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Optimization of the specific affinity of cardiac delivery 
vector could significantly improve the efficiency of gene/
protein delivery, yet no cardiac vectors to date have suf-
ficient target specificity for myocardial infarction (MI). 
In this study, we explored bacterial tropism for infarcted 
myocardium based on our previous observations that cer-
tain bacteria are capable of targeting the hypoxic regions 
in solid tumors. Out of several Escherichia coli or Salmo-
nella typhimurium strains, the S. typhimurium defective in 
the synthesis of ppGpp (ΔppGpp S. typhimurium) revealed 
accumulation and selective proliferation in the infarcted 
myocardium without spillover to noncardiac tissue. The 
Salmonellae that were engineered to express a variant of 
Renilla luciferase gene (RLuc8), under the control of the 
E. coli arabinose operon promoter (PBAD), selectively tar-
geted and delivered RLuc8 in the infarcted myocardium 
only upon injection of l-arabinose. An examination of the 
infarct size before and after infection, and estimations of 
C-reactive protein (CRP) and procalcitonin indicated that 
intravenous injection of ΔppGpp S. typhimurium did not 
induce serious local or systemic immune reactions. This 
current proof-of-principle study demonstrates for the first 
time the capacity of Salmonellae to target infarcted myo-
cardium and to serve as a vehicle for the selective delivery 
of therapeutic agents in MI.

Received 27 July 2010; accepted 26 January 2011; published online  
1 March 2011. doi:10.1038/mt.2011.25

Introduction
Coronary artery disease is a leading cause of morbidity and mor-
tality in the world.1 The detailed investigation of the molecular 
pathways involved in the development and progression of the 
most refractory cardiac disease has led to the identification of 
numerous causative genes and proteins.2 Thus, molecular therapy 

to modify the levels of these proteins through control of their 
production offers a potential to improve myocardial function in 
the patients with refractory angina who have failed conventional 
medical or surgical treatment.3

Gene-based treatments involve direct cardiac delivery of potent 
angiogenic factors using catheter or surgical technique, either in naked 
form or enclosed in nanoparticles, to stimulate new vessel growth in 
hypoxic regions.4 Although the delivery technique via direct cardiac 
delivery may improve cardiac targeting, highly cardiotropic vector 
would be most desirable. Thus, optimizing the tropism of cardiac 
delivery vectors would help to improve gene/protein delivery and to 
reduce unwanted extracardiac transfection. However, no vector to 
date has sufficient specificity for the infarcted myocardium.5

In this study, we examined the feasibility of using avirulent 
bacteria as drug delivery vehicles with target specificity for the 
hypoxic/infarcted myocardium based on our previous observa-
tions that certain bacteria are capable of targeting the hypoxic 
regions in solid tumors.6–9 Most notably, Salmonella typhimu-
rium defective in the synthesis of Magic Spot, ppGpp (ΔppGpp 
S. typhimurium)10 has been shown to exhibit strong tropism for 
the infarcted myocardium. This feature was exploited for targeted 
delivery of protein drugs to the infarcted myocardium. Precise 
triggering of expression could induce greater therapeutic effects 
of protein drugs while minimizing systemic toxicity.11 Thus, the 
Salmonella was implemented to equip with an inducible gene 
expression system that was controlled in remote. Here, we dem-
onstrated a controlled expression of a bioluminescent protein as a 
model by employing molecular imaging technique.

Results
Selective localization of attenuated S. typhimurium  
in the infarcted myocardium
The Sprague–Dawley (SD) rats with myocardial infarction (MI) 
were injected with the bacteria listed in Table  1 through tail-
vein and localized in the animal on 1, 3, 5 days post inoculation 
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(dpi) by whole body bioluminescent imaging. Wild type strain of 
Escherichia coli and S. typhimurium failed to accumulate in the 
infarcted myocardium (Supplementary Figure S1). Subsequently, 
several mutant E. coli and S. typhimurium known to be attenu-
ated were constructed and tested (Table  1). Surprisingly, the 
S. typhimurium strain defective in ppGpp synthesis (ΔppGpp 
S. typhimurium) showed great accumulation in the infarcted myo-
cardium. The ΔppGpp S. typhimurium strain lacks both the relA 
and spoT genes that encode ribosome-bound and cytosolic ppGpp 
synthetase, respectively.12 The lethal dose, 50% (LD50) of ΔppGpp 
S. typhimurium is 106-fold higher than that of the wild type paren-
tal strain.13 For noninvasive visualization, we constructed a vari-
ant that expressed bacterial luciferase from the lux operon.6,7,14,15 
The lux operon encodes all of the proteins (i.e., luciferase, sub-
strate, and substrate regenerating enzymes) necessary to generate 
bioluminescence.7 The engineered ΔppGpp S. typhimurium was 
injected intravenously (i.v.) into MI rats (n = 5) at a dose of 2 × 108 
colony forming units (CFUs). Afterwards whole body biolumi-
nescence imaging was performed at indicated date using in vivo 
imaging system. Bioluminescence was detected in the heart and 
spleen of MI rats at 1 dpi (Figure 1a, top panel). Three days after 
injection, bioluminescence persisted in the heart but was no lon-
ger detected in the spleen and liver. Serial monitoring of the rats 
revealed an initial increase in cardiac bioluminescence up to 5 dpi, 
followed by a progressive decline in signal intensity. This decline 
likely reflected a decrease in the number of bacteria in the heart, 
presumably due to host immune response. In sham operated con-
trol rats, bioluminescence was detected only in the spleen and 
liver at 1 and 3 dpi (Figure 1a, bottom panel), reflecting the reticu-
loendothelial nature of these organs.

