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Conventional tumour therapies pose significant adverse effects to the patients and
this brings the need for the development of therapy that is more tumour specific
while not affecting the patients negatively. Bacterial mediated tumour therapy is
now studied intensely in hope of finding a therapy that accumulate in tumours
specifically while activating the patient's system to eliminate tumours more
efficiently. Utilising bacteria as tumour therapy is found to be attractive, as these
organisms could be genetically modified to be less pathogenic and express tumour
suppressing proteins and in case of severe infections antibiotics could be used.
Salmonella Agona (S. Agona) had been shown to have similar tumour suppression
capabilities as Sa/monella Typhimurium (S. Typhimurium) with reduced systemic
effects to the tumour-bearing mice. S. Agona was then genetically modified to have
its AsopBAsopDAleuBAargD genes attenuated (BDLA S. Agona) which showed no
clinical signs of systemic infections in dogs, better efficacy to suppress tumours
compared to other S. Agona auxotrophs and reduced virulence when tested in
tumour-bearing mice. However, it was observed that multiple administrations of
the treatment did not increase tumour suppression efficacy, suggesting immunity of
the patients reduces the tumour suppression capacity of the BDLA S. Agona strain.
The ubiquitous nature of the strain could mean that most of individuals are exposed
to the strain and have Salmonella-specific antibodies that could reduce tumour
targeting and suppression capabilities. A strategy to overcome this is by
encapsulating the bacteria in biodegradable polymers, such as Poly(allylamine
hydrochloride) (PAH) to allow the strain to escape neutralising antibodies and
possibly improve accumulation in tumours. This study aims to investigate the use
of PAH coating on the BDLA S. Agona to enhance its capabilities as tumour
targeting and suppressing agent and to evaluate the cytokine profiles and
histopathology following the PAH-coated BDLA S. Agona treatment in naive and
immunised tumour-bearing mice. The Smg/mL PAH-BDLA S. Agona treatment
showed improvement in tumour targeting capabilities in naive mice with 1.038



