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Some chemotherapeutic drugs (prodrugs) require activation by an enzyme for efficacy. We and others have
demonstrated the ability of probiotic bacteria to grow specifically within solid tumours following systemic
administration, and we hypothesised that the natural enzymatic activity of these tumour-localised bacteria
may be suitable for activation of certain such chemotherapeutic drugs.
Several wild-type probiotic bacteria; Escherichia coli Nissle, Bifidobacterium breve, Lactococcus lactis and
Lactobacillus species, were screened against a panel of popular prodrugs. All strains were capable of activating
at least one prodrug. E. coliNissle 1917was selected for further studies because of its ability to activate numerous
prodrugs and its resistance to prodrug toxicity. HPLC data confirmed biochemical transformation of prodrugs to
their toxic counterparts. Further analysis demonstrated that different enzymes can complement prodrug activa-
tion, while simultaneous activation of multiple prodrugs (CB1954, 5-FC, AQ4N and Fludarabine phosphate) by
E. coli was confirmed, resulting in significant efficacy improvement. Experiments in mice harbouring murine
tumours validated in vitro findings, with significant reduction in tumour growth and increase in survival of
mice treated with probiotic bacteria and a combination of prodrugs.
These findings demonstrate the ability of probiotic bacteria, without the requirement for geneticmodification, to
enable high-level activation of multiple prodrugs specifically at the site of action.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

One of the primary limitations of classical chemotherapy is insuffi-
cient tumour selectivity because the therapeutic drug concentration
required at the tumour is not achievable without inducing systemic
toxicity. Emerging technologies have thus focused on increasing the
specificity of the therapeutic agent to the tumour site. Bacteria have
the capacity to preferentially proliferate within tumours [1]. The mech-
anism for this phenomenon is believed to be a function of the nature of
the tumour and involves a number of physical characteristics, including
leaky tumour vasculature; the tumour microenvironment offering
protection from the immune system; as well as a low oxygen and
rich nutrient environment derived from dying tumour cells on which
bacteria thrive [2]. Tumour targeting by bacteria has been repeatedly
demonstrated by several groups over the years with a broad range of
genera (e.g. bifidobacteria, salmonellae, clostridia) [3–9]. The use of
non-pathogenic strains is preferable for safety reasons, which tradition-
ally necessitates genetic modification in order to provide expression of
heterologous therapeutic agents, either by the bacterium itself, or via
plasmid transfer to host cells (bactofection) [3].

Enzyme-directed prodrug therapy is a broad term used to describe
two-step strategies which aim to localise chemotherapeutic activity to
the site of the tumour, therefore limiting adverse side effects and
permitting administration of higher drug doses. Traditionally, a gene
coding for an enzyme that has the ability to convert a non-toxic prodrug
to a toxic drug is used to arm a cancer gene therapy vector (e.g. ligand
[10], antibody [11], virus [12], bacterium [14]). Firstly, the vector is
administered to the patient in order to deliver the gene to the tumour
cells. There, the gene becomes expressed and sensitises the cells to a
specific prodrug. In the second step, the relevant prodrug is adminis-
tered to the patient and is converted to a toxic drug specifically by
enzyme-expressing tumour cells resulting in localised toxicity while
sparing distant healthy tissue. Various species of bacteria have been
examined as tumour-specific gene delivery vehicles in this context at
clinical and pre-clinical levels [14,15] and to date, bacteria have been
genetically engineered to over-express genes coding for therapeutic
enzymes [14,16].

We hypothesised that; i) since bacteria grow within solid tumours
following systemic administration, tumour-localised bacteria may be
conceived as a tumour-specific enzymatic reservoir capable of local
activation of prodrugs; ii) since bacterial genes are employed in gene
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therapy strategies to activate prodrugs, native expression of such
therapeutic genes by a bacterium may be sufficient to mediate prodrug
activation; and iii) a given bacterium contains multiple enzymes
capable of activation of various prodrugs, so it may be possible to use
multiple prodrugs in conjunction with bacteria to treat cancer.

Previously, we have shown that various probiotic bacteria can
specifically colonise tumours in murine models [17–20]. In this article
we report that probiotic bacterial species can activatemultiple prodrugs,
without the need for genetic modification.

