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Abstract 

Bacteria-based anticancer therapies aim to overcome the limitations of current cancer therapy by 
actively targeting and efficiently removing cancer. To achieve this goal, new approaches that target 
and maintain bacterial drugs at sufficient concentrations during the therapeutic window are 
essential. Here, we examined the tumor tropism of attenuated Salmonella typhimurium displaying 
the RGD peptide sequence (ACDCRGDCFCG) on the external loop of outer membrane protein 
A (OmpA). RGD-displaying Salmonella strongly bound to cancer cells overexpressing αvβ3, but 
weakly bound to αvβ3-negative cancer cells, suggesting the feasibility of displaying a preferential 
homing peptide on the bacterial surface. In vivo studies revealed that RGD-displaying Salmonellae 
showed strong targeting efficiency, resulting in the regression in αvβ3-overexpressing cancer 
xenografts, and prolonged survival of mouse models of human breast cancer (MDA-MB-231) and 
human melanoma (MDA-MB-435). Thus, surface engineering of Salmonellae to display RGD 
peptides increases both their targeting efficiency and therapeutic effect. 

Key words: Salmonella typhimurium, RGD peptide, bacteria-mediated cancer therapy, surface display, 
bioluminescence imaging. 

Introduction 
Attenuated Salmonella typhimurium have been 

used for cancer therapy in animal models of breast 
cancer [1, 2], colon cancer [2, 3], hepatocellular 
carcinoma [4, 5], melanoma [2, 6], neuroblastoma [7], 
pancreatic cancer [8, 9], prostate cancer [10], and 
spinal cord glioma [11]. Some bacteria have the ability 
to target tumors, actively proliferate in tumors, and 
induce anticancer effects [12]. Attenuated S. 
typhimurium that are defective in the synthesis of 
ppGpp (strain ΔppGpp) suppress tumor growth by 

activating the immune system via the release of 
TNF-α and IL-1β[13, 14]. These tumor suppressing 
effects correlate with the persistence of Salmonella in 
tumor tissue[13]. Thus, the targeting efficiency and 
proliferation of bacteria in tumor tissue appear 
important. We found that ΔppGpp S. typhimurium 
showed variable targeting efficiency when tested in 
mouse xenograft models. Clinical trials in metastatic 
melanoma patients demonstrate that attenuated S. 
typhimurium (VNP20009) show weak targeting ability, 
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with no induction of regression [15, 16]. Therefore, 
high tumor targeting efficiency is essential to increase 
the tumor suppressive effects of bacterial cancer 
therapy.  

Microbial cell-surface display systems allow 
peptides and proteins to be displayed on the surface 
of microbial cells by fusing them with an anchoring 
motif; these motifs are usually cell-surface proteins or 
fragments thereof (carrier proteins). This system has 
both biotechnology and industry applications [17], 
including live vaccine development [18], 
screening-displayed peptide library construction [19], 
antibody production [20], bioadsorbent manufacture 
[21], and biosensor development [22]. Only a few 
studies have explored the influence of surface 
engineering, involving the attachment of 
tumor-specific ligands to outer membrane proteins, 
on tumor targeting efficiency by bacteria [23, 24]. 
Chang et al. showed that the display of 
anti-HER2/neu affibody on the surface of Escherichia 
coli resulted in the bacteria selectively targeting 
HER2-positive cancer cells in vitro [23]. In a separate 
study, Massa et al. displayed an anti-CD20 single 
domain antibody on attenuated S. typhimurium 
carrying a prodrug-converting enzyme and used it to 
treat mice bearing human lymphoma [24]. The 
previous studies were designed to study only the 
effects of bacteria on hematologic cancers [24] or were 
confined to an in vitro study of solid tumor cells [23]. 
Thus, there is a need to systematically evaluate the 
performance of engineered bacteria displaying 
tumor-specific ligands on their surfaces in diverse in 
vitro and in vivo models. 

In this study, we used a novel, easy and 
straightforward approach to generate engineered 
Salmonella ΔppGpp strains displaying the 
arginine-glycine-aspartate (RGD) peptide on the outer 
membrane protein A (OmpA). The RGD peptide is a 
well-studied tumor homing peptide that specifically 
binds to alpha v beta 3 (αvβ3) integrin, which is 
widely overexpressed on cancer cells and blood 
vessels during cancer angiogenesis. Here, we 
demonstrate for the first time the successful 
engineering of attenuated Salmonella ΔppGpp strains 
that show enhanced tumor targeting and tumor 
regression in αvβ3-overexpressing tumor xenograft 
models.  

