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Introduction

Coley1 observed, more than a century ago, that some cancer 
patients were cured of their tumors following postoperative bac-
terial infection. In the middle of the last century, Malmgren 
and Flanigan2 showed that anaerobic bacteria had the ability to 
survive and replicate in necrotic tumor tissue with low oxygen 
content. Several approaches aimed at utilizing bacteria for cancer 
therapy have subsequently been described.3-15

Bifidobacterium longum has been shown to selectively grow in 
hypoxic regions of tumors following intravenous administration. 
This effect was demonstrated in 7,12-dimethylbenzanthracene-
induced rat mammary tumors by Yazawa et al.14,15

Vogelstein et al. created a strain of Clostridium novyi, an 
obligate anaerobe, which was depleted of its lethal toxin.16 This 
strain of C. novyi was termed C. novyi NT. Following intravenous 
administration, the C. novyi NT spores germinated in the avas-
cular regions of tumors in mice, causing damage to the surround-
ing viable tumor.16 Combined with conventional chemotherapy 
or radiotherapy, intravenous C. novyi NT spores caused extensive 
tumor damage within 24 h.16

Our laboratory has previously developed a tumor-targeting double-auxotrophic mutant of Salmonella typhimurium 
termed A1-R. The present report demonstrates that S. typhimurium A1-R destroys tumor blood vessels and this is 
enhanced in tumors with high vascularity. Red fluorescent protein (RFP)-expressing Lewis lung cancer cells (LLC-RFP) 
were transplanted subcutaneously in the ear, back skin and footpad of nestin-driven green fluorescent protein (ND-GFP) 
transgenic nude mice, which selectively express GFP in nascent blood vessels. Color-coded in vivo imaging demonstrated 
that the LLC-RFP ear tumor had the highest cell density and the footpad tumor had the least. The ear tumor had more 
abundant blood vessels than that on the back or footpad. The tumor-bearing mice were treated with A1-R bacteria via 
tail-vein injection. Tumors in the ear were the earliest responders to bacterial therapy and hemorrhaged severely the day 
after A1-R administration. Tumors growing in the back were the second fastest responders to bacterial treatment and 
appeared necrotic 3 days after A1-R administration. Tumors growing in the footpad had the least vascularity and were 
the last responders to A1-R. Therefore, tumor vascularity correlated positively with tumor efficacy of A1-R. The present 
study suggests that bacteria efficacy on tumors involves vessel destruction which depends on the extent of vascularity 
of the tumor.
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Following attenuation by purine and other auxotrophic muta-
tions, the facultative anaerobe Salmonella typhimurium was used 
for cancer therapy.11,17,18 These genetically modified bacteria rep-
licated in tumors to levels more than 1,000-fold greater than in 
normal tissue.11 S. typhimurium was further modified genetically 
by disrupting the msbB gene to reduce the incidence of septic 
shock.11

The msbB mutant of S. typhimurium has been tested in a 
Phase I clinical trial to determine its efficacy on metastatic mela-
noma.19 To raise the therapeutic index, S. typhimurium was fur-
ther attenuated by deletion of the purI as well as msbB gene.19 
The new strain of S. typhimurium, termed VNP20009, could 
then be safely administered to patients.19 More studies are needed 
to completely characterize the safety and efficacy of these bacteria 
and to improve its therapeutic index.

Mengesha et al. utilized S. typhimurium as a vector for gene 
delivery by developing a hypoxia-inducible promoter (HIP-1) to 
limit gene expression to hypoxic tumors. HIP-1 was able to drive 
gene expression in bacteria infecting human tumor xenografts 
implanted in mice. Genes linked to the HIP-1 promoter showed 
selective expression in tumors.20
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transplanted to nestin-GFP mice enable specific visualization of 
nascent vessels.30,31

The present study utilizes the ND-GFP mouse model 
implanted with the Lewis lung carcinoma at various sites, with 
color-coded imaging, and suggests that bacteria efficacy on 
tumors involved vessel destruction which is enhanced by high 
vascularity of the tumor.

