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Abstract 

Bacillus subtilis displaying heterologous antigens show promising efficacy for mucosal 

immunisation against various viral and bacterial pathogens. In this work, THY-X-CISE 

system was used to engineer thymine auxotrophic B. subtilis strains to express 

immunogenic antigens from severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) and Helicobacter pylori on their spore surface. This system ensures containment 

of genetically modified (GM) Bacillus spores by inducing cell death upon exogenous 

thymine depletion. It also eliminates the need for antibiotic resistance gene markers, 

relying solely on thymine auxotrophy for positive selection. 

The immunogenicity and efficacy of thymine auxotrophic spores against SARS-CoV-2 

and H. pylori were evaluated, along with their ability to induce mucosal immune 

responses. In murine experiments, a prime-mucosal spore boost strategy using thymine 

auxotrophic spores expressing SARS-CoV-2 antigens evoked antigen-specific mucosal 

IgA and is potentially protective, as shown in a hamster model of SARS-CoV-2 infection. 

Additionally, oral immunisations with thymine auxotrophic spores displaying H. pylori 

antigens induced mucosal responses and significantly reduced H. pylori colonisation in 

mice following challenge.  

In summary, the THY-X-CISE spore vaccine platform is attractive due to its potential for 

biological containment, rapid and cost-efficient vaccine production, and heat stability. 

Utilised as a mucosal booster or prophylactic vaccine, spore vaccines could benefit in 

addressing current and future emerging diseases, enhancing both systemic and mucosal 

immunity across various viral and bacterial diseases. 
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CHAPTER 1: Introduction 

1.1 Growth and sporulation of Bacillus subtilis   

Bacillus subtilis is a rod-shaped, Gram-positive spore-forming bacteria that was 

originally described as Vibrio subtilis in 1835 by Christian Gottfried Ehrenberg 

(Ehrenberg, 1835) and was renamed in 1872 by Ferdinand Cohn (Cohn, 1872). It is 

classified as an obligate aerobic bacterium that is ubiquitous, but commonly found in the 

soil (Nicholson, 2002). B. subtilis is not pathogenic or toxigenic and is considered safe 

for human consumption as a dietary supplement and is currently used as a probiotic 

supplement in animal feeds (Cutting, 2011; Sorokulova et al., 2008).  

B. subtilis is recognised as a model prokaryote that offers a unique model system to 

understand cell division because of its ability to undergo symmetrical cell division (Levin 

et al., 1998) and asymmetrical cell division (Ben-Yehuda & Losick, 2002). During 

vegetative growth, the rod-shaped bacterium replicates via a binary fission process which 

precisely occurs in the midpoint of the rod, resulting in the formation of two identical 

daughter cells, and this process typically occurs when the conditions are favourable 

(Angert, 2005; Levin et al., 1998). Sporulation occurs when the vegetative cell is exposed 

to nutrient-deprived conditions and takes approximately 8 hours to complete and is 

controlled by a genetically regulated process (Hosoya et al., 2007). Sporulation is 

initiated through asymmetrical cell division in which a septum forms in the polar region 

of the vegetative cell. This process produces two distinct morphological cell types that 

are genetically identical: a larger mother cell and a smaller cell type referred to as a 

forespore. These cells remain in close contact and are connected by the external cell wall. 

Subsequently, the mother cell engulfs and encloses its membrane around the forespore, 
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which leads to the formation of an outer coat. The forespore eventually matures into a 

dormant spore that is partially dehydrated. Programmed cell lysis of the mother cells leads 

to the release of the mature spore into the environment (Hosoya et al., 2007; Khanna et 

al., 2020; Riley et al., 2021; I. S. Tan & Ramamurthi, 2014). A diagrammatic 

representation of this cycle is displayed in Figure 1.1. Exposure to favourable conditions 

triggers the spore to germinate and resume the vegetative cell cycle (Cano & Borucki, 

1995; Nicholson et al., 2000).  

 

Figure 1.1. The sporulation cycle in B. subtilis. (Stage 0) The chromosome replicates 

in the vegetative cell. (Stage I) Asymmetric cell division and septum formation occur 

resulting in two compartments, the smaller forespore and the larger mother cell. DNA 

translocase pumps one copy of the chromosome into the forespore. (Stage II) The 

mother cells engulf the forespore by enclosing its membrane around the forespore. 

(Stage III) The cortex and coat are synthesised forming a double membrane forespore 

in the mother cell. (Stage IV) The forespore undergoes maturation, followed by lysis 

of the mother cell and the spore is released into the environment. Modified from 

(McKenney et al., 2013). 
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1.2 B. subtilis spore structure 

The spore has an elliptical shape and is made up of three major layers which can be 

visualised by transmission electron microscopy, illustrated in Figure 1.2. There are many 

factors contributing to the survival and dormancy state of the spore, including the most 

inner core which contains a condensed and inactive chromosome that is bound by small 

acid-soluble proteins (SASPs) that protect the DNA from damage (B. Setlow & Setlow, 

1987). There is evidence suggesting that the absence of SASPS makes spores more 

susceptible to DNA damage following exposure to UV radiation (B. Setlow & Setlow, 

1987) and hydrogen peroxide (B. Setlow & Setlow, 1993). The cortex comprises a thin 

peptidoglycan layer that surrounds the inner core of the spore. Although, the precise role 

of the cortex remains unclear, it has been proposed that the cortex maintains the partially 

dehydrated state of the spore. The ability of spores to survive extreme temperature 

conditions is attributable to the spores partially dehydrated state. This dehydration process 

reinforces the spores resilience and enhances its resistance to extreme temperatures (Imae 

et al., 1976; Mallidis & Scholefield, 1987; McKenney et al., 2013; Ulanowski & Ludlow, 

1993). Lastly, the proteinaceous spore coat is assembled around the cortex and is further 

divided into two layers, a thin inner coat (75 nm wide) and a thick outer coat (70-200 nm 

wide) (Driks, 1999). The spore coat also contributes to spore survival by providing 

protection against enzymatic assaults such as lysozymes (Driks, 1999; Moir, 1981; Zheng 

et al., 1988).  
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Figure 1.2. Schematic diagram and electron micrograph of B. subtilis spore. The 

spore structure consists of multiple layers that surround the genome, which is located 

in the central core. The spore coat consists of three layers: the inner coat, the outer 

coat and the crust (McKenney et al., 2013). The electron micrograph was reproduced 

from (McKenney et al., 2010). 