Materials and methods 
Cells 

The MDA-MB-231 (human breast cancer), 
MDA-MB-435 (human melanoma), U87MG (human 
glioblastoma), MCF7 (human breast cancer), ASPC-1 
(human pancreatic cancer), CT-26 (mouse colon 

carcinoma), and 4T1 (mouse breast cancer) cell lines 
were obtained from the American Type Culture 
Collection (HTB-26, HTB-129, HTB-14, HTB-22, 
CRL-1682, CRL-2638, and CRL-2539, respectively). 
The MC38 mouse colonic adenocarcinoma cell line 
was obtained from Dr. Je-Jung Lee (Chonnam 
National University Hwasun Hospital, Jeonnam, 
Republic of Korea). M21 and M21L human melanoma 
cells were kindly provided by Dr. Hak Soo Choi (Beth 
Israel Deaconess Medical Center of Harvard Medical 
School, Boston, USA). Cells were grown in α-MEM 
(U87MG), RPMI 1640 (MDA-MB-231, MDA-MB-435, 
MCF7, and ASPC-1), or high-glucose DMEM (M21, 
M21L, MC38, CT-26, and 4T1) (HyClone Lab, Inc., 
Logan, UT) supplemented with 10% fetal bovine 
serum and 1% penicillin-streptomycin, and cultured 
at 37°C in a humidified atmosphere of 5% CO2. Cells 
were counted using a hemocytometer and seeded into 
6-well plates (3 × 105 cells per well) or culture dishes 
(1 × 106 cells per dish). The culture medium was 
changed every 2 days until cells reached 80% 
confluence.  

 

Table 1. Salmonella typhimurium strains and plasmids. 

Strains/plasmids Description Reference 
Salmonella typhimurium Wild type  
ΔppGpp (SHJ2037) ΔrelA, ΔspoT Song M et al. [25] 
ΔppGpp ΔompA ΔrelA, ΔspoT, ΔompA::cat This study 
ΔppGppAAA ΔrelA, ΔspoT, OmpAAAA This study 
ΔppGppRGD ΔrelA, ΔspoT, OmpARGD This study 
pRLu8 pBAD-RLuc8 Loening AM et al.[29] 
pOmpA pBAD-OmpA This study 
pOmpAAAA pBAD-OmpA containing 

the AAA peptide 
This study 

pOmpARGD pBAD-OmpA containing 
the RGD peptide 

This study 

 

Bacterial strains and plasmids for surface 
display 

The bacterial strains and plasmids used in this 
study are listed in the Table 1. ΔppGpp S. 
typhimurium, SHJ2037 (ΔrelA::km, Δspot::cm), has been 
previously described [25]. To image bioluminescence, 
the whole luciferase operon of Photorhabdus 
luminescens from S. typhimurium-Xen26 (Caliper Life 
Science, USA) was transduced into strain SHJ2037 by 
P22HT int transduction [26]. ΔppGpp ΔompA was 
constructed from ΔppGpp S. typhimurium using the 
linear DNA transformation method as described 
previously [27]. PCR amplification of pKD13 was 
performed to replace the ompA open reading frame 
with the cat gene. The primers were as follows: 
forward, 5’-ATGAAAAAGACAGCTATCGCGATTG
CAGTGGCACTGGCTGGTTTCGCTACCGTAGCGC
AGGTGTAGGCTGGAGCTGCTTCG-3’; and reverse, 
5’-TTAAGCCTGCGGCTGAGTTACCACGTCTTTAA



 Theranostics 2016, Vol. 6, Issue 10 

 
http://www.thno.org 

1674 

CGCCTTTAACTTCGATCTCTACGCGACGCATAT
GAATATCCTCCTTA-3’. The cat gene was then 
removed to generate ΔompA, as described by 
Datsenko and Wanner [27].  

 The expression vectors for pOmpAAAA or 
pOmpARGD were constructed as follows. The ompA 
gene was amplified from S. typhimurium genomic 
DNA[28] using forward primer, 5’-CCATGGCAATG
AAAAAGACAGCTATCGCGATTGCAGTG-3’ and 
reverse primer, 5’-GTTTAAACTTAAGCCTGCGGCT
GAGTTACAAC-3’. The PCR product was cloned 
directly into the pGEM-T Easy Vector (Promega, 
Madison, WI) to generate pOmpA. Recombinant 
DNA was cut by NcoI and PmeI, and used to replace 
RLuc8 at the same site in the pRLuc8 [3, 29] 
expression vector. To construct the plasmid encoding 
the ompA gene containing RGD-4C 
(ACDCRGDCFCG), amplified DNA was inserted via 
the synthetic oligomer RGD-4C (5’-GCCTGTGATTGT 
CGCGGCGATTGTTTCTGTGGC-3’). The synthetic 
oligomer AAA-4C (5’-GCCTGTGATTGTGCGGCG 
GCGTGTTTCTGTGGC-3’) was used as a control. The 
oligomers were inserted into the third transmembrane 
domain of ompA gene to generate a sandwich fusion 
(Fig. 1A, B).  

