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ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) has the poorest prognosis among all malignancies and is
resistant to almost all current therapies. Attenuated Salmonella typhimurium strain VNP20009 has been
deployed as powerful anticancer agent in a variety of animal cancer models, and previous phase 1 clinical
trials have proven its safety profiles. However, thus far, little is known about its effect on PDAC. Here, we
established CFPAC-1 cell lines expressing an mKate2 protein and thus emitting far-red fluorescence in the
subsequent xenograft implant. VNP20009 strain was further engineered to carry a luciferase cDNA, which
catalyzes the light-emitting reaction to allow the observation of salmonella distribution and accumulation
within tumor with live imaging. Using such VNP20009 strain and intratumoral delivery, we could reduce
the growth of pancreatic cancer by inducing apoptosis and severe necrosis in a dosage dependent
manner. Consistent with this finding, intratumoral delivery of VNP20009 also increase caspase-3 activity
and the expression of Bax protein. In summary, we revealed that VNP20009 is a promising bacterial agent
for the treatment of PDAC, and that we have established a dual fluorescent imaging system as a valuable
tool for noninvasive live imaging of solid tumor and engineered bacterial drug.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal human malignancies with a 5-year survival rate of less
than 5%.1 The poor prognosis of PDAC is mainly due to the
early onset of local invasion, distant metastasis, and poor
response to all available drugs. Due to the complex PDAC
tumor microenvironment (abundant tumor stromal content 2

and hypoxia 3), current clinical therapies invariably fail to deter
this aggressive tumor. PDAC microenvironment supports
tumor growth, promotes metastasis, and simultaneously serves
as a physical barrier to drug delivery. However, because of these
characteristics, the microenvironment of PDAC is an attractive
target for bacteria.

Many bacterial genera, such as different variants of Salmo-
nella,4 Clostridium 5 and Streptococcus pyogenes,6 have been
shown to have successful suppressive effects on multiple animal
tumor models, the most notable of which is pancreatic cancer.7

Already, Salmonella typhimurium A1-R, a nutrient-deficient
mutant,8,9 and Streptococcus pyogenes6 have been reported to
significantly control xenograft pancreatic tumor growth. We
focused on Salmonella typhimurium VNP20009, a genetically
engineered attenuated strain that has a major advantage in pro-
ducing no endotoxin through successful deletion of the msbB
and purI genes.10 This strain is also known to specifically target
a variety of xenogenic cancer models.11-14 Importantly, 2 phase

1 clinical trials have already proven its well-tolerated safety pro-
files.15,16 However, its application in the treatment of pancreatic
cancer remains to be explored.

To test the efficacy of VNP20009 in treating pancreatic
tumor, we also developed a novel far-red fluorescent xenogenic
pancreatic tumor model in animals. Such model will help us
track the therapeutic effects on the tumor using living imaging.
Biological tissues are transparent in 700–900 nm windows. The
mKate2 is a monomeric far-red fluorescent protein whose exci-
tation and emission spectra peak at 588 and 633 nm respec-
tively, 17 making this protein a convenient tool for in vivo
fluorescent imaging of targeted tissues. Therefore, we developed
mKate2-expressing CFPAC-1 cell line, a well-established
human pancreatic cell line, and deployed it in the subsequent
xenograft model to test the efficacy of VNP20009 in the treat-
ment of PDAC.

Results

Generation and characterization of fluorescent VNP20009
and pancreatic cell lines

We developed a system that allows us to simultaneously image
both the implanted tumor and the treatment drug. VNP20009
was engineered to express luciferase for tracking the microbe in
real time in vivo. CFPAC-1 cell lines carry a cDNA encoding

CONTACT Allan Z. Zhao azzhao@njmu.edu.cn
*These authors equally contributed to this work.
Published with license by Taylor & Francis Group, LLC © Sujin Zhou, Zhenggang Zhao, Yan Lin, Sijia Gong, Fanghong Li, Jinshun Pan, Xiaoxi Li, Zhuo Gao, and Allan Z. Zhao
This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.