Results

Tumor vascularity varies with tumor location. Tumors in the 
ear had the fastest growth rate as measured by tumor weight (Fig. 
1) and tumor-cell density (Fig. 2). CD31-immnohistochemical 
staining of the tumor sections showed that the ear tumor also had 
the most abundant blood vessels (Fig. 3). Observation with the 
IV-100 imaging system also showed that blood vessels in the ear 
tumor were very dense and interwoven to form a blood vessel net-
work (Fig. 4B). Tumors implanted in the back grew the second 
fastest (Fig. 1). Blood vessels in the back tumors also formed net-
works but were less dense than vessels in the ear tumor (Fig. 5B). 
Tumors in the footpad were the slowest growing (Fig. 1). More 
parallel blood vessels were observed in the foot tumor (Fig. 6B). 
Both the area and average grey values of the footpad tumor blood 
vessels were much less than vessels in the ear tumor (p < 0.01,  
Figs. 7 and 8).

Response to S. typhimurium A1-R bacteria correlates with 
tumor vascularity. Tumors in the ear were the earliest responders 
to A1-R bacteria and hemorrhaged severely one day after A1-R 
infection (Fig. 4C and D). Tumors growing in the back were the 
second fastest responders to A1-R and appeared necrotic three 

Yu et al. used green fluorescent protein (GFP)-labeled bacteria 
to visualize tumor targeting abilities of three pathogens: Vibrio 
cholerae, S. typhimurium and Listeria monocytogenes.21,22

We have developed an effective bacterial cancer therapy strat-
egy by targeting viable tumor tissue using Salmonella typhimurium 
auxotrophs that we have generated which grow in viable as well 
as necrotic areas of tumors. Importantly, the auxotrophy severely 
restricts growth of these bacteria in normal tissue. In vitro, A1-R 
infects tumor cells and causes nuclear destruction.23 A1-R was 
initially used to treat metastatic human prostate and breast 
tumors that had been orthotopically implanted in nude mice.24 
A1-R administered i.v. to nude mice with primary osteosar-
coma and lung metastasis was highly effective, especially against 
metastasis.25 A1-R was also targeted to both axillary lymph and 
popliteal lymph node metastasis of human pancreatic cancer and 
fibrosarcoma, respectively, as well as lung metastasis of the fibro-
sarcoma in nude mice.26 A1-R was administered intratumorally 
to nude mice with an orthotopically transplanted human pan-
creatic tumor. The primary pancreatic cancer regressed without 
additional chemotherapy or any other treatment.27 A1-R was also 
effective against pancreatic cancer liver metastasis when admin-
istered intrasplenically to nude mice.28

Leschner et al. have observed a large influx of blood 
into the tumors by vascular disruption after treatment with  
S. typhimurium. Blood influx was followed by necrosis 
formation.29

We have utilized multicolored fluorescent proteins to develop 
imaging models of tumor angiogenesis. We have used a trans-
genic mouse in which the regulatory elements of the stem cell 
marker nestin drives GFP (ND-GFP). The ND-GFP mouse 
expresses GFP in nascent blood vessels. RFP-expressing tumors 

Figure 1. Weight of the Lewis lung tumor at different body sites. Lewis 
lung tumor cells were injected subcutaneously into the ear, back and 
footpad at a cell density of 2 x 107/ml, using a 25 ml cell suspension at 
each site. 10 days after tumor growth, the tumors were taken out and 
weighed individually. Average tumor weight was obtained. Weight 
of the ear tumor was larger than that in the back or foot. A significant 
difference was found between the tumor in the ear and the footpad. 
*p < 0.05 ear tumor vs. footpad tumor.

