the assembly of
the type III secretion needle complex, Science 306 (5698)
(2004) 1040–1042.

[8] C.J. Hueck, Type III protein secretion systems in bacterial
pathogens of animals and plants, Microbiol. Mol. Biol. Rev.
62 (2) (1998) 379–433.
Please cite this article in press as: Y.-J. Wang et al., Two oral H
(2008), doi:10.1016/j.canlet.2007.12.022
E
D

P
R

O
O

F

[9] H. Russmann, T. Kubori, J. Sauer, J.E. Galan, Molecular
and functional analysis of the type III secretion signal of the
Salmonella enterica InvJ protein, Mol. Microbiol. 46 (3)
(2002) 769–779.

[10] C.E. Stebbins, J.E. Galan, Maintenance of an unfolded
polypeptide by a cognate chaperone in bacterial type III
secretion, Nature 414 (6859) (2001) 77–81.

[11] M.H. Karavolos, A.J. Roe, M. Wilson, J. Henderson, J.J.
Lee, D.L. Gally, C.M. Khan, Type III secretion of the
Salmonella effector protein SopE is mediated via an N-
terminal amino acid signal and not an mRNA sequence, J.
Bacteriol. 187 (5) (2005) 1559–1567.

[12] D.G. Guiney, M. Lesnick, Targeting of the actin cytoskel-
eton during infection by Salmonella strains, Clin. Immunol.
114 (3) (2005) 248–255.

[13] B.K. Coombes, N.F. Brown, Y. Valdez, J.H. Brumell, B.B.
Finlay, Expression and secretion of Salmonella pathogenicity
island-2 virulence genes in response to acidification exhibit
differential requirements of a functional type III secretion
apparatus and SsaL, J. Biol. Chem. 279 (48) (2004) 49804–
49815.

[14] T. Nikolaus, J. Deiwick, C. Rappl, J.A. Freeman, W.
Schroder, S.I. Miller, M. Hensel, SseBCD proteins are
secreted by the type III secretion system of Salmonella

pathogenicity island 2 and function as a translocon, J.
Bacteriol. 183 (20) (2001) 6036–6045.

[15] H. Russmann, H. Shams, F. Poblete, Y. Fu, J.E. Galan,
R.O. Donis, Delivery of epitopes by the Salmonella type III
secretion system for vaccine development, Science 281 (5376)
(1998) 565–568.

[16] D.T. Evans, L.M. Chen, J. Gillis, K.C. Lin, B. Harty, G.P.
Mazzara, R.O. Donis, K.G. Mansfield, J.D. Lifson, R.C.
Desrosiers, et al., Mucosal priming of simian immunodefi-
ciency virus-specific cytotoxic T-lymphocyte responses in
rhesus macaques by the Salmonella type III secretion antigen
delivery system, J. Virol. 77 (4) (2003) 2400–2409.

[17] H. Shams, F. Poblete, H. Russmann, J.E. Galan, R.O. Donis,
Induction of specific CD8+ memory T cells and long lasting
protection following immunization with Salmonella typhimu-

rium expressing a lymphocytic choriomeningitis MHC class I-
restricted epitope, Vaccine 20 (3–4) (2001) 577–585.

[18] H. Russmann, E.I. Igwe, J. Sauer, W.D. Hardt, A. Bubert, G.
Geginat, Protection against murine listeriosis by oral vacci-
nation with recombinant Salmonella expressing hybrid Yer-

sinia type III proteins, J. Immunol. 167 (1) (2001) 357–365.
[19] C.N. Kotton, A.J. Lankowski, N. Scott, D. Sisul, L.M.

Chen, K. Raschke, G. Borders, M. Boaz, A. Spentzou, J.E.
Galan, et al., Safety and immunogenicity of attenuated
Salmonella enterica serovar Typhimurium delivering an HIV-
1 Gag antigen via the Salmonella Type III secretion system,
Vaccine 24 (37–39) (2006) 6216–6224.

[20] K. Panthel, K.M. Meinel, V.E. Domenech, H. Retzbach, E.I.
Igwe, W.D. Hardt, H. Russmann, Salmonella pathogenicity
island 2-mediated overexpression of chimeric SspH2 proteins
for simultaneous induction of antigen-specific CD4 and CD8
T cells, Infect. Immun. 73 (1) (2005) 334–341.

[21] F.V. Chisari, C. Ferrari, Hepatitis B virus immunopatho-
genesis, Annu. Rev. Immunol. 13 (1995) 29–60.

