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 The potential of bacteria to cure cancer has been documented for hundreds of years. In the 
late nineteenth and early twentieth centuries, bacterial therapy of cancer was fi rst-line at one 
of the most important cancer hospitals in the world, New York Hospital (later to become 
the Memorial Sloan Kettering Cancer Center), directed by Dr. William B. Coley, arguably 
one of the most important oncologists in history. However, Dr. Coley had a great discredi-
tor at his hospital, the renowned pathologist James Ewing, who ended Coley’s career and 
thereby ended bacterial therapy of cancer in the 1930s. However, in modern times, there 
has been a great revival of bacterial cancer therapy and the exciting chapters of this book 
chronicle this modern revolution. 

  Hoffman  in the Preface briefl y chronicles the long history of bacterial therapy of cancer. 

  Hoffman  in Chapter   1     describes the development of the tumor-targeting  Salmonella 
typhimurium  A1-R. 

  Fang et al . in Chapter   2     describe the use of enhanced permeability and retention (EPR) 
effect by means of nitroglycerin (NG) to enhance the delivery of  Lactobacillus casei  to 
tumors. 

  Wei and Jia  in Chapter   3     describe the oral delivery of tumor-targeting  Salmonella  for can-
cer therapy in a mouse tumor model. 

  Brackett et al . in Chapter   4     describe a microfl uidic device for precise quantifi cation of the 
interactions between tumor-targeting bacteria and tumor tissue. 

  Taniguchi et al . in Chapter   5     describe methods and protocols for use of the non- pathogenic 
obligate anaerobic  Bifi dobacterium longum  as a drug delivery system (DDS) to target tumor 
tissues with anaerobic environments. 

  Leschner and Weiss  in Chapter   6     describe noninvasive in vivo imaging of bacteria- mediated 
cancer therapy using bioluminescent bacteria. 

  Cronin et al . in Chapter   7     describe the use of whole-body bioluminescence imaging for the 
study of bacterial traffi cking in live mice within tumors following systemic administration. 

  Lee  in Chapter   8     describes attenuated  Salmonella  carrying a eukaryotic expression plasmid 
encoding an antiangiogenic gene for tumor targeting and gene delivery in murine tumor 
models and the use of a polymer to shield  Salmonella  from immune responses. 

  Chiang et al . in Chapter   9     describe targeted delivery of a transgene (eukaryotic GFP) by 
 Escherichia coli  to HER2/ neu -positive cancer cells. 

  Low et al . in Chapter   10     describe defi cient  msbB   Salmonella  strains that exhibit sensitivities 
to common metabolites and CO 2  and suppressor mutations that compensate for these 
sensitivities. 

  Kramer  in Chapter   11     describes facile and precise methods for determining the kinetics of 
plasmid loss or maintenance in tumor-targeting bacteria. 

  Introd uction   
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  Nguyen and Min  in Chapter   12     describe a method to achieve remote control of therapeu-
tic gene expression in tumor-targeting bacteria. 

  Hoffman and Zhao  in Chapter   13     describe methods for  S. typhimurium  A1-R targeting of 
primary and metastatic tumors in monotherapy in nude mouse models of major types of 
human cancer. 

  Hoffman and Yano  describe the cell-cycle decoy of cancer cells resistant to cytotoxic drugs 
to drug sensitivity by  S. typhimurium  A1-R. 

  Hoffman  describes the future potential of bacterial therapy of cancer.  

     Robert     M.     Hoffman     

Introduction
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 Anecdotal records go back at least 200 years describing cancer patients going into remis-
sion after a bacterial infection [1]. In 1867, the German physician Busch reported that a 
cancer went into remission when the patient contracted erysipelas, now known as 
 Streptococcus pyogenes  [2]. Bruns intentionally injected a cancer patient in 1888 with  S. pyo-
genes  and the tumor regressed [1]. 

 In the late 1890s, William B. Coley of New York Cancer Hospital, later to become 
Memorial Sloan-Kettering Cancer Center, treated cancer patients with  S. pyogenes . Coley 
read about 47 cases of cancer where the patient became infected with bacteria and tumors 
regressed [3]. Coley located a former patient from his institute whose malignant tumor in 
his neck regressed after he became infected with erysipelas. When Coley located the patient, 
he had no evidence of cancer [3]. Coley also found a sarcoma patient in 1891 who had 
tumor regression also after infection with  S. pyogenes . Koch, Pasteur, and von Behring 
recorded that cancer patients infected with  S. pyogenes  had tumor regression [1]. 

 Coley’s fi rst patient that he infected with  S. pyogenes  recovered from head and neck can-
cer. Coley had excellent results infecting cancer patients with  S. pyogenes . Coley subsequently 
used killed  S. pyogenes  with a second killed organism now known as  Serratia marcescens , due 
to fears of infecting cancer patients with live bacteria. The killed organisms became known 
as Coley’s Toxins. Coley’s Toxins are thought to be the beginning of the fi eld of cancer 
immunology, and many researchers believe that the main anticancer effi cacy of bacteria is 
immunological, but as can be seen in this book, bacteria can directly kill cancer cells as well. 

 Coley was unfairly criticized by the scientifi c community and called a quack [3]. During 
Coley’s time, X-rays and surgery became the main treatment of cancer, and their propo-
nents heavily opposed Coley’s bacterial therapy, especially James Ewing, a very famous can-
cer pathologist for whom the Ewing sarcoma is named. Ewing tried to force Coley out of 
the New York Cancer Hospital, even though Coley had successfully treated hundreds of 
cancer patients. Ewing was Medical Director of New York Cancer Hospital, therefore 
Coley’s boss, and they hated each other. Ewing would only allow radiation therapy and 
surgery for all bone tumors, and Ewing did not allow Coley to use his toxins [3]. Coley died 
deeply disappointed in 1936 and thus ended bacterial therapy of cancer for almost 70 years. 

 In modern times, Hoption Cann et al. [4] compared Coley’s bacterial treatment to 
current chemotherapy. The 10-year survival rates of Coley’s patients were compared to the 
Surveillance Epidemiology End Result Cancer Registry [5] and found patients receiving 
current conventional therapies did not fare better than patients treated with bacteria over 
100 years ago. 

 In the middle of the last century, preclinical studies began with bacterial therapy of can-
cer and are now very widespread. Malmgren and Flanigan [6] demonstrated that anaerobic 
bacteria could survive and replicate in necrotic tumor tissue with low oxygen content. Several 
approaches aimed at utilizing bacteria for cancer therapy were described in mice [7–19]. 

 In the modern era, the obligate aerobes  Bifi dobacterium  [19] and  Clostridium  [20], 
which replicate only in necrotic areas of tumors, have been developed for cancer therapy. 
Anaerobic bacteria cannot grow in viable tumor tissue, which limits their effi cacy. Yazawa 
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et al. tested  Bifi dobacterium longum  and found it selectively localized in mammary tumors 
after systemic administration [19] (please  see  Chapter   5    ).  Clostridium novyi , without its lethal 
toxin ( C. novyi  no toxin [NT]), was generated by the John Hopkins group.  C. novyi -  NT  
spores germinated within necrotic areas of tumors in mice and even killed some viable tumor 
after intravenous (i.v.) injection.  C. novyi - NT  spores were administered in combination with 
chemotherapy, resulted in hemorrhagic necrosis and tumor regression [20]. Recently,  C. 
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the viable regions as well as necrotic regions of tumors [23]. Attenuated auxotrophic 
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(VNP20009), attenuated by msbB and purI mutations, was safely administered to patients, 
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    Chapter 1   

 Tumor-Targeting  Salmonella typhimurium  
A1-R: An Overview                     

     Robert     M.     Hoffman      

  Abstract 

   The present chapter reviews the development of the tumor-targeting amino-acid auxotrophic strain 
 S. typhimurium  A1 and the in vivo selection and characterization of the high-tumor-targeting strain 
 S. typhimurium  A1-R. Effi cacy of  S. typhimurium  A1-R in nude-mouse models of prostate, breast, pancre-
atic, and ovarian cancer, as well as sarcoma and glioma in orthotopic mouse models is described. Also 
reviewed is effi cacy of  S. typhimurium A1 - R  targeting of primary bone tumor and lung metastasis of high- 
grade osteosarcoma, breast-cancer brain metastasis, and experimental breast-cancer bone metastasis in 
orthotopic mouse models. The effi cacy of  S. typhimurium  A1-R on pancreatic cancer stem cells, on pan-
creatic cancer in combination with anti-angiogenic agents, as well as on cervical cancer, soft-tissue sarcoma, 
and pancreatic cancer patient-derived orthotopic xenograft (PDOX) mouse models, is also described.  

  Key words      Salmonella typhimurium  A1-R  ,   Tumor targeting  ,   Amino acid  ,   Auxotroph  ,   Green fl uores-
cent protein (GFP)  ,   Cancer-cell killing  ,   Nude mice  ,   Mouse models  ,   Cancer  ,   Metastasis  ,   Orthotopic  , 
  Patient-derived orthotopic xenograft (PDOX)  

1      Introduction 

       1.       Green fl uorescent protein  ( GFP )       transformation of  
  S. typhimurium   .  S. typhimurium  14028 was transfected with 
the pGFP gene by electroporation. The transformed  S. 
typhimurium  expressed  GFP   over 100 passages with GFP 
expression monitored at each passage [ 1 ].   

   2.     Generation of auxotrophs of    S. typhimurium      GFP    [ 1 ]. 
 S. typhimurium   auxotrophic   strains were obtained with  nitroso-
guanidine   ( NTG  ) mutagenesis. After inoculation with wild- 
type  S. typhimurium , the mice died within 2 days. Mutated 
bacteria were inoculated in mice to see if they survived longer 
than mice inoculated with wild-type  S. typhimurium . The mice 
which lived longest were those inoculated with auxotroph A1 
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and they survived as long as control uninfected mice. A1 
required Leu and Arg and was chosen for effi cacy studies.   

   3.      Cancer     cell killing by    S. typhimurium     A1  in vitro. PC-3 human 
 prostate cancer   cells were labeled with  red fl uorescent protein   
(RFP)   in the cytoplasm with retroviral RFP and  GFP   in the 
nucleus by means of a fusion of GFP with histone H2B. 
Interaction between bacteria and  cancer   cells was visualized by 
dual-color  imaging   [ 1 ].      

   PC-3- RFP   human  prostate cancer   cells were implanted subcutane-
ously (s.c.) in nude mice. Tumor size was determined from fl uores-
cence  imaging   at each time point after  infection  .   S. typhimurium    
A1 selectively colonized the PC-3 tumor and strongly suppressed 
its growth [ 1 ].  

       1.    To obtain an enhanced tumor-targeting variants,   S. typhimurium    
A1 was passaged in nude mice transplanted with the HT-29 
human colon tumor.  GFP  -expressing bacteria were isolated 
from the infected tumor and were then cultured. The selected 
 S. typhimurium  A1 was termed  S. typhimurium  A1-R.  S. 
typhimurium  A1-R attached to HT-29 human  colon cancer   
cells sixfold greater than parental  S. typhimurium  A1 [ 2 ]. 

     In another experiment,  S. typhimurium  A1 and 
 S. typhimurium  A1-R both infected dual-color PC-3  cancer   
cells expressing GFP in the nucleus and  RFP   in the cytoplasm. 
PC-3 cells which were infected in vitro with  S. typhimurium  
A1-R died within 2 h, compared to 24 h  S. typhimurium  
A1 infection [ 3 ].  S. typhimurium  A1-R had 100× greater col-
ony forming units (CFU) in PC-3  tumor tissue   than 
 S. typhimurium  A1 [ 3 ].   

   2.     Tumor targeting by    S. typhimurium     A1 - R . The ratio of 
 S. typhimurium  A1-R in tumors compared to normal tissue 
was approximately 10 6 , indicating a very high degree of tumor 
targeting by  S. typhimurium  A1-R [ 3 ].      

     S. typhimurium    A1-R could eradicate tumors in orthotopic  nude 
mouse   models of PC-3. Of ten mice with PC-3 tumors that were 
injected weekly with  S. typhimurium  A1-R, seven were alive at the 
time the last untreated mouse died. Four of the tumor-bearing 
mice were apparently cured by weekly bacterial treatment [ 3 ].  

   In orthotopic models of the MARY-X human  breast cancer  ,   S. 
typhimurium    A1-R led to tumor regression following a single i.v. 
injection of  S. typhimurium  A1-R [ 2 ]. The survival of the  S. 
typhimurium  A1-R-treated mice with orthotopic MARY-X tumors 
was prolonged. In some mice, tumors were completely eradicated 
with no regrowth. The parental  S. typhimurium  A1 was less effec-
tive than  S. typhimurium  A1-R [ 2 ].  
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       1.     Intracellular growth of    S. typhimurium     A1 - R. S. typhimurium  
A1-R invaded and replicated intracellularly in the XPA-1 human 
 pancreatic cancer   cell line expressing  GFP   in the nucleus and 
 RFP   in the cytoplasm. Intra-cellular bacterial  infection   led to 
cell fragmentation and cell death [ 4 ].   

   2.     Effi cacy of    S. typhimurium     A1 - R on an orthotopic    pancreatic 
cancer     in vivo  . Tumor growth area was reduced more in the 
high-bacteria treatment group than the low-bacteria treatment 
group [ 4 ].   

   3.     Targeting    S. typhimurium     A1 - R to    pancreatic cancer     liver    metas-
tasis   . Mice treated with  S. typhimurium  A1-R intra-splenically 
(i.s.) or i.v. had a much lower hepatic and splenic tumor bur-
den compared to untreated control mice. i.v. treatment with     
 S. typhimurium  A1-R also increased survival time [ 5 ].      

       1.    U87- RFP   human  glioma   cells were injected stereotactically 
into the mouse brain.   S. typhimurium    A1-R was administered 
by injection through a craniotomy open window (i.c.) or i.v. in 
nude mice 2 weeks after glioma cell implantation. Mice were 
treated with  S. typhimurium  A1-R, once a week for 3 weeks. 
Brain tumors were observed by fl uorescence  imaging   through 
the craniotomy open window over time.  S. typhimurium  A1-R 
i.c. inhibited brain tumor growth 7.6-fold compared with 
untreated mice and improved survival 73 % [ 6 ].   

   2.    Spinal cord gliomas are highly malignant and often lead to 
paralysis and death due to their infi ltrative nature, high recur-
rence rate, and limited treatment options.   S. typhimurium    
A1-R was administered i.v. or intra-thecally to the spinal cord 
 cancer   in  orthotopic mouse models  . Tumor fragments of U87-
 RFP   were implanted by surgical orthotopic implantation into 
the dorsal site of the spinal cord. Untreated mice showed pro-
gressive paralysis beginning at day 6 after tumor transplanta-
tion and developed complete paralysis between 18 and 25 
days. Mice treated i.v. with A1-R had onset of paralysis at 
approximately 11 days and at 30 days, fi ve mice developed 
complete paralysis, while the other three mice had partial 
paralysis. Mice treated by intra-thecal injection of A1-R had 
onset of paralysis at approximately 18 days, and one mouse was 
still not paralyzed at day 30. Only one mouse developed com-
plete paralysis at day 30 in this group. Intra-thecally-treated 
animals had a signifi cantly better survival than the i.v.-treated 
group as well as the control group [ 7 ].      

   Orthotopic and peritoneal-dissemination mouse models of  ovar-
ian cancer   were made with the human ovarian  cancer   cell line 
SKOV- 3-  GFP  . There was a signifi cant difference in tumor size 
and survival between mice treated with   S. typhimurium    A1-R and 
untreated mice [ 8 ]. 
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 Both i.v. and i.p.   S. typhimurium    A1-R treatment effected pro-
longed survival of mice with peritoneal-disseminated  ovarian can-
cer   compared with the untreated control group. However, i.p. 
treatment was less toxic than i.v. because selective tumor targeting 
was most effective with i.p. administration [ 9 ].  

   HT-1080- RFP   human fi brosarcoma cells were injected intramus-
cularly in nude mice.   S. typhimurium    A1-R was administered via 
the tail vein from day 14, once a week for 2 weeks. Spontaneous 
lung  metastasis   was greatly reduced by  S. typhimurium  A1-R. A 
mouse model of experimental lung metastasis was obtained by tail 
vein injection of HT-1080-RFP cells.  S. typhimurium  A1-R also 
signifi cantly reduced lung metastases and improved overall survival 
in this model [ 10 ].  

       1.    XPA-1- RFP   human  pancreatic cancer   cells were injected 
into the inguinal lymph node in nude mice. Just after 
injection,  cancer   cells were imaged trafficking in the effer-
ent lymph duct to the axillary lymph node.  Metastasis   
in the axillary-lymph node was subsequently formed.  S. 
typhimurium  A1-R was then injected into the inguinal 
lymph node to target the axillary-lymph node  metastasis  . 
Just after bacterial injection, a large amount of bacteria 
were visualized around the axillary lymph node metastasis. 
By day 7, all lymph-node metastases had been eradicated in 
the   S. typhimurium    A1-R-treated mice in contrast to grow-
ing metastases in the control group [ 11 ].   

   2.    HT-1080- GFP  - RFP   human fi brosarcoma cells were injected 
into the footpad of nude mice. The presence of popliteal 
lymph- node metastasis was determined by weekly  imaging  . 
Once the metastasis was detected,   S. typhimurium    A1-R was 
injected subcutaneously in the footpad [ 11 ]. The injected bac-
teria traffi cked in the lymphatic channel. A large amount of  S. 
typhimurium  A1-R-GFP targeted the popliteal lymph-node 
metastasis. Dual- color labeling of the  cancer   cells distinguished 
them from the GFP-expressing bacteria. All lymph-node 
metastases shrank, and fi ve out of six were eradicated within 
7–21 days after treatment, in contrast to growing metastases in 
the untreated control group.   

   3.    HT1080- RFP  - GFP   cells were injected into the tail vein of 
nude mice to obtain experimental lung  metastasis  . On days 4 
and 11,   S. typhimurium    A1-R was injected in the tail vein. 
The number of metastases on the surface of the lung was sig-
nifi cantly lower in the treatment group than in the control 
group [ 11 ].      
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   Mice were transplanted with 143B- RFP    osteosarcoma   cells in the 
tibia and developed primary bone tumors and lung  metastasis  . 
  S. typhimurium    A1-R was administered i.v. and was effective for 
both primary and metastatic osteosarcoma [ 12 ].  

   High brain-metastatic variants of murine 4T1  breast cancer   cells 
expressing  RFP   were injected orthotopically in the mammary fat 
pad in nude mice. The  primary tumor   was surgically resected in 
order to allow brain  metastasis   to develop. The breast- cancer   cells 
that reached the brain extravasated and grew peri-vascularly and 
intra-vascularly, and some of the cells proliferated within the vascu-
lature.   S. typhimurium    A1-R signifi cantly inhibited brain metastasis 
and increased survival [ 13 ].  

   Treatment with   S. typhimurium    A1-R completely prevented bone 
growth of high metastatic variants of human MDA-MB-435    breast 
cancer cells injected intra-cardially in nude mice. After injection of 
the high-bone-metastatic  breast cancer   variant in the tibia of nude 
mice,  S. typhimurium  A1-R treatment signifi cantly reduced tumor 
growth in the bone [ 14 ].  

    RFP  -expressing Lewis  lung cancer   cells (LLC-RFP) were trans-
planted subcutaneously in the ear, back skin, and footpad of nes-
tin-driven  GFP   (ND-GFP) transgenic nude mice, which selectively 
express GFP in nascent blood vessels. Tumor vascularity correlated 
positively with the  anti-tumor   efficacy of   S. typhimurium    
A1-R. These results suggest that  S. typhimurium  A1-R efficacy on 
tumors involves vessel destruction which depends on the extent of 
vascularity of the tumor [ 15 ]. 

 Leschner et al. [ 16 ] observed a rapid increase of TNF-α in the 
blood, in addition to other pro-infl ammatory cytokines, after   S. 
typhimurium    treatment of tumors. This induced a great infl ux of 
the blood into the tumors by vascular disruption, and bacteria were 
fl ushed into the tumor along with the blood [ 16 ]. These results 
also indicated that the degree of vascularity is most important 
when bacteria target tumors and destroy tumor blood vessels [ 15 ].  

     S. typhimurium    A1-R was determined on LLC in C57BL/6 immu-
nocompetent mice. Bolus treatment of  S. typhimurium  A1-R was 
toxic to the immuno-competent host, in contrast to nude mice. 
Lower-dose weekly doses and metronomic doses were well tolerated 
by the immuno-competent host and inhibited  metastasis   formation. 
Lung metastasis was significantly inhibited by intra-thoracic bacte-
rial administration, without toxicity [ 17 ].  
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   The effi cacy and safety of three different routes of   S. typhimurium    
A1-R administration, oral (p.o.),  intra-venous   (i.v.), and 
 intra- tumoral (i.t.), in nude mice with orthotopic human  breast 
cancer  , were determined. Nude mice with MDA-MB-435 human 
breast  cancer  , expressing  RFP  , were administered  S. typhimurium  
A1-R by each of the three routes. Tumor growth was monitored 
by fl uorescence  imaging   and caliper measurement in two dimen-
sions.  S. typhimurium  A1-R targeted tumors at much higher levels 
than normal organs after all three routes of administration. The 
fewest bacteria were detected in normal organs after p.o. adminis-
tration, which suggested that p.o. administration has the highest 
safety. The i.v. route had the greatest antitumor effi cacy [ 18 ].  

   The XPA-1 human  pancreatic cancer   cell line is dimorphic, with 
spindle stem-like cells and round non- stem cells  . Stem-like XPA-1 
cells were signifi cantly more resistant than non-stem XPA-1 cells 
to 5-fl uorouracil (5-FU) and cisplatinum (CDDP). In contrast, 
there was no difference between the effi cacy of   S. typhimurium    
A1-R on stem-like and non-stem XPA-1 cells.  In vivo  , 5-FU and 
 S. typhimurium  A1-R signifi cantly reduced the tumor weight of 
non- stem XPA-1 cells. In contrast, only  S. typhimurium  A1-R 
signifi cantly reduced tumor weight of stem-like XPA-1 cells. The 
combination  S. typhimurium  A1-R with 5-FU improved the anti-
tumor effi cacy compared with 5-FU monotherapy on the stem-
like cells [ 19 ].  

     S. typhimurium    A1-R treatment was followed with anti-vascular 
endothelial growth factor (VEGF) therapy on VEGF-positive 
human  pancreatic cancer   in an orthotopic  nude mouse   model of 
pancreatic  cancer  . A pancreatic-cancer  patient-derived orthotopic 
xenograft   ( PDOX  ) model that was VEGF-positive and an ortho-
topic VEGF-positive human pancreatic cancer cell line (MiaPaCa-
2- GFP  ) were tested.  S. typhimurium  A1-R significantly reduced 
tumor weight compared to bevacizumab (BEV)/gemcitabine 
(GEM) treatment in the PDOX and MiaPaCa-2 models [ 20 ].  

   The effi cacy of   S. typhimurium    A1-R in combination with trastu-
zumab on a  PDOX   mouse model of HER-2-positive  cervical can-
cer   was determined. The relative tumor volume of  S. typhimurium  
A1-R + trastuzumab-treated mice was smaller compared to trastu-
zumab alone and  S. typhimurium  A1-R alone [ 21 ].  

   A patient-derived nude mouse model of soft-tissue sarcoma grow-
ing subcutaneously was  established and treated in the following 
groups: (1) untreated controls, (2) GEM (80 mg/kg, ip, weekly, 3 
weeks), (3) Pazopanib (100 mg/kg, orally, daily, 3 weeks), and (4) 
  Salmonella typhimurium    A1-R (5 × 10 7  CFU/body, ip, weekly, 3 
weeks). The sarcoma was resistant to GEM. Pazopanib tended to 
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reduce the tumor volume compared to the untreated mice, but 
there was no signifi cant difference.   S. typhimurium    A1-R was the 
only effective treatment [ 22 ].  

   A  pancreatic cancer    PDOX   was transplanted by surgical orthotopic 
implantation (SOI) in transgenic nude     RFP  -expressing mice in 
order that the PDOX stably acquired RFP-expressing stroma for 
the purpose of  imaging   the tumor after passage to non-transgenic 
nude mice.   S. typhimurium    A1-R treatment signifi cantly reduced 
tumor weight, as well as tumor fl uorescent area, compared to 
untreated control, with comparable effi cacy of GEM, CDDP, and 
5-FU [ 23 ]. 

 These results demonstrate the therapeutic potential  of  
  S. typhimurium    A1-R on major  cancer   types, including recalcitrant 
cancers, such as pancreatic and sarcoma, and justify clinical trials as 
soon as possible.       
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    Chapter 2   

 Enhancement of Tumor-Targeted Delivery of Bacteria 
with Nitroglycerin Involving Augmentation of the EPR 
Effect                     

     Jun     Fang    ,     Liao     Long     , and     Hiroshi     Maeda      

  Abstract 

   The use of bacteria, about 1 μm in size, is now becoming an attractive strategy for cancer treatment. Solid 
tumors exhibit the enhanced permeability and retention (EPR) effect for biocompatible macromolecules 
such as polymer-conjugated anticancer agents, liposomes, and micelles. This phenomenon permits tumor- 
selective delivery of such macromolecules. We report here that bacteria injected intravenously evidenced a 
property similar to that can of these macromolecules. Bacteria that can accumulate selectively in tumors 
may therefore be used in cancer treatment. 

 Facultative or anaerobic bacteria will grow even under the hypoxic conditions present in solid 
tumors. We found earlier that nitric oxide (NO) was among the most important factors that facilitated 
the EPR effect via vasodilatation, opening of endothelial cell junction gaps, and increasing the blood fl ow 
of hypovascular tumors. Here, we describe the augmentation of the EPR effect by means of nitroglycerin 
(NG), a commonly used NO donor, using various macromolecular agents in different tumor models. 
More importantly, we report that NG signifi cantly enhanced the delivery of  Lactobacillus casei  to tumors 
after intravenous injection of the bacteria, more than a tenfold increase in bacterial accumulation in 
tumors after NG treatment. This fi nding suggests that NG has a potential advantage to enhance bacterial 
therapy of cancer, and further investigations of this possibility are warranted.  

  Key words     EPR effect  ,   Nitroglycerin  ,   Nitric oxide  ,    Lactobacillus casei   ,   Macromolecules  ,   Solid tumors  

1       Introduction 

 Extravasation of biocompatible macromolecules including poly-
mer–drug conjugates, micelles, and liposomes as well as bacteria 
about 1 μm in size is observed in most solid  tumor tissue  s. This 
phenomenon was named the  enhanced permeability and retention   
( EPR  ) effect of macromolecules in solid tumors [ 1 ]. The EPR 
effect is becoming a gold standard in the design of macromolecular 
anticancer drugs and tumor-targeted  drug delivery system  s [ 2 ]. 
The EPR effect is now known to play a major role in tumor- selective 
delivery of macromolecular drugs, so-called  nanomedicines [ 2 – 5 ]. 

Robert M. Hoffman (ed.), Bacterial Therapy of Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 1409,
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In experimental tumor models, nanomedicines had 5–100 times 
greater intra-tumoral drug delivery compared with delivery of the 
drugs to the blood or normal tissues [ 4 ,  5 ]. Nanomedicines with a 
molecular weight greater than 50 kDa commonly exhibit the EPR 
effect, but the effects of molecular weight higher than 800 kDa are 
poorly understood. Kimura et al. [ 6 ] and Hoffman et al. [ 7 ], how-
ever, reported that some bacteria are preferentially taken up in 
solid tumors, even bacteria injected intravenously (i.v.). 

  Anaerobic   or facultative bacteria have been known for 
decades to grow selectively in tumors [ 6 – 20 ]. This growth is 
now attributed to the unique patho-physiological feature found 
in many tumors, i.e., impaired and abnormal vascular architecture. 
Consequently,  tumor tissue  s have high vascular permeability (the 
 EPR   effect) and hypoxia, or low pO 2 , together with extensive 
necrosis [ 5 ,  7 ,  18 ,  20 ]. In addition, vascular mediators such as 
 nitric oxide   (NO) are produced in excess [ 3 – 5 ]. 

 A new anticancer strategy using bacteria was developed and is 
growing as an attractive option. Hoffman et al. [ 7 ,  18 ] reported 
that systemic infusion of a modifi ed strain of   Salmonella 
typhimurium    selectively infected  tumor tissue  s and resulted in sig-
nifi cant tumor shrinkage in many tumor ( xenograft  ) models in 
mice. Taniguchi’s group developed tumor-targeted delivery of a 
prodrug by using genetically engineered   Bifi dobacterium longum    
expressing cytosine deaminase that would enable the tumor to 
generate 5-fl uorouracil, with remarkable antitumor effects [ 20 ]. 
Both of these methods are now in clinical trials. 

 Also, Xiang et al. successfully utilized   Escherichia coli    or 
 Salmonella enterica  serovar typhimurium as a tumor-targeted 
delivery system to introduce short hairpin RNA into tumor cells 
that can exhibit RNA interference [ 19 ]. 

 In addition, many reports have indicated the anti-tumor thera-
peutic potential of   Lactobacillus casei   , a non-pathogenic bacterium 
widely used in dairy products that has enhanced the cellular immu-
nity of the host [ 21 – 23 ]. All these results suggest that  bacterial 
therapy   is a promising approach in  cancer   treatment, and thus, as 
described in this chapter, the augmentation of bacterial tumor 
delivery is of great importance. 

 That the  EPR   effect is mediated by NO and many other vascu-
lar mediators including bradykinin, prostaglandins, and vascular 
endothelial growth factor is important, and modulating these fac-
tors to enhance the EPR effect and achieve tumor-targeted deliv-
ery of drugs or bacteria will be critical [ 5 ,  24 – 26 ]. Among these 
factors, NO is one of the most important molecules having a vaso-
dilating effect and facilitates increased blood fl ow as well as increases 
vascular permeability where it is generated, particularly in  tumor 
tissue  s [ 24 – 26 ]. As an NO donor,  nitroglycerin   ( NG  ) has been 
used for more than a century as a medication, applied topically or 
orally, for angina pectoris. That NO is generated more in diseased 
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 hypoxic   tissues, via conversion of nitrite, is of great interest [ 27 –
 31 ]. We previously demonstrated that NG was converted to NO in 
tumor tissues, which exist in a hypoxic state, by mechanisms similar 
to those operating in infarcted cardiac tissues [ 28 – 31 ]. NG may 
thus be an ideal NO donor for hypoxic tumors. Figure  1  shows the 
theoretical mechanism of NO generation from nitrite in tumor tis-
sues and in infarcted cardiac tissues, given that both tissues are 
similarly hypoxic and acidic.

   In view of these data, we previously developed the therapeutic 
strategy of using topical application of small doses of  NG  , particu-
larly in combination with macromolecular anti-cancer drugs [ 30 , 
 31 ]. More recently, we found that bacteria given by i.v. injection 
also exhibited enhanced tumor-targeted delivery to a signifi cant 
extent and with much less delivery of bacteria to normal tissues and 
organs.   

2     Materials 

     NG   ointment (Vasolator®, Sanwa Kagaku Kenkyusho, Nagoya, 
Japan).  

  Evans blue dye (Wako Pure Chemical Industries, Osaka, Japan).  
  7,12-Dimethylbenz[ a ]anthracene (DMBA) (Wako Pure Chemical 

Industries, Osaka, Japan).  
  Corn oil (Wako Pure Chemical Industries).  
  Protoporphyrin IX (Sigma-Aldrich, St. Louis, MO, USA).  
  Succinimidyl derivative of polyethylene glycol (PEG) (NOF Inc., 

Tokyo, Japan).  
    L. casei    strain Shirota (Yakult Honsha Co., Ltd., Tokyo, Japan).  
  MRS (de Man, Rogosa, Sharpe) medium (Cica; Kanto Chemical 

Co. Inc., Tokyo, Japan).  

  Fig. 1    Hypothetical mechanism of  nitric oxide   (NO) generation. NO was produced from nitrite, mainly in  hypoxic   
 tumor tissue  s instead of normal tissues.        EPR,     enhanced permeability and retention   (from Ref.  30  with permis-
sion from the Japanese  Cancer   Association)       
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  Lactulose (4- O -β- D  -galactopyranosyl- D -fructofuranose) (Wako 
Pure Chemical Industries).  

  Female Sprague–Dawley rats (5 weeks old) (SLC, Shizuoka, 
Japan).  

  Male ddY mice (6 weeks old) (SLC).  
  Female BALB  ⁄  c mice (6 weeks old) (SLC).  
  Male C57BL  ⁄  6 J mice (6 weeks old) (SLC).  
  Mouse S-180 sarcoma cells (2 × 10 6 ).  
  Mouse fi brosarcoma Meth-A cells (2 × 10 6 ).  
  Colon adenocarcinoma C38 cells (2 × 10 6 ) (Riken Cell Bank, 

Tsukuba, Japan).     

3     Methods 

   When the diameters of S-180 tumors (see Notes 1 and 2) reached 
5–8 mm,  NG (see Note 3)   was applied as an ointment to the skin 
overlying the tumors at doses of 0.001–1.0 mg  ⁄  tumor, or to normal 
skin. Within 5 min, 10 mg  ⁄  kg Evans blue (see Note 4) in 0.1 mL 
PBS was injected i.v. At scheduled times thereafter, mice were killed, 
tumors and normal tissues were removed, weighed, and immersed 
in 3 mL of formamide followed by incubation at 60 °C for 48 h in 
order to extract the dye (Evans blue). The concentration of the dye 
in each tissue was determined spectrophotometrically at 620 nm. 
Controls in all experiments consisted of treatment with ointment 
without NG. Similar experiments were carried out in Meth-A, C26 
and C38 tumor models (see  Notes   1  and  2 ) in mice as well as in the 
DMBA- induced breast tumor model in rats (see Note 2). 

 Results showed a time-dependent increase in accumulation of 
Evans blue/albumin complex in S-180 solid tumors (Fig.  2a , 
 P  = 0.006).  NG   induced two- to threefold greater drug delivery to 
solid tumors at 4 h after drug injection than treatment without NG 
(Fig.  2a ,  P  = 0.002). Also, tumors retained the higher drug concen-
tration for at least 24 h after NG treatment. Similar results were 
observed with other solid tumors (Meth-A, C38, and DMBA- 
induced  breast cancer  ) (Fig.  2c, d ). In addition, all tumor models 
showed NG dose-dependent increases in drug delivery (the  EPR   
effect) (Fig.  2b–d ). The effective NG doses were as low as 0.001 
mg  ⁄  tumor up to 2 mg  ⁄  tumor.

       NG   ointment at 0.1 mg  ⁄  tumor was applied to the skin by rubbing 
over S-180 tumors or to non-tumorous abdominal skin, with the 
distance to tumors of about 5 cm, after which mice immediately 
received an i.v. injection of  65 Zn-labeled PZP (see Note 5) via the 
tail vein (12,000 cpm  ⁄  mouse). After 4 and 24 h, mice were killed 
and the blood was collected from the inferior vena cava. Mice were 
then perfused with 10 mL saline containing 5 U  ⁄  mL heparin to 

3.1  Delivery 
of a Putative 
Macromolecular Drug 
(Evans Blue/Albumin 
Complex) in 
Combination with  NG   
to Rodent Tumors

3.2  Macromolecular 
Drug Delivery to Solid 
Tumors as Measured 
by Radioactivity 
of  65 Zn-labeled PZP
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remove blood components from the blood vessels in various organs 
and tissues.  Tumor tissue  s and normal organs and tissues, includ-
ing the liver, spleen, kidney, intestine, stomach, colon, heart, brain, 
lung, skin, muscle, and bone marrow, were collected and weighed. 
Radioactivity of the samples was measured by using a gamma 
counter (1480 Wizard 3″; PerkinElmer Life Sciences, Boston, 
MA, USA). 

 Similar to the fi ndings with Evans blue as shown in Fig.  2 ,  NG   
application resulted in about twice the accumulation of PZP in 
tumors than did ointment without NG, at both 4 and 24 h after 
drug injection (Fig.  3a, b ). This result was also found when NG 
was applied to the skin at a distance of 5 cm from the tumor (Fig.  3c ). 

  Fig. 2    Time-dependent and  nitroglycerin   ( NG  ) dose-dependent enhancement of macromolecular drug delivery 
to solid tumors. ( a ) Time course of enhanced delivery of Evans blue (EB) to S-180 solid tumors by NG ointment 
(1 mg  ⁄  tumor) applied to the skin overlying tumors. ( b – d ) Dose-dependent enhancement of delivery of the 
macromolecular drug to S-180, Meth-A, C38, and 7,12-dimethylbenz[ a ]anthracene (DMBA)-induced breast 
tumors, respectively. In all models, at tumor diameters of 5–8 mm, 10 mg  ⁄  kg Evans blue in 0.1 mL PBS was 
injected intravenously; 4 h later the Evans blue concentration in tumors was quantifi ed. Error bars indicate 95 
% confi dence intervals. Differences between control (no NG) and NG groups were compared with the Student’s 
 t -test. Statistical tests were two sided. (from Ref.  30  with permission from the Japanese  Cancer   Association)       
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The enhancement of the  EPR   effect by NG for delivery of macro-
molecular drugs to tumors was signifi cant ( P  = 0.002 and 0.004 at 
4 and 24 h, respectively), but fi ndings for most normal organs 
were not signifi cant, except at 24 h in the spleen and liver ( P  = 0.05 
and 0.1), which evidenced 15–30 % increased delivery (Fig.  3a, b ). 
Another interesting and important fi nding was that application of 
NG to abdominal skin—while the tumor was located on the dorsal 
skin—produced signifi cantly increased delivery of PZP to the 
tumor (Fig.  3b, c ) but no signifi cant changes in most normal tissues, 
which suggests that production of NO from NG is tumor-specifi c, 
probably because of the  hypoxic   environment.

  Fig. 3     Nitroglycerin (NG)  -enhanced delivery of a radioactive polymeric drug to S-180 solid tumors.  NG  , in an 
ointment, was applied to tumor-bearing mice at a dose of 1.0 mg  ⁄  tumor either to the skin overlying tumors 
( a ,  b ) or to non-tumorous dorsal abdominal skin, on the opposite side of the tumor (the distance to the tumor 
was about 5 cm) ( c ).  65 Zn-labeled PZP (12,000 cpm  ⁄  mouse) was injected intravenously via the tail vein into 
these mice. After 4 h ( a ) and 24 h ( b ), mice were killed, after which samples of the blood, tumor, and normal 
tissues and organs were collected, and the radioactivity of these tissues and organs was measured. Error bars 
show 95 % confi dence intervals. Differences between control (no NG) and NG groups were compared with the 
Student’s  t -test. Statistical tests were two sided.  CPM,  counts per minute;  ns,  not signifi cant. (from Ref.  30  
with permission from the Japanese  Cancer   Association)       
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          L. casei (see Note 6)    was first cultured in MRS agar medium in an 
agar plate—10 cm (Φ) plastic Petri dish. After 24 h culture at 37 °C, 
one loop of bacteria, taken from a colony on the agar plate, was 
placed for additional culture into 10 mL of MRS liquid medium in 
a 50-mL flask incubated in a water bath at 37 °C with shaking (120 
rpm). After overnight incubation, 10 μL of cultured liquid con-
taining the bacteria was transferred into 100 mL of MRS medium 
in a 300-mL flask, and cultured under the same conditions (37 °C 
water bath with shaking). The optical density of the cultured bac-
teria at 600 nm was measured every 30 min. A 10-μL aliquot of 
the culture was plated on an agar plate followed by incubation at 
37 °C to obtain CFU counts after 2 days of incubation. The counts 
were correlated with optical density.  

   To investigate the bio-distribution of   L. casei   , 0.1-mL samples 
(7 × 10 6  CFU) of bacterial culture were injected via the tail vein, 
followed by i.p. injection of 1 mL of 20 % lactulose [ 6 ]. For the 
 NG  -treated group, NG ointment at 0.6 mg  ⁄  tumor was applied by 
rubbing over the skin just before the injection of bacteria. At 
scheduled times (1 and 6 h) after the injection of bacteria, mice 
were killed and the blood was collected from the inferior vena cava, 
and mice were then perfused with 10 mL saline containing 5 U/
mL heparin to remove blood components from the blood vessels 
of various organs and tissues.  Tumor tissue  s and normal organs 
and tissues, including the liver, spleen, kidney, heart, and lung, 
were collected and weighed. To 1 g of each tissue, 9 mL of cold 
physiological saline were added, and then tissues were minced and 
homogenized on ice with a Polytron homogenizer (Kinematica, 
Littau-Lucerne, Switzerland). Tissue homogenates (50 μL) at dif-
ferent dilutions (10–10,000, obtained by using physiological 
saline) were transferred to 10-cm petri dishes. Then 15 mL of 
MRS agar medium, kept at 40 °C in a water bath, was added and 
thoroughly mixed. The dishes were then placed at room temperature 
to solidify the agar medium, after which they were placed in an 
incubator at 37 °C. After 2 days incubation,  L. casei  colonies were 
counted. The distribution of bacteria in each tissue was expressed 
as CFU/g tissue or CFU/mL blood. 

 The results provided in Fig.  4  were similar to those for the 
putative macromolecular drug (Evans blue/albumin complex, Fig.  2 ) 
and the polymeric drug (PZP, Fig.  3 ). At 1 h after i.v. injection of 
bacteria, the distribution was noted mostly in the liver and spleen 
(Fig.  4a ). At 6 h, however, the number of bacteria in the liver and 
spleen decreased markedly to about 1/10 of those at 1 h, whereas 
the numbers of bacteria in the tumor increased, approximately 
80 -fold (Fig.  4b ). These fi ndings suggested that bacterial uptake 
by  tumor tissue  s was due to an  EPR   effect that was a time-dependent 
phenomenon, requiring more than several hours (e.g., >4 h in 
mice;  see  Refs.  4 ,  31 ). Moreover, the lower number of bacteria in 
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the liver and spleen may indicate clearance by the lymphatic and 
reticuloendothelial systems. Another possibility is that under the 
 hypoxic   conditions in tumor tissues, facultative and  anaerobic   bac-
teria can grow. More  important, normal tissues evidenced no sig-
nifi cant uptake of bacteria except for the liver and spleen, in which 
the reticuloendothelial system is responsible for this function.

   Furthermore,  NG   treatment led to a signifi cant increase in the 
delivery of bacteria to  tumor tissue  s: approximately 70-fold and 
20-fold increases were found at 1 h and 6 h, respectively, after NG 
treatment (Fig.  4 ). However, normal tissues including the liver and 
spleen showed no signifi cant increases (Fig.  4 ), which suggests that 
NG was converted to NO predominantly in tumor tissues.    

4     Results 

   The  EPR   effect is considered to be one of the greatest break-
throughs leading to universal targeting to solid tumors in chemo-
therapy [ 2 ,  5 ,  26 ,  32 ]. Matsumura and Maeda fi rst reported the 
EPR effect in 1986 [ 1 ], and Maeda and colleagues continued to 
perform extensive studies of the effect [ 3 – 5 ,  26 ]. The EPR effect 
is based on the fact that most solid tumors have blood vessels with 

4.1  The  EPR   Effect 
and Drug Delivery

  Fig. 4    Body distribution of   L. casei    in ddY mice bearing S-180 solid tumors and its enhancement by  nitroglyc-
erin   ( NG  ). ( a ) Results at 1 h after i.v. injection of bacteria. ( b ) Results at 6 h after i.v. injection of bacteria. Data 
are means ± SD. See text for details       
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defective architecture and produce excessive amounts of vascular 
permeability factors. Such enhanced vascular permeability ensures 
a suffi cient supply of nutrients and oxygen to tumor cells to sustain 
their rapid growth. This unique anatomical–patho-physiological 
nature of tumor blood vessels was thus utilized to facilitate delivery 
of macromolecular drugs to  tumor tissue  s. EPR effect-driven drug 
delivery does not occur in normal tissues, because their vascular 
architecture manifests tight endothelial junctions and vessels do 
not produce excess amount of physiological mediators [ 3 – 5 ,  26 ]. 
The EPR effect is thus believed to be a landmark principle in 
 tumor-targeting    chemotherapy   and is becoming a promising para-
digm in anticancer drug development [ 2 ].  

   The fi rst macromolecular anticancer drug SMANCS (styrene–
maleic acid copolymer-conjugated neocarzinostatin) was approved 
in Japan for use against  liver cancer   in 1993. Doxil, which is a 
PEGylated (PEG-coated) liposome-encapsulated formulation of 
doxorubicin, is now used in clinical settings to treat Kaposi sar-
coma and other cancers. Many other polymeric or micellar drugs 
are undergoing clinical development (phases I and II) [ 33 ,  34 ]. 
Compared with conventional small-molecular-mass anti-cancer 
drugs, macromolecular drugs demonstrate superior  in vivo   phar-
macokinetics (e.g., a prolonged plasma half-life) as well as selective 
tumor-targeting, which result in improved anti-tumor effi cacy with 
fewer adverse side effects [ 33 ,  34 ]. 

 The  EPR   effect is a molecular size-dependent phenomenon: 
biocompatible molecules or particles larger than 50 kDa, which is 
a limit size for renal clearance, had a prolonged circulation time 
and very slow renal clearance rate. During circulation, they gradu-
ally extravasated from tumor blood vessels and were retained in the 
 tumor tissue   for a relatively long time (e.g., several days to weeks) 
[ 1 ,  3 – 5 ,  26 ]. The EPR effect was observed with proteins, polymer 
conjugates, micelles, liposomes, nanoparticles, DNA polyplexes, 
lipid particles, and bacteria [ 1 ,  3 – 7 ,  19 – 21 ,  26 ,  33 – 35 ]. 