CANCER BIOLOGY & THERAPY
2016, VOL. 17, NO. 7, 732–740
http://dx.doi.org/10.1080/15384047.2016.1177683

http://dx.doi.org/10.1080/15384047.2016.1177683


the mKate-2 protein emitting far-red fluorescence were used in
subsequent xenografts for monitoring tumor growth and
regression in animals. It has been reported that the expression
of mKate-2 and luciferase have no effect on the biological
behavior of parental cell.18,19 Bioluminescence imaging (BLI)
analysis confirmed that the light intensity, released from the
VNP20009 strain expressing luciferase (“VNP20009-luc”), was
proportional to bacterial counts (r2 D 0.99). Additionally,
VNP20009-luc displayed 0.36 § 0.035 flux units per cfu in vitro
(Fig. 1A, 1B).

To establish a CFPAC-1 pancreatic subcutaneous xeno-
graft model with far-red fluorescence, the mKate2-expressing
CFPAC-1 pancreatic cell lines were initially tested in vitro.
The correlation between fluorescent signal and the cell num-
bers was assessed by visualizing the plated cells in cultured
plates with an IVIS Spectrum Imaging System (Fig. 2A). The
signal emitted was linear in relation to the cell numbers (r2

D 0.97), indicating that there was a linear correlation
between cell numbers and fluorescence intensity in vitro
(Fig. 2B), which would help us semi-quantitatively evaluate
the number of fluorescence-emitting cells in a tumor. We
then performed an assay using a cell counting kit-8 (CCK8)
to evaluate the response of the parental CFPAC-1 cells and
the mKate2-expressing CFPAC-1 cells to the treatment with
either VNP20009 or VNP20009-luc. Although significant
inhibitory effects on cell proliferation were evident for either
type of bacteria in vitro (P < 0.001, Fig. 2C), no significant
difference was observed between VNP20009 and VNP20009-
luc in their ability to suppress cell growth, suggesting that
the expression of luciferase did not influence the effect of
VNP20009. We also measured the growth rate of subcutane-
ous tumors of the parental CFPAC-1 and mKate2-expressing
cells in vivo (Fig. 2D). The result indicated that the expres-
sion of mKate2 did not cause significant changes on the
growth of CFPAC-1 implant in vivo.

For validation of the potential usage of mKate2-expressing
CFPAC-1 pancreatic cell in tracking tumor growth in vivo, the
cells were then implanted subcutaneously in the immune defi-
cient nude mice, and the animals were imaged on day 15, 25
and 33 post implantation. Live imaging of the mice bearing
mKate2 CFPAC-1 tumors showed the increase of signal

intensity with tumor progression. However, most likely due to
insufficient angiogenesis, central tumor necrosis was detected
after 3–4 weeks (Fig. 2E). Accordingly, Tumor cell death was
reflected by a decrease in signal intensity but not by size
(Fig. 2F). Thus, CFPAC-1-mKate2 cells could be used as an
effective model for detection of subcutaneous tumor develop-
ment by noninvasively imaging.

VNP20009 inhibits the growth of pancreatic xenografts
in vivo

The two tracking system was used to evaluate the anti-tumor
potential of VNP20009 in vivo. Mice bearing pancreatic xeno-
grafts (approximately 60-100 mm3) were assigned to one of 2
groups for different treatments: PBS or VNP20009-luc. The
treatments were administered through a single intra-tumoral
injection with VNP20009-luc at different doses (2 £ 104 cfu/
mouse or 2 £ 106 cfu/mouse). Mice received different doses of
VNP20009-luc did not exhibit any significant changes in body
weight or any adverse behavioral effects relative to the PBS
treated group (data not shown), but with a dose-dependent
decrease in tumor size. At the end of the study, tumor growth
was significantly inhibited by 27.3% in the group receiving
VNP20009-luc 2 £104 cfu/mouse (P < 0.02, Fig. 3A, 3B), and
by 39.9% in the group receiving a higher dose of 2£106 cfu/
mouse (P < 0.01; Fig. 3D, 3E). At the end of observation, the
average tumor weight was 0.27g, or 0.2 g in the mice treated
with 2 £ 104 cfu/mouse or 2 £ 106 cfu/mouse VNP20009-luc,
respectively, compared to 0.42 g in mice injected with PBS
alone (Fig. 3C, 3F). In a parallel control, a group of mice
received a single intratumoral injection of 2£106 cfu/mouse of
VNP20009. Consistent with the observations in cultured cells,
no significant difference was observed on the anti-tumor effects
between the parental strain VNP20009 and the VNP20009-luc
(Fig. 3D, 3E, 3F). We further evaluated the efficacy of repeated
injection of VNP20009-luc. Treatments were administered
through 2 intra-tumoral injections of 2 £ 106 cfu/mouse with
the first injection delivered when tumor volume reached 60-
100 mm3 and the second injection 6 d later. The treated mice
appeared normal and no obvious weight loss was observed dur-
ing the treatment (data not shown). By day 19 of such