Figure 2. Density of the Lewis lung tumor cells at different body sites. 
Cell numbers were counted in ten random areas (1 mm2 each) at each 
site using paraffin sections. The average tumor cell number per mm2 at 
different sites was obtained and compared. Tumor cell density in the 
ear was higher than that in the back or footpad. Tumor cell density in 
the back was also higher than that in the foot. **p < 0.01, ear tumor vs. 
back and foot tumor; *p < 0.05 back tumor vs. foot tumor.
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days after A1-R infection (Fig. 5E 
and F). Tumors in the footpad were 
the least responsive to A1-R and 
obvious necrosis was observed six-
days after A1-R treatment (Fig. 6F). 
Tumor vascularity correlated posi-
tively with A1-R efficacy with the ear 
being the most vascular site and the 
footpad the least vascular site.

Destruction of tumor blood 
vessels by S. typhimurium A1-R 
correlates with tumor vascular-
ity. Blood vessels in the tumors in 
the ear were severely destroyed one 
day after A1-R bacteria infection. 
Blood vessels fragmented in most 
areas of the tumor. The blood ves-
sel area greatly decreased by day 1 
after A1-R bacteria treatment (p 
< 0.05). The average grey value of 
the blood vessels also decreased (p 
< 0.01). Only a few blood vessels 
remained at day 3 after treatment. 
Very few blood vessels were seen at 
day 6 with A1-R bacteria treatment 
(Figs. 4, 7 and  8).

Some of the blood vessels of 
the back tumors were damaged by 
day 1 after A1-R bacteria infec-
tion. Large areas of the blood vessel 
were destroyed at day 3 and day 6 
after bacterial infection. The aver-
age grey value of the blood vessels 
decreased at day 3 (p < 0.01) and 
day 6 (p < 0.01).

Blood vessels of the foot tumor 
were destroyed at day 6 after bacte-
ria infection. The area and average 
grey value of the tumor blood ves-
sels were both much less than that 
in the control group (Figs. 6–8).

Discussion

In the present study, we found that  
the Lewis lung tumor had different 
growth rates at different body sites. 
The tumor cell density and distri-
bution of blood vessels varied at dif-
ferent sites. The denser the tumor 
cells were, the richer the tumor 
blood vessels appeared. Response 
to A1-R bacteria varied at differ-
ent sites. The results demonstrate 
that tumor vascularity correlated to 
tumor sensitivity to A1-R bacteria.

Figure 3. CD31-immunohistochemical staining of the Lewis lung tumor at different body sites. (A) Ear 
tumor; (B) Back tumor; (C) Foot tumor. CD31-positive staining is shown in brown. Sections were counter-
stained with haematoxylin. Blood vessels in the ear tumor were the most abundant.

Figure 4. Bacteria-induced tumor blood vessel destruction in the ear. LLC-RFP tumors were implanted 
in the ear of ND-GFP mice (A and A’). Tumors were observed with the Olympus OV100 imaging system at 
day 1 after A1-R injection. (A) LLC-RFP tumor with red fluorescence. Hemorrhagic areas were near the skin 
surface. (A’) The tumor was excised, and severe hemorrhage is seen under brightfield (B–F). Tumors were 
observed with the Olympus IV100 imaging system. Blood vessels expressed GFP and LLC expressed RFP. 
Dashed lines show damaged blood vessel areas. Most blood vessels were destroyed by day 1 after A1-R 
bacteria injection. Only a small area of the tumor remained by day 3. By day 6, just a few blood vessels 
remained.
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Results of the present study demonstrate an important advan-
tage of the use of a facultative anaerobe, such as S. typhimurium, 
over obligate anaerobes, such as Clostridia16 or Bifidobacteria,14,15 
which are confined to the anaerobic regions of tumors and there-
fore, cannot target its vascular system.

Our results suggest that tumor vascularity influences the effi-
cacy of A1-R bacteria. In future studies, S. typhimurium A1-R will 
be targeted to highly vascular tumors in order to improve efficacy.

