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ABSTRACT 

Attenuated bacterial strains have been investigated on the premise of selective tumor 

colonization and drug delivery potential for decades. Salmonella Typhimurium VNP20009 was 

derived from the parental strain 14028 through genetic modification and tumor targeting ability, 

being well studied for anticancer effects in mice. In 2001 Phase 1 Clinical Trials, patients 

diagnosed with melanoma were introduced with VNP20009, resulting in safe delivery of the strain 

and targeting to the tumor, however no anticancer effects were observed. Recently, it was 

discovered that VNP20009 contains a SNP in cheY, which encodes the chemotaxis response 

regulator of flagellar motor function, rendering the strain deficient in chemotaxis. Replacement of 

cheY with the 14028 wild-type copy resulted in a 70% restoration of phenotype in traditional 

chemotaxis capillary assays compared to the parental strain. We attempted to optimize the 

chemotactic potential of VNP20009 but were unable without reversing the attenuated state of 

VNP20009. 

Due to the role of chemotaxis in bacterial tumor colonization and eradication remaining 

unclear, we aimed to compare VNP20009 and VNP20009 cheY+ primary tumor colonization and 

impact on metastasis in an aggressive 4T1 mouse mammary carcinoma model. Bacterial tumor 

colonization and metastatic potential of the cancerous cells to the lungs appear bacterial 

chemotaxis independent. Moreover, mice bearing tumors exposed to Salmonella exhibited 

increased morbidity that was associated with significant liver disease. Our results suggest that in 



 

our timeline VNP20009 may not be safe or efficacious when used in the context of 

immunocompetent animals with aggressive, metastatic breast cancer. In a novel approach, we 

aimed to understand the bacterial-cancer cell relationship within the tumor microenvironment, 

with an emphasis on gene expression changes occurring within the eukaryotic transcriptome. We 

employed the B16-F10 mouse melanoma model because VNP20009 is known to colonize and 

eradicate these tumors in mice. First, we optimized a timeline for Salmonella treatment of mouse 

melanoma, finding a dramatic delay in tumor growth between 2 and 7 days due to the presence of 

Salmonella. Additionally, we observed upregulation of the IFN-g signaling pathway within tumor 

tissue upon exposure to Salmonella after 7 days. In future studies, we aim to analyze the bacterial 

transcriptome in the tumor microenvironment to gain unique understanding and contribute to 

knowledge supporting bacterial-mediated cancer therapies.  
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PUBLIC ABSTRACT 

Bacteria have become our allies in the fight against cancer. Strains of Salmonella, normally 

thought of as a cause of gastrointestinal discomfort, are able to target cancer in the body and 

effectively shrink tumors in several animal models. Specifically, a strain of Salmonella 

Typhimurium called VNP20009, has shown great promise as an anticancer agent. Research on 

VNP20009 culminated in a Phase 1 Clinical Trial in which safe delivery of the strain and targeting 

to the tumor were achieved, however no anticancer effects were observed. We hypothesized further 

targeting of Salmonella could be achieved using chemotaxis, the coordination of flagellar driven 

movement with sensing environmental chemical gradients, akin to the nose of the bacterium. We 

discovered strain VNP20009 to be defective in chemotaxis, due to a genetic mutation that occurred 

during the strain’s construction. We were able to restore chemotaxis of the strain, at least partially, 

and discovered we could not further optimize chemotaxis without compromising the safety profile 

of VNP20009. We tested the effect of chemotaxis on tumor colonization in a mouse breast cancer 

model and found that the bacteria had an additive effect in causing liver disease and morbidity of 

the mice. We finally examined genome-wide gene expression changes occurring in the tumor 

microenvironment, as a response to anticancer agent VNP20009 colonization in a mouse 

melanoma model of cancer. Overall, this work contributes significantly to the understanding of 

VNP20009 chemotaxis and its tumor targeting abilities.  
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CHAPTER 1 

Introduction 

Globally, cancer is the second leading cause of death, behind only cardiovascular disease. 

Cancer is no new enemy to the race of man, with literature anecdotes dating back to the ancient 

Egyptians. The Edwin Smith Surgical Papyrus, which is estimated to have been originally 

transcribed about 3000 to 2500 BCE, was translated by James Breasted in 1930. In his translation 

of case 45, Fig. 1.1, is described “’Bulging tumors on his breast,’ it means the existence of 

swellings on his breast, large, spreading and hard; touching them is like touching a ball of 

wrappings” (Breasted, 1930). The prescribed remedy for this disease is translated as “There is no 

treatment”. The Papyrus Ebers (1538 BCE) hold two descriptions of diseases which potentially 

described cancer in paragraph 813 and 811 with “eating” of the uterus and breasts, the treatment 

for which consisted of a spell to prevent bleeding (David et al., 2010). This information indicates 

that for the ancient Egyptians, cancer was alive and well, with a cure or even a relevant treatment 

far from being attained. Let us recall, this was a civilization which was well advanced with 

approximately 50% of the Ancient Egyptian drug sources still in use today, though many are now 

of synthetic origin (David, 2008). Cancer has continued to plague physicians, researchers and more 

importantly its victims, for more than five well-documented millennia.  

Cancer research, now and then 

Advances in cancer research, early detection and effective treatments are unquestionable. 

For example, the female breast cancer death rate in 1989 peaked at 33 deaths per 100,000 people. 

By 2015 this number has decreased by 39% to 20 deaths per 100,000 people  (Siegel et al., 2018). 

It is estimated that by 2040, there will be 26 million cancer survivors, having had or living with 

cancer, where 73% will be 65 years of age or older  (Bluethmann et al., 2016). Incredible strides 
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have taken place to fight our war on cancer. Between November 2016 and October 2017, there 

have been 18 new cancer therapies, which more than doubles the previous year timeframes in 2016 

and 2015 (Heymach et al., 2018).  

Despite this, cancer incidence will continue increasing due to the growing world population 

and increased average lifespan, causing an even greater need for cancer research advances. In 

2017, approximately 1,700,000 people were diagnosed with cancer in the United States (Siegel et 

al., 2018). Because no patient’s cancer is the same, the mindset for how we view and treat cancer 

has shifted from one end-all-be-all cure, to targeted, individualized therapies. This accommodates 

for the heterogeneity within the tumor, which facilitates its resistance to chemotherapeutics and 

metastasis to other sites in the body.  

Chemotherapy, the use of chemicals to treat disease, became a common practice only in 

the 1960’s, prior to which surgical intervention and radiation therapy were the leaders of cancer 

treatment  (DeVita et al., 2008). These strategies to fight cancer have been imperative to our 

progress in extending patient lives, being still in use today, with immunotherapy, targeted therapy 

and stem cell transplant the latest new approaches to combating our old foe.  

Notwithstanding incredible advances chemotherapeutics have had on cancer prognosis and 

progression, a drawback to chemotherapy and targeted therapies are resistance strategies employed 

by cancer. Mechanisms of resistance include drug metabolism, inactivation of drugs 

intracellularly, DNA repair defects, evasion of host signal induced apoptosis and membrane drug 

transporters (Raguz et al., 2008). Moreover, radiation therapy and chemotherapeutics are 

nonspecific, causing toxic side effects to healthy cells within the patient (Chorobik et al., 2013). 

Additionally, the therapies do not penetrate to the core region of the tumor, leaving these cells 

viable and able to proliferate and metastasize  (Yu et al., 2012). To overcome these limitations, an 
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ideal cancer drug would have the following properties: cross blood vessel walls, distribute through 

the tumor vasculature and traverse the cancerous tissue (Tredan et al., 2007), as well as be 

adaptable with the ever-changing evolution of the tumor microenvironment and metastases. A need 

for alternative approaches to curing cancer is therefore imperative to continued advancements in 

cancer therapy. 

An appealing approach to combat cancer is immunotherapy, in which the body’s immune 

system is reprogrammed to illicit innate and adaptive responses towards the disease. In one review, 

Hegde et al. eloquently wrote “The tumor cell does not survive or propagate in isolation but rather 

the immune microenvironment and the tumor mutanome coexist in a constant battle for 

supremacy” (Hegde et al., 2016). Immunotherapy holds great promise in shifting the tables in the 

body’s favor. Despite great success in this field so far, immunotherapies still, for reasons not quite 

understood, are not effective for every cancer and every patient. For some patients, their tumor 

microenvironment is an “immune desert” to begin with and finding ways to properly stimulate 

tumor infiltrating T-cells has been a challenge (Gajewski, 2015). More research is needed to 

understand optimal therapy options for patients and how these can best be designed.  

Brief history of bacterial mediated cancer therapy 

Microbial-based cancer therapy is far from being a new advancement. This phenomenon 

was first observed in 1868 by the German surgeon Dr. Wilhelm Busch but was later best described 

by Dr. William Coley, an American bone sarcoma surgeon (Pawelek et al., 2003). In 1891, Coley 

documented his interactions with a patient who had a sarcoma of the neck and simultaneous 

erysipelas infections, the causative agent being Streptococcus pyogenes. Over several weeks, 

Coley observed the clearance of the tumor from the patient, and his long-term survival. He 

attributed this event to the bacterial infection and suggested that the interaction of bacteria with 
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the tumor somehow elicited a cure of cancer in the patient (Coley, 1891). Due to toxicity of live 

pathogen injection, Coley heat inactivated a bacterial mix of the S. pyogenes and Bacillus 

prodigiosus, now named Serratia marcescens, which became known as “Coley’s toxins.” One 

example of Coley’s many successes using his bacterial toxin mix was in 1895, the application on 

a patient with an angiosarcoma of the breast. The patient was three times recurrent, with the size 

of the tumor so large it was deemed inoperable (Fig. 1.2A). The patient received Coley’s toxins, 

recovered with a complete disappearance of the tumor (Fig. 1.2B), and was alive and well eight 

years later, with no sign of recurrence (Coley, 1910). Even so, Coley was met with much criticism 

for his work, mainly for variability in his mixed toxin preparations and lax administration 

technique details (Nauts et al., 1990). This resulted in his colleagues’ skepticism of his work, even 

insisting his positive results were due to misdiagnoses of his patients (McCarthy, 2006). Coley’s 

daughter, a cancer researcher in her own right, analyzed 1,000 of her father’s cases to find that 500 

were near complete regression  (McCarthy, 2006). Today, William Coley’s work is accepted to 

say the least and he is recognized as the Father of Immunotherapy.  

Coley undoubtedly spearheaded the efforts of bacterial-mediated cancer therapy, but the 

idea that bacterial infections might cause tumor regression, was not novel in those days. In fact, it 

was in the late 1800s that Lister’s aseptic techniques became widely used in the surgical theater. 

However, an interesting anecdote was made by one surgeon in a 1909 discussion paper, in which 

postoperative infections was suggested to improve patient survival  (Hoption Cann et al., 2003). 

Even more interesting is a retrospective study supporting this observation, in which it was found 

lung cancer surgery patients which developed empyema after surgery were 50% likely to survive, 

vs. the 18% survival for patients without experiencing this acute infection  (Ruckdeschel et al., 

1972). There is an obvious need for aseptic technique during surgical procedures, however the 
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evidence for acute infections lending themselves positively to patient survival and outcome cannot 

be overlooked.  

Some of the greatest criticisms surrounding bacterial-mediated cancer therapy are the 

toxicity of pathogens. After all, bacteria are able to cause cancer. Chronic infections by 

Helicobacter pylori are known to attach to gastric epithelial cells in the human stomach, induce 

chronic inflammation and result in gastric cancer. This bacterium was actually recognized as a 

type I carcinogen (carcinogenic to humans) in 1994 by the World Health Organization 

International Agency for Research on Cancer  (Cancer, 1994). It has been shown that 63% of all 

stomach cancer cases in the world are attributable to H. pylori infection (Parkin, 2006). Carriers 

of chronic Salmonella enterica serovar Typhi infections are 9-fold more likely to develop 

gallbladder carcinoma (Scanu et al., 2015). There is a need for careful balance between immune 

stimulation and toxicity by the bacteria to fight cancer.  

Bacterial mediated cancer therapies have experienced a reemergence in the field as of late, 

with bacterial species ranging from Clostridium, an anaerobic spore former; to Listeria, an 

intracellular pathogen known for manipulating the host cytoskeleton to rocket from cell to cell; to 

Salmonella Typhimurium, a jack of all trades able to survive extreme conditions ranging from 

acidic stomach at a pH of 1.5, to the intestinal environment with low oxygen, bile salts and 

osmolytes. These bacterial marvels have experienced an increase in number of publications in 

recent years for their application to treat cancer  (Forbes, 2010) and have been tested in various 

stages of clinical trials  (Torres et al., 2018). To this end, the National Cancer Institute organized 

the first Microbial-Based Cancer Therapy Conference July, 2017, with the objective to share 

insights and stimulate conversation in the field  (Curran et al., 2018).  
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Today, Bacillus Calmette-Guerin (BCG), a live bacterial vaccine made up of attenuated 

Mycobacterium bovis, is the most effective treatment for high-risk superficial bladder cancer 

(Bassi, 2002). Even more important, there are several strains in various stages of clinical trials; 

Clostridium novyi-NT in phase 1 clinical trials to treat patients with malignant solid tumors that 

are nonresponsive to treatment (NCT01924689), and Listeria monocytogenes immunotherapy 

using strain Lm-LLO-E7  (Mkrtichyan et al., 2013), in several phase II clinical trials including 

applications to HPV positive patients with non-small cell lung carcinoma and oropharyngeal 

cancer, and one phase III trial for patients with high risk locally advanced cervical cancer (Torres 

et al., 2018).  

Salmonella join the fight against cancer 

As one article cleverly coined “From spinach scare to cancer care”  (Dolgin, 2011), 

Salmonella Typhimurium has not always been viewed as our friend. Salmonella is a classic 

gastrointestinal pathogen found in uncooked food products such as chicken and eggs. Symptoms 

of salmonellosis include acute intestinal inflammation and diarrhea, while more severe symptoms 

such a fever, septicemia and even death can occur in the immunocompromised, elderly adults and 

young children (Fabrega et al., 2013).  Due to genetic engineering, Salmonella can be attenuated, 

thereby rendered safe for host delivery with minimal toxic effects. Additionally, Salmonella can 

be made auxotrophic towards purines and amino acids, which increases their targeting to mouse 

B16-F10 cancer in immunocompetent mice at a reported rate of 9,000 bacterial cells within the 

tumor for every single bacterium within the healthy tissue of the liver  (Pawelek et al., 1997). 

Amazingly, Salmonella have been shown by PET imaging to localize to tumors  (Soghomonyan 

et al., 2004) and even detect microscopic tumor masses 2,600 times smaller than the limit of 

tomographic technologies used today (Panteli et al., 2015).  More importantly, in numerous animal 
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models Salmonella have been reported to regress tumor size and eradicate cancer completely from 

the host. In a review by Nallar, S., et al. in 2016, a comprehensive list of Salmonella strains as 

well as the cancer type they were applied to, route of delivery and treatment outcome is described. 

A total of eleven tumor models are described ranging from mouse xenograft models of melanoma, 

breast and lung cancer, to a human cervical cancer xenograft model, employing three different 

Salmonella strains (Nallar et al., 2016). 

The use of Salmonella as a cancer therapy therefore, is appealing. Salmonella can be 

engineered to safely colonize the tumor microenvironment. They can additionally carry a cargo 

load of anticancer drugs, so as to deliver therapeutics exclusively to the tumor and prevent 

damaging interactions with healthy tissue (Fig. 1.3). These drugs can then have a multitude of 

different effects; from targeted cytotoxicity towards cells within the tumor milieu, to immune 

stimulation and recruitment of lymphocytes, as well as diagnostic imaging of the primary tumor 

and metastases. The Salmonella Type Three Secretion System (T3SS) allows efficient delivery of 

drugs, with the Salmonella pathogenicity island 2 (SPI2) system having recently been exploited to 

deliver a tumor-associated antigen (coSVN) in the cytosol of antigen-presenting cells  (Xu et al., 

2014). Moreover, cancer immune evasion strategies, which is a huge problem to overcome for 

therapy outlook, are inconsequential to Salmonella colonization  (Wall et al., 2010). Salmonella 

has been engineered by Min and colleagues to produce the cytotoxin ClyA under the control of the 

PBAD promoter. Once Salmonella has colonized tumors within the host, L-arabinose can be 

intraperitoneally administered to activate expression of the cytotoxin and enhance tumor 

suppression  (Hong et al., 2014). A comprehensive record of different strategies used today for 

Salmonella mediated cancer therapy are listed in Table 1.1 (from Zheng et al., 2016). These 

exciting approaches include: bacterial expression of cytotoxic agents and recombinant cytokines 
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to be recognized by the immune system; engineering Salmonella to act as prodrugs, which will 

activate nontoxic substances into toxic ones within cancerous tissue; and RNA interference by 

transferring genetic material directly to cancerous cells thereby inhibiting tumor growth or 

increasing therapy sensitivity (Zheng et al., 2016). We can in this way exogenously control the 

bacteria to fight cancer within the host.  

Salmonella and the tumor microenvironment 

The microenvironment of a solid tumor is variable; however, some aspects are relatively 

well understood. The outer, vascularized region of the tumor is rich in nutrients due to tumor 

angiogenesis (Tredan et al., 2007). Towards the center of the tumor is a hypoxic region, with 

decreased nutrients and oxygen, as well as high acidity (Tredan et al., 2007). Additionally, 

compared to healthy tissue the extracellular matrix (ECM) of the tumor is altered contributing to 

invasion, metastasis and drug sensitivity of the tumor tissue (Tredan et al., 2007). 

The ways in which Salmonella strains attack tumors selectively include stimulating non-

specific immune responses through accumulation at the tumor site, competing for nutrients with 

the tumor and preventing their growth, and the growth of bacteria in the least drug-accessible 

necrotic regions (Eisenstark et al., 2007). Additionally, because Salmonella are facultative 

anaerobes, there is a wide variety of cancer types the bacteria are able to infect. They are able to 

colonize aerobic environments, such as highly vascularized tumors, and the anaerobic environment 

of poorly vascularized tumors (Pawelek et al., 2003). Low pH areas in the tumor 

microenvironment impair cytotoxic immune cell activity and cytokine secretion, therefore 

inhibiting host defenses (Flentie et al., 2012). Salmonella are able to survive and grow in a diverse 

range of pH conditions, therefore having the capacity to exploit the acidic pH areas and redirect 

host immune cells to the tumor site. 
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Salmonella Typhimurium pathogenicity and relation to cancer: 

 Salmonella Typhimurium is a Gram negative, rod shaped, facultative anaerobe. There are 

several factors that influence the pathogenicity of this serovar. First, lipid A, a lipopolysaccharide 

(LPS) component, elicits Tumor Necrosis Factor-α (TNF-α) induction. This inflammatory 

response factor is the primary cause of the deadly septic shock response (Zhang et al., 2013). Other 

virulence factors that are associated with S. Typhimurium are: the virulence plasmid pSLT, 

adhesins, flagella, biofilm regulated proteins, and five Salmonella pathogenicity islands (SPIs), 

harboring genes integral for virulence (Fabrega et al., 2013). Flagella and adhesins have been 

shown to assist in the approach and attachment of the pathogen to host tissue. Invasion and survival 

within epithelial cells and macrophages and systemic dissemination are attributed to gene products 

encoded in the SPIs and on the virulence plasmid (Fabrega et al., 2013). Two SPIs are of particular 

interest for assisting Salmonella in the tumor microenvironment. SPI1 controls bacterial invasion 

of epithelial cells and dissemination from the gut (Pawelek et al., 2003). SPI2 controls systemic 

growth of the bacteria in the host and macrophage/epithelial cell survival (Pawelek et al., 2003). 

The impact of these two pathogenicity islands were tested based on their contribution to antitumor 

effects, and it was found that only SPI2 is essential for the bacterial cells to amplify within tumors 

(Pawelek et al., 2003). The biofilm regulatory proteins assist in the survival of bacteria in adverse 

environments, such as acidic pH (Fabrega et al., 2013), constituting the microenvironment of some 

regions within tumors (Tredan et al., 2007).  

To date, much research has investigated Salmonella phenotypic traits involved in tumor 

colonization. These include and are not limited to: motility, chemotaxis, biofilm formation, 

virulence factors, metabolic requirements and anaerobic growth. 

Salmonella strain of interest 
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 In 1997, Salmonella Typhimurium strain VNP20009 (also named YS1646, 41.2.9 and 

ATCC 202165 (Low et al., 2016)) was genetically engineered by Low et al. as a cancer therapeutic 

from the parental strain Salmonella Typhimurium 14028S (Low et al., 2004). Steps in the 

construction of VNP20009 are defined in Fig. 1.4. Briefly, the development of this strain involved 

chemical and UV mutagenesis of 14028S (Bermudes et al., 2000). Subsequent steps were taken to 

select for a strain having hyperinvasive characteristics, meaning increased intracellular 

invasiveness towards human melanoma M2 cells in vitro (Pawelek et al., 1997). Two unmarked, 

stable mutations were introduced by Transposon 10 (Tn10) insertions and Bochner selection 

(Clairmont et al., 2000). The first was a deletion of purM, making this strain auxotrophic for 

purines and yielding minimal toxicity within the host (Low et al., 2004). The second was a deletion 

of msbB, which encodes a protein that adds terminal myristyl groups to lipid A (Clementz et al., 

1997). This deletion altered the LPS component lipid A, and as a consequence, decreased the 

induction of TNF-α, and therefore host septic shock (Low et al., 1999). Additionally, the strain is 

known to be unable to metabolize xylose (xyl-) and is resistant to chelating agents, such as ethylene 

glycol bis(β-aminoethyl ether)-N,N,N',N'-tetraaceticacid (EGTA) (Low et al., 2004).  

 The safety profile of VNP20009 towards the host was evaluated in mice, Yorkshire pigs 

and Cynomolgus primates, prior to application to human cancer patients. VNP20009 was found to 

be 50,000 times less virulent than the parent strain, 14028S (Lee et al., 2000). Additionally, the 

strain was stable after more than 140 generations of growth, in vitro and in vivo (Clairmont et al., 

2000). VNP20009 has a high attraction to tumors as well as an affinity to cancerous tissue, as 

opposed to healthy tissue. In terms of anticancer efficacy, VNP20009 was found to accumulate in 

tumors over liver tissue at a ratio of 1000:1 in mice bearing B16-F10 murine melanoma, LOX 

human melanoma and DLD-1 human colon carcinoma  (Clairmont et al., 2000). VNP20009 
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extended the life of mice with human colon carcinoma xenographs, by decreasing the tumor 

volume by over 600-fold in size, compared to the same mice without VNP20009 treatment  (Low 

et al., 2004). However, when VNP20009 was used in phase 1 clinical trials towards patients with 

metastatic melanoma, no anticancer effects were observed (Toso et al., 2002). Nevertheless, it 

exhibited high dose tolerability in the host, and in some patients tumor colonization was observed. 

It was concluded optimization of tumor targeting by VNP20009 was necessary, and of most 

importance, the tumor suppressive outcome needed to be translated from animal models to 

humans.  

Motility and chemotaxis in the context of tumor colonization 

Harnessing bacterial chemotaxis and motility is an appealing approach to actively directing 

Salmonella to cancerous tissue in the body. The following is a detailed explanation of flagellar 

motility and bacterial chemotaxis, two major themes of this dissertation, and two macromolecular 

marvels.  

Ø Flagellar driven motility. Bacteria can use flagella to navigate their environment. This 

impressive, macromolecular machine is five times the length of the cell body and is composed of 

approximately 40 proteins. The rotational speed of a single flagellar motor belonging to 

Salmonella is approximately 18,000 rpm to result in the movement of the cell at 30 µm/s 

(DeRosier, 1998). This impressive feat actually pales in comparison to Vibrio spp., whose flagellar 

motors are powered by Na+, and rotate up to 1,700 Hz, or 100,000 rpm (Minamino et al., 2015). 

Species of S. Typhimurium possess peritrichous flagella that have a left-handed helical 

conformation (White et al., 2012). When the flagella rotate counterclockwise (CCW), the flagellar 

filaments bundle to the distal portion of the cell, propelling the bacterium forward. When the 
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flagella rotate clockwise (CW) the flagellar filaments fall out of the bundle, splaying out, and the 

cell tumbles (White et al., 2012).  

 The bacterial flagellum is composed of three main parts: the basal body, the hook and the 

filament. The rotation of the flagellum is powered by protons moving down an electrochemical 

gradient (Berg, 2003). The torque generating units are cytoplasmic membrane-embedded proteins 

MotA and MotB, making up the stator of the flagellar motor (Berg, 2003). In Gram-negative 

bacteria, the basal body, which spans the inner and outer membrane, consists of several structures 

(Aizawa, 1996). Rotating are the MS-ring, C-ring and rod, while the P- and L- rings are fixed. The 

MS-ring, consisting of FliF, forms the core structure of the basal body and appears at the beginning 

of flagellar assembly (Aizawa, 1996).The C-ring comprised of FliG, FliM and FliN serves as the 

switch complex and assembles on the cytoplasmic membrane side of the MS ring (Kim et al., 

2017). The P-ring, assembled by FlgI in the peptidoglycan layer, and L-ring, assembled by FlgH 

in the outer membrane, serve as bearings to keep the complex rigid, and stable against acid, heat 

and enzymatic activity (Aizawa, 1996). 

 The rod, hook and filament are exported by the type III secretion pathway. The rod is 

assembled from several different proteins. When the rod is mature, hook protein monomers are 

secreted and form the hook structure. The flexible hook works as a joint, joining the filament with 

the basal structure (Aizawa, 1996). The flagellin monomers are secreted last, to form the filament 

structure. Salmonella use flagellar phase variation, in which independent, antigenically distinct 

flagellin genes, fliC and fljB can be alternatively expressed (Bonifield et al., 2003). Each flagellum 

consists of 20,000 flagellin subunits, which are capped by a structure called FliD (also HAP2). 

Without the flagellar cap protein, the flagellum is unable to form because flagellin subunits leak 

out into the medium (Ikeda et al., 1996).  
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The flagellar structural and regulatory genes are organized in a transcriptional hierarchy, 

into class 1, class 2 and class 3 genes (Fig. 1.5). The master regulator, FlhDC, makes up Class 1 

and acts as a transcriptional activator for s70-dependent class 2 gene expression  (Frye et al., 2006). 

Class 2 genes are composed of structural components of the flagellum, making up the basal body, 

hook, and importantly regulatory elements that dictate class 3 gene expression. The class 2 gene 

fliA encodes a sigma factor, s28, which regulates class 3 genes such as the flagellar filament, motor 

proteins and the genes required for chemotaxis signal transduction ( (Frye et al., 2006). 