To correlate the imaging data with bacterial load in the 
heart, spleen, and liver, we counted number of bacteria (CFUs) 
in the organs of MI rats (n = 21) (Table 2). Early after injection 
(12 hours), bacterial load was found primarily in the spleen and 
liver, most likely captured by phagocytic macrophages,16 with 
a relatively small bacterial burden in the heart. After 24 hours, 
however, the number of CFUs in myocardial tissue increased 

dramatically, reaching a maximum at 3 and 5 dpi of ~106 CFU/g, 
whereas the bacterial burden in the liver and spleen declined over 
the same period of time to undetectable levels. No bacteria was 
detected in the liver and spleen after 5 dpi, confirming the ability 
of ΔppGpp S. typhimurium to specifically target and proliferate in 
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Figure 1  Molecular imaging of bacterial tropism for infarcted myo-
cardium (MI). (a) ΔppGpp S. typhimurium expressing lux (2 × 108 CFUs) 
was injected through the tail-vein into Sprague–Dawley rats with or with-
out MI (n = 5, each group) 6 hours after surgery. (b) Direct comparison 
between photon flux and bacterial colony counts in MI (n = 21). A robust 
correlation exists between bacterial colony counts and bacterial biolu-
minescence signals (R2 = 0.89). (c) Cross-sections of heart from MI rats 
at 5 days post inoculation of Salmonellae injection. Thin slice (1.5 mm) 
cross-sections were prepared and then subjected to triphenyltetrazolium 
chloride staining (top). Bioluminescence imaging was performed using a 
cooled charge-coupled device camera for 30 seconds (bottom). Note the 
dull white area of reduced dehydrogenase activity. CFU, colony forming 
units; MI, myocardial infarction; ROI, region of interest.

Table 1  Bacterial strains and tropism for myocardial infarction

Strains Relevant genotype MI targetinga Injection dose (CFUs)b Reference or source

E. coli, MG1655 Wild type — 5 × 108 6,31

E. coli, CF1693 ΔrelA, ΔspoT (ΔppGpp) — 5 × 108 35

S. typhimurium (St) ATCC 14028s Wild type — 1 × 107 30

St, A1-R leu/arg auxotroph — 2 × 108 36

St, SHJ2165a aroA− — 2 × 108 TT1452 (gifted by J Roth, U.C. Davis)

St, SHJ2176c,d cya− ± 1 × 108 This work

St, SHJ2168c ΔrelA, ΔspoT (ΔppGpp) +++ 2 × 108 9,10

St, SHJ2167c invF− ± 2 × 108 37

St, SHJ2170c,d ssrAB− — 2 × 108 This work

Abbreviations: CFU, colony forming units; MI, myocardial infarction.
aTropism for MI was evaluated by whole body bioluminescence imaging at 1, 3, and 5 days post inoculation using in vivo imaging system and enumeration of the 
bacterial count in the myocardium at 5 days post inoculation. ±, transient (<1 day); +++, sustained (≥9 days).
bInjection doses were the tolerable doses estimated based on published papers (sources). However, since no relevant study has been carried out using a rat model, 
the doses were determined empirically.
cThe Salmonellae strains were derived from 14028s carrying lux by P22HT int transduction as described in reference.33 The other strains were constructed by 
transformation with luminescence-expressing plasmid, pLux, described in reference.6,7

dThese strains were constructed following the method developed by Datsenko and Wanner38 using lambda Red system. Detail information is provided upon request.
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the infarcted myocardium. As shown in Figure 1b, the intensity 
of bacterial bioluminescence from the heart (Figure  1a) corre-
lated robustly with the bacterial count (R2 = 0.89) in the MI region 
(Table 2). Analysis of the myocardial tissue sections from the MI 
rats revealed that bioluminescence was specifically located in the 
left ventricular wall (Figure 1c, bottom panel), and corresponds 
to the infarcted region revealed by triphenyltetrazolium chloride 
(TTC) staining 17 (Figure 1c, top panel).

The location of the bacteria within infarcted myocardium was 
determined by histological analysis (Figure 2a–c). The infarcted 
areas were delineated by desmin immunohistochemical stain-
ing18, which revealed decreased immunoreactivity for desmin in 
the anterolateral and inferior wall of the left ventricular myocar-
dium (Figure 2a). The infarcted area defined by desmin immu-
nohistochemical staining closely correlated with that defined by 
TTC staining. The location of Salmonellae was evaluated at 5 dpi 
by staining the whole myocardial cross-sections with specific 
antibody and then analyzing the images (Figure 2b). The bacteria 
were found in the area of infarcted myocardium with decreased 
desmin immunoreactivity (area 2 and 3), but not in the contral-
ateral normal myocardium (area 1) (Figure 2c). Thus, the results 
from bioluminescence imaging, bacterial enumeration, and histo-
logical analyses all strongly suggest that the i.v. administration of 
ΔppGpp S. typhimurium into MI rats leads to selective bacterial 
colonization at the infarcted myocardium.

