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Certain bacteria have emerged as biological gene vectors 
with natural tumor specificity, capable of specifically deliv-
ering genes or gene products to the tumor environment 
when intravenously (i.v.) administered to rodent mod-
els. We show for the first time that oral administration 
of bacteria to mice resulted in their translocation from 
the gastrointestinal tract (GIT) with subsequent homing 
to and replication specifically in tumors. The commensal, 
nonpathogenic Bifidobacterium breve UCC2003 harbor-
ing a plasmid expressing lux fed to mice bearing subcu-
taneous (s.c.) tumors were readily detected specifically in 
tumors, by live whole-body imaging, at levels similar to 
i.v. administration. Reporter gene expression was visible 
for >2 weeks in tumors. Mice remained healthy through-
out experiments. Cytokine analyses indicated a significant 
upregulation of interferon-γ (IFN-γ) in the GIT of bifido-
bacteria-fed mice, which is associated with increases in 
epithelial permeability. However, B. breve feeding did not 
increase systemic levels of other commensal bacteria. The 
presence of tumor was not necessary for translocation to 
systemic organs to occur. These findings indicate poten-
tial for safe and efficient gene-based treatment and/or 
detection of tumors via ingestion of nonpathogenic bac-
teria expressing therapeutic or reporter genes.

Received 23 October 2009; accepted 13 March 2010; published online 
13 April 2010. doi:10.1038/mt.2010.59

Introduction
Challenges for oncology practitioners and researchers include the 
specific treatment and detection of tumors. Genetically-modified, 
pathogenic, and nonpathogenic bacteria have emerged as potential 
biological agents with natural tumor specificity.1–6 Several bacterial 
genera (e.g., Escherichia coli, Bifidobacterium, attenuated Salmonella 
typhimurium, Clostridium, Vibrio cholera, Listeria monocytogenes) 
have been demonstrated to localize to and replicate in tumor tis-
sue when intravenously (i.v.) administered in rodent models.1,3–5,7 
Live imaging of mice has shown i.v. administered attenuated 
pathogenic bacteria encoding light-emitting proteins replicating 
locally in tumors.5,8,9 Hypoxic or necrotic regions are characteristic 
of solid tumors in many murine and human cancers. In the case 

of anaerobic bacteria, tumor targeting has been proposed to be 
achieved through specific localization of anaerobes such as mem-
bers of the Bifidobacterium genus to hypoxic regions of tumors 
following i.v. application.1,3 This property potentially enables target-
ing of the primary tumor and systemic metastases. By transfection 
with plasmids that are suitable for bacterial expression of hetero
logous genes, such bacteria can home to tumors, replicate within 
them and locally express therapeutic proteins. Most bifidobacteria 
are a native, harmless resident of the human gut, and certain bifi-
dobacterial strains have been shown to have health-promoting or 
probiotic benefits.10 A number of bifidobacterial strains that har-
bor plasmids expressing therapeutic agents, such as endostatin- or 
prodrug-activating enzymes, have been shown to induce regression 
in rodent tumor models when administered i.v.11–13

No imaging of bifidobacteria in tumors has been published to 
date, and localization of any bacterial species to tumors has been 
described only with i.v. administration in preclinical models. In 
this study, we investigated oral administration of bifidobacteria 
for the purpose of targeting systemic tumors. The term bacterial 
translocation refers to trafficking of bacteria from the gastroin-
testinal tract (GIT), and investigations into this phenomenon are 
normally confined to pathogenic bacterial sepsis associated with 
various conditions.14,15 Indeed, several studies have investigated the 
link between bifidobacterial colonization of the GIT and their abil-
ity to inhibit translocation of pathogens.16 Here, using a murine 
model and employing a lux luminescence-based tagging system, 
we demonstrate translocation of a nonpathogenic bacterium, 
Bifidobacterium breve UCC2003, with subsequent homing to and 
growth specifically in tumors at levels equal to i.v. administration.