Ø Bacterial chemotaxis. Sensing of chemicals in the environment and coordinating 

movement to or away from specific concentration dependent compounds is imperative for bacterial 

species to navigate their environment. Chemotaxis is the process by which cells are able to direct 

their net movement via flagellar motility towards attractants and away from repellents. A biased 

random walk is the behavior cells exhibit when they are chemotactically active. The behavior 

includes the bacterial cells swimming along a trajectory and tumbling, randomly reorienting 

themselves, so that they swim in a different direction. Because they have no control over which 

direction they swim in next, it is called random walk (Berg, 1983). However, chemoeffectors make 

this behavior "biased". When the cell senses a temporal change in, for example, an attractant, 

where the concentration is increasing, the cell will decrease the frequency of tumbles, so that there 

are longer periods of the cell swimming in one direction. Similarly, when the cell senses a repellent 

the tumbling frequency is increased, and the cell will randomly reorient in hopes of moving to a 

lower concentration of repellent.  

 This allows for them to have a biased random walk towards an attractant, or away from a 

repellent, and find an area more beneficial to their growth. In the signal transduction pathway of 

chemotaxis, cells sense chemoeffectors in their environment using transmembrane Methyl 
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Accepting Chemotaxis Proteins (MCPs) (Parkinson et al., 2015). MCPs send a signal to the 

chemotaxis two-component system. In the presence of a repellent, the histidine autokinase CheA, 

is activated and passes its phosphoryl group to the response regulator, CheY (Porter et al., 2011). 

When CheY is phosphorylated, it can interact with the flagellar switch protein FliM, and cause the 

switching of the flagellum from CCW (smooth swimming) to CW (tumbling) rotation. In this way, 

bacteria are able to coordinate chemotaxis and motility, allowing them to navigate their 

environment in a "biased random walk" (Berg, 1983). 

 E. coli contains five well characterized MCPs that are also found in Salmonella enterica: 

Tar which sense aspartate and maltose (Mowbray et al., 1987), Trg which senses ribose, galactose 

and glucose (Kondoh et al., 1979), Tsr which senses serine (Mesibov et al., 1972), and Aer 

(Bibikov et al., 1997), which is responsible for mediating the cellular energy state with the 

chemotaxis system (Samanta et al., 2016). In addition, Salmonella possesses three additional 

MCPs: Tcp which senses citrate and phenol (Yamamoto et al., 1993), McpB and McpC together 

mediate a response to the chemoattractant L-cysteine and to its oxidized form L-cystine, which 

appears to be a chemorepellent  (Lazova et al., 2012). There are two additional chemoreceptors: a 

taxis involved protein (Tip) that has high homology to chemoreceptors but is, however, lacking a 

periplasmic domain (Russo et al., 1986), and McpA that resides in the cytoplasm and is 

hypothesized to influence signaling by other MCPs through interactions with their C-terminal 

domains (Frye et al., 2006).  

The role of flagellar motility and chemotaxis in tumor-seeking of bacteria is unclear. 

It has been reported that motility is critical for in vitro tumor colonization (Toley et al., 

2012). Moreover, the importance of individual chemoreceptors in the Salmonella strain SL1344 

background have been described for effective tumor localization in vitro (Kasinskas et al., 2007), 
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where "Both chemotaxis and proliferation were found to be essential for bacterial accumulation 

(of tumor spheroids)" (Kasinskas et al., 2006). It has been shown in vivo that Salmonella 

Typhimurium VNP20009 lacking the Trg receptor localizes within regions of the tumor that are 

quiescent, or harbor cells which are in a reversibly non-replicating state (Zhang et al., 2015). Even 

more recently, using high throughput screening of individual Salmonella gene deletion mutants, it 

was shown chemotaxis, motility, and ethanolamine metabolic pathway confer an advantage in 

tumor colonization (Silva-Valenzuela et al., 2016). In contrast, it has been reported that tumor 

colonization in mice does not depend on these bacterial traits, using E. coli Nissle as a bacterial 

model system (Stritzker et al., 2010). Yet another study testing Salmonella Typhimurium SL1344 

as well as ∆fliGHI and ∆cheY strains on tumor colonization in mice found chemotaxis and motility 

to be immaterial after 24 hours compared to the wild type (Crull et al., 2011). Overall, the above 

described models employed to answer the contribution of chemotaxis and motility to tumor 

colonization, diversify from one another in the following ways: cancerous tissue origin (mouse 

mammary carcinoma 4T1, human colorectal adenocarcinoma LS174T, mouse colon carcinoma 

CT26) to in vitro and in vivo modeling (cylindroids, microfluidic tumor in chip devices, orthotopic 

syngeneic model, subcutaneous cancer cell injection), timelines ranging from hours to weeks and 

mode of Salmonella delivery to the host (intravenous, intraperitoneal, intratumoral injection). 

Objectives 

Salmonella Typhimurium VNP20009 was constructed through mutagenesis of the parent 

strain, 14028S, nearly three decades ago. VNP20009 has since been evaluated in terms of 

anticancer efficacy towards animal hosts including mice, rats, dogs and humans in a Phase 1 

clinical trial. Overall these results showed that there is a lack of translation from animal models of 

cancer to the human disease, which is a known pitfall when using animal models  (Mak et al., 
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2014). The focal improvement points for using Salmonella as a cancer therapeutic are: 1. 

Enhancing targeting of the strain to cancer cells over healthy cells; 2. Mediating destruction of the 

tumor and exhibiting anticancer effects; and 3. Maintaining a safety profile, with little toxicity to 

the host  (Wang et al., 2016). Strain VNP20009 is known to exhibit an acceptable safety profile in 

humans with metastatic melanoma already (Toso et al., 2002). We aimed to enhance bacterial 

colonization within solid tumor tissue through the use of bacterial chemotaxis, with the hypothesis 

that chemotaxis would drive tumor colonization of distal areas, which are less accessible by 

chemotherapeutics (Fig. 1.6).  

We discovered VNP20009 to be chemotactically deficient due to a SNP in the gene cheY, 

resulting in a CCW bias in flagellar rotation and therefore exclusive smooth swimming. After 

restoring the chemotaxis defect through allelic exchange with the wild-type copy of cheY, we 

restored chemotaxis to 70% of the parent strain phenotype. Attempts at further optimization of 

VNP20009 cheY+ chemotaxis led us to the discovery that the attenuated state was directly 

responsible for a subpopulation of non-motile bacteria. We evaluated VNP20009 with and without 

chemotaxis in an aggressive 4T1 mouse mammary carcinoma model. Based on our pilot study, the 

presence of VNP20009 cheY+ significantly increased the number of metastatic foci in the lungs 

and cytokine expression of cancer cells derived from the primary tumor, as compared to 

VNP20009 (unpublished results). To confirm this preliminary finding a comprehensive study was 

implemented, where both intravenous and direct bacterial injection routes were tested. In contrast 

to our pilot study, tumor colonization and metastatic potential caused by the bacteria appear 

chemotaxis independent. Moreover, we discovered extensive liver disease and increased morbidity 

for tumor-bearing animals that were treated with Salmonella, indicating they were acting in an 

additive fashion to harm the animal’s health. In an ongoing experiment, we are elucidating the 
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relationship between anticancer Salmonella and the host tumor microenvironment by evaluating 

their transcriptomic landscapes. This application of RNA-sequencing is only available through the 

vast advancements in next-generation sequencing as of late and will provide gene expression 

profiles of prokaryotic and eukaryotic transcripts over the course of anticancer Salmonella 

interactions within tumors in vivo. 
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Table 1.1. Salmonella Typhimurium mediated cancer therapy strategies. Table is the creation 

of Zheng, J. H. and J.-J. Min (2016). "Targeted Cancer Therapy Using Engineered Salmonella 

typhimurium." Chonnam Medical Journal 52(3): 173-184. Copyright: Ó Chonnam Medical 

Journal, 2016. Terms of the Creative Commons Attribution License.  
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Figure 1.1. Edwin Smith Papyrus (3000 to 2500 BCE ). Original text of the Edwin Smith 

Papyrus (A) and hieroglyphic transliteration by James Breasted (B) of plate XV, case 45, line 9. 

The original text image is courtesy of The New York Academy of Medicine Library. 
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Figure 1.2. William Coley’s patient in 1895, with an inoperable angiosarcoma of the breast. 

Figure on the left (A) is before treatment with Coley’s toxins, where she was in the incurable ward 

at New York Cancer Hospital. The figure on the right (B) is post-treatment, with a complete 

disappearance of the tumor. The patient was alive and well eight years later. Figure is the work of 

Coley, W. B. (1910). "The Treatment of Inoperable Sarcoma by Bacterial Toxins (the Mixed 

Toxins of the Streptococcus erysipelas and the Bacillus prodigiosus)." Proceedings of the Royal 

Society of Medicine 3(Surg Sect): 1-48. Images by kind permission of the Royal Society of 

Medicine. 
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Figure 1.3. Comparison of conventional chemotherapeutic approaches vs. engineered 

Salmonella anticancer therapy. Conventional therapies are observed to have little distribution 

and dispersion throughout the fast growing, solid tumor tissue. Motile and metabolically active 

Salmonella are able to penetrate tumor tissue using their flagella and replication abilities, 

respectively. Salmonella can then be engineered for several capabilities including gene silencing 

(A), tumor sensitizing (B), and expression of bacterial toxins (C). These strategies lead to immune 

activation and destruction of the tumor. Figure is the work of Wall, D., Srikanth, C., McCormick, 

B., “Targeting Tumors with Salmonella Typhimurium-Potential for Therapy”. Oncotarget, 2010; 

1: 721-728.  Copyright: ãWall et al. Terms of the Creative Commons Attribution License. 
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Fig. 1.4. Construction of tumor targeting strain, Salmonella Typhimirium VNP20009. Low 

et al. constructed VNP20009 from the pathogenic parent strain, ATCC 14028S. After UV and 

chemical mutagenesis, a hyperinvasive mutant was selected through in vitro cell culture passaging 

for bacterial cells which were invading intracellularly at a greater rate. Two targeted deletions were 

constructed, of msbB and purM using Bochner selection. Figure is adapted with permission by 

Springer Nature from the original Fig. 1 of Low, K. B., et al. (2004). "Construction of VNP20009: 

a novel, genetically stable antibiotic-sensitive strain of tumor-targeting Salmonella for parenteral 

administration in humans." Methods Mol Med 90: 47-60. Copyright: ã Humana Press Inc. 2004 
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Fig 1.5. Flagellar regulation and assembly in Salmonella. Depicted is the hierarchy of class 1, 

class 2 and class 3 gene expression for flagellum synthesis, movement and coordination with 

chemosensing. Figure is the work of Frye J, Karlinsey JE, Felise HR, et al. Identification of New 

Flagellar Genes of Salmonella enterica Serovar Typhimurium. Journal of Bacteriology. 

2006;188(6):2233-2243. doi:10.1128/JB.188.6.2233-2243.2006. Used with permission from ASM 

Journals. Copyright: Ó 2006, American Society for Microbiology. 
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Fig. 1.6. Schematic of Salmonella Typhimurium colonization of a solid tumor. We have 

proposed chemotactic and motile bacteria, once in the capillary bed of a solid tumor, are able to 

distally colonize into the necrotic core, whereas non-chemotactic and non-motile strains are not 

able to do so as effectively.  
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ABSTRACT 

A mutagenized and genetically modified derivative of Salmonella enterica serovar Typhimurium 

14028S, VNP20009 (ATCC 202165), is attenuated in host virulence and accumulates 

preferentially in tumors. Here, we report the complete genome of this anticancer therapy agent 

consisting of one chromosome and one virulence plasmid. The major genetic features that 

distinguish VNP20009 from its parental strain are: an engineered msbB deletion, a 3’-extension in 

pykA, a Tn10-caused 16.6-kbp inversion leading to the disruption of purM, a 108-kbp Suwwan 

deletion resulting in the loss of 128 genes, and 50 non-synonymous SNPs. 
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TEXT 

Species of the Salmonella enterica serovar Typhimurium are most notably known for causing 

localized gastrointestinal infections. Additionally, this human pathogen can incur systemic disease 

leading to host septic shock and death if symptoms go untreated [1]. Despite these adverse effects, 

Salmonella species are able to colonize tumor tissue and inhibit tumor cell growth [2-4]. Low et 

al. genetically engineered an attenuated Salmonella strain suitable to serve as a live bacterial 

anticancer agent in humans [5]. Its predecessor strain, YS72, was isolated for hyperinvasive 

properties from S. Typhimurium ATCC 14028S after UV and chemical mutagenesis treatment, 

then subsequently found to be auxotrophic for purines and unable to metabolize xylose [6]. Since 

auxotrophy of purines or amino acids is linked to attenuation and tumor-enrichment of mutant 

bacteria [6, 7], the purI gene was first disrupted to stably implement purine auxotrophy [5]. The 

strain was further modified by a deletion affecting msbB to alter lipid A and consequently reduce 

lipopolysaccharide-induced septic shock [8]. The resulting strain, YS1646 or VNP20009 (ATCC 

202165), showed significantly reduced host TNF-a stimulation, while tumor-targeting and growth 

suppression were retained in mice and swine [2, 8]. These findings provided the basis for phase I 

clinical trials, in which VNP20009 was received by patients with metastatic cancer. Although the 

strain was administered safely and focal tumor colonization occurred in some cases, no antitumor 

effects were observed [9]. In addition to its direct tumor-targeting properties, the use of VNP20009 

as a delivery vehicle of therapeutic compounds, or immune modulators, to the tumor site has been 

widely investigated [10]. To gain a deeper understanding of the mechanisms underlying the tumor-

targeting properties of VNP20009, its entire genome was sequenced. 
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Total DNA from the strain VNP20009 was isolated and sequenced on the MiSeq system using 

the PrepX DNA library kit (IntegenX). The Geneious software [11] and Bowtie 2 [12] were used 

to align 4,928,816 paired-end reads (averaging 250 bp) to the reference sequence of the parental 

strain ATCC 14028S (RefSeq ID: NC_016856.1) and its plasmid (NC_016855.1) [13] with 250x 

and 315x average coverage, respectively. In addition, de novo genome assembly of all sequence 

reads was performed using Ray, a parallel short-read assembler [14]. Areas of the genome 

harboring repeats, insertion sequences and low coverage regions, as well as chromosomal 

inversions and deletions were completed and confirmed by Sanger sequencing guided by 

comparisons with the parental strain. The annotation of 4,618 protein coding sequences was 

performed using GeneMark™ [15, 16] and the RAST server [17]. The NCBI Microbial Genome 

Submission Check tool was used to correct gene annotations. 

General genome features of S. Typhimurium VNP20009 and differentiating genetic characteristics 

to the parental strain 14028S are summarized in Table 2.1. We verified the genetically engineered 

511-bp deletion in msbB, that resulted in altered lipid A composition, and consequently attenuation 

in VNP20009 [5]. The deletion that disrupts msbB also results in an extension of the pykA gene, 

replacing the last 5 amino acid codons with 13 new codons. We also identified a chromosomal 

inversion in the region of purM (synonymous to purI) that disrupts the purM gene and causes the 

auxotrophic phenotype observed in VNP20009. This inversion presumably resulted from the 

insertion of transposon Tn10 utilized for mutagenesis [5]. Two insertion sequence (IS) elements 

associated with Tn10 were found; one within the purM gene and the other 16.6 kbp upstream in 

the intergenic region directly flanking the 3'-end of acrD. The region between the two IS elements 

is inverted. The IS element in the intergenic region encodes a fully functional transposase [18], 

which poses possible concerns about the genetic stability of this strain and its use in human 
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subjects. In addition, a major deviation from the parental strain is the deletion of a chromosomal 

region encompassing approximately 108 kbp, or 128 genes from STM14_938 (ybhM) to 

STM14_1066 (tnpA_3). The deleted region is flanked on both sides by identical transposase gene 

sequences in reference strain 14028S. This chromosomal deletion has been previously described 

as a Suwwan deletion and found to suppress the sensitivity to salt associated with the loss of msbB 

[19]. It will be interesting to see whether the absence of other genes encoded in this region 

contributes to the tumor-seeking characteristic of VNP20009. Finally, a Single Nucleotide Variant 

analysis with a minimum variant frequency of 90% was performed by the alignment of the reads 

from VNP20009 to the reference chromosome and plasmid of 14028S. This study revealed the 

presence of 90 Single Nucleotide Polymorphisms (SNPs) in the chromosome, 50 of which were 

non-synonymous SNPs, three caused gene truncations, and three indels resulted in frame shifts. 

The plasmid sequence was identical to the reference except for three synonymous SNPs. The 

effects of the non-synonymous SNPs on bacterial physiology and tumor targeting remains to be 

elucidated. 

The genome sequence of S. Typhimurium VNP20009 provides the foundation for further research 

addressing the molecular mechanisms controlling tumor targeting and will provide additional 

insight into the use of bacteria as anticancer vectors. 

 

Nucleotide sequence accession number. The S. Typhimurium VNP20009 genome sequence 

was deposited in the NCBI database under the GenBank accession numbers CP007804 and 

CP008745. 
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Table 2.1: Selected features of the Salmonella enterica serovar Typhimurium VNP20009 

genome in comparison to its parental strain, 14028S. 

Selected features 
Chromosome 

VNP20009 

Chromosome 

14028S 

Genome size [bp] 4,763,557 4,870,265 
108-kbp Suwaan deletion Yes No 
511-bp msbB deletion Yes No 
16.6-kbp purM inversion Yes No 
SNPs total 90 NA 
SNPs non-synonymous 50 NA 
SNPs causing gene 

truncation 

3 NA 
Indels causing frame shift 3 NA 
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ABSTRACT 
 
The role of chemotaxis and motility in Salmonella enterica serovar Typhimurium tumor 

colonization remains unclear. We determined through swim plate assays that the well-established 

anticancer agent S. Typhimurium VNP20009 is deficient in chemotaxis, and that this phenotype is 

suppressible. Through genome sequencing we revealed that VNP20009 and four selected 

suppressor mutants had a single nucleotide polymorphism (SNP) in cheY causing a mutation in the 

conserved proline residue at position 110. CheY is the response regulator that interacts with the 

flagellar motor-switch complex and modulates rotational bias. The four suppressor mutants 

additionally carried non-synonymous SNPs in fliM encoding a flagellar switch protein. The CheY-

P110S mutation in VNP20009 likely rendered the protein unable to interact with FliM, a phenotype 

that could be suppressed by mutations in FliM. We replaced the mutated cheY in VNP20009 with 

the wild-type copy and chemotaxis was partially restored. The swim ring of the rescued strain, 

VNP20009 cheY+, was 46 % the size of the parental strain 14028 swim ring. When tested in 

capillary assays, VNP20009 cheY+ was 69 % efficient in chemotaxis towards the attractant 

aspartate as compared to 14028. Potential reasons for the lack of complete restoration and 

implications for bacterial tumor colonization will be discussed. 
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INTRODUCTION 

Salmonella enterica serovar Typhimurium is of particular interest in cancer research as it colonizes 

heterogeneously oxygenated tumor environments due to its facultative anaerobic nature. 

VNP20009 was derived from the virulent parental strain 14028 as a cancer therapeutic after 

mutagenesis and selection for hyperinvasion of cancer cells in vitro [1]. Subsequently, the strain 

was genetically altered to be dependent on purine supplementation (purM-) and its virulence is 

attenuated through a lipid A modification (msbB-) [2, 3]. VNP20009 can be safely administered in 

animal model systems, where it has a high affinity to cancerous tissue and displays anticancer 

effects [4, 5]. However, it exhibited a lack of clear anticancer effects in Phase 1 Clinical Trials [6]. 

Therefore, further research is required to understand the mechanism of VNP20009 in tumor 

targeting and eradication. 

The tumor microenvironment is high in nutrients and immune privileged, making it ideal for 

colonization by auxotrophic, attenuated bacteria. The mechanism of bacterial culmination within 

a tumor is not fully understood, but bacterial properties that are currently being investigated are 

virulence factors encoded by SPI1 and SPI2, motility and chemotaxis [7]. It has been reported that 

Salmonella motility facilitates accumulation in tumors [8] and that chemotaxis, the movement of 

bacterial cells up a chemical attractant gradient, has an essential role towards tumor spheroid 

colonization [9]. In addition, bacterial chemoreceptors have been implicated in sensing diverse 

tumor microenvironments [10]. Recently, a VNP20009 mutant strain lacking the chemoreceptor 

Trg was observed to penetrate further into tumors than the parental strain [11]. Conversely, it has 

been reported in a mouse model system that tumor colonization by Escherichia coli Nissle is 

independent of both bacterial chemotaxis and motility [12]. Furthermore, murine tumor 

colonization of non-motile and non-chemotactic Salmonella strains was found to be comparable 
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to wild type 24 hours after infection [7]. While most experimental support of chemotaxis and 

motility utilization has been confirmed in vitro, their role in vivo remains controversial. Reasons 

for this ambiguity might include the use of different bacterial strains and tumor cell lines, as well 

as non-standardized experimental conditions. 

We therefore sought to investigate chemotaxis in the well-established tumor-targeting strain, 

VNP20009. We observed that the strain is non-chemotactic, due to a point mutation in cheY, 

encoding the chemotaxis response regulator of flagellar motor function. To rescue the strain's 

chemotaxis, the defective gene was replaced with the wild-type copy, resulting in a partial 

restoration. Strategies for full restoration of VNP20009 chemotaxis and its implications in cancer 

research are discussed. 
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RESULTS AND DISCUSSION 

S. Typhimurium VNP20009 exhibits a non-chemotactic phenotype which is suppressible  

We first compared the chemotaxis behavior of S. Typhimurium VNP20009 with its parental strain 

14028 on swim plates. While 14028 formed a large swim ring after incubation for 12 h at 37 °C, 

VNP20009 only grew in the inoculation point (Fig. 3.1A). Examination of both strains by phase-

contrast microscopy revealed that 14028 exhibited frequent tumbles between straight runs, 

whereas VNP20009 was motile but swam smoothly (data not shown). This phenotype suggests 

that VNP20009 flagellar motors cannot switch directionality [13, 14], but stay in the 

counterclockwise mode, rendering cells non-chemotactic. When VNP20009 swim plates were 

incubated for a prolonged period of time, flares (suppressor mutants) frequently emerged from the 

inoculation point (Fig. 3.1A). Four of thirty isolated suppressor mutants were analyzed 

quantitatively with swim ring sizes ranging between 47 and 57 % of the parental strain 14028 (Fig. 

3.1B). To identify the genetic cause for the restored chemotaxis, we sequenced the complete 

genomes of VNP20009 strains S1 to S4 using the Illumina MiSeq. The paired-end read counts 

and average coverages to the parental genome are listed in Table 1. We compared all the 

suppressor genomes to the genome sequence of VNP20009 (RefSeq ID: NZ_CP007804) [15]. 

All strains, including VNP20009, carried a non-synonymous single nucleotide polymorphism 

(SNP) in cheY causing a mutation of the conserved proline 110 to serine on the b5-a5 turn of CheY 

[16]. CheY is the response regulator that interacts with the flagellar motor-switch complex and 

modulates the rotational bias of the motor [17, 18]. A CheY-P110S mutant is unable to exhibit 

clockwise switching of flagellar rotation, which explains the chemotaxis-deficient phenotype of 

VNP20009 [19]. The cis peptide bond between Lys-109 and Pro-110 allows the e-amino group of 

Lys-109 to be in close contact with the carboxyl group of Asp-57, the residue that is 
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phosphorylated in the activation process of CheY The replacement of Pro-110 by Ser results in the 

loss of the cis peptide bond which provides rigidity to the turn and is required for structural 

rearrangements involved in CheY activation [16, 20]. All four suppressor mutants carried at least 

one non-synonymous SNP in fliM. They all had an individual point mutation within the central 

portion of FliM and these mutations have been reported to restore chemotaxis in a CheY-P110T 

mutant [19]. Mutant S4 additionally has a mutation in the N-terminal region of FliM which 

comprises the main interaction domain with the a4-b5-a5 CheY surface [21, 22] (Table 3.1). To 

rule out the occurrence of suppressor strain pseudotaxis [23-25], the intrinsic switching of motors 

containing mutant FliM, the cheY gene in S1 and S4 was disrupted by kan-ccdB insertion through 

lambda-Red genetic engineering [26, 27]. These mutants were non-chemotactic, confirming that 

the VNP20009 suppressor mutants regained chemotaxis through restored interaction of mutant 

CheY with mutant FliM (Fig. 3.1C). 

 

Restoring the wild-type copy of cheY in VNP20009 results in a partial regain of chemotaxis 

We attempted to recover chemotaxis in VNP20009 through replacement of cheY with the 14028 

parental copy, again with the lambda-Red system. The resulting strain, VNP20009 cheY+, 

exhibited a phenotype on swim plates that was restored to 46 % of 14028 (Fig. 3.2A-B) with 

examination by phase-contrast microscopy revealing wild-type-like runs and tumbles (data not 

shown). Since factors other than motility and chemotaxis contribute to the formation of swim rings, 

we implemented traditional Adler capillary assays with 1 mM aspartic acid [28]. Chemotaxis 

performance of VNP20009 cheY+ in this assay was recovered to 69 % compared to the parental 

strain 14028 (Fig. 3.2C). In the swim plate assay, transport, metabolism, and growth are required 

for optimal performance [23]. VNP20009 has a slight growth defect compared to the parental strain 
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due to its msbB deletion, even in the presence of extragenic suppressors of growth defects such as 

the lack of somA [29]. However, a recent study reported that a 14028 msbB mutant performed 

equally well on swim plates than its parental strain [30]. We cannot exclude that the VNP20009 

Suwwan deletion, a spontaneous homologous recombination event causing the loss of several 

metabolic traits [31], affects spreading of cells in swim plates. The capillary assay is not dependent 

on most of these physiological processes, but still VNP20009 did not perform as well as 14028. 

The remaining 30 % impairment in chemotaxis might be attributed to (i) 128 genes lost through 

the Suwwan deletion or (ii) the presence of 49 additional non-synonymous SNPs throughout the 

genome [15]. These genomic modifications could affect gene expression yielding in reduced 

motility and/or chemotaxis. Changes in flagellar gene expression dynamics might cause reduced 

flagella numbers or temporal variations in flagella formation, possibly even a defect in 

chemoreceptor array formation. We are currently investigating these possibilities to design an 

attenuated tumor-targeting strain with fully restored chemotaxis. Furthermore, it remains to be 

elucidated whether the non-chemotactic phenotype was selected for during strain construction. A 

recent study reported the loss of bacterial motility in isolates recovered from tumors, potentially 

as strategy to minimize energy consumption [32]. In conclusion, bacterial traits and genotypes 

should be carefully evaluated prior to their use in in vitro or in vivo tumor studies. 
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Table 3.1. Sequencing results of four selected spontaneous suppressor mutants representing the 

SNPs in the fliM gene and the resulting amino acid variation in FliM. 