Remote control of protein expression  
and secretion in vitro
We explored the possibility of using ΔppGpp S. typhimurium as 
a vehicle for the targeted delivery of therapeutic proteins to the 
infarcted myocardium. A bacterial expression plasmid encod-
ing a variant of Renilla luciferase (RLuc8)19,20 was constructed, 
in which the pelB leader sequence21 and a histidine tag (6× His)22 
were fused to the amino- and carboxy-terminus, respectively, of 
RLuc8. The pelB leader sequence consists of the first 22 codons 
of the gene for pectate lyase B from Erwinia carotovora and 
directs protein secretion into the bacterial periplasm before being 
cleaved to mature protein. To create an inducible system, RLuc8 
was placed under the control of the PBAD promoter from the E. 
coli arabinose operon (Figure 3a), which is inactive except in the 
presence of the inducer l-arabinose.9 ΔppGpp S. typhimurium 
was transformed with pBAD-pelB-RLuc8, and the induction of 
RLuc8 expression in cultured cells in the presence of l-arabinose 
was examined using a cooled charge-coupled device camera. 
Light intensity was found to be proportional to the concentra-
tion of l-arabinose (R2 = 0.90), and no light was detected in the 
absence of inducer (Figure  3b). Western blot analysis revealed 
that a 36.9 kDa protein corresponding to RLuc819 was expressed 
only in the presence of l-arabinose (0.2%). No protein was 

identified in the absence of l-arabinose, which indicates that the 
regulation of PBAD is tightly controlled by the inducer. The pres-
ence of RLuc8 in both the bacterial pellet and culture medium 
suggests that RLuc8 was selectively expressed and secreted upon 
addition of l-arabinose (Figure 3c).

Specific delivery of RLuc8 by ΔppGpp  
S. typhimurium in infarcted myocardium
Subsequently, we i.v. administered ΔppGpp S. typhimurium car-
rying pBAD-pelB-RLuc8 (2 × 108 CFUs) to MI rats (n = 6) at 
6 hours after MI modeling. l-arabinose was administered on 3 dpi 

a b

c Area 1 Area 2

Area 3

Figure 2  Microscopic features of bacterial tropism for infarcted 
myocardium. ΔppGpp S. typhimurium (2 × 108 CFUs) was injected 
through the tail-vein into Sprague–Dawley rats with MI (n = 5, each 
group). (a)  Distinct delineation between healthy myocardium and 
infarcted myocardium from heart after immunohistochemical detection 
of desmin at 5 days post inoculation. Positive detection of desmin cor-
responds to the healthy region (brown), while negative detection cor-
responds to an infarcted lesion. (b) Hematoxylin-eosin (H&E) staining 
of a cardiac cross-section that corresponds to desmin immunoreactivity. 
(c) Immunofluorescence staining of indicated H&E stained areas. Sections 
were stained with antidesmin antibody (red) and anti-Salmonella anti-
body (green). Bottom right panel is a magnification of the boxed area in 
the bottom left panel (area 3). Bars = 100 μm. CFU, colony forming units; 
MI, myocardial infarction.

Table 2  Quantification of ΔppGpp S. typhimurium in different organs following intravenous injection in rat myocardial infarction models (n = 21). 
Numbers represents the number of colony forming units in a gram of tissue (colony forming units/g tissue)

12 hours Day 1 Day 2 Day 3 Day 5 Day 7 Day 9

Heart 4.15 × 104 ± 1.29 7.10 × 105 ± 1.33 1.49 × 106 ± 0.22 2.24 × 106 ± 0.68 2.57 × 106 ± 0.29 8.75 × 105 ± 1.54 5.29 × 105 ± 0.34

Spleen 1.43 × 106 ± 0.96 6.44 × 105 ± 1.63 3.56 × 104 ± 0.94 6.20 × 103 ± 4.5 0 0 0

Liver 2.10 × 105 ± 1.18 4.65 × 105 ± 0.70 2.12 × 103 ± 0.45 0 0 0 0
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to induce RLuc8 expression. This induction protocol was based on 
previous results showing that the number of Salmonellae in both 
liver and spleen declined significantly while reaching a maximum 
in the infarcted myocardium from 3 dpi (Figure 1 and Table 2). 
The expression of RLuc8 was monitored using a cooled charge-
coupled device camera after daily administration of l-arabinose 
and the luciferase substrate coelenterazine. Bioluminescence 
was detected throughout the length of the experimental period 
(Figure 4a) peaking at 5 dpi and declining thereafter, most likely 
due to the decreased bacterial cell number (Table  2). Notably, 
light signal from the cardiac region was observed only after the 
administration of l-arabinose, and no bioluminescence was 
detected in the spleen or any other organ. These results were veri-
fied by imaging of gross necropsy and of isolated organs at 5 dpi, 
confirming that Salmonellae had been cleared from organs other 
than the heart (Figure 4b). Examination of the excised hearts at 
5 dpi revealed strong bioluminescence in the anterolateral wall 
of the myocardium, within the infarcted region as delineated by 
TTC staining (Figure 4c). Quantitation of RLuc8 activity in vari-
ous tissues showed that luciferase activity was significantly higher 
in the infarcted myocardium than in the contralateral normal 
myocardium (>50-fold higher, P < 0.001) or in any other organ 
(P < 0.001, Figure 4d).