Leschner et al. reported that Salmonella enterica serovar 
Typhimurium colonization of solid tumors was accompanied 
by hemorrhage promoted by TNFα.29 In the present study, we 
observed that after day 1 of A1-R bacteria infection, the hemor-
rhage of the ear and back tumors was found, but the foot tumor 
had no hemorrhage. This site difference of hemorrhage suggests 
that there is some other mechanism of tumor sensitivity to S. 
typhimurium besides TNFα.

Figure 5. Bacteria-induced tumor blood vessel destruction in the back. (A) was observed with the Olympus OV100 imaging system. Tumors hemor-
rhaged near the surface (B–F). Tumors were observed with the Olympus IV100 imaging system. Blood vessels expressed GFP and LLC expressed RFP. 
Dashed lines show damaged blood vessel areas. In some small areas, tumor blood vessels were damaged at day 1 after A1-R bacteria injection. At days 
3 and 6, more blood vessels were damaged.
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were used. The mice were anesthetized with tribromoethanol 
[i.p. injection (0.2 mL/10 g body weight) of a 1.2% solution]. 
RFP-expressing LLC murine lung cancer cells (2 x 107 cells/ml) 
were injected into the skin of the ear, back and footpad of the 
ND-GFP nude mice with a 1 mL 27G1/2 latex-free syringe at 
25 μl each site.

CD31-immunohistochemical staining. After ten days of 
tumor growth, the tumors at different sites were harvested. 
Frozen sections were made. Slides were fixed with 4% precool 
paraformaldehyde. The main staining protocol was as follows: 
endogenous peroxidase activity was blocked by incubating the 
slides in 0.3% H

2
O

2
 solution in PBS for 10 minutes and incu-

bated with the rat CD31 antibody (1:10) at 4°C overnight. The 

Materials and Methods

ND-GFP transgenic nude mice. ND-GFP transgenic C57/B6 
mice express GFP under control of nestin regulatory elements.32,33 
Previously, the ND-GFP gene had been crossed into nude mice 
with the C57/B6 background, to obtain ND-GFP nude mice.31,34

Preparation of RFP Lewis lung cancer cells (LLCs). LLCs 
murine cancer cells labeled with RFP were recovered and pas-
saged in cell culture flasks by conventional culture methods. 
After two or three successive passages, cells were collected for 
injection. The cell density was 2 x 107 cells per milliliter.

RFP-expressing murine cutaneous lung cancer model. 
Ten nestin-GFP transgenic nude mice, six to eight weeks old, 

Figure 6. Bacteria-induced tumor blood vessel destruction in the footpad. (A) was observed with the Olympus OV100 imaging system. No hemor-
rhage was found at the surface of the tumor. (B~F) were observed with the Olympus IV100 imaging system. Blood vessels expressed GFP and LLC 
expressed RFP. Dashed lines showed damaged blood vessel areas. A small area of tumor blood vessels was damaged at day 1 after A1-R bacteria injec-
tion. At day 6, blood vessels were largely destroyed.
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105-fold magnification range for seamless imaging of the entire 
body down to the subcellular level without disturbing the ani-
mal. The OV100 has lenses mounted on an automated turret 
with a high magnification range of x1.6 to x16 and a field of view 
ranging from 6.9 to 0.69 mm. The optics and anti-reflective coat-
ings ensure optimal imaging of multiplexed fluorescent reporters 
in small animals. High-resolution images were captured directly 
on a PC (Fujitsu Siemens, Munich, Germany). Images were pro-
cessed for contrast and brightness and analyzed with the use of 
Paint Shop Pro 8 and Cell®.36

Laser scanning microscope. The Olympus IV100 micro-
scope is a scanning laser microscope. A 488 nm argon laser 
was used. The novel stick objectives (as small as 1.3 mm) were 
designed specifically for this laser scanning microscope. The 
very narrow objectives deliver very high resolution images. A 
PC computer running FluoView software (Olympus Corp.) 
was used to control the microscope. All images were recorded 
and stored as proprietary multilayer 16-bit Tagged Image File 
Format files.37