1.2.1 Spore coat  

The spore coat develops late in sporulation, precisely during forespore maturation. This 

layer completely degrades when the released spore germinates (Zilhão et al., 2005). The 

coat is made up of two distinct layers, a lamella-like inner coat and an electron-dense 

outer coat (P. Setlow, 2006). The spore coat is a proteinaceous structure that contributes 

to approximately 10% of a single spore’s total dry weight and 25% of its total protein 

(Munoz et al., 1978). There are approximately 70 proteins, and only a small subset of 

these proteins are required for coat morphogenesis (Henriques & Moran, 2007; Munoz et 

al., 1978). For instance, GerE is responsible for the formation of the lamella-like inner 

coat layer. B. subtilis spores carrying a gerE mutation have a defective inner coat, as 

evidenced by an increase in the sensitivity of these spores to lysozyme (Henriques & 

Moran, 2007; Moir, 1981). GerE also plays a role in regulating the expression of other 

morphogenic proteins including CotX, CotY and CotZ. The CotXYZ proteins are 

responsible for the formation of the crust layer that surrounds the outer coat, and it has 
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been reported that these proteins might influence the way the spore interacts with the 

environment. However, the exact mechanisms by which CotXYZ impacts the spores 

physiology and behaviour are not fully understood (McKenney et al., 2010; Moir, 1981; 

Sacco et al., 1995; J. Zhang et al., 1993; Zheng et al., 1988). Lastly, CotE is a 21 kDa 

morphogenic protein that is expressed during the early stages of spore coat formation and 

assembles onto the coat. It is responsible for the formation of the outer coat and regulates 

the expression of outer coat proteins including CotA, CotB, CotC and CotG (Driks, 1999; 

Zheng et al., 1988). Overall, the coat protects spores against environmental stress factors 

including (but not limited to) nutrient starvation, acidity, elevated temperature, radiation, 

desiccation and microorganisms that ingest and digest bacteria (Errington, 2003; 

Nicholson et al., 2000, 2002; P. Setlow & Johnson, 2019; Stragier & Losick, 1996). It 

also provides protection against lytic enzymes that target and degrade the spore cortex. 

Such enzymes are produced by predatory organisms including bacteriophages and 

unicellular eukaryotes (Driks, 1999). In addition to providing resistance to extreme 

environmental conditions, the spore coat is also involved in the process of germination, 

which is when a spore responds to nutrients in the environment and transitions from 

dormancy to a metabolically active vegetative state (Driks, 1999). 

1.2.2 B. subtilis spore surface display of recombinant proteins  

Microbial surface display systems refer to the use of genetic engineering tools to display 

heterologous proteins and peptides on the surface of biological entities (J. Kim & 

Schumann, 2009). A prominent surface display system referred to as the phage display 

system, was first developed by George Smith in 1985. This system entails fusing a 

heterologous gene with a phage capsid gene, followed by its integration into the genome 



6 

 

 

of the filamentous phage. Upon expression, the fusion protein is then displayed on the 

surface of the phage (G. P. Smith, 1985). Since then, surface display systems have 

expanded to various biological entities such as bacterial spores (Isticato et al., 2001), non-

spore forming bacteria (Freudl et al., 1986), yeast (Boder & Wittrup, 1997) and insect 

cells (Y. Wang et al., 2005). These systems have found applications in biomedical and 

biotechnological fields. Some of these applications involve developing whole-cell 

biocatalysts by immobilising enzymes, creating biosensors, producing bioabsorbents for 

the removal of hazardous chemicals and heavy metals, and facilitating the delivery of 

vaccines (Braun et al., 2018; H. Chen et al., 2017; Han et al., 2018; Tafakori et al., 2012). 

While microbial surface display systems have become increasingly versatile and useful 

for various biomedical and biotechnological purposes, it is important to acknowledge the 

potential drawbacks associated with these systems. For example phage (J. Castillo et al., 

2001), yeast (S. Park et al., 2006) and bacterial (Georgiou et al., 1997) display systems 

have limitations in the size of proteins that can be displayed on the surface, large proteins 

can affect the structure of the anchoring protein on the surface. Furthermore, bacterial 

surface display systems lack post-translational modification processes that eukaryotic 

proteins require for correct folding. Although yeast surface display systems offer many 

advantages such as correct protein folding and glycosylation of proteins, they are also 

prone to excessive protein glycosylation which might contribute to the misfolding of 

muti-subunit proteins (S. Park et al., 2006; Shukla et al., 2017; Spadiut et al., 2014). In 

spite of this, B. subtilis spore surface display systems, have been extensively studied and 

offer a promising approach for presenting heterologous proteins on the surface with high 

stability and activity (Petrillo et al., 2020). To successfully display heterologous proteins 

on the spore surface, several factors must be considered. Firstly, a translational fusion 
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must be constructed by fusing the heterologous gene to the coding gene of an anchor 

protein (e.g. CotB, CotC, and CotG) (J.-H. Kim et al., 2005; Ning et al., 2011). Secondly, 

the fusion gene must be integrated into the coding sequence of a non-essential gene such 

as the alpha-amylase (amyE) locus of B. subtilis which encodes a non-essential α-

amylase. Successful recombination and integration of the fusion gene at the amyE locus 

disrupts the amyE gene and prevents the production of α-amylase (Shimotsu & Henner, 

1986). The threonine (thrC) locus is another integration site and the insertion of a fusion 

gene at this locus disrupts the thrC gene resulting in threonine auxotrophy (A. M. 