2. Materials and methods

2.1. Bacteria, mammalian cell lines and drugs

Escherichia coli Nissle 1917 (UCC culture collection) was cultivated
aerobically in L-Broth or L-Agar (Sigma) at 37 °C. Bioluminescent E. coli
was described by us previously [18] and cultured in the presence of
300mg/ml erythromycin. Bifidobacterium breveUCC2003 and Lactococcus
lactis (UCC culture collection) was routinely grown at 37 °C in reinforced
clostridial medium and M17 medium respectively (Oxoid, Basingstoke,
UK). All lactobacilli strains were a kind gift of Dr. Cormac Gahan, UCC
School of Microbiology, and were grown in Lactobacillus MRS broth
(Becton Dickinson). The E. coli nitroreductase deletion mutants and
parent strains were kindly provided by Dr. Antonio Valle [21] and
grown in LB broth/agar with appropriate antibiotics. The strain Δ + A
was created by transforming AB502 (streptomycin, kanamycin sensitive
derivative of parent strain AB1157) with the plasmid pNZ44 (chloram-
phenicol resistance) carrying the gene nfsA. The strainΔ+Bwas created
by transforming AB502 with the plasmid pTrc99A (ampicillin resistance)
containing the gene nfsB (see below).

Cancer cell lines were purchased from ATCC and were propagated
according to the supplier's instructions. The murine recycled prostate
cancer cell line TRAMPC1 was kindly provided by Ciavarra RP [22]
of Eastern Virginia Medical School, Norfolk USA, and propagated
accordingly [23].

AQ4N was purchased from TOCRIS Bioscience (UK). The other
prodrugs, NADH, and Nitroreductase B (NfsB) were purchased from
Sigma (Ireland). Chemicals were resuspended in DMSO or water
according to their supplier's specifications.

2.2. Cloning of nfsB in AB502

Standard molecular biology techniques were employed. Briefly;
PCR primers incorporating restriction sites NcoI and XbaI (Forward
primer: 5′-AAACCATGGATATCATTTCTGTCG; Reverse primer: 5′-AA
ATCTAGATTACACTTCGGTTAAG) were designed for amplification of
the nfsB gene from genomic DNA of MG1655. The KOD polymerase
kit (Novagen) was used for the amplification of nfsB gene and the
PCR reaction was performed according to the manufacturer's
instructions. The nfsB fragment was gel purified, digested with NcoI
and XbaI restriction enzymes and cloned into pTrc99A to yield
pTrc99A-nfsB which was subsequently used to transform
electrocompetent AB502 cells.

2.3. Cell cytotoxicity assay

Microtitre plates (96-well) were pre-seeded with 4000 cells/well in
appropriate medium for each cell line and allowed to attach overnight.
The next day, bacteria were cultured to log-phase or stationery phase
(Gram-positive) resuspended in PBS and added to 2 ml of DMEM to
an OD600 nm of 0.1–0.2 for E. coli, 0.05 for L. lactis, and 0.3–0.4 for the
rest of the Gram-positives. Each strain was exposed for 2–3 h to drug
in a tissue culture incubator. Bacteria were separated from the drug by
centrifugation and filter sterilisation using 0.2 μmpore filters (Sarstedt)
after which 200 μl of filtrate was transferred to each well. Plates were
incubated until cells in control (untreated) had achieved confluent
growth (Fig. S1). Cytotoxicity was quantified using an MTS staining
with the Cell Titre 96 AQueous One solution Cell Proliferation Assay
(Promega). The plates were measured and analysed in a Spectra max
M2 (Molecular Devices) spectrophotometer at 490 nm.

2.4. Detection of NfsA and NfsB by Western blotting

For protein extraction, bacteria grown to log phase were pelleted
and frozen at−70 °C overnight. The pellets were resuspended in lysis
buffer (25 mM Tris–Cl, 2 mM EDTA, 15 mg/ml lysozyme) at 37 °C for
1 h and briefly sonicated on ice. Protein concentration of total cell
lysates was determined using a Bradford Assay standard curve. Total
cell lysate protein (60 μg) was separated using the Novex NuPAGE
SDS-PAGE Gel System (Invitrogen) and electroblotted onto PDVF
membranes. The latter were blocked using Odyssey blocking buffer
(Li-Cor) and probed with a polyclonal anti-NfsA or anti-NfsB antibody
(kindly provided by Dr. Peter Searle, Birmingham, UK) both diluted
1:1000. Immune complexes were detected by fluorescence by means
of an odyssey infrared scanner and the band intensity quantified with
the associated software.

