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Abstract 

 

To date, cancer persists as one of the most devastating diseases worldwide. Problems such as 

inoperable primary tumours due to late stage diagnosis, presence of metastatic tumours, and 

tumour resistance to chemotherapy and radiotherapy have remarkably limited the therapeutic 

effects of existing treatments.  

To address these problems, cancer gene therapy has been under rapid development over the 

past two decades, which is specifically designed to deliver therapeutic genes to treat cancers 

using vector systems. However, the lack of an ideal vector has been a major drawback. 

Recent understanding of hypoxic and necrotic regions within solid malignancies and rapid 

development of recombinant DNA technology have reignited the idea of using anaerobic 

bacteria such as Clostridium as novel intra-tumoural delivery systems for anti-cancer 

therapeutics. These bacterial vectors have unique advantages over other delivery systems and 

are likely to become the vector of choice for cancer therapy in the near future. At present, 

Clostridium-mediated cancer therapy has shown some promising therapeutic efficacy against 

a number of solid malignancies, providing an opportunity for the development of novel anti-

cancer gene therapies.  

In the last decade, targeted cancer therapy has witnessed its most impressive progress. Anti-

cancer monoclonal antibodies (mAb) and recombinant immunotoxins against specific tumour 

cell surface antigens such as epidermal growth factor receptor (EGFR) have shown 

encouraging therapeutic efficacy against a large spectrum of cancers. However, difficulties 

such as insufficient intra-tumoural drug delivery have been preventing the therapy from 

reaching its full therapeutic potentials.  
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In the current study, by using the recently developed conjugative procedures, three 

proteolytic clostridial strains including C. novyi-NT, C. ghonii, and C. sporogenes were 

genetically modified to produce recombinant immunotoxin against  EGFR, and the in vitro 

and in vivo anti-tumour efficacy of the recombinant bacteria were also evaluated. In addition, 

as a result of the complicated tumour pathophysiology and associated metastasis, it is 

impossible to rely on a single therapeutic modality for complete tumour eradication. 

Therefore, combined anti-cancer therapies have become paramount. In this study, a combined 

anti-cancer therapeutic modality of C. ghonii and anti-EGFR mAb cetuximab was also 

conducted. The major achievements from the current study are: 

 

1. Three strains of proteolytic Clostridium including C. novyi-NT, C. ghonii, and C. 

sporogenes were successfully modified to produce recombinant immunotoxin against 

epidermal growth factor receptor (EGFR). 

 

2. The in vitro functional studies of the anti-EGFR immunotoxin produced by C. novyi-

NT, C. ghonii, and C. sporogenes were performed. The results demonstrated that the 

anti-EGFR immunotoxins produced by the three recombinant clostridial strains were 

able to not only retained their binding affinity and specificity against EGFR, but 

induce significant growth inhibition of cancer cells with high levels of EGFR. 

 

 

3. The in vivo anti-cancer therapeutic efficacy of recombinant C. ghonii expressing the 

anti-EGFR immunotoxin were studied by using HN5 human head and neck carcinoma 

mouse xenografts. The results showed that in comparison to control animals, tumour 
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growth rate of mice treated with recombinant C. ghonii spores was significantly 

inhibited.  

 

4. The in vivo anti-cancer therapeutic efficacy of a combined treatment of wild-type C. 

ghonii with anti-EGFR monoclonal antibody (mAb) cetuximab was conducted on 

HN5 human head and neck carcinoma mouse xenografts. The treatment induced 

significant synergistic anti-tumour efficacy and sustained tumour growth suppression 

was achieved.  

 

In summary, this thesis describes the generation and evaluation of the potential anti-cancer 

efficacy of three recombinant proteolytic clostridial strains expressing anti-EGFR 

immunotoxin. In addition, the combined therapeutic modality of Clostridia with the anti-

EGFR mAb cetuximab was also conducted. The study demonstrates that it is feasible to use 

Clostridia for efficient intra-tumoural delivery of anti-cancer immunotoxins. In addition, the 

combined treatment of C. ghonii with the anti-EGFR mAb was found to be an effective anti-

cancer therapeutic modality which creates a new research direction in the field. The work 

presented here provides new insights into strategies for Clostridium-mediated cancer therapy 

for the treatment of solid malignancies.  
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Chapter 1  

Introduction 

Part of this chapter is also published in Cao S et al. Clinical and 

Experimental Pharmacology and Physiology (2010) 37, 108-114 
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1.1 General introduction 

 

Cancer is a group of deadly diseases to both human beings and animals. Each year, it costs 

millions of lives and billions of dollars worldwide. Due to aging and population growth, the 

global burden of cancer continues to soar. To combat the devastating illness, various 

therapies have been dsigned and developed including conventional methods, such as surgery 

and non-surgical methods, for example, chemotherapy and radiotherapy. However, due to the 

difficulties in early detection of cancer, most patients are diagnosed at an advanced stage, 

which makes prognosis much less optimistic. Taking non-small cell lung cancer (NSCLC) as 

an example, 70 to 75% of all patients with newly diagnosed disease have locoregional or 

advanced, unresectable tumours (Hansen, 2002). The five year survival rate is just between 

8-14% with nearly half of the patients dying in the first year of diagnosis (Carney and 

Hansen, 2000). Among various types of cancer, lung, stomach, colorectal, liver, prostate, and 

breast cancer cause substantial mortality (Jemal et al., 2011). Over the last century, our 

understanding of cancer pathogenesis and patho-physiologic features has witnessed its most 

significant breakthroughs that might lead to successful new treatment options. Firstly, the 

proliferation and survival of cancer cells are found to be induced by gain-of-function 

mutations in oncogenes and loss-of-function mutations in tumour suppressor genes 

(Weinberg, 2007). Secondly, tumours must undergo angiogenesis to grow beyond 

microscopic size (Folkman, 1971). Thirdly, it was discovered that the metabolism of cancer 

cells has an elevated rate of glycolysis and a decreased rate of oxidative metabolism as 

compared to normal cells (Warburg, 1930). Fourthly, most solid tumours contain regions of 

very low oxygen concentration and tumour hypoxia plays an important role in tumour 

progression (Harris, 2002).  
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Since conventional therapies showed limited capabilities of complete eradication of cancer, 

more novel effective therapies are in great demand. Over the last two decades, a number of 

novel anti-cancer modalities have been invented. Among them, targeted cancer therapy and 

cancer gene therapy have been displaying some promising potentials, with some already used 

in the clinics (Slamon et al., 2001, Bokemeyer et al., 2009, von Minckwitz et al., 2005, Guan 

et al., 2011, Castro et al., 2011).  

 

Around 90% of cancer is solid tumour. Studies have found that many types of solid tumours 

are present with large intra-tumoural regions of hypoxia, which happens to be an ideal habitat 

for anaerobic bacteria such as Clostridium (Brown and Giaccia, 1998, Liu et al., 2002). In 

fact, the history of attempting to use anaerobic bacteria as anti-cancer agents has been longer 

than one hundred years (Minton, 2003).  

 

1.2 The unique patho-physiologic features of solid tumour microenvironment 

 

Studies have found that angiogenesis and hypoxia are the two most prominant pathological 

characteristics of solid tumours (Brown and Giaccia, 1998). The main physiological 

differences between normal tissues and solid tumours lie in their vasculature. As shown in 

Figure 1.1,  in normal tissues, vasculature is orderly developed and blood flow in vessels is 

finely regulated. However, solid tumour vasculature is disorderly developed with leaky, 

tortuous vessels growing constantly (Brown and Giaccia, 1998). As a solid tumour grows, 

due to the high rate of tumour cell proliferation, the original vasculature becomes uncapable 

of supplying enough nutrients and oxygen. Meanwhile, the catabolites produced by cancer 

cells start to accumulate within the tumour. Both processes result in intra-tumoural regions of 

hypoxia,  low pH and low levels of glucose (Lunt et al., 2008). More importantly, hypoxic 
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tumour microenvironment makes chemotherapy and radiotherapy less effective (Denny, 

2001). 

 

 

 

Figure 1.1 Vasculature of normal and tumour tissue. (Figure taken from Brown and 

Giaccia, 1998) 

 

1.2.1 Tumour angiogenesis  

 

For tumours to grow, angiogenesis is a critical and necessary process (Kerbel, 2008). All 

solid tumours undergo angiogenesis that induces pathological changes in tumours including 

formation of defective, leaky vessels, appearance of a heterogeneous tumour cell population 

and emergence of intra-tumoural hypoxic regions (Folkman, 1990). Studies have found that 

tumour angiogenesis is mainly regulated by vascular endothelial growth factor (VEGF) 

family and their receptors (Karamysheva, 2008). There are several growth factors within the 
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VEGF family including VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor 

(PIGF) (Hicklin and Ellis, 2005). Among them, VEGF-A is the most important mediator of 

tumour angiogenesis (Ferrara, 2002). On the other hand, three VEGF receptors have been 

identified so far, namely, VEGFR-1, 2 and 3 (Stuttfeld and Ballmer-Hofer, 2009). VEGF 

signals mainly through VEGFR-2 receptor whose expression levels are dramatically up-

regulated in angiogenesis related endothelial cells and circulating bone marrow-derived 

endothelial progenitor cells (Shibuya and Claesson-Welsh, 2006). Increased level of VEGF 

expression can be initiated by multiple factors such as hypoxia, low pH, and inflammatory 

cytokines among which hypoxia is one of the most important factors in relation to tumour 

angiogenesis (Fong, 2008). Actually, tumour hypoxia and angiogenesis have a paradoxical 

relationship in terms of tumour development. During tumour growth, tissue expansion 

outpaces the accompanying angiogenesis resulting in insufficient blood supply, and thus the 

emergence of hypoxic tumour microenvironment (Maltepe and Simon, 1998). The resulted 

hypoxia further induces angiogenesis by activating genes such as VEGF and PIGF through 

hypoxia-inducible factor (HIF)-1 (Semenza, 2008). 

 

Recent studies have suggested neuropilins might also be involved in tumour angiogenesis 

under certain circumstances (Bielenberg and Klagsbrun, 2007). Neuropilin is a class of 

transmembrane glycoproteins that do not possess tyrosine kinase activity. There are two 

forms of neuropilins, NRP-1 and NRP-2 and their major ligand is class-3 semaphorins which 

are mainly responsible for axon guidance during the development of the nervous system in 

vertebrates (Rizzolio and Tamagnone, 2011). However, studies have found neuropilins can 

also bind VEGF thus modulating angiogenesis (Bielenberg and Klagsbrun, 2007). Another 

important signalling pathway for tumour angiogenesis comprises receptor tie-2 and its 

ligands angiopoietin-1 and angiopoietin-2 (Hanahan, 1997). While angiopoietin-1 functions 
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as an agonist, angiopoietin-2 functions as an antagonist, which can induce angiogenesis 

especially in cooperation with VEGF (Hanahan, 1997). Researchers have also found that the 

notch-deltalike ligand (DII) 4 signalling pathway seems to be a pivotal signalling pathway 

involved in tumour angiogenesis (Noguera-Troise et al., 2006). The findings that notch-DII 4 

signalling is essential for vascular development in the embryo and DII 4 level is increased in 

the tumour vasculature  suggest the pathway is an important stimulator of tumour 

angiogenesis (Gale et al., 2004) (Sainson and Harris, 2007).  

 

1.2.2 Tumour hypoxia 

 

As one of the patho-physiological hallmarks of tumour, hypoxia plays an extremely 

important role in its pathological development. When initial avascular, harmless solid mass 

grows to and exceeds about 2 mm of diameter, local vasculature of surrounding normal tissue 

becomes insufficient to support the rapid growing mass. Consequently, some tumour cells 

are gradually deprived of nutrients and oxygen leading to chronic hypoxia, also known as 

diffusion-limited hypoxia which was first proposed in 1955 (Thomlinson and Gray, 1955)  

( Figure 1.2). Apart from chronic hypoxia, there is also acute hypoxia in solid tumours, 

which is also called perfusion-limited hypoxia (Brown, 1979) (Figure 1.2). Perfusion-limited 

hypoxia is caused by transient fluctuations in blood flow. Studies have indicated that 

perfusion of solid tumour blood vessels varies constantly in time. Contrary to chronic 

hypoxia which is a long-term, gradual process, acute hypoxia is rapid and transient (Lanzen 

et al., 2006, Brurberg et al., 2006). Although no solid evidence is available now, it is very 

likely that both acute and chronic hypoxia contribute to the overall level of hypoxia in solid 

tumours (Lunt et al., 2008).  
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In 1953, Gray and colleagues found that the presence of oxygen is important to increase 

sensitivity  of tumour cells to irradiation damages (Gray et al., 1953). The result suggested 

that the hypoxic tumour microenvironment is not ideal for radiotherapy. Several studies on 

both animal and human tumour models have further confirmed the finding (Moulder and 

Rockwell, 1987, Brizel et al., 1997, Gatenby et al., 1988). On the other hand, in vitro studies 

have shown that hypoxia inhibits cell proliferation (Bedford and Mitchell, 1974). Since most 

drugs used in chemotherapy are designed to kill highly-proliferating cells, hypoxia-induced 

inhibition of tumour cell proliferation is one of the major factors for tumour relapse. During 

the last decade, a number of studies have demonstrated that tumour hypoxia is directly 

involved in tumour progression and helps to select for  a more aggressive phenotype 

(Sullivan and Graham, 2007, Chan and Giaccia, 2007, Subarsky and Hill, 2003). Clinical 

studies and studies on animal tumour models both have indicated that tumour hypoxia is 

involved in distant metastasis (Hockel et al., 1996, Fyles et al., 2002, Cairns et al., 2001, 

Cairns and Hill, 2004). Findings from Graeber and colleagues suggest that tumour hypoxia 

might predispose tumours to a more malignant phenotype by selecting for mutant p53 

(Graeber et al., 1996) . 
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Figure 1.2 Hypoxia in a solid tumour. There are two types of hypoxia in a solid tumour: 

diffusion limited and perfusion limited hypoxia. While diffusion limited hypoxia is a chronic 

process, perfusion limited hypoxia is transient and fluctuating. IFP stands for interstitial fluid 

pressure. (Figure taken from Lunt et al., 2008) 

 

Studies have demonstrated that hypoxia regulates cell activities mainly through a 

transcription factor which is called HIF-1  (Zhang et al., 1995). HIF-1 belongs to the basic 

helix-loop-helix superfamily of eukaryotic transcription factors. It is a heterodimer composed 

of an α and β subunit. There are three human HIF α genes, HIF-1α, HIF-2α and HIF-3α. 

While the expression of its β subunit (also known as aryl hydrocarbon receptor nuclear 

translocator, ARNT) is constitutive and not influenced by oxygen levels, all three α subunits 

of the protein are sensitive to and controlled by oxygen levels  (Gruber and Simon, 2006). 

Under normoxia conditions, HIF-1α is not stable and almost undetectable. Its conserved 

prolyl residues within the oxygen-dependent degradation domain are initially hydroxylated 

by prolyl hydroxylases, then it is targeted for degradation through ubiquitin-proteasome 
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system by binding to von Hippel-Lindau (VHL) protein (Zhou et al., 2006). However, under 

hypoxic conditions, prolyl hydroxylase becomes inactive leading to the accumulation of  

HIF-1α followed by its binding to HIF-1β. Figure 1. 3 describes the regulation pathway of 

HIF-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 HIF-1 regulation pathways. Under normoxia conditions, HIF-1α is 

hydroxylated by prolyl hydroxylase and then marked by von Hippel-Lindau protein for 

degradation through ubiquitin-proteasome system. Under conditions of hypoxia, prolyl 

hydroxylase becomes inactivated. As a result, HIF-1 α  is stabilised and binds to HIF-1β. The 

synthesised HIF-1 induces downstream gene expression. HSP stands for heat shock protein, 

Ubi stands for ubiquitin. (Figure taken from Semenza, 2008) 

 

 

Studies have shown that HIF-1 is a core player in tumour progress, angiogenesis, and 

metastasis (Manalo et al., 2005, Hockel et al., 1996, Maxwell et al., 1997). High levels of 

HIF-1α have been directly linked to poor prognosis in patients with various types of 

malignant tumour such as lung, breast, stomach, ovarian, and cervical cancer (Liu et al., 
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2006, Schindl et al., 2002, Takahashi et al., 2003, Birner et al., 2001, Birner et al., 2000). 

More importantly, the induction of HIF-1 is partially responsible for the resistance of 

hypoxic tumour cells to chemotherapy and radiotherapy (Zhou et al., 2006). 

 

1.2.3 Low extracellular pH in solid tumour microenvironment 

 

Low extracellular pH is another important feature of tumour microenvironment. While 

normal cells produce energy through mitochondrial respiration, tumour cells generate energy 

via glycolysis due to its abnormal vasculature and hypoxia (Fantin et al., 2006). Intriguingly, 

it was found by Warburg that tumour cells were also able to maintain high rates of anaerobic-

like glycolysis even in the presence of oxygen (Warburg, 1956). Additionally, another study 

has indicated that not all highly glycolytic tumour regions are necessarily hypoxic 

(Rajendran et al., 2004). The phenomenon might possibly be caused by the stabilisation of 

HIF-1α by other factors such as inactivation of VHL instead of hypoxia (Kaelin, 2005). HIF-

1 has been found to control the expression of many genes that regulate pH such as CA-IX, 

the glucose transporters (Glut-1 and 3), and important enzymes in the glycolytic pathway 

such as aldolase, enolase or lactate dehydrogenase (Bartrons and Caro, 2007, Semenza, 

2007). The accumulation of lactic acid produced by glycolysis makes the tumour 

microenvironment acidic. Importantly, results from several studies have implicated a 

correlation between a low extracellular pH and increased tumour invasion or metastasis 

(Schlappack et al., 1991, Rofstad et al., 2006). Furthermore, studies have suggested that the 

acidic tumour microenvironment might select for cells with mutant p53 leading to clonal 

expansion of aberrant cell populations (Gatenby and Gillies, 2004).  
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1.2.4 Elevated interstitial fluid pressure (IFP) of solid tumour 

 

While increased microvascular pressure is the major driving force (Boucher and Jain, 1992), 

several other factors also contribute to the elevated IFP of tumours. Firstly, tumour vessels 

often have big pores on their walls leading to increased permeability. The abnormally 

permeable tumour vessels allow the movement of increased amount of fluid out from vessels 

into the extra-cellular matrix causing increased IFP level (Lunt et al., 2008). Secondly, due to 

the lack of a functional lymphatic vessel system in tumours, fluid accumulated inside tumour 

interstitium can’t be transported properly, thus contributing to elevated IFP (Padera et al., 

2002). Thirdly, the abnormal composition of tumour extra-cellular matrix and penetration of 

macrophages as well as other inflammatory cells make the tumour stroma also play a role in 

elevated IFP level (Heldin et al., 2004). Increased tumour IFP induces problems in cancer 

treatment by acting as a barrier to anti-cancer therapeutics such as chemotherapeutic drugs 

leading to insufficient drug delivery and impaired therapeutic efficacy. 

 

1.3 Tumour resistance to chemotherapy and radiotherapy 

 

Tumour resistance to chemotherapy and radiotherapy has been the major obstacle in cancer 

treatment. Numerous studies have suggested that the underlying mechanisms are quite 

complicated with factors ranging from cellular levels such as genetic mutations to tumour 

microenvironment (Tredan et al., 2007). Most studies in the field have mainly focused on 

cellular and/or genetic causes at the level of a single cell, which is quite limited considering 

the fact that tumour microenvironment is also important in tumour progression. In addition, 

the discovery of cancer stem cells in several types of solid malignancies has shed a different 

light on the topic.  
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1.3.1 The relationship of solid tumour microenvironment and tumour resistance to 

chemotherapy and radiotherapy 

 

Numerous studies have demonstrated that the unique features of solid tumour 

microenvironment are directly involved in tumour resistance to chemotherapy and 

radiotherapy (Brown, 2002). These pathological features include the composition of tumour 

stroma and extracellular matrix, abnormal tumour vasculature, increased IFP, tumour 

hypoxia, and tumour metabolism (Tredan et al., 2007). 

 

 When a chemotherapeutic drug is systemically administered into a patient, the distribution 

of the drug inside solid tumours is often so heterogeneous that only a proportion of tumour 

cells are exposed to the concentration which is high enough to induce cell apoptosis 

(Minchinton and Tannock, 2006). However, to reach a sufficient level of treatment, more 

cancer cells are required to be exposed to drugs at lethal concentrations. Actually, the 

heterogeneous tumour structure is so complicated with highly-proliferating tumour cells 

located at normoxic regions close to blood vessels and quiescent ones hiding deep in hypoxic 

regions far away from blood vessels (Vaupel, 2004). Solid tumours are composed not only of 

cancer cells but also of tumour stromal cells such as fibroblasts and inflammatory cells which 

are embedded in an extracellular matrix (Wernert, 1997). The stroma of tumours is very 

important in tumour invasion and influences the sensitivity of tumour cells to 

chemotherapeutic drugs (Miyamoto et al., 2004, Mahadevan and Von Hoff, 2007). In 

addition, structural and compositional changes of tumour stroma contribute to increased IFP, 

which impedes the penetration of drugs through tumour masses (Heldin et al., 2004).  
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Systemically administered drugs are delivered into tumours via blood flow. As a result, 

tumour vasculature is another important pathological factor affecting therapeutic efficacy of 

chemotherapy (Singh Jaggi et al., 2007). As introduced previously, unlike vasculature in 

normal tissues, blood vessels in tumours are often convoluted and dilated with excessive 

loops and arterial venous shunts (Jain, 1988). Blood flow in tumours is often sluggish, 

disorganized and variable.  All these features make the delivery of drugs to tumour cells very 

inefficient, which profoundly compromised therapeutic efficacy of chemotherapy (Durand, 

2001). In addition, tumour angiogenesis has also been directly related with tumour 

radioresistance (Rich, 2007). Moreover, the lack of functional lymph vessels inside solid 

tumours is also responsible for the increased IFP, further deteriorating intra-tumoural 

distribution of chemotherapeutic drugs (Heldin et al., 2004).  

 

The role of tumour hypoxia in the resistance of tumours to chemotherapy and radiotherapy 

has long been known (Shannon et al., 2003). Most anti-cancer drugs act by targeting rapidly 

dividing cells. Since hypoxic tumour cells are usually quiescent, proliferating less rapidly 

than aerobic cancer cells, they are much less susceptible to anti-cancer drugs (Durand, 1994). 

In addition, expression of some genes activated by tumour hypoxia was found to cause 

expansion of populations of cells that may have a drug-resistance phenotype (Comerford et 

al., 2002). It was also reported that transient tumour hypoxia can result in amplification and 

increased expression of the genes encoding dihydrofolate reductase and P-glycoprotein, 

which induce drug resistance to folate antagonists and substrates of P-glycoprotein, 

respectively (Rice et al., 1986, Comerford et al., 2002). Some anti-cancer drugs need oxygen 

to produce free radicals that damage DNA. As a result, the cytotoxicity of these drugs in 

hypoxic tumour regions is severely reduced (Kovacic and Osuna, 2000). On the other hand, 

radiotherapy has been a major treatment for a number of types of cancer such as head and 
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neck cancer for years. In radiotherapy, ionizing radiation was applied to patients to control or 

kill both primary and metastatic tumours (Siddiqui et al., 2009). Ionizing radiation induces 

cell death by forming free radicals in DNA. Once these radicals are formed, oxygen rapidly 

reacts with the free electrons leading to permanent damage to cells. Studies have found that 

hypoxic tumour cells are more likely to survive radiotherapy by having the radical 

neutralized before any permanent damage happens. There is also clinical evidence 

demonstrating that oxygenated tumours are more susceptible to radiotherapy than hypoxic 

ones (Brizel et al., 1999).  

 

The low extracellular pH in the tumour microenvironment is also found to reduce the 

cytotoxicity of some anti-cancer drugs (Raghunand and Gillies, 2000). Due to the lack of 

enough oxygen, metabolism of hypoxic tumour cells switches from oxidative metabolism to 

glycolysis, which converts glucose into lactate to produce ATP. Accumulation of these acidic 

products of metabolism inside tumours leads to low extracellular pH in tumours (Tannock 

and Rotin, 1989). Studies have found that the low pH decreases cellular uptake of weakly 

basic drugs such as doxorubicin and may also inhibit active transport of some drugs such as 

melphalan leading to reduced cytotoxicity (Raghunand and Gillies, 2000).  

 

1.3.2 The role of cancer stem cells in tumour resistance to chemotherapy and 

radiotherapy  

 

Cancer stem cells are cancer cells with stem-cell like qualities with the capabilities for self-

renewal, multilineage differentiation, and continuous proliferation (Jordan et al., 2006). In 

order to remain intact for a long period, normal stem cells have an array of innate 

mechanisms including high expression of multidrug-resistance-type membrane transporters, 
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efficient DNA repair, resistance to apoptosis, and relative quiescence/slow cell cycle 

kinetics. Studies have found that cancer stem cells are also capable of inducing these 

protection mechanisms (Dean et al., 2005). For example, normal stem cells express high 

levels of ATP-binding cassette (ABC) drug transporters, such as ABCB1 and ABCG2 

(Moitra et al., 2011). These drug transporters protect them from the attack of drugs by 

actively efflux drugs out (Moitra et al., 2011). In parallel to normal stem cells, high levels of 

ABC drug transporters have also been detected in cancer stem cells (Moitra et al., 2011). 

Under the protection of these mechanisms, cancer stem cells can hardly be affected by 

chemotherapy leading to the recurrence of multiple drug resistant tumours (Dean et al., 

2005).  

 

In addition to chemotherapy, cancer stem cells are also resistant to radiotherapy (Rich, 2007). 

Studies using radiation on human glioma cells expressing  CD133, a cell surface stem cell 

marker, 
 
and CD133

 
negative human glioma cells showed similar levels of DNA damage in 

both types of cells, but CD133
+  

cancer cells repaired the DNA damage more efficiently and 

underwent less apoptosis in comparison to CD133
- 

cells (Rich, 2007). The underlying 

mechanism of CD133
+ 

cells’ resistance to radiation turned out to be the preferential 

activation of the DNA damage checkpoint. Studies on radioresistance of cancer stem cells in 

breast cancer and mammary progenitor cells produced similar results (Phillips et al., 2006, 

Woodward et al., 2007).  It was also found that a number of cell pathways including Wnt/β-

catenin, Notch, sonic hedgehog, PTEN, EGFR, Bmi-1, and Akt might be related to cancer 

stem cell radioresistance (Woodward et al., 2007, Phillips et al., 2006, Clement et al., 2007, 

Jiang et al., 2007, Chakravarti et al., 2002, Facchino et al., 2010, Hambardzumyan et al., 

2008). 
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1.4 Gene therapy as a novel therapeutic modality for cancer 

 

Gene therapy involves the delivery of therapeutic genetic materials into specific target cells 

to treat disease (Sheridan, 2011). The most common forms of gene therapy involve replacing 

a mutated gene with DNA that encodes a functional therapeutic gene. Other forms of the 

therapy involve a direct correction of a mutation or usage of DNA sequences that encode a 

therapeutic protein to achieve treatment (Sheridan, 2011). In 2000, a clinical trial using a 

retroviral vector system for treating severe combined immunodeficiency-x1 patients who 

suffer from severe combined immunodeficiency achieved complete correction of disease 

phenotype (Cavazzana-Calvo et al., 2000). In addition, recent clinical progress such as 

successful treatment of patients with Parkinson’s disease, adrenoleukodystrophy, and Leber’s 

congenital Amaurosis have further demonstrated great therapeutic value of gene therapy 

(LeWitt et al., 2011); (Cartier and Aubourg, 2010); (Simonelli et al., 2010). Since the first 

clinical trial of human gene therapy was performed, thousands of patients have been treated 

worldwide. In all these studies, rare and mostly mild side effects were reported suggesting 

that gene therapy is quite safe (Rochlitz, 2000). In 1991, the first clinical trial of cancer gene 

therapy was performed in melanoma patients (Rochlitz, 2001). To date, a number of 

strategies have been designed for cancer gene therapy. These strategies can be generally 

grouped into five main categories: suicide gene therapy, rehabilitation of aberrant cell cycle, 

immunomodulatory gene therapy, anti-angiogenesis, and oncolytic viruses (Tani et al., 2011, 

Gardlik et al., 2011) (Table 1.1) 
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Table 1.1 Strategies for cancer gene therapy 

 

Suicide gene therapy  

Rehabilitation of aberrant cell cycle 

• Restoration of normal functions of tumour suppressor genes such as p53 and p16 

• Silencing of dominant oncogenes such as ras and bcl-2 

Anti-angiogenesis 

Immunomodularory approaches 

• Delivery of genes for cytokines such as interleukin (IL)-2 and tumour necrosis factor 

• Delivery of genes for costimulatory molecules  

• Delivery of genes for tumour specific antigens 

Oncolytic vectors 

• Oncolytic viruses such as herpes simplex virus (HSV) and adenovirus 

• Oncolytic bacteria such as Clostridium 

Combined modalities 

• Chemosensitization  

• Radiosensitization  

 

 

1.4.1 Suicide gene therapy  

 

Suicide gene therapy, which is also known as gene-directed enzyme prodrug therapy 

(GDEPT), aims to make cancer cells more sensitive to chemotherapeutics by introducing 

“suicide genes” into cancer cells (Springer and Niculescu-Duvaz, 2000). In GDEPT, 
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therapeutical genes (also known as transgenes) encode enzymes such as herpes simplex virus 

thymidine kinase (HSV-TK) and bacterial cytosine deaminase (CD) which convert a non-

toxic prodrug into cytotoxic drug (Niculescu-Duvaz and Springer, 2005). GDEPT is a two-

step treatment for solid tumours. In the first step, a transgene encoding a prodrug converting 

enzyme is initially delivered to target tumour cells by a vector system. In a second step, a 

non-toxic prodrug is subsequently administered and selectively converted into its cytotoxic 

form by therapeutic enzymes inside the tumour (Niculescu-Duvaz et al., 1998). For suicide 

gene therapy,  in order to reach a sufficient level of therapeutic efficacy, a bystander effect is 

required, in which tumour cells that don’t express prodrug converting enzymes are also killed 

by the activated drugs (Huber et al., 1994). 