Mutant a Paired-end 
read count b 

Average coverage to 
parental genome b fliM SNP(s) 

FliM amino 
acid change(s) 

S1 4,328,896 193x G189C R63P 

S2 5,532,546 240x G224T R75L 

S3 4,449,924 198x A585C N196H 

S4 4,613,678 205x 
G45T 

C298G c 
L15F  

T100S 
a Total DNA from each strain was isolated and sequenced on the MiSeq system using the PrepX 

DNA library kit (IntegenX) [15]. 
b The Geneious software was used to map paired-end reads (averaging 250 bps) to the parental 

genome, VNP20009, where average coverage was deduced [15]. 
c  Suppressor strain S4 had two individual SNPs in fliM. 
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Fig. 3.1. Swim plate assay of VNP20009, its parental strain 14028, and VNP20009 chemotaxis 

suppressor mutants. MSB [29] soft agar swim plates (1 % tryptone, 0.5 % yeast extract, 2 mM 

MgSO4, 2 mM CaCl2, 0.3 % agar) were inoculated with 3 µL of a stationary phase culture of each 

strain grown in MSB liquid medium. (A) Representative images of 14028 (top) and VNP20009 

(middle) after 12 h of incubation at 37 °C, and a flare (bottom) emerging from the VNP20009 

inoculation site after 48 h of incubation at 37 °C. (B) Histogram of swim ring size on MSB soft 

agar of 14028, VNP20009 and four suppressor mutants isolated from individual flares. Data was 

normalized to 14028, representing three independent experiments, each in triplicate. Error bars 

represent standard deviations. (C) Effect of cheY disruption in suppressor mutant S1 and S4 

assayed on MSB swim plates. Strains were inoculated from single colonies using a toothpick. 
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Fig. 3.2. Chemotactic responses of 14028, VNP20009 cheY+ and VNP20009. (A) Quantitative 

swim plate assay. Strains were spot inoculated (2.5 µl) onto MSB [29] swim plates and incubated 

for 12 h at 37 °C. Data was normalized to 14028, representing three independent trials, each in 

triplicate. Error bars represent standard deviations. (B) Representative swim plate images of 

14028, VNP20009 cheY+ and VNP20009. (C) Quantitative capillary assay. Traditional capillary 

assays were performed essentially as described by Adler [28, 33]. Each strain was grown in MSB 

to an OD600 of 1.0, harvested at 1,500 x g for 5 min, washed once in motility buffer (6.4 mM 

K2HPO4, 3.5 mM KH2PO4, 0.1 mM EDTA, 1 µM L-methionine, 10 mM DL-lactate, 2 mM 

MgSO4, 2 mM CaCl2, pH 7.0), and suspended in motility buffer to a final OD600 of 0.1. Capillaries 

filled with 1 mM aspartic acid dissolved in motility buffer were inserted into each bacterial pond 

and incubated for 45 min at 37 °C. Results for each strain are number of bacteria per capillary, 

with the number of bacteria from a buffer control subtracted, representing the means of four 

experiments, each in triplicate. The means of each strain were normalized to the number of 14028 

cells per capillary. Error bars represent standard deviations. 
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ABSTRACT 

Bacteria, including strains of Salmonella, have been researched and applied as therapeutic cancer 

agents for centuries. Salmonella are particularly of interest due to their facultative anaerobic 

nature, facilitating colonization of differentially oxygenated tumor regions. Additionally, 

Salmonella can be manipulated with relative ease, resulting in the ability to attenuate the pathogen 

or engineer vectors for drug delivery. It was recently discovered that the anti-cancer Salmonella 

enterica serovar Typhimurium strain VNP20009 is lacking in chemotactic ability, due to a non-

synonymous single nucleotide polymorphism in cheY. Replacing the mutated copy of cheY with 

the wild-type sequence restored chemotaxis to 70% of the parental strain. We aimed to investigate 

further if chemotaxis of VNP20009 can be optimized. By restoring the gene msbB in VNP20009 

cheY+, which confers attenuation by lipid A modification, we observed a 9% increase in swimming 

speed, 13% increase in swim plate performance, 19% increase in microfluidic device partitioning 

towards the attractant at the optimum concentration gradient, and mitigation of a non-motile cell 

subpopulation. We conclude that chemotaxis can be enhanced further but at the cost of changing 

one defining characteristic of VNP20009. A less compromised strain might be needed to employ 

for investigating bacterial chemotaxis in tumor interactions. 
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INTRODUCTION 

Bacteria have been researched for their potential application as therapeutic agents for centuries. 

Specifically, the enterobacterium Salmonella is an attractive model for studying tumor targeting 

due to its facultative anaerobic nature, allowing for colonization of the differentially oxygenated 

necrotic and viable tumor regions [1], as well as large and small tumors [2]. In addition, Salmonella 

can be manipulated genetically with relative ease and possesses an intriguing facultative 

intracellular lifestyle [3]. Importantly, an attenuated, auxotrophic Salmonella enterica serovar 

Typhimurium strain has resulted in decreased tumor growth in mice bearing B16-F10 melanoma 

and has been suggested to be able to colonize solid tumors up to a reported 9,000 times greater 

than the liver [4].  

Several strains of S. Typhimurium have been constructed for the purpose of tumor targeting and 

chemotherapy delivery, most mentionable being: A1 [5]/A1-R [6-12], BRD509/BRD509E [13, 

14], χ4550 [15], CRC2631 [16], ∆ppGpp [17-19], LH340 [20-22], LVR01 [23], MvP728 [24-26], 

RE88 [27-29], SA186 [30], SB824 [31], SL3261 [32, 33], SL7207 [34-37], YB1 [38, 39],and 

VNP20009 [40]. VNP20009 was created by Low et al. [41] from strain 14028s through selection 

for hyperinvasion by chemical/UV mutagenesis. The strain additionally contains two targeted 

deletions resulting in purine auxotrophy (purM-), and attenuation by modification of lipid A (msbB-

) [41]. VNP20009 was assessed in a variety of animal models, for acute toxic effects in cynomolus 

monkeys, yorkshire pigs and mice [42], as well as distribution in mice and nonhuman primates 

[40]. VNP20009 was found to preferentially target tumors in mice, with tumor:normal tissue 

colonization ratios of ≥1,000:1 [40]. Finally, VNP20009 has been attributed to curing a dog with 

epitheliotropic lymphoma, in which the patient received two infusions of the bacteria, experienced 

a greater than 50% reduction of the tumor, and after five total infusions was disease free [43]. 
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These studies culminated in a 2001 Phase 1 Clinical Trial, where VNP20009 was introduced as a 

treatment to patients with nonresponsive metastatic melanoma or renal cell carcinoma. Although 

colonization was observed for some patients, treatment with VNP20009 did not result in tumor 

regression [44]. The optimized balance of safe delivery and therapeutic efficacy remains a topic 

of interest for future use of Salmonella as a cancer therapy.  

Many S. Typhimurium traits have been investigated for optimization of bacterial localization and 

retardation of tumor growth. These comprise components of virulence including pathogenicity 

islands SPI-1 and SPI-2, motility, chemotaxis, biofilm formation and metabolism [45-47]. 

Utilization of chemotaxis is particularly an interesting concept, because the machinery can be 

manipulated to facilitate bacterial colonization of specified regions of tumors based on the 

chemoattractant composition. Generally, it has been found that bacterial chemotaxis is favorable 

for tumor spheroid colonization in vitro, with specific chemoreceptors facilitating tumor 

microenvironment localization [48, 49]. In contrast, in immunocompetent mice, non-chemotactic 

or non-motile Salmonella strains colonized tumors with the same efficiency as the wild type [50-

52]. Recently however, in a high-throughput screening of mutant S. Typhimurium strains, the 

presence of chemotaxis gene cheY and motility genes motA and motB was found to hold an 

advantage for tumor colonization [53]. Thus, due to different experimental conditions, S. 

Typhimurium strains and cancer models, the role of chemotaxis in vivo is controversial, or perhaps 

greatly context dependent.  

VNP20009 was recently discovered to be deficient in chemotaxis, due to a non-synonymous single 

nucleotide polymorphism (SNP) in the gene encoding the chemotaxis two-component response 

regulator, cheY [54]. Upon replacing the deficient copy of cheY with the wild-type copy, 

chemotaxis was recovered to 70% of the parental strain [54]. The overall objective of this study 
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was to determine if chemotaxis of VNP2009 can be optimized to enable future analysis of maximal 

tumor targeting potentially through positive chemotaxis to metabolic byproducts of cancerous 

tissue. We report that by restoring the gene which encodes a lipid A altering enzyme msbB, we 

significantly increased the performance of the strain in chemotaxis assays, including swim plates 

and a microfluidic device, which establishes attractant gradients. We discovered that the 

enhancement in population scale chemotaxis performance was partially due to an increase in the 

motile cell population of VNP20009 cheY+ upon curing the msbB defect. In conclusion, lack of 

modified lipid A due to the msbB deletion of VNP20009, which is a defining characteristic by the 

National Cancer Drug Dictionary [55], yielding the strain’s safety as an anticancer therapy, also 

negatively impacts chemotaxis, which makes it a less ideal strain for exploring the impact of 

bacterial chemotaxis in cancer colonization. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

Bacterial cell cultures were routinely grown in MSB [56] medium (1% tryptone, 0.5% yeast 

extract, 2 mM MgSO4, 2 mM CaCl2) at 37 °C.  

 

Mutant construction 

Mutant strains were constructed using the lambda-red genetic engineering system [57, 58]. The 

msbB gene in VNP20009 cheY+ was restored by replacing the mutated copy with the parental copy. 

We were careful in this construction, not to alter the 3' extension of pykA in VNP20009, which 

resulted in 13 new codons [59]. This was ensured using primer pairs msbB400dn with MID1dn, 

and msbB400up with MID2up, with template chromosomal DNA from VNP20009 or 14028, 

respectively (see Supplemental Table 1). Each of the MID primers have overlapping regions, 

resulting in a DNA fragment approximately 1.7 kbps in size.  

After deleting msbB in strain 14028, a mutant carrying the Suwwan deletion was selected for by 

plating on LB-0 plates (lysogeny broth [60] without NaCl) supplemented with 6 mM ethylene 

glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA). All mutations were confirmed 

by Sanger sequencing.  

 

Quantitative swim plate assay 

MSB swim plates (0.3% agar) were inoculated with 2.5 µL of stationary phase cultures and 

incubated for approximately 12 h at 37 °C. Data was normalized to the average of 14028 and 

represents 6 experiments, except the negative control VNP20009 with 3 experiments, each in 

triplicate.  
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Microfluidic device fabrication and testing 

The design and fabrication of the device was previously described in detail [61]. Briefly, 

polyethylene glycol diacrylate (PEG-DA, MW=700 Da, 10% (v/v) in phosphate buffered saline 

(PBS)) solution mixed with 0.5% (w/v) of the photoinitiator Irgacure® 2959 (Sigma-Aldrich, St. 

Louis, MO) was photo-polymerized by 15 seconds of UV treatment (365 nm, 18 W/cm2, Omnicure 

S1000, Vanier, Quebec) within a polydimethylsiloxane (PDMS) enclosure on the glass slide. A 

three-channel pattern blocked the UV penetration to establish hydrogel wall around the channels. 

A PDMS layer with access ports for inlet and outlet tubing was placed on the PEG-DA hydrogel 

layer and the entire assembly was sandwiched between two plexiglas supports to ensure complete 

seal. Continuous flow of motility buffer (MB; 6.4 mM K2HPO4, 3.5 mM KH2PO4, 0.1 mM EDTA, 

1 µM L-methionine, 10 mM DL-lactate, 2 mM MgSO4, 2 mM CaCl2, pH 7.0) at 5 µl/min through 

the left outer channels and L-aspartic acid in MB in the right outer channel was maintained for 60 

minutes using a syringe pump (PHD Ultra syringe pump, Harvard apparatus, Holliston, MA). 

Finite element analysis software package COMSOL® was used to evaluate the required diffusion 

time for L-aspartic acid transport through the hydrogel wall to establish a quasi-steady and linear 

chemical concentration gradients across the central channel. For instance, the optimum chemical 

concentration gradient of 1.54 x 10-5 M/mm was achieved within 60 minutes where the chemo-

attractant channel was filled with the L-aspartic acid at a concentration of 10-4 M. For the 

computational model, the diffusion coefficient of L-aspartic acid was attained to be D = 1.5 x 10-

6 cm2/s, from previous work using a Franz diffusion cell [61]. Once the chemical concentration 

gradient was established through the central channel, the bacteria suspended in MB were manually 
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injected to the central channel. Bacterial biased distribution due to the chemotaxis reached steady 

state within 15 minutes. 

 

Imaging and data analysis of the chemotaxis response within microfluidic device 

Bacterial biased migration via chemotaxis within the microfluidic device was captured using a 

Zeiss AxioObserver Z1 inverted microscope equipped with an AxioCam mRM camera and a 20× 

objective. The images were analyzed using an image processing algorithm developed in MATLAB 

to quantify the number of bacteria located either in the left or right half plane of the central channel. 

The chemotaxis performance was quantified using the chemotaxis partition coefficient (CPC) [61], 

a population-metric showing the chemotaxis responsiveness and is defined by 

CPC = B% − B'
B% + B'

 

where Br is the number of bacteria in the right half plane of the central channel, Bl is the number 

of bacteria in the left half plane of the central channel. When the chemo-effector is located in the 

right side of a central channel, CPC values of +1 and -1 indicate the strongest attraction or 

repellence, respectively. Data are representative of an average of 5 x 105 cells/experiment.  

 

Image and data analysis of bacterial swimming speed  

Bacterial movement was captured using a Zeiss AxioObserver Z1 inverted microscope equipped 

with an AxioCam Hsm camera and a 63´ oil immersion objective at a spatial resolution of 0.31 

µm/pixel and temporal resolution of 30 fps. A minimum of 80 bacteria were tracked in each 

experiment and three independent set of experiments were carried out for each strain. All 

experiments were conducted at 37 °C. The recorded images were analyzed in ImageJ using the 

Manual Tracking plug-in tool (NIH, Bethesda, MD). The instantaneous speeds were calculated by 
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dividing the distances travelled during each time increment by the time increment. The average 

swimming speed was determined through averaging the instantaneous swimming speeds over 

independent experiments. The percentage of motile bacteria in the total population was quantified 

using an image processing algorithm developed in MATLAB, which detects the stationary (non-

motile) subpopulation. The position of each bacterium was tracked at 30 second intervals, and 

bacteria with unchanged coordinates over two consecutive images were deemed non-motile. A 

total of 18 images (containing approximately 1,500 bacteria on average) were analyzed for each 

experiment, and three independent set of experiments were carried out for each strain.  

 

Flagella labeling, fluorescence microscopy and image acquisition 

Cell cultures were grown to an OD600 of 1.0 in MSB medium at 37 °C with shaking at 100 rpm, 

and labeling was essentially performed as described elsewhere [62]. Cells were harvested at 1,500 

× g for 5 min, washed 3 times in MB, with a final resuspension in 500 µL MB. One vial of Cy3 

monofunctional dye was dissolved in 100 µL µl MB with 0.0001% Tween-20 (MBT) and divided 

amongst S. Typhimurium 14028 and VNP20009 cheY+. Cells were labeled by incubation at room 

temperature with gentle shaking for 60 min. Cells were washed 3 times in MB to remove excess 

dye, diluted 10 fold in MBT, and 5 µL sample aliquots added to poly-L-lysine treated glass slides. 

Fluorescently labeled cells and filaments were then observed on an Olympus IX71 microscope 

with Applied Precision SoftWorx image program, using a 100× objective. Fluorescence signal was 

detected using a TRITC filter.  

 

Immunoblotting 
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Bacterial cell cultures were grown to an OD600 of 1.0 in MSB at 37 °C with shaking at 100 rpm. 

Culture aliquots of 25 µL, as well as 25 µL supernatant aliquots of a 1 mL sample centrifuged for 

10 min at 13,000 × g, were prepared by the addition of 15 µL loading buffer with β-

mercaptoethanol and boiling at 95 °C for 5 min. Samples were separated in 12.5 % SDS 

polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was probed with 

polyclonal rabbit antibody for Salmonella anti-FliC/FljB (Difco™) at a dilution of 1:50,000. After 

removal of residual unbound antibody, blots were incubated with donkey anti-rabbit horse radish 

peroxidase conjugated antibody at a dilution of 1:2,500. After removal of unbound antibody, 

detection was achieved by enhanced chemiluminescence (Amersham ECL Western Blotting 

Detection Kit) using Hyperfilm ECL (GE Healthcare). Films were scanned with an Epson 

Perfection 1640SU and scans were analyzed using ImageJ. 
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RESULTS 

Chemotactic ability is significantly increased by restoring msbB in VNP20009 cheY+ 

We first aimed to determine the contribution of msbB to the remaining chemotaxis defect observed 

in VNP20009 cheY+. We therefore restored the msbB gene in VNP20009 cheY+ using the lambda 

red protocol [58]. Swim plates were inoculated with bacterial strains and the chemotactic response 

was measured. We determined that a restoration of msbB in the VNP20009 cheY+ background 

increased the relative swim plate phenotype by 13% (Fig. 4.1). VNP20009 also carries a Suwwan 

deletion, which suppresses certain phenotypes caused by the msbB deletion such as its sensitivity 

to the chelator ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) [63]. 

To differentiate between the contribution of the msbB and the Suwwan deletion to the chemotaxis 

phenotype, we created two mutant strains of the parental strain 14028, one carrying a deletion in 

msbB and one that is additionally lacking the Suwwan region. We found an msbB deletion alone 

had a severe effect on bacterial chemotaxis, with the average phenotype only reaching 34% of the 

parental strain. However, when the Suwwan region was deleted additionally, we found a 

significant increase (by 12%) in the chemotaxis phenotype on swim plate (Fig. 4.1). We 

hypothesize that the compensating effect of the Suwwan deletion for several physiological 

characteristics observed in VNP20009 is also associated with its effect on chemotaxis and motility. 

Interestingly, there is only a small (5%) but significant difference between 14028 msbB- Suwwan- 

and VNP20009 cheY+ of 5% (Fig. 4.1), with the only genomic differences between the two strains 

being the purM disruption and SNPs inherently present in VNP20009 [59]. Therefore, msbB and 

Suwwan deletions majorly contribute to the chemotaxis defect discovered in VNP20009 cheY+.  

 

Swimming speed is increased by restoration of msbB 
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To determine the effect of msbB on motility, a factor playing into the chemotactic response on 

swim plates, we measured the swimming speed of 14028, VNP20009 cheY+ and VNP20009 cheY+ 

msbB+ (Fig. 2). The instantaneous speeds from the distances travelled during each time increment 

were defined as )∆+
,⃗ )
∆. , where ∆/ is distance travelled and ∆0 is time increment. The average speed 

of the strain was computed as 
∑ )∆+,⃗ 2)

∆.
3
456

78 , where 7 is the total number of time steps. The 

average speed of strains 14028, VNP20009 cheY+, and VNP20009 cheY+ msbB+ were 32.5 µm/s, 

25.9 µm/s, and 28.2 µm/s, respectively (Fig. 4.2), with the measured swimming speed of 14028 

being in agreement with the literature [64]. There is a 20% difference in the average swimming 

speed between 14028 and VNP20009 cheY+ (p<0.0001). Notably, the swimming speed increased 

by 10% with the restoration of msbB (p<0.0001). Therefore, swimming speed might contribute to 

the reduced chemotaxis proficiency observed in VNP20009 cheY+.  

 

A subpopulation of non-motile cells exists in VNP20009 cheY+ and is mitigated by restoration 

of msbB 

While tracking bacteria for swimming speed measurements, we observed a substantial 

subpopulation of non-motile VNP20009 cheY+ cells, which were not included in the swimming 

speed calculations. To determine the percentage of motile cells within populations, motile and 

non-motile cells were manually counted, with bacterial 2-D tracking (Fig. 4.3). While the whole 

population of 14028 is motile, only 63% of the VNP20009 cheY+ cells exhibited motility. 

Interestingly, the restoration of msbB resulted in a greater than 20% increase of the motile 

population to 83% in VNP20009 cheY+ msbB+. Thus, the presence of msbB considerably affects 

cell population motility. 
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Flagellation is unaffected by msbB 

The deletion of the msbB gene could potentially affect flagellation and therefore influence the 

swimming speed and motility of VNP20009 cheY+. We labeled motile cells with Cy3 fluorescence 

dye to observe flagella quality for VNP20009 cheY+ and 14028. Specifically, we aimed to compare 

relative number, length, and helical pitch of flagellar filaments. No differences in these three 

parameters were observed between the two strains (Fig.4.4). However, we noted the presence of 

free flagellar filament fragments in VNP20009 cheY+ preparations more frequently than in 14028, 

which could have been a result of the extensive washing steps required during sample preparation 

(data not shown). Next, we quantified the amount of flagellin expressed, by probing cell extracts 

with an antibody against Salmonella FliC/ FljB, compared to a fliC- strain as the negative control. 

We did not find any differences between 14028, VNP20009 cheY+, and VNP20009 cheY+ msbB+ 

(Fig. 4.5). The observation of free filaments in the fluorescently labeled VNP20009 cheY+ 

preparations prompted the hypothesis that the msbB deletion in VNP20009 could result in 

incomplete support of the flagella through alteration of the LPS/L-ring anchorage system, which 

might lead to greater flagella shearing. We therefore isolated the culture supernatant after 

removing bacteria by centrifugation and assayed for presence of flagellin. No differences in the 

flagellin amounts present in culture supernatants were detected. In fact, statistically, the amount of 

detected flagellin was not distinguishable between the negative control and test strains. In 

conclusion, deletion of msbB does not negatively affect flagellation. 

 

The presence of msbB increases the performance of VNP20009 cheY+ in microfluidic 

chemotaxis assays 
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To investigate the chemoattractant sensitivities of 14028, VNP20009 cheY+, and VNP20009 cheY+ 

msbB+, we used a microfluidic device. Various concentration gradients ranging from 0 M/mm 

(control) to 3.0 × 10-5 M/mm of L-aspartic acid were established across the central channel of the 

device to characterize the bacterial response in the presence of the chemo-effector. Continuous 

flow of L-aspartic acid in MB in the right channel and MB in the left channel was maintained to 

generate static, linear concentration gradients of L-aspartic acid via diffusion through the hydrogel 

walls separating the central channel from the flow channels. The chemotactic partition coefficient 

(CPC) was computed and shown as a function of concentration gradient, where a value of 1 would 

indicate the strongest response of bacteria to the chemoattractant (Fig. 6). In control experiments 

with 14028, VNP20009 cheY+, and VNP20009 cheY+ msbB+, bacterial migration did not show a 

biased distribution, as expected (|CPC|<0.05). The attractant concentration gradient eliciting the 

strongest response was determined to be 1.5 × 10-5 M/mm. As expected, the non-chemotactic 

parental strain VNP20009 showed no response. While VNP20009 cheY+ showed a weak response 

at peak concentration, restoration of msbB resulted in an enhanced response of VNP20009 cheY+ 

msbB+ (Fig. 4.6). Since 37% and 17% of the VNP20009 cheY+ and VNP20009 cheY+ msbB+ cell 

populations are non-motile, respectively, we analyzed the microfluidic chemotaxis data 

eliminating non-motile cells. At the optimum concentration gradient, data for the motile population 

of 14028 and VNP20009 cheY+ msbB+ mirror the data acquired for the mixed populations. In 

contrast, after factoring out the non-motile subpopulation for VNP20009 cheY+, sensitivity 

increased by 47%. Thus, the non-motile subpopulation contributes significantly to the chemotactic 

performance of VNP20009 cheY+ in the microfluidic device. 
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DISCUSSION 

Recent literature has witnessed a comeback for the potential use of bacterial therapy against cancer. 

Published work on bacterial therapy has increased two fold every 2.5 years since the mid-1990s 

through 2010 [65], where engineered strains of Salmonella Typhimurium have been most 

extensively studied for decades. Success of attenuated S. Typhimurium strains is well established 

in diverse tumor and animal models, ranging from immunodeficient to immunocompetent mice; 

xenograft and syngeneic derived tumors; orthotopic, intravenous, and subcutaneous injection of 

cancer cells; route of bacterial delivery being intravenous, subcutaneous and oral; with outcomes 

ranging from tumor growth reduction, metastasis reduction, prolonged survival of mice and even 

being synergistically with cancer compromising the health of the animal. Efficacy of bacterial 

strains have been evaluated in preclinical and clinical trials, where the recent 2014 Phase 1 Clinical 

Trial of S. Typhimurium χ4550 expressing IL-2 was orally administered to patients with 

unresectable hepatic metastases from a solid tumor [66]. Despite these impressive strides towards 

the use of bacteria as anticancer biotherapeutics, optimal targeting and anticancer effects of 

bacterial strains are yet to be achieved beyond preclinical studies. 

Previously, we established that the anticancer agent VNP20009 is deficient in chemotaxis, due to 

a SNP in cheY, the gene coding for the response regulator in the two component chemotaxis 

system. Upon replacing the mutated copy of cheY with the 14028 parental copy, chemotaxis was 

restored to almost 70%, determined using traditional capillary assays [54]. Here, we explored 

several factors to explain the remaining differences in chemotaxis between VNP20009 and the 

parental strain, including swimming speed, flagellation, attractant sensitivity, and the contribution 

of msbB and Suwwan deletion to the remaining defect. The gene msbB encodes an enzyme that 

adds terminal myristyl groups to lipid A [67]. Without the LPS modifying enzyme, strains of 
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Salmonella are known to possess growth defects as well as EGTA and galactose-MacConkey 

medium sensitivity [56]. In strain S. Typhimurium 14028s, these effects are partially suppressed 

by the Suwwan deletion, a spontaneous recombination event causing the excision of a 108-kilobase 

region of the genome [68]. We tested the contribution of this region in conjunction with msbB, 

through the construction of 14028 msbB- Suwwan-. Its chemotaxis performance on swim plates 

was only slightly lower (5%) than VNP20009 cheY+, which also has the genotype msbB- Suwwan- 

(Fig. 4.1). This result allows the conclusion that the major contributors to the chemotaxis 

phenotype of VNP20009 cheY+ result from the msbB and Suwwan deletions. This result is contrary 

to previously reported chemotaxis assays of 14028 msbB-, where no significant difference was 

observed between the 14028 msbB mutant and 14028 wild type [69]. A possible explanation for 

our result is that we measured swim ring diameters after 12 h, whereas in Frahm et al. [69], the 

measured time point was at 4 h.  

Since bacterial metabolism, chemotaxis, and motility are contributing to the swim ring phenotype, 

we determined the swimming speed of 14028, VNP20009 cheY+, and VNP20009 cheY+ msbB+. 

While VNP20009 cheY+ exhibited a 20% reduction in swimming speed compared to 14028, 

restoration of msbB increased swimming speed by 9%, but not to the level of 14028 (Fig. 4.2). We 

therefore conclude that gene restoration increases motility, but this increase might not fully explain 

the phenomenon we observed on swim plates. We analyzed flagellation and found no difference 

between flagellar structures of VNP20009 cheY+ and 14028 (Fig. 4.4) and similar levels of flagellin 

protein expression of 14028, VNP20009 cheY+, and VNP20009 cheY+ msbB+ (Fig. 4.5). While 

flagella shearing was observed for fluorescently labeled VNP20009 cheY+, possibly due to the 

several centrifugation and resuspension steps involved in the experimental procedure, culture 
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supernatants of VNP20009 strains had no elevated flagellin levels excluding flagella loss during 

cell culture growth. 