2.5. CB1954 colour assay

CB1954 products produce a yellow colour which correlates with an
increase in absorbance at 420 nm. Overnight bacterial cultures were
washed in PBS and incubated with 300 μM CB1954 for 3 h at 37 °C.
Bacteria were pelleted and 200 μl from each supernatant (in quadrupli-
cate) was plated onto a 96-well plate and measured at 420 nm in a
Spectra max M2 (Molecular Devices) spectrophotometer. NfsB (10 μg)
was used in reactions which contained 0.2% DMSO and 1 mM NADH
and were either supplemented with or without CB1954.

2.6. Bacterial plating assay

Bacteria were grown to log phase and plated directly on to agar
plates containing the appropriate growth medium with 200 μM
CB1954 or without. Colonies were counted and scored after an over-
night incubation at 37 °C. Survival of bacteria in the presence of
CB1954 was expressed in relation to untreated controls.

2.7. Bacterial prodrug susceptibility assay

Overnight bacterial cultures were used to inoculate fresh LB
medium +/− prodrugs and transferred into 96 well format
(300 μl/well) for automated tracking in a plate reader. The change in
optical density at 600 nm (37 °C) of each individualwell wasmonitored
over several hours (in a Spectra max M2 device) in the presence of
drugs.

2.8. HPLC and mass spectrometry analyses

2.8.1. Sample preparation
Bacteria were grown overnight (5 ml) in appropriate media and

environment. The bacteria were harvested washed once in PBS and
then resuspended in the same volume of PBS. 1 ml/5 ml was removed
and used for each assay. Bacteria and drug were incubated for 2 h at
37 °C, and centrifuged at 13,500 rpm for 5 min. Supernatant containing
drug was analysed by HPLC.

2.8.2. Method CB1954 gradient
The results described within were obtained using a Waters

Micromass LCT Premier mass spectrometer (Instrument number
KD160). Analysis was performed in ESI+mode using a gradient elution
method to identify unknowns in the sample. An external reference
standard of Leucine enkephalin was infused in order to confirm mass
accuracy of the MS data acquired. The samples were run in triplicate
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to ensure consistency and the data was analysed by the use of
Masslynx 4.1 software. LC conditions: a Waters Alliance 2695 with a
2996 Photodiode Array detector and Waters Atlantis T3 C18 5 μm
150 × 4.6 mm HPLC column was used for the chromatographic
separation with mobile phase: Acetonitrile (containing 0.1% formic
acid) and Water (containing 0.1% formic acid) using the following
gradients: 0 min (10:90); 0.5 min (10:90); 17 min (30:70); 17.5 min
(10:90); and 20 min (10:90). A flow rate of 1 ml/min, sample run
time of 20 min and injection volume of 100 μl were used. TheMS condi-
tions were as follows: the samples were subjected to ESI+ ionisation
and acquired from 80 to 1250 m/z at a capillary voltage of 3.00 kV,
sample cone of 30 V and a source temperature of 140 °C. An external
calibration was applied using Sodium Formate solution and an external
reference solution of Leucine enkephalin in Water/Acetonitrile (ESI+
m/z = 556.2771) for exact mass correction using Lockspray was used.
The UV conditionswere set at a sampling rate of 1 spectrum/s, scanning
wavelengths from 195 to 500 nm at a resolution of 1.2 nm.