Guérout-Fleury et al., 1996; Ricca & Cutting, 2003). Additionally, an important factor 

that determines whether heterologous proteins are assembled correctly on the spore 

surface without loss of protein function is the site of fusion. Heterologous proteins can be 

genetically fused to the N- terminus, C- terminus or the middle (sandwich fusion) of an 

anchor protein (Isticato et al., 2001; Ricca & Cutting, 2003). A study showed that when 

the C-terminal fragment of the tetanus toxin (TTFC) was fused to the C-terminal end of 

a full-length CotB (380- amino acids), the heterologous protein failed to correctly 

assemble on the spore surface (Isticato et al., 2001). It is proposed that failure to assemble 

on the spore surface could be due to the three 27-amino acid repeats of CotB. Deletion of 

the three 27-amino acid repeats (CotBΔ105 has 275- amino acids) and fusion of TTFC to 

CotBΔ105 (CotBΔ105-TTFC) resulted in the correct assembly of TTFC on the spore 

surface. Additionally, fusion of TTFC to the N-terminal and the middle of CotBΔ105 

resulted in the correct assembly of the protein on the spore surface. This suggests that the 

construction of a stable fusion (CotB-heterologous protein) is achieved by deleting the 

three 27-amino acid repeats of CotB (Isticato et al, 2001). CotC is another surface protein 

that can be used as an anchor protein and successful spore surface display depends on the 



8 

 

 

location in which the heterologous protein is fused to. For instance, there was a 5-fold 

increase in the efficiency of display when TTFC was fused to the N-terminal end of CotC 

rather than the C-terminal end of CotC (Isticato et al., 2007).  

1.3 Mucosal delivery of recombinant B. subtilis spore vaccines  

Genetically engineered B. subtilis spores displaying heterologous antigens on their 

surface have been shown to offer promise as a platform for the mucosal delivery of 

vaccine antigens (Duc et al., 2003; S. Lee et al., 2010; Permpoonpattana et al., 2011; 

Reljic et al., 2013). The safety of B. subtilis is well characterised, given its widespread 

use as a probiotic. It is non-pathogenic and lacks indigenous virulence genes that are 

found in the pathogenic bacteria of the genus Bacillus, rendering it an ideal model host 

for vaccine delivery systems (de Souza et al., 2014; Hong et al., 2005; Sorokulova et al., 

2008). 

Mucosal surfaces including, those of the nasopharyngeal, pulmonary, and gastrointestinal 

tracts are natural barriers to infection and are constantly exposed to foreign antigens. Most 

vaccines are currently delivered systemically, targeting pathogens that have already 

surpassed the mucosal barrier, and as a result, systemic immunisations typically induce 

the production of systemic immunoglobulin G (sIgG), which are less effective against 

mucosal infections (Bleier et al., 2021). The development of vaccines that elicit a strong 

immune response against mucosal infections could be an effective strategy to prevent 

infection at the mucosal surfaces (Vela Ramirez et al., 2017; Woodrow et al., 2012). 

Mucosal vaccines elicit immune protection by stimulating the production of both 

secretory immunoglobulin A (sIgA) at the mucosal site of delivery and IgG at distant 
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organs (Amuguni et al., 2012; Y. Du et al., 2021; Hoang et al., 2008; Jearanaiwitayakul 

et al., 2021; Permpoonpattana et al., 2011; Rossi et al., 2014; Y. Yang et al., 2018). The 

development of mucosal vaccines faces numerous challenges that are linked to the innate 

defence mechanisms of mucosal surfaces, including pH, enzymes and biological barriers 

(mucus). These factors limit the uptake of vaccine antigens, thereby impeding vaccine 

efficacy. The successful induction of both sIgA and IgG antibodies requires the 

development of mucosal vaccines that can efficiently deliver stable and active vaccine 

antigens across mucosal barriers (Alu et al., 2022; Vela Ramirez et al., 2017).  

B. subtilis spores have been shown to carry natural mucosal adjuvant properties (Barnes 

et al., 2007) and have also been shown to act as immunomodulators and specifically by 

inducing innate immunity (Song et al., 2012). Spores of B. subtilis have been successfully 

used as a platform for delivering recombinant vaccine antigens via the oral and nasal route 

(Table 1.1). A study showed that the oral administration of recombinant spores expressing 

a C-terminal domain of Clostridium difficile toxin A (TcdA26–39) generated sIgA 

antibodies which protected against C. difficile infection (CDI) (Hong et al., 2017). In 

contrast, parenteral administration of toxoids A and B generated IgG antibodies but failed 

to provide protection against CDI (Kociolek & Gerding, 2016; Kotloff et al., 2001). 

Copland et al, (2018) showed that intranasal boosting of BCG primed mice with B. 

subtilis spores genetically engineered to express Ag85B and ACR (spore-FP1) on the 

spore surface showed increased levels of antigen-specific IgG in the serum and IgA in the 

lung mucosal surfaces. Additionally, the immunisation of BCG-primed mice with spore-

FP1 showed enhanced protection in a low-dose aerosol Mycobacterium tuberculosis 

challenge model, compared to BCG alone (Copland et al., 2018). Together this 
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demonstrates the potential applicability of recombinant spores as mucosal vaccines but 

also offers insight into the mechanisms of B. subtilis spores as a platform for the 

development of mucosal vaccines.  

