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trations of drugs within intracranial tumors, despite reaching 
toxic systemic levels. 

Live bacteria were first used in the treatment of cancer about 
150 years ago. Today, bacterial strains have been demonstrated 
specifically targeting in cancers, and supported by genomic se-
quencing and genetic engineering, there is new interest in the 
use of bacteria as a vector for cancer treatment7,8). A number of 
recent publications have revealed that bacteria are capable of 
targeting both primary cancers and metastases, enabling them 
to be imaged noninvasively in mouse tumor models3,4,12-14). Sal-
monella grow under both aerobic and anaerobic conditions, 
and so are able to colonize small and large tumors, respectively. 
Our review of prior publications revealed evidence that attenu-
ated salmonella hinder tumor growth in a broad range of hu-
man and mouse tumors implanted in mice.

In the present study, we engineered an attenuated Salmonella 
typhimurium (S. typhimurium) defective in guanosine 5’-di-

INTRODUCTION

Of the myriad cancer types, malignant gliomas are probably 
the most devastating and difficult-to-treat cancer. Although 
enormous advances have been made in the past decade in treat-
ing other solid cancers, such as lung and breast cancer, the me-
dian survival for the glioblastoma, the most malignant type of 
gliomas, stayed nearly the same with average about 1 year2). Re-
gardless of advances in surgical and imaging techniques, we still 
face numerous obstacles when treating brain tumors. 

In brain tumors, the blood-brain barrier, the blood-cerebro-
spinal fluid barrier and the blood-tumor barrier may act as ob-
stacles in drug delivery. One of the main reasons for the con-
tinuing dismal outlook in treatment of malignant gliomas is the 
lack of effective methods for drug delivery. Most conventional 
methods for delivering drug molecules, such as oral administra-
tion or intravenous injection, fail to achieve therapeutic concen-
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jected with a 10 μL Hamilton syringe into the left hemisphere at 
a depth of 3.5 mm below the brain surface. On retreat of the in-
jection needle, the hole in the skull was sealed with bone wax 
and the scalp was sutured. Tumor growth was followed using 
the IVIS100-system (Caliper, Hopkinton, MA, USA) until the 
region of interest (ROI) reached around 2×107 (photons/s/cm2/
sr) (about day 15 in U87-Fluc-bearing nude mouse), whereup-
on S. typhimurium-ΔppGp-pLux intravenously into the tail vein. 
RIO signal was analyzed at IVIS-system every day.

Optical bioluminescence imaging
To obtain images of bacterial bioluminescence, anesthetized 

animals were placed in a light-tight chamber of the IVIS100 
imaging system equipped with a cooled charge-coupled device 
(CCD) camera. The dose of luciferin (Caliper, Hopkinton, MA, 
USA) that was intraperitoneally (i.p.) injected was 3 mg per 
mouse. Photons emitted from luciferase-expressing bacteria 
were collected and integrated over 1-minute periods. Pseudo-
color images indicating photon counts were overlaid on photo-
graphs of the mice using the Living Image software v. 2.25 (Cal-
iper, Hopkinton, MA, USA). A ROI was selected manually 
based on the signal intensity measured at the same site. An in-
tegration time of 1 minute was used for luminescent image ac-
quisition. The data of the ROI was normalized to peak signal 
intensity of each time course.

RESULTS 

Time course of brain tumor at different time points 
following the i.p. injection of luciferin

Serial bioluminescence images were collected from nude 
mouse for 30 min after i.p. injection of D-luciferin, and the mean 
photon flux relative to peak signal was determined. Fig. 1A 
shows the bioluminescence images of a nude mouse with or-
thotopic glioma xenograft from this experiment. Biolumines-
cence images of nude mouse, displayed as a pseudocolor image 
in the brain, revealed intense signals arising from the tumor. 
The peak activity was selected among the time-course images.