Results
In vivo imaging of bifidobacteria in tumors
We examined the possibility of imaging bifidobacteria in subcu-
taneous (s.c.) tumors utilizing B. breve UCC2003 carrying the 
plasmid pLuxMC3, which expresses the luminescent bacterial lux-
ABCDE operon under the control of the bacterial Phelp promoter.17 
We administered this strain by tail vein injection to athymic 
MF1 nu/nu mice bearing s.c. B16-F10 murine melanoma tumors 
(Figure  1). Bacterial luminescence was readily detected specifi-
cally in s.c. tumors by live whole body imaging (IVIS) (Figure 1b). 
Ex  vivo bacterial quantification by culture of tumors and other 
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Figure 1  Administration of Bifidobacterium to tumor bearing mice. (a) Protocol for animal trials. Subcutaneous tumors were induced in mice, 
and bifidobacteria administered upon tumor development. For oral administration, each animal received 109 B. breve UCC2003 on three consecu-
tive days (time points indicated on graph). For i.v. administration, each animal received 104 cells injected directly into the lateral tail vein. Mice were 
imaged (IVIS) immediately before culling with subsequent recovery of viable bacteria (cfu) from tissues (orange arrows). (b,c) Trafficking of UCC2003 
to subcutaneous tumors B. breve UCC2003 following either (b) intravenous or (c) oral delivery, displaying recovery from s.c. tumor tissue and other 
organs (bars, y-axis) and lux expression in vivo in live MF1 nu/nu mice (red squares, z-axis and images). Increase in bacterial numbers and plasmid 
gene expression specifically in tumors was observed over time. There was no detectable luminescence in organs of treated animals. (d) Comparative 
recovery of UCC2003 from tumors following either oral or intravenous delivery UCC2003 cfu counts were similar on day 7 (P = 0.360), with i.v. counts 
higher on day 11 (P = 0.038) and oral counts higher on day 14 (P = 0.021). cfu, colony forming units; i.v., intravenous; s.c., subcutaneous.
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organs on selective agar confirmed the presence of UCC2003 in all 
tissues examined. Numbers of B. breve were low in organs [≤100 
colony forming units (cfu)/organ] relative to the bacterial num-
bers present in tumor, and decreased over time. In contrast, high-
level replication was observed in tumors, reaching cfu levels of 106 
tumor by day 14 (Figure 1b). Tumor volume curves indicated no 
significant difference in tumor growth rates between bifidobacterial 
administered mice and controls (data not shown). Live imaging of 
luminescence from lux-expressing bifidobacteria provided a robust 
system for indication of bacterial numbers in tumor masses as well 
as providing evidence of plasmid gene expression (Figure 2).

B. breve UCC2003 translocates from the GIT, and 
colonizes tumors at levels equal to i.v. administration
Previous studies have reported bacterial localization to tumors 
only following i.v. administration.11–13 We have previously shown 

that oral feeding of B. breve UCC2003 results in colonization of 
the caecum of immunocompetent mice for at least 1 month.18 We 
repeated the above experiments, but using oral administration 
rather than i.v. An analogous pattern of tumor and organ coloni-
zation was observed (Figure 1c), indicating migration of B. breve 
from the GIT and systemic spread to internal tissues. Comparisons 
indicated that oral administration was as effective in achieving 
targeted tumor-located growth as the well-described i.v. route, 
using our optimized protocols, and indeed, maximum tumor cfu 
levels were observed with orally administered mice, on day 14 
(Figure 1d). No significant differences were observed between oral 
and i.v. administration in organs (P > 0.058) (Figure 3). In order 
to establish that the phenomenon was not tumor-type specific, we 
repeated the study in MF1 nu/nu mice bearing s.c. MCF7 human 
breast tumor xenografts or C57 mice bearing s.c. Lewis lung carci-
noma tumors and observed similar results (data not shown).

Pattern of B. breve UCC2003 growth within tumors
UCC2003 levels within central or peripheral regions of s.c. tumors 
were assessed utilizing quantitative PCR (specific for lux) on total 
DNA isolated from tissue taken from either the periphery or cen-
tre of 1 cm3 tumors resected from athymic mice 11 days postfeed-
ing. Vector was detectable only in the central region, at 7.28 × 108 
(±1.87 × 107) bacterial cells/μg total DNA, suggesting preferential 
growth within anaerobic regions (data not shown).

The B16 tumor model spontaneously metastasizes from s.c. 
tumors to lungs. Significantly increasing bacterial load was observed 
over time in lungs of tumor-bearing athymic mice fed UCC2003 
(P < 0.045), indicating bifidobacterial colonization and replication 
in small (potentially prehypoxic) metastatic nodules (Figure 4b). 
No increase in luminescence was observed, suggesting these bacte-
rial levels were below the luminescence detection limit.

