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  General Introduction 5 

 General Introduction 

Life of human beings is accompanied by diseases. However, over time changing habits and 

lately also the progress of medicine, have changed the types of pathogenic threats. Insufficient 

hygiene, close communal life and the inferior medical treatment, rendered infectious diseases 

the main cause of death in earlier times. Improved hygienic conditions, recognition of 

infectious agents and their way of dissemination as well as the introduction of anti-infectives, 

starting with the discovery of penicillin by Alexander Fleming in 1928, greatly diminished 

infectious diseases. Nowadays, with increasing human life expectancy and improved 

medication, age-related illnesses take the lead as causes of death (Caldwell, 2001). Cancer is 

now a major cause of death in industrialized countries being second only to cardiovascular 

diseases (Fig. 1). Accordingly, there is tremendous pressure to improve conventional cancer 

therapies and define novel therapeutic approaches. 

 

Fig. 1: Causes of death in Germany in 2009 (Federal Statistical Office) 
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1 Cancer 

The term cancer in general summarizes more than 100 specific types and additional subtypes 

of neoplasias found in distinct tissues. Despite this diversity, all manifestations have common 

features. Hanahan and Weinberg have summarized these similarities and called them the 

hallmarks of cancer (Hanahan, 2000). In this depiction, 6 essential alterations in the 

physiology of the cell are meant, which, taken together, enable malignant growth and disease. 

 

Fig. 1.1: Acquired capabilities of cancer (figure taken from (Hanahan, 2000)) 

1.1 Limitless replicative potential 

Generally a cancer cell is able to proliferate uncontrollably. Since normal cells underlie many 

tightly regulated control mechanisms, cells have to undergo many changes to obtain all 

capabilities shown in figure 1.1.  Most of the abnormal functions of tumor cells are due to 

changes in the genome. Normally, accuracy of replication is ensured by various checkpoints 

rendering it highly unlikely that multiple mutations occur within one cell. Obviously, the 

genome of a cancer cell is prone to increased mutability. This so called “mutator phenotype” 

is the result of mutations in genes maintaining genome stability (Loeb et al., 1974; Loeb, 

2001). Such tumor suppressor genes lose their function in cell division, DNA repair or 

apoptosis as consequence of point mutations either spontaneously, or after radiation, like UV-

light or X-ray (Gamudi and Blundell, 2010). The most prominent checkpoint to prevent DNA 

damage is the tumor suppressor gene p53, called the “guardian of the genome”, which causes 
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G1 arrest through the pRB (the retinoblastoma tumor suppressor gene) family upon DNA 

damage (Lane, 1992). One way of response is the accumulation of p53 in the nucleus and the 

subsequent transcriptional upregulation of genes involved in DNA repair, e.g. p21, which 

binds to DNA and blocks replication (Goukassian et al., 2000). Another possibility is the 

mediation of external suicide signals from T cells to the cancer cell (Weinberg, 2007). The 

functionality of p53 is lost in most human cancers (Vogelstein and Kinzler, 2004).   

Normally, cells stop growing after a certain number of doublings due to progressive telomere 

shortening (Hayflick, 1965). This phenomenon of senescence is circumvented by tumor cells 

without functional p53 / pRB pathways, two important senescence-signaling routes (Vergel et 

al., 2011). With further dividing the state of “cellular crisis” is reached. Here, further telomere 

erosion leads to relentless chromosomal instability and widespread apoptosis (Artandi and 

DePinho, 2010), as shown in figure 1.2. Only a small number of cells survive this telomere-

induced genomic instability. Together with the reactivation of telomerase, which most tumors 

express, the post-crisis cells develop a genetic profile that permits malignant growth (Counter 

et al., 1994; Miura et al., 1997; DePinho, 2000).   

 

Fig. 1.2: Telomere shortening activates p53-driven senescence leading to induction of apoptosis. If p53 is 
mutated the fusion of chromosomes is instead tolerated. Subsequently, chromosomal breaks can occur, 
enhancing translocations, focal amplifications and deletions. (figure was taken from (Artandi and 
DePinho, 2010)) 
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1.2 Evading apoptosis 

The life and survival of cells is maintained by environmental contacts. Alterations in these 

cell-matrix and cell-cell adherence-based survival signals, mainly mediated by integrins, can 

elicit apoptosis. Apoptosis denominates the programmed cell death (Giancotti and Ruoslahti, 

1999). Not only external signaling can trigger apoptosis, also intracellular signaling can 

induce this process. The extrinsic pathway is activated by tumor necrosis factor (TNF) 

receptor family, a group of transmembrane death receptors for TNFα or FAS. Ligand binding 

to the receptor, results in the recruitment of the proteins FADD or TRADD to the intracellular 

receptor domain. This binding then activates the intracellular apoptosis cascade (Clavien, 

1999). Apart from this, internal signals monitor the well-being of a cell. DNA damage, 

insufficient survival factors or hypoxia can induce the release of cytochrome c from 

mitochondria. Once triggered, caspases start cleaving target-proteins. Caspases are calcium-

dependent cysteine-aspartic-acid-proteases, which are produced in the cell as inactive 

precursors called procaspases and form the backbone of the cellular process of apoptosis. 

Specific adaptor proteins bring initiator procaspases in close contact to activate one another. 

The activation cascade of caspases leads to cleavage of key proteins in the cell. The process of 

apoptosis is an irreversible all-or-nothing-phenomenon (Pardee and Stein, 2009). During 

apoptosis, cellular membranes are disrupted, cytoplasmic and nuclear skeletons are broken 

down, the cytosole is extruded, chromosomes degraded and the nucleus fragmented 

(Hanahan, 2000). The apoptotic bodies are quickly removed by macrophages or neighboring 

cells. 

Resistance to apoptosis can be gained in different ways of signaling pathway interruption. 

One way is the inactivation of tumor suppressor genes like p53 or pRB via mutation (Harris, 

1996). Another possibility is the conversion of proto-oncogenes. Those proto-oncogenes are 

also involved in cell growth, cell division and differentiation, presenting a potential origin of 

cancer development. The conversion into oncogenes via a gain-of-function-mutation, 

resulting in an abnormal gene product with altered ability, can permit progressive cell division 

insensitive to pro-apoptotic signaling (Luo et al., 2009). One example for such a proto-

oncogene is bcl-2. The pro-apoptotic members of the Bcl-2 family can activate the proteins 

Bak and Bax, which build up homo-oligomers for pore-formation in the mitochondria. 

Through these pores molecules like cytochrome c can escape and trigger caspase activation. A 
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mutation in the bcl-2 gene renders the cell insensitive for apoptotic signaling (Brunelle and 

Letai, 2009). 

1.3 Self-sufficiency in growth signals 

Mitogenic growth factors deliver the signal for normal cells to proliferate. Thereupon, cells in 

resting or G0 phase proceed through the cell cycle (Aaronson, 1991). In the case of cancer 

development, growth signaling can be altered to allow tumor progression. Interestingly, the 

volume and also the composition of a tumor is mainly controlled by the response of 

fibroblasts to pro-fibrotic growth-factors, e.g. transforming growth factor β (TGFβ), platelet-

derived growth factor (PDGF) or fibroblast growth factor 2 (FGF2), released by cancer cells. 

In response, activated fibroblasts often secrete an increased amount of growth factors 

inducing proliferation in surrounding cells (Kalluri and Zeisberg, 2006). Also oncogenes can 

increase proliferation independently by mimicking normal growth signaling in one or the 

other way. One example is the production of TGFα by cancer cells, which is structurally 

related to EGF and activates the EGF receptor (De Larco and Todaro, 1978). Subsequently, 

autophosphorylation is stimulated, the receptor is downregulated and cell growth is stimulated 

(Stoscheck and King, Jr., 1986). This amounts to the fact that tumor cells are capable to 

produce their own growth signals, thus, reducing the dependence on the environment 

(Hanahan, 2000). 

1.4 Insensitivity to anti-growth signals 

The absence of proper growth factors is one way to initialize apoptosis. A second possibility 

to keep cells from growing is the release of anti-growth signals (Kessenbrock et al., 2010). 

Usually, antigrowth signals are transferred via transmembrane cell surface receptors coupled 

to intracellular signaling cycles. Many of these anti-proliferative signals are directed through 

the retinoblastoma protein PRB (Hanahan, 2000). PRB fulfills its task in the beginning of the 

G1 phase of the cell cycle, deciding whether the division process is initiated or the cell returns 

to quiescence. If a cell has lost the function of pRB it may continue receiving inhibitory 

signals but is unable to respond properly (Cobrinik et al., 1992). The phosphorylated PRB is 

unable to inhibit cell growth. While the hypophosphorylated form can, for instance, bind and 

block the transcription factor E2F, the hyperphosphorylated form cannot. A second 

possibility, are conditions that cause PRB phosphorylation favoring cell proliferation. Finally, 

oncoproteins of tumor viruses might eliminate PRB function (Weinberg, 1995).    
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1.5 Sustained angiogenesis 

For the survival of cells the supply with oxygen and nutrients and the disposal of catabolic 

products by the vasculature is crucial (De Bock et al., 2009). Cells within aberrant 

proliferative lesions initially lack angiogenic potential, restricting their capability for 

expansion. One requirement to progress to a larger size is the development of an angiogenic 

ability (Hanahan and Folkman, 1996) to initiate the formation of new vessels from pre-

existing ones (Chung et al., 2010).  

 

Fig. 1.3: Tumor angiogenesis. Once a tumor reaches a certain size the center is undersupplied with 
nutrients and oxygen. The lack of oxygen stimulates pro-angiogenic factors, e.g. VEGF-A, in the starved 
cells. Binding to receptors on close endothelial cells single cells migrate out of the existing vessel to the 
tumor, start proliferating and subsequently the formation of new blood vessels. Due to constant 
overexpression of pro-angiogenic factors tumor blood vessels are disorganized and leaky. (figure is taken 
from http://www.biooncology.com/images/angiogenesis-image-lg.jpg) 

Angiogenesis-initiating signals are exemplified by vascular endothelial growth factor (VEGF) 

family, with VEGF-A as pre-dominant factor in angiogenesis regulation (Beamer et al., 

2010). The transcription of VEGF genes is activated by hypoxia-inducible factor-1 (HIF-1) 

due to decreasing oxygen supply (Siemann, 2011). VEGF-A stimulates the migration, 

proliferation, survival, permeability and the lumen formation of endothelial cells and is 

irreplaceable for physiological angiogenesis (Terman and Stoletov, 2001). Normally, VEGF-

A binds to a VEGF receptor on endothelial cells. Dimerization of the receptor brings the two 

intracellular kinase domains in close contact and initiates phosphorylation as the initial signal 

for the angiogenic process. In response, endothelial cells produce proteases to break through 
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the basal lamina and migrate to the oxygen-starved region. There, the cells start to multiply 

and form new vessels for blood supply (Goodsell, 2002). The process of angiogenesis is 

depicted in figure 1.3. Tumor vessels, in contrast to healthy vasculature, are highly abnormal. 

Vessels are irregular and of disorganized architecture with a leaky endothelial cell layer (Jain, 

2005). This abnormality is due to uncontrolled, relentless production of angiogenic 

stimulators and converts the tumor into a hostile hypoxic and acidic microenvironment, from 

where cancer cells escape through leaky vessels (Hanahan, 2000). Paradoxically, even though 

tumors long for oxygen, they stimulate a non-productive process of angiogenesis, so that 

abnormal tumor vessels deliver less rather than more oxygen to the hypoxic tumor. This in 

turn continues to stimulate angiogenesis. Thereby, abnormal tumor vessels promote tumor 

invasiveness, dissemination and overall malignancy (De Bock et al., 2011).  

1.6 Tissue invasion 

Primary tumor masses spawn pioneer cells that move out and disseminate throughout the 

body via the blood or lymph system forming new colonies in distant sites. These Metastases 

cause 90% of human cancer deaths (Aguirre-Ghiso, 2010). Changes in the normal cell-to-

environment interaction are widely observed in many kinds of cancer and increase tumor 

invasiveness. One molecule that is crucial for the establishment and maintenance of 

environmental interactions is E-cadherin. Most types of epithelial cancer lost the function of 

E-cadherin by mutation, deletion or transcriptional repression and show a high rate of 

metastasis (Christofori and Semb, 1999). Because of the anchorage-independent growth of 

tumor cells single cells can separate from the primary tumor mass and invade nearby tissue or 

escape to distant sites of the body via blood and lymph (Yu et al., 2011). During the travel of 

cells to new areas of the body, contact to new microenvironments is established. Therefore, 

integrins are of particular importance because they mediate the migration on and the adhesion 

to extracellular matrix proteins. A broad spectrum of heterodimeric receptors is displayed by 

migrating cells due to an adaptation of α and β subunits. Consequently, migrating cells can 

recognize and respond to a variety of different extracellular matrix proteins and signals and 

integrate into new tissues (Varner and Cheresh, 1996). Recent investigations show that 

metastasis is not a random event but a complex process, in which the destination site is 

primed by tumor derived growth factors like VEGF-A and TGFβ. In response, tumor-

associated immune cells cluster in this metastatic niche preparing the integration of tumor 

cells into secondary tissues (Guise, 2010). 
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1.7 Infection – the seventh hallmark of cancer 

The observation that tumors often arise at sites of chronic inflammation was made in the 

nineteenth century. Recently, the link between tumor stroma and inflammation has been under 

intense investigation (Pietras and Ístman, 2010). Tumor microenvironment is orchestrated by 

inflammatory cells. Several inflammatory diseases, like Helicobacter pylori infection, 

inflammatory bowel disease or prostatitis, increase the risk of cancer (Mantovani, 2009). 

Developing tumors always include diverse leukocyte populations, e.g. neutrophilic 

granulocytes, dendritic cells and macrophages (Coussens and Werb, 2002). The major source 

of inflammatory cytokines are tumor-associated macrophages (TAMs), which assist the tumor 

to grow and metastasize via secretion of cytokines, angiogenic growth factors and matrix-

degrading enzymes (Mantovani, 2008). Versican, a protein of the extracellular matrix, is 

frequently upregulated in human tumors and is recognized by TAMs. Subsequently, the 

pathway for tissue damage is activated and pro-inflammatory cytokines such as IL-1, IL-6 and 

TNFα are produced by TAMs (Kim et al., 2009). Today the connection between inflammation 

and cancer is widely accepted but still many of the cellular mechanism mediating this 

relationship are unknown. 

 

Fig. 1.4: The hallmarks of cancer. Due to findings of several recent studies cancer-related inflammation is 
shown as the seventh hallmark besides unlimited replicative potential, self-sufficiency in growth signals, 
insensitivity to growth inhibitors, evasion of apoptosis, sustained angiogenesis and tissue invasion & 
metastasis suggested by Hanahan and Weinberg in 2000. (figure taken from (Mantovani, 2009)) 
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2 Cancer therapies 

Despite of all the common features of cancer, one should be aware that cancer is a general 

term for many diseases. It is also the reason why it is so hard to find one treatment for all 

cancer manifestations. That is why tumor therapy has changed over time, away from the 

simple holistic treatment right to targeting therapies, which take the particular set up into 

consideration. Surgery broke the first ground. Basically, all solid tumors could be removed by 

surgery. However, problems arise if tumors are placed in pivotal organs like brain tumors. 

