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Abstract. Attenuated Salmonella can invade tumor cells and 
acts as a eukaryotic expression vector for gene propagation. We 
constructed a bi-gene, eukaryotic co-expression DNA vaccine of 
Mycobacterium tuberculosis heat shock protein 70 (mtHSP70) 
and Herpes simplex virus-thymidine kinase (HSV-tk) and used 
attenuated Salmonella as a vector to treat murine melanoma. 
In vitro, recombinant Salmonella can carry plasmid stably and 
can invade into the cytoplasm of B16 tumor cells expressing 
the protein of the mtHSP70/HSV-tk gene by Western blot 
assay. In vivo, after the recombinant Salmonella was injected 
into tumors, the HSV-tk precursor drug ganciclovir (GCV) was 
administered to start the HSV-tk killing of tumor cells. We 
found that the mtHSP70/HSV-tk recombinant bacteria can raise 
CD8+ T lymphocytes in peripheral blood by flow cytometry and 
in tumor tissues by immunofluorescence detection, increase 
IFN-γ contents in tumor tissue by ELISA and significantly 
suppress tumor growth.

Introduction

Gene vaccines are a new development in the field of cancer 
gene therapy (1). However, given the high polymorphism of 
major histocompatibility complex (MHC) antigens, the effec-
tiveness of gene vaccines varies greatly among tumor patients. 

Weak antigenicity is also a drawback (2). Thermal effects, 
heat shock protein (HSP) promoter and HSP can all boost 
the efficacy of suicide genes (3‑7). With strong antigenicity, 
Mycobacterium tuberculosis heat shock protein 70 (mtHSP70) 
has become an important immunological adjuvant. As one 
kind of antigenic vector molecule, it has so many epitopes of B 
cells and T cells as to elicit both cellular and humoral immu-
nity (8-10). Attenuated Salmonella can invade tumor cells, 
has limited replication in tumor cells and has a high tropism 
for solid-organ tumors. It also acts as a eukaryotic expression 
vector for gene propagation and it is easy to be cleared by 
antibiotics compared to viral vectors (11-14). Malignant mela-
nomas in the oral mucosa are the most malignant among all 
oral tumors. In this study, we constructed a bi-gene, eukaryotic 
co-expression DNA vaccine of mtHSP70 and Herpes simplex 
virus-thymidine kinase (HSV-tk) and employed the attenuated 
Salmonella as a vector to treat murine melanoma through an 
intratumoral injection.

Materials and methods

Animals, bacterial strains and cell line. All animal experi-
ments were done in compliance with the NIH Guidelines 
for the Care and Use of Laboratory Animals, under license 
no. 0041126 issued by the Research Center for Laboratory 
Animals, Sun Yat-Sen University.

Sixty 6- to 8-week-old C57BL/6J mice with a mean body 
weight of 20 g were purchased from the Research Center for 
Laboratory Animals, Sun Yat-Sen University. Murine mela-
noma B16 cells were obtained from the Shanghai Cell Bank of 
the Chinese Academy of Science. The attenuated Salmonella 
typhimurium strain 7207 (courtesy of Dr Chen Hong, Shanghai 
Second Medical University) (15).