Immune responses to vector
Comparison between bacterial levels in athymic and immu-
nocompetent C57 mice indicated the involvement of T cells in 
bifidobacterial containment in tumors, whereas translocation to 
organs occurred at similar levels (P > 0.107) (Figure 5). UCC2003 
levels in tumors were significantly increased specifically in tumors 
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Figure 2 C orrelation between bacterial counts and luminescence. 
A linear relationship between luminescence and bacterial counts was 
observed up to 105 cfu, whereas luminescence underestimated higher 
bacterial concentrations in tumor. Because the activity of bioluminescence 
imaging systems are dependent on both ATP and oxygen availability,57,58 
lower luminescence (than expected based on bacterial cell counts) may 
be the result of decreased metabolic activity and/or reduced oxygen 
availability at higher bacterial concentrations and/or larger more hypoxic 
tumors. ATP, adenosine triphosphate; cfu, colony forming units.
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in the absence of T cells, with both oral and i.v. administration. 
To investigate the effect of UCC2003 on T cell levels in tumors, 
flow cytometry analysis was used to quantify CD3+ T cells in 
s.c. tumors from C57 mice orally administered UCC2003 or 
phosphate-buffered saline (PBS) (Figure  6a). A 25.8 (±5.8) % 
increase in total T cell numbers was observed in UCC2003 col-
onized tumors 11 days postfeeding, compared with unfed mice 
(P = 0.06, n = 3). Nonetheless, even in immunocompetent ani-
mals, bacteria were readily detected by IVIS imaging specifically 
in tumors at levels comparable to i.v. administration (Figure 5a). 
The finding that organ cfu levels were not higher in athymic mice 
suggests that T cells do not inhibit translocation of bifidobacteria, 
but do significantly inhibit tumor-associated replication locally.

UCC2003 was found to persist indefinitely in athymic mice (up 
to 40 cfu/organ and 5 cfu/ml blood at week 5 postfeeding) but was 
eventually cleared in immunocompetent animals by week 5 after 
oral administration (data not shown), indicating immune recog-
nition by T cells but the ability to evade other immune effector 
systems. Immunoglobulin G antibody specific for UCC2003 was 
detected by enzyme-linked immunosorbent assay in serum taken 
from immune-competent C57 mice 14 days postadministration 
(Figure  6b). There was no significant difference between anti-
UCC2003 immunoglobulin G antibody levels in serum from IV 

and fed mice (P = 0.359). Circulating levels of cytokines examined 
were not significantly increased in serum from fed mice, except 
for the proinflammatory cytokine interleukin-1β (IL-1β) (946.16 ± 
47.31% with respect to unfed mice levels, P < 0.001), suggesting the 
presence of some, but not a dramatic, degree of immune inflamma-
tory response to systemic UCC2003 cells (data not shown).

Examination of mechanism of gastrointestinal egress
Increased levels of cytokines such as interferon-γ (IFN-γ) in the 
GIT are associated with increases in epithelial permeability and gut 
barrier loss in pathogenic bacterial sepsis.19,20 Nonpathogenic bac-
teria have previously been shown to upregulate cytokines such as 
IFN-γ and IL-12 in the GIT.21,22 In our experiments, cytokine analy-
ses of IFN-γ, IL-1b, IL-12p70, IL-6, IL-10, tumor necrosis factor–α, 
and KC levels were performed on GIT samples from UCC2003-
fed and PBS-fed B16 tumor-bearing athymic mice. Only IFN-γ 
levels differed between the groups, with UCC2003 colonized GIT 
samples found to have significantly higher levels of this cytokine 
(295 ± 44%, P = 0.003), with respect to unfed mice, suggesting a 
possible IFN-γ induced increase in epithelial permeability.

In order to examine for the possibility that UCC2003 feed-
ing might result in generic increased translocation of GIT-
residing bacteria, we compared systemic bacterial levels between 
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UCC2003-fed and PBS-fed mice. Low levels (5–50 cfu) of indige-
nous commensal bacteria [subsequently identified as Lactobacilli, 
Enterobacteriaceae, Staphlococci, Micrococci and Bacteroides by 
API analysis (BioMérieux, Marcy I’Etoile, France)] were recovered 
from all organs examined, but not blood, in both immunocompe-
tent and athymic mice (Figure 7). No differences in non-UCC2003 
bacterial levels were observed between UCC2003-fed and control 
(PBS-fed) mice (P > 0.114), except for decreases in Gram− bac-
teria in lung, liver, and kidney of C57 mice fed UCC2003 (P < 
0.044), indicating inhibition of certain species. These data suggest 
that UCC2003 specifically mediates its own translocation, with no 
collateral translocation of other commensal bacteria.

To examine the route of bacterial trafficking from the GIT, 
various fractions of whole blood were assessed for presence of 
B. breve. Up to 500 cfu/ml UCC2003 were recovered from serum 
and not the cellular component of blood, when examined up 
to day 14 postfeeding, indicating hematogenous trafficking of 
free bacteria from the GIT, rather than immune cell-mediated 
phagocytosis and transport (data not shown). Orally adminis-
tered B. breve numbers in blood remained static over this 14-day 
period, and were similar to i.v. levels at day 7 (P = 0.296), whereas 
i.v. UCC2003 numbers decreased over time.