times more accumulation in tumours compared to BDLA S. Agona treated naive
mice. The Smg/mL PAH-BDLA S. Agona treatment also showed improved tumour
suppression capabilities in immunised mice, especially on day 12 (T/C ratio of
0.65) and day 15 with mean tumour volume (0.6 fold) and relative tumour growth
(0.77 fold) compared with BDLA S. Agona treated group. From the H&E analysis,
it is observable that immunised subjects receiving Smg/mL PAH-BDLA S. Agona
showed no inflammation and few microabscesses in liver, smallest lymphoid
follicles in the spleens and reduced lymphoid aggregate in small intestines.
Smg/mL PAH-BDLA S. Agona treatment showed the least increment in cytokines
systemically (mean of IL-1B: 0.3147 and TNF-a: 0.1540 pg/gm) in immunised
subjects, while statistically significant at p < 0.05 for induction of TNF-a (3.079
pg/gm) in tumours was observed in naive subjects which is beneficial in tumour
suppression. This study justifies the use of Smg/mL. PAH-BDLA S. Agona as
tumour therapy and future development as drug delivery agent as it showed
improved tumour targeting and suppressing capabilities with lesser systemic effects
to subjects.
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Terapi tumor konvensional memberi kesan buruk kepada pesakit dan ini membawa
kepada perlunya pengembangan terapi tumor yang lebih spesifik terhadap tumor
dan tidak memberi kesan negatif kepada pesakit. Terapi tumor yang dimediasi oleh
bakteria kini dikaji secara mendalam dengan harapan untuk menemukan terapi
yang terkumpul pada tumor secara khusus dan mengaktitkan sistem pesakit untuk
menghapuskan tumor dengan lebih berkesan. Penggunaan bakteria sebagai terapi
tumor dianggap menarik, kerana organisma ini dapat diubah secara genetik untuk
menjadi kurang patogenik dan mengekspresikan protein penindas tumor secara
khusus kepada tumor. Kesan buruk bakteria juga mudah dikawal kerana antibiotik
dapat digunakan jika terjadi jangkitan yang teruk. Sa/monella Agona (S. Agona)
terbukti mempunyai kemampuan penindasan tumor yang serupa dengan
Salmonella Typhimurium (S. Typhimurium) tetapi dengan pengurangan kesan
sistemik pada tikus yang menghidap tumor. §. Agona kemudian diubahsuai secara
genetik agar gen AsopBAsopDAleuBAargD dilemahkan dan diistilahkan sebagai
BDLA S. Agona yang tidak menunjukkan tanda-tanda klinikal jangkitan sistemik
berikutan pemberian kepada anjing, keberkesanan yang lebih baik untuk menindas
tumor berbanding dengan S. Agona auxotroph lain dan mengurangkan virulensi
ketika diuji pada tikus yang menghidap tumor. Walau bagaimanapun, diperhatikan
bahawa penambahan jumlah rawatan tidak meningkatkan keberkesanan penindasan
tumor, menunjukkan imuniti pesakit mengurangkan kapasiti penindasan tumor dari
strain BDLA S. Agona. Sifat strain yang sentiasa ada di mana-mana mungkin
bermaksud bahawa kebanyakan individu terdedah kepada strain dan menghasilkan
antibodi khusus Sa/monella yang dapat mengurangkan penyasaran dan penindasan
terhadap tumor oleh strain yang dikaji. Strategi untuk mengatasinya adalah dengan
memasukkan bakteria ke dalam polimer yang terbiodegradasi, seperti
Poly(allylamine hydrochloride) (PAH) untuk membolehkan strain itu terselamat
dari antibodi peneutralan dan mungkin meningkatkan pengumpulan tumor. Kajian
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ini dijalankan bertujuan untuk meniliti penggunaan salutan PAH pada BDLA S.
Agona untuk meningkatkan keupayaannya sebagai agen penyasaran dan
penindasan tumor serta menilai profil sitokin dan histopatologi berikutan rawatan
BDLA §. Agona yang dilapisi PAH pada tikus naif dan yang diimunisasi yang
menghidap tumor. Rawatan S5mg/mL PAH-BDLA S. Agona menunjukkan
peningkatan keupayaan menyasar tumor bagi tikus naif dengan pengumpulan 1.038
kali lebih banyak pada tumor berbanding dengan tikus naif yang dirawat BDLA S.
Agona. Tikus yang diimunisasi dan dirawat dengan Smg/mL PAH-BDLA S. Agona
menunjukkan peningkatan keupayaan penindasan tumor, terutama pada hari ke-12
(nisbah T/C 0.65) dan pada hari ke-15 dimana purata isipadu tumor (0.6 kali ganda)
dan pertumbuhan tumor relatif (0.77 kali ganda) berbanding tikus yang dirawat
BDLA S. Agona. Kajian histologi menunjukan bahawa tikus yang diimunisasi
tidak menunjukan sebarang keradangan dengan jumlah mikroabses di hati yang
berkurangan, saiz folikel limfoid yang terkecil di limpa dan kewujudan agregat
limfoid yang berkurangan di usus kecil. Rawatan Smg/mL PAH-BDLA S. Agona
juga menunjukkan kenaikan sitokin (purata IL-1f: 0.3147 dan TNF-a: 0.1540
pg/gm) bagi tikus yang telah diimunasasi, dan kenaikan yang ketara secara statistik
dengan p < 0.05 bagi TNF-a (3.079 pg/gm) di dalam tumor bagi tikus naif yang
bermanfaat dalam penindasan terhadap tumor. Penemuan ini menunjukan bahawa
Smg/mL PAH-BDLA §. Agona dapat dikembangkan dengan lebih lanjut sebagai
vektor penyampaian ubat yang menyasarkan tumor kerana ia menunjukan
penambahbaikan dalam penindasan dan penyasaran terhadap tumor dengan kesan
sampingan yang kurang.
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CHAPTER 1
INTRODUCTION

1.1 Research Problem

Solid tumours refer to abnormal masses, which generally consists of a solid centre
rather than filled with cyst or liquid. Solid tumours are classified either as
malignant (cancerous) or benign (non-cancerous), and the names derived from the
type of cells that forms them (National Cancer Institute, 2019a). Both benign and
malignant tumours often require conventional interventions such as surgery,
radiotherapy and chemotherapy. These interventions often pose significant adverse
effects to the patients since it is very invasive, unspecifically targets tumour tissues
and chemotherapeutic drugs had been reported to cause cardiotoxicity in patients
(Han, Kee, & Hong, 2018; Polk, Vaage-Nilsen, Vistisen, & Nielsen, 2013). Besides
that, these interventions are only successful in the eradication of localised and
primary tumours (Saga & Kaneda, 2013; Lee, Wu, & Shiau, 2005a). These
limitations account for continuous research and development for tumour
therapeutics that are less invasive, targets the tumours specifically and could be
used as a tool for drug delivery directly into the tumours.