Construction of the mtHSP70 and HSV-tk gene eukaryotic 
expression plasmid. GenBank was accessed to retrieve the 
mRNA sequences of HSV-tk and mtHSP70 genes. The primer 
design software, DNA Club, was used to design and amplify 
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the full‑length cDNA‑specific primer of genes HSV‑tk and 
mtHSP70. The HSV-tk (GenBank no. J02224) primer sequences 
were forward 5'-GCGGCCGCGCGCCTTGTAGAAGCGC 
GTA‑3', reverse 5'‑GCGGCCGCCCTTCCGGTATTGTCTCC 
TTCC‑3'. The upstream and downstream primers 5' were both 
introduced into the locus of the restriction endonuclease NotI 
(underlined sequence). The mtHSP70 (GenBank no. BX842573) 
primer sequences were forward 5'-CTCGAGCGCCTACATG 
GCTCGTGC‑3',  reverse  5'‑GAATTCTTCACTTGGCCTC 
CCGG‑3'. The upstream and downstream primers 5' were 
introduced into the loci of restrictive endonucleases XhoI and 
EcoRI (underlined sequence), respectively. The primer 
oligonucleo tide chain was synthesized. Either the pcDNA3‑tk 
plasmid (courtesy of Dr Qi-Cai Liu, Guangzhou Medical 
College) or the PVAX-mtHSP70-HSV2gD plasmid DNA 
(courtesy of Dr Jian-Yong Fan, Southern Medical University) 
was chosen as a template and the primer was made for each. 
The PrimeSTAR HS DNA polymerase (Takara Bio, Inc., 
Japan) was used for polymerase chain reaction (PCR). The 
HSV-tk and mtHSP70 gene cDNA fragments were harvested 
and recollected with a gel reagent kit (Qiagen, Inc., Germany). 
After adding an A‑tailing at 3', the target gene fragments of 
1192 bp (tk) and 1898 bp (mtHSP70) were linked to T vector 
pMD 18T (Takara Bio, Inc.). After transfection of E. coli TG1 
(NEB, Inc., UK), the primers specific for genes HSV‑tk and 
mtHSP70 gene were used for colony PCR. The positive recom-
binant plasmids pMD 18T-tk and pMD 18T-mtHSP70 were 
sequenced upstream and downstream and the results were 
compared with their homo genous gene sequences. The recom-
binant plasmids pMD 18T-tk and pMD 18T-mtHSP70, whose 
gene sequences were 100% homogenous and whose inserted 
restriction enzyme digestion loci were the same as the sequence 
recognized by a specific restriction enzyme, were employed to 
sub-clone the HSV-tk and mtHSP70 genes into PCMV-IRES-
EGFP (Invitrogen, Inc., USA). While constructing the plasmid 
PCMV-mtHSP70-IRES-TK, single NotI restriction enzyme 
digestion and double EcoRI and XhoI (NEB, Inc.) restriction 
enzyme digestion were conducted for restriction enzyme 
digestion analysis. In the meantime, the sub-cloning method 
was used to construct the control group plasmids pCMV-TK-
IRES-EGFP and pCMV-mtHSP70-IRES-EGFP. The 
corresponding restriction enzyme digestion system was 
constructed by double SalI and BamHI and EcoRI and XhoI 
(NEB, Inc.) for restriction enzyme digestion analysis.

mRNA and protein expressions of recombinant plasmid 
mtHSP70/HSV-tk gene in B16 cells. B16 cells were cultured in 
60-mm Petri dishes. Transfection was carried out according to 
the handling procedures specified in the Lipofectamine 2000 
transfection reagent kit (Invitrogen, Inc.). Transfection effi-
ciency was observed under fluorescence microscopy. The 
mRNA and protein expressions of the recombinant plasmid 
mtHSP70/HSV-tk gene in B16 cells were detected by RT-PCR 
and Western blot analysis. The mtHSP70 upstream specific 
primer was: 5'‑CGTCTCGGTTCTGGAAGGTGGC‑3';  the 
downstream specific primer was: 5'‑ATTGAAGTAGGCGGG 
CGTCGTG‑3';  the HSV‑tk upstream specific primer was: 
5'‑ATATAGACGGTCCTCACGGG‑3'; and the downstream 
specific primer was: 5'‑TAATCCAGGATAAAGACGTGC‑3'. 
The Western blot reagents of mtHSP70 were the mouse-derived 

anti-mtHSP70 primary monoclonal Ab and the goat anti-
mouse IgG secondary Ab (Santa Cruz Biotechnology, Inc., 
USA). The detection reagents of HSV-tk were the goat-derived 
anti-HSV-tk primary monoclonal Ab and rabbit anti-goat IgG 
secondary Ab (Santa Cruz Biotechnology, Inc.).