2.8.3. Method CB1954/5-FC gradient
The results described within were obtained using a Waters

Micromass LCT Premier mass spectrometer (Instrument number
KD160). Analysis was performed in ESI+ and ESI− modes using a
gradient elution method to identify unknowns in the sample. An exter-
nal reference standard of Leucine enkephalin was infused in order to
confirm mass accuracy of the MS data acquired. The samples were run
in triplicate to ensure consistency and the data was analysed by the
use of Masslynx 4.1 software. LC conditions: a Waters Alliance 2695
with a 2996 Photodiode Array detector and Waters Atlantis T3 C18
5 μm 150 × 4.6 mm HPLC column was used for the chromatographic
separation with mobile phase: Acetonitrile (containing 0.1% formic
acid) and Water (containing 0.1% formic acid) using the following
gradient: 0 min (0:100); 0.5 min (0:100); 6 min (0:100); 14 min
(80:20); 16 min (80:20); 16.5 min (0:100); and 20 min (0:100). A
flow rate of 1 ml/min, sample run time of 20 min and injection volume
of 100 μl were used. The MS conditions were as follows: the samples
were subjected to ESI+ (or ESI−) ionisation and acquired from 80 to
1250 m/z at a capillary voltage of 3.00 kV, sample cone of 30 V and a
source temperature of 140 °C. An external calibration was applied
using Sodium Formate solution and an external reference solution of
Leucine enkephalin in Water/Acetonitrile (ESI+ m/z = 556.2771;
ESI− m/z = 554.2615) for exact mass correction using Lockspray was
used. The UV conditions were set at a sampling rate of 1 spectrum/s,
scanning wavelengths from 195 to 500 nm at a resolution of 1.2 nm.

2.9. Murine experiments

2.9.1. Animals and tumour induction
6–8 week old female BALB/c mice weighing approximately 18–20 g

were kept as previously described. For tumour induction, a 200 μl
suspension of 2 × 105 CT26 cells in serum free Dulbecco's Modified
Eagle's Medium (DMEM) culture mediumwas injected subcutaneously
into the flank of BALB/cmice. The viability of inoculated cells was deter-
mined using theNucleocounter system (ChemoMetec). Tumour growth
wasmonitored three times perweek by callipermeasurement andmice
were randomly assigned to groups when the tumours reached approx-
imately 100 mm3 in volume. Mice were culled once tumours reached
1.5 × 1.5 cm in size (predetermined endpoint).

2.9.2. Bacterial administration to mice
Bacteria were grown overnight in LB medium and in a shaking

incubator at 37 °C. These bacteria were used to inoculate fresh growth
medium and allowed to grow until reaching OD600 0.6. Cultures were
harvested by centrifugation (4000 ×g for 10 min) and washed three
times in phosphate buffered saline (PBS) before resuspension in one-
tenth volume PBS. For tumour colonisation, approximately 5 × 105

bacteria were injected directly into the tumour at 3 locations. The
total volume of bacteria injected was 50 μl. Mice that did not receive
bacteria were injected with an equal volume of PBS.

2.9.3. Drug administration to mice
Mice were treated with drug + PBS or both drugs three times per

week. The concentration and volume of drugs used were as follows;
CB1954 (20 mg/kg in 100 μl PBS + DMSO), 5-FC (200 mg/kg in 300 μl
PBS + DMSO) or PBS. Each drug/PBS injection was separate so all
mice received two intraperitoneal injections on treatment days to a
total volume of 500 μl.

2.9.4. Image acquisition and formation
In vivo bioluminescence imaging was carried out using the IVIS

Lumina II (Perkin Elmer). Mice were imaged for bioluminescence on
the same day as drug treatment and regions of interest were quantified
using LivingImage 4.3.1 software. Representative images ofmice show a
randomly selected mouse from each group (minimum of n = 3 in all
cases).

2.9.5. Ethics statement
All murine experiments were approved by the animal ethics com-

mittee of University College Cork (AERR #2010/003 and #2012/015).
Mice were monitored for signs of illness throughout the course of
experiments. No adverse events were recorded.

2.9.6. Statistical analysis
For biological in vitro and in vivo assays, two-sided, paired Student's t

test with 95% confidence or the MannWhitney U test was employed to
investigate statistical differences, using GraphPad Prism@ 5.0 or
Microsoft Excel 12. Multiple comparison tests were carried out using
the Bonferroni post hoc test. Statistical significance of survival between
groups in murine experiments was determined using the Log-rank
(Mantel–Cox) Test. Statistical significance was defined at the 5% level.
Survival curves are presented as Kaplan–Meier plots.