Additionally, the risk of metastases remains. The most important demand of a successful 

tumor therapy is to reach all malignant cells. Moreover, the ideal treatment leaves healthy 

cells unaffected. Unfortunately, all therapeutic approaches available today, do not fulfill these 

properties. Contemporary therapeutic possibilities can be subdivided into 2 broad fields. The 

first contains conventional therapies, including surgery, chemotherapy and radiotherapy, 

while the second implicates newer therapeutic approaches like gene therapy, immunotherapy 

and the application of monoclonal antibodies (Zitvogel et al., 2008). 

2.1 Conventional therapies 

2.1.1 Radiotherapy 

The oldest way to treat cancer besides surgery is radiotherapy. The basis of radiotherapy was 

the discovery of a new kind of rays by Wilhelm Conrad Röntgen in 1895, which he called X-

ray (Bernier et al., 2004). The therapeutic potential in cancer treatment was discovered shortly 

afterwards. The principle of action is to use ionizing radiation to destroy the DNA of 

malignant cells. Mutations accumulate in rapidly dividing cells, eventually leading to 

decreased proliferation or even cell death. Surrounding normal cells with a much lower 

frequency of division have more time to repair DNA damages (Sadeghi et al., 2010). One 

prerequisite for successful radiotherapy with minimal side effects is to know the exact 

location of the tumor. New imaging techniques like magnetic resonance imaging (MRI), 

positron emission tomography (PET) or radio labeled probes for specific genes like HIF-1 

simplified the location of tumors (Blasberg, 2002; Bucci et al., 2005). The ability to 

accurately focus beams of irradiation enables the use of several sources from different angles 

which only combine to the full dose at the tumor site. Thus, surrounding tissue absorbs much 

less radiation. Also the attempt of fractionated radiotherapy divides the dose into smaller 
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fractions given over an interval of time (Powell, 2010). Here, more tumor cells are affected 

due to the different progression through the cell cycle, whereas normal cells have more time 

to recover (Bernier et al., 2004; Bentzen, 2006). Especially successful are treatments using 

accelerated heavy ions or proton beams. Here, particle beams can be focused very precisely 

and the transferred energy can exactly be predetermined. This method shows a good relative 

biological effectiveness even for radio-resistant tumors due to a higher linear energy transfer 

of heavy ions (Suit et al., 2003; Kitagawa et al., 2010). One major drawback concerning 

radiotherapy is the oxygen demand. Only cells well supplied with oxygen are radiosensitive, 

while cells in hypoxic areas are resistant (Blasberg, 2002). As solid tumors often have 

insufficient oxygen supply, hypoxic inner cores are very common and together with the slow 

proliferation rate cells there are double protected from radiotherapy. 

Even if radiotherapy has improved dramatically along the way from the first trials to routine 

treatment today, it still carries side effects ranging from mild symptoms like nausea, swelling 

and diarrhea up to hair loss, infertility and radiation induced secondary cancers (Bentzen, 

2006). Therefore radiotherapy is often used as primary tumor therapy but in the majority of 

cases it is used in combination with surgery or chemotherapy. 

2.1.2 Chemotherapy 

George Clowes of the Roswell Park Memorial Institute developed in the early 1900s inbred 

rodent lines that could carry transplanted rodent tumors. These model organisms were used to 

test potential cancer chemotherapeutic drugs for their effect on human tumors (Barton-Burke 

and Wilkes, 2006). The beginning of the modern era of chemotherapy was initiated by the use 

of estrogens in prostate and breast cancer. Later alkylating agents were discovered by 

extrapolating the effects of poisonous gases. Nitrogen mustard was used to treat lymphomas 

and patients with Hodgkin´s disease. Systemic administration yielded tumor regression. 

However, the effect was only short lived and efficacy was low (Gilman, 1963; Papac, 2001). 

Even when these first therapeutic approaches were not very successful, the principle that 

chemicals can be administered systemically to initiate tumor shrinkage was established. 

Afterwards, in 1947, the efficacy of antifolates was shown for the first time. Thus, the drug 

methotrexate led to a high number of up to 50% cured patients (Chabner and Roberts Jr, 

2005). The search for new agents was expanded in the following years and multiple reagents 

have been found or developed that effectively suppress proliferation of tumor cells. 

Consequently, treatments have changed dramatically over the years. Therapies combining 
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different drugs took over from monotherapy using just one chemotherapeutic agent. 

Nowadays, the variety of therapies (examples shown in table 2.1.1) shows dramatic 

improvements of present chemotherapy. Short-term remission, resistance, side effects and 

poor survival rates are less often encountered. Nevertheless, many of the initial problems are 

still unsolved (Liu, 2009; Barton-Burke and Wilkes, 2006). Most chemotherapeutics interfere 

with mitosis of the cells, thereby inhibiting fast proliferative tumor cells (Teicher, 2008). 

However, also healthy, fast proliferating cells like hematopoietic cells or hair follicles are 

affected, unfortunately, leading to severe side effects. Besides other symptoms, patients have 

to cope with hair loss, nausea, vomiting and anemia. Slowly growing tumor cells and cells in 

the center of solid tumors are problematic. Slow cellular growth and elusiveness act against 

successful chemotherapy (Chabner and Roberts Jr, 2005). Even though chemotherapy remains 

the treatment of choice in most cases up to now, chemotherapy alone cannot be the ultimate 

solution. Therefore, more sophisticated novel therapies have to be established.   

Tab. 2.1: Classes of agents commonly used in (Page and Takimoto, 2002; Mkele, 2010) 

Classes Example Mechanism of action 
Responding 
tumors 

Alkylating 
agents 

cyclophosphamide   
ifosfamide 

Block DNA-strand separation after formation of 
covalent bonds between the two strands of DNA 

widely used 

Antimetabolites 
5-fluorouracil 
methotrexate 

Interfere with DNA and RNA synthesis by 
substituting for the normal building blocks 

leukaemia, breast 
cancer, pancreatic 
cancer 

Platinum-based 
cisplatin 
carboplatin 

Form bonds with DNA thus causing DNA breaks 
lung cancer, 
ovarian cancer 

Anthracyclines 
bleomycin 
doxorubicin 

Anti-tumor antibiotics that interfere with enzymes 
involved in DNA replication 

widely used 

Topoisomerase 
Inhibitors 

topotecan 
etoposide 

Block action of topoisomerase I or II, prevent 
unwinding of the DNA and cause breaks  

colorectal cancer 

Taxanes 
docetaxel 
paclitaxel 

plant alkaloids that stop mitosis or inhibit enzymes 
from making proteins for cell reproduction 

widely used 

Vinca 
Alkaloids 

vincristine 
vinblastine 

Inhibition of microtubuli assembly and cellular 
trafficking 

widely used 

2.2 Novel therapies 

Only forty years ago it was believed, that chemotherapy was inefficient against cancer. Today 

combinational chemotherapy and radiation have achieved great success in clinics. 
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Fortunately, our increasing knowledge about immunology and molecular processes leading to 

malignant cell growth has led to more specified therapies. The goal is to optimize the 

treatment with the help of molecular targeted agents to inhibit cell division, increase cell 

death, and prevent angiogenesis to stop metastasis.  

The most promising field of novel therapies concerns monoclonal antibodies. They can be 

directed against growth factors or their receptors on cells and obstruct growth signaling, thus 

blocking cell division. Even if cancer is a complex disease with each tumor containing 

multiple genetic abnormalities growth can often be impaired by the inactivation of a single 

oncogene. Imatinib is a good example for this “oncogene addiction” (Weinstein and Joe, 

2006). Imatinib is a tyrosine kinase inhibitor of the Abelson kinase, which is constitutively 

active in chronic myeloid leukemia due to chromosomal translocation (Druker, 2008). In 

phase II studies more than 90% of the patients with chronic myeloid leukemia responded to 

imatinib treatment (Stegmeier et al., 2010).  

The major aim in targeted therapy is to match the right drug with the right patient. The 

example of gefitinib and erlotinib, two epidermal growth factor receptor tyrosine kinase 

inhibitors in non-small-cell lung cancer drastically explain the reason. During the clinical 

trials only modest response rates have been observed (Giaccone et al., 2004). But subsequent 

examination of the data revealed that a subset of patients with EGFR kinase domain mutation 

showed a significant response rate of 37.5% in contrast to 2.6% in patients that did not exhibit 

this mutation (Shepherd et al., 2005). Similarly, a precise selection of patients resulted in a 

great success for trastuzumab in phase III clinical trials. Trastuzumab is a humanized 

monoclonal antibody against human epidermal growth factor receptor 2 (HER2) and blocks 

the downstream signaling. HER2 is amplified in 15-30% of breast cancer patients (Slamon et 

al., 1987) and is respectively a good target (Slamon et al., 2001). Nowadays, trastuzumab is 

commonly used in the clinics (Junttila et al., 2010; Majewski and Bernards, 2011). 

Approaches which arose from increasing knowledge in immunology can be termed 

immunotherapy. It aims to stimulate the immune system against cancer. One such approach is 

systemic administration of interleukin-2 (IL-2) in tumor patients. This cytokine facilitates the 

migration of specific T cells to the tumor by increasing blood vessel permeability. 

Additionally, the differentiation to effector CD8+ cells and their subsequent proliferation is 

stimulated. The antitumor effect is additionally supported by the secondary induction of pro-

inflammatory cytokines reinforcing the effect (Wang et al., 2004).  
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Besides the attempts to stimulate a specific anti-tumor response in vivo also in vitro activation 

of immune cells is considered. Specific cytotoxic T cells infiltrate tumors. Adoptive transfer 

experiments have shown that those T cells can be expanded in vitro and re-injected into the 

patients, causing an enhanced immune reaction (Dall et al., 2005; Rosenberg et al., 2008; 

Garcia-Hernandez et al., 2010).  

 

Fig. 2.1: The generation of anti-tumor T cells used for adoptive cell therapy. A tumor is excised and 
multiple individual cultures are established, separately grown and assayed for specific tumor recognition. 
Cultures with high anti-tumor reactivity are expanded to large numbers and reinfused into the patient 
after lymphodepleting chemotherapy. (Rosenberg et al., 2008) 

When it comes to improve the presentation of tumor antigens dendritic cells (DCs), the major 

antigen presenting cell population, can be roped in for. DCs of patients are differentiated in 

vitro and loaded with tumor antigens. After reinjection antigens are presented to T cells 

inducing the migration to the tumor for cytotoxic killing (Schott, 2006). 

Also a non-specific immune stimulation can lead to tumor regression. Bacille Calmette 

Guerin (BCG) is now routinely used in melanoma and renal cell carcinoma and is the most 

potent therapeutic to treat the superficial transitional epithelial cell carcinoma of the urinary 
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bladder (Hayashi et al., 1998; Bassi, 2002). It acts via unspecific enhancement of the host´s 

immune system thus arresting tumor growth. Remissions are often reduced by instillation of 

BCG into the bladder of such patients (Ahmad et al., 2008). 

Since cancer is a disease caused by a variety of gene mutations the functionality can be 

regained by direct gene transfer. Therefore a copy of a gene causing suicide, inhibiting 

angiogenesis or an immunostimulatory gene is inserted into the cancer cell. Viruses, such as 

adenoviruses, are the best studied vector systems (Schenk et al., 2010; de Vrij et al., 2010). 

However, also naked DNA can be injected into the cell via microinjection of Polymer-DNA 

complexes or liposomes (Escoffre et al., 2010). The DNA transport mechanism is not only 

influencing the pharmacokinetics but also tissue distribution.  

The last important field that should not be underestimated is prophylactic intervention via 

vaccination. Vaccination against hepatitis B dramatically reduced subsequent cases of 

hepatocarcinomas (Di Bisceglie, 2009; Chang et al., 2009). A similar connection between 

viral infection and a subsequently enhanced risk of cancer was shown for human 

papillomavirus (HPV) (zur Hausen, 2009; Sundstrom et al., 2010). Hopefully, the newly 

admitted vaccination against HPV shows the same impaired cancer development. 

But not only viruses are known to cause cancer, also bacterial infection can increase cancer 

risk. A well known representative is Helicobacter pylori. Long-term infections cause chronic 

gastritis leading to an increased risk of gastric cancer (Fritz and Van Der Merwe, 2009; Polk 

and Peek, Jr., 2010). But bacteria can not just cause cancer but can also be used as a weapon 

against it in a bacteria-mediated tumor therapy. 

 

3 Bacteria-mediated tumor therapy 

Weak response or resistance of advanced solid tumors to approved cancer therapies elucidates 

the need of alternative therapies. The use of bacteria as an alternative has been followed 

sporadically over more than a century. On the one hand, bacteria show a direct tumoricidal 

effect and inhibit tumor growth. On the other hand, they suit to deliver anti-tumor molecules 

thereby providing an indirect anti-tumor effect. Despite throwbacks, the improvement of 
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knowledge and techniques in molecular biology makes bacterial tumor therapies appear to be 

feasible (Leschner and Weiss, 2010; Patyar et al., 2010). 

3.1 Anti-tumor effect of bacteria 

In 1868 W. Busch intentionally caused erysepelas (Sedlacek et al., 1986), an infection with 

Streptococcus pyogenes, in a patient with neck cancer and observed subsequent tumor 

shrinkage. Unfortunately the patient died after 9 days of infection (Pawelek et al., 2003). The 

first directed treatment was documented by William Coley using bacteria and their toxins to 

treat end stage cancer. He developed toxins, a mixture of inactivated Streptococci and other 

bacteria, to cause a fever reaction without the risk of a life-threatening infection (Coley, 1991; 

Zacharski and Sukhatme, 2005). Coley´s toxin was widely used to treat sarcomas, 

carcinomas, lymphomas and melanomas and a regression of advanced malignancies was often 

observed. Nevertheless, side effects were observed. More than 100 years later a big effort is 

made to develop a safe anti-tumor therapy with bacteria for clinical use. Still, most reported 

studies concern preclinical animal models. Unfortunately, two studies with 28 patients with 

late stage cancer were inconclusive. Most of the patients tolerated iv infection with a high 

dose of attenuated Salmonella enterica serovar Typhimurium (S. typhimurium) but only three 

tumors were colonized and only one patient responded completely  (Toso et al., 2002; 

Heimann and Rosenberg, 2003). In contrast, vaccination with a Mycobacterium bovis derivate 

(BCG) made a good score and decreased recurrence rates (Akaza et al., 1995).  

3.2 Tumor colonizing bacteria 

Today several species are known to target solid tumors. Amongst the obligate anaerobic 

bacteria are Clostridia, Bifidobacteria (Hidaka et al., 2007; Sasaki et al., 2006; Zhu et al., 

2009), Corynebacterium parvum (Scott, 1972; Woodruff et al., 1974; Fisher et al., 1990) and 

Streptococcus pyogenes (Maletzki et al., 2008). In the case of Clostridia mainly spores, which 

alone are not harmful, are administered and are able to sporulate in the hypoxic center of large 

tumors (Dang et al., 2001; Bettegowda et al., 2003; Barbe et al., 2006). Since completely 

deoxygenated tissue is unique in big tumors, this treatment is absolutely tumor specific but on 

the other hand ineffective in metastases and small tumors (Malmgren and Flanigan, 1955). 