 Using bacteria is now becoming a promising anti-cancer strategy. 
Here we confi rm the advantage of using bacteria for anticancer 
therapy based on the  EPR   effect. After achieving tumor delivery of 
bacteria, a number of effective mechanisms are then proposed 
effective for  bacterial therapy  , for example, utilization of genetically-
engineered bacterial toxins or prodrug-activating enzymes or acti-
vation of innate immunity including natural killer (NK) cells or 
other immune cells [ 6 ,  7 ,  18 – 20 ,  36 – 39 ]. 

 The  EPR   effect involves vascular heterogeneity, i.e., blood 
vessels in tumors are not usually evenly distributed, which is 
observed in most large solid tumors having both hyper- and hypo-
vascular areas. Some tumors such as pancreatic and  prostate  cancer,   
are hypo-vascular. Because the EPR effect is related to vascular 
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patho-physiology, targeted drug delivery to these hypovascular 
tumors/areas may be diffi cult. Methods to augment the EPR 
effect (blood fl ow and vascular permeability), especially for hypo-
vascular tumors, are thus important.  

   As noted above, many vascular mediators are involved in the  EPR   
effect [ 4 ,  5 ,  26 ]. We have investigated one of these mediators, NO, 
which is a vital molecule in mammals and has multiple functions 
such as signal transduction, vasodilatation, increasing the permea-
bility of blood vessels, antioxidant effects, and cell proliferation [ 5 , 
 39 ]. In this context, we focused on  NG  , a well-known NO donor 
that has been used for more than a century as a medication for 
angina pectoris. In infarcted-cardiac tissue, NO 2  −  is fi rst liberated 
from NG and is then converted to NO by nitrite reductase under 
 hypoxic   conditions (Fig.  1 ) [ 27 – 29 ]. Vasodilatation and increased 
blood fl ow can normalize the blood fl ow of infarcted tissues. The 
pO 2  in infarcted-cardiac tissue is low, and the pH is slightly acidic 
[ 40 ,  41 ], similar to conditions in many  tumor tissue  s. We thus 
hypothesized that the same situation would occur in tumor tissues 
as in infarcted-cardiac tissues (Fig.  1 ; Refs.  26 ,  31 ). Application of 
NG should therefore improve macromolecular drug delivery to 
tumors having a poor EPR effect, as well as improve the therapeu-
tic effi cacy of these drugs. 

 As expected, we obtained spectacular results in various rodent 
tumor models, using an Evans blue  ⁄  albumin complex, polymer 
conjugates (Figs.  2  and  3 ; Refs.  26 ,  29 ,  31 ), and bacteria (Fig.  4 ). 
These results are similar to those for isosorbide dinitrate [ 41 ]. 
Our results suggested that  NG   is a useful tool to enhance tumor 
blood fl ow, vascular permeability, and the  EPR   effect to improve 
tumor-targeted delivery of anti-cancer agents including bacteria. 

 That  NG  , in addition to enhancing drug delivery, has a 
tumor- suppressive effect by itself. NG probably acts by down-
regulating the expression of certain critical genes involved in 
tumor growth [ 30 ]. Mitchell et al. [ 42 ] and Yasuda et al. [ 43 ] 
also reported that NG increased tumor sensitivity to chemothera-
peutic drugs by increasing the blood fl ow of  hypoxic   tumors, by 
suppressing hypoxia-inducible factor-1α, vascular endothelial 
growth factor, and P-glycoprotein expression in tumors, all of 
which play important roles in the resistance of  cancer   cells to 
such drugs. Combination therapy with NG may therefore pro-
duce a signifi cantly additive chemotherapeutic effect by multiple 
mechanisms, including enhancement of the  EPR   effect. 

4.3  Enhanced 
Delivery of 
Macromolecular Drugs 
and Bacteria to Solid 
Tumors by  NG  
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 Factors and methods other than  NG   and NO have been 
investigated to enhance the  EPR   effect. These methods included 
angiotensin II-induced hypertension during arterial infusion of 
SMANCS in cancer patients [ 4 ,  5 ,  44 ], and the use of angioten-
sin-converting enzyme inhibitor [ 26 ] and the prostacyclin PGI 2  
agonist beraprost [ 45 ]. We recently found that carbon monoxide 
(CO), a gas molecule with physiological functions similar to those 
of NO, also enhanced the EPR effect [ 46 ]. Administration of a 
CO-releasing molecule or its polymer micelles signifi cantly 
increased extravasation and the accumulation of macromolecular 
agents in tumors [ 46 ].  

     L. casei    is a nonpathogenic facultatively- anaerobic   bacterium 
that is also a component of the normal bacterial flora in the 
human intestinal tract and reproductive system.  L. casei  is widely 
used in various dairy and food supplements, as a so-called pro-
biotic. More important, this bacterium also showed antitumor 
activity by stimulating nonspecific immune responses, such as 
macrophage and NK cell activation [ 36 – 39 ], and is considered 
useful as a medication to prevent recurrence of bladder  cancer   
[ 21 ,  22 ,  47 ,  48 ], with mechanisms similar to those of Bacille 
Calmette-Guérin (BCG) [ 49 ].  L. casei  is thus suitable for  bac-
terial therapy   either as a drug vector to carry or deliver genes or 
as a nonspecific immunostimulant. 

 With regard to delivery of   L. casei    to tumors, we found tumor- 
selective accumulation and/or growth of the bacteria after i.v. 
injection (Fig.  4 ), which is a result similar to that found in other 
experiments [ 6 ,  7 ,  18 – 20 ]. We now believe that this tumor- 
preferred accumulation is based on the  EPR   effect, as discussed 
above. Moreover, systemic (i.v.) application of the bacteria did not 
lead to sustained accumulation of bacteria in normal tissues. 
Although bacteria accumulated mostly in the liver and spleen at 1 
h after i.v. injection, the number of  L. casei  decreased dramatically 
after 6 h (Fig.  4 ); and at 24 h, almost no bacteria could be found 
in liver and spleen (Fig.  5 ). However, the number of bacteria in 
 tumor tissue   was far greater than in the liver and spleen (Fig.  5 ). 
EPR-based tumor selectivity can induce tumor-specifi c immune 
activation and have an anti-tumor effect, with i.v. injection of the 
bacteria, but not with topical application, such as how BCG for 
bladder  cancer   is used. Also, high tumor selectivity will ensure 
fewer side effects in normal tissues and organs.  

 More important, as with other macromolecular drugs,  NG   
enhanced the accumulation of bacteria in tumors, i.e., a 70-fold 
increase at 1 h, 20-fold increase at 6 h and 10-fold increase at 24 h 
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after i.v. injection of   L. casei    (Figs.  4  and  5 ).  Bacterial therapy   may thus 
be improved by combination with NG and/or other  EPR  - enhancing 
agents, and this possibility warrants additional investigation.   

5     Notes 

     1.     Tumor models : Female Sprague–Dawley rats (5 weeks old), 
male ddY mice (6 weeks old), female BALB  ⁄  c mice (6 weeks 
old), and male C57BL  ⁄  6 J mice (6 weeks old) were purchased 
from SLC (Shizuoka, Japan). Rats were housed three per cage, 
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  Fig. 5    Enhancement of tumor delivery of L.  casei  by NG. Panels  a – c  show the results in the S-180 tumor 
model, and  d – f  shows the C26 tumor model. In ( a ) and ( d ), the  insets  show enlarged scales for tumor. In ( c ) 
and ( f  ), time course of accumulation of  L. casei  in tumor and liver with/without NG treatment is shown. Data 
are means ± SD;  n  = 6. ** P  < 0.01 (no NG control vs. NG treatment group) (from Ref. [ 50 ] with permission)       
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and mice were housed four or fi ve per cage. For all animals, 
conditions were maintained at 22 ± 1 °C and 55 ± 5 % relative 
humidity with a 12-h light  ⁄  dark cycle. All experiments were 
carried out according to the Laboratory Protocol for Animal 
Handling of Sojo University.   

   2.     Tumors:    Mouse S-180 sarcoma cells, from ascites maintained 
by weekly passage, were implanted subcutaneously (s.c.) in the 
dorsal skin of ddY mice, to obtain the S-180 tumor model. 
Mouse fi brosarcoma Meth-A cells (2 × 10 6 ) were maintained by 
 intraperitoneal   (i.p.) passage and then implanted s.c. in BALB  ⁄  c 
mice. Colon adenocarcinoma C38 cells (2 × 10 6 ), purchased 
from the Riken Cell Bank (Tsukuba, Japan), were implanted s.c. 
in C57BL  ⁄  6 mice. In addition, rat  breast cancer   was induced by 
oral administration of 10 mg of DMBA (a carcinogen) in 1 mL 
of corn oil. Bacterial distribution studies were started when the 
tumor diameters were 5–10 mm.   

   3.     Preparation of    NG   : NG ointment contained 20 mg  ⁄  g Vaseline ®  
and was used after 10- or 100-fold dilution with Vaseline ® .   

   4.     Evans blue : When injected into circulation, it binds to albumin 
to form a complex of about 69 kDa and is thus considered a 
putative macromolecular drug.   

   5.     PEG-conjugated zinc protoporphyrin IX (ZnPP) (PZP) : 
The synthesis, purifi cation, and characterization of PZP were 
previously described [ 51 ]. PZP consists of two chains of PEG, 
each about 2,500 Da, conjugated to ZnPP to form micelles 
of about 180 nm in diameter, and a mean molecular mass of 
about 110 kDa determined by size-exclusion chromatography. 
Radiolabeled PZP was obtained by utilizing  65 Zn during the 
zinc insertion step of PZP synthesis [ 52 ].   

   6.     Lactobacillus   bacteria :   L. casei    strain Shirota was cultured in 
MRS (de Man, Rogosa, Sharpe) medium. Lactulose (4- O -β- D -
galactopyranosyl-  D -fructofuranose), was used during  in vivo   
experiments with  L. casei  [ 6 ].         
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    Chapter 3   

 Oral Delivery of Tumor-Targeting  Salmonella  
to Treat Cancer in Mice                     

     Dongping     Wei      and     Lijun     Jia      

  Abstract 

   Tumor-targeting bacteria have been developed as novel anticancer agents recently. To achieve their 
 therapeutic effects, bacteria have conventionally been injected intravenously or intraperitoneally into ani-
mals or humans. Here, we describe the oral delivery of tumor-targeting  Salmonella  for cancer therapy in a 
mouse tumor model. We detail the experimental procedures for establishing a mouse tumor model, pre-
paring bacterial culture, mouse gavage, and detection of the tumor-targeting capability of bacteria admin-
istered orally. We also discuss technical notes and provide practical advice that will help the users of this oral 
delivery model.  

  Key words     Oral delivery  ,   Tumor-targeting bacteria  ,    Salmonella   ,   Solid tumor  ,   Cancer therapy  

1      Introduction 

  Tumor-targeting   bacteria have been emerging as therapeutic 
agents against solid tumors. To achieve their therapeutic effects, 
bacteria have conventionally been injected intra-venously or intra-
peritoneally into animals or humans [ 1 – 14 ]. However, the sys-
temic administration of bacteria is inconvenient and also carries the 
risk of toxicity. To overcome these disadvantages, we have previ-
ously established an alternative  infection   model, in which  tumor- 
targeting    Salmonella  can be orally administered to mice bearing 
subcutaneous tumors [ 15 – 17 ]. We found that orally-delivered 
 Salmonella  exhibited high tumor-targeting potential and did not 
compromise its therapeutic effi cacy [ 15 – 17 ]. Importantly, oral 
administration of the tumor-targeting  Salmonella  demonstrated 
minimal toxicity in mice compared to systemic infection, indicat-
ing a high safety profi le of the  oral delivery   route [ 15 – 17 ]. To 
facilitate the use of this system as a preclinical model for bacteria-
based  cancer   therapies, we detail here the experimental protocol 
for oral delivery of tumor-targeting  Salmonella  to treat cancer 
using a mouse tumor model. The critical steps of the procedure 
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described include (1) establishment of a mouse tumor model; (2) 
bacterial enumeration; (3) oral  gavage   with bacteria in mice; and 
(4) bacteria isolation and titration post treatment. We also discuss 
technical notes and provide practical advice that will help the users 
of this oral delivery model. When the protocol is followed cor-
rectly, the preferential accumulation of  Salmonella  within tumors 
should be observed, which is basically responsible for the signifi -
cant anti-cancer activity of the bacteria in tumor-bearing mice.  

2    Materials 

 All solutions used in this study are prepared by using ultra-pure 
water (prepared by purifying de-ionized water to attain a sensitivity 
of 18 MΩ cm at 25 °C) and analytical grade reagents. 

 1 mL syringe with 22.5 G needle. 
 Oral  gavage   needle (18 G) with a bulb tip. 
 Six micro-cuvettes. 
 Spectrophotometer. 
 Bacterial spreader. 
 Bacterial strain: Lipid A-modifi ed ( msbB  − ),  auxotrophic   ( purI  − ) 

  Salmonella typhimurium     VNP20009   (VNP20009) is obtained 
from the American Type Culture Collection (ATCC). 

 Modifi ed-LB broth for  VNP20009   culture: 10 g tryptone, 5 g 
yeast extract, 2 mL 1 N CaCl 2 , and 2 mL 1 N MgSO 4  per liter, 
adjusted to pH 7 using 1 N NaOH ( see   Note 1 ). 

 B16F10 melanoma cells are obtained from the ATCC, and 
cultured as a monolayer in Dulbecco’s Modifi ed Eagle’s Medium 
(DMEM) supplemented with 10 % fetal bovine serum (FBS). The 
cells are verifi ed as being free of mycoplasma contamination 
( see   Note 2 ). Cell cultures are maintained in an atmosphere of 5 % 
CO 2 /95 % air at 37 °C. 

 C57BL/6J mice used for the study: 6- to 8-week-old female 
C57BL/6J (18–20 g). Mice are housed in a biosafety-level-2 
(BSL-2) containment facility ( see   Note 3 ).  

3     Methods 

       1.    Grow B16F10 cells to 80–90 % confl uence.   
   2.    Wash with PBS (pH 7.4), trypsinize, and suspend with DMEM 

containing 10 % FBS.   
   3.    Spin down the cell pellets, suspend and make a concentration 

of 5 × 10 6  cells/mL using PBS (pH 7.4).   
   4.    Inject subcutaneously (s.c.) 5 × 10 5  B16F10 cells (in 0.1 mL 

PBS) per mouse into the right fl ank using a 1 mL syringe with 
a 22.5 G needle ( see   Note 4 ).   

3.1  Establishment 
of a Mouse Tumor 
Model

Dongping Wei and Lijun Jia
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   5.    Monitor the tumor every other day. When the average tumor 
 volume reaches approximately 150 mm 3 , randomize the mice 
for oral  gavage   as described in the next section.      

   The bacterial number is determined by performing a viable plate 
count and measuring the optical density of the bacterial suspension 
(Fig.  1 ).

         1.    Prepare suffi cient modifi ed-LB broth and agar plates required 
for the study and store at 4 °C until used.   

   2.    Culture  VNP20009   on the modifi ed-LB agar plate and incu-
bate at 37 °C overnight.   

3.2  Bacteria 
Enumeration

3.2.1  Viable Plate Count

  Fig. 1    Overview of procedure for mouse oral  gavage   treatment with  tumor-targeting    Salmonella . ( a ) The 
 VNP20009   culture was diluted by tenfold and twofold serial dilutions. While the tenfold dilution series were 
plated onto agar plates for colony counts, the two-fold dilution series were used for spectrophotometric analysis. 
( b ) Correlation of optical density with viable plate count. ( c ) Oral gavage. The mouse was properly restrained 
with the left hand ( 1  ), and the length of the gavage needle against the animal’s body was measured ( 2  ). The 
bacterial inoculum was orally administered to the mouse upon verifi cation of proper placement of the gavage 
needle ( 3  )       
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   3.    Pick a clone of  VNP20009   from the modifi ed-LB agar plate 
and place into 3 mL modifi ed-LB broth in a 12 mL tube, and 
shake at 225 rpm, 37 °C overnight (~16 h).   

   4.    Dilute the overnight  VNP20009   culture into modifi ed LB at a 
ratio of 1:100, grow with shaking at 37 °C, until the optical 
density at wavelength 600 nm (OD 600 ) reaches 0.8–1.0 and 
chill on ice.   

   5.    Set up seven dilution tubes, each containing 9 mL sterile mod-
ifi ed LB.   

   6.    Aseptically transfer 1 mL  VNP20009   culture into the fi rst tube 
to make a 10 −1  dilution (keep the original tube of VNP20009 
culture on ice for spectrophotometric analysis) by using a 
pipette with a sterile tip. Discard the pipette tip. Mix thor-
oughly and transfer 1 mL of bacterial suspension to the next 
dilution tube (10 −2  dilution) with a fresh pipette tip. Proceed 
in this way in order to obtain a 10 −7  dilution (Fig.  1a ).   

   7.    Aseptically transfer 0.1 mL of the last fi ve bacterial dilutions 
(from 10 −3  to 10 −7 ) onto a corresponding agar plate in tripli-
cate. Spread the liquid over the whole surface of the plate by 
using a spreader. Once dry, invert all the plates and incubate at 
37 °C for 24 h. At the end of the incubation period, select the 
plates that appear to contain between 30 and 300 colonies ( see  
 Note 5 ) and count the exact number of colonies on that plate.   

   8.    Calculate the number of bacteria (cfu) per milliliter of sample 
by dividing the number of colonies by the dilution factor mul-
tiplied by the amount of bacterial suspension plated on an agar 
plate.      

       1.    Place the original tube of  VNP20009   and four tubes of 2 mL 
sterile modifi ed LB in a test-tube rack.   

   2.    Use four of these tubes (tubes 2–5) of broth to make twofold 
serial dilution of the bacterial culture to produce 1/2, 1/4, 
1/8, and 1/16 dilutions (Fig.  1a ).   

   3.    Pipette 1 mL of the sterile modifi ed LB into one of the micro- 
cuvettes and standardize the spectrophotometer as directed. 
Pipette 1 mL of the original  VNP20009   culture into a second 
micro-cuvette and place in the machine and read the OD 600  
value. Repeat this with the 1/2, 1/4, 1/8, and 1/16 dilutions. 
Record the OD 600  values along with the dilutions that they 
originated from (Table  1 ).

              1.    Calculate the approximate numbers of bacteria in the 1/2, 
1/4, 1/8, and 1/16 dilutions by halving the bacterial number 
shown in Table  1 .   

   2.    Plot these fi ve coordinates on a graph using EXCEL software 
with a formula (Fig.  1b ) that is used for converting OD 600  val-
ues into bacterial counts (CFU/mL) ( see   Note 6 ).       

3.2.2  Spectrophoto-
metric Analysis

3.2.3  Correlate the OD 600  
Value with Viable Plate 
Count

Dongping Wei and Lijun Jia
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       1.    Dilute the overnight  VNP20009   culture into modifi ed LB at a 
ratio of 1:100 and grow to an OD 600  of 0.8–1.0 and chill on 
ice.   

   2.    Estimate the concentration (CFU/mL) of the  VNP20009   cul-
ture with the formula shown in Fig.  1b .   

   3.    Transfer the desired volume of the  VNP20009   culture to a 
falcon tube and centrifuge at 3500 ×  g  for 15 min.   

   4.    Wash the bacterial pellet with PBS and resuspend in PBS such 
that the bacterial inoculum is 1 × 10 10  CFU/mL.      

   All animal experiments were carried out according to a protocol 
approved by the Fudan University Committee for Use and Care of 
Animals.

    1.    Fast the mice for 4 h prior to oral  gavage  .   
   2.    Manually restrain the animal by grasping the mouse skin over 

the shoulder fi rmly with the thumb and forefi ngers to immobi-
lize the head and torso (Fig.  1c ).   

   3.    Gently stretch the head with the forefi ngers fi nger to make the 
esophagus extended, which creates a straight line through the 
neck and esophagus.   

   4.    Keep the animal in an upright position and then measure the 
distance from the tip of the nose to the last rib on the left side 
by using the needle held next to the animal (Fig.  1c ). This is 
the approximate distance to the stomach and the needle should 
not be advanced further than that distance to avoid perforating 
the stomach.   

   5.    Direct the ball tip of the oral  gavage   needle along the roof of 
the mouth and toward the right side of the back of the pharynx 
( see   Note 7 ), then gently pass into the esophagus and inject the 
100 μl ( see   Note 8 ) bacterial inoculum (1 × 10 9  CFU).   

3.3  Bacterial 
Inoculum Preparation

3.4  Oral  Gavage  

    Table 1  
  Bacteria enumeration   

 Dilution  OD 600  ( x  axis)  Bacterial number ( y  axis) 

 Original  0.899  3.45 × 10 8  

 1/2  0.519  1.73 × 10 8  

 1/4  0.218  0.86 × 10 8  

 1/8  0.104  0.43 × 10 8  

 1/16  0.045  0.22 × 10 8  

Oral Delivery of Tumor-Targeting Salmonella to Treat Cancer in Mice
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   6.    Return the animal to the cage and monitor for 5–10 min, look-
ing for any sign of labored breathing or distress ( see   Note 9 ).   

   7.    Feed the mice with adequate food and drinking water after oral 
 gavage   of bacteria.      

       1.    Aseptically remove and weigh tumors, livers, and spleens from 
tumor-bearing mice on days 7, 14, and 21 post treatment.   

   2.    Homogenize tissue with ice-cold, sterile PBS (pH 7.4) at a 
ratio of 5:1 (PBS volume (mL): tissue weight (g)).   

   3.    Centrifuge at 800 ×  g  for 10 min. Transfer the supernatant into 
a clean 12 mL tube.   

   4.    Serially dilute the homogenates in the range of 10 −1  to 10 −8 .   
   5.    Spread each dilution onto a modifi ed-LB agar plate in tripli-

cate and incubate at 37 °C for 24 h.   
   6.    Count plates that have between 30 and 300 colonies.   
   7.    Determine the titer of bacteria (CFU/g tissue) by counting 

colonies and dividing them by the weight of the tissue (Fig.  2a ). 
 Tumor-targeting   by  VNP20009   can be calculated as the ratio 
of the bacteria titer between the tumor and liver.

              1.    Monitor tumor growth to evaluate the inhibitory effi cacy of 
orally-administered  VNP20009   in tumor-bearing mice.  
Measure tumors individually with a caliper. Determine tumor 
volumes by the formula: tumor volume = length × width 2  × 
0.52 (Fig.  2b ).   

   2.    Orally administer 1 × 10 9  cfu  VNP20009   to tumor-free mice 
and determine body weight change at different time points, as 
indicated (Fig.  2c ).       

4    Notes 

     1.    Distinct bacterial species or bacterial strains have their own 
growth requirements. In the case of   Salmonella typhimurium    
 VNP20009   ( msbB  −  purI  − ), it should be grown either in LB 
broth containing no salt or in modifi ed LB as shown in 
Subheading  3  in order to avoid spontaneous variants of the 
 msbB  −  mutants.   

   2.    Sometimes tumors will spontaneously regress due to cell-line 
contamination with mycoplasma. Therefore, it is necessary to 
make sure that the cell line used for a  xenograft   study is free of 
mycoplasma contamination.   

   3.    If mice are obtained from an external supplier, it is advised to 
feed the mice for 1 week, following transport to the facility, 
with autoclaved food and water in order to stabilize the gut 
microbiota.   

3.5  Bacteria 
Isolation and Titration

3.6  Assessment 
of Antitumor Effi cacy 
and Potential Toxicity 
of Orally Delivered 
 Salmonella 

Dongping Wei and Lijun Jia



31

   4.    Because the small-bore needle may produce shear stress on the 
cells, causing them to rupture, it is advised that a narrow gauge 
needle should not be used for  cancer   cell inoculation.   

   5.    Fewer than 30 colonies are not statistically valid, while more 
than 300 colonies on a plate are likely to produce colonies too 
close to each other to be distinguished as distinct colony- 
forming units.   

   6.    This formula has been made based on our experimental setting 
and will not be valid if the parameters (e.g., culture media, bacte-
ria, and spectrophotometer) used to obtain the formula changes.   

   7.    If any resistance is encountered to  gavage  , you may be attempt-
ing to enter the trachea. You need to stop and gently remove 
the needle to avoid injecting fl uid into the lungs.   

  Fig. 2     Antitumor   effi cacy and safety of orally-administered  tumor-targeting    Salmonella . ( a ) Orally-delivered 
 Salmonella  selectively accumulated in tumors. C57BL/6 mice bearing B16F10 melanoma were orally admin-
istrated with  VNP20009   (10 9  CFU/mouse). Bacterial titers in tumors and livers were determined at 7, 14, 21 
days post treatment ( n  = 3–4). ( b ) Orally administrated  Salmonella  signifi cantly inhibited tumor growth in mice. 
* P  < 0.001. ( c ) Orally-administered  Salmonella  did not cause signifi cant body-weight loss compared to the 
control mice during a 1-month treatment period ( P  > 0.05)       
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   8.    In general, the maximum volume administered to a mouse by 
oral gavage should not exceed 1 % of the body weight because 
of the anatomical limitation of gastric distension.   

   9.    If fl uid is injected in the lungs, the mice should be euthanized.         
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    Chapter 4   

 Microfl uidic Device to Quantify the Behavior of Therapeutic 
Bacteria in Three-Dimensional Tumor Tissue                     

     Emily     L.     Brackett    ,     Charles     A.     Swofford    , and     Neil     S.     Forbes      

  Abstract 

   Microfl uidic devices enable precise quantifi cation of the interactions between anti-cancer bacteria and 
tumor tissue. Direct observation of bacterial movement and gene expression in tissue is diffi cult with either 
monolayers of cells or tumor-bearing mice. Quantifi cation of these interactions is necessary to understand 
the inherent mechanisms of bacterial targeting and to develop modifi ed organisms with enhanced therapeutic 
properties. Here we describe the procedures for designing, printing, and assembling microfl uidic tumor-
on-a-chip devices. We also describe the procedures for inserting three-dimensional tumor-cell masses, 
exposure to bacteria, and analyzing the resultant images.  

  Key words     Microfl uidic device  ,   Tumor-on-a-chip  ,   Tumor-targeting bacteria  ,   PDMS  ,   Cancer  , 
  Penetration  ,   Motility  ,   Accumulation  ,   Lithography  

1      Introduction 

  Microfl uidic   devices are invaluable for understanding the mecha-
nisms that control bacterial interaction with tumors [ 1 ]. Therapeutic 
bacteria have many advantages over standard chemotherapeutic 
drugs because of their unique properties [ 2 ].  In vivo  , bacteria 
preferentially accumulate in tumors over other organs [ 3 ] and 
actively penetrate through  tumor tissue   [ 4 ]. Bacteria have also 
been engineered to produce anti-cancer agents inside tumors [ 5 ]. 
However, poor understanding of these mechanisms has slowed 
development of these therapies. It is not possible to study tumor 
accumulation and penetration in monolayers of  cancer   cells, 
because they do not contain microenvironment gradients or barri-
ers to mass transfer [ 6 ]. Experiments with mice are costly, time 
consuming, and cannot be easily used to measure dynamic behav-
ior [ 4 ]. Microfl uidic devices are essential tools for quantifying bac-
teria behavior, because they are cheap, fast, and can be imaged in 
real time. Microfl uidic devices are also essential components in 
the development of new therapeutic strategies, because they can 
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rapidly evaluate genetic modifi cations that have been designed to 
improve bacterial performance. 

 Here we describe a procedure to create a  microfl uidic   device 
that contains a tissue chamber with a fl ow channel on one side 
(Fig.  1 ). This geometry exposes the contained cells to fl owing 
medium, mimicking the interaction between cells and blood ves-
sels [ 3 ]. The device is formed by imprinting a design in polydimeth-
ylsiloxane (PDMS), and adhering it to glass [ 7 ,  8 ].  Cancer   cells are 
inserted as spheroids and retained by a fi lter at the rear of the 
chamber [ 7 ]. The geometry of the device ensures that the cell mass 
is optically accessible through a glass slide (Fig.  2 ). Because the 
design is vertically uniform (away from the glass), mass transfer 
creates linear microenvironment gradients that are identical in all 

Main
Channel

Posts

Restriction
valve Chamber

Left
Packing
Outlet

Right
Packing
Outlet

Main Outlet

Inlet

a b

  Fig. 1    Schematic of  microfl uidic   chamber and channels. ( a ) Basic device con-
taining a main channel with six alternating chambers connecting a main outlet 
and two packing outlets. ( b ) Enlarged view highlighting the main channel, one 
chamber, posts, and restriction valve       

Left Packing Outlet

Right Packing Outlet

Main Outlet

Inlet

  Fig. 2    Schematic of device assembly and tubing. The device is comprised of a PDMS layer adhered to a glass 
slide with tubing attached to the main outlet, the packing outlets, and the inlet. Actual size, shown relative to 
a quarter       
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 z -planes. This uniformity enables analysis by standard epifl uores-
cence microscopy [ 7 ].

    Using this device, we have shown that bacterial motility is 
necessary for deep penetration into  tumor tissue   and that motile 
species are more effective at colonization [ 1 ]. Using a similar 
device, we have shown that chemotaxis and growth are necessary 
mechanisms for  Salmonella  accumulation in tumors [ 9 ,  10 ]. 
Chemoreceptors attract bacteria to specifi c microenvironments 
created by dying  cancer   cells [ 10 ]. The ability to observe a live 
population in real time, permits modeling of the bacterial behavior 
and precise quantifi cation of chemotaxis and growth [ 9 ]. Other 
groups have used similar devices to show that  Salmonella  have a 
preference for liver cancer cells compared to normal cells [ 11 ], and 
expression of  invasin  increases proliferation of   E. coli    in 3D tumor 
tissue [ 12 ]. 

 A  microfl uidic   device could be used to answer many unan-
swered questions about how bacteria interact with tumors. Devices 
could be used to study (1) penetration into tissue, (2) invasion into 
 cancer   cells, (3) production of drug molecules, and (4) control of 
gene expression. In addition, the response of cancer cells to inva-
sion and bacterially-produced molecules could be quantifi ed in real 
time. A microfl uidic device would be an essential component in the 
design of more effective bacteria by enabling visualization of engineered 
improvements in penetration, invasion, and drug production. 

 The procedure below outlines the steps necessary to design, 
fabricate and run a  microfl uidic   device. The description is focused 
on a specifi c design with a single inlet, two outlets, and a tissue- 
containing chamber. We have found this design to be simple to 
implement and stable for multiple days [ 7 ]. However, this soft- 
lithography technique is highly fl exible and could be tuned for 
multiple applications by designing different architectures. The pro-
cedure is made up of four basic phases: (1) design and construction 
of the microfl uidic device (Subheadings  3.1 – 3.5 ); (2) growth and 
insertion of  cancer   cells (Subheadings  3.6  and  3.7 ); (3) treatment 
with bacteria (Subheading  3.8 ); and (4) image acquisition and 
analysis (Subheading  3.9 ).  

2    Materials 

       1.    4 in. diameter, 525 μm thick silicon wafers ( University Wafer , 
South Boston, MA, USA).   

   2.    SU-8 2050 permanent epoxy-negative photoresist and devel-
oper ( Microchem , Newton, MA, USA).   

   3.    150 × 5 mm polystyrene petri dishes covered in aluminum foil, 
as light-block covers.   

   4.    100 % silicone rubber, 732 multipurpose sealant ( Dow Corning , 
Midland, MI, USA).   

2.1  Mold and Device

Microfl uidic Device to Quantify Bacterial Behavior
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   5.    Sylgard 184 silicone elastomer kit: silicone elastomer base and 
curing agent ( Dow Corning ).   

   6.    1.5 mm biopsy punch drill bit.   
   7.    Microbore PTFE 0.032 in. ID, 0.056 in. OD tubing.   
   8.    Super Flangeless Fittings system, Tefzel, 1/16″ OD ( Upchurch 

Scientifi c , Oak Harbor, WA, USA).   
   9.    0.040 thru shut-off valve ( Upchurch Scientifi c , Oak Harbor, 

WA, USA).      

       1.    Low-glucose medium: low-glucose Dulbecco’s Modifi ed 
Eagle Medium (DMEM) with 10 % fetal bovine serum (FBS), 
pH adjusted to 7.4, sterile fi ltered, and stored at 4 °C.   

   2.    HEPES-buffered medium: low-glucose DMEM with 10 % 
FBS and 6 g/L HEPES buffer.   

   3.    PMMA/ethanol solution: In a cell-culture hood, add 20 g/L 
poly(methyl methacrylate) to pure ethanol. Store at 37 °C and 
5 % carbon dioxide.   

   4.    Phosphate-buffered saline (PBS) without calcium or 
magnesium.   

   5.    0.05 % trypsin–EDTA 1× phenol red.   
   6.    LB medium: To 950 mL Nanopure water, add 10 g tryptone, 

5 g yeast extract, and 10 g sodium chloride. Use sodium 
hydroxide to adjust the pH to 7.0. Sterilize by autoclaving at 
15 psi for 20 min. Store at room temperature.       

3    Methods 

 When working with silicon wafers, use tweezers and avoid touch-
ing any area on the wafer. When the device is not in use for longer 
than an hour, cover it with plastic wrap. 

        1.    Draw design using a vector drawing program ( see   Note 1 ).   
   2.    In the design, connect chambers to fl ow inlets and outlets at 

the front of the chamber and packing outlets on the rear of 
chamber. Chambers are 1000 × 300 μm, channels are 250 μm, 
posts are 195 × 65 μm, and restriction valves are a triangle and 
an inverted triangle spanning a 125 × 250 μm area ( see  Fig.  1  
and  Note 2 ).   

   3.    Print devices on high quality imagesetting fi lm with 100 μm 
polyester base and 5080 dpi resolution ( see   Note 3 ).      

       1.    Using tweezers, wash each silicon wafer twice with toluene, 
isopropanol, and water. Spray solvents over entire surface and 
dry completely between solvents, using air.   

2.2  Mammalian-Cell 
and Bacterial Culture

3.1  Device Design

3.2  Mold Fabrication
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   2.    Center wafer on spin coater and apply vacuum. Pour approxi-
mately 4 mL SU-8 2050 onto the center of wafer. Spin at 
500 rpm for 10 s with an acceleration of 100 rpm/s ( step 1 ) 
then at 1250 rpm for 30 s with an acceleration of 300 rpm/s 
( step 2 ). These steps will achieve a thickness of 150 μm with 
SU-8 2050. Minimize light exposure during spin coating to 
avoid decomposition of SU-8.   

   3.    Release vacuum and remove wafer using tweezers. Place wafer 
on a 65 °C slide heater, under a light-blocking plastic lid, and 
on top of a laboratory wipe for 5 min.   

   4.    Remove wafer and allow to cool for 5 min. During this cooling 
step, increase heater setting to 95 °C. Place wafer back onto 
the heater for 30 min. Remove wafer again and allow to cool 
completely ( see   Note 4 ).   

   5.    In a minimally-lit area, securely attach design transparency on 
top of wafer using paper clips. Avoid bubbles, dust, tweezers 
marks, and other imperfections on the wafer sections. Cover 
any remaining exposed wafer surface with tin foil to ensure 
only desired features are exposed. An exposure of 260 mJ/cm 2  
is recommended for ideal cross-linking. For example, with a 
UV reading of 13.18 MW/cm 2 , a single exposure of 20 s is 
used ( see   Note 5 ).   

   6.    Again, heat wafer to 65 °C for 5 min while covered ( see   Step 4 ), 
cool for 5 min, and heat to 95 °C for 12 min. Remove wafer 
and allow it to cool completely.   

   7.    Using tweezers, place wafer on top of a magnetic stir bar in a 
high-walled glass dish. Add enough SU-8 2050 developer to 
just cover wafer. Turn magnetic stirrer to lowest setting for 
approximately 25 min. To verify that SU-8 2050 is completely 
developed, remove wafer using tweezers and spray with isopro-
panol. If a milky deposit forms, dry wafer with air and return 
to the developer. Once fully developed, clean wafer with iso-
propanol and dry with air.   

   8.    Glue wafer to a plastic petri dish. Apply a circle of 100 % sili-
cone sealant approximately 1 cm from the features. Allow 24 h 
for sealant to set before use.      

       1.    Mix 10.8 g PDMS and 1.2 g silicone curing agent in a 50 mL 
centrifuge tube. Vortex on high for 1 min. Pour mixture into 
mold, allowing as little as possible to spill over sealant edges 
( see   Note 6 ).   

   2.    To de-gas PDMS solution, cycle between applying and releas-
ing vacuum suction within a vacuum chamber. When releasing 
vacuum, do so before bubbles spill over sealant edges. Continue 
until no bubbles are present on the wafer surface or over any 
features. Some bubbles may remain near sealant edges.   

3.3  Device 
Fabrication

Microfl uidic Device to Quantify Bacterial Behavior
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   3.    Place mold with lid on a slide heater at 65 °C for at least 5 h, 
preferably overnight.   

   4.    Once cured, cut device away from mold using a scalpel and 
spatula, leaving approximately 0.5 cm edges from any desired 
features ( see  Fig.  2 ).   

   5.    Wrap the device in plastic. Mark ends of each channel on plas-
tic wrap with a dot. Punch these holes manually using a 1.5 mm 
biopsy punch ( see   Note  7).   

   6.    Carefully remove debris using tweezers and a small needle. 
Clean with ethanol and air.      

       1.    Wash both device and a glass slide with acetone, isopropanol, 
and methanol in that order. Air-dry completely between 
solvents.   

   2.    Place device and glass slide inside an oxygen plasma cleaner 
with bonding surfaces face up.   

   3.    Cycle between vacuum and oxygen to purge air from the 
chamber. Open vacuum valve and allow pressure to drop to 
200 mTorr. Open oxygen valve and allow pressure to return to 
1 atm. Close oxygen valve and allow pressure to drop to 1 Torr. 
Open oxygen valve and allow pressure to return to 1 atm. 
Close oxygen valve and allow pressure to drop to 200 mTorr. 
Carefully open oxygen valve and balance oxygen and vacuum 
to maintain pressure at 200 mTorr.   

   4.    Power on plasma cleaner and set to high for 2 min. A pink/
purple glow should appear ( see   Note 8 ).   

   5.    Power off the plasma cleaner, and close oxygen and vacuum 
valves. Once the door is able to open, gently but quickly place 
the two treated sides together. If necessary, gently tap device to 
induce bonding.   

   6.    Wrap device with a laboratory wipe and place on a slide heater, 
glass-slide down. Put a glass jar, with a few hundred milliliters 
of water, on top as a weight. Leave at 65 °C for an hour. Wrap 
in plastic for storage.      

        1.    Cut seven 18-in. pieces and one 24 in. piece of PTFE tubing. 
At one end of each piece, attach a ferrule fi tting. Screw each 
fi tted end into a 0.040 thru-hole valve such that three valves 
have both ends of 18 in. tubing and one valve has one 18 in. 
tubing and one 24 in. tubing ( see   Note 9 ).   

   2.    Attach the device to the bottom of a well plate with super glue 
and place on a microscope. Ensure that glue does not seep 
under the device around the features.   

   3.    Arrange valves around the microscope such that the valve with 
24 in. tubing is at least 11 in. above the device. Valves with all 

3.4  Plasma 
Treatment

3.5  Device Assembly
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18 in. tubing need not be arranged in any particular order ( see  
 Note 10 ).   

   4.    Insert tubing from valves with 18 in. tubing into inlet and 
packing outlets of the device. Insert the 24 in. tubing to the 
main outlet ( see  Fig.  2 ).   

   5.    In a cell-culture hood, fi ll three 10 mL syringes attached to 
20 G, 1½ in. needles with 5–7 mL 70 % ethanol, 10 % bleach, 
and HEPES-buffered medium. Remove air bubbles by tapping 
syringes ( see   Note 11 ).   

   6.    Open inlet valve and all outlet valves. Insert the ethanol syringe 
into the inlet tubing and gently push the syringe to fl ush the 
system. Close outlet valves and inlet valve in that order.   

   7.    Repeat  step 6  with bleach and DMEM, in that order. Identify 
air bubbles and remove as many as possible during the medium 
fl ush. Do not inject entire medium syringe into the system as 
this will introduce air bubbles. Do not remove medium syringe 
attached to inlet tubing ( see   Note 12 ).      

        1.    Prepare a single-cell suspension of LS174T colon carcinoma 
cells by trypsinization. After centrifuging cells, resuspend 
pellet in 2–4 mL DMEM by pipetting up and down. Pipette 
vigorously with a micropipette to break up all cell clumps 
( see   Note 13 ).   

   2.    Count cell density using a hemocytometer, and create a 2 mL 
solution with a density of 300 cells/μL in DMEM.   

   3.    Pipette 1 mL sterile water into each well of a 48-well plate. 
This water is critical for maintaining humidity and preventing 
evaporation of the small hanging drops.   

   4.    Pipette 20 μL drops of cell and medium solution onto the 
inside surface of a well-plate lid. Gently touch the tip of a 
micropipette to just off center of each circle marked on the 
well plate lid. Inject cell-suspension medium toward the center 
of the marked circle ( see  Fig.  3  and  Note 14 ).

       5.    Carefully turn lid over and place on well plate such that no 
drops touch well edges.   

3.6  Cultivating 
Hanging-Drop 
Spheroids

Spheroid

Well Edge
Media Droplet

  Fig. 3    Schematic and image of hanging drop spheroid formation. Spheroids are formed by suspending drops 
of medium from the lid of a well plate. Image shows LS174T tumor spheroids growing in media droplets, 
highlighting the well edge, media droplet, and spheroid       
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   6.    Incubate at 37 °C and 5 % carbon dioxide. Final spheroid size 
depends on length of culture time. Five days produces 500 μm 
diameter spheroids ( see   Note 15 ).   

   7.    Prepare PMMA fl asks in a cell-culture hood by adding approx-
imately 1 mL of PMMA/ethanol solution to each T25 fl ask. 
Leave caps loose and allow ethanol to evaporate overnight in a 
cell-culture hood.   

   8.    In a cell-culture hood, remove lid from hanging drop well 
plate and turn upside down. Using a 20 μL micropipette, select 
individual spheroids from drops. Add spheroids to a PMMA- 
coated T25 fl ask containing 5 mL DMEM ( see   Note 16 ).   

   9.    Incubate for 5 days, until spheroids are 500 μm in diameter, 
which is optimal for insertion into the  microfl uidic   device.      

        1.    In a cell-culture hood, add 1 mL of spheroid-containing 
medium, from a PMMA-coated fl ask, into a 60 × 15 mm petri 
dish. Add 5 mL room-temperature HEPES-buffered medium 
to a second 60 × 15 mm petri dish.   

   2.    Carefully select spheroids using a 20 μL micropipette and add 
them to the second dish. Select spheroids based on size, uni-
formity, symmetry and optical density ( see   Note 17 ).   

   3.    Slowly draw spheroid-containing medium into a 10 mL 
syringe.   

   4.    Attach a 20 G, 1½ in. needle to the syringe. With the needle 
facing up, allow spheroids to fall to the bottom of the syringe. 
Tap the syringe and gently push plunger to remove air 
bubbles.   

   5.    With the needle facing down, allow spheroids to fall to the 
middle of the syringe. Lay the syringe on its side. Gently shake 
and roll syringe to move spheroids such that they do not con-
tact each other.   

   6.    Before injecting spheroids, ensure there are no air bubbles in 
the syringe. If so, repeat  steps 3  and  4  ( see   Note 18 ).   

   7.    Remove the medium-containing syringe and attach a spheroid- 
containing syringe to tubing, while keeping the spheroid- 
containing syringe lying sideways.   

   8.    Open inlet and packing outlets. Do not open main outlet 
( see  Fig.  4a ).

       9.    Run approximately 1–2 mL medium from the spheroid syringe 
through the device. Observe air bubbles and remove as many 
as possible. Do not inject spheroids into the system.   

   10.    Turn the syringe and needle face down. Allow spheroids to fall 
into the needle. Gently push spheroids through the needle. 

3.7  Spheroid 
Insertion
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Watch spheroids fl ow through tubing and into the inlet of the 
device ( see   Note 19 ).   

   11.    Slowly push spheroids through the device using steady hand 
pressure. Injecting medium too quickly will cause spheroids to 
be shredded by posts at the rear of chambers and exit through 
packing outlets ( see   Note 20 ).   

   12.    Once spheroids have been packed, stop pushing medium 
through the tubing but leave a thumb on the syringe to 
maintain pressure in the device. Close packing outlet valves 
followed by the inlet valve. Leave the spheroid syringe in the 
inlet tube.   

   13.    Fill a 10 mL syringe, with an attached 20 G, 1½ in. needle, 
with 10 mL medium. Fit syringe into a syringe pump.   

   14.    Start an automated image-acquisition process ( see  
Subheading  3.9 ,  steps 1 – 3 ).   

   15.    Start the syringe pump with a fl ow rate of 3 μL/min. While 
watching spheroids through the microscope, slowly open the 
inlet valve, followed by the main outlet valve ( see   Note 21 ).   