Bacterial cancer therapeutics offers advantages over conventional therapies as it is
able to migrate to regions of tumours that are not possible for passive
chemotherapeutics drugs, have the ability to specifically target tumours and can be
genetically modified to increase its effectiveness (Forbes, 2010; Forbes, 2006). The
intentional use of bacteria as tumour therapy agent dates to the early 20™ century
when American physician William B. Coley also known as the ‘father of
immunotherapy of cancer’ developed Coley’s toxin, which is a bacterial mixture as
tumour therapy (Forbes et al.,, 2018). A wide range of bacteria species, for
example, Bifidobacterium, Salmonella and Clostridium spp. had been studied for
its potential as tumour therapy agent and even for imaging purposes as an ideal
tumour therapy agent should be inexpensive, target and replicates in the tumour
specifically as well as have the capacity for therapeutic delivery (Morrissey,
Sullivan, & Tangney, 2010). Salmonella, being an obligate anaerobe, have the
advantage to colonise both big tumours with hypoxic centres and small tumours
with a non-hypoxic condition (Leschner & Weiss, 2010). Up to date, only Bacillus
Calmette-Guerin (BCG), a live bacterial therapy is approved by the FDA and used
for the treatment of non-muscle invasive bladder cancer (Lehouritis, Hogan, &
Tangney, 2017). The VNP 200009 is the only Salmonella strain evaluated in phase I
clinical study for the treatment of nonresponsive metastatic melanoma or renal cell
carcinoma (Wang, Kazmierczak, & Eisenstark, 2016). However, from the clinical
trial, it was reported that this strain showed poor tumour colonisation (Leschner &
Weiss, 2010).

As the bacteria infiltrate the tumours and start replicating, the tumours would be
starved to death and intracellular replication of Salmonella specifically would



cause the tumours to burst or induce cell death via apoptosis or autophagy (Forbes
et al., 2018; Uchugonova et al., 2015; Lee et al.,, 2014; Wall, Srikanth, &
McCormick, 2010). The outer components of Salmonella, such as
lipopolysaccharides (LPS) and flagellin elicits responses at the cellular level which
controls proliferation, apoptosis and even enhance antigenicity of tumours to
trigger the immune response against tumours (Patyar et al., 2010). The LPS had
also been shown to induce tumour necrosis factor-alpha (TNF-a) and interleukin 1
beta (IL-1PB) secretion which is essential for efficient tumour colonisation and
induction for haemorrhagic necrosis which is essential for bacterial invasion and
even have early and strong anti-tumour response (Frahm et al., 2015; Kim et al.,
2015).

The properties that allow such bacteria to invade tumours creates concern of the
possibility of invading major organs and causing infection to the patients,
especially immunosuppressed patients and a strategy to overcome this is by
developing ideal tumour targeting bacterial strain that has reduced virulence and
colonise tumours specifically (Zia et al., 2021; Taniguchi et al., 2010). Another
strategy is by using a less pathogenic strain, which could solve the issue of
pathogenicity of the bacterial therapy towards the patients, and this is where
Salmonella Agona (S. Agona) comes into context. S. Agona was recovered from
‘ulam’, which are normally eaten raw and taking into consideration the rarity of an
outbreak related to this strain this suggests the possibility of lower pathogenicity of
this strain compared to Salmonella Typhimurium (S. Typhimurium) (Khoo, Sim,
Salleh, & Cheah, 2015; Salleh et al., 2003).

The AsopBAsopDAleuBAargD attenuated Sal/monella Agona (BDLA S. Agona)
strain had shown better efficacy to suppress tumours as compared to other
auxotrophs and reduced wvirulence, however, it was noted that multiple
administration of the treatment did not increase the tumour suppression efficacy of
the treatment (Gwee, Khoo, Yeap, Tan, & Cheah, 2019). Since Salmonella is
ubiquitous and found everywhere, approximately 20% of the human population
displays an active antibody titer against Sa/monella (Felgner et al., 2018). This
results in the development of immunity against this pathogen and the production of
Salmonella-specific immunity reduces the tumour targeting activity of the strains
(Lee, Wu, Chen, & Shiau, 2009). Felgner et al. (2018) reported that Salmonella
SL7207 and E. coli Symbioflor-2 strains lost more than 50% of its tumour clearing
efficacy in immunised mice compared to naive mice.