3. Results

3.1. Probiotic bacteria mediate cancer cell killing by chemotherapeutics

Several prodrugs were screened against a panel of popular probiotic
bacteria in order to evaluate their natural enzymatic activity in the con-
text of prodrug activation so as to select themost suitable candidate(s).
For this screen, an in vitro assay was developed in which bacteria and
drug are co-incubated for several hours, followed by application of
filtered supernatant to cancer cells and measurement of cell viability
byMTS assay after two days (see Fig. S1). The CT26 cell linewas utilised
due to its responsiveness to all prodrugs under examination here.
Results are summarised in Fig. 1a. In order to confirm that the
bacterial-induced cytotoxicity correlated with actual biochemical acti-
vation, we chose to analyse the activation of CB1954 by E. coli and
B. breve biochemically. CB1954 was ideal as its biochemistry has been
previously described extensively [21,24,25]. The formation of CB1954
products is characterised by a yellow colour and can be measured at
420 nm (Fig. S2). CB1954 was co-incubated with bacteria for several
hours after which their supernatants were analysed by spectroscopy.
An increase in absorbance at 420 nm corresponding to the formation
of CB1954 productswas recorded for each supernatant (Fig. 1b). Consis-
tent with the tabulated data, E. coli and B. breve activated CB1954 to the
highest degree; we therefore analysed their supernatants further using
high performance liquid chromatography (HPLC) in order to identify
metabolites related to CB1954 activation (Fig. 1c). As a positive control
and a reference, we used purified nitroreductase B enzyme + CB1954
(Fig. 1c — second row). The HPLC chromatogram of each strain alone
was used as a negative control (Fig. S3). By comparison, when CB1954
was co-incubatedwith bacteria, similar retention timepeaks are formed



Fig. 1. Livewild type bacteria induce cytotoxicity by activating prodrugs. a) Prodrug conversion by probiotic strains. The data presentedwere generated in the tumour cell line CT26. Drug
efficacy is represented by percentage survival of cancer cells after treatment (490 nm reading of treated samples/490 nm reading of untreated sample × 100). Highlighted in bold are
bacteria–prodrug combinations that induced statistically significant toxicity relative to drug alone. Each set of data (PD/PD + B) is a representative independent experiment (n ≥ 3).
SEM is represented by ±. b) Absorbance readings of supernatants of live bacteria-CB1954 (200 μM) incubations measured at 420 nm. Control: purified NfsB protein (10 μg), NADH
(1 mM), and CB1954 (200 μM) at 37 °C, blanked with CB1954 (n = 4). c) HPLC chromatograms of bacterial supernatants and solutions as indicated; CB1954 (300 μM).
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to the reference, confirming that a biochemical transformation has
taken place (Fig. 1c — rows 3 and 4).
3.2. Wild-type E. coli Nissle is a potent prodrug-activating agent

An ideal clinical candidate would be capable of activating multiple
prodrugs and inducing a significant level of cancer cell death, but must
also itself survive prodrug activation. Since B. breve and E. coli Nissle
both induced very high toxicity in the presence of CB1954 (Fig. 1a),
the influence of prodrug activation of such a magnitude on bacterial
survival was examined. This was determined by evaluating bacterial
plating efficiency on LB agar plates containing CB1954 (200 μM).
E. coli survived prodrug activation while B. breve did not (Fig. 2a).
Further investigations proceeded with E. coli. To examine the influence
of other prodrugs on E. coli growth, E. coli was co-incubated with
prodrugs in bacterial growth medium and changes in optical density
at 600 nm were recorded over time. No significant effect (p N 0.05)
was observed with any prodrug even at dosages exceeding those that
kill cancer cells in vitro. Finally, E. coli was used in conjunction with
several prodrugs to mediate cell death in various cancer cell lines
(Fig. 2c).
3.3. Different enzymes can contribute to prodrug activation

Given the focus of this study on exploiting the natural enzymolome
of bacteria, the ability of several endogenous enzymes to work in
concert contributing to activation of a single prodrug was examined.
For this, CB1954was chosen as it is a substrate for knownnitroreductase
enzymes found in bacteria. Several strains of E. coli which vary in
expression of nitroreductase enzymes were used for this study (listed
in Fig. 3a). A gene knock out strain lacking all major nitroreductases
was employed as well as the latter reconstituted with the gene coding
for nitroreductase A or B (see Fig. 3b Western blot). CB1954 products
from each strain were analysed by absorbance measurement at
420 nm and yellow colour formation (Fig. 3c). Both endogenous nfsA
and nfsB metabolised CB1954, whereas the knock-out mutant for all
major nitroreductases did not (in two different strains; W3110 and
AB1157), as evidenced by colorimetric assay and HPLC analysis of
products (Fig. 3d). Genetically reconstituting either nfsA or nfsB by
introduction of plasmid-based gene artificially recovered CB1954 acti-
vation (Fig. S4). Cancer cell survival studies with the aforementioned
strains were consistent with the biochemical assays and demonstrated
that several genes can confer cytotoxicity in the presence of CB1954
(Fig. 3e).