   16.    Inject medium into the device overnight to allow spheroids to 
grow into chambers.      

        1.    Grow bacteria in LB medium to mid-logarithmic phase 
(0.2 < OD 600  < 0.5).   

   2.    Centrifuge and resuspend bacteria in HEPES-buffered 
medium. Typical densities range from 10 5  to 10 7  CFU/mL.   

   3.    Fill a 10 mL syringe attached to a 20 G, 1½ in. needle with 
bacteria solution.   

   4.    Close main outlet valve followed by inlet valve. Stop the syringe 
pump.   

3.8  Treatment 
with Bacteria

During TreatmentDuring Packing

Main Outlet Main Outlet

Inlet

Left
Packing
Outlet

Left
Packing
Outlet

Right
Packing
Outlet

Right
Packing
Outlet

Open
Valve

Closed
Valve

Inlet

a b

  Fig. 4    Schematic of spheroid insertion. Valves are variably opened and closed during ( a ) spheroid insertion into 
chambers, and ( b ) delivery of treatment to the  tumor tissue  . ( a ) During insertion, the inlet and right and left 
packing outlet valves are open. ( b ) During treatment, the inlet and main outlet valves are open       
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   5.    Remove the medium syringe from the inlet valve and replace 
it with a bacteria syringe. Fit the bacteria syringe into the 
syringe pump.   

   6.    Restart the syringe pump. While watching spheroids, slowly 
open inlet valve followed by main outlet valve.   

   7.    Administer bacteria for 1 h ( see   Note 22 ).   
   8.    Close main outlet valve followed by inlet valve. Stop the syringe 

pump program.   
   9.    Remove bacteria syringe from inlet valve and replace it with a 

syringe containing only HEPES-buffered medium.   
   10.    Fit medium syringe into syringe pump and restart it. While 

watching spheroids, slowly open inlet valve followed by main 
outlet valve.      

         1.    Acquire images on an inverted microscope so that entire cham-
ber, from rear to channel, is visible. If chamber is larger than a 
single image, tile multiple images together. Tiling requires 
alignment and calibration of an automated stage. Tiled images 
are created by acquiring an image, moving the stage one image 
width, and acquiring a second image ( see   Note 23  and Fig.  5a ).

       2.    Program the image acquisition sequence to acquire images of 
all six chambers in series for every time interval ( see   Note 24 ).   

3.9  Image 
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and Time- 
lapse Images
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  Fig. 5     Salmonella  accumulated in tissue packed in the device. Results of  bacterial treatment of one chamber. 
( a ) Images of fl uorescent bacteria ( green ) that have invaded into LS174T  tumor tissue   at four time points. 
Overlay on fourth image illustrates columns of pixels. The scale bar is 250 μm. ( b ) Profi les of bacterial density 
as a function of distance from the front of the tissue and as a function of time       
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   3.    After completion of the experiment, sort acquired images into 
individual stacks for each chamber. This creates a movie-like 
series of images.   

   4.    For each chamber, rotate the images as a stack such that the 
rows of pixels line up with the edges of the chamber.   

   5.    Identify the pixel columns that correspond to the front edge of 
the tissue and the rear of the chamber. Partition this area into 
columns of pixels ( see  Fig.  5a ).   

   6.    Average the fl uorescence intensity of all pixels in each column 
individually from the front to the rear.   

   7.    Convert pixel widths into absolute distances (i.e., 
micrometers).   

   8.    This analysis on a stack of images creates an intensity profi le as 
a function of distance for each image at each time point 
( see  Fig.  5b ).   

   9.    Repeat for every chamber.       

4    Notes 

     1.    We use  Adobe  Illustrator to design our devices.   
   2.    Our design has six chambers, three alternating on either side of 

one fl ow channel. The number of channels and the arrange-
ment of the fl ow channels can easily be changed in the drawing 
process to match desired experimental protocols. Our device 
also has channels approximately 20 mm long, spaced 5 mm 
apart, with connecting outlet channels approximately 50 mm 
long to allow for stable features and leave room for the 1.5 mm 
biopsy-punch holes.   

   3.    No stroke should be used when designing devices to make 
measurements as accurate as possible. Colors should be 
inverted before printing so that features appear white and 
space appears black. We send our designs to  PageWorks  
(Cambridge, MA).   

   4.    If heating the slide heater to 95 °C is not achievable during the 
5 min cooling step, move on to the 30 min heating step regard-
less of the temperature of the heater. Do not allow the heater 
to go above 95 °C.   

   5.    An energy meter can be used to gauge the lamp strength and 
appropriate exposure times may be selected based upon the 
energy output. Using one wafer and only a small section of the 
desired features to test multiple exposure times can effectively 
determine an ideal time. Under or over exposure can cause 
malformed device features.   
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   6.    The recommended weight ratio for a  microfl uidic   device made 
from PDMS and a silicone curing agent is 10:1. However, a 
9:1 ratio ensures the device will be stiff enough to hold the 
tubing during experiments. Any amount of the PDMS and 
curing agent mixture (i.e., above or below a total of 12 g) can 
be used, as long as the appropriate ratio is maintained for the 
desired stiffness.   

   7.    Holes can be punched in a device by hand using the 1.5 mm 
biopsy drill bit. They can also be done with a drill press that is 
powered off. When using a drill, hold the device down fi rmly 
as you release the drill.   

   8.    Settings should be adjusted for individual oxygen plasma clean-
ers. Times varying from 2 to 8 min have shown successful 
results, as well as pressures ranging from 200 to 150 mTorr.   

   9.    Attaching the valves to a plastic plate makes them easier to open 
and close. Attaching the plastic plate to a styrofoam block stabi-
lizes the plate and valve to prevent unnecessary movement.   

   10.    An insuffi cient pressure difference between the inlet and outlet 
of the device can cause spheroids to fall out of the chambers. 
The minimal height needed to maintain a suffi cient pressure 
difference is 11 in..   

   11.    HEPES-buffered medium is used in device experiments pri-
marily because it can maintain a pH of 7.5 under varying con-
centrations of carbon dioxide.   

   12.    Opening and closing valves and repeatedly increasing and 
decreasing the medium fl ow rate can remove stubborn air 
bubbles.   

   13.    LS174T cell are used because they readily form spheroids. Any 
cell line can be used that is suffi ciently cohesive to aggregate 
into distinct cell masses.   

   14.    Positioning the pipette slightly off center insures that the drops 
are formed at the center the circles.   

   15.    The incubation time for hanging drops and spheroids in 
PMMA-coated fl asks can vary from 3 to 5 days depending on 
cell growth rate. The time should be adjusted to produce fi nal 
spheroids that are 500 μm in size.   

   16.    We have found that spheroids toward the middle of the well 
plate are better formed.   

   17.    Selecting spheroids by eye takes practice, but can be done reli-
ably without use of a stereo microscope.   

   18.    Using room-temperature medium decreases the formation of 
bubbles within the syringe.   

   19.    If spheroids get stuck, (1) gently tap the base and tip of the 
needle (through the tubing); (2) gently tap the inlet valve 
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while opening and closing it; (3) gently wiggle the inlet tube at 
the intersection with the device.   

   20.    Multiple syringes of spheroids can be injected into the same 
device. If spheroids are lost or are unsatisfactory, they can be 
pushed through the post fi lters to clear these chambers. If 
some chambers have desirable spheroids, close the packing 
valves for these chambers. Injecting another syringe gently 
may allow the remaining chambers to be fi lled without damag-
ing the already packed chambers.   

   21.    Closing the main outlet valve and opening the packing outlet 
valves can force spheroids into chambers if they appear to be 
falling out while changing syringes or while opening the main 
outlet valve.   

   22.    The typical duration for bacterial administration is 1 h. This is 
similar to the clearance time in mice. However, this time can 
be varied to suit the desired protocol.   

   23.    Using 10× magnifi cation we fi nd that a 1000 μm chamber 
requires two images side-by-side.   

   24.    Different time intervals are used for different applications. We 
have used less than 1 s intervals to capture fast events and as 
long as 1 h for long, multiple-day studies.         
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    Chapter 5   

 Tumor-Targeting Therapy Using Gene-Engineered 
Anaerobic-Nonpathogenic  Bifi dobacterium longum                      

     Shun’ichiro     Taniguchi     ,     Yuko     Shimatani    , and     Minoru     Fujimori     

  Abstract 

   Despite great progress in molecular-targeting drugs for cancer treatment, there are problems of disease 
recurrence due to cancer-cell resistance to those drugs, derived from the heterogeneity of tumors. On one 
hand, the low-oxygen microenvironment present in malignant tumor tissues has been regarded as a source 
of resistance of cancer cells against conventional therapie, such as radiation and chemotherapy. To over-
come these problems, we have been developing a system to selectively deliver a large amount of anticancer 
drugs to malignant tumors by making use of the limiting factor, hypoxia, in tumors. Our strategy is to use 
hypoxia as a selective target. Here, we show methods and protocols using the nonpathogenic obligate 
anaerobic  Bifi dobacterium longum  as a drug-delivery system (DDS) to target anaerobic tumor tissue.  

  Key words     Tumor targeting  ,   Cancer therapy  ,   Anaerobic  ,   Oxygen  ,   Hypoxia  ,   Carrier  ,   DDS  , 
  Nonpathogenic  ,    Bifi dobacterium longum   

1       Introduction 

 The usual methods to treat solid malignant tumors are surgery, 
radiation therapy, and  chemotherapy  . However, they have not 
always provided satisfactory results. This is attributed mainly to the 
existence of metastases and/or acquired resistance of  cancer   cells 
to anti-cancer reagents. These recalcitrant problems have led to 
novel therapeutic methods, including  gene therapy  , new chemo-
therapeutic drugs, and recent molecular targeting therapies. 
Nevertheless, improvements are still needed for novel therapies to 
overcome cancer-cell drug resistance caused by heterogenic cancer- 
cell populations within tumors, and also to reduce side effects. To 
cope with such circumstances, we have tried to selectively target 
tumors with the obligate  anaerobic    Bifi dobacterium , by taking 
advantage of the anaerobic environment of solid malignant tumors 
[ 1 ,  2 ] (Fig.  1 ). The  hypoxic   environment in malignant tumors is in 
part due to blood vessels in cancer tissues which are generally 

Robert M. Hoffman (ed.), Bacterial Therapy of Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 1409,
DOI 10.1007/978-1-4939-3515-4_5, © Springer Science+Business Media New York 2016



50

disorganized with numerous intravascular connections and shunts, 
and thus unable to deliver fresh blood to the distal regions of 
malignant tumors [ 3 ]. Solid-tumor hypoxia, which is believed to 
be a causative factor of tumor-cell resistance to radiation therapy 
and chemotherapy, has recently been attracting attention as a nec-
essary condition for malignant progression [ 4 ]. By taking advan-
tage of the anaerobic environment in  tumor tissue  s, we have been 
developing a delivery system using nonpathogenic anaerobic bac-
teria, derived from the human intestine [ 2 ,  5 – 8 ].

   The nuance of the word “bacteria” tends to remind people of 
notions of something dangerous and pathogenic, even when the 
bacteria are nonpathogenic. The obligate  anaerobic   bacterium 
  Bifi dobacterium longum    ( BL ) is known not to produce toxic sub-
stances. However, bacterial injection in blood has been regarded as 
dangerous. Common sense dictates that we should not induce arti-
fi cial bacteremia or septicemia. However, we have repeatedly dem-
onstrated that treatment of solid  cancer   with  BL  is safe, rational, 
and effective. We have begun a Phase 1 clinical study through an 
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  Fig. 1    Specifi c distribution of  Bifi dobacterium bifi dum  (Lac B) in  tumor tissue  s following a single i.v. injection 
of 5 × 10 6  viable bacilli into Ehrlich solid-tumor-bearing mice. Each point represents the mean of the number 
of bacilli per gram tissue of eight mice [ 1 ]       
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Investigational New Drug (IND) application from the Food and 
Drug Administration (FDA) based on our treatment protocol and 
chemistry, manufacturing, and control (CMC) and good manufac-
turing practice (GMP) of our bacterial. A recent review article 
described the possibility of cancer treatment with bacteria and 
highlighted the potential utility of bacteria therapy of cancer using 
genetic engineering [ 9 ]. 

 Human life is dependent on co-existence with microorgan-
isms. Intestinal bacteria are one such example. Genetic engineering 
techniques have been providing  recombinant   medicines through 
bacteria and  plasmids  . The recent emergence of probiotics has 
shown potential not only for intestinal disorders, but also for care 
of the skin and oral cavity [ 10 ,  11 ]. Our Phase I trial is to expand 
the utility of probiotics to systemically treat solid cancers using 
 intravenous   administration of  anaerobic     Bifi dobacterium longum   . 

 In addition to our Phase I trial, Phase I trials in the USA of 
attenuated   Salmonella typhimurium    and  Clostridium  to treat solid 
cancers have been performed [ 12 ,  13 ]. 

 In the present report, the authors describe their Materials and 
Methods and their fi ndings to demonstrate potential use of 
  Bifi dobacterium longum    for systemic delivery to treat  anaerobic   
solid tumors (Fig.  1 ).  

2     Materials 

    Sprague-Dawley rats (Japan SLC, Hamamatsu, Japan).  
  Standard rodent diet (Oriental Yeast, Tokyo, Japan).  
  C57BL/6 mice (Japan SLC).  
  BALB/c-nu/nu mice.  
  DMBA (Yasuda Pharmacy, Maebashi, Japan).  
  MRMT-1 rat mammary gland carcinoma cells (Cell Resource 

Center for Biomedical Research, Tohoku University, Sendai, 
Japan).  

  RPMI-1640 (Sigma, St. Louis, MO, USA).  
  B16-F10 melanoma cells.  
  Lewis  lung cancer   cells.  
  Dulbecco’s modifi ed Eagle’s medium.  
   B. longum  105-A (Dr. Mitsuoka).  
  Plasmid pBLES100-S-eCD.  
  Gene Pulser apparatus (Bio-Rad Laboratories, Hercules, CA).  
   Anaerobic   jars (Mitsubishi Gas Chemical, Tokyo, Japan).  
  MRS agar plates (Oxoid, Basingstoke, UK).  
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  Rabbit anti-CD polyclonal antibody (Sawady Technology, Tokyo, 
Japan).  

  GS/MS (GS: HP6890, MSD: HP5973, Column: HP-50+; 
Hewlett Packard).  

  Dunkin Hartley guinea pigs.     

3     Methods and Protocols [ 5 – 8 ] 

       1.    For an autochthonous tumor system, female, 6-week-old 
Sprague-Dawley rats were used in the present study. Rats were 
fed a standard rodent diet in the Shinshu University animal 
center (Matsumoto, Japan) ( see   Note 1 ).   

   2.    The animal experiments in this study were carried out in accor-
dance with the Guidelines for Animal Experimentation of the 
Shinshu University School of Medicine.   

   3.    For a syngeneic transplantable tumor system, male C57BL/6 
mice, 6–8 weeks, were used in the study.   

   4.    Mice were fed a standard rodent diet in the Shinshu University 
animal center.   

   5.    For a human tumor system, immune-defi cient BALB/c nu / nu  
mice were used.      

       1.    As the autochthonous tumor source, rats were given 10 mg of 
DMBA in 1 mL sesame oil by intragastric  gavage   once weekly for 
2 weeks. Twenty-three weeks after the fi rst dose of DMBA, 89 % 
of the rats developed autochthonous mammary tumors. For each 
tumor, the maximum diameter (A), diameter at right angles to A 
(B), and thickness (C) were measured using sliding calipers. 
Tumor volume was estimated as 1/2 × A × B × C ( see   Note 1 ).   

   2.    As the source of transplanted tumors, MRMT-1 rat mammary 
gland carcinoma cells were cultured in medium containing 
RPMI-1640 and 10 % fetal bovine serum (heat inactivated), at 
37  ° C in an atmosphere of 5 % CO 2 . A total of 5 × 10 6   cancer   
cells were inoculated into the dorsal skin of rats. Solid tumors 
were obtained 2 weeks after inoculation.   

   3.    For the mouse tumor system, B16-F10 melanoma cells and 
Lewis  lung cancer   cells were maintained as monolayer cultures 
in Dulbecco’s modifi ed Eagle’s medium supplemented with 
10 % fetal bovine serum at 37 °C in an atmosphere of 5 % CO 2 .   

   4.    A total of 5 × 10 5   cancer   cells were inoculated into the right 
thigh muscle of male C57BL/6 mice. Solid tumors obtained 2 
weeks after inoculation were then used for the present study.   

   5.    For the human tumor system, human  breast cancer  , stomach 
 cancer  , and  colon cancer   cells were used ( see   Notes 2  and  3 ).      

3.1   Animals

3.2   Tumors
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    B. longum  105-A, obtained from Dr. Mitsuoka, was anaerobically 
cultured at 37 °C to middle log phase in modifi ed Briggs broth 
using 2 % lactose instead of glucose.  

       1.    A plasmid, pBLES100-S-eCD, comprising the HU gene pro-
moter and the cytosine deaminase gene in the shuttle vector 
pBLES100, was constructed as described by Nakamura 
et al. [ 6 ].   

   2.    The HU gene that encodes a histone-like DNA-binding pro-
tein is expressed at high levels in  B. longum  [ 14 ] .    

   3.    The CD gene was ligated to the HU gene promoter and then 
inserted into pBLES100 to form pBLES100-S-eCD.      

       1.    The pBLES100-S-eCD plasmid was transferred directly into  B. 
longum  105-A by electroporation with a Gene Pulser appara-
tus (inter-electrode distance, 0.2 cm) ( see   Note 4 ).   

   2.    Electroporation was performed at 2.0 kV and a 25 μF capaci-
tor setting with the pulse controller set at 200 Ω parallel resis-
tance, yielding a pulse duration of 4.1–4.5 ms.   

   3.    Stable transformants were obtained with an effi ciency of 
1.6 × 10 4  transformants/μg DNA under optimum conditions.   

   4.    Transformed  B. longum  ( B. longum   ⁄  e-CD) was grown under 
 anaerobic   conditions at 37 °C in Briggs broth containing 75 
μg/ml spectinomycin ( see   Note 5 ).      

       1.    Eleven rats bearing chemically-induced mammary tumors 
received 5 × 10 8  CFU/day of  B. longum   ⁄  e-CD via tail vein 
injection for 4 days.   

   2.    The total amount of  B. longum   ⁄  e-CD injected was 2 × 10 9  
CFU/rat. Rats were given 500 mg/kg/day of 5-FC by intra-
gastric  gavage   from 4 days after fi nal injection of  B. longum   ⁄  e-CD .  
5-FC was given daily for 72 days.   

   3.    The tumor size in the injected group ( n  = 11) was compared 
with that in the non-injected group ( n  = 5) (Fig.  2 ).

       4.    Treatment of human tumors grown in immunodefi cient  nu/
nu  mice was carried out in a similar way as the rat system and 
anti-tumor effi cacy was observed (Fig.  3 ).

              1.    Seven rats bearing MRMT-1 mammary gland carcinoma 
received 3.6 × 10 9  CFU/day of  B. longum   ⁄  e-CD through the 
tail vein for 3 days, and thereafter were given 5-FC at 500 mg/
kg/day by intragastric  gavage   from 4 days after the fi nal injec-
tion of bacteria until the day they were sacrifi ced.   

3.3  Bacteria

3.4  Plasmid 
Construction   

3.5  Transformation 
of  Bifi dobacterium 
longum  
with pBLES100- S-eCD

3.6  Treatment 
of Rats with Systemic 
Administration 
of Genetically-
Engineered 
 Bifi dobacterium 
longum 

3.7  Detection of 
B. longum in Various 
Tissues
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   2.    All rats were euthanized on day 7 after 5-FC had been given.   
   3.    Normal tissues (liver, heart, lung, and kidney) and  tumor tis-

sue  s were obtained for detection of  B. longum  in various 
tissues.   

   4.    Normal tissues and tumors were excised and minced thor-
oughly, and samples were weighed and homogenized with 
 anaerobic   diluent.   

   5.    The diluted tissue homogenates were spread in duplicate at 
200 μL on MRS agar plates containing spectinomycin.   

   6.    All plates were placed in  anaerobic   jars at 37  ° C under anaero-
bic conditions.   

   7.    On day 3 of culture, the number of colonies per plate was 
determined. In addition, tumors and livers were fi xed in 10 % 
formalin solution, sectioned in paraffi n, and treated with 
Gram’s stain.      

pUC Ori
hu promoter

Spmr Cytosine deaminase
(CD)

B.longum replication unit

pBLES100-S-eCD

Transfected B.longum 2 ´ 109c.f.u 

CD gene

Systemtic administration (i.v.)

5FC to 5FU conversion
by CD in the tumor only

Tumor reduction?
5FC

5FU

  Fig. 2    Concept of  cancer   treatment by combining  Escherichia coli  cytosine deaminase (e-CD)-transformed 
  Bifi dobacterium longum    ( B. longum   ⁄  e-CD) (i.v.) with the prodrug 5-fl uorocytosine (5-FC) (given daily) which is 
converted to 5- fl uorouracil (5-FU) [ 2 ]       
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       1.    Serial sections of  tumor tissue  s were treated with Gram’s stain 
to detect the presence of  B. longum /pBLES100-S-eCD and 
with rabbit anti-CD polyclonal antibody to confi rm CD expres-
sion of  B. longum /pBLES100-S-eCD in the tumor tissue.   

   2.    MRMT-1 mammary-gland carcinoma-bearing rats were 
euthanized 11 days after  B. longum /pBLES100-S-eCD 

3.8  Immunohisto-
chemistry
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  Fig. 3    Anti-tumor effi cacy of i.v.-injected genetically-engineered  B. longum/e -CD 
to express  Escherichia coli  cytosine deaminase (e-CD) combined with 
5- fl uorocytosine (5-FC) (given orally). ( a ) Comparison of tumor volumes of non-
injected rats ( n  = 5) with those of  B. longum /e-CD i.v.-injected rats ( n  = 15). Rats 
bearing 7,12-dimethylbenz(a)anthracene-induced mammary tumors received 
i.v.  B. longum /e-CD and 500 mg/kg/day of 5-FC. * P  < 0.05; ** P  < 0.01. ( b ) Anti-
tumor effi cacy of  B. longum /e-CD in nude mice transplanted with KPL-1 human 
mammary tumor cells. Tumor-bearing nude mice ( n  = 8) were given a dose of 
transformed bacteria cells i.v. (5.9 × 10 9  CFU/mouse), followed by 5-FC (orally) 
for 21 days (cited from ref.  2 )       
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injection. Tumors were then excised, fi xed in 10 % formalin 
solution, sectioned in paraffi n, and immunostained for CD 
with the avidin–biotin complex method using a rabbit anti-
CD polyclonal antibody diluted 1:800. Immunoreactivity 
was visualized with DAB. As a control, some sections were 
stained using normal rabbit serum instead of rabbit anti-CD 
polyclonal antibody.   

   3.    In the  tumor tissue  s, the serial section immunostained for CD 
was treated with Gram’s stain [ 8 ].      

       1.    Nine rats bearing MRMT-1 mammary gland carcinoma 
received 3.6 × 10 9  CFU/day of  B. longum   ⁄  e-CD through the 
tail vein for 3 days, and thereafter were given 5-FC at 500 mg/
kg/day by intragastric  gavage   for 4 days after the fi nal injection 
of bacteria.   

   2.    All rats were euthanized on day 4 after 5-FC had been admin-
istered. Normal tissues (liver, lung, heart, spleen, and kidney) 
and  tumor tissue  s were used for the measurement of 5-FC 
concentration by GS/MS (GS: HP6890, MSD: HP5973, 
Column: HP-50+; Hewlett Packard).   

   3.    A rat given 5-FC without injection of  B. longum   ⁄  e-CD was 
used as a control.   

   4.    The tumor-specific production of 5-FU was observed [ 8 ] 
(Fig.  4 ).

              1.    The systemic immunogenicity of  B. longum /pBLES100-S-
eCD was evaluated with the active systemic anaphylaxis 
(ASA) reaction. The anaphylactic activity of IgG was evalu-
ated with the passive cutaneous anaphylaxis (PCA) reaction 
in guinea pigs.   

   2.    For sensitization of guinea pigs, 2 × 10 9  CFU  B. longum /
pBLES100-S-eCD diluted with physiological saline (saline) 
and mixed with Freund’s complete adjuvant (FCA), equiva-
lently or not, was injected subcutaneously into the dorsal skin 
of male Dunkin Hartley guinea pigs at the time of antigen 
challenge (once weekly for 3 weeks).   

   3.    As a positive control, 0.5 % OVA (ovalbumin) diluted with 
saline and mixed with an equal volume of FCA was used. Saline 
mixed with an equal volume of FCA was used as the negative 
control. In the ASA reaction, the actively-immunized guinea 
pigs were injected intravenously with  B. longum   ⁄  e-CD or OVA 
14 days after fi nal sensitization.   

   4.    Anaphylaxis symptoms were quantifi ed by the following cri-
terion: (−) no symptom; (±) scrub of face or ear and/or 

3.9  Measurement 
of 5-FC Concentration 
in Various Tissues

3.10   Antigenic Test
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scratch of nose; (+) coughing or locomotion ataxia; (++) 
convulsion or roll, but no death observed within 1 h; (+++) 
death observed within 1 h. In the PCA reaction, immunized 
guinea pigs were sacrifi ced and blood samples were col-
lected 14 days after fi nal sensitization to obtain antiserum 
from each guinea pig.   

   5.    Normal guinea pigs were shaved and 0.05 mL of each serum 
dilution was injected intradermally into the dorsal skin. After 4 
h, the animals were injected intravenously with 1 mL antigen 
( B. longum   ⁄  e-CD or OVA) and 0.5 mL 1 % Evans blue 
solution.   

   6.    After 30 min, the animals were killed, the dorsal skin was 
peeled off, and blue spots within the intradermal sites were 
measured. A PCA reaction was judged to be positive when the 
blue spot measured more than 5 mm 2 .   
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  Fig. 4    Measurement of 5-fl uorouracil (5-FU) concentration in various tissues. 
Tissue distribution of 5-FU in rats bearing MRMT-1 mammary gland carcinoma. 
Rats were given  Bifi dobacterium longum /eCD at 1.1 × 10 10  CFU/rat i.v., and 
5- fl uorocytosine (5-FC) by intragastric  gavage   for 4 days starting from 4 days 
after bacterial injection. The concentration of 5-FU in normal tissues (liver, heart, 
lung, spleen, and kidney) and  tumor tissue  s was measured. A rat given 5-FC 
without injection of  B. longum /e-CD was used as a control. The 5-FU concentra-
tions in bacteria-injected rats were adjusted by subtraction of the 5-FU value of 
the control rat as the background value. * P  < 0.05 (cited from ref.  2 )       
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   7.    No signifi cant reaction was observed in either the ASA or the 
PCA reaction [ 8 ].   

   8.    In further tests to examine immunological toxicity, the blood lev-
els of various infl ammatory cytokines, such as interleukin (IL-1β, 
IL-18, and IL-6), were examined after i.v. injection of  B. longum  
carrying the e-CD expression vector [ 2 ] ( see   Note 6 ).       

4     Notes 

     1.    Generally, an autochthonous tumor system is relatively diffi cult 
to cure compared with a transplanted tumor system, since the 
tumor is comprised of cells which have escaped from host 
immune surveillance.   

   2.    When tumor cells were transplanted into animals, the number 
of cells should be as small as possible to mimic a human tumor 
system where one nodule is produced from single or a few 
 cancer   cells. In such tumors,   Bifi dobacterium longum    can local-
ize even in a small tumor.   

   3.    To assay pre-clinical anti-tumor activity, we used allogenic trans-
plantation of human  cancer   cells into immune-defi cient nude 
mice. Even in the immune-defi cient system, the   Bifi dobacterium 
longum    was safely administered without a severe infusion reac-
tion as long as the i.v. injection speed was low.   

   4.    The expression vector, pBLES100-S-eCD, was later modifi ed 
by introducing a point mutation into the active site (D314A) 
of eCD. Consequently, the affi nity of mutated eCD to natural 
cytosine was decreased but relatively increased against 5-FC, 
leading to enhancement of the production of 5-FU to the level 
of 1 μg/g  tumor tissue   after systemic injection of the gene- 
engineered   Bifi dobacterium longum   . Even under these condi-
tions, the production of 5-FU was marginally detected in other 
organs because the bacteria did not localize in normal tissues.   

   5.    The recipient,   Bifi dobacterium longum    105A, was made 5-FU 
resistant.   

   6.    No infl ammatory cytokines were induced by inoculation of  B. 
longum , whereas   E. coli    clearly induced cytokines such as inter-
leukin (IL)-1β, IL-18, and IL-6. These results indicated that 
genetically-modifi ed  B. longum  does not induce septicemia 
(Fig.  5 ).

       To evaluate the toxicity of genetically-modifi ed  B. longum , a 
number of preclinical studies have also been carried out in several 
animal species, including normal mice, nude mice, normal rats, 
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nude rats, and monkeys. Both pharmacological and preliminary 
general toxicity studies were performed, none of which revealed 
serious toxicities.     
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    Chapter 6   

 Noninvasive In Vivo Imaging to Follow Bacteria Engaged 
in Cancer Therapy                     

     Sara     Leschner      and     Siegfried     Weiss      

  Abstract 

   Non-invasive in vivo imaging represents a powerful tool to monitor cellular and molecular processes in the 
living animal. In the special case of bacteria-mediated cancer therapy using bioluminescent bacteria, it 
opens up the possibility to follow the course of the microorganisms into the tumor via the circulation. The 
mechanism by which bacteria elicit their anti-tumor potential is not completely understood. However, this 
knowledge is crucial to improve bacteria as an anti-cancer tool that can be introduced into the clinic. For 
the study of these aspects, in vivo imaging can be considered a key technology.  

  Key words     In vivo imaging  ,   Luminescent bacteria  ,   Lux operon  ,   Firefl y luciferase  ,   Chromosomal 
integration  

1      Introduction 

    In vivo       imaging   with  bioluminescent      bacteria can be used to moni-
tor infections in tumor- bearing mice [ 1 ]. This method has convinc-
ing advantages over conventional means to track bacterial locations 
in mice, such as plating of organ homogenates to determine colony-
forming units (CFU). Concerning reliability and validity,  in vivo   
 imaging   is outstanding as it allows following the  infection   process in 
individual mice at consecutive time points. Sacrifi cing the animals 
for analysis is obviously not required. As a consequence, fewer mice 
are needed for an experiment. First, this is generally desirable in 
order to reduce the number of experimental animals for animal wel-
fare. Second, this renders studies more cost-and labor-effi cient. 

 As a prerequisite to study bacterial infections in an in vivo 
 imaging   system, a reporter strain has to be available. Depending on 
the demand of the experiment, a reporter strain can be simply pur-
chased or acquired from colleagues, if possible. However, for spe-
cifi c needs such as in bacteria-mediated cancer therapy variants are 
required that are not commonly used. Thus, the strain might have 
to be newly constructed. Various expression  plasmids   can be used 
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for this purpose. However, high-copy-number plasmids, e.g., with 
a Puc origin of replication (ori), are not  advisable. Although these 
vectors should give extremely bright signals, such plasmids have 
the tendency to be lost quickly from the transformants in vivo 
when  antibiotic   selection for plasmid maintenance is no longer 
possible. This is most likely due to the extreme metabolic burden 
such expression plasmids present for the bacteria. Low-copy-number 
plasmids such as pSC101 would result in more stable transfor-
mants. However, eventually, such reporter-encoding expression 
plasmids might also be lost. Since this is a random event, it is not 
predictable whether the loss occurs early during colonization or 
late. This renders a serious quantitative experiment diffi cult. A way 
around this problem would be to introduce balanced suicide plas-
mids where the plasmid complements a chromosomal deletion of a 
gene encoding an essential metabolic enzyme. However, to us the 
stable integration of the expression cassette into the bacterial chro-
mosome appears to be the better alternative. For chromosomal 
integration, we targeted the transposon 7 (Tn7) attachment site, 
which can be found in  E. coli  and  S. typhimurium  as well as in other 
Gram-negative bacteria. This targeted integration ensures that we 
do not disrupt any essential gene. How this is achieved is the scope 
of the present article. 

 The principle of the Tn7 integration of constructs into the 
bacterial chromosome is as follows: Including the recipient bacte-
rial strain, three strains are needed for this method (Fig.  1 ). The 
carrier strain contains a plasmid with the desired construct located 
between the two Tn7 recognition sites Tn7L and Tn7R. This 
plasmid has a pir- dependent ori and therefore has to be trans-
formed into a strain supplying the pir product of the lysogenic 
bacteriophage λ, such as SM10λpir. The same holds true for the 
helper strain which provides the transposase required to catalyze 
the integration step on a pir-dependent plasmid. Both  plasmids   
contain mobilization elements in addition. Once all three strains 
are mixed and placed on a membrane fi lter, the helper and carrier 
strain will conjugate with the recipient and transfer their plas-
mids. As these plasmids are both pir dependent, they cannot be 
propagated in the recipient strain. However, the construct might 
integrate into the bacterial chromosome via homologous recom-
bination of the Tn7 recognition sites catalyzed by the transposase. 
Successful integration events can be detected by  antibiotic   selec-
tion. Positive clones should now be resistant to kanamycin but no 
longer to ampicillin, since this marker is only carried by plasmids 
and will be lost.

   Various  bioluminescent   reporter genes exist that can be used 
for noninvasive in vivo     imaging  . Fluorescent proteins (photolumi-
nescence) as well as chemiluminescent enzymes such as bacterial 
lux or insect luciferases are available. In this chapter, the stable use 
of a  lux operon   and the  fi refl y    luciferase   are introduced. 
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 Various bacteria produce light using the so-called  lux operon   
( luxCDABE ) such as  Photorhabdus luminescens , a pathogen of 
 nematodes. In this system,  LuxCDE  encodes a fatty-acid reductase 
complex that is involved in synthesis of fatty aldehydes for the 
luminescence reaction. This reaction is catalyzed by the  luciferase   
LuxA and LuxB subunits [ 2 ]. Therefore, all components that are 
required for the enzymatic reaction to produce light are already 
present in bacteria expressing the  lux  operon. This renders the 
addition of a substrate (such as luciferin in the case of the luciferase 
system) unnecessary which represents a big advantage concerning 
convenience of the experimental process and cost reduction. Using 
the  fi refl y   luciferase  luc , introduced in this chapter as an example, 
requires luciferin injections into the mice prior to  imaging   [ 3 ]. As 
the substrate is degraded within the body of the mouse, additional 

  Fig. 1    Chromosomal integration using the mini-Tn7 transposon. Successful integration of a specifi c construct 
requires three strains: SM10λpir containing the carrier plasmid with the construct fl anked by the Tn7 recogni-
tion sites (Tn7L and Tn7R); a helper strain in which the plasmid supplies the transposase necessary to inte-
grate into the chromosome of the third, namely, the recipient strain. Upon mixing all three strains, conjugation 
of carrier and helper strains takes place toward the recipient bacterium. Both  plasmids   possess mobilization 
elements which allow them to enter the recipient strain. Once inside the bacterial cell, the transposase cata-
lyzes the integration of the transposon into the recipient’s  att Tn7 (chromosomal Tn7 attachment site)       
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injections might be required for later time points of image acquisi-
tion. However, the advantage of the fi refl y luciferase systems is the 
superior strength of the signal compared to the signal from the  lux  
operon. In a case of a weak expression or a low number of bacteria, 
this might determine whether a signal can be detected at all. 
Therefore, the choice of the reporter system has to be carefully 
made considering the special needs of the particular experiment.  

2    Materials 

 (Materials or methods marked bold are specifi c for  fi refl y   
 luciferase  ). 

       1.    Recipient strain of choice that should be used for  in vivo    imaging   
(this strain should carry an  antibiotic   resistance gene for selection 
which must not be kanamycin or ampicillin— see   Note 1 ).   

   2.    SM10λpir[pUX-BF5] (carrier strain) [ 4 ].   
   3.    Plasmid containing the lux operon or the  luc  gene (e.g., plite201) 

under control of a constitutive or inducible promoter.   
   4.    Chemically-competent SM10λpir.   
   5.    Suitable enzymes to clone the promoter lux/ luc  construct into 

the carrier plasmid.   
   6.    LB medium/LB agar plates.   
   7.    Antibiotics: kanamycin and ampicillin.   
   8.    0.45 μm nitrocellulose membrane fi lter.      

       1.     Cancer   cell line of choice.   
   2.    Cell culture medium.   
   3.    TE (trypsin: 0.5 g/ml, EDTA in PBS: 0.2 g/ml).   
   4.    PBS.   
   5.    Insulin syringes.   
   6.    Appropriate recipient mouse strain syngeneic with the  cancer   

cell line.      

       1.    Reporter strain.   
   2.    LB medium supplemented with the appropriate antibiotics.   
   3.    PBS.      

       1.     In vivo    imaging   system such as IVIS 200 from PerkinElmer.   
   2.    Inoculum of the reporter strain.   
   3.    Tumor-bearing mouse.   
   4.    Insulin syringe.   

2.1  Construction 
of Reporter Strain via 
Chromosomal 
Integration

2.2   Cancer  -Cell 
Inoculation

2.3  Preparation 
of the Inoculum

2.4  In Vivo  Imaging  
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   5.    Isofl urane or other anesthesia.   
   6.     Luciferin (150 mg/kg from Synchem or PerkinElmer).        

3    Methods 

        1.    Carrier plasmid containing construct of choice using the back-
bone of plasmid pUX-BF5 [ 4 ]. The reporter construct has to 
be placed in between the two transposon attachment sites 
Tn7R and Tn7L without interfering with the kanamycin-
resistance gene (Fig.  1 ).   

   2.    Once the carrier plasmid has been constructed and propagated 
in SM10λpir, prepare overnight cultures of all required strains 
(recipient strain, carrier, and helper strain) in LB medium sup-
plemented with the appropriate antibiotics. Note that SM10λpir 
strains have to be incubated at 28 °C in order to prevent induc-
tion of the bacteriophage ( see   Note 2 ).   

   3.    Grow bacterial cultures to an OD 600  of approximately 1.0.   
   4.    Mix 500 μl of each culture in a reaction tube and centrifuge at 

3500 ×  g  for 5 min.   
   5.    Discard supernatant and resuspend the pellet in 1 ml LB with-

out antibiotics.   
   6.    Centrifuge again at 3500 ×  g  for 5 min.   
   7.    Discard supernatant and resuspend the pellet in 20 μl LB 

medium without antibiotics.   
   8.    Sterilely place a 0.45 μm nitrocellulose membrane fi lter on an 

LB plate without antibiotics.   
   9.    Carefully pipet the resuspended culture mixture on the fi lter 

and allow to dry for 5 min.   
   10.    Incubate the plate inverted at 28 °C for 24–30 h.   
   11.    Take the fi lter from the plate with a sterile forceps, place it in a 

reaction tube, and add 1 ml LB medium.   
   12.    Vortex gently for 10 s.   
   13.    Plate 100 μl on one and the residual 900 μl on another LB 

plate containing 30 μg/ml kanamycin and the  antibiotic   that 
the recipient strain carries as a selection marker and incubate 
overnight at 37 °C.   

   14.    Pick single colonies and streak them out on LB plates contain-
ing 100 μg/ml ampicillin as well as on LB plates containing 
30 μg/ml kanamycin and the  antibiotic   the recipient is resis-
tant to.   

   15.    After overnight incubation at 37 °C, clones that have success-
fully integrated the reporter construct should grow on kana-
mycin-, but not on ampicillin-containing plates.      

3.1  Construction 
of Reporter Strain via 
Chromosomal 
Integration

In vivo imaging
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       1.    Grow  cancer   cells at 37 °C and 5 % CO2 in a humidifi ed 
atmosphere.   

   2.    Detach adherent cells by incubating with TE for 5 min at 
37 °C or use a cell scraper.   

   3.    Centrifuge the cell suspension for 5 min at 250 ×  g  at 4 °C.   
   4.    Discard the supernatant and resuspend the pellet in ice-cold PBS.   
   5.    Adjust cell suspension to an appropriate cell number per ml.   
   6.    Inject 100 μl of this cell suspension subcutaneously into the 

recipient mouse.   
   7.    Allow the tumor to grow to a volume of approximately 200 mm 3 .      

       1.    Prepare an overnight LB culture with appropriate antibiotics 
for the reporter strain to grow at 37 °C while shaking.   

   2.    Dilute the overnight culture 1:300 in fresh medium and incu-
bate at 37 °C, with shaking to achieve an OD 600  of 0.2–0.4.   

   3.    Centrifuge the culture at 3500 ×  g  for 5 min at room 
temperature.   

   4.    Discard the supernatant and resuspend the pellet in PBS.   
   5.    Repeat this washing step twice.   
   6.    Adjust the OD 600  of the washed culture to an appropriate inoc-

ulation dose.      

       1.    Infect the tumor-bearing mice with the previously prepared 
inoculum by the desired route.   

   2.    Five minutes before  imaging  , inject mice intravenously or 
intraperitoneally with luciferin.   

   3.    Anesthetize the mice and place them into the IVIS imager, 
carefully making sure the mouse nose is fi rmly attached into 
the nose cone to ensure oxygen and anesthesia supply.   

   4.    Adjust IVIS settings to “luminescent” and choose correct  fi eld 
of view  (FOV) according to the number of mice that should be 
imaged, acquisition time, f-stop, and binning according to the 
strength of the expected signal.   

   5.    Acquire image (Fig.  2 ).

4            Notes 

     1.    The recipient bacterial strain should carry an  antibiotic  -resistance 
gene. This should NOT be an ampicillin-nor a kanamycin-resis-
tance gene as they are both on the carrier and/or helper plasmid. 
An antibiotic-resistance gene as a marker of the recipient strain 
allows selection for clones that have successfully integrated the 
transposon (Subheading  3.1 ,  step 13 ).   

3.2   Cancer   Cell 
Inoculation

3.3  Preparation 
of the Inoculum

3.4  In Vivo Image 
Acquisition
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   2.    All SM10λpir strains have to be propagated at 28 °C in order to 
prevent induction of the endogenous bacteriophage, the activa-
tion of which would result in killing of the bacterial cells. Once 
the construct is integrated into the chromosome of the recipi-
ent, this strain can be grown at 37 °C again.           

  Fig. 2    Bacterial infections with  lux-  and  luc -carrying   Salmonella typhimurium    in tumor-bearing mice. CT26 
tumor- bearing mice were infected with  S. typhimurium  SL7207 carrying different constructs. The  black arrow  
points at the subcutaneous tumor growing on the abdomen of the mice. ( a ) Constitutive  lux  expression was 
used to show  Salmonella  accumulation at the time of  intravenous    infection  , 20 min postinfection (p.i.) and 1 
day after infection (reproduced from [ 1 ]). ( b ) Inducible expression can be realized using  luc  ( left three panels ), 
or  lux  ( right three panels ) under control of an  l -arabinose promoter [ 5 ]. Mice have been infected 3 days before 
inducing luminescence expression. Induction is achieved by  intraperitoneal   injection of 120 mg  l -arabinose. 
Images were acquired at the indicated time points (reproduced from [ 5 ])       

 

In vivo imaging
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    Chapter 7   

 In Vivo Bioluminescence Imaging of Intratumoral Bacteria                     

     Michelle     Cronin    ,     Ali     R.     Akin    ,     Kevin     P.     Francis    , and     Mark     Tangney      

  Abstract 

   This chapter describes the use of whole-body bioluminescent imaging (BLI) for the study of bacterial 
 traffi cking in live mice, with an emphasis on the use of bacteria in therapy of cancer. Bacteria present an 
attractive class of vector for cancer therapy, possessing a natural ability to grow preferentially within tumors 
following systemic administration. Bacteria engineered to express the lux gene cassette permit BLI detec-
tion of the bacteria and tumor sites concurrently. The location and levels of bacteria within tumors over 
time can be readily examined, visualized in two or three dimensions. The method is applicable to a wide 
range of bacterial species and tumor xenograft types. This article describes the protocol for analysis of 
bioluminescent bacteria within subcutaneous tumor-bearing mice. This powerful, and inexpensive, real-
time imaging strategy represents an ideal method for the study of bacteria in vivo in the context of cancer 
research. This protocol outlines the procedure for studying lux-tagged  Escherichia coli  and  Bifi dobacterium 
breve  in mice, demonstrating the spatial and temporal readout from 2D and 3D BLI achievable with 
whole-body  in vivo  luminescence imaging.  

  Key words      Escherichia coli   ,    Bifi dobacterium breve   ,   Bacterial therapy  ,   Gene therapy  ,   Cancer  ,   Vector  , 
  Lux  ,   Optical imaging  ,   Luciferase  

1      Introduction 

  The ability to  track    microbes   in real-time  in vivo   is of enormous 
value for preclinical investigations [ 1 ]. In the context of  gene ther-
apy  , the use of biological agents for delivery of therapeutic genes to 
patients has shown great promise [ 2 – 4 ]. Similar to viruses, the 
innate biological properties of bacteria permit effi cient DNA deliv-
ery to cells or tissues, particularly in the context of  cancer  . It has 
been shown that bacteria are naturally capable of homing to tumors 
when systemically administered resulting in high levels of replica-
tion locally [ 5 ]. Tumor-selective bacterial colonization now appears 
to be both bacterial-species- and tumor-origin-independent, since 
both  anaerobic   and aerobic bacteria are capable of colonizing 
tumors, and furthermore even small tumors lacking an anaerobic 
center are colonized. Factors such as the irregular, leaky blood sup-
ply, hypoxia, local immune suppression, infl ammation, and a unique 
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nutrient supply (e.g., purines) in tumors have been proposed to 
play a role [ 6 ]. Overall, the precise mechanism(s) behind preferen-
tial bacterial tumor colonization remain unknown. We have engi-
neered a number of strains to express the luxABCDE cassette 
[ 7 – 12 ]. The protocol outlined in this chapter exploits lux-tagged 
nonpathogenic commensal   Escherichia coli    K-12 MG1655 and 
  Bifi dobacterium breve    UCC2003 as model organisms. 