Recombinant Salmonella construct and its invasive effect 
on B16 cells. The competent Salmonella strain SL7207 was 
prepared (16). The plasmids of pCMV-mtHSP70-IRES-TK, 
pCMV-IRES-EGFP, pCMV-mtHSP70-IRES-EGFP and 
pCMV-TK-IRES-EGFP were transformed into Salmonella 
SL7207 (16) with an electroporator (Bio-Rad, USA). The 
corresponding recombinant Salmonella constructs were: 
SL7207/pCMV-mtHSP70-IRES-TK, SL7207/PCMV-
mtHSP70-IRES-EGFP, SL7207/PCMV-TK-IRES-EGFP 
and SL7207/PCMV-IRES-EGFP which were analyzed with 
restriction enzyme digestion. After restriction enzyme diges-
tion analysis, 4 recombinant Salmonella constructs as above 
were inoculated onto the Luria-Bertani (LB) solid culture 
medium for 20 generations of repeated propagation and the 
plasmids were then extracted. The stability of the attenu-
ated Salmonella SL7207 carrier plasmid was evaluated with 
restriction enzyme digestion analysis. In the meantime, B16 
cells were mixed with the 4 Salmonella strains, respectively 
at a ratio of 1:50 and co‑incubated at 37˚C for 30 min. The 
cells were washed twice with serum-free culture medium 
containing gentamicin (50 mg/l; Sigma, USA) to kill the 
extracellular bacteria. RPMI-1640 culture medium (Gibco, 
Inc., Australia) containing FBS 100 ml/l was incubated at 
37˚C for 4 h. Tetracycline (Sigma) was added to reach a final 
mass concentration of 10 mg/l (17), which was further culti-
vated for 36 h. The expression of EGFP was observed under 
a fluorescence microscope. Finally, the transfected B16 cells 
were observed under an electron microscopy for whether the 
recombinant Salmonella invading to B16 cells, and a Western 
blot assay was performed to detect the expression of the 
mtHSP70/HSV-tk protein.

Intratumoral injection of recombinant Salmonella against 
murine B16 tumors. The concentration of the murine mela-
noma strain of B16 cells was 107/ml. To establish the B16 
tumor-bearing animal model, 100 µl of B16 cell suspension 
fluid was injected subcutaneously on the right side of the backs 
of 60 pure-bred C57BL/6J mice. A vernier caliper was used to 
measure the tumor dimension once every 3 days. The tumor 
volume was calculated according to the formula (7): volume = 
length x width2 x 0.52.

When the tumor volume reached ~100 mm3, the 
animals were divided into 5 treatment groups of 12 tumor-
bearing mice each: i) an experiment group receiving 
intratumoral injections of recombinant Salmonella SL7207/
PCMV-mtHSP70-IRES-TK (Group HT); ii) control group 1 
receiving intratumoral injections of recombinant Salmonella 
SL7207/PCMV-mtHSP70-IRES-EGFP (Group H); iii) control 
group 2 receiving intratumoral injections of recombinant 
Salmonella SL7207/PCMV-TK-IRES-EGFP (Group T); iv) 
control group 3 receiving intratumoral injection recombinant 
Salmonella SL7207/PCMV-IRES-EGFP (Group Sa); and 
v) control group 4 receiving intratumoral injections of PBS 
(Group PBS). In the experimental group and control groups H, 
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T and Sa, 100 µl of 109 CFU/ml recombinant Salmonella was 
injected into the tumor at two sites; in control group PBS, 100 µl 
PBS was injected into the tumor at two sites. Recombinant 
bacterium or PBS was injected once. GCV 50 mg/kg dissolved 
in 0.5 ml PBS was injected intraperitoneally twice daily for 5 
consecutive days, beginning at 24 h after injection of recom-
binant Salmonella. This schedule was counted as one course, 
and three consecutive courses were administered. A vernier 
caliper was used to measure the long and short diameters of 
the tumors once in each group every 3 days. At the end of 
the third course, the tumor-inhibiting rate of each group was 
calculated according to the measured tumor volume.