Fig. 2. In vitro evaluation of E. coli as a therapeutic agent in conjunction with prodrugs. a) Bacterial survival in the presence of CB1954. Bacterial cells in logarithmic phase were plated
directly onto LB plates containing CB1954 (200 μM) and grown overnight. The plating efficiency shown is normalised to cfu counts from plain LB plates (+: prodrug efficacy on cancer
cells). b) Prodrug influence on bacterial growth. Prodrugs were incubated with bacteria in LB medium and the change in optical density at 600 nm was monitored over time at 37 °C.
Data represent the average and standard error of four technical replicates. These data are representative of 2 independent experiments. c) Therapeutic efficacy of E. coli in conjunction
with prodrugs onmultiple cell lines. Survival wasmeasured by theMTS assay and is expressed relative to untreated cells. Data represent the average and standard error of four technical
replicates. These data are representative of 2 independent experiments.
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3.4. Simultaneous activation of multiple prodrugs by E. coli

To test if E. coli could activatemore than one prodrug simultaneously,
combinations of up to three prodrugs (Fludarabine phosphate, CB1954
and 5-FC) were co-incubated with E. coli Nissle and the cytotoxic effects
on cancer cells examined. Two or three drug cocktails significantly
improved cytotoxicity (p b 0.05) (Fig. 4a, Fig. S5) while these drugs did
not influence bacterial growth (Fig. 4b). To validate co-activation at the
biochemical level, a sample cocktail (5-FC and CB1954) was examined
by HPLC analysis of drugs pre- and post-incubation with E. coli Nissle,
in isolation or as a combination (Fig. 4c). The data confirmed prodrug
co-activation.
3.5. Prodrug activation in vivo for tumour therapy

In order to replicate in vitro observations, the efficacy of E. coli as a
tumour-specific drug-activating agentwas examined in tumour bearing
mice in conjunction with CB1954 and 5-FC. BALB/cmice bearing subcu-
taneous CT26 flank tumours were colonised with E. coli Nissle 1917 via
intratumoural injection of bacteria. Eight days post-bacterial adminis-
tration, E. coli was recovered from tumours at 8.84 × 108 +/−
4.30 × 108 cfu, livers at 280 +/− 213 cfu and spleens at 60 +/−
60 cfu (average per organ, n = 5), indicating a high tumour-specific
bacterial profile. On the same day as bacterial injection, mice received
an intraperitoneal (IP) injection of CB1954 or 5-FC or both drugs. Drug
injections were repeated 3 times per week for the duration of the
experiment. Therapeutic efficacy was determined by tracking changes
in tumour volume (calliper measurement) and by calculating the
median survival of mice (Fig. 5). Mice that received bacteria and either
CB1954 or 5-FC alone showed increased median survival compared
with control groups (PBS, 5-FC, CB1954, 5-FC/CB1954) (p b 0.05)
while the combination of both drugs in the presence of tumour localised
bacteria was shown to increase median survival more than bacteria
with either drug alone. Mice that received bacteria and a cocktail of
CB1954 and 5-FC showed significantly greater median survival
(p b 0.01) than mice that received PBS or drugs without bacteria.
While the increase in median survival of the bacteria plus cocktail
groupwas not statistically significantly greater than the bacteria+ 5-FC
5-FC or CB1954 groups (p N 0.16), the increase in survival does indicate
that the drugs had a complimentary effect and represent a viable treat-
ment option.