Interestingly, we observed a considerably large subpopulation of non-motile VNP20009 cheY+ 

cells when compared to 14028 and the msbB restored VNP20009 cheY+ derivative (Fig. 3). 

Restoration of msbB in VNP20009 cheY+ increased the motile cell population by 20%. The 

consequences of the presence of a non-motile VNP20009 cheY+ population was most apparent in 

the microfluidic device experiment. At the optimum concentration gradient, the chemotaxis 

response to the attractant increased by 47% when only the motile population was accounted for in 

the CPC calculation (Fig. 6). It has been described for Escherichia coli that an msbB (lpxM) 

deletion results in outer membrane stress and σE release [70]. In Salmonella, σE regulates 62 genes, 

governing roles in pathogenicity, oxidative stress resistance, and stationary-phase survival [71]. It 

is therefore feasible to conceive that global regulatory changes are occurring upon restoring msbB 

in VNP20009 cheY+, which could affect the motility of a population. 

Our results revealed that complete restoration of VNP20009 chemotaxis cannot be achieved by 

replacing mutated genes of cheY and msbB with their parental copies. However, significant 

increases in overall performance can be obtained. Although the lipid A modification by MsbB is 

essential for attenuation of VNP20009, it is not ideal for the downstream application of exploring 

the role of bacterial chemotaxis in tumor colonization. Research questions on utilizing bacterial 

chemotaxis for improved tumor targeting might be better suited in strains that have been attenuated 

by other means, such as auxotrophy or modifications of LPS with a less detrimental effect as 

described by Frahm et al. [69]. However, gene targets for auxotrophy should be chosen carefully. 

An S. Typhimurium aroA deletion strain, which is auxotroph for aromatic amino acids, was 

reported to exhibit altered flagellar phase variation [72]. It has already been suspected that 
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VNP20009 is over-attenuated due to its lipid A modification, which could prevent a maintained, 

high cytokine TNF-a release or induction of an inflammatory response. Depletion of TNF-a has 

been shown to retard tumor blood influx by the vasculature and delay bacterial tumor colonization 

[73]. Together, these results might explain the Phase 1 Clinical Trail outcome using VNP20009 

[73], where significantly elevated TNF-a concentrations were detected in peripheral blood, 

however high enough levels were not maintained over the course of the study [44].  

We discovered VNP20009 cheY+ to have reduced chemotaxis compared to the parental strain. The 

reduction is at least in part due to the disruption of msbB, the gene providing VNP20009 with an 

attenuated state. Prior to the present study, MsbB function has not been associated with 

chemotactic performance. Our objective was to maximize chemotaxis, in hopes of testing 

VNP20009 cheY+ for future efficacy as a biotherapeutic. We achieved this goal without 

manipulating any characteristic features of VNP20009, in particular tumor targeting and its safety 

profile. Future studies utilizing VNP20009 cheY+ will bear in mind potentially unknown 

phenotypes associated with not only the msbB encoded lipid A modification, but other genomic 

alterations present in the strain, which have given it the reputation as an anticancer therapeutic. 
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Fig. 4.1. Chemotactic performance of S. Typhimurium wild-type and mutant strains on swim plate. 

All swim ring diameters were normalized to the average of 14028, with data representing the 

average of 6 experiments, each in triplicate and error bars representing standard deviations. The 

behavior of all strains is statistically different from each other, as determined by a one-way analysis 

of variance (ANOVA), using the Tukey-Kramer HSD test for means comparison, with a 

significance level of 0.05. All strains are significantly different from each other (p<0.01).  
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Fig. 4.2. Swimming speed of S. Typhimurium wild-type and mutant strains. The average 

swimming speed was assessed by 2-D bacterial cell tracking for 14028 (n=95), VNP20009 cheY+ 

(n=67), and VNP20009 cheY+ msbB+ (n=81) cells. Error bars represent standard error and 

statistical significance was determined by a one-way ANOVA followed by Tukey-Kramer HSD 

test. A p-value of 0.05 was used as the threshold for significance, with statistical differences 

between all tested strains being p<0.0001. 
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Fig. 4.3. Proportion of motile cells in S. Typhimurium wild-type and mutant strains. The 

percentage of motile bacteria in the whole cell population was assessed through manual tracking. 

Data is represented as averages of 3 independent experiments for each strain, and error bars 

represent standard error. Statistical significance was determined by a one-way ANOVA followed 

by Tukey-Kramer HSD test. A p-value of 0.05 was used as the threshold for significance with 

statistical differences between all tested strains being p<0.001. 
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Fig. 4.4 Representative fluorescence microscopy images of Cy3-labeled S. Typhimurium 14028 

and VNP20009 cheY+ cells. 
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Fig. 4.5. Immunoblots probing flagellin expression in 14028, VNP20009 cheY+ or VNP20009 

cheY+ msbB+. A. Whole cell lysates and B. culture supernatants were probed for presence of 

flagellin with anti-FliC/FljB antibody. Top: Representative immunoblots. Bottom: Average from 

5 experiments, each in duplicate, with error bars denoting standard deviations. Statistical 

significance was determined by a one-way ANOVA, using the Tukey-Kramer HSD test for means 

comparison, with a significance level of 0.05. For the whole cell lysates, only the negative control 

sample, 14028 fliC- significantly differed from all other strains tested (**p<0.01). The culture 

supernatants were not significantly different between all strains tested.  
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Fig 4.6. Chemotactic performance of S. Typhimurium wild-type and mutant strains to L-aspartic 

acid in a microfluidic device. Each strain was loaded into the attractant gradient established-

microfluidic device and data was collected after 15 minutes. The CPC value was ascertained for 

the whole population and only the motile population of each strain, as indicated (the whole 

population is the motile population for 14028). At the peak attractant concentration, statistical 

analysis with one-way ANOVA, followed by Tukey-Kramer HSD test with a significance level of 

0.05, was performed. For motile populations, all strains significantly differed from one another 

(p<0.001), as well as when whole populations of all strains were compared (p<0.001).   
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Effect of Salmonella enterica serovar Typhimurium VNP20009 and VNP20009 with 

restored chemotaxis on 4T1 mouse mammary carcinoma progression 
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ABSTRACT 

A variety of bacteria strains have been evaluated as bio-therapeutic and immunomodulatory 

agents to treat cancer. One such strain, Salmonella enterica serovar Typhimurium VNP20009, 

which is attenuated by a purine auxotrophy mutation and modified lipid A, is characterized in 

previous models as a safely administered, tumor colonizing agent. However, earlier work tended 

to use less aggressive cancer cell lines and immunocompromised animal models.  Here, we 

investigated the safety and efficacy of VNP20009 in a highly malignant murine model of human 

breast cancer.  Additionally, as VNP20009 has recently been found to have a defective 

chemotaxis system, we tested whether restoring chemotaxis would improve anti-cancer 

properties in this model system.  Exposure to VNP20009 had no significant effect on primary 

mammary tumor size or pulmonary metastasis, and the tumor colonizing process appeared 

chemotaxis independent.  Moreover, tumor-bearing mice exposed to Salmonella exhibited 

increased morbidity that was associated with significant liver disease. Our results suggest that 

VNP20009 may not be safe or efficacious when used in aggressive, metastatic breast cancer 

models utilizing immunocompetent animals. 
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INTRODUCTION 

 The use of bacteria as bio-therapeutic agents for cancer treatment has a long and interesting 

history. Some of the earliest documented, large scale observations supporting the use of bacteria 

as bio-therapy came from William B. Coley over 150 years ago, who reported that a significant 

fraction of cancer patients went into remission or were completely cured of their cancer following 

the development of post-operative bacterial infections [1]. Indeed, early studies between 1868 and 

1944 evaluated the direct injection of bacterial toxins and bacterial broth cultures to treat malignant 

tumors, with ample cases reported of both successes and failures [2-4].  Over the last few decades, 

numerous studies have emerged that re-invigorated the field of bacteria-based bio-therapeutics for 

the treatment of cancer. Indeed, several bacterial genera have been evaluated in pre-clinical cancer 

models, including Bifidobacterium, Clostridium and Salmonella enterica serovar Typhimurium 

[5-7]. However, as evidenced by the volume of studies in the current literature, Salmonella is by 

far the most extensively evaluated and characterized bacterial genus currently being explored as a 

cancer bio-therapeutic agent [8].  

Salmonella is an attractive model for studying tumor targeting due to its facultative 

anaerobic nature, allowing for the oxygenated circumference of the tumor as well as the hypoxic 

core region to be colonized by bacteria (reviewed in [9]). In addition, Salmonella can be 

manipulated genetically with relative ease and possesses a facultative intracellular lifestyle [10]. 

Importantly, attenuated S. Typhimurium has resulted in decreased tumor growth in mice bearing 

B16-F10 melanoma and has been suggested to be able to colonize solid tumors up to a reported 

9,000 times greater than the liver [11]. This is significant, as it reflects the specificity of the bacteria 

to colonizing cancerous tissue as opposed to clearance from the host.  
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Several strains of S. Typhimurium have been investigated for the purpose of tumor 

targeting and chemotherapy delivery, including VNP20009, A1-R, and CRC2631 ([12-14], 

reviewed in[15]). VNP20009 was constructed by Low et al. from strain 14028 through selection 

of hyperinvasion by chemical and UV mutagenesis, targeted deletions resulting in purine 

auxotrophy, and attenuation by modification of lipid A [16]. Success of the strain, due to its 

anticancer effects and high safety profile in pre-clinical animal models, resulted in a Phase 1 

Clinical Trial in 2001. In this study, VNP20009 was introduced as a treatment to patients with 

nonresponsive metastatic melanoma or renal cell carcinoma. Although colonization was observed 

for some patients, treatment with VNP20009 did not result in tumor regression [17]. However, 

attempts to maximize bacterial tumor colonization and anticancer effects continue to be 

investigated. 

Many virulent properties of S. Typhimurium have been evaluated for optimization of 

bacterial localization and retardation of tumors. These include components of virulence such as 

pathogenicity islands SPI-1 and SPI-2, motility, chemotaxis, biofilm formation and metabolism 

([18, 19], reviewed in [20]). Utilization of chemotaxis is a particularly interesting concept, because 

the machinery can be manipulated to facilitate bacterial colonization of specified regions of tumors 

based on the nutrient content. Generally, it has been found that bacterial chemotaxis is favorable 

for tumor spheroid colonization in vitro, with specific receptors facilitating tumor 

microenvironment localization [21, 22]. In contrast, the role of chemotaxis in vivo is controversial, 

reasons for which may include the use of different bacterial strains, cancer cell lines, and 

experimental conditions. In a CT26 colon carcinoma model, intravenously injected S. 

Typhimurium SL7207 with a functional chemotaxis system yielded an advantage to tumor 

colonization over chemotaxis deficient strains 12 hours after injection, but no differences were 
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observed after 24 hours [18]. A few studies have assessed bacterial chemotaxis in an in vivo 4T1 

mammary carcinoma model. Using high-throughput screening of single-gene deletion mutants of 

S. Typhimurium 14028, chemotaxis was found to be beneficial for tumor colonization 2 days after 

infection [8]. However, chemotaxis had no significant influence after 2 days for strain SL1344 

[23]. VNP20009 was recently discovered to be deficient in chemotaxis, due to a non-synonymous 

SNP in the gene encoding the chemotaxis two component response regulator, cheY [24]. Upon 

replacing the deficient copy of cheY with the wild-type copy, chemotaxis was recovered to 70% 

of the parental strain [24]. 

 In the present study, we sought to evaluate the effects of VNP20009 and VNP20009 with 

restored chemotaxis in the context of 4T1 mammary carcinoma progression. The 4T1 cell line in 

mice is an attractive model of triple-negative breast cancer due to its high degree of clinical 

relevance, the ability to use immunocompetent mice, and the fact that metastasis occurs through a 

highly predictable mechanism that accurately mimics human breast cancer malignancies [25]. 

Previous studies have evaluated VNP20009 in other models of tumorigenesis, including diverse 

sub-types of cancer in mouse models, prostate, pancreatic, and breast cancer, as well as sarcoma 

and glioma [13, 26-30]. However, the majority of these prior reports were focused on xenograft 

studies using immunocompromised animals inoculated with minimally aggressive tumors and 

nominal assessments of either metastasis or systemic pathology. Here, we provide a robust 

evaluation of 4T1 cancer progression in the presence of chemotaxis positive or chemotaxis 

deficient VNP20009 as indicated by morbidity and mortality evaluations of wild-type BALB/c 

mice, assessments of primary tumor burden, measurements of metastatic cell potential in the lungs, 

immune system function, and comprehensive pathological evaluations over the time course of the 

experiment. Our results reveal that treatment with VNP20009 does not have a significant effect on 
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primary mammary tumor growth or pulmonary metastasis. While we did observe tumor 

colonization, this process appeared to be independent of chemotaxis. Furthermore, tumor bearing 

mice infected with VNP20009 demonstrated increased morbidity that was associated with 

significant liver disease. Together, these data suggest that VNP20009 may not be safe or 

efficacious in models of highly aggressive, metastatic cancer.   
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RESULTS 

S. Typhimurium infection in combination with the presence of mammary tumors increased 

morbidity 

It is well known that multiple strains of bacteria can colonize a variety of in vivo tumors. 

S. Typhimurium VNP20009 has been previously reported to exhibit preferential tumor 

colonization and dosage-related safety in a variety of tumor-infected animals including monkeys, 

pigs, and mice, as well as, humans [12, 17, 31]. The recently constructed VNP20009 derivative 

with restored bacterial chemotaxis, VNP20009 cheY+, has yet to be assessed in vivo for tumor 

colonizing ability [24]. We therefore evaluated the effects of intravenously (i.v.) injected S. 

Typhimurium VNP20009 on primary tumor burden and pulmonary metastasis in the 4T1 

mammary carcinoma model over the course of 8 days. Mice were injected with 1.2 x 106 4T1 

mammary carcinoma cells and tumors were allowed to grow for 16 days. Animals were then i.v. 

injected with 2 x 104 CFUs of either S. Typhimurium VNP20009, which is non-chemotactic, or a 

chemotaxis-restored derivative VNP20009 cheY+. Control animals were injected i.v. with the same 

volume of PBS. Our results showed that animals with both tumors and either VNP20009 strain 

had a markedly increased morbidity when compared to all other treatment groups (Figure 5.1). 

Animals that received both tumors and VNP20009 had an 8-10% decrease in weight compared to 

either VNP20009 strain or 4T1 groups alone, suggesting a synergistic effect between the tumor 

and bacterial infection (Figure 5.1). The effect was independent of the chemotactic ability of the 

VNP20009 strains. 

 

Systemic exposure to S. Typhimurium had no effect on primary tumor size 
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Because multiple studies suggested the importance of S. Typhimurium chemotaxis on both 

the ability of bacteria to colonize tumor tissue and to influence tumor growth, we investigated the 

effects of VNP20009 and VNP20009 cheY+ on primary mammary tumor growth in the 4T1 model.  

Mice were monitored three times per week and tumor size was recorded twice per week (Figure 

5.2A).  All animals injected with 4T1 cells developed mammary tumors that progressed as 

expected [25].  Control animals receiving PBS injections into the mammary fat pad instead of 4T1 

cells did not develop spontaneous mammary tumors.  Grossly, tumors appeared as spherical, 

raised, firm masses with an ulcerated surface (Figure 5.2A).  Histologically, mammary tumors 

from all tumor-bearing animals appeared similar.  All of the mammary tumors were composed of 

typical neoplastic epithelial cells with marked atypia and numerous mitotic figures (Figure 5.2B).  

Large areas of necrosis were also present (Figure 5.2B). There was no statistically significant 

difference in the size of the primary tumor between animals infected with either VNP20009 strain 

or those only bearing 4T1 mammary tumors (Figure 5.2C).   

 

Systemic exposure to S. Typhimurium had no effect on the presence or amount of pulmonary 

metastasis 

Systemic metastasis is an important cause of death in women with breast cancer.  Previous 

publications proposed that the use of attenuated, tumor-targeting S. Typhimurium strains can 

decrease metastatic tumorigenesis in mice without having systemic effects [32, 33].  The 4T1 

model is not only a well-established and commonly used model for primary mammary 

tumorigenesis, but also for systemic metastasis [25].  In our experience, tumor cells reliably 

metastasized to the lungs by the end of week 2 following 4T1 cell injection (data not shown).  To 

investigate this phenomenon further, we evaluated pulmonary metastasis using both qualitative 
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and quantitative methodologies. At necropsy, the large lung lobe was removed and prepared for 

histopathology evaluation by a board certified veterinary pathologist (S.C.O.). Individual tumor 

cell aggregates (classified as metastases) were identified and counted. Histopathological analysis 

of pulmonary metastasis revealed no differences between the number of tumor cell aggregates 

identified histologically among any of the tumor-bearing groups, regardless of exposure to either 

S. Typhimurium strain (Figures 5.3A and 5.3B).  4T1 cells are unique in their inherent resistance 

to 6-thioguanine, a purine agonist that is lethal to most cells. Therefore, 4T1 metastatic cells can 

be grown in media supplemented with 6-thioguanine until they form small colonies, which enables 

a quantitative evaluation of lung metastasis.  Concurrent with our histopathologic evaluation, our 

results confirm that no significant differences in numbers of metastatic colonies were identified 

among any of the tumor-bearing groups (Figure 5.3C). We attempted to discern the presence of 

Salmonella in fixed lung samples by reverse transcription followed by 16S RNA PCR 

amplification and by immunohistochemistry. However, we were unsuccessful in verifying the 

presence of VNP20009 in our lung tissue specimens using these approaches. It is possible that we 

did not detect the Salmonella due to technical limitations of our assay (low amounts or poor quality 

of RNA) or the quantity of Salmonella in the lungs were below the level of detection for our 

methodology. 

 

All animals bearing tumors and infected with S. Typhimurium developed significant liver 

disease 

A very important finding in this study was the presence of significant morbidity in tumor-

bearing animals exposed to either VNP20009 strain (Figure 5.1).  S. Typhimurium VNP20009 has 

not previously been associated with significant morbidity in animal models, but instead is 
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considered a safe strain to evaluate the effects of bacterial colonization on tumor development [34, 

35].  Additionally, we found it interesting that the morbidity seen in tumor-bearing animals 

exposed to S. Typhimurium was not also seen in the non-tumor bearing animals exposed to the 

same bacteria (Figure 5.1).  The increased morbidity cannot be explained by differences in primary 

tumor size or numbers of pulmonary metastases, because these were not significantly different 

from 4T1 tumor-bearing animals not exposed to S. Typhimurium (Figures 5.2 and 5.3).  To 

evaluate the potential systemic effects of S. Typhimurium, livers of all animals were examined 

grossly and histologically.  At necropsy, tumor-bearing animals infected with S. Typhimurium had 

gross evidence of liver damage.  Livers from this animal group had large, sharply demarcated foci 

that were pale yellow and most often present at the edges of liver lobes (data not shown).  No gross 

abnormalities were identified in the livers of any other treatment or control groups.  Liver samples 

from all animals were processed for histopathology.  These were then evaluated and scored by a 

board certified veterinary pathologist (S.C.O.) for amounts of inflammation, extramedullary 

hematopoiesis (EMH), and necrosis.  Histopathological assessments revealed that liver lesions 

were significantly different in each of the treatment groups (Figure 5.4A).  Livers from control 

animals were characterized by no or rare, small aggregates of mononuclear cells that made up less 

than 1% of the section (Figure 5.4A).  Livers from animals only infected with either strain of S. 

Typhimurium were characterized by randomly scattered, variably-sized foci of inflammation 

composed of aggregates of mononuclear cells often admixed with neutrophils (Figure 5.4A).  

Livers from animals bearing mammary tumors only (with no exposure to S. Typhimurium) were 

characterized by multiple, variably-sized foci of EMH composed of aggregates of both immature 

myeloid and erythroid progenitors (Figure 5.4A).  These aggregates were most commonly isolated 

to portal tracts; however, aggregates could be also identified randomly scattered throughout the 
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parenchyma.  Livers from tumor-bearing animals infected with either S. Typhimurium strain had 

large areas of inflammation similar to the bacteria-only treated groups and large amounts of EMH 

similar to 4T1-only animals (Figure 5.4A).  However, these mice additionally displayed large 

coalescing foci of necrosis characterized by dead hepatocytes and replacement by fibrin (Figure 

5.4A).  To more quantitatively evaluate these histologic changes, scores were generated to reflect 

levels of inflammation, EMH, and necrosis.  These individual scores were then totaled to generate 

a composite score for each animal (Figure 5.4B).  All animals receiving any experimental 

treatment exhibited composite liver scores >1 while control animals exhibited composite liver 

scores equal to 0.  Results revealed that the composite liver scores from those tumor-bearing 

animals exposed to either strain of VNP20009 were significantly higher than any other treatment 

group (Figure 5.4B).  These results suggested that the presence of two types of disease may lead 

to a more complicated systemic health status than either disease alone. 

 

S. Typhimurium chemotaxis did not contribute to mammary tumor colonization 

The efficiency of bacterial tumor-targeting was evaluated by the ratio of tumor to liver 

colonization. Tissue homogenates were serially diluted and dilutions were plated on nutrient agar 

to obtain bacterial colony counts. No differences were present upon comparing liver colonization 

of mice that did not receive 4T1 cells, but were only infected with S. Typhimurium (data not 

shown). Primary tumor and liver colonization by VNP20009 and VNP20009 cheY+, respectively, 

were not significantly different (Figure 5.5). We observed a significant increase in numbers for 

both bacterial strains in tissues, with tumor:liver colonization ratios ranging from 675:1 and 

2,800:1 for mice exposed to VNP20009 or VNP20009 cheY+, respectively. 
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Route of S. Typhimurium injection did not significantly affect disease pathobiology 

To investigate whether the delivery route of S. Typhimurium to the animal could influence 

its effects on tumor growth and disease pathobiology, experiments were repeated following direct 

injection of the bacterial strains into the tumor.  Tumors were allowed to develop and progress for 

6 days before VNP20009 or VNP20009 cheY+ (or PBS for control animals) were injected directly 

into the tumor at a concentration of approximately 2 x 104 CFU/mouse.  Similar to the previous 

experiment, tumor-bearing animals injected with either VNP20009 strain displayed decreased 

weight gain when compared to the remaining groups (Figure 5.6A).  No clinically relevant 

differences were present in the calculated diameter of the mammary tumors in tumor-bearing 

animals independent of S. Typhimurium presence (Figure 5.6B).  Tumor-bearing mice infected 

with either strain of VNP20009 presented a higher liver composite score than tumor only bearing 

mice or the PBS-control mice (Figure 5.6C). Primary tumor and liver colonization by VNP20009 

and VNP20009 cheY+ did not differ significantly (Figure 5.6D). However, both bacterial strains 

were retained in the tumor, with tumor:liver colonization ratios ranging from 195:1 and 820:1 for 

mice exposed to VNP20009 or VNP20009 cheY+, respectively.  
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DISCUSSION 

We have presented a detailed report on the status of mice bearing 4T1 mammary carcinoma 

treated with S. typhimurium VNP20009. Historically, this strain of Salmonella has been attributed 

as a safe anticancer agent in the context of several murine tumor models [34, 35]. These studies 

culminated in the 2001 phase 1 human clinical trial using VNP20009 for the treatment of 

metastatic melanoma which ultimately found that though VNP20009 appeared to be safe for the 

use in human patients, its anti-tumor effects were equivocal [17].  Based on this, we formulated an 

experimental design to test both the safety and efficacy of S. Typhimurium as a treatment in the 

4T1 mammary carcinoma model, as well as, the potential contribution of bacterial chemotaxis to 

primary tumor localization and metastatic potential to the lungs. Gaining a better understanding of 

how the bacteria react in different tumor microenvironments will be essential to future uses of 

VNP20009 as a cancer bio-therapeutic agent. 

 The majority of research analyzing the use of Salmonella as an anti-cancer agent has 

focused on its primary tumor burden effects.  Fewer studies have been undertaken evaluating its 

ability to attenuate metastatic tumor burden.  The 4T1 mammary carcinoma model represents a 

more natural study of metastatic tumors, as it accounts for the heterogeneity of cells in a primary 

tumor and allows for the biological selective pressures encountered by tumor cells to drive 

metastatic potential.  This is opposed to artificial metastasis models that are based on the direct 

intravenous injection, where all tumor cells are placed into circulation to settle and grow into new 

tumors [36]. Perhaps the most relevant data pertinent to the present study evaluated S. 

Typhimurium A1-R in the 4T1 model using nude mice [36]. Here, the authors orthotopically-

injected mice and surgically resected the primary tumor once it was established to maximize 

evaluation of brain metastasis [36]. In this particular model, S. Typhimurium A1-R was able to 
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arrest the growth of breast-cancer associated brain metastasis and increased the survival of the 

orthotopically-transplanted, primary tumor resected mice [36]. In our present study, we chose to 

focus on lung metastasis, as the lung is the most common metastasis site of breast cancer found at 

autopsy and lung metastasis is also a prominent feature of the 4T1 model [25, 37]. While we 

observed a trending decrease in lung metastases in one of the quantitative assessments for the 

VNP20009 cheY+ strain (Figure 5.3C), the consensus data revealed only a minor reduction in 

metastatic burden (Figure 5.3). There are a variety of suggested reasons for the discrepancies 

found between the A1-R and VNP20009 studies, including the Salmonella strains utilized, the site 

of metastasis evaluated, the aggressiveness of the tumor model (surgically resected primary tumor 

versus non-resected), and the immune status of the animals. Together, these data emphasize the 

need to not only better define the genetic and phenotypical differences of S. Typhimurium strains 

in the context of different cancer sub-types, but also in the context of metastasis.  

Beyond the ability of attenuated Salmonella strains to combat various types of cancer, 

assessments associated with the safety of the bacterial strain for use as a bio-therapeutic agent is 

also paramount. Many prior studies have been conducted evaluating the safety of VNP20009 and 

this particular strain likely has the best characterized safety profile of any of the therapeutic 

Salmonella strains. However, even though this strain of Salmonella is considered attenuated, there 

are significant clinical side effects related to its use [17, 38]. Indeed, one of the most striking 

aspects of our study is the observation that all tumor bearing animals exposed to VNP20009 

exhibited significant morbidity associated with severe liver disease, which was not observed in 

any other experimental group of animals (Figure 5.4). One possible explanation for the increased 

morbidity and liver disease in tumor-bearing mice exposed to bacteria is that the mammary tumor 

could be acting as a reservoir for bacterial infection.  We were unable to identify evidence of 
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significant differences in bacterial burdens in tumor tissues taken at necropsy via 

immunohistochemistry.  Moreover, no significant differences were identified in bacterial CFU 

identified in the livers from tumor-bearing versus non tumor-bearing mice (data not shown) 

suggesting that the systemic bacterial burdens were similar between the two groups.  A second 

explanation for the observed morbidity and liver disease is that 4T1 mammary carcinoma cells 

have been previously reported to secrete soluble factors inducing immunosuppression[39].  Thus, 

it is possible that tumor-bearing animals exposed to bacteria were unable to control their systemic 

bacterial infections as well as those animals that did not have tumors and exposed to bacteria.   