 Several studies have outlined the safety of  intravenous   (iv) 
administration of non-pathogenic bacterial strains to mice and 
their ability to grow specifi cally within tumors [ 3 ,  13 ]. An advan-
tage of using bacterial  luciferase   is that the  lux  cassette encodes the 
enzymes required for substrate biosynthesis, resulting in a directly-
imageable agent [ 1 ]. BLI is based on the detection of  biolumines-
cent   light from the subject through the use of a cooled 
charged- coupled device (CCD) camera. The relatively simple 
instrumentation and lack of requirement for radioactivity put the 
technology well within the reach of the average laboratory. BLI 
displays many benefi ts when compared with other  in vivo   modali-
ties. It is easy to use, inexpensive, and rapid. BLI facilitates  imaging   
of multiple animals simultaneously, producing little background 
with high sensitivity. 

 This study visualizes the growth of  lux -labeled bacteria in live 
tumor-bearing mice, both two and three dimensionally, using  in 
vivo   BLI [ 9 ]. The nonpathogenic commensal bacteria MG1655 
and UCC2003, each expressing the  luxABCDE  operon, were intra-
venously (iv) administered to mice bearing subcutaneous (s.c.) 
 FLuc -expressing  xenograft   tumors. The bacterial  lux  signal was 
detected specifi cally in tumors of mice post-IV administration and 
bioluminescence correlated with the number of bacteria recovered 
from tissue. Through whole-body  imaging   for both  lux  and  FLuc , 
bacteria and tumors were co-localized. Co-registration of 3D BLI 
facilitated positioning of  bioluminescent   signal sources within the 
tumor, revealing a pattern of multiple clusters of bacteria within 
tumors.  

2    Materials 

 Prepare all bacterial growth media using de-ionized water and 
according to the manufacturer’s specifi c instructions. All media 
should be autoclaved at 121 °C for 15 min prior to use. Adhere to 
aseptic technique guidelines when handling the biological agents 
and dispose of the biohazard waste appropriately. 

       1.    38 g/l Reinforced clostridial broth (Oxoid).   
   2.    52.5 g/l Reinforced clostridial agar (Oxoid).   
   3.    20 g/l LB broth (Sigma).   
   4.    35 g/l LB agar (Sigma).   

2.1  Bacterial Growth

Michelle Cronin et.al
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   5.    0.05 % cysteine-HCl solution in H 2 O (1.2 g/20 ml H 2 O). 
Filter sterilize, do not autoclave (Sigma).   

   6.    10 mg/ml chloramphenicol in EtOH stock solution. Filter 
sterilize, do not autoclave, store at −20 °C, and add 5 μl per 
10 ml of growth media for  B. breve  (Sigma).   

   7.    100 mg/ml erythromycin in EtOH stock solution. Filter ster-
ilize, do not autoclave, store at −20 °C, and add 30 μl per 
10 ml of growth media for  E. coli  (Sigma).   

   8.    Laminar fl ow hood for aseptic culture of the bacterium.   
   9.     Anaerobic   chamber at 37 °C for growth of  B. breve.    
   10.    Shaking incubator at 37 °C for growth of  E. coli.    
   11.    Spectrophotometer at 600 nm to measure optical density of 

the bacterial cultures.      

       1.    The HCT116-luc2 cell line (Caliper) was maintained in 
McCoy’s 5a Medium Modifi ed (ATCC) supplemented with 
10 % fetal calf serum (FCS), 100 U/ml penicillin, 100 mg/ml 
streptomycin, and 2 mM  L -glutamine and sodium pyruvate.   

   2.    The CT26 murine cell line was maintained in Dulbecco’s 
Modifi ed Eagle’s Medium (Sigma) supplemented with 10 % 
fetal calf serum (FCS).   

   3.    PBS (Sigma).   
   4.    NucleoCounter, for eukaryotic-cell counting (ChemoMetec, 

Bioimages Ltd).   
   5.    5 % CO 2  37 °C incubator.   
   6.    Laminar-fl ow hood for aseptic passaging of the cell line.      

       1.    IVIS 100  imaging   system or its equivalent is required for 2D 
imaging and IVIS Spectrum for 3D imaging. Both are capable 
of  in vivo    imaging   of anesthetized mice (Caliper).   

   2.     D -Luciferin (Caliper).   
   3.    Living Image software for processing of bioluminescence data 

(Caliper).   
   4.    XGI-8 Gas Anesthesia System (Caliper) with 3 % isofl urane for 

gas anesthesia of the mice ( see   Note 1 ).      

       1.    Mouse model for HCT116-luc2; athymic Crl:NU(NCr)-
Fox1nu mice (Charles River).   

   2.    Mouse model for CT26; BALB/c Haplotype:  H-2   d   (Harlan, 
UK).   

   3.    Appropriate animal restrainer and holding facilities (Vet-Tech 
Solutions, UK).   

   4.    21 and 28 gauge needles (BD BioSciences).   
   5.    20 mm pore nylon fi lter (Falcon, BD BioSciences).       

2.2  Tumor Cell Line

2.3  In Vivo  Imaging  

2.4  Animal

“Bioluminescent bacterial imaging in vivo”
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3    Methods 

       1.    For routine tumor induction, the minimum tumorigenic dose 
of cells (HCT116-luc2 5 × 10 5 ; CT26 1 × 10 6 ) suspended in 
200 μl of serum-free culture medium was injected subcutane-
ously (s.c.) into the fl ank of  infection  -free 6–8-week-old mice 
using a 21-gauge syringe needle.   

   2.    The viability of cells used for inoculation was greater than 95 % 
as determined by visual count using a NucleoCounter ( see  
 Note 2 ).   

   3.    Following tumor establishment, tumors were allowed to grow 
and develop and were monitored twice weekly ( see   Note 3 ).   

   4.    Tumor volume was calculated according to the formula 
V = (ab 2 ) Π/6, where a is the longest diameter of the tumor 
and b is the longest diameter perpendicular to the diameter a.      

       1.    The bacterial strains used in this protocol were either  E. coli  
K-12 MG1655, a nonprotein-toxin-expressing strain, or  B. 
breve  UCC2003, a commensal probiotic strain, both harbor-
ing a luxABCDE cassette that enables the bacteria to be 
detected by BLI.   

   2.    The  bioluminescent   derivative of MG1655 was created using 
the plasmid p16Slux which contains the constitutive 
P HELP luxABCDE operon [ 9 ].   

   3.    The  bioluminescent   derivative of UCC2003 was created using 
the plasmid pLuxMC3 [ 14 ].   

   4.     E. coli  MG1655 luxABCDE was grown aerobically at 37 °C in 
LB medium supplemented with 300 μg/ml erythromycin 
(Em).   

   5.     B. breve  UCC2003 containing pLuxMC3 was grown anaerobi-
cally ( see   Note 4 ) at 37 °C in MRS medium supplemented 
with 0.05 % cysteine-HCl and 5 μg/ml chloramphenicol (Cm).   

   6.    For preparation for administration to mice, MG1655 cultures 
were incubated in LB medium at 37 °C in a shaker at 200 rpm 
to grow to mid-log phase (optical density at 600 nm). Bacteria 
were harvested by centrifugation (6000 ×  g  for 10 min), washed 
twice with PBS, and diluted in PBS to 1 × 10 7  colony-forming 
units (cfu)/ml for iv administration.   

   7.    UCC2003 cultures were initially grown in RCM medium 
overnight ( see   Note 5 ) and then subcultured at 1 % to MRS 
medium supplemented with 0.05 % cysteine-HCl. Following a 
further overnight incubation, the bacteria were harvested by 
centrifugation (6000 ×  g  for 10 min), washed twice with PBS 
containing 0.05 % cysteine-HCl, and diluted in PBS contain-
ing 0.05 % cysteine-HCl to 1 × 10 7  colony-forming units 
(CFU)/ml for iv administration.      

3.1  Tumor Induction

3.2  Bacterial 
Preparation

Michelle Cronin et.al
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       1.    Mice were randomly divided into experimental groups when 
tumors reached approximately 100 mm 3  in volume.   

   2.    For  intravenous   administration, restrained ( see   Note 6 ) mice 
each received 10 6  bacterial cells in 100 μl, injected directly into 
the lateral tail vein using a 28G syringe needle ( see   Note 7 ).   

   3.    The viable count of each inoculum was determined by retro-
spective plating onto  antibiotic  -selective agar.      

       1.    2D  in vivo   BLI  imaging   was performed using the IVIS 100.   
   2.    At defi ned time point post-bacterial administration, mice were 

anesthetized using the XGI-8 Gas Anesthesia System with 3 % 
isofl urane ( see   Note 8 ).   

   3.    Whole-body imaging was performed in the IVIS 100 system 
for 2–5 min at high sensitivity (Fig.  1 ).

3.3  Bacterial 
Administration

3.4  2D BLI: 
Intratumoral Bacteria 
 Imaging  
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  Fig. 1    Administration of  E. coli  MG1655 luxABCDE to tumor-bearing mice. Subcutaneous CT26 tumors were 
induced in Balb/c mice.  E. coli  MG1655 luxABCDE was administered upon tumor development. Each animal 
received 10 6  bacterial cells injected directly into the lateral tail vein. Mice were imaged at four time points 
during the study ( black dots z - axis  and images) with subsequent recovery of viable bacteria (CFU) from tumors 
of representative sacrifi ced mice ( bar graph ). Increase in bacterial number (CFU) and plasmid gene expression 
specifi cally in tumors was observed over time (representative mouse illustrated at each time point)       
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       4.    Image analysis: regions of interest were identifi ed and quanti-
fi ed using Living Image software ( see   Note 9 ).      

       1.    For 3D  imaging  , anesthetized mice were placed in a mouse 
imaging shuttle inside of the  optical imaging   system for dorsal 
imaging (IVIS Spectrum).   

   2.    To acquire images of the bacterial  luciferase   signal for 3D opti-
cal reconstruction, emission fi lter wavelengths ranging from 
500 to 580 nm were used with a bin of 16.   

   3.    Acquisition times of 3–4 min are necessary to maximize the 
signal to noise ratio (Fig.  2 ).

3.5  3D BLI: 
Intratumoral Bacteria 
 Imaging  
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  Fig. 2    3D co-localization of tumor and bacterial bioluminescence. 3D tomo-
graphic detail of source signal distribution of  B. breve  lux ( green ) 10 days post-iv 
administration to mice bearing HCT116  FLuc  ( orange )-expressing tumors.  B. 
breve  lux is observed in multiple disparate “clusters” within the tumor       
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       4.    Image analysis: regions of interest were identifi ed and quanti-
fi ed using Living Image software ( see   Note 9 ).      

       1.    To acquire images of the  fi refl y    luciferase   emanating from the 
tumor, luciferin was injected subcutaneously approximately 
10 min prior to  imaging   without moving the animal (Fig.  2 ).   

   2.    Emission fi lter wavelengths ranging from 580 to 620 nm were 
then used with a bin of 8.   

   3.    Acquisition times of 0.5–0.75 min per fi lter are generally used, 
depending on the tumor cell line in use.   

   4.    As part of this image acquisition sequence, a structured light 
image was obtained to defi ne a height map.   

   5.    This map was input for diffuse light  imaging   tomography 
(DLIT) reconstruction algorithms for forming a 3D optical 
image using a non-negative least squares optimization [ 15 ].      

       1.    At four time points post-bacterial administration, the mice 
were imaged for BLI and then a subset of the animals were 
euthanized by cervical dislocation.   

   2.    The tumor was aseptically dissected with subsequent recovery 
of viable bacteria (CFU) from tumors (Fig.  1 ).   

   3.    To determine the total number of bacteria, the dissected 
tumors were immediately placed in 5 ml PBS (MG1655) or 
PBS with 0.05 % cysteine-HCl (UCC2003).   

   4.    Tumors were then homogenized by fi ne mincing with a scal-
pel, followed by pushing through a 20 mm pore nylon fi lter in 
sterile PBS (supplemented with 0.05 % cysteine-HCl for 
bifi dobacteria).   

   5.    Serial dilutions were plated in triplicate on selective agar;  B. breve  
on RCA agar containing 5 μg/ml Cm and  E. coli  on LB agar 
containing 300 μg/ml Em.   

   6.    Resulting colonies were used to calculate the number of bacte-
rial cells per tissue sample.   

   7.    To confi rm that cfu recovered were either  B. breve  containing 
pLuxMC3 or  E. coli  MG1655luxABCDE, random isolates 
were spot inoculated onto the appropriate agar either with or 
without the selective  antibiotic   and checked by PCR as previ-
ously described [ 9 ].   

   8.    An increase in bacterial number and plasmid gene expression 
specifi cally in tumors was observed over time as illustrated by 
both BLI and CFU ( see  Fig.  1 ).       

3.6  3D BLI:  Imaging   
Tumor Fluc 
and Diffuse Light 
Imaging Tomography

3.7  Bacterial 
Recovery from Tumors

“Bioluminescent bacterial imaging in vivo”
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4    Notes 

     1.    Appropriate training on the use of inhalation anesthesia is 
essential prior to its use.   

   2.    The NucleoCounter can be substituted by a hemocytometer 
and trypan blue exclusion dye (Gibco).   

   3.    Vernier calipers should be used to monitor tumor growth and 
development. The same person, ideally, should perform all 
measurements over time as the technique can be subjective in 
the early stages of growth.   

   4.    It is essential to maintain a strict  anaerobic   environment at all 
times. The most convenient way is to perform all the culturing 
techniques in an anaerobic hood and then inject the bacteria 
into the mice immediately following removal from the hood. If 
this isn’t feasible, then a portable anaerobic jar can be used, 
along with Anaerocult oxygen scavenging sachets, to transport 
the prepared bacteria in an anaerobic environment until they 
can be injected to the animals.   

   5.    RCM broth is necessary in order to allow the  B. breve  to grow 
from frozen stocks. The broth contains low levels of suspended 
agarose. This broth cannot be used to prepare the bacteria for 
injection, as centrifuging the culture results in a layer of aga-
rose forming over the cell pellet. Therefore, following an over-
night incubation in RCM, the  B. breve  must be subcultured in 
the more chemically-defi ned MRS broth which is suitable for 
centrifugation.   

   6.    Commercial restrainers are available which contain the animal 
individually and allow the tail to be exposed for injection. The 
animal should remain in the restrainer for the minimum 
amount of time possible to avoid distress.   

   7.    Anatomically, there are two lateral tail veins in the mouse tail. 
Mild heat should be applied using a heat pad under the mouse 
cage to increase vasodilation prior to injection. A 28G nee-
dle, also known as an insulin syringe, is necessary to inject 
into the tail vein as larger-gauge needles can lead to destruc-
tion of the vein. The technique is initially diffi cult to master 
and requires an advanced level of competency in animal sur-
gical techniques.   

   8.    Ensure that the animal’s nose is securely within the oxygen 
mask used to deliver the inhalation anesthesia to avoid prema-
ture awakening during image acquisition.   

   9.    Regions of interest are always calculated as p/s/cm 2 .          

Michelle Cronin et.al
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    Chapter 8   

 Employment of  Salmonella  in Cancer Gene Therapy                     

     Che-Hsin     Lee      

  Abstract 

   One of the primary limitations of cancer gene therapy is lack of selectivity of the therapeutic gene to tumor 
cells. Current efforts are focused on discovering and developing tumor-targeting vectors that selectively 
target only cancer cells but spare normal cells to improve the therapeutic index. The use of preferentially 
tumor-targeting bacteria as vectors is one of the innovative approaches for the treatment of cancer. This is 
based on the observation that some obligate or facultative-anaerobic bacteria are capable of multiplying 
selectively in tumors and inhibiting their growth. In this study, we exploited attenuated  Salmonella  as a 
tumoricidal agent and a vector to deliver genes for tumor-targeted gene therapy. Attenuated  Salmonella , 
carrying a eukaryotic expression plasmid encoding an anti-angiogenic gene, was used to evaluate its’ ability 
for tumor targeting and gene delivery in murine tumor models. We also investigated the use of a polymer 
to modify or shield  Salmonella  from the pre-existing immune response in the host in order to improve 
gene delivery to the tumor. These results suggest that tumor-targeted gene therapy using  Salmonella  car-
rying a therapeutic gene, which exerts tumoricidal and anti-angiogenic activities, represents a promising 
strategy for the treatment of tumors.  

  Key words      Salmonella   ,   Tumor targeting  ,   Gene therapy  ,   Polymer  ,   Antitumor  

1      Introduction 

 The use of bacteria preferentially replicating in tumors as an onco-
lytic agent is an innovative approach for  cancer   treatment. This is 
based on the observation that some obligate or facultative- anaero-
bic   bacteria are capable of multiplying selectively in tumors 
and inhibiting their growth [ 1 – 4 ]. Genetically-modifi ed, non- 
pathogenic bacteria have been tested as potential anti-tumor agents, 
either to provide direct tumoricidal effects or to deliver tumori-
cidal molecules. Apart from obligate anaerobes which target 
 hypoxic  /necrotic areas of solid tumors, such as  Clostridium  [ 5 ] 
and  Bifi dobacterium  [ 6 ],  Salmonella  [ 7 ], a facultative anaerobe 
capable of growing under both aerobic and anaerobic conditions, 
has also been exploited as a potential oncolytic agent [ 8 – 10 ]. In 
addition, these tumor-targeted bacteria can be used to deliver 
genes encoding pro-drug-converting enzymes [ 2 ], angiogenic 
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inhibitors [ 11 ], or cytokines [ 12 ], aiming to enhance anti-cancer 
effi cacy. 

 We examined the capability of  Salmonella  to preferentially 
accumulate and replicate in tumors as well as to achieve tumor- 
specifi c gene delivery [ 4 ,  11 ]. Furthermore, by targeting tumor 
hypoxia per se and tumor vasculature, we tested the anti-tumor and 
anti-metastatic effects of  Salmonella , carrying an anti-angiogenic 
gene, on a murine tumor model. Our results suggest that by taking 
advantages of inherent anti-tumor activity and delivery of thera-
peutic genes to the tumor site,  Salmonella  carrying anti-angiogenic 
genes has therapeutic potential for the treatment of solid tumors. 

 In agreement with a clinical study, our previous results indi-
cated that higher anti- Salmonella  antibody titers in the host 
resulted in lower amounts of  Salmonella  in the tumor [ 13 ]. Anti- 
 Salmonella  antibodies result in a noticeably lower total number of 
bacteria in tumor sites and decrease the anti-tumor effect of 
 Salmonella . Therefore, the avoidance of neutralizing antibodies 
has emerged as a key issue in the development of  Salmonella   cancer   
 therapy  . We investigated the use of poly(allylamine hydrochloride) 
(PAH) to modify or shield  Salmonella  from the pre-existing 
immune response in a host [ 14 ]. Because adverse toxic effects 
caused by  bacterial therapy   are the main hindrance to clinical devel-
opment [ 15 ], we explored the use of PAH-modifi ed  Salmonella , 
which did not induce a large response of infl ammatory cytokines; 
as infl ammatory responses would negatively affect the health of the 
host. PAH also can provide a useful platform for the chemical 
modifi cation of  Salmonella , perhaps allowing genes to bind to 
 tumor- targeting    Salmonella . The combination of tumor-targeting 
activity of  Salmonella  and the pleiotropic activities of a gene deliv-
ery system holds promise for tumor treatment (Fig.  1 ).

2       Materials 

    Prepare all solutions using ultrapure water (prepared by purifying 
de-ionized water to attain a sensitivity of 18 M Ω cm at 25 °C) 
and analytical grade reagents. Prepare and store all reagents at 
room temperature.  

  Luria broth (LB) ( see   Note 1 ).  
  LB agar ( see   Note 2 ).  
  Glycerol ( see   Note 3 ).  
  50 mg poly(allylamine hydrochloride) (PAH; MW: 15,000; Sigma- 

Aldrich) ( see   Note 4 ).     

Che-Hsin Lee
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3    Methods 

       1.    Add a colony of  Salmonella  to a 25 mL LB fl ask; grow 
overnight.   

   2.    Add 1 mL from the overnight culture to a 250 mL LB fl ask; 
grow until bacteria are in log phase.   

   3.    Divide the culture into two centrifuge fl asks.   
   4.    Centrifuge at 2600 ×  g  for 15 min in a 4 °C centrifuge.   
   5.    Discard the supernatants and resuspend the cell pellets in 

2 × 125 mL 10 % glycerol.   
   6.    Suspend pelleted cells in 1 mL 10 % glycerol; combine frac-

tions and split into 100 μL aliquots.   
   7.    Place 1–2 μL (1 μg/μL) of plasmid in the bottom of a labeled 

Eppendorf tube. Add 20 μL of just-thawed  Salmonella .   

3.1   Salmonella  
Transformed 
with a Therapeutic 
Gene by 
Electroporation

  Fig. 1    Schematic diagram of two methods to construct  Salmonella  carrying a gene for tumor therapy. ( a ) 
Transformation of plasmid DNA into  Salmonella  by electroporation. ( b )  Salmonella  carrying plasmid DNA 
using layer-by-layer technology       
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   8.    Open the electroporation chamber and pipet 20 μL of the 
bacteria- plasmid mixture, suspended between the electrodes of 
the chamber.   

   9.    Check settings or set to pulse control = 330 μF, low omega, 
and fast-charge rate.   

   10.    Turn power switches on for both power boosters.   
   11.    Charge pulse control by setting the CHARGE/ARM switch 

to CHARGE and then press and hold down the UP voltage 
control button until the voltage reading is ~410 V. Release 
button and quickly switch to the ARM setting. The voltage 
will begin to fall slowly. When it reaches 400 V, press the 
TRIGGER button and hold for 1 s. After pulsing, verify that 
the pulse control unit indicates <20 V. Remove suspended cells 
from the chambers with a pipet and place in 1 mL LB to 
recover for 1 h. at 37 °C in a shaker.   

   12.    Plate 100 μL on appropriate plates (with  antibiotic   that corre-
sponds to the resistance conferred by the plasmid). Grow over-
night in a 37 °C incubator.      

       1.    Add a colony of  Salmonella  to a 25 mL LB fl ask; grow 
overnight.   

   2.    Add 1 mL from the overnight culture to a 250 mL LB fl ask; 
grow until bacteria are in log phase.   

   3.    Divide the culture into two centrifuge fl asks.   
   4.    Centrifuge at 2600 ×  g  for 15 min in a 4 °C centrifuge.   

   5.    Discard the supernatants and resuspend the cell pellets in 
2 × 125 mL 10 % glycerol.   

   6.    Suspend the pelleted cells in 1 mL 10 % glycerol; combine frac-
tions and split into 100 μL aliquots.   

   7.    Place 1 mL (5 mg/mL) PAH in an Eppendorf tube. Add 
100 μL just-thawed  Salmonella .   

   8.    Incubate on a shaker for 15 min (37 °C) and then centrifuge 
(10 min at 1000 ×  g ).   

   9.    Discard the excess PAH solution and disperse the  Salmonella  
and wash three times in water.   

   10.    Place 1 mL (5 μg) of plasmid in an Eppendorf tube. Add 
100 μL PAH-modifi ed  Salmonella .   

   11.    Incubate on a shaker for 15 min (37 °C) and then centrifuge 
(10 min at 1000 ×  g ).   

   12.    Discard the excess PAH solution and disperse the  Salmonella  
and wash three times in water.       

3.2  Preparation 
of DNA-PAH- Modifi ed 
 Salmonella 

Che-Hsin Lee
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4    Notes 

     1.    Luria broth (LB): trypton 10 g, yeast extract 5 g, and sodium 
chloride 5 g. Add water to a volume of 1000 mL. Autoclave at 
121 °C for at least 15 min. Store at 4 °C.   

   2.    LB agar: bacterial agar 15 g. Add LB to a volume of 1000 mL. 
Autoclave at 121 °C for at least 15 min. Store at 4 °C.   

   3.    Glycerol: autoclave at 121 °C for at least 15 min, store at 4 °C.   
   4.    50 mg poly(allylamine hydrochloride) (PAH; MW: 15,000; 

Sigma-Aldrich): add water to a volume of 10 mL. The solution 
is purifi ed by drawing it up a syringe through a fi lter.         
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    Chapter 9   

 Development of a Targeted Gene-Delivery System 
Using  Escherichia coli                      

     Chung-Jen     Chiang     ,     Chih-Hsiang     Chang    ,     Yun-Peng     Chao     , 
and     Ming-Ching     Kao     

  Abstract 

   A gene-delivery system based on microbes is useful for development of targeted gene therapy of 
 non- phagocytic cancer cells. Here, the feasibility of the delivery system is illustrated by targeted delivery of 
a transgene (i.e., eukaryotic GFP) by  Escherichia coli  to HER2/ neu -positive cancer cells. An  E. coli  strain 
was engineered with surface display of the anti-HER2/ neu  affi body. To release the gene cargo, a pro-
grammed lysis system based on phage ϕX174 gene E was introduced into the  E. coli  strain. As a result, 3 % 
of HER2/ neu - positive cells that were infected with engineered  E. coli  were able to express the GFP.  

  Key words     Bacterial carrier  ,   Targeted delivery  ,   HER2/ neu   ,   Bactofection  

1      Introduction 

  Vehicles based  on   bacteria have been developed to deliver 
 transgenics to mammalian cells, a process known as bactofection 
[ 1 ]. The bacterial delivery system is a nonviral vector and consid-
ered as a safe method for  gene therapy   [ 2 ]. One promising approach 
with the bacterial vectors is to deliver therapeutic cargos to tumors. 
This requires that bacterial vectors have the ability to selectively 
recognize and invade tumors. After internalization, the gene car-
gos carried by bacterial vectors are freely released. However, many 
challenges are present in the bactofection process. 

 The fi rst limiting step in bactofection is the selective entry of 
the bacterial vector into  cancer   cells [ 1 ]. To address this issue, the 
anti-HER2/ neu  affi body (ZH2) was displayed on   E. coli    surface 
via the anchoring motif Lpp-OmpA. The anchoring motif contains 
the Lpp region that directs the passenger motif across the 
inner membrane of  E. coli . Meanwhile, the OmpA domain helps 
anchor the passenger on the outer membrane [ 3 ]. Consequently, 
 E. coli  with surface display of ZH2 enables selective invasion of 
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HER2/ neu -positive cells, with the invasion effi ciency reaching 
30 % [ 4 ]. 

 The free release of transgenic cargos carried by bacterial vec-
tors appears to be the second limiting step in bactofection [ 1 ]. 
Therefore, the phage ϕX174 gene E, under thermal regulation, 
was transfected into   E. coli   . This phage gene encodes a lysin gene 
that causes the formation of a trans-membrane tunnel across the 
inner and outer membrane of  E. coli  [ 5 ]. Consequently, approxi-
mately 3 % of HER2/ neu -positive cells that were infected with the 
engineered  E. coli  carrying CMV-promoter-driven  GFP   were 
shown to exhibit green fl uorescence 24 h after bactofection [ 4 ].  

2    Materials 

 Prepare all solutions using ultrapure water (prepare by purifying 
de-ionized water to attain a sensitivity of 18 MΩ cm at 25 °C) and 
analytical-grade reagents. Prepare and store all reagents at room 
temperature (unless indicated otherwise). Follow all regulations 
when disposing waste materials. 

      BL21- GFP   ( see   Note 1 ).  
  BL21- GFP  /pET-Her2M ( see   Note 2 ).  
  BL21(DE3)/pBAD-LoAZH2 ( see   Note 3 ).  
  BL21- GFP  /pBAD-LoAZH2 ( see   Note 4 ).  
  BL21(DE3)/pBAD-LoAZH2/pCL-ϕXE2-hlyA ( see   Note 5 ).  
  BL21- GFP  /pBAD-LoAZH2/pCL-ϕXE2-hlyA ( see   Note 6 ).  
  BL21(DE3)/pBAD-LoAZH2/pCL-ϕXE2-hlyA/pBac-EGFP ( see  

 Note 7 ).     

     Human Breast Cancer Cell Lines 

  MDA-MB-231 (ATCC number: HTB-26).  
  SKBR-3 (ATCC number: HTB-30).     

      Mouse anti-6xHis monoclonal antibody (Genemark Technology 
Co. Ltd, Taiwan).  

  TRITC-conjugated anti-mouse IgG (Jackson Immuno Research, 
West Grove, PA, USA).  

  Phalloidin-TRITC (Sigma-Aldrich, St. Louis, MO, USA).  
  DAPI (Sigma-Aldrich).  
  9G6 anti-HER2/ neu  primary antibody (Santa Cruz Biotechnol., 

Dallas, TX, USA).  
  Trypsin-EDTA (HyClone Lab. Inc., Logan, UT, USA).     

2.1  Bacterial Strains

2.2  Cell Lines 
( See   Note 8 )

2.3  Materials

Chung-Jen Chiang et al.
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      Fluorescence microscopy (Olympus IX71, Tokyo, Japan).  
  BD FACSCanto (BD Bioscience, Franklin Lakes, NJ, USA).  
  Diva software (De novo Software, Los Angeles, CA, USA).  
  FlowJo (TreeStar, Ashland, OR, USA).  
  Confocal microscopy (Leica, LCS SP2, Wetzlar, Germany).  
  LAS AF (Leica)      

3    Methods 

          1.    Create this plasmid by ligation of a DNA fragment, removed 
from plasmid pET28-GFPuv by  Sac I- Sph I digestion, into 
 plasmid pPhi80-Tc [ 6 ]. This plasmid carries a DNA cassette 
consisting of T7 promoter-driven  GFP  .      

        1.    Amplify the anti-HER2/ neu  ML39 ScFv from plasmid 
pACgp67B- Her2mP (Addgene Inc.) using the polymerase 
chain reaction (PCR) with primer YC1101 and YC1102.   

   2.    Digest the ML39 ScFv-containing DNA with  Nco I- Eco RI and 
ligate into plasmid pET-20b (Novagene Co.) to obtain plas-
mid pET-Her2.   

   3.    Obtain the  misL  gene of   Salmonella typhimurium    LT2 by PCR 
with primer YC1103 and YC1104. After  Eco RI- Hind III cleav-
age, incorporate the resulting DNA into plasmid pET-Her2 to 
produce plasmid pET-Her2M [ 5 ].      

         1.    Synthesize the ZH2 DNA motif and confi rm with DNA 
sequencing by Mission Biotech. Co. (Taiwan). It contains two 
identical domains of Z HER2:342  [ 7 ] separated by a linker.   

   2.    Incorporate the synthesized DNA into plasmid pLOA [ 8 ] to 
result in plasmid pLOA-ZH.   

   3.    Subsequently, recover the DNA from plasmid pLOA-ZH by 
 Hind III- Xba I cleavage and splice into plasmid pBAD33 [ 9 ] to 
give plasmid pBAD-LoAZH2 [ 4 ].      

         1.    To reduce the basal expression level at 37 °C, mutate λ P RM  
and the P R  promoter of plasmid pPL452 [ 10 ] according to a 
previous report [ 11 ]. Carry out by site-directed mutagenesis 
[ 12 ] to give plasmid pPL452M with two pairs of primers, 
YC1105/YC1106 and YC1107/YC1108.   

   2.    From phage ϕX174 DNA, amplify gene E by PCR with prim-
ers YC1109 and YC1110.   

   3.    Pre-treat the PCR DNA with  Eco RI- Nde I and ligate into plas-
mid pPL452M to produce pPL-ϕXE.   

2.4  Equipment

3.1  Plasmid 
Construction

3.1.1  Plasmid 
pϕT7-GFPuv

3.1.2  Plasmid 
pET-Her2M

3.1.3  Plasmid 
pBAD-LoAZH2

3.1.4  Plasmid 
pCL-ϕXE2-hlyA

Development of a Targeted Gene-Delivery System Using Escherichia coli
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   4.    Synthesize the  hlyA  gene of  L. monocytogenes  by PCR from 
 plasmid pGB2Ω-inv-hly [ 13 ], using primers YC1111 and 
YC1112.   

   5.    Digest with  Xho I- Sma I, and incorporate the PCR DNA into 
plasmid pPL-ϕXE to give plasmid pPL-ϕXE-hlyA.   

   6.    Recover the DNA containing ϕX174 gene E and  hlyA  from 
plasmid pPL-ϕXE-hlyA by  Pst I- Nru I cleavage.   

   7.    Splice the recovered DNA into plasmid pCL1920 to give plas-
mid pCL-ϕXE2-hlyA [ 4 ].       

       1.    Grow bacteria and induce by adding  l -arabinose.   
   2.    After induction for 4 h, harvest bacteria, wash, and resuspend 

in phosphate buffer (pH 7.4).   
   3.    Withdraw bacteria (1 × 10 9 ) and treat with 500 μL 0.25 % 

trypsin- EDTA at 37 °C for 2 min.   
   4.    Terminate the digestion with 500 μL 10 % FBS/DMEM-F12 

medium on ice.   
   5.    Fix the uninduced, induced, and trypsinized bacteria in 3.7 % 

paraformaldehyde for 30 min.   
   6.    Wash the BSA-blocked bacterial cells three times with PBS and 

incubate with 1:200 diluted mouse anti-6xHis monoclonal 
antibody at room temperature for 1 h.   

   7.    Rinse the bacteria and expose to a 200-fold dilution of FITC- 
conjugated anti-mouse IgG for 1 h.   

   8.    After washing with PBS, mount bacterial cells on glass slides 
for analysis by fl uorescence microscopy.   

   9.    Use 10,000 bacteria for measurement of green fl uorescence 
with a BD FACSCanto. Further analyze data with a Diva soft-
ware and FlowJo.      

   Seed human tumor cells into 12- and 24-well plates with cover 
slips for fl ow cytometry and microscopy, respectively.

    1.    Wash the harvested bacteria twice with serum-free medium, 
dilute in the serum-free medium, and then add to each well to 
achieve the required multiplicity of  infection   (MOI).   

   2.    Incubate in a humidifi ed atmosphere of 5 % CO 2  at 37 °C 
for 3 h.   

   3.    Wash the culture plates three times with PBS to remove 
unbound bacteria ( see   Note 11 ) and then incubate at 42 °C for 
60 min for thermal induction ( see   Note 12 ).   

   4.    Apply 50 μg/mL gentamicin for 1 h at 37 °C to eliminate 
un- internalized bacteria.   

   5.    Incubate the treated cells in a humidifi ed CO 2  incubator at 
37 °C until observation (Fig.  1 , lower panel).

3.2  Analysis of the 
Bacterial Surface 
by Immunostaining 
and Flow Cytometry

3.3   Infection   
of Tumor Cells 
with Bacteria

Chung-Jen Chiang et al.
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              1.    After  infection   with bacteria for 3 h, wash  cancer   cells with PBS 
twice, collect, and then treat with 0.2 % EDTA/PBS.   

   2.    Wash the harvested cells twice with PBS and then fi x in 1 % 
paraformaldehyde.   

   3.    The percentage of 10,000 cells that emit bacteria-producing 
 GFP   is determined with a BD FACSCanto. Further analyze 
data with Diva software and FlowJo.      

       1.    After bacterial  infection  , wash cells with PBS and fi x in 3.7 % 
paraformaldehyde for 30 min at room temperature.   

   2.    Wash cells three times with PBS and subsequently block with 
3 % BSA in PBS. If observe by fl uorescence microscopy, go to 
 step 3 ; if by confocal microscopy, go to  step 5 .   

   3.    For fl uorescence microscopy, stain cells with 5 μg/mL 
phalloidin- TRITC and 1 μg/mL DAPI.   

   4.    Mount cells, washed with PBS, on glass slides for observation 
by fl uorescence microscopy (Fig.  1 , upper panel).   

3.4  Assessment 
of Bacterial Invasion 
Effi ciency

3.5  Analysis 
of Bacterial 
Internalization 
by Fluorescence 
and Confocal 
Microscopy

  Fig. 1    Analysis of invasion of ZH2-presenting   E. coli    and heat-induced autolysis, by fl uorescence microscopy. For 
clear visualization by fl uorescence microscopy, the cell nucleus ( blue ) and cytoskeleton ( red ) were stained by 
DAPI and phalloidin, respectively. After  infection   with BL21-GFP/pBAD-LoAZH2/pCL-ϕXE2-hlyA strain, fl uores-
cence images of SKBR-3 cells were acquired in the  green ,  red , and  blue  channels and merged. ( Upper ) The 
invading bacteria were observed by green fl uorescence. The magnifi ed image of the inset. ( Lower ) After heat- 
induced bacterial autolysis, the  green  fl uorescence was disappeared is shown in the  right  panel       
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   5.    For confocal microscopy, stain cells with 9G6 anti-HER2/ neu  
primary antibody for 1 h at room temperature.   

   6.    After washing three times with PBS, add TRITC-conjugated 
anti-mouse IgG to cells for 1 h.   

   7.    Wash stained cells with PBS and mount on glass slides for anal-
ysis by confocal microscopy. For each sample, take a composite 
image of 20 sections with a 0.8 μm shift in the z-axis and com-
bine with LAS AF (Fig.  2 ).

              1.    Assay the average number of bacteria that invade one cell at an 
MOI of 200:1.   

   2.    After  infection  , wash tumor cells with PBS.   
   3.    Lyse in 0.2 % Triton X-100 at 37 °C for 10 min.   
   4.    Plate serial dilutions of the cell lysate on LB agars. Incubate at 

37 °C overnight and then count the bacterial colony forming 
units (CFC).      

3.6  Assessment 
of Internalized 
Bacteria in Tumor 
Cells

  Fig. 2    The invasion of ZH2-presenting   E. coli    observed by confocal microscopy. For further analysis by confocal 
microscopy, immunostaining of the infected cells was conducted by incubation with anti-HER2/ neu  primary antibody, 
followed by application of TRITC-conjugated anti-mouse IgG ( red ). Furthermore, two three-dimensional reconstruc-
tion sections are shown below (X–Z section) and to the  right  (Y–Z section) of the merge panel. The images demon-
strate the appearance of the internalized bacteria ( green ) in the cytoplasm surrounded by HER2/ neu  receptors ( red )       
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       1.    Incubate  cancer   cells with bacteria for 3 h.   
   2.    Collect the cells and fi x in 1 % paraformaldehyde at 0, 24, 48, 

and 72 h.   
   3.    Quantify the number of cells emitting fl uorescence with a BD 

FACSCanto.   
   4.    Further analyze the data with Diva software and FlowJo.   
   5.    Perform the experiment in triplicate and assay 20,000 cells 

each time.       

4    Notes 

     1.    This bacterial strain is generated by integrating plasmid pϕT7- 
GFPuv ( see  Subheading  3.1.1 ) into the genome of strain 
BL21(DE3) as previously described [ 6 ].   

   2.    Purify plasmid pET-Her2M ( see  Subheading  3.1.2 ) and trans-
form it into BL21- GFP   using a chemical method. The trans-
formant is selected on a LB agar plate, supplemented with 
50 μg/mL ampicillin. A single colony is picked and cultured in 
LB medium [ 14 ], supplemented with 50 μg/mL ampicillin, at 
37 °C overnight and re-inoculated at a turbidity of 0.08 to 
grow to 0.3 at 550 nm (OD 550 ) at which time 50 μM IPTG is 
added to induce protein production for 4 h. Bacteria are har-
vested by centrifugation, washed, and resuspended in phos-
phate buffer (pH 7.4).   

   3.    Purify plasmid pBAD-LoAZH2 ( see  Subheading  3.1.3 ) and 
transform it into BL21(DE3) using a chemical method. The 
transformant is selected in LB agar supplemented with 20 μg/
mL chloramphenicol. A single colony is picked and cultured in 
LB medium supplemented with 20 μg/mL chloramphenicol 
at 37 °C overnight and re-inoculated at a turbidity of 0.08 to 
grow to 0.3 at 550 nm at which time 50 μM  l -arabinose is 
added to induce protein production for 4 h. Bacteria are har-
vested by centrifugation, washed, and resuspended in phos-
phate buffer (pH 7.4).   

   4.    Purify plasmid pBAD-LoAZH2 ( see  Subheading  3.1.3 ) 
and transform into BL21- GFP   ( see   Note 1 ) using a chemical 
method. The transformant is selected in LB agar supple-
mented with 20 μg/mL chloramphenicol. A single colony is 
picked and cultured in LB medium supplemented with 
20 μg/mL chloramphenicol at 37 °C overnight and re-inoc-
ulated at a  turbidity of 0.08 to grow to 0.3 at 550 nm at 
which time 50 μM  l -arabinose and 50 μM IPTG are added to 
induce protein production for 4 h. Bacteria are harvested by 
centrifugation, washed, and resuspended in phosphate buffer 
(pH 7.4).   

3.7  Analysis of  GFP   
Expression in Tumor 
Cells by Flow 
Cytometry

Development of a Targeted Gene-Delivery System Using Escherichia coli
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   5.    Purify plasmid pCL-ϕXE2-hlyA ( see  Subheading  3.1.4 ) and 
transform into BL21(DE3)/pBAD-LoAZH2 ( see   Note 3 ) 
using a chemical method. The transformant is selected on a LB 
agar plate supplemented with 20 μg/mL chloramphenicol and 
10 μg/mL streptomycin ( see   Notes 9  and  10 ). A single colony 
is picked and cultured in LB medium supplemented with 
20 μg/mL chloramphenicol and 10 μg/mL streptomycin, at 
30 °C overnight and re-inoculated to grow from turbidity of 
0.08–0.3 at 550 nm at 37 °C. Upon reaching a turbidity of 0.3 
at OD 550 , 50 μM  l -arabinose is added to induce protein pro-
duction for 4 h. Bacteria are harvested by centrifugation, 
washed, and resuspended in phosphate buffer (pH 7.4).   

   6.    Purify plasmid pCL-ϕXE2-hlyA ( see  Subheading  3.1.4 ) and 
transform it into BL21- GFP  /pBAD-LoAZH2 ( see   Note 4 ) 
using a chemical method. The transformant is selected on a LB 
agar plate supplemented with 20 μg/mL chloramphenicol and 
10 μg/mL streptomycin ( see   Notes 9  and  10 ). A single colony 
is picked and cultured in LB medium supplemented with 
20 μg/mL chloramphenicol and 10 μg/mL streptomycin at 
30 °C overnight and re-inoculated to grow from turbidity of 
0.08–0.3 at 550 nm at 37 °C. Upon reaching a turbidity 0.3 at 
OD 550 , 50 μM  l -arabinose and 50 μM IPTG are added to 
induce protein production for 4 h. Bacteria are harvested by 
centrifugation, washed, and resuspended in phosphate buffer 
(pH 7.4).   

   7.    Purify plasmid pBac-EGFP and transform into BL21(DE3)/
pBAD-LoAZH2/ pCL-ϕXE2-hlyA ( see   Note 5 ) using a chem-
ical method. The transformant is selected on a LB agar plate 
supplemented with 20 μg/mL chloramphenicol, 10 μg/mL 
streptomycin, and 50 μg/mL kanamycin ( see   Notes 9  and  10 ). 
A single colony is picked and cultured in LB medium supple-
mented with 20 μg/mL chloramphenicol, 10 μg/mL strepto-
mycin, and 50 μg/mL kanamycin at 30 °C overnight and 
re-inoculated from turbidity of 0.08–0.3 at 550 nm (OD 550 ) at 
37 °C at which time 50 μM  l - arabinose is added to induce pro-
tein production for 4 h. Bacteria are  harvested by centrifuga-
tion, washed, and resuspended in phosphate buffer (pH 7.4).   

   8.    Cell lines are cultured in DEME/F12 medium (HyClone Lab. 
Inc., USA) supplemented with 10 % fetal bovine serum (FBS) 
and cultured at 37 °C in a humidifi ed atmosphere of 5 % CO 2  
with an initial confl uence of 20 %. The medium is changed 
every 2 days. The day before experiments, cells are detached 
with 0.25 % trypsin-EDTA (HyClone Lab. Inc., USA) at 37 °C 
for 2 min and collected by centrifugation. Collected cells are 
washed with PBS and counted with a hemocytometer. Cells 
are resuspended and seeded into a 24-well plate (1 × 10 5  cells 
per well) and 12-well plate (2 × 10 5  cells per well) in DEME/
F12 medium supplemented with 10 % FBS.   

Chung-Jen Chiang et al.



93

   9.    The growth rate of pCL-ϕXE2-hlyA transformants was slow 
and needed much time.   

   10.    If the multiple transformation of pCL-ϕXE2-hlyA failed, try to 
transform pCL-ϕXE2-hlyA fi rst before any other plasmid.   

   11.    The washes after bactofection are critical for prevention of 
growth of bacteria in the cell culture medium.   

   12.    Longer heat induction after bactofection was ineffi cient in 
improving bacterial lysis.          
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    Chapter 10   

 Isolation and Analysis of Suppressor Mutations 
in Tumor- Targeted  msbB Salmonella                      

     K.     Brooks     Low     ,     Sean     R.     Murray     ,     John     Pawelek     , and     David     Bermudes      

  Abstract 

   Tumor-targeted  Salmonella  offers a promising approach to the delivery of therapeutics for the treatment 
of cancer. The  Salmonella  strains used, however, must be stably attenuated in order to provide suffi cient 
safety for administration. Approaches to the generation of attenuated  Salmonella  strains have included 
deletion of the  msbB  gene that is responsible for addition of the terminal myristol group to lipid A. In the 
absence of myristoylation, lipid A is no longer capable of inducing septic shock, resulting in a signifi cant 
enhancement in safety. However,  msbB Salmonella  strains also exhibit an unusual set of additional physi-
ological characteristics, including sensitivities to NaCl, EGTA, deoxycholate, polymyxin, and CO 2 . 
Suppressor mutations that compensate for these sensitivities include  somA ,  Suwwan ,  pmrA   C  , and  zwf . We 
describe here methods for isolation of strains with compensatory mutations that suppress these types of 
sensitivities and techniques for determining their underlying genetic changes and analysis of their effects in 
murine tumor models.  