This barrier can be overcome with facultative anaerobic bacteria like S. typhimurium (Lee et 

al., 2005b; Leschner and Weiss, 2010), Escherichia coli (E. coli) (Critchley et al., 2004; 

Anderson et al., 2006; Weibel et al., 2008), Shigella flexneri (Stritzker et al., 2007; Westphal 
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et al., 2008; Galmbacher et al., 2010), Vibrio cholera (Stritzker et al., 2007; Leschner and 

Weiss, 2010) and Listeria monocytogenes (Shen et al., 2008) which also preferentially 

colonize tumors compared to other organs but are additionally able to colonize small tumors 

and metastases (Yu et al., 2004; Yam et al., 2009). While Salmonella and various E. coli 

induce tumor shrinkage, colonization with Shigella flexneri or Listeria monocytogenes shows 

no anti-tumor effect (Leschner and Weiss, 2010). 

3.3 S. typhimurium in tumor therapy 

Since tumor targeting has been extensively studied for S. typhimurium during the last years, 

close insights into the process of tumor colonization have been gained. The hypoxic 

microenvironment of necrotic tumors is responsible for the preferential colonization (Theys et 

al., 2003). After systemic administration, bacteria are caught and attach to the chaotic 

vasculature of the tumor (Forbes et al., 2003) and subsequently induce inflammation 

(Leschner et al., 2009). It is known, that Salmonella, once in the tumor, benefits from 

nutrients provided by the tumor cells and protection from the immune system (Sznol et al., 

2000). However, two theories exist how bacteria invade the tumor. Supporting the assumption 

that bacteria actively search for the tumor microenvironment studies using tumor cylindroids 

show that bacteria are chemoattracted by compounds produced by quiescent tumor cells in 

vitro. Three different receptors have been identified to react to such chemotactic signals – 

aspartate chemoreceptor, serine chemoreceptor and ribose / galactose receptor (Kasinskas and 

Forbes, 2006). Even though this chemotaxis could not be shown in vivo, mutants auxotroph 

for leucine and arginine show an increased specificity for tumor tissue (Zhao et al., 2005; 

Zhao et al., 2006). An alternative theory describes a passive pathway. The ongoing 

inflammation reaction results in an increased level of TNFα, a cytokine that is known to cause 

the leakage of blood out of the tumor vasculature into tumor tissue (Leschner et al., 2009). 

The blood influx might carry the bacteria into the tissue and cause large necrosis in the center 

of the tumor, where the bacteria can thrive. 
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Fig. 3.1: Non-invasive in vivo imaging of bacterial luminescence. S. typhimurium was engineered to express 
the lux operon. After systemic administration strong signals from spleen and liver can be observed. After 
only 24h a strong and clear signal from the tumor is visible. (Leschner et al., 2009) 

3.4 Improving bacterial anti-tumor effect 

Bacteria have the inherent ability to regress tumors but usually the growth is only retarded and 

tumors are not completely cleared. Various possibilities have been investigated to improve the 

potential of bacteria. Those possibilities include attenuations and the equipment with prodrug-

converting enzymes or immunomodulatory molecules. In addition, bacteria can be used as 

shuttle vectors for gene transfer or RNA interference. Combination therapies and bacteria for 

tumor detection are further possibilities.  

Attenuations can avoid unwanted side effects by reducing the virulence of bacteria. In many 

animal studies and first clinical trials the S. typhimurium strain VNP20009 was used 

(Clairmont et al., 2000; Rosenberg et al., 2002; Heimann and Rosenberg, 2003). Gene 

deletions of purI (gene required for purine synthesis) and msbB (deletion results in truncated 

LPS) dramatically decreased the production of TNFα and thereby the risk of septic shock 

(Low et al., 1999). 

Prodrug-converting enzymes that have been tested so far, are for instance the thymidine 

kinase of herpes simplex virus (HSV-tk). It activates nucleoside analogues such as ganciclovir  

(Mesnil and Yamasaki, 2000). Cytosine deaminase is another possibility. It converts 5´-

fluorocytosine into the cytotoxic 5´-fluorouracil (King et al., 2002). Furthermore, 

nitroreductase converts CB1954 to a DNA-crosslinking agent (Knox et al., 1988). All of those 
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prodrug-converting enzymes are potent inhibitors of replication and subsequent cell growth 

and can be produced by bacteria in tumor tissue.  

In the area of cytotoxic and immunomodulatory molecules bacterial toxins have to be 

considered first. Toxins are bacterial substances and can therefore be easily expressed 

functionally. One example is Cytolysin A (ClyA), which is a toxin that functions by forming 

pores in mammalian cell membranes and inducing apoptosis (Ludwig et al., 1999; Ryan et al., 

2009). In contrast, eukaryotic effector molecules have to be expressed with a secretory signal 

and regardless, functional secretion has not been proven yet. Still, cytotoxic agents, for 

instance members of the TNFα family such as FAS ligand (Loeffler et al., 2008), TNF-related 

apoptosis-inducing ligand (TRAIL) (Ganai et al., 2009) and TNFα itself (Theys et al., 1999) 

have been effective against tumor cells in many studies. Those proteins have been shown to 

induce apoptosis via death receptor pathway activation selectively in cancer cells sparing 

normal cells. IL-2 is capable to activate the cytolytic function of natural killer and cytokine-

activated killer cells and promotes lymphocyte proliferation (Saltzman et al., 1996; Barbe et 

al., 2005). Some reports show the successful application of IL-2 against hepatic metastases, 

adenocarcinomas and osteosarcomas (Saltzman et al., 1996; Saltzman et al., 1997; Sorenson 

et al., 2008). 

Instead of direct immunomodulation bacteria can also help to enhance the natural tumor 

defense by the expression of tumor-specific antigens (Gentschev et al., 2005) or interfere with 

cancer progression by expressing single-chain antibodies (Groot et al., 2007).  

Instead of triggering killing of cancer cells, gene transfer is one method to cure them. Via an 

expression plasmid with eukaryotic promoter the therapeutic gene could be re-introduced into 

malignant cells. Salmonella has been shown to transfer such expression plasmids to 

mammalian cells (Darji et al., 2000; Weiss and Chakraborty, 2001). The thrombospondin-1 

gene is known to inhibit angiogenesis and modulates endothelial cell adhesion, motility and 

growth. Retarded growth of tumors was observed after the gene transfer S. choleraesuis (Lee 

et al., 2005a).    

A novel attempt is to interfere with gene translation via gene silencing. Therefore short 

hairpin RNAs (shRNA) are delivered by bacteria into mammalian cells. A shRNA against 

catenin beta-1 induced significant gene silencing and thereby tumor growth retardation (Xiang 

et al., 2006). 
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Fig. 3.2: Bacteria are the optimal robot factory for cancer therapies. A) The robot carries out six 
important functions: target tumors, produce cytotoxic molecules, self-propel, respond to triggering 
signals, sense the local environment and produce externally detectable signals. B) Bacteria have biological 
mechanisms to carry out these functions. (Forbes, 2010) 

For some of the above mentioned expression systems, bacterial promoters are needed. Since 

cytotoxic molecules and cytokines should not be expressed constitutively, the identification of 

tumor specific promoters is as promising as to improve the remote-control of promoter-

systems that can be switch on by small molecules. The advantage of both systems should be 

an enhanced intratumoral effect while toxicity for normal cells should be decreased. The 

pBAD promoter is the best known representative in the class of promoters under remote-

control. The AraC protein responds to extracellular L-arabinose (Stritzker et al., 2007; 

Nguyen et al., 2010) inducing gene expression of genes under pBAD control. It could be 

shown in mouse models that systemic administration of L-arabinose induced gene expression 

in tumor colonizing bacteria (Loessner et al., 2007). In the class of tumor specific promoters 

pflE and ansB, two promoters reacting to low oxygen levels, are also very promising (Arrach 

et al., 2008). 

The last improvement that shall be mentioned here is rather intended for cancer diagnosis than 

tumor treatment. Bacteria can be detected via bioluminescence, fluorescence (Yu et al., 2004; 

Zhao et al., 2005; Hoffman and Yang, 2006), magnetic resonance (Benoit et al., 2009) and 

positron emission (Tjuvajev et al., 2001; Soghomonyan et al., 2004; Brader et al., 2008). All 

four possibilities were proven to work in the host. Unfortunately the luxCDABE operon, 

producing bioluminescence, (Min et al., 2008a; Min et al., 2008b; Cheng et al., 2008) as well 

as the green fluorescent protein (gfp) (Hoffman and Yang, 2006) have limited clinical 

application. The reason is the poor penetration of visible light through tissues. In contrast, 

magnetotactic bacteria such as Magnetospirillum magneticum can be easily detected by MRI 

(Benoit et al., 2009). 
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4 Salmonella enterica serovar Typhimurium 

Salmonellae belong to the strain Salmonella and the family Enterobacteriaceae. They are 

facultative anaerobic, rod-shaped, Gram-negative bacteria which cause various diseases in 

mice, humans and other vertebrates. This pathogenicity is most likely one of the reasons why 

S. typhimurium is potentially useful for tumor therapy. The severity of illnesses caused 

depends on serotype and host. Whereas serovar Typhi can cause life-threatening typhoid fever 

in humans, mice are not affected. In contrast, serovar Typhimurium induces only enteritidis in 

humans but a typhus-like illness in mice (Santos et al., 2001). Therefore S. typhimurium 

became a good mouse model to study Typhi infections. Typhoid fever is still endemic in Asia, 

Africa and South America.  

 

Fig. 4.1: Raster electron micrographic picture of Salmonella enterica serovar Typhimurium. 
(http://www.google.de/imgres?imgurl=http://de.academic.ru/pictures/dewiki/115/salmonella_typhimurium
.png) 

4.1 Bacteria and the immune system 

Immune reactions, which are initiated upon contact with pathogens, can be split into the 

innate and the adaptive immunity (Iwasaki and Medzhitov, 2010). Whereas a few days pass 

from the early induction to a specific reaction of the adaptive immunity, the innate immunity 

triggers immediate response mechanisms to eliminate intruders or control them local. 

Therefore four different barriers protect the host from bacterial, viral, fungal and parasite 

infections. The physical barrier such as skin or mucous membranes in the first instance 

prevent pathogen invasion. Additionally, physiological barriers like the low pH of the 

http://www.google.de/imgres?imgurl=http://de.academic.ru/pictures/dewiki/115/salmonella_typhimurium.png
http://www.google.de/imgres?imgurl=http://de.academic.ru/pictures/dewiki/115/salmonella_typhimurium.png
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stomach or digestive enzymes in the upper intestinal tract decrease the number of pathogenic 

bacteria before reaching the gut epithelium. Once bacteria survived the first two barriers they 

have to face phagocytic and inflammatory barriers (Janeway Jr and Medzhitov, 2002).  

Invading bacteria present common pathogen associated molecular patterns (PAMPs) such as 

peptidoglycan or lipopolysaccharide. The recognition of PAMPS by specialized pathogen 

recognition receptors (PRRs) results in a subsequent signaling cascade that ultimately leads to 

the secretion of inflammatory and chemoattractant cytokines and chemokines (Kumar et al., 

2011). Besides triggering inflammation, cells of the innate immunity such as granulocytes, 

DCs and macrophages can phagocytose microorganisms and destroy them. After antigen 

uptake, DCs will migrate to the draining lymph nodes to activate specific lymphocytes. 

Neutrophilic granulocytes, short neutrophils, can kill intruders by three different ways. 

Thereby engulfed bacteria can be killed oxygen-independently. During the so called 

“respiratory burst” potent reactive oxygen species (ROS) such as hydrogen peroxide, 

hyperchlorous acid or hydroxyl radicals are created and kill bacteria efficiently (Serhan et al., 

2010). In contrast, specific cytoplasmic granules containing antimicrobial peptides, α-

defensins, elastase and lysozyme can fuse with bacteria-containing phagosomes to kill 

bacteria. A third way, how neutrophils can fend bacteria off is “NET formation”. By releasing 

granule proteins and chromatin into the extracellular medium, neutrophils generate 

“neutrophil extracellular traps”. Besides antimicrobial properties, capturing of bacteria 

prevents further spreading (Ermert et al., 2009; Serhan et al., 2010). 

Neutrophils have been repeatedly reported to migrate to colonized tumors. Forming a 

bordering line at the intersection of viable and quiescent tumor cells, their antimicrobial 

function appears impaired by hypoxia (Westphal et al., 2008). Therefore, on the one hand 

neutrophils are unable to kill bacteria in the necrotic area, but on the other hand, they prevent 

complete tumor colonization and clearance in many cases. Accordingly, the influence of 

neutrophilic granulocytes on bacteria-mediated tumor therapy should not be neglected. 

4.2 Infection with S. typhimurium 

The natural infection route of S. typhimurium is via consumption of contaminated food. After 

passaging the stomach, bacteria initiate their uptake into epithelial cells of the small intestine. 

Mostly, bacteria infect so called M cells. Those membranous epithelial cells reside above 

mucosa-associated lymphoid tissues like the intestinal Peyer´s patches and transport particles, 
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bacteria and macromolecules through the epithelium (Clark et al., 1994; Jepson and Clark, 

2001). The uptake is triggered by injection of effector proteins with the help of type three 

secretion systems (TTSS) into the host cell. Salmonella contains at least two different TTSSs 

encoded by Salmonella pathogenicity island (SPI) 1 and 2. Whereas SPI 1 is important for the 

initial uptake into epithelial cells, SPI 2 is required for the survival in macrophages, thus 

systemic infections (Galan and Curtiss, 1989; Shea et al., 1996; Zhou and Galan, 2001). Some 

effectors of SPI 1 are important for cytoskeleton rearrangements and induce membrane 

ruffling. Membrane ruffling describes a process of macropinocytosis, leading to membrane 

evaginations that enwrap bacteria and take them up (Finlay et al., 1991; Hardt et al., 1998). In 

contrast to other bacteria, Salmonellae are able to survive and replicate in the phagosome but 

unable to exit. Therefore, within the M cell bacteria are transported to the basolateral side of 

the cell subsequently infecting embedded macrophages or DCs (Jepson and Clark, 2001). 

Subsequently, T cells can be directly stimulated just as pro-inflammatory cytokines are 

released. Following induction of apoptosis and correlated inflammation, neighboring dendritic 

cells take up parts of the dead macrophages and present S. typhimurium antigens to T cells in 

a process called cross presentation (Yrlid et al., 2001; Abrahams and Hensel, 2006).  