While some prior studies have reported increased morbidity and liver pathology 

accompanied by VNP20009 treatment, this particular side effect has not been extensively 

characterized and the significance of these liver outcomes has typically been underestimated [40, 

41]. A previous study evaluating the administration of VNP20009 using the B16-F10 tumor model, 

found that bacteria treatment mildly attenuated tumor growth and reported the presence of small 

foci of neutrophilic inflammation throughout the liver that increased over time and occurrence of 

hepatocyte necrosis [40]. However, this pathology was presented as mild and the liver appeared to 

recover over the course of the model [40]. Similarly, in another study evaluating the toxicity of 

VNP20009 and A1-R strains of Salmonella in a Lewis lung carcinoma model in nude mice, non-

tumor bearing animals were intravenously administered two different doses of each bacterial strain 

[41].  By day 3, hemorrhagic foci were identified in the livers of all mice injected with bacteria, 

but no evaluation of liver histopathology was performed in tumor-bearing mice exposed to 

Salmonella [41]. Consistent with these prior studies, we also observed relatively mild liver lesions 

following VNP20009 treatment when administered alone (Figure 5.4). However, in the 4T1 

mammary carcinoma model, we detected large areas of EMH in the liver, which was not reported 
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in the other cancer models (Figure 5.4). Likewise, the combination of 4T1 mammary carcinoma 

and VNP20009 treatment appeared to act synergistically, causing significantly increased 

inflammation, EMH, and liver necrosis that ultimately resulted in increased morbidity (Figure 

5.4). Thus, despite the clinical potential of VNP20009, more data associated with the safety of this 

bacterial strain is clearly necessary. 

 Despite the absence of anticancer effects by the S. Typhimurium strains tested, bacteria 

were retained in the tumor after 8 days, with an average tumor to liver colonization of 580:1 and 

2,800:1 by VNP20009 and VNP20009 cheY+, respectively (Figure 5.5). For a variety of in vivo 

tumor models and timelines, including murine melanoma after 3 days and human melanoma and 

human colon carcinoma after 5 days, VNP20009 has been reported to have a tumor to liver 

colonization ratio at ≥1,000:1 which is in line with our data [12]. The targeting of Salmonella to 

tumor tissue remains a significant barrier in therapeutic applications (reviewed in [20]). Any and 

all improvements in this regard are critical. Our data reveals that chemotaxis does not significantly 

contribute to S. Typhimurium VNP20009 colonization of the primary 4T1 mammary tumor 

(Figure 5.5). The nature in which VNP20009 was constructed, by UV and chemical mutagenesis, 

left the strain with several genetic alterations, including 50 non-synonymous SNPs and the loss of 

128 genes in the Suwwan deletion region [42]. Since restoration of one of the genes containing a 

non-synonymous SNP, cheY, did not significantly facilitate the promotion of tumor colonization 

by VNP20009, this raises the question if the remaining alterations in the genome are assisting or 

hindering the strain from its full tumor targeting potential.  

To evaluate the possibility that the route of administration could have negatively influenced 

S. Typhimurium VNP20009 effectiveness in the 4T1 breast cancer model, we evaluated both 

intravenous and intratumoral injection. We originally speculated the following: (i) a direct 
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injection into the tumor would be less likely to be associated with negative systemic affects, 

including liver lesions; and (ii) direct injection of a chemotaxis null strain would increase tumor 

colonization compared to the same strain systemically administered. However, we observed 

similar results between the two injection models. In both cases, tumor-bearing animals exposed to 

either VNP20009 strain had increased morbidity due to a high frequency of severe liver lesions 

not identified in the other treatment groups and no significant differences in tumor colonization 

regardless of the route of administration.  In sum, we were unable to identify any significant 

differences in disease pathobiology between intravenous and intratumoral injection. 

The data presented here expands the growing body of literature that suggests that individual 

S. Typhimurium strains with unique phenotypical characteristics will have differing levels of 

success as a cancer bio-therapeutic agent, depending on the cancer sub-type being targeted and the 

specific tumor microenvironmental niches present in the model. Additional studies are both 

necessary and ongoing to determine the safest and most efficacious utilization of S. Typhimurium 

VNP20009 in future anticancer therapies. 
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MATERIALS AND METHODS 

Experimental animals 

All experiments were conducted under institutional IACUC approval and in accordance 

with the NIH Guide for the Care and Use of Laboratory Animals.  All experiments were conducted 

with 6-10 week-old, female BALB/C mice purchased from Jackson Laboratories.  Animals were 

allowed to acclimate in the facilities for one week prior to tumor injections. 

 

Cell culture and injection 

4T1 cells were grown under standard cell culture conditions in Roswell Park Memorial 

Institute (RPMI 1640) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, 

and 100 µg/ml streptomycin. Cells used for injection were grown for 4-6 generations, washed, and 

re-suspended in sterile phosphate-buffered saline (PBS) prior to injection.  Mice were anesthetized 

and maintained on isoflurane anesthesia throughout the tumor injection procedure.  1.2 x 106 cells 

were injected into the mammary fat pad of each mouse.  Control mice received the same volume 

of sterile PBS.  Mice were recovered on room air.  Mice were monitored 3 times per week, and 

weights and tumor measurements were recorded twice weekly.  Calipers were used to measure 

two perpendicular diameters of each tumor.  These were used to then determine a calculated tumor 

diameter [25].  Animals were euthanized when (i) weight loss exceeded 10-15% of original body 

weight, (ii) tumor growth reached 1.4-1.6 cm of calculated diameter, or (iii) if considered clinically 

moribund.  In our experience with this model, measurable subcutaneous mammary tumors develop 

within 2-4 days of injection.  These tumors progress reliably with evidence of metastatic disease 

present in the lungs by week 2 (unpublished data).  By the end of 30 days, the tumors are 

approximately 1.4-1.6 cm in calculated diameter. 
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Bacterial strains, growth and injection conditions 

S. Typhimurium VNP20009 and VNP20009 cheY+ were grown in MSB media (1% 

tryptone, 0.5% yeast extract, 2 mM MgSO4, 2 mM CaCl2) at 37 °C to an OD600 of 1.0, washed 3 

times with PBS and adjusted to the final concentration of 2 x 105 CFU/mL. A 100 µL dose of this 

final concentration was injected i.v. via the tail vein at day 16 post tumor-injection, or directly into 

the tumor at day 6 post tumor-injection. Control mice were injected with an equal amount of PBS. 

 

Tissue collection and processing 

At euthanasia, whole blood was collected via cardiac puncture and a full necropsy was 

performed.  The large lung lobes were partially inflated in formalin and, along with samples of 

primary tumor and liver, fixed in formalin for at least 24 hours (h).  They were then submitted for 

histopathology. Individual liver and primary tumor specimens were also collected for bacterial 

enumeration and storage at -80 °C for downstream protein and nucleic acid extraction. For bacterial 

enumeration, specimens were weighed, homogenized using a hand held pestle system, serially 

diluted in PBS, plated on MSB plates, and incubated for 14 h at 37 °C. The remaining smaller lung 

lobes were enzymatically digested using Type IV collagenase (collagenase from Clostridium 

histolyticum, Sigma-Aldrich) and porcine elastase (elastase from porcine pancreas, 

MPBiomedicals).  After a series of washes in Hank’s buffered saline solution (HBSS), cells were 

resuspended in Dulbecco's modified eagle medium (DMEM) with 10% FBS, 100 units/ml 

penicillin, and 100 µg/ml streptomycin, 60 µM 6-thioguanine, and plated onto cell culture plates.  

After 5-10 days of incubation at 37 °C and 5% CO2, media was removed, cells were briefly fixed 
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in methanol, stained with 0.03% new methylene blue, and tumor colonies were counted 

(Supplemental Figure 1). 

 

Histopathology 

Formalin-fixed tissues were embedded in paraffin and stained with routine hematoxylin 

and eosin (H&E) staining for histopathologic examination by a board certified veterinary 

pathologist (S.C.O).  For lung sections, numbers of individual pulmonary tumors were counted in 

a single, 5 µm section.  For each animal, the entire right lung lobe was embedded and sectioned at 

the level of the mainstem bronchus.  For liver sections, a single, 5 µm section was evaluated.  

Amounts of inflammation, EMH, and necrosis were scored individually as follows: 0; no 

inflammation/EMH/necrosis identified, 1; 1% to 33% of the examined section was composed of 

inflammation/EMH/necrosis, 2; 34%-66% of the examined section was composed of 

inflammation/EMH/necrosis, and 3; greater than 67% of the section was composed of 

inflammation/EMH/necrosis. These individual scores were then summed to give a total composite 

score for each animal. 
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Figure 5.1. Weight change following exposure to Salmonella. 4T1-tumor bearing animals or 

non-tumor bearing control animals were injected intravenously with S. Typhimurium VNP20009, 

S. Typhimurium VNP20009 cheY+, or PBS. Animals were monitored three times per week and 

weights were measured twice weekly. PBS control, n=3; S. Typhimurium only, n=4; Tumor only, 

n=3; VNP20009 and tumor, n=8; VNP20009 cheY+ and tumor, n=8. Data points and error bars 

denote mean ± SEM. Statistical significance was determined in relation to the tumor only sample 

by a two-tailed Student's T-test (* p<0.05, ** p<0.01). 
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Figure 5.2. Mammary tumors developed in all 4T1-injected animals. A. Grossly, tumors 

appeared as spherical, raised, firm masses with an ulcerated surface. B. Histologically, tumors 

were composed of a pleomorphic population of neoplastic epithelial cells with numerous mitotic 

figures (arrows) and large areas of necrosis (inset, asterisk). C. All animals injected with 4T1 cells 
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developed mammary tumors.  Tumors were monitored three times per week and measurements 

were recorded twice per week.  Measurements were taken using calipers and measuring two 

perpendicular diameters.  The square root of the product of these two measurements was taken to 

give a calculated diameter for each tumor.  PBS control, n=3; S. Typhimurium only, n=4; Tumor 

only, n=3; VNP20009 and tumor, n=8; VNP20009 cheY+ and tumor, n=8. Data points and error 

bars denote mean ± SEM. 
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Figure 5.3. All 4T1-tumor bearing animals developed pulmonary metastases. A. 

Histologically, pulmonary metastases were identified as random accumulations of neoplastic 

epithelial cells often centered on small airways (arrow). Neither control animals nor animals 

injected with S. Typhimurium alone developed histologic evidence of metastasis. B. The large lung 

lobe from each animal was placed in formalin and processed for H&E staining. The number of 

individual pulmonary metastases were counted per histologic section. C. The small lung lobes 

from each animal were taken at necropsy and subsequently enzymatically digested. Cell 
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suspensions were plated on cell culture plates and grown in media containing 6-thioguanine. After 

8 days, metastatic colonies were fixed in methanol, stained with 0.03% methylene blue, and 

counted. PBS control, n=3; VNP20009 only, n=4; Tumor only, n=3; VNP20009 and tumor, n=7; 

VNP20009 cheY+ and tumor, n=8. Error bars denote SEM, N.D, not detected. 
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Figure 5.4. All experimental animals developed liver lesions. A. Animals receiving intravenous 

S. Typhimurium developed mild to moderate, multifocal inflammation characterized by random 

aggregates of mononuclear cells and neutrophils (arrows). Animals receiving 4T1 mammary 

carcinoma cells developed large amounts of extramedullary hematopoiesis predominantly in the 

area of large and small vessels, but also occasionally scattered throughout the parenchyma (large 

arrowheads). These areas were characterized by a heterogeneous group of erythroid and myeloid 

precursors as well as megakaryocytes. Those mice receiving both S. Typhimurium (regardless of 

strain) and 4T1 cells had significant amounts of inflammation (arrow) and extramedullary 

hematopoiesis (large arrowhead), as well as, large foci of liver necrosis (asterisk). B. 

Inflammation, extramedullary hematopoiesis, and necrosis were individually scored for each 

sample.  Individual scores were then summed to create a composite liver histopathology score for 

each animal. PBS control, n=3; VNP20009 only, n=2; VNP20009 cheY+ only, n=2; 4T1 only, 

n=3; VNP20009 and tumor, n=6; VNP20009 cheY+, n=8. Error bars denote SD. Statistical 

significance was determined in relation to the tumor only sample by a two-tailed Student's T-test 

(** p<0.01). 
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Figure 5.5: Bacterial colonization of tumor and liver tissue. Intravenous injected VNP20009 or 

VNP20009 cheY+ were respectively recovered from tumor and liver samples and enumerated.  No 

statistical differences were found between any groups. Data represents VNP20009, n=6; 

VNP20009 cheY+, n=8., with error bars denoting SD.  
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Figure 5.6. Disease pathobiology was evaluated following intratumoral injection of S. 

Typhimurium.  Six days following 4T1 tumor cell injections into the mammary fat pad, animals 

were administered either VNP20009 or VNP20009 cheY+ directly into mammary tumors.  Similar 

parameters were assessed as in the previous intravenous experiment including (A) weight change, 

(B) calculated diameter of the primary mammary tumor, (C) histopathologic scoring of liver 

sections, and (D) number of bacterial cells recovered from the liver or primary tumor of infected 

animals. PBS control, n=2; Tumor only, n=4; VNP20009 and tumor, n=6; VNP20009 cheY+ and 
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tumor, n=7. Error bars denote SEM for A and B,  SD for C and D. Statistical significance was 

determined in relation to the tumor only sample by a two-tailed Student's T-test (* p<0.05, ** 

p<0.01). 
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Supplemental Figure 5.1. Metastatic 4T1 cells can be isolated from organs of interest and 

grown in supplemented media to yield quantitative evaluations of metastatic tumor burden. 

Following necropsy, the small lung lobes were enzymatically digested, filtered, and grown on cell 

culture plates in media supplemented with 6-thioguanine.  4T1 cells are inherently resistant to 6-

thioguanine and, thus, individual metastatic cells are able to grow into tumor cell colonies and 

manually counted. 
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ABSTRACT 

Bacterial mediated cancer therapies have attracted much attention in recent years. This has 

culminated in clinical trial testing of a variety of bacterial species. Before bacteria become the next 

standardized cancer therapeutic, much is to still be understood about the interspecies reactions 

between the tumor and bacterial cells. The bacteria-tumor interaction has been investigated to a 

great extent on the level of anticancer activity, bacterial colonization and bacterial use as a vehicle 

for drug delivery. When cancer cells are exposed to bacteria and the infection process begins, a 

cascade of events occur. These events could lead to drastic changes in the gene expression profiles 

of both bacterial cells and constituents of the tumor microenvironment. Using the well established 

B16-F10 mouse melanoma model, we investigated the cancer and spleen transcriptome in the 

presence of cancer fighting Salmonella Typhimurium VNP20009. After evaluating three timelines, 

we optimized the timeframe for tissue extraction to retain viable cells for RNA-sequencing. Data 

show differentially expressed genes between tumors treated with Salmonella vs. PBS, at 2 days 

and 7 days post Salmonella introduction. We finally provide future aims of study and ways in 

which our technical approach can be optimized. This work provides valuable insight for future use 

of bacteria as an anticancer therapy.   
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INTRODUCTION 

  Attenuated bacterial strains have been investigated on the premise of selective tumor 

colonization and drug delivery potential for decades. Salmonella Typhimurium VNP20009 was 

derived from the parental strain 14028S through genetic modification and tumor targeting ability, 

being well studied for anticancer effects in mice. In 2001 Phase 1 Clinical Trials, patients 

diagnosed with metastatic melanoma were introduced with VNP20009, resulting in safe delivery 

of the strain and targeting to the tumor, however no anticancer effects were observed  (Toso et al., 

2002).  

As the field of bacterial mediated cancer therapies grows, the wealth of knowledge 

encompassing bacterial responses to the tumor microenvironment is ever increasing. On the 

transcriptional level, one report using a high-throughput screen of Salmonella promoters active 

within PC3 prostate tumors in vivo, identified two promoters as hypoxia activated (Arrach et al., 

2008). In another study, promoters driving Salmonella gene expression in vivo, which are active 

within CT26 colon tumors but not in the spleen or liver have been resolved through construction 

of a promoter-trap library (Leschner et al., 2012). Out of the 12 unique promoters identified, 

several were associated with acclimation of the bacteria to anaerobic environments (Leschner et 

al., 2012). This is in line with the diversely oxygenated areas of tumors and Salmonella preference 

for necrotic regions (Forbes et al., 2003). In yet another study using a transposon reporter-trap, 

five genes were found to be preferentially activated by Salmonella in an in vitro co-culture with 

either melanoma or colon carcinoma (Flentie et al., 2012). One powerful stimulus for the activation 

of these genes was acidic pH conditions, which is another known characteristic of the tumor 

microenvironment. This group applied the promoter of gene STM1787 to regulate expression of 

Shiga toxin, observing not only activation of the promoter within hypoxic regions of HCT116 
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colon carcinoma, but an enhanced antitumor response in vivo towards HeLa tumors  (Flentie et al., 

2012). Finally, Deyneko, et al., found certain motifs of tumor-specific Salmonella promoters, and 

hypothesized that signals from neutrophilic granulocytes could be stimulating factors to alter 

bacterial gene regulation in the tumor microenvironment (Deyneko et al., 2016).  

While this information is valuable, it is just as important to consider how cancer fighting 

Salmonella are impacting tumors and their physiology Just as bacteria respond to the tumor 

microenvironment and change their transcriptomic architecture, cancer cells must also adjust to 

the foreign microbe invading their niche. These differences can then be compared to tumors 

without bacterial infection to evaluate global gene expression changes occurring in the tissue. 

RNA-sequencing (RNA-seq) is a powerful technique to achieve the most global view of gene 

expression changes occurring within cells. This method has the potential to provide full genome 

coverage, resolving unannotated non-coding RNA species with high sensitivity and a limitless 

range by digital quantification, all of which are advantages over an approach like microarray 

(Westermann et al., 2012). RNA-seq has been applied to countless studies using global gene 

expression profiling to identify cancer subtypes, group patients into responder and non-responder 

categories, as well as prognosticate patient survival (Rapin et al., 2014).  

To investigate the tumor response to the well-established anticancer agent S. Typhimurium 

VNP20009, we implemented the B16-F10 mouse melanoma model. This model is favorable for 

several reasons, one of which is its use during S. Typhimurium VNP20009’s construction, where 

the safety profile of several progenitor strains to VNP20009 was evaluated in mice bearing B16-

F10 tumors (Pawelek et al., 1997). Additionally, in an early study assessing anticancer efficacy, 

VNP20009 inhibited the growth of subcutaneously implanted B16-F10 tumors (Luo et al., 2001). 

More recently, studies utilized the B16-F10 model to test VNP20009 engineered to secrete tumor 
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necrosis factor-related apoptosis inducing ligand (TRAIL), under the control of a hypoxia induced 

promoter to suppress melanoma growth (Chen et al., 2012). In another study by the same group, 

VNP20009 was genetically manipulated to express and deliver an apoptotic signal to B16-F10 

tumors within mice to activate the caspase-dependent apoptotic pathway and achieve tumor killing  

(Yang et al., 2016). In the general protocol for B16-F10 mouse melanoma, the cells are injected 

subcutaneously into C57BL/6 mice. Tumors are then palpable within 5-10 days, and grow to a 

1x1x1 cm3 sizable tumor in approximately 3 weeks  (Overwijk et al., 2001). Therefore, the model 

is efficient in tumor development and can produce tumors containing billions of cells, which more 

than meets the input amount for RNA-seq. 

To optimize targeting abilities and anticancer effects achievably using Salmonella, we need 

to understand the interspecies relationship between the bacterium and cancer cells within the tumor 

milieu. Here, we aimed to elucidate the gene expression profile of B16-F10 cancer cells and 

anticancer agent Salmonella Typhimurium VNP20009 to understand how they coexist in the tumor 

microenvironment. We first optimized a timeline to achieve viable S. Typhimurium VNP20009 

and B16-F10 cancer cells and then performed RNA-seq on the tumor in the presence of cancer 

fighting bacteria (Fig. 6.1). We discovered dramatic changes in gene expression, on the order of 

hundreds of genes, within the spleen, a natural reservoir for Salmonella within the host, upon 

presentation with VNP20009. Comparatively we found few gene expression changes in the 

presence of VNP20009 within tumor tissue. We speculate the experimental design could be a 

factor and offer an improved methodology for future experimentation to elucidate the cancer-

bacteria interactome.  
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MATERIALS AND METHODS 

Bacterial strains and mammalian cell culture conditions 

Salmonella Typhimurium VNP20009 cheY+ was transformed to contain a chromosomally 

integrated GFP construct, Ptet::gfp, along with a chloramphenicol resistance marker (Hautefort et 

al., 2003). Bacterial strains were routinely cultured in MSB medium (1 % tryptone, 0.5 % yeast 

extract, 2 mM MgSO4, 2 mM CaCl2) in the presence of chloramphenicol at a final concentration 

of 12 µg/mL at 37 °C, and shaking at 100 RPM. For mice injection, cells were grown to an OD600 

of 1.0, washed twice in PBS at 5,000 x g for 5 min, and suspended to 5 x 106 cells/mL.  

B16-F10 mouse melanoma cells were purchased from ATCCâ (CRL-6475ä) and routinely 

maintained in DMEM/10% FBS/50 µg/mL streptomycin at 37 °C and 5% CO2 atmosphere, 

according to recommended growth conditions (ATCCâ culture method). Three days prior to 

animal injection, cells were cultured in medium without antibiotics. The day of animal injection, 

cells were treated with 0.25% Trypsin-0.53 mM EDTA to detach them from flasks and suspended 

in a 10 mL volume of medium. Cells were pelleted at 125 x g for 5 min, washed in phosphate-

buffered saline (PBS) and adjusted to 1 x 106 cells/mL.  

 

Animal care  

C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, Maine) at 6 to 8 weeks 

of age. Animals were housed 4 per cage in an ABSL-2, on a 12-h light/12-h dark photoperiod 

maintained at room temperature. Each cage had a private air supply, automated water system and 

provided unlimited standard irradiated rodent chow in a food hopper. Food was replaced and cages 

cleaned on a weekly basis. All use of animals was in compliance with institutional IACUC protocol 
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approval and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. 

Animals were allowed to acclimate to the vivarium at least one week prior to injections. 

 

Cancer model and bacterial delivery 

C57BL/6 mice were anesthetized (oxygen at 1L/min, 3-4% isoflurane) and confirmed by toe pinch, 

shaved in the hind flank region, and subcutaneously injected with 1x 105 B16-F10 mouse 

melanoma cells/animal in a 100 µL volume. New syringes and needles were used between each, 

to avoid cells accumulating around the plunger, which can potentially result in unequal numbers 

of cells delivered between animals. Following subcutaneous injection, “bleb” formation was noted, 

tails were marked with a sharpie for identification, animals were gently awoken from anesthesia 

and placed back in their home cage. Viability of the cancer cell suspension was evaluated by 

manual counting after trypan blue exclusion assay, before and after injection procedure; viability 

prior to injection was greater than 95%, however after the injections (during which time cells were 

maintained on ice for several hours), viability had decreased to 70%.  

Once tumors had reached a size of 100 mm3, Salmonella or PBS were intravenously (I.V.) injected 

by retro-orbital venous sinus injection. Briefly, animals were anesthetized via nose cone, 

positioned in lateral recumbency, and injected with 100 µL of Salmonella, at a concentration of 5 

x 105 bacterial cells/animal into the retro-orbital cavity. Control animals were injected with an 

equal volume of sterile PBS. The eye area was held closed for a few seconds following injection 

to mitigate bleeding, and the animal was awoken gently from anesthetic slumber. Animals were 

monitored immediately for the following several minutes for bleeding and irregular behavior. 

From the time of cancer cell injection to euthanasia, animals were monitored daily based on general 

wellbeing, weight and tumor size. Tumor volume was calculated by measuring the tumor’s 
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perpendicular directions (length and width) and using the formula: tumor volume (mm3)=L x W2 

x 0.52 (Yang, FADD, 2016). Euthanasia criteria were tumor volumes exceeding 10% of the initial 

body weight of the animal, greater than 20% weight loss, any gross bleeding of the animal from 

retroorbital injection or as an indicator of Salmonellosis. Animals were otherwise sacrificed at 48-

hour, 1-week or 2-week time points.  

 

Tissue processing and downstream applications 

Animals were euthanized by CO2 exposure followed by cervical dislocation and tissues 

immediately harvested and weighed. Tumor and spleen tissues were divided into thirds; one 

section was used for histological analysis; another was homogenized for bacterial enumeration, 

and the last was flash frozen in liquid N2 and stored at -80 °C.  

 

Histological studies 

For histological analysis, tissue sections were placed within cassettes and submerged in 10% 

neutral buffered formalin to be fixed. Samples were then embedded in paraffin, sectioned and 

Haemotoxylin and Eosin (H&E) stained for microscopic evaluation.  

 

Bacterial enumeration 

Tissue sections were homogenized in 1 mL PBS by mechanical grinding between two glass slides 

with one frosted end. The tissue homogenate was serially diluted in PBS, spread plated on MSB 

agar plates with chloramphenicol, and incubated at 37 °C for 12 hours. 

 

RNA isolation and quality check 
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Flash frozen tissue samples were used for RNA extraction. Using a mortar with approximately 5 

mL liquid N2 and pestle which was cooled in liquid N2, tissue samples were quickly mechanically 

pulverized to a powder. RNA lysis buffer from the Quick-RNAÔ Plus Miniprep kit (Zymo 

Research) was immediately added to the samples, and total RNA was extracted, per manufacturer’s 

instructions. DNase treatment on Zymo-Spinä column was performed, again per manufacturer’s 

instructions. RNA quality was assessed by Agilent Bioanalyzer, with samples having a RIN value 

over 6.0 used for RNA sequencing (samples ranged from 6.3-8.8).  

 

rRNA depletion, library preparation and sequencing  

RNA samples (1 µg) were depleted of rRNA using the Ribo-Zero Gold rRNA removal 

epidemiology kit (Illumina) and cDNA libraries were generated using TruSeq Stranded mRNA 

HT Sample Prep Kit (Illumina), with the poly-A enrichment step being omitted. Libraries were 

then clustered and sequencing was performed using NextSeq 500/550 High Output kit V2 (75 

cycles), to obtain a minimum of 30 million reads (n=2, per treatment group). 