  



11 

 

 

Table 1.1. Examples of studies demonstrating the production of antigen-specific 

antibodies and/or protection following immunisations with recombinant Bacillus spores. 

Target 

pathogen 

Route of 

delivery 

Animal 

model 

Immune 

response or 

protection 

Efficacy Reference 

C. difficile Oral Hamster Protective and 

cross-reactive 

neutralising 
polymeric 

antibodies 

75% (Permpoonpattana 

et al., 2011) 

 
 

Influenza 
(H5N2) 

 

 

 
 

Influenza 

(H1N1) 

Nasal 
 

 

 

 
 

Nasal 

Mouse 
 

 

 

 
 

Mouse 

Protective 
mucosal, systemic 

and    

cell-mediated 

responses 
 

Protective lung 

mucosal and 
systemic immune 

responses  

100% 
 

 

 

 
 

100% 

 

(Song et al., 2012) 
 

 

 

 
 

(D. Ma et al., 

2023) 
 

 

Clostridium 

tetani 

Sublingual 

and Oral 
 

Hamster Protective 

systemic and  
mucosal  

responses and  

neutralising 
antibodies to    

toxins 

100% (Hong et al., 

2017) 

B. 

anthracis 

i.p 

injection 
 

 

i.p 
injection 

Oral and 

Nasal  

 

Mouse 

 
 

 

Mouse 

Protective serum 

antibody 
responses 

 

Protective toxin 
neutralising 

antibody in sera, 

and IgA in saliva 

100% 

 
 

 

90 to 
100% 

(Duc et al., 2007) 

 
 

 

(Y. Oh et al., 
2020) 

H. pylori  Oral Mouse Protective serum 

IgG and faecal 

IgA and reduction 
in bacterial load  

90.5% (Z. Zhou et al., 

2017a) 

 
 

 

White spot 

syndrome 
virus  

Oral Shrimp N/A 65% (A. T. V. Nguyen 

et al., 2014) 
 

S.enterica  

Typhi 

s.c. 

injection 

Mouse Protective serum 

antibody 
responses 

50% (Ghorbani et al., 

2021) 
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1.4 Helicobacter pylori as a human pathogen 

The main functions of the stomach are to initiate digestion and to act as a defensive barrier 

against orally ingested infectious microorganisms (Martinsen et al., 2005). This is 

achieved by its ability to secrete gastric juice which is composed of gastric acid and 

pepsin, a proteolytic enzyme (Goo et al., 2010; Schubert, 2011). This creates a hostile 

gastric environment, and as a result, the gastric mucosa was formerly considered sterile. 

However, the concept of gastric microbiology changed in 1982, when Barry Marshall and 

Robin Warren discovered and isolated the Gram-negative bacterium Helicobacter pylori 

from the gastric mucosa (B. Marshall & Warren, 1984). Following this discovery, 

Marshall and Warren applied Koch’s postulate method by orally inoculating a culture of 

H. pylori and subsequently developed gastritis (B. J. Marshall et al., 1985). Later, Thomas 

Borody confirmed the link between H. pylori and peptic ulcers by developing a triple 

therapy regimen consisting of bismuth, metronidazole and tetracycline which was shown 

to cure gastritis and eradicate H. pylori infection, thus preventing the recurrence of peptic 

ulcers (Borody et al., 1987, 1989). 

H. pylori was formerly known as Campylobacter pyloridis and was originally assigned 

the Campylobacter genus due to its broad phenotypical similarities with C. jejuni. 

Subsequent genomic, phylogenetic and ultrastructural analysis revealed that this 

bacterium did not belong to this genus, and this prompted the creation of the genus 

Helicobacter and the species Helicobacter pylori in 1989 (Goodwin et al., 1989). H. 

pylori is a microaerophilic bacterium that belongs to the taxonomic Class of 

Epsilonproteobacteria, of the phylum Proteobacteria (Tomb et al., 1997). It is a spiral-
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shaped bacterium measuring approximately 2 to 4 μm in length and 0.5 to 1 μm in width, 

and contains 5 to 7 polar-sheathed flagella essential for motility (Goodwin et al., 1986).  

In 1994, the International Agency for Research on Cancer (IARC), classified H. pylori as 

a class I human carcinogen (IARC, 1994). This was later confirmed by a succession of 

studies that investigated the correlation between H. pylori infection and gastric cancer 

using animal models of infection. Mongolian gerbils are considered one of the best 

models to study the effect of H. pylori infection because it recapitulates many features of 

H. pylori induced gastritis, peptic ulcers, intestinal metaplasia and carcinogenesis 

(Hirayama et al., 1996; Honda et al., 1998; Matsumoto et al., 1997; Noto et al., 2016; 

Ohkusa et al., 2003; Yokota et al., 1991). Watanabe et al, evidenced that Mongolian 

gerbils orally inoculated with H. pylori developed chronic gastritis which progressed to 

ulcers and eventually 37% of infected animals developed adenocarcinoma after 62 weeks 

of infection (Watanabe et al., 1998). This was further supported by longitudinal cohort 

studies (Chow et al., 1998; Hansen et al., 1999; Hansson et al., 1996; Uemura et al., 

2001). Hansen et al, performed a nested case-control study consisting of over 100 000 

patients who were followed-up for over 12 years. They showed that H. pylori infection 

increases the risk of developing distal gastric cancer by nine-fold compared to H. pylori-

negative individuals (Hansen et al., 1999). Another study by Uemura et al, evaluated 1, 

526 Japanese patients with pre-existing ulcers at the time of enrolment. In this study, 

approximately 82% of these individuals were confirmed to have H. pylori infection, and 

of these individuals, 3% developed gastric cancer (Uemura et al., 2001). These studies 

provide strong evidence that H. pylori infection increases the risk of developing gastric 

cancer.  
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1.5 H. pylori infection 