Figure 1. Characterization of VNP20009-luc in vitro. (A) VNP20009-luc cells were diluted to obtain numbers ranging from 50 to 1£ 108 cells, plated in duplicate wells, and
imaged with IVIS Spectrum Imaging System. Wells containing VNP20009 served as controls. Dotted circles indicated the wells with bacteria. (B) Correlation between the
VNP20009-luc counts and bioluminescence (r2 D 0.99). VNP and VNP-luc are abbreviations for VNP20009 and VNP20009-luc.
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treatment module, VNP20009-luc had significantly inhibited
tumor volume growth by 66.2% (P < 0.0001), and the average
tumor weights in the treated and the untreated group were
0.15 g and 0.47 g, respectively (P < 0.0001, Fig. 3G, 3H, 3I).
On day 12 post the injection of 2 £ 106 cfu/mouse, the
expression of the luciferase gene of VNP20009 and far-red
fluorescent protein mKate-2 of CFPAC-1 tumor cells were
monitored using IVIS Spectrum Imaging System. All the
tumors in PBS group displayed strong far-red fluorescence
(Fig. 4A). The far-red fluorescent signal obtained from the

tumors had a lower intensity in the treated group compared
to the PBS group, which was consistent with the perspective
volumes of tumor. No far-red fluorescence was detected
in the tumor center of the treated group, indicative of exten-
sive central necrosis (Fig. 4A). Quantification of the signal
emitted from tumors showed that a significant treatment-
induced reduction in fluorescence signal intensity (Fig. 4B).
Taken together, these results suggest that VNP20009 can
significantly reduce the growth of CFPAC-1 pancreatic
xenograft.

Figure 2. Characterization of mKate2-expressing CFPAC-1 cells in vitro and in vivo. (A, B) The mKate2-expressing CFPAC-1 cells were plated at different densities (500–
5,000 cells) in 96-well plates, and fluorescence signals were measured with IVIS Spectrum Imaging System (r2 D 0.97), dotted circles indicated the wells with CFPAC-1-
mKate-2 cells. (C) Cell viability was analyzed by CCK8 assay after the CFPAC-1 and CFPAC-1-mKate2 cells were co-cultured with VNP20009 or VNP200009-luc for 48 h,
���P < 0.001. (D) The growth rate of subcutaneous tumors of the parental CFPAC-1 and mKate2-expressing cells were measured. Bars, mean § SEM. (E) The mKate2-
expressing CFPAC-1 cells were implanted in nude mice and the mKate2 fluorescent signal was measured on day 15, 25 and 33 after injection. Representative images are
shown. (F) The tumor volumes and the corresponding total radiant efficiency were measured. Bars, mean § SEM. VNP and VNP-luc are abbreviations for VNP20009 and
VNP20009-luc.
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Tracking of VNP20009 distribution in vivo

We also verified the intensity and distribution of VNP20009 via
live animal imaging. The strongest bacterial bioluminescent sig-
nal was mainly observed at the implanted tumor site, near
tumor necrotic regions, and peripheral proliferative region of
the tumor (Fig. 4A, 4B). Low bioluminescence was detected in
areas from the abdomen and neck of the infected animals,
which has been reported in some previous studies that
VNP20009 can grow within lymph nodes, liver and spleen.20