Flow cytometry profiles of CD3+/CD4+ and CD3+/CD8+ in 
T lymphocytes and NK cells. At the end of the third course, 
0.6 ml of peripheral blood was drawn from the orbital region 
of 5 tumor-bearing mice from each group and put into an anti-
coagulant tube. The profiles of CD3+/CD4+, CD3+/CD8+ and 
CD3+/CD56+ in T lymphocytes and NK cells were analyzed 
with flow cytometry using fluorescently tagged rat anti‑mouse 
antibodies  of  CD8PE,  CD4PE,  CD3FITC  and  CD56PE 
(Becton-Dickinson, Inc., USA).

ELISA assay of IFN-γ levels in tumor tissues. Five tumor-
bearing mice were sacrificed by decapitation after peripheral 
blood was drawn. The tumor was extracted and weighed and 
the mean tumor-inhibition rate was calculated for each group. 
Each tumor sample was divided into three parts and prepared 

into a homogenate of 50 mg tissue/ml. The homogenate was 
centrifuged at 12000 x g at 4˚C for 15 min. After centrifuga-
tion, the supernatant was collected for ELISA. The level of 
IFN-γ in tumor tissue was assayed according to the instruc-
tions of the murine IFN-γ ELISA reagent kit (Sigma).

Figure 1. Construction of the mtHSP70 and HSV-tk gene eukaryotic expression plasmid and MTT assays. (A) Structure of the pCMV-mtHSP70-IRES-TK 
plasmid containing the sequence of mtHSP70 and HSV-tk. (B) mRNA and protein expressions of the recombinant plasmid mtHSP70/HSV-tk gene in B16 cells 
as detected by RT-PCR and (C) Western blot analysis. (D) Results of 6 separate MTT assays showing that the in vitro tumor-killing effect of plasmids containing 
the tk gene over B16 cells increased proportionally with the concentration of ganciclovir. The inhibition ratio was calculated. At a concentration of 50 µg/ml, 
the in vitro tumor-killing ratios of recombinant plasmids pCMV-mtHSP70-IRES-TK (blue curve) and pCMV-TK-IRES-EGFP (green curve) were 50.45 and 
46.96%, respectively. These values differed significantly from those for pCMV‑IRES‑EGFP (red curve) and pCMV‑mtHSP70‑IRES‑EGFP (yellow curve), 
P=0.000 vs. P<0.05.

Figure 2. Restriction enzyme verification on recombinant plasmid pCMV‑
mtHSP70-IRES-TK by NotI and EcoRI+XhoI (left); restriction enzyme 
verification on recombinant plasmid pCMV‑TK‑IRES‑EGFP by SalI and 
BamHI (middle); restriction enzyme verification on recombinant plasmid 
pCMV-mtHSP70-IRES-EGFP by XhoI and EcoRI (right).
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Immunofluorescence distribution of CD8+ lymphocytes in 
tumors. Tumor tissue was fixed with 10% formalin, embedded 
in paraffin, stained with H&E and mounted on slides. 
According to the instructions of the immunofluorescence 
detection reagent kit, rat anti-mouse CD8PE antibody with 

a red fluorescent tag was used to analyze the distribution of 
CD8+ lymphocytes in the tumor (Becton-Dickinson, Inc.).

Electron microscopic evaluation of morphological changes in 
tumor cells. The prefixation fluid was used to fix tumor tissue 

Figure 3. Fluorescent  image of B16 cells  transfected by PCMV‑mtHSP70‑IRES‑TK(P-HT), PCMV-mtHSP70-IRES-EGFP(P-H), PCMV-TK-IRES-
EGFP(P‑T), PCMV‑IRES‑EGFP (mock); magnification x200.