1.5.1 The disease  

H. pylori is one of the most successful human pathogens colonising the gastric mucosa of 

approximately 50% of the global population. The prevalence of infection is variable, 

ranging from 35% to 90% depending on the population diversity and geographic location 

(Zabala Torrres et al., 2017). Despite a decline in the prevalence of H. pylori infection in 

Western countries, due to improved living standards and sanitation (Eusebi et al., 2014), 

developing countries continue to report high infection rates. This might be attributed to 

factors such as poor sanitation and low socioeconomic status (Awuku et al., 2017). In 

particular, living in rural areas (Hanafi & Mohamed, 2013; Vilaichone et al., 2013), 

crowded homes (Dorji et al., 2014; Hanafi & Mohamed, 2013) and consumption of 

contaminated water (Ozaydin et al., 2013) have been identified as significant factors that 

increase the risk of acquiring H. pylori infection. Cumulative findings from meta-analytic 

studies have reported that approximately 4.4 billion individuals worldwide are infected 

with H. pylori (Hooi et al., 2017). The areas that have reported the highest prevalence of 

H. pylori infection include Africa (70.1%), Southern Asia particularly in Pakistan and 

India (81% and 63.5%, respectively), Southeast Asia (Vietnam, >70%) and Western Asia 

(Turkey, 77.2%) (Binh et al., 2013; Hooi et al., 2017; T. L. Nguyen et al., 2010; S. Smith 

et al., 2019).  

Initial colonisation of the gastric mucosa typically occurs in infancy or early childhood 

(Thomas et al., 1999) and has widespread health implications and represents a significant 

public health concern (Hooi et al., 2017). In 2006, a community-based study conducted 



15 

 

 

in Vietnam evidenced that the transmission of H. pylori is common within families, and 

primarily through faecal-oral and oral-oral routes (V. B. Nguyen et al., 2006). 

Nevertheless, the exact reasons why the initial colonisation of H. pylori is more frequent 

among children and less frequent among adults remain largely unknown. However, 

various works of literature speculate that the gastric environment in children is more 

favourable for H. pylori colonisation and transmission (Pérez-Pérez et al., 2003; 

Rothenbacher et al., 2000; Rowland et al., 2006). One factor that may contribute to this 

is that younger children have slower postprandial reacidification (higher gastric pH) and 

lower pepsin secretion and activation compared to adults (Bücker et al., 2012; Gan et al., 

2018). Bücker et al, demonstrated that the initial colonisation of H. pylori was 

significantly higher in Mongolian gerbils under conditions simulating the postprandial 

reacidification and pepsin activation profiles in young children, further supporting the 

statement above (Bücker et al., 2012).  

While the estimated risk of developing overt clinical diseases such as peptic ulcer disease 

and gastric cancer is low, typically ranging from 10-20% (Dorer et al., 2009; Hooi et al., 

2017), the majority of infected individuals (80-90%) exhibit subclinical disease with 

varying degrees of mucosal inflammation (Alexander et al., 2021; Peek Jr & Crabtree, 

2006).  If left untreated, persistent H. pylori infection can cause long-term damage to the 

gastric mucosa and increase the risk of developing various gastric diseases, such as 

chronic gastritis and peptic ulcers. In severe cases it may also lead to the development of 

gastric malignancies such as gastric adenocarcinoma and mucosal-associated lymphoid 

tissue lymphoma (Correa & Piazuelo, 2008; J. S. Park et al., 2020; Seo et al., 2017; Zabala 

Torrres et al., 2017).  
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1.5.2 Clinical presentation of H. pylori-associated disease  

Correa’s cascade is a multistep model developed by Correa that describes the various 

premalignant stages leading to gastric cancer (Correa, 1992). According to the model, H. 

pylori-induced inflammation initiates the process, which progresses to chronic gastritis, 

followed by atrophy, intestinal metaplasia, dysplasia, and ultimately gastric cancer  

(Correa, 1992; Correa & Piazuelo, 2012). Initial infection with H. pylori induces an acute 

inflammatory response via the activation of transcription factors and secretion of 

proinflammatory cytokines (Keates et al., 1999). This inflammatory response is initiated 

by recognition of H. pylori by toll-like receptors (TLRs), which trigger the activation of 

nuclear factor kappa B (NF-κB). Activated NF-κB, in turn, triggers the secretion of 

proinflammatory cytokines from both epithelial cells and the lamina propria (Lamb & 

Chen, 2013). Additionally, the translocation of H. pylori activated NF-κB also plays a 

role in the activation of CD4+ T cells. Specifically, the activation of NF-κB promotes the 

differentiation of CD4+ into Th1 subtype, which produces more proinflammatory 

cytokines such as IFN-γ and TNF-α (Scott Algood, 2020; J. Xie et al., 2020; Zhu et al., 

2010). H. pylori also activates the gastric epithelium to produce IL-8. IL-8 is a crucial 

cytokine that plays a significant role in regulating the recruitment and activation of 

neutrophils in the gastric epithelium and the underlying lamina propria, where they induce 

gastric tissue damage (Maeda et al., 2000; Torok et al., 2005). When the host’s immune 

response fails to eliminate the infection, and proactive inflammation persists in the gastric 

mucosa, it leads to chronic gastritis. This type of gastritis is characterised by the 

accumulation of mononuclear leukocytes such as T and B lymphocytes, plasma cells and 

macrophages in the lamina propria. These immune cells produce proinflammatory 
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cytokines such as interleukin-1β (IL-1β) and TNF-α, which inhibits the secretion of 

gastric acid. Therefore, an increase in the gastric mucosal production of IL-8, TNF-α and 

IL-1β contributes to enhanced gastric inflammation and inhibits parietal cell acid 

secretion (Noach et al., 1994; Peek & Blaser, 2002; Rizwan et al., 2008; Sugimoto et al., 

