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Abstract
Systemic administration of Salmonella enterica serovar Typhimurium (S. typhimurium) into tumor-bearing mice results in
preferential colonization of tumors and causes shrinkage and sometimes complete tumor clearance. However, in spite of
these beneficial antitumor effects, the systemic administration of a bacterial pathogen raises serious safety concerns as well.
Addressing those concerns, here, we demonstrate that tumor-colonizing Salmonella can be readily controlled by systemic
administration of the antibiotic – ciprofloxacin. Treatment was most effective when started early postinfection. This was
achieved at the expense of the efficacy of tumor therapy. In many of the mice treated in such a way, tumors re-grew again.
Nevertheless, some mice were able to clear the tumor despite the start of antibiotic treatment only 24 h after the start of
infection. Furthermore, we could demonstrate that such mice had elicited a specific antitumor immune response. Thus,
S. typhimurium-mediated tumor therapy might be applied safely when combined with early antibiotic treatment. However,
the therapeutic power of the bacteria needs to be enhanced in order to provide a more effective therapeutic tool.
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Introduction
The observation that a bacterial infection might be advantageous for patients with solid cancers was made some
time ago.1 Although this knowledge exists for more than
130 years and might even date back to ancient Egypt,2 the
employment of bacteria or bacterial components in tumor
therapy has met with little success so far,3 due to severe
side-effects. However, the extensive acquisition of knowledge and the improvement of techniques in molecular genetics have now rendered the bacterial tumor therapy
feasible. Therefore, this approach is presently under
intense investigation.4
Many pathogenic and non-pathogenic bacterial species
have been shown to preferentially colonize solid tumors
compared with other healthy tissues,5 among them
Salmonella enterica serovar Typhimurium (S. typhimurium).4
Such bacteria have been shown to cause a strong therapeutic
effect on tumors after systemic administration, leading to
retardation of tumor growth or even complete clearance.
In addition, ﬁrst clinical trials using highly attenuated
S. typhimurium were reported nearly a decade ago.6
Nevertheless, the clinical application of Salmonella-mediated
tumor therapy is far from being an established therapeutic
procedure. However, the tumor invasion process of
ISSN: 1535-3702

S. typhimurium is presently becoming clearer.7 Apparently,
after intravenous administration, Salmonella enters the
tumor
via
the
chaotic
vascular
system.8 – 10
Proinﬂammatory cytokines, such as tumor necrosis
factor-a (TNF-a) and interleukin 1, are induced, and
disrupt the pathological endothelia of the blood vessels in
the tumor.11 The developing hemorrhage carries the bacteria into the neoplastic tissue.12 Subsequently, the bacteria
can thrive in the tumor microenvironment under low
oxygen pressure. Thus, protection from phagocytic
immune cells and the high nutrient supply provided by
dying tumor cells in such an environment result in a longterm colonization of the cancerous tissue.13 – 15
The high cytokine production after systemic application of
bacteria can be attributed to various bacterial components as
well as virulence factors important for the invasion and
infection process.5 In particular, the lipopolysaccharides in
the cell wall appear to be important in protection. On the
one hand it protects the bacteria from phagocytosis,16 but
on the other hand triggers the complement system and
Toll-Like receptor 4, which in turn activates cytokine production and other host defense systems.17,18 Thus, alerting
the immune system of the host represents a double-edged
sword for Salmonella-mediated tumor therapy. It paves the
way for the bacteria into the tumor but represents a
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considerable risk for the patients;19 for instance, induction of
high levels of TNF-a can lead to septic shock, often with a
fatal outcome.20
Thus, bacterial pathogens like Salmonella typhimurium need
to be attenuated on the one hand to reduce their virulence
and on the other hand to reduce the risk of septic shock.
The ﬁrst is usually achieved by metabolic attenuation.
There are established bacterial strains that are deﬁcient for
certain essential synthesis pathways, like the commonly
used aroA 2 mutant that is unable to produce aromatic
amino acids21,22 or a purI 2mutant deﬁcient for purine biosynthesis. A systematic survey of the optimally attenuated
Salmonella strains has been reported recently.23 Similarly, to
reduce the risk of septic shock, a strain with an altered lipopolysaccharide has been established. The msbB 2mutant
strain shows a dramatically reduced induction of TNF-a
with human peripheral blood lymphocytes and was well tolerated in clinical trials.24 However, reduced TNF-a levels
might also reduce the therapeutic potential of the bacteria.4
Understandably, alternative ways of bacterial control
within the host are needed. In this regard, inducible
suicide systems have been considered,25 though the most
natural alternative appears to be the employment of antibiotics. Salmonella infections are usually self-limiting and
only dehydration of the patient has to be avoided.
However, in severe cases, ﬂuoroquinolones like ciproﬂoxacin
are the antibiotics of choice.26,27 Other antibiotics, commonly
used for the treatment of bacterial infections, are used only
reluctantly, due to the risk of spreading resistances.28
The use of ciproﬂoxacin to improve the controllability of a
bacteria-mediated tumor therapy was already followed in
early clinical trials where patients with septic shock symptoms were treated with ciproﬂoxacin.29 However, to our
knowledge, no systematic study has been reported investigating the impact of ciproﬂoxacin treatment on bacteriamediated tumor therapy. Therefore, we have established
in our murine CT26 colon carcinoma model, the parameters
for ciproﬂoxacin treatment such as dosing and treatment
regimen. As expected, the bacterial infection can be
readily controlled by application of ciproﬂoxacin.
Importantly, however, the treatment has to be started
early after bacterial application to achieve the optimum
results under these circumstances.