Figure 4. (A) Plasmids extracted from recombinant Salmonella typhimurium SL7207/PCMV‑mtHSP70‑IRES‑TK underwent restriction enzyme verification 
by single restriction enzyme of NotI (tk) and double restriction enzymes of EcoRI and XhoI (mtHSP70), respectively, (A‑a) first passage; (A‑b) after 20 
passages. (B) Plasmids extracted from recombinant Salmonella typhimurium SL7207/PCMV‑IRES‑EGFP underwent restriction enzyme verification by 
single restriction enzyme of KpnI, (B‑a) first passage; (B‑b) after 20 passages. (C) Plasmids extracted from recombinant Salmonella typhimurium SL7207/
PCMV‑mtHSP70‑IRES‑EGFP underwent restriction enzyme verification by double restriction enzymes of EcoRI and XhoI, (C‑a) first passage; (C‑b) after 20 
passages. (D) Plasmids extracted from recombinant Salmonella typhimurium SL7207/PCMV‑TK‑IRES‑EGFP underwent restriction enzyme verification by 
double restriction enzymes of SalI and BamHI, (D‑a) first passage; (D‑b) after 20 passages.
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for morphological observation under electron microscopy to 
show the influence of recombinant vaccine on tumor cells and 
the tumor microenvironment.

Results and Discussion

Vector construction and cell transfection expression. 
Restriction enzyme digestion analysis confirmed the 
successful construction of the recombinant plasmids (Fig. 1A): 
pCMV-mtHSP70-IRES-TK, pCMV-TK-IRES-EGFP and 
pCMV-mtHSP70-IRES-EGFP (Fig. 2); pCMV-IRES-EGFP 
was taken as blank control. The above plasmids and the 
recombinant plasmid containing EGFP were transfected into 
B16 cells. After 48 h, the cell expressed a green fluorescence 
of around 70% (Fig. 3). Within the RT‑PCR reaction product 
of the recombinant plasmid transfected B16 cells, a product 
identical in size to the target gene primer was found (Fig. 1B). 
The Western blot analysis showed that the pCMV-mtHSP70-
IRES-TK plasmid transfected B16 cells expressed the 
mtHSP70 and HSV-tk proteins. The mtHSP70/HSV-tk plasmid 
also expressed the mtHSP70 and HSV-tk proteins (Fig. 1C).

Construction of the recombinant Salmonella strains and elec-
tron microscopic observations of its invasiveness in B16 cells. 

The plasmid was extracted from the recombinant Salmonella 
and restriction enzyme digestion analysis was conducted 
for the corresponding restriction enzyme digestion system. 
Electrophoresis of all restriction enzyme digestion products 
revealed a specific map of restriction enzyme digestion, which 
indicated that the recombinant Salmonella was successfully 
constructed. After restriction enzyme digestion analysis, 
four recombinant Salmonella: SL7207/pCMV-mtHSP70-
IRES-TK, SL7207/PCMV-mtHSP70-IRES-EGFP, SL7207/
PCMV-TK-IRES-EGFP and SL7207/PCMV-IRES-EGFP 
were inoculated respectively onto the Luria-Bertani (LB) solid-
culture medium for 20 generations of repeated propagation, 
after which the plasmids were extracted. The corresponding 
restriction enzyme digestion system was used for analysis. 
As expected, the results indicated that the carrier plasmid 
of the recombinant Salmonella as above was stable (Fig. 4). 
After transfection with the recombinant bacteria, the B16 
cells appeared rounded under light microscopy. At 36 h after 
transfection, the recombinant bacterium containing EGFP 
expressed a strong green fluorescent signal under fluore scence 
microscopy and the expression rate was around 95% (Fig. 5A). 
Under electron microscopy, the cytoplasm of the B16 tumor 
cells was observed to have been invaded by multiple recombi-
nant bacteria. The cells were also swollen (Fig. 5B). Western 