 

Fig. 4.2: Salmonella routes for crossing the intestinal barrier after oral infection. (Sansonetti, 2002) 

An alternative way is the direct infection of intraepithelial DCs. They reside in tight junctions 

or intestinal epithelia and protrude into the gut lumen. DC invasion is the first step of bacterial 

migration, because infected cells migrate to organized intestinal lymphoid tissues or draining 
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lymph nodes, as shown in figure 4.2. Subsequently, bacteria are transported to deep organs 

such as spleen or liver. There, not only T cells are activated via antigen presentation but also 

B cells are activated to produce antibodies against S. typhimurium (Sansonetti, 2002; 

Macpherson et al., 2009).    

4.3 Motility and chemotaxis 

Salmonellae are the bacteria with the best studied flagella assembly. The motor function and 

chemotaxis instead is well understood in E. coli. Because of their similarity those information 

can be taken together as insights into motility.  

Salmonella has 6 – 8 flagella per cell. The flagella complexes, distributed on the cell surface, 

consist of 25 different proteins. The three major parts are the basal body, the external hook, 

and the filament (see figure 4.3). While the basal body is embedded into the cytoplasmic 

membrane, it consists of the moving rotor and the stationary stator. The hook is a curved 

structure that couples motor and filament and enables rotation of flagella. The propeller 

function is performed by the flagellum, which is rigid for ideal force transmission (Berg, 

2003; Darnton and Berg, 2008).  

The force to drive rotation is generated by a transmembrane proton current. While the motor 

part is producing kinetic energy, the function of the rotor part is to set the direction. Switching 

rotation from clockwise to counterclockwise changes directions of movement. The swimming 

movement of Salmonella is always interrupted by short periods of re-orientation, called 

tumbling. This is used to redirect the movement towards higher concentrations of attractants 

or to avoid repellents. The direction of swimming is still randomly but sensing 

chemoattractants suppresses tumbling and subsequent changes of directions. Bacteria are able 

to sense a variety of amino acids, sugars, dipeptides and also pH, temperature and redox 

potentials (Bray et al., 2007; Vladimirov and Sourjik, 2009). 
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Fig. 4.3: Flagellar components of Salmonella enterica serovar Typhimurium. Depiction shows the 
structure of the bacterial flagellum as it resides within the cell wall and membranes. (Chevance and 
Hughes, 2008) 

Flagella also contribute to the virulence of pathogenic bacteria via adhesion to and invasion of 

host surfaces. Additionally the strong antigenic properties elicit an inflammatory response 

during host infection. Thereby flagellin, the conserved polymerization domain, that is 

widespread in many bacterial species, is recognized via toll-like receptor 5 (TLR5) of the 

PRR family, which triggers proinflammatory and adaptive immune responses (Ramos et al., 

2004). 

4.4 Biofilm formation of S. typhimurium 

Over the past decades the knowledge about bacterial biofilms and their burden to public 

safety increased dramatically. In 1978 biofilms have been found to be clinically relevant 

because of bacterial colonization of tissues and medical devices (Jefferson, 2004). Nowadays, 
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65% of all chronic infections treated by physician are due to biofilm formation (Costerton and 

Wilson, 2004). Biofilms are known as a heterogeneous community of microorganisms that 

adhere to each other or surfaces. The formation is a sequence of tightly regulated processes 

(shown in figure 4.4) that begins with the adherence of planktonic bacteria to a surface 

(Costerton et al., 1995). The following maturation starts with the production of an 

extracellular matrix (ECM), which can be composed of various substances, like nucleic acids, 

proteins or exopolysaccharides. In the first line the ECM provides structure and protection 

from environmental influences. From the sessile communities planktonic bacteria are 

continuously shed leading to bacterial spreading or relocations and enlargement of biofilms 

(Costerton et al., 1999). Mathematical models and empirical observations constantly redefine 

the process of microbial biofilm formation (Monds and O'Toole, 2009). 

 

Fig. 4.4: Developmental model of biofilm formation. The process has been divided into stages identified as 
(i) planktonic, (ii) attachment, (iii) microcolony formation, (iv) macrocolony and (v) dispersal. (Monds and 
O'Toole, 2009) 

Interestingly, the gene expression profile between planktonic and biofilm phenotypes differs 

(Stoodley et al., 2002). Those differences are probably regulated by environmental stimuli 

such as nutrient availability, oxygen levels, pH, the presence or absence of antimicrobials and 

the composition of binding substrates. Whereas biofilm bacteria are widely protected from 

antibiotics, planktonic cells, shed from the community, quickly regain antibiotic susceptibility 

(Anwar et al., 1989; Stewart and William Costerton, 2001).   
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Fig. 4.5: Three hypotheses for mechanisms of antibiotic resistance in biofilms (Stewart, 2001) 

The nature of Salmonella biofilms has been studied on a variety of surfaces such as parsley, 

lettuce, glass and gall stones. Usually, flagella promote surface binding and adhesion during 

the beginning of biofilm development. For S. typhimurium this was confirmed on cholesterol-

coated surfaces (Crawford et al., 2010) but expression of flagella inhibited biofilm formation 

on polystyrene wells (Prouty and Gunn, 2003). The same varieties could be observed for 

fimbriae, which on the one hand support biofilms on the murine intestinal epithelium 

(Boddicker et al., 2002) but not on human gall stones (Prouty et al., 2002). Obviously, the 

composition as well as the formation process of biofilms is strongly dependent on the 

surrounding situation. Despite the major components in Salmonella biofilms include 

cellulose, colonic acid, O-antigen capsule, curli pili, biofilm-related proteins and maybe 

nucleic acids, not all components are uniformely required on all surfaces (Prouty and Gunn, 

2003). Probably the most important regulator during biofilm formation is csgD, which 

regulates the biofilm associated protein BapA and curli expression (directly) and cellulose 

production (indirectly) (Zogaj et al., 2001).  

Taken together many features of S. typhimurium are beneficial for an intended bacteria-

mediated tumor therapy. Closer insights might reveal new starting points for novel approaches 

ameliorating this promising field of cancer therapy. 
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5 Aim of this work 

Cancer is the name of a disease with a variety of different manifestations. Therefore, 

therapeutic approaches are equally diverse. Unfortunately, until today no therapy has been 

applied as the ideal remedy. The attempt of a bacterial tumor therapy is not new, but 

preliminary findings render it encouraging. The list of requirements for the perfect tumor 

bacterium is long. It has to be non-toxic, motile to reach all parts of the malignant tissue and 

exclusively replicate in the tumor. Additionally, the possibility for complete elimination after 

completed treatment has to be given. Unfortunately, no tumor-colonizing bacterium known 

today already fulfills all mentioned requirements. 

By now, tumor colonization of S. typhimurium is studied best amongst potential therapeutic 

bacteria. Many possibilities have been considered to improve the inherent potential to induce 

tumor shrinkage. To enhance and expand possible applications of Salmonellae, the process of 

tumor colonization has to be understood in close detail. The work presented here enlightens in 

3 different chapters aspects of initial tumor-targeting, defense mechanisms against the host´s 

immune system and safety aspects of a bacterial tumor treatment with S. typhimurium. 

Part one deals with the basic prerequisites of Salmonellae to effectively colonize solid tumors. 

Here, the impact of different routes of infection and virulence genes are investigated as well 

as motility and chemotaxis. The second part addresses mechanisms, which allow bacteria to 

protect themselves from the immune system of the host. Since safety is a central point of a 

bacterial tumor treatment part 3 describes experiments dealing with the elimination of bacteria 

after successful tumor treatment. Therefore antibiotics have been applied at various time 

points and in different concentrations.   

In summary, many studies dealt with the question how bacteria are able to colonize tumor 

tissue so far. Increasing knowledge about the mechanisms involved will help to improve 

tumor colonization and thereby ameliorate efficacy, specificity and the therapeutic effect!
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1 Introduction 

For almost 200 years it is known that bacteria have the ability to colonize solid tumors and 

induce tumor shrinkage. Despite some success, the employment of bacteria or bacterial 

components was only anecdotal due to the severe side effects of such therapies (Coley, 1893). 

However, the dramatic improvements of molecular genetics of bacteria within the last decades 

now render the application of appropriately attenuated pathogenic bacteria to cancer patients 

feasible. Consequently, this possibility is presently under intense investigation (Leschner & 

Weiss, 2010).  

Many obligate and facultative anaerobic bacteria are able to colonize solid tumors amongst 

them Salmonella enterica serovar Typhimurium (S. typhimurium). Thus far, S. typhimurium 

has been shown to exert strong therapeutic effects on tumors upon intravenous (iv) 

administration (Zhao et al., 2005). In the tumor, Salmonella mainly resides in the inner 

necrotic part of the neoplasia (Avogadri et al., 2005; Pawelek et al., 1997a; Westphal et al., 

2008). Obviously, conditions like low oxygen tension, protection from phagocytic immune 

cells and probably also the high nutrient supply from dying tumor cells support survival and 

proliferation of the bacteria within the tumor. In contrast, a strain, auxotrophic for leucine and 

arginine, targets tumor tissue specifically, including the complete viable malignant tissue 

(Hayashi et al., 2009; Kimura et al., 2010; Zhao et al., 2006).  

Normally, S. typhimurium uses an intestinal port of entry via ingestion of contaminated food 

and water (Jones et al., 1992). After breaching the epithelial barrier the bacteria colonize 

Peyer´s patches, mesenteric lymph nodes and subsequently spread to the deep organs spleen 

and liver (Barthel et al., 2003; Finlay & Brumell, 2000). Different components of Salmonella 

are involved in the invasion and infection process. For instance, the cell envelope component 

lipopolysaccharide is important for survival in the host (Gunn, 2008). In addition, particular 

virulence factors are found, most of which are encoded in particular genetic elements 

including Salmonella pathogenicity islands 1 and 2 (SPI 1 and SPI 2). Their prominent 

features are so-called type three secretion systems (TTSS) that allow the injection of bacterial 

effector proteins into the cytosol of the host cell (Bueno et al., 2005; Jones et al., 2007; 

Stecher et al., 2004). Here, SPI 1 is important for invasion of host epithelial cells (Main-

Hester et al., 2008; Waterman & Holden, 2003) while SPI 2 is essential for intracellular 

survival in the Salmonella containing vacuoles (SCV) after invasion (Cirillo et al., 1998). 



  Influence of infection route and virulence factors 34 

For successful Salmonella-mediated tumor therapy bacteria are generally administered iv. 

However, some reports described an application via the natural oral route that successfully 

inhibited tumor growth (Fest et al., 2009; Medina et al., 1999; Panthel et al., 2008). 

Nevertheless, a comparison of different requirements of bacterial administration for tumor 

therapy has only to some extend been approached.  

In addition, the tumor invasion process of the systemically applied Salmonella is not yet clear 

although this knowledge will be absolutely required for optimization of the bacterial targeting 

of cancerous tissue. An active scenario that involves several bacterial chemotactic systems has 

been suggested using cylindroids of tumor cells in vitro (Forbes et al., 2003). From our 

studies, we suggest a rather passive mechanism by which the cytokines that are elicited after 

iv application of the Salmonella open the blood vessels in the tumors and allow the entry of 

the bacteria. Similar results published by the Szalay group also support a passive tumor 

mechanism (Stritzker et al., 2010). However, both scenarios are not mutual exclusive and 

need to be investigated in more detail.  

In addition, a controversy exists with regard to the involvement of SPI 1 or SPI 2 in tumor 

targeting and survival. Since the bacteria are normally applied iv, factors encoded in SPI 1 

should not be necessary. However, products of SPI 2 were described to be essential for tumor 

targeting (Pawelek et al., 2002). This would suggest that bacteria might exist intracellularly in 

the tumors. Thus far, when examining infected tumors we hardly ever found bacteria residing 

within cells. Therefore we wanted to re-examine the requirement of intact SPI 1 and SPI 2 for 

systemic tumor therapy. 

 

2 Material & Methods 

2.1 Bacterial strains and growth conditions 

S. typhimurium strain SL7207 (ΔhisG, ΔaroA) was kindly provided by Bruce Stocker 

(Hoiseth & Stocker, 1981). For in vivo imaging lux was integrated into the chromosome 

(Loessner et al., 2007). S. typhimurium 1344 and the mutants ∆cheY, ∆fliGHI, ∆invG, ∆phoP, 

∆sseD, ∆ssrB, ∆aroA and ∆purA (Tab. 1) have been provided by Wolf-Dietrich Hardt 
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(Hapfelmeier et al., 2005; Stecher et al., 2004).The strains have been prepared via deletion of 

the described genes (Datsenko & Wanner, 2000). The bacteria were grown on LB agar plates 

supplemented with 30 µg/ml streptomycin at 37°C. 

2.2 Cell lines and animals  

6 week old, female BALB/c mice were purchased from Janvier (France). CT26 colon 

carcinoma cells (ATCC CRL-2638) were grown as monolayers in IMDM Medium (Gibco 

BRL, Germany) supplemented with 10% (v/v) heat-inactivated fetal calf serum (Integro, The 

Netherlands), 250 µmol/l β-Mercaptoethanol (Serva) and 1% (v/v) penicillin/streptomycin 

(Sigma, Germany).  

2.3 Infection of tumor bearing mice and recovery of bacteria from tissue  

6 week old, female BALB/c mice were subcutaneously injected with 5x105 CT26 cells at the 

abdomen. When the tumors had reached a size of 5-8 mm in diameter, mice were injected iv 

or intraperitoneally (ip) with 5x106 CFU of S. typhimurium in phosphate-buffered saline 

(PBS). For oral infection 5x108 CFU were used.  At different time points post infection (pi), 

mice were sacrificed and tumor, spleen and liver were removed for further analysis. The 

organs were 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. To determine 

CFU per g of organ, homogenates were serial diluted in PBS and plated on LB plates 

containing streptomycin (30 µg/ml).  

All animal experiments have been performed with the permission of the local authorities 

(LAVES) according to the animal welfare act.  

2.4 Tumor studies  

To follow the development of tumor size 6 week old female BALB/c mice were injected 

subcutaneously with 5 x 105 CT26 cells. As soon as small tumors become visible, tumor size 

was monitored every other day using a caliper. The volume of the tumor was calculated using 

the formula: V = 4/3 x π x (h x w2) / 8; h = height and w = width. It was assumed that depth 

and width of the tumor are equal. 
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2.5 In vivo imaging  

For the visualisation of early time points of bacterial spreading after infection the IVIS system 

(Xenogen) was used. The lux operon was used as reporter system for the distribution of 

bacteria. BALB/c mice were infected iv, ip or orally with SL7207lux and immediately 

anestesized using Isofluran for in vivo imaging. Pictures were taken directly, 10min, 2h and 

24h after infection with a comparable intensity scale.  

2.6 Histology  

Tumors were taken from sacrificed mice and frozen in Tissue-Tek OCT Compound (Sakura 

Finetek). Sections of 10 µm were cut using a microtome-cryostat (Cryo-Star HM560V 

Microm). Slides were air dried at room temperature over night and fixed in -20°C acetone for 

3 min. Slides were rehydrated in PBS and blocked with 1 µg / ml FcR blocker (rat-α-mouse 

CD16/CD32). Staining was done with the following reagents: polyclonal rabbit anti-S. 

typhimurium (USBiological), polyclonal goat anti-rabbit Alexa 488 (Sigma-Aldrich), 

Phalloidin Alexa 594 (Molecular Probes) and DRAQ5 (Biostatus). Afterwards, the slides 

were washed and dried and covered with Neomount (Merck) and cover slips. The samples 

were analyzed using a laser scanning confocal microscope (LSM 510 META, Zeiss) Images 

were processed with LSM5 Image Browser (Zeiss) and Adobe Photoshop 7.0.  