  Key words      Salmonella   ,   Tumor-targeting  ,   Antitumor effi cacy  ,    msbB   ,   Myristoylation  ,   Lipid A  ,    somA   , 
  Suwwan  ,    pmrA   C    ,    zwf   ,   Suppressor analysis  ,   Epistasis  ,   Pseudo-reversion  ,   Tolerance acquisition  , 
  Compensatory mutations  ,   Rescue mutations  ,   Chemical conditionality  

1      Introduction 

 There is a long history of clinical observations connecting the 
 co- occurrence of bacterial infections with spontaneous  cancer   
remissions in humans [ 1 ]. Among the early investigators trying to 
exploit those observations and use artifi cially-initiated bacterial 
infections to induce anticancer therapeutic effects was William 
B. Coley [ 2 ]. Coley’s original studies [ 3 ] which used the live gram- 
positive bacterium now termed Group A  Streptococcus  or   S. pyo-
genes    were inspired by the work of Fehleisen [ 4 ]. Coley subsequently 
experimented with mixed bacterial extracts from  S. pyogenes  and 
 Serratia marcesans  that also produced anti-tumor effects and were 
safer than live bacteria [ 2 ]. The later work by Coley is widely regarded 
as having been the forerunner to modern  immuno-therapeutics [ 1 ]. 
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Other early uses of live bacteria for the treatment of cancer were 
conducted with  anaerobic   bacteria of the genus  Clostridium  [ 5 – 7 ]. 
Because solid tumors have an irregular blood supply, they are 
 hypoxic   and therefore conducive to germination of anaerobic 
spores and the growth of the bacteria within the tumor [ 8 ,  9 ]. 
Recent investigations of live bacteria for the treatment of tumors, 
which include studies using the genera  Bifi dobacterium , 
 Clostridium ,  Escherichia, Listeria , and  Salmonella , represent an 
area of rapidly-growing interest because of their potential to lead 
to novel cancer therapeutics [ 10 ,  11 ]. 

  Salmonella  sp. are unique among the different bacterial genera 
that are being explored as anti-cancer therapeutics [ 10 ,  11 ]. 
 Salmonella  have evolved a dynamic ability to interact with a variety 
of cell types including epithelial cells and macrophages, co-opting 
signal-transduction pathways to enter into non-phagocytic cells 
and to overcome elimination by the innate immune system as well 
as targeting immuno-privileged sites such as tumors which contrib-
utes to their  anti-cancer   properties [ 12 – 17 ].  Salmonella  are highly 
tractable from a genetic standpoint, and are amenable to a variety 
of genetic manipulations that allow strains with different proper-
ties to be rapidly generated and tested for desirable features, includ-
ing achieving safety, while maintaining anti-tumor activity. 
Although human clinical studies are currently being conducted on 
the gram-positive bacteria  Listeria  and  Clostridium  [ 18 – 20 ], at the 
present time,  Salmonella  are the only gram-negative bacteria to 
have been shown to be safe by  intravenous   administration in an 
FDA-sanctioned human clinical trial [ 21 – 23 ]. Safety in those bac-
teria was primarily achieved by deletion of the   msbB  gene  , which 
both dramatically reduced the virulence of the strain and the ability 
of its lipid-A endotoxin to elicit TNFα and induce septic shock 
[ 15 ,  21 ]. However, it is important to note that other  tumor- 
targeting     Salmonella typhimurium    such as the strain A1-R, that is 
not an  msbB  mutant, may not require  suppressor mutations   [ 24 –
 27 ]. Also, there is a current clinical trial of a non- msbB  orally-
administered  Salmonella typhimurium  expressing IL2 [ 28 ]. 

 In  Salmonella, msbB  mutants exhibit an unusual set of physio-
logical sensitivities that we have previously investigated. Surprisingly, 
the mutations that we isolated that compensate for these sensitivi-
ties are mostly null (deletion) mutations in structural genes that 
result in restoration of growth phenotypes (Table  1 ).

     In our studies describing the deletion of  msbB  in  Salmonella  that 
eliminated TNFα-mediated septic shock [ 15 ,  29 ], we originally 
noted that we had used a faster growing derivative of the strain that 
grew somewhat better on conventional Luria-Bertani (LB) 
medium. We subsequently studied that and several other spontane-
ous  derivatives and found that they exhibited a number of altera-
tions from the parent strain [ 30 ]. These novel sensitivities included 

1.1  Suppressor 
Mutations

K. Brooks Low et al.
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physiological salt concentrations, chelators such as EDTA, 
MacConkey media (which contains bile salts including deoxycho-
late [ 30 ,  31 ]), polymyxin [ 32 ] and CO 2  [ 33 ]. 

 “  Suppressor mutations   ,” in contrast to “ suppressor genes ” that 
code for functional elements (such as p53) that play a role in pre-
venting the development of  cancer   [ 38 ], are secondary mutations 
that counteract, compensate or revert the phenotypic effects of an 
existing primary mutation. They can be either intra-genic (“ intra-
genic suppressors ”), occurring within the same gene or locus as the 
primary mutation, or extra-genic (“ extragenic suppressors ”), occur-
ring outside the same gene or locus as the primary mutation. 
Research on  suppressor mutations   has had a far-reaching impact on 
molecular genetics, from the early studies of eye color genetics in 
 Drosophila  by [ 39 ] to studies by Francis Crick et al. [ 40 ] that fi rst 
implicated the genetic code occurred in triplets, as well as later 
studies that revealed unusual 4-base codons [ 41 ] and numerous 
other fi ndings including those relating to the gram-negative enve-
lope barrier function of  yfgL  [ 42 – 45 ]. 

 “ Suppressor analysis ,” the process of isolating, identifying  sup-
pressor mutations   and their phenotypic [ 46 – 49 ], is also encom-
passed by several other related terminologies: “ Epistasis ” is the 
condition where the phenotype derived from a primary gene is 
modifi ed by at least one secondary gene and in the process the 
phenotype is altered or suppressed. “ Pseudo-reversion ” refers to the 
fact that a particular phenotype is eliminated not by a simple back 
mutation, but by a secondary suppressor mutation. “ Tolerance 

    Table 1  
   Salmonella   suppressor mutations   of  msbB  a -induced sensitivities   

 Phenotype  Genotype 
 Type of 
mutation 

 Effect on growth 
phenotype  Reference 

 NaCl resistance in conventional 
LB media 

  somA (ybjX)   Null    +    [ 30 ] 

 EGTA resistance in LB-no-salt 
media 

  somA (ybjX)   Null    +    [ 30 ] 

 Bile salts resistance in MacConkey 
media 

  ∆Suwwan  b   Null b     +    [ 31 ] 

 EGTA and NaCl resistance in 
LB-no-salt media 

  ∆Suwwan  b   Null b     +    [ 31 ] 

 Polymyxin and EGTA resistance   pmrA(con)   Constitutive    +    [ 32 ] 

 CO 2  resistance   Zwf   Null    +    [ 33 ] 

   a  msbB  ( m ulticopy  s uppressor of  htrB , the second one of two designated “ B ”; [ 34 ], also known as also known as  mlt  [ 35 ], 
 waaN  [ 36 ], and  lpxM  [ 37 ] 
  b Suwwan is a large, approximately 100 Kb, deletion that results from recombination of two IS 200  elements [ 31 ]  

Isolation and Analysis of Suppressor Mutations in Tumor-Targeted msbB Salmonella
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acquisition ” may refer to primary mutations or secondary 
 suppressor mutations. “ Compensatory mutation ” and “ rescue 
mutation ” also generally refer to secondary suppressor mutations. 
“ Chemical conditionality ” [ 42 ] is a subset of suppressor analysis 
studies where the primary mutation makes an organism susceptible 
to a particular chemical, and thereby suitable for selection of sec-
ondary suppressor mutations that counteract the sensitivity. 

  Suppressor mutations   can be further classifi ed as either “ inter-
action- ” or “ bypass- ”   suppressor mutations   . Interaction-suppressor 
mutations are gain-of-function mutations in proteins or their reac-
tion products that physically interact with the mutant version of 
the primary protein or its reaction products (for example, the gene 
product of a temperature-sensitive allele where the primary muta-
tion prevents the protein from interacting with its partner protein). 
A second class of suppressor mutations comprise bypass suppressor 
mutations. These suppressor mutations bypass the defects caused 
by the primary mutation by providing an alternative protein or 
pathway function, or eliminating such a protein or function, that 
thereby removes the stress caused by the primary mutation. 

 Primary  msbB  mutants in  Salmonella  have one or more defects 
in outer membrane barrier function that induce sensitivity to bile 
as well as a range of other chemical and environmental conditions 
[ 30 ]. This results in a wide range of bypass  suppressor mutations   
that can be obtained. Selection of  msbB  suppressors in  Salmonella  
has already identifi ed several non- yfgL  suppressors, including  somA  
[ 30 ],  Suwwan  [ 31 ],  pmrA   C   [ 32 ], and  zwf  [ 33 ], three out of four 
of which (other than  pmrA   C  ), are similar to  yfgL , in that they are 
also deletion mutations that result in a gain in a gain-of-function 
( see  Table  1 ). The chemical sensitivities induced by  msbB  mutation 
and the range of suppressor phenotypes are only known to occur in 
 Salmonella  and not in   E. coli    [ 30 ] and thus distinguish our studies 
from those on  E. coli . Our understanding of differences in the 
outer membrane barrier function of  E. coli  and  Salmonella  will be 
advanced by these studies. 

 Other outer-membrane stress responses have been studied in 
  E. coli    [ 50 – 52 ] and suppressors have also been isolated, including 
sigma E , a transcription factor [ 53 ] that leads to alterations in 
 peptidoglycan [ 54 – 57 ]. Outer-membrane lipoproteins in  E. coli  
are also required for the enzymes that synthesize peptidoglycan, 
which suggests that cell wall biogenesis requires components in 
both the inner and outer cell membranes [ 58 ,  59 ].  sipB  is an outer-
membrane permeability suppressor in both  E. coli  and  Salmonella  
that have an F-plasmid [ 60 ] and might also potentially suppress the 
chemical conditionality of  msbB  lipidA mutants. 

 Below, we describe the methods we used for isolation and anal-
ysis of  suppressor mutations   in  msbB Salmonella . While 
 next- generation DNA sequencing offers an important alternative 
approach to elucidating suppressor mutations, the methods we 
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provide have the benefi ts of (1) being applicable to high- throughput 
discovery of suppressor phenotypes, (2) specifi cally linking pheno-
type to genotype, and are especially useful for organisms for which 
there is no reference genome, (3) being applicable to the construc-
tion of strains suitable for use in humans, which have recombina-
tion and assembly requirements that go beyond DNA sequencing 
[ 15 ,  29 ], and (4) encompassing methods essential to understand-
ing of microbial genetics and evolution, that are appropriate for 
learning and/or research settings.   

2    Materials 

       1.    Bacterial strains: wild type  Salmonella  ATCC 14028, the atten-
uated strain  VNP20009   (ATCC (202165; aka 41.2.9 or 
YS1646; [ 29 ]) and the unsuppressed  msbB Salmonella  strain 
YS8211 ( see   Note 1) ; ATCC 202026; [ 15 ] (American Type 
Culture Collection, Manassas, VA).  Salmonella  JR501 [ 61 ] 
TT58 ( ilv -595::Tn 10 ) and TT289 ( purE ::Tn 10 ) are available 
from the  Salmonella  genetic stock center (Calgary, Canada; 
strain 1593) ( see   Note 2 ).   Escherichia coli    TOP10 is available 
from Invitrogen/Life Technologies (Grand Island, NY). All 
strains are stored frozen at −80 °C in 15 % glycerol.   

   2.     Plasmids  : pUC18 (Fisher Scientifi c, Waltham, MA) and pNK2883 
([ 62 ]; Nancy Kleckner, Harvard University, Cambridge, MA).   

   3.    Tn 5  transpososome: EZ-Tn 5  <Kan> (Epicenter, Madison, 
WI).   

   4.    The phage: P22 (= mutant HT105/1 int201 ;  Salmonella  
Genetic Stock Center, Calgary, Canada).      

       1.    Bacterial media: LB [ 63 ] which contains 1 % tryptone, 0.5 % 
yeast extract, and 1 % NaCl 2 ; or LB plates containing agar, 
LB-0 (LB no salt [ 29 ]), which contains of 1 % tryptone, 0.5 % 
yeast extract; or LB-0 plates containing agar, LB-0-EGTA [ 29 ] 
which consists of LB-0 with ethylene glycol-bis(β-aminoethyl 
ether)- N , N , N ′, N ′-tetraacetic acid (EGTA, free acid) added as 
a sterile supplement to 3 mM from a 300 mM stock adjusted 
to pH 8.0 and autoclaved; or LB-0-EGTA plates containing 
agar, MSB (LB-0 with 2 mM MgSO 4  and 2 mM CaCl 2 ; [ 29 ]) 
adjusted to pH 7 using 1 N NaOH; or MSB plates containing 
agar, and MacConkey agar base (Difco) with added galactose 
(0.2 %). M9 minimal medium [ 64 ], used for auxotroph identi-
fi cation media pools, contains 0.5 %  L - amino acid  s or 1 %  D-L -
amino acids, 0.5 % uracil or guanine, 0.5 % thymidine or 
adenosine. For Pool 7 (see below) solubility is achieved in 
0.2 N sodium hydroxide (to dissolve tyrosine); all others in 

2.1  Bacterial Strains, 
 Plasmids  , Phage, 
and Transposons

2.2  Bacterial Media 
and Phage Diluent
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hydrochloric acid up to 0.2 N made from stocks that are auto-
claved for 10 min, cooled, and contain a few drops of added 
chloroform. To generate each petri plate pool (R. G. Lloyd, 
personal communication) as described below, add three drops 
to each petri plate, and add ~30 ml of M9 agar medium (held 
at 45 °C after autoclaving) to the same plate, mix, and let 
solidify. The pools consist of (1) arginine, histidine, methio-
nine, proline (pH 5); (2) alanine, cysteine, glutamine, glycine 
(pH 3.5); (3) asparagine, isoleucine, lysine, uracil (pH 5.5); 
(4) adenosine, leucine, thymine, threonine (pH 5.5); (5) gua-
nine, phenylalanine, tryptophan, tyrosine (pH 0.5); (6) ade-
nosine, asparagine, glycine, histidine, tryptophan (pH 4.8); (7) 
alanine, lysine, proline, thymine, tyrosine (pH 10.5); (8) argi-
nine, cysteine, phenylalanine, threonine, uracil (pH 1.2); and 
(9) glutamine, guanine, isoleucine(valine), leucine, methio-
nine (pH 2). Plates used for most bacterial procedures contain 
1.5 % agar, while 2.0 % is used for replica plating.   

   2.    Antibiotics. Use as indicated: 50 μg/ml ampicillin (Amp 50 ), 
20 μg/ml tetracycline (tet 20 ), and 20 μg/ml kanamycin (kan 20 ).   

   3.    Gene induction agent: Isopropyl β-D-1-thiogalactopyranoside 
(IPTG) is used at 1 mM.   

   4.    Phage diluent consists of 10 mM MgSO 4 , 10 mM Tris pH 7.0.      

       1.     Cancer   cells: B16F10 and Cloudman S91M3 mouse mela-
noma cells from the ATCC (Manassas, VA) were cultured in 
Corning plastic tissue culture fl asks in Dulbecco’s Modifi ed 
Eagle Medium (DMEM) supplemented with heat-inactivated 
fetal bovine serum (10 % vol/vol; Gibco/Life Technologies, 
Grand Island, NY).   

   2.    Mice: C57BL/6 and DBA/2J mice are available from Jackson 
Laboratories (Bar Harbor, ME); C57B6 mice are compatible 
hosts for B16F10 melanoma cells and DBA/2J mice are com-
patible hosts for Cloudman S91M3 melanoma cells.      

       1.    PCR: BioMix Red (Bioline, Taunton, MA).   
   2.    Agarose gels: DNA is separated using 0.9 % agarose in tris- 

acetate–ethylenediaminetetraacetic acid (EDTA) (TAE) buffer 
consisting of 40 mM Tris, 20 mM acetic acid, and 1 mM 
EDTA with 1:10,000 of a 1 % solution of ethidium bromide 
added for visualization under ultraviolet light.   

   3.    Buffers: Tris-EDTA (TE) buffer consists of 10 mM Tris 
adjusted to pH 8.0 with HCl and 1 mM EDTA. Sodium-
saline-citrate (SSC) buffer is made from a 10× stock of SSC 
consisting of 1.5 M sodium chloride 150 mM tri-sodium 
citrate with the pH adjusted to 7.0 using HCl.   

2.3   Cancer   Cells 
and Murine Tumor 
Models

2.4  DNA 
Manipulations

K. Brooks Low et al.
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   4.    Isolation of genomic DNA: From a modifi ed procedure [ 65 ]: 
the cell-suspension buffer contains 10 mM Tris–HCl (pH 8.0) 
with 2.5 mg/ml lysozyme, 1 mM NaEDTA, and 0.035 M 
sucrose. Lysis solution contains 100 mM Tris (pH 8.0), 0.3 M 
NaCl, 20 mM EDTA, 2 % SDS (w/v); add 2 % 
β-mercaptoethanol (BME) and 100 μg/ml proteinase K, and 
0.5 volumes of 5 M sodium perchlorate just prior to use in 
order to avoid precipitates. 10 % SDS (sodium dodecyl sulfate) 
20 mg/ml proteinase K, phenol–chloroform–isoamyl alcohol 
solution (25:24:1), 70 and 100 % isopropanol, 70 and 100 % 
ethanol, 3 M sodium acetate pH 5.2, and glycogen are also 
used where indicated.   

   5.    Restriction enzymes: New England Biolabs (Beverly, MA).   
   6.    DNA isolation from gels: Gene Clean II (MP Biochemicals, 

Santa Ana, CA).   
   7.    Identifi cation of transposon insertions sites: GenomeWalker 

purchased from Clonetech (Mountain View, CA).   
   8.    Cloning PCR products: TA cloning kit (Invitrogen/Life 

Technologies, Grand Island, NY).      

   Scienceware ®  replica plater for nutrient plates (Sigma-Aldrich 
Z363391, St. Louis, MO) and velveteen squares (Sigma-Aldrich 
Z363405) may be used for “double velvet” and “triple velvet” 
replica plating [ 47 ,  66 ]; our labs use velvet fabric from a fabric sup-
ply store sterilized by autoclaving.   

3    Methods 

         1.    Streak  msbB Salmonella  strain YS8211 from a frozen stock (in 
15 % glycerol) on an MSB [ 29 ] agar plate and incubate over-
night at 37 °C to obtain isolated colonies ( see   Note 1 ). Inoculate 
individual colonies in separate tubes of MSB broth and incu-
bate until they reach an OD 600  of 0.100. Hold cultures on ice 
until all cultures reached the desired OD ( see   Note 3 ).   

   2.    Prepare serial dilutions from 10 −1  to 10 −7  in MSB broth and 
hold them on ice ( see   Note 4 ). Plate 10 −3  fi nal dilutions onto 
LB-0-EGTA and galactose MacConkey agar plates, 10 −4  fi nal 
dilution onto LB agar, 10 −7  fi nal dilutions on MSB agar plates 
and incubate overnight at 37 °C to determine the frequency of 
LB, EGTA, or MacConkey-resistant cells in the population.   

   3.    Select a random subset of different-sized colonies arising on 
LB, EGTA, or MacConkey media on MSB agar plates, restreak 
to the same media and incubate overnight at 37 °C.   

   4.    Patch ten colonies of each onto an MSB agar master plate and 
incubate overnight at 37 °C for use in replica plating. This tests 

2.5  Other Equipment

3.1  Isolation 
and Initial 
Characterization 
of Spontaneous  msbB  
Suppressor Mutants
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for the genetic stability of the suppressor mutation 
( see   Note 5 ).   

   5.    Replica-plate patches of cells from an MSB agar master plate 
onto a new MSB agar plate, creating a “fi rst velvet” master 
plate [ 47 ], and then replica-plate the “fi rst velvet” master plate 
(without incubation) onto MSB agar (creating a “second vel-
vet” master plate), as well as EGTA, and MacConkey plates. 
Then, replica-plate the unincubated “second velvet” MSB 
master plate onto LB media, and incubate all plates overnight 
at 37 °C to determine the frequency of LB-, EGTA-, or 
MacConkey-resistant colonies from the isolated clones in order 
to determine their genetic stability ( see   Note 6 ).   

   6.    Interpret the individual clones as follows: if all ten patched 
colonies have the same suppressor phenotype then the genetic 
mutation can be assumed to be stable; if only a portion retain 
the suppressor phenotype, the clones should be considered to 
be unstable. Tabulate the relative growth of each of the poten-
tial clones on the different media using a −, +, ++, or +++ nota-
tion ( see   Note 7 ).      

         1.    Inoculate a 2 ml culture of MSB media from a single colony on 
a fresh overnight MSB plate of a  Salmonella  strain and incu-
bate at 37 °C with shaking at 200 rpm overnight.   

   2.    The following morning add 1 ml of culture to ~100 ml of pre- 
warmed MSB media at 37 °C and incubate with shaking at 
200 rpm until the culture density reaches OD 600  0.6; usually 
2–3 h ( see   Note 9 ).   

   3.    Place the culture on ice to rapidly cool for 15 min, and then 
transfer 40 ml to prechilled 50 ml Falcon blue-top #2089 cen-
trifuge tubes.   

   4.    Using a prechilled rotor, pellet the bacteria at 8000 ×  g  for 
10 min at 4 °C.   

   5.    Pour off the supernatant into a bio-hazard container for 
disposal.   

   6.    Resuspend the pellet in 4 ml sterile 1 % glycerol in ultra-pure 
water ( see   Note 10 ) pre-chilled to 4 °C using a pre-chilled 
serological pipette.   

   7.    Transfer 0.5 ml of the culture (up to 16 tubes for 16 indepen-
dent transformations) to pre-chilled 1.5 ml micro-fuge tubes 
(Eppendorf).   

   8.    Using a pre-chilled micro-fuge placed in a refrigerator or cold-
room, pellet the bacteria at 8000 ×  g  for 1 min at 4 °C.   

   9.    Aspirate off the supernatant into a bio-hazard container for 
disposal.   

3.2  Genetic 
Identifi cation 
of Spontaneous 
Mutations by 
Transposon Linkage 
and Further 
Characterization

3.2.1  Preparation 
of Electrocompetent 
 Salmonella  
( See   Note 8) 
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   10.    Add 1.0 ml of sterile 1 % glycerol in ultra-pure water pre-
chilled to 4 °C.   

   11.    Using a pre-chilled P1000 micro-pipette tip and a P1000 
micropipettor, resuspend the pellet by pipetting up and down 
until you have generated a homogeneous suspension.   

   12.    Centrifuge as described in  step 8  and discard the supernatant 
as in  step 9 .   

   13.    Repeat  steps 10 – 12  two additional times.   
   14.    Add 1.0 ml of sterile 10 % glycerol in ultra-pure water pre-

chilled to 4 °C.   
   15.    Using a pre-chilled P1000 micro-pipette tip and a P1000 

micropipettor, resuspend the pellet by pipetting up and down 
until a homogeneous suspension is generated.   

   16.    Repeat  steps 10  and  11  one additional time.   
   17.    Resuspend the bacterial pellet in 40 μl 10 % sterile glycerol in 

ultrapure water.   
   18.    Freeze at −80 °C.      

       1.    Thaw the electrocompetent  Salmonella  on ice.   
   2.    Prepare a transformation standard using DNA of a known con-

centration purchased from a vendor (e.g., pUC18, Fisher 
Scientifi c S66765), and adjust the concentration to 1.0 ng/μl.   

   3.    Prechill a sterile 1.0 mm electroporation cuvette (Bio-Rad) on 
ice.   

   4.    Pipette 1 μl of the 1 ng/μl plasmid into the electro-competent 
cells using a sterile prechilled extra-long gel loading type tip.   

   5.    Set the micro-pipettor to 41 μl and gently pipette the entire 
volume up and down in order to mix.   

   6.    Pipette the cell mixture into the electroporation cuvette 
( see   Note 11 ).   

   7.    Set the electroporator to 1.7 kV, 200 Ω and 25 μFD 
( see   Note 8 ).   

   8.    Pulse the cuvette and note the time constant ( see   Note 12 ).   
   9.    Remove the cuvette from the electroporator chamber and 

immediately add 960 μl warm (~30 °C) MSB medium.   
   10.    Using a P1000 transfer as much of the material as possible to a 

15 ml polypropylene tube, and remove the remaining material 
with a gel-loader tip to the same tube.   

   11.    Allow the bacteria to recover for 1 h at 37 °C with shaking.   
   12.    Perform ten-fold serial dilutions to 10 −3  into 1 % glycerol ( see  

 Note 13 ) and plate 100 μl to individual petri plates containing 
the appropriate  antibiotic   maker (e.g., 50 μg/ml ampicillin) 
for pUC18.   

3.2.2  Determination 
of Electrocompetent 
 Salmonella  Transformation 
Effi ciency
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   13.    Incubate the plates at 37 °C in ambient air overnight.   
   14.    Count the colonies of plates where there are between 30 and 

300 colony forming units (CFU).   
   15.    Based on the number of colonies, the dilution factor, amount 

of cells plated (0.1 ml) and the total volume (1.0 ml), extrapo-
late the number of  antibiotic  -resistant bacteria per nanogram 
and multiply by 1000 to determine the number of transfor-
mants per microgram. Transformation effi ciencies should be 
greater than 5 × 10 7  (preferably greater than 1 × 10 8 ); if this 
level is not achieved then re-perform the competent cell proce-
dure (Subheadings  3.2.1  and  3.2.2 ).      

       1.    Electroporate pNK2883 (amp R  but tet 20  S ) into wild-type 
ATCC 14028  Salmonella  and plate on LB-amp 50  to generate 
14028 pNK2883 ( see   Note 14 ).   

   2.    Grow a shaking culture of 14028 pNK2883 at 37 °C to an 
OD 600  of 0.400 in LB-Amp 50  broth and then split the cultures 
into two, adding 1 mM IPTG to one culture to induce trans-
position of Tn 10  into the chromosome. After adding the IPTG 
(and not adding it to the control), incubate the cultures for 2 h 
on a shaker at 37 °C and place the cultures on ice.   

   3.    Create a dilution series (in ice-cold LB-amp 50  broth) to deter-
mine the CFU/ml of tetracycline-resistant colonies in each 
culture by plating the dilutions onto LB-tet 20  agar and incu-
bating overnight at 37 °C in order to confi rm that the transpo-
sition is IPTG-dependent and determine the number of CFU/
ml; retain the serial dilutions on ice overnight.   

   4.    After demonstrating that transposition was IPTG-dependent 
and calculating the CFU/ml of the tetracycline-resistant colo-
nies in the culture, plate enough colonies to screen at least fi ve 
times the number of genes present in the organism 
( see   Note 15 ).      

       1.    Confi rm that the library generated at least 0.5 % auxotrophy in 
various biosynthetic pathways by double-velvet replica plating 
a portion of the library (at least 1000 colonies) onto M9 mini-
mal medium [ 64 ] and LB agar [ 63 ] ( see   Note 16 ).   

   2.    Patch any colonies growing on LB (no  antibiotic  ) agar but not 
M9 agar onto an LB agar plate to create a master plate contain-
ing a positive control prototrophic strain (ATCC 14028 wild 
type) and a negative control auxotroph (e.g., TT58 ( ilv - 
595::Tn 10 ) or TT289 ( purE ::Tn 10 )). Generate a double-velvet 
replica-plate series that includes LB agar, M9 minimal agar, and 
M9 minimal agar with combinations of the following  amino 
acid  s in the pool table below:   

3.2.3  Generation 
of a Tn 10  Transposon 
Library

3.2.4  Genetic 
Identifi cation 
of Spontaneous Mutations 
by Transposon Linkage 
and Further 
Characterization; Analysis 
of Transposon Library by 
Identifi cation of Different 
Auxotrophs
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   3.    Use the following table (Table  2 ) to determine which type of 
auxotroph was obtained where the type of auxotroph listed in 
the box indicates that the organism grew on the pools listed in 
the corresponding row and column.
   If at least 0.5 % auxotrophs, representing mutants in various 
pathways, are obtained, then proceed to the next step: pooling 
of the Tn 10  library. If the library does not produce minimum 
0.5 % auxotrophy, repeat the transposon mutagenesis.   

   4.    Pool the Tn 10  library by adding MSB broth to the surface of 
the plates and aseptically suspend colonies from the agar sur-
face in the broth using a sterilized glass spreader and/or inocu-
lating loop.   

   5.    Once colonies from all the plates have been suspended, trans-
fer the LB broth culture to a sterile fl ask; this is the  transposon 
library .   

   6.    Mix well and create several frozen-stock aliquots in LB broth 
with a fi nal concentration of 15 % glycerol ( see   Note 17 ).      

         1.    P22 phage is usually supplied at 10 10 –10 11  PFU/ml; this pro-
cedure both determines the actual number of phage and 
expands the amount of the phage.   

   2.    Dilute phage (~10 −6  to 10 −7 ) into 10 mM MgSO 4  10 mM Tris 
pH 7.0.   

   3.    Add an aliquot (e.g., 0.1 ml) to ~0.1 ml P22-sensitive cells 
such as ATCC 14028 from a log phase culture ( see   Note 18 ).   

   4.    Add soft agar overlay of ~3 ml, 0.5 % agar in LB.   
   5.    Mix and pour onto a LB plate (pre-warmed to 37 °C) and 

incubate at 37 °C overnight.   

3.2.5  Titering P22 
Phage, Preparing P22 
Phage Stocks and Phage 
Lysates from Donor Strains

   Table 2 
  Amino acid and nucleotide pools for determining auxotrophy   

 Pool 1  Pool 2  Pool 3  Pool 4  Pool 5 

 Pool 6  Histidine  Glycine (or 
serine) 

 Asparagine  Adenosine  Tryptophan (or 
aromatic if only grows 
on pool 5, but not 
pool 6) 

 Pool 7  Proline  Alanine  Lysine  Thymine  Tyrosine 

 Pool 8  Arginine (or 
pyrimidine if only 
grows on pool 8, 
but not 1) 

 Cysteine  Uracil  Threonine  Phenylalanine 

 Pool 9  Methioinine  Glutamine  Isoleucine/valine  Leucine  Guanine 
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   6.    Count the plates with between 30 and 300 plaque-forming 
units (PFU)/plate and extrapolate the total number of plaques 
obtained based on the number of plaques per plate, the dilu-
tion factor for that plate and the volume of phage plated, which 
represents the  phage titer .   

   7.    To generate the new phage stock, dilute an overnight culture 
of a P22-sensitive strain 1:5 into fresh LB, add P22 phage 
~5 × 10 6 /ml.   

   8.    Grow at 37 °C, 5–18 h.   
   9.    Add a few drops chloroform to eliminate bacteria, vortex 10 s 

every 3 min for a total of 12 min and let stand for ~10 min.   
   10.    Centrifuge for ~8000 ×  g  10 min.   
   11.    Carefully remove the supernatant, avoiding the bottom of the 

tube (supernatant = new P22 stock).   
   12.    Check to ensure there are no surviving bacteria by spotting a 

drop of the new P22 stock onto LB media and incubating 
overnight.   

   13.    If bacteria are found, repeat the chloroform treatment and 
spot check if any bacteria grow until none are detected.   

   14.    The  new phage stock  can then be titered as described above.   
   15.    A  phage lysate  that will contain transducing phages with the 

desired selectable genetic markers is prepared using a donor 
strain or mixed-donor strains (as described below) that contain 
the genetic marker(s), by repeating  steps 7 – 13  above.      

   Dilute the mixed bacterial Tn 10  library in fresh LB broth to an 
OD 600  of 0.100 and grow to an OD 600  of 0.400.

    1.    Add 5.0 × 10 6  PFU of phage P22 and incubate for 5–18 h on a 
test-tube rotator at 37 °C and then add 40 μl chloroform per 
1 ml ( see   Note 20 ).   

   2.    Vortex for 10 s every 3 min, for a total of 12 min.   
   3.    Pellet the cell debris at maximum speed in a clinical 

centrifuge.   
   4.    Carefully transfer the supernatant ( phage lysate ) to another 

tube without pipetting any of the cell debris at the bottom of 
the tube; this is the phage- P22-transducing  Tn 10 library lysate .    

            1.    Inoculate a single colony of the suppressor strain in MSB broth 
and incubate on a rotating platform at 150 RPM until an 
OD 600  of 0.400 is reached ( see   Note 21 ).   

   2.    Begin phage transduction by adding an aliquot of the P22 
transducing-phage lysate with a multiplicity of  infection   (MOI) 
of ~1 (PFU/ml) to 20 (CFU/ml) ratio and allow to stand for 
10 min at room temp. Some selections such as Kan R  require 

3.2.6  Creation of Phage-
P22-Transducing Tn 10  
Library ( See   Note 19 )

3.2.7  Genetic Mapping 
of Spontaneous 
Suppressor Mutations by 
Linkage of Transposons 
to a Suppressor Mutation
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~2 h non-selection at 37 °C prior to selection conditions in 
order to express the  antibiotic   resistance.   

   3.    Aliquot dilutions onto LB-0-tet 20 -agar plates ( see   Note 22 ) 
and add 3 ml of 0.5 % soft agar overlay, mixing well by gently 
moving the plate back and forth. Incubate the soft-agar plates 
for 1–2 days at 37 °C ( see   Note 23 ).   

   4.    Patch colonies (including positive and negative controls) onto 
LB-0-tet 20  agar and incubate these master plates overnight at 
37 °C.   

   5.    Double velvet-replica-plate (as described above in 
Subheading  3.3.1 ) onto LB-0, EGTA, and galactose 
MacConkey media and then triple velvet-replica-plate onto LB 
agar to assess the presence of the unsuppressed  msbB  pheno-
type (i.e., sensitivity to EGTA, MacConkey, or LB agar) is 
restored in any patches.   

   6.    Restreak any patches that have an unsuppressed  msbB  pheno-
type to isolate pure colonies.   

   7.    Make a new master plate as described in Subheading  3.3.3  on 
LB no-salt agar and replica plate to confi rm that the Tn 10  is 
linked to the wild-type version of the suppressor gene.      

        1.    Inoculate single colonies of each strain with a Tn 10  linked to a 
suppressor gene in MSB broth and grow overnight at 37 °C.   

   2.    Generate a phage lysate as described above in Subheading  3.2.5 .   
   3.    Perform transduction as described in Subheading  3.2.7 .   
   4.    Patch 20–100 transductants derived from each strain (the 

higher the number, the more accurate the frequency) onto 
LB-0 agar, incubate overnight, and double-velvet replicate 
plate onto media related to the suppressor phenotype, such as 
EGTA or galactose-MacConkey agar.   

   5.    Record the co-transduction frequency data (the frequency of 
transductants losing the suppressor phenotype) to determine 
the approximate distance between the Tn 10  and the suppres-
sor mutation.   

   6.    Estimate how close the Tn 10  is to the suppressor mutation 
using the formula: co-transduction frequency = (1 − (distance 
between two markers in Kb)/(length of transducing particle 
genome) ( see   Notes 24  and  25 ).      

        1.    In order to isolate genomic DNA using a strain that has a Tn 10  
linked to a suppressor mutation, pellet a 25 ml overnight 
 culture and discard the supernatant.   

   2.    Resuspend the cell pellet in 3.75 ml of cell suspension buffer 
containing 2.5 mg/ml of lysozyme and incubate at room tem-
perature for 15 min.   

3.2.8  Creation of Strains 
with Tn 10  Linked to Wild 
Type and Mutant Alleles 
of the Suppressor Gene

3.2.9  Cloning  msbB  
Suppressor Mutations
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   3.    Add 5.5 ml of warm (~30 °C) lysis solution.   
   4.    Add an equal volume of phenol–chloroform–isoamyl alcohol, 

mix for 5–10 min, centrifuge for 10 min at 8000 ×  g . Transfer 
the aqueous phase to a new tube. Repeat this step until there is 
no white protein interface left.   

   5.    Add an equal volume of chloroform–isoamyl alcohol and 
extract two to three times until no white protein interface is 
observed. Transfer the aqueous phase to a new tube.   

   6.    Precipitate the DNA by adding 1/10 volume of 3 M sodium 
acetate and mixing well by inverting the tube, add two vol-
umes of 100 % ethanol and mix gently.   

   7.    Spool DNA with a glass rod by swirling and turning the rod 
until the two phases are mixed.   

   8.    Gently squeeze out the excess EtOH on a beaker wall and rinse 
twice by immersing in 70 % ethanol for 5 min.   

   9.    Air-dry for 30 min and resuspend DNA in 2.5 ml TE buffer.   
   10.    Quantitate the DNA concentration using a 

spectrophotometer.   
   11.    Perform a  Sau 3AI partial digestion of genomic DNA by add-

ing 75 μl of genomic DNA (approx. 2 μg), 15 μl of 10× diges-
tion buffer, and 60 μl of de-ionized water to an Eppendorf 
tube (with 150 μl total volume).   

   12.    Aliquot this solution into 1 tube of 30 μl, 3 tubes of 20 μl, and 
1 tube of 10 μl. Label the tubes 1, 2, 3, 4, and 5. Put the tubes 
on ice.   

   13.    To test tube #1, add 5 units of  Sau 3AI per 1 μg of DNA. Mix 
well by pipetting up and down, but do not vortex.   

   14.    Perform serial dilutions by pipetting 10 μl from tube 1, to tube 
2, mixing well, and then transferring 10 μl to tube 3, mixing 
well, and transferring 10 μl to tube 4, mixing well, and then 
transferring 10 μl to tube 5.   

   15.    Incubate for 15 min at 37 °C and immediately place the reac-
tions on ice after incubation. Then quickly add 0.5 μl of 0.5 M 
EDTA to kill the reaction.   

   16.    Run a gel with loading all of the samples into the wells. Look 
for which concentration best produces a bright smear near the 
size of the fragments that you would like to clone into the 
plasmid. We recommend 5–10 Kb fragments, which can be 
easily sequenced ( see   Note 26 ).   

   17.    Scale up the reaction to digest 5 μg of genomic DNA, using 
the same optimum stoichiometry and enzyme concentration as 
described above.   
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   18.    Run a gel of the optimized  Sau 3AI-digested genomic DNA 
and cut the bands of the desired size out of the gel using a 
clean razor blade or scalpel. Do this quickly to minimize muta-
tion by the UV light ( see   Note 27 ). Use the Gene Clean II Kit 
(MP Biomedicals) following manufacturer’s protocol for puri-
fi cation of the agarose-separated  Sau 3AI partial digest.   

   19.    Ligate the genomic DNA library into the pre-digested and de-
phosphorylated (to prevent re-ligation of empty vector) clon-
ing vector (encoding an  antibiotic   resistance other than 
tetracycline) with  Bgl II,  Bam Hl, or another enzyme reacting 
with sticky ends compatible with  Sau 3AI and perform a liga-
tion, using the optimum ratio of three molecules of digested 
insert for every one molecule of digested vector ( see   Note 28 ).   

   20.    Transform the library into chemically-competent TOP10   E. coli    
using heat shock and plate the cells onto LB with selection of 
Tet R  and another  antibiotic  -resistance marker found on the vec-
tor (e.g., ampicillin) in order to simultaneously select for both 
the Tn 10  and the antibiotic resistance gene on the vector.   

   21.    Sequence the DNA inserts in positive clones using universal 
primers for vector and transposon.   

   22.    Compare the DNA sequences from the wild-type and mutant 
libraries in order to reveal the suppressor mutation.   

   23.    Determine if the suppressor mutation is dominant or recessive 
by complementing the mutant using the same region of DNA 
cloned from the wild type, by PCR, and observe phenotypes 
related to suppression. If the un-suppressed phenotype is 
restored (i.e., EGTA S ), then the wild type allele is dominant. If 
the strain is still suppressed with both wild type and mutant 
alleles, then the mutant is dominant, which can be further con-
fi rmed by electroporating the mutant version of the gene into 
the unsuppressed  msbB  mutant and evaluating the suppressor 
phenotype (i.e., EGTA R ) as described above.       

   When  VNP20009   is plated in standard media such as LB and incu-
bated under 5 % atmospheric CO 2 , the plating effi ciency is dra-
matically reduced compared to non-CO 2  conditions ( see   Note 29 ). 
Karsten et al. [ 33 ] have shown that deletion of the  zwf  gene sup-
presses sensitivity to CO 2 . 

         1.    Thaw the electro-competent  Salmonella  on ice.   
   2.    Thaw the Tn 5  transpososome on ice.   
   3.    Prechill a 1.0 mm electroporation cuvette on ice.   
   4.    Pipette 1 μl of the transpososome into the electro-competent 

cells using a pre-chilled extra-long gel loading type tip.   

3.3  Isolation 
of Transposon- 
Induced Suppressor 
Mutations Resulting 
in Resistance to CO 2 

3.3.1  Transformation 
of Electrocompetent 
 Salmonella  to Generate 
a Tn 5  Library
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   5.    Set the micro-pipettor to 41 μl and gently pipette the entire 
volume up and down in order to mix.   

   6.    Pipette the cell–transpososome mixture into a 1 mm electro-
poration cuvette ( see   Note 11 ).   

   7.    Set the electroporator to 1.7 kV, 200 Ω and 25 μF if using 
 VNP20009   ( see   Note 8 ). Pulse the cuvette and note the time 
constant ( see   Note 12 ).   

   8.    Remove the cuvette from the electroporator chamber and 
immediately add 1 ml warm (~30 °C) MSB media.   

   9.    Using a P1000, transfer as much of the material as possible to 
a 15 ml polypropylene tube, and remove the remaining mate-
rial with a gel-loader tip to the same tube.   

   10.    Allow the bacteria to recover for 1 h at 37 °C with shaking.      

         1.    Based on a typical transformation rate of 1 × 10 8  transfor-
mants/μg of supercoiled pUC18 as described above, place the 
entire library in equal amounts on three, 150 mm petri plates 
with LB-0 agar medium and  antibiotic   (e.g., 20 μg/ml kana-
mycin for Tn 5 ), by placing ~333 μl on of the plates and spread-
ing with a sterilized glass spreader ( see   Note 30 ).   

   2.    Incubate overnight at 37 °C.   
   3.    Measure a 2 × 2 cm subsection of the plate using a ruler and 

count the number of colonies within it ( see   Note 31 ).   
   4.    Flood each of the plates with 5 ml of liquid LB-0 kan 20 .   
   5.    Using a sterile glass spreader, dislodge all of the colonies on 

each of the plates.   
   6.    Using a 5 ml serological pipette, remove the liquid from each 

of the pates and combine into one 50 ml sterile tube.   
   7.    Estimate the amount of total liquid and add suffi cient sterile 

80 % glycerol/water to bring the concentration of glycerol to 
15 %.   

   8.    Freeze the library in 1 ml aliquots at −80 °C.      

         1.    A ~10 μl sub-sample of a frozen vial may be obtained without 
thawing the vial by scraping the top of the vial with a sterile 
weighing spatula or sterile wooden applicator and quickly 
transferring it to a sterile micro-fuge tube for it to thaw ( see  
 Note 32 ).   

   2.    Perform ten-fold serial dilutions down to 10 −8  and place 100 μl 
per plate to determine the CFU concentration.   

   3.    Perform a CO 2 -selection experiment by culturing a tenfold 
dilution series that will yield between 30 and 300 colony form-
ing units (CFU)/plate in duplicate.   

3.3.2  Plating 
and Expansion 
of the  Salmonella  Tn 5  
Library

3.3.3  Plating 
the  Salmonella  Tn 5  
Library for Suppressor 
Mutants and Determination 
of the Plating Effi ciency
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   4.    Place one set of plates at 37 °C in ambient air and incubate 
overnight.   

   5.    Place the other set of plates at 37 °C in 5 % CO 2  and incubate 
overnight.   

   6.    Count the colonies on plates with between 30 and 300 colony 
forming units (CFU)/plate and extrapolate the total number 
of colonies obtained under each of the two conditions based 
on the number of colonies per plate, the dilution factor for that 
plate and the amount of cells plated.   

   7.    Divide the number of total colonies obtained under CO 2  con-
ditions by the total number of colonies obtained under ambi-
ent air conditions in order to determine the plating effi ciency 
or percent survival under CO 2  conditions ( see   Note 33 ).   

   8.    The Tn 5  library cells grown under CO 2  conditions represent 
the fi rst round of selection and may contain both spontaneous 
and Tn 5 -induced mutations ( see   Note 34 ). These bacteria are 
used for subsequent rounds of purifi cation and as donors cells 
for phage transduction described below.      

         1.    Inoculate the CO2-selected Tn 5  library (as described in Sub-
headings  3.3.2  and  3.3.3 ) in MSB broth and grow overnight 
in a shaking incubator at 37 °C.   

   2.    Generate a phage lysate as described above in 
Sub-heading  3.2.5 .   

   3.    Perform a transduction to move the Tn 5  library into a CO 2 - 
sensitive strain as described in Sub-heading  3.2.7  with the fol-
lowing modifi cations ( steps 4 – 12  below).   

   4.    Pre-absorb the phage by incubating them for 15 min at 37 °C.   
   5.    Begin washing the bacteria to remove un-adsorbed phage by 

pelleting them in a micro-fuge for 1 min at full speed (e.g., 
17,000 ×  g ).   