A strategy to overcome this is by encapsulating the bacteria with a biodegradable
polymer, such as Poly(allylamine hydrochloride) (PAH) which renders inactivation
of the bacteria by existing neutralising antibodies present in the subjects hence
improving the target of the strains to tumours (Lee, Lin, Hsieh, Chen, & Kuo,
2013). Lee et al. (2013) reported that the PAH capsulated Salmonella Choleraesuis
(S. Choleraesius) was shown to be shielded from the neutralising antibodies and
was showed to display lower toxicity and improved efficacy and safety (Lee et al.,
2013). This method was adopted in this study to observe the effect of PAH
encapsulation on the S. Agona strains, both wild and the BDLA S. Agona strains.



Hence, it is necessary to evaluate tumour therapy capabilities and effects of PAH-
coated BDLA S. Agona towards tumour-bearing mice in the hope of finding a
better tumour therapy agent, hence this study was conducted.

This thesis comprises of six chapters, starting with Chapter 1, which includes the
introduction to the research topic, the problem statement, the hypothesis and
objectives of the study. It is followed by Chapter 2, which discusses the history,
advantages and current literature regarding bacterial mediated tumour therapy
(BMTT), which mainly utilises the Salmonella strain. Chapter 3 describes the first
working chapter of the thesis, which answers the first objective of the thesis. By
utilising BacterioScan™ and gentamicin assay, the effects of PAH coatings on the
basic phenotypes (growth, size and invasiveness) of the strains are investigated.
The outcomes of this chapter justify the decision to proceed with the study by
utilising Smg/mL PAH-coated BDLA S. Agona to further study its capabilities for
tumour targeting and tumour reduction capabilities. Chapter 4 describes the second
working chapter which answers the second objective of the thesis, which is to
evaluate the tumour targeting and suppression capabilities of Smg/mL PAH-coated
BDLA S. Agona in mice with different immune profiles. The tumour latency due to
immunisation, changes of tumour volumes, relative tumour volume and
biodistributions of Smg/mL PAH-coated BDLA S. Agona in vivo were studied and
discussed in this chapter. The following chapter (Chapter 5) answers the third
objective of the thesis, which is to evaluate the cytokines profile, IL-1 and TNF-a
in serum and tumours. The Haematoxylin and Eosin (H&E) sections of various
organs and utilisation of terminal deoxynucleotidyl transferase-mediated nick-end
labelling (TUNEL) assay on tumour sections allowed the effects on multiple tissues
and the percentage of apoptosis of tumour cells were evaluated following the
treatments. Figure 1.1 represents the methodologies used throughout the study,
respective to the chapters.



Methodology

PROCEDURES
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: Preparation of PAH-coated Salmonella (Lee et al., 2013)
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Figure 1.1 : Flowchart of the methodologies in this study

The flowchart summarises the methodologies used throughout the study.

Chapter 6 summarises and conclude the thesis by discussing the outcomes of the
study, describing the limitation of the study and providing future recommendations
for research to enhance knowledge in this area. Figure 1.2 is the conceptual
framework that describes the studies that were previously carried out, furthering
into the current research under the same project.
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1.2 Hypothesis

We hypothesised that the PAH-coated BDLA S. Agona might show improved
tumour targeting and suppressing capabilities as well as reduced pathogenicity and
systemic adverse effects towards the subjects.

1.3 Objectives
1.3.1 General Objectives

This study aimed to investigate the use of PAH-coated BDLA S. Agona as an
improved tumour targeting and suppressing tumour therapy agent and to study the
effects of administration of the treatment.

1.3.2 Specific Objectives of the Study

The specific objectives of this study were:

a. to determine the differences between Sa/monella strains and the effects of
different concentrations of PAH coatings on the basic phenotype of the
strains (Chapter 3).

b. to evaluate the tumour targeting and suppression capabilities of PAH-coated
BDLA S. Agona in mice with different immune profiles (Chapter 4).

c. to evaluate the cytokine profile and histopathology findings following
utilisation of PAH-coated BDLA S. Agona as tumour targeting and
suppression agent in tumour-bearing mice (Chapter 5).

1.4 Significance of the Study

The current study will provide a better understanding of the effects of utilisation of
BDLA S. Agona as a tumour targeting and suppressing agent as well as the
possibility of improvement of these capabilities and the utilisation of PAH coating
on the strain to reduce adverse effects on the subjects.
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