The sharply higher signals in tumor tissues than those non-
tumor tissues indicated that VNP20009-luc preferred to accu-
mulate within tumors. Both VNP20009-luc and VNP20009
preferentially accumulated and replicated in the tumors at a
ratio of 366:1 to 3500:1 relative to the non-cancerous tissues
with virtually identical bio-distribution profiles for either strain
of bacteria, suggesting again that addition of luciferase in
VNP20009 did not compromise its tumor targeting efficiency.
Moreover, bacterial replication in tumors was also verified by
bacterial culture of the ground tumor and non-tumor tissues
(Fig. 4C). The tumors contained approximately 5.5 £ 106 cfu/g

of VNP20009-luc, corresponding to 0.16§0.055 flux units per
cfu. The bioluminescence intensity of VNP20009-luc in tumors
was lower than that in vitro, probably because the strain was in
direct contact with the substrate luciferin in vitro, while the
ability of luciferin to access the VNP20009-luc can be influ-
enced by blood vessel structure and microenvironment within
tumors.21 Consistently, we observed extensive central necrosis
in the tumors from the treatment group by histological analyses
(Fig. 4D). These findings suggest that VNP20009 was capable of
accumulating and inducing necrosis within pancreatic tumors.

VNP20009 promoted tumor apoptosis

To further understand VNP20009-induced tumor growth inhi-
bition, we carried out immunohistochemical staining to ini-
tially follow the proliferation marker, Ki-67, in the tumor
tissues. There were significantly fewer Ki-67-positive nuclei in
the tumors of the treated mice than in those of the control mice
(Fig. 5A, 5B). Further analysis of apoptosis markers showed an
increase in caspase-3 activity and Bax protein expression

Figure 3. Therapeutic efficacy of VNP20009 against CFPAC-1 xenograft in vivo. (A to C) Mice bearing human pancreatic cancer CFPAC-1 xenograft received a single intra-
tumoral injection of vehicle (PBS) or VNP20009-luc (2 £ 104 CFU/mouse, n D 10). (D to F) Mice received a single intratumoral injection of PBS, VNP20009 or VNP20009-
luc (2 £ 106 cfu/mouse, n D 10). (G to I) Mice received 2 intra-tumoral injections of 2 £ 106 cfu/mouse with the first injection delivered when tumor volume reached 60–
100 mm3 and the second injection 6 d later (n D 10). (C, F, and I) At the end of the treatment period, tumor tissues were dissected and weighed. �P < 0.05, ��P < 0.01,
���P < 0.001. Bars, mean § SEM. VNP and VNP-luc are abbreviations for VNP20009 and VNP20009-luc.
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(Fig. 5C, 5D, 5E), indicating VNP20009 induced programmed
cell death of CFPAC-1 pancreatic cancer in vivo. Taken
together, these data support the notion that direct delivery of
attenuated Salmonella strain, VNP20009, is an effective agent
for killing pancreatic tumor.

Discussion

Although some bacterial therapies have shown treatment effect
on pancreatic cancer in animal models,6,9 no published studies
thus far have used VNP20009 as the treatment agent of pancre-
atic cancer. To our knowledge, this is the first study to show

that VNP20009 alone, in a mere single or double intratumoral
injection can cause significant regression of pancreatic carci-
noma in vivo. The biggest advantage of VNP20009 as a pancre-
atic tumor treatment agent is its proven preclinical and clinical
safety profiles or even efficacy result. Accordingly, repeated
intravenous administration of VNP20009 in pet dogs with mul-
tiple spontaneous tumors led to tumor colonization and a com-
plete elimination of tumor was seen in 4 of the 35 animals.11

Two phase-1 clinical trials reported clinical tolerance following
intravenous infusions of VNP20009 strains to metastatic mela-
noma patients, and at the highest tolerated dose, some tumor
colonization was observed.15,16