 

3 Results 

3.1 Comparison of application routes for bacterial tumor colonization  

The natural port of entry for S. typhimurium is the intestine. However, the tumor targeting 

experiments are usually carried out via the iv route although some reports describe oral 

application. We therefore wanted to systematically compare the various infection routes for 

their efficiency with respect to tumor colonization. Within these experiments we employed 

SL1344∆aroA. This strain is auxotrophic for histidine (Wray & Sojka, 1978) as well as 

aromatic amino acids. Mice were injected subcutaneously with the colon carcinoma cell line 

CT26. After the tumor had reached a size of 5mm in diameter, the tumor bearing mice were 
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infected by different routes with the attenuated S. typhimurium strain. After iv and ip 

infection, mice were sacrificed on day 1, 3, 10 and 17 after infection and the number of 

bacteria was determined for tumor, spleen and liver (Fig. 1). As expected, tumors were 

preferentially colonized and show up to 100 times higher colonization than spleen and liver. 

Bacterial tumor loads decreased slightly till day 17. In contrast, in normal target organs spleen 

and liver bacteria increased till day 3 and then slowly subsided.  

 

Fig. 1: Colonization of tumor, spleen and liver after iv, ip and oral application of SL1344ΔaroA. Bars show 
the mean of 5 mice per group ± SDM 

Due to delayed tissue colonization in case of oral infection, mice were sacrificed at day 2, 6, 

11, 15 and 22 post infection and tissues were plated. Bacteria could only be detected at day 

11. The tumors were preferentially colonized but to a much lower degree than after systemic 

application. In general, the number of bacteria in the tissues was about 100 times lower 

compared to iv or ip infection.  

Under such conditions, also development of tumor size was monitored. After iv and ip 

infection, a dramatic reduction of tumor volume was observed (Fig. 2). The tumor 

colonization of SL1344∆aroA was reflected in a complete clearance of tumors. Consistently, 

after oral infection, which had led to a transient low colonization of the tumor, no reduction of 

tumor size was detectable. 
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numbers and appears to be over attenuated. After 2 days all mice had to be killed due to a 

severe health status after iv infection with WT SL1344 while most of the mice infected with 

the mutant strains recovered from side effects of the infection.  

Table 1: Mutant strains of S. typhimurium 

 

3.3 Tumor colonization by mutants in SPI 1 and SPI 2  

The pathogenicity islands SPI 1 and 2 are essential for bacterial invasion and intracellular 

survival under natural conditions, respectively. However, in the case of tumor targeting such 

functions might be dispensable since the Salmonella are applied intravenously and appear to 

reside extracellularly in the tumor tissue (Loessner et al., 2007). We therefore tested the 

bacterial mutants ΔinvG and ΔphoP, that are essential for the function of SPI 1, whereby 

ΔphoP is also influencing SPI 2, or ΔsseD and ΔssrB mutants, that abolish the function of SPI 

2, for tumor invasion and colonization. Efficiency of tumor invasion and survival was 

obviously not affected by such mutations (Fig. 4). The mutants invaded the tumor even 

slightly better than the wild type bacteria as seen at 12 h pi. By 24 h, no difference between 

bacterial counts was observable anymore. Thus, virulence factors of S. typhimuirum encoded 

in SPI 1 and 2 are not essential for tumor colonization under our conditions.  
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1 Introduction 

The observation that solid tumors are treatable via bacterial infection was made a considerable 

time ago (Coley, 1893; Hoption Cann et al., 2003) and might even date back to ancient Egypt 

(Ebbell, 1937). Quite a number of bacterial species have now been shown to preferentially 

colonize cancerous tissue as compared to the healthy organs when applied systemically to 

tumor bearing mice (Leschner and Weiss, 2010). Bacterial colonization of tumors could result 

in retardation of growth or even complete clearance of the tumor. Accordingly, tumor 

targeting using bacteria is currently a matter of intensive research.  

Salmonella enterica serovar Typhimurium (S. typhimurium) is one of the bacterial species that 

is intensively investigated for its potential to treat tumors. First clinical trials using highly 

attenuated S. typhimurium variants have been reported (Cunningham and Nemunaitis, 2001). 

These bacteria were suggested to actively force tumor entry by inducing a cytokine storm 

when applied intravenously. Induction of cytokines, like TNF-α results in the disruption of the 

pathological endothelia of the blood vessels in the tumor with a subsequent hemorrhage that 

flushes in the bacteria (Leschner et al., 2009). The necrosis caused by the hemorrhage 

generates a microenvironment in which the bacteria can thrive. At the same time, neutrophilic 

granulocytes are attracted to the tumor. Those phagocytes form a physical barrier that restricts 

the bacteria to the necrotic areas (Westphal et al., 2008). Originally, we attributed the inability 

of these neutrophils to phagocytose the bacteria to the low concentration of oxygen in such 

tumor regions. Now we show that the bacteria produce biofilms in response to host 

neutrophils that protect them from up-take by phagocytic as well as tumor cells.  

Biofilms are sessile communities of bacteria. They can be formed by single or multiple 

bacterial species and might even include fungi or yeast (Loussert et al., 2010; Hoiby et al., 

2010). The bacteria are either attached to each other or to surfaces by expressing specific 

adhesion molecule (White et al., 2006; Scher et al., 2005). In addition, they produce an 

extracellular, polymeric and highly heterogenous and variable matrix. Components can 

include polysaccharides, proteins, glycoproteins and glycolipids, in rare cases even 

extracellular DNA (Flemming and Wingender, 2010; Dickschat, 2010). The individual 

consistency of the extracellular matrix depends on the bacterial strain or strain combinations 

as well as growth and environmental conditions. Besides providing advantages in capturing 

environmental nutrients, the main function of biofilms is to provide a physical barrier 
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(Shirtliff et al., 2002; Hall-Stoodley and Stoodley, 2005). Bacteria in such biofilms can hardly 

be reached by assaults from the environment or antimicrobial substances. 

S. typhimurium is known to be able to produce biofilms on glass and plastic surfaces 

(Stepanovic et al., 2004) as well as on gallstones (Crawford et al., 2010). Especially in vitro, 

biofilm formation of S. typhimurium has been intensively investigated (McBain, 2009). 

Cellulose has been identified as main exopolysaccharide on abiotic glass surfaces in contrast 

to gallstones (Scher et al., 2005).  

Most wild type S. typhimurium strains exhibit the formation of red, dry and rough colonies on 

congo red (CR) agar plates called the “rdar” morphotype that might be synonymous to the 

formation of biofilms  (Simm et al., 2007). Besides cellulose, intact curli fimbriae are 

required for this morphotype as the hydrophobic dye CR is bound by highly adhesive, 

amyloid curli fibers. Production of curli fimbriae is tightly regulated. In vitro, curli production 

occurs at temperatures below 30°C. Higher temperatures induce formation of white and 

smooth colonies on CR agar plates due to the absence of curli (White et al., 2003; Jonas et al., 

2007; Römling et al., 1998). Expression of curli is positively regulated via transcriptional 

activation of the structural genes csgBAC by the major biofilm regulator csgD. In addition, 

csgD is indirectly involved in cellulose production via activation of adrA (Römling et al., 

1998; Gerstel and Römling, 2003; Gualdi et al., 2007). In turn, adrA activates one or more 

products of the bcsABZC-bcsEFG operons via posttranscriptional activation through the 

secondary messenger c-di-GMP. Those operons encode the structural genes for cellulose 

biosynthesis. However, cellulose might also be produced independent of csgD via activation 

by an alternative di-guanylate cyclase (Römling, 2005).  

In the present work, we demonstrate that S. typhimurium when colonizing solid, murine 

tumors forms biofilms as protection against phagocytosis by host immune cells. This explains 

why such bacteria are found exclusively extracellularly in tumors. In accordance, bacterial 

mutants that were unable to form biofilms were found to reside in phagocytes or tumor cells.  
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2 Results 

2.1 S. typhimurium is able to invade CT26 cells in vitro 

In our previous work we had never found intracellularly residing S. typhimurium SL7207 

when colonizing CT26 tumors in vivo. However, S. typhimurium is able to invade non-

phagocytic cells by injecting virulence factors into host cells via the Salmonella pathogenicity 

island 1-encoded type three secretion system (TTSS), which triggers cytoskeleton 

rearrangements to induce macropinocytosis  (Lahiri et al., 2010). Hence, we wanted to know 

whether SL7207 is able to invade CT26 cells under in vitro conditions. To answer this 

question, S. typhimurium SL7207 was added to CT26 cells in culture and 2 h post infection 

(pi) Z-stack pictures were taken using confocal microscopy to demonstrate the presence of 

intracellular bacteria. We could confirm that SL7207 is able to invade CT26 cells since single 

bacteria could be found within the CT26 cells (Supl. Fig. 1A).  

This was corroborated by adding gentamicin to the cultures 2 h pi. Since gentamicin is not 

membrane permeable, intracellular bacteria should be protected. Indeed, gentamicin protected 

bacteria could be found confirming that SL7207 was able to invade CT26 cells. As a control, 

the non-invasive E.coli Nissle (EcN), when tested in the gentamicin protection assay, was not 

able to form colonies on plates after gentamicin treatment (Supl. Fig. 1B).  

 

2.2 In solid CT26 tumors S. typhimurium SL7207 resides extracellularly 

and forms biofilm-like structures  

So far, extracellular residence of tumor colonizing S. typhimurium was based on suggestive 

evidence provided by various histological findings. Since bacteria were found intracellularly 

under in vitro conditions, we wanted to compellingly exclude by ultrastructural analysis that 

tumor colonizing Salmonella reside intracellularly.  

Transmission electron microscopy of tumors 2 days pi revealed that the bacteria could be 

found in small colonies and resided extracellularly (Fig. 1). Importantly, the bacteria were 

embedded in an electron-dense, extracellular material, most probably an extracellular 
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polymeric matrix. The appearance of this material resembles earlier observations when 

extracellular matrix material during biofilm formation was examined on ultrathin sections 

(Römling and Rohde, 1999; Römling et al., 2000). In addition, plasmolysis of the bacteria 

could be detected (Fig. 1 left panels: asterisks). Plasmolysis can be taken as an indication of 

bacterial stress.  

 

Figure 1: Transmission electron microscopy images and scanning electron micrographs of CT26 tumors 2 
days after application of S. typhimurium SL7207. Bacteria are embedded in electron dense material (left 
top panel: arrows) indicating biofilm formation. Sheet-like structures in right panels (arrows) also 
indicate biofilm formation. Severe plasmolysis is observed in such bacteria (left bottom panel: asterisks).   

Scanning electron micrographs revealed the extracellular matrix even more clearly. It also 

confirmed that Salmonellae are not equally distributed throughout the hypoxic/ necrotic parts 

of the tumor but form colonies at distinct places. In such areas, sheath-like structures (Fig. 1 

right panels) can be found that apparently were embedding the bacteria. Such structures had 

been observed before when investigating biofilm formation of S. typhimurium in vitro 

(Römling and Rohde, 1999; Römling et al., 2000).  

The extracellular residence of the tumor colonizing bacteria was confirmed using the ex vivo 

gentamicin protection assay (Avogadri et al., 2005). CT26 tumor-bearing mice were 

intravenously infected with 5x106 S. typhimurium SL7207. Tumors were taken 2 days pi and 
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organ homogenates were treated with gentamicin (Fig. 2). Only about 20% of the SL7207 

bacteria were resistant to gentamicin i.e. possibly residing intracellularly. As a control, the 

tumor-colonizing E.coli Nissle strain showed no resistance to the ex vivo gentamicin 

treatment. Due to the lack of pathogenicity factors like TTSS, E. coli Nissle is non-invasive 

and should remain extracellularly in the tumor.  

 

Figure 2: Ex vivo gentamicin protection assay. Mean cfu values of 4 replicates after treatment with 
gentamicin are shown with standard deviations. Statistical significance (*) was calculated using Student´s 
t-test by showing cfu of the various strains after gentamicin addition compared to samples without 
gentamicin treatment. * p < 0.05; ** p < 0.01; *** p < 0.001. 

2.3 Specific expression of csgD in tumor colonizing S. typhimurium 

SL7207  

Biofilms defined for S. typhimurium in vitro consisted mainly of curli fimbria and cellulose as 

extracellular polymers (Römling and Rohde, 1999; Römling et al., 2000). We therefore 

wanted to test whether such components were also involved in biofilm formation in tumors. 

Thus, we determined the RNA expression levels for the constitutively expressed bcsA gene 

and the regulated genes adrA and csgD. Such genes directly or indirectly regulate 

biosynthesis of cellulose and curli fimbria. RT-PCR and qPCR revealed that in the tumor the 

expression level of bcsA is as high as the housekeeping gene gyrB. In contrast, for adrA and 

csgD, both regulators of biofilms, involved in cellulose production and curli fimbriae, a 

higher expression is found in the tumor (Fig. 3A).. This suggests that biofilms formed by S. 

typhimurium in tumors are similar to those observed in vitro. 
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Figure 3: Expression of genes associated with biofilm formation by tumor colonizing S. typhimurium 

SL7207. (A) Gene expression of tumor samples and tumors after α-Gr1 depletion. The ratio to the 
housekeeping gene (gyrB) is shown for the mean quantity of 3 biological replicates given with standard 
deviations. (B) Ratio of tumor with neutrophils to tumor after depletion of granulocytes with α-Gr1, 
normalized by the expression of the housekeeping gene gyrB.  

2.4 Biofilm formation by S. typhimurium in tumors is a reaction against 

immune cells of the host 

Tumor colonizing S. typhimurium could form biofilms for example for efficient capturing of 

nutrients or as a defense reaction against immune cells of the host. Since under our conditions 

the most prominent immune cells in colonized CT26 tumors are neutrophilic granulocytes, we 

depleted such cells by treating mice three times with an anti-Gr1 antibody during infection. 

Two days pi, the tumors were removed and analyzed by electron microscopy (Fig. 4). Most 

remarkably, transmission electron microscopy revealed dramatically reduced formation of 

extracellular matrix, even though minimal electron dense material and extracellular structures 

are still visible. Furthermore, the level of plasmolysis is decreased compared to the 

nonedepleted control. This suggests that biofilm formation is induced as a response against 

immune cells of the host, most likely the activity of neutrophilic granulocytes.  