Time course of brain tumor growth for visualization
Bioluminescence images of U87-Fluc tumors developed in 

mice (n=8) from day 10 to day 24 after implantation were ob-
tained (Fig. 1B). Modification of cells by Fluc tranfection al-
lowed stable, long-term expression of the luciferase gene by the 
transduced cells. This optical bioluminescence of brain tumor 
model was non-invasive, reproducible, repeated detection using 
the cooled-CCD camera. We repeated this experiment using 
the mouse implanted with Lewis lung cancer-Fluc (LLC-Fluc) 
cell line (data not shown).

S. typhimurium-ΔppGpp-pLux targeting in C57BL/6NC 
nude mice

Expression of the Lux gene was monitored using a cooled CCD 

phosphate-3’-diphosphate (ppGpp) synthesis (ΔppGpp strain), 
which expresses the bacterial luciferase gene (Lux) as a means 
of providing an imaging signal. The lux operon was integrated 
into the salmonella chromosome; therefore the attenuated bac-
teria produce bioluminescence which does not require an exog-
enous source of substrate. And then, we established mouse glio-
ma xenograft models by stereotactic injection of glioma cell 
line, which could be visualized using bioluminescence to evalu-
ate tumor growth, and investigated the targeting of the glioma 
xenograft by the genetically engineered S. typhimurium. The 
bioluminescence emitted from the salmonella was optically de-
tected in the mouse glioma xenograft models.

MATERIALS AND METHODS

Cell lines
U87 malignant glioma cells (U87-MG) cells were grown in 

high-glucose Dulbecco’s modified Eagle’s medium containing 
10% fetal bovine serum and 1% penicillin-streptomycin. U87-
MG cell line was transfected with firefly luciferase (Fluc), as 
shown in previous paper6). 

Bacterial strains 
S. typhimurium-ΔppGpp-Lux has been previously described6). 

Bacterial doses were 3×107 colony-forming units per mouse 
suspended in 100 μL of phosphate buffered saline and injected 
into the tail vein of each mouse. 

Histological analysis and immunofluorescence staining
The brains of sacrificed mice were removed, fixed in forma-

lin, and embedded in paraffin. For immunofluorescent stain-
ing, the primary and secondary antibody was rabbit anti-sal-
monella (Abcam, Cambridge, MA, USA) and Alexa Fluor 488 
chicken anti-rabbit (1:100; Invitrogen, Carlsbad, CA, USA), re-
spectively. The samples were mounted with 4’,6-diamidino-2-
phenylindole/Antifade (1:200; Invitrogen, Carlsbad, CA, USA). 
Images of fluorescently immunolabeled sections were acquired 
using an 80i microscope (Nikon, Tokyo, Japan). Images were 
captured using Cell-P imaging software (Olympus, Tokyo, Ja-
pan) in both the fluorescein isothiocyanate and tetramethyl-
rhodamine isothiocyanate channels. 

Glioma xenograft model
All animal care and procedures were approved by Animal 

Care and Use Committees of our institute. U87-Fluc was im-
planted in 6-week old male BALB/cAnN athymic nu-/nu- mice 
(Orient Bio, Seoul, Korea) by stereotaxic injection into the left 
striatum. Mice were anesthetized with isoflurane (1.5% in air) 
and secured in a stereotaxic apparatus (Stoelting Europe, Dub-
lin, Ireland). The skull was exposed by a midline scalp incision. 
A small hole (0.5 mm diameter) was drilled 3 mm posterior to 
and 3 mm left from the bregma. U87-Fluc cells (5×105) respec-
tively dissolved in 5 μL of minimum essential medium were in-
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monitoring in intracranial rodent models of primary brain tu-
mors1). Two studies compared bioluminescence signal of intra-
cranial supratentorial tumors with magnetic resonance imag-
ing-based measurements using complementary models--the 9L 
gliosarcoma model in rat9) and the U87 model in nude mice10)-- 
and found an excellent correlation. So, bioluminescence imag-
ing is a useful tool to evaluate the brain tumor generation and 
growth. But, the bioluminescence signal of the tumor is sud-
denly lost during penetration through tissue and skull, making 
comparisons between mice is difficult because of the variable 
depth of targeting in each tumor. Using each mouse as its own 
control normalizes these variations that make data more believ-
able. Therefore, we established a glioma xenograft model that 
could be traced using a cooled CCD camera. Attenuated S. ty-
phimurium reportedly has a propensity to naturally accumulate 
and replicate in a wide variety of solid tumors7). We previously 
reported that genetically engineered S. typhimurium target sub-
cutaneous tumors5). Although there are some doubt in safety of 
bacterial injection, previous investigations demonstrated that 
salmonella injection with the amount used in this study (3×107 
CFU) did not decline body weight and survival time13,14). 