Preparation of Salmonellae for the in vitro and 
in vivo experiments. 

 All bacterial strains were streaked on LB plates 
containing appropriate antibiotics. A single colony 
was picked, dipped into LB/antibiotic medium 
containing 0.2% glucose, and grown overnight in a 
shaking incubator (37°C, 200 rpm). The next day, the 
overnight culture was diluted 50-fold into fresh 
medium containing L-arabinose (final concentration, 
0.2%) to express recombinant proteins and grown to 
early stationary phase (A600 = 2–2.5). The cells were 
then harvested by centrifugation (4000 × g for 10 
minutes), washed with PBS, quantified by 
spectrophotometry, and diluted again in PBS to obtain 
the desired concentration of bacteria in an appropriate 
volume for the in vitro and in vivo experiments. For the 
animal experiments, each mouse received 3 × 107 

colony-forming units suspended in 100 μL of PBS. The 
bacterial count was calculated as follows: 1.0 A600 = 0.8 
× 109 CFU.  

Western blot analysis 
A bacterial pellet (40 μg of total proteins) was 

subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis on 12% linear gradient gels and 
then transferred to nitrocellulose membranes 
(Bio-Rad, Hercules, CA). The membranes were first 
probed with an anti-MOMP monoclonal antibody 
(1:2000; Geneway Biotech, San Diego, CA), followed 

by a horseradish peroxidase-conjugated anti-mouse 
secondary antibody (1:2000; Amersham, UK). 
Immunoreactive proteins were detected using 
Luminol reagent (Santa Cruz Biotechnology, Santa 
Cruz, CA) and visualized by a Fuji Film image reader 
LAS-3000 machine.  

Invasion assays for bacterial infection 
 Human cancer cells (MCF7, M21L, U87MG, 

M21, MDA-MB-231, and MDA-MB-435) were seeded 
into the individual wells of 24 well plates at 5 × 105 
cells per well. Bacteria strains prepared as described 
above were added to the cancer cells at a ratio of 
100:1, and the mixture was incubated at 37°C under 
5% CO2 for 12 h. Infected cells were washed three 
times with PBS, cancer cell line- optimal medium 
containing gentamycin (5 mg/mL, Sigma) was added, 
and the mixture was incubated for an additional 60 
min. Intracellular bacteria were harvested by 
extraction with lysis buffer (0.05% Triton X-100 in 
PBS), and replica plated for colony counting on LB 
agar plates containing appropriate antibiotics.  

Adhesion and competition assays  
Human cancer cells were seeded into 6-well 

plates containing cover slips (to enable observation 
under a microscope). Bacteria strains were grown and 
prepared as described above. The harvested bacteria 
were washed twice with serum-free medium, diluted 
in serum-free medium, and added to each well to 
achieve the desired multiplicity of infection (MOI, 
1:100). For the competition assay, cancer cells were 
incubated with the synthetic RGD peptide (final 
concentration, 1 μM; AnyGen Inc., Gwangju, Republic 
of Korea) for 2 h at 37°C before addition of 
RGD-displaying bacteria. The incubation was 
performed in a humidified atmosphere of 5% CO2 at 
37°C for 2 h. The culture plates were then washed 
three times with PBS to remove unbound bacteria. 
The treated cells were examined by 
immunofluorescence staining (see below). Each 
condition was tested in triplicate, and at least three 
separate experiments were performed.  