 

Differential gene expression analysis 

Raw generated reads were aligned to the Mus musculus C57BL/6J genome using Geneious 11.1.4 

(Kearse et al., 2012), and gene expression levels were calculated for each sample. Differential 

gene expression was calculated for several combinations of treatment groups with DESeq2 (Love 

et al., 2014), using the R package. The data were then enriched for a minimum of log2 fold changes 

greater than 1 or less than -1 and p<0.05.  Differential gene expression data were then evaluated 

based on gene ontology using the PANTHER database (Mi, 2017), specifically the biological 

process and pathway applications (Mi, 2009).  
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RESULTS  

General effects of S. Typhimurium VNP20009 on mouse melanoma tumorigenesis 

At 2 days,7 days and 14 days post Salmonella I.V introduction, animals were sacrificed and tissues 

were weighed. We found a statistically significant decrease in weight of tumors treated with 

Salmonella at the 7-day compared to the 2-day timeframe (Fig. 6.2). By 14 days the tumors grossly 

appeared crusty and necrotic, with much loss of height and 3-dimensional structure (Fig. 6.3). We 

concluded that tissue from this timepoint may not be the most viable for our downstream 

applications. We therefore focused on the 2-day and 7-day timepoints, to determine transcriptomic 

changes within the tumor microenvironment in just 5 days’ time for a significant delay in tumor 

growth to occur. 

 

Bacterial colonization of tumor and spleen tissue 

We enumerated bacterial colonization of tumor and spleen tissue homogenate and normalized to 

total tissue weight (g) upon animal organ harvest. In the 2-day timeline, the bacterial colonization 

ratio of tumor to spleen was nearly 1:1 (Fig. 6.4). In the 7-day timeline, the ratio was 500:1. In the 

5 days between the timepoints of sacrifice, overall bacterial counts in the spleen were reduced by 

approximately 2-fold, and the number of bacteria within the tumor tissue increased 300 times. By 

14 days, the colonization ratio of bacterial cells in tumor to spleen was approximately 100.  

 

Salmonella contributes to increased inflammation and necrosis of tumor tissue after 7 days 

Histologically there was a significant increase in inflammation and necrosis between the 2-day and 

7-day timeframe in tumor tissue treated with Salmonella vs. PBS (Fig. 6.5). No significant changes 
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were observed in animal weight or behavior, with the morbidity of the animal solely based on 

tumor size.  

 

Mice bearing tumors experience global gene expression changes upon introduction to tumor 

targeting Salmonella 

After extrapolating gene expression for all 22 chromosomes in the genome of C57BL/6J, 

differences between treatment groups were ascertained using DEseq2. Multiple combinations of 

comparisons were tested, to achieve informative insight into gene expression differences in 

melanoma tumor-bearing mice treated with Salmonella for 2-day and 7-day timeframes.  

 

Differential gene expression between melanoma tumor tissue and spleen tissue after 7 days 

As a control, we first analyzed the gene expression of tumor bearing animals that were not exposed 

to Salmonella, to ensure we saw changes consistent with melanoma tumors. Indeed, when 

comparing tumor to spleen gene expression at the 7-day timeframe, we found 367 genes to be 

upregulated log2 ratio=5, and 1,833 genes to be downregulated, log2 ratio of -5 differentially 

expressed. One of these genes is TYRP1, which was highly expressed , in tumor compared to spleen 

tissue by log2=10, approximately a 1,000 fold increase. This gene encodes tyrosinase-related 

protein 1 and is located in melanocytes that produce melanin. This finding is in line with the 

observation that the B16-F10 melanoma cells produce melanin to such an extent that a 

concentrated pellet of cells has visibly black coloration.  

 

Gene expression differences of tumor tissue after 2 days exposure to Salmonella 
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Mouse tumor tissue after 2 days of Salmonella exposure showed upregulation of 9 genes by 2-

fold. This included genes encoding an aldolase reductase related protein involved in the glycolysis 

pathway, DNA damage inducible protein, as well as upregulation of a gene named ALDOC, which 

encodes an aldolase involved in the fructose-bisphosphate pathway (Table 6.1 and Fig. 6.6). 

Together, this indicates metabolic changes within the tumor microenvironment due to Salmonella 

exposure. These metabolism-related changes mimic nicely changes that would be expected in a 

hypoxic environment, where glycolysis and other related processes are upregulated (Leiherer et 

al., 2014). To investigate this further, differential gene expression of the hypoxia inducible gene, 

HIF-1a was evaluated in the sequencing data and found to be upregulated in tumor tissue exposed 

to Salmonella by 1.4-fold.  

Salmonella exposed tumor tissue after 2 days exhibited 110 downregulated genes by at least 2-

fold, 19 of which were more than 3-fold downregulated. It appears that a conglomeration of keratin 

related genes are all approximately 5-fold downregulated in Salmonella treated tumors. It is 

possible that the differential gene expression changes are due to a contamination from the 

epidermis layer of skin during tumor tissue extraction from the animal. However, keratin genes 

have also been implicated in progressive, metastatic melanoma, where lesions in these patients 

show an upregulation of KRT genes (Ascierto et al., 2017). In our data set, KRT1, as well as 

KRTDAP are downregulated 5.9 and 5.6-fold in Salmonella treated tumors. Both of these genes 

have been linked to poor prognosis of patients with melanoma (Network, 2015).  

 

Gene expression differences of spleen tissue after 2 days exposure to Salmonella 

We found 95 genes to be greater than 3-fold differentially expressed within spleen tissue, 2 days 

post Salmonella administration. The pathways which are active within spleen exposed to 
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Salmonella are centered around inflammation and immune system alterations (Fig. 6.6), which 

reflects well the gene expression data of Salmonella-treated tissue showing an upregulation of 

IFN-g stimulated responses (Table 6.2). Only 12 of these genes were downregulated and did not 

provide PANTHER pathway information. We therefore altered the fold change cut off to 

accommodate a minimum of 2-fold downregulation of genes in Salmonella treated mouse spleens 

(Fig. 6.6). Interestingly, 17 immunoglobulin heavy chain (IGH) gene rearrangements were found 

downregulated in the spleen. The IGH genes are involved in B-cell activated pathways and could 

indicate the decreased coordination of humoral immunity occurring within the host, upon 

Salmonella exposure. Tumor-infiltrating B-cells can inhibit tumor development based on their 

production of tumor reactive antibodies, promoting T-cell and Natural Killer cell activity, or 

promote tumor development through production of autoantibodies which results in immune 

suppression (Yuen et al., 2016).  

 

Gene expression differences of tumor tissue after 7 days exposure to Salmonella  

After 7 days of Salmonella treatment, we found tumor tissue to demonstrate 62 upregulated genes 

by 2-fold, 8 of which being at least 3-fold, as well as 5 genes downregulated by 2-fold. Overall, 

there is a significant increase in the number of genes and the pathways active in tumor tissue treated 

with Salmonella at 7-days compared to the 2-day timeframe. The upregulated pathways due to 

Salmonella treatment include angiogenesis, inflammation, interleukin signaling, p53 feedback 

loops, the RAS pathway and T-cell activation (Fig. 6.7). The RAS pathway controls cell 

proliferation, differentiation and survival, and is therefore frequently found to be mutated in cancer 

(Fernández-Medarde et al., 2011). Signal transducer and activator of transcription 1 (STAT1), a 

gene belonging to the RAS pathway is 2-fold upregulated in the Salmonella treatment group (Table 
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6.3). The STAT1 gene encodes a transcription factor which is associated with growth inhibition, 

resistance to apoptosis and reduced angiogenesis (Lesinski, 2011). Additionally, genes involved 

in the IFN-g signaling pathway, impacted by STAT1 transcriptional activity are 2-fold upregulated, 

resulting in increased major-histocompatibility complex (MHC) class 1 gene expression (Table 

6.3).  

 

Gene expression differences of spleen tissue after 7 days exposure to Salmonella  

The differential gene expression in Salmonella-treated spleens after 7 days is dramatic, totaling 

268 genes at least 3-fold upregulated. The PANTHER generated number of genes and their 

pathways upregulated in the spleens of Salmonella treated mice are: 16 genes in the inflammation 

mediated by chemokine and cytokine signaling pathway, 8 genes belonging to the apoptosis 

signaling pathway and 1 involved in the toll receptor signaling pathway (Fig. 6.7). Examples of 

these upregulated genes are a 23-fold increase in CXCL9, a chemokine which is induced by 

interferon-gamma (IFN-g) (Amatschek et al., 2011, Marshall et al., 2017) as well as a 33-fold 

increase in expression of Gm4841 encoding an IFN-g inducible GTPase protein (Table 6.4). The 

gene IFNG that encodes IFN-g is itself upregulated 10-fold.  

Comparatively, downregulated genes in spleens treated with Salmonella after 7 days totaled 47, 

with the diversity of pathway activation paling in comparison to upregulated pathways in 

Salmonella-treated mice. The number of genes and pathways differentially expressed in the spleen 

that are involved in immune-mediated processes is much higher than what was found in the tumor 

tissue, (Table 6.3, Figure 6.7) suggesting that Salmonella are not eliciting as great of an immune 

response in tumor as in the spleen.  
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DISCUSSION AND FUTURE DIRECTIONS 

  Here, we have applied a technique for measuring global gene expression changes in the 

context of bacterial mediated cancer therapies, in vivo. We tested a well-established model where 

VNP20009 is known to be effective, namely mouse melanoma B16-F10. We evaluated three 

timelines of infection where at 2 days there were no antitumor effects;  7 days, a marginal effect 

of decreased tumor weight; and by 14 days the tumor tissue had effectively shrunk with the 

viability of cells coming to question. We therefore took a closer look at the changes occurring, on 

a transcriptomic level, between 2 days and 7 days post Salmonella introduction. We were able to 

resolve the eukaryotic transcriptional landscape and found thousands of genes to be significantly 

differentially regulated between our treatment groups. Altogether, when comparing Salmonella 

induced gene expression with a fold change of +/-3, we discovered that for the spleen at the 2-day 

timepoint 188 genes were differentially regulated, and for the 7-day timepoint 591 genes 

differentially regulated. This drastically contrasts the tumor tissue, for which 32 genes were 

differentially regulated at the 2-day timepoint, and just 9 genes were differentially regulated after 

7 days.  

We confirmed the presence of developed B16F-10 tumors by analyzing expression of 

known melanoma associated genes. The TYRP1 gene, is expressed in upregulated in melanoma 

tumor tissue 1,000-fold compared to the spleen. Interestingly, TYRP1 falls in the category of 

melanocyte differentiation antigens (MDA), and is a subject for vaccination therapy. The goal in 

these studies is the activation of cytotoxic T lymphocytes (Saenger et al., 2008). It has been 

described by Hara et al. that immunization against B16 melanoma can be accomplished by 

introduction of an antibody, mAb TA99 which recognizes gp75 (TYRP1). The stimulated immune 

response by the immunization not only protected the animal from melanoma tumors, but also 
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resulted in rejection of subcutaneously implanted tumors and metastases  (Hara et al., 1995). In a 

different application of antibodies used to fight cancer, Salmonella can be engineered to express 

recombinant, surface expressed, single-domain antibodies that facilitate their targeting to tumor 

tissue (Massa et al., 2013). We could therefore, use this approach to target Salmonella more 

efficiently, and perhaps expediently, to melanoma tumors via their expression of TYRP1, resulting 

in increased colonization of the tumor and less of the spleen (Fig. 6.8).  

Interestingly, in 7-day derived Salmonella-treated tumor tissue we found 2-fold 

upregulation of multiple genes in the IFN-g signaling pathway (Fig. 6.9). IFN-g is secreted by 

macrophages, Natural Killer cells and activated T cells, and can be sensed by all nucleated cells 

(Saha et al., 2010). Upon recognition of IFN-g by specific plasma membrane-spanning receptors, 

the Janus-activated kinases (JAK1 and JAK2) are activated and result in the phosphorylation of 

STAT1 (Dunn et al., 2006). Homodimers of phosphorylated STAT1 are able to enter the nucleus 

and bind to gamma-activated sequence (GAS) promoter sites (Dunn et al., 2006). One of the genes 

regulated by GAS is IFN response factor 1 (IRF1), which is responsible for activating a number 

of secondary response genes (Zaidi et al., 2011). Another gene regulated by GAS is NLR CARD 

containing 5 (NLRC5), which when expressed and activated can bind to the enhanceosome of 

MHC class 1 genes, along with activator, IRF1  (Neerincx et al., 2013). Together, NLRC5 and 

IRF1 among others, drive the transcription of MHC class 1 genes, which play critical roles in 

presenting surface antigens to the immune system, specifically cytotoxic CD8+ T-cells (Wieczorek 

et al., 2017). The genes above, namely STAT1, IRF1, NLRC5, and six MHC class 1 genes including 

H2-Aa, H2-K1, H2-Q4, H2-Q6, H2-Q7, H2-T23, are all upregulated 2-fold after 7-days in 

Salmonella treated tumor tissue (Table 6.3). Recently, it has been reported that reduced NLRC5 

expression causes impaired MHC class 1 presentation, decreasing CD8+ T-cell activation, resulting 
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in immunoevasion of cancer and poor patient prognosis (Yoshihama et al., 2016). Moreover, in 

patient tumor samples, STAT1 is markedly suppressed, specifically in metastatic lesions from 

lymph tissue, whereas in normal melanocytes it is expressed throughout the cell (Osborn et al., 

2015). The differential regulation of genes involved in the IFN-g signaling pathway could be an 

indicator for why we observe decreased tumor weight and histologically an increase in 

inflammation upon 7-day treatment of melanoma bearing mice with Salmonella. This could mean 

that the presence of Salmonella facilitates the activation of the IFN-g pathway, leading to increased 

expression of MHC class 1, increased CD8+ T cell infiltration to the tumor microenvironment and 

therefore increased immune surveillance, clearing of cancer and better host prognosis. By 14 days 

post Salmonella presentation in tumor bearing mice, that seems to be precisely what we observe, 

macroscopically. Further studies are necessary to confirm activation of the IFN-g signaling 

pathway and test for an increase in CD8+ infiltrating T cells within tumor tissue treated with 

Salmonella.  

The lack of a strong immune response in tumor tissue compared to the spleen at the 2-day 

time point with Salmonella is a topic for further investigation. It is likely due to the subcutaneous 

model of tumorigenesis, where it is known that stimulating cytokines, T cells, B cells and natural 

killer cells do not infiltrate as well as in orthotopic cancer models (Zhao et al., 2017).  Additionally, 

our transcriptional analysis could be followed by protein detection methods such as an enzyme-

linked immunosorbent assay (ELISA) to gain a cytokine profile of the tissue, as well as an 

understanding of genes which are not only expressed but produced by the cells.  

In future studies, the complete gene expression profile of cancer targeting VNP20009 will 

be divulged using dual-RNA-sequencing, which is not an easy feat. It has already been reported 

that Salmonella promoters are differentially regulated in in vitro environments similar to the tumor 
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microenvironment (Chen et al., 2011), upon in vitro co-culturing in the presence of mouse 

melanoma and human colon carcinoma  (Flentie et al., 2012) and in vivo mouse models of colon 

carcinoma (Leschner et al., 2012). These experiments, however have not implemented RNA-seq, 

which is sensitive enough to detect slight transcriptional differences in bacterial gene expression, 

as well as the impact of small-RNA molecules. In 2016, an impressive article was published by 

Westermann et al. describing dual RNA-seq of pathogenic Salmonella in the presence of cultured 

HeLa cells. This work was able to discover novel interspecies signalling cascade, regulating the 

interaction of Salmonella and the host cells in vitro (Westermann, et al. 2016).  

 Until 2012, sequencing of a multi-cell type sample, such as one involving eukaryotic and 

prokaryotic cells, was often limited to only one cell type. Since the advent of dual RNA-seq, 

facilitated by advances in sequencing technology and broad knowledge of full genomes, a glance 

at the host-pathogen simultaneous interaction is feasible. Considerations we must take into account 

are the input quantity of bacterial cells, maintenance of quality transcripts, sequencing depth, 

changes in gene expression during sample preparation prior to RNA extraction and prevalence of 

prokaryotic and eukaryotic rRNA transcripts.  

We have constructed a workflow based on successful studies in the literature for how we 

propose in future to execute dual RNA-seq (Fig. 6.10). The transcriptome will first be fixed, to 

avoid perturbing gene expression during subsequent steps prior to RNA extraction. Strategies 

towards transcriptome fixation to be optimized in the context of in vivo dual RNA-seq include 1) 

cellular fixation: 4% formaldehyde producing inter- and intra-molecular crosslinking, alcohol used 

to denature cellular proteins by the removal of water (Westermann et al., 2017); and 2) the addition 

of RNase inhibitors including ammonium sulfate-based preservatives such as RNA later, or 

specifically for the eukaryotic transcriptome, RNasin Plus RNase inhibitor (Liu et al., 2017).  
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Samples will then undergo sorting to parse the heterogeneous population of cells found in 

whole tissue excised from an animal. The tumor microenvironment is complicated. Cancerous 

tissue, like normal tissue, is composed of parenchyma (essential parts of an organ) and stroma 

(connective tissue, blood vessels). However, the tumor microenvironment offers a mixture of these 

normally distinguishable compartments. A simplified categorization of tumor components can be 

made into two groups: resident and non-resident  (Schiavoni et al., 2013). Examples of residents 

include: endothelial cells, mesenchymal stem and cancer stem cells, fibroblasts, adhesion 

molecules and cytokines (Schiavoni et al., 2013); examples of non-residents include: infiltrating 

leukocytes (T and B lymphocytes, monocytes, macrophages, etc), and metastatic cancer cells 

(Schiavoni et al., 2013). We will use Fluorescence Activated Cell Sorting (FACS) to select for 

different scenarios- from the solid tumor: Salmonella-invaded cancer cells, cancer cells alone, 

Salmonella alone; from the spleen tissue: Salmonella-invaded spleen epithelial cells, spleen 

epithelial cells alone, Salmonella alone (Fig. 6.11).  

The sorting of these cell types will be accomplished by selecting for: Salmonella expressing 

GFP and eukaryotic cells labeled with the EpCAM monoclonal antibody conjugated to APC. The 

latter is an epithelial cellular adhesion molecule and has been recognized as an important factor in 

tumor biology (Thermo Fisher Scientific Product Specification Information). To exclude 

leukocytes, which appear to be a vast population of cells from both tissue types, CD45 monoclonal 

antibody conjugated to PE will be used. CD45 is known as Leukocyte Common Antigen and is 

commonly applied in FACS applications to sort hematopoietic cells (Thermo Fisher Scientific 

Product Specification Information). Cell viability will be accounted for using DAPI, which freely 

stains dsDNA in permeated cells. Finally, granularity and size can additionally be used as gating 

factors. Following successful cell sorting, total RNA will be isolated. Using this proposed 
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workflow to perform dual RNA-sequencing will provide great progress towards discoveries of 

novel approaches towards in Salmonella mediated therapeutic efficacy.  
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Table 6.1. Effect of Salmonella on tumor tissue gene expression after 2 days. Genes are at least 2-fold upregulated (blue) or 2-fold 

downregulated (red) in Salmonella treated tissue (p<0.05). Some genes, indicated by a dash, did not identify with a PANTHER family. 

Genes which are not represented by PANTHER: Gm21320, Mup12, Mup7, Mup9.  

Chromosome Gene name Fold change  Gene ortholog PANTHER protein class 
NC_000071 Akr1b7 2.25 Aldose reductase-related protein 1 reductase(PC00198) 
NC_000077 Aldoc 2.21 Fructose-bisphosphate aldolase C - 
NC_000073 Azgp1 2.18 Zinc-alpha-2-glycoprotein - 
NC_000068 Ddit4 2.11 DNA damage-inducible transcript 4 protein - 
NC_000069 Isg15 2.11 Ubiquitin-like protein ISG15 ribosomal protein(PC00202) 
NC_000076 Ppp1r15a 2.08 Protein phosphatase 1 regulatory subunit 15A - 

NC_000070 S100a1 2.06 Protein S100-A1 calmodulin(PC00061);signaling 
molecule(PC00207) 

NC_000076 S100b 2.06 Protein S100-B calmodulin(PC00061);signaling 
molecule(PC00207) 

NC_000072 Trib3 2.03 Tribbles homolog 3 protein kinase(PC00193) 
NC_000084 Colec12 0.50 Collectin-12 - 

NC_000077 Abca9 0.50 ATP-binding cassette sub-family A member 9 ATP-binding cassette (ABC) 
transporter(PC00003) 

NC_000070 Mup1 0.50 Major urinary protein 1 isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000086 Itm2a 0.50 Integral membrane protein 2A - 
NC_000072 Clec2d 0.50 C-type lectin domain family 2 member D - 

NC_000070 Mup14 0.49 Major urinary protein 12 isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000072 Plbd1 0.49 Phospholipase B-like 1 cysteine protease(PC00081) 
NC_000076 Susd2 0.49 Sushi domain-containing protein 2 - 
NC_000078 Serpina12 0.49 Serpin A12 serine protease inhibitor(PC00204) 

NC_000084 Fbn2 0.49 Fibrillin-2 

annexin(PC00050);calmodulin(PC00061
);cell adhesion 
molecule(PC00069);extracellular matrix 
glycoprotein(PC00100);extracellular 
matrix structural 
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protein(PC00103);signaling 
molecule(PC00207) 

NC_000083 Tnxb 0.49 Tenascin X - 

NC_000070 Mup10 0.49 Major urinary protein 10 isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000086 Gpc3 0.49 Glypican-3 - 

NC_000079 Vcan 0.49 Versican core protein extracellular matrix 
glycoprotein(PC00100) 

NC_000070 Mup17 0.48 Major urinary protein 17 isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000072 Ppp1r3a 0.48 Protein phosphatase 1 regulatory subunit 3A phosphatase modulator(PC00184) 
NC_000082 BC117090 0.48 CDNA sequence BC1179090 cysteine protease inhibitor(PC00082) 
NC_000082 Tmem45a 0.48 Transmembrane protein 45A - 

NC_000070 Mup18 0.48 Major urinary protein 18 isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000077 Adamts2 0.48 A disintegrin and metalloproteinase with thrombospondin 
motifs 2 

extracellular matrix 
glycoprotein(PC00100);metalloprotease(
PC00153);serine protease 
inhibitor(PC00204) 

NC_000067 Pyhin1 0.48 Pyrin and HIN domain-containing protein 1 - 

NC_000070 Mup11 0.48 Major urinary protein 11 isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000086 Slc6a14 0.47 Sodium- and chloride-dependent neutral and basic amino 
acid transporter B(0+) cation transporter(PC00068) 

NC_000085 Mpeg1 0.47 Macrophage-expressed gene 1 protein - 
NC_000076 Lyz2 0.47 Lysozyme C-2 - 
NC_000084 Cd74 0.46 H-2 class II histocompatibility antigen gamma chain protease inhibitor(PC00191) 

NC_000069 Clca3a2 0.46 Chloride channel accessory 3A2 
ion 
channel(PC00133);metalloprotease(PC0
0153) 

NC_000070 Sdr16c5 0.46 Epidermal retinol dehydrogenase 2 - 

NC_000070 Sdr16c6 0.46 Short-chain dehydrogenase/reductase family 16C 
member 6 - 

NC_000073 Sbsn 0.46 Suprabasin - 
NC_000080 Anxa8 0.46 Annexin A8 - 
NC_000068 Col5a1 0.46 Collagen alpha-1(V) chain - 
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NC_000075 Ccr2 0.46 C-C chemokine receptor type 2 - 

NC_000076 Lama2 0.46 Laminin subunit alpha-2 
extracellular matrix linker 
protein(PC00101);protease 
inhibitor(PC00191);receptor(PC00197) 

NC_000069 Car3 0.46 Carbonic anhydrase 3 - 
NC_000074 Mmp2 0.45 72 kDa type IV collagenase metalloprotease(PC00153) 
NC_000079 Calm4 0.45 Calmodulin-4 calmodulin(PC00061) 
NC_000067 Ifi205 0.45 Interferon-activable protein 205-A transcription factor(PC00218) 
NC_000076 Col6a2 0.45 Collagen alpha-2(VI) chain receptor(PC00197) 
NC_000070 Skint1 0.45 Selection and upkeep of intraepithelial T-cells protein 1 protease inhibitor(PC00191) 
NC_000068 Serping1 0.45 Plasma protease C1 inhibitor serine protease inhibitor(PC00204) 
NC_000069 Flg2 0.45 Filaggrin-2 cytoskeletal protein(PC00085) 
NC_000068 Ttn 0.45 Titin - 
NC_000077 Slit3 0.44 Slit homolog 3 protein - 

NC_000071 Sema3d 0.44 Semaphorin-3D membrane-bound signaling 
molecule(PC00152) 

NC_000075 Cilp 0.44 Cartilage intermediate layer protein 1 - 

NC_000069 Lor 0.44 Alpha-aminoadipic semialdehyde synthase, 
mitochondrial - 

NC_000072 Clec4a3 0.44 C-type lectin domain family 4, member a3 
cell adhesion 
molecule(PC00069);immunoglobulin 
receptor superfamily(PC00124) 

NC_000070 Gm13177 0.44 Uncharacterized protein lipase(PC00143);serine 
protease(PC00203) 

NC_000083 H2-Eb1 0.44 H-2 class II histocompatibility antigen, E-B beta chain major histocompatibility complex 
antigen(PC00149) 

NC_000081 Col14a1 0.44 Collagen alpha-1(XIV) chain receptor(PC00197) 

NC_000075 Clec3b 0.43 Tetranectin extracellular matrix structural 
protein(PC00103) 

NC_000085 Ahnak 0.43 AHNAK nucleoprotein (desmoyokin) - 
NC_000067 Fn1 0.43 Fibronectin signaling molecule(PC00207) 
NC_000069 Lce1a2 0.43 Late cornified envelope 1A2 - 

NC_000069 Aadacl2 0.43 Arylacetamide deacetylase-like 2 lipase(PC00143);serine 
protease(PC00203) 

NC_000070 Skint6 0.43 Selection and upkeep of intraepithelial T-cells protein 6 protease inhibitor(PC00191) 
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NC_000069 Cd5l 0.42 CD5 antigen-like oxidase(PC00175);receptor(PC00197);se
rine protease(PC00203) 

NC_000067 Cfh 0.42 Complement factor H - 
NC_000077 Wfdc17 0.42 Activated macrophage/microglia WAP domain protein serine protease inhibitor(PC00204) 

NC_000083 Apobec2 0.42 C-U-editing enzyme APOBEC-2 deaminase(PC00088);nucleic acid 
binding(PC00171) 

NC_000070 Mup8 0.42 Major urinary protein 8 isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000068 Prex1 0.42 Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac 
exchanger 1 protein 

guanyl-nucleotide exchange 
factor(PC00113) 

NC_000067 Abca12 0.41 ATP-binding cassette, sub-family A (ABC1), member 12 ATP-binding cassette (ABC) 
transporter(PC00003) 

NC_000074 Defb6 0.41 Beta-defensin 6 antibacterial response protein(PC00051) 

NC_000068 Fbn1 0.41 Fibrillin-1 

annexin(PC00050);calmodulin(PC00061
);cell adhesion 
molecule(PC00069);extracellular matrix 
glycoprotein(PC00100);extracellular 
matrix structural 
protein(PC00103);signaling 
molecule(PC00207) 