Material and methods
Bacterial strains and growth conditions
S. typhimurium strain SL7207 (DhisG, DaroA) was kindly provided by Bruce Stocker.21 The bacteria were grown on LB
(lysogeny broth) agar plates supplemented with 30 mg/mL
streptomycin at 378C.

following amounts: kanamycin (20 mg), tetracycline (2 mg)
and ciproﬂoxacin (2 mg). Following the growth curve,
samples were taken at distinct time points for turbidity
measurement (OD600) and plating. Serial dilutions of the
cultures were plated on LB agar plates supplemented with
30 mg/mL streptomycin, and colony-forming units (CFU)
were counted.
Cell lines and animals
Female BALB/c mice, at the age of six weeks, were purchased from Janvier (Le Genest-Saint-Isle, France). The
CT26 colon carcinoma cell line (CRL-2638; American Type
Culture Collection [ATCC], Wesel, Germany) was grown
as monolayers in Iscove’s Modiﬁed Dulbecco’s Medium
(Gibco BRL [Invitrogen], Karlsruhe, Germany) supplemented with 10% (v/v) heat-inactivated fetal calf
serum
(Gibco
BRL
[Invitrogen]),
250 mmol/L
b-mercaptoethanol (Serva, Heidelberg, Germany) and 1%
(v/v) penicillin/streptomycin (Sigma, Seelze, Germany).
Infection of tumor-bearing mice and recovery
of bacteria from tissue
Six-week-old female BALB/c mice were subcutaneously
injected with 5  105 CT26 cells in the abdominal region.
When the tumors had reached a size of 5–8 mm in diameter,
mice were injected intravenously with 5  106 CFU of
S. typhimurium in phosphate-buffered saline (PBS). Mice
were sacriﬁced at different time points postinfection (pi),
and tumor, spleen and liver were removed and weighed.
The tissues were then transferred into 1 mL (2 mL for liver)
ice-cold PBS containing 0.1% (v/v) Triton X-100. The tissue
was homogenized with a Polytron PT3000 homogenizer
(Brinkmann Kinematica, Lucerne, Switzerland). To determine the CFU per gram of organ, homogenates were serially
diluted in PBS and plated on LB agar plates containing streptomycin (30 mg/mL). All animal experiments have been performed with the permission of the local authorities (LAVES)
according to the animal welfare act.
Tumor studies
To follow the development of tumor size, six-week-old
female BALB/c mice were injected subcutaneously with
5  105 CT26 cells at the abdomen. As soon as small
tumors became visible, tumor size was monitored every
other day using a caliper. The volume of the tumors was calculated using the formula: V ¼ 4/3  p  (h  w 2)/8; where
h is the height and w is the width. It was assumed that depth
and width of the tumor are equal.
Antibiotic treatment in vivo