   6.    Resuspend the bacteria in 1 mL LB-0 broth + 3 mM EGTA ( see  
 Note 35 ).   

   7.    Incubate at room temperature for 5 min.   
   8.    Pellet the bacteria in a micro-fuge 1 min at full speed (e.g., 

15,000 ×  g ).   
   9.    Repeat wash ( steps 6 – 9 ) two additional times to remove un-

adsorbed phage ( see   Note 36 ).   
   10.    After the fi nal wash resuspend bacteria in 1 mL LB-0 + 3 mM 

EGTA. Some selections including Kan R  require ~2 h non- 
selection at 37 °C conditions prior to selection conditions in 
order to express the  antibiotic   resistance. Plate 50 μL, 200 μL 
and the ~750 μl remainder to LB-0 with 20 μg/mL kanamycin 

3.3.4  Enriching 
Tn 5 -Based  msbB  
Suppressor Mutations Over 
Spontaneous Mutations by 
Phage Transduction
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(or other appropriate antibiotic depending upon the genetic 
marker used).   

   11.    Incubate the plates at 37 °C.   
   12.    Bacterial colonies should be visible the next day but may take 

longer for some strains.      

       1.    Determine three individual colony linkages to CO 2  resistance 
by transducing from three individual donor colonies from Sub-
heading  3.3.4  as described in Sub-heading  3.2.7  to generate 
multiple-phage transduction-derived  antibiotic   resistant colo-
nies from each of the three original colonies.  See  Sub-
heading  3.2.8  above on linkage distances; as these are 
insertional mutations they should be 100 % linked.   

   2.    Using a sterilized needle or sterile wooden toothpics, grid indi-
vidual colonies as patches an on  antibiotic   plate and allow 
growth at 37 °C overnight in ambient air.   

   3.    Perform the double-velvet replica technique to generate two 
identical plates ( see  Subheading  3.1  above).   

   4.    Incubate one plate at 37 °C in air and the other in 37 °C under 
5 % CO 2  overnight.   

   5.    Score the plates for the number of patches with uninhibited 
growth under CO 2  as being CO 2  resistant.   

   6.    Linkage is confi rmed by the complete correlation of the pres-
ence of the Tn 5  insertions with CO 2  resistance (resistant colo-
nies/total colonies = 100 %).      

       1.    Pick an individual CO 2 -resistant colony from a replica plate 
experiment and inoculate LB-0 medium and grow over-night 
at 37 °C with shaking in ambient air.   

   2.    Plate serial dilutions of the bacteria onto LB-0 agar down to 
10 −6  using 100 μl of the serially-diluted material and incubate 
one plate at 37 °C in air and the other in 37 °C under 5 % CO 2  
overnight.   

   3.    Score the plates for the number of colonies following CO 2  
incubation where the colonies have the same approximate size 
(i.e., not signifi cantly smaller) as those grown under incuba-
tion in air as being resistant to CO 2 .   

   4.    Divide the number of CO 2 -resistant colonies by the total num-
ber of colonies grown on air to obtain the percentage of CO 2 -
resistant colonies, also referred to as the plating effi ciency.      

       1.    An alternative to constructing a plasmid-based DNA library 
containing the Tn-insertion (e.g., Tn 5  or Tn 10 ) and it’s select-
able marker, which is thereby used to identify the presence of 
the Tn ( see  Sub-heading  3.2.9 ) is to use the known sequence 

3.3.5  Analysis 
of Transposon Linkage 
to CO 2  Resistance

3.3.6  Determine Plating 
Effi ciency of 
CO 2 -Resistant Clones

3.3.7  Determination 
of the Chromosomal 
Insertion Site of the Tn 5  
Transposon
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of the Tn insertion itself as an anchor site for PCR of the 
unknown, adjacent upstream and downstream fl anking sites in 
which the Tn is generating an insertion [ 67 ].      

                      1.    A pool of adaptor-ligated genomic DNA fragments is 
 constructed using a GenomeWalker Universal Kit (Clontech, 
Mountain View, CA). The kit comes with a complete set of 
instructions and a variety of controls from which our brief lab-
oratory protocol is derived.   

   2.    Digest 2.5 μg genomic DNA with  Eco RV, and 2.5 μg genomic 
DNA with  Pvu II, to completion (usually overnight) in a 100 μl 
reaction order to generate blunt ends.   

   3.    Following digestion, begin purifying the DNA using an equal 
volume of phenol–chloroform–isoamyl alcohol by vortexing 
for 1 min.   

   4.    Using a microfuge set to high speed (e.g., 17,000 ×  g ), centri-
fuge the phenol-containing sample to separate the aqueous 
and organic phases.   

   5.    Transfer the upper aqueous phase to a new centrifuge tube and 
add 100 μl of chloroform/isoamyl alcohol.   

   6.    Vortex 1 min and then centrifuge for 1 min at high speed.   
   7.    Transfer the upper aqueous phase to a new micro-fuge tube.   
   8.    Add 0.1 volume of 3 M sodium acetate, 1 μl of 20 mg/ml 

glycogen and then precipitate the DNA by adding two vol-
umes of 100 % ice-cold ethanol.   

   9.    Vortex briefl y and then centrifuge for 10 min at high speed.   
   10.    Carefully aspirate off the supernatant leaving the small white 

DNA/glycogen pellet at the bottom.   
   11.    Add 1.0 ml of 70 % ethanol and vortex briefl y.   
   12.    Centrifuge for 5 min at high speed.   
   13.    Carefully aspirate off the supernatant, leaving the small white 

DNA/glycogen pellet at the bottom.   
   14.    Allow the pellet to dry by leaving the cap off while the tube sits 

in a 37 °C heat block.   
   15.    Dissolve the pellet in 20 μl sterile dH 2 O.   
   16.    For each of the blunt-end enzyme-digested DNA fragment 

pools, set up an adaptor ligation containing 4 μl of digested, 
purifi ed DNA to a fresh 0.5-ml tube.   

   17.    For each reaction add 1.9 μl GenomeWalker Adaptor (25 μM), 
1.6 μl 10× ligation buffer and 0.5 μl T4 ligase (6 units/μl) and 
incubate at 16 °C overnight.   

3.3.8  Purifi cation 
of Genomic DNA from CO 2 -
Resistant Clones with Tn 5  
Insertions Linked 
to Resistance

3.3.9  Construction 
of Adaptor-Ligated 
Genomic DNA Fragments
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   18.    Stop the reactions at 70 °C for 5 min and then add 72 μl of TE 
(pH 7.5) and briefl y vortex.   

   19.    Based upon the sequence of the transposon used, design 
nested-insertion specifi c PCR primers with a G/C of 40–60 % 
and a length of at least 26 bp. Nested primers can be designed 
to amplify both fl anking sequences. The Clontech 
GenomeWalker primers are also nested and have  Sal I,  Mlu l, 
 Srf I,  Sma I, and  Xma I sites to facilitate cloning following PCR, 
or TA cloning (Invitrogen) may also be used.   

   20.    Perform a hotstart PCR reaction using the outer adaptor 
primer and outer transposon primer for each of the 5′ and 3′ 
transposon ends and each of the fragment pools.   

   21.    To eliminate spurious PCR products, use 1 μl of the fi rst PCR 
reaction to perform a second PCR reaction with the inner set 
of nested primers for each of the 5′ and 3′ transposon ends and 
each of the fragment pools.   

   22.    Run 5 μl of the PCR reaction in a 1 % agarose gel in TAE buf-
fer in order to determine the presence of a PCR product from 
the second, inner-nested PCR.   

   23.    Using standard cloning techniques, clone the positive PCR 
products and determine the DNA sequence in order to verify 
the presence of the transposon sequence and the site of its 
insertion.       

         1.    Culture melanoma cells in Corning plastic tissue-culture fl asks 
in DMEM nutrient medium supplemented with fetal bovine 
serum (10 % vol/vol) (Gibco/Life Technologies, Grand 
Island, NY).   

   2.    Implant 5 × 10 5  B16F10 cells subcutaneously into the left 
shoulder region of C57B6 mice (Jackson Laboratories, Bar 
Harbor, Maine); C57B6 mice are compatible hosts for B16F10 
melanoma cells.   

   3.    Implant 5 × 10 5  Cloudman S91M3 cells subcutaneously into 
the left shoulder region of DBA/2J mice (Jackson Laboratories, 
Bar Harbor, Maine); DBA/2J mice are compatible hosts for 
Cloudman S91M3 melanoma cells.      

       1.    Obtain  Salmonella  from LB agar plates with a platinum bacte-
rial loop.   

   2.    Dilute bacteria to OD 600  = 0.05 (~2 × 10 7  CFU/ml) in fresh 
Luria broth and grow overnight at 37 °C with gentle shaking.   

   3.    The next day dilute again to OD 600  = 0.05 into appropriate 
growth medium and grow at 37 °C to OD 600  = 0.8 
(~4 × 10 8  CFU).   

3.4  In Vivo Analysis 
of Antitumor Effi cacy

3.4.1  Cultivation 
and Implantation 
of  Cancer   Cells

3.4.2  Treatment 
of Tumor-Bearing Mice 
with Genetically-
Engineered  Salmonella 
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   4.    Dilute bacteria into sterile H 2 O or saline solution and, depend-
ing on the nature of the experiment, inject into mice intrave-
nously (iv) via the tail vein or intraperitoneally (ip) at levels 
from 10 0  to 10 9  CFU/mouse; 2 × 10 6  CFU/mouse is a typical 
dose for  VNP20009  .   

   5.    At designated times, sacrifi ce the animals, remove the tumors 
and livers, and weigh them.   

   6.    Remove a central portion of the tumor and prepare it for 
microscopy.   

   7.    Homogenize the remainder of the tumor in fi ve volumes of LB 
broth per gram wet weight of tissue.   

   8.    Quantitate the bacteria by serial dilution on LB agar plates, 
incubating for 1–3 days, 37 °C, and counting colonies.      

       1.    Begin measurements of tumor growth using calipers when 
tumors become palpable.   

   2.    Follow tumor growth by periodic caliper measurements over 
the length of the experiment.   

   3.    Euthanize the animals when the tumors reach a size predeter-
mined by the institutional animal-welfare committee, e.g., 
1000 mm 3 , or should they became moribund.   

   4.    Compute tumor volume by the formula: L × W × H × 
0.5236 = mm 3 .        

4    Notes 

     1.    It is essential that when working with YS8211 or other unsup-
pressed  msbB Salmonella  strains, that MSB medium is used for 
propagation. Furthermore, several representative colonies 
from the original stock should be independently assessed for 
their phenotype as described by Murray et al. [ 30 ] which 
includes growth on MSB, sensitivity to salt, bile, EGTA and 
CO 2 , using the replica-plating technique (e.g., [ 66 ]), as 
described in Sub-heading  3.1 .   

   2.     Salmonella  are biosafety-level 2 (BSL-2) organisms. BSL-2 
practices should be followed. Biosafety guidelines are available 
at the Centers for Disease Control website (  http://www.cdc.
gov/biosafety/publications/bmbl5/index.htm    ).   

   3.    At an OD 600  of 0.100,  Salmonella  has about ~5.0 × 10 7  CFU/ml.   
   4.    Do not perform dilutions in PBS, as  msbB Salmonella  will not 

survive.   

3.4.3  Evaluation 
of Antitumor Activity 
of Genetically-Engineered 
 Salmonella  
( See   Note 37 )
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   5.    The master plate should include positive (wild-type and known 
suppressor strains) and negative controls (simple (unsuppressed) 
 msbB  mutant).   

   6.    The double- and triple-velvet techniques are required to detect 
many growth defects that are not apparent using single-velvet 
replica plating. EGTA, MacConkey, and LB sensitivity are not 
observed using single-velvet replica plating and LB sensitivity 
is not observed using double-velvet replica plating. Agar plates 
for replica plating should be made with 2 % (not 1.5 %) agar. 
The plates should either be air- or incubator-dried until creases 
are visible on the surface of the agar. A completely smooth 
surface on an agar plate indicates that it is not ready for replica 
plating.   

   7.    All of the  msbB  suppressors yield an intermediate phenotype—
none restore the phenotype of wild type to  msbB Salmonella . 
The various suppressor strains should be grouped based on 
similar phenotypes. Presumably similar phenotypes arise from 
mutation in the same, or convergent, pathways. Frozen stocks 
should be made, immediately after strain creation, in MSB 
broth with 15 % glycerol concentration. We recommend com-
bining equal volumes of overnight cultures in MSB broth and 
30 % sterile glycerol.   

   8.    This method is based on O’Callagham and Charbit [ 68 ]. Note 
that the settings are different for 1 and 2 mm cuvettes and for 
the strain. Using 2 mm cuvettes we use 2.5 kV, 1000 Ω, and 
25 μF for the  Salmonella  strain YS8211 and 2.5 kV, 400 Ω, 
and 25 μF for suppressed strains and the ATCC wild type strain 
14028. Many labs generate large numbers of competent cells 
using 250 ml centrifuge bottles and rotors such as the Sorvall 
GSA. However, large rotors take signifi cant time to stop, and 
larger pellets are diffi cult to resuspend homogeneously. Given 
the number of centrifuge runs in this protocol, large scale 
preparation takes considerable time. Since only a few of electro-
competent cells are needed in this protocol, the long spin and 
stopping times and lengthy resuspension times are replaced 
with 1 min centrifugations and 30 s. resuspensions, generating 
a signifi cantly more rapid protocol for the generation of electro-
competent cells.   

   9.    When the culture is nearing OD 600  0.6, it will be in log phase 
and growing extremely fast. The spectrophotometer should be 
in proximity to the bacterial-shaking incubator in order to 
minimize the time between taking a subsample and its spectro-
photometric reading. The reading should be recorded imme-
diately, and if the culture has reached the desired OD 600 , the 
shaker fl ask should be immediately placed on ice with gentle 
swirling to rapidly cool it down. Note that not all of the bacte-
rial culture is used. Standardization of ~1:100 dilution to start 
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the culture facilitates uniformity within a lab generating differ-
ent amounts of competent cells at different times.   

   10.    Autoclaving liquids at 15 lbs for 15 min is the simplest and 
least expensive method for sterilizing glycerol-water pressure 
solutions. Alternatively, solutions may be sterilized using a 
0.22 µm vacuum fi ltration system.   

   11.    Gently pipette the liquid to the bottom of the cuvette, being 
careful to avoid introduction of bubbles which can result in 
arcing of the electric current and not successfully electroporat-
ing the cells.   

   12.    The time constant should generally be between 4 and 7 ms 
when using 1 mm cuvettes, and between 6 and 9 when using 
2 mm cuvettes. Times outside of that range, especially shorter 
times are usually ineffective and often indicate the presence of 
conductive ions which the extensive water–glycerol washes are 
meant to eliminate.   

   13.    Phosphate-buffered saline (PBS) should not be used for the 
strain YS8211 which is sensitive to PBS.   

   14.    pNK2883 carries a Tn 10  transposon that only confers tet 20  R  
after it integrates into the chromosome. The transposase for 
the Tn 10  is under control of an IPTG-inducible promoter.   

   15.     Salmonella  serovar Typhimurium LT2 has ~4500 annotated 
genes [ 69 ]; therefore, a minimum of 22,500 colonies must be 
plated for fi ve-fold coverage of the genome. To pick the best 
dilution for plating the Tn 10  library, select a dilution that will 
yield well-separated colonies (calculation of CFU/ml by doing 
a dilution series or by diluting the culture to a particular OD of 
known CFU/ml is required to optimize this procedure). You 
will also need additional plates containing at least 1000 colo-
nies for analysis of the transposon library (see next section). 
These additional plates will serve as master plates—therefore, it 
is critical that the colonies are well-separated.   

   16.    A random Tn 10  library will contain  auxotrophic   mutants in 
various nucleotide or  amino-acid   biosynthetic pathways.   

   17.    It is critical to resuspend the cells directly from the agar plates 
rather than growing them in liquid because slow-growing col-
onies are not directly competing with other colonies on a well-
separated spread plate. In a liquid culture, cells with faster 
doubling times will take over the culture.   

   18.    The P22-sensitive bacterial culture can be kept at 4 °C for 
weeks.   

   19.    One Tn 10  library can be used to link Tn 10 s in many different 
suppressor strains by creating one phage P22 Tn 10  transduc-
ing library.   
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   20.    Do not use polystyrene tubes, which can be easily dissolved by 
chloroform. Use of glass tubes is recommended.   

   21.    For ATCC 14028, a 0.400 OD 600  indicates ~2.0 × 10 8  CFU/
ml.   

   22.    Do not use MSB agar, because the Mg 2+  and Ca 2+  in MSB agar 
promote phage contamination.   

   23.    The soft agar helps to protect transductants from virulent 
phage. 0.5 % soft agar results in larger phage plaques; 0.6 % 
soft agar will result in smaller plaques. Also note that the aliza-
rin yellow dye in green plates cannot be used for testing for 
 Salmonella  infected with phage, as  msbB Salmonella  do not 
grow on green agar plates.   

   24.    Co-transduction frequency refl ects the frequency of the trans-
poson (Tn 10 ) associated with the suppressor gene (co- 
transduction). A transposon near the suppressor gene will only 
sometimes bring the suppressor gene along with it. The closer 
the transposon and the suppressor mutation, the more fre-
quently they will be co-transduced. The co-transduction fre-
quency refl ects to the number (e.g., 16 out of 30) of tet R  
transductants with restored EGTA sensitivity (that now have a 
wild-type copy of the suppressor gene; the other 14 tet R  trans-
ductants would still be EGTA R ). Use the following equation to 
estimate the distance (in Kb) between the transposon and the 
suppressor mutation: co-transduction frequency = (1−(distance 
between 2 markers in Kb)/(length of transducing particle 
genome) 3  [ 70 ]. (The P22 genome is 41.7 Kb.) In this case, the 
co-transduction frequency is 0.53 (16/30) and the distance 
between the transposon and suppressor mutation is 7.95 Kb.   

   25.    In experiments to determine the co-transduction frequency, 
two types of strains will be created: (1) those linking the trans-
poson to the wild-type allele and (2) others linking the trans-
poson to the mutant allele of the suppressor gene. Both are of 
value and can be used to transduce either the wild-type or the 
mutant allele of the suppressor gene into a new genetic 
background.   

   26.    Use new TAE running buffer in a clean gel box to reduce the 
chance of DNA cross-contamination.   

   27.    Use long wavelength UV (e.g., 365 nm) and keep the gel on 
the its tray to prevent molecular contamination from the 
UV-source surface.   

   28.    Set up a control ligation without insert. This will detect either 
an uncut or re-ligated vector.   

   29.    Sensitivity of  msbB  mutants to CO 2  was fi rst observed during 
the human clinical trial at the National  Cancer   Institute [ 21 ]. 
It was noted that  VNP20009   grew best at 37 °C without 
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added CO 2  after a standard CO 2  tissue culture chamber was 
used for incubation of the serial dilutions of the bacteria from 
the frozen vials that were produced for the clinical trial. In the 
protocol that we describe, a standard air + CO 2  chamber can be 
used with CO 2  at 5 % to obtain the desired effect.   

   30.    It is extremely important that the library be plated in a manner 
such that all the colonies are evenly spaced on all of the plates 
in order to minimize over representation of certain clones. 
Both faster-growing and slower-growing clones can be 
expected. Plating the colonies at a relatively high density result-
ing in smaller colonies the size of a pin head is generally benefi -
cial in this regard.   

   31.    There should be about 10,000 or greater colonies per 150 mm 
plate, which achieves 5× or greater coverage of the genome 
coding sequences, assuming random insertion of the 
transposons.   

   32.    A library harvested as described will typically have a density of 
1 × 10 11  CFU/ml. Since the complexity of the library may be 
30,000 clones (representing 5× or greater coverage), a single 
microliter of the library may contain more than 1000-fold cov-
erage of the library.   

   33.    A typical result will show a two-log or greater decrease in the 
plating effi ciency of the library on the fi rst round of selection. 
Later rounds and individually-selected clones may show 
improvements of approximately two orders of magnitude.   

   34.    Due to the presence spontaneous suppressors among individu-
als of the transposon-insertion library where the clones are 
both kanamycin resistant and CO 2  resistant, but where CO 2  
resistance is not due to the transposon, linkage of the transpo-
son and CO 2  resistance among the clones found on the fi rst 
round of selection is not as likely as in subsequent rounds of 
purifi cation, hence we conduct an enrichment as described in 
Sub-heading  3.3.4 .   

   35.    LB-0 works better than MSB since there is no calcium or mag-
nesium to interfere with the EDTA.   

   36.    Washes are necessary to get rid of any virulent wild-type phage 
that might infect the bacteria and cause lysis. Since  VNP20009   
(YS1646) is somewhat sensitive to 10 mM EGTA this could 
result in selection for additional  suppressor mutations  . 
Therefore it is necessary to use lower EGTA amounts and take 
off as much supernatant as possible in each wash to remove the 
greatest amount of phage possible.   

   37.    We recommend testing multiple strains of  Salmonella  follow-
ing the design and derivation of new strains. While the strains 
such as  VNP20009   that we previously generated have shown a 
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high degree of genetic stability [ 71 ], not all strains derived 
independently show the same antitumor activity. For example, 
the strain VNP20008 which was derived using the same proce-
dure to derive VNP20009, only showed 44 % tumor inhibition 
in the B16F10 tumor model, whereas VNP20009 typically 
exhibited greater than 90 % inhibition (unpublished data).         
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Chapter 11

Determination of Plasmid Segregational Stability 
in a Growing Bacterial Population

M. Gabriela Kramer

Abstract

Bacterial plasmids are extensively used as cloning vectors for a number of genes for academic and com-
mercial purposes. Moreover, attenuated bacteria carrying recombinant plasmids expressing genes with 
anti-tumor activity have shown promising therapeutic results in animal models of cancer. Equitable plas-
mid distribution between daughter cells during cell division, i.e., plasmid segregational stability, depends 
on many factors, including the plasmid copy number, its replication mechanism, the levels of recombinant 
gene expression, the type of bacterial host, and the metabolic burden associated with all these factors. 
Plasmid vectors usually code for antibiotic-resistant functions, and, in order to enrich the culture with 
bacteria containing plasmids, antibiotic selective pressure is commonly used to eliminate plasmid-free seg-
regants from the growing population. However, administration of antibiotics can be inconvenient for 
many industrial and therapeutic applications. Extensive ongoing research is being carried out to develop 
stably-inherited plasmid vectors. Here, I present an easy and precise method for determining the kinetics 
of plasmid loss or maintenance for every ten generations of bacterial growth in culture.

Key words Plasmid, Stability, Cell division, Bacterial population

1 Introduction

Plasmids are extra-chromosomal genetic elements that replicate 
and segregate independently of the bacterial chromosome, 
although these functions depend to a high extent on the host’s 
enzymes [1, 2]. In some cases, especially naturally-occurring 
low-copy-number plasmids, carry active partitioning functions that 
ensure that each daughter cell receives a plasmid copy at cell divi-
sion [3, 4]. They are also toxin-antitoxin stability systems, based 
on the selective killing of plasmid-free segregants [4, 5]. For 
high-copy-number plasmids, intra-molecular resolution of dimer 
formation during replication and/or random plasmid distribution 
to daughter cells generally operates in the absence of selective pres-
sure [6]. In addition, plasmid stability depends on it’s type of rep-
lication mechanisms, the bacterial host, and functional cross talk 
between them aimed to balance the metabolic burden imposed by 
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plasmids [7–10]. Most commercially-available plasmid vectors used 
for recombinant gene expression are present in high copy number 
and contain antibiotic-resistance genes to eliminate plasmid-free 
bacteria from a growing population in case they behave unstably. 
In these cases, plasmid stability can be also affected by factors such 
as the nature of the recombinant gene and it’s expression levels 
[11]. However, the use of antibiotics to produce proteins at an 
industrial level is currently becoming more restricted owing to the 
possibility of contamination of the final product. In addition, the 
use of antibiotics to select bacteria containing plasmids expressing 
anti-tumor or antigenic genes might be inconvenient for can-
cer therapy or vaccination [11–14]. Therefore, the development of 
expression plasmids that can be stably maintained in a desired bac-
terial host in the absence of antibiotics, as well as a precise plasmid 
stability test that can be easily applied for comparative studies has 
both industrial and therapeutic relevance. 

As a model system, I will describe here the stability test of a 
hypothetical high-copy-number plasmid vector (pAmp) carrying an 
ampicillin (Amp)-resistance gene in a facultative anaerobic Gram 
(−) Enterobacteriaceae such as Escherichia coli (E. coli). Such a 
method has been used to determine the segregation stability of vari-
ous natural and constructed plasmids in a number of Gram (−) and 
Gram (+) bacteria [7, 15, 16]. This method can be applied to any 
bacterial plasmid that encodes an antibiotic-resistance gene, regard-
less its size and copy number. The composition of the culture media, 
temperature and time of incubation, shaking conditions, oxygen 
supply, type and concentration of selective agent, as well as biosafety 
regulations needs to be adapted for the particular bacteria-plasmid 
system that is being used. Moreover, as long as the selective condi-
tions can be reproduced in culture, this method can be adjusted to 
any other kind of selective advantage conferred by plasmids to their 
bacterial host, such as the resistance to metal ions or the supply of 
an enzyme for an metabolic function.

2 Materials (See Note 1)

 1. Luria-Bertani (LB) broth [17, 18] (see Note 2).
 2. LB-agar plates (see Notes 3–7).
 3. Amp stock solutions (see Notes 8 and 9).
 4. Glycerol stock solution (see Note 10).

3 Methods

The present method is described for analyzing the segregational 
stability of pAmp in E. coli at its exponential (mid-log) growth 
phase. It is based on the quantification of the percentage of Amp- 
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resistant bacteria successively measured every 10 generations dur-
ing 50 generations of cell division. This procedure allows the 
determination of the kinetics of plasmid loss in case the plasmid is 
unstable and may take several days according to the results for the 
initial generations. If plasmids are very unstable, then, only 10–30 
generation analysis may be required; however, long- term assays 
may be necessary for plasmids with low loss rates.

 1. To obtain Generation 0 (G0), prepare a 3 ml overnight (O/N, 
12–18 h) culture of E. coli-pAmp in liquid LB medium contain-
ing 100 μg/ml Amp (see Note 11). If possible, start from a 
single colony obtained from a streaked Amp-LB-agar plate (see 
Note 12). Grow the culture at 37 °C + shaker at 200–250 rpm.

 2. Dilute the O/N culture 1/100 in fresh LB media with Amp 
and let it grow in the same conditions as described above. 
Measure the optical density (OD) at 600 nm in a spectropho-
tometer every 20–30 min (the aliquot volume for OD measure-
ment will depend on the equipment used, ranging from 1 μl to 
1 ml) (see Note 13). While the aliquot is being measured, keep 
the culture incubated on ice to stop bacterial growth.

 3. When cultures reach OD600 = 0.5 (mid-log phase) (see Note 
14), make two 16–17 % glycerol stocks (600 μl of culture + 300 
μl glycerol [50 %]) in sterile screw-cap cryo-tubes (see Note 
15). Mix well by vortexing, incubate 5 min on ice, and store 
both tubes at −80 °C (see Note 16).

 4. Keep the rest of the culture incubated on ice for performing 
dilutions and bacteria plating the same day (go to Sub-heading 
3.2) (see Note 17). G0 is meant to be the starting point, a mid- 
log phase culture where 100 % of bacteria contain the plasmid.

 5. To obtain Generation 10 (G10), the next day (see Note 18), com-
pletely thaw one of the G0 frozen glycerol stocks by incubating 
the cryotube on ice for about 30 min. Mix well with a vortex.

 6. Inoculate a 1/1024(*)(**) dilution of the thawed G0 in fresh 
LB media without antibiotic (see Note 13). Measure the OD 
until the culture reaches OD600 = 0.5. Then proceed as for G0 
and make two 16–17 % glycerol stocks (see above). Keep the 
rest of the culture incubated on ice for performing bacteria plat-
ing (go to Sub-heading 3.2) (see Note 17).

(*) If the bacterial population obtained in G0 is diluted 
1/1024 in LB media and cultured again until it reaches 
OD600 = 0.5, it would undergo ten divisions. This reasoning is 
derived from the following equation, which is applicable to any 
kind of population governed by exponential growth dynamics:

 N N2 1 2= ´ G

 

In the present case, N1 is the number of starting bacteria 
required to reach N2 (number of bacteria at OD600 = 0.5) after 

3.1 Collection of E. 
coli-pAmp Culture 
Samples Every Ten 
Growing Generations

Determination of Plasmid Segregational Stability in a Growing Bacterial Population
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several generations (G) of exponential growth. If the number 
of generations is 10, then

 N2 1
10

12 1024= ´ = ´N N  

 N N1 2 1 1024= ´ / .  

Therefore, by inoculating 1/1024 of G0 at OD600 = 0.5 (100 % 
bacteria containing plasmid) in LB medium without antibiotic 
and letting it grow up to OD600 = 0.5, we would have again N2 
bacteria that went through ten generations of cell division, 
obtaining G10 (here, the percentage of bacteria containing 
plasmid would depend on its segregational stability, since no 
Amp was added).

(**) Frozen 16–17 % glycerol stocks are comprised of 2/3 
bacteria culture (600 μl) + 1/3 glycerol 50 % (300 μl); there-
fore, a correction factor of 1.5 should be added to the inoculum 
volume, i.e., for each 1022.5 μl of fresh LB media, add 1.5 μl of 
the thawed glycerol stock in order to obtain an exact 1/1024 
dilution of the bacteria culture.

 7. To obtain Generation 20 (G20), the following day, completely 
thaw one of the G10 frozen glycerol stocks as indicated above 
and dilute it 1/1024(**) in fresh LB medium without antibi-
otic. Measure the OD of the growing culture at 600 nm. When 
the culture reaches OD600 = 0.5, proceed as for G0 and G10.

 8. To obtain Generation 30 (G30), G40, and G50, make subse-
quent 1/1024(**) dilutions of G20-, G30-, and G40-thawed 
cultures in LB medium without selective pressure and let it 
grow until OD600 = 0.5 (see Note 18).

 9. In all cases, keep part of the grown culture incubated on ice for 
performing suitable dilutions and bacteria plating the same day 
(see Sub-heading 3.2) (see Note 17).

The percentage of bacteria containing plasmid (B + P) is calculated 
by plating suitable diluted samples of G0–G50 populations at 
OD600 = 0.5 in LB-agar and in Amp-LB-agar plates. The addition 
of Amp to the plate allows for the selection of only those bacteria 
carrying pAmp. G0 cultures were grown with Amp; therefore, it is 
expected that (B + P) = 100 %. G10–G50 cultures were grown 
without Amp; therefore, if pAmp is segregationally stable, then 
(B + P) is expected to continue being 100 %. However, if pAmp is 
unstable, this percentage will decrease during the next generations 
according it’s particular kinetics of plasmid loss.

 1. To confirm 100 % (B + P) at G0, make serial 1/10 dilutions in 
PBS (1×) of the G0 culture at OD600 = 0.5, obtained as described 
in Sub-heading 3.1, steps 1–4 (see Note 19).

3.2 Quantification 
of Bacteria Containing 
pAmp in G0–G50 
Cultures
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 2. Plate 20–100 μl of the suitable dilution/s in order to obtain 
50–200 colony-forming units (CFU)/plate with or without 
Amp (see Notes 19–21). Let plates dry in a sterile atmo-
sphere, close the lids, invert the plates, and incubate them 
O/N at 37 °C.

 3. Calculate the CFU/ml in both LB-agar and Amp-LB-agar 
plates (see Notes 20). Calculate the percentage (%) of bacteria 
containing plasmid (B + P) using the following equation:

 % ( ) ( / / / )B P CFU ml inAmp LB agar CFU ml in LB agar+ = ´- - - 100  

 4. To calculate the % (B + P) for G10, make serial 1/10 dilutions 
in PBS (1×) of the G10 culture at OD600 = 0.5 obtained as 
described in Sub-heading 3.1, steps 5–6 (see Note 19). Plate 
20–100 μl of the estimated dilutions (see Note 21) in LB-agar 
and Amp- LB- agar and proceed as above.

 5. To calculate the % (B + P) for G20, G30, G40, and G50, make 
serial dilutions of the G20, G30, G40, and G50 cultures 
(OD600 = 0.5) obtained as described in Subheading 3.1, steps 
7–9, and proceed as for G0 and G10.
 Figure 1 describes a putative result that could be expected 
in case pAmp is stable (+) or unstable (−) in E. coli. The slope 
of the curve would give complementary information if com-
paring the kinetics of loss of different unstable plasmids.

100

80

60

40%
 B

+
P

20

0
0 10 20 30

Generation
40 50

pAmp (+)

pAmp (-)

Fig. 1 Example of the percentage (%) of bacteria containing plasmid (B + P) that 
could be obtained in case the hypothetical pAmp plasmid is stable (+) or unsta-
ble (−) in the selected bacterial host population during 50 growth generations

Determination of Plasmid Segregational Stability in a Growing Bacterial Population
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4 Notes

 1. All culture media and working stock solutions must be steril-
ized by autoclaving or filtration through 0.2 μm pores. LB-agar 
plate preparation and manipulation of bacteria samples (cul-
tures and plating) require confinement to a sterile working 
area in the laboratory. A Class II HEPA-filtered air cabinet 
would be most appropriate. If such a cabinet is not available, 
select an area of the laboratory that is far away from air turbu-
lences and install a laboratory Bunsen burner and keep the 
flame (blue) on during the whole manipulation period. Always 
wipe the bench surface, tube racks, and micropipettes with 70 
% ethanol before starting. The ethanol bottle should be at a 
safety distance away from burner. Never leave the burner on 
unattended to avoid fire accidents. Opening of bacteria- 
containing tubes, plating, and pipetting should be carefully 
done in order to reduce the risk of bacterial aerosol formation 
and cross-contamination when working with more than one 
culture. Keep an ice bucket next to the working area for bac-
teria incubation. Diligently follow biological waste-disposal 
regulations.

 2. LB preparation: Luria-Bertani (LB) broth [17, 18] is a 
nutrient- rich medium widely used for the growth of bacteria. 
To prepare 500 ml of LB, dissolve 5 g NaCl, 5 g tryptone, and 
2.5 g yeast extract in 450 ml de-ionized water (dH2O) in an 
autoclave-resistant flask. Adjust the pH of the solution to 7.0 
with NaOH and bring the volume up to 500 ml with 
dH2O. Autoclave liquids for 20 min. Cool down at room tem-
perature. LB medium can be also purchased as sterile liquid 
and premixed powder.

 3. LB-agar preparation: To prepare 500 ml sufficient for approxi-
mately 25 LB-agar plates, mix 5 g NaCl, 5 g tryptone, 2.5 g 
yeast extract, 7.5 g agar, and dH2O to 500 ml (see Note 4). 
Autoclave liquid for 20 min. If used in the same day, allow the 
agar solution to cool down to 50 °C by placing the flask in a 
50 °C oven or water bath. Otherwise, let LB-agar solidify at 
room temperature and melt it when needed (see Note 5). To 
prepare LB-agar plates with antibiotic (Amp-LB-agar), add 
100 μg/ml Amp to the 50 °C liquid LB-agar before poring it 
into the Petri dish (see Note 6). Pour 20–25 ml per 10 cm 
polystyrene Petri dish. Place the lids off the plates to avoid 
vapor condensation on the lid and allow the LB-agar to cool 
until solidified (30–60 min). Then place lids on, invert the 
plates, and store in plastic bags or sealed with Parafilm (to 
prevent dehydration) at 4 °C (see Note 7). LB-agar can be also 
purchased from commercial sources.

M. Gabriela Kramer
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 4. If premixed LB-agar powder is available, use the suggested 
amount instead of the indicated reagents.

 5. Solid LB-agar can be stored in autoclaved flasks for several 
months at room temperature. To melt it again, incubate the 
flask in a boiling water bath until no clumps are seen and/or 
melt it using a microwave. Loosen the cap before putting the 
flask in the microwave and let it stay for several minutes before 
taking it out to prevent the boiling liquid from coming out 
from the flask.

 6. Make sure the temperature of the LB-agar is approximately 50 
°C. If the solution is too warm, it may degrade the antibiotic 
or damage the Petri plates. If the solution is too cool, it may 
solidify before the plates are poured.

 7. LB-agar plates can be stored at 4 °C in a closed plastic bag or 
sealed with Parafilm for 1–2 months. Amp-LB-agar plates may 
only last for several weeks at 4 °C. It is advised that long-term 
stored antibiotic plates are tested with the right controls before 
using.

 8. Antibiotic preparation: Amp stock solutions (100 mg/ml, 
1000×) can be prepared in sterile dH2O and sterilized by 0.2 
μm pore filtration (see Note 9). Store at −20 °C in small ali-
quots and allow no more than ten freezing-thawing cycles.

 9. Never autoclave antibiotics; they can be inactivated with high 
temperature. Amp can be also prepared in 70 % ethanol if used 
in a short-time period. There are two advantages to this 
method: the solution is liquid at −20 °C and it is self steriliz-
ing. But the disadvantage is that the solution is unstable, since 
ethanol is a weak catalyst of b-lactam ring disruption.

 10. Glycerol solution: Glycerol stock solution at 50 % is prepared 
by diluting one volume of 100 % glycerol in a same volume of 
dH2O or PBS (1×) (phosphate-buffered saline). Autoclave and 
store at room temperature. The addition of glycerol stabilizes 
the frozen bacteria, preventing damage to the cell membranes 
and keeping the cells alive. Glycerol stocks of bacteria (15–25 
%) can be stored at −80 °C for many years; however, bacteria 
viability decreases with repeated freezing-thawing cycles.

 11. Plasmid copy number can vary, depending on the bacterial 
host. A selective medium containing 100 μg/ml Amp is rec-
ommended for high-copy-number plasmids (≥100) carrying 
the Amp-resistant gene; if plasmid copy number is lower, it 
would be preferable to use 50 μg/ml Amp. 

 12. Using a sterile toothpick or pipette tip, touch the bacteria col-
ony growing in the Amp-LB-agar plate and disperse the bac-
teria in fresh LB + Amp culture medium. All bacteria liquid 
cultures are grown at 37 °C + shaker at 200–250 rpm.

Determination of Plasmid Segregational Stability in a Growing Bacterial Population
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 13. The culture volume will depend on the type of spectropho-
tometer used to measure OD600 (i.e., if the sample needs to be 
0.5 ml, one may predict about 5–7 measurements, and then a 
6 ml culture may be enough).

 14. The OD for mid-log phase may be different for each bacteria- 
plasmid system; therefore it needs to be determined in advance.

 15. Although Eppendorf tubes can be used instead of cryo-tubes, 
snap-top tubes are usually not recommended as they can open 
unexpectedly at −80 °C. Label both the lid and the tube, 
because samples stored for long periods at −80 °C can lose 
labels stuck to the tube.

 16. Before freezing the tubes, make sure there is uniform solution 
with no layers present. Bacteria viability decreases with 
repeated freezing-thawing cycles. Since this experiment 
requires that the inoculum contains a constant amount of via-
ble bacteria, two glycerol stocks are advised in case one tube 
needs to be discarded.

 17. Quantification of the percentage of bacteria containing pAmp 
in agar plates with and without Amp (Subheading 3.2) can be 
done either by starting from fresh daily cultures or from −80 
°C thawed cultures.

 18. Each culture may take 4–6 h to reach OD600 = 0.5. For this 
reason, this experiment is thought to be performed on con-
secutive convenient days.

 19. To prepare 1/10 (10−1) dilution in Eppendorf tubes, transfer 
100 μl of G0 culture to 900 μl PBS (1×) and mix well with a 
vortex. For 10−2 dilution, transfer 100 μl of a 10−1 dilution to 
900 μl PBS (1×), mix well, and proceed in the same way until 
a 10−6 dilution is achieved. The same serial dilutions can be 
prepared using a sterile 96-well plate (in this case, final volume 
will be 100 μl).

 20. The number of CFU/ml in the original sample can be calcu-
lated with the following equation: CFU/ml original sam-
ple = CFU/plate × (1/ml aliquot plated) × dilution factor. For 
example, 95 colonies on a plate × 1/0.1 ml (aliquot) × 106 
(dilution factor) = 9.5 × 108 CFU/ml.

 21. The suitable dilution for an E. coli culture at OD600 = 0.5 may 
be approximately 10−5–10−6 in order to obtain 50–200 CFU/
LB-agar plate. However, this dilution will be lower for unsta-
ble plasmids grown in Amp-LB-agar plates and needs to be 
estimated from the previous generation results.
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    Chapter 12   

 Visualization of Anticancer  Salmonella typhimurium  
Engineered for Remote Control of Therapeutic Proteins                     

     Vu     H.     Nguyen     and     Jung-Joon     Min      

  Abstract 

   Tumor-targeting bacteria are studied for their ability to carry therapeutic molecules to tumors or, when 
designed as imaging probes, to visualize the infection pathway. The present protocol describes a method 
to achieve remote control of therapeutic gene expression in bacteria which are also engineered to visualize 
the therapeutic process. This strategy may increase the safety of bacteria used to deliver therapeutic genes 
to tumors in vivo.  

  Key words     Bacteria  ,   Cancer  ,   Cytolysin A  ,   pBAD  ,   Imaging  

1       Introduction 

 Attenuated   Salmonella typhimurium    is an effective  tumor- targeting   
bacterial strain that accumulates naturally and replicates in a wide 
variety of solid tumors [ 1 ].   S. typhimurium    bioengineered to gen-
erate bioluminescence [ 2 ,  3 ] or fl uorescence [ 4 ] has been used to 
monitor bacterial migration to tumors in small-animal models. The 
signal may help predict the effi cacy of bacteriolytic therapy by 
enabling the visualization of bacterial accumulation and replication 
in specifi c organs. 

 Here, attenuated   S. typhimurium   , which was defective in 
ppGpp synthesis (∆ppGpp strain), was engineered to express the 
cytotoxic protein, cytolysin A (ClyA), with the aim of killing  cancer   
cells. The  luciferase   gene,  lux , was integrated into the bacterial 
chromosome to allow noninvasive monitoring  in vivo   by detecting 
bioluminescence. Once the luminescence  imaging   signal showed 
that the bacteria had accumulated in the tumor and were cleared 
from normal organs, expression of the therapeutic gene was 
induced. This imageable therapeutic (theranostic) strategy can pre-
vent toxicity to non-tumor reticuloendothelial organs, mainly the 
liver and spleen, in which the bacteria initially localized after tail 
vein injection [ 3 ,  5 ].  

Robert M. Hoffman (ed.), Bacterial Therapy of Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 1409,
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2     Materials 

       1.    Wild-type (WT)   S. typhimurium   .   
   2.      S. typhimurium    Xen26 (Xenogen, Caliper Life Sciences).   
   3.      S. typhimurium    harboring mutated  relA  and  spoT  genes 

(ΔppGpp  S. typhimurium ) [ 6 ].   
   4.    WT   S. typhi   .   
   5.    WT Phage 22.   
   6.    Five- to six-week-old male BALB/c mice (Orient, Korea). All 

animal studies were conducted in accordance with standard 
animal-welfare regulations and were approved by the Chonnam 
National University Animal Care and Use Committee. Animals 
were maintained in ventilated chambers and fed an autoclaved 
laboratory rodent diet (PMI Nutrition, Brentwood, MO).      

       1.    SOC medium LB medium (Fisher Scientifi c, Tustin, CA).   
   2.    pBAD-RLuc8 (a gift from Dr. Sam Gambhir, Stanford 

University, Stanford, CA).   
   3.    Isofl urane (Abbott, Abbott Park, IL).   
   4.     L -Arabinose (Sigma, St. Louis, MO).   
   5.    Kanamycin (Amresco, Solon, OH).   
   6.    Ampicillin (Sigma, St. Louis, MO).      

       1.    Syringes (Becton Dickinson, Franklin Lakes, NJ).   
   2.    0.22 μm syringe fi lter (Pall, MI).   
   3.    37 °C shaking incubator (SangWoo, Korea).   
   4.    37 °C incubator (Sanyo, Japan).   
   5.    0.2 cm gap electroporation cuvette (Bio-Rad, CA).   
   6.    Gene Pulser apparatus (Bio-Rad Laboratories, Hercules, CA).   
   7.    IVIS ®   Imaging   System 100 (Caliper Life Sciences, Hopkinton, 

MA).   
   8.    Living Image ®  2.50.1 software (Caliper Life Sciences, 

Hopkinton, MA).       

3     Methods 

 Carry out all the procedures at room temperature unless otherwise 
specifi ed. 

       1.    Inoculate 20 μl WT Phage 22 (P22) with 100 μl of an over-
night culture of donor bacteria ( S. typhimurium  Xen26, 
Xenogen/Caliper Life Sciences) in a 1.5 ml centrifuge tube. 
Incubate the cells with agitation at 200 rpm (37 °C) 
overnight.   

2.1  Bacteria 
and Animals

2.2   Reagents

2.3   Equipment

3.1  Establishing 
 Luciferase  - Expressing 
ΔppGpp   S. 
typhimurium    by Phage 
22 Transduction
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   2.    Add 100 μl chloroform into the tube, vortex for 1 min, centri-
fuge at 12,000 ×  g  for 10 min, transfer the supernatant to a new 
centrifuge tube, and then repeat once.   

   3.    Transfer the supernatant containing P22 into a glass tube, add 
several drops of chloroform, cap tightly, and store at 4 °C ( see  
 Note 1 ).   

   4.    Mix 100 μl of the recipient-cell suspension (ΔppGpp   S. 
typhimurium   ) from the overnight culture with 20 μl of P22 
suspension.   

   5.    Incubate these suspensions at 37 °C for 1 h.   
   6.    Spread all the transduced bacteria or 100 μl non-transduced 

bacteria or 20 μl P22 suspension (negative controls) onto LB 
plates containing 50 mg/ml kanamycin. Incubate in a 37 °C 
incubator with the lid down.   