Immunofluorescence analysis 
After bacterial infection, cells were washed with 

PBS and fixed in 3.7% paraformaldehyde for 10 
minutes at room temperature. Cells were then washed 
three times with PBS and subsequently blocked with 
5% BSA in PBS-T (containing 0.1% Triton X-100; 
Sigma-Aldrich, St. Louis, MO). For observation, cells 
were stained with 5 μg/mL phalloidin-555 (Molecular 
Probes, CA) and 1 μg/mL DAPI (Molecular Probes, 
CA). Alternatively, the BSA-blocked cells were 
stained with a mouse anti-αvβ3 primary antibody 
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(1:100; ab7166, Abcam, Cambridge, UK) and a rabbit 
anti-Salmonella antibody (1:100; ab35156, Abcam, 
Cambridge, UK) overnight at 4°C. After washing 
three times with PBS-T, cells were incubated with 
anti-mouse IgG coupled to Alexa Fluor 555 (1:500; 
Molecular Probes) and anti-rabbit IgG coupled to 
Alexa 488 (1:500; Molecular Probes) for 2 h at room 
temperature. Stained cells were subsequently washed 
with PBS, mounted on glass slides, and analyzed 
under an FV1000D confocal laser scanning 
microscope (Olympus, Tokyo, Japan). For binding 
analysis, a composite image of 20 sections with a 0.5 
μm shift in the z-axis was taken and combined using 
FV10-ASW 2.0 viewer. The number of adherent 
bacteria was determined by counting at least 100 high 
power fields (320 μm × 240 μm). Calculation of exact 
cell numbers was based on the measured areas and 
the overall size of the cover slip.  

Animal models 
Five- to six-week-old male nude (nu-/nu-) and 

C57BL/6 mice (20–25 g) were purchased from the 
Central Lab Animal Inc. (Republic of Korea). Animal 
care, experiments, and euthanasia were performed in 
accordance with protocols approved by the Chonnam 
National University Animal Research Committee 
(CNU IACUC-H-2014-1). Human cancer cell lines 
(MDA-MB-231, MDA-MB-435, M21, M21L, ASPC-1, 
and U87MG; 107 cells) and mouse cancer cell lines 
(MC38, CT-26, and 4T1; 106 cells) were harvested and 

suspended in 100 μL of PBS prior to subcutaneous 
injection into the right thigh of each mouse. When the 
tumor volume reached about 100 mm3, PBS, synthetic 
RGD peptide (5 μg), or bacteria strains (3 × 107 CFU) 
were injected intravenously. Mice were anesthetized 
with 2% isoflurane (for imaging) or a mixture of 
ketamine and xylazine (200 mg/kg) (for 
implantation). The subcutaneous volumes of the 
MDA-MB-231 and MDA-MB-435 xenografts were 
measured with calipers every 2–3 days from Days 0 to 
40. Tumor volume (mm3) was estimated using the 
formula (L × H × W) / 2, where L is the length, W is 
the width, and H is the height of the tumor in 
millimeters. Mice with tumors ≥ 1000 mm3 were 
scheduled for euthanasia.  

Optical bioluminescence imaging 
To image bacterial bioluminescence, 

anesthetized animals were placed in a light-tight 
chamber within the IVIS imaging system (Caliper), 
which was equipped with a cooled charge-coupled 
device camera. Photons emitted from bioluminescent 
bacteria were collected and integrated over 1 minute 
periods [26]. Pseudocolor images indicating photon 
counts were overlaid on photographs of mice using 

Living Image software v. 2.50 (Caliper). A region of 
interest was selected manually. Based on the signal 
intensity, the average radiance within each region of 
interest was recorded.  

Accumulation of engineered Salmonella  
Animals were euthanized and sacrificed at the 

indicated dpi. Tissues were removed, placed 
individually in sterile tubes containing PBS at 4°C, 
and weighed. Samples were transferred to sterile 
homogenization tubes, homogenized, and then 
returned to their original tubes for serial dilution with 
PBS. Agar plates containing appropriate antibiotics 
were inoculated with diluted homogenate and 
incubated overnight at 37°C. Colonies were counted 
and the bacterial load was expressed as CFU g-1 tissue.  

Clinical chemistry parameters 
Blood samples were collected from all groups of 

animals at 4 days after the injection of bacteria. 
Samples were obtained by cardiac puncture using 
heparinized syringes. Blood samples were deposited 
in serum separator gel tubes (Microtainer, Becton 
Dickinson, Franklin, NJ) and centrifuged (9300 × g, 30 
minutes at 4°C) to separate the serum. After 
centrifugation, serum samples were immediately 
subjected to biochemical analyses. Serum activity of 
aspartate aminotransferase and alanine transaminase, 
and the concentration of blood urea nitrogen, 
creatinine, CRP, and PCT, were measured in an 
automated analyzer (Hitachi instruments, Tokyo, 
Japan), according to the manufacturers’ instructions. 
Standard controls were run before each measurement, 
and the values obtained were within the expect 
ranges.  

Statistical analyses 
Statistical analysis was performed using the 

SPSS 21.0 statistical package (SPSS, Chicago, IL). 
Two-tailed Student’s t-tests and one-way ANOVA 
were used to determine the statistical significance of 
differences in primary tumor growth between control 
and treatment groups. The Kruskal-Wallis test was 
used to determine the statistical significance of 
differences in clinical chemistry parameters. A 
P-value < 0.05 was considered significant for all 
analyses. Survival analysis was performed using the 
Kaplan-Meier method and the log-rank test. All data 
are expressed as the mean ± standard deviation.  