NC_000070 Mup19 0.40 Major urinary protein 19 isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000079 Aspn 0.40 Asporin - 
NC_000070 Skint10 0.40 Selection and upkeep of intraepithelial T-cells protein 10 protease inhibitor(PC00191) 
NC_000069 Lce1b 0.40 Late cornified envelope 1B - 
NC_000070 Skint9 0.40 Selection and upkeep of intraepithelial T-cells protein 9 protease inhibitor(PC00191) 
NC_000081 C7 0.40 Complement component 7 chemokine(PC00074) 
NC_000067 Col5a2 0.39 Collagen alpha-2(V) chain - 
NC_000069 Fabp4 0.39 Fatty acid-binding protein, adipocyte - 
NC_000083 Thbs2 0.39 Thrombospondin-2 - 
NC_000077 Ace 0.39 Angiotensin-converting enzyme metalloprotease(PC00153) 
NC_000078 Ighm 0.39 Ig mu chain C region - 
NC_000069 Lce1c 0.39 Late cornified envelope 1C - 
NC_000069 Kprp 0.38 Keratinocyte proline-rich protein - 
NC_000075 Elovl4 0.38 Elongation of very long chain fatty acids protein 4 acyltransferase(PC00042) 
NC_000079 Cmya5 0.38 Cardiomyopathy-associated protein 5 - 
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NC_000084 Cdo1 0.38 Cysteine dioxygenase type 1 - 
NC_000070 Orm1 0.38 Alpha-1-acid glycoprotein 1 - 

NC_000069 Postn 0.38 Periostin 
cell adhesion 
molecule(PC00069);signaling 
molecule(PC00207) 

NC_000084 Gm94 0.37 Uncharacterized protein C5orf46 homolog - 
NC_000069 Lce1a1 0.37 Late cornified envelope 1A1 - 

NC_000083 H2-Aa 0.36 H-2 class II histocompatibility antigen, A-K alpha chain major histocompatibility complex 
antigen(PC00149) 

NC_000084 Spink5 0.35 Serine peptidase inhibitor, Kazal type 5 protease inhibitor(PC00191) 

NC_000074 Lpl 0.35 Lipoprotein lipase esterase(PC00097);lipase(PC00143);stor
age protein(PC00210) 

NC_000076 Hal 0.34 Histidine ammonia-lyase - 
NC_000077 Gpx3 0.33 Glutathione peroxidase 3 peroxidase(PC00180) 
NC_000067 Col6a3 0.33 Collagen, type VI, alpha 3 receptor(PC00197) 

NC_000068 Scn7a 0.33 Sodium channel protein 
voltage-gated calcium 
channel(PC00240);voltage-gated sodium 
channel(PC00243) 

NC_000081 Krt77 0.32 Keratin, type II cytoskeletal 1b - 
NC_000067 Serpinb7 0.31 Serpin B7 serine protease inhibitor(PC00204) 
NC_000077 Krt14 0.30 Keratin, type I cytoskeletal 14 - 

NC_000070 Svep1 0.30 Sushi, von Willebrand factor type A, EGF and pentraxin 
domain-containing protein 1 - 

NC_000069 Lce1m 0.29 Late cornified envelope 1M - 
NC_000079 Ogn 0.26 Mimecan - 
NC_000081 Krt6a 0.24 Keratin, type II cytoskeletal 6A - 
NC_000077 Krt16 0.24 Keratin, type I cytoskeletal 16 - 
NC_000077 Krt10 0.21 Keratin, type I cytoskeletal 10 - 

NC_000081 Eppk1 0.21 Epiplakin intermediate filament binding 
protein(PC00130) 

NC_000081 Krt1 0.18 Keratin, type II cytoskeletal 1 - 
NC_000073 Krtdap 0.17 Keratinocyte differentiation-associated protein - 
NC_000069 Hrnr 0.14 Hornerin cytoskeletal protein(PC00085) 
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Table 6.2. Effect of Salmonella on spleen tissue gene expression after 2 days. . Genes are at least 3-fold upregulated (blue) or 3-

fold downregulated (red) in Salmonella treated tissue (p<0.05). Some genes, indicated by a dash, did not identify with a PANTHER 

family. Genes which are not represented by PANTHER: Hba-a2, Igkv4-55, Gbp2b, Gm12250, Gm4070 

Chromosome Gene name Fold change  Gene ortholog PANTHER protein class 
NC_000071 Gbp10 8.30 Guanylate-binding protein 10 heterotrimeric G-protein(PC00117) 
NC_000080 Acod1 7.90 Acyl-CoA desaturase 1 - 
NC_000084 Iigp1 7.29 Interferon-inducible GTPase 1 - 
NC_000069 Gbp2 7.24 Guanylate-binding protein 2 heterotrimeric G-protein(PC00117) 
NC_000085 Ifit3b 6.63 Interferon-induced protein with tetratricopeptide repeats 3B - 
NC_000085 Ifit3 6.31 Interferon-induced protein with tetratricopeptide repeats 3 - 
NC_000071 Gbp6 6.14 Guanylate-binding protein 6 heterotrimeric G-protein(PC00117) 

NC_000073 Irf7 6.02 Interferon regulatory factor 7 
nucleic acid binding(PC00171);winged 
helix/forkhead transcription 
factor(PC00246) 

NC_000078 Serpina3f 6.01 Serine protease inhibitor A3F serine protease inhibitor(PC00204) 

NC_000077 Tgtp2 5.99 T-cell-specific guanine nucleotide triphosphate-binding 
protein 2 - 

NC_000077 Tgtp1 5.87 T-cell-specific guanine nucleotide triphosphate-binding 
protein 1 - 

NC_000076 Ifng 5.55 Interferon gamma - 
NC_000084 Gm4951 5.54 Interferon-gamma-inducible GTPase Ifgga2 protein - 
NC_000085 Ifit1 5.10 Interferon-induced protein with tetratricopeptide repeats 1 - 
NC_000077 Slfn4 5.09 Putative uncharacterized protein - 
NC_000077 Gm12185 5.04 Similar to T-cell specific GTPase - 
NC_000068 Zbp1 5.00 Z-DNA-binding protein 1 - 
NC_000077 Igtp 4.96 Interferon gamma-induced GTPase - 
NC_000069 Ifi44 4.91 Interferon-induced protein 44 - 
NC_000077 Irgm1 4.66 Immunity-related GTPase family M protein 1 - 
NC_000085 Ifit2 4.60 Interferon-induced protein with tetratricopeptide repeats 2 - 
NC_000082 Rtp4 4.49 Receptor-transporting protein 4 - 
NC_000067 Ifi204 4.47 Interferon-activable protein 204 transcription factor(PC00218) 
NC_000071 Cxcl9 4.42 C-X-C motif chemokine 9 chemokine(PC00074) 
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NC_000071 Oasl2 4.37 2'-5'-oligoadenylate synthase-like protein 2 

defense/immunity 
protein(PC00090);nucleic acid 
binding(PC00171);nucleotidyltransfera
se(PC00174) 

NC_000078 Serpina3g 4.35 Serine protease inhibitor A3G serine protease inhibitor(PC00204) 
NC_000081 Ly6i 4.24 Lymphocyte antigen 6I - 
NC_000083 Ubd 4.21 Ubiquitin D - 
NC_000071 Cxcl10 4.16 C-X-C motif chemokine 10 chemokine(PC00074) 
NC_000067 Ptgs2 4.06 Prostaglandin G/H synthase 2 oxygenase(PC00177) 
NC_000077 Ifi47 4.03 GTP-binding protein - 
NC_000079 Gzma 3.94 Granzyme A serine protease(PC00203) 
NC_000084 Gvin1 3.92 Interferon-induced very large GTPase 1 - 
NC_000069 Gbp5 3.91 Guanylate-binding protein 5 heterotrimeric G-protein(PC00117) 

NC_000085 Ifit1bl1 3.86 Interferon-induced protein with tetratricpeptide repeats 1B-
like 1 - 

NC_000077 Irgm2 3.77 Immunity-related GTPase family M member 2 - 
NC_000078 Ifi27l2a 3.76 Interferon alpha-inducible protein 27-like protein 2A - 
NC_000071 Gbp4 3.76 Guanylate-binding protein 4 heterotrimeric G-protein(PC00117) 
NC_000069 Gbp7 3.68 Gbp6 protein heterotrimeric G-protein(PC00117) 

NC_000084 F830016B08
Rik 3.64 Interferon-gamma-inducible GTPase Ifgga4 protein - 

NC_000080 Phf11d 3.53 PHD finger protein 11 DNA binding protein(PC00009) 
NC_000076 Fam26f 3.47 Protein FAM26F - 

NC_000085 Ifit1bl2 3.38 Interferon-induced protein with tetratricopeptide repeats 
1B-like 2 - 

NC_000081 Ly6a 3.35 Lymphocyte antigen 6A-2/6E-1 - 
NC_000077 Ccl7 3.35 C-C motif chemokine 7 chemokine(PC00074) 

NC_000071 Oasl1 3.32 2'-5'-oligoadenylate synthase-like protein 1 

defense/immunity 
protein(PC00090);nucleic acid 
binding(PC00171);nucleotidyltransfera
se(PC00174) 

NC_000081 Ly6c2 3.31 Lymphocyte antigen 6C2 - 
NC_000080 Gzmb 3.29 Granzyme B(G,H) serine protease(PC00203) 

NC_000071 Oas2 3.26 2'-5'-oligoadenylate synthase 2 defense/immunity 
protein(PC00090);nucleic acid 
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binding(PC00171);nucleotidyltransfera
se(PC00174) 

NC_000083 Cfb 3.23 Complement factor B - 
NC_000067 Xcl1 3.21 Lymphotactin chemokine(PC00074) 

NC_000067 Stat1 3.20 Signal transducer and activator of transcription 1 
nucleic acid 
binding(PC00171);transcription 
factor(PC00218) 

NC_000081 Ly6c1 3.14 Lymphocyte antigen 6C1 - 

NC_000071 Oas1a 3.13 2'-5'-oligoadenylate synthase 1A 

defense/immunity 
protein(PC00090);nucleic acid 
binding(PC00171);nucleotidyltransfera
se(PC00174) 

NC_000072 Usp18 3.08 Ubl carboxyl-terminal hydrolase 18 cysteine protease(PC00081) 
NC_000075 Mmp13 3.07 Collagenase 3 metalloprotease(PC00153) 
NC_000077 Xaf1 3.06 XIAP-associated factor 1 - 
NC_000069 Fcgr1 3.06 High affinity immunoglobulin gamma Fc receptor I cell adhesion molecule(PC00069) 
NC_000067 Mnda 3.05 Interferon-activable protein 205-B transcription factor(PC00218) 
NC_000073 Gm4841 3.05 Interferon-gamma-inducible GTPase Ifgga3 protein - 
NC_000085 Ms4a6d 3.04 Membrane-spanning 4-domains subfamily A member 6D receptor(PC00197) 
NC_000077 Dhx58 3.02 Probable ATP-dependent RNA helicase DHX58 - 
NC_000077 Hba-a1 0.34 Hemoglobin subunit alpha - 
NC_000077 Slfn14 0.34 Protein SLFN14 - 
NC_000071 Reln 0.34 Reelin - 
NC_000077 Sowaha 0.33 Ankyrin repeat domain-containing protein SOWAHA - 
NC_000067 Tmcc2 0.32 Transmembrane and coiled-coil domains protein 2 - 
NC_000078 Ighv1-80 0.32 Immunoglobulin heavy variable 1-80 (Fragment) - 
NC_000078 Ighv1-59 0.31 Immunoglobulin heavy variable V1-59 (Fragment) - 

NC_000078 Ighg3 0.17 Immunoglobulin heavy constant gamma 3 (Fragment) immunoglobulin receptor 
superfamily(PC00124) 

NC_000078 Ighv1-56 0.16 Immunoglobulin heavy variable 1-56 (Fragment) - 
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Table 6.3 Effect of Salmonella on tumor tissue gene expression after 7 days. Genes are at least 2-fold upregulated (blue) or 2-fold 

downregulated (red) in Salmonella treated tissue (p<0.05). Some genes, indicated by a dash, did not identify with a PANTHER family. 

Genes which are not represented by PANTHER: Fcgr2b, Psme2b, Gm4070, Gm1573, Hbb-bt, Hbb-bs.   

Chromosome Gene name Fold change  Gene ortholog PANTHER protein class 
NC_000083 Ubd 10.74 Ubiquitin D - 
NC_000078 Serpina3g 3.16 Serine protease inhibitor A3G serine protease inhibitor(PC00204) 
NC_000078 Ighm 3.14 Ig mu chain C region - 
NC_000069 Gbp5 3.04 Guanylate-binding protein 5 heterotrimeric G-protein(PC00117) 
NC_000077 Slfn2 2.86 Schlafen 2 - 

NC_000067 Fcgr4 2.75 Low affinity immunoglobulin gamma Fc region receptor 
IV cell adhesion molecule(PC00069) 

NC_000069 Chil3 2.72 Chitinase-like protein 3 - 
NC_000083 H2-T23 2.56 H-2 class I histocompatibility antigen, D-37 alpha chain - 

NC_000075 Casp12 2.56 Caspase-12 cysteine protease(PC00081);protease 
inhibitor(PC00191) 

NC_000079 Gzma 2.55 Granzyme A serine protease(PC00203) 
NC_000069 Gbp7 2.53 Gbp6 protein heterotrimeric G-protein(PC00117) 

NC_000083 Tap1 2.48 Antigen peptide transporter 1 cysteine protease(PC00081);serine 
protease(PC00203) 

NC_000069 Fcgr1 2.47 High affinity immunoglobulin gamma Fc receptor I cell adhesion molecule(PC00069) 
NC_000083 Psmb9 2.46 Proteasome subunit beta type-9 protease(PC00190) 
NC_000071 Fgl2 2.44 Fibroleukin signaling molecule(PC00207) 
NC_000068 Zbp1 2.43 Z-DNA-binding protein 1 - 
NC_000069 Cp 2.42 Ceruloplasmin oxidase(PC00175) 
NC_000079 Erap1 2.42 Endoplasmic reticulum aminopeptidase 1 metalloprotease(PC00153) 
NC_000070 Isg15 2.41 Ubiquitin-like protein ISG15 ribosomal protein(PC00202) 

NC_000075 Uba7 2.37 MCG18845, isoform CRA_d ligase(PC00142);transfer/carrier 
protein(PC00219) 

NC_000083 H2-Q4 2.33 Histocompatibility 2, Q region locus 4 - 
NC_000068 Tgm2 2.32 Protein-glutamine gamma-glutamyltransferase 2 acyltransferase(PC00042) 

NC_000083 H2-Aa 2.31 H-2 class II histocompatibility antigen, A-K alpha chain major histocompatibility complex 
antigen(PC00149) 
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NC_000075 Casp4 2.29 Caspase-4 cysteine protease(PC00081);protease 
inhibitor(PC00191) 

NC_000077 Gm12185 2.27 Similar to T-cell specific GTPase - 
NC_000073 Il18bp 2.27 Interleukin-18-binding protein - 
NC_000070 Cd52 2.25 CAMPATH-1 antigen - 
NC_000085 Slc15a3 2.25 Solute carrier family 15 member 3 transporter(PC00227) 
NC_000073 Gvin1 2.23 Interferon-induced very large GTPase 1 - 

NC_000067 Stat1 2.23 Signal transducer and activator of transcription 1 
nucleic acid 
binding(PC00171);transcription 
factor(PC00218) 

NC_000083 H2-Q6 2.21 Class Ib MHC antigen Qa-2 - 
NC_000077 Ccl12 2.21 C-C motif chemokine 12 chemokine(PC00074) 
NC_000067 Ifi204 2.20 Interferon-activable protein 204 transcription factor(PC00218) 

NC_000085 Ifit3b 2.19 Interferon-induced protein with tetratricopeptide repeats 
3B - 

NC_000069 Gbp3 2.19 Guanylate-binding protein 4 heterotrimeric G-protein(PC00117) 
NC_000083 H2-D1 2.17 H-2 class I histocompatibility antigen, D-P alpha chain - 

NC_000085 Ifit3 2.13 Interferon-induced protein with tetratricopeptide repeats 
3 - 

NC_000084 Cd74 2.13 H-2 class II histocompatibility antigen gamma chain protease inhibitor(PC00191) 
NC_000083 H2-K1 2.12 H-2 class I histocompatibility antigen, K-B alpha chain - 

NC_000071 Oas3 2.11 2'-5'-oligoadenylate synthase 3 

defense/immunity 
protein(PC00090);nucleic acid 
binding(PC00171);nucleotidyltransferase
(PC00174) 

NC_000084 F830016B08
Rik 2.11 Interferon-gamma-inducible GTPase Ifgga4 protein - 

NC_000083 Tap2 2.10 Antigen peptide transporter 2 cysteine protease(PC00081);serine 
protease(PC00203) 

NC_000068 Ube2l6 2.08 Ubiquitin/ISG15-conjugating enzyme E2 L6 ligase(PC00142) 

NC_000067 Fcgr3 2.08 Low affinity immunoglobulin gamma Fc region receptor 
III cell adhesion molecule(PC00069) 

NC_000077 Irf1 2.07 Interferon regulatory factor 1 
nucleic acid binding(PC00171);winged 
helix/forkhead transcription 
factor(PC00246) 
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NC_000074 Nlrc5 2.06 Protein NLRC5 
nucleic acid binding(PC00171);serine 
protease(PC00203);transcription 
cofactor(PC00217) 

NC_000081 Apol9b 2.06 Apolipoprotein L 9b apolipoprotein(PC00052);transporter(PC
00227) 

NC_000079 Naip2 2.04 Baculoviral IAP repeat-containing protein 1b - 
NC_000077 Ccl2 2.04 C-C motif chemokine 2 chemokine(PC00074) 

NC_000069 Ctss 2.03 Cathepsin S cysteine protease(PC00081);protease 
inhibitor(PC00191) 

NC_000072 Tmem140 2.02 Transmembrane protein 140 - 
NC_000071 Gbp6 2.02 Guanylate-binding protein 6 heterotrimeric G-protein(PC00117) 
NC_000083 H2-Q7 2.02 H-2 class I histocompatibility antigen, Q7 alpha chain - 
NC_000067 Mnda 2.02 Interferon-activable protein 205-B transcription factor(PC00218) 
NC_000082 Parp14 2.02 Poly [ADP-ribose] polymerase 14 - 

NC_000078 Rsad2 2.01 Radical S-adenosyl methionine domain-containing 
protein 2 - 

NC_000085 Ankrd1 2.01 Ankyrin repeat domain-containing protein 1 - 
NC_000075 Cck 0.32 Cholecystokinin - 
NC_000067 Rgs5 0.47 Regulator of G-protein signaling 5 G-protein modulator(PC00022) 
NC_000079 Ogn 0.49 Mimecan - 
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Table 6.4. Effect of Salmonella on spleen tissue gene expression after 7 days. Genes are at least 3-fold upregulated (blue) or 3-fold 

downregulated (red) in Salmonella treated tissue (p<0.05). Some genes, indicated by a dash, did not identify with a PANTHER family. 

Genes which are not represented by PANTHER: Gbp2b, Gm12250, Gm4070, I830127L07Rik, Ighg2b Ighv1-84 Igkv12-41 Igkv9-120 

Lilr4b, Lilr4c, Pira6, Gm40367, Hba-a2, Gm40369, 1300017J02Rik 

Chromosome Gene name Fold change  Gene ortholog PANTHER protein class 
NC_000081 Slc45a2 166.37 Membrane-associated transporter protein carbohydrate transporter(PC00067) 
NC_000078 Ighv1-20 54.99 Immunoglobulin heavy variable 1-15 (Fragment) - 
NC_000084 Gm4841 33.69 Interferon-gamma-inducible GTPase Ifgga3 protein - 
NC_000078 Serpina3f 33.13 Serine protease inhibitor A3F serine protease inhibitor(PC00204) 
NC_000078 Ighv1-37 26.03 Immunoglobulin heavy variable 1-22 (Fragment) - 
NC_000071 Cxcl9 23.32 C-X-C motif chemokine 9 chemokine(PC00074) 
NC_000085 Mpeg1 22.26 Macrophage-expressed gene 1 protein - 
NC_000070 Smpdl3b 21.95 Acid sphingomyelinase-like phosphodiesterase 3b - 
NC_000071 Gbp10 19.87 Guanylate-binding protein 10 heterotrimeric G-protein(PC00117) 
NC_000069 Gbp2 17.14 Guanylate-binding protein 2 heterotrimeric G-protein(PC00117) 
NC_000080 Acod1 16.47 Acyl-CoA desaturase 1 - 
NC_000068 Il1a 14.50 Interleukin-1 alpha - 
NC_000069 Gbp5 14.31 Guanylate-binding protein 5 heterotrimeric G-protein(PC00117) 
NC_000077 Gm12185 13.88 Similar to T-cell specific GTPase - 
NC_000071 Gbp6 12.96 Guanylate-binding protein 6 heterotrimeric G-protein(PC00117) 
NC_000083 Fpr2 11.40 Formyl peptide receptor 2 G-protein coupled receptor(PC00021) 

NC_000077 Abca13 11.14 ATP-binding cassette sub-family A member 13 ATP-binding cassette (ABC) 
transporter(PC00003) 

NC_000072 Igkv4-61 11.00 Immunoglobulin kappa chain variable 4-61 (Fragment) immunoglobulin(PC00123) 
NC_000072 Snx10 10.93 Sorting nexin-10 - 

NC_000084 F830016B08
Rik 10.58 Interferon-gamma-inducible GTPase Ifgga4 protein - 

NC_000070 Tyrp1 10.43 5,6-dihydroxyindole-2-carboxylic acid oxidase oxidase(PC00175);oxygenase(PC00177) 
NC_000077 Nos2 10.25 Nanos homolog 2 nuclease(PC00170) 
NC_000076 Ifng 10.24 Interferon gamma - 
NC_000079 Hk3 9.25 Hexokinase-3 - 
NC_000073 Il18bp 9.19 Interleukin-18-binding protein - 
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NC_000083 Ubd 8.53 Ubiquitin D - 
NC_000084 Gm4951 8.47 Interferon-gamma-inducible GTPase Ifgga2 protein - 

NC_000081 Apol11a 8.18 Apolipoprotein L 11a apolipoprotein(PC00052);transporter(PC00
227) 

NC_000072 Clec4e 7.91 C-type lectin domain family 4 member E 
cell adhesion 
molecule(PC00069);immunoglobulin 
receptor superfamily(PC00124) 

NC_000083 Cfb 7.75 Complement factor B - 

NC_000073 Spon1 7.40 Spondin-1 extracellular matrix 
glycoprotein(PC00100) 

NC_000072 Igkv13-85 7.30 Immunoglobulin kappa chain variable 13-85 
(Fragment) immunoglobulin(PC00123) 

NC_000067 Fcgr4 7.29 Low affinity immunoglobulin gamma Fc region 
receptor IV cell adhesion molecule(PC00069) 

NC_000075 Ccr5 7.05 C-C chemokine receptor type 5 - 
NC_000068 Zbp1 6.97 Z-DNA-binding protein 1 - 
NC_000067 Mnda 6.97 Interferon-activable protein 205-B transcription factor(PC00218) 
NC_000076 Fam26f 6.89 Protein FAM26F - 
NC_000077 Ccl2 6.82 C-C motif chemokine 2 chemokine(PC00074) 
NC_000069 Ifi44 6.48 Interferon-induced protein 44 - 
NC_000071 Gbp8 6.37 Guanylate binding protein 8 heterotrimeric G-protein(PC00117) 
NC_000069 Gbp7 6.35 Gbp6 protein heterotrimeric G-protein(PC00117) 
NC_000077 Ifi47 6.21 GTP-binding protein - 
NC_000076 Lyz1 6.21 Lysozyme C-1 - 

NC_000085 Cd274 6.18 Programmed cell death 1 ligand 1 
immunoglobulin receptor 
superfamily(PC00124);membrane-bound 
signaling molecule(PC00152) 

NC_000085 Ms4a6d 6.07 Membrane-spanning 4-domains subfamily A member 
6D receptor(PC00197) 

NC_000072 Igkv17-121 6.02 Immunoglobulin kappa variable 17-121 (Fragment) immunoglobulin(PC00123) 
NC_000069, 
71 Gbp4,Gbp3 5.99 Guanylate-binding protein 4 heterotrimeric G-protein(PC00117) 

NC_000067 Ptgs2 5.98 Platelet-activating factor receptor G-protein coupled receptor(PC00021) 
NC_000074 F10 5.98 Coagulation factor X serine protease(PC00203) 

NC_000083 Tap1 5.96 Antigen peptide transporter 1 cysteine protease(PC00081);serine 
protease(PC00203) 
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NC_000070 Ptafr 5.96 Proteasome subunit beta type-9 protease(PC00190) 
NC_000071 Ccl24 5.88 C-C motif chemokine 24 chemokine(PC00074) 
NC_000078 Ighv5-17 5.70 Immunoglobulin heavy variable 5-17 (Fragment)  
NC_000074 Gm15056 5.57 Uncharacterized protein - 
NC_000078 Ighv14-2 5.57 Immunoglobulin heavy variable 14-2 (Fragment) - 
NC_000073 Gvin1 5.56 Interferon-induced very large GTPase 1 - 
NC_000078 Ighv1-15 5.33 Immunoglobulin heavy constant gamma 3 (Fragment) - 
NC_000071 Cxcl10 5.30 C-X-C motif chemokine 10 chemokine(PC00074) 
NC_000080 Phf11d 5.29 Protein disulfide-isomerase-like protein of the testis - 
NC_000069 Chil3 5.28 Chitinase-like protein 3 - 

NC_000072 Igkv12-89 5.27 Immunoglobulin kappa chain variable 12-89 
(Fragment) immunoglobulin(PC00123) 

NC_000071 Fgl2 5.24 Fibroleukin signaling molecule(PC00207) 
NC_000078 Ighv14-1 5.23 Immunoglobulin heavy variable 14-1 (Fragment) - 
NC_000067 Ifi204 5.20 Interferon-activable protein 204 transcription factor(PC00218) 
NC_000073 Pdilt 5.10 Poly [ADP-ribose] polymerase 12 - 
NC_000078 Ighv1-39 5.03 Immunoglobulin heavy variable 1-39 (Fragment) - 

NC_000069 Tnfsf10 5.02 Tumor necrosis factor ligand superfamily member 10 tumor necrosis factor family 
member(PC00229) 

NC_000071 Lap3 4.97 Cytosol aminopeptidase metalloprotease(PC00153) 
NC_000072 Klra2 4.97 Killer cell lectin-like receptor 2 - 

NC_000085 Ms4a7 4.96 Membrane-spanning 4-domains, subfamily A, member 
7 receptor(PC00197) 

NC_000078 Ighg2c 4.91 Immunoglobulin heavy constant gamma 2C - 
NC_000078 Ighv1-75 4.80 Immunoglobulin heavy variable 1-75 (Fragment) - 

NC_000072 Gpnmb 4.77 Transmembrane glycoprotein NMB 
cell adhesion 
molecule(PC00069);membrane-bound 
signaling molecule(PC00152) 