   7.    Select transductants ( S.typhimurium  Lux) by observing  lucif-
erase   expression (light emitting) with a cooled CCD camera.   

   8.    Select a single light-emitting colony and transfer it to liquid LB 
medium containing kanamycin.   

   9.    Incubate at 37 °C overnight and store at −80 °C using a 20 % 
fi nal concentration of glycerol.      

       1.    Amplify the  clyA  gene with 5′-AGT CCA TGG TTA TGA 
CCG GAA TAT TTG C-3′ (forward primer) and 5′-GAT GTT 
TAA ACT CAG ACG TCA GGA ACC TC-3′ (reverse primer) 
using   S. typhi    genomic DNA as a template [ 7 ].   

   2.    Digest the amplifi ed DNA with  NcoI  and  PmeI  and replace 
RLuc8 with ClyA by ligation. The expression plasmid pBAD- 
RLuc8 has been described previously [ 8 ].   

   3.    Confi rm ClyA expression under control of the pBAD pro-
moter by hemolytic activity assay using sheep blood agar plates 
( see   Note 2 ) (Fig.  1 ).

              1.    Prepare a fresh 1 % bacterial culture (assessed by OD 600 ) from 
an overnight bacterial culture in LB medium. Incubate the 
cells with agitation at 200 rpm (37 °C).   

   2.    When the bacteria reach mid-log phase, harvest the cells by 
cooled centrifugation at 2500 ×  g  for 5 min (4 °C).   

   3.    Wash the cells three times with ice-cold glycerol (10 % vol/vol 
in purifi ed water) and resuspend them in ice-cold glycerol (10 
% vol/vol) at a volume approximately 1:100 that of the origi-
nal culture volume.   

   4.    Transfer 80 μl of the bacterial solution (approximately 10 8  
cells) in ice-cold glycerol to a 0.2 cm gap electroporation 
cuvette.   

3.2  Construction 
of the Inducible ClyA 
Expression Plasmid

3.3  Generation 
of ΔppGpp   S. 
typhimurium    
Expressing  Luciferase   
( S.t. Lux) with a 
Remote- Controlled 
Expression System
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   5.    Add 10 ng pBAD-ClyA (pBC) to the bacterial suspension and 
mix gently.   

   6.    Electroporate the cells at 1.8 kV for 1 s using the Gene Pulser 
apparatus according to the manufacturer’s instructions.   

   7.    Add 1 ml of SOC medium to the cuvette immediately after the 
electric pulse.   

   8.    Transfer the bacterial suspension into a fresh 15 ml polypropyl-
ene tube and incubate the cells at 37 °C with agitation at 
200 rpm for 45 min.   

   9.    Inoculate LB agar plates containing ampicillin and kanamycin 
with 200 μl of the bacterial suspension using the spreading 
technique.   

   10.    Incubate the plates overnight at 37 °C.   
   11.    Select a single colony ( S.typhimurium  Lux + pBC) and transfer 

it to liquid LB medium containing ampicillin and kanamycin.   
   12.    Incubate at 37 °C overnight and store at −80 °C using a 20 % 

fi nal concentration of glycerol.      

  Fig. 1     S.typhimurium  lux pBC was streaked onto a sheep blood agar plate with-
out  L -arabinose ( left ) or with 0.2 %  L -arabinose ( right ) for overnight incubation at 
37 °C       
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       1.    Select a single bacterial colony from an LB agar plate contain-
ing ampicillin and kanamycin and inoculate a 5 ml liquid LB 
culture containing the same antibiotics.   

   2.    Incubate the inoculated tube in a shaking incubator overnight 
at 37 °C.   

   3.    Prepare a fresh 1 % culture of the overnight bacterial suspen-
sion in LB medium containing the same antibiotics and incu-
bate the cells in a shaking incubator (37 °C, 200 rpm) for 
3–4 h until the bacteria reach early-stationary phase 
(OD 600  ~ 3.0–3.5).   

   4.    Harvest fresh bacterial cultures (in early stationary phase), 
wash the cells with sterile phosphate-buffered saline (PBS), 
and estimate bacterial number with a spectrophotometer 
(OD 600 ). Suspend cells in PBS at the desired concentration.   

   5.    Anesthetize mice in a chamber ventilated with isofl urane and 
oxygen ( see   Note 3 ).   

   6.    Administer bacteria (4.5 × 10 7  CFU suspended in 100 μl PBS) 
by lateral tail vein injection using a 1 ml latex-free syringe fi tted 
with a 31-gauge needle (Becton Dickinson) ( see   Note 4 ).      

       1.    Anesthetize mice in a chamber ventilated with isofl urane and 
oxygen.   

   2.    Place the mice into the IVIS chamber with their noses venti-
lated by anesthetic gas conducted through tubes protruding 
into the chamber.   

   3.    Close the chamber tightly and begin acquiring images as 
described in the whole-body  imaging   equipment section ( see  
 Note 5 ) (Fig.  2 ).

       4.    Capture the luminescence emitted from the mice with the 
camera and evaluate it using Living Image ®  software ( see   Note 
6 ).      

       1.    Dilute  L -arabinose (Sigma) in PBS to obtain 40 % (w/vol) fi nal 
concentration and then sterilize using a 0.22 μm syringe fi lter.   

   2.    To induce gene expression, 60 mg or 120 mg  L -arabinose, 
diluted in fi ltered-sterile PBS, can be administered intrave-
nously or intraperitoneally, respectively ( see   Note 7 ) (Fig.  3 ).

4             Notes 

     1.    The chloroform in the P22 suspension helps to prevent bacte-
rial contamination.   

   2.    In the new vector, pBAD-ClyA, the  clyA  gene is controlled by 
an  L -arabinose-inducible promoter. Therefore, sheep blood 

3.4  Growth 
of Bacteria 
for  Infection   in Living 
Mice

3.5  Whole-Body 
 Imaging   with the IVIS

3.6  Induction 
of the Gene 
Under the Control 
of the pBAD Promoter
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agar plates with or without  L -arabinose can be used to confi rm 
the induction of ClyA expression.   

   3.    After injecting the bacteria, anesthetized mice can be imaged 
immediately using the IVIS to confi rm the success of injection. 
Mice are then imaged daily for the duration of the experiment 
to visualize the location of bacteria.   

   4.    If it is hard to see the vein, dip the tail in warm water (37–40 
°C) 1 min before injection.   

   5.    The exposure time, f-stop setting, and binning values should be 
kept constant for every image to avoid inconsistent analyses.   

   6.    The light emitted from bacteria can be absorbed by the hair of 
the mice, so removal of the hair before  imaging   is suggested.   

   7.    Induction is started when most of the bacteria have been 
cleared in the normal organs, such as the liver and spleen. In 
this study, gene expression was induced from day 4 after injec-
tion of bacteria.         

  Fig. 2    Noninvasive  in vivo    imaging   of bacterial bioluminescence in representative tumor-bearing mice. Mice 
with the CT-26 murine colon cancer tumor were treated with  S. typhimurium  Lux + pBC. Each bacterium car-
ries the  lux operon   in its chromosome. The lux operon encodes all proteins required for bioluminescence, 
including bacterial  luciferase  , substrate, and substrate-regenerating enzymes. The bacteria engineered to 
express the  lux  operon do not require an exogenous substrate to produce bioluminescence. In order to image 
bacterial bioluminescence, anesthetized animals were placed in the light-tight chamber of the IVIS-100, 
equipped with a cooled CCD camera. Photons emitted from lux-expressing bacteria were collected and inte-
grated over 1 min periods. Pseudo-color images indicating photon counts were overlayed on photographs of 
the mice using Living Image software v. 2.25. Photon intensity was recorded as the maximum intensity 
(photons·s −1  cm −2  sr −1 )       
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  Fig. 3    Therapeutic effi cacy and  imaging   of ClyA-expressing   S. typhimurium    in CT26 murine colon cancer-
bearing mice. BALB/c mice ( n  = 5 in each group) were injected subcutaneously with CT-26 cells. After tumors 
reached 130 mm 3  in volume, tumor-bearing mice were treated with transformed  S. typhimurium  bearing 
pBAD-ClyA plasmid ( S. typhimurium  Lux  +  pBC). ClyA gene expression was induced (Ara+) with 60 mg  L -arab-
inose by  intravenous   injection every day, beginning 4 days post injection of bacteria. The non-induced group 
(Ara−) was used as a control. ( a ) Photographs of subcutaneous tumors in representative mice. ( b ) Noninvasive 
 in vivo    imaging   of bacterial bioluminescence in the representative mice presented in ( a )       
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    Chapter 13   

 Methods for Tumor Targeting 
with  Salmonella typhimurium  A1-R                     

     Robert     M.     Hoffman      and     Ming     Zhao     

  Abstract 

    Salmonella typhimurium  A1-R ( S. typhimurium  A1-R) has shown great preclinical promise as a broad- 
based anti-cancer therapeutic (please  see  Chapter   1    ). The present chapter describes materials and methods 
for the preclinical study of  S. typhimurium  A1-R in clinically-relevant mouse models. Establishment of 
orthotopic metastatic mouse models of the major cancer types is described, as well as other useful models, 
for effi cacy studies of  S. typhimurium  A1-R or other tumor-targeting bacteria, as well. Imaging methods 
are described to visualize GFP-labeled  S. typhimurium  A1-R, as well as GFP- and/or RFP-labeled cancer 
cells in vitro and in vivo, which  S. typhimurium  A1-R targets. The mouse models include metastasis to 
major organs that are life-threatening to cancer patients including the liver, lung, bone, and brain and how 
to target these metastases with  S. typhimurium  A1-R. Various routes of administration of  S. typhimurium  
A1-R are described with the advantages and disadvantages of each. Basic experiments to determine toxic 
effects of  S. typhimurium  A1-R are also described. Also described are methodologies for combining  S. 
typhimurium  A1-R and chemotherapy. The testing of  S. typhimurium  A1-R on patient tumors in patient- 
derived orthotopic xenograft (PDOX) mouse models is also described. The major methodologies described 
in this chapter should be translatable for clinical studies.  

  Key words      Salmonella typhimurium  A1-R  ,   Tumor targeting  ,   Leu-Arg  ,   Amino acid  ,   Auxotroph  , 
  Green fl uorescent protein (GFP)  ,   Surgical orthotopic implantation (SOI)  ,   Nude mice  ,   Mouse mod-
els  ,   Cancer  ,   Metastasis  ,   Orthotopic  

1      Introduction 

   Salmonella typhimurium    A1-R (  S. typhimurium    A1-R), developed 
in our laboratory, is a facultative anaerobe that can live and repli-
cate in viable as well as necrotic areas of tumors.  S. typhimurium  
A1-R is  auxotrophic   for Leu-Arg which prevents it from mounting 
a continuous  infection   in normal tissues.  S. typhimurium  A1-R has 
no other known attenuating mutations and has been further 
selected for high tumor virulence.  S. typhimurium  A1-R was able 
to inhibit primary and metastatic tumors in monotherapy in  nude 
mouse   models of major types of human  cancer   [ 1 ]. 

http://dx.doi.org/10.1007/978-1-4939-3515-4_1
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 In a phase I clinical trial on patients with metastatic melanoma 
and renal carcinoma, the   S. typhimurium    strain tested ( VNP20009  ), 
attenuated by msbB and purI mutations, was safely administered 
to patients. However, VNP20009 did not suffi ciently colonize the 
patients’ tumors, perhaps because this strain was over-attenuated 
[ 2 ] or was not suffi ciently selected for tumor virulence [ 3 ]. 
 S. typhimurium  A1-R has higher tumor colonization effi ciency and 
anti-tumor effi cacy than VNP20009, which has more attenuating 
mutations than  S. typhimurium  A1-R [ 4 ]. 

   S. typhimurium    A1-R was able to strongly inhibit primary and 
metastatic tumors as monotherapy in  nude mouse   models of ovar-
ian [ 5 ,  6 ], prostate [ 7 ,  8 ], breast [ 3 ,  9 ,  10 ], lung [ 4 ,  11 ,  12 ], and 
pancreatic [ 13 ,  14 ] cancers, as well as sarcoma [ 15 – 17 ] and  glioma   
[ 18 ,  19 ], all of which are highly aggressive tumor models. 
 S. typhimurium  A1-R also targeted  pancreatic cancer   stem-like 
cells [ 20 ] and pancreatic  cancer    patient-derived orthotopic xeno-
graft   ( PDOX  ) models [ 21 ,  22 ]. We have recently demonstrated 
that  S. typhimurium  A1-R prevents  breast cancer   bone and brain 
 metastasis   in nude mouse models [ 9 ,  10 ]. 

 This chapter presents methods for evaluating the effi cacy of 
 S.typhimurium  A1-R in mouse models of  cancer  .  

2    Materials 

       1.    LB medium (Life Technologies).   
   2.    SOC medium (Life Technologies).   
   3.    Fetal bovine serum (Gemini Biol. Products).   
   4.    Lipofectamine PLUS (Invitrogen).   
   5.    G418 neomycin (Invitrogen).   
   6.    Kanamycin (Life Technologies).   
   7.    pGFP (Clontech).   
   8.     EGFP  gene (Clontech).   
   9.     RFP   cDNA (pDsRed2; Clontech).   
   10.    Plasmid pLNCX2 (Clontech).   
   11.    Supernatants of PT67- GFP   cells, PT67- RFP   cells, and PT67 

H2B-GFP cells (Clontech).   
   12.    PT67 packaging cells (Clontech).   
   13.    Restriction enzymes HindIII and NotI (Life Technologies).   
   14.    Anesthetic reagents (ketamine, xylazine, acepromazine male-

ate) (Henry Schein).   
   15.    Matrigel (BD Bioscience).   
   16.    Nair (Church & Dwight).   

2.1  Reagents
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   17.      E. coli   ; JM 109 (Stratagene).   
   18.      S. typhimurium    14028 (American Type Culture Collection).   
   19.    Growth medium (normal and selective) appropriate for cell 

culture, such as DMEM (Invitrogen; Irvine Scientifi c).   
   20.    Polybrene (Sigma Aldrich).   
   21.    Trypsin-EDTA (Fisher Scientifi c).   
   22.    Non-transgenic and transgenic nude (nu/nu) mice expressing 

 GFP   or  RFP   (AntiCancer Inc.).   
   23.    Doxorubicin (Pharmaceutical Buyers International).   
   24.    NaCl, 0.9 % (Sigma Aldrich).   
   25.    Optimum cutting temperature compound (OCT) (VWR) .    
   26.    Antibody to rat immunoglobulin (anti-rat immunoglobulin) 

and anti-mouse immunoglobulin horseradish peroxidase 
detection kits (BD PharMingen).   

   27.    Monoclonal anti-CD31 (CBL1337; Chemicon).   
   28.    Monoclonal anti-nestin (rat 401; BD PharMingen).   
   29.    Substrate-chromogen 3,3′-diaminobenzidine (Sigma Aldrich).   
   30.    C57BL/6 and Balb/c mice (AntiCancer Inc.).   
   31.    Fluorescent protein-expressing  cancer   cell lines (AntiCancer, 

Inc.).   
   32.    TNF-α enzyme-linked immunosorbent assay (ELISA) kit 

(Invitrogen).      

       1.    1-ml 27G2 latex-free syringe (Becton Dickinson).   
   2.    25-μl Hamilton syringe (Sigma Aldrich).   
   3.    Hemocytometer (Sigma Aldrich).   
   4.    28-G latex-free insulin syringe (0.5 ml 28 G) (TYCO Health 

Group LP).   
   5.    Gene Pulser apparatus (Bio-Rad Laboratories).   
   6.    Culture dishes, 60 mm; fl ask, 25 mm; plates, 96-well (Fisher 

Scientifi c).   
   7.    Cloning cylinders (Sigma Aldrich).   
   8.    27G2 latex-free syringe, 1 ml (Becton Dickinson).   
   9.    8-0 surgical sutures (Sutures Express).   
   10.    Humidifi ed incubator with an atmosphere of 5 % CO 2  (Thermo 

Scientifi c).   
   11.    Blue LED fl ashlight (LDP LLC).   
   12.    D470/40 excitation fi lter (Chroma Technology).   
   13.    GG475 emission fi lter (Chroma Technology).   

2.2  Equipment

Methods for Tumor Targeting with Salmonella typhimurium A1-R
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   14.    Fluorescence light box with fi ber-optic lighting at 470 nm 
(Lightools Fluorescent  Imaging   System; Lightools Research).   

   15.    CM1850 cryostat (Leica).   
   16.    LZ12 fl uorescence stereo microscope (Leica).   
   17.    MZ6 stereo microscope (Leica).   
   18.    Multiphoton tomography MPT fl ex ™ (JenLab GmbH and 

MultiPhoton Laser Technologies Inc.).   
   19.    BH 2-RFCA fl uorescence microscope equipped with a mer-

cury 100-W lamp power supply (Olympus Corp.).   
   20.    OV100 Small Animal  Imaging   System, containing an MT-20 

light source and DP70 CCD camera (Olympus).   
   21.    IV100 Laser Scanning Imaging System (Olympus).   
   22.    FluoView FV1000 Confocal Microscope (Olympus).   
   23.    Illumatool instrument (Lightools Research).   
   24.    iBox Scientia  Imaging   System (UVP, LLC).   

   25.    Maestro fl uorescence imaging system (CRi, Perkin-Elmer Inc.)   
   26.    Hamamatsu C5810 three-chip cooled color CCD camera 

(Hamamatsu Photonics Systems).   
   27.    Image-Pro Plus 4.0 software (Media Cybernetics).   
   28.    Paint Shop Pro 8 (Corel).   
   29.    CellR (Olympus).   
   30.    Coolpix camera (Nikon).       

3    Methods 

       1.    Mix bacteria cells (2.0 × 10 8 ) with 10 % glycerol and 2 μl pGFP 
(Clontech).   

   2.    To transform   S. typhimurium    with the  GFP   gene, perform 
electroporation with a Gene Pulser apparatus (Bio-Rad) at 1.8 
kV with the pulse controller at 1000-W parallel resistance.      

       1.    Add freshly prepared  NTG   (1 mg/ml in sterile water) to a 
washed bacterial culture to a fi nal concentration of 100 μg/ml 
in Tris-maleic acid buffer at pH 6.0.   

   2.    Incubate the bacteria with  NTG   for 30 min.   
   3.    Grow the  NTG  -treated bacteria in nutrient broth to express 

any mutations that were induced. Replica plate bacterial colo-
nies in supplemented minimal agar plates containing specifi c 
 amino acid  s to identify the requirements of the auxotrophs.   

   4.    Identify the  auxotrophic    amino acid  s such as for  S. typhimurium  
A1, which requires Leu and Arg.      

3.1   GFP   Labeling of 
  S. typhimurium    
( See   Note 1 )

3.2  Induction of 
Mutations with 
 Nitrosoguanidine 
(NTG)   and Selection 
for Auxotrophs ( See  
 Notes 2–5 )
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   Select high tumor-targeting substrain of   S. typhimurium    A1 
expressing  GFP   as follows:

    1.    Inject   S. typhimurium    A1 into the tail vein of a HT-29 human 
colon tumor-bearing  nude mouse  .   

   2.    Remove the  tumor tissue   from the infected mouse after 3 days.   
   3.    Homogenize the  tumor tissue   and dilute with PBS. Culture 

the supernatant resulting from centrifugation of the homoge-
nized tumor tissue in LB agar plates at 37 °C overnight.   

   4.    Pick the bacteria colony with the brightest green fl uorescence 
and culture in 5 ml LB medium. This strain was termed   S. 
typhimurium    A1-R [ 3 ] .     

         1.    Grow  RFP  -labeled HT-29 human  colon cancer   cells in 24-well 
tissue culture plates to a density of ~10 4  cells per well.   

   2.    Grow   S. typhimurium    A1-R to late-log phase in LB broth [ 7 ].   
   3.    Dilute the bacteria in cell culture medium and add to the  can-

cer   cells, then place in an incubator at 37 °C. After 60 min, 
rinse the cells fi ve times with 1–2-ml PBS.   

   4.    Incubate with 0.2 ml 0.1 % Triton X-100 for 10 min to release 
adherent bacteria. Add LB broth (0.8 ml) and mix each sample 
vigorously.   

   5.    Quantify adherent bacteria by plating in order to count colony- 
forming units (CFU) on LB agar medium.   

   6.    To measure  cancer   cell invasion of bacteria, rinse the bacterially- 
infected cancer cells fi ve times with 1–2 ml PBS and culture in 
medium containing gentamicin sulfate (20 μg/ml) to kill 
external, but not internal, bacteria.   

   7.    Wash the cells once with PBS after incubation with gentamicin 
for 12 h and image the viable intracellular bacteria with fl uo-
rescence microscopy [ 3 ].      

       1.    Grow dual-color PC-3 human  prostate cancer   cells labeled 
with  RFP   in the cytoplasm and in the nucleus with  GFP   fused 
to histone H2B in 24-well tissue culture plates.   

   2.    Grow   S. typhimurium    A1-R in LB medium and harvest at late-
log phase, then dilute in cell culture medium and add to the 
 cancer   cells.   

   3.    Rinse the cells and culture in medium containing gentamicin 
sulfate to kill external, but not internal, bacteria after 1 h of 
incubation at 37 °C.   

   4.    Observe the interaction between   S. typhimurium    A1-R and 
 cancer   cells under fl uorescence microscopy. Visualize the 

3.3  Selection of High 
Tumor-Targeting Strain, 
  S. typhimurium    A1-R 
( See   Notes 6  and  7 )

3.4  Adherence and 
Invasion Assay for 
Comparison Between 
  S. typhimurium    A1 
and A1-R

3.5  Invasiveness of 
Dual-Color  Cancer   
Cells by   S. typhimurium    
A1-R ( See   Note 8 )
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 bacteria in the cancer cells undergoing rapid apoptosis by frag-
mentation of the  GFP  -expressing nuclei [ 3 ].      

       1.    For high-resolution  imaging   of  cancer   cells infected with   S. 
typhimurium    in vitro and  in vivo  , use a confocal microscope 
(FluoView FV1000, Olympus) [ 23 ].   

   2.    Obtain fl uorescence images using the 20×/0.50 UPLAN FLN 
and 40×/1.3 oil Olympus UPLAN FLN objectives [ 24 ].      

       1.    Anesthetize 4–6-week-old nude mice with a ketamine mixture 
(10 μl ketamine HCL, 7.6 μl xylazine, 2.4 μl acepromazine 
maleate and 10 μl H 2 O) via s.c. injection. Implant tumor frag-
ments (1 mm 3 ), harvested from the MARY-X human breast 
tumor or other breast tumors [ 25 ] previously grown s.c. in 
nude mice, by surgical orthotopic implantation (SOI) in the 
mammary fat pad in 4–6-week-old female nude mice. Use 8-0 
surgical sutures to attach the tumor pieces to the fat pad.   

   2.    Close the incision in the skin with a 6-0 surgical suture in one layer. 
Keep the mice under isofl urane anesthesia during surgery [ 3 ].      

       1.    Use 4–6-week-old nude mice.   
   2.    Inject 143B- RFP   human  osteosarcoma   cells (1 × 10 6  in 100 μl 

PBS) into the tail vein of nude mice to obtain experimental 
lung  metastasis  .   

   3.    On day 7, 14, and 21, inject 5 × 10 7    S. typhimurium    A1-R CFU 
per mouse into the tail vein.   

   4.    On day 28, sacrifi ce all animals and image the excised lungs 
with the Olympus OV100 Small Animal  Imaging   System 
(0.14× lens, excitation 535–555 nm, emission 570–623 nm) 
or similar fl uorescence  imaging   system and count the number 
of metastases [ 16 ].      

       1.    Anesthetize 4–6-week-old nude mice with the ketamine mix-
ture (described above) via s.c. injection. Sterilize the leg with 
alcohol and make a 2 mm midline skin incision just below the 
knee joint to expose the tibial tuberosity [ 16 ].   

   2.    Inject 5 × 10 5   RFP  -expressing 143B-RFP cells in 5 μl Matrigel 
per mouse into the intramedullary cavity of the tibia with 
a 0.5 ml 28-G latex-free insulin syringe.   

   3.    Close the skin with a 6-0 suture.   
   4.    One week after injection, make a 1-cm skin incision over the 

tibia to confi rm that the  RFP   tumor is growing inside of the 
bone using the OV100 or similar  imaging   system and then 
close the skin again as described above [ 16 ].      

3.6  Confocal 
 Imaging   of  Cancer   
Cells Infected with 
  S. typhimurium    A1-R

3.7  Surgical 
Orthotopic Implantation 
(SOI) of Breast Tumors

3.8  Bacterial 
Targeting of 
Experimental Lung 
 Metastasis   ( See   Note 9 )

3.9  Orthotopic 
 Osteosarcoma   Model 
in Nude Mice
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       1.    To obtain  metastasis   in the axillary lymph node, inject XPA-1- 
 RFP   human  pancreatic cancer   cells into the inguinal lymph 
node (afferent lymph node to the axillary) in 4–6-week-old 
nude mice.   

   2.    Anesthetize nude mice with the ketamine mixture (described 
above) via s.c. injection.   

   3.    Make a 1 cm incision in the abdominal skin to expose the 
inguinal lymph node. Expose the inguinal lymph node without 
injuring the lymphatic. Fix the skin on a fl at stand with pins. 
Inject a total of 10 μl medium containing 5 × 10 5   cancer   cells 
into the center of the inguinal lymph node.   

   4.    Seven days later (day 0), anesthetize the mice and observe the 
axillary lymph node for  metastasis  . Make a 2 cm incision at the 
center of the chest wall. Release the greater pectoral muscle 
from the sternum to expose the axillary lymph node. Separate 
the connective tissue on the axillary lymph node. Image the 
lymph node for metastasis.   

   5.    Inject   S. typhimurium    A1-R (10 8  CFU [use a lower dose if 
toxicity is observed]) in the inguinal lymph node.   

   6.    After injection, observe the axillary lymph node repeatedly at 
different time points with the OV100 or similar  imaging   sys-
tem. Measure the size of  metastasis   (fl uorescent area [mm 2 ]) at 
each imaging time point [ 15 ].      

       1.    To obtain spontaneous lymph node  metastasis  , inject 5 × 10 6  
HT-1080- GFP  - RFP   human fi brosarcoma cells in 20 μl 
Matrigel into the footpad in 4–6-week-old nude mice.   

   2.    Determine the presence of popliteal lymph node  metastasis   by 
fl uorescence  imaging   every week after cancer-cell injection. 
Anesthetize the mice with the ketamine mixture (described 
above) and lay out in a prone position.   

   3.    Observe the entire limb with the OV100  imaging   system non- 
invasively. Start bacteria therapy, targeting the  metastasis   (day 
0), once metastasis is confi rmed in the popliteal region.   

   4.    Inject   S. typhimurium    A1-R (10 8  CFU [use a lower dose if 
toxicity is observed]) subcutaneously in the footpad. Measure 
the size of  metastasis   and  primary tumor   and body weight 
every week. Treat 6 mice with  S. typhimurium  A1-R and use 
another 6 mice as controls. Use another two mice for  imaging   
immediately and at day 7 after  S. typhimurium  A1-R injection. 
Terminate the experiment when the untreated control pri-
mary tumor invades the popliteal region or when the mouse 
died [ 15 ].      

3.10    S. typhimurium    
A1-R Therapy of 
Experimental 
Pancreatic  Cancer   
Lymph-Node 
 Metastasis   ( See   Notes 
10  and  11 )

3.11    S. typhimurium    
A1-R Therapy 
of Spontaneous 
Lymph-Node 
 Metastasis  
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       1.    Surgically expose the tumor on day 7 after orthotopic implan-
tation and image with the OV100 or similar  imaging   system. 
Measure the size of the tumor (fl uorescent area [mm 2 ]).   

   2.    Treat three mice intra-tumorally (i.t.) with a low concentration 
of   S. typhimurium    A1-R (10 7  CFU/ml), treat 3 mice i.t. with 
a high concentration (10 8  CFU/ml), and use 3 as untreated 
controls.   

   3.    Calculate tumor volume (mm 3 ) with the formula  V  = 1/2× 
(length × width 2 ).   

   4.    Expose the tumor again on day 14 and measure the size to 
determine the effi cacy of treatment [ 13 ].      

       1.    Serially-passage XPA-1- RFP   human  pancreatic cancer   cells in 
the pancreas of 4–6-week-old nude mice.   

   2.    Sacrifi ce the mice after they develop disseminated disease, 
including malignant ascites, and inject 50 μl of ascitic fl uid into 
the pancreas of another  nude mouse  .   

   3.    After fi ve successive passages, transfer the ascitic fl uid from the 
fi nal passage into a cell-culture fl ask containing RPMI 1640 
supplemented with 10 % FBS, 2 mM glutamine with 1 % 
penicillin- streptomycin. Place the fl asks at 37 °C in a 5 % 
CO 2  incubator.   

   4.    After the  cancer   cells are adherent, maintain the cells in culture 
as described above. This highly aggressive subpopulation of 
XPA-1- RFP   human  pancreatic cancer   cells is henceforth 
referred to as XPA-1-RFP P5A.   

   5.    Harvest mesenteric metastases from the same fi fth-generation 
animal and fragment the tumor with surgical instruments and 
place in a cell culture dish with RPMI 1640 supplemented 
with 10 % fetal bovine serum, 2 mM glutamine with 1 % 
penicillin- streptomycin. Store the fl asks at 37 °C in a 5 % 
incubator.   

   6.    Once adherent  cancer   cells are detected via microscopy, pas-
sage the cells and maintain in culture as described above. This 
second population of highly aggressive XPA-1- RFP   human 
 pancreatic cancer   cells is henceforth referred to as XPA-1-RFP 
P5B [ 14 ].      

       1.    Anesthetize 4–6-week-old nude mice with the ketamine mix-
ture (described above) injected subcutaneously.   

   2.    Inject human XPA-1- RFP   P5 A or B  pancreatic cancer   cells 
(5.0 × 10 6 /50 μl Matrigel) slowly as a cell suspension into the 
spleen of nude mice during open laparotomy. Secure hemosta-
sis by gentle pressure using surgical gauze for 2 min.   

3.12  Intra-tumoral 
Bacterial Therapy 
for Pancreatic  Cancer   
( See   Note 12 )

3.13  Selection 
of Highly Aggressive 
Subpopulations 
of XPA-1- RFP   Human 
Pancreatic  Cancer   
Cells

3.14  Intrasplenic 
Injection of 
Pancreatic  Cancer   
Cells ( See   Note 13 )
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   3.    Suture the skin and peritoneum in a single layer using 6-0 
Prolene sutures [ 14 ].      

       1.    Treat nude mice with XPA-1  pancreatic cancer   with either a 
low concentration of   S. typhimurium    A1-R (10 7  CFU/ml) or 
high concentration (10 8  CFU/ml) or do not treat (untreated 
control).      

       1.    For an orthotopic intramedullary spinal cord tumor (IMSCT) 
model, harvest tumor fragments (0.5 mm) from subcutane-
ously growing U87- RFP   human  glioma   tumors and implant 
by SOI into the spinal cord.   

   2.    Make a midline incision approximately 2 cm long over the 
midthoracic spine. Perform sub-periosteal dissection of the 
para-vertebral muscles.   

   3.    Remove the spinous process and bilateral lamina at the mid-
thoracic level (T-7) using a blade to expose the dura mater.   

   4.    Insert a 28-G needle into the dorsal center of the spinal cord, 
avoiding blood vessel injury, to create a 1-mm longitudinal 
incision.   

   5.    Select the tumor pieces for implantation by  RFP   expression.   
   6.    Implant U87- RFP   tumor fragments into the incision of the 

spinal cord.   
   7.    Close the muscles, fascia, and skin with a 6-0 surgical suture. 

After recovery, return the animals to their cages [ 18 ] .       

       1.    Five and ten days after transplantation of tumors, treat mice 
with   S. typhimurium    A1-R (2 × 10 7  CFU / 200 μl  i.v.  injection 
or 2 × 10 6  CFU / 10 μl intrathecal injection).   

   2.    For intrathecal injection, anesthetize the mice and place on a 
sterile fi eld. Identify the prominent L7 spinous process through 
palpation of the iliac crest and make a 0.5-cm longitudinal inci-
sion over the dorsal lower-lumber region.   

   3.    Sweep the underlying fascia laterally and remove the spinous 
process at L7 and the ligamentum fl avum to expose the inter-
vertebral space.   

   4.    Insert a 33-gauge 1/2-in. removable needle connected to a 
10-μl syringe (Hamilton, Reno, NV) through the dorsal L6–
L7 intervertebral space.   

   5.    Treat eight mice with   S. typhimurium    A1-R via i.v. injection of 
8 mice via intrathecal injection, and use 8 mice for an untreated 
control group [ 18 ] .       

3.15  Dose-Response 
of   S. typhimurium    A1-R 
Treatment 
of Metastatic 
Pancreatic  Cancer  

3.16  Orthotopic 
Transplantation 
of  RFP  - Expressing U87 
Human  Glioma   
for an Intramedullary 
Spinal Cord Tumor 
(IMSCT) Model

3.17    S. typhimurium    
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Orthotopic IMSCT 
Model ( See   Note 14 )
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       1.    Assess functional evaluation of hind limb strength using the 
Basso, Bresnahan, and Beattie (BBB) scale [ 26 ] .  Place mice in 
an open-fi eld testing area and observe for 5 min. Rate locomo-
tion using the BBB locomotor scale. The BBB scale ranges 
from 21 to 0 (21 means consistent plantar stepping and coor-
dinated gait, consistent toe clearance, predominant paw posi-
tion parallel throughout stance, consistent trunk stability, and 
tail consistently up. Zero means no observable hind limb 
movement). Test all animals preoperatively to ensure a baseline 
locomotor rating of 21.   

   2.    After tumor transplantation, test the animals three times a 
week. Assign two different observers randomly to score the 
animals’ motor function. Results of the BBB score are expressed 
as the mean. Conclude the experiment by day 30 and sacrifi ce 
all animals at that time. Record dead animals in each group 
with a zero (0) functional score [ 18 ].      

       1.    Use ten nestin-driven  GFP   (ND-GFP) transgenic nude mice, 
6–8-weeks-old.   

   2.    Anesthetize mice with tribromoethanol (i.p. injection 0.2 
ml/10 g body weight of a 1.2 % solution).   

   3.    Inject  RFP  -expressing Lewis lung carcinoma (LLC) murine 
 lung cancer   cells (2 × 10 7  cells/ml) into the skin of the ear, 
back, and footpad of the ND- GFP   nude mice with a 1 ml 
27G1/2 latex-free syringe, 25 μl each site [ 12 ].   

   4.    Treat mice with   S. typhimurium    A1-R via tail vein injection [ 12 ].      

       1.    Use female C57 immuno-competent mice, age 6 weeks.   
   2.    Inject  RFP  -expressing LLC cells (2 × 10 6  in 100 μl PBS) into 

the tail vein of C57 mice.   
   3.    For treatment of LLC cells growing in the lung, administer 

either a single high dose (5 × 10 7  bacteria) or a medium dose, 
2 × 10 7  CFU per mouse, by weekly injection or a low metro-
nomic dose (1 × 10 7  CFU) per mouse twice a week i.v.   

   4.    Administer   S. typhimurium    A1-R (1 × 10 8  CFU [use a lower 
dose if toxicity is observed]) in the thorax [ 24 ].      

       1.    Anesthetize the mice with the ketamine mixture (described 
above) via s.c. injection.   

   2.    After fi xing the mice in a prone position, make a 1.5 cm  incision 
directly down the midline of the scalp. Retract the scalp and 
expose the skull. Using a skin biopsy punch, make a 4-mm 
diameter craniotomy over the right parietal bone.   

   3.    Remove bone fragment carefully in order not to injure the 
meninges and brain tissue. Cover the craniotomy open win-
dow only with the scalp.   

3.18  Functional 
Evaluation of Hind 
Limbs to Determine 
Degree of Paralysis 
in the IMSCT Model 
Treated with 
  S. typhimurium   

3.19  Treatment 
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   4.    Inject U87- RFP   cells (2 × 10 5 ) into the mouse brain via the 
craniotomy open window to a depth of 1 mm using a Hamilton 
syringe [ 19 ].   

   5.    Close the incision with a 6-0 surgical suture.   
   6.    Retract the scalp over the craniotomy window in order to 

image tumor growth in the brain.   
   7.    Keep all mice in an oxygenated warmed chamber until they 

recover from anesthesia [ 19 ].      

       1.    Two weeks after  cancer  -cell inoculation, treat mice with   S. 
typhimurium    A1-R (2 × 10 7  CFU ⁄ 200 μl PBS i.v. or 1 × 10 6  
CFU⁄1 μl PBS through the craniotomy open window into the 
cranium) once a week for 3 weeks.   

   2.    Administer the same volume of PBS to the un-treated control 
mice.   

   3.    After administration of   S. typhimurium    A1-R, perform fl uores-
cence  imaging   with the OV100 or similar imaging system and 
record changes in the diameter of the  RFP  -expressing brain 
tumors each week for 3 weeks.   

   4.    Measure tumor diameter each week after   S. typhimurium    A1-R 
administration.   

   5.    Calculate tumor volume with the formula (width 2  × length × 
0.5). Use seven mice in each group [ 19 ].      

       1.    Grow dual-color MDA-MB-435 cells, labeled with  GFP   in the 
nucleus and  RFP   in the cytoplasm, on 24-well tissue culture 
plates to a density of 10 4  cells per well.   

   2.    Grow   S. typhimurium    A1-R in LB medium and harvest at late- 
log phase, then dilute in cell culture medium and add to the 
 cancer   cells [1 × 10 5  CFU per cell].   

   3.    After 1 h incubation at 37 °C, rinse the cells and culture in 
medium containing gentamicin sulfate (20 μg/ml), to kill 
external, but not internal,   S. typhimurium    A1-R.   

   4.    Observe the interaction between   S. typhimurium    A1-R and 
 cancer   cells, induding apoptosis indicated by nuclear fragmen-
tation, at different time points using the Olympus FluoView 
FV1000 confocal or other fl uorescence microscope [ 27 ].      

       1.    Anesthetize 20 6-week-old female nude mice with the ket-
amine mixture (described above).   

   2.    Slowly inject MDA-MB-435- RFP   cells (5 × 10 6 /100 μl 
Matrigel) into the mammary fat pad. Press the needle holes in 
order to prevent any  cancer   cells overfl owing and seeding at 
the incision site [ 27 ].      

3.22    S. typhimurium    
A1-R Therapy 
in the Brain Tumor 
Model ( See   Note 16 )

3.23  Targeting 
MDA-MB-435-  GFP-
RFP   Breast  Cancer   
Cells with   S. 
typhimurium    A1-R 
In Vitro
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Methods for Tumor Targeting with Salmonella typhimurium A1-R



154

       1.    Randomize mice, orthotopically-implanted with MDA-MB- 
435- RFP  , into four groups: Group 1, fi ve mice to serve as 
untreated controls; group 2, fi ve mice to treat  orally (p.o.) with 
2 × 10 8  CFU   S. typhimurium    A1-R/200 μl, twice a week; group 
3, fi ve mice to treat i.v. with 2.5 × 10 7  CFU  S. typhimurium  
A1-R/100 μl, twice a week; and group 4, fi ve mice to treat i.t. 
with 2.5 × 10 7  CFU  S. typhimurium  A1-R/50 μl, twice per week.   

   2.    Sacrifi ce the mice on day 34 after treatment.   
   3.    Harvest tumors and homogenize and centrifuge. Plate super-

natants on LB medium to detect growth of   S. typhimurium    
A1-R from these tissues.   

   4.    Prepare tissues for standard frozen sectioning and hematoxylin 
& eosin (H&E) staining for histopathological analysis [ 27 ].      

       1.    Make an arc-shaped incision (skin fl ap) in the skin to image 
deeper into the  tumor tissue  . The skin fl ap can be opened 
repeatedly to directly image the  cancer   cells and close simply 
with a 6-0 suture [ 28 ].   

   2.    Anesthetize animals with the ketamine mixture (described 
above) [ 11 ] .       

       1.    Two weeks after cancer-cell inoculation, treat C57BL/6 mice 
( n  = 5) bearing subcutaneous LLC tumors expressing  RFP   
(LLC-RFP) with   S. typhimurium    A1-R (1 × 10 6  CFU/200 μl 
PBS) i.v. via the tail vein as a primer dose. Use PBS (i.v.) as a 
control.   

   2.    Four hours after the primer dose, treat both control and primer 
dose-treated mice with a high dose of   S. typhimurium    A1-R 
(1 × 10 7  CFU/200 μl PBS). Administer primer dose, or PBS 
only, followed by a high dose once a week for 4 weeks.   

   3.    Sacrifi ce mice after 4 weeks administration of  bacterial therapy  . 
Remove the tumors and measure their weight [ 29 ] .       

       1.    Use LLC-RFP tumor-bearing C57BL/6 mice for TNF-α 
determination. Obtain blood samples at various time points 
after   S. typhimurium    A1-R dosing.   

   2.    Measure TNF-α with a mouse TNF-α enzyme-linked immu-
nosorbent assay (ELISA) kit [ 29 ] .       

       1.    Establish orthotopic human  pancreatic cancer   xenografts in 
6–9-week-old nude mice by SOI of XPA-1- RFP   tumor frag-
ments into the tail of the pancreas:   

   2.    After anesthesia, make a small 6–10-mm transverse incision on 
the left fl ank of the mouse through the skin and peritoneum. 
Expose the tail of the pancreas through this incision and suture 
a single 1 mm 3  tumor fragment, harvested from XPA-1- RFP   

3.25  Effi cacy of 
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subcutaneous tumors, on the tail of the pancreas using 8-0 
nylon surgical sutures.   

   3.    Upon completion, return the tail of the pancreas to the abdo-
men and close the incision in one layer using 6-0 nylon surgical 
sutures [ 20 ,  30 – 34 ] .       

       1.    Orthotopically implant 6–8-week-old nude mice with each 
morphological type of XPA-1, spindle (stem cell-like) and 
round (non-stem cell-like). Treat mice in the following groups: 
(1) 5-fl uorouracil (5-FU) (10 mg/kg, ip), (2) cisplatinum 
(CDDP) (5 mg/kg, ip), (3) gemcitabine (GEM) (150 mg/kg, 
ip), (4)  S. typhimurium  A1-R (1.5 × 10 8  CFU/body, ip), and 
(5) saline (vehicle/control, ip).   

   2.    Inject chemotherapeutic drugs weekly from day 21 after tumor 
implantation for 4 weeks. Supply each treatment arm with 8 
tumor-bearing mice.   

   3.    Sacrifi ce animals at 7 weeks and weigh tumors and harvest for 
analysis.   

   4.    Image  GFP   and  RFP   fl uorescence using the OV100  imaging   or 
similar system [ 39 ] and the FV1000 confocal microscope [ 23 ].      

       1.    Obtain  pancreatic cancer    tumor tissue   from patients at surgery. 
Cut the tumor into 1-mm 3  fragments and transplant subcutane-
ously in NOD/SCID or nude mice (F1 generation) [ 21 ,  35 ,  36 ]   

   2.    After subcutaneous tumor growth, harvest the tumor, divide 
the tissue into fragments and transplant to the pancreas using 
SOI, as described above [ 31 ].      

       1.    Using SOI, establish the imageable (iPDOX) model in trans-
genic  RFP   or GFP nude mice (F2) [ 31 ,  37 ] ,  from the patient 
tumor growing in nontransgenic nude mice or other immuno-
defi cient mice.   

   2.    Harvest the tumors from transgenic nude  RFP   mice and ortho-
topically passage in non-transgenic nude mice using SOI [ 21 ] .       

       1.    For whole-body  imaging   in live mice at variable magnifi cation, 
use the Olympus OV100 imaging system or equivalent.   

   2.    Process images for contrast and brightness and analyze with 
the use of Paint Shop Pro 8 and Cell [ 39 ] .       

       1.    Use the Olympus IV100 scanning laser microscope, with a 
488 nm argon laser. The novel stick objectives (as small as 1.3 mm) 
are designed specifi cally for this laser scanning microscope. The 
very narrow objectives deliver very high-resolution images.   

   2.    Use a PC computer running FluoView software to control the 
microscope. Record all images and store as proprietary multi-
layer 16-bit Tagged Image File Format fi les [ 12 ,  40 ] .       

3.30    S. typhimurium    
A1-R Therapy and 
 Chemotherapy   on 
Pancreatic  Cancer   Stem 
Cells ( See   Note 19 )
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       1.    Establish subcutaneous tumors fi rst by implantation of  ovarian 
cancer   cells (5 × 10 6 –1 × 10 7  in 200-μl Matrigel) in the back 
skin of female nude mice (5–7 weeks).   

   2.    Anesthetize mice with the ketamine mixture (described above) 
administered by s.c. injection.   

   3.    For orthotopic implantation, make a right lateral dorsal inci-
sion to open the retro-peritoneum and implant one tumor 
block (2 mm × 2 mm 3 ) on the right ovarian capsule with an 8-0 
surgical suture using previously-described methods [ 41 ,  42 ].   

   4.    Close the retro-peritoneum and skin with a 6-0 surgical suture.      

       1.    Seven days after orthotopic implantation of human SKOV3- 
 GFP   ovarian cells as described above, confi rm intra-abdominal 
tumor formation with fl uorescence  imaging  .   

   2.    Divide the mice into three groups:   
   3.    Group 1: Inject i.v.   S. typhimurium    A1-R (5 × 10  7   CFU) in 

100-μl PBS once every 7 days, starting 7 days post- cancer   
implantation.   