Antibiotic treatment in vitro
A measure of 0.5 mL of an overnight culture of SL7207 was
added to 20 mL of sterile LB medium, supplemented with
30 mg/mL streptomycin. The culture was incubated at
378C with shaking at 160 rpm. Reaching an OD600 of 0.8,
the culture was split and antibiotics were added in the

Six-week-old female BALB/c mice were subcutaneously
injected with 5  105 CT26 cells at the abdomen. When
the tumors had reached a size of 5 – 8 mm in diameter,
mice were injected intravenously with 5  106 CFU of
S. typhimurium in PBS. Antibiotic treatment was started,
on the indicated days after infection. A measure of 100 mL
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of antibiotics was administered intraperitoneally every 12 h
on four subsequent days. Control animals were treated with
PBS. The health status of the mice was monitored by regular
body weight measurement. Mice were humanely euthanized when signs of acute illness became detectable.
Secondary tumors
After a successful tumor therapy, tumor immunity was
tested 100 days after the ﬁrst tumor injection. CT26 cells,
5  105, were injected subcutaneously on the right-hand
side of the back, whereas 1  105 F1A11 cells were injected
under the skin of the left side. Tumor growth was recorded
5 and 10 d after the secondary injection.

Results
Ciprofloxacin is effective against S. typhimurium
in vitro
Naturally, S. typhimurium enters the host by the oral route.
Ingestion of contaminated food leads to diarrhea but is
usually self-limiting. Only severe cases are treated with antibiotics.26,27 Therefore, we ﬁrst wanted to test in vitro,
whether the commonly used antibiotics kanamycin, tetracycline and ciproﬂoxacin allow the control of our
S. typhimurium SL7207 strain. Bacterial cultures were grown
to an OD600 of 0.1 and split into four samples. Antibiotics
were added to three cultures when OD600 0.8 was reached.
Upon examination of the turbidity after 1.5, 3 and 20 h, only
little differences were observed between the control and the
samples treated with kanamycin or tetracycline. In contrast,
in samples containing ciproﬂoxacin, a strongly reduced turbidity was observable even after only 1.5 h (Figure 1a).
To make sure that this effect is due to bacterial killing,
samples were taken at the same time points and plated on
selective medium (Figure 1b). The control showed increasing
numbers of bacteria which plateaued at ﬁve hours. In contrast,
reduction of the bacterial numbers was already detectable at
1.5 h after addition of antibiotics. However, in the sample containing ciproﬂoxacin, the most rapid decrease in CFU was
observed. Only 1% of bacteria were found to be alive 1.5 h
after initiation of treatment and the titer was 100.000-fold
decreased after 20 h. This conﬁrms the superior efﬁcacy of
ciproﬂoxacin for the treatment of S. typhimurium SL7207.
Ciprofloxacin treatment of mice after tumor therapy
leads to complete recovery
Despite the use of attenuated strains, employing
S. typhimurium for tumor therapy is accompanied by
severe toxicity symptoms of the host.13 Besides the elicited
immune reaction, the long-term infection is responsible for
this. Even when healthy organs like the spleen and liver
are colonized to a much lower extent,7 the hosts are often
moribund and occasionally succumb to the infection.
Therefore, attenuation of bacteria aims to achieve a high
ratio of tumor colonization compared with healthy organs
as well as avoidance of acute toxicity.23 However, it is
equally important to avoid long-term infections in order