2012). Data from subjects who deliberately or accidentally ingested H. pylori showed that 

the early stage of colonisation might be associated with non-specific symptoms, including 

(but not limited to) fullness, nausea, vomiting and diarrhoea. Additionally, reports from 

these subjects showed the inflammation was restricted to the proximal and distal gastric 

mucosa and this stage of infection is often associated with hypochlorhydria,  a condition 

characterised by low levels of stomach acid (Graham et al., 1988, 2004; Morris & 

Nicholson, 1987; Sobala et al., 1991). Persistent colonisation of the gastric mucosa by H. 

pylori results in chronic gastritis and atrophic gastritis. Over time, the resulting active 

inflammatory response further exacerbates hypochlorhydria. Specifically, increased 

gastric production of IL-1β and TNF-α, which are potent inhibitors of gastric acid 

secretion (El-Omar et al., 1997; Ruiz et al., 1996; Sugimoto, Furuta, et al., 2009). 

Atrophic gastritis is defined as a severe form of chronic inflammation that causes the loss 

of gastric glandular cells. This leads to changes in the gastric mucosa, which begins to 

resemble the intestinal epithelium. As the disease progresses, it can result in the 

development of intestinal metaplasia, which has been identified as an essential 

precancerous lesion that predisposes an individual to gastric cancer. Intestinal metaplasia 

results in further replacement of damaged gastric epithelial cells with fibrosis and 

intestinal-type epithelium (Correa et al., 2010; Jencks et al., 2018; Kuipers et al., 1995). 

The extent and severity of gastric atrophy is a determining factor for gastric cancer 

development and can increase the risk of gastric cancer by 5 to 90 fold (Sipponen et al., 
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1985). A study reported that individuals with pre-existing severe hypochlorhydria had an 

increased risk of developing atrophic gastritis when they received treatment containing a 

proton pump inhibitor (omezaprole) (Kuipers et al., 1996). Additionally, a randomised 

prospective study showed that anti-H pylori therapy (amoxicillin, metronidazole, and 

bismuth subsalicylate) significantly reduced the presence of precancerous gastric lesions 

in subjects with histological diagnosis of precancerous lesions (Mera et al., 2005). These 

studies demonstrate a clear relationship between H. pylori infection and an increased risk 

of developing severe gastric disease and gastric cancer. There are two distinct histological 

variants of gastric cancer that have been identified, the first is diffuse-type 

adenocarcinoma which consists of individually infiltrating neoplastic cells that do not 

form glandular structures and is more common in younger people, especially females 

(Chon et al., 2017). The second is intestinal-type adenocarcinoma which is more 

prevalent in older men (Y. Choi et al., 2022) and progresses through a series of gastric 

lesions as shown in the Correa´s cascade (Correa, 1992; Correa & Piazuelo, 2012; 

Parsonnet et al., 1991).  

1.6 H. pylori virulence factors  

1.6.1 Role of urease in colonisation  

One of the most remarkable characteristics of H. pylori is its ability to persist for decades 

in the stomach. To overcome the barrier functions of the human stomach, the bacterium 

has developed adaptations, and one such adaptation is its capacity to produce functional 

urease. The urease-encoding region of the H. pylori genome consists of two gene clusters, 

the first is ureAB genes encoding two structural subunits, UreA (26.5 kDa) and UreB 
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(61.9 kDa). UreA subunit produced by H. pylori is unusual because it is encoded by a 

single gene ureA, whereas in other bacterial species, it is encoded by two separate genes 

(Jabri et al., 1995; Lam et al., 2010). UreA and UreB form an apoenzyme, which is 

inactive in the absence of nickel ions. Activation of the UreAB apoenzyme is dependent 

on nickel ions under a process involving five accessory proteins UreIEFGH, encoded by 

ureI, ureE, ureF, ureG and ureH located in the second gene cluster (Akada et al., 2000; 

Cussac et al., 1992). Accessory proteins UreEFGH share homology with other bacterial 

species, whereas UreI is unique to H. pylori (Cruz-Ramos et al., 1997; Mulrooney & 

Hausinger, 1990; I. S. Park et al., 1994). It has been proposed that accessory proteins 

interact with UreAB apoenzyme and deliver nickel ions to the active site located in UreB 

in an energy-dependent manner (Benini et al., 1999; Nim & Wong, 2019). The 

catalytically active urease enzyme produced by H. pylori is responsible for catalysing the 

conversion of urea to ammonia and carbon dioxide (CO2), thereby temporarily 

neutralising the acidic environment in the gastric region surrounding the bacterium 

(Weeks et al., 2000). To establish a persistent infection in the gastric mucosa, H. pylori 

must penetrate deep in the gastric pits, where the pH is near neutral (as depicted in Figure 

1.4). This process is dependent on motility, which is achieved through its flagella. H. 

pylori has a conserved signal transduction system, which consists of signal transduction 

proteins from the Che family. CheY is a particularly important protein, it is a chemotaxis 

response regulator which interacts with the flagellar motor, and controls flagella rotation. 