[22] M.J. Bouchard, L. Wang, R.J. Schneider, Activation of
focal adhesion kinase by hepatitis B virus HBx protein:
multiple functions in viral replication, J. Virol. 80 (9)
(2006) 4406–4414.
Bx vaccines delivered by live attenuated ..., Cancer Lett.



562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584

585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607

10 Y.-J. Wang et al. / Cancer Letters xxx (2008) xxx–xxx

CAN 9188 No. of Pages 10, Model 3+

8 January 2008 Disk Used
ARTICLE IN PRESS
[23] C.M. Kim, K. Koike, I. Saito, T. Miyamura, G. Jay, HBx
gene of hepatitis B virus induces liver cancer in transgenic
mice, Nature 351 (6324) (1991) 317–320.

[24] J. Benn, R.J. Schneider, Hepatitis B virus HBx protein
deregulates cell cycle checkpoint controls, Proc. Natl. Acad.
Sci. USA 92 (24) (1995) 11215–11219.

[25] H. Tang, N. Oishi, S. Kaneko, S. Murakami, Molecular
functions and biological roles of hepatitis B virus x protein,
Cancer sci. 97 (10) (2006) 977–983.

[26] D. Loirat, F.A. Lemonnier, M.L. Michel, Multiepitopic
HLA-A*0201-restricted immune response against hepatitis B
surface antigen after DNA-based immunization, J. Immunol.
165 (8) (2000) 4748–4755.

[27] S. Malmassari, Y.C. Lone, M. Zhang, C. Transy, M.L.
Michel, In vivo hierarchy of immunodominant and subdomi-
nant HLA-A* 0201-restricted T-cell epitopes of HBx antigen
of hepatitis B virus, Microbes Infect. 7 (4) (2005) 626–634.

[28] E. Chun, J. Lee, H.S. Cheong, K.Y. Lee, Tumor eradication by
hepatitis B virus X antigen-specific CD8+ T cells in
xenografted nude mice, J. Immunol. 170 (3) (2003) 1183–1190.

[29] S.L. Liu, K.E. Sanderson, A physical map of the Salmonella

typhimurium LT2 genome made by using XbaI analysis, J.
Bacteriol. 174 (5) (1992) 1662–1672.
U
N

C
O

R
R

E
C

T
608

Please cite this article in press as: Y.-J. Wang et al., Two oral H
(2008), doi:10.1016/j.canlet.2007.12.022
P
R

O
O

F

[30] H. Zhang, W. Wang, Q. Li, W. Huang, Fusion protein of
ATPase domain of Hsc70 with TRP2 acting as a tumor
vaccine against B16 melanoma, Immunol. Lett. 105 (2)
(2006) 167–173.

[31] C.M. Vollmer Jr., F.C. Eilber, L.H. Butterfield, A.
Ribas, V.B. Dissette, A. Koh, L.D. Montejo, M.C.
Lee, K.J. Andrews, W.H. McBride, et al., Alpha-
fetoprotein-specific genetic immunotherapy for hepato-
cellular carcinoma, Cancer Res. 59 (13) (1999) 3064–
3067.

[32] R. Curtiss 3rd., J.E. Galan, K. Nakayama, S.M.
Kelly, Stabilization of recombinant avirulent vaccine
strains in vivo, Res. Microbiol. 141 (7–8) (1990) 797–
805.

[33] A.P. White, S.K. Collinson, J. Burian, S.C. Clouthier, P.A.
Banser, W.W. Kay, High efficiency gene replacement in
Salmonella enteritidis: Chimeric fimbrins containing a T-cell
epitope from Leishmania major, Vaccine 17 (17) (1999) 2150–
2161.

[34] X.X. Bu, A.P. White, L. Wang, S.L. Liu, Salmonella

fimbriae-based vaccine vector for expressing foreign
genes, Chinese J. Microbiol. Immunol. 26 (2006) 974–
978.
E
D

Bx vaccines delivered by live attenuated ..., Cancer Lett.


	Two oral HBx vaccines delivered by live attenuated Salmonella: Both eliciting effective anti-tumor immunity
	Introduction
	Materials and methods
	Bacteria strains and cell lines
	HBx gene amplification, cloning, and transfection
	Construction of plasmids with SspH2-fusions
	RT-PCR and Western blot
	Oral immunization of mice with Salmonella carrying recombinant plasmids
	CTL activity assay
	ELISPOT assay
	Tumor challenge and immunological protection analysis
	Statistics

	Results
	Cloning and expression of HBx gene
	Expression of NSspH-HBx fusion protein in macro-	phages
	Specific CTL activities against HBx
	Production of IFN- gamma  by HBx-immunized mice
	Tumor inhibition of immunized mice

	Discussion
	Acknowledgements
	References