 

1.4.2 Rehabilitation of aberrant cell cycle 

 

It is now known that loss-of-function mutations of tumour suppressor genes and gain-of-

function mutations of oncogenes are closely related with oncogenesis (Kopnin, 2000). As a 

result, strategies, focusing on suppression of dominant oncogenes such as ras and bcl-2 and 

restoration of normal functions of tumour suppressor genes such as p53 and p16 of cancer 

cells, have been invented for the purpose of cancer gene therapy (Kopnin, 2000). Silencing of 

dominant oncogenes can be achieved on both DNA and RNA level. Inhibition of oncogene 

mRNA by ribozyme, anti-sense RNA, and small interfering RNA have been extensively 

studied (Kashani-Sabet et al., 1992, Georges et al., 1993). Meanwhile, antigene 

oligonucleotides have also been tested to block oncogene expressions at the transcription 

level (Shen et al., 2003). On the other hand, delivery of functional tumour suppressor genes 

such as wild-type p53 into tumour cells has been investigated for several types of cancer 

(Walther and Stein, 1999).  
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1.4.3 Immunomodulatory gene therapy 

 

The ability of cancer cells to evade the host’s immune surveillance is one of the most 

important pathological factors in the development of tumours (Huang et al., 2005). Therefore, 

it is of great importance to reactivate and reinforce patients’ immune responses against 

malignant cells. Immunomodulatory gene therapy has been designed for this purpose. To 

date, a number of modalities have been investigated, such as gene transfer to facilitate a 

dormant host immune response directed against the tumour (Rosenberg, 2004). Together, the 

vector-induced inflammatory/ immune response can also function as an adjuvant to the 

transduced antigen, resulting in local release of cytokines and an influx of antigen presenting 

cells. Immunomodulatory therapy strategies have the capacity to involve both ex vivo and in 

vivo approaches. Early studies of adoptive transfer of ex vivo expanded tumour infiltrating 

lymphocytes (TIL) have stimulated active responses against melanoma and renal cell cancer 

(Rosenberg et al., 2008).  Systemic administration of interleukin (IL)-2 has been reported to 

enhance the activity of TIL in some trials, but the treatment was associated with marked 

toxicity (Dudley and Rosenberg, 2007). A second approach in preclinical development 

involves genetic modifications of dendritic cells with the transgene for IL-7. IL-7 stimulates 

cytotoxic T-lymphocyte responses and down-regulates tumour production of the 

immunosuppressive growth factor, tumour growth factor-β (Sportes and Gress, 2007). In a 

murine tumour model, intra-tumoural administration of dendritic cells modified with an 

adenoviral vector containing IL-7 led to tumour regressions and immunologic memory far 

superior to that seen with direct intra-tumoural injection of IL-7 expressing adenoviral vector 

(Sharma et al., 2003). The main rationale of this approach is the possibility of enlisting the 

immune system to substantially amplify gene therapy and, thereby enhancing the therapeutic 

benefits.  
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1.4.4 Anti-angiogenesis gene therapy 

 

For tumours to grow, angiogenesis is a critical and necessary process (Kerbel, 2008). All 

solid tumours undergo angiogenesis that initiates a number of pathological changes including 

the formation of defective leaky vessels, the establishment of a heterogeneous tumour cell 

population, the emergence of intra-tumoural hypoxia/necrosis regions, and the spread of 

tumour metastasis (Brown and Giaccia, 1998, Hanahan and Folkman, 1996). Hence, the 

development of cancer gene therapy focusing on interfering with tumour angiogenesis has 

become a fertile field of research. Anti-angiogenesis gene therapy is designed to interfere 

with endothelial cells of tumour vessels, which involves the suppression of angiogenesis 

promoting factors such as VEGF or reinforcement of angiogenic inhibitors such as endostatin 

(Chen et al., 2001).  

 

1.4.5 Oncolytic gene therapy 

 

In oncolytic gene therapy, different oncolytic vectors are used to enter and eradicate various 

kinds of cells inside tumours directly. So far, most vectors used for oncolytic gene therapy 

are genetically engineered viruses such as HSV and adenovirus (Donahue et al., 2002). They 

are designed to specifically infect tumour cells and destroy them by propagating, producing 

cytotoxic proteins, and triggering cell lysis (Donahue et al., 2002, Liu and Kirn, 2008). 

Recently, oncolytic gene therapy using anaerobic, oncolytic bacterial vectors such as  

Salmonella and Clostridium vectors has gained increasing popularity in the field (Wei et al., 

2008). 
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1.4.6 Multiple modality synergies 

 

Tumour angiogenesis, hypoxic tumour microenvironment, a heterogeneous tumour cell 

population, spread of metastatic cancer cells, presence of tumour stem cells, and resistance of 

tumours to chemotherapeutics and radiation are major hurdles hindering successful treatment 

of malignant solid tumours (Tredan et al., 2007, Rich, 2007, Visvader and Lindeman, 2008). 

These multiple challenges make it very clear that complete eradication of all malignant 

tumours including both primary and metastatic lesions can’t rely on single therapeutic 

modality. Accordingly, various combined anti-cancer treatments were studies to explore 

potential synergistic anti-cancer effects (Lee et al., 2011, Han et al., 2008, Ohizumi et al., 

1993). In some of these studies, cancer gene therapy was combined with other anti-cancer 

treatments, for example, chemotherapy. It was found that the therapeutic efficacy of cancer 

gene therapy was dramatically enhanced (Ito et al., 2003, Wang et al., 2011, Graat et al., 

2007). So far, cancer gene therapy has been mainly combined with conventional anti-cancer 

therapies such as radiotherapy and chemotherapy. There are two scenarios in these 

combinations. In one scenario, radiotherapy and chemotherapy are used to improve the 

therapeutic effect of gene therapy. For example, the gene transfer efficiency of an adenoviral 

vector, Ad-NK4, was significantly improved by combined administration of 

chemotherapeutic drugs (Egami et al., 2009). Another study found the combination of an 

anti-angiogenic gene therapy and low dose radiotherapy was an efficient cytotoxic system 

against cancer cells (Hodish et al., 2009). Under the other circumstance, gene therapy is used 

to improve the therapeutic effect of radiotherapy and chemotherapy. For example, the 

delivery of adenoviral E1a gene helped to sensitize cancer cells to a mitotic inhibitor, 

paclitaxel (Wang et al., 2001). In another study, the delivery of wild-type p53 gene was found 

to sensitise cancer cells to radiotherapy (Colletier et al., 2000).                                                                                                                                                          
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In addition to radiotherapy and chemotherapy, gene therapies employing different anti-cancer 

strategies can also be combined with one another to achieve synergistic anti-cancer effects. 

For example, a combination of endostatin gene and TRAIL gene resulted in significant 

therapeutic outcomes (Hu et al., 2009). In another study, simultaneous delivery of human 

TRAIL and plasminogen k5 gene by engineered oncolytic adenoviral vectors achieved 

complete eradication of colorectal carcinomas in all experimental animals (Liu et al., 2005). 

Moreover, delivery of both second mitochondria-derived activators of caspases and TRAIL 

by engineered S. typhimurium also resulted in significant synergic anti-tumoural effects (Fu 

et al., 2008).  

 

1.5 Major vectors used in cancer gene therapy  

 

To transfer foreign genetic materials into tumours, a vector system is required. To date, three 

major classes of vector have been used including viral, synthetic non-viral and bacterial 

vectors (Seth, 2005, Baban et al., 2010).  

 

1.5.1 Viral vector 

 

Until now, a majority of cancer gene therapies have been based on viral vectors. Viruses have 

natural mechanisms to transfer their DNA into host cells making them ideal vectors for 

transferring foreign genetic materials into tumour cells. Currently, major viral vectors which 

have been studied for cancer gene therapies were mainly developed from retroviruses, HSV, 

adenovirus, poxvirus, and adeno-associated virus (AAV) (Robbins and Ghivizzani, 1998). 

Although significant progresses have been made in the field, roadblocks still exist. Problems 

such as insufficient tumour specificity, incomplete transduction of tumour cells, 
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dissemination to normal organs, and induction of host immune responses need to be 

addressed for further development (Wilson, 2002). Table 1.2 lists the major types of viral 

vectors and some exemplary therapeutic transgenes.  

 

Table 1.2 Major viral vectors for cancer gene therapy

 

       Viral vector     Exemplary transgenes and anti-cancer strategies     Reference 

 

    Retroviral vector     TIMP-3 for anti-angiogenesis                            (Spurbeck et al., 2003) 

 

   Adenoviral vector   HSV-TK and Nitroreductase (NTR)                       (Harvey et al., 2011) 

                                   for suicide gene therapy 

 

   HSV vector             HSV-TK for suicide gene therapy             (Varghese and Rabkin, 2002) 

 

   AAV vector           GM-CSF and B7- 1                                                   (Collins et al., 2010) 

                                 for immunomodulatory gene therapy 

 

   Poxvirus                 Carcinoembryonic antigen                                         (Kalus et al., 1999) 
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1.5.1.1 Retroviral vector 

 

Retroviruses are small single-stranded RNA viruses that have the unique ability to replicate 

in host cells by producing DNA from its RNA genome using the enzyme reverse transcriptase 

(Robbins and Ghivizzani, 1998). The reversely transcribed DNA is then inserted into the host 

genome and becomes part of host cell DNA (Buchschacher, 2001). Over the years, different 

kinds of retrovirus have been identified in many vertebrate hosts such as human, birds and 

mice (Buchschacher, 2001). For gene therapy, retroviral vectors have been developed by 

replacing their three viral genes, gag, pol, and env, with therapeutic transgenes (Robbins and 

Ghivizzani, 1998). Currently, the most frequently used retroviral vectors have been 

developed by modifying the Moloney murine leukemia virus. The major advantage of these 

vectors is their ability of long-term integration into the host cell genome. As a result, 

transferred therapeutic genes can be expressed throughout the entire life of the host cells and 

lead to subsequent clonal expansion. In addition, they are relatively safe because all their 

genes encoding viral proteins have been replaced with transgenes. The main shortcomings of 

these vectors are that they are incompetent in transducing non-dividing cells and have poor 

tumour penetration abilities. Furthermore, their ability to confer stable host cell genome 

integration might cause problems of activation of oncogenes or silencing of tumour 

suppressor genes of host cells, that is insertional mutagenesis (Robbins and Ghivizzani, 

1998). Although efforts have been made to optimise these vectors such as the development of 

replication-competent retroviral vectors, the impotence of transducing non-dividing cells 

remained as a significant disadvantage (Tai and Kasahara, 2008). However, the development 

of the lentiviral vectors has given new hope for the development of efficacious retroviral 

vector mediated cancer gene therapy. Lentivirus such as human immunodeficiency virus 

belongs to the Retroviridae. It is involved in the development of diseases characterized by 
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acquired host immunodeficiency (Gilbert and Wong-Staal, 2001). Lentiviral vector is a class 

of more complicated retroviral vectors with highly improved cell transduction efficiency and 

a larger loading capacity of transgenes (Gilbert and Wong-Staal, 2001). More importantly, as 

compared to other retroviral vectors, lentiviral vector is competent in transducing non-

proliferating cells making it an ideal gene delivery system (Gilbert and Wong-Staal, 2001). 

To date, vectors derived from both primate lentivirus such as human immunodeficiency 

virus-1 and non-primate lentivirus such as feline immunodeficiency virus have been 

successfully developed (Gilbert and Wong-Staal, 2001, Poeschla, 2003). 

 

1.5.1.2 Adenoviral vector 

 

This class of viral vectors have the distinguished ability to transfer foreign genes into a broad 

spectrum of cells including both dividing and non-dividing cells (McConnell and Imperiale, 

2004). Adenoviruses replicate episomally and do not insert their DNA into host cell genome, 

therefore they are unlikely to induce insertional mutagenesis in host cells making them much 

safer vectors for gene therapy (McConnell and Imperiale, 2004). However, their gene 

expression within host cells is only transient, which is not appropriate for treating chronic 

diseases. There are two groups of genes within adenoviruses: cis-genes and trans-genes. 

While the cis-genes are essential for the virus, trans-genes can be entirely replaced with 

therapeutic genes. Originally, adenoviruses were modified with their E1 or both E1 and E3 

genes replaced with therapeutic genes. However, these vectors induced strong host cellular 

immune responses (Yang et al., 1995). As a result, more genes of adenoviruses were deleted 

to reduce their immunogenicity (McConnell and Imperiale, 2004). The newest generation of 

adenoviral vectors, which have a low level of immunogenicity and the ability of long-term 

gene expression in host cells, have been created with almost all of their viral genes deleted 



26 

 

(both cis-genes and trans-genes) except the packaging signal. For these viral vectors to 

operate, a helper virus that possesses all the vital viral genes for replication is required 

(McConnell and Imperiale, 2004). 

 

1.5.1.3 HSV vector 

 

HSV is a neurotropic virus that is famous for its unique ability to infect nerves and cause a 

latent infection (Marconi et al., 1996). There are two serotypes of HSV: type 1 and 2, in 

which HSV-1 has been studied for cancer gene therapy (Shen and Nemunaitis, 2006). A 

number of characteristics of HSV-1 such as the ability to infect a wide range of host cells and 

ability to transduce both dividing and non-dividing cells make it an attractive vector for 

cancer gene therapy (Shen and Nemunaitis, 2006). Essentially, there are two types of HSV-1 

vectors: replication-defective vectors and conditionally replicating vectors (Shen and 

Nemunaitis, 2006). Generation of replication-defective vectors is performed by deleting 

several important IE genes such as ICP27, ICP4 and ICP0 so that the vector is non-

replicative and non-toxic (Marconi et al., 1996). On the other hand, three general strategies 

have been used for the construction of conditionally replicating HSV-1 vectors. The first 

strategy is to delete or mutate viral genes that are critical for efficient viral replication in 

normal cells but are dispensable in tumour cells (Lou, 2003). Many conditionally replicating 

HSV-1 vectors have their genes encoding DNA polymerase, ribonucleotide reductase, and 

thymidine kinase mutated or deleted (Lou, 2003). In the second strategy, a tumour-specific 

promoter is used to limit the expression of a critical viral gene to tumour tissues (Goins et al., 

2004). The third approach changes viral tropism by modifying its surface proteins (Goins et 

al., 2004). With its neurotropic nature, HSV-1 is an ideal vector for the treatment of tumours 

of central nerve system, such as malignant gliomas (Shen and Nemunaitis, 2006). Thus far, 
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for cancer gene therapy, HSV-1 vector has mainly been applied for the delivery of suicide 

genes (Spencer, 2000). The major limits of HSV-1 vector lie in their nature of transient gene 

expression, complexity in production, and issues of biosafety and risk management (Shen and 

Nemunaitis, 2006).  

 

1.5.1.4 AAV vector 

 

AAVs are single stranded DNA viruses that belong to the Parvovirus family (Atchison et al., 

1965). AAV is also known as dependovirus because it only replicates in the presence of a 

helper virus such as adenovirus (Liu and Deisseroth, 2006). In the absence of a helper virus, 

AAV integrates its genome into chromosome 19 in human cells establishing a latent cycle. 

When the latently infected cells get infected by any of the helper viruses, the integrated AAV 

genome becomes activated and undergoes a productive lytic cycle (Liu and Deisseroth, 

2006). Among various serotypes of AAV, AAV serotype 2 has been mostly studied for 

cancer gene therapy (Liu and Deisseroth, 2006). AAV induces almost no host immune 

responses  and is able to infect non-dividing cells making it a promising vector system (Liu 

and Deisseroth, 2006). To produce recombinant AAV vector, the two viral genes, Rep and 

Cap have been substituted by therapeutic genes. Features of AAV vectors make them ideal 

vectors for anti-angiogenic gene therapy and immunotherapy (Ponnazhagan et al., 2001). 

Compared with other viral vectors, AAV vectors have several important advantages. First, 

they are non-pathogenic vectors which induce limited host responses. Second, long term in 

vivo expression of transgenes is possible due to their host cell genome-integrating capacity. 

Third, ability to transduce both dividing and non-dividing cells (Ponnazhagan et al., 2001).  

The major shortcoming of AAV vectors lies in their limited transgene accommodation 

capacity (Robbins and Ghivizzani, 1998). 
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1.5.1.5 Poxviral vector 

 

Poxviruses are a family of complex double stranded DNA viruses. These viruses contain a 

large genome and replicate in the host cell cytoplasm (Seth, 2005). To date, three types of 

poxviruses, vaccinia, canarypox, and fowlpox virus have been used for cancer gene therapy 

(Wilson, 2002). Among them, the vaccinia virus was most famous for its application in 

vaccination against smallpox (Neff et al., 1967). All of these viruses can induce potent 

immune responses in vivo (Wilson, 2002). In cancer gene therapy, these vectors have been 

mainly used for “cancer vaccination” strategy, in which the intra-tumoural expression of a 

tumour antigen to major histocompatibility complex (MHC) class I molecules is facilitated by 

viral transduction so that host anti-cancer immune responses are activated (Vaha-Koskela et 

al., 2007). The main advantages of poxviruses as vectors for gene therapy are their low 

toxicity, large capacity for transgenes, high levels of transgene expression, and the ability to 

transduce both dividing and non-dividing cells. The major drawback of these vectors is the 

vaccination history of many patients, therefore its application in the clinic is likely to be 

limited (Seth, 2005). 

 

1.5.1.6 Oncolytic viral vector 

 

Oncolytic virotherapy is a novel approach for treating cancer, in which oncolytic viruses are 

genetically modified to selectively replicate and kill tumour cells (Davis and Fang, 2005).  

Based on various strategies used for targeting tumour cells, oncolytic viruses can be generally 

categorized into four groups: first, inherently tumour-selective viruses such as RNA viruses 

and poxvirus; second, mutated viruses with genes critical for replication in normal cells but 

not tumour cells deleted such as adenovirus dl1520/Onyx-015 and HSV G207 (Markert et al., 



29 

 

2009); third, tumour-specific promoter engineered oncolytic viruses such as prostate specific 

antigen-regulated adenovirus CG7870 (Dilley et al., 2005); fourth, pseudotyped viruses with 

their normal tropism ablated such as adenovirus Delta-24 RGD (Jiang et al., 2007). 

Genetically engineered oncolytic viruses are tumour-specific, self-replicating, oncolytic 

therapeutics against not only fast-proliferating cancer cells, but quiescent tumour cells as well 

(Liu and Kirn, 2008). Currently, many types of virus have been used for oncolytic 

virotherapy such as adenovirus, HSV-1, poxvirus, measles, and Newcastle disease virus 

(Vaha-Koskela et al., 2007). Although several major advances have been made in oncolytic 

virotherapy, its anti-cancer efficacy as single agent is limited (Liu et al., 2007). More efforts 

will have to be made before the therapy can be used for the treatment of more types of 

cancer.  Recent approval of an oncolytic adenovirus, H101, to be used in conjunction with 

radiotherapy for the treatment of head and neck cancers in China indicates the promising 

potentials of oncolytic virotherapy (Garber, 2006).  

 

1.5.2 Synthetic non-viral vectors 

 

Generally, synthetic non-viral vectors are not as efficient as viral vectors in terms of delivery 

and expression of transgenes (Kaneda and Tabata, 2006). However, they do have a number of 

advantages. First, unlike viral and bacterial vectors, synthetic non-viral vectors post no risk of 

biosafety issue. Second, viral and bacterial vectors are not capable of drug delivery, whereas 

synthetic vectors can deliver not only transgenes but also other therapeutic agents such as 

chemotherapeutics, synthetic oligonucleotides, antibodies, and RNA to tumour cells (Ohlfest 

et al., 2005). Currently, synthetic non-viral vectors for gene therapy are mainly produced 

from liposomes (Wheeler et al., 1996, Bergen et al., 2003, Siehl et al., 2005) and polymers 

(Demeneix et al., 1998, Anderson et al., 2004, Gustafson and Ghandehari, 2010). In addition 
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to liposomes and polymers, synthetic semiconductor quantum dots have also been used for 

cancer gene therapy (Obonyo et al., 2010). Thus far, several types of quantum dots have been 

tested in several anti-cancer studies (Li et al., 2010, Jung et al., 2011). Results from these 

studies demonstrated their great potentials for the delivery of anti-cancer agents and clinical 

diagnosis of primary and metastatic tumours (Wang et al., 2007, Zhang et al., 2008). 

Currently, there are still a number of hurdles in synthetic non-viral vector mediated cancer 

gene therapy such as our bodies natural mechanisms protecting us from the invasion of 

exogenous molecules and insufficient level of gene expression due to the requirement for 

nuclear transport of plasmid DNA (Zabner et al., 1995). In order to effectively deliver various 

therapeutic agents to tumour cells, these problems need to be addressed.  

 

1.5.3 Bacterial vectors 

 

Tumour hypoxia plays a pivotal role in the pathological development of malignant solid 

tumours. Studies have shown that it is involved in tumour angiogenesis, malignant 

progression, and tumour metastasis (Maxwell et al., 1997). Severe tumour hypoxia has been 

directly linked to poor prognosis in patients with various malignant tumours (Weinmann et 

al., 2004). More importantly, it has also been found to be responsible for the resistance of 

tumour cells against radiotherapy and chemotherapy (Zhou et al., 2006). It also reduces 

transduction efficiency of viral vectors rendering virus-mediated cancer gene therapy less 

efficacious (Pipiya et al., 2005). Although tumour hypoxia imposes many problems, intra-

tumoural hypoxic regions are ideal habitats for anaerobic bacteria and provide an excellent 

opportunity for anaerobic bacteria-mediated gene therapy (Baban et al., 2010).  In fact, the 

history of using live bacteria to treat cancer dates back for over a century. In 1813, the 

apparent recovery of a patient who was concurrently suffering from gas gangrene caused by 
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Clostridium infection from cancer was reported (Wei et al., 2008).  This finding stimulated 

extensive interests in developing live bacteria or bacterial toxins for cancer treatment (Wei et 

al., 2008, Patyar et al., 2010). Predominantly, anaerobic bacteria belonging to three different 

genera have been mostly studied for cancer treatment: Bifidobacterium, Salmonella, and 

Clostridium (Baban et al., 2010). Although studies have shown that these bacteria are highly 

selective for hypoxic tumour tissues and can induce tumour regressions, complete tumour 

eradication was never reported (Wei et al., 2008). Nevertheless, recent advances in 

recombinant DNA technology and the finding that most solid human tumours contain regions 

of hypoxia have prompted the idea of using genetically engineered anaerobic bacteria as 

novel anti-cancer agents (Bristow and Hill, 2008).  

 

1.5.3.1 Bifidobacterial vector  

 

The members of Bifidobacterium genus are Gram-positive, obligate anaerobic bacteria, 

which are common flora of human digestive system. They have been used as probiotics and 

dairy fomenters for many years (Kopp-Hoolihan, 2001) (Tamime, 2002). To date, three 

species of Bifidobacterium have been mostly studied for cancer treatment including B. 

longum, B. adolescentis and B. infantis (Wei et al., 2008). The first attempt of using 

Bifidobacterium in cancer therapy demonstrated that although no significant anti-tumour 

efficacy was achieved, systemically administered Bifidobacteria were found to mainly 

colonise within tumours rather than normal organs of tumour-bearing mice (Kimura et al., 

1980). In 1999, a study using B. adolescentis resulted in marked inhibition of the growth of 

colorectal carcinoma in vivo (Wang et al., 1999). Results of another study using genetically 

modified B. longum suggest that Bifidobacterium-mediated cancer therapy is a feasible 

therapeutic modality for breast cancer (Yazawa et al., 2001). So far, strategies used for 
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Bifidobacterium-mediated cancer therapy can be generally divided into 4 groups: first, the 

delivery of tumour suppressor gene. In one of the studies, B. longum was genetically 

modified to produce a major tumour suppressor gene, human phosphatase and tensin 

homolog gene. The recombinant bacteria significantly inhibited the growth of mice solid 

tumours (Hou and Liu, 2006); second, suicide gene therapy. For example, B. longum and B. 

breve were genetically engineered to produce prodrug converting enzyme CD which converts 

prodrug 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FU) (Hidaka et al., 2007); third, anti-

angiogenesis. Both B. longum and B. adolescentis were genetically modified to express 

endostatin, which is an inhibitor of tumour angiogenesis. The results showed that the two 

recombinant bifidobacterial strains induced significant inhibition of both angiogenesis and 

growth of mice liver tumours (Xu et al., 2007, Li et al., 2003); fourth, chemosensitisation in 

which genetically modified Bifidobacteria are used to sensitise tumour cells to 

chemotherapeutic drugs. It has been demonstrated that the administration of recombinant B. 

longum expressing tumour necrosis factor-related apoptosis-inducing
 

ligand (TRAIL) 

successfully increased the therapeutic effect of chemotherapeutic drug Adriamycin (Hu et al., 

2009). The advantage of using Bifidobacteria as a vector system is that they are common 

flora of human intestine imposing low risks of introducing bacterial related diseases. Being 

obligate anaerobic bacteria, they are very selective against hypoxic tumours (Kopp-Hoolihan, 

2001). However, they also suffer from several drawbacks. First of all, Bifidobacteria do not 

form spores. As a result, they are more vulnerable to rigorous conditions and are more 

difficult to handle and store (Wei et al., 2008). Second, the tumour colonisation efficiency of 

Bifidobacterium is comparatively low and their tendency to clump instead of spreading out 

within tumours often leads to insufficient intra-tumoural expression of therapeutic genes 

(Wei et al., 2008). Third, unlike Clostridia, Bifidobacteria do not induce tumour oncolysis 

making them less potent against quiescent tumour cells (Wei et al., 2008). To further expand 



33 

 

the anti-cancer potentials of Bifidobacterium, novel strategies to enhance their tumour 

colonisation properties need to be developed.  

 

1.5.3.2 Salmonella vector 

 

Although the tumour colonisation ability of Salmonella has been known for decades, their 

pathogenic properties prevented them from being exploited for cancer treatment. Recent 

advances in recombinant DNA technology have enabled the creation of an attenuated non-

virulent Salmonella strain, S. Typhimurium, with both purI and msbB gene of the original 

strain deleted (Pawelek et al., 1997). In 1997, attenuated S. Typhimurium was, for the first 

time, investigated for its anti-cancer efficacy (Pawelek et al., 1997). The attenuated bacteria 

showed good tumour colonisation ability, whilst their pathogenicity was efficiently limited. 

More importantly, the bacteria induced significant tumour growth inhibition and improved 

survival rate of B16F10 melanoma tumour-bearing mice (Pawelek et al., 1997). In addition to 

intravenous injection, S. Typhimurium can also be given by oral administration. It was shown 

that orally administered S. Typhimurium successfully prevented the establishment of hepatic 

metastases in a mouse model without inducing discernible side effects (Soto et al., 2003). 

Recently, a chemokine CCL21 gene was successfully introduced into the attenuated 

Salmonella strain and the recombinant bacteria induced significant inhibition of the growth of 

both primary and pulmonary metastases in a multi-drug-resistant mouse tumour model 

(Loeffler et al., 2009). The attenuated Salmonella was also studied for suicide gene therapy. 

Attenuated S. Typhimurium expressing prodrug enzyme, HSV-TK, successfully converted 

prodrug ganciclovir into its toxic form in vivo and inhibited tumour growth (Pawelek et al., 

1997). In another study, attenuated S. Typhimurium was engineered to produce E. coli purine 

nucleoside phosphorylase, which is another prodrug converting enzyme (Bennett et al., 
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2003). Furthermore, the combined administration of the recombinant attenuated S. 

Typhimurium and prodrug 6-methylpurine 2’-deoxyriboside markedly inhibited tumour 

growth by 59-80% and increased life span of all treated animals. More importantly, complete 

tumour eradication was reported (Fu et al., 2008). In addition to suicide gene therapy, the 

bacteria were also studied in immunotherapy. In three separate studies, attenuated S. 

Typhimurium was engineered to express IL-2 in order to stimulate the hosts’ immune 

responses against liver carcinoma, neuroblastoma, and melanoma (Feltis et al., 2002, Barnett 

et al., 2005, al-Ramadi et al., 2009). Results of all three studies demonstrate that IL-2 

expressing S. Typhimurium induced strong host immune responses against tumours and 

caused significant inhibitions of tumour growth. In another study, Yoon and colleagues 

genetically engineered S. Typhimurium to express FMS-like tyrosine kinase 3 (Flt3) ligand. 

The Flt3 ligand is a small molecule that operates as a growth factor that increases the number 

of immune cells by activating the hematopoietic progenitors (Yoon et al., 2007). The 

recombinant bacteria induced 50% tumour regression rate in mice bearing melanoma tumours  

and prolonged survivals of animals (Yoon et al., 2007). Besides suicide gene therapy and 

immunotherapy, attenuated S. Typhimurium was also designed to directly kill tumour cells by 

inducing tumour cell apoptosis (Loeffler et al., 2008). Loeffler and colleagues genetically-

engineered attenuated S. Typhimurium to express proapoptotic cytokine Fas ligand (Loeffler 

et al., 2008). Intravenous injection of the recombinant Salmonella in mice with murine D2F2 

breast carcinoma or CT26 colon carcinoma induced remarkable regression of primary 

tumours and pulmonary metastatic tumours (Loeffler et al., 2008). Recently, another 

attenuated Salmonella strain, S. choleraesuis, was generated and reported as a novel anti-

cancer agent (Lee et al., 2004, Lee et al., 2008). Studies using the recombinant S. 

choleraesuis indicate that they are capable of preferentially colonising and propagating inside 
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tumours, delaying tumour growth, expressing therapeutic proteins in tumours, and inducing 

host anti-tumour immune responses (Lee et al., 2005).  

 

One of the major hurdles of Salmonella-mediated cancer therapy is that being facultative 

anaerobic, the tumour to normal tissue colonisation ratio of the bacteria is relatively high. To 

improve specificity to solid tumours, an attenuated auxotrophic Salmonella strain, S. 

Typhimurium A1, was produced (Zhao et al., 2005). The novel strain was able to induce 

tumour growth retardation by not only growing in viable tumour tissues, but hypoxic and 

necrotic intra-tumoural regions as well, whereas normal organs were cleared of the bacteria 

(Zhao et al., 2005). To date, two phase I clinical trials using attenuated S. Typhimurium were 

carried out. However, the anti-cancer efficacy of the bacteria was not as good as expected 

(Cunningham and Nemunaitis, 2001, Nemunaitis et al., 2003). The disappointing therapeutic 

results were thought to be caused by insufficient tumour colonisation by the bacteria. The 

results of these studies indicate that there is still considerable amount of work to be done 

before Salmonella-mediated cancer therapy is ready for clinical applications. The main 

advantage of Salmonella lies in their ability to grow in both viable and quiescent tumour 

cells. Hence, theoretically all cancer cells within tumours will be affected if sufficient tumour 

colonisation can be achieved. 