We also examined the selective expression of RLuc8 in the 
infarcted myocardium by immunofluorescence staining. RLuc8 
was identified in the infarcted myocardium where bacteria had 
colonized (Figure 5a). Taking these histological findings together 
with the results presented in Figure 2, it was concluded that sys-
temically injected engineered ΔppGpp S. typhimurium could 
specifically target and successfully deliver cargo molecules to the 
infarcted myocardium. The presence of RLuc8 in the infarcted 
tissue was further verified by bioluminescence imaging of tissue 
homogenates, which revealed that light was produced only from 
infarcted myocardium but not the contralateral normal myocar-
dium (Figure  5b). Similarly, western blot analysis revealed the 
presence of a 36.9 kDa RLuc8 protein specifically in the infarcted 
myocardium (Figure 5c). Taken together, these results suggested 
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Figure 4 S pecific expression of RLuc8 by l-arabinose in myocar-
dial infarction. (a) A representative in vivo bioluminescence image 
after tail-vein injection of ΔppGpp S. typhimurium carrying pBAD-pelB-
RLuc8 (2 × 108 CFUs) into MI rats (n = 6). Images were acquired at 
the indicated day after bacterial injection, before and after (4 hours) 
intraperitoneal injection of l-arabinose (1.2 g). The image before induc-
tion was obtained at 3 days post inoculation (dpi) immediately before 
administration of l-arabinose. All images were acquired immediately 
after intravenous injection of coelenterazine (0.7 mg/kg body weight). 
(b)  Bioluminescence images of gross necropsy (left) and of the indi-
cated isolated organs (right) from a representative animal (a) at 5 dpi. 
(c) Hearts from MI rats (n = 6) were excised at 5 dpi and then subjected 
to triphenyltetrazolium chloride staining (left) and bioluminescence 
imaging (right). Representative images of the whole extracted heart 
(top) and cross-sections (bottom) are shown. (d) Bioluminescence in 
infarcted myocardium, noninfarcted myocardium, liver, and spleen was 
measured using a luminometer at 5 dpi (n = 6). The Y-axis indicates rela-
tive light units (RLU). Luciferase activity was normalized to total protein 
concentration in tissue homogenates. *P < 0.001. CFU, colony forming 
units; MI, myocardial infarction.
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a feasibility of engineered bacteria to selectively express a gene of 
interest in the infarcted tissue.

Bacterial tropism for inflammation  
and myocardial infarction
To test bacterial tropism toward inflammatory tissue, biolumi-
nescent ΔppGpp S. typhimurium (2 × 108 CFUs) was i.v. injected 
into MI rats in which an inflammatory reaction was induced in 
the right hind paw by localized injection of complete Freund’s 
adjuvant (CFA) (Figure  6a). By using whole body imaging, we 
observed a similar targeting of the Salmonellae to the site of inflam-
mation; however, it was not sustained for >24 hours (Figure 6b). 
The bioluminescent signal from MI was clearly visible at 48 hours. 
To obtain more detailed information on bacterial accumulation 
in the inflammatory lesion, we counted the number of bacteria 
(CFUs) in the right hind paw at different time points and com-
pared it with the intensity of the bioluminescence signal. The two 
measurements correlated strongly with each other (Figure 6c,d). 
The inflammatory environment may contribute to the targeting 
by ΔppGpp S. typhimurium, although the colonization at the local 
inflammatory site is only transient.

Toxicity of bacterial infection
The therapeutic administration of live bacteria often raises con-
cerns of potential toxicity. We sought to characterize the acute and 
short-term toxicity of attenuated ΔppGpp S. typhimurium follow-
ing i.v. injection into rats (n = 5 for each group) by monitoring the 
levels of plasma C-reactive protein (CRP) and procalcitonin (PCT) 