Notably, chemoreceptors participate in this signalling system and are critical for detecting 

chemoattractants or repellents. Previous research has identified various H. pylori 

chemoreceptors, including TlpA (responds to arginine and acid), TlpB (urea and acid), 

TlpC (lactate), and TlpD (ROS and acid) (Cerda et al., 2011; Collins et al., 2016; J. Y. 
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Huang et al., 2015; Machuca et al., 2017; Schweinitzer et al., 2008). In a mouse model 

of H. pylori infection, the genetic inactivation of tlpA or tlpB in H. pylori led to a marked 

decreased in inflammation, after 3 to 6 months of infection. Although, TlpC and TlpD are 

recognised as chemoreceptors, genetic inactivation of either tlpC or tlpD did not have an 

effect and was shown to behave like the wild-type strain of H. pylori (Williams et al., 

2007). In a gerbil model of H. pylori infection, the absence of chemotaxis response 

regulator, CheY, caused complete failure of H. pylori colonisation in the stomachs 

(McGee et al., 2005). These findings suggests that TlpA and TlpB play critical roles in 

sensing specific signals in the stomach and regulating inflammation. CheY is essential 

for colonisation, by regulating the motility of H. pylori towards the gastric epithelium, 

where attachment and subsequent persistence contributes to tissue damage over time 

(Foynes et al., 2000; McGee et al., 2005; Terry et al., 2005; Williams et al., 2007).  
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Figure 1.4. H. pylori colonisation of the stomach. (Left) Shows the different regions 

of the stomach, the fundus, corpus and antrum: H. pylori primarily colonises the antrum 

region. (Right) Shows a close-up schematic diagram of H. pylori colonisation within 

the mucus layer, deep in the gastric pits. Here, H. pylori can use sialic acid-binding 

adhesin and/or blood-antigen binding protein A to adhere to gastric epithelial cells. 

Parietal cells secrete gastric acid, and chief cells and enteroendocrine cells secrete 

digestive enzymes and hormones, respectively. Modified from (Keilberg & Ottemann, 

2016). 

1.6.2 Cytotoxin-associated gene A  

The cytotoxin-associated gene A pathogenicity island (cagPAI) is a major virulent 

determinant of H. pylori virulence (Tomb et al., 1997), and is present in nearly 70% of 

all H. pylori strains isolated worldwide. Interestingly, 95% of East-Asian H. pylori strains 

possess a fully functional CagPAI, compared to 60% of Western isolates (Olbermann et 

al., 2010). Most importantly, CagA is an immunodominant antigen that is well-

characterised. Numerous studies have correlated this antigen with disease risk and it has 

been shown to contribute to the severity of inflammation which strengthens its oncogenic 

potential (Censini et al., 1996; Montecucco & Rappuoli, 2001). CagA is encoded by 
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genes found on the 37 kb chromosomal pathogenicity island (CagPAI). There are 

approximately 32 genes located in the CagPAI that encodes for the CagA effector protein 

and structural components of the type IV secretion system (T4SS) (Asahi et al., 2000; 

Odenbreit et al., 2000; Tomb et al., 1997). The T4SS forms a syringe-like structure to 

deliver the CagA protein into the hosts gastric epithelial cells where it is phosphorylated 

by Src family kinase. Phosphorylated CagA form complexes with cell signalling pathways 

such as Grb2 and SHP-2. These pathways induce morphological changes in host epithelial 

cells, leading to the hummingbird phenotype characterised by elongation and scattering 

of the cells (Higashi et al., 2002; Olbermann et al., 2010; Takahashi-Kanemitsu et al., 

2020). A study on transgenic mice found that over expression of phosphorylated-CagA 

resulted in gastric adenocarcinoma, myeloid leukaemia and B cell lymphoma, while the 

expression of phosphorylation-resistant CagA did not lead to such pathological 

abnormalities (Ohnishi et al., 2008), further supporting that phosphorylation of CagA is 

a critical factor in the development of H. pylori-associated precancerous lesions and 

gastric adenocarcinoma. Furthermore, a study using a gerbil model of H. pylori infection 

demonstrated that a functional T4SS is necessary for the translocation of CagA into 

gastric epithelial cells. Inactivation of cagE which encodes for CagE, a component of the 

T4SS resulted in milder gastric disease without peptic ulcers compared to animals 

inoculated with the cagPAI-positive (Ogura et al., 2000). Additionally, in a recent study 

conducted on 156 patients with H. pylori infection in Bulgaria, the presence of an intact 

cagPAI was detected in 88% (29) of H. pylori strains that were isolated from patients 

with peptic ulcer disease (Markovska et al., 2018). These studies provide evidence that 

CagA-positive H. pylori strains, with a functional cagA PAI, are associated with severe 

pathological conditions, notably, multifocal atrophic gastritis, intestinal metaplasia, 
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peptic ulcers and gastric cancer (Fazeli et al., 2017; Higashi et al., 2002; Markovska et 

al., 2018; Ogura et al., 2000).  

1.6.3 Vacuolating cytotoxin A 

Vacuolating cytotoxin A (VacA) is another well-studied virulence factor that contributes 

to the pathogenicity of H. pylori and the development of gastric adenocarcinoma (Fischer 

et al., 2001). VacA is a 140 kDa precursor autotransporter protein that is encoded by a 

chromosomal vacA gene. The protein is made up of three regions: a signal sequence, a 

passenger domain and an auto-transporter domain. In the bacterium, VacA under goes 

proteolytic processing which results in a type V autotransporter system (50 kDa), a 33 

amino acid signal sequence, and a mature VacA (88 kDa) toxin (T. L. Cover et al., 1994; 

Leyton et al., 2012; Schmitt & Haas, 1994; Telford et al., 1994). To deliver the mature 

VacA toxin to host cells, H. pylori inserts the type V autotransporter system into the outer 

membrane of the bacterium. This process forms a pore that allows the mature VacA to be 

translocated across the bacterium’s outer membrane. Subsequent binding of the mature 

VacA toxin to host cells and internalisation, causes severe vacuolation (Palframan et al., 

2012; Papini et al., 1994). VacA is a multifunctional virulence factor that exerts multiple 

roles on target cells including disruption of mitochondrial functions and induction of 

caspase-dependent apoptosis, thus increasing the risk of peptic ulcers and gastric cancer 

development (T. L. Cover & Blanke, 2005; Palframan et al., 2012). Studies have shown 

that VacA is polyphormic and two types of allelic variants exist in the signal (s1/s2) and 

the middle (m1/m2) regions (Letley et al., 2003). H. pylori strains with s1/m1 VacA have 

been shown to display the highest level of virulence and greater vacuolation compared to 

the s2/m2 allele combination which has been shown to form pores slowly and typically 
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shows no vacuolating activity. The risk of developing severe inflammation and hence 

gastric cancer is greater with the s1/m1 allele combination (Atherton et al., 1995; McClain 

et al., 2001; Sugimoto, Zali, et al., 2009).  