Statistical analysis. Images were processed for area evaluation 
of tumor blood vessels with the use of FluorVivo Mag software 
(INDEC Biosystems) and average grey value of tumor blood ves-
sels with the use of Paint Shop Pro 8 and Cell (Olympus). The 
experimental data are expressed as the mean ± SD. Statistical 
analysis was done using two-tailed Student’s t test.
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biotinylated anti-Ig secondary antibody (1:50), was incubated for 
30 minutes at room temperature. Streptravidin-HRP was applied 
to the tissue sections for 30 minutes at room temperature. The 
DAB color agent was applied for 5 minutes at room temperature. 
Slides were counterstained in hematoxylin solution for 60 sec-
onds, dehydrated, cleared and cover-slipped.

Evaluation of the density of the Lewis lung tumor cells at dif-
ferent sites. The cell numbers of ten random areas (1 mm2 each) 
was counted in tissue sections made from each tumor site. The 
average tumor cell number per mm2 at different sites were 
obtained and compared.

Preparation of the modified A1-R strain of Salmonella 
typhimurium. A1-R bacteria were grown overnight on LB 
medium and then diluted 1:10 in LB medium. Bacteria were har-
vested at late-log phase, washed with PBS, and then diluted in 
PBS. Bacteria were then injected into the tail vein of nude mice 
(5 x 107 cfu per 100 μl PBS).35

AI-R treatment of tumor. Ten days after tumor growth, the 
tumor-bearing nestin-GFP mice were treated with AI-R bacte-
ria (5 x 107) via tail-vein injection. Mice without A1-R injection 
served as untreated controls.

Small-animal imaging systems. The Olympus OV100 Small 
Animal Imaging System (Olympus Corp., Tokyo, Japan), con-
taining an MT-20 light source (Olympus Biosystems, Planegg, 
Germany) and DP70 CCD camera (Olympus), was used for 
subcellular imaging in live mice. The optics of the OV100 fluo-
rescence imaging system have been specially developed for mac-
roimaging as well as microimaging with high light-gathering 
capacity. The instrument incorporates a unique combination of 
high numerical aperture and long working distance. Individually 
optimized objective lenses, parcentered and parfocal, provide a 

Figure 7. Average grey value of the Lewis lung tumor blood vessels at 
different body sites. The average grey value of the foot tumor blood 
vessels was less than that in the ear tumor blood vessels (p < 0.05). The 
average grey value of blood vessels in the ear tumor decreased at days 
1, 3 and 6 after A1-R bacteria treatment (p < 0.01). In the back tumor, 
the average grey value of blood vessels at days 3 and 6 after bacterial 
treatment showed decreases (p < 0.01). In the foot tumor, the average 
grey value of blood vessels at day 6 was significantly decreased (p < 
0.01). Imaging was done with the FluorVivo imaging system (INDEC 
Biosystems). **p < 0.01 vs. ear tumor control group; ##p < 0.01 vs. back 
tumor control group; &&p < 0.01 vs. foot tumor control group.

Figure 8. Blood vessel area of the Lewis lung tumor at different body 
sites. The blood vessel area of the foot tumor was less than that in the 
ear tumor (p < 0.01). The blood vessel area in the ear tumor decreased 
at day 1 (p < 0.05) and even more severely at days 3 and 6 after A1-R 
bacteria treatment (p < 0.01). The back tumor had no significant change 
in the blood vessel area, since the blood vessel fragments did not disap-
pear soon after damage. In the foot pad tumor, the blood vessel area at 
day 6 after A1-R treatment was significantly decreased (p < 0.01). Imag-
ing was done with the FluorVivo imaging system (INDEC Biosystems). 
**p < 0.01 vs. ear tumor control group; &&p < 0.01 vs. foot tumor control 
group.
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