(Figure 7a and Supplementary Figure S2). CRP is an acute phase 
protein that is elevated in plasma and serum as a result of injury, 
infection, or disease.23 PCT is a sensitive and specific marker for 
bacterial infection, particularly sepsis.24 The plasma levels of CRP 
in sham operated and MI rats were 95.2 ± 20.7 ng/ml and 115.7 ± 
28.5 ng/ml, respectively (P = 0.035), which indicated that local 
inflammatory reactions were induced following surgical induc-
tion of MI in rats. However, there were no significant differences 
in plasma CRP levels after i.v. injection of ΔppGpp S. typhimurium 
(2 × 108 CFUs) into MI or sham rats (P = 0.358 for MI rats, P = 
0.12 for sham rats, Figure 7a). Plasma PCT was also undetectable 
after administration of ΔppGpp S. typhimurium (Supplementary 
Figure S2; a positive test band indicates a plasma PCT level above 
0.5 ng/ml). In addition, we examined whether or not bacterial 
localization in myocardium would give rise to further myocardial 
damage. The size of infarcted area as assessed by TTC staining was 
compared in MI rats with (ΔppGpp S. typhimurium) or without 
(phosphate-buffered saline (PBS)) bacterial infection (Figure 7b). 
There were no significant differences in the infarct size between 
two groups as determined at 1 (P = 0.540), 3 (P = 0.189), and 7 dpi 
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Figure 6  Bacterial tropism for inflammation and infarcted myocar-
dia. An inflammatory reaction was induced by subcutaneous injection of 
100 µl of complete Freund’s adjuvant (10 mg/ml) in the right hind paw 
(arrows) of Sprague–Dawley rats (n = 11). After 4 days, the animals were 
subjected to surgical occlusion of the left anterior descending artery. 
After 6 hours, ΔppGpp S. typhimurium expressing lux (2 × 108 CFUs) was 
intravenous injected. Maximum photon intensity was recorded (p/s/
cm2/sr). (a) Bright field images of inflammation in the right hind paw 
(arrows). Images correspond to the bioluminescence images of 12 and 
24 hours, respectively. (b) Bioluminescence images of a representative 
animal. Images were acquired 6, 12, 24, and 48 hours post inocula-
tion (n = 3). (c) Direct comparison of the bacterial number and inten-
sity of bioluminescence signal of the inflamed right hind paw (n = 8). 
(d)  Correlation graph between the bacterial number and intensity of 
bioluminescence signal of the inflamed right hind paw (n = 8). CFU, 
colony forming units.
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(P = 0.098). These results strongly suggest that i.v. administration 
of attenuated ΔppGpp S. typhimurium does not lead to serious 
local or systemic inflammatory reactions.

Discussion
In this study, we demonstrated for the first time that attenuated 
ΔppGpp S. typhimurium exhibits a specific tropism for infarcted 
myocardial tissue and can be engineered to secrete a target protein 
into the infarcted myocardium. This novel finding suggests that 
the Salmonellae can be exploited as a vehicle for the delivery of 
therapeutic proteins in MI patients. The engineered S. typhimu-
rium used in this study exhibited several useful features: (i) an 
intrinsic tropism for infarcted myocardium, as demonstrated by 
bioluminescence imaging of reporter gene expression (Figures 1 

and 2); (ii) inducible gene expression and secretion of proteins 
into the infarcted myocardium (Figures 3–5); (iii) confined gene 
expression in infarcted myocardium without spillover to noncar-
diac tissue (Figures 1a and 4a and Table 2).

We showed here that i.v. injected bacteria gained entry and 
replicated only in the infarcted myocardium, that was followed in 
real time in live animals through bioluminescence imaging. Due 
to rapid bacterial replication, light emission originating from the 
bacteria within infarcted myocardium became easily detectable in 
vivo. No vectors have exhibited specificity for infarcted myocar-
dium through i.v. injection, and therefore inadvertent transfection 
of nontarget organs is inevitable.5 Although systemic injection via 
peripheral or central venous system remains, in general, a corner-
stone of medical therapy, a trouble remains such as extensive first-
pass clearance by the liver, lungs, spleen, and kidney, which would 
limit systemic injection of drug delivery vector for tissue-specific 
targeted delivery. Studies have shown poor cardiac uptake of vec-
tor i.v. injected, which is not surprisingly, given that only 4–5% of 
cardiac output passes through the coronary arteries.25 Nonspecific 
targeting of drug delivery vector is another potential issue, and 
therefore, increased exposure to nontargeted organ is problem-
atic. In the context of targeted gene or protein therapy, this can 
be obviated in some degree with regulating gene expression using 
cardiac specific promoters26 and by employing viral vectors that 
express relative cardiac tropism.27,28 Nevertheless, most obvious 
trouble associated with i.v. delivery of such agents is compromised 
by marked (conspicuous) dilution in the total blood volume.29 A 
variety of catheter- or surgical-based techniques also have been 
developed to directly target the myocardium, but systemic spread 
of the vector can occur through the bloodstream or the lymphatic 
system (washout), most often to the liver or spleen.5 All these 
problems would be solved by employing ΔppGpp S. typhimurium, 
that specifically localized to regions of MI, and did not leak out 
from the original site for at least 9 days, and actively proliferated 
in MI (Figure 1a and Table 2).

No sign of serious local or systemic inflammatory reactions 
was noted following i.v. administration of ΔppGpp S. typhimu-
rium: the levels of CRP and PCT were not significantly changed 
(Figure  7a and Supplementary Figure S2). In most, though 
not all, diseases, the value of circulating CRP reflects ongo-
ing inflammation and/or tissue damage much more accurately 
than other laboratory parameters of the acute-phase response.23 
We found that the plasma levels of CRP increased after surgi-
cal induction of MI, but did not show a further increase after 
the bacterial injection. It was speculated that bacterial coloniza-
tion in the infarcted myocardium induced a minute, localized 
inflammation that led to the reduction of bacterial number in 
the infarcted myocardium.