Figure 4. VNP20009 accumulated in CFPAC-1 tumors and caused tumor necrosis. (A) Bioluminescence from VNP20009-luc and far-red fluorescence from tumor cells were
visualized with IVIS Spectrum Imaging System on day 12 post a single intratumoral delivery of 2 £ 106 CFU/mouse of VNP20009-luc or PBS. Representative mice are
shown. Tumor fluorescence D red, bacterial luminescence D rainbow. (B) Quantification of the far-red fluorescence and bacterial bioluminescent signal at tumor site,
dash line indicated baseline nonspecific bioluminescent signal (n D 5). (C) Bacterial titer of VNP20009 or VNP20009-luc in tumors, livers, lungs, kidneys and spleens on
day 12 post treatment (n D 5), ���P < 0.0001 versus tumor, one-way analysis of variance test followed by Dunnett post hoc. (D). H&E staining of xenograft CFPAC-1 pan-
creatic tumor on the final day of a single intratumoral injection of 2 £ 106 cfu of VNP20009-luc and PBS. Scale bars, 100 mm. N: necrosis, ��P < 0.01, ���P < 0.001. Bars,
mean § SEM. VNP and VNP-luc are abbreviations for VNP20009 and VNP20009-luc.
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In this study, we have created a double-fluorescent system
that allowed us to concomitantly follow xenogenic tumor
growth and metastatic status and microbe drug distribution in
live animals. The mKate2 is a protein capable of emitting far-
red fluorescence almost 3-fold brighter than that from mKate
and 10-fold brighter than that of mPlum. Such high intensive
far-red emission system also has the characteristics of excellent
pH resistance, photo-stability, and low toxicity that make
mKate2 a superior fluorescent tag for living imaging.22 Bacteria
as a tumor target agent can also be tracked in real time in vivo
by imaging.23 Thus, simultaneous live imaging of tumor cells
and luciferase-bearing VNP20009 became possible with this
double fluorescent model. The far-red fluorescent signal
obtained from the tumor of VNP20009-treated group was
lower than that from the PBS-treated group, which was in
sharp contrast with the intense bioluminescence signal emitted
from colonized VNP20009-luc within tumors. The fluorescent
model can be further developed for non-invasively monitoring
the formation of regional and distant metastases.

Pilot clinical trial of genetically modified VNP20009 has
shown that intratumoral administration could cause bacterial
colonization in malignant tissue for at least 15 d with no signifi-
cant adverse effects in late stage refractory esophagus adenocar-
cinoma patients.24 Therefore, we focused on intratumoral
injection. A notable observation of our findings was the signifi-
cant tumor suppressive effects in the CFPAC-1 pancreatic xen-
ografts after a single intratumoral injection of VNP20009 (2 £
104 cfu/mouse). The dosage applied, 2 £ 104 CFU/mouse was
considerably below commonly used dosages in other stud-
ies.12,25 In preclinical studies, VNP20009 has been used as a sin-
gle-agent therapy at doses of over 1 £ 106 cfu/mouse, or as a
part of combinatorial therapy at doses well over the one applied
in our studies.26 Hoffman and colleagues have used Salmonella
typhimurium A1-R to target and managed to suppress many
types of tumor,27,28 including pancreatic cancer.8,29 To achieve
treatment efficacy on pancreatic cancer, a high dose of Salmo-
nella typhimurium A1-R, 1.5 £ 108CFU/mouse, was delivered
intraperitoneally. The clinical safety profiles have not yet been

Figure 5. VNP20009 inhibited tumor growth and induced tumor apoptosis in vivo. (A) Representative immunohistochemical microphotographs of Ki67-stained xenograft
CFPAC-1 pancreatic tumor sections. Proliferative nuclei were stained brown by Ki67. Scale bars, 50 mm. (B) Quantified data were determined by the number of Ki67-posi-
tive cells dividing the total number of cells in 5 randomly selected fields under light microscopy. (C) Western bolt analyses of Bax and caspase-3 in the tumors at the end
of treatment of a single intratumoral injection of 2 £ 106 cfu of VNP20009-luc or PBS. The expression of (D) Bax and (E) Cleaved caspase-3 were quantified and compared.
nD 5 mice per group. ��P < 0.01, ���P < 0.001. Bars, mean § SEM. VNP-luc is abbreviation for VNP20009-luc.
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established. Thus, intratumoral delivery of low dose of
VNP20009 may represent an excellent modality in bacterial
treatment of pancreatic cancer.