   4.    Group 2: Inject i.p.   S. typhimurium    A1-R (5 × 10  7   CFU) in 
100-μl PBS once every 7 days, starting 7 days after  cancer   
implantation.   

   5.    Group 3: Use a no-treatment group as a control.   
   6.    Determine the overall survival time of each group.   
   7.    Measure the body weight of all mice at day 0, 1, 2, 5, 7, 9, and 

14 in order to assess toxicity of   S. typhimurium    A1-R therapy.      

       1.    Use 4T1 murine  breast cancer   cells expressing  RFP  .   
   2.    Slowly inject  cancer   cells, (5.0 × 10 6 /100 μl serum-free 

medium), into the right second mammary gland underneath 
the nipple.   

   3.    When the average tumor volume reaches approximately 500–
600 mm 3 , remove the  primary tumor   on day 14 after tumor 
implantation.   

   4.    Harvest brain metastases when the mice became moribund.   
   5.    Culture, amplify, and then inject  cancer   cells from the brain 

 metastasis   into the left cardiac ventricle of mice to generate 
brain metastases again.   

   6.    Repeat for 4 cycles of selection.   
   7.    Anesthetize nude mice i.m. with the ketamine mixture 

(described above).   
   8.    Inject 4T1- RFP    breast cancer   cells (1.0 × 10 6 /100 μl serum-

free medium) in slowly into the right second mammary gland 
(underneath the nipple).   

3.35  Orthotopic 
Implantation 
of Ovarian  Cancer   
in Nude Mice

3.36  Treatment 
of Orthotopic Ovarian 
 Cancer   [ 6 ]
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of Breast-  Cancer   
High-Brain-  Metastasis   
Model [ 9 ]
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   9.    Press the needle holes in order to prevent any  cancer   cells over-
fl owing and seeding at the incision site.   

   10.    Resect the  primary tumor   when the average tumor volume 
reaches approximately 500–600 mm 3  by day 14 after tumor 
implantation.   

   11.    Close wounds with 6-0 surgical sutures.   
   12.    Perform all procedures of the operation with a MZ6 ×7 mag-

nifi cation microscope under HEPA-fi ltered laminar fl ow 
hoods.   

   13.    Use the OV100 [ 39 ] or IV100 [ 12 ], FV1000 [ 23 ], or 
Maestro spectral-separation fl uorescence  imaging   system for 
imaging [ 43 ].      

       1.    Grow  GFP  -expressing   S. typhimurium    A1-R overnight in LB 
medium and then dilute 1:10 in LB medium.   

   2.    Harvest bacteria at late-log phase, wash with PBS, and then 
dilute in PBS [ 9 ].   

   3.    Inject the mice implanted orthotopically with the high- 
metastatic 4T1 variant i.v. with   S. typhimurium    A1-R (5 × 10 7  
CFU in 100 μl PBS).   

   4.    Identify nude mice with brain  metastasis   by non-invasive fl uo-
rescence imaging 2 weeks after surgical removal of the ortho-
topic  primary tumor  .   

   5.    Randomize nude mice into treatment and control groups. 
Treat mice with   S. typhimurium    A1-R (5 × 10 7  CFU in 100 μl 
PBS) via the tail vein once a week for 3 weeks. Compare treated 
and untreated mice for survival determination for 21 days 
post-initial treatment.      

       1.    Harvest MDA-MB-435- GFP   cells from subconfl uent cell cul-
ture plates, wash with PBS, and resuspend in PBS.   

   2.    Anesthetize mice with the ketamine mixture (described above) 
before injection.   

   3.    Inject cells (2 × 10 5 ) into the left cardiac ventricle of female 
nude mice using a 27-G needle.   

   4.    A successful injection is characterized by the pumping of arte-
rial blood into the syringe.   

   5.    Monitor development of bone metastases with an Illumatool 
 imaging   system.   

   6.    Isolate  cancer   cells from the bone  metastasis   by sacrifi ce of the 
mice and excision of the bone metastasis. Cut open both ends 
of the bones. Fill a 1-ml syringe with a 27-G needle with PBS 
and insert into one end of the bone. Force out mouse bone 
marrow cells as well as cancer cells from the other end of the 
syringe by applying pressure to the syringe.   

3.38     S. typhimurium    
A1-R Treatment 
of Breast- Cancer   Brain 
 Metastasis  

3.39  Breast- Cancer   
Experimental Bone- 
 Metastasis   Models [ 10 ]
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   7.    Collect cells by centrifugation and wash once with PBS before 
culturing at 37 °C.   

   8.    After 2 weeks of culture, obtain a pure population of human 
 cancer   cells as confi rmed by fl uorescence  imaging  . Repeat for 
4 cycles of this procedure, to obtain a highly metastatic cells 
line, termed MDA-MB-435- GFP  -BM4.   

   9.    Inject MDA-MB-435- GFP  -BM4 cells (2 × 10 5 ) intracardially 
in nude mice.   

   10.    Image the mice longitudinally, with the Illumatool or other 
fl uorescence imaging system, after cardiac injection of MDA- 
MB- 435- GFP  -BM4 to demonstrate progression of multiple 
metastases to the skeleton including the skull, femur, and 
vertebrae.   

   11.    One week after  cancer  -cell injection, administer   S. typhimurium    
A1-R (5 × 10 7  CFU, i.v.) once a week for 3 weeks.   

   12.    Administer the control mice the same volume of PBS.   
   13.    Evaluate  metastasis  -free survival by non-invasive  imaging   of 

the  GFP  -expressing tumors with the Illumatool instrument or 
the iBox Scientia  Imaging   System or equivalent.   

   14.    Defi ne  metastasis  -free survival as the time from cardiac injec-
tion of  cancer   cells to the time of imaging of bone metastases 
with the Illumatool or equivalent instrument.   

   15.    At the end of the follow-up, excise the metastases and wash the 
bone marrow with PBS to confi rm the presence of  GFP  - 
expressing  cancer   cells.   

   16.    For an alternative experimental  breast-cancer   bone- metastasis   
model, make a midline skin incision (5 mm) just below the 
knee joint to expose the tibial tuberosity. Co-inject Matrigel (5 
μl) and MDA-MB-435- GFP  -BM4 cells (5 × 10 5 ) into the intra-
medullary cavity of the tibia with a 0.5-ml 28-G latex-free 
insulin syringe (0.5 ml 28 G).   

   17.    Close the skin with a 6-0 suture.   
   18.    Two weeks after injection, perform fl uorescence  imaging   to 

confi rm the  GFP  -expressing tumor is growing, using the 
iBox or equivalent instrument.      

       1.    Administer   S. typhimurium    A1-R (5 × 10 7  CFU, i.v.) to nude 
mice with bone  metastasis   once a week for 3 weeks.   

   2.    Administer the same volume of PBS to the remaining mice 
(untreated control group).   

   3.    Perform fl uorescence  imaging   on treated and untreated mice, 
and record  GFP  -expressing fl uorescent area every 2 weeks for 
12 weeks using the iBox Scientia or equivalent instrument.      

3.40  Treatment of 
Breast-  Cancer   
Experimental Bone- 
 Metastasis   Models with 
  S. typhimurium  
A1-R   [ 10 ]

Robert M. Hoffman and Ming Zhao



159

       1.    Use 4–6-week-old nude mice.   
   2.    Anesthetize a 6-week-old female nude mice with the ketamine 

mixture (described above) via s.c. injection.   
   3.    Sterilize the leg with alcohol.   
   4.    Make an approximately 2-mm midline skin incision just above 

the knee joint to expose the quadriceps femoris muscle.   
   5.    Inject HT-1080- RFP   fi brosarcoma cells (1 × 10 6  per mouse) in 

Matrigel (5 μl per mouse) into the muscle with a 0.5-ml 28-G 
latex-free insulin syringe.   

   6.    Close the skin with a 6-0 suture.   
   7.    On day 14 and 21, inject  S. typhimurium  (5 × 10 7  CFU per 

mouse) into the tail vein.   
   8.    Sacrifi ce and perform fl uorescence  imaging   on day 28 to deter-

mine the effi cacy of  bacterial therapy   for both  primary tumor  s 
and lung metastases.   

   9.    Measure the size of the  primary tumor  s (fl uorescent area 
[mm 2 ]) with the iBox or equivalent instrument.   

   10.    Excise the lung tumor and image the metastases on the surface 
and count the number of metostasis ( see   Note 21 ) with the 
OV100 or equivalent instrument.   

   11.    To obtain experimental lung  metastasis  , inject HT-1080- RFP   
cells (1 × 10 6  cells in 100 μl PBS) into the tail vein of nude mice 
(day 0).   

   12.    On days 7, 14, and 21, inject   S. typhimurium    A1-R (5 × 10 7  
CFU) in the tail vein.   

   13.    On day 28, sacrifi ce mice and image the lungs to observe lung 
metastases to determine the effi cacy of  bacterial therapy  . 
Observe lung metastases in the treated and untreated animals 
and record the fl uorescent areas using the OV100 or equiva-
lent instrument.       

4    Notes 

     1.     GFP   expression was stable for over 100 passages in   S. 
typhimurium    A1-R [ 7 ].   

   2.      S. typhimurium    14028- GFP   was treated with  nitrosoguanidine   
( NTG  ) mutagenesis to obtain auxotrophic mutant bacteria 
that grew on complete medium, but not minimal medium.   

   3.    Specifi c auxotrophy was identifi ed by growth in minimal 
medium supplemented with each  amino acid   one at a time.   

   4.    Wild-type   S. typhimurium    killed mice within 2 days. The Leu- 
Arg double- auxotrophic   mutant  S. typhimurium  A1 did not 

3.41  Soft Tissue 
Sarcoma Model [ 17 ]
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kill mice. Thus,  S. typhimurium  A1 was chosen for initial anti-
cancer effi cacy studies [ 7 ].   

   5.    All observed organs were infected 2–4 days after injection of   S. 
typhimurium    A1- GFP   (1 × 10 7  CFU per mouse) in nude mice 
implanted with the human PC-3  prostate cancer  . However, 
GFP-labeled bacteria could not be observed in the spleen, 
liver, kidney, and lung by day 15. In contrast, the bacteria grew 
extensively in the implanted PC-3 tumor [ 7 ].   

   6.    The enhanced  tumor-targeting   strain of   S. typhimurium    A1-R 
was obtained [ 3 ] by passage of  S. typhimurium  A1 through 
HT-29 and HCT-116 human colon tumors growing in nude 
mice.  S. typhimurium  A1-R was found to have enhanced tumor 
virulence (please see below).   

   7.    The MARY-X human  breast cancer   was treated with   S. 
typhimurium    A1-R in an orthotopic model. Tumor regression 
occurred following a single i.v. injection of  S. typhimurium  
A1-R [ 27 ] with four of 10 mice apparent cures [ 3 ].   

   8.    Fragmentation of the  GFP  -expressing nuclei of  cancer   cells 
after  infection     S. typhimurium    A1 signifi ed apoptosis [ 7 ].   

   9.    Lung  metastasis   was signifi cantly reduced in the   S. typhimurium    
A1-R treatment group than control [ 16 ].   

   10.     Cancer   cells traffi cked in the efferent lymph duct toward the 
axillary lymph node of nude mice immediately after injection 
[ 15 ] .    

   11.    All lymph-node metastases had been eradicated by day 7. In con-
trast, metastases continued to grow in the control group [ 15 ].   

   12.    The high-dose bacteria treatment group had signifi cantly less 
tumor than the un-treated control group demonstrating dose- 
response [ 13 ].   

   13.      S. typhimurium    A1-R administered i.v. or intrasplenic (i.s.) 
resulted in lower hepatic and splenic tumor burden compared 
with untreated control mice [ 14 ] . S. typhimurium  A1-R 
increased survival time of the treated mice. All results were 
statistically signifi cant [ 14 ].   

   14.    Untreated mice had progressive paralysis beginning at day 6 
after tumor transplantation. The untreated mice developed 
complete paralysis between 18 and 25 days. Mice treated with 
  S. typhimurium    A1-R i.v. had delayed onset of paralysis. Mice 
treated with intrathecal administration of  S. typhimurium  A1-R 
had the longest delay before paralysis. The intrathecally treated 
mice survived the longest, with less paralysis compared to con-
trol or i.v. treated mice [ 18 ].   

   15.    Transgenic nestin-driven  green fl uorescent protein   (ND- GFP  ) 
mice express GFP in nascent blood vessels. The ear tumor had 
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more blood vessels as visualized by ND-GFP than the tumor 
transplanted on the back or footpad. The ear tumor was most 
sensitive to  i.v.    S. typhimurium    A1-R due to increased vascu-
larity [ 12 ].   

   16.      S. typhimurium    A1-R administered intracranially (i.c.) inhib-
ited brain-tumor growth approximately eightfold compared 
with un-treated mice and increased survival by 73 % [ 19 ,  44 , 
 45 ]. Tumors were readily imaged by fl uorescence through the 
cranial window [ 45 ].   

   17.    I.v., i.t., and p.o. routes of administration of   S. typhimurium    
A1- GFP   were compared for targeting of  tumor tissue  .  S. 
typhimurium  A1-R-GFP disappeared in normal organs by 2 
weeks using each route [ 27 ].   

   18.    Immuno-competent mice had a different response to   S. 
typhimurium    A1-R than immuno-defi cient mice. Dosing of  S. 
typhimurium  A1-R had to be adjusted to avoid toxicity in 
immuno-competent mice. A primer dose of  S. typhimurium  
A1-R was fi rst administered (1 × 10 6  CFU i.v.) followed by a 
high dose (1 × 10 7  CFU i.v.) 4 h later. No side effects were 
observed with the primer strategy compared to treatment with 
high-dose alone, where there was toxicity. Tumor vessel 
destruction was enhanced by primer dosing of  S. typhimurium  
A1-R as observed in immuno-competent transgenic mice 
expressing ND- GFP   in nascent blood vessels. Vessel destruc-
tion probably increased the  anti-tumor   effi cacy of  S. 
typhimurium  A1-R [ 29 ].   

   19.    The combination   S. typhimurium    A1-R and 5-FU signifi cantly 
reduced the tumor weight of stem-like (spindle-shaped) and 
non-stem XPA-1 cells (round).  S. typhimurium  A1-R com-
bined with 5-FU improved antitumor effi cacy compared with 
5-FU monotherapy on the stem-like spindle XPA-1 cells [ 46 ]. 
5-FU alone was not active on the  stem cells  .   

   20.    Light boxes with appropriate fi lters and camera or even a blue 
light LED fl ashlight with an appropriate fi lter can be used for 
macro-imaging of  GFP  -expressing tumors and   S. typhimurium    
A1-R-GFP  infection   [ 47 ,  48 ] .    

   21.      S. typhimurium    A1-R was highly effective against the pancre-
atic cancer PDOX model [ 21 ,  22 ], ovarian cancer orthotopic 
model [ 5 ,  6 ] breast cancer brain metastasis model [ 9 ], breast 
cancer bone metastasis model [ 10 ] and orthotopic soft-tissue 
sarcoma model [ 17 ].         
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    Chapter 14   

  Salmonella typhimurium  A1-R and Cell-Cycle 
Decoy Therapy of Cancer                     

     Robert     M.     Hoffman      and     Shuya     Yano      

  Abstract 

   Cancer cells in G 0 /G 1  are resistant to cytotoxic chemotherapy agents which kill only cycling cancer cells. 
 Salmonella typhimurium  A1-R ( S. typhimurium  A1-R) decoyed cancer cells in monolayer culture and in 
tumor spheres to cycle from G 0 /G 1  to S/G 2 /M, as demonstrated by fl uorescence ubiquitination-based 
cell cycle indicator (FUCCI) imaging.  S. typhimurium  A1-R targeted FUCCI-expressing subcutaneous 
tumors, and tumors growing on the liver, growing in nude mice and also decoyed quiescent cancer cells, 
which were the majority of the cells in the tumors, to cycle from G 0 /G 1  to S/G 2 /M. The  S. typhimurium  
A1-R-decoyed cancer cells became sensitive to cytotoxic agents.  

  Key words      Salmonella typhimurium  A1-R  ,   Tumor-targeting  ,   Cell cycle  ,   Decoy  ,   Amino acid  , 
  Auxotroph  ,   Chemotherapy  ,   Fluorescence ubiquitination-based cell cycle indicator (FUCCI)  ,   Imaging  , 
  Green fl uorescent protein (GFP)Red fl uorescent protein (RFP)  ,   Surgical orthotopic implantation 
(SOI)  ,   Nude mice  ,   Mouse models  ,   Cancer  ,   Metastasis  

1      Introduction 

 Drug resistance in  cancer   is the major problem in  cancer therapy  . 
Using a fl uorescence ubiquitination cell cycle indicator ( FUCCI  ), 
we determined that approximately 80 % of total cells of an estab-
lished tumor are in G 0 /G 1  phase and thereby resistant to cytotoxic 
drugs. Cytotoxic agents killed only proliferating cancer cells at the 
surface and, in contrast, had little effect on quiescent cancer cells. 
Moreover, resistant quiescent cancer cells restarted cycling after 
the cessation of  chemotherapy   demonstrating a probable major 
basis for resistance of solid tumors to chemotherapy [ 1 ] (Figs.  1 ,  2 , 
 3 ,  4 , and  5 ).

       As described in this chapter, we subsequently observed that   S. 
typhimurium    A1-R decoyed  cancer   cells in tumors, to cycle from 
G 0 /G 1  to S/G 2 /M, thereby making them sensitive to cytotoxic 
agents [ 2 ] (Figs.  6 ,  7 ,  8 , and  9 ).
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  Fig. 1    Intravital cell-cycle  imaging   in  FUCCI  -expressing tumors growing in the liver. All images were acquired 
with the FV1000 (Olympus) confocal laser scanning microscope (CLSM). The FUCCI-expressing  cancer   cells in 
G 0 /G 1 , S, or G 2 /M phases appear  red ,  yellow , or  green , respectively. ( a ) Schematic diagram shows the method 
of repeated intravital CLSM imaging of FUCCI-expressing gastric cancer cells growing in the liver. ( b – d ) 
Representative images of FUCCI-expressing tumors in the liver of live mice. Nascent tumor 7 days after 
implantation ( b ); rapidly growing tumor 90 days after implantation ( c ); slowly growing tumor 90 days after 
implantation ( d ). ( e – g ) High-magnifi cation images of FUCCI-expressing cancer cells are shown. ( h ) Bar graphs 
show the distribution of FUCCI-expressing cells in a nascent tumor, a rapidly growing tumor, and a slowly 
growing tumor. Data are means ± SD (each group for  n  = 10). Scale bars represent 500 μm [ 1 ]       
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  Fig. 2    Cell-cycle-phase distribution of  cancer   cells at the tumor surface and center. ( a – c )  FUCCI  -expressing 
MKN45 stomach cancer cells were implanted directly in the liver of nude mice and imaged at 7 days ( a ), 21 
days ( b ), or 35 days ( c ). ( d ) Histograms show the cell-cycle distribution in the tumor at 7 days ( top ), 21 days 
( middle ), and 35 days ( lower ) after implantation. ( e ) Schematic diagram of  in vivo   CLSM  imaging   of different-
sized tumors. Tumors were scanned from the center to the edge. The scanned images were then three-
dimensionally reconstructed. ( f – h ) Representative 3D reconstruction images of a nascent tumor at 7 days after 
cancer-cell implantation ( f ), 21 days ( g ), and 35 days ( h ) after implantation. ( i ) Histograms show the distribu-
tion of FUCCI-expressing cells at different distances from the center. The number of cells in each cell-cycle 
phase was assessed by counting the number of cells of each color at the indicated time points and depth. The 
percentages of cells in the G 2 /M, S, and G 0 /G 1  phases of the cell cycle are shown ( e  and  i ). Data are means 
(each group for  n  = 5). Scale bars represent 100 μm [ 1 ]       
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  Fig. 3     Imaging   nascent tumor vessels and  cancer   cell-cycle phase in rapidly and slowly growing tumors. ( a ) 
Comparison of rapidly-growing tumors and slowly-growing tumors in nestin-driven green fl uorescent protein 
(ND- GFP)   transgenic mice, which label nascent blood vessels with GFP. ( b ) Scatter-gram shows the number of 
GFP-expressing nascent tumor vessels in rapidly- and slowly-growing tumors ( left ). The number of nascent 
tumor vessels is associated with tumor volume ( upper right ). The number of nascent tumor vessels negatively-
correlates with the percentage of cancer cells in G 0 /G 1  phase ( lower right ). ( c ) Images of  FUCCI  -expressing 
cancer cells in a large rapidly-growing tumor in the liver at 28 days after implantation are shown at different 
depths in the tumor. ( d ) Three-dimensional reconstruction of a tumor at 14 days ( upper ) and 28 days ( lower ) 
after implantation of FUCCI-expressing MKN45 cells in the liver of ND-GFP-expressing transgenic nude mice. 
Fine nascent blood vessels expressing GFP are indicated with  arrowheads , and the trunk of blood vessels is 
indicated with  arrows . Data are means (each group for  n  = 5). Scale bars represent ( a ) 500 μm; ( c ) 100 μm [ 1 ]       

  Fig. 4    Spatial–temporal response to cytotoxic  chemotherapy   of cells in various phases of the cell cycle in 
tumors. ( a ) A schematic diagram showing longitudinal CSLM  imaging   of an  FUCCI  -expressing tumor after 
chemotherapy. ( b ) Representative image of an FUCCI-expressing tumor in the liver before and after cisplati-
num (CDDP) treatment. ( c ) Images of FUCCI-expressing  cancer   cells are shown at different depths in the tumor 
at indicated time points noted in b. ( d ) Representative images of an FUCCI-expressing tumor in the liver before 
and after paclitaxel treatment. ( e ) Images of FUCCI-expressing cancer cells are shown at different depths in 
the tumor at indicated time points noted in d. ( f ) Histograms show the cell-cycle-phase distribution of cancer 
cells in the tumor at indicated time points. Data are means ± SD (each group for  n  = 5). Scale bars represent 
500 μm [ 1 ]       
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  Fig. 5    The effi cacy of  chemotherapy   depends on the cell-cycle-phase distribution within the tumor. ( a ) 
Representative images of nascent  FUCCI  -expressing tumor in the liver before and after CDDP or paclitaxel 
treatment. ( b ) Histograms show the cell-cycle-phase distribution within the tumor at the indicated time points. 
( c ) Representative images of a slowly-growing FUCCI-expressing tumor in the liver before and after CDDP or 
paclitaxel treatment. ( d ) Histograms show the cell-cycle-phase distribution within the tumor at the indicated 
time points. ( e ) Histograms show the survival rate of the  cancer   cells in G 0 /G 1  phase or in S/G 2 /M phase after 
chemotherapy. ( f ) Relationship between the percentage of cells in G 0 /G 1  phases before treatment and surviv-
ing-cell fraction ( left ). Relationship between tumor size before treatment and surviving-cell fraction ( right ). 
Data are means ± SD (each group for  n  = 3). Scale bars = 500 μm [ 1 ]       

  Fig. 6      S. typhimurium    A1-R stimulates cell-cycle transit of quiescent  cancer   cells in monolayer culture.  S. 
typhimurium  A1-R targeted quiescent cancer cells and stimulated cell-cycle transit from G 0 /G 1  to S/G 2 /M phases. 
( a ) Representative images of control cancer cells and cancer cells treated with  S. typhimurium  A1-R. ( b ) Histograms 
show cell-cycle distribution in control and  S. typhimurium  A1-R-treated cultures. Scale bar: 500 μm [ 2 ]       

 

 



  Fig. 7      S. typhimurium    A1-R stimulates cell-cycle transit in quiescent  tumor spheres   in vitro.  S. typhimurium  
A1-R stimulated cell-cycle transit from G 0 /G 1  to S/G 2 /M phases. ( a ) Representative images of control tumor 
spheres and tumor spheres treated with  S. typhimurium  A1-R. ( b ) Histograms show cell-cycle distribution in 
control and  S. typhimurium  A1-R-treated tumor spheres. Scale bar: 500 μm [ 2 ]       

  Fig. 8      S. typhimurium    A1-R mobilizes the cell-cycle transit of quiescent  cancer   cells in tumors  in vivo  . ( a ) 
Representative images of cross sections of  FUCCI  -expressing MKN45 tumor xenografts treated with  S. 
typhimurium  A1-R or untreated control. ( b ) Histograms show the cell-cycle-phase distribution of FUCCI-
expressing cells within the tumor treated with  S. typhimurium  A1-R or untreated control. Scale bars: 500 μm [ 2 ]       
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2          Materials 

     1.     FUCCI vectors   (Medical and Biological Laboratory).   
   2.    mKO2-hCdt1-expressing  plasmids   ( green fl uorescent pro-

tein  ) (Medical and Biological Laboratory).   
   3.    mAG-hGem-expressing  plasmids   (orange fl uorescent protein) 

(Medical and Biological Laboratory).   
   4.    Lipofectamine™ LTX (Invitrogen).   
   5.    Trypsin-EDTA (Fisher Scientifi c).   
   6.    96-well plates (Fisher Scientifi c).   
   7.    LB medium (Fisher Scientifi c).   
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  Fig. 9      S. typhimurium    A1-R-decoyed tumors became sensitive to  chemotherapy  .  FUCCI  -expressing MKN45 
cells (5 × 10 6  cells/mouse) were injected subcutaneously into the left fl ank of  nude mice  . When the tumors 
reached approximately 8 mm in diameter (tumor volume, 300 mm 3 ), mice were administered iv  S. typhimurium  
A1-R alone, or with CDDP (4 mg/kg ip) or paclitaxel (5 mg/kg ip) for fi ve cycles every 3 days. ( a ) Growth curves 
of tumors derived from FUCCI-expressing MKN45 cells after treatment with chemotherapy,  S. typhimurium  
A1-R, or the combination of  S. typhimurium  A1-R and chemotherapy. The difference between control and 
CDDP treated:  P  < 0.01; the difference between control and paclitaxel treated:  P  < 0.05; the difference between 
control and  S. typhimurium  A1-R-treated:  P  < 0.05; the difference between control and the combination of  S. 
typhimurium  A1-R and CDDP-treated:  P  < 0.01; the difference between control and the combination of  S. 
typhimurium  A1-R and paclitaxel-treated:  P  < 0.01. ( b ) Macroscopic photographs of FUCCI-expressing tumors: 
untreated control;  S. typhimurium  A1-R treated; CDDP-treated; paclitaxel-treated; or treated with the combi-
nation of  S. typhimurium  A1-R and either CDDP or paclitaxel. Scale bars: 10 mm. ( c ) Representative images of 
cross sections of FUCCI-expressing MKN45 subcutaneous tumors: untreated control;  S. typhimurium  A1-R-
treated; CDDP-treated; paclitaxel-treated; or treated with the combination of  S. typhimurium  A1-R and either 
CDDP or paclitaxel. ( d ) Histograms show cell-cycle phase of FUCCI-expressing MKN45 subcutaneous tumors: 
untreated control;  S. typhimurium  A1-R treated; CDDP-treated; paclitaxel-treated; or treated with the combi-
nation of  S. typhimurium  A1-R and either CDDP or paclitaxel. Scale bars: 500 μm [ 2 ]       
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   8.    FACSAria cell sorter (Becton Dickinson).   
   9.    MKN45 stomach adenocarcinoma cell line (Okayama 

University).   
   10.    Athymic nu/nu nude mice (AntiCancer Inc.).   
   11.    Autoclaved laboratory rodent diet (Teklad LM-485; Harlan).   
   12.    Ketamine mixture (10 μl ketamine HCl, 7.6 μl xylazine, 2.4 μl 

acepromazine maleate, and 10 μl PBS) (Henry-Schein).   
   13.      S. typhimurium    A1-R (AntiCancer Inc.).   
   14.    Cisplatinum (Pharmaceutical Buyers International).   
   15.    Paclitaxel (Pharmaceutical Buyers International).   
   16.    FV1000 (Olympus).      

3    Methods 

       1.    Generate the  FUCCI   probe by fusing mKO2 (monomeric kus-
abira orange2) and mAG (monomeric azami green) to the 
ubiquitination domains of human Cdt1 and geminin, 
respectively.   

   2.    Transfect  plasmids   expressing mKO2-hCdt1 into MKN45 cells 
using Lipofectamine™ LTX.   

   3.    Incubate the cells for 48 h after transfection and then trypsinize 
and seed in 96-well plates at a density of 10 cells/well.   

   4.    In the fi rst step, sort S-, G 2 -,, and M-phase cells using a 
FACSAria cell sorter or equivalent.   

   5.    Re-transfect the fi rst-step-sorted green fl uorescent cells with 
mAG-hGem (orange) and then sort for orange fl uorescence 
[ 2 ,  3 ].      

  
     1.    Use the radio-resistant poorly differentiated stomach adenocar-

cinoma cell line, MKN45, which is derived from a liver  metas-
tasis   of a patient or other cancer cell lines  [ 2 ,  3 ].      

  
     1.    Maintain the athymic nu/nu nude mice in a barrier facility 

under HEPA fi ltration and feed mice with an autoclaved labora-
tory rodent diet.   

   2.    Conduct all animal studies in accordance with the principles 
and procedures outlined in the National Institute of Health 
Guide for the Care and Use of Animals [ 2 ].      

  
     1.    Harvest  FUCCI  -expressing MKN45 cells from monolayer cul-

ture by brief trypsinization.   
   2.    Prepare single-cell suspensions at a fi nal concentration of 5 × 10 6  

cells and inject subcutaneously in the left fl ank of nude mice [ 2 ].   

3.1   FUCCI  

3.2  Cells

3.3  Animal 
Experiments

3.4  Tumor Model
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   3.    Perform all animal procedures under anesthesia using s.c. 
administration of a ketamine mixture (10 μl ketamine HCl, 7.6 
μl xylazine, 2.4 μl acepromazine maleate, and 10 μl PBS).      

  
     1.    Grow  GFP  -expressing   S. typhimurium    A1-R bacteria overnight 

in LB medium and then dilute 1:10 in LB medium.   
   2.    Harvest bacteria at late-log phase, wash with PBS, and then 

dilute in PBS [ 4 ].      
  

     1.    When the tumors reach approximately 8 mm in diameter (tumor 
volume, 300 mm 3 ), administer the mice   S. typhimurium    A1-R 
iv, alone or in combination with cisplatinum (4 mg/kg ip) or 
paclitaxel (5 mg/kg ip) for fi ve cycles every 3 days [ 2 ].       

4    Notes 

     1.      S. typhimurium    A1-R stimulates cell-cycle transit of quiescent 
 cancer   cells in monolayer culture: Time-lapse  imaging   of  S. 
typhimurium  A1-R interacting with quiescent  FUCCI  - 
expressing MKN45 cancer cells in monolayer culture demon-
strated that  S. typhimurium  A1-R targets quiescent cancer cells 
and induces their cell-cycle transit from G 0 /G 1  to S/G 2 /M 
phase (Fig.  6 ) [ 2 ].   

   2.      S. typhimurium    A1-R stimulates cell-cycle transit in quiescent 
 tumor spheres  :  S. typhimurium  A1-R targeted quiescent tumor 
spheres and stimulated cell-cycle transit, of the  cancer   cells 
within the spheres, from G 0 /G 1  to S/G 2 /M phases (Fig.  7 ) [ 2 ].   

   3.      S. typhimurium    A1-R mobilizes the cell-cycle transit of quies-
cent  cancer   cells in tumors  in vivo  : Before  S. typhimurium  A1-R 
treatment,  FUCCI  -expressing MKN45 tumors had approxi-
mately 95 % of the cancer cells in G 0 /G 1  after 35 days’ growth 
in nude mice. Thirty-fi ve days after treatment with  S. 
typhimurium  A1-R, approximately 30 % of the cancer cells were 
in G 0 /G 1  and 70 % in S/G 2 /M (Fig.  8 ) [ 2 ].   

   4.      S. typhimurium   -decoyed tumors became sensitive to  chemo-
therapy  :  S. typhimurium  A1-R sensitized the tumors to chemo-
therapy due to cell-cycle decoy of the  cancer   cells within the 
tumor (Fig.  9 ) [ 2 ].     

  FUCCI    imaging   demonstrated that the combination of   S. 
typhimurium    A1-R cell-cycle decoy and  chemotherapy   can effec-
tively kill quiescent  cancer   cells that are resistant to conventional 
chemotherapy, including in cancer cells and tumors  in vivo  . The 
combination of  S. typhimurium  A1-R and either cisplatinum or 
paclitaxel was highly effective [ 2 ]. 

3.5  Growth of   S. 
typhimurium    A1-R

3.6  Decoy 
 Chemotherapy   ( See  
Notes  1 – 4 )
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 We previously demonstrated with  FUCCI    imaging   that  cancer   
cells in G 0 /G 1  phase can migrate faster and further than cancer 
cells in S/G 2 /M phases. When cancer cells in G 0 /G 1  cycled into 
S/G 2 /M phases, they ceased movement and then only restarted 
migration after reentry into G 0 /G 1  phase after cell division. 
 Chemotherapy   had little effect on G 0 /G 1 -invading cancer cells. 
 S. typhimurium  A1-R decoy  chemotherapy   may also be useful to 
target invasive cancer cells, which may otherwise be highly chemo-
resistant [ 2 ,  5 ].     
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    Chapter 15   

 Future of Bacterial Therapy of Cancer                     

     Robert     M.     Hoffman      

  Abstract 

   Bacterial therapy of cancer has a centuries-long history and was fi rst-line therapy at the hospital in New York 
City that would become Memorial Sloan-Kettering Cancer Center, under Dr. William B. Coley. However, 
after Coley’s death in 1936, bacterial therapy of cancer ceased in the clinic until the present century. 
Clinical trials have been recently carried out for strains of the obligate anaerobe  Clostridium novyi  with the 
toxin gene deleted, and on an attenuated strain of  Salmonella typhimurium  ( S. typhimurium ), which is a 
facultative anaerobe that can grow in viable, as well as necrotic, areas of tumors, unlike  Clostridium , which 
can only grow in the hypoxic areas. Our laboratory has developed the novel strain  S. typhimurium  A1-R 
that is effective against all tumor types in clinically-relevant mouse models, including patient-derived 
orthotopic xenograft (PDOX) mouse models. This chapter suggests future clinical applications 
for  S. typhimurium  A1-R.  

  Key words      Salmonella typhimurium  A1-R  ,   Tumor-targeting  ,   Cell cycle  ,   Decoy  ,   Amino acid  , 
  Auxotroph  ,   Combination chemotherapy  ,   Fluorescence ubiquitination-based cell cycle indicator 
(FUCCI)  ,   Imaging  ,   Green fl uorescent protein (GFP)  ,   Surgical orthotopic implantation (SOI)  ,   Nude 
mice  ,   Mouse models  ,   Cancer  ,   Metastasis  ,   Orthotopic  

1       Mode of Killing  Cancer   Cells by Bacteria 

 The future success of  bacterial therapy   of  cancer   depends in part 
how bacteria kill different types of cancer cells. 

 To further understand the tumor-killing mechanism of   S. 
typhimurium    A1-R, we have studied the interaction of  S. 
typhimurium  A1-R- GFP   with three different  prostate cancer   
cell lines in vitro visualized by confocal fl uorescence microscopy. 
We found that  S. typhimurium  A1-R induced  cancer   cell death by 
different mechanisms in different cancer cell lines with apoptosis 
and necrosis in the human PC-3 prostate cancer cell line, and by 
cell bursting in the human LNCaP and DU-145 prostate cancer 
cell lines. The time for  S. typhimurium  A1-R-GFP to kill the major-
ity of the cancer cells varied from line to line, ranging from 2 to 48 
h (Figs.  1 ,  2  and  3 ) [ 1 ]. 
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  Fig. 1    Dual-color PC-3 human  prostate cancer   cell death induced by   S. typhimurium    A1-R- GFP  . ( a ) Untreated 
dual- color PC-3 human prostate  cancer   cells with GFP expressed in the nuclei and  RFP   expressed in the cyto-
plasm (0 time point); ( b )  S. typhimurium  A1-R-GFP attached to the membrane of PC-3 cells (45-min time 
point); ( c )  S. typhimurium  A1-R-GFP invasion and proliferation in PC-3 cells (45-min time point); ( d ) cytoplasm 
swelling in PC-3 cells induced by  S. typhimurium  A1-R-GFP (2-h time point); ( e ,  f ) apoptotic bodies in PC-3 
cells induced by  S. typhimurium  A1-R-GFP invasion (2-h time point); ( g – l ) PC-3 necrotic cell death ( white 
arrows ) induced by  S. typhimurium  A1-R-GFP invasion ( g  = 45-min time point;  h  = 55-min time point;  i  = 65-min 
time point;  j  = 1 h ,  15-min time point;  k  = 1 h ,  25-min time point;  l  = 1 h ,  35-min time point) (Fluoview FV1000 
confocal fl uorescence microscopy) [ 1 ]       
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 Multiphoton tomography was used to visualize   S. typhimurium    
A1-R targeting the Lewis  lung carcinoma   (LLC) cells growing 
subcutaneously in nude mice. Tomography demonstrated that 
bacterially infected  cancer   cells greatly expanded and burst and 
thereby lost viability (Figs.  4 ,  5 ,  6  and  7 ) [ 2 ].

  Fig. 2    Dual-color DU-145 human  prostate cancer   cell death induced by   S. typhimurium    A1-R. ( A ) 
Untreated dual- color DU-145 human prostate  cancer   cells (0 time point); ( B )  S. typhimurium  A1-R- GFP   
invasion and proliferation in the DU-145 cells (2-h time point); ( C ) DU-145 cell death caused by bursting 
after extensive intracellular bacterial proliferation (24-h time point) (Fluoview FV1000 confocal fluores-
cence microscopy) [ 1 ]       

  Fig. 3    LNCaP- RFP   human  prostate cancer   cell death induced by   S. typhimurium    A1-R- GFP  . ( A ) Untreated 
LNCaP- RFP human prostate  cancer   cells (0 time point); ( B )  S. typhimurium  A1-R-GFP invasion and proliferation 
in the DU-145 cells (24-h time point); ( C ) LNCaP cell death caused by bursting after extensive intracellular 
bacterial proliferation (48-h time point) (Fluoview FV1000 confocal fl uorescence microscopy) [ 1 ]       
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  Fig. 4    In vitro  imaging   of dual-color Lewis lung carcinoma (LLC)  cancer   cells expressing  GFP   in the nucleus 
(ns) and DsRed in the cytoplasm (c) during bacteria treatment. GFP-labeled   Salmonella typhimurium    A1-R was 
applied to the LLC cancer cells. ( A ) 10 min after treatment with bacteria.  White arrows  show that bacteria 
invaded the cancer cells. ( B ) The same cancer cells were monitored 45 min after treatment with   S. typhimurium    
A1-R. The cancer cells expanded, burst, and lost viability.  Blue arrows  show micro-blebs. The  yellow arrow  
shows a damaged nucleus. Cells were imaged with a FU1000 confocal microscope at 473 nm for GFP excita-
tion and 559 nm for DsRed excitation. Detection fi lters BA490-540 for GFP emission and BA575-675 for DsRed 
emission were used [ 2 ]       

  Fig. 5    Bacteria killing of  cancer   cells, observed by multiphoton tomography in live LLC tumor-bearing mice 
treated with   Salmonella typhimurium    A1-R. Extracellular matrix collagen was imaged by second-harmonic 
generation (SHG) without labeling (depicted in  green color ).  Cancer   cells expressing DsRed were visualized by 
two- photon excitation ( red color ). The tomographic images revealed that bacterially-infected cancer cells 
greatly expanded and burst and thereby lost viability similar to in vitro experiments ( see  Fig.  1 ). DsRed was 
excited at 920 nm and SHG at 790 nm.  Blue arrows  show the cell nuclei.  White arrows  show microblebs and 
swollen cytoplasm [ 2 ]       
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  Fig. 6     In vivo   multiphoton tomography with fi lter confi guration II was used to separate  GFP  , DsRed, and auto-
fl uorescence signals. DsRed  cancer   cells ( red ), nestin-GFP-expressing capillaries,  S. typhimurium  A1-R-GFP 
bacteria, and stromal cells (autofl uorescence) were imaged in live mice. ( a ) Mouse expressing nestin-GFP in 
capillaries was used to monitor bacteria invasion in the vessels. Single  S. typhimurium  A1-R-GFP bacteria 
( white arrows ) are seen inside and outside of capillaries. ( b ) DsRed cancer cells,  S. typhimurium  A1-R-GFP 
bacteria, and autofl uorescent stromal cells were imaged.  White arrows  demonstrate that GFP- expressing  S. 
typhimurium  A1-R bacteria target the DsRed cancer cells several minutes after injection of bacteria into the 
tail vein [ 2 ]       

  Fig. 7     In vivo   multiphoton tomography  imaging   of an LLC tumor in a live mouse 2 days after treatment.  Blue-
green-yellow  emission arises from autofl uorescent stromal cells, red fl uorescence from DsRed  cancer   cells, 
and bright-green fl uorescence from  S. typhimurium  A1-R- GFP   bacteria. Single bacteria ( white arrows ) and 
bacteria colonies ( red arrows ) are seen inside the tumor. Images ( a ) and ( b ) are obtained with different mag-
nifi cation and from different areas of the tumor [ 2 ]       
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2           Clinical Potential of Bacterial Therapy 

 A human patient who had an advanced  leiomyosarcoma   was treated 
with an intratumoral (i.t.) injection of   Clostridium novyi   -NT 
spores. This treatment reduced the tumor within and surrounding 
the bone. However, since it was used on only one of many metastases 
in this patient, she eventually died [ 3 ]. Systemic treatment would 
have more potential, but may not be possible with an obligate 
anaerobe. A facultative anaerobe such as  Salmonella  has more 
potential to treat metastatic disease as we have seen in the chapters 
in this book.

3          Potential Best Mode for Clinical Application of   S. typhimurium    
A1-R Against  Cancer   

   In an orthotopic liver  metastasis   mouse model,   S. typhimurium    
A1-R targeted liver metastases, and signifi cantly reduced metastatic 
growth. The results of this study demonstrated the future clinical 
potential of  S. typhimurium  A1-R targeting of liver metastasis [ 4 ]. 

 In a subsequent study, nude mice with a single liver  metastasis   
were randomized into bright-light surgery (BLS) or BLS in com-
bination with adjuvant treatment with  tumor-targeting     S. 
typhimurium    A1-R. Residual tumor fl uorescence after BLS was 
clearly visualized at high magnifi cation by fl uorescence  imaging  . 
Adjuvant treatment with  S. typhimurium  A1-R was highly effective 
to increase survival and disease-free survival after BLS of liver 
metastasis by eradicating the residual cancer cells [ 5 ].  

   The phase of the cell cycle can determine whether a  cancer   cell can 
respond to a given drug. As described in chapter14 of the present 
volume, monitored real-time cell cycle dynamics of cancer cells 
throughout a live tumor intravitally using a  fl uorescence ubiquiti-
nation cell cycle indicator ( FUCCI  ) before, during, and after  che-
motherapy  . Approximately 90 % of cancer cells in the center and 80 
% of total cells of an established tumor are also in G 0 /G 1  phase. 
Approximately 75 % of cancer cells far from (>100 μm) tumor 
blood vessels of an established tumor are in G 0 /G 1 . Cytotoxic 
agents killed only proliferating cancer cells at the surface, or near 
blood vessels, and, in contrast, had little effect on quiescent cancer 
cells, which are the vast majority of an established tumor. Moreover, 
resistant quiescent cancer cells restarted cycling after the cessation 
of chemotherapy. These results suggest why most drugs currently 
in clinical use, which target cancer cells in S/G 2 /M, are mostly 
ineffective on solid tumors. However, when the tumors were 
treated with S. typhimurium A1-R, the quiescent cells were 
decoyed to cycle and were readily killed by chemotherapy. This 
type of treatment is called decoy chemotherapy [ 6 ,  7 ].  

3.1  Liver  Metastasis   
of Colon  Cancer  

3.2  Decoy 
 Chemotherapy  
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   The effi cacy of  tumor-targeting     Salmonella typhimurium    A1-R 
treatment following anti-vascular endothelial growth factor 
(VEGF) therapy on VEGF-positive human  pancreatic cancer was 
tested  . A pancreatic  cancer    patient-derived orthotopic xenograft   
( PDOX  ) that was VEGF positive and an orthotopic VEGF-positive 
human pancreatic cancer cell line (MiaPaCa-2- GFP  ) as well as a 
VEGF-negative pancreatic cancer cell line (Panc-1) were tested. 
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els. These results demonstrate that  S. typhimurium  A1-R following 
anti-angiogenic therapy is effective on pancreatic cancer including 
the PDOX model, suggesting clinical potential [ 8 ].  

   The XPA-1 human  pancreatic cancer   cell line is dimorphic, with 
spindle stem-like cells and round non- stem cells  . IC50 values for 
5-fl uorouracil (5-FU) or cisplatinum (CDDP) of stem-like XPA-1 
cells were signifi cantly higher than those of non-stem XPA-1 cells. 
In contrast, there was no difference between the effi cacy of  S. 
typhimurium  A1-R on stem-like and non-stem XPA-1 cells.  In 
vivo  , 5-FU and  S. typhimurium  A1-R signifi cantly reduced the 
tumor weight of non-stem XPA-1 cells. In contrast, only  S. 
typhimurium  A1-R signifi cantly reduced tumor weight of stem- 
like XPA-1 cells. The combination of  S. typhimurium  A1-R with 
5-FU improved the antitumor effi cacy compared with 5-FU mono-
therapy on the stem-like cells. These results indicate that  S. 
typhimurium  A1-R is a promising therapy for chemoresistant pan-
creatic  cancer   stem-like cells [ 9 ].      
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