Figure 5. Recombinant Salmonella construct and its invasive effect on B16 cells. (A) Under fluorescence microscopy 36 h after transfection. The recombinant 
bacteria containing EGFP expressed a strong green fluorescent protein (photos on the left; photos on the right were taken under visible light; magnification 
x200). The expression rate was around 95%. (HT, SL7207/PCMV-mtHSP70-IRES-TK; H, SL7207/PCMV-mtHSP70-IRES-EGFP; T, SL7207/PCMV-TK-
IRES-EGFP; Sa, SL7207/PCMV-IRES-EGFP). (B) Electron micrographs of recombinant Salmonella typhimurium infecting murine melanoma B16 cells. 
Multiple bacteria (arrows) are present in the cytoplasm of the cells. (C) Western blot analysis revealed that recombinant bacterial transfected B16 cells 
expressed the relevant proteins of the target genes. HT, SL7207/PCMV-mtHSP70-IRES-TK; mtHSP70, SL7207/PCMV-mtHSP70-IRES-EGFP; TK, SL7207/
PCMV-TK-IRES-EGFP; Mock, SL7207/PCMV-IRES-EGFP.
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blot analysis revealed that all recombinant bacterial trans-
fected B16 cells expressed the relevant proteins of the target 
genes (Fig. 5C). Sizemore and colleagues (18) proposed that 
intracellular bacterium should be the third inoculation method 
of nucleic acid vaccine. As one kind of invasive intracellular 
bacteria, Salmonella is a gram-negative intestinal pathogen 

(19) that was the first recombinant bacterial vector for antigenic 
presentation (20,21). Attenuated Salmonella can invade tumor 
cells, although its replication in tumor cells is limited and it 
has a high level of tropism for solid-organ tumors (11,12). It 
has also been employed as a eukaryotic expression vector for 
gene delivery (13). Its interaction with the host is mediated 

Table I. Tumor growth characteristics in C57BL/6J mice transfected with murine melanoma B16 cells and treated with a bi-gene, 
eukaryotic co-expression DNA vaccine of Mycobacterium tuberculosis heat shock protein 70 and Herpes simplex virus-thymidine 
kinase administered with attenuated Salmonella as a vector.

 Treatment group
 -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  HT H T Sa PBS P-value

Tumor volume (mean ± SD), mm3

  Before treatment  101.54±4.52  101.54±4.36  100.37±3.74  100.18±6.41  97.27±10.95  0.528>0.05
  After treatment  1366.77±401.15a  2351.34±819.08b 2511.09±809.11c 2902.58±621.52d 6958.62±1200.40e 0.000<0.05

Tumor-inhibition rate by volume, %e

  After treatment  80.3  66.2  63.9  58.3  ‑

Tumor weight (mean ± SD), g
  Post‑mortem  1.9586±1.1095  3.0433±1.6854  3.3943±1.5035  3.9327±0.6607  8.9173±1.1803  0.000<0.05

Tumor-inhibition rate by weight, %
 After treatment 78.0 65.9 61.9 55.9 -

aGroup HT differed significantly from all other groups at the 0.05 level. bGroup H differed significantly at the 0.05 level only from Groups HT and PBS. cGroup 
T differed significantly at  the 0.05  level only from Groups HT and PBS.  dGroup Sa differed significantly at  the 0.05  level only from Groups HT and PBS. 
eCalculated as: Group PBS mean tumor volume-experiment group mean tumor volume/Group PBS mean tumor volume x100%. HT, SL7207/PCMV-mtHSP70-
IRES-TK; H, SL7207/PCMV-mtHSP70-IRES-EGFP; T, SL7207/PCMV-TK-IRES-EGFP; Sa, SL7207/PCMV-IRES-EGFP.

Figure 6. Pathological analysis. The H&E-stained tumor slides show large 
patches of necrosis in Group HT. In Groups H, T and Sa, pathological 
analysis showed local necrosis lesions. In Group PBS, the tumor tissue shows 
no marked cellular changes (H&E; magnification x200).