The antitumor mechanisms of VNP20009 remain to be sys-
tematically defined. VNP20009 preferentially accumulated in
xenogenic tumors at ratios of 366:1 to 3500:1 compared with
the non-cancerous tissues and induced tumor necrosis and
apoptosis through activating caspase and bax expression. Previ-
ous studies have shown that hypoxia condition develops rapidly
within PDAC tumor.30,31 Salmonella bacterium is known to
preferentially replicate within the hypoxic areas of tumor,
therefore promoting oncolysis and tumor necrosis.32 Although
a previous study found that a particular nutrient-dependent
strain of Salmonella A1-R and Streptococcus pyogenes could
activate the immune system to damage tumor cells,6,33 other
studies have shown that the anti-tumor effects of VNP20009
did not depend on the presence of T and B cells,13 which is con-
sistent with our findings here in immune-deficient nude mice.

In summary, we have successfully created a far-red fluores-
cence model of human pancreatic ductal adenocarcinoma and
applied the system in the study of VNP20009 on pancreatic
cancer. Our findings demonstrated that intra-tumoral delivery
of VNP20009 alone, even by a single or double injection, can
inhibit the proliferation of CFPAC-1 pancreatic xenografts and
can induce apoptosis, thus offering the possibility that this clin-
ically proven safe bacterial strain can be applied clinically for
the treatment of pancreatic ductal adenocarcinoma.

Materials and methods

Animals

6- to 7-week-old athymic nude mice (Balb/c nu/nu) were
obtained from Charles River, Beijing. The mice were allowed to
adapt for 7 d before being subjected to experimental use. All
experimental protocols were approved by the Research Ethics
Committee of the Nanjing Medical University. All experiments
were conducted in compliance with the guidelines for the care
and use of laboratory animals and approved by Institutional Ani-
mal Care and Use Committee of Nanjing Medical University.

Cell culture

293FT cell lines and the pancreatic cancer CFPAC-1 were
obtained from American Type Culture Collection (ATCC) and
cultured under recommended conditions. The CFPAC-1 cell
line was established from fragments of pancreatic (primary)
and liver (metastatic) tumors.34 In order to establish cell lines
stably expressing far-red fluorescent protein, the mKate2 gene
was cloned into the PLJM1 lentivirus vector (Addgene, Palo
Alto, CA, USA). The description of lentivirus production has
been described previously.35 pMD2.G and psPAX2 were co-
transfected with PLJM1-mKate2 into 293FT cells using X-trem-
eGENE HP DNA transfection reagent (Roche), according to
manufacturer’s instructions. Viral supernatants were harvested
for the infection of CFPAC-1 cells. CFPAC-1 cells stably
expressing far-red fluorescent protein was established by lenti-
virus infection and selection with puromycin using standard
protocols.

Bacterial strain and culture of bacteria with CFPAC-1 cells

The luciferase gene was amplified by PCR from a PGL3 basic
vector, digested with KpnI and EcoRI, and ligated to a similarly
digested pSV-SPORT plasmid to generate pSV-SPORT-lucifer-
ase. The construct was then transfected into S. typhimurium
strain VNP20009 (ATCC, Manassas, VA, USA) by electropora-
tion at the following conditions: 5 mF, 400 V, and 2400 V,
using 0.2-cm cuvettes. Prior to use, the bacteria were cultured
in Luria-Bertani (LB) broth from a single colony overnight,
subcultured (1: 50) to mid-logarithmic phase the following day
and adjusted to an appropriate concentration in phosphate-
buffered saline (PBS) based on an optical density reading at
600 nm and on flat colony counting method. Bacteria and
CFPAC-1cells were co-cultured as described previously.12,36

Briefly, different strains were prepared and co-cultured with
cells (infection at 100:1) at 37�C for 60 min, washed with PBS,
and incubated in medium supplemented with streptomycin
(20 mg/mL), penicillin(10mg/mL),and chloramphenicol
(10 mg/mL) for 48 h. Cell proliferation was measured with a
Cell Counting Kit-8 (CCK-8, Dojindo, Japan) at 37�C for
60 min and quantified by the absorbance at 450 nm with a plate
reader.