Furthermore, antibiotic treatment (ciprofloxacin) resulted 
in a complete eradication of the Salmonellae residing at the MI 
site within 2 days (Supplementary Figure S3), which means that 
we could easily terminate bacterial colonization in the infarcted 
tissue deliberately. These characteristics represent significant 
advantages of using ΔppGpp S. typhimurium as a vector for gene 
therapy, in that gene expression is confined to the targeted infarct 
tissue without significant local or systemic inflammatory effects. 
Furthermore, the ability to manipulate gene expression through 
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Figure 7 S ystemic and local toxicity associated with ΔppGpp S. typh-
imurium injection in rats. (a) The levels of C-reactive protein (CRP) after 
intravenous injection of ΔppGpp S. typhimurium. Plasma CRP levels in 
sham operated and MI rats (n = 3 each) before and after the injection of 
Salmonellae (2 × 108 CFUs) were measured at 1 and 5 days post inocula-
tion (dpi). The results are expressed as averages of CRP levels at 1 and 
5 dpi. Rats (n = 3) were intravenous injected with lipopolysaccharide (LPS, 
5 mg/kg for 3 minutes) as a positive control, and blood was drawn 4 hours 
after injection. Negative control indicates sham operated rats; S.t., sham 
operated rats with bacterial injection; MI, MI rats without bacterial injec-
tion; MI/S.t., MI rats with bacterial injection; positive control, LPS injected 
rats. Boxes represent the quartiles and whiskers mark the 10th and 90th 
percentiles. *P = 0.035; **P < 0.01. (b) Change of infarct size associated 
with ΔppGpp S. typhimurium injection in MI rats. Sprague–Dawley rats 
(n = 30) with MI were intravenously injected with PBS or ΔppGpp S. 
typhimurium (2 × 108 CFUs). At 1, 3, or 7 dpi (n = 5 for each group), rats 
were sacrificed and hearts were excised for triphenyltetrazolium chloride 
staining. The infarct size was measured using image processing software. 
MI, myocardial infarction; PBS, phosphate-buffered saline.
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the use of an inducible promoter (PBAD) enables a powerful system 
for deliberate gene expression in vivo (Figures 3–5).

The mechanism of bacterial targeting of infarct tissue is an 
intriguing question. It may be the case that excess infiltration of neu-
trophils associated with MI might be associated with the tropism 
of the ΔppGpp S. typhimurium. We observed a similar targeting of 
the Salmonellae to sites of inflammation created by localized injec-
tion of CFA, although it was not sustained for >24 hours (Figure 6). 
Thus, it could be plausible that inflammatory environment might 
attract the Salmonellae. Another possibility is that the infarct pro-
vides a favorable metabolic environment for bacteria to persist and 
proliferate, although the tropic element(s) has yet to be identified. 
Interestingly, to date, a strong bacterial targeting to the MI has been 
observed only with ΔppGpp S. typhimurium, and no other S. typh-
imurium strain including A1-R strain that is markedly attenuated 
in virulence and selected for increased tumor targeting capability30 
or E. coli MG1655-strain31 (Table  1 and Supplementary Figure 
S1). Thus, mere attenuation of virulence or inflammatory environ-
ment of MI would not be responsible for the specific MI targeting 
by ΔppGpp S. typhimurium. The identification of inflammatory 
cells accumulated in hypoxic sites and also of secreted cytokines in 
infarcted myocardium may provide clues to the mechanism under-
lying MI targeting by ΔppGpp Salmonella. Whatever the mecha-
nism, the MI targeting is different from the tumor targeting, the 
latter is due largely to immune privileged microenvironment of 
tumor, which would provide protection of residing microbes against 
the host immune system.14 Thus, at the moment, we can only specu-
late that altered gene expression in ΔppGpp S. typhimurium32 might 
be responsible for the MI targeting. Understanding the mechanism 
by which ΔppGpp S. typhimurium targets the infarcted myocar-
dium will require extensive analysis that is beyond the scope of the 
present work, although nature of which can be exploited to other 
gene therapy or targeting strategies, if revealed. Overall, the cur-
rent proof-of-principle study highlights the potential for ΔppGpp 
S. typhimurium to serve as a targeted gene delivery vehicle for the 
treatment of MI. Further studies are necessary for the translation of 
this application to other species including humans.

The current study focused on bacterial delivery of a reporter 
gene RLuc8. However, the strategy illustrated here could be applied 
to any number of therapeutic genes including angiogenic growth 
factors. Given that the bioluminescence reaction requires oxygen, 
the detection of RLuc8 activity in MI rats suggests that the engi-
neered bacteria were located in the peri-infarct zone, where oxy-
gen is present. Thus, MI targeting bacteria can potentially deliver 
therapeutic proteins to salvageable myocardium.