While CB1954 and 5-FC were not seen to be significantly toxic to
bacteria in vivo, it was important to determine whether or not these
drugs would have an effect on the viability of bacteria in vivo within
the tumour site. Therefore, a subset of mice received an intratumoural
injection of luminescent E. coli encoding the bacterial lux operon
allowing for non-invasive in vivo imaging of viable tumour colonising
bacteria throughout the experiment. The ability to track live bacteria
using luminescence imaging allowed for protensive monitoring of the
effect the drug treatment was having on bacterial cell numbers within
the tumourwhen compared withmice that did not receive drug. Longi-
tudinal luminescence readings demonstrated that the drug cocktail did
not have a negative impact on bacterial numbers and in some cases the
number of bacteria within the tumour increased over time. The persis-
tence of bacteriawithin the tumour for prolonged periods of time allows
for repetition of drug administrations as the levels of bacterial enzymes
within the tumour are not diminished following drug treatment.

4. Discussion

In this study, we investigated the use of wild type probiotic bacteria
in conjunction with prodrugs for the treatment of solid tumours.
Although traditionally prodrug research involves sophisticated drug
design pegged to a specific gene followed by incorporation of that
gene in a vector, our approachwas in reverse.We decided to investigate
the use of non-genetically engineered probiotic bacteria and exploit
their natural enzymolome in order to activate multiple prodrugs even
if their corresponding endogenous enzymes where unknown. Although
most bacteria examined as anticancer agents are inherently toxic or
attenuated, we have chosen to work with probiotic bacteria as they
have a good safety profile.



Fig. 3.Different enzymes can contribute to prodrug activation. a) Table of the different strains used in this study. The abbreviations, the genotype and strain name they were derived from
are listed. b) Nfs protein expression characterisation using Western blot with anti- nfs A or B antibodies. AB parent strain, the AB triple nitroreductase knockout mutant and the latter
reconstituted with either nitroreductase A or B are shown. c) CB1954 conversion by live bacteria, indicated by a change of colour (top) and change of absorbance at 420 nm over time
(bottom). The derivative strains are grouped by colour indicating their parent strains. d) HPLC chromatogram of drug, NADHand live bacteria co-incubations. A positive control containing
CB1954, purified nfsB protein (10 μg/ml) and NADH (1 mM) is included (second row). e) Cancer survival assay following co-incubation of CB1954 (100 μM) and E. coli variants. Data
represent the average and standard error of four technical replicates. These data are representative of 2 independent experiments.
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Sincemany of the enzymes used in existing prodrug activating strat-
egies have a bacterial origin, we reasoned that the natural enzymolome
of wild type bacteria would be capable of activating a broad class of
prodrugs either alone or as cocktails. An ideal therapeutic strain
would be free from the burden of genetic modification but still be
capable of activating multiple drugs. This would broaden the options
for a clinician, giving them the freedom to choose from a panel of
prodrugs in order to treat patients on a case by case basis. In addition,
it would allow them to change the prodrug depending on therapeutic
response, but also permit the usage ofmultiple prodrugs simultaneously
or consecutively in order to maximise efficacy.

We began by screening several probiotic strains against popular
prodrugs with different mechanisms of action of which some have
unknown corresponding enzymes. Our aim was to find a strain that
satisfies the criteria mentioned above. We discovered that the Gram-
negative E. coli was able to increase the toxicity of all the examined
prodrugs, while the Gram-positive bacteria could only influence a
fraction of those (Fig. 1a). Currently, the molecular basis for this is
unknown; however, this observation prompted us to advance this
study with E. coli. While CB1954 was activated by most strains, E. coli
and B. breve could activate it to high levels and such an activation was
confirmed biochemically (Fig. 1). However, we found that the latter
was sensitive to CB1954 while the former was not (Fig. 2a). The
aetiology for this sensitivity differential is unclear; however, it formed
the basis to eliminate B. breve from further studies and focus on E. coli.
By exploiting its enzymatic reservoir, it was possible to find a prodrug
to treat any cancer cell line (Fig. 2c). Only the genes required for activa-
tion of CB1954, Fludarabinephosphate and 5-FC are known [26–28]; the
enzymes that activate AQ4N and Tegafur in bacteria are unknown. In
order to gain further insight into prodrug activation by different
genes, we chose to use the prodrug CB1954 which is activated by
nitroreductases. We used knockouts for the genes nfsA, nfsB and nemA
which are the major nitroreductases found in E. coli that would activate
CB1954. We found that the therapeutic efficacy was significantly
reduced when both enzymes were deleted, but not when there was at
least one present in order to act as a backup. The concept of several
enzymes acting in concert on a single drug is intriguing and suggests
towards prodrugdesign around ubiquitous enzymes or enzyme families
rather than relying in one gene.