We also assessed whether the presence of a tumor was required 
for bacterial translocation to occur. When cfu levels in blood and 
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were no significant differences (P > 0.107) observed between cfu levels in organs from C57 mice (bars) and athymic mice (red dots). Tumor cfu levels 
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1402� www.moleculartherapy.org  vol. 18 no. 7 july 2010    

© The American Society of Gene & Cell Therapy
Oral Vector for Cell Therapy

organs were compared between tumor-bearing and tumor-free 
mice, no significant differences were observed for liver, kidney, 
and blood (P > 0.240) (Figure 4a), indicating that translocation is 
not mediated or promoted by some tumor-related factor.

Discussion
We have demonstrated for the first time that a food grade bacte-
rial vector can be ingested, resulting in high-level gene expression 
over time in systemic tumors. Furthermore, we have developed 
an imaging system for bifidobacteria which permits their detec-
tion in tumors, and consequently the detection of tumors, in real 
time by luminescence imaging. The nature of the bacterial lux 
system is such that no exogenous substrate is required for detec-
tion. Luminescence is largely uninvestigated at clinical level, as 
mammalian luminescence reporter genes such as firefly luciferase 
require additional chemical substrates for function, which are not 
licensed for clinical use. Thus, the use of bacteria expressing lux 
in tumors presents a potentially powerful diagnostic clinical tool. 
Furthermore, this bacterial vector could be engineered to express 
alternative genes for use with existing clinical diagnostic equip-
ment, such as herpes simplex virus thymidine kinase in combina-
tion with positron emission tomography.23

The maximum injectable dose of B. breve UCC2003 cells was 
used for i.v. injections in our studies. Probably due to exopoly-
saccharide production by this strain, the viscosity of prepara-
tions containing quantities higher than 104 resulted in embolism 
in mice following tail vein injection. We cannot rule out that if 

higher quantities could be administered, a proportional increase 
in tumor bacterial levels may occur. However, given the similarity 
in B. breve numbers and growth kinetics in tumors between i.v. 
and oral groups in our studies, it is also plausible that immune 
containment or nutrient availability are the limiting factors in 
terms of maximum bacterial levels achieved. In the case of oral 
administration, doses above 109 per mouse did not increase 
GIT colonization levels (data not shown). UCC2003 preferen-
tially colonizes the caecum, with peak levels of 106 cfu/g tissue 
observed 19 days postfeeding, and 105 cfu/g tissue 1 month post-
feed.18 It is unlikely that increasing tumor bacterial load over time 
is due to newly translocated bacteria becoming trapped in tumor 
microvasculature, as bacterial levels also increased in tumors in 
i.v. administered mice receiving a single dose of UCC2003. The 
precise mechanism of tumor-specific bacterial growth has yet to 
be demonstrated. Several groups have demonstrated homing to 
and replication in tumors, with many types of bacteria, includ-
ing bifidobacteria, following i.v. injection.1–3,5 Early observations 
with strictly anaerobic bacteria (clostridia and bifidobacteria) lead 
to the hypothesis that, unlike normal tissues, the hypoxic envi-
ronment in tumors provides anaerobic growth conditions.24,25 
However, evidence of similar tumor-specific growth of nonan-
aerobic bacteria, coupled with findings of growth in small, prehy-
poxic tumors, suggest that lack of oxygen in the necrotic centre of 
tumors may not be the determining factor for the tumor-specific 
nature of bacterial growth in these settings.5 In our studies, B. breve 
UCC2003 was observed to increase over time in lungs containing 
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small (<5 mm3) B16 pulmonary metastatic nodules, also suggest-
ing that hypoxia may not be a requirement for anaerobic bacte-
rial targeting. Although a gross increase in UCC2003 numbers in 
lungs was shown, we did not demonstrate specific localization of 
the bacteria within metastatic tumor nodules, and we cannot rule 
out the possibility of a general enhanced UCC2003 accumulation 
within lung tissue. Yu et al. proposed that the entry, survival, and 
replication of bacteria in tumors is dependent on tumor vascu-
larization and the tumor immune microenvironment which pro-
vides a sanctuary for a small number of bacteria that will escape 
the immune system.5 This model involves bacteria entering the 
tumor’s leaky vasculature and escaping the host immunosurveil-
lance due to the immune-privileged nature of solid tumors. Tumor 
cell line xenografts are known to have different vasculature to 
spontaneously arising tumors, and investigations in an appropri-
ate spontaneous tumor murine model may yield more clinically 
relevant data. The nutrient rich environment may also play an 
important role as evidenced by findings that tumors can support 
the replication of auxotrophic strains of S. typhimurium.6,26,27 The 

nature of growth within tumors also appears to be bacterial strain 
specific. It has been reported for many species, including strains 
of S. typhimurium, that the bacterial vector growth was confined 
to the central necrotic regions of tumors whereas in contrast, the 
S. typhimurium A1 strain has been shown to grew throughout the 
tumor, including viable malignant tissue in a wide range of tumor 
models.6,26–30 In our studies, UCC2003 was detected solely in the 
central necrotic region.