In conclusion, we reported the bacterial strain (ΔppGpp 
S.  typhimurium) with specific tropism for MI that may be able 
to open many new avenues for molecular imaging and therapy, 
including tissue-specific targeting with signal amplification based 
on bacterial proliferation, in vivo tissue-specific drug delivery, 
and the design of imageable therapeutic probes. This is a first such 
demonstration of taking advantage of specific host–microbe inter-
action for targeted detection and potential treatment of MI.

Materials and Methods
Plasmids. The expression plasmid pBAD-pelB-RLuc8 has been previously 
described.19

Bacterial strains. ΔppGpp S. typhimurium, SHJ2037 (relA::cat, spoT::kan), 
has been previously described.10 Salmonellae were grown in Luria–Bertani 
broth medium (Becton Dickinson, Franklin Lakes, NJ) with vigorous aera-
tion at 37 °C. For the imaging of bioluminescence, the bacterial luciferase 
gene (lux) from S. typhimurium-Xen26 (Caliper Life Sciences, Hopkinson, 
MA) was transduced into strain SHJ2037 by P22HT int transduction 
(SHJ2168).33 All bacterial strains explored for this study was listed in 
Table 1.

Animal surgery to induce myocardial infarction. Eight-week old, male SD 
rats (250–260 g; OrientBio, Kyunggi-do, Korea) underwent sham opera-
tion (open thoracotomy only) or left anterior descending artery ligation, 
as previously described.34 Animal care, all experiments and euthanasia 
were performed in accordance with protocols approved by the Chonnam 
National University Animal Research Committee and the Guide for the 
Care and Use of Laboratory Animals published by the National Institutes 
of Health (NIH publication 85–23, revised 1985). Six hours after surgery, 
MI rats were injected through the lateral tail-vein with a fresh culture 
of Salmonellae (2 × 108 CFUs) resuspended in 100 µl of 1× PBS, (Gibco/
Invitrogen, Carlsbad, CA). Sham-operated rats were injected with bacteria 
at the same dose.

Optical bioluminescence imaging of RLuc8 expression. Bioluminescence 
imaging was performed using the in vivo imaging system 100 (Caliper Life 
Sciences). Before imaging, coelenterazine (Biotium, Hayward, CA) dis-
solved in methanol (stock solution of 2 mg/ml) was injected i.v. at a dose 
of 0.7 mg/kg body weight in a final volume of 200 µl. Imaging signals were 
quantified in units of maximum photons per second per centimeter square 
per steradian (p/s/cm2/sr) within the region of interest as described.6,7

Validation of in vivo bioluminescence imaging with ex vivo enzyme 
assays. After whole body imaging, rat organs (spleen, liver, and heart) were 
extracted and homogenized in lysis buffer (4 ml/g; Promega, Madison, 
WI), and subjected to five cycles of freezing and thawing. After centrifuga-
tion at 18,500g for 30 minutes at 4 °C, the supernatants were assayed for 
RLuc activity. Briefly, 20 µl of sample were mixed with 100 µl of 1× RLuc 
assay reagent (Promega) in a 96-well plate, and luciferase activity was 
quantitated immediately using a luminometer (Microlumat Plus LB96V; 
Berthold Technologies, Badwildbad, Germany). Light intensity was nor-
malized to protein concentration (as measured by the Bradford assay), and 
expressed as relative light units.

Enumeration of S. typhimurium in different organs. At specific times after 
bacterial injection, SD rats were euthanized and placed in 70% ethanol for 
3 minutes. The heart, liver, and spleen were removed, and placed individu-
ally into sterile tubes containing PBS at 4 °C, and weighed. Samples were 
transferred to sterile homogenization tubes, homogenized, and returned 
to the original tubes for the preparation of serial dilutions with PBS. Agar 
plates containing kanamycin (50 µg/ml) were inoculated with the homo-
genate, and the plates were incubated overnight at 37 °C. Colonies were 
counted and bacterial load was expressed as CFU/g tissue.

Western blot analysis. Bacterial cell lysate and the culture medium were 
quantified using the Bradford protein assay. Total protein (40 μg) was ana-
lyzed by electrophoresis and blotted, as previously described.10

For the analysis of RLuc8 expression in myocardial tissue, homogenized 
tissue samples were standardized according to protein content, and 200 μg 
protein samples were subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis on 12% linear gradient gels. Proteins were transferred 
to a nitrocellulose membrane (Bio-Rad, Hercules, CA), and the membrane 
was probed with a mouse anti-RLuc monoclonal antibody (1:5,000 
dilution) (Chemicon, Temecula, CA), followed by horseradish peroxidase-
conjugated goat anti-mouse IgG (immunoglobulin G) (1:80,000 dilution) 
(Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactive proteins 
were detected using luminol reagent (Santa Cruz Biotechnology).
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Histological delineation of ischemic lesion. TTC (Sigma, St Louis, MO) 
staining was performed as previously described.17 Using image process-
ing software (ImageJ, http://rsb.info.nih.gov/ij/), the size of infarcted area 
(nonstained, pale white region) was measured on both sides and aver-
aged for each slice, and summed from all slices. The size of the infarct was 
expressed as the fraction of infarcted region relative to the total size of the 
myocardium.