To corroborate these findings, we tested the expression of bacterial genes involved in biofilm 

formation in the tumor after depletion of granulocytes. Real-time PCR was performed using 

bacterial RNA from colonized tumors after anti-Gr1 treatment. Again, the constitutively 

expressed bcsA was expressed like the housekeeping gene gyrB. However, the expression 

levels of csgD and adrA were strongly decreased compared to the control (Fig. 3A). This is 

even more apparent when the bacterial RNA from normal colonized tumors and tumors after 

depletion of neutrophilic granulocytes is compared. Clearly, expression of Salmonella genes, 
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controlling biofilm formation, is significantly down-regulated in neutrophil-depleted mice 

(Fig. 3B). This confirms the results obtained by electron microscopy.  

 

Figure 4: Transmission electron microscopy images and scanning electron micrographs of CT26 tumors 2 
days after infection with S. typhimurium SL7207. Depletion of neutrophilic granulocytes was achieved by 
injecting anti-Gr1 at day -1, 0 (day of infection) and 1. Only a minor extend of biofilm formation can be 
observed. Plasmolysis was also strongly reduced.   

2.5 S. typhimurium SL7207 mutants unable to form biofilms can be found 

intracellularly 

To learn more about the function of biofilm formation by tumor colonizing S. typhimurium 

SL7207, we generated deletion mutants for adrA (∆adrA) and csgD (∆csgD) and tested the 

relevance of those genes first in vitro. Obviously, both variants were no longer able to form 

the typical biofilm i.e. the “rdar” morphotype in vitro. While SL7207 was able to form rough 

colonies, the mutants SL7207∆adrA and SL7207∆csgD were not (Fig. 5A). In addition, as 

revealed by staining colonies with Calcofluor both variants were hardly able to synthesize 

cellulose in contrast to the parental strain (Fig. 5B). Importantly, the phenotype of cellulose-
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containing, rough colonies could be restored by complementing the mutations with plasmids 

constitutively expressing adrA (∆adrA-c) and csgD (∆csgD-c), respectively (Fig. 5A and B). 

Since those mutants showed the expected phenotype in vitro, we proceeded to test them in 

vivo. Thus, CT26 tumor bearing mice were infected with either SL7207, the mutant strains 

∆adrA or ∆csgD, or the complemented strains ∆adrA-c and ∆csgD-c. Two days pi, colonized 

tumors were analyzed by transmission electron microscopy. Most remarkably, in contrast to 

SL7207 bacteria, which reside exclusively extracellularly and form biofilms, both variant 

bacteria could be found intracellularly (Fig. 5C, magnifications Supl. Fig. 2). In case of the 

∆adrA mutant the cells, containing bacteria, were small and could be neutrophilic 

granulocytes, while the ∆csgD variant might reside in tumor cells. The complemented strains 

can no longer be found intracellularly (Fig. 5C, magnifications Supl. Fig. 2). This was 

accompanied by restored biofilm formation. Those findings were supported by results of the 

ex vivo gentamicin protetion assay. For SL7207∆adrA and SL7207∆csgD a higher number of 

bacteria were resistant to gentamicin and thus reside intracellularly (Fig. 2). 

2.6 Biofilms of S. typhimurium are formed between necrotic areas and the 

viable rim of CT26 tumors 

Tumor colonizing S. typhimurium reside in the necrotic areas of the tumor and in the areas 

where the necrotic region borders the remaining viable rim (Loessner et al., 2007). This 

localization overlaps slightly with the barrier formed by neutrophilic granulocytes (Westphal 

et al., 2008). In these regions, the bacteria are most concentrated and biofilm formation is 

most likely to take place there. Staining paraffin sections from colonized tumors for 

glycogens using the PAS method revealed that indeed biofilms are especially formed at the 

predicted area between viable rim and necrotic regions (Fig. 6, magnifications Supl. Fig. 3). 

Prominent strong signals were found at particular spots (Fig. 6 arrows). Importantly, PAS 

positive staining was almost only found for the parental strain as well as for the 

complemented strains but was hardly detectable when tumors were colonized by the mutant 

strains (Fig. 6, magnifications Supl. Fig. 3). This, first of all, indicates the specificity of the 

assay and second, that biofilms are formed where bacteria are most concentrated, as expected. 
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Figure 5: Biofilm formation of S. typhimurium. (A) Colonies on salt-free CR agar plates incubated at 30°C 
show the rdar morphotype. (B) Fluorescence of Calcofluor as indicator for cellulose in S. typhimurium 
biofilms on CR agar plates. (C) Transmission electron micrographs of CT26 tumors resected 2 days post 
infection (see Supl. Fig. 2 for enlarged pictures).  

 

3 Discussion  

The S. typhimurium strain SL7207 has been used for several studies on bacterial tumor 

colonization (Yu et al., 2004; Royo et al., 2007; Stritzker et al., 2010). Here we report a novel 

feature of this strain when residing in tumors – namely the formation of biofilms. 

Ultrastructural analysis revealed that the bacteria were apparently embedded in an 
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extracellular matrix. Such structures were reminiscent of the biofilms formed in vitro that had 

been extensively characterized by Römling et al. (Römling, 2005; Jonas et al., 2007; 

Grantcharova et al., 2010).  

In such studies, the central switch for biofilm formation was identified as csgD. It drives 

expression of the structural genes of curli fimbriae and activates adrA, which in turn activates 

the synthetase for cellulose. The expression pattern of such bacterial genes in the tumor is in 

accordance with this. While bscA and bcsB the structural genes of cellulose synthetase are 

constitutively expressed, as expected, csgD and adrA are rigorously regulated and strongly 

expressed in tumor residing bacteria.  

Transcription of the major regulator csgD is induced by a number of environmental stimuli 

like low temperature, low oxygen tension, low osmolarity and low pH. Several of these 

conditions might be encountered when the bacteria reside in the tumor. However, additional 

key signals must be received under these conditions. Obviously the bacteria are severely 

stressed since many of them show plasmolysis. In addition, depletion of neutrophils reduces 

the extend of plasmolysis as well as the formation of biofilms. This indicates that biofilm 

formation by the bacteria is to a large extend a reaction against the neutrophils of the host that 

are attracted to the tumor after colonization (Westphal et al., 2008). Substances produced by 

such neutrophils might provide additional triggers for bacterial aggregation and the formation 

of an extracellular matrix. Such substances could be small molecules released by the 

neutrophils like oxygen radicals or hypochlorite but also defensin-like bactericidal substances. 

Defensins have been shown to also trigger bacterial reactions via the phoP/phoQ pathway 

(Lehrer, 2004). A similar scenario can be envisioned for csgD.  

Biofilm formation now explains the puzzling finding that S. typhimurium in the tumor is 

almost never found intracellular (Loessner et al., 2007). However, as soon as we interfere 

with the ability of Salmonella to produce biofilms, bacteria are found intracellularly. 

Although it is not possible by our ultrastructural analysis to define the cells in which the 

bacteria reside, their size suggests that tumor cells as well as neutrophils have taken up 

bacteria. 

The involvement of csgD and adrA suggests that the composition of biofilms formed by S. 

typhimurium in solid tumors is similar to the biofilms observed for such bacteria in vitro. The 

bacteria are highly aggregated in the areas between necrosis and the viable rim. Only this area 
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can be stained for glycogens. Nevertheless, further research will be required to definitely 

show the involvement of curli and cellulose. For instance, appropriate mutants could be 

tested.  

For intracellular mutants delayed tumor colonization was observed. Consequently the 

therapeutic potential was impaired (Supl. Fig. 4). On the other hand, intracellular bacteria 

might now allow more efficient usage of alternative therapeutic strategies. For instance, we 

believe that the extracellular residence of the bacteria in tumors restricted their potential to act 

as gene transfer vehicles. This might be circumvented now by employing appropriate mutants. 

Thus, from our finding novel strategies for cancer therapy might be developed.  

Many bacteria have the property to form biofilms. This poses serious problems in the clinics. 

Often, medical devices are contaminated in the patient by bacteria that form biofilms. In 

addition, biotic surfaces such as cardiac valves might be incapacitated by biofilms derived 

from bacteria. The most severe complication due to bacterial biofilms is encountered in the 

lungs of patients suffering from cystic fibrosis. This renders the bacteria insensitive to 

antibiotics and finally leads to the death of the patient. Therefore, in vivo investigations on 

biofilm formation is a major challenge for modern biomedical research. However, very few 

appropriate in vivo models are presently available. Studies on biofilm formation by bacteria in 

tumors might be able to fill this gap.  

 

4 Experimental Procedures 

4.1 Bacterial strains and growth conditions  

S. typhimurium strain SL7207 (ΔhisG, ΔaroA) was kindly provided by Bruce Stocker 

(Hoiseth and Stocker, 1981). The deletion mutant strain SL7207ΔadrA was generated by 

PCR-driven deletion.  (Datsenko and Wanner, 2000) In SL7207ΔadrA-c the deletion was 

complemented by expressing adrA from the low-copy number plasmid pMB1 under the Pbla 

promoter (Loessner, 2007). The same procedure was followed for csgD, yielding 

SL7207ΔcsgD and the corresponding complemented strain SL7207ΔcsgD-c. Bacterial strains 
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were grown in LB medium supplemented with 30 µg/ml streptomycin at 37°C with shaking at 

180 rpm.  

4.2 Biofilm plates 

To confirm biofilm formation of S. typhimurium in vitro, biofilm plates containing LB-

Medium without NaCl2, Congo red (Serva) and Calcofluor (Sigma, Germany) were used.  

(Römling et al., 1998) Bacteria were grown first 24h at 37°C and subsequently for 5 days at 

30°C.   

4.3 Cell lines and animals 

6 week old, female BALB/c mice were purchased from Janvier (France). CT26 colon 

carcinoma cells (ATCC CRL-2638) were grown as monolayers in IMDM Medium (Gibco 

BRL, Germany) supplemented with 10% (v/v) heat-inactivated fetal calf serum (Integro, The 

Netherlands), 250 µmol/l β-Mercaptoethanol (Serva) and 1% (v/v) penicillin/streptomycin 

(Sigma, Germany).  

4.4 Infection of CT26 cells in vitro 

Cultured CT26 cells were transferred to a 24-well plate with cover slips and grown over night. 

Bacteria were added at a MOI of 100 and spun down onto the cells for 1 min with 1000 rpm. 

After 1 h incubation at 37°C and 5% CO2, medium was exchanged and gentamicin was added 

at a concentration of 50 µg/ml. After 2 h of incubation cells were washed twice with PBS and 

glass slides were either taken for confocal microscopy or cells were lysed and lysates were 

plated on LB agar plates supplemented with streptomycin to estimate intracellular bacteria. 

4.5 Infection of tumor bearing mice  

6 week old, female BALB/c mice were subcutaneously injected with 5x105 CT26 cells at the 

abdomen. When the tumors had reached a size of 5-8 mm diameter, mice were injected 

intravenously (iv) with 5x106 CFU of S. typhimurium in phosphate-buffered saline solution 

(PBS). Two days post infection, mice were sacrificed and tumor and spleen were removed for 

further analysis.  
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All animal experiments have been performed with the permission of the local authorities 

(LAVES) according to the animal welfare act.  

4.6 Neutrophil depletion 

The neutrophil granulocytes were depleted by injecting tumor bearing mice for three 

consecutive days with 25 µg monoclonal rat-anti-Gr1 (RB6-8C5) antibody (day-1; 0; 1 post 

infection). Blood samples were taken and analyzed via flow cytometry to control the extend 

of depletion. 

4.7 RNA preparation 

RNA of strain SL7207 was isolated from fixed samples with the RNeasy mini Kit (Qiagen) 

according to the manufacturer’s instructions using the double amount of buffers when 

appropriate. For RNA preparation of bacterial RNA from infected tumor tissue the tumors 

were cut into small pieces and the necrotic tissue was squeezed through a cell strainer, 70µm 

(BD Falcon) in presence of 3ml RNA protect bacteria reagent (Ambion). For RNA isolation 

of bacterial RNA from infected spleen tissue, the organs were homogenized with a tissue 

homogenizer in presence of 2ml RNA protect bacteria reagent on ice. The samples were 

centrifuged briefly at 1000rpm to separate the bacteria from tissue debris following a 

centrifugation step at maximum speed for 5 minutes to pellet the bacteria. RNA quality was 

accessed using the Agilent 2100 Bioanalyzer. 

4.8 QRT-PCR analysis 

cDNA was prepared from RNA using the RevertAid First Strand cDNA synthesis Kit 

(Fermentas) according to the instructions of the manufacturer. QRT-PCRs were carried out 

with the Power Sybr Green PCR Master Mix (Applied Biosystems) and an 7500 Real-Time 

PCR System (Applied Biosystems), and the data were analyzed by the Sequence Detection 

Software, version 1.4 (Applied Biosystems), according to manufacturer’s specifications. 

Measured values of the biofilm genes were normalized to the housekeeping gene gyrB. 

Normalized values were used to calculate the ratios of the expression.  
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4.9 Real Time PCR 

To the samples, containing 2 µg RNA, 4µl 5xBuffer (Fermentas), 1 µl DNase (Qiagen) and 

DEPC-treated water (Fermentas) were added to an overall volume of 20 µl. After 15 min 

incubation at 37°C and 10 min at 65°C the samples were chilled on ice. Subsequently, 10 µl 

of the RNA mix were equipped with 1 µl random hexamers (0.2 µg/ µl, Fermentas) and 1 µl 

DEPC-treated water (Fermentas) and incubated at 70°C for 5 min. After cooling down, 3 µl 

DEPC-treated water, 2 µl 5 x 1 strand buffer (Fermentas), 2 µl 10 mM dNTP mix (Fermentas) 

and 1 µl Ribonuclease inhibitor (20 u/ µl, Fermentas) were added. Before adding 1 µl M-

MuLV-RT (Fermentas) the samples were incubated at 25°C for 5 min. The program for 

reverse transcription proceeded under the following conditions: 10 min incubation at 25°C, 1 

h at 42°C and 10 min at 70°C. After chilling on ice, 80 µl DEPC-treated water was added and 

the samples used for PCR. The PCR mix contained the following ingredients: 2 µl 10x Taq 

Buffer (Biotherm), 0.5 µl dNTPs (10mM), 2 µl Primermix (10 mM), 15.5 µl H2O, 1 µl cDNA 

and 0.1 µl Taq (Biotherm). The PCR was performed using the following conditions: 95°C for 

2 min, 35 cycles with 95°C, 60°C and 72°C each for 30 seconds and additionally 72°C for 5 

min. Samples were examined on a 2% agarose gel.  

4.10 Transmission electron microscopy 

Tumors were fixed in 5% formaldehyde and 2% glutaraldehyde and cut into cubes with a 

length of 3-5 mm. Subsequently, the samples were contrasted in 1% aqueous osmium 

tetroxide and dehydrated with a graded series of acetone (10, 30, 50, 70, 90, 100%) on ice for 

30 min per step. The dehydrated samples were infiltrated with an epoxy-embedding resin  

(Spurr, 1969) (1 part acetone/1 part resin; 1 part acetone/2 parts resin, pure resin alternating). 

The infiltrated samples were polymerized at 70°C for 10 h and cut into ultrathin section with a 

diamond knife. The sections were picked up with formvar-coated-grids and contrasted with 

uranylacetate and lead-citrate. Finally the samples were analyzed using a transmission 

electron microscope (TEM910 Zeiss, Germany) at an acceleration voltage of 80 kV. 

