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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.  
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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 

m.tangney@ucc.ie



70

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
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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”

m.tangney@ucc.ie



72

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
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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 
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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)       

 

“Bioluminescent bacterial imaging in vivo”

m.tangney@ucc.ie



74

       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
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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 .          
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