 

1.5.3.3 Clostridial vector 

 

The innate properties of tumour colonisation and oncolysis of Clostridium have been known 

for many years. In 1947, to investigate the potential anti-tumour efficacy of Clostridium, 

Parker and colleagues deliberately injected C. histolyticum spores into transplanted mouse 

sarcomas (Parker et al., 1947). The injected clostridial spores induced severe tumour 
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oncolysis and regression (Parker et al., 1947). A number of studies have repeatedly confirmed 

the exquisite tumour selectivity of Clostridium. For example, intravenous injection of C. 

tetani spores to tumour-bearing mice caused animal death from tetanus toxin within 48 h. 

Meanwhile, C. tetani spore injection into healthy control animals without tumours did not 

induce any apparent toxicity (Malmgren and Flanigan, 1955). Later, the successful isolation 

of a non-pathogenic proteolytic strain of C. butyricum M-55 stimulated more extensive 

studies in the field (Wei et al., 2008). In one of the studies, forty nine patients with 

glioblastoma were treated with intracarotid injection of C. butyricum M-55 spores (Heppner 

and Mose, 1978). The oncolysis induced by spore injection was significant and near 

complete. However, the treatment failed to reduce the rate of tumour relapse and improve 

patient life span (Heppner and Mose, 1978). In all these studies, Clostridium-mediated 

tumour oncolysis was found to be a common phenomenon and often leads to extensive 

destruction of tumour tissues, especially hypoxic tumour regions. However, the outer rim of 

solid tumours, which has sufficient blood supplies and high oxygen levels, often remained 

unaffected by the bacteria leading to tumour regrowth (Van Mellaert et al., 2006). Realizing 

the fact that the administration of clostridial spores alone is not sufficient to completely 

eradicate tumours, researchers started to combine it with other types of anti-tumour 

treatments such as chemotherapy and radiotherapy (Wei et al., 2008). The combined 

treatments displayed enhanced Clostridium-mediated oncolysis and increased life span of 

tumour-bearing animals. However, unsatisfactory results from clinical trials of these 

combined therapies finally led to temporary cessation of research in this field (Wei et al., 

2008). In 2001, Dang and colleagues screened 26 species of common anaerobic bacteria and 

found a strain of Clostridium, C. novyi, showing the best tumour colonisation properties 

(Dang et al., 2001). They then created a novel non-pathological clostridial strain, C. novyi-

NT, by deleting the only lethal toxin of C. novyi. The combined treatment of C. novyi-NT 
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spores and chemotherapy drugs resulted in significant tumour regressions and was able to 

achieve complete tumour eradication in mice bearing human HCT116 colon carcinoma 

tumours (Dang et al., 2001). However, the combined treatment induced fatal systemic 

toxicities in 45% of animals with large tumours (≈ 700 mm
3
) (Dang et al., 2001). In a 

subsequent study performed by the same research group using the combination of C. novyi-

NT spores with anti-microtubule chemotherapeutic drugs successfully induced complete 

tumour eradication  of several types of human colon cancer mouse xenografts with only a 

small number of animals died of  toxicity caused by the treatments (Dang et al., 2004). 

Recently, cancer gene therapy using bacterial vectors have become an active field due to the 

rapid development of recombinant DNA technology. To date, strategies used for Clostridium-

mediated cancer gene therapy are mainly tumour suppressor gene therapy and suicide gene 

therapy. In the case of tumour suppressor gene therapy, clostridial strains were genetically 

engineered to produce cytokine IL2 and tumour necrosis factor alpha (TNFα) (Barbe et al., 

2005, Theys et al., 1999). Meanwhile, these strains were also genetically modified to express 

prodrug converting enzymes such as CD and NR (Lemmon et al., 1997). Unfortunately, 

because of their suboptimal tumour colonisation properties, these genetically modified 

Clostridia failed to show sufficient therapeutic effects. Indeed, all these genetically modified 

strains were saccharolytic Clostridia whose tumour colonisation levels were almost 1000-fold 

lower than proteolytic clostridial strains (Van Mellaert et al., 2006). Until recently, due to the 

presence of exogenous endonucleases produced by proteolytic Clostridia, gene transfer of 

these bacteria was very inefficient. Fortunately, a new method using conjugative procedures 

to transfer plasmids from E. coli donors to Clostridium was recently developed (Theys et al., 

2006, Groot et al., 2007). By using the conjugative procedures, it is now possible to generate 

recombinant Clostridia with superior tumour colonisation properties for the development of 

novel Clostridium-mediated anticancer therapy. Compared to viral vectors, clostridial vectors 
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have several advantages including fewer biosafety concerns, weak immunogenicity, ease of 

administration, no requirement for repetitive administration, destruction of a wide range of 

intra-tumoural cells by inducing extensive oncolysis, flourishing growth within hypoxic 

tumour microenvironment, higher specificity against solid tumours, no risks of insertional 

mutagenesis, and a huge accommodation capacity of transgenes. Table 1.3 has listed some 

exemplary studies of Clostridium-mediated anticancer therapy.  

 

Table 1.3 Clostridium-mediated cancer therapy 

 

  Strain                                     Strategy/types of tumour                                   Reference 

 

C. histolyticum                      Wild-type spores injection                            (Parker et al., 1947) 

                                               Mouse sarcoma 

 

C. butyricum M55                  Wild-type spores injection                (Heppner and Mose, 1978)                      

                                                Human glioblastoma 

 

C. acetobutylicum    Delivery of prodrug converting enzyme CD              (Theys et al., 2001) 

                                               Rat rhabdomyosarcoma 

                                           

C. perfringens         Enhanced tumour colonisation and oncopathic potency   (Li et al., 2008) 

                                               Murine pancreatic cancer 

 

C. sporogenes        Delivery of prodrug converting enzyme NTR              (Theys et al., 2006) 

                                               Human colorectal carcinoma  

 

C. novyi-NT                 Combined treatment with chemotherapy                 (Dang et al., 2004) 

                                               Human colorectal carcinoma 
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1.6 Therapeutic monoclonal antibodies (mAbs) and immunotoxins for cancer treatment 

 

Over the last two decades, there have been a number of anti-cancer mAbs which have been 

approved for the clinical treatment of cancer (Reichert et al., 2005). Clinically, the 

cytotoxicities of mAbs against cancer cells are mainly elicited by an array of mechanisms, 

which can be divided into four primary categories: immunomodulation, block signal 

transduction within tumour cells, anti-angiogenesis, and delivery of cytotoxic agents 

(Reichert et al., 2005). Anti-cancer mAbs have the ability to activate host immune responses 

against tumour cells. In 1997, rituximab became the first mAb approved for cancer treatment 

(Wood, 2001). Rituximab was specifically designed to target CD20 antigen which is a 

transmembrane protein located mainly on B lymphocytes (Wood, 2001). Studies have 

demonstrated that the in vivo anti-tumour efficacy of rituximab mainly depends on its ability 

to elicit complement dependent cytotoxicity against tumour cells. In addition to 

immunomodulation, mAbs can also inhibit the growth of cancer cells by blocking their 

signally pathways. Studies have found that there are a few growth factor receptors such as 

epidermal growth factor receptor (EGFR) which are overexpressed in a number of 

malignancies (Adams and Weiner, 2005). It has been known that the overexpression of these 

growth factor receptors plays a pivotal role in the growth of tumour cells and their 

insensitivity to chemotherapeutic agents (Adams and Weiner, 2005). As a result, mAbs 

targeting these receptors have the potential to normalise cell growth rate and resensitise 

malignant cells to chemotherapeutics by reducing signalling through these receptors. Anti-

EGFR mAb, cetuximab has shown clinically meaningful anti-tumour efficacy in patients with 

chemotherapy-refractory colorectal cancers (Adams and Weiner, 2005). Anti-angiogenesis is 

another important anti-cancer mechanism of mAbs. Tumour angiogenesis is an essential 

process in the development of solid tumours (Kerbel, 2008). Accordingly, therapies targeting 
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tumour angiogenesis can effectively interrupt tumour growth. A good example is 

bevacizumab which is an anti-VEGF mAb. Studies have shown that in combination with 

standard chemotherapy regimens, bevacizumab significantly extended the survival of patients 

with metastatic colorectum, breast, and lung cancer (Adams and Weiner, 2005). In addition to 

all above mechanisms, mAbs have also been used to selectively deliver anti-tumour 

therapeutics such as radioisotopes into tumours (Wu and Senter, 2005). Studies in patients 

using mAb ibritumomab tiuxetan targeting CD20 antigen and delivering a potent β particle-

emitting radioisotope induced impressive therapeutic responses (Johnston et al., 2006). In 

addition to radioimmunotherapy, mAbs have also been extensively studied for antibody 

directed enzyme prodrug therapy (ADEPT) in which mAbs are used to specifically target a 

prodrug converting enzyme to a tumour (Jung, 2001). ADEPT enables highly specific 

deposition of active anti-cancer drug in a tumour, which might help produce enhanced 

therapeutic effects.  

 

Like other anti-cancer therapies, mAbs also suffer from a number of drawbacks. First of all, 

many patients showed resistance to the treatment (Reslan et al., 2009). Studies have shown 

that the resistance can be caused by a number of factors. For example, it was found that 

mutations of EGFR signalling pathways in cancer cells make patients resistant to the 

treatment of anti-EGFR mAb cetuximab (Lievre et al., 2008). Secondly, there are toxicities to 

normal cells associated with mAb therapy. Although mAbs are generally considered less 

toxic than chemotherapeutic agents, they can still induce toxicities such as hypersensitivity 

reactions (Adams and Weiner, 2005). Furthermore, since normal tissues also express low 

levels of tumour-associated antigens, in some cases, mAbs targeting these antigens can also 

induce toxicities to these tissues (Adams and Weiner, 2005). For example, rituximab was 

found to induce severe first-dose toxicity in patients caused by rapid lysis of normal and 
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malignant B cells expressing the target antigen, CD20 (Byrd et al., 1999). Thirdly, 

insufficient levels of drug delivery to solid malignancies. The pharmaco-kinetics of mAbs 

can be affected by a number of factors such as antibody structure and antigen distribution. In 

fact, only 0.001% to 0.01% of the injected mAbs dose finally accumulates per gram of solid 

tumours in patients (Sanz et al., 2004).  In addition to the above difficulties, other problems 

such as host immune responses against mAbs and expensive manufacturing processes for 

mAbs all need to be further optimised. 

 

Immunotoxins are chimeric proteins composed of a targeting ligand which is either an 

antibody or a growth factor and a protein toxin (Kreitman, 2006). In earlier days, 

immunotoxins were produced by chemically conjugating an antibody to a complete protein 

toxin. However, the natural binding domains of the toxin part of these immunotoxins impose 

risks of inducing damages to normal cells (Kreitman, 2009). To increase specificity against 

malignant cells, immunotoxins are now mainly produced by using mutated forms of protein 

toxins with their natural binding domains artificially deleted (Kreitman, 2009). So far, protein 

toxins that have been used to generate immunotoxins are either from bacteria or plants. While 

plant toxin derived recombinant immunotoxins suffer from drawbacks such as premature 

division of toxin from targeting ligand, immunotoxins made from bacterial toxins have a 

unique advantage of predictable separation of targeting ligands from the catalytic domain 

only after the recombinant immunotoxins are transported into the cell cytosol. For bacterial 

recombinant immunotoxins, bacterial toxins Pseudomonas exotoxin (PE) and diphtheria toxin 

(DT) are the two major toxins used in the field (Kreitman, 2009). Both toxins induce cell 

death by ADP-ribosylation of the eukaryotic elongation factor 2 (EF2) (Pastan et al., 2007). 

Generally, immunotoxins are considered more cytotoxic than mAbs (Pastan et al., 2007). 

While it normally requires several mAb molecules to induce the death of a tumour cell, 
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theoretically, only one immunotoxin molecule is needed to do the job. Furthermore, unlike 

mAbs, cytotoxicity of immunotoxins against tumour cells is not impaired by mutations in the 

growth receptor signalling pathways of these cells (Kreitman, 2006).  As shown in figure 1.4, 

PE is a single chain protein, which contains 613 amino acids with three functional domains, 

namely domain Ia (amino acids 1-252), domain II (amino acids 253-364) and domain III 

(amino acids 400-613). Domain Ia is the cell binding domain, domain II is the translocation 

domain and domain III is responsible for the enzymatic modification of EF2 in the cytosol 

(Kreitman, 2009). There is another domain in PE, domain Ib (amino acids 365-399) whose 

function remains unknown. Studies have shown that the enzymatic process of ADP 

ribosylation involves residues His440 and Glu553 of the toxin (Li et al., 1996). To improve 

specificity of recombinant immunotoxins against malignant cells, binding domains of natural 

toxins are normally deleted so that immunotoxins will not bind to normal cells and inducing 

severe side effects. To date, PE38 is the most commonly used truncated form of PE, which 

contains amino acids 253-364 and 381-613 of PE (Kreitman, 2009). 

 

Pseudomonas exotoxin 

 

 

 

 

Figure 1.4 Schematic structure of bacterial toxin, Pseudomonas exotoxin. Pseudomonas 

exotoxin has three functional domains. Ia is the binding domain, II is the translocation 

domain and III is the domain containing ADP-ribosylating enzyme that triggers cell death by 

inactivating elongation factor 2 in cell cytosol. Currently, the function of domain Ib remains 

unknown.  
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To date, remarkable therapeutic effects of recombinant immunotoxins have been mainly seen 

in the treatment of hematologic malignancies. Immunotoxins targeting hematologic tumour 

antigens such as CD25, CD22 and CD19 have been among the most promising ones (Schnell 

et al., 1998, Amlot et al., 1993, Uckun, 1993). In terms of solid tumours, recombinant 

immunotoxins were designed to selectively bind several malignant cell surface antigens such 

as EGFR, Le
Y 

antigen, erbB2, and IL-4 receptor (Goldberg et al., 1995, Posey et al., 2002, 

Pai-Scherf et al., 1999, Rand et al., 2000). However, results of preclinical trials were not 

encouraging. To enhance their therapeutic efficacy against solid malignancies, problems 

including tight cellular junctions, large size of immunotoxins, insufficient intra-tumoural 

drug delivery, and host immune responses against the toxin parts of immunotoxins  need to 

be properly addressed (Kreitman, 2009). 

 

1.7 Recombinant proteolytic clostridial strains expressing anti-EGFR immunotoxins       

can be potent anti-cancer agents 

 

Overexpression of EGFR is a hallmark of most human epithelial cancers such as head and 

neck cancer and cervical cancer (Ciardiello and Tortora, 2008). Clinically, high levels of 

EGFR often predict poor prognosis (Lee et al., 2004). EGFR is a class of transmembrane 

receptor with a molecular weight of 170 KDa. The receptor has three parts: extracellular, 

transmembrane, and intracellular domain (Sharma et al., 2007). It belongs to receptor 

tyrosine kinase family, which is known as EGFR/erbB/ HER (Ciardiello and Tortora, 2008). 

There are four related members in the EGFR family, namely EGFR, HER2/erB2, HER3 and 

HER4 (Ciardiello and Tortora, 2008). Many ligands bind to these receptors such as 

epidermal growth factor (EFG), amphiregulin, and epiregulin (Ciardiello and Tortora, 2008). 

Binding of these ligands triggers a cascade of events including receptor homodimerisation or 
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heterodimerisation among various members of EGFR family, cross-activation of intracellular 

tyrosine kinase domains, and autophosphorylation (Ciardiello and Tortora, 2008). The EGFR 

signalling pathway is essential in normal tissue development and homeostasis (Miettinen et 

al., 1995). However, studies have demonstrated that the overexpression of EGFR is closely 

related with an array of pathological changes in terms of tumourigenesis, induction of tumour 

angiogenesis, activation of cancer cell invasion and metastasis, and inhibition of tumour cell 

apoptosis (Citri and Yarden, 2006). While most normal cells only express between 2 x 10
4  

to 

2 x 10
5
 EGFR on the surface of cell membrane, malignant cells can express up to several 

millions of EGFR (Gross et al., 1991). Figure 1.5 shows the signalling pathways of the 

EGFR family. Among various pathological factors such as overexpression of ligands and 

receptor mutations, high levels of EGFR on tumour cell surface is considered as the most 

important pathological mechanism contributing to oncogenesis (West et al., 2008). Currently, 

the exact mechanisms leading to EGFR overexpression remain mostly obscure. Possible 

pathological factors include gene amplification, viral oncogenes, and tumour hypoxia (West 

et al., 2008). However, to confirm their roles in EGFR overexpression, further studies are 

required.  
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Figure 1.5 Signal transduction pathways of the EGFR family. The signal pathways of the 

EGFR family regulate many vital cellular processes such cell proliferation, cell survival, and 

induction of angiogenesis. Abbreviations: EGF, epidermal growth factor; TGFα, 

transforming growth factor α; NRG, neuregulin; VEGF, vascular endothelial growth factor. 

(Figure taken from Ciardiello and Tortora, 2008)  

 

Based on the fact that EGFR overexpression is present in many types of human solid 

malignancy, therapies focusing on blocking EGFR pathways have been developed during the 

last two decades. Among all the EGFR antagonists, mAbs and tyrosine kinase inhibitors 

(TKIs) have been most outstanding (Ciardiello and Tortora, 2008). To date, a number of anti-

EGFR mAbs and TKIs have been successfully tested in phase III clinical trials and are  

available for treatment of mainly four metastatic epithelial cancers including NSCLC, 

colorectal cancer, pancreatic cancer, and head and neck squamous-cell carcinoma (Ciardiello 

and Tortora, 2001, Grunwald and Hidalgo, 2003). Anti-cancer mAbs such as cetuximab and 

panitumumab bind to the extracellular domain of EGFR when the receptor is in its inactive 

form and thus, block the EGFR pathway by competing for receptor binding sites (Adams and 

Weiner, 2005). TKIs such as gefitinib and erlotinib are designed to reversibly compete with 
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ATP at the receptor tyrosine kinase domain, thus inhibiting receptor autophosphorylation 

(Hynes and Lane, 2005). Both antagonists are shown to be well tolerated in patients with 

only minor side effects (Ciardiello and Tortora, 2008). Although therapeutic mAbs and TKIs 

have been showing their benefits against cancer, difficulties remain. Firstly, patients’ 

responses to treatment vary dramatically. Taking NSCLC as an example, treatment is only 

valid for patients with specific background of Asian origin, female, and non-smokers (Miller, 

2008). Secondly, for these antagonists to work, an intact EGFR signalling pathway is a 

compulsory prerequisite. Without a functional EGFR pathway, treatments will be in vain 

(West et al., 2008). Thirdly, clinical studies have shown that many patients developed 

resistance to EGFR antagonists after the first round of treatment leading to poor prognosis 

(Camp et al., 2005). Fourthly, under some circumstances, tumour cells might escape from 

EGFR-targeted treatment using alternative signalling pathways or by continuously activating 

downstream signalling effectors (Viloria-Petit et al., 2001).  

 

Recently, a recombinant immunotoxin was generated by Bruell and colleagues (Bruell et al., 

2003). The immunotoxin was produced by fusing an anti-EGFR single chain antibody 

fragment 425(scFv) to a truncated mutant of Pseudomonas aeroginosa Exotoxin A (ETA). It 

was found that the anti-EGFR immunotoxin, 425(scFv)-ETA, significantly inhibited 

pancreatic cancer cell proliferation in vitro and, more importantly, resulted in dramatic 

reduction in the average number of lung metastatic lesions of human pancreatic cancer 

mouse xenografts (Bruell et al., 2005). However, in these studies, purified 425(scFv)-ETA 

was intravenously injected into tumour-bearing mice generating problems such as the 

requirement for repeated injections to elicit sufficient therapeutic effects, being not ideal for 

clinical applications, and not sufficient immunotoxin concentration inside tumours. On the 

other hand, recombinant proteolytic clostridial strains expressing the anti-EGFR 
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immunotoxin can help circumvent these drawbacks. Once the recombinant bacterial spores 

germinate inside tumours after intravenous administration, the bacteria will constantly 

secrete the immunotoxin intra-tumourally; therefore no repeated injections are required and 

the concentration of immunotoxin inside tumour will be comparatively higher. As a result, 

more cancer cells will be exposed to the immunotxin. Since the recombinant bacteria will 

eliminate tumour cells not only by inducing oncolysis but also secreting recombinant 

immunotoxin, the anti-cancer capability of the recombinant bacteria will be potent. Moreover, 

since the recombinant Clostridia will only produce the anti-EGFR immunotoxin inside 

tumours, toxicities of the immunotoxin to normal tissues are significantly reduced. Based on 

the results observed by Bruell and colleagues and the unique anti-tumour features of 

Clostridia demonstrated by previous studies, recombinant Clostridia expressing anti-EGFR 

immunotoxin has a great potential to be potent anti-tumour agents against solid tumours with 

increased levels of EGFR.  

 

1.8 Aims of the project 

 

The overall goal of the current study is to explore new strategies for Clostridium-mediated 

cancer therapy. This overall goal was addressed through the following specific aims: 

 

1. The construction of recombinant proteolytic clostridial strains expressing anti-EGFR 

immunotoxin and the evaluation of the in vitro and in vivo anti-tumour activities of 

the immunotoxin-expressing Clostridia (Figure 1.6). With the recent development of 

DNA recombinant technology, it is now possible to genetically modify Clostridium 

strains with excellent tumour colonisation properties for the development of novel 

intra-tumoural drug delivery system. By using Clostridium as a delivery system, the 
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problem of insufficient tumour penetration of immunotoxins is likely to be 

circumvented, thus better therapeutic outcomes might be attained. 

 

2. Evaluation of the in vivo anti-tumour efficacy of the combined anti-tumour 

therapeutic efficacy of clostridial spores with an anti-EGFR therapeutic mAb. 

Previous studies demonstrated that the combined treatment of Clostridium spores 

with chemotherapeutic agents can induce significant inhibition on tumour growth. 

However, fatal toxicities in experimental animals are often induced by the treatment. 

Due to the fact that mAbs are generally considered less toxic than conventional 

chemotherapeutics, the combined treatment of Clostridia and anti-cancer mAbs is 

very likely to be not only a  potent but also safe therapeutic modality.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Schematic representation of in vitro and in vivo study of the anti-cancer 

therapeutic efficacy of immunotoxin-expressing recombinant Clostridium strains. 

Clostridium strains are firstly genetically modified. Their spores will be produced and 

applied systemically by intravenous injection. These spores will specifically germinate in 

hypoxic tumour regions. Once turned into vegetative forms, recombinant Clostridium will 

not only induce oncolysis but produce anti-EGFR immunotoxins. In theory, the recombinant 

Clostridium should effectively inhibit the growth of tumours and induce tumour regressions.  
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2.1 Materials 

 

2.1.1 Chemicals and biochemicals 

 

Isopropanol, kanamycin, ampicillin, erythromycin, polymyxin B, D-cycloserine, trypton, 

10% formalin solution, lysozyme, Triton X-100, Tween-20, ammonium persulphate, 

monopotassium phosphate, Dithiothreitol, sodium dodecyl sulphate, poly-L-lysine, maltose, 

glucose, dimethyl sulfoxide (DMSO), paraformaldehyde, sodium chloride, sodium 

hydroxide, sodium citrate, sodium phosphate dibasic, ethylene diamine tetra acetic acid 

(EDTA), glycerol, ethanol, isopropanol, hydrochloric acid, methanol, chloroform, and 10% 

neutral buffered formalin solution were purchased from Sigma. Tris base was purchased 

from Boerhinger Mannheim. Potassium chloride was purchased from Scientific Equipment. 

Dulbecco’s Modified Eagle Medium (DMEM), Dulbecco’s phosphate buffered saline pH 

7.4, L-glutamine, penicillin/streptomycin, trypsin-EDTA, and trizol were all purchased from 

Invitrogen.  

 

2.1.2 Molecular biology reagents 

 

All restriction enzymes and buffers, T4 DNA ligase, and high fidelity polymerase were 

purchased from New England Biolabs. Hot star Taq polymerase, deoxynucleotide 

triphosphates, Sybrsafe, Sybr green, cell extraction buffer were purchased from Invitrogen. 

Lambda DNA-Hind III digested DNA marker, 1 kb DNA ladder, DNA grade agarose, and 

proteinase K were purchased from Quantum Scientific. Proteinase inhibitor cocktail was 

purchased from Merck.  
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2.1.3 Antibodies 

 

Mouse anti-his monoclonal primary antibody was purchased from Qiagen. Rabbit anti-EGFR 

polyclonal antibody was purchased from Abcam. Goat anti-mouse secondary antibody 

conjugated with HRP was purchased from Bio-Rad. Goat anti-rabbit secondary antibody 

conjugated with HRP was purchased from Abcam. 

 

2.1.4 Cancer cell lines and bacterial strains 

 

Human head and neck carcinoma cell line HN5, human epithelial carcinoma cell line A431, 

human lung adenocarcinoma cell line A549, human prostate cancer cell line PC3, and human 

breast adenocarcinoma cell line MCF-7 were purchased from American Type Culture 

Collection (ATCC). E. coli DH5α competent cells were purchased from Invitrogen. C. ghonii 

were purchased from ATCC (ATCC 25727).  

 

2.1.5 Experimental kits 

 

Plasmid mini and midi preparation kits were purchased from Bio-Rad. Gel extraction kits 

and PCR product purification kits were purchased from Qiagen. Detergent-compatible 

colorimetric (DCC) assay kit for protein concentration estimation was purchased from Bio-

Rad. MTT assay kit was purchased from Millipore. Gram staining kit was purchased from 

Sigma.  
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2.1.6 Bacteria culture broth and agar 

 

Yeast extract agar, peptone, heart infusion agar, LB broth, and heart infusion broth were 

purchased from Oxoid. 

 

2.1.7 Buffers and solutions 

 

10 × phosphate buffer saline (PBS) 

0.154 M NaCl, 1.9 mM NaH2PO4.H2O, 8.1 mM Na2HPO4.2H2O, pH 7.4 

 

Dialysis buffer 

1 × PBS, 10% glycerol 

 

LB broth 

1% (w/v) Bacto-tryptone (Oxoid), 0.5% (w/v) yeast extract (Oxoid), 1% (w/v) NaCl, pH 7.5 

 

TAE  

40 mM Tris-acetate, 1 mM EDTA 

 

TBS 

50 mM Tris-HCl, pH 7.4, 135 mM NaCl 

 

Lysis buffer for mammalian cells 

137 mM NaCl, 10% Glycerol, 1% Triton X-100, 10 mM Tris-HCl (pH 7.4) 
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6 × SDS gel loading buffer 

0.35 M Tris-HCl (pH 6.8), 10.28% (w/v) SDS, 36% Glycerol, 5% β-mercaptoethanol, 0.03% 

bromphenol blue 

 

SDS-PAGE running buffer  

25 mM Tris, 192 mM Glycine, SDS (0.1% w/v), pH 8.3 

 

 Transfer buffer 

48 mM Tris, 39 mM Glycine, SDS (0.0375% w/v), 20% Methanol 

 

10% Blotto 

10% (w/v) skim milk powder in 0.1% TBST 

 

TBST 

137 NaCl, 3mM KCl, 25mM Tris-HCl, pH 7.4, 0.1% Tween 20 

 

2.2 General method  

 

2.2.1 Plasmid Mini- and Midi- preps 

 

High purity plasmid DNA was prepared using the Bio-Rad Aurum plasmid mini kit for 

small-scale cultures, and the Bio-Rad Aurum plasmid midi kit for large-scale cultures. 
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2.2.2 Maintenance of cell culture 

 

Human cancer cells were cultured in DMEM supplemented with 10% foetal calf serum 

(FBS), 2 mM L-glutamine, 1% penicillin and 1% streptomycin at 37 ºC and 5% CO2. Culture 

medium was changed every 3-4 days. Passaging of cells was done by first removing expired 

medium and washing with 5 ml PBS, pH7.4. The PBS was then removed and 1 to 5 ml of 1× 

Trypsin-EDTA was added to the flask and incubated at 37 ºC for 3 min. The cells were then 

detached from flask wall by gently tapping the flask. 5 to 25 ml of fresh culture media was 

then added to resuspend cells and inactivate trypsin. The cell suspension was finally 

transferred to a new flask. 

 

2.2.3 Freezing down cultured cells in liquid nitrogen 

 

75cm
2 

flasks of confluent cells were first harvested by trypsinisation. The detached cells were 

then resuspended in 1 ml of freezing medium (50% DMEM, 40%FBS, 10% DMSO). Cells 

were first kept at -20 ºC for 2 h and then transferred to -80 ºC for overnight. The cells were 

finally transferred to liquid nitrogen for long term storage. 

 

2.2.4 Reviving cells from liquid nitrogen storage 

 

Frozen cells were first quickly thawed in a water bath at 37 ºC. The cells were then 

transferred to a 10 ml centrifuge tubes containing 9 ml of culture medium and centrifuge at 

1000 × g for 5 min. Supernatant was then removed and cell pellets were resuspended in 5 ml 

of culture medium and transferred to 25cm
2
 culture flasks.  
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2.2.5 Restriction enzyme digestion 

 

All restriction enzyme digestions were performed according to manufacturer’s instructions.  

A 50 µl reaction volume was used for all digestions. A typical digestion reaction included 

appropriate amount of DNA, 5-10U of restriction enzyme, appropriate amount of 10× 

reaction buffer, and MQ-H2O. Reactions were incubated at various temperatures according to 

manufacturer’s instruction for 2 h. All digestion results were finally analysed by agarose gel 

electrophoresis. 

 

2.2.6 Ligation 

 

All ligations were performed according to manufacturer’s instructions. A 10 µl reaction 

volume system was used for all ligations. A typical ligation reaction included 3U of T4 DNA 

ligase, 1µl of 10× DNA ligase buffer, 100 ng of DNA insert, 150 ng of plasmid, and MQ-

H2O. All reactions were performed by incubating at 4 °C overnight.  