4.11 Scanning electron microscopy 

Again, tumors were fixed in 5% formaldehyde and 2% glutaraldehyde in cacodylate buffer 

followed by three times washing in cacodylate buffer (0.1 M cacodylate; 0.01 M CaCl2; 0.01 
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M MgCl2; 0.09 M saccharose; pH 6.9). Subsequently the samples were dehydrated with a 

graded series of acetone (10, 30, 50, 70, 90, 100%) on ice for 30 min per step. After a double 

wash with 100% acetone at RT for 30 min, the samples were dried with liquid CO2 and fixed 

between sample brackets. By uncompressing the brackets, the samples were broken. The 

fractured surface was sputtered with a thin gold layer. Finally, the samples were analyzed 

with a Zeiss field emission scanning electron microscope DSM 982 Gemini at an acceleration 

voltage of 5 kV. Images were digitally stored on MO-disks. Images were recorded digitally 

with a Slow-Scan CCD-Camera (ProScan, 1024x1024, Scheuring, Germany) with ITEM-

Software (Olympus Soft Imaging Solutions, Münster, Germany).  

4.12 Histology 

For the preparation of paraffin section tumors were fixed in 10 % (v/v) paraformaldehyde. 

After embedding in paraffin wax sections with a thickness of 5 µm they were placed on 

starfrost slides and stained with a periodic acid-schiff (PAS) stain. The stained sections were 

analyzed with an Olympus BX51 microscope and pictures were taken with an Olympus U-

CMAD3 camera using the software ZEN 2009. 
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5 Supplementary figures 

 

Supl. Fig. 1: In vitro infection of CT26 cells with SL7207. (A) Z-Stack of confocal microscopic images of 
infected CT26 tumor cells in vitro 2h after infection. (B) Gentamicin protection assay. Colony numbers of 
SL7207 were set as100% and used for nomalizing cfu of the other strains.  



  Biofilm formation of S. typhimurium in solid tumors 69 

  



  Biofilm formation of S. typhimurium in solid tumors 70 

 



  Biofilm formation of S. typhimurium in solid tumors 71 

 

Supl. Fig. 2: Transmission electron micrographs of CT26 tumors 2 days post infection. Magnification of 
electron micrographs of figure 5.  
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Supl. Fig. 3: PAS staining of paraffin sections of CT26 tumors 2 days after application of bacteria. 
Magnification of PAS-staining of infected tumors of figure 6.  
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Supl. Fig. 4: Efficacy of tumor colonization and subsequent anti-tumor effect. (A) Development of 
bacterial numbers. Bars show colonization of tumor, spleen and liver and represent the mean of 5 mice ± 
SDM. (B) Tumor development during therapy with wt SL7207 or ΔadrA / ΔcsgD mutant. Tumor size of 
individual mice per group is given as percent of tumor size on day 2. 
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1 Introduction 

The observation that a bacterial infection might be advantageous for patients with solid 

cancers was made quite some time ago1. Although this knowledge exists for more than 130 

years and might even date back to ancient Egypt2, due to severe side effects the employment 

of bacteria or bacterial components for tumor therapy was met with little success so far3. 

However, the extensive acquisition of knowledge and the improvement of techniques in 

molecular genetics now renders bacterial tumor therapy feasible. Therefore, this approach is 

presently under intense investigation4. 

Many pathogenic and non-pathogenic bacterial species have been shown to preferentially 

colonize solid tumors compared to other healthy tissues5, amongst them Salmonella enterica 

serovar Typhimurium (S. typhimurium)4. Such bacteria have been shown to exert a strong 

therapeutic effect on tumors after systemic administration causing retardation of tumor growth 

or even complete clearance. In addition, first clinical trials using highly attenuated S. 

typhimurium have been reported a decade ago6. Nevertheless, the clinical application of 

Salmonella-mediated tumor therapy is far from being established. The tumor invasion process 

of S. typhimurium is presently becoming clearer7. Apparently, after intravenous (iv) 

administration, Salmonella enters the tumor via the chaotic vascular system8-10. Pro-

inflammatory cytokines, like tumor necrosis factor-α (TNF-α) and Interleukin 1, are induced, 

and disrupt the pathological endothelia of the blood vessels in the tumor11. The developing 

hemorrhage carries the bacteria into the neoplastic tissue12. Subsequently, the bacteria can 

thrive in the tumor microenvironment under low oxygen pressure, protection from phagocytic 

immune cells and the high nutrient supply provided by dying tumor cells, thus resulting in a 

long term colonization of the cancerous tissue13-15. 

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 process5. Especially, the cell wall component lipopolysaccharide appears to be 

important. It protects the bacteria from phagocytosis16, but triggers the complement system 

and TLR 4, which in turn will activate cytokine production and other host defense 

systems17,18.  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 
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represents a considerable risk for the patients19. For instance, induction of high levels of TNF-

α can lead to septic shock that often has a fatal outcome20.  

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. Bacterial strains are established that are deficient 

for certain essential synthesis pathways like the commonly used aroA
- mutant that is unable to 

produce aromatic amino acids21,22 or a purI
- mutant that is deficient for purine biosynthesis, A 

systematic survey for the optimally attenuated Salmonella strain has been reported recently23. 

Similarly, to reduce the risk of septic shock a strain with an altered LPS has been established. 

The msbB
- mutant strain shows a dramatically reduced induction of TNF-α with human PBLs 

and was well tolerated in clinical trials24. However, reduced TNF-α levels might also reduce 

the therapeutic potential of the bacteria4.  

Obviously, alternative ways of bacterial control within the host are needed. Inducible suicide 

systems have been considered25 although the employment of antibiotics appear to be the most 

natural alternative. 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 choice26,27. Other antibiotics, commonly used for the treatment of bacterial 

infections, are used only reluctantly, due to the risk of spreading resistances28.  

The use of Ciprofloxacin to improve the controllability of a bacteria-mediated tumor therapy 

was already followed in early clinical trials. Patients with septic shock symptoms were treated 

with ciprofloxacin29. However, to our knowledge no systematic study has been reported 

investigating the impact that ciprofloxacin treatment has on bacteria-mediated tumor therapy. 

Therefore we established in our murine CT26 colon carcinoma model the parameters for 

ciprofloxacin treatment such as dosing and time point of application. As expected, the 

bacterial infection can be readily controlled by application of ciprofloxacin. Importantly, 

however, treatment has to be started early after bacterial application. Indeed, minor effects on 

the therapeutic efficacy can be observed under these circumstances. 
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2 Material & Methods 

2.1 Bacterial strains and growth conditions 

S. typhimurium strain SL7207 (ΔhisG, ΔaroA) was kindly provided by Bruce Stocker21. The 

bacteria were grown on LB agar plates supplemented with 30 µg/ml streptomycin at 37°C. 

2.2 Antibiotic treatment in vitro 

0.5 ml of an overnight culture of SL7207 were added to 20 ml of sterile LB medium, 

supplemented with 30 µg/ml streptomycin. The culture was incubated at 37°C with shaking at 

160 rpm.  Reaching an OD600 of 0.8, the culture was split and antibiotics were added in the 

following amounts: kanamycin (20 mg), tetracycline (2 mg), ciprofloxacin (2 mg). Following 

the growth curve samples were taken at distinct time points for turbidity measurement (OD600) 

and plating. Serial dilutions of culture medium were plated on LB agar plates supplemented 

with 30 µg/ml streptomycin and colony forming units (CFU) were counted. 

2.3 Cell lines and animals  

Female BALB/c mice, at the age of 6 weeks, were purchased from Janvier (France). The 

CT26 colon carcinoma cell line (ATCC CRL-2638) was grown as monolayers in IMDM 

Medium (Gibco BRL, Germany) supplemented with 10% (v/v) heat-inactivated fetal calf 

serum (Integro, The Netherlands), 250 µmol/l β-Mercaptoethanol (Serva) and 1% (v/v) 

penicillin/streptomycin (Sigma, Germany).  

2.4 Infection of tumor bearing mice and recovery of bacteria from tissue  

Six week old, female BALB/c mice were subcutaneously injected with 5x105 CT26 cells at 

the abdomen. When the tumors had reached a size of 5-8 mm in diameter, mice were injected 

intravenously (iv) with 5x106 CFU of S. typhimurium in phosphate-buffered saline (PBS). 

Mice were sacrificed at different time points post infection (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. To determine the colony forming units CFU per g of organ, 



  Ciprofloxacin – improving bacterial tumor therapy 83 

homogenates were serial diluted in PBS and plated on LB agar plates containing streptomycin 

(30 µg/ml). All animal experiments have been performed with the permission of the local 

authorities (LAVES) according to the animal welfare act.  

2.5 Tumor studies  

To follow the development of tumor size 6 week old female BALB/c mice were injected 

subcutaneously with 5 x 105 CT26 cells. 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 = 4/3 x π x (h x w2) / 8; h = height and w = width. It was assumed that 

depth and width of the tumor are equal. 

2.6 Antibiotic treatment in vivo 

Six week old, female BALB/c mice were subcutaneously injected with 5x105 CT26 cells at 

the abdomen. When the tumors had reached a size of 5-8 mm in diameter, mice were injected 

iv with 5x106 CFU of S. typhimurium in PBS. Antibiotic treatment was started, depending on 

the experiment, at different days after infection. 100 µl of antibiotics were administered 

intraperitoneally (ip) every 12 hours on 4 subsequent days. Control animals were treated with 

PBS. The health status of mice was followed by regular body weight measurement. For the 

survival curve, mice were sacrificed when an acute health status was detected. 

2.7 Secondary tumors 

After a successful tumor therapy tumor immunity was tested 100 days after the first tumor 

injection. 5 x 105 CT26 cells were injected subcutaneously at the right side of the back, 

whereas 1 x 105 F1A11 cells were equally injected under the skin of the left side. Tumor 

growth was followed 5 and 10 days after secondary injection.   
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3 Results 

3.1 Ciprofloxacin is active against S. typhimurium in vitro 

Naturally S. typhimurium enters the host via the oral route. Ingestion of contaminated food 

leads to diarrhea but is usually self-limiting. Only severe cases are treated with antibiotics26,27. 

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. Hence, 

bacterial cultures were grown to an OD600 of 0.1 and split into 4 samples. Antibiotics were 

added to 3 cultures when OD600 0.8 was reached. After 1.5h, 3h and 20h samples were taken. 

Following the turbidity of the culture only little differences between the control and the 

samples treated with kanamycin or tetracycline were observed. In contrast, in samples 

containing ciprofloxacin a strongly reduced turbidity was observed already after 1.5h (Fig. 

1A).  

 

Fig. 1: In vitro sensitivity of S. typhimurium SL7207 against kanamycin, tetracycline and ciprofloxacin. (A) 
Growth curves of SL7207 at 37°C in LB 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 mean of 3 independent samples ± SDM.  

To make sure that this effect is due to bacterial killing, samples were taken at the same time 

points and plated on selective medium (Fig. 1B). The control showed increasing numbers of 

bacteria which plateaued at 5 hrs. In contrast, reduction of the bacterial numbers is already 

obvious 1.5 hrs after addition of antibiotics. However, in the sample containing ciprofloxacin 

the most rapid decrease of CFU was observed. Only 1% of bacteria were alive 1.5 hrs after 

initiation of treatment and the number was 100.000 fold decreased after 20 hrs. This confirms 

the superior efficacy of ciprofloxacin for treatment of S. typhimurium SL7207.  
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3.2 Ciprofloxacin treatment of mice after tumor therapy leads to 

complete recovery  

Employing S. typhimurium for tumor therapy is accompanied by severe toxicity symptoms of 

the host despite of attenuation13. Besides the immune reaction elicited, the long term infection 

is responsible for this. Even when healthy organs like spleen and liver are colonized to a much 

lower extend7, the hosts are often moribund and sometimes succumb to the infection. 

Therefore, attenuation of bacteria aims at a high ratio of tumor colonization compared to 

healthy organs and avoidance of acute toxicity23. However, it is equally important to avoid 

long term infections to minimize unwanted side effects. The latter might also be achieved by 

antibiotic treatment. Therefore, mice bearing a solid CT26 tumor were infected with 5 x 106 

SL7207 (day 0). On day 14 post infection (pi) antibiotic treatment was started. Body weight 

was taken as an indicator for the health status of mice, which was constantly monitored during 

tumor therapy and the subsequent antibiotic treatment (Fig. 2A). All mice showed a 

comparable drop of body weight directly after infection. The weight remained stable at about 

80% of the initial value. In the control group, receiving PBS, one mouse did not survive day 

17 after infection, whereas the others survived until the end of the observation period. 

However, their body weight decreased further. Only one mouse recovered (Fig.2A). In the 

group treated with tetracycline an intermediate response is observed. One mouse died on day 

14 after antibiotic treatment. The surviving mice showed no beneficial response to the 

antibiotic. Similarly, in case of kanamycin treatment two mice died despite of 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, use of ciprofloxacin is superior compared to the two other 

antibiotics. 

Removing the bacteria at a certain time after infection might influence their therapeutic 

potential. Thus, we monitored development of the tumor size in infected and antibiotic treated 

mice. Antibiotics were administered on 4 consecutive days starting at day 14 pi (Fig. 2B). 

Initial tumor shrinkage could be observed in all groups. In this particular experiment, the 

tumors of some mice did not respond well to the bacterial therapy and continued to re-grow 

already before antibiotic treatment. After administration of the antibiotics, the ciprofloxacin 

treated mice showed a slightly higher rate of tumor re-growth (Fig. 2B).  
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Fig. 2: Antibiotic treatment of mice bearing a CT26 tumor infected with S. typhimurium SL7207. Groups 
of 5 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 percent of tumor size on day -1. Black arrows indicate 
the time point of antibiotic (AB) addition.  

To test the hypothesis that a higher rate of tumor re-growth is due to an efficient bacterial 

killing by ciprofloxacin, numbers of CFU were measured during the treatment with 2 mg per 

mouse. Tumor bearing mice were infected with 5 x 106 SL7207. From day 1 on ciprofloxacin 

was given every 12h for 4 consecutive days. Tumor, spleen and liver were removed for 
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plating on day 1, 2, 3, 5 and 15 pi (Fig. 3A). The control group, treated with PBS, showed 

stable bacterial colonization of the liver and only a slight reduction of bacterial numbers was 

observed in the spleen after 15 days (Fig. 3A). As expected, the highest colonization was 

found in the tumor with 1010 CFU per g 1 day after infection. This number remained stable 

until day 2 and then slowly decreased to 107 on day 15. Both treated groups showed 

comparable colonization on day 1 after infection. However, treatment with 1 or 2 mg 

ciprofloxacin per mouse caused rapid bacterial killing. In all tissues only 1% of initial 

bacterial colonization remained on day 2 and bacterial numbers further decreased during the 

treatment. On day 15 only single bacteria were found in the organs (Fig. 3A).  