1.7 Control and prevention of H. pylori  

1.7.1 Diagnosis 

The diagnosis of H. pylori has traditionally relied on non-invasive diagnostic tests. These 

tests include serology, which measures the presence of antibodies to H. pylori in serum 

and the urea breath test (UBT). The use of UBT was first reported in 1954 and it continues 

to be widely available and used to this day. The UBT is a highly sensitive and specific 

diagnostic test that works by detecting isotopically labelled carbon dioxide (CO2) that is 

exhaled in infected patients. Advantages of using UTB is that it is non-invasive, cost-

effective and easy to use. Since the UBT only requires the patient to drink a small amount 

of 13C-labelled urea, it is not associated with the discomfort and risks associated with 

invasive procedures, such as endoscopy. Moreover, UBT is highly accurate with reported 

sensitivity ranging from 91 to 100% (Mauro et al., 2006; Savarino et al., 1999). However, 

with younger children specificity is reduced since this test requires full cooperation from 

the patient (Hino et al., 2004; Imrie et al., 2001). Another disadvantage of UBT is that 

false positives are common, for instance, if the contact time between H. pylori and urea 

in the gastric mucosa is short, the hydrolysis of urea does not occur and hence the amount 

of (CO2) is undetectable. Therefore it is recommended that a meal is consumed at the 

same time as the labelled urea to reduce gastric emptying (Savarino et al., 1999). Another 

non-invasive diagnostic method that is commonly used to diagnose H. pylori infection is 
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the stool antigen test (SAT), which detects the presence of the bacterium based on 

antigens present in the faeces. SAT is typically performed using an enzyme-linked 

immunosorbent assay (ELISA) based method (Qiu et al., 2021) or rapid commercial kits 

such as the H. pylori quik chek™ and the H. pylori chek™ assays (Halland et al., 2021). 

The rapid commercial kits use an immunochromatographic technology, which detects H. 

pylori antigens in faeces rapidly, with high sensitivity and ease of use compared to an 

ELISA-based method which takes approximately 2 hours (Fang et al., 2020; Halland et 

al., 2021). SAT can be used with ease in small labs or labs with limited resources and it 

can be used in younger children  (Antos et al., 2005; Kuloğlu et al., 2008). 

Serology testing is based on the detection of H. pylori antigen-specific antibodies in sera, 

using an ELISA-based method or Latex agglutination techniques (a rapid-kit based 

method) (Chey et al., 2007; Suzuki et al., 2003). However, this method has some 

limitations. Firstly, serological tests cannot be used to monitor the effectiveness of H. 

pylori therapy, because patients carry H. pylori antigen-specific antibodies in their serum 

for several months, even after eradication of the infection. Secondly, the American 

College of Gastroenterology does not recommend the use of serological tests in 

populations with low-prevalence because false-positive results occur in a majority of 

serological assays evaluated in these populations (Saleem & Howden, 2020). The 

prevalence of H. pylori impacts the positive predictive value (PPV), for instance, a low 

prevalence of H. pylori infection decreases the PPV, as a result, a more reliable test such 

as histological examination and culture of biopsy samples or the UBT should be used to 

further confirm positive serological test results (Loy et al., 1996; Tenny & Hoffman, 

2022).  
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Invasive procedures that are currently used to diagnose H. pylori infection are endoscopy 

and biopsy methods. Endoscopy is expensive, invasive, and there have been reported 

complication in some patients (Levy & Gralnek, 2016). Additionally, it is not 

recommended for children, pregnant women, and patients with pre-existing risks (such as 

anticoagulated patients). It is not recommended for use when monitoring the effectiveness 

of H. pylori therapy due to high cost, invasiveness, and reduced patient safety (Vaira et 

al., 2000). Therefore, non-invasive methods are preferred methods for the diagnosis of H. 

pylori infection and can also be used to measure the effectiveness of antibiotic-based 

therapy. Although several non-invasive methods have been established, the most 

preferred methods are UBT which is considered a gold standard for the diagnosis of H. 

pylori. However, no one test is better than the other because many factors have to be 

considered including clinical status, cost-based issues, geographic location and age 

(Kayali et al., 2018; Sabbagh et al., 2019).  

1.7.2 Treatment   

In the last two decades, the first line of treatment for H. pylori eradication is based on a 

standard triple therapy which consists of a combination of two antibiotics (clarithromycin 

and amoxicillin or metronidazole) and a proton pump inhibitor (lansoprazole, omeprazole 

or pantoprazole) (Chu et al., 2000; Misiewicz et al., 1997; Papastergiou et al., 2014). 

Triple therapy regimens had a high acceptance rate since this treatment showed a high 

eradication rate (above 90%) and had a very good safety profile (Malfertheiner et al., 

2007). Since, then the efficacy of triple therapy regimens has decreased below 70%, due 

to the emergence of multidrug-resistant strains of H. pylori to key antibiotics, mainly 

clarithromycin and also metronidazole and levofloxacin (Chang et al., 2017; John Albert 
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et al., 2006; Liang et al., 2014). Factors that are contributing to the emergence of resistant 

strains include poor adherence, with patients discontinuing a course of prescribed 

antibiotics due to side effects, and overuse of antibiotics in both medical healthcare 

settings and agriculture (Boyanova et al., 2019). Moreover, clarithromycin targets the 

peptidyltransferase region