camera. We determined the spatial dis-
tribution of S. typhimurium-ΔppGpp 
carrying Fluc, using nude mice in which 
the U87-Fluc cell line had been implant-
ed in the brain 15 days (Fig. 2A-a) before 
S. typhimurium-ΔppGpp (3×107 CFU) 
were intravenously injected into each 
mouse via the tail vein. Bioluminescence 
images were then collected. During the 
first few hours, bioluminescence signals 
were detected mainly in the spleen and 
liver of these mice. However, 5 days 
post-inoculum, signals were detected 
exclusively in the tumor region, and per-
sisted more than 6 days. Strong biolumi-
nescence signals from the chromosomal 
lux operon of salmonellae were detected 
specificially in the tumor area in 6 mice 
(Fig. 2A-b-d). No signal was detected 
superficially in two mice. However, these 
mice displayed signal after removing out 
brain for direct detecting under the a 
cooled CCD camera. Mouse was sacri-
ficed to perform Hematoxylin & Eosin 
and immunofluorescence staining at day 
9 after bacteria injection. The histologi-
cal analysis showed a human glioma 
without necrosis (Fig. 2B). Immuofluo-
rescence staining revealed that the ge-
netically engineered bacteria maintained 
their ability to target glioma xenograft 
injected with the U87-Fluc cell line (Fig. 
2C-a-d). No bacteria were detected in the opposite normal brain 
(Fig. 2C-e-h). We repeated this experiment in LLC-Fluc bearing-
tumor model after tail vein injection with salmonella, the bacte-
ria also targeted the brain tumor (data not shown).

DISCUSSION 

GBM is the most devastating and difficult-to-treat cancer. 
The overall prognosis of brain cancer patients has remained vir-
tually unchanged for the last 20 years11), with minimal improve-
ment despite advances in surgery, chemotherapy, and radiation 
treatment. One of those reasons is the lack of effective methods 
of drug delivery. Therefore, it is necessary to develop novel drug 
delivery system. For this purpose, we considered the targeted 
use of bacteria as drug delivery vehicles. 

Orthotopic brain tumors are inaccessible for direct measure-
ments of tumor growth, therefore in vivo bioluminescence im-
aging is particularly attractive in evaluating brain tumor status. 
One study concluded that bioluminescence imaging is a highly 
sensitive technique for assessment of tumor burden and re-
sponse to therapy, making it a superior option for longitudinal 

Fig. 1. Visualization of tumor development on optical bioluminescence imaging. To evaluate tumor 
growth in U87-Fluc-bearing nude mouse, a cooled CCD camera was used to analyze the mouse 
brain tumor model after intraperitoneal injection of 3 mg of D-luciferin per animal. A : The signal 
gradually increased in brain up to a peak at approximately 30 min, after which time, the signal 
slowly decayed. B : Bioluminescence images of U87-Fluc tumor developed in mouse over POD 10 
and gradually increased over the time. POD : post-operative day, CCD : charge-coupled device.
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This genetically engineered S. typhimurium could be useful for 
pre-clinical evaluation of new therapeutic regimens for the 
treatment of brain tumors.
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