It is unknown why UCC2003 was tolerated by the immune 
system in our studies. We found that this bacterium persisted 
indefinitely in athymic mice but was eventually cleared in immu-
nocompetent animals indicating immune recognition by T cells but 
the ability to evade other immune effector systems. It is notewor-
thy that bacterial replication was restricted in immune-competent 
mice specifically in tumors. It is likely that these anti-UCC2003 
immune responses are active systemically, but a reduction in organ 
numbers as evidence by our assays may be masked by the con-
stant influx of newly translocated bacteria, whereas tumor-located 
bacteria do not exponentially multiply at the same rate in tumors 
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and athymic mice. No differences in non-UCC2003 bacterial levels were observed between UCC2003-fed and control (PBS-fed) mice (P > 0.114), 
except for decreases in Gram− bacteria in lung, liver, and kidney of C57 mice fed UCC2003 (P < 0.044), indicating inhibition of certain species by 
UCC2003. cfu, colony forming units.
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in immune-competent as in athymic mice, resulting in readily 
measurable differences. The absence of significant upregulation 
of cytokines characteristic of antibacterial responses in blood fur-
ther demonstrated immune tolerance to this strain. Other stud-
ies in cynomolgus monkeys, dogs, and guinea-pigs have indicated 
no adverse effects following i.v. administration of Bifidobacterium 
longum.31 Recent reports indicated differential stimulation of the 
immune system by bifidobacteria depending on species, and indeed 
strain, with B. breve shown to have little effect on the immune sys-
tem, whereas specific B. longum strains influenced the orientation 
of Th1/Th2 responses differently.32

Fu et al. previously described the use of B. longum to deliver 
a therapeutic peptide to the GIT33 In that report, B. longum 
expressing endostatin was administered orally to athymic mice, 
and the authors reported that subsequent gut absorption of the 
therapeutic peptide resulted in slowing in the growth of s.c. liver 
tumors. Translocation of bacteria from the gut to tumors was 
not investigated or reported in that study. We demonstrated that 
B. breve UCC2003 survives the upper GIT, colonizes the caecum 
and translocates to extraintestinal sites. We did not elucidate the 
precise mechanism of bifidobacterial translocation in these stud-
ies. Most bacteria which breach the epithelial barrier are killed 
by gut-associated lymphoid tissue.14 In healthy animal models 
in which the intestinal barrier is not physically damaged, indig-
enous bacteria have been shown to translocate by an intracel-
lular route through the epithelial cells lining the intestines and 
then travel via the lymph to the mesenteric lymph nodes.34,35 
Our data suggest that immune cell uptake or transport was not 
involved in UCC2003 trafficking as all B. breve bacteria in blood 
were found in serum only. In animal models exhibiting damage to 
the mucosal epithelium, indigenous bacteria translocate intercel-
lularly between the epithelial cells to directly access the blood.15 
The ability of microorganisms to translocate, survive, and pro-
liferate in extraintestinal tissues involves complex interactions 
between the host defense mechanisms and the bacterium’s ability 
to invade host tissues. Although the importance of host immune 
function34,36,37 and the bacterium’s intestinal population size34,38–41 
have been implicated as significant contributory factors, the pre-
cise mechanisms involved remains unknown.42,43.

Although significant evidence for the translocation of patho-
genic bacteria exists,44,45 relatively little information is available on 
translocation by indigenous species. In animal models, the recov-
ery of Bacteriodes, lactobacilli and enterococci has been reported 
in healthy pathogen-free mice,15,38,39,46 and Yamazaki et al. also 
reported B. longum colonization of organs postfeeding.47 Sampling 
from humans has indicated that bacterial translocation may be 
a phenomenon that occurs in healthy individuals and may be a 
normal physiological event without deleterious consequences.48 
Clinical studies with probiotic bacteria conducted with healthy 
subjects have not reported severe disease caused by the bacteria 
even when shown to translocate from the GIT.42 Lactobacillus, 
Leuconostoc, Pediococcus, Enterococcus, and Bifidobacterium have 
been isolated from infected lesions in patients.42,49–51 Penn et al.34 
reported an increased translocation from the GIT of S-180 tumor-
bearing mice, leading to the hypothesis that immune deficiencies 
associated with progressive tumor growth may be sufficient to 
permit viable bacteria to translocate from the GIT. We did not 

observe statistically significant differences in Gram− or Gram+ 
organ bacterial levels between B16 tumor-bearing and -free athy-
mic or C57 mice, and the presence of tumor was not necessary for 
UCC2003 translocation to systemic organs to occur.