Figure 7. CD8+ T lymphocytes detected by immunofluorescence in tumor 
tissue. Large quantities of CD8+ T lymphocytes (red) were detected by 
immunofluorescence in tumors after treatment with the recombinant vaccine 
in Group HT, and some appear in Group H, T and Sa, but no CD8+ T lympho-
cytes were detected in Group PBS (magnification x200).
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by a Type III secreting mechanism, through which the bacte-
rial protein is transferred into eukaryotic cells (22,23). Some 
researchers believe that the release of DNA vaccine generally 
occurs after the natural autolysis of the recombinant bacterium 
carrying the DNA vaccine (24).

Intratumoral injection of recombinant Salmonella against 
murine melanoma. Tumor volume was not significantly 
different among groups at the start of treatment but was 
different after treatment (Table I). Pairwise comparisons 
showed that the mean tumor volume in Group HT was 
significantly lower than those of all other groups (Table I). 
Mean tumor volumes in Groups H, T and Sa did not differ 
from each other but were significantly different from the 
HT and PBS groups. Tumor growth was slow in Group HT, 
somewhat suppressed in Groups H, T and Sa, and fast in 
Group PBS (Table I). Group HT had the highest mean rate of 
tumor inhibition by volume, at 80.3%. Group HT also had the 

lowest mean tumor weight, and the highest mean rate of tumor 
inhibition by weight, at 78% (Table I). The results of tumor-
inhibition calculated by weight were essentially the same as 
those when calculated by volume. Our results indicate that 
the tumor-inhibiting effects of HT recombinant bacteria were 
superior to those of all control groups. Among control groups, 
the recombinant bacteria containing mtHSP70 or the tk gene, 
and attenuated Salmonella, all had some antitumor effect, as 
reported in similar studies (14,17,25). The hypoxic environ-
ment of solid-organ tumors facilitates the accumulation and 
multiplication of Salmonella. When employed as the inducing 
vector of a gene vaccine, the attenuated Salmonella cannot 
only replicate in the target tumor, it also expresses a specific 
in situ antitumor protein. Because it competes with the tumor 
for nutrients, it has direct inhibiting effects of tumor growth. 
Salmonella enters into tumor cells and causes their death. 
The self-generated immunological response of Salmonella 
did not inhibit that of the vaccine (26,27). Under the effect 

Table II. Antitumor mechanisms of the recombinant Salmonella vaccine.

 Treatment group
 ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  HT H T Sa PBS P-value

Cells in peripheral blood samples, na

  CD3+/CD4+  31.8±8.0  34.2±4.2  29.9±6.3  27.1±5.3  30.4±1.9  0.384
  CD3+/CD8+ 41.7±12.1b  26.2±2.3  23.5±1.4  23.8±1.3  20.4±1.7  0.005<0.05
  NK  20.4±15.6  19.0±11.0  15.7±9.2  14.1±5.3  16.2±5.4  0.857

IFN-γ, pg/mla 150.4098±58.2892b  67.6573±24.3157  57.7418±36.9552  42.5049±29.2696  25.1185±11.6308  0.000<0.05

aValues are expressed as means ± SD. bGroup HT differed significantly from all other groups at the 0.05 level. HT, SL7207/PCMV-mtHSP70-IRES-TK; H, 
SL7207/PCMV-mtHSP70-IRES-EGFP; T, SL7207/PCMV-TK-IRES-EGFP; Sa, SL7207/PCMV-IRES-EGFP.

Figure 8. Electron microscopic evaluation. Electron micrographs showing that a large number of recombinant bacteria (HT-a, down arrow) has invaded the tumor 
cells. These cells show pyknosis, perinuclear cellular apoptosis (HT‑a, up arrow), endoplasmic reticulum swelling, flocculent changes in the mitochondrial cristae 
and cellular lysis and necrosis (HT-b). Bacteria in the cytoplasm of tumor cells undergoing mitotic replication (HT-c, down arrow), which lyses the tumor cells. 
Group HT has specialized macrophages, which have a rich cytoplasmic lysosome pseudopodia (HT-d, up arrow) to capture tumor cells with melanin particles 
(HT-d, down arrow). Tumor cellular apoptosis observed in Groups T, H and Sa (up arrows); Group PBS shows no obvious changes in tumor cells.
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of GCV, the tk gene in the recombinant bacteria provides a 
certain killing effect. Therefore, in the control groups, the 
recombinant bacteria containing mtHSP70 or the tk gene and 
attenuated Salmonella all had some antitumor effect.