 

2.2.7 Agarose gel electrophoresis of DNA 

 

For electrophoresis, gels of 0.76% to 1% were made from DNA grade agarose in TBE buffer 

(90mM Tris-HCl, 90uM Boric acid, 2mM EDTA, pH8.0) and 0.05% Sybrsafe. Samples were 

mixed with 6× loading buffer (0.25% (w/v) Bromophenol blue, 30% glycerol, 10mM Tris-

HCl pH8.0) before loading. 1 ug of DNA ladder was included to determine DNA fragment 

size. Electrophoresis was performed at a constant voltage of 100v for 30 to 40 min. 

Following electrophoresis, gels were analysed on a UV transluminator and images captured 

with a UVP digital camera (Versadoc, Bio-Rad).  
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2.2.8 Protein concentration estimation 

 

Protein concentration of various samples was determined by DC protein assay using a kit 

purchased from Bio-Rad. To construct a standard curve, 2 mg/ml, 1 mg/ml, 0.5 mg/ml, 0.25 

mg/ml, 0.125 mg/ml SA solutions were prepared and added to a 96-well plate in triplicates. 

Undiluted protein samples, 10-fold diluted protein samples, and 100 fold diluted protein 

samples were also added to wells in triplicate. 25 µl of reagent A
x 
(2 ml of reagent A with 40 

µl of reagent S) was added to each well and the plate was left to stand for 1 min. 200 µl of 

reagent B was then added to each well and the plate was left to stand for 15 min before it was 

read at a wavelength of 750 nm on a plate reader.  

 

2.2.9 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

 

SDS-PAGE was carried out using a Bio-Rad Mini-Protean II electrophoresis apparatus. 10% 

separating gel and stacking gel were used for all samples. All samples were boiled for 5 min 

before being loaded. Pre-stained markers were loaded in parallel to determine polypeptide 

size. Electrophoresis was initially performed at 100V until the samples reached the 

separating gel, at which stage the voltage was increased to 150V. Electrophoresis was 

finished when the dye-front reached the end of the separating gel. 

 

2.2.10 Western blotting 

 

Following electrophoresis, separated proteins are transferred to Immobilon-P Polyvinyl 

Difluoride (PVDF) membranes using the Bio-Rad TransBlot transfer system in chilled 

transfer buffer (10mM NaHCO3, 3mM Na2CO3, 25mM Tris-HCl pH 7.4 0.1% Tween-20). 
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Transfer was performed at 100V for 1 h. After transferring, the membranes were blocked 

with 10% Blotto [10% (w/v) skim milk powder in TBST (137 mM NaCl, 3mM KCl, 25mM 

Tris-HCl, pH 7.4, 0.1% Tween 20] for 2 h at room temperature with gentle shaking. The 

blocking solution was then removed and the primary antibody, diluted to appropriate 

concentration in 10% Blotto was applied. The membranes were then incubated at 4 ºC 

overnight with gentle agitation. After overnight incubation, the membranes were washed 5 

times for 5 min in TBST, followed by incubation with secondary antibody for 1 h with gentle 

agitation. After the incubation, the membranes were again washed 5 times for 5 min in 

TBST. Chemiluminescence detection of the membrane was then performed using the ECL 

plus Western Blotting detection kit (Bio-Rad) and developed on a Bio-Rad film developer. 
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3.1 Introduction 

 

Overexpression of EGFR has been found in a diverse panel of human malignancies such as 

cervical, head and neck, colon, lung, and breast cancer (Salomon et al., 1995). As a result,  

EGFR has become a major cancer antigen for targeted cancer therapy (West et al., 2008). In 

2003, a recombinant immunotoxin, which is composed of a single chain antibody fragment 

specific for EGFR and a truncated mutant of Pseudomonas Exotoxin A, was successfully 

produced and demonstrated significant in vivo therapeutic efficacy against nude mice bearing 

disseminated human pancreatic cancer (Bruell et al., 2005). Unlike mAbs and TKIs, 

immunotoxins directly induce cancer cell death by catalytic inhibition of protein synthesis 

within the cell cytosol; and therefore are more efficacious in killing cancer cells (Pastan et al., 

2007). Currently, good therapeutic anti-cancer efficacies of immunotoxins have been mainly 

limited to hematologic malignancies. For solid tumours, a number of problems such as tight 

cell junctions which occur in solid tumours and insufficient intra-tumoural drug delivery have 

yet to be addressed. 

 

Numerous studies have found that intravenously injected clostridial spores have the natural 

ability to specifically infiltrate, germinate, and multiply in hypoxic/necrotic regions in 

malignant solid tumours (Moese and Moese, 1964, Thiele et al., 1964, Lambin et al., 1998). 

The tumour colonisation properties of Clostridia make them an ideal system for the specific 

delivery of high doses of anti-cancer therapeutics to tumours. Over the last two decades, 

galvanised by the advances in recombinant DNA technology, a number of anti-tumour 

studies using several genetically modified clostridial strains have been conducted (Theys et 

al., 1999, Theys et al., 2001, Lambin et al., 1998). In most of these studies, saccharolytic 

clostridial strains were genetically engineered to deliver protein-based therapeutics such as 
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prodrug converting enzymes and cytokines. However, insufficient levels of tumour 

colonisation by the bacteria led to poor therapeutic outcomes. In comparison to 

saccharolytic Clostridia, proteolytic Clostridia are much more efficient in colonising 

tumours (Minton, 2003). Unfortunately, until recently, efficient gene transfer protocols were 

not available for proteolytic Clostridia. In 2006, a DNA transfer protocol with much 

improved efficiency using conjugation for proteolytic Clostridia was successfully developed 

(Theys et al., 2006). In 2007, exploiting the same protocol, recombinant C. novyi-NT and C. 

sporogenes expressing anti-HIF-1 α single chain antibodies were successfully constructed 

(Groot et al., 2007). Results from these studies have indicated that clostridial strains with 

excellent tumour colonisation properties are now amenable for the development of 

alternative, specific, efficient intra-tumoural drug delivery system. 

 

In the current study, it was proposed that proteolytic Clostridia expressing anti-EGFR 

immunotoxin have the potential to become potent therapeutics for treating solid malignancies 

with increased levels of EGFR such as head and neck cancer. Once colonised inside tumours, 

intravenously injected recombinant Clostridia spores will not only subject cancer cells to high 

doses of immunotoxins but spontaneously protect healthy normal tissues from being affected 

because of their high selectivity for hypoxic tumour regions. Problems such as insufficient 

drug delivery and host immune responses induced by systemically administered 

immunotoxins can be properly addressed. In this study, three proteolytic clostridial strains 

including C. novyi-NT, C. sporogenes, and C. ghonii were genetically engineered to produce 

anti-EGFR immunotoxin, 425(scFv)-ETA, by using the recently developed conjugation 

procedures.  In addition, attempts to genetically modify the three clostridial strains for the 

expression of anti-EGFR single chain antibody fragment, 425scFv, were also described.  
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3.2 Materials and Methods 

 

3.2.1 Bacterial strains, culture conditions and antibiotics 

 

All bacterial strains used in this study are listed in table 3.1. E. coli cultures were grown at 

37 °C in LB medium with shaking (250 RPM). Clostridia cultures were grown at 37 °C 

under strict anaerobic conditions. 

 

Table 3.1 Bacterial strains used in this study 

 

Strain                 Application in the study                                   Reference or source 
 

 

   E. coli 

   DH5α                     General cloning                                                          Invitrogen 

   CA434                   Donor strain for conjugation                                      (Groot et al., 2007) 

 

Clostridium spp 

  C. novyi-NT           Expression of anti-EGFR immunotoxin                      (Groot et al., 2007) 

                                and single chain anti-body fragment                    

  C. ghonii                Expression of anti-EGFR immunotoxin                       ATCC 25757 

                                 and single chain anti-body fragment                    

  C. sporogenes        Expression of anti-EGFR immunotoxin                       (Groot et al., 2007) 

                                 and single chain anti-body fragment                 
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3.2.2 Plasmids 

 

All plasmids used in the study are listed in table 3.2.  

 

Table 3.2 Plasmids used in this study 

 

 

 

 

 

 

 

 

 

Plasmid 

 

Characteristics 

 

Reference or resource 

 

pMT425(scFv)-ETA  

(Figure 3.1) 

 

E.coli expression vector, 

Template of 425scFv and 

425(scFv)-ETA DNA 

 

 

 (Bruell et al., 2003) 

 

 

pUC19 

(Figure 3.2) 

 

 

Cloning vector 

 

   

 New England Biolabs 

 

 

pMTL555-VHH 

(Figure 3.3) 

 

 

Clostridia expression 

vector for VHH 

 

     

 (Groot et al., 2007) 
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 Figure 3.1 Schematic representation of E. coli expression vector pMT425(scFv)-ETA   

(Bruell et al., 2003) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Schematic representation of E. coli cloning vector pUC19 
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Figure 3.3 Schematic representation of the conjugative shuttle vector pMTL555-VHH 

for the expression of VHH in Clostridium (Groot et al., 2007). Fac2 promoter refers to 

constitutive ferrodoxin fac2 promoter; rbs is the ribosome binding site; ATG is the start 

codon; ss refers to secretion signal of eglA; VHH refers to variable domain of the heavy 

chain subclass of small single chain antibody against HIF-1α; MYC and His6 refer to MYC 

and His6 epitope tags; ** refers to a double stop codon.  

 

3.2.3 PCR amplification of anti-EGFR single chain fragment 425(scFv) and anti-EGFR 

immunotoxin 425(scFv)-ETA fragment 

 

Amplification of DNA of 425(scFv) was performed with forward primer (SfiI restriction site 

underlined) 5’-ATGGCCCAGCCGGCCATGGCCGAGGTGCAA-3’ and reverse primer 

(SmaI restriction site underlined, 6 His tag in bold) 5’-
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GGGCCCTTAATGATGATGATGATGATGCGCCCGTTT-3’ using pMT425(scFv)-ETA 

plasmid as the template. Initial step of denaturation was performed at 94 °C for 10 min 

followed by 30 cycles of denaturation for 1 min at 94 °C, 1 min of annealing at 50 °C, and 1 

min extension at 72 °C. A final extension step was performed for 10 min at 72 °C followed 

by cooling to 4 °C. Amplification of DNA of 425(scFv)-ETA was performed with forward 

primer (SfiI restriction site underlined) 5’-

ATGGCCCAGCCGGCCATGGCCGAGGTGCAA-3’ and reverse primer (SmaI restriction 

site underlined, 6 His tag in bold) 5’-

GGGCCCTTAATGATGATGATGATGATGCTTCAGGTCCTC-3’ using pMT425(scFv)-

ETA plasmid as the template. Initial step of denaturation was performed at 94 °C for 10 min 

followed by 30 cycles of denaturation for 1 min at 94 °C, 1.5 min of annealing at 50 °C, and 

2 min extension at 72 °C. A final extension step was performed for 10 min at 72 °C followed 

by cooling to 4 °C.  

 

3.2.4 Construction of clostridial vector, pMTL555-scFv, for the expression of anti-

EGFR single chain antibody fragment 425(scFv) in Clostridium  

 

As shown in figure 3.4, for the construction of pMTL555-scFv plasmid, following 

experiments were conducted. DNA of 425(scFv) fragment was first amplified by standard 

PCR using pMT425(scFv)-ETA vector as the template, with forward primer introducing a 

SfiI restriction site and reverse primer introducing a SmaI restriction site and a His6 tag. The 

PCR product was analysed by agarose gel electrophoresis before purification. Purified PCR 

product of 425(scFv) fragment was then cloned into SmaI digested pUC19 plasmid by 

ligation. The ligation reactions were transformed into E. coli DH5α competent cells by heat-

shock. Transformed DH5α cells were grown on LB agar plates containing 100 µg/ml of 
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ampicillin at 37 °C for 16 to 18 h. pUC19 vectors with the correct insert were confirmed by 

plasmid extraction followed by PCR and restriction enzyme digestions. To construct 

pMTL555-scFv clostridial expression vector, pUC19-scFv and pMTL555-VHH were both 

digested with SfiI and SmaI restriction enzymes. The digested DNA was first analysed by 

agarose gel electrophoresis and the DNA fragments were then gel purified. The purified 

425(scFv) fragment with a size of 0.7 kb released from pUC19-scFv vector was then cloned 

into SmaI and SfiI digested empty vector pMTL555 with a size of 4.9 kb by ligation. The 

ligation reactions were transformed into DH5α competent cells by heat-shocking. 

Transformed DH5α cells were grown on LB agar plates containing 500 µg/ml of 

erythromycin at 37 °C for 16 to 18 h. Plasmids extracted from bacterial cultures of several 

colonies picked from the erythromycin plates were analysed by PCR and restriction enzyme 

digestions to confirm vectors with the correct insert.  
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Figure 3.4 Schematic diagram illustrating the construction of pMTL555-scFv vector. 

DNA of 425(scFv) fragment was first amplified by PCR and cloned into pUC19 cloning 

vector. To construct clostridial expression vector pMTL555-scFv, 425(scFv) fragment was 

excised from plasmid pUC19-scFv by SfiI and SmaI restriction enzyme digestions and 

subsequently ligated into an empty vector pMTL555.  
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3.2.5 Construction of clostridial vector, pMTL425(scFv)-ETA, for the expression of 

anti-EGFR immunotoxin 425(scFv)-ETA in Clostridium 

 

As shown in figure 3.5, for the construction of pMTL555-scFv-ETA plasmid, following 

experiments were conducted. DNA of 425(scFv)-ETA fragment was first amplified from 

pMT425(scFv)-ETA vector by PCR, with forward primer introducing a SfiI restriction site 

and reverse primer introducing a SmaI restriction site and a His6 tag. The PCR products were 

analysed by agarose gel electrophoresis before being purified. Purified PCR product of 

425(scFv)-ETA fragment was then cloned into SmaI digested pUC19 plasmid by ligation. 

The ligation reactions were transformed into E. coli DH5α competent cells by heat-shocking. 

Transformed DH5α cells were grown on LB agar plates containing 100 µg/ml of ampicillin 

at 37 °C for 16 to 18 h. pUC19 vectors with the correct insert were confirmed by plasmid 

extraction followed by PCR and restriction enzyme digestions. To construct pMTL555-

425(scFv)-ETA vector, both pUC19-scFv-ETA and pMTL555-VHH were digested with SfiI 

and SmaI restriction enzymes. The digested DNA was first analysed by agarose gel 

electrophoresis and DNA fragments were then gel purified. The purified 2 kb 425(scFv)-

ETA fragment released from pUC19-scFv-ETA vector was then cloned into purified 4.9 kb 

pMTL555 empty vector by ligation. Ligation reaction was then transformed into DH5α 

competent cells by heat-shock. Transformed DH5α cells were grown on LB agar plates 

containing 500 µg/ml of erythromycin at 37 °C for 16 to 18 h. Plasmids extracted from 

bacterial cultures of several colonies picked from the erythromycin plates were analysed by 

PCR and restriction enzyme digestions to confirm vectors with the correct insert.  
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Figure 3.5 Schematic diagram illustrating the cloning of pMTL555-scFv-ETA vector. 

To construct the shuttle vector for immunotoxin, 425(scFv)-ETA, DNA of 425(scFv)-ETA 

fragment amplified by PCR was first cloned into pUC19 cloning vector. The DNA fragment 

was then excised from plasmid pUC19-scFv-ETA by SfiI and SmaI restriction enzyme 

digestions and subsequently ligated into an empty vector pMTL555. 
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3.2.6 Construction of pMTL555 empty vector 

 

To construct pMTL555 empty vector, pMTL555-VHH vector was digested with SfiI and 

SmaI restriction enzymes to release the VHH fragment. The digested DNA fragments were 

analysed by agarose gel electrophoresis. The sticky end of the 4.9 kb fragment produced by 

SfiI digestion was then turned into blunt end by using DNA polymerase I (New England 

Biolabs). The 4.9 kb pMTL555 fragment was then purified and religated. The ligation 

reactions were transformed into E. coli DH5α competent cells by heat-shock. 

 

3.2.7 DNA sequencing 

 

Constructed pMTL555-scFv and pMTL555-scFv-ETA plasmids were sequenced by 

dideoxynucleotide chain termination using the BigDye Terminator Cycle Sequencing Kit and 

373A DNA sequencer (PE Applied Biosystems) through the Australian Genome Research 

Facility. Oligonucleotide primers used for sequencing were purchased from Sigma-Aldrich. 

 

3.2.8 Preparation of E. coli DH5α competent cells for transformation by heat-shock 

 

Competent E. coli DH5α cells were prepared by incubating DH5α cells picked from a single 

colony in 100 ml of LB broth at 37 °C with vigorous agitation (250 rpm) until its OD600 value 

reached ~0.4. The bacterial culture was then incubated on ice for 15 min. Cells were pelleted 

at 2700 × g for 10 min at 4 °C and the cell pellet was suspended in 30 ml of ice-cold MgCl2-

CaCl2 solution (80 mM MgCl2, 20 mM CaCl2). Cells were recovered again by centrifugation 

at 2700 × g for 10 min at 4 °C and resuspended in 4 ml of ice-cold 0.1 M CaCl2. 140 µl of 

DMSO was added to cells and the cell mixture was incubated on ice for 15 min followed by 
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addition of another 140 µl of DMSO. Cells were then aliquoted in 100 µl volumes, snap-

frozen in liquid nitrogen, and stored at -70 °C until needed.  

 

3.2.9 Transformation of competent E. coli DH5α cells with various vectors by heat-

shock 

 

100 to 150 ng of plasmid DNA was firstly added to 50 µl of competent E. coli DH5α cells, 

mixed, and incubated on ice for 30 min. After incubation, the cell and DNA mixture was 

heat-shocked at 42 ºC for 45 sec in a water bath followed by incubation on ice for 2 min. 950 

µl of pre-warmed SOC medium was then added and the cells were incubated at 37 ºC  for 60 

min with gentle shacking (210 rpm). After incubation, proper amounts of bacterial culture 

were plated onto LB agar plates containing selective antibiotics for the specific plasmid and 

incubated at 37 ºC overnight. 

 

3.2.10 Preparation of E. coli CA434 competent cells for transformation by 

electroporation 

 

Competent E. coli CA434 cells for electroporation were prepared by incubating CA434 cells 

picked from a single colony in 10 ml of LB broth overnight at 37 ºC with vigorous agitation 

(250 rpm). The overnight culture was added to 200 ml of fresh LB broth and grown at 37 ºC 

until OD600 reached ~0.4. It was then chilled on ice for 30 min and pelleted at 1000 × g for 

15 min at 4 ºC. The cell pellet was suspended in 400 ml of ice-cold ddH2O and recovered by 

centrifugation at 1000 × g for 20 min at 4 ºC. Cells were resuspended in 200 ml of ice-cold 

10% glycerol and centrifuged at 1000 × g for 20 min at 4 ºC. Cells were again resuspended in 

10 ml of ice-cold 10% glycerol followed by centrifugation at 1000 × g for 20 min at 4 ºC. 
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Finally, cells were resuspended in 1 ml 10% glycerol, aliquoted in 100 µl volumes, snap-

frozen in liquid nitrogen, and stored in -70 ºC until needed. 

 

3.2.11 Transformation of competent E. coli CA434 cells with pMTL555, pMTL555-scFv, 

and pMTL555-scFv-ETA vectors by electroporation 

 

For electroporation, ~100 ng of pMTL555, pMTL555-scFv, or pMTL555-scFv-ETA plasmid 

DNA was mixed with competent CA434 cells and chilled on ice for 1 min. The mixture was 

then transferred to a pre-chilled electroporation cuvette (0.1cm gaps, Bio-Rad) and 

electroporated at 1.75 kV and 2000 Ω using a Bio-Rad Gene Pulser. The cells were then 

resuspended in 1 ml of pre-warmed fresh LB medium and incubated at 37 ºC for 1 h with 

gentle shaking (210rpm). Dilutions of the bacterial culture were plated onto LB plates with 

500 µg/ml erythromycin. The LB plates were then incubated at 37 ºC overnight.  

 

3.2.12 Conjugation 

 

To transfer clostridial expression vector pMTL555-scFv and pMTL555-scFv-ETA into C. 

novyi-NT, C. ghonii, and C. sporogenes, conjugation procedures using the plate mating 

protocol described in Theys et al 2006 and Groot et al 2007 was first tested. First of all, 

donor E. coli CA434 strain was transformed with both plasmids by electroporation. For 

conjugation, overnight culture of 5 ml of the E. coli CA434 donor cells containing either 

pMTL555-scFv or pMTL555-scFv-ETA plasmid grown in LB medium with 500 µg/ml 

erythromycin was first prepared. Meanwhile, overnight culture of 5 ml of C. novyi-NT, C. 

sporogenes, or C. ghonii grown in HI media was also prepared. A 1 ml aliquot of donor 

bacteria culture was centrifuged at 4000 × g for 1 min. The supernatant was decanted and the 
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cell pellet was gently resuspended in 1 ml of sterile PBS. Centrifugation was repeated under 

the same conditions and the pelleted cells were mixed with 100 µl or 200 µl of an overnight 

culture of C. novyi-NT, C. ghonii, or C. sporogenes. The mating mixture was then spotted 

onto a pre-warmed HI agar plate and incubated at 37 ºC under strict anaerobic conditions for 

7 to 10 h. After incubation, bacteria grown on the plate were harvested by flooding the agar 

surface with 500 µl of sterile PBS and resuspended with a sterile spreader. The procedure 

was repeated once to ensure good recovery of transconjugants. The cell suspension was 

plated onto HI agar plates containing 10 µg/ml polymyxin B, 250 µg/ml D-cycloserine and 

10 µg/ml erythromycin. Since Clostridia are naturally resistant to polymyxin B at 10 µg/ml 

and D-cycloserine at 250 µg/ml but sensitive to erythromycin at 10 µg/ml, polymyxin B and 

D-cycloserine were added to counter-select E. coli donor cells and erythromycin was added 

to select for plasmid uptake. The plates were incubated under anaerobic conditions for 48 to 

72 h. Although the procedures were repeated many times, successful introduction of both 

plasmids into any of the three proteolytic clostridial strains was not achieved. Therefore, 

some modifications were made to the protocol. First of all, overnight culture of 5 ml of the E. 

coli CA434 donor cells grown in LB medium with 500 µg/ml erythromycin and overnight 

culture of 5 ml of C. novyi-NT, C. sporogenes, or C. ghonii grown in HI media were 

prepared. 1 ml E. coli donor cell culture and 1 ml recipient Clostridium culture were 

centrifuged at 4000 × g and washed with 1 ml sterile PBS once. The centrifuged E. coli 

donor cells and Clostridia were both resuspended in 500 µl of HI medium. 100 µl of 

Clostridia was first spotted on a HI agar plate. After 10 min, once the Clostridia culture was 

completely absorbed into agar, 100 µl of E. coli donor cells was added exactly to the top of 

Clostridia. After another 10 min, once the donor culture was also completely absorbed into 

agar, the agar plate was incubated at 37 ºC under anaerobic conditions at 37 ºC overnight. 

After overnight incubation, bacteria on the plate were inoculated onto a fresh agar plate 
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containing 10 µg/ml polymyxin B, 250 µg/ml D-cycloserine and 10 µg/ml erythromycin. The 

plate was incubated anaerobically for between 48 to 72 h. Successful clostridial 

transconjugants were confirmed by colony PCR. To check the integrity, transferred pMTL-

scFv and pMTL-scFv-ETA plasmid were extracted from recombinant C. novyi-NT, C. 

sporogenes, and C. ghonii and retransformed into E. coli DH5α. The plasmids were then 

extracted from the E. coli and analysed by restriction enzyme digestions.  

 

3.2.13 Identification of successful clostridial transconjugants 

 

To identify colonies of C. novyi-NT, C. ghonii, and C. sporogenes harbouring pMTL555-

scFv or pMTL555-scFv-ETA plasmid, colony PCR was performed with primers specific for 

425(scFv) or 425(scFv)-ETA DNA fragment. To ensure no contamination by E. coli donor 

cells, colony PCR with primers specific for E. coli thymidine kinase (TK) gene was also 

performed.  

 

3.2.14 Extraction of DNA from Clostridium cells  

 

Recombinant Clostridia were grown in 10 ml HI medium containing 10 µg/ml erythromycin 

at 37 ºC under anaerobic conditions overnight. The culture was centrifuged for 5 min at 

10000 × g. Bacterial pellet was suspended in 300 µl of ice-cold resuspension buffer (50 mM 

glucose, 25 mM Tris-HCl, 10 mM EDTA, 10 mg/ml lysozyme, pH 8) and incubated on ice 

for 10 min. After incubation, 300 µl of lysis buffer (0.2 M NaOH, 1% SDS) was added and 

the suspension was gently mixed until the solution was clear. 300 µl of neutralization buffer 

(8.5 ml 3 M KAC, 1.5 ml 5 M acetic acid) was then added and the suspension was 

centrifuged for 10 min at 10000 × g. The supernatant was collected and mixed with 500 µl of 
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phenol chloroform followed by 3 min centrifugation at 10000 × g. The aqueous layer was 

collected and mixed with 600 µl of iso-propanol. The DNA was allowed to precipitate for 20 

min at -20 ºC followed by centrifuging at 10000 × g for 10 min. The pellet was washed once 

with 70% ethanol and resuspended in 50 µl of nuclease free H2O.  

 

3.2.15 Preparation of Clostridia culture supernatants for Western blot analysis 

 

Clostridia were grown in 30 ml of HI medium at 37 °C under anaerobic conditions for 18 h. 

The culture was centrifuged at 4000 × g for 20 min at 4 °C. The supernatant was then 

concentrated using Amicon Ultra 30K filter (Millipore) by centrifuging at 4000 × g for 40 

min at 4 °C. The concentrated culture supernatant was then removed from the filter, 

aliquoted, snap-frozen in liquid nitrogen and stored at -80 °C for later analysis.  

 

3.2.16 Preparation of bacterial cell lysates for Western blot analysis 

 

30 ml of overnight bacteria culture was prepared. The culture was then centrifuged at 4000 × 

g for 30 min at 4 °C. The cell pellet was resuspended in 1 ml of ice-cold lysis buffer (0.3M 

NaCl, 50mM Tris, pH 6.8, 1mM EDTA, 10% glycerol, 1mM PMSF) and incubated on ice 

with gentle shaking for 20 min. The cells were then sonicated 4 times (30 sec each time) with 

a sonicator followed by centrifuging at 10000 × g for 30 min at 4 °C to remove insoluble cell 

debris. After centrifugation, clear supernatant was aliquoted, snap-frozen in liquid nitrogen 

and stored at -80 ºc for later analysis. 
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3.3 Results 

 

3.3.1 Construction of conjugative shuttle vector, pMTL555-scFv, for the expression of 

anti-EGFR single chain antibody fragment 425(scFv) in Clostridium 

 

To construct the pMTL555-scFv vector (Figure 3.6) for the expression of anti-EGFR single 

chain antibody 425(scFv) in Clostridium, the 0.7 kb encoding DNA of the fragment was 

amplified from E. coli expression vector pMT425(scFv)-ETA by PCR and cloned into the 

SfiI-SmaI site of the clostridial expression vector pMTL555 to generate the clostridial 

expression vector pMTL555-scFv. The cloning of the vector was conducted as a three step 

process.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Schematic representation of conjugative shuttle vector, pMTL555-scfv, for 

the expression of anti-EGFR single chain antibody 425(scFv) in Clostridium. 
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The first cloning step involved amplification of encoding DNA of 425(scFv) fragment by 

standard PCR using E. coli expression vector pMT425(scFv)-ETA as the template. During 

PCR, a SmaI restriction site and a His6  tag were added to the 3' end of the fragment. Agarose 

gel electrophoresis of the PCR products showed a band of 0.7 kb suggesting that the PCR 

was successful (Figure 3.7).  

 

 

 

 

 

 

 

 

 

Figure 3.7 PCR-amplified DNA of 425(scFv) and 425(scFv)-ETA fragments analysed by 

agarose gel electrophoresis. PCR on pMT425(scFv)-ETA plasmid with primers specific for 

425(scFv) fragment generated a band of 0.7 kb, which was the correct size of the encoding 

DNA of 425(scFv). PCR on pMT425(scFv)-ETA plasmid with primers specific for 

425(scFv)-ETA fragment generated a band of 2 kb, which was the correct size of the 

encoding DNA of 425(scFv)-ETA. Lane M: 1 kb DNA marker. Lane 1: DNA of 425(scFv) 

fragment amplified by PCR (0.7 kb). Lane 2: DNA of 425(scFv)-ETA fragment amplified by 

PCR (2 kb).  

 

The second step involved the subcloning of DNA of 425(scFv) fragment into E. coli cloning 

vector pUC19 via SmaI site. pUC19 plasmid was first digested with SmaI restriction enzyme 

generating a 2.7 kb fragment and purified. The DNA of 425(scFv) was then subcloned into 

SmaI-digested pUC19 plasmid by ligation. Successful clones were verified by SmaI 

restriction enzyme digestions and PCR with primers specific for the 425(scFv) fragment on 

plasmids extracted from cultures of selected E. coli colonies (Figure 3.8) 
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Figure 3.8 Verification of the construction of pUC19-scFv and pUC19-scFv-ETA 

plasmid by SmaI restriction enzyme digestions (A) and PCR (B) analysed by agarose 

gel electrophoresis. (A) SmaI restriction enzyme digestions were performed on plasmids 

extracted from overnight cultures of selected E. coli colonies. In the case of successful 

cloning of pUC19-scFv plasmid, digestion with SmaI restriction enzyme generated a single 

band of 3.4 kb. In the case of successful cloning of pUC19-scFv-ETA plasmid, digestion 

with SmaI restriction enzyme generated a single band of 4.7 kb. Lane M: 1 kb DNA marker. 

Lane 1, 2, 3 and 4: successfully cloned pUC19-scFv-ETA plasmids digested with SmaI 

restriction enzyme. Lane 5, 6 and 7: successfully cloned pUC19-scFv plasmids digested with 

SmaI restriction enzyme. Lane 8: pUC19 plasmid digested by SmaI restriction enzyme as the 

control. (B) Successful cloning in both plasmids was further confirmed by PCR with primers 

specific for 425(scFv) or 424(scFv)-ETA fragment on plasmids extracted from overnight 

cultures of selected E. coli colonies. In the case of successful cloning in pUC19-scFv vector, 

PCR produced a 0.7 kb band. In the case of successful cloning in pUC19-scFv-ETA vector, 

PCR produced a 2 kb band. Lane M: 1 kb DNA marker. Lane 1 and 2: PCR with primers 

specific for 425(scFv) fragment on plasmids extracted from cultures of selected E. coli 

colonies. Lane 3 and 4: PCR with primers specific for 425(scFv)-ETA sequence on plasmids 

extracted from cultures of selected E. coli colonies.  