Figure 1 In vitro sensitivity of S. typhimurium SL7207 against kanamycin,
tetracycline and ciprofloxacin. (a) Growth curves of SL7207 at 378C in lysogeny broth medium treated with 20 mg kanamycin, 2 mg tetracycline or
20 mg ciprofloxacin. The black arrow indicates the time point of antibiotic
(AB) addition. (b) Plating of cultures shown in (a). Bars indicate the mean of
three independent samples + SDM

to minimize the unwanted side-effects. The latter might
also be achieved by antibiotic treatment. Therefore, mice
bearing solid CT26 tumors were infected with 5  106
SL7207 (day 0). On day 14 pi, antibiotic treatment was
started. Body weight was taken as an indicator for the
health status of the mice, which was constantly monitored
during tumor therapy and the subsequent antibiotic treatment (Figure 2a). All mice showed a comparable drop in
body weight directly after infection. The weight remained
stable at around 80% of the initial value. In the control
group, receiving PBS, one mouse died on day 17 after infection, whereas the remaining ones survived until the end of
the observation period even though their body weight
decreased further. Only one mouse recovered (Figure 2a). In
the group treated with tetracycline, an intermediate response
was observed. One mouse died on day 14 after antibiotic
treatment. The surviving mice showed no beneﬁcial response
to the antibiotic administration. Similarly, in the kanamycintreated group, two mice died despite the antibiotic treatment,
and only one mouse recovered. In contrast, in the group that
was treated with ciproﬂoxacin, all mice survived and recovered completely after initiation of the treatment, as indicated
by increasing body weight. Thus, the use of ciproﬂoxacin is
much more effective in controlling the S. typhimurium infection than the other two antibiotics.
Eliminating the bacteria at a certain time point after infection might inﬂuence their therapeutic potential against the
tumor. Thus, we monitored development of the tumor size
in the infected mice that were treated with antibiotics or
left untreated. Antibiotics were administered on four
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Figure 2 Antibiotic treatment of mice bearing a CT26 tumor infected with S. typhimurium SL7207. Groups of five individual mice are shown. (a) Impact of kanamycin, tetracycline or ciprofloxacin on the recovery of body weight as an indicator for the health status. (b) Influence of antibiotic treatment on therapeutic effect
of SL7207 infection. Tumor size is given as a percent of tumor size on day 21. Black arrows indicate the time point of antibiotic (AB) addition

consecutive days starting at day 14 pi (Figure 2b). Initially,
tumor shrinkage could be observed in all groups. In this
experimental setting, the tumors in some mice did not
respond well to the bacterial therapy and continued to
re-grow even before antibiotic treatment. After administration of the antibiotics, the ciproﬂoxacin-treated mice
showed a slightly higher rate of tumor re-growth (Figure 2b).
To test the hypothesis that a higher rate of tumor
re-growth was due to the efﬁcient bacterial killing by ciproﬂoxacin, the numbers of CFU were measured during the
treatment with 2 mg per mouse. Tumor-bearing mice were
infected with 5  106 SL7207 and ciproﬂoxacin was given
every 12 h for four consecutive days. Tumor, spleen and
liver were removed for plating on days 1, 2, 3, 5 and 15 pi
(Figure 3a). The control group, treated with PBS, showed
stable bacterial colonization of the liver and only a slight
reduction in bacterial numbers was observed in the spleen
after 15 d (Figure 3a). As expected, among all the tissues