CFPAC-1 human pancreatic subcutaneous xenograft
model and bacterial application

Prior to inoculation, the tumor cells were harvested after trypsi-
nization and passed through a cell strainer to remove cellular
aggregates. The cells were then washed in culture medium,
counted and diluted to 2 £ 106 in 0.1 ml of culture medium.
The cells were injected subcutaneously into the right flank of
nude mice. The tumor size was measured with calipers. The
tumor volume was calculated from the following formula:
tumor volume D width2 £ length £ 0.52. When tumor vol-
umes reached the size of approximately 60–100 mm3, the mice
were randomized into 3 groups of 10 animals and intratumor-
ally injected with S. typhimurium strain VNP20009 or different
doses of VNP20009-luc. Twelve days after the injection, tumors
and organs were aseptically removed, weighed, and homoge-
nized in 5 volumes of ice-cold and sterile PBS. The homogenate
was then plated on to LB broth media and incubated for 12 h at
37�C. The colony-forming units (cfu) per gram of tissue were
determined by counting colonies.

Optical image acquisition and image formation

Fluorescence imaging and bioluminescence imaging were per-
formed with imaging system IVIS Spectrum (Caliper, Perki-
nElmer) using living Images 4.3.1 software. Fluorescence of
mKate2 was detected at excitation and emission wavelengths of
570 and 640 nm. For BLI analysis, the substrate D-Luciferin
(CellCyto) was added at concentration of 150 mg/ml in DPBS
with the culture medium removed in vitro. During in vivo
imaging, animals were injected with D-luciferin at 150 mg/kg
body weight, and anesthetized by 2.5% isoflurane. Peak lumi-
nescence values were recorded. After BLI analysis, fluorescence
measurements were performed. The average and total radiant
efficiency were measured.
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Western blotting

Tumor tissues were homogenized in radioimmunoprecipitation
assay (RIPA) lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L
NaCl, 1% Nonidet-40, 0.5% sodium deoxycholate, 1 mmol/L
ethylenediamine tetraacetic acid [EDTA], 1 mmol/L phenylme-
thylsulfonyl fluoride [PMSF]) and centrifuged at 12,000 rpm
for 30 min at 4�C. The homogenates were diluted in loading
buffer, boiled at 95�C for 5 min, loaded on 12% acrylamide-
sodium dodecyl sulfate (SDS) gel, and transferred to a Protran
nitrocellulose membrane (Bio-Rad). The membranes were
blocked with 5% dry milk in Tris-buffered saline (TBS) for 1 h
at room temperature, and incubated with primary antibodies.
The antibodies against caspase-3, bax, and tubulin were
obtained from Cell Signaling Technology. The immunoreactiv-
ity was detected by using a standard enhanced-chemilumines-
cent reaction and analyzed using Image Lab 4.0 analysis
sotware from Bio-Rad.

Histology and immunohistochemistry

The animals were sacrificed by an overdose of anesthesia. The
tumors were removed and fixed in 4% formalin for 48 h, and
then embedded in paraffin. Histological sections were prepared
by standard conventional processing and stained with hematox-
ylin and eosin (H&E). Immunohistochemical analysis was per-
formed on the 4-mm-thick paraffin-embedded sections using
anti-Ki67 antibodies (#9027, Cell Signaling Technology). Five
fields of view at a primary magnification of 200 £ were selected
in each tumor section. The cells were counted under a Nikon
microscope, and the data are presented as means § SEM.

Statistical analysis

Data are shown as means § SEM. Two-tailed unpaired Student’s
t test or one-way analysis of variance test was used, followed by
Tukey’s test, unless otherwise stated in the figure legends. A level
of P < 0.05 was considered statistically significant.
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