Results 
Engineering Salmonellae to express the RGD 
sequence on their surfaces 

 Although the tumor tropism of ΔppGpp 
Salmonellae is well documented [3, 5], we observed 
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variable levels of accumulation of bacteria depending 
on tumor type; for example, accumulation was higher 
in solid tumor xenografts (ASPC-1, MC38, CT26, and 
4T1) than in MDA-MB-231, MDA-MB-435, M21, and 
U87MG tumor xenografts (P < 0.01, Fig. S1A, B). 
Therefore, to increase tumor specificity we engineered 
ΔppGpp Salmonellae to express the RGD peptide, a 
specific ligand for αvβ3 integrin expressed by tumor 
cells and tumor endothelial cells. The RGD sequence 
(ACDCRGDCFCG) was expressed within the third 
loop of OmpA (Fig. 1A). The fusion gene, OmpARGD, 
was then substituted for the RLuc8 gene in the 
pRLuc8 plasmid [3] to generate the pOmpARGD 
plasmid (Fig. 1B). ΔppGpp Salmonellae were 
electro-transformed with the pOmpARGD vector and 
then examined by Western blotting with an 
anti-OmpA antibody. The results confirmed 
successful expression of the fused OmpARGD protein 
(which was larger than the endogenous OmpA 
protein (37 kDa)) only after L-arabinose induction (Fig. 
1C). Comparison with the parental strain confirmed 
that growth of transformed Salmonellae was not 
affected by OmpARGD induction (Fig. 1D).  

 

RGD-displaying Salmonellae show enhanced 
binding to cancer cells overexpressing αvβ3 
integrin  

 Next, we asked whether expressing RGD on the 
surface of Salmonellae would direct the bacteria to 
cells expressing αvβ3 integrin on their membranes. 
Thus, αvβ3-positive (MDA-MB-231, MDA-MB-435, 
M21, and U87MG) and -negative (MCF7 and M21L) 
cells were incubated for 2 h with ΔppGpp Salmonellae 
displaying RGD (ΔppGppRGD strain). ΔppGpp 
Salmonellae (the parental ΔppGpp strain) and 
ΔppGpp Salmonellae expressing a triple alanine 
peptide (AAA; ΔppGppAAA strain) in OmpA were 
used as controls. The ΔppGppRGD strain bound 
MDA-MB-231, MDA-MB-435, M21, and U87MG 
cancer cells to a greater extent than MCF7 and M21L 
cells (P = 0.008, Fig. 2). Binding was significantly 
inhibited by the addition of 1 µM free synthetic RGD 
peptide (P = 0.001), suggesting that bacterial binding 
to cells was dependent upon surface expression of 
RGD. Control strains showed negligible binding to 
αvβ3-positive and -negative cell lines (Fig. 2C, S2). 
Binding was further confirmed by Z section analysis 
using a confocal microscope. The merged image 

 
Figure 1. L-Arabinose-induced OmpARGD expression by surface-engineered S. typhimurium (ΔppGppRGD). (A) A topological model of S. typhimurium OmpA after 
insertion of the RGD sequence (ACDCRGDCFCG), and its secondary structure. The image is based on the expected RGD sequence/OmpA structure (Protein Data Bank 
(PDB) ID code 2GE4). (B) A map of the bacterial expression plasmid (pOmpARGD). (C) The ppGpp-defective S. typhimurium strain (ΔppGpp) was transformed with pOmpARGD 
(ΔppGppRGD). Protein production by ΔppGpp, ΔppGpp ΔompA, and ΔppGppRGD strains was induced by L-arabinose. The expression of OmpA (37 kDa) was analyzed by 
Western blotting with an anti-major outer membrane protein (MOMP ) antibody. The position of OmpARGD is indicated by an arrow. (D) The growth of S. typhimurium was 
assessed using the wild type or in untransformed ΔppGpp or transformed ΔppGppRGD after induction of OmpARGD expression. To induce the pBAD system in cultured 
bacteria, 0.2% L-arabinose was added to cultures at mid-log phase (1 h after starting the culture). The A600 was determined every 1 or 1.5 h for a period of 10 h. Results are 
representative of at least three independent experiments. 
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clearly indicated co-localization of the ΔppGppRGD 
strain with αvβ3 integrins expressed by MDA-MB-231 
cells (Fig. S3). Despite the high binding affinity, the 
ΔppGppRGD strain showed extremely low invasion of 
cancer cells expressing αvβ3; less than 0.1% of the 
cells were invaded compared with WT Salmonellae 
(Fig. S4). Taken together, these results indicate that 
displaying the RGD peptide on the bacterial surface 
results in strong binding to αvβ3 integrin expressed 
by cancer cells.  