The ability to simultaneously activate prodrugs of different mecha-
nistic classes is an important finding (which has never been described
in this context, to our knowledge) that could potentially be used to
treat resistant cancers. We show several different types of cocktails
that can be activated, one of which was a combination of 3 prodrugs



Fig. 4. Multiple prodrugs can be co-activated by E. coli. a) Cancer cell survival in the presence of multiple prodrugs. Bacteria were incubated with treated prodrugs for 1 h. Fludarabine
phosphate (5 μM), 5-FC (2 μM), and CB1954 (25 μM). b) Prodrug influence on bacterial growth. Prodrugs were incubated with bacteria in LB medium and the change in optical
density at 600 nm was monitored over time at 37 °C. (CB1954: 200 μM, 5-FC: 500 μM, FP (Fludarabine phosphate): 20 μM). c) HPLC chromatogram of supernatants of E. coli previously
co-incubated with prodrugs in PBS at 37 °C. Top: drugs alone (purified 5-FU is run as a control). Middle: Single drug-bacterial incubations. Bottom: Cocktail incubations. Red rectangle:
Magnification of 5-FC profile in this reaction.
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Fig. 5. Tumour therapy via in vivo activation of prodrugs. BALB/c mice bearing subcutaneous CT26 flank tumours colonised by E. coli Nissle 1917 received IP injections of CB1954 + PBS,
5-FC+ PBS, CB1954+5-FC or PBS three times per week. Tumours weremonitored for changes in volume and luminescence (where applicable) from live bacteria on each treatment day.
a) The change in bacterial luminescence (relative to day 0) from tumour colonising luminescent E. coli is shown. Luminescence remains stable across the range of time-points indicating
that bacterial levelswithin the tumour remained constant throughout the experiment. b) Changes in CT26 tumour volumeweremonitored until thefirst death in the groupdeterminedby
a predefined endpoint. c) Survival plot of each group starting from the first day of bacteria/drug administration.Mice that received bacteria and both drugs showed significantly increased
median survival (p b 0.01) compared with groups that did not receive bacteria.
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(Fig. 4a). To show proof of principle at the biochemical level, we
analysed one of the cocktail reactions (CB1954 and 5-FC) by HPLC
(Fig. 4c). Because 5-FU was produced in small amounts under these
HPLC assay conditions, we included a purified 5-FU as a reference.

Finally we replicated our in vitro data in vivo, by showing that wild
type E. coli could enhance the cytotoxicity of CB1954 and 5-FC. The
possibility of using one single organism to activate multiple prodrugs
is very attractive in thisfield of research. However,fine-tuning a therapy
using a cocktail of multiple drugs poses technical challenges beyond the
scope of this study, and we acknowledge that this is an artificial system.
In the context of CB1954 activation in vivo, while it would have been of
interest to validate the involvement of NTR genes in vivo, through exam-
ination of the nitroreductase triple mutant strain, this strain proved
unsuitable for in vivo growth. This finding is not surprising, given the
level of mutation load.

5. Conclusions

Clinical trials using bacteria are under development, but genetic
engineering as we know it, is undesirable for a number of reasons; the
traditional approach of over-expressing the therapeutic gene puts a
metabolic burden on bacteria irrespective of where the gene resides
(on a plasmid or artificially integrated in to the genome); over-
expressing genes may leak inside the body which may induce an
immune reaction; replicating plasmids carry inherently unnatural/
unwanted elements which pose a safety concern; finally, employing
one therapeutic gene limits a strategy to its corresponding prodrug
which cannot be changed in the event of toxicity or acquired tumour
resistance. Consequently, we decided to obviate genetic engineering
and search for a wild type strain that is safe, robust and whose natural
enzymolome might permit the use of multiple prodrugs which can be
used separately, consecutively or simultaneously, offering to the clinic
a unique chemotherapeutic platform.

We show that E. coli Nissle is a promising agent and that further
exploration of its enzymatic repertoire will lead to the discovery of
new enzyme/prodrug combinations, thus expanding the existing
prodrug arsenal and giving rise to new therapeutic strategies.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2015.11.030.
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