analyzed, the highest colonization was found in the tumor
with 1010 CFU per g one day after infection. This number
remained stable until day 2 and then slowly decreased to
107 by day 15. Both treated groups showed comparable
colonization on day 1 after infection. However, treatment
with 1 as well as 2 mg ciproﬂoxacin per mouse caused
rapid bacterial killing. In all tissues, only 1% of the initial
bacterial colonization persisted by day 2 and bacterial
numbers dropped further during the treatment. On day
15, only single bacterial colonies were recoverable from the
different organs examined (Figure 3a).
In parallel, tumor development was measured during
S. typhimurium treatment. Compared with the control
group which showed complete tumor elimination, both
the 1 and 2 mg ciproﬂoxacin treatment schedules resulted
in signiﬁcant tumor re-growth. During repeated application
of 2 mg ciproﬂoxacin per mouse, tumors in four out of ﬁve
mice showed strong re-growth after initial shrinkage.
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Figure 3 Influence of ciprofloxacin treatment starting 24 h postinfection (pi) on the efficacy of tumor therapy. (a) Development of bacterial numbers after initiating
antibiotic treatment early pi. Bars show colonization of tumor, spleen and liver and represent the mean of five mice + SDM. (b) Tumor development during therapy
with SL7207 with early initiation of ciprofloxacin treatment. Tumor size of five individual mice per group is given as percent of tumor size on day 21. Black arrows
indicate the start of antibiotic treatment

Treatment with 1 mg per mouse showed similar results with
re-growth in three out of ﬁve tumors and no complete
regression. It appears that early ciproﬂoxacin-based treatment of the bacterial elimination diminishes the antitumor
effect of S. typhimurium therapy.
Dose-dependent activity of ciprofloxacin in vivo
We have demonstrated that the effective killing of tumorcolonizing Salmonella by ciproﬂoxacin early during
therapy interferes with the therapeutic effects. Therefore,
we examined whether an optimal concentration of ciproﬂoxacin could be deﬁned in order to control the infection,
yet allowing tumor clearance. To study this, treatment
with various doses of ciproﬂoxacin was started at day 7 pi
to allow sufﬁcient time for the bacteria to elicit a therapeutic
effect (Figure 4a). All animals of the treated groups showed
a higher average body weight compared with the control.
The best recovery rates were obtained using a dose of 1 or
2 mg ciproﬂoxacin per mouse for four days. In these
groups, all mice recovered completely. Intermediate recovery rates were observed in the groups treated with 0.1 or
0.5 mg per mouse for four days or 1 mg for two days.
Importantly, animals in the intermediate groups receiving
1 mg for two days and 0.1 mg for four days showed a

reduced survival rate (Figure 4b). Similarly to animals in
the control group, two mice in each group became moribund and had to be killed on days 15 or 16. In contrast,
all animals treated with ciproﬂoxacin survived the monitored period of the study.
Regression of the tumor size after antibiotic treatment
was also investigated (Figure 4c). Representative data
from three independent experiments are shown here. A
complete tumor clearance in all individuals was observed
in the control group. Similar results were obtained for
the group treated with 0.1 mg per mouse for four days.
Only one outlier was found. Comparatively more mice
showed tumor re-growth in the groups treated with
other regimens. Two out of ﬁve tumors started to
re-grow in the groups treated with 0.5 or 1 mg per
mouse for four days. After treatment with 1 mg for two
days or 2 mg per mouse for four days, three out of ﬁve
tumors showed massive re-growth. Thus, in the present
scenario, optimum bacterial clearance in the mice is
achieved at the expense of decreased tumor clearance
rates, while optimum tumor clearance leads to severe
health problems due to bacterial persistence. This
dilemma can be resolved only by the generation of bacteria
potentiated with effective tumor clearance capabilities as
well as easy controllability.
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Figure 4 Dose-dependent efficacy of ciprofloxacin to control S. typhimurium SL7207 in tumor-bearing mice. (a) Body weight of mice treated with different
amounts of ciprofloxacin. Data represent the mean of five mice + SDM (b) Survival of animals is influenced by the amount of ciprofloxacin. Each group represents
five mice. (c) Efficacy of tumor therapy exerted by SL7207 is influenced by the amount of ciprofloxacin. Size of tumors is given in percent of tumor size on day 21
for five individual mice. Black arrows indicate the time point of antibiotic (AB) addition

Antibiotic treatment does not impair tumor
immunity after treatment
We had previously noticed that the ﬁnal clearance of the
tumor is most likely due to a T-cell-mediated antitumor
response initiated by the bacteria. An important question
therefore was, how long the bacteria had to be present in
high numbers during tumor therapy to initiate an effective
antitumor immunity. To answer this question, ciproﬂoxacin
treatment was started at different time points after infection.
Tumor-bearing mice were treated with ciproﬂoxacin directly
after the infection, or 4, 7 and 10 d pi, and tumor development and survival of the mice were monitored.