           

Fig. 3: Influence of ciprofloxacin treatment starting 24 h 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 5 mice ± SDM. (B) Tumor development during therapy 
with SL7207 with early initiation of ciprofloxacin treatment. Tumor size of 5 individual mice per group is 
given as percent of tumor size on day -1. Black arrows indicate the start of antibiotic treatment.  



  Ciprofloxacin – improving bacterial tumor therapy 88 

In parallel, tumor development was measured during the treatment. Whereas the control group 

showed complete tumor elimination, both treatment schedules resulted in significant tumor re-

growth. During repeated application of 2 mg ciprofloxacin per mouse 4 out of 5 tumors 

showed strong re-growth after initial shrinkage. Treatment with 1 mg per mouse showed 

similar results with re-growth in 3 out of 5 tumors and no complete regression. It appears, that 

early bacteria countering diminishes the anti-tumor effect of the therapy. 

3.3 Dose dependent activity of ciprofloxacin in vivo 

Obviously, the effective killing of tumor-colonizing Salmonella early during therapy 

interferes with the therapeutic effects. Therefore, we wanted to establish whether an optimal 

concentration could be defined that controls infection and still allows tumor clearance. 

Treatment was started at day 7 pi to allow sufficient time for the bacteria to elicit a therapeutic 

effect and various doses of ciprofloxacin were administered (Fig. 4A). All animals of the 

treated groups show a higher average body weight compared to the control. Best recovery 

rates are obtained using 1 or 2 mg per mouse for 4 days. In these groups, all mice recovered 

completely. Intermediate recovery rates are observed for the groups treated with 0.1 or 0.5 mg 

per mouse for 4 days or 1 mg for 2 days.  

Importantly, animals in the intermediate groups receiving 1 mg for 2 days and 0.1 mg for 4 

days show a reduced survival rate (Fig. 4B). Similar to animals in the control group, 2 mice in 

each group are moribund and had to be killed on day 15 or 16. In contrast, all animals treated 

with ciprofloxacin survived the monitored period of time 

Regression of the tumor size was also investigated (Fig. 4C). Representative data of 3 

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 4 days. Only one outlier was found. More mice showed tumor re-growth in the 

groups treated with other regimens. 2 out of 5 tumors started to re-grow in the groups treated 

with 0.5 or 1 mg per mouse for 4 days. After 1 mg for 2 days or 2 mg per mouse for 4 days 3 

out of 5 tumors showed massive re-growth. Thus, optimizing the health status of the mice is 

achieved on the account of decreased tumor clearance rates, while optimizing the tumor 

clearance leads to severe health problems. This dilemma can only be resolved by generating 

more effective bacteria.  
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3.4 Antibiotic treatment does not impair tumor immunity after treatment 

We noticed before, that the final clearance of the tumor is most likely due to a T cell mediated 

anti-tumor response initiated by the bacteria. An important question is therefore, how long the 

bacteria have to be present in high numbers during tumor therapy to initiate an effective anti-

tumor 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 days pi and tumor development and survival of mice were 

monitored.  

Untreated mice started to die on day 10 (Fig. 5A). Applying 1 mg ciprofloxacin per mouse at 

this time did not change the survival. Similar to the untreated group only 60 % of the mice 

survived under these conditions. An earlier onset of the antibiotics therapy rescued all of the 

mice.   

Fig. 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 5 mice ± SDM (B) Survival 
of animals is influenced by the amount of 
ciprofloxacin. Each group represents 5 
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 -
1 for 5 individual mice. Black arrows 
indicate the time point of antibiotics 
(AB) addition.  
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Disregarding single outliers, all treatment regimens had led to a successful clearance of 

tumors (Fig. 5B). The only exception was the group in which ciprofloxacin treatment was 

started directly after the time point of infection. Here, only 1 out of 10 mice showed complete 

tumor elimination. 

 

Fig. 5: Starting time point of ciprofloxacin treatment influences the efficacy of SL7207-based tumor 
therapy. (A) Survival of mice. Each group comprises 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 1 
for 10 individual mice. Black arrows indicate the time point of antibiotics (AB) addition.  
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Mice that had successfully cleared the tumor were challenged 100 days after initiation of the 

infection with the identical CT26 tumor 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 anti-tumor immunity is induced independent of the antibiotic treatment regimen.  

Table 1: Mice that cleared the primary CT26 tumor exhibit specific tumor immunity  

 

 

4 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. 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 for the 

safety features of such bacteria. Metabolic attenuation of the Salmonella is essential and has 

been achieved for several strains using different essential metabolic synthesis pathways30. 

However, a recent report demonstrated that some auxotrophies might interfere with the 

efficiency of tumor colonization. Thus, safety measures might lower the invasive or 

therapeutic capacity of the bacteria23. 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 geneE of bacteriophage ΦX174 
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reduced the number of the bacteria in the various tissues but resulted in an unbearable 

deterioration of the health status of the animals (Crull, unpublished).  

In the present work, we started to investigate systematically the employment of antibiotics to 

control bacterial infection after 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. In accordance, no 

amelioration of the health status could be detected in vivo. Since treatment was started 14 

days 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 4-day schedule with 1 or 2 mg ciprofloxacin per mouse 14 days pi resulted in a 

clear amelioration of the health status of mice. The dose of 2 mg is only little 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 treatment, the body weight reached levels observed before tumor therapy. 

Additionally, only low numbers of bacteria were found in the tissues. 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 bacteria appeared to interfere to some extend with the therapeutic 

power of the Salmonella. This was even more apparent when ciprofloxacin treatment was 

started already 24 hrs 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 experiment 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 7 days pi. This 

should allow sufficient time for the therapeutic action of the bacteria but should still suffice a 

potential control of the bacteria. Using different concentrations of ciprofloxacin, we wanted to 

determine an 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 make up of 

our therapeutic SL7207 it might not be possible to reconcile bacterial control and therapeutic 
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maximum. More powerful bacteria need to be constructed. Several groups have published 

tumor therapies using recombinant Salmonella that were equipped with prodrug converting 

enzymes, toxins or anti-angiogenic or immune modulatory molecules4. Such bacteria, 

combined with antibiotic control to avoid long term infection might represent the most 

powerful combination for bacteria mediated cancer therapy.  

After complete clearance of tumors by the Salmonella-mediated therapy, the mice exhibited 

specific anti-tumor immunity against the original cancer. No tumor growth could be observed 

after challenge with the same tumor cells while independent tumor cells grew. This specific 

tumor immunity was also observed when the treatment with antibiotics had started as shortly 

as 24 hrs after infection. Thus, the triggering of the immune system to elicit an anti-tumor 

response in face of the adjuvant Salmonella could be extremely efficient. This raises great 

hopes that specific immunity can also be induced 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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 General Discussion 

In industrialized countries cancer is the second most frequent cause of death with an 

increasing incidence. Therefore the development of novel therapies against this devastating 

disease is of utmost importance. Besides the draw backs of the first clinical trials (Heimann 

and Rosenberg, 2003; Nemunaitis et al., 2003), the employment of bacteria for the treatment 

of solid tumors still holds great promises. However, introducing a bacterial pathogen into an 

often immune compromised patient is only conceivable on the basis of a broad knowledge of 

the processes taking place during tumor colonization and interactions with the host´s immune 

system. Accordingly, one task of this work was to increase the understanding of invasion and 

colonization.  

Until now bacteria were mainly administered systemically, thus resulting in a strong reaction 

of the immune system and septic shock symptoms in the first clinical trials (Toso et al., 2002). 

Oral application of Salmonella in this work showed only a transient colonization of tumors 

late after infection. Therefore the consequent anti-tumor effect was neglectable in contrast to 

tumor shrinkage after systemic application. Here, an immediate and robust colonization of the 

tumor, subsequent tumor shrinkage and complete loss in cases of small tumors was observed. 

Obviously, tumors are beyond a critical size when bacteria reach the tumor after oral 

treatment. Nevertheless, appropriately engineered strains might eventually allow oral 

application for therapeutic purposes.  

A recently often used attenuation to improve tumor targeting of S. typhimurium is purI 

(Clairmont et al., 2000; Pawelek et al., 1997). In contrast, a purA mutant, applied in this work, 

seems overattenuated. Furthermore, according to the literature, SPI 1, SPI 2 and motility 

mutants were tested. All of these features are essential for invasion and colonization. 

Interestingly, this could not be confirmed here. Those mutants colonize tumors to the same 

extend like the WT. Since also the spreading of immobile mutants over the whole necrotic 

part of tumors is comparable to the WT, a passive entrance mechanism is obvious. This 

confirms the hypothesis, that bacteria, after induction of TNF-α, are passively flushed into the 

tumor (Leschner and Weiss, 2010). Appropriate living conditions such as sufficient nutrient 

supply and protection from the immune system alleviate growth and proliferation.  



  General Discussion 99 

In the necrotic tissue Salmonellae are surrounded by neutrophilic granulocytes, forming a 

bordering line at the edge of the viable rim of the tumor. As a protection against phagocytosis 

and NET formation of granulocytes S. typhimurium SL7202 forms biofilms. This extracellular 

matrix that embeds bacteria was revealed by ultrastructural analysis. Interestingly, after 

depletion of neutrophils, biofilm production was clearly reduced. Also plasmolysis, which is 

an explicit feature when bacteria are stressed, was strongly decreased. 

The finding of biofilm formation in vivo now explains that S. typhimurium in the tumor was 

never found intracellularly (Loessner et al., 2007). The intervention with the ability of biofilm 

formation changes this situation. Since biofilms under in vitro conditions mainly contain 

cellulose and curli fimbriae, appropriate mutants were tested. In a csgD mutant biosynthesis 

of curli is directly inhibited and additionally cellulose production is indirectly prevented. Non 

functional adrA in a second mutant eliminates only cellulose production (Zakikhany et al., 

2010). Both mutants show decreased biofilm formation and therefore can be found 

intracellular. Whereas for intracellular mutants delayed tumor colonization and only a minor 

anti-tumor effect was observed, intracellular bacteria could now allow more efficient usage of 

alternative therapeutic strategies such as gene transfer. The involvement of csgD and adrA 

suggests that the composition of biofilms formed by S. typhimurium in solid tumors is similar 

to the biofilms observed for bacteria in vitro. Even though PAS-positive glycogens have been 

shown at the border between viable rim and necrosis, the place where most bacteria reside, 

further research will be required to clearly show the involvement of curli and cellulose and 

define the exact composition of the extracellular matrix of S. typhimurium in the tumor.  

Whereas, biofilm formation is obviously an advantage for Salmonella during tumor 

colonization, it implicates further problems for the application as tumor therapy. In hospitals, 

medical devices are contaminated in the patient by bacteria that form biofilms. Additionally, 

severe complications due to bacterial biofilms are encountered in the lungs of patients 

suffering from cystic fibrosis. It renders the bacteria insensitive to antibiotics and finally leads 

to the death of patients (Donlan and Costerton, 2002). Therefore, tumor colonization might be 

a model to study in vivo biofilm formation of bacteria on one side, but furthermore, this 

emphasizes the need of high safety features for the clinical application of bacteria during 

therapy. The employment of antibiotics to control bacterial infection after therapeutic 

application is obvious and was systematically investigated in this work. Whereas kanamycin 

and tetracycline show hardly any influence on Salmonellae in vitro and in vivo, ciprofloxacin 

was efficient in bacterial killing under both circumstances. Already after the application of 1 
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or 2 mg ciprofloxacin per mouse for one day, only 1% of bacteria survived in tumor, spleen 

and liver. The best equilibrium between efficient killing of bacteria and associated recovery of 

mice on the one hand, and the toxicity of high doses ciprofloxacin on the other hand, was a 

treatment with 1 mg ciprofloxacin for 4 consecutive days.  

However, when antibiotics were applied early after infection with Salmonella, a reduced 

efficacy of tumor therapy was assessed. The efficient removal of bacteria appeared to 

interfere to some extend with the therapeutic power of Salmonella. Viable tumor cells survive 

and start re-growing, although some of the mice still completely cleared the tumors despite 

the early onset of ciprofloxacin treatment.  

After complete clearance of tumors mice exhibited a specific anti-tumor immunity against the 

original cancer. A re-challenge with the same tumor cells did not result in tumor growth. 

Obviously, triggering the immune system can elicit a very efficient anti-tumor response. This 

raises great hopes, that a specific immunity can also be induced against other tumors.  

In summary, this work increases the knowledge concerning tumor invasion and processes 

during colonization. It reveals promising starting points for alterations of the commonly used 

system, safety strategies and the genetic make up of Salmonella used for tumor therapy. It 

should be considered as the basis for further improvements of this powerful therapy. 
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 Appendix 

1 Abbreviations 

BCG  Bacille Calmette Guerin 

CD  cluster of differentiation 

cDNA  complementary 
deoxyribonucleic acid 

CFU  colony forming unit 

ClyA  cytolysin A 

CR  congo red 

DC  dendritic cell 

DEPC  diethylpyrocarbonate 

DNA  deoxyribonucleic acid 

dNTP  deoxyribonucleic 
triphosphate 

ECM  extracellular matrix 

EcN  Escherichia coli Nissle 1917 

E.coli  Escherichia coli 

FGF2  fibroblast growth factor 2 

g   gram  

Gfp  green fluorescent protein 

h  hour 

 

HER2   human epidermal growth 
factor 2 

HIF-1  hypoxia-inducible factor-1 

HPV  human papillomavirus 

HSV-tk thymidine kinase of herpes 
simplex virus 

IL  interleukin 

IMDM Iscove´s Modified 
Dulbecco´s Medium 

ip  intrperitoneal 

iv  intravenous 

kV  kilo volt 

l  liter  

LB  Luria Bertani 

LD50  median lethal dose 

LPS  lipopolysaccharide 

m  meter  

M  mol 

min  minute 

MOI  multiplicity of infection 



  Appendix 102 
 

MRI  magnetic resonance imaging 

NET  neutrophil extracellular trap 

OD  optical density 

PAMP  pathogen associated pattern 

PAS  Periodic Acid Schiff 

PBS  phosphate buffered saline 

PCR  polymerase chain reaction 

PDGF  platelet-derived growth 
factor 

PET  positron emission 
tomography 

pi  post infection 

pRB   retinoblastoma gene 

PRR  pathogen recognition 
receptor 

qPCR  quantitative polymerase 
chain reaction 

REM  raster electron microscopy 

RNA  ribonucleic acid 

ROS  reactive oxygen species 

RT-PCR reverse transcriptase 
polymerase chain reaction 

SCV  Salmonella containing 
vacuole 

SDM  standard deviation of the 
mean 

shRNA short hairpin ribonucleic 
acid 

SPI  Salmonella pathogenicity 
island 

S. typhimurium Salmonella enterica 
serovar Typhimurium 

TAMs  tumor-associated 
macrophages 

TEM  transmission electron 
microscopy 

TGFβ  transforming growth factorβ 

TLR  toll-like receptor 

TNF  tumor necrosis factor 

TRAIL TNF-related apoptosis-
inducing ligand 

TTSS  type three secretion system 

v  volume 

VEGF  vascular endothelial growth 
factor  

WT  wildtype
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