Enhanced targeting efficiency of 
RGD-displaying Salmonellae in xenograft 
mouse models 

 We next investigated whether the ΔppGppRGD 
strain accumulated in αvβ3-positive cancer (U87MG 
and M21)-and αvβ3-negative cancer (M21L) bearing 
nude mice. To monitor its distribution in vivo, the p22 
bacteriophage [26] was used to engineer bacteria 
expressing bacterial luciferase (Lux). In vivo 
bioluminescence imaging revealed significant initial 

accumulation of ΔppGppRGD in U87MG and M21 
xenografts. Continued monitoring revealed that the 
emission levels were stable, and were approximately 
1000~5000-fold higher in animals that received 
ΔppGppRGD strain than in those that received control 
bacteria (ΔppGpp strain or ΔppGppAAA strains) (Fig. 
3A, B, Fig. S5A-C). Direct comparison of targeting 
efficiency between αvβ3-positive (M21) and -negative 
melanoma (M21L) demonstrated significantly higher 
accumulation of the ΔppGppRGD strain in M21 
melanoma than in M21L melanoma during the whole 
observation period (Fig. S5A-C). Counting the actual 
number of bacteria showed that, consistent with the 
results of the imaging studies, the number of 
ΔppGppRGD cells in the tumor was significantly higher 
(> 1000-fold) than those of control strains after initial 
injection; these numbers remained constant for the 
duration of the experiment (until 10 ~ 20 dpi) (Fig. 4, 
Fig. S5C).  

 
 

 
Figure 2. αvβ3 integrin expression and tumor cell targeting efficiency of RGD-displaying Salmonella. ΔppGppRGD was cultivated and OmpARGD expression was 
induced by L-arabinose. Tumor cells were infected with ΔppGppRGD for 2 h at an MOI of 1:100. For visualization by confocal microscopy, cell nuclei (blue), αvβ3 (red), and 
Salmonella (green) were stained with DAPI and antibodies specific for αvβ3 and Salmonella, respectively. Scale bar, 20µm. (A) Low level and (B) high level αvβ3 integrin expression 
by tumor cells incubated with ΔppGppRGD. (C) Quantitative analysis of the tumor targeting ability of RGD-displaying Salmonella and competition assay results. ΔppGpp and 
ΔppGppAAA were induced to express OmpAAAA by addition of L-arabinose (triple alanine instead of RGD) and used as controls. Infection of tumor cells with either ΔppGpp or 
ΔppGppAAA for 2 h at a MOI of 1:100. For the competition assay, cells were pre-incubated for 2 h with 1 μM synthetic RGD peptide (ACDCRGDCFCG), washed with PBS, and 
then infected with ΔppGppRGD (MOI, 1:100). *P = 0.008 (low level vs. high level of αvβ3 integrin expression of tumor cells in ΔppGppRGD); **P = 0.001 (ΔppGppRGD vs. ΔppGpp, 
ΔppGppAAA or ΔppGppRGD after addition of 1 μM free RGD in U87MG, MDA-MB-231, MDA-MB-435, and M21 tumor cells). The results are representative of at least three 
independent experiments. 
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Figure 3. In vivo imaging of RGD-displaying S. typhimurium in the U87MG 
xenograft models. BALB/c athymic nu-/nu- mice (n = 7 per group) were injected 
subcutaneously with U87MG (1 × 107) cells. When the tumors reached 
approximately 100 mm3, mice were intravenously injected with bioluminescent 
bacteria (ΔppGpp, ΔppGppAAA, or ΔppGppRGD). (A) Non-invasive in vivo imaging of 
bacterial bioluminescence in representative mice. (B) Signal intensity in tumor regions 
of interest was assessed by measuring the toral flux. Regions of interest were selected 
manually within each tumor and results are shown as a bar graph after bacterial 
injection. 