The population level obtained in the GIT by a particular bac-
terial species may be a critical factor determining whether or not 
this bacterial species will translocate to other organs.38 This has 
been observed for E. coli in the presence of an intact anaerobic 
flora, where caecal concentrations of >107 E. coli per g are required 
before this organism reliably translocates to other sites in healthy 
mice.39–41 Our cytokine analyses indicated that UCC2003 coloni-
zation altered the local GIT cytokine milieu, perhaps leading to an 
IFN-γ-induced increase in epithelial permeability. Examination 
of other commensal bacteria indicate that rather than B. breve 
inducing a general leakiness of the GIT barrier permitting generic 
bacterial translocation, UCC2003 specifically mediates its own 
translocation, with no collateral translocation of other commen-
sal bacteria.

It is unknown whether the observed translocation property is 
unique to the strain examined. It is plausible that other nonpatho-
genic, and indeed pathogenic, species could display similar capa-
bilities. We are currently screening a range of both bifidobacterial 
and non-bifidobacterial species. The B. breve UCC2003 translo-
cated bacteria proved nonpathogenic even in immunocompro-
mised animals and if desired the vector could be easily cleared 
systemically by antibiotic administration. We have shown that 
ingestion of these nonpathogenic bacteria carrying a gene of inter-
est, in this case a luminescent reporter, results in high-level expres-
sion specifically in tumors. Because up to 106 bacterial cells (with 
multiple plasmid gene copies/cell) were recovered from tumors, 
the potential for efficient delivery of genes to the tumor environ-
ment compares favorably with existing vectors. Potential for strain 
optimization exists through reisolating vector with increased effi-
ciencies from experimental tumors, as has been accomplished 
with other tumor-targeting bacteria.27,26,30 Overall, this strategy 
represents a novel, safe, and noninvasive vector system, with the 
potential to deliver therapeutic or diagnostic agents systemically. 
The route of administration of a therapeutic is important in clini-
cal and commercial settings. Direct intratumoral administration of 
bacterial vectors restricts usage to accessible tumors, and whereas 
i.v. administration facilitates targeting of systemic tumor sites, the 
oral route is amenable to administering much higher doses of bac-
teria safely (as demonstrated in this study) and is likely to be more 
appealing when applied to the clinical setting due to ease of drug 
application. Furthermore, pharmaceutical industry dogma dis-
plays a preference for the oral route of administration. Hence, this 
study opens a new area for oral administration of nonpathogenic 
bacteria for delivery of therapeutic transgenes.

Materials and Methods
Cell culture. B. breve UCC2003 (UCC Culture Collection) was routinely 
grown at 37 °C in reinforced clostridial medium (Oxoid, Basingstoke, UK). 
For bioluminescence assays MRS medium (Oxoid), supplemented with 
0.05% (w/v) cysteine-HCl was used. Anaerobic conditions were main-
tained using an anaerobic chamber [Mac500; Don Whitley Scientific, 
West Yorkshire, UK (atmosphere 10% H2, 10% CO2, 80% N2)]. B. breve 
UCC2003/pLuxMC3,18 expressing the luxABCDE operon from the Phelp 
promoter52 was cultured in the presence of 4 μg/ml chloramphenicol 
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(Cm). To facilitate specific recovery of bifidobacteria from tissue samples, 
50 mg mupirocin/l (Oxoid) was included, as previously described.53 B16-
F10 (American Type Culture Collection, Manassas, VA) was maintained 
in Dulbecco’s modified Eagle’s medium (GIBCO Invitrogen, Paisley, 
Scotland) supplemented with 10% fetal bovine serum. Cell densities were 
determined by visual count using a haemocytometer and viable cell counts 
were conducted using trypan blue dye exclusion (Gibco, Carlsbad, CA).

Animals and tumor induction. All in vivo experiments were approved by 
the ethics committee of University College Cork (Cork, Ireland). For rou-
tine tumor induction, 1 × 106 B16-F10 tumor cells, suspended in 200 μl 
of serum-free Dulbecco’s modified Eagle’s medium (Sigma, St Louis, MO), 
were injected s.c. into the flank of 6–8-week-old female C57 or MF1-nu/nu 
mice (Harlan Laboratories, Harlan, UK). Tumors were monitored mostly 
by alternate day measurements in two dimensions using a verniers calliper. 
Tumor volume was calculated according to the formula V¼ab2P/6, where 
a is the longest diameter of the tumor and b is the longest diameter perpen-
dicular to diameter a.