Untreated mice started to die by day 10 (Figure 5a).
Applying 1 mg ciproﬂoxacin per mouse at this time point
did not bring any effect on the survival of the mice.
Similar to the untreated group, only 60% of the mice survived under these conditions. However, an earlier onset of
the antibiotic treatment rescued all of the mice.
Disregarding single outliers, all, except the group in
which ciproﬂoxacin treatment was started immediately
after the infection, showed successful clearance of tumors
(Figure 5b). Here, only one out of 10 mice showed complete
tumor elimination.
Mice that had successfully cleared the tumor were challenged 100 days after initiation of the infection with fresh
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Figure 5 Starting time point of ciprofloxacin treatment influences the efficacy of SL7207-based tumor therapy. (a) Survival of mice. Each group comprised of 10
mice. (b) Efficacy of SL7207-mediated tumor therapy depends on the onset of antibiotic treatment. Tumor size is given in percent of tumor size on day 21 for 10
individual mice. Black arrows indicate the time point of antibiotic (AB) addition

CT26 tumor cells on one ﬂank and with F1A11, a tumor
completely unrelated to CT26, on the other ﬂank. All mice
independent of the treatment regimen were able to reject
the CT26 tumor while the unrelated F1A11 tumor grew in
all cases (Table 1). This shows that as long as the primary
tumor is cleared after Salmonella administration, an efﬁcient
antitumor immunity is induced independent of the antibiotic treatment regimen.
Statistical analysis of Figures 1 – 5 can be found online
at http://ebm.rsmjournals.com/lookup/suppl/doi:10.1258/
ebm.2011.011111/-/DC2 in Supplemental Tables 1 –5.

Discussion
In industrialized countries, cancer is the second most frequent cause of death and the incidence is rising. Thus, the
development of novel therapeutic strategies is of utmost
importance and one of the most urgent tasks of modern

biomedical research. In this regard, bacteria-mediated
therapy of solid tumors represents one of such approaches.
However, introducing a bacterial pathogen into an often
immune-compromised patient is a major challenge to overcome. In this direction, metabolic attenuation of the bacteria
is essential and has been achieved for several strains of
Salmonella using different essential metabolite synthesis
pathways.30 However, a recent report has demonstrated
that some auxotrophic mutations might interfere with
their efﬁciency of tumor colonization. Thus, safety measures
might lower the invasive or therapeutic capacity of the bacteria.23 Inducible suicide systems might represent a feasible
alternative. Such systems are not available yet and will have
to be tested systematically ﬁrst. For instance, in our hands,
employing the inducible lysis gene E of bacteriophage
FX174 reduced the number of the bacteria in the various
tissues but resulted in an unacceptable reduction in therapeutic efﬁcacy (Crull, unpublished).
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Table 1 Mice that cleared the primary CT26 tumor after S. typhimurium infection exhibit specific tumor immunity
Initial tumor challenge

Naı̈ve
mice
Control
Day 0
Day 4
Day 7
Day 10

Tumor re-challenge

CT26 cells
injected

F1A11 cells
injected

Group
size

Complete
responder

CT26 cells
injected

F1A11 cells
injected

Group
size

CT26
growth

F1A11
growth

–

–

–

–

5  105

1  105

5

5

5

5  105
5  105
5  105
5  105
5  105

–
–
–
–
–

10
20
10
10
10

8
3
8
10
8

5  105
5  105
5  105
5  105
5  105

1  105
1  105
1  105
1  105
1  105

5
3
5
5
5

0
0
0
0
0

5
3
5
5
5

The initial CT26 tumor was placed at the abdomen. For tumor re-challenge each tumor was injected at one flank two months after tumor clearance. In the control
group, mice were not treated with ciprofloxacin during the first challenge. In the other groups, antibiotic treatment had been started at the indicated day