 

The third step involved subcloning of the DNA of 425(scFv) fragment into pMTL555 

plasmid through SfiI-SmaI site. Firstly, the DNA of 425(scFv) fragment was excised from 

pUC19-scFv vector by SfiI and SmaI restriction enzyme digestions generating two fragments 
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of 2.7 kb and 0.7 kb (Figure 3.9). Meanwhile, pMTL555 plasmid was prepared by digesting 

pMTL555-VHH plasmid with SfiI and SmaI restriction enzymes generating two fragments of 

4.9 kb and 0.4 kb (Figure 3.9). The 0.7 kb 425(scFv) fragment from the digested pUC19-

scFv plasmid and the 4.9 kb pMTL555 fragment from the digested pMTL555-VHH plasmid 

were then purified and the 425(scFv) fragment was then subcloned into pMTL555 vector by 

ligation to generate clostridial expression vector pMTL555-scFv. Correct clones were 

verified by SfiI and SmaI restriction enzyme digestions and PCR with primers specific for the 

425(scFv) fragment on plasmids extracted from cultures of selected E. coli colonies (Figure 

3.10).  

              

   

Figure 3.9 Analysis of digestion of pUC19-scFv, pUC19-scFv-ETA, and pMTL555-VHH 

plasmids by SmaI and SfiI restriction enzymes through agarose gel electrophoresis. (A) 

Digestion of pUC19-scFv plasmid with SmaI and SfiI restriction enzymes generated two 

fragments of 2.7 kb (pUC19) and 0.7 kb (425-scFv). Lane M: λH3 DNA marker. Lane 1 and 

2: pUC19-scFv plasmids digested with SmaI and SfiI restriction enzymes. (B) Digestion of 

pUC19-scFv-ETA plasmid with SmaI and SfiI restriction enzymes generated two fragments 

of 2.7 kb (pUC19) and 2 kb (425-scFv-ETA). Lane M: λH3 DNA marker. Lane 1, 2, 3 and 4: 

pUC19-scFv-ETA plasmids digested with SmaI and SfiI restriction enzymes. (C) Digestion 

of pMTL555-VHH plasmid with SmaI and SfiI restriction enzymes generated two fragments 

of 5.3 kb (pMTLL555) and 0.5 kb (VHH). Lane M:  λH3 DNA marker. Lane 1, 2, 3, 4 and 5: 

pMTL555-VHH plasmids digested with SmaI and SfiI restriction enzymes.  
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Figure 3.10 Verification of E. coli DH5α colonies with correct pMTL555-scFv or 

pMTL555-scFv-ETA vector by restriction enzyme digestions and PCR analysis. (A) To 

select for colonies containing clones with the right inserts, digestions with SfiI and SmaI 

restriction enzymes were performed on plasmids extracted from cultures of several E. coli 

colonies picked from erythromycin plates. In the case of successful cloning of pMTL555-

scFv vector, the digestion generated two fragments of 4.7 kb (pMTL555) and 0.7 kb (425-

scFv). In the case of successful cloning of pMTL555-scFv-ETA vector, digestion with SmaI 

and SfiI restriction enzymes generated two fragments of 4.7 kb (pMTL555) and 2 kb (425-

scFv-ETA). Lane M: λH3 DNA marker. Lane 1, 2, 3 and 4: pMTL555-scFv plasmid 

extracted from selected colonies digested with SmaI and SfiI restriction enzymes. Lane 5, 6, 7 

and 8: pMTL555-scFv-ETA plasmid extracted from selected colonies digested with SmaI 

and SfiI restriction enzymes. (B) To further confirm the results, PCR was performed with 

primers specific for 425(scFv) or 425(scFv)-ETA fragment on extracted plasmids of these 

colonies. In the case of successful cloning of pMTL555-scFv vector, PCR generated a 0.7 kb 

band. In the case of successful cloning of pMTL555-scFv-ETA vector, PCR generated a 2 kb 

band. Lane M: λH3 DNA marker. Lane 1 and 2: PCR with primers specific for 425(scFv)-

ETA fragment on extracted plasmid from selected cultures of colonies with the correct 

pMTL555-scFv-ETA clones. Lane 3 and 4: PCR with primers specific for 425(scFv) 

fragment on plasmids extracted from cultures of selected colonies. 

 

 

 

 

M       1         2        3        4         5        6        7        8

4.9 kb
2 kb
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M    1     2      3    4

2 kb
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3.3.2 Construction of conjugative shuttle vector, pMTL555-scFv-ETA, for the 

expression of anti-EGFR immunotoxin 425(scFv)-ETA in Clostridium 

 

To construct the conjugative vector, pMTL555-scFv-ETA (Figure 3.11), for the expression 

of anti-EGFR immunotoxin 425(scFv)-ETA in Clostridium, the 2 kb encoding DNA of the 

immunotoxin was amplified from E. coli expression vector pMT425(scFv)-ETA by PCR and 

cloned into the SfiI-SmaI site of the pMTL555 vector to generate clostridial expression vector 

pMTL555-scFv-ETA. The cloning of the vector was conducted as a three step process. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Schematic representation of conjugative shuttle vector pMTL555-scFv-

ETA for the expression of anti-EGFR immunotoxin 425(scFv)-ETA in Clostridium. 

 

The first cloning step involved amplification of encoding DNA of 425(scFv)-ETA fragment 

by standard PCR using E. coli expression vector pMT425(scFv)-ETA as the template. 

425(scFv)-ETA

pMTL555-scFv-ETA
6.9 kb
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During PCR, a SmaI restriction site and a His6  tag were added to the 3' end of the fragment. 

The result of agarose gel electrophoresis of the PCR products indicated that the PCR was 

successful showing a band of 2 kb (Figure 3.7).  

 

The second step involved subcloning of DNA of 425(scFv)-ETA fragment into E. coli 

cloning vector pUC19 via SmaI site. pUC19 plasmid was first digested with SmaI restriction 

enzyme generating a 2.7 kb fragment and purified.  The DNA of 425(scFv)-ETA was then 

subcloned into SmaI-digested pUC19 plasmid by ligation. Successful cloning was verified by 

SmaI restriction enzyme digestion and PCR with primers specific for 425(scFv)-ETA 

fragment on plasmids extracted from cultures of selected colonies (Figure 3.8).  

 

The third step involved subcloning of DNA of 425(scFv)-ETA fragment into pMTL555 

plasmid through SfiI-SmaI site. Firstly, the DNA of 425(scFv)-ETA fragment was removed 

from pUC19-scFv-ETA vector by SfiI and SmaI restriction enzyme digestions generating two 

fragments of 2.7 kb and 2 kb (Figure 3.9). Meanwhile, pMTL555 plasmid was prepared by 

digesting pMTL555-VHH plasmid with SfiI and SmaI restriction enzymes generating two 

fragments of 4.9 kb and 0.4 kb (Figure 3.9). The 2 kb 425(scFv)-ETA fragment from the 

digested pUC19-scFv-ETA plasmid and the 4.9 kb pMTL555 fragment from the digested 

pMTL555-VHH plasmid were then purified. The 425(scFv)-ETA fragment was then 

subcloned into pMTL555 vector by ligation to generate clostridial expression vector 

pMTL555-scFv-ETA. Successful clones were verified by SfiI and SmaI restriction enzyme 

digestions and PCR with primers specific for 425(scFv)-ETA fragment on plasmids extracted 

from cultures of selected colonies (Figure 3.10) 
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3.3.3 Construction of empty vector pMTL555 

 

Empty vector pMTL555 was generated by digesting the pMTL555-VHH plasmid with SfiI 

and SmaI restriction enzymes. The digestion generated two bands of 4.9 kb and 0.4 kb 

(Figure 3.9 C). The sticky end of the 4.9 kb fragment produced by SfiI digestion was first 

blunted and the fragment was then subsequently religated to generate empty vector 

pMTL555. 

 

3.3.4 Sequencing of pMTL555-scFv and pMTL555-scFv-ETA vector 

 

Sequencing of pMTL555-scFv and pMTL555-scFv-ETA plasmid showed no mutations in 

the encoding DNA of 425(scFv) and 425(scFv)-ETA fragment. 

 

                               5176                                                                   5250 

         german vector  (5169) CAGCAGCGGCCATATCGACGACGACGACAAGCATATGAAGCTT--ATGGCCCAGCCGGCCATGGCCGAGGTGCAA 

ss-ScfV-ETA-H6 pMTL555   (378) CAGTATTAGGAACAAATACTTATA--A--AGC---TGAAGCTGCAAAGGCCCAGCCGGCCATGGCCGAGGTGCAA 

             Consensus  (5176) CAG A   G  A A   AC    A  A  AGC   TGAAGCT   A GGCCCAGCCGGCCATGGCCGAGGTGCAA 

                               5251                                                                   5325 

         german vector  (5242) CTGCAGCAGTCTGGGGCTGAACTGGTGAAGCCTGGGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCCGGCTACACC 

ss-ScfV-ETA-H6 pMTL555   (446) CTGCAGCAGTCTGGGGCTGAACTGGTGAAGCCTGGGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCCGGCTACACC 

             Consensus  (5251) CTGCAGCAGTCTGGGGCTGAACTGGTGAAGCCTGGGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCCGGCTACACC 

                               5326                                                                   5400 

         german vector  (5317) TTCACCAGCCACTGGATGCACTGGGTGAAGCAGAGGGCTGGACAAGGCCTTGAGTGGATCGGAGAGTTTAATCCC 

ss-ScfV-ETA-H6 pMTL555   (521) TTCACCAGCCACTGGATGCACTGGGTGAAGCAGAGGGCTGGACAAGGCCTTGAGTGGATCGGAGAGTTTAATCCC 

             Consensus  (5326) TTCACCAGCCACTGGATGCACTGGGTGAAGCAGAGGGCTGGACAAGGCCTTGAGTGGATCGGAGAGTTTAATCCC 

                               5401                                                                   5475 

         german vector  (5392) AGCAACGGCCGTACTAACTACAATGAGAAATTCAAGAGCAAGGCCACACTGACTGTAGACAAATCCTCCAGCACA 

ss-ScfV-ETA-H6 pMTL555   (596) AGCAACGGCCGTACTAACTACAATGAGAAATTCAAGAGCAAGGCCACACTGACTGTAGACAAATCCTCCAGCACA 

             Consensus  (5401) AGCAACGGCCGTACTAACTACAATGAGAAATTCAAGAGCAAGGCCACACTGACTGTAGACAAATCCTCCAGCACA 

                               5476                                                                   5550 

         german vector  (5467) GCCTACATGCAACTCAGCAGCCTGACATCTGAGGACTCTGCGGTCTATTACTGTGCCAGTCGGGACTATGATTAC 

ss-ScfV-ETA-H6 pMTL555   (671) GCCTACATGCAACTCAGCAGCCTGACATCTGAGGACTCTGCGGTCTATTACTGTGCCAGTCGGGACTATGATTAC 

             Consensus  (5476) GCCTACATGCAACTCAGCAGCCTGACATCTGAGGACTCTGCGGTCTATTACTGTGCCAGTCGGGACTATGATTAC 

                               5551                                                                   5625 

         german vector  (5542) GACGGACGGTACTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCCTCAGGTGGCGGTGGCTCGGGCGGT 

ss-ScfV-ETA-H6 pMTL555   (746) GACGGACGGTACTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCCTCAGGTGGCGGTGGCTCGGGCGGT 

             Consensus  (5551) GACGGACGGTACTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCCTCAGGTGGCGGTGGCTCGGGCGGT 

                               5626                                                                   5700 

         german vector  (5617) GGTGGGTCGGGTGGTGGCGGATCTGACATCGAGCTCACCCAGTCTCCAGCAATCATGTCTGCATCTCCAGGGGAG 

ss-ScfV-ETA-H6 pMTL555   (821) GGTGGGTCGGGTGGTGGCGGATCTGACATCGAGCTCACCCAGTCTCCAGCAATCATGTCTGCATCTCCAGGGGAG 

             Consensus  (5626) GGTGGGTCGGGTGGTGGCGGATCTGACATCGAGCTCACCCAGTCTCCAGCAATCATGTCTGCATCTCCAGGGGAG 
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                               5701                                                                   5775 

         german vector  (5692) AAGGTCACTATGACCTGCAGTGCCAGCTCAAGTGTAACTTACATGTATTGGTACCAGCAGAAGCCAGGATCCTCC 

ss-ScfV-ETA-H6 pMTL555   (896) AAGGTCACTATGACCTGCAGTGCCAGCTCAAGTGTAACTTACATGTATTGGTACCAGCAGAAGCCAGGATCCTCC 

             Consensus  (5701) AAGGTCACTATGACCTGCAGTGCCAGCTCAAGTGTAACTTACATGTATTGGTACCAGCAGAAGCCAGGATCCTCC 

                               5776                                                                   5850 

         german vector  (5767) CCCAGACTCCTGATTTATGACACATCCAACCTGGCTTCTGGAGTCCCTGTTCGTTTCAGTGGCAGTGGGTCTGGG 

ss-ScfV-ETA-H6 pMTL555   (971) CCCAGACTCCTGATTTATGACACATCCAACCTGGCTTCTGGAGTCCCTGTTCGTTTCAGTGGCAGTGGGTCTGGG 

             Consensus  (5776) CCCAGACTCCTGATTTATGACACATCCAACCTGGCTTCTGGAGTCCCTGTTCGTTTCAGTGGCAGTGGGTCTGGG 

                               5851                                                                   5925 

         german vector  (5842) ACCTCTTACTCTCTCACAATCAGCCGAATGGAGGCTGAAGATGCTGCCACTTATTACTGCCAGCAGTGGAGTAGT 

ss-ScfV-ETA-H6 pMTL555  (1046) ACCTCTTACTCTCTCACAATCAGCCGAATGGAGGCTGAAGATGCTGCCACTTATTACTGCCAGCAGTGGAGTAGT 

             Consensus  (5851) ACCTCTTACTCTCTCACAATCAGCCGAATGGAGGCTGAAGATGCTGCCACTTATTACTGCCAGCAGTGGAGTAGT 

                               5926                                                                   6000 

         german vector  (5917) CACATATTCACGTTCGGCTCGGGGACAGAACTCGAGATCAAACGGGCGGCCGCAGAGCTCGCTTCCGGAGGTCCC 

ss-ScfV-ETA-H6 pMTL555  (1121) CACATATTCACGTTCGGCTCGGGGACAGAACTCGAGATCAAACGGGCGGCCGCAGAGCTCGCTTCCGGAGGTCCC 

             Consensus  (5926) CACATATTCACGTTCGGCTCGGGGACAGAACTCGAGATCAAACGGGCGGCCGCAGAGCTCGCTTCCGGAGGTCCC 

                               6001                                                                   6075 

         german vector  (5992) GAGGGCGGCAGCCTGGCCGCGCTGACCGCGCACCAGGCCTGCCACCTGCCGCTGGAGACTTTCACCCGTCATCGC 

ss-ScfV-ETA-H6 pMTL555  (1196) GAGGGCGGCAGCCTGGCCGCGCTGACCGCGCACCAGGCCTGCCACCTGCCGCTGGAGACTTTCACCCGTCATCGC 

             Consensus  (6001) GAGGGCGGCAGCCTGGCCGCGCTGACCGCGCACCAGGCCTGCCACCTGCCGCTGGAGACTTTCACCCGTCATCGC 

                               6076                                                                   6150 

         german vector  (6067) CAGCCGCGCGGCTGGGAACAACTGGAGCAGTGCGGCTATCCGGTGCAGCGGCTGGTCGCCCTCTACCTGGCGGCG 

ss-ScfV-ETA-H6 pMTL555  (1271) CAGCCGCGCGGCTGGGAACAACTGGAGCAGTGCGGCTATCCGGTGCAGCGGCTGGTCGCCCTCTACCTGGCGGCG 

             Consensus  (6076) CAGCCGCGCGGCTGGGAACAACTGGAGCAGTGCGGCTATCCGGTGCAGCGGCTGGTCGCCCTCTACCTGGCGGCG 

                               6151                                                                   6225 

         german vector  (6142) CGACTGTCATGGAACCAGGTCGACCAGGTGATCCGCAACGCCCTGGCCAGCCCCGGCAGCGGCGGCGACCTGGGC 

ss-ScfV-ETA-H6 pMTL555  (1346) CGACTGTCATGGAACCAGGTCGACCAGGTGATCCGCAACGCCCTGGCCAGCCCCGGCAGCGGCGGCGACCTGGGC 

             Consensus  (6151) CGACTGTCATGGAACCAGGTCGACCAGGTGATCCGCAACGCCCTGGCCAGCCCCGGCAGCGGCGGCGACCTGGGC 

                               6226                                                                   6300 

         german vector  (6217) GAAGCGATCCGCGAGCAGCCGGAGCAGGCCCGTCTCGCGCTGACCCTGGCCGCCGCCGAGAGCGAGCGCTTCGTC 

ss-ScfV-ETA-H6 pMTL555  (1421) GAAGCGATCCGCGAGCAGCCGGAGCAGGCCCGTCTCGCGCTGACCCTGGCCGCCGCCGAGAGCGAGCGCTTCGTC 

             Consensus  (6226) GAAGCGATCCGCGAGCAGCCGGAGCAGGCCCGTCTCGCGCTGACCCTGGCCGCCGCCGAGAGCGAGCGCTTCGTC 

                               6301                                                                   6375 

         german vector  (6292) CGGCAGGGCACCGGCAACGACGAGGCGGGAGCGGCCAACGCCGACGTGGTGAGCCTGACCTGCCCGGTCGCCGCC 

ss-ScfV-ETA-H6 pMTL555  (1496) CGGCAGGGCACCGGCAACGACGAGGCGGGAGCGGCCAACGCCGACGTGGTGAGCCTGACCTGCCCGGTCGCCGCC 

             Consensus  (6301) CGGCAGGGCACCGGCAACGACGAGGCGGGAGCGGCCAACGCCGACGTGGTGAGCCTGACCTGCCCGGTCGCCGCC 

                               6376                                                                   6450 

         german vector  (6367) GGTGAATGCGCGGGCCCGGCGGACAGCGGCGACGCCCTGCTGGAGCGCAACTATCCCACTGGCGCGGAGTTCCTC 

ss-ScfV-ETA-H6 pMTL555  (1571) GGTGAATGCGCGGGCCCGGCGGACAGCGGCGACGCCCTGCTGGAGCGCAACTATCCCACTGGCGCGGAGTTCCTC 

             Consensus  (6376) GGTGAATGCGCGGGCCCGGCGGACAGCGGCGACGCCCTGCTGGAGCGCAACTATCCCACTGGCGCGGAGTTCCTC 

                               6451                                                                   6525 

         german vector  (6442) GGCGACGGCGGCGACGTCAGCTTCAGCACCCGCGGCACGCAGAACTGGACGGTGGAGCGGCTGCTCCAGGCGCAC 

ss-ScfV-ETA-H6 pMTL555  (1646) GGCGACGGCGGCGACGTCAGCTTCAGCACCCGCGGCACGCAGAACTGGACGGTGGAGCGGCTGCTCCAGGCGCAC 

             Consensus  (6451) GGCGACGGCGGCGACGTCAGCTTCAGCACCCGCGGCACGCAGAACTGGACGGTGGAGCGGCTGCTCCAGGCGCAC 

                               6526                                                                   6600 

         german vector  (6517) CGCCAACTGGAGGAGCGCGGCTATGTGTTCGTCGGCTACCACGGCACCTTCCTCGAAGCGGCGCAAAGCATCGTC 

ss-ScfV-ETA-H6 pMTL555  (1721) CGCCAACTGGAGGAGCGCGGCTATGTGTTCGTCGGCTACCACGGCACCTTCCTCGAAGCGGCGCAAAGCATCGTC 

             Consensus  (6526) CGCCAACTGGAGGAGCGCGGCTATGTGTTCGTCGGCTACCACGGCACCTTCCTCGAAGCGGCGCAAAGCATCGTC 

                               6601                                                                   6675 

         german vector  (6592) TTCGGCGGGGTGCGCGCGCGCAGCCAGGACCTCGACGCGATCTGGCGCGGTTTCTATATCGCCGGCGATCCGGCG 

ss-ScfV-ETA-H6 pMTL555  (1796) TTCGGCGGGGTGCGCGCGCGCAGCCAGGACCTCGACGCGATCTGGCGCGGTTTCTATATCGCCGGCGATCCGGCG 

             Consensus  (6601) TTCGGCGGGGTGCGCGCGCGCAGCCAGGACCTCGACGCGATCTGGCGCGGTTTCTATATCGCCGGCGATCCGGCG 

                               6676                                                                   6750 

         german vector  (6667) CTGGCCTACGCCTACGCCCAGGACCAGGAACCCGACGCACGCGGCCGGATCCGCAACGGTGCCCTGCTGCGGGTC 

ss-ScfV-ETA-H6 pMTL555  (1871) CTGGCCTACGCCTACGCCCAGGACCAGGAACCCGACGCACGCGGCCGGATCCGCAACGGTGCCCTGCTGCGGGTC 

             Consensus  (6676) CTGGCCTACGCCTACGCCCAGGACCAGGAACCCGACGCACGCGGCCGGATCCGCAACGGTGCCCTGCTGCGGGTC 

                               6751                                                                   6825 

         german vector  (6742) TATGTGCCGCGCTCTAGCCTGCCGGGCTTCTACCGCACCAGCCTGACCCTGGCCGCGCCGGAGGCGGCGGGCGAG 

ss-ScfV-ETA-H6 pMTL555  (1946) TATGTGCCGCGCTCTAGCCTGCCGGGCTTCTACCGCACCAGCCTGACCCTGGCCGCGCCGGAGGCGGCGGGCGAG 
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             Consensus  (6751) TATGTGCCGCGCTCTAGCCTGCCGGGCTTCTACCGCACCAGCCTGACCCTGGCCGCGCCGGAGGCGGCGGGCGAG 

                               6826                                                                   6900 

         german vector  (6817) GTCGAACGGCTGATCGGCCATCCGCTGCCGCTGCGCCTGGACGCCATCACCGGCCCCGAGGAGGAAGGCGGGCGC 

ss-ScfV-ETA-H6 pMTL555  (2021) GTCGAACGGCTGATCGGCCATCCGCTGCCGCTGCGCCTGGACGCCATCACCGGCCCCGAGGAGGAAGGCGGGCGC 

             Consensus  (6826) GTCGAACGGCTGATCGGCCATCCGCTGCCGCTGCGCCTGGACGCCATCACCGGCCCCGAGGAGGAAGGCGGGCGC 

                               6901                                                                   6975 

         german vector  (6892) CTGGAGACCATTCTCGGCTGGCCGCTGGCCGAGCGCACCGTGGTGATTCCCTCGGCGATCCCCACCGACCCGCGC 

ss-ScfV-ETA-H6 pMTL555  (2096) CTGGAGACCATTCTCGGCTGGCCGCTGGCCGAGCGCACCGTGGTGATTCCCTCGGCGATCCCCACCGACCCGCGC 

             Consensus  (6901) CTGGAGACCATTCTCGGCTGGCCGCTGGCCGAGCGCACCGTGGTGATTCCCTCGGCGATCCCCACCGACCCGCGC 

                               6976                                                                   7050 

         german vector  (6967) AACGTCGGCGGCGACCTCGACCCGTCCAGCATCCCCGACAAGGAACAGGCGATCAGCGCCCTGCCGGACTACGCC 

ss-ScfV-ETA-H6 pMTL555  (2171) AACGTCGGCGGCGACCTCGACCCGTCCAGCATCCCCGACAAGGAACAGGCGATCAGCGCCCTGCCGGACTACGCC 

             Consensus  (6976) AACGTCGGCGGCGACCTCGACCCGTCCAGCATCCCCGACAAGGAACAGGCGATCAGCGCCCTGCCGGACTACGCC 

                               7051                                                                   7125 

         german vector  (7042) AGCCAGCCCGGCAAACCGCCGCGCGAGGACCTGAAGTAACTGCCGCGACCGGCCGGCTCCCTTC 

ss-ScfV-ETA-H6 pMTL555  (2246) AGCCAGCCCGGCAAACCGCCGCGCGAGGACCTGAAGCATCATCATC-ATCATCATTAACCCGGG 

             Consensus  (7051) AGCCAGCCCGGCAAACCGCCGCGCGAGGACCTGAAG A C  C  C A C  C     CCC               

                               7126                                                                   7200 

 

Figure 3.12 DNA sequencing of pMTL555-scFv-ETA plasmid encoding the anti-EGFR 

immunotoxin 425(scFv)-ETA fragment. As compared to the encoding DNA sequence for 

the anti-EGFR immunotoxin 425(scFv)-ETA in pMT425(scFv)-ETA plasmid, no mutations 

were detected in the encoding sequence of the immunotoxin inside pMTL555-scFv-ETA 

plasmid.  

 

 

3.3.5 Introduction of clostridial expression vector pMTL555-scFv and pMTL555-scFv-

ETA into C. novyi-NT, C. ghonii, and C. sporogenes  

 

To transfer clostridial expression vector pMTL555-scFv and pMTL555-scFv-ETA into 

proteolytic Clostridia C. novyi-NT, C. ghonii, and C. sporogenes, conjugation procedures 

described by Theys et al 2006 and Groot et al 2007 with some modifications were performed. 

pMTL555-scFv and pMTL555-scFv-ETA vector were first transformed into donor strain E. 

coli CA434 by electroporation. The results of electrical transformation were verified by PCR 

(Figure 3.13).  
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Figure 3.13 Verification of E. coli CA434 colonies harbouring pMTL555-scFv or 

pMTL555-scFv-ETA plasmid by PCR. To select for E. coli CA434 colonies containing 

clones with the right inserts, PCR was performed with primers specific for 425(scFv) or 

425(scFv)-ETA fragment on plasmids extracted from cultures of several colonies picked 

from erythromycin plates. In the case of successful transformation of pMTL555-scFv vector, 

PCR generated a 0.7 kb band. In the case of successful transformation of pMTL555-scFv-

ETA vector, PCR generated a 2 kb band. Lane M: λH3 DNA marker. Lane 1, 2 and 3: PCR 

with primers specific for 425(scFv) fragment on plasmid extracted from cultures of selected 

E. coli CA434 colonies. Lane 4, 5 and 6: PCR with primers specific for 425(scFv)-ETA 

fragment on plasmid extracted from cultures of selected E. coli CA434 colonies. 

 

Conjugation was then carried out between donor cells, E. coli CA434 harbouring pMTL555-

scFv or pMTL555-scFv-ETA plasmid, and three proteolytic clostridial strains, which were 

the recipient strains. To select for successful transconjugants, colony PCR with primers 

specific for 425(scFv) and 425(scFv)-ETA fragment was performed. To ensure that the 

transconjugants were not contaminated by E. coli donor strain, colony PCR with primers 

specific for E. coli TK was also conducted. The result showed that pMTL555-scFv and 

pMTL555-scFv-ETA plasmid were successfully transformed into all three clostridial strains 

and no contamination by the E. coli donor strain was detected (Figure 3.14).  

 

 

2 kb

0.7 kb

M     1     2     3     4     5      6



87 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Confirmation of clostridial transconjugants harbouring pMTL555-scFv 

and pMTL555-scFv-ETA plasmid by colony PCR. (A) To confirm transconjugants 

harbouring pMTL555-scFv or pMTL555-scFv-ETA plasmid, single colony PCR with 

primers specific for 425(scFv) fragment (0.7 kb) or 425(scFv)-ETA fragment (2 kb) was 

performed. Lane (M): λH3 DNA marker. Lane 1 and 2:  PCR on selected C. novyi-NT 

transconjugants harbouring pMTL555-scFv plasmid. Lane 3 and 4: Selected C. sporogenes 

transconjugants harbouring pMTL555-scFv plasmid. Land 5, 6 and 7: Selected C. ghonii 

transconjugants harbouring pMTL555-scFv plasmid. Lane 8 and 9: Selected C. novyi-NT 

transconjugants harbouring pMTL555-scFv-ETA plasmid. Lane 10 and 11: PCR on selected 

C. sporogenes transconjugants harbouring pMTL555-scFv-ETA plasmid. Lane 12, 13 and 

14: Selected C. ghonii transconjugants harbouring pMTL555-scFv-ETA plasmid. (B) To 

confirm selected transconjugants were not contaminated by E. coli CA434, colony PCR with 

primers specific for E. coli TK gene (0.75 kb) was performed. Lane M: λH3 DNA marker. 

Lane 1 and 2: Selected C. novyi-NT transconjugants harbouring pMTL555-scFv plasmid. 

Lane 3 and 4: Selected C. novyi-NT transconjugants harbouring pMTL555-scFv-ETA 

plasmid. Lane 5 and 6: Selected C. sporogenes transconjugants harbouring pMTL555-scFv 

plasmid. Lane 7 and 8: Selected C. sporogenes transconjugants harbouring pMTL555-scFv-

ETA plasmid. Lane 9, 10 and 11: Selected C. ghonii transconjugants harbouring pMTL555-

scFv plasmid. Lane 12, 13 and 14: Selected C. ghonii transconjugants harbouring pMTL555-

scFv-ETA plasmid. Lane 15: E. coli CA434 as positive control.  

 

The integrity of pMTL555-scFv and pMTL555-scFv-ETA plasmid transformed into 

Clostridia was investigated by extracting them from transformed Clostridia and 

retransformed into E. coli DH5α followed by restriction enzyme digestion. The result showed 

0.7 kb
2 kb

M      1       2       3       4      5       6      7       8       9     10     11    12     13    14

(A)

0.75 kb

M      1      2      3      4       5       6     7      8       9     10    11    12     13    14    15

(B)
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that pMTL555-scFv and pMTL555-scFv-ETA extracted from recombinant C. novyi-NT, C. 

ghonii, and C. sporogenes retained good integrity (Figure 3.15).  