We detected the distribution of CD3+/CD4+; CD3+/CD8+ T 
lymphocytes and NK cells in peripheral blood samples with 
flow cytometry (Table II). Between-group differences for 
the CD3+/CD8+ T lymphocytes were significant (P<0.05). 
The number of CD3+/CD8+ T lymphocytes in Group HT was 
markedly higher than that in all control groups (P<0.05). But 
between‑group differences for CD3+/CD4+ and NK cells, were 
not significant (P>0.05).

The IFN-γ contents of the tumor tissue were detected by 
ELISA. The variances in the levels of IFN-γ differed greatly 
and so were analyzed with the Welch test, which found that 
between‑group differences were significant (H statistic, 25.639, 
P<0.001). The mean level of the IFN-γ in Group HT was mark-
edly higher than those of all control groups (Table II). IFN-γ 
is the most characteristic cytokine secreted by Th1 cells. It 
is mainly produced by activated T cells (including Th0, Th1 
and all CD8+) and NK cells. The functions of IFN-γ are acti-
vating macrophages and enhancing their functions, promoting 
multiple cells to express MHC I and II molecules, prompting 
the cellular differentiation of Th0 into Th1, suppressing the 
cellular proliferation of Th2, stimulating the maturity and 
activity of cytotoxic T lymphocytes and promoting the differ-
entiation of B cells (28).

Pathological analysis of the H&E-stained tumor slides 
revealed large patches of necrosis in Group HT. In Groups H, 
T and Sa, pathological analysis showed local necrosis lesion. 
In Group PBS, the tumor tissue showed no marked cellular 
changes (Fig. 6). Direct immunofluorescence with the CD8 
antibody tagged with red fluorescent phycoerythrin showed 
a large number of CD8+ T lymphocytes within tumor tissue 
in Group HT. Only a few of CD8+ T lymphocytes in tumor 
tissues or within vascular in Groups H, T and Sa but not in 
Group PBS (Fig. 7). Electron microscopic evaluation showed 
that large numbers of recombinant bacteria had invaded the 
tumor cells. Within the cytoplasm, the bacteria underwent 
mitotic replication and lysed the tumor cells. In Group HT, the 
tumor cells showed pyknosis, perinuclear cellular apoptosis, 
endoplasmic reticulum swelling, flocculent changes of mito-
chondrial cristae and cellular lysis and necrosis. Pyknosis and 
perinuclear cellular apoptosis might were sometimes observed 
in Groups T, H and Sa; tumor cells in Group PBS had no 
obvious changes when observed under electron microscopy. In 
Group HT, specialized macrophages, which had a rich supply 
of cytoplasmic lysosomes, were extending pseudopodia for 
capturing tumor cells with melanin particles (Fig. 8). This 
observation indicates that the HT vaccine maybe activates 
antigen-presenting cells. Macrophages express a large variety 
of surface markers, such as MHC (types I and II) antigen, some 
adhesion and co-stimulatory molecules, complement receptors 
and Toll-like receptors (29).

In summary, the results of this research show that attenu-
ated Salmonella not only acts as a eukaryotic expression vector 
for gene propagation but also has a synergistic antitumor effect 
with mtHSP70/HSV-tk genes. The recombinant DNA vaccine 
of attenuated Salmonella carrying eukaryotic mtHSP70/
HSV-tk co-expression genes can markedly raise CD8+ T 

lymphocytes in peripheral blood and in tumor tissues, increase 
IFN-γ contents in tumor tissue and significantly suppress tumor 
growth.
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