Bacterial administration. The inocula were prepared by growing B. breve 
UCC2003 containing pLuxMC3 anaerobically overnight at 37 °C in 100 ml 
of MRS broth containing 4 µg/ml Cm. Cultures were harvested by cen-
trifugation (6,000g for 5 minutes), washed with PBS supplemented with 
0.05% cysteine-HCl (Sigma), and resuspended in a one-tenth volume of 
PBS. When tumors reached ~100 mm3 in volume, mice were randomly 
divided into experimental groups (n = 6) and administered bifidobacteria 
or an equal volume of PBS as control. For oral administration, 109 cells 
were administered in 20 μl per mouse on three consecutive days using a 
micropipette tip placed immediately behind the incisors. For i.v. admin-
istration, each animal received 104 cells in 100 μl injected directly into the 
lateral tail vein, which we found to be the maximum injectable dose with 
this strain. The viable count of each inoculum was determined by retro-
spective plating on reinforced clostridial agar containing 4 µg/ml Cm.

Whole body imaging. On day 7, 11, and 14-after first inoculation, animals 
were anesthetized by intraperitoneal administration of 200 mg xylazine 
and 2 mg ketamine, and whole-body image analysis was performed in the 
Xenogen IVIS 100 system (Calipers, Hopkinton, MA) for 5 minutes at high 
sensitivity.

Bacterial recovery from mice. At defined time points (Figure  1) fol-
lowing whole-body imaging, a subset of animals from each group were 
euthanized by cervical dislocation. Cardiac puncture was immediately 
performed to obtain blood, and subsequently individual tumors as well as 
lungs, liver, spleen, and kidneys were aseptically removed and examined 
for bioluminescence. Ex vivo IVIS imaging detected no luminescence in 
organs. Following imaging, each tissue was homogenized by fine minc-
ing with a scalpel followed by pushing through a 20-µm pore nylon filter 
(Falcon; Becton Dickinson, Oxford, England) in sterile PBS supplemented 
with 0.05% cysteine-HCl. Serial dilutions were plated in duplicate on rein-
forced clostridial agar containing 4 µg/ml Cm and mupirocin. Resulting 
colonies were used to calculate the number of UCC2003 cells per tissue 
sample. To confirm that cfu recovered were B. breve containing pLuxMC3, 
random isolates were spot inoculated onto reinforced clostridial agar only 
or reinforced clostridial agar containing Cm (4 µg/ml). Specific identifica-
tion of UCC2003 pLuxMC3 was confirmed by PCR using primer pairs 
targeting both the intergenic spacer region54 and the unique apuB gene on 
the chromosome of UCC2003 (5′-GGTGTGAAAGTCCATCGCT-3′ and 
5′-GTCTGCCAAGGCATCCACCA-3′).55

To facilitate the recovery of other bacteria potentially translocating 
from the GIT, total tissue homogenates were serially diluted and plated on 
MRS agar (Oxoid) to select for aerobic Gram+ bacteria and on McConkey 
agar (Oxoid) to select for Gram− bacteria. Plates were incubated for 24–
48 hours and cfu enumerated. Morphology of differing colony types was 
assessed and the colonies restreaked. Following catalase and Gram reaction 

tests, five colony types were subjected to API analysis (BioMérieux) to 
determine species.

DNA extraction and quantitative PCR. Tumors (average volume 1 cm3) 
were excised from MF1 nu/nu mice 11 days after oral administration of 
UCC2003/pLuxMC3. Each tumor was aseptically dissected to separate the 
periphery from the central region. Necrosis was evident in the centre of 
tumors of this size. Total DNA was extracted from each segment using the 
Sigma GenElute DNA extraction kit (Sigma) with the following modifica-
tions; DNA samples were flash frozen in liquid nitrogen and homogenized; 
digestion of the tissue was in lysis buffer containing 40 mg/ml proteinase 
K and incubation was increased to overnight at 55 °C. As a UCC2003-free 
control, DNA was also extracted from the tumor of a naive mouse. The 
concentration of DNA in all samples was determined using the Nanodrop 
system (ND-1000 Spectrophotometer; Labtech, East Sussex, UK), and 
equal concentrations of DNA added to each PCR. The concentration of 
the mammalian cell housekeeping gene glyceraldehyde-3-phosphate dehy-
drogenase was also determined for all samples to ensure parity between 
PCR template DNA samples. Quantitative PCR was performed using the 
LightCycler system (Roche Diagnostics, West Sussex, UK). A 20 µl reaction 
contained 0.5 µmol/l of each sense and antisense primer, 4 mmol/l MgCl2, 
2 µl LightCycler FastStart DNA Master SYBR Green, and 100 ng of template 
DNA. PCR conditions were 95 °C for 10 minutes; 95 °C for 10 seconds, 
56 °C for 5 seconds for luxA primers (59 °C for glyceraldehyde-3-phosphate 
dehydrogenase primers), 72 °C for 5 seconds. Melting curve: 95 °C for 0 sec-
onds, 66 °C for 15 seconds, 99 °C for 0 seconds; cooling step: 40 °C for 30 
seconds. The concentration of pLuxMC3 in each sample was determined 
using a standard curve generated with pLuxMC3 plasmid DNA, and corre-
sponding plasmid copy number calculated using the formula (mass DNA/
μg = n bp plasmid/3 × 109 bp). pLuxMC3 has an average copy number/cell 
of 3 ± 0.18 in UCC2003, and resulting plasmid copy numbers were divided 
by this figure to calculate bacterial cell numbers/μg DNA.