 

 

                                                                        

                        

                                                                        

 

 

Figure 3.15 Confirmation of integrity of pMTL555-scFv and pMTL555-scFv-ETA 

plasmids extracted from recombinant clostridial strains by restriction enzyme 

digestions. pMTL555-scFv and pMTL555-scFv-ETA plasmids were extracted from 

recombinant C. novyi-NT, C. sporogenes, and C. ghonii and retransformed into E. coli 

DH5α. They were then extracted from E. coli DH5α and digested with SmaI and SfiI 

restriction enzymes. (A) Restriction enzyme digestions of pMTL555-scFv plasmid extracted 

from recombinant clostridial strains. Lane M: λH3 DNA marker. Lane 1 and 2: restriction 

enzyme digestions of pMTL555-scFv plasmids extracted from recombinant C. novyi-NT. 

Lane 3 and 4: restriction enzyme digestions of pMTL555-scFv plasmid extracted from 

recombinant C. sporogenes. Lane 5, 6 and 7: restriction enzyme digestions of pMTL555-

scFv plasmids extracted from recombinant C. ghonii. (B) Restriction enzyme digestions of 

pMTL555-scFv-ETA plasmid extracted from recombinant clostridial stains. Lane M: λH3 

DNA marker. Lane 1 and 2: restriction enzyme digestions of pMTL555-scFv-ETA plasmids 

extracted from recombinant C. novyi-NT. Lane 3 and 4: restriction enzyme digestions of 

pMTL555-scFv-ETA plasmids extracted from recombinant C. sporogenes. Lane 5, 6 and 7: 

restriction enzyme digestions of pMTL555-scFv-ETA plasmids extracted from recombinant 

C. ghonii. 
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3.3.6 Introduction of empty vector pMTL555 into C. novyi-NT, C. ghonii, and C. 

sporogenes 

 

Empty vector pMTL555 was also successfully transferred into C. novyi-NT, C. ghoni and C. 

sporogenes. It was first transformed into E. coli CA434 donor cells followed by conjugation 

with C. novyi-NT, C. ghonii and C. sporogenes. To check the integrity of the plasmid, it was 

purified from Clostridia and retransformed into E. coli DH5α. Digestion with NdeI restriction 

enzyme on the plasmid purified from E. coli DH5α confirmed the success of conjugation and 

good integrity of the plasmid inside all three clostridial strains (Figure 3.16).  

 

 

 

 

 

 

 

 

Figure 3.16 Integrity of pMTL555 plasmid extracted from Clostridia confirmed by 

NdeI restriction enzyme digestions. Lane M: DNA ladder. Lane 1, 2, 3 and 4: pMTL555 

plasmid extracted from Clostridia digested by NdeI restriction enzyme.  

 

3.3.7 Expression of anti-EGFR single chain antibody fragment 425(scFv) by C. novyi-

NT, C. ghonii, and C. sporogenes 

 

Expression of anti-EGFR single chain antibody fragment 425(scFv) by C. novyi-NT, C. 

ghonii, and C. sporogenes were examined by Western blot analysis using mouse anti-his 

primary antibody. Both bacteria cell lysates and bacterial cultural media were examined for 

4.9 kb

M          1           2           3          4 
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the presence of 425(scFv). The expression of 425(scFv) was detected in cell lysates of all 

three clostridial strains (Figure 3.17). However, the protein was not detected in the culture 

supernatants of all three clostridial strains (data not shown).  

 

 

 

 

 

Figure 3.17 Expression of anti-EGFR single chain antibody fragment 425(scFv) by C. 

novyi-NT, C. sporogenes, and C. ghonii analysed by Western blotting. Lane M: protein 

ladder. Lane 1: cell lysate of C. novyi-NT harbouring pMTL555 plasmid. Lane 2: cell lysate 

of C. ghonii harbouring pMTL555 plasmid. Lane 3: cell lysate of C. sporogenes harbouring 

pMTL555 plasmid. Lane 4: cell lysate of C. sporogenes harbouring pMTL555-scFv plasmid. 

Lane 5: cell lysate of C. ghonii harbouring pMTL555-scFv plasmid. Lane 6: cell lysate of C. 

Novyi-NT harbouring pMTL555-scFv plasmid.  

 

3.3.8 Expression of anti-EGFR immunotoxin 425(scFv)-ETA by C. novyi-NT, C. ghonii, 

and C. sporogenes 

 

Expressions of anti-EGFR immunotoxin 425(scFv)-ETA C. novyi-NT, C. ghonii, and C. 

sporogenes were examined by Western blotting using mouse anti-his primary antibody. Both 

bacteria cell lysates and bacterial culture media were examined for the presence of the 

immunotoxin. As shown in Figure 3.18, in both cultural media and cell lysates, a band of 72 

KDa was detected which was consistent with the molecular mass of 425(scFv)-ETA. 
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Figure 3.18 Expression of anti-EGFR immunotoxin, 425(scFv)-ETA, by recombinant C. 

novyi-NT, C. sporogenes, and C. ghonii. To check if the three recombinant clostridial 

strains were expressing the anti-EGFR immunotoxin, both the concentrated bacteria culture 

supernatants (A) and cell lysates (B) were analysed by Western blotting. (A) Lane M: protein 

ladder. Lane 1: culture supernatant of C. novyi-NT harbouring pMTL555-scFv-ETA plasmid. 

Lane 2: culture supernatant of C. sporogenes harbouring pMTL555-scFv-ETA plasmid. Lane 

3: culture supernatant of C. ghonii harbouring pMTL555-scFv-ETA plasmid. (B) Lane M: 

protein ladder. Lane 1: cell lysate of E. coli DH5α harbouring pMTL555-scFv-ETA plasmid. 

Lane 2: cell lysate of C. ghonii harbouring pMTL555-scFv-ETA plasmid. Lane 3: cell lysate 

of C. novyi-NT harbouring pMTL555-scFv-ETA plasmid. Lane 4: cell lysate of C. 

sporogenes harbouring pMTL555-scFv-ETA plasmid. Lane 5: cell lysate of C. novyi-NT 

harbouring pMTL555 plasmid. Lane 6: cell lysate of C. ghonii harbouring pMTL555 

plasmid. Lane 7: cell lysate of C. sporogenes harbouring pMTL555 plasmid.    
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3.4 Discussion 

 

The natural tumour colonisation ability of Clostridia makes them ideal vectors for the 

delivery of therapeutic agents into tumours. To date, most studies have been based on 

saccharolytic Clostridia. However, insufficient levels of tumour colonisation by saccharolytic 

Clostridia have markedly limited therapeutic outcomes of these studies. Due to the lack of 

efficient gene transfer systems, proteolytic Clostridia with excellent tumour infiltration 

properties were hardly used for the development of novel vectors for cancer gene therapy. 

Recently, a gene transfer system using conjugation procedures was successfully developed 

for the genetic modifications of proteolytic Clostridia such as C. novyi-NT. By using the 

novel gene transfer system, intra-tumoural drug delivery systems based on proteolytic 

Clostridia are now possible.  

 

In this study, three proteolytic strains of Clostridia including C. novyi-NT, C. sporogenes, 

and C. ghonii were genetically engineered to express anti-EGFR immunotoxin 425(scFv)-

ETA. For the purpose, a clostridial expression vector for the immunotoxin, pMTL555-scFv-

ETA, was first constructed. DNA of the immunotoxin amplified from pMT425(scFv)-ETA 

plasmid was first inserted into pUC19 cloning vector before being finally cloned into E. coli 

and  Clostridia shuttle vector pMTL555 through SfiI and SmaI restriction site. pMTL555 

shuttle vector was originally constructed by Theys and colleagues (Theys et al., 2006). It was 

specifically designed and constructed for the intra-tumoural delivery of therapeutic proteins 

by proteolytic clostridial strains such as C. novyi-NT and C. sporogenes. Successful cloning 

of pMTL555-scFv-ETA plasmid was verified by PCR and restriction enzyme digestions. In 

addition, sequencing of the plasmid showed no mutations in the DNA of 425(scFv)-ETA 

fragment. 
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 To transfer the constructed pMTL555-scFv-ETA plasmid into Clostridia, the plate-mating 

conjugation procedures described by Theys and colleagues (Theys et al., 2006) were used. 

As expected, this was the most difficult part of the entire modification process. The vector 

was first transferred into donor strain E. coli CA434 by electroporation followed by 

conjugating with all three Clostridia strains. After several weeks of attempts, no successful 

clostridial transconjugants were obtained. As a result, some modifications were made to the 

procedures. It was found that the modified plasmid transfer procedures were quite efficient 

and the vector was successfully transferred into all three proteolytic strains verified by 

colony PCR and restriction enzyme digestions. In addition, the integrity of transferred 

expression vector inside Clostridia was confirmed by plasmid extraction and restriction 

enzyme digestions. Finally, expression of the immunotoxin protein by the three recombinant 

clostridial strains was evaluated by Western blotting. Both extracellular and intracellular 

fractions of all three recombinant clostridial strains were analysed. The eglA secretion signal 

inside the pMTL555 vector makes the secretion of the immunotoxin possible. The 

immunotoxin was detected in both cell lysates and bacterial culture supernatants. 

 

In this study, by using the same cloning strategies and the same modified conjugation 

procedures, the three proteolytic clostridial strains were also genetically engineered to 

produce anti-EGFR single chain antibody fragment 425(scFv). The results showed the 

genetic modifications on all three clostridial strains were successful and the expression of the 

single chain antibody fragment was detected in the cell lysates of all three recombinant 

clostridial strains. However, the therapeutic protein was not detected in the bacteria culture 

supernatants of the recombinant Clostridia. It was assumed that this was probably caused by 

low levels of expression by clostridial strains or protein degradations caused by clostridial 
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proteases in the bacterial cultures. However, to confirm the assumption, further studies such 

as testings of new promoters for the expression plasmid are required.  

 

Unlike mAbs, anti-cancer immunotoxins can directly induce death of a tumour cell by 

inhibiting its cellular protein synthesis making them more effective in killing cancer cells. 

While several mAb molecules are required to effectively block the singling pathways of a 

cancer cell to induce apoptosis, it only takes one immunotoxin molecule to destroy it (West 

et al., 2008). At the moment, immunotoxins have been mostly used against hematologic 

tumours. For solid tumours, obstacles such as poor penetration into tumour masses and host 

immune responses induced by the toxin component of the immunoxoin remain to be solved. 

The superior tumour colonisation ability of proteolytic Clostridia makes them ideal vectors 

for intra-tumoural drug delivery. As reported by many studies, clostridial spores only 

germinate inside hypoxic and necrotic regions of tumours. Thus, recombinant Clostridia will 

only produce recombinant proteins within tumours. In the case of immunotoxin, this feature 

is extremely important because it not only decreases nonspecific toxicities against normal 

cells but also increases drug concentrations within hypoxic tumour regions where most drug 

resistant tumour cells reside.  

 

In summary, by using the modified conjugation procedures, three proteolytic clostridial 

strains were successfully engineered to produce anti-EGFR immunotoxin and single chain 

antibody fragment. This is the first time a novel proteolytic clostridial strain, C. ghonii, was 

genetically modified for the development of novel anti-cancer therapy. More importantly, this 

study demonstrates for the first time that proteolytic Clostridia can be genetically 

manipulated to express recombinant immunotoxins making selective in vivo intra-tumoural 

delivery of these therapeutic proteins possible.  
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4.1 Introduction 

 

Conventional anti-cancer therapies including surgery, chemotherapy, and radiotherapy are 

reasonably effective in controlling early to mid-stage tumours. For patients with advanced 

stage of tumours, they often fail to elicit satisfactory therapeutic effects. As a result, the 

developments of novel alternative therapeutic strategies, which can address the shortcomings 

of the current ones are necessary. A fundamental requirement for the design of any novel 

anti-cancer therapy is its ability to expose cancer cells to a therapeutic agent at a 

concentration that is high enough to kill these cells but do no harm to healthy tissues. Cancer 

gene therapy might help to achieve the goals. In cancer gene therapy, a vector system is used 

to deliver therapeutic agents to particular tumours. As discussed in the introduction chapter, 

the most common types of vectors that have been used so far for cancer gene therapy are 

viruses. However, the application of viral vectors suffers from several major drawbacks such 

as insufficient level of specificity for tumours, inefficient distribution throughout the tumour 

mass, and incapability to transduce non-dividing, dormant cancer cells leading to 

unsatisfactory therapeutic outcomes  (Minton, 2003). On the other hand, a delivery system 

using bacterial vectors could address these problems. For example, proteolytic Clostridia 

have excellent natural tumour colonisation ability and are highly efficient in propagating 

throughout hypoxic regions inside tumours. Therefore, these advantages provide a possibility 

of using proteolytic Clostridia for the establishment of a delivery system for cancer gene 

therapy. Moreover, wild-type proteolytic Clostridia are also potent anti-tumour agents 

themselves. Studies have demonstrated the anti-tumour efficacy of intravenously injected C. 

novyi-NT spores on mouse xenograft tumour models (Dang et al., 2001, Dang et al., 2004). 

Taken together, the unique features of proteolytic Clostridia strongly make them ideal as an 

intra-tumoral delivery system of therapeutic agents (Dang et al., 2004). 
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The previous chapter described genetic engineering of three recombinant proteolytic 

clostridial strains to express a recombinant anti-EGFR immunotoxin, 425(scfv)-ETA. This is 

the first time that a recombinant immunotoxin has been expressed in clostridial strains. By 

using Clostridia as the delivery system, the immunotoxin can effectively induce death of 

more cancer cells including the ones located distant from tumour vessels. As a result, better 

therapeutic outcomes will be achieved. Furthermore, immunotoxins produced by 

recombinant Clostridia locally inside tumours is less likely to induce systemic toxicity in 

hosts, overcoming one of the major drawbacks of systemically administered immunotoxins 

(Pastan et al., 2007).  

 

In the current chapter, the in vitro functions of anti-EGFR immunotoxin 425(scFv)-ETA 

expressed by three recombinant clostridial strains were assessed. Both the binding properties 

and cytotoxicities of the immunotoxin were evaluated using a number of human cancer cell 

lines expressing different levels of EGFR. Five human cancer cell lines were used in the 

experiments: head and neck squamous carcinoma cell line HN5, epithelial carcinoma cell 

line A431, lung adenocarcinoma epithelial cell line A549, prostatic carcinoma cell line PC3, 

and breast adenocarcinoma cell line MCF-7. The initial selection of these human cancer cell 

lines was based on previously published results (Rusnak et al., 2007).  
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4.2 Materials and Methods 

 

4.2.1 RNA extraction from mammalian cells 

 

The extraction of RNA was conducted by using PureLink RNA Mini Kit (Invitrogen) 

according to manufacturer’s instructions. Briefly, the growth medium was first removed from 

the cells using a transfer pipette followed by addition of an appropriate amount of cell lysis 

buffer (containing 1% β-mercaptoethanol) to the sample. The cell lysate was transferred to a 

1.5 ml RNase-free tube and passed through a 21 gauge needle attached to an RNase-free 

syringe 8 times. One volume of 70% ethanol was added to each volume of cell homogenate 

and the sample was mixed well by vortex. The sample was then transferred to a spin 

cartridge and centrifuged at 10000 × g for 15 sec and the flow-through discarded. 500 µl of 

wash buffer was added to the sample followed by centrifuging at 10000 × g for 15 sec. The 

flow-through was discarded. The sample was centrifuged again at 10000 × g for 1 min to dry 

the membrane of spin cartridge. The spin cartridge was moved to a new tube to which 50 µl 

of RNase-free water was added. After 1 min incubation at room temperature, RNA was 

eluted from the membrane into the tube by centrifuging at 10000 × g for 2 min. The 

concentration of RNA samples was estimated by NanoDrop spectrophotometer ND-1000 

(Biolabs) and then snap –frozen in liquid nitrogen and stored at -80 °C for later analysis.   

 

4.2.2 Protein extraction from mammalian cells 

 

Cells in 25cm
2 

flasks were first washed once with 5 ml cold PBS and then scraped from the 

culture flasks with cell scrapers. Detached cells were resuspended in cold PBS and 

centrifuged. The supernatant was discarded. 300 µl of cell extraction buffer (10mM Tris, 
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pH7.4, 100mM NaCl, 1mM EDTA, 20mM Na4P2O7,  1% Triton X-100, 10% glycerol, 0.1% 

SDS, 1mM PMSF) was added to  resuspend cell pellets which were then  incubated on ice 

for 30 min with vortex at 10 min intervals. After incubation, cell extracts were spun down at 

10000 × g for 10 min at 4 ºC. The clear lysate was stored in 50 µl aliquots at -80 ºC for 

subsequent Western blot analysis.  

 

4.2.3 Real time PCR 

 

Real time PCR with the iQ5 multicolour real-time PCR detection system (Bio-Rad) was used 

to quantify the EGFR mRNA level of cancer cell lines. To synthesize first-strand cDNA, 13 

µl of reaction volume was set up by mixing 1 µg of total RNA, 1 µl of oligo (dT) 20 primer 

(Invitrogen), 1 µl of 10 mM dNTP mix (Invitrogen), and ddH2O. The mixtures were heated 

at 65 °C for 5 min, and then chilled on ice for 1 min. Then 7 µl of master mix containing 4 µl 

of 5 × First-strand buffer (Invitrogen), 1 µl of 0.1 M DTT, 1 µl of ddH2O, and 1 µl (200 units 

) of SuperScript III reverse transcriptase (Invitrogen) was added to the 13 µl of reaction 

volume. Reverse transcription was performed at 50 °C for 60 min and following heat 

deactivation at 70 °C for 15 min. Real-time PCR was carried out in 20 µl of reaction solution 

consisting of 0.4 µM primers, 10 µl of Express SYBR GreenER qPCR SuperMixes 

(Invitrogen), and ddH2O. The reaction conditions were 50 °C for 2 min and 95 °C for another 

2 min, followed by 40 cycles of 95 °C for 15 sec, 60 °C for 1 min. Melting curves were 

monitored by heat-denaturing amplicons over a 35 °C temperature gradient at 0.5 °C/sec 

from 60 to 95 °C. Human GAPDH gene was used as internal control. Primers used in real-

time PCR were: human EGFR (Forward: 5’-GGACTCTGGATCCCAGAAGGTG-3’, 

Reverse: 5’-GCTGGCCATCACGTAGGCTT-3’) and human GAPDH (Forward: 5’-
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GTCTCCTCTGACTTCAACAGCG-3’, Reverse: 5’-ACCACCCTGTTGCTGTAGCCAA-

3’). 

 

4.2.4 Preparation of recombinant Clostridia culture supernatant for in vitro analysis 

 

Recombinant Clostridia were grown in 50 ml of HI medium with 10 µg/ml erythromycin 

under anaerobic condition for 18 h at 37 °C. The bacterial culture was then centrifuged at 

8000 × g for 20 min at 4 °C. 30 ml of the supernatant was then concentrated using Amicon 

Ultra 30K filter (Millipore) and filter sterilized. The protein content in the concentrated 

supernatant was determined by DC protein assay (Bio-Rad). 

 

4.2.5 Cell ELISA  

 

HN5 and PC3 cells were grown in T75 flasks using standard cell culture procedures until 

cells reached near confluency. Cells were then washed with sterile PBS and trypsinised for 

detachment. Detached cells were neutralized with culture media and clarified by 

centrifugation at 1000 × g for 5 min. The supernatant was removed and cell pellet was 

manually disrupted by hand-tapping the collection tube. Cells were resuspended in 20 ml 

complete culture media and cell number was counted using a haemocytometer. 15000 cells in 

200 µl suspension were added into each well of a Poly-D-Lysine 96 well plate. The cells 

were grown at 37 °C for another 24 h until they reached about 70% confluency. Cell medium 

was removed and cells were washed once with 200 µl PBS per well.  The concentrated 

culture supernatants of recombinant Clostridia were diluted 1:2-fold in treatment buffer (50 

mM Tris-base, pH 7.4, 0.05% (v/v) Tween 20, 0.5% (w/v) BSA) and 200 µl per dilution was 

applied to the cells. After incubation at 37 °C for 1 h, the treatment buffer was removed. The 
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plate was washed 5 times with TPBS (PBS, pH 7.4, 0.2% v/v Tween 20). Cells were then 

fixed for 20 min at room temperature with150 µl fixing buffer (3.7% (w/v) formaldehyde in 

1 × PBS). The fixing buffer was removed and cells were washed 8 times with TPBS. After 

washing, cells were blocked with 200 µl blocking buffer (1% BSA (w/v), 5% sucrose (w/v), 

0.05% (w/v) sodium azide in 1 X PBS) for 2 h at room temperature with gentle shaking. The 

plate was again washed 5 times with TPBS. 100 µl of primary anti-his monoclonal antibody 

diluted 1:500 in PBS containing 0.5% (w/v) BSA and 0.05% (v/v) Tween 20 was added to 

each well. The cells were incubated at 4 °C overnight. The cells were washed 8 times with 

TPBS. 1:4000 diluted alkaline phosphatase labelled secondary antibody was added to the 

cells. The cells were incubated in the dark for 1 h at room temperature with gentle shaking. 

The cells were washed 8 times with TPBS. After the final wash, the plate was gentle blotted 

on paper towels to remove traces of wash buffer. 100 µl per well of develop buffer was then 

added. The plate was measured at 450 nm using POLARstar Omega plate reader (BMG 

Labtech).  

 

4.2.6 MTT assay  

 

The cytotoxicities of anti-EGFR immunotoxin produced by recombinant Clostridia were 

evaluated by colorimetric MTT assay. Five human cancer cell lines including HN5, A431, 

A549, PC3, and MCF-7 were used. 200 µl of a suspension containing 7 ×10
3
 of each cell line 

in fresh culture media were added to each well of a 96 well plate and grown for 48 h at 37 ºC. 

Cell culture media were then removed followed by addition of different concentrations of 

bacteria culture supernatants diluted in fresh cell culture medium. The experiment was 

carried out in four replicates. The cells were then grown for another 48 h. To evaluate the cell 

survival rate, old culture media were removed and MTT solution diluted in fresh culture 
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medium was added to the cells. The plates were then incubated at 37 ºC for 4 h before being 

read at 570 nm by using POLARstar Omega plate reader (BMG Labtech).  

 

4.2.7 Statistical analysis 

 

All results are presented as means ± standard deviation of the mean (SD). A student’s t test 

computation was used to analyse the data with unequal variance between each group. A 

P<0.05 was considered significant. Results are means ± SD from at least three replicates. 

 

4.3 Results 

 

4.3.1 EGFR expression levels in various cancer cell lines  

For the in vitro functional study of the clostridial immunotoxin, five human cancer cell lines 

with different expression levels of EGFR were initially selected based on previous studies 

reported in the literature (Pedersen et al., 2010, Rusnak et al., 2007). To confirm the actual 

EGFR expression levels of these cell lines, both RNA and protein analyses were performed. 

The highest levels of EGFR expression were detected in human head and neck carcinoma cell 

line HN5 and human epithelial carcinoma cell line A431, whereas human lung 

adenocarcinoma cell line A549 showed a very low expression level of EGFR (Figure 4.1). As 

there was no expression of EGFR detected in human prostate carcinoma cell line PC3 and 

human breast adenocarcinoma cell line MCF-7, they were used as EGFR-negative control for 

the studies.  
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  (B) 

 

 

 

Figure 4.1 mRNA and protein levels of EGFR in different human cancer cell lines. (A) 

mRNA levels of EGFR were measured by real-time RT PCR. Values presented are the mean 

of 3 replicates ± SD. (B) Protein expression levels of EGFR were estimated by Western blot. 

Total proteins extracted from different cancer cells were probed with anti-EGFR primary 

anti-body followed by HRP-conjugated secondary antibody.  
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4.3.2 The binding properties of the recombinant anti-EGFR immunotoxin expressed by 

recombinant clostridial strains 

 

To determine the specificity and binding properties of the novel clostridial anti-EGFR 

recombinant immunotoxin, a whole cell ELISA was conducted using two human cancer cell 

lines, EGFR-positive HN5 cells and EGFR-negative PC3 cells. The concentrated culture 

supernatants of all three recombinant clostridial strains were added to both cell lines. The 

clostridial anti-EGFR immunotoxins specifically bound to EGFR on the surface of HN5 cells 

(Figure 4.2). A relatively high binding capacity of the recombinant immunotoxin from C. 

ghonii supernatant was detected in EGFR-positive HN5 cells. The binding activities of the 

supernatants from C. novyi-NT and C. sporogenes against HN5 cells were similar. As a 

control, there were extremely low binding activities detected in EGFR-negative PC3 cell 

line.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Binding properties of the recombinant anti-EGFR immunotoxin expressed 

by recombinant clostridial strains analysed by whole cell ELISA. The recombinant anti-

EGFR immunotoxin present in concentrated culture supernatants of recombinant C. novyi-

NT, C. ghonii, and C. sporogenes only bound to EGFR-positive HN5 cells, not to EGFR-

negative PC3 cells. Among all three recombinant clostridial strains, the culture supernatant 

of recombinant C. ghonii displayed the highest binding capacity against HN5 cells. Values 

presented are the mean of 4 replicates ± SD. 



105 

 

4.3.3 Anti-EGFR immunotoxin produced by C. novyi-NT induced significant growth 

inhibition of cancer cell lines with increased levels of EGFR 

 

To evaluate the in vitro cytotoxicity of the recombinant anti-EGFR immunotoxin produced 

by C. novyi-NT against cancer cells, an MTT assay was conducted using five human cancer 

cell lines with different levels of EGFR. Cells of each cell line were treated with different 

protein concentrations of culture supernatants of the immunotoxin-expressing recombinant 

C. novyi-NT. Meanwhile, culture supernatants of C. novyi-NT harbouring empty expression 

vector at the same concentrations were also added to cells as negative controls. All cell lines 

were exposed to the culture supernatants for 24 and 48 hours, but significant cell growth 

inhibition was only detected in HN5 and A431 cells after 48 h incubation with the culture 

supernatants of the immunotoxin-expressing C. novyi-NT (Figure 4.3). The growth rate of 

treated EGFR-positive HN5 and A431 cells became significantly inhibited at the 

concentration of 80 µg/ml and kept reducing as concentration of the supernatants increased. 

Compared with this, the inhibitory role of supernatants from empty vector C. novyi-NT was 

insignificant in all treated cell lines. Moreover, the incubation time was extended to 72 h in 

EGFR-positive cancer cells to determine whether longer treatment time would induce more 

significant growth inhibition. However, the prolonged treatment time failed to elicit more 

significant growth inhibitions (data not shown). As negative controls, EGFR-negative PC3 

and MCF-7 exhibited no suppression in cell proliferation after being treated with the 

supernatants of both immunotoxin-expressing C. novyi-NT and empty vector C. novyi-NT. 
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Figure 4.3 In vitro treatment with culture supernatants of immunotoxin-expressing C. 

novyi-NT induced significant growth inhibition of cancer cell lines with increased levels 

of EGFR. Significant growth inhibition was observed in EGFR-overexpressing HN5 and 

A431 cells treated with culture supernatants of immunotoxin-expressing C. novyi-NT for 48 

h. Treatment of EGFR-negative PC3 and MCF-7 cells with the culture supernatant at the 

same protein concentrations did not induce any significant growth inhibition. 48 h treatment 

with the culture supernatants of C. novyi-NT harbouring empty vector at the same protein 

concentrations did not induce significant cytotoxicity in all cancer cell lines tested. 

Proliferation rate of all cells was determined using MTT assay and is expressed in terms of 

percentage of control as the mean ± SD of 4 replicates. *, p < 0.05, **, p < 0.01, versus 

untreated groups. 
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4.3.4 Anti-EGFR immunotoxin produced by C. ghonii induced significant growth 

inhibition of cancer cell lines with increased levels of EGFR 

 

To determine the in vitro cytotoxicity of the recombinant anti-EGFR immunotoxin produced 

by C. ghonii against cancer cells, an MTT assay was conducted using five human cancer cell 

lines with different levels of EGFR. Cells of each cell line were treated with different 

concentrations of culture supernatants of the immunotoxin-expressing recombinant C. ghonii. 

Meanwhile, culture supernatants of C. ghonii harbouring empty expression vector at the 

same concentrations were also added to cells as negative controls. All cell lines were exposed 

to the supernatants for 24 and 48 h, but significant cell growth inhibition was only detected in 

HN5 and A431 cells after the 48 h incubation with the cultural supernatant of the 

immunotoxin-expressing C. ghonii (Figure 4.4). Similar to cells treated with supernatants of 

immunotoxin-expressing C. novyi-NT, the growth rate of EGFR-positive HN5 and A431 

cells became significantly inhibited when the protein concentration of the culture supernatant 

reached 80 µg/ml and kept reducing as the concentrations increased. Compared with this, the 

inhibitory activity of the supernatants from empty vector C. ghonii was insignificant in all the 

cell lines. Furthermore, 72 h treatment with culture supernatants of immunotoxin-expressing 

C. ghonii failed to induce more significant cell growth inhibition in all cell lines (data not 

shown). As negative controls, EGFR-negative PC3 and MCF-7 cells exhibited no 

suppression in cell proliferation after being treated with the supernatants of both 

immunotoxin-expressing C. ghonii and empty vector C. ghonii.  
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Figure 4.4 In vitro treatment with culture supernatants of immunotoxin-expressing C. 

ghonii induced significant growth inhibition of cancer cell lines with increased levels of 

EGFR. Significant growth inhibition was observed in EGFR-overexpressing HN5 and A431 

cells treated with culture supernatants of immunotoxin-expressing C. ghonii for 48 h. 