NC_000085 Batf2 4.71 Basic leucine zipper transcriptional factor ATF-like 2 basic leucine zipper transcription 
factor(PC00056) 

NC_000068 Procr 4.64 Peroxiredoxin-6 peroxidase(PC00180) 
NC_000067 Ifi205 4.49 Interferon-activable protein 205-A transcription factor(PC00218) 
NC_000081 Ly6c1 4.48 Lymphocyte antigen 6C1 - 

NC_000068 Lcn2 4.42 Neutrophil gelatinase-associated lipocalin isomerase(PC00135);transfer/carrier 
protein(PC00219) 

NC_000082 Socs1 4.42 Suppressor of cytokine signaling 1 kinase modulator(PC00140) 
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NC_000077 Tgtp2 4.41 T-cell-specific guanine nucleotide triphosphate-binding 
protein 2 - 

NC_000072 Igkv3-2 4.40 Immunoglobulin kappa variable 3-2 (Fragment) immunoglobulin(PC00123) 
NC_000078 Ighv3-6 4.34 Ig heavy chain V region 3-6 - 
NC_000072 Clec5a 4.31 C-type lectin domain family 5 member A - 
NC_000081 Ly6c2 4.31 Lymphocyte antigen 6C2 - 
NC_000078 Ighv1-54 4.29 Immunoglobulin heavy variable V1-54 (Fragment) - 
NC_000072 Igkv4-72 4.24 Immunoglobulin kappa chain variable 4-72 (Fragment) immunoglobulin(PC00123) 
NC_000079 Gpr141 4.22 Probable G-protein coupled receptor 141 - 
NC_000083 Pla2g7 4.16 Cytosolic phospholipase A2 phospholipase(PC00186) 

NC_000085 Ifit2 4.13 Interferon-induced protein with tetratricopeptide 
repeats 2 - 

NC_000072 Tnip3 4.13 TNFAIP3-interacting protein 3 - 
NC_000074 Psmb10 4.12 Myeloblastin serine protease(PC00203) 
NC_000071 Hcar2 4.12 Hydroxycarboxylic acid receptor 2 - 
NC_000077 Irgm1 4.11 Immunity-related GTPase family M protein 1 - 

NC_000081 Apol10b 4.05 Apolipoprotein L 10B apolipoprotein(PC00052);transporter(PC00
227) 

NC_000077 Wfdc17 4.04 Activated macrophage/microglia WAP domain protein serine protease inhibitor(PC00204) 

NC_000073 Ctsc 3.99 Dipeptidyl peptidase 1 cysteine protease(PC00081);protease 
inhibitor(PC00191) 

NC_000067 Kcne4 3.99 Potassium voltage-gated channel subfamily E member 
4 - 

NC_000076 Pmel 3.98 Placenta-specific gene 8 protein - 
NC_000078 Nampt 3.98 Nicotinamide phosphoribosyltransferase cytokine(PC00083) 
NC_000083 Psmb9 3.96 Proteasome subunit beta type-8 protease(PC00190) 
NC_000078 Ighv1-52 3.94 Immunoglobulin heavy variable 1-52 (Fragment) - 
NC_000077 Ccl8 3.93 C-C motif chemokine 8 chemokine(PC00074) 
NC_000068 Il1b 3.91 Interleukin-1 beta - 
NC_000072 Igkv3-9 3.86 Immunoglobulin kappa variable 3-9 (Fragment) immunoglobulin(PC00123) 
NC_000076 Elane 3.86 Neutrophil elastase serine protease(PC00203) 
NC_000083 Psmb8 3.85 Proteasome subunit beta type-10 protease(PC00190) 
NC_000075 Mmp13 3.84 Collagenase 3 metalloprotease(PC00153) 
NC_000081 Ly6a 3.84 Lymphocyte antigen 6A-2/6E-1 - 

NC_000085 Ifit1bl2 3.83 Interferon-induced protein with tetratricopeptide 
repeats 1B-like 2 - 
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NC_000075 Icam1 3.82 Intercellular adhesion molecule 1 - 
NC_000068 Il1rn 3.81 Interleukin-1 receptor antagonist protein - 
NC_000072 Igkv17-127 3.80 Immunoglobulin kappa variable 17-127 (Fragment) immunoglobulin(PC00123) 
NC_000079 Gzmk 3.80 Granzyme K serine protease(PC00203) 
NC_000072 Igkv14-130 3.79 Immunoglobulin kappa variable 14-130 (Fragment) immunoglobulin(PC00123) 
NC_000069 Fcgr1 3.75 High affinity immunoglobulin gamma Fc receptor I cell adhesion molecule(PC00069) 

NC_000080 Lgals3 3.72 Galectin-3 
cell adhesion 
molecule(PC00069);signaling 
molecule(PC00207) 

NC_000078 Ighv14-4 3.69 Immunoglobulin heavy variable 14-4 (Fragment) - 
NC_000077 Slfn4 3.68 Putative uncharacterized protein - 

NC_000067 Stat1 3.68 Signal transducer and activator of transcription 1 
nucleic acid 
binding(PC00171);transcription 
factor(PC00218) 

NC_000072 Clec7a 3.68 C-type lectin domain family 7 member A - 
NC_000077 Ccl7 3.67 C-C motif chemokine 7 chemokine(PC00074) 

NC_000074 Lpl 3.66 Lipoprotein lipase esterase(PC00097);lipase(PC00143);storag
e protein(PC00210) 

NC_000068 Ly75 3.66 Lymphocyte antigen 75 - 
NC_000083 Aif1 3.64 Allograft inflammatory factor 1 annexin(PC00050);calmodulin(PC00061) 
NC_000077 Igtp 3.62 Interferon gamma-induced GTPase - 
NC_000083 Lst1 3.61 Leukocyte-specific transcript 1 protein - 
NC_000078 Ighv1-22 3.61 Immunoglobulin heavy variable V1-20 (Fragment) - 
NC_000078 Wars 3.60 Tryptophan--tRNA ligase, cytoplasmic aminoacyl-tRNA synthetase(PC00047) 

NC_000068 Samhd1 3.58 Deoxynucleoside triphosphate triphosphohydrolase 
SAMHD1 - 

NC_000072 Anxa4 3.57 Annexin A4 - 
NC_000076 Cstb 3.54 Cystatin-B cysteine protease inhibitor(PC00082) 

NC_000081 Apol10a 3.53 Apolipoprotein L 10A apolipoprotein(PC00052);transporter(PC00
227) 

NC_000072 Il12rb2 3.53 Interleukin-12 receptor subunit beta-2 cytokine(PC00083);defense/immunity 
protein(PC00090) 

NC_000083 Btnl6 3.53 Butyrophilin-like 6 protease inhibitor(PC00191) 
NC_000069 Chil4 3.52 Chitinase-like protein 4 - 

NC_000078 Ighg3 3.50 Ig gamma-3 chain C region immunoglobulin receptor 
superfamily(PC00124) 
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NC_000081 Apol11b 3.49 Apolipoprotein L 11b apolipoprotein(PC00052);transporter(PC00
227) 

NC_000073 Saa3 3.48 Serum amyloid A-3 protein apolipoprotein(PC00052);defense/immunit
y protein(PC00090);transporter(PC00227) 

NC_000074 Msr1 3.45 Macrophage scavenger receptor types I and II oxidase(PC00175);receptor(PC00197);seri
ne protease(PC00203) 

NC_000073 Anpep 3.45 Aminopeptidase N metalloprotease(PC00153) 

NC_000083 Gpr31b 3.44 12-(S)-hydroxy-5,8,10,14-eicosatetraenoic acid 
receptor - 

NC_000085 Ms4a6c 3.44 Membrane-spanning 4-domains subfamily A member 
6C receptor(PC00197) 

NC_000079 Glrx 3.41 Glutaredoxin-1 - 

NC_000084 Syt4 3.39 Synaptotagmin-4 membrane trafficking regulatory 
protein(PC00151) 

NC_000085 Ms4a3 3.39 Membrane-spanning 4-domains subfamily A member 3 receptor(PC00197) 
NC_000083 Guca1a 3.36 Guanylyl cyclase-activating protein 1 - 
NC_000074 Tubb3 3.36 Tubulin beta-3 chain tubulin(PC00228) 
NC_000077 Irgm2 3.34 Immunity-related GTPase family M member 2 - 
NC_000083 H2-Q7 3.34 H-2 class I histocompatibility antigen, Q7 alpha chain - 
NC_000074 Rab20 3.34 Prostaglandin G/H synthase 2 oxygenase(PC00177) 
NC_000068 Cers6 3.33 Ceramide synthase 6 - 
NC_000080 Dct 3.33 L-dopachrome tautomerase oxidase(PC00175);oxygenase(PC00177) 

NC_000067 Slamf8 3.32 SLAM family member 8 

cell adhesion 
molecule(PC00069);immunoglobulin 
receptor superfamily(PC00124);protein 
kinase(PC00193);signaling 
molecule(PC00207) 

NC_000078 Ighv14-3 3.32 Immunoglobulin heavy variable V14-3 (Fragment) - 

NC_000077 Tgtp1 3.31 T-cell-specific guanine nucleotide triphosphate-binding 
protein 1 - 

NC_000078 Ighv5-4 3.28 Immunoglobulin heavy variable 5-4 (Fragment) - 

NC_000076 Prtn3 3.27 Endothelial protein C receptor enzyme 
modulator(PC00095);receptor(PC00197) 

NC_000072 Igkv6-23 3.27 Immunoglobulin kappa variable 6-23 (Fragment) immunoglobulin(PC00123) 
NC_000082 Retnlg 3.27 Ras-related protein Rab-20  
NC_000078 Serpina3g 3.26 Serine protease inhibitor A3G serine protease inhibitor(PC00204) 
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NC_000083 Tnf 3.26 Tumor necrosis factor tumor necrosis factor family 
member(PC00229) 

NC_000085 Prdx5 3.25 Melanocyte protein PMEL 
cell adhesion 
molecule(PC00069);membrane-bound 
signaling molecule(PC00152) 

NC_000080 Dnase1l3 3.24 Deoxyribonuclease gamma - 

NC_000077 Irf1 3.24 Interferon regulatory factor 1 
nucleic acid binding(PC00171);winged 
helix/forkhead transcription 
factor(PC00246) 

NC_000077 Upp1 3.24 Uridine phosphorylase 1 phosphorylase(PC00187) 
NC_000067 Pla2g4a 3.22 PHD finger protein 11 DNA binding protein(PC00009) 
NC_000072 Igkv8-19 3.21 Immunoglobulin kappa variable 8-19 (Fragment) immunoglobulin(PC00123) 
NC_000083 Hspa1b 3.20 Heat shock 70 kDa protein 1B - 
NC_000071 Plac8 3.19 Platelet-activating factor acetylhydrolase esterase(PC00097) 

NC_000078 Igkv12-38 3.19 Immunoglobulin kappa chain variable 12-38 
(Fragment) immunoglobulin(PC00123) 

NC_000079 Ctla2b 3.19 Protein CTLA-2-beta - 
NC_000083 Hspa1a 3.18 Heat shock 70 kDa protein 1A - 
NC_000086 Cybb 3.17 Cytochrome b-245 heavy chain oxidase(PC00175) 
NC_000084 Iigp1 3.17 Interferon-inducible GTPase 1 - 
NC_000081 Ly6i 3.16 Lymphocyte antigen 6I - 
NC_000079 Aoah 3.15 Acyloxyacyl hydrolase - 
NC_000072 Igkv16-104 3.15 Immunoglobulin kappa variable 16-104 (Fragment) immunoglobulin(PC00123) 
NC_000080 Ctsg 3.15 Cathepsin G serine protease(PC00203) 
NC_000076 Dram1 3.15 DNA damage-regulated autophagy modulator protein 1 - 
NC_000077 Ccl5 3.14 C-C motif chemokine 5 chemokine(PC00074) 
NC_000072 Parp12 3.14 Nitric oxide synthase, inducible - 
NC_000072 Igkv8-27 3.12 Immunoglobulin kappa chain variable 8-27 (Fragment) immunoglobulin(PC00123) 

NC_000069 Cd5l 3.12 CD5 antigen-like oxidase(PC00175);receptor(PC00197);seri
ne protease(PC00203) 

NC_000078 Gpr33 3.11 Probable G-protein coupled receptor 33 G-protein coupled receptor(PC00021) 
NC_000083 H2-Q6 3.11 Class Ib MHC antigen Qa-2 - 
NC_000067 Rgs1 3.09 Myeloid cysteine-rich protein - 

NC_000067 Atf3 3.07 Cyclic AMP-dependent transcription factor ATF-3 basic leucine zipper transcription 
factor(PC00056) 
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NC_000078 Serpina3i 3.06 Serine (or cysteine) peptidase inhibitor, clade A, 
member 3I serine protease inhibitor(PC00204) 

NC_000085 Ifit1bl1 3.05 Interferon-induced protein with tetratricpeptide repeats 
1B-like 1 - 

NC_000069 Ctss 3.05 Cathepsin S cysteine protease(PC00081);protease 
inhibitor(PC00191) 

NC_000072 Igkv8-28 3.04 Immunoglobulin kappa variable 8-28 (Fragment) immunoglobulin(PC00123) 
NC_000085 Insl6 3.04 Insulin-like peptide INSL6 peptide hormone(PC00179) 
NC_000082 Dtx3l 3.03 E3 ubiquitin-protein ligase DTX3L ubiquitin-protein ligase(PC00234) 

NC_000072 Clec4d 3.03 C-type lectin domain family 4 member D 
cell adhesion 
molecule(PC00069);immunoglobulin 
receptor superfamily(PC00124) 

NC_000074 Cyp4v3 3.02 Cytochrome P450 4V2 oxygenase(PC00177) 

NC_000074 Nlrc5 3.00 Protein NLRC5 
nucleic acid binding(PC00171);serine 
protease(PC00203);transcription 
cofactor(PC00217) 

NC_000076 Atp8b3   0.35 Phospholipid-transporting ATPase IK cation 
transporter(PC00068);hydrolase(PC00121) 

NC_000069 Frem2   0.35 FRAS1-related extracellular matrix protein 2 - 
NC_000068 Sptbn5   0.35 Spectrin beta, non-erythrocytic 5 (Fragment) - 

NC_000074 Clec4g   0.35 C-type lectin domain family 4 member G 
cell adhesion 
molecule(PC00069);immunoglobulin 
receptor superfamily(PC00124) 

NC_000069 Fam46c   0.35 Protein FAM46C - 
NC_000083 Trim10   0.34 Tripartite motif-containing protein 10 - 
NC_000071 Wdr66   0.34 Cilia- and flagella-associated protein 251 - 
NC_000072 Podxl   0.34 Obscurin - 
NC_000070 Slc6a9   0.34 Sodium- and chloride-dependent glycine transporter 1 cation transporter(PC00068) 
NC_000073 Scube2   0.34 Reelin - 
NC_000072 Art4   0.33 Ecto-ADP-ribosyltransferase 4 - 

NC_000070 Slc6a9   0.33 Signal peptide, CUB and EGF-like domain-containing 
protein 2 

extracellular matrix 
glycoprotein(PC00100) 

NC_000077 Ube2o   0.33 (E3-independent) E2 ubiquitin-conjugating enzyme 
UBE2O - 

NC_000075 Dnaja4   0.33 DnaJ homolog subfamily A member 4 - 
NC_000080 Xpo7   0.33 Exportin-7 transfer/carrier protein(PC00219) 
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NC_000083 Crisp3   0.33 Cysteine-rich secretory protein 3 defense/immunity protein(PC00090) 
NC_000069 Fhdc1   0.32 FH2 domain-containing protein 1 - 

NC_000086 Alas2   0.32 5-aminolevulinate synthase, erythroid-specific, 
mitochondrial transaminase(PC00216) 

NC_000080 Ear6   0.32 Ear6 protein - 
NC_000084 Loxhd1   0.32 Lipoxygenase homology domain-containing protein 1 - 
NC_000073 Ppp1r15a   0.32 Podocalyxin - 
NC_000072 Bpgm   0.32 Bisphosphoglycerate mutase - 
NC_000077 Slfn14   0.32 Protein SLFN14 - 
NC_000067 Col4a3   0.32 Collagen alpha-3(IV) chain - 
NC_000083 Cyp21a1   0.32 Steroid 21-hydroxylase - 
NC_000078 Fam110c   0.32 Protein FAM110C - 
NC_000073 Cfap46   0.31 Cilia and flagella-associated protein 46 - 
NC_000071 Reln   0.31 Protein phosphatase 1 regulatory subunit 15A - 

NC_000072 Atp6v0a4   0.31 V-type proton ATPase 116 kDa subunit a isoform 4 ATP 
synthase(PC00002);hydrolase(PC00121) 

NC_000073 Cyp2e1   0.30 Cytochrome P450 2E1 - 
NC_000081 Ank   0.29 Progressive ankylosis protein - 
NC_000067 Tmcc2   0.29 Transmembrane and coiled-coil domains protein 2 - 
NC_000081 Muc19   0.27 Submandibular gland protein C - 
NC_000082 Adipoq   0.27 Adiponectin - 
NC_000077 Hba-a1   0.27 Hemoglobin subunit alpha - 
NC_000077 Myh8   0.26 Mucin 5, subtype B, tracheobronchial protease inhibitor(PC00191) 
NC_000073 Fcgbp   0.25 Fc fragment of IgG-binding protein protease inhibitor(PC00191) 
NC_000073 Muc5b   0.23 Mucin-19 - 
NC_000077 Obscn   0.23 Myosin-8 - 

NC_000085 Ctsf   0.22 Cathepsin F cysteine protease(PC00081);protease 
inhibitor(PC00191) 

NC_000074 Hydin   0.22 Hydrocephalus-inducing protein - 

NC_000074 Cd209a   0.18 CD209 antigen-like protein A 
cell adhesion 
molecule(PC00069);immunoglobulin 
receptor superfamily(PC00124) 
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Fig. 6.1. Workflow of the transcriptional analysis approach. Mice with B16-F10 melanoma 

tumors were presented with Salmonella. The tumor tissue as well as the spleen were harvested 

from the host at various timepoints for RNA-seq. Data analysis of the eukaryotic transcriptome 

was investigated. 
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Fig. 6.2. Whole spleen and tumor weights, as well as representative tumor images. A: Tissue 

weights in grams at 2-days and 7-days post Salmonella introduction. B: Qualitative tumor tissue 

images: rows a) and c) are tumor tissue from PBS treated mice, b) and d) are from Salmonella 

treated mice; a) and b) are the 2-day timeline, c) and d) are the 7-day timeline. Numbering is 

a1 

a2 

b1 

b2 d2 

d1 

c2 

c1 

A. 

B. 
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experimental replicate 1 and 2. Statistical analysis in the bar graph is based on Student’s T-test 

between treatment groups for tissue indicated. 1-week treatment with Salmonella n=4, 7-days PBS 

n=3, 48-hours Salmonella n=3, 2-days PBS n=2. Error bars represent standard error of the mean 

(*p<0.05, **p<0.01).  
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Fig. 6.3. Representative images of Salmonella treated mice bearing melanoma tumors. On the 

left, mice were I.V administered Salmonella, imaged 13 days later (top), and 18 days later upon 

euthanasia (bottom). On the right, mice were I.V administered PBS, imaged 9 days later (top), and 

13 days later upon euthanasia (bottom).  
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Fig. 6.4. Enumeration of bacterial cells within tumor and spleen tissue. Data is represented as 

colony forming units per gram tissue. Data represents averages from the following numbers of 

animals: 2 days n=3, 7 days n=4, 14 days n=4. Error bars represent standard error of the mean 

(*p<0.0 
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 Fig. 6.5. Histological scoring of H&E stained tumor tissue. Bar graphs signify tumor tissue 

samples at 2-days and 7-days post Salmonella administration were scored based on necrosis. Error 

bars represent standard error of the mean (*p<0.05). Below are representative images of H&E 

stained tumor tissue sections. Arrows indicate areas of necrosis, with a magnified image (A) 

indicating areas of viability (#) and necrosis (*).  
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Fig. 6.6. Differentially expressed pathways between Salmonella treated and control mice, 

post 2 days. Data organized by tissue sample and up- or down-regulation of genes in Salmonella 

treated mice. In parathenses is the number of genes differentially expressed belonging to the 

indicated pathway. All changes were at least 2-fold, except pathways upregulated in the spleen, 

which represents 3-fold changes. Data based on gene ontology generated by PANTHER (n=2 per 

treatment group, DESeq2 p<0.05). 



 162 

Fig. 6.7. Differentially expressed pathways between Salmonella treated and control mice, 

post 7 days. Data organized by tissue sample and up- or down-regulation of genes in Salmonella 

treated mice. In parathenses is the number of genes differentially expressed belonging to the 

indicated pathway. All changes were at least 2-fold, except pathways upregulated in the spleen, 

which represents 3-fold changes. Data based on gene ontology generated by PANTHER (n=2 per 

treatment group, DESeq2 p<0.05). 
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Fig. 6.8. Schematic representation of the hypothesized effect of intravenously injected 

Salmonella expressing recombinant melanoma targeting antibody, anti-TYRP1. The 

melanoma tumor on the right arm expressing TYRP1 as well as the spleen, a natural reservoir for 

Salmonella, are depicted. A: Colonization of B16-F10 mouse melanoma by Salmonella, where 

there is equal distribution between tumor and spleen. B: Colonization of B16-F10 mouse 

melanoma by Salmonella expressing recombinant anti-TYRP1 antibody, where there is 

preferential colonization of the tumor and decreased colonization of the spleen. 
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Fig. 6.9. Components of the IFN-g signaling pathway upregulated in the presence of 

Salmonella. Genes upregulated 2-fold are boxed in red. Figure is adapted from Kobayashi, KS, 

van den Elsen, PJ. (2012) NLRC5: a key regulator of MHC class I-dependent immune 

responses. Nature Review Immunology.. 12:813-20. doi: 10.1038/nri3339.  
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Fig. 6.10. Approach for dual RNA-sequencing of tumor tissue presented with cancer 

targeting Salmonella.  
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Fig. 6.11. Fluorescence activated cell sorting of whole tumor homogenate for bacteria 

associated with cancer cells. Fluorescently labeled cells will be sorted from animal tissue, 

selecting for cancer cells infected with bacteria, cancer cells only, and 
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CHAPTER 7 

Final Discussion 

In the United States, half of men and one third of women will develop cancer in their 

lifetime (Sudhakar, 2009). Cancer is a formidable enemy to the human race by evading host 

immunity, developing resistance to chemotherapeutics, and metastasizing to distant tissues in the 

body. While conventional therapies have drastically enhanced cancer patient prognosis, they still 

fall short in lasting effects. Alternative medicinal approaches to curing cancer are necessary to add 

to our resources of strategies to combat cancer. One of these is bacterial-mediated tumor therapy, 

an approach which has been revitalized in recent years with much promise.  

We discovered anticancer agent Salmonella Typhimurium VNP20009, a widely studied 

strain having been used in Phase 1 Clinical trials (Toso et al., 2002), to be chemotactically 

defective. In Chapter 2 we sequenced the complete genome of VNP20009 and found several 

genomic alterations and defects, compared to the parent strain of which VNP20009 was derived, 

14028S (Broadway et al., 2014). The genomic changes include 50 non-synonyms SNPs, one of 

which occurring in the chemotaxis response regulator gene, cheY. This polymorphism is known to 

cause a discoordination of chemical sensing and flagellar motor function, in which cells are unable 

to switch direction of flagellar rotation, cannot tumble and therefore are completely chemotaxis 

defective.  

In Chapter 3 we isolated spontaneous suppressor mutants of VNP20009 which exhibited 

partially restored chemotaxis. We discovered all mutants to have point mutations in the gene fliM, 

which encodes the interacting partner of CheY in the flagellar motor switch complex. We 

additionally replaced the mutated copy of cheY with the 14028 wild-type copy, resulting in a 70% 

restoration of phenotype in traditional capillary assays compared to the parental strain (Broadway 
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et al., 2015). In swim plate assays, VNP20009 cheY+ displayed 56% of the parent swim ring 

diameter.  

In Chapter 4 we endeavored to optimize the chemotactic potential of VNP20009. We 

hypothesized that the msbB deletion, which confers attenuation by lipid A modification, could be 

a contributing factor. By restoring the gene msbB in VNP20009 cheY+, we observed a 9% increase 

in swimming speed, 13% increase in swim plate performance, 19% increase in microfluidic device 

partitioning towards the attractant at the optimum concentration gradient, and mitigation of a non-

motile cell subpopulation (Broadway et al., 2017). In conclusion, the bacterial chemotactic ability 

cannot be increased without reversing the attenuated state of VNP20009. 

Due to the role of chemotaxis in bacterial tumor colonization and eradication remaining 

unclear in the literature, we compared VNP20009 and VNP20009 cheY+ primary tumor 

colonization and impact on metastasis in an aggressive 4T1 mouse mammary carcinoma model. 

Based on our pilot study, which consisted of a small number of mice, the presence of VNP20009 

cheY+ significantly increased the number of metastatic foci in the lungs and cytokine expression 

of cancer cells derived from the primary tumor, as compared to VNP20009. To validate this 

preliminary finding a full study was implemented in Chapter 5, where both intravenous and direct 

tumor injection routes were tested. We found bacterial tumor colonization and metastatic potential 

to be chemotaxis independent. Moreover, mice bearing tumors exposed to Salmonella exhibited 

increased morbidity that was associated with significant liver disease (Coutermarsh-Ott et al., 

2017). Our results suggest that VNP20009 may not be safe or efficacious when used in the context 

of immunocompetent animals with aggressive, metastatic breast cancer.  

In Chapter 6, we aimed to understand the bacterial-cancer cell relationship within the tumor 

microenvironment, with an emphasis on gene expression changes occurring within the eukaryotic 
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transcriptome. To investigate this, we employed a B16-F10 mouse melanoma model with 

VNP20009. We additionally observed heightened gene expression in pathways associated with 

immune stimulation within spleen tissue. In future studies, we will analyze the bacterial 

transcriptome in the tumor microenvironment to gain unique understanding and contribute to 

knowledge supporting bacterial mediated cancer therapies. Overall, this work has taken a united 

approach, spanning disciplines of microbiology, immunology, bioinformatics, cancer biology and 

mechanical engineering to investigate in detail the chemotactic utilization of anticancer agent 

VNP20009. 

In our work, we provided new insight into the VNP20009 strain, sequencing its full 

genome, discovering a chemotactic defect, restoring it to the best of our ability and testing our 

restored strain in an animal model of breast cancer. Bacterial mediated cancer therapies have 

evolved far beyond what Dr. William Coley initiated over a century ago; attenuated species of 

Listeria, Clostridia and Salmonella are making their way to clinical trials and effectively ridding 

patients of cancer. The research in this field is ever growing, with new innovative ways to optimize 

bacterial targeting to tumors in the patient, as well as safely, and successfully, elicit anticancer 

effects. Bacteria have been added to our arsenal of weapons against cancer; a domain they are 

finally welcome to inhabit.  
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