Immunostaining for Salmonella and RLuc8 location. The infarcted 
heart was blocked in cross-section and processed for paraffin embed-
ding. Representative sections were sliced into 4 μm-thickness sections and 
stained with hematoxylin-eosin. Adjacent sections were processed simul-
taneously for immunohistochemistry. Pretreatment of the tissues for heat-
induced epitope retrieval was performed for 5 minutes in a 125 °C pressure 
cooker with 10 mmol/l citrate buffer, pH 6.0 for mouse antidesmin (1:100; 
Dako, Copenhagen, Denmark), rabbit anti-Salmonella (1:200; AbD Serotec, 
Oxford, UK), and mouse anti-RLuc antibodies (1:50; Millipore, Billerica, 
MA). And then, the slides were incubated with each primary antibody 
overnight at 4 °C. To detect the damaged myocardium using desmin anti-
body, streptavidin–horseradish peroxidase detection system was applied 
and visualized by chromogen reactions of the tissue sections that were ini-
tially treated with 0.02% diaminobenzidine.

To detect S. typhimurium overlying damaged myocardium, anti-
Salmonella antibody and antidesmin antibody stained with AlexaFluor 
488-conjugated chicken anti-rabbit antibody (Molecular Probes, 
Eugene, OR) and Cy3-conjugated goat anti-mouse antibody (Jackson 
Immunoresearch Laboratories, Westgrove, PA) to emit green and red 
fluorescence, respectively. To detect the secretory RLuc protein, anti-
Salmonella antibody and anti-RLuc antibody stained with AlexaFluor 
568-conjugated goat anti-rabbit antibody (Molecular Probes) and 
fluorescein isothiocyanate-conjugated goat anti-mouse antibody (Jackson 
Immunoresearch Laboratories) to emit red and green fluorescence, 
respectively. After a fluorescently labeled secondary antibody, sliced 
were mounted with 4′,6-diamidino-2-phenylindole/Antifade solution 
(Millipore). Antibody diluent (Dako) was applied as a negative control 
stain. Sections were analyzed using a Zeiss LSM 510 META confocal laser-
scanning microscope (Carl Zeiss International, Göttingen, Germany).

Toxicity of attenuated S. typhimurium. Systemic or local inflammation 
and infection after administration of ΔppGpp S. typhimurium were deter-
mined by measuring the levels of CRP, using a rat CRP enzyme-linked 
immunosorbent assay kit (Life Diagnostics, West Chester, PA), and PCT 
(Brahms PCT-Q; B.R.A.H.M.S Diagnostica, Hennigsdorg, Germany) in 
rat plasma, according to manufacturers’ protocols.

Inflammatory modeling. To characterize the accumulation of bacteria in 
inflammation, an inflammatory reaction was induced by subcutaneous 
injection of 100 µl CFA (inactivated Mycobacterium tuberculosis, 10 mg/
ml, Sigma, St Louis, MO) in the right hind paw of SD rats (n = 6). The 
left hind paw was injected with physiologic saline as a negative control. 
After 4 days, the animals were subjected to surgical occlusion of the left 
anterior descending artery. After 6 hours, ΔppGpp S. typhimurium carry-
ing pBAD-pelB-RLuc8 (2 × 108 CFUs) was i.v. injected into inflammatory 
animals. Images were acquired 4 hours after intraperitoneal injection of 
l-arabinose (1.2 g).

To quantify viable bacteria which maybe located at inflammatory 
lesions, other rats (n = 8) with inflamed paws but not infarcted hearts 
received ΔppGpp S. typhimurium carrying pBAD-pelB-RLuc8 (2 × 
108 CFUs), simultaneously with 1.2 g/rat of l-arabinose. Bioluminescence 
imaging was acquired at 6, 12, 24, and 48 hours post bacterial administration, 
then at each time point, paw muscles (n = 2) were isolated, homogenized, 
and diluted with 1× PBS. Homogenates were spread onto Luria–Bertani 
agar plates supplemented with ampicillin (50 µg/ml). Overnight grown 
colonies were determined and normalized to gram of tissue.

Statistical analyses. Differences in one factor between two groups were 
determined using the two-sided Student’s t-test or by Mann–Whitney 
U-test (for nonparametric data), and among more than two groups using 
analysis of variance (ANOVA) with a post-hoc test or by Kruskal–Wallis 
analysis of variance (for nonparametric data). A P value of <0.05 was 
considered statistically significant for all analyses. Data are expressed as 
means ± standard deviation (SD).

Additional method. Details of antibiotic treatment is available in the 
Supplementary Materials and Methods.

SUPPLEMENTARY MATERIAL
Figure  S1.  Tropism of different bacterial strains for infarcted 
myocardium.
Figure  S2.  Systemic toxicity associated with ΔppGpp S. typhimurium 
injection in rats.
Figure  S3.  Clearance of bacterial infection by antibiotics.
Materials and Methods.
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