 

Tumor suppressive effects of RGD-displaying 
Salmonellae in tumor xenograft-bearing mice 

 αvβ3-expressing cancer cells (MDA-MB-231 or 
MDA-MB-435) were injected subcutaneously into the 
right thigh of 5-week-old male nu/nu mice (107 
cells/100 μL per mouse). To explore bacterial 
anti-tumor activity, tumor-bearing mice were treated 
with strains ΔppGppRGD, ΔppGppAAA, and ΔppGpp, 
or with PBS or synthetic RGD peptide (vehicle 
control). Strain ΔppGppRGD showed the strongest 
anti-tumor effect, followed by ΔppGppAAA and 
ΔppGpp. There was no statistically significant 
difference in the anti-tumor efficacy of strains 
ΔppGppAAA and ΔppGpp, although both were 
significantly more effective than the PBS control. At 
the end of the experiment (33–35 days), the mean 
volume of MDA-MB-231 and MDA-MB-435 tumors 
was 24 mm3 and 10 mm3, respectively, in the 
ΔppGppRGD group, and 186 mm3 and 177 mm3, 
respectively, in the ΔppGppAAA group (P < 0.05, Fig. 
5A–C). In addition, animals receiving ΔppGppRGD 

survived for significantly longer than animals in the 
other groups (P < 0.01, Fig. 5D). Taken together, these 
results suggest that RGD-displaying Salmonella 
significantly suppress tumor growth in mouse 
xenograft models. 

 

 
Figure 4. The biodistribution studies after infection of mice with 
RGD-displaying Salmonella. Quantification of engineered S. typhimurium in 
different organs from mice bearing high αvβ3 integrin-expressing tumors (n = 5 per 
group). (A) U87MG, (B) M21, (C) MDA-MB-231, and (D) MDA-MB-435. 

 

Systemic toxicity of RGD-displaying Salmonella  
 As with all treatments, ΔppGppRGD may cause 

systemic toxicity. Therefore, we measured plasma 
C-reactive protein (CRP) and procalcitonin (PCT) 
levels (suggestive of toxicity/damage to normal 
organs such as the liver and kidney) at 5 dpi following 
intravenous (i.v.) injection of bacteria into nu/nu mice 
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bearing MDA-MB-231. Serum aspartate 
aminotransferase and alanine aminotransferase levels 
were within the normal ranges (Fig. S7). Markers of 
inflammation or infection (CRP and PCT) were also 
within normal ranges in all experimental groups (Fig. 

S7). These results confirm those published in a 
previous report [5], i.e., that surface-engineered 
bacteria do not result in serious inflammatory 
reactions. 

 
Figure 5. In vivo imaging and tumor suppressive effects of RGD-displaying Salmonella. BALB/c athymic nu-/nu- mice received a subcutaneous injection of 
MDA-MB-231 (1 × 107) or MDA-MB-435 (1 × 107) cells. When the tumors reached approximately 100 mm3, mice were intravenously injected with PBS, synthetic RGD peptide 
(5 µg), or bioluminescent bacteria (ΔppGpp, ΔppGppAAA, or ΔppGppRGD). Mice bearing MDA-MB-231 or MDA-MB-435 tumors were treated with PBS (n = 8) or ΔppGpp (n = 
10). A separate group of tumor-bearing mice received a daily intraperitoneal injection of 60 mg L-arabinose, starting on day 4 post-injection with RGD (n = 8), ΔppGppAAA (n = 
15 for MDA-MB-231; n = 15 for MDA-MB-435) or ΔppGppRGD (n = 15 for MDA-MB-231; n = 15 for MDA-MB-435) (A) Photographs of subcutaneous tumors in representative 
mice. (B) Non-invasive in vivo imaging of bacterial bioluminescence. (C) Changes in tumor volume. Left panel: effect on MDA-MB-231 tumor growth. Right panel: effect on 
MDA-MB-435 tumor growth. *P = 0.0001; results from one-way ANOVA (PBS or RGD vs ΔppGpp or ΔppGppAAA vs ΔppGppRGD in MDA-MB-231 and MDA-MB-435) (D) 
Kaplan-Meier survival curves for mice bearing MDA-MB-231 (*P < 0.001) or MDA-MB-435 (*P = 0.058, **P = 0.009, and ***P < 0.001) tumors. 
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Discussion 
 Some strains of bacteria naturally target tumors, 

including those of the breast, colon, pancreas, and 
prostate, as well as hepatocellular carcinoma, 
melanoma, neuroblastoma, and spinal cord glioma [1, 
12, 30-32]. However, we found that the targeting 
efficiency of attenuated S. typhimurium varied 
depending on the tumor. To compensate for this 
limitation, bacteria were engineered to display a 
specific binding ligand (e.g., an affibody or single 
domain antibody) on the membrane protein with a 
view to enhancing targeting and therapeutic efficacy 
[23, 24].  