In the present work, we have systemically investigated
the efﬁcacy of antibiotics to control bacterial infection after
its therapeutic application. We tested three commonly
used antibiotics – kanamycin, tetracycline and ciproﬂoxacin. Already in vitro, kanamycin and tetracycline showed
only low efﬁcacy against S. typhimurium SL7207.
Accordingly, no amelioration of the health status could be
detected in vivo. Since treatment was started 14 d pi, the
health status of the mice might have been already too low
to recover quickly after the relatively small reduction of
the bacterial burden. Importantly, because of the additional
toxicity, some mice died during the treatment.
However, a four-day schedule administering 1 or 2 mg
ciproﬂoxacin per mouse 14 d pi resulted in a clear amelioration of the direct effects of S. typhimurium infection and
greater survival of the tumor-bearing mice. The dose of
2 mg/d/mouse is just below the LD50 of ciproﬂoxacin for
mice. Accordingly, mice are probably also burdened by
the treatment. This might explain the continuous decrease
of body weight during the treatment. However, after termination of the treatment, body weight reached the levels
observed before tumor therapy. Additionally, only low
numbers of bacteria were found in the tissues at that time
point. Obviously, the immune system will be sufﬁcient to
handle this low number of bacteria as will also be the case
when resistant bacteria develop during the treatment.
Importantly, 1 mg per mouse had similar effects on bacterial
numbers like 2 mg, but the toxic burden of the antibiotic
was apparently lower.
The efﬁcient removal of the bacterial infection appeared
to interfere to some extent with the therapeutic efﬁciency
of the Salmonella therapy. This was even more apparent
when ciproﬂoxacin treatment was started 24 h after infection. The bacterial infection could be very efﬁciently controlled with this schedule using either 1 or 2 mg per
mouse. However, many of the tumors started to re-grow
in this experimental setting, although some of the mice
completely cleared the tumors despite the early onset of
ciproﬂoxacin treatment.
As a compromise, in the subsequent experiments, treatment was initialized seven days postinfection. This should
allow sufﬁcient time for the therapeutic action of the bacteria but should still allow the effective control of the bacteria. Using different concentrations of ciproﬂoxacin, we
examined the optimal antibiotic treatment regimen.
Indeed, when using 0.1 mg ciproﬂoxacin, all mice cleared

the tumor. However, all the mice appeared moribund
throughout the observation period. This demonstrates
convincingly that with the present genetic makeup of our
therapeutic SL7207, it might not be possible to reconcile
reasonable bacterial control with the therapeutic
maximum. Therefore, bacteria endowed with desired qualities need to be engineered. Several groups have published
tumor therapies using recombinant Salmonella that were
equipped with prodrug converting enzymes, toxins or antiangiogenic or immune modulatory molecules.4 Such bacteria, combined with antibiotic control to avoid long-term
infection, might represent the most powerful combination
for bacteria-mediated cancer therapy of desirable extent.
After complete clearance of tumors by the
Salmonella-mediated therapy, the mice exhibited speciﬁc
antitumor immunity against the original cancer. No tumor
growth could be observed after challenge with the same
tumor cells while independent tumor cells grew. In the
present case, speciﬁc tumor immunity was also observed
in mice that had cleared the tumors with additional antibiotic treatment. This held true even when the treatment
had started as early as 24 h after infection. This conﬁrms
previous31 as well as unpublished data, namely that
RAG22/2 mice that lack an adaptive immune system are
unable to clear the tumors. Thus, the triggering of the
speciﬁc immune system to elicit an antitumor response in
the face of the adjuvant Salmonella could be extremely efﬁcient. This raises the hope that speciﬁc immunity can also
be generated against other tumors. In addition, immunomodulatory molecules expressed by the bacteria might enhance
this effect. Together with antibiotic control, this should represent important steps towards an efﬁcient tumor therapy
applicable to human patients.
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