Flow cytometry analysis. Mouse tumors were excised and finely minced 
using a scalpel. Tissue was subsequently chemically dissociated in 
Dulbecco’s modified Eagle’s medium containing Collagenase I (300 U/
ml; Sigma) and DNase (0.01%; Sigma-Aldrich) for 40 minutes at 37 °C 
and then applied to a cell strainer (70-µm mesh size; Becton Dickinson, 
Oxford, UK). Red blood cells were lysed using ammonium chloride eryth-
rocyte lysis buffer (distilled H2O, 0.15 mol/l NH4Cl, 10 mmol/l KHC03, 
0.1 mmol/l Na2EDTA) and cell counts determined using a NucleoCounter 
(Chemometec, Allerod, Denmark). Cells at a concentration of 1 × 106 cells 
per 100 μl were washed in PBS and fixed using 70% ethanol. Fluorescence-
activated cell sorting analysis was performed using anti-mouse CD3e-PE-
Cy5 (145-2C11), anti-mouse Fc block (CD16/32), and relevant isotype 
control as per manufacturer instructions (eBioscience, Hatfield, UK). 
Fluorescence-activated cell sorting staining buffer (PBS, 2% fetal bovine 
serum, 1% bovine serum albumin, and 0.05% sodium azide) was used as 
wash and staining buffer. Analysis was performed on a FACSDiva (Becton 
Dickinson) and analyzed using Becton Dickinson FACSDiva software 6.0 
(Becton Dickinson).

Antibody detection. Antibody was measured by an indirect-enzyme-linked 
immunosorbent assay, as described in Yasui et al.56 with the following 
modifications. B. breve UCC2003 cells (1 × 108 bacteria/well) were coated 
on the wells of a 96-well enzyme-linked immunosorbent assay plate using 
carbonate buffer pH 9.6 and incubated at room temperature overnight. 
Blood samples were collected at necropsy by cardiac puncture from female 
C57 BL/6 mice administered UCC2003 either orally (n = 3) or i.v. (n = 3), 
or untreated mice (n = 3), as previously described. To separate plasma, the 
samples were centrifuged for 10 minutes at 4,000g within 30 minutes of 
collection. Plates were blocked for 1 hour at 37 °C by the addition of 10% 
rabbit serum diluted in PBS containing 0.05% NaN3. After washing three 
times with PBS containing 0.05% NaN3, 50 μl of mouse serum samples 
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(1:1, 1:10, 1:100 dilutions) in blocking buffer (0.05% Tween 20 and 0.25% 
BSA in PBS containing 0.05% NaN3) were added to the plates and incu-
bated overnight at room temperature. All samples were assayed in tripli-
cate. The plates were then blocked again by 1 hour incubation at 37 °C in 
10% sheep serum, and further incubated with goat anti-mouse immuno-
globulin G conjugated to alkaline phosphatase (Sigma) for 5 hours at room 
temperature. After incubation with the substrate p-nitrophenylphosphate, 
qualitative hydrolysis of nitrophenylphosphate was detected using a micro-
titer plate reader (Vmax; Molecular Devices, Sunnyvale, CA) with a 405-nm 
filter. Antibody levels are expressed as the means and SE of the values for 
three mice per route.

Cytokine analysis. MF1 nu/nu mice bearing B16 tumors were sacrificed 
by cervical dislocation at 11 days postfeeding with B. breve UCC2003 
pLuxMC3 or PBS. The blood samples were obtained using cardiac punc-
ture, serum separated by centrifugation and used immediately for the 
cytokine assay. The entire GIT was also extracted, frozen, and then homog-
enized on ice in tissue lysis buffer containing a denaturing detergent (<0.1% 
sodium dodecyl sulfate) and reducing agent (<1 mmol/l dithiothreitol) as 
well as 1% BSA. The MSD Murine Cytokine 7-plex ultrasensitive panel 
(Meso Scale Discovery, Gaithersburg, MD) was run as per kit recommen-
dations. This plate analyses murine IFN-γ, IL-1β, IL-6, IL-10, IL-12p70, 
tumor necrosis factor–α and the mouse keratinocyte-derived chemokine, 
a functional homolog of human IL-8.

Statistical analysis. Two-tailed Student’s t-tests were employed to investi-
gate statistical differences. Microsoft Excel 12 (Microsoft, Redmond, WA) 
was used to manage and analyze data. Statistical significance was defined 
at the standard 5% level.
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