 The RGD peptide, either radiolabeled or 
conjugated to various drugs, enables imaging and 
treatment of αvβ3 integrin-positive cells [33]. 
Therefore, we engineered bacteria to display the 
RGD-4C peptide (ACDCRGDCFCG; also known as 
cyclic RGD), which harbors disulfide bridges between 
the first (Cys1) and fourth (Cys4), and the second 
(Cys2) and third (Cys3), cysteine residues [34], on the 
surface of an attenuated Salmonella strain (ΔppGpp). 
To display the RGD-4C peptide on the third 
transmembrane domain of OmpA, we developed an 
attenuated S. typhimurium strain carrying a sandwich 
fused-gene expression cassette encoding OmpA 
bearing the RGD-4C peptide [28, 35] (Fig. 1). The 
RGD-displaying bacteria showed strong initial 
targeting and subsequent proliferation in 
αvβ3-overexpressing xenograft tumors, and 
consequently suppressed tumor growth (Fig. 5). Thus, 
the results indicate that the bacteria acquired strong 
targeting efficiency and therapeutic efficacy against 
human tumor xenografts through the surface display 
of a tumor targeting ligand.  

 Adhesion and competition analyses indicated 
that the RGD surface-display bacteria accumulated in 
the cancer cells in a αvβ3-specific manner. Binding 
capacity was significantly reduced by free synthetic 
RGD-4C peptide (1 µM), suggesting that the RGD-4C 
peptide is a crucial factor in the interaction between 
the bacteria and cancer cells. We examined the ability 
of surface-engineered bacteria to bind three different 
cancer cell lines with very high (U87MG, M21), 
medium (MDA-MB-231, MDA-MB-435) and no 
(MCF7, M21L) expression of ανβ3. As expected, the 
surface-engineered bacteria bound to the cells in the 
order U87MG > M21 > MDA-MB-231 or 
MDA-MB-435, showing a strong correlation with 
ανβ3 expression levels. Despite the high binding 
affinities, the ΔppGppRGD strain showed extremely 
low invasiveness of cancer cells expressing αvβ3. The 
invasion and intracellular growth of Salmonella is 
mediated by a bacterial type III secretion system 
(TTSS) encoded by genes on Salmonella pathogenicity 

island I and II (SPI1 and SPI2), respectively. Because 
SPI1 and SPI2 genes are expressed in a 
ppGpp-dependent manner [25, 36], ΔppGpp 
Salmonellae are defective in intracellular growth as 
well as invasiveness even when they are engineered 
for RGD surface display. 

 Although the mechanism underlying 
Salmonellae-mediated suppression of tumor growth 
is likely multifaceted, there is evidence to suggest that 
the immune-activating characteristics of Salmonellae 
are sufficient to induce tumor regression[13]. Release 
of lipopolysaccharide (LPS) within the tumor upon 
Salmonella infection may induce production of tumor 
necrosis factor α (TNF-α) by immune cells [37]. 
Indeed, TNF-α released by macrophages, along with 
IL-1β released by dendritic cells and macrophages, 
appears to be responsible for the anticancer effects of 
S. typhimurium [13]. The main pathway responsible for 
IL-1β processing is the inflammasome, which in turn 
activates caspase-1, followed by the cleavage and 
secretion of active IL-1β and IL-18[13]. According to 
the results of the present study, the reduction in 
tumor size was highly correlated with the persistence 
of Salmonella in the tumor. When the number of 
tumor-colonizing bacteria decreased, the tumor 
re-grew. These results suggest the importance of 
bacterial targeting efficiency and their rate of 
proliferation within the tumor tissue. RGD-displaying 
Salmonellae accumulated in tumors at significantly 
higher (> 1000-fold) levels than control strains after 
the initial bacterial injection, and the bacterial titers in 
the tumors were maintained until the end of the 
experiment (20 dpi). The avidity of the 
surface-engineered bacteria for the tumor cells 
explains the excellent anti-tumor effect observed in 
MDA-MB-231 and MDA-MB-435 xenograft mouse 
models. 

Conclusions 
 We demonstrated the in vitro and in vivo 

targeting and therapeutic effects of 
surface-engineered bacteria carrying the RGD-4C 
peptide. The display of RGD-4C on OmpA proteins 
expressed on the surface of bacteria increased tumor 
targeting efficiency, as demonstrated by the results of 
adhesion and competition assays. In vivo studies 
showed that surface-engineered bacteria strongly 
suppressed the growth of MDA-MB-231 and 
MDA-MB-435 tumors in nude mice, and that this 
targeting efficiency (1000-fold higher than that of 
control bacteria) was maintained for up to 20 days. 
Taken together, these results suggest that 
surface-engineered bacteria have a potential for the 
delivery of high amounts of protein drugs to specific 
tumors in vivo. 
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Supplementary figures S1-S6.  
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