Treatment of EGFR-negative PC3 and MCF-7 cells with the culture supernatants at the same 

protein concentrations did not induce any significant growth inhibition. 48 h treatment with 

the culture supernatants of C. ghonii harbouring the empty vector at the same protein 

concentrations did not induce significant cytotoxicity in all cancer cell lines tested. The 

proliferation rate of all cells was determined using MTT assay and is expressed in terms of 

percent of control as the mean ± SD of 4 replicates. *, p < 0.05, **, p < 0.01, versus 

untreated groups. 
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4.3.5 Anti-EGFR immunotoxin produced by C. sporogenes induced significant growth 

inhibition of cancer cell lines with increased levels of EGFR 

 

To determine the in vitro cytotoxicity of the recombinant anti-EGFR immunotoxin produced 

by C. sporogenes against cancer cells, an MTT assay was conducted using five human cancer 

cell lines with different levels of EGFR. Cells of each cell line were treated with different 

protein concentrations of culture supernatants of the immunotoxin-expressing recombinant 

C. sporogenes. Meanwhile, the culture supernatants of empty expression vector C. 

sporogenes at the same concentrations were also added to cells as negative controls. All cell 

lines were exposed to the supernatants for 24 and 48 h, but the significant cell growth 

inhibition was only detected in HN5 and A431 cells after 48 h treatment with the culture 

supernatants containing the anti-EGFR immunotoxin (Figure 4.5). Unlike cancer cells treated 

with supernatants of immunotoxin-expressing C. novyi-NT and C. ghonii, the growth rate of 

EGFR-positive HN5 and A431 cells treated with supernatants of immunotoxin-expressing C. 

sporogenes were not significantly inhibited until the protein concentration of the supernatant 

reached 160 µg/ml. On the other hand, supernatants of empty vector C. sporogenes did not 

induce significant growth inhibition in all the treated cancer cell lines. Furthermore, 72 h 

treatments with culture supernatants of immunotoxin-expressing C. sporogenes failed to 

induce more significant cell growth inhibition of HN5 and A431 cells (data not shown). As 

negative controls, EGFR-negative PC3 and MCF-7 cells exhibited no suppression in cell 

proliferation after being treated with the supernatants of both immunotoxin-expressing C. 

sporogenes and empty vector C. sporogenes. 
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Figure 4.5 In vitro treatment with culture supernatants of immunotoxin-expressing C. 

sporogenes induced significant growth inhibition of cancer cell lines with increased 

levels of EGFR. Significant growth inhibition was observed in EGFR-overexpressing HN5 

and A431 cells treated with culture supernatants of immunotoxin-expressing C. sporogenes 

for 48 h. Treatment of EGFR-negative PC3 and MCF-7 cells with the cultural supernatants at 

the same concentrations did not induce any significant growth inhibition. 48 h treatment with 

the culture supernatants of C. sporogenes containing empty vector at the same protein 

concentrations also did not induce significant cytotoxicity in all the cancer cell lines tested. 

The proliferation rate of all cells was determined using MTT assay and is expressed in terms 

of percentage of control as the mean ± SD of 4 replicates. *, p < 0.05, **, p < 0.01, versus 

untreated groups. 
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4.4 Discussion 

 

Overexpression of EGFR is found in many types of solid malignancy and it often predicts a 

poor prognosis for patients (Dong et al., 1998, Pirker et al., 2012, Schick et al., 2012). As a 

result, EGFR has become an interesting target for novel cancer therapies. In the previous 

chapter, three recombinant proteolytic clostridial strains expressing anti-EGFR recombinant 

immunotoxin were successfully generated by using modified conjugative procedures. 

 

In the current chapter, in vitro functional studies of the recombinant anti-EGFR 

immunotoxins expressed by recombinant C. novyi-NT, C. ghonii, and C. sporogenes were 

conducted. Five human cancer cell lines with different levels of EGFR were initially selected 

for the studies based on previously published results. To confirm the actual levels of EGFR 

of these cancer cell lines, real-time PCR and Western blotting were conducted. The results 

showed that the human head and neck carcinoma cell line HN5 and the human epithelial 

carcinoma cell line A431 have the highest expression levels of EGFR among all five cancer 

cell lines tested. On the other hand, the human prostate carcinoma cell line PC3 and the 

human breast adenocarcinoma cell line MCF-7 were EGFR-negative. Low level of EGFR 

expression was detected in the human lung adenocarcinoma cell line A549. These results 

were in agreement with a previously published report (Rusnak et al., 2007). To investigate if 

the recombinant anti-EGFR immunotoxins produced by the three clostridial strains were 

functional, a whole cell ELISA using EGFR-positive HN5 cancer cells and EGFR-negative 

PC3 cancer cells was performed. The recombinant immunotoxins produced by all three 

recombinant clostridial strains were found to only bind to EGFR-positive HN5 cells. No 

binding activities were detected in EGFR- negative PC3 cells. The results demonstrated that 

the immunotoxins produced by all three clostridial strains retained their binding capability 
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and specificity for EGFR. In the study, the in vitro cytotoxicities of clostridial recombinant 

anti-EGFR immunotoxin on the five cancer cell lines with different EGFR levels were also 

examined. It was found that the 24 h with the cultural supernatants of all three recombinant 

strains failed to induce significant growth inhibition in all the cancer cell lines. However, 

when the treatment time was extended to 48 h, significant growth inhibition in EGFR-

positive HN5 and A431 cells was observed. Meanwhile, 48 h treatment with cultural 

supernatants of clostridial strains harbouring the empty vector did not induce growth 

inhibition in any cancer cell lines tested. In addition, 48 h treatment of EGFR-negative PC3 

and MCF-7 cancer cells with culture supernatants of immunotoxin-expressing clostridial 

strains also showed no effects on their proliferation. Altogether, these data suggested that the 

anti-proliferation activities against EGFR-positive cancer cells were induced by the 

recombinant anti-EGFR immunotoxins present in the cultural supernatants of the three 

recombinant clostridial strains. 

 

Currently, one of the major obstacles for successful treatment of solid malignancies is the 

presence of dormant, drug resistant cancer cells in hypoxic/necrotic intra-tumoural regions 

which are one of the most important mechanisms for tumour relapse as well as formation of 

tumour metastases (Wilson and Hay, 2011). Clinically, chemotherapy and radiotherapy have 

shown very limited therapeutic effects against quiescent cancer cells. To address the 

problem, targeted cancer therapy in which mAbs, small molecule kinase inhibitors, and 

immunotoxins are used to specifically target cancer cell surface antigens, inhibit cancer cell 

growth, and  induce cell apoptosis have been under development (Haldar et al., 2011, 

Gaitskell et al., 2011, Sato and Itamochi, 2012). Similar to mAbs and kinase inhibitors, 

recombinant immunotoxins also selectively bind to specific cancer cell surface targets. More 

importantly, the toxin component of recombinant immunotoxins can directly induce death of 
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cancer cells upon cellular internalization making them more potent in killing cancer cells. 

Theoretically, it only needs one immunotoxin molecule to induce the death of a cancer cell 

(Kreitman, 2006). To date, recombinant immunotoxins have been mainly produced in E. coli 

followed by extraction and purification (Bruell et al., 2003, Yao et al., 2010, Kreitman et al., 

2001). In 2004, a recombinant anti-EGFR immunotoxin was successfully generated by 

genetically fusing the anti-EGFR single chain variable fragment 425(scFv) to a truncated 

version of P. aeruginosa Exotoxin A (Bruell et al., 2005). Results from in vivo anti-tumour 

study demonstrated that repeated injections of purified immunotoxin successfully treated 

71.4% of nude mice challenged with murine pancreatic carcinoma cell L3.6pl. Currently, for 

cancer treatment, purified immunotoxins are normally given by intravenous injection. 

Although encouraging therapeutic efficacy has been seen in hematologic tumours, 

therapeutic efficacy against solid malignancies is yet to be achieved (Kreitman, 2006). Due 

to difficulties such as poor penetration into tumour masses and host immune response to the 

toxin component of the immunotoxin, the development of novel delivery method is necessary 

to improve its therapeutic efficacy (Pastan et al., 2007). By using proteolytic Clostridia with 

excellent intra-tumoural colonisation properties as a delivery system, the anti-tumour activity 

of the recombinant anti-EGFR immunotoxin will be dramatically improved. In addition, 

possible side effects to normal tissues which also express low levels of EGFR can be 

effectively limited by using the clostridial vector system. Based on the results from the in 

vitro study, Clostridium-mediated immunotoxin therapy has the great potentials in treating 

solid malignancies with increased levels of specific cancer cell surface antigens.   

 

In conclusion, our current study verified the binding activity and specificity of the 

recombinant anti-EGFR immunotoxin produced by three recombinant clostridial strains. The 

in vitro cytotoxicity studies confirmed the anti-tumour activities of the immunotoxin 
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produced by all three clostridial strains against EGFR-positive cancer cells. However, the 

current study suffered from a major limitation. In the study, only the in vitro anti-tumour 

activities of the clostridial anti-EGFR immunotoxin produced were evaluated. As a result, the 

potential anti-tumour efficacy of the recombinant clostridial strains was not comprehensively 

investigated. Due to the presence of dormant cancer cells inside tumours, therapies targeting 

both quiescent and fast-growing cancer cells will help minimise risks of tumour recurrence. 

Previous studies have shown that intravenous injection of proteolytic Clostridia spores such 

as C. novyi-NT can induce severe oncolysis in the hypoxic/necrotic tumour regions (Dang et 

al., 2001). Since most drug resistant, dormant cancer cells are located in these regions, 

Clostridium-mediated oncolysis is an ideal weapon against them. According to the results 

from this current chapter, the recombinant anti-EGFR immunotoxin produced by the 

recombinant Clostridia can effectively induce death of actively proliferating cancer cells, 

which are usually located at well oxygenated tumour regions. In fact, it was found that the 

combined treatment of C. novyi-NT spores with microtubule stabilising agents successfully 

converted the transient tumour regressions induced with the drugs alone to complete cures in 

the most sensitive animal tumour models (Dang et al., 2004). While the drugs killed fast-

proliferating cancer cells, remaining cells in the poorly oxygenated regions of tumours were 

eradicated by the Clostridia (Dang et al., 2004). It was expected that, once intravenously 

injected, recombinant clostridial spores will grow and express the anti-EGFR immunotoxin 

inside solid tumours and that the immunotoxin and Clostridia will induce synergistic anti-

tumour effects destroying both actively proliferating and quiescent tumour cells. However, 

our current results are not sufficient to confirm this concept. In vivo studies using animal 

tumour model are required for further confirmation.  
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5.1 Introduction 

 

Studies have demonstrated that immunotoxins are more efficacious in treating hematologic 

malignancies than solid tumours (Brinkmann et al., 1991, Kreitman et al., 1994, Kreitman et 

al., 2001, von Minckwitz et al., 2005). The insufficient penetration of tumour masses by 

immunotoxins has been the major roadblock (Pastan et al., 2007). 

 

In the previous chapter, the in vitro functional study of the anti-EGFR immunotoxins 

produced by three recombinant clostridial strains was described. The results demonstrated 

that the recombinant immunotoxins not only retained the binding capability and specificity 

for EGFR, but significantly inhibited the growth of cancer cells with a high level of EGFR 

expression. These results encouraged us to further evaluate the in vivo anti-tumour activities 

of the recombinant Clostridia.  

 

In this chapter, the study of the in vivo anti-tumour effects of immunotoxin-expressing C. 

ghonii against a subcutaneous human HN5 head and neck carcinoma xenograft mouse model 

is described. In addition, the anti-tumour study of a combined therapeutic modality with 

wild-type C. ghonii spores and an anti-EGFR mAb cetuximab on the same tumour mouse 

model is included. As introduced in chapter 1, cetuximab is a chimeric mouse/human mAb, 

which induces cancer cell apoptosis by inhibiting EGFR pathways. It is currently used 

clinically for the treatment of metastatic colorectal cancer and head and neck cancer (Van 

Cutsem et al., 2009, Reeves et al., 2011).  
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5.2 Materials and methods 

 

5.2.1 Animal ethics approval 

 

Ethics approval for this project was granted by the Griffith University Animal Ethics 

Committee. Ethics Committee submission title: “Development of a novel, bacterial gene 

therapy vector (Clostridium) for multiple modalities of tumour killing.” Approval number: 

MSC/01/08AEC.  

 

5.2.2 Cell lines and mouse strains 

 

Human head and neck carcinoma cell line HN5 was purchased from ATCC. Female athymic 

BALB/c nude mice were purchased from the Animal Resource Centre (WA).  All mice were 

housed in the animal facility of Griffith University Gold Coast Campus under controlled 

temperature (24 ± 2 °C), humidity (50 ± 10%) and lighting (12 h light/dark cycle) with free 

access to food and water. During the entire period of study, all mice were maintained under 

pathogen-free conditions. 

 

5.2.3 Production and purification of C. ghonii spores  

 

To prepare C. ghonii spores for the in vivo anti-tumour study, recombinant and wild-type C. 

ghonii were thawed from -80 °C and streaked on HI medium agar plates containing 

antibiotics. The plates were then incubated at 37 °C under anaerobic conditions for 2 days. 

Bacterial colonies were inoculated into 100 ml HI media and grown under anaerobic 

conditions at 37 ºC overnight. The bacteria culture was then added to 1 L of sporulation 
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medium (5 g Na2HPO4, 3% peptone, 0.5 g L-cysteine, 10 g maltose, 5% w/v dried cooked 

meat particle (Oxoid), pH 7.4) with appropriate antibiotics and incubated under anaerobic 

conditions at 37 ºC for 2 weeks. To purify endospores which settled in the cooked meat 

particles after 2 weeks of incubation, the sporulation medium was gently mixed and 

centrifuged at 10000 × g for 15 min at 4 ºC. The pellet was then washed with cold PBS twice 

followed by resuspending in cold PBS and sonication for 5 min to release endospores and 

eradicate vegetative forms of Clostridia. Spores were then washed 6-10 times with cold PBS 

to remove vegetative cell debris and dried cooked meat particles. The purity of the spore 

suspension was finally confirmed by microscope inspection. The spore number was 

determined by serial dilution and plating. To determine stability of plasmid inside C. ghonii 

after sporulation, recombinant C. ghonii spores were plated on HI agar plates with and 

without 10 µg/ml erythromycin and incubated anaerobically at 37 °C for 2 days. CFU of both 

HI agar plates with and without antibiotics were counted.  

 

5.2.4 Determination of stability of immunotoxin expression vector pMTL555-scFv-ETA 

after sporulation 

 

100 µl diluted recombinant C. ghonii spores containing immunotoxin expression vector 

pMTL555-scFv-ETA was added to HI agar plates with and without 10 µg/ml erythromycin. 

The numbers of colonies on both selective and non-selective plates were compared to 

determine plasmid stability. Colony PCR with primers for the immunotoxin gene was 

performed on randomly selected colonies from selective plates.  
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5.2.5 Establishment of human head and neck carcinoma HN5 xenografts 

 

6 week old female athymic nude mice were used for the establishment of subcutaneous 

human head and neck carcinoma xenografts. 5 x 10
6 

exponentially growing HN5 cells 

suspended in 300 µl of PBS was subcutaneously injected into the right flank of each mouse.  

 

5.2.6 In vivo treatment of established human HN5 head and neck carcinoma mouse 

xenograft 

 

After 14 days of cancer cell implantation, all tumours grown to an average size of 0.4 to 0.5 

cm
3
 and treatment was initiated. Tumour-bearing mice were randomly distributed into five 

groups including PBS, recombinant C. ghonii, empty vector C. ghonii, cetuximab, and 

combined group with 6 mice in each group. For the PBS group, each mouse was given 0.3 ml 

PBS intravenously. For the recombinant C. ghonii group, each mouse was intravenously 

injected with 1 x 10
7
 recombinant C. ghonii spores, which contain immunotoxin expression 

vector pMTL555-scFv-ETA. Mice in the empty vector group were intravenously injected 

with 1 x 10
7 

recombinant C. ghonii spores harbouring empty vector pMTL555. In addition, 

for both the recombinant C. ghonii and the empty vector group, 60 mg/L erythromycin was 

added to the drinking water. For the cetuximab group, 1 mg cetuximab (Merk Serono) was 

intraperitoneally injected into each mouse and another 1 mg was given after 7 days. For the 

combined group, each mouse was first intravenously injected with 1 x 10
7 
wild-type C. ghonii 

spores. After 1 day, each mouse was given 1 mg cetuximab by intraperitoneal injection and 

another 1 mg was injected after 7 days. As stipulated by the animal ethics committee, all mice 

with a tumour size ≥ 1 cm
3 

were sacrificed by cervical dislocation. 
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5.2.7 Measurement of tumour growth 

 

Compared to calliper, ultrasound system provides a much more accurate three dimensional 

measurement of mouse tumour volume. As a result, in the current study, the tumour size of 

each mouse was measured using a calliper every 3 days and a Visual Sonics Vevo 770 high 

resolution ultrasound imaging system (Figure 5.1) once a week. When using a calliper, the 

tumour volume was calculated using the formula: tumour volume = (width
2
 × length) /2. For 

the ultrasound measurement, mice were anaesthetised using isoflurane and placed on a 

platform. Ultrasound gel was then mounted on the top of tumour. The position of the animal 

and ultrasound scan head （mean frequency, 60 MHz; resolution, 40 um） was adjusted 

until clear image was obtained. To determine tumour volume, ten images of each tumour 

were taken and analysed by Vevo software.  
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Figure 5.1 Measurement of mouse tumour volume by VisualSonics Vevo 770 high 

resolution ultrasound imaging system. (A) A tumour-bearing nude mouse being studied by 

the ultrasound system. (B) The complete ultrasound real-time tumour imaging system. (C) 

Anaesthetic apparatus for mice. (D) Analysis of mouse tumour by using ultrasound images.  

 

5.2.8 Paraffin embedding and sectioning of mouse tumour tissue 

 

Tumour tissues removed from sacrificed mice were first washed with PBS and fixed in 10% 

neutral buffered formalin (Sigma) for 1 day. The fixed tumour tissues were rinsed 5 times 

with PBS for 30 min. The tissue was dehydrated by being soaked sequentially in 70% 

ethanol for 45 min, 80% ethanol for 45 min, 95% ethanol for 45 min, and 100% ethanol for 3 

h. After being dehydrated, the tissues were kept in xylene for 30 min followed by 60 min in 

paraffin 1 at 60 °C, 60 min in paraffin 2 at 65 °C, and 60 min in paraffin 3 at 65 °C. They 

were then embedded in paraffin at 4 °C and kept in room temperature. To section paraffin-

embedded tumour tissues, a rotary microtome was used and all tissues were sectioned at 10 

µm of thickness.   
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5.2.9 Hematoxylin and Eosin staining (H and E staining) 

 

All H and E staining was performed on paraffin embedded tissue sections. All slides were 

first deparaffinised and rehydrated by being sequentially soaked in xylene 1 for 10 min, 

xylene 2 for 10 min, 100% ethanol 1 for 5 min, 100% ethanol 2 for 5 min, 95% ethanol for 5 

min, 80% ethanol for 5 min, rinsed with deionized H2O for 10 min, and finally rinsed with 

PBS for 10 min. For H and E staining, slides were kept in Hematoxylin (Sigma) for 3 min 

and rinsed with deionized H2O for 5 min. All slides were then destained with 0.3% acid 

ethanol for 5 sec and rinsed with deionized H2O for 3 min. After washing, all slides were 

soaked in Eosin (Sigma) for 2 min. Finally, to remove excessive H2O, all slides were 

sequentially soaked in 95% ethanol for 15 sec, 100% ethanol for 15 sec, and xylene for 15 

sec.  

 

5.2.10 Quantification of C.  ghonii in tumours and normal organs of mice  

 

Mice were sacrificed 24 h after being injected with C. ghonii spores and their tumours, 

hearts, livers, lungs, kidneys, and spleens were harvested under sterile condition to assess the 

colonisation of C. ghonii in tumours and normal organs of tumour-bearing mice. Removed 

tumours and normal organs were homogenized sterilely with PBS using a mortar and a 

pestle. Homogenates of all tissue samples were further diluted with PBS and 100 µl diluted 

homogenate of each tissue was then added to HI agar plate. All plates were incubated under 

anaerobic condition at 37 °C for 48 h and the CFU was counted. 
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5.2.11  Investigation of expression of immunotoxin by recombinant C. ghonii cultured 

from tumour tissue 

 

100 µl of diluted tumour homogenate of mouse injected with recombinant C. ghonii spore 

containing immunotoxin expression vector was added to a HI agar plate with 10 µg/ml 

erythromycin. The plate was incubated anaerobically at 37 °C for 48 h. Bacteria colonies 

from the plate was then cultured anaerobically at 37 °C in 30 ml HI medium with 10 µg/ml 

erythromycin for 48 h. Bacteria cell lysate was prepared by sonication and analysed by 

Western blotting using anti-his primary antibody.  

 

5.2.12 Statistical analysis 

 

All results are presented as means ± standard deviation of the mean (SD). A student’s t test 

computation was used to analyse the data with unequal variance between each group. A 

P<0.05 was considered significant. Results are means ± SD from at least three replicates. 
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5.3 Results 

 

5.3.1 Production and purification of C. ghonii spore 

 

For in vivo anti-tumour study, wild-type and recombinant C. ghonii spores were prepared. 

After 2 weeks of incubation, most of the Clostridia have formed endospores (Figure 5.2 A). 

To release and purify these endospores, a purification procedure was conducted. The results 

showed that except for spores, there were almost no vegetative Clostridia and bacterial cell 

debris suggesting the purification procedure was successful (Figure 5.2 B). From 1 L of 

sporulation medium, approximately 1.2 x 10
8
 spores were produced. To determine the 

stability of immunotoxin expression plasmid pMTL555-scFv-ETA inside C. ghonii after 

sporulation, recombinant C. ghonii spores were grown on HI agar plates with and without 

selective antibiotics and the number of colonies on both plates were compared. It was found 

that around 25% of recombinant C. ghonii have lost their plasmids after sporulation (Figure 

5.3 A).  To further evaluate whether C. ghonii from selective plates all retained the 

immunotoxin expression plasmid, colony PCR using primers specific for the anti-EGFR 

immunotoxin gene was conducted on 6 randomly selected colonies from the selective plates. 

The result demonstrated that all 6 colonies were positive for the immunotoxin gene 

indicating that they have all retained the plasmid (Figure 5.3 B). 
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Figure 5.2 Spore production and purification. (A) C. ghonii endospore suspension before 

purification. (B) C. ghonii spore suspension after purification. After the process of spore 

purification, all endospores were released and most of vegetative Clostridia, cell debris, and 

cooked meat particles were removed.  

 

 

 

 

 

 

 

 

A 



129 

 

(A) 

 

 

 

 

 

 

 

 

(B) 

 

 

Figure 5.3 Stability of immunotoxin expression vector pMTL555-scFv-ETA within C. 

ghonii after sporulation. (A) CFU of recombinant C. ghonii from both selective and non-

selective plates. (B) Colony PCR with primers specific for the anti-EGFR immunotoxin gene 

on randomly selected C. ghonii colonies from selective agar plates. M, DNA ladder. 1 to 6, 

PCR on C. ghonii colonies from selective plates. 7, 8 and 9, PCR on empty vector C. ghonii 

colonies. To determine the stability of immunotoxin expression vector after sporulation, 

diluted recombinant C. ghonii spores were grown on HI agar plates with (selective) and 

without (non-selective) 10 µg/ml erythromycin and the number of colonies on both plates 

were compared. In addition, colony PCR using primers specific for DNA of the immunotoxin 

sequence (2 kb) on randomly selected colonies from selective plates was performed to further 

confirm the results 

 

5.3.2 Establishment of human HN5 head and neck carcinoma mice xenografts 

 

To establish human head and neck carcinoma HN5 xenografts, 6 week old female athymic 

nude mice were used. 5x10
6
 exponentially growing HN5 cancer cells suspended in 300 µl 
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PBS were subcutaneously injected into right flank of each mouse. 14 days after tumour cell 

implantation, all mice developed tumours with an average size of 0.3 to 0.5 cm
3
 (Figure 5.4)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Establishment of human HN5 head and neck carcinoma mice xenografts. To 

establish human HN5 head and neck carcinoma mice xenografts, 6-week-old nude mice were 

subcutaneously injected with 5 x 10
6 

exponentially growing human HN5 head and neck 

cancer cells. Two weeks after tumour cell injection, all mice developed tumours with an 

average size of 0.3 to 0.5 cm
3
. 
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5.3.3 Intravenously injected C. ghonii spores induced severe haemorrhagic necrosis and 

extensive tumour oncolysis in HN5 mice tumour xenografts 

 

Eighteen mice were intravenously injected with 1 x 10
7
 C. ghonii spores which were either 

recombinant or wild type. 24 h after spore injection, 13 of 18 mice developed severe 

haemorrhagic necrosis at the centre of their tumours. The results suggested sufficient level of 

tumour colonisation by C. ghonii spores and extensive tumour oncolysis induced by the 

bacteria (Figure 5.5 A). Among these 13 mice, reduced movements were observed in 4 mice 

but all recovered to normal in 24 h. All other mice showed no signs of any side effects. 

Compared with tumours from mice injected with PBS, tumours from mice treated with 

spores presented extensive intra-tumoural haemorrhagic necrosis (Figure 5.5 B). Histology 

study on tumour slices of spore injected mice also revealed increased intra-tumoural regions 

of necrosis in comparison to tumours of mice treated with PBS (Figure 5.6).  
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Figure 5.5 Development of tumour haemorrhagic necrosis following intravenous 

injection of C. ghonii spores. (A) A, B and C, mice tumours before spore injection. D, E 

and F, mice tumours 24 h after spore injection. (B) A, B, C and D, tumours of mice injected 

with C. ghonii spores. E, F, G, H and I, tumours of mice injected with PBS. 1 x 10
7 
wild-type 

and recombinant C ghonii spores were intravenously injected into 18 HN5 tumour-bearing 

mice. 24 h after spore injection, 13 mice developed an evident black spot in the centre of 

their tumours indicating severe haemorrhagic necrosis.  
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Figure 5.6 Large regions of necrosis in tumours of mice treated with intravenous 

injection of C. ghonii spores. A and B, H and E staining of tumours of mice injected with C. 

ghonii spores. C and D, H and E staining of tumours from mice injected with PBS. 24 h after 

spore injection, mice were sacrificed and tumours removed for histological study. In 

comparison to tumours of mice treated with PBS, tumours of mice injected with C. ghonii 

spores had enlarged intra-tumoural regions of necrosis.  

 

5.3.4 Selective tumour colonisation of systemically administered C. ghonii spores and 

expression of immunotoxin by recombinant C. ghonii cultured from tumour tissue 

 

Due to tumours’ tendency of metastasis and clinical difficulty of accurate detection of all 

small tumours, for any novel anti-cancer therapy, systemically delivered anti-cancer therapy 

rather than local intra-tumoural injections is preferred. In our current study, to ensure 

sufficient infiltration into tumours, 1 x 10
7
 C. ghonii spores were systemically injected into 

each tumour-bearing mouse. To analyse colonisation of C. ghonii spores in tumours and 

normal organs, randomly selected mice were sacrificed 24 h after spore injection. Diluted 

homogenates of tumours and normal organs including heart, lung, liver, spleen and kidney 

A B 

C D 

A B

C D
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were prepared sterilely in PBS and cultured on HI agar plates. The number of CFU found in 

tumours was up to 6 x 10
6
 per gram of tissue (Figure 5.7). Meanwhile, in normal organs, 

CFU numbers ranged from 0 to 1 x 10
6 

per gram of tissue, which is significantly lower than 

tumours tissues. These results indicated that C. ghonii spores have a high specificity to 

tumours making them an ideal intra-tumoural drug delivery system. 

 

Expression of immunotoxin by recombinant C. ghonii cultured from tumours was 

investigated by Western blotting. It was found that the cell lysates of recombinant C. ghonii 

isolated from mice tumours injected with C. ghonii spores harbouring expression plasmid for 

anti-EGFR immunotoxin had a band of 72 kDa, which was not found in cell lysates of wild 

type and empty vector C. ghonii cultured from tumours. The results suggested the 

recombinant C. ghonii isolated from mice tumours retained the ability to produce anti-EGFR 

immunotoxin (Figure 5.8).  
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Figure 5.7 Colonisation of intravenously injected C. ghonii spores in tumours, hearts, 

lungs, spleens, kidneys and livers of tumour-bearing mice. 24 h after spore injection, mice 

were sacrificed. One gram of tumour, heart, lung, spleen, kidney and liver of each mouse was 

homogenized in PBS and 100 µl of diluted homogenates were then cultured on HI agar 

plates. C. ghonii was found mainly colonised in tumours with only some present in liver, 

kidney, and spleen. Almost no C. ghonii was found in hearts and lungs. 
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Figure 5.8 Western blotting analysis of the expression of immunotoxin by recombinant 

C. ghonii cultured from tumours. Western blot analysis using anti-his primary antibody on 

cell lysates of wild type, empty vector (pMTL555), and immunotoxin expression vector 

(pMTL555-scFv-ETA) C. ghonii, which were all cultured from mice tumours was 

performed. A single band of about 72 kDa was detected in cell lysate of pMTL555-scFv-

ETA C. ghonii. No bands were detected in cell lysates of wild-type and empty vector C. 

ghonii.  

 

5.3.5 Intravenously injected recombinant C. ghonii spores harbouring immunotoxin 

expression plasmid pMTL555-scFv-ETA induced more significant inhibition on the 

growth of HN5 xenografts than empty vector C. ghonii in vivo 

 

As indicated in Figure 5.9 A, mice of the PBS control group had the quickest tumour growth 

rate. Average tumour size of all mice in the PBS group reached 1 cm
3 

in
 
only 19 days after 

tumour implantation. Compared with the PBS group, systemic injection of empty vector C. 

ghonii spores elicited a minor inhibition on tumour growth by showing that average tumour 

size reached 1 cm
3
 in 25 days, which was 6 days behind duration of the PBS group. For mice 

injected with immunotoxin C. ghonii spores, tumour growth was substantially suppressed as 

compared to mice injected with PBS. Average tumour size of the group didn’t reach 1 cm
3 

until 30 days after tumour implantation, which took 11 days longer than the PBS group and 5 

72 kDa
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days longer than the empty vector group. Although evident tumour necrosis was seen 24 h 

after spore injection (Figure 5.5 A), tumour size regression was not found in mice injected 

with either empty vector or immunotoxin C. ghonii spores.  
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(D) 

 

 

Figure 5.9 Anti-tumour effects of recombinant immunotoxin-expressing C. ghonii 

spores in human HN5 head and neck carcinoma mice xenografts. 5 x 10
6 

exponentially 

growing HN5 cells were subcutaneously injected into the right flank of each nude mouse. 14 

days after tumour cell implantation, average tumour size of all mice reached around 0.5 cm
3
 

and treatment was initiated. For PBS group, each mouse was injected intravenously with 0.3 

ml PBS. For recombinant C. ghonii group, each mouse was intravenously injected with 1 x 

10
7
 recombinant C. ghonii spores which contain immunotoxin expression vector pMTL555-

scFv-ETA. For empty vector group, each mouse was intravenously injected with 1 x 10
7 

recombinant C. ghonii spores which contain empty vector pMTL555. Each group consisted 

of 6 mice. Animals with tumours larger than 1 cm
3
 were sacrificed by cervical dislocation.  

(A) Tumour growth curve. Tumour volume was measured by using a calliper every three 

days and by high resolution ultrasound system once a week. The arrow indicates time point 

at which treatment was initiated. (B) Animal body weight curve. Body weight of each mouse 

was measured every four days. (C) Average tumour size of each group on different days after 

tumour inoculation. Differences among groups with same letters were not statistically 

significant. Differences among groups with different letters were statistically significant. (D) 

Images of animal tumours 4 days after treatments were initiated.  
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5.3.6 Combined treatment of anti-EGFR mAb cetuximab and wild-type C. ghonii 

spores significantly inhibited the growth of HN5 mice xenografts and induced sustained 

suppression of tumour growth 

In our in vivo study, we also investigated if a combined treatment of wild-type C. ghonii 

spores with anti-EGFR mAb cetuximab can induce synergistic anti-tumour effects. As noted 

in the introduction, cetuximab is a monoclonal antibody which induces cancer cell apoptosis 

by inhibiting EGFR pathways. Compared with conventional chemotherapy agents, 

monoclonal antibodies are less toxic and possess improved tumour targeting capability. By 

combining cetuximab with C. ghonii spores, we hypothesised that there would be a 

synergistic anti-tumour effect on the growth of HN5 xenografts. 14 days after tumour cell 

implantation, treatment was initiated. In the cetuximab group, all tumour-bearing mice were 

intravenously injected with two separate doses of 1 mg cetuximab. In comparison to mice 

treated with PBS, the treatment induced significant tumour regression in all tumour-bearing 

mice (Figure 5.10). However, 3 weeks after the treatment, tumour regrowth was detected in 

all mice. In the combined treatment group, sequential treatment with 1 x 10
7
 wild-type C. 

ghonii spores followed by two separate doses of 1 mg cetuximab also induced significant 

tumour regression in all tumour-bearing mice (Figure 5.10). More importantly, sustained 

tumour suppression was achieved. One mouse in the group kept showing no sign of tumour 

regrowth for four weeks after all mice were sacrificed due to large tumour size (Figure 5.11). 

In all three groups, the most significant tumour regression was exhibited in the group of 

combined therapy. While the average tumour volume of combined group was only 0.3 cm
3
, 

average tumour volume of cetuximab only group reached 1 cm
3
 during the same treatment 

period. 
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(D) 

 

 

 

 

 

 

 

Figure 5.10 Anti-tumour effects of combined treatment with wild-type C. ghonii spores 

and anti-EGFR mAb cetuximab on HN5 mice xenografts. 5 x 10
6 

exponentially growing 

HN5 cells were subcutaneously injected into the right flank of each nude mouse. The 

treatment was initiated 14 days after tumour cell implantation, when the average tumour size 

of all mice reached around 0.5 cm
3
. For the PBS group, each mouse was injected 

intravenously with 0.3 ml PBS. For the cetuximab group, each mouse was intraperitoneally 

injected with 1 mg cetuximab and another 1 mg was injected after 7 days. For the combined 

group, each mouse was first intravenously injected with 1 x 10
7 

wild-type C. ghonii spores. 

After 1 day, each mouse was intraperitoneally injected with 1 mg cetuximab and another 1 

mg was injected after 7 days. Each group consisted of 6 mice. Animals with tumours larger 

than 1 cm
3
 were sacrificed by cervical dislocation. (A) Tumour growth curve. Tumour 

volume was measured by using a calliper every three days and by high resolution ultrasound 

system once a week. The arrow indicates time point at which treatment was initiated. (B) 

Animal body weight curve. Body weight of each mouse was measured every four days. (C) 

Average tumour size of each group on different days. Differences among groups with same 

letters were not statistically significant. Differences among groups with different letters were 

statistically significant. (D) Images of animal tumours 4 days after treatments were initiated.  
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Figure 5.11 Sustained suppression of HN5 mouse tumour xenograft by combined 

treatment of wild-type C. ghonii spores and anti-EGFR mAb cetuximab. A, 10 days after 

treatment; B, 20 days after treatment; C, 50 days after treatment. The tumour-bearing mouse 

was first intravenously injected with 1 x 10
7
 wild-type C. ghonii spores followed by two 

doses of i.p. injection of 1 mg cetuximab after 1 and 7 days. The combined treatment not 

only markedly inhibited tumour growth leading to significant tumour regressions but also 

induced sustained suppression of tumour growth. There were no signs of tumour regrowth 

four weeks after all other mice were sacrificed due to large tumour size.  
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5.4 Discussion  

 

Recombinant immunotoxins have demonstrated encouraging therapeutic efficacies against 

hematologic tumours (Wayne et al., 2010, Advani et al., 2010, Lowenberg et al., 2010). 

However, evidence of their therapeutic efficacy against solid tumours is still missing. It has 

been proposed that this may be due to  the poor penetration of tumour masses by 

immunotoxins (Pastan et al., 2007). This lack of penetration is caused by several factors, 

including the large size of the immunotoxin, increased intra-tumoural interstitial pressure as a 

result of the lack of a normal functional lymphatic system, and an irregular intra-tumoural 

vascular system formed by tumour angiogenesis (Pastan et al., 2007). Furthermore, host 

immune responses stimulated by the toxin parts of recombinant immunotoxins have also 

limited the number of treatment cycles, which further impairs therapeutic outcomes 

(Kreitman, 2006). 

 

To overcome the limitations, the use of Clostridia as an intra-tumoural delivery system for 

immumotoxins was evaluated in the current study. The natural colonisation ability of 

intravenously administered clostridial spores in hypoxic tumour regions has been repeatedly 

reported in numerous studies (Malmgren and Flanigan, 1955, Lemmon et al., 1997, 

Bettegowda et al., 2003). Moreover, intravenous injections of a number of non-pathogenic 

clostridial strains have also been found to trigger significant tumour oncolysis (Moese and 

Moese, 1964, Marth and Mose, 1987, Dang et al., 2004). With their good intra-tumoural 

motility, Clostridia, especially proteolytic strains, can help improve intra-tumoural 

distribution of immunotoxins. More importantly, hypoxic cancer cells in necrotic tumour 

regions, which are usually hard to reach by systemically administered immunotoxins, can 

now be exposed to a higher concentration of immunotoxins. In addition, studies of treating 
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tumour-bearing rats with a normal immune system using non-pathogenic Clostridia have 

demonstrated that repeated clostridial spore injections did not induce strong host immune 

responses (Theys et al., 2001). It was believed that this may be due to the low 

immunogenicity of the clostridial spores. Furthermore, previous administration of clostridial 

spores did not affect tumour colonisation by repeated cycles of spore injection (Gericke et 

al., 1979, Theys et al., 2001). The low immunogenicity of clostridial spores can help address 

the problem of limited treatment cycles of immunotoxins. 

 

In the previous chapters, in vitro functional study of the anti-EGFR immunotoxin produced 

by recombinant C. novyi-NT, C. ghonii, and C. sporogenes were described. The current 

chapter examined the in vivo anti-tumour efficacy of recombinant C. ghonii spores 

harbouring expression plasmid for anti-EGFR immunotoxin against human HN5 head and 

neck carcinoma mice xenografts. The decision to conduct an in vivo anti-tumour study using 

recombinant C. ghonii was two-fold. Firstly, immunotoxin-expressing C. ghonii showed 

promising in vitro anti-tumoural efficacies against cancer cell lines with increased levels of 

EGFR. The other reason was the novelty. Both C. novyi-NT and C. sporogenes have 

previously been genetically modified to treat cancer (Theys et al., 2006, Groot et al., 2007, 

Liu et al., 2002). For C. ghonii, it was, for the first time, genetically engineered for the 

development of novel anti-tumour therapeutics. Hence; it is of great interest to investigate 

whether or not the immunotoxin-expressing C. ghonii will elicit any significant in vivo anti-

tumour efficacy. 

 

To determine the in vivo anti-tumour efficacy of immunotoxin-expressing C. ghonii, three 

groups of mice all with a tumour of a size between 0.4 to 0.5 cm
3
 were intravenously injected 

with PBS, 1 x 10
7 

empty vector C. ghonii spores, and 1 x 10
7
 immunotoxin-expressing C. 
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ghonii spores. Among the 12 mice which were intravenously injected with either empty 

vector or immunotoxin-expressing C. ghonii spores, 9 of them developed severe 

haemorrhagic necrosis within the tumour 24 h after spore injection. Similar results were also 

reported in studies using C. novyi-NT spores (Dang et al., 2001, Agrawal et al., 2004). The 

result was indicative of good intra-tumoural colonisation by systemically administered C. 

ghonii spores. Histological studies of animal tumours further confirmed that necrotic regions 

in tumours of mice injected with C. ghonii spores were increased as compared with that of 

the mice treated with PBS. To investigate if systemically administered C. ghonii spores 

primarily colonise in tumours rather than normal organs, CFU of cultured homogenates of 

tumours, hearts, lungs, livers, spleens and kidneys removed from spore-treated mice were 

counted. Spores were mainly found in tumours with a slight distribution in livers, lungs, 

spleens and kidneys. The results were similar to the previous observations in tumour-bearing 

animals intravenously injected with C. acetobutylicum spores (Lambin et al., 1998), C. novyi-

NT, and C. sordellii spores (Dang et al., 2001). The selective colonisation of tumours by C. 

ghonii spores makes them a suitable intra-tumoural delivery system for therapeutic proteins. 

In the study, we also investigated whether the systemically administered recombinant C. 

ghonii spores could produce the immunotoxin intra-tumourally. The protein analysis on 

cultured C. ghonii isolated from mice tumours confirmed that systemically injected 

recombinant C. ghonii retained their ability to express anti-EGFR immunotoxin. Moreover, 

when compared with the mice treated with PBS, intravenous injection of both empty vector 

and immunotoxin-expressing C. ghonii spores induced significant inhibitory effects on 

tumour growth. Among the three groups, the mice treated with immunotoxin-expressing C. 

ghonii spores displayed the slowest rate of tumour growth. The difference of tumour growth 

rate between the empty vector and the immunotoxin group was also significant, suggesting 
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that the anti-EGFR immunotoxin produced by the Clostridia also contributed to the inhibition 

of tumour growth.  

 

In previous studies, synergistic anti-tumour efficacy of combined treatment of Clostridia 

spores with other conventional treatments such as radiotherapy and chemotherapy were 

examined in several mouse models (Bettegowda et al., 2003, Wei et al., 2008). C. novyi-NT 

spores were combined with three major modes of radiotherapy including external beam, 

brachytherapy, and radioimmunotherapy. It was found that systemically administered C. 

novyi-NT spores significantly augmented the efficacy of all three forms of radiotherapy and 

the combined treatments induced long-term tumour remissions in a significant fraction of 

animals (Bettegowda et al., 2003). Furthermore, combined treatments with Clostridia spores 

and chemotherapeutic drugs have also shown synergistic anti-tumour effects (Wei et al., 

2008). For example, the utilisation of C. novyi-NT spores together with two types of 

microtubule inhibitors successfully led to the regression of HCT 116 and HT 29 human colon 

xenografts (Dang et al., 2004, Dang et al., 2001). However, the combined treatments also 

induced lethal toxicity in around 15% tumour-bearing mice. In the current study, potential 

synergistic anti-tumour efficacy of the combined treatment of wild-type C. ghonii spores and 

cetuximab was also evaluated. As mentioned in the introduction, cetuximab is an anti-tumour 

mAb which inhibits EGFR signalling pathways (Van Cutsem et al., 2009). For the combined 

treatment group, tumour-bearing mice were first injected with 1 x 10
7
 C. ghonii spores, 

followed by two separate doses of 1 mg cetuximab. It was reported that i.v. injection of 

chemotherapeutic drugs which interfere with tumour vasculature following clostridial spore 

injections helped improve clostridial tumour colonisation (Dang et al., 2004). Because 

cetuximab might help disrupt tumour angiogenesis (Qian et al., 2010), similar anti-tumour 

efficacy was expected by treating tumour-bearing mice with C. ghonii spores first. Significant 
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inhibition of tumour growth was observed in both cetuximab only and combined treatment 

groups. Tumour volume was significantly reduced in all mice from the two groups. When the 

average tumour size of mice from the PBS group reached 1 cm
3
, the average tumour size of 

mice from cetuximab only group and combined group was only 0.2 cm
3
 and 0.4 cm

3
, 

respectively. The synergistic anti-tumour effect of the combined therapy became evident after 

20 days of the treatments. When the tumours in cetuximab only group started regrowing, 

mice treated with combined therapy showed no signs of tumour regrowth. 52 days after 

tumour implantation, the average tumour size in cetuximab only group reached 1 cm
3
. In 

contrast, the average tumour size was only 0.3 cm
3
 in the combined group. More notably, one 

of the six mice treated with combined therapy exhibited sustained suppression of tumour 

growth. This mouse was kept for another 4 weeks after the sacrifice of all other mice due to 

their large tumour size (≥ 1 cm
3
) and no signs of tumour relapse were observed. In addition, 

to check if the combined therapy induced toxicity in mice, the weight of each mouse was 

measured every 2 days. The results showed that all mice treated with combined therapy 

maintained a healthy body weight and displayed almost no abnormal behaviours compared 

with the mice treated with PBS and cetuximab alone. In previous studies, to induce 

significant inhibition of tumour growth, tumour-bearing mice were often treated with i.p. 

injections of 1 mg cetuximab alone or with other therapeutic agents two to three times a week 

for several weeks (Prewett et al., 1998) (Bruns et al., 2000). Even with multiple treatments, 

sustained suppression of tumour growth was not observed in most studies. In the current 

study, significant tumour volume regression and sustained suppression of tumour growth 

were induced with only one cycle of clostridial spore injection plus two i.p. injections of 1 

mg cetuximab suggesting that the combined therapeutic modality is very potent in inhibiting 

tumour growth. Taken together, these findings suggest that the combined treatment of C. 

ghonii spores and anti-EGFR mAb cetuximab have the great potential to become an efficient 
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therapeutic modality against solid malignancies with increased levels of EGFR such as 

cervical and head and neck cancer (West et al., 2008).  

 

The major limitation of this study is that although intravenous injection of immunotoxin-

expressing C. ghonii spores induced delayed growth of HN5 mice xenografts, the anti-tumour 

efficacy was relatively limited with none of the treated tumour-bearing mice shown signs of 

tumour regression and complete tumour eradication. Due to the extensive tumour 

colonisation displayed by the systemically injected C. ghonii spores, it was assumed that the 

limited therapeutic effect was possibly caused by insufficient intra-tumoural levels of anti-

EGFR immunotoxin produced by the recombinant C. ghonii. As shown in Figure 5.3, there 

were around 25% of recombinant Clostridia which have lost their plasmids after sporulation. 

In fact, instability of plasmids is a major drawback of plasmid-mediated genetic modification, 

which can lead to reduced expression levels of therapeutic genes (Wei et al., 2008). 

Accordingly, novel genetic modification tools which can produce more stable recombinant 

Clostridia strains might help address the problem. In addition, the expression level of 

therapeutic genes might also be improved by testing new promoters and optimising the 

design of therapeutic genes. Furthermore, repeated cycles of spore injections might also help 

enhance anti-tumour efficacy of the recombinant Clostridia. It was reported that repeated 

consecutive cycles of clostridial spore injection achieved a sustained anti-cancer effect 

(Theys et al., 2006).  

 

In summary, the results from the current study show for the first time that the recombinant C. 

ghonii spores harbouring expression plasmid for anti-EGFR immunotoxin effectively 

inhibited the growth of human HN5 head and neck carcinoma mice xenografts. To fully 

exploit the anti-cancer potentials of the recombinant Clostridia, further studies aiming at 
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enhancing the intra-tumoural expression of therapeutic genes are required. In addition, the 

anti-cancer efficacy of the combined treatment of C. ghonii spores and anti-EGFR mAb 

cetuximab was for the first time evaluated in the current study. The combined therapy 

produced significant synergistic anti-tumour effects without introducing severe side effects in 

tumour-bearing mice. There was no gross change in the body weight and behaviour in the 

treated mice. However, further comprehensive toxicology study needs to be performed to 

ascertain the safety of current approach. The results suggest that the combined strategy is 

effective in controlling tumour growth, which might help develop a novel combined 

therapeutic modality against solid malignancies with high levels of cell surface antigens such 

as EGFR.  
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Chapter 6 

General discussion and future 

directions 
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Due to the lack of an ideal vector system, therapeutic efficacy of cancer gene therapy has 

been severely compromised. The recent understanding of hypoxic tumour microenvironment 

and advances in recombinant DNA technology have reignite the field of using anaerobic 

bacteria such as Clostridia as novel vectors for cancer gene therapy. On the other hand, 

although anti-cancer immunotoxins have shown good therapeutic efficacy against 

haematological malignancies, their potentials against solid tumours is yet to be fulfilled 

(Pastan et al., 2007). The poor penetration into tumour masses by immunotoxins due to tight 

cellular junctions in solid tumours has been a major concern (Kreitman, 2006). To 

circumvent the roadblock, in the current study, attempts to genetically modify proteolytic 

Clostridia by using recently developed conjugative procedures for the selective intra-

tumoural delivery of anti-EGFR recombinant immunotoxin were made. As expected, the 

most challenging and time-consuming step during the process of the construction of 

recombinant Clostridia was to introduce the expression plasmids into wild-type clostridial 

strains. Due to the presence of clostridial exogenous endonucleases which present a major 

impediment to DNA transfer, an efficient gene transfer system for proteolytic Clostridia was 

not available until recently (Cao et al., 2010). As a result, most genetic modifications have 

been performed on saccharolytic clostridial strains whose inferior tumour colonisation 

capabilities had led to disappointing therapeutic outcomes (Wei et al., 2008). To improve the 

in vivo anti-tumour efficacy of Clostridium-mediated anticancer therapy, the use of clostridial 

strains with enhanced tumour colonisation properties was absolutely necessary. Fortunately, a 

new method using conjugative procedures to transfer plasmids from E. coli donors to 

Clostridia was recently developed (Theys et al., 2006). However, in the current study, similar 

results were not produced even though the same conjugative steps described in the paper 

were followed. Consequently, some modifications have to be made to the protocol. By using 

the modified conjugation procedures, the expression plasmid encoding anti-EGFR 
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immunotoxin was successfully introduced into all three proteolytic clostridial strains.  Results 

from Western blot analysis showed that all three proteolytic clostridial strains were able to 

properly express the anti-EGFR immunotoxin. Subsequent functional and in vitro 

cytotoxicity studies suggested that the anti-EGFR immunotoxins produced by all three 

recombinant clostridial strains including C. novyi-NT, C. ghonii, and C. sporogenes not only 

retained their binding ability and specificity for EGFR, but induced significant inhibition on 

the growth of cancer cells expressing increased levels of EGFR. To further evaluate the 

therapeutic activity of the immunotoxin-expressing Clostridia, the in vivo anti-tumour 

efficacy of the recombinant C. ghonii was assessed. It was found that the intravenous 

injection of wild-type and recombinant C. ghonii spores both induced extensive tumour 

oncolysis in nude mice bearing human HN5 head and neck carcinoma xenografts without 

introducing severe side effects. More importantly, as compared to mice intravenously 

injected with PBS and empty vector C. ghonii spores, the tumour growth rate in mice treated 

with immunotoxin-expressing C. ghonii spores was significantly slowed down. However, the 

therapeutic benefits displayed by the recombinant clostridial spores were relatively limited, 

with none treated animals also showing signs of tumour regression. It was assumed that the 

limited therapeutic efficacy demonstrated by C. ghonii spores harbouring expression plasmid 

for anti-EGFR immunotoxin was caused by insufficient levels of intra-tumoural expression of 

the immunotoxin by Clostridia. As a result, a combined treatment using wild-type C. ghonii 

spores and anti-EGFR mAb cetuximab was tested on the tumour-bearing mice. The results 

showed that efficient synergistic anti-tumour efficacies were induced by the two therapeutic 

agents with significant tumour regression observed in all treated mice. More encouragingly, 

the combined treatment successful could lead to sustained suppression of tumour growth. 

Altogether, the current study demonstrates that recombinant proteolytic Clostridia expressing 

anti-cancer immunotoxins or mAbs have the potential to become novel therapeutic agents for 
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the treatment of solid malignancies expressing high levels of specific cancer cell surface 

antigens.  

In comparison with previous research reported in the field of Clostridium-mediated 

anticancer therapy, this PhD research thesis describes novel strategies for the treatment of 

solid tumours, in which several important contributions were made to the field: 

1. In the study, obligate anaerobic Clostridia with excellent tumour colonisation 

properties were genetically engineered to produce a functional recombinant 

immunotoxin against specific cancer cell surface antigen. The attempt is the first of its 

kind in the field and might help create a new research direction in Clostridium-

mediated anticancer therapy 

 

2. This is the first time that a new proteolytic clostridial strain, C. ghonii, was 

systemically studied for its therapeutic potentials against cancer. The results suggest 

that, in addition to C. novyi-NT and C. sporogenes, another novel potent clostridial 

strain with excellent intra-tumoural colonisation ability have the great potentials to be 

further developed as a novel therapeutic agent against solid malignancies.  

 

 

3. It was demonstrated, for the first time in the field, that the combined use of Clostridia 

with excellent tumour colonisation properties with therapeutic mAbs can induce 

significant synergistic anti-tumour activities without causing severe side effects in 

tumour-bearing animals.  The sustained suppression of tumour growth found in 

treated animals suggests that the strategy is very promising and is worth further study.  
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Previous studies have demonstrated that spore treatment alone using wild-type Clostridia was 

not sufficient to induce complete tumour eradication (Wei et al., 2008). Although 

Clostridium-mediated oncolysis destructed large portions of hypoxic tumour regions, tumour 

regrowth could occur from an outer rim of viable tumour cells. To augment the anti-tumour 

efficacy of Clostridium-mediated anticancer therapy, different strategies have been explored, 

which can mainly be divided into two categories: genetic engineering of clostridial strains 

and combined therapeutic modalities. To enhance clostridial tumour oncolysis, a number of 

clostridial strains were genetically engineered to express therapeutic proteins such as prodrug 

converting enzyme or cytokines (Van Mellaert et al., 2006). On the other hand, various 

therapeutic modalities using clostridial spores in combination with other therapeutics such as 

radiotherapy and chemotherapy were also tested (Wei et al., 2008). However, problems such 

as insufficient levels of tumour colonisation displayed by saccharolytic strains and lethal 

toxicity induced by combined treatment remained to be addressed (Cao et al., 2010). With 

recent development of research methodology and emergence of novel therapeutics, 

explorations of alternative strategies to overcome the hitch of previous studies have become 

possible. Based on findings of previous research and our current study, it is possible to 

further optimise the therapeutic efficacy of Clostridium-mediated anticancer therapy. Several 

critical improvements can be envisaged: 

 

1. The results from the current in vivo anti-tumour studies showed that the therapeutic 

efficacy displayed by the intravenously injected recombinant C. ghonii spores were 

relatively limited. Due to the extensive tumour colonisation displayed by the spores, it 

was assumed that this was mainly caused by insufficient intra-tumoural production of 

the anti-EGFR immunotoxins by C. ghonii, which could be improved in several ways. 

First of all, one of the major drawbacks of plasmid-mediated genetic modification is 
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the instability of plasmids which can be lost during bacterial growth. Results from 

chapter 5 also indicated that a proportion of recombinant C. ghonii lost their plasmids 

after sporulation. A recently developed technique based on group II intron might help 

address the problem. ClosTron, a clostridial specific targetron was recently reported 

to be successfully used for the generation of five mutants in four clostridial species 

including C. sporogenes (Heap et al., 2007). Due to its high frequency and site-

specific insertion, targetron is a promising tool to facilitate construction of 

recombinant Clostridia carrying multiple heterogeneous DNA insertions for 

expression from a single bacterial chromosome. Furthermore, this will also allow co-

expression of therapeutic proteins with different therapeutic targets in the same 

bacterial cell, permitting their co-delivery into tumour cells. Most importantly, intron 

insertion is stable which is particularly important for anti-cancer vectors, where 

consistent therapeutic gene expression maintained over time is desired. Unlike other 

retro transposable elements such as lentiviral and retroviral vectors, which integrate 

gene into DNA sequences randomly, targetron does not have such problems 

accredited to its ability to insert into specific DNA target site by base pairing of intron 

RNA and intron-encoded protein recognition spots, thus minimising risks of 

insertional mutagenesis. Secondly, it is possible to increase the therapeutic protein 

expression levels by exploring new promoters if the complete genome sequence of C. 

ghonii becomes available. In addition, with the C. ghonii genome sequence available, 

the design of anti-EGFR immunotoxin protein can be further improved by using more 

appropriate codons, which might help increase its translation.  

 

2. Previous studies demonstrated that the combined treatment of C. novyi-NT spores 

with chemotherapeutic agents resulted in significant tumour regression and complete 
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tumour eradication (Dang et al., 2001, Dang et al., 2004). However, the therapeutic 

modalities also triggered lethal toxicity in experimental animals. The current study 

suggested that the combined treatment of C. ghonii spores with anti-cancer mAbs 

targeting specific tumour cell surface antigens is an effective and relatively safer 

treatment against solid malignancies. To further validate the feasibility of the therapy, 

studies of combined treatment of clostridial spores and other therapeutic mAbs with 

different anti-cancer mechanisms should be conducted. Chemotherapeutic agents 

which interfere with tumour vasculature were found to enhance clostridial tumour 

oncolysis by expanding tumour hypoxic regions (Dang et al., 2004). Based on this, it 

is possible that combined treatment of C. ghonii spores with mAbs disrupting tumour 

angiogenesis such as bevacizumab might be a potent and yet relatively safer anti-

tumour modality. However, this will need to be confirmed by future studies. 

Furthermore, because of the safety profile displayed by the combined treatment of C. 

ghonii spores with cetuximab, it might also be possible to combine the clostridial 

spores with two types of mAbs with different anti-cancer mechanisms, for example, C. 

ghonii spores + cetuximab (anti-EGFR) + bevacizumab (anti-angiogenesis). C. novyi-

NT spores combined with two types of chemotherapeutic agents showed significant 

anti-tumour efficacy, but also induced the death of 15% of tumour-bearing mice 

(Dang et al., 2004).  

 

3. It has been known that tumours can effectively escape host immune surveillance by a 

number of mechanisms, which presents a major hurdle in cancer treatment (Igney and 

Krammer, 2002). Previous studies have demonstrated that systemic administration of 

C. novyi-NT spores stimulated potent host cellular immune responses which helped 

eradicate tumours (Agrawal et al., 2004). Accordingly, in future studies, in vivo 
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studies using animals with complete immune functions such as syngeneic mouse 

tumour model will help better demonstrate the full therapeutic efficacy of newly 

developed Clostridium-mediated anticancer therapy. Unfortunately, such an 

experiment was deemed impossible at the current facility.  

 

4. In the current in vivo studies, tumour-bearing mice were treated with only one cycle 

of clostridial spores. Previous studies have found that multiple consecutive cycles of 

clostridial spore treatment might help enhance anti-tumour efficacy (Theys et al., 

2006). To further improve therapeutic outcomes of novel Clostridium-mediated 

anticancer therapies, multiple cycles of spore injections should be tested in future 

studies. 

 

5. Numerous studies have found that cancer stem cells are one of the major causes of the 

development of drug resistance, cancer cell metastasis, and tumour relapse (Ward and 

Dirks, 2007). Conventional treatments such as chemotherapy are insufficient in 

eradicating cancer stem cells. Development of novel specific therapies which kill 

cancer stem cells more efficiently holds hope for the improvement of survival and 

quality of life of cancer patients, especially for those with metastatic diseases. 

Clostridium-mediated anticancer therapy seems to be a possible valuable therapy 

against cancer stem cells. The extensive tumour oncolysis induced by reactive oxygen 

species, clostridial proteases and other clostridial degradative enzymes will destroy 

not only fast-proliferating cancer cells but quiescent cancer stem cells. Meanwhile, 

although clostridial spores were previously considered to be only beneficial in treating 

large primary tumours with extensive hypoxic regions,  a recent study demonstrated 
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that microscopic tumours less than 1 mm diameter were also severely hypoxic 

suggesting that Clostridia might also contribute to treat small metastatic tumours (Li 

and O'Donoghue, 2008). However, to our knowledge, no research in the field has 

been conducted. To comprehensively exploit the therapeutic value of Clostridium-

mediated anticancer therapy, the evaluation of its capability in treating drug-resistant 

cancer stem cells and small metastatic lesions is of great benefits.  

In conclusion, achieving a complete cure for cancer is not an easy task. Clinically, problems 

such as tumour cell resistance to chemotherapy and radiotherapy, existence of cancer stem 

cells, and tumour metastasis have been markedly hindering therapeutic efficacies of standard 

anti-cancer therapeutic modalities. Thus, novel therapies which can better address these 

problems are in great demand. It is believed that Clostridium-mediated anticancer therapy 

should have the great potential to become a novel cancer therapy, which can effectively 

address the limitations and/or enhance therapeutic efficacy of current standard therapeutic 

modalities for solid malignancies. The selective tumour colonisation properties of 

systemically administered clostridial spores make them ideal candidates for the selective 

intra-tumoural delivery of therapeutic proteins. By using this tumour-specific system, 

problems such as the poor tumour infiltration properties displayed by immunotoxins can be 

circumvented. On the other hand, the ability of proteolytic Clostridia to induce extensive 

oncolysis within hypoxic tumour regions is an outstanding weapon against quiescent tumour 

cells and cancer stem cells, which might help minimise risks of tumour relapse. It is highly 

expected that further improvements in the design of therapeutic genes and the intra-tumoural 

expression efficiency of therapeutic proteins by proteolytic Clostridia will make recombinant 

proteolytic Clostridia a potent novel anti-cancer therapeutics. In addition, the combined 

therapeutic modalities of proteolytic clostridial spores with therapeutic mAbs and 

immunotoxins might also become promising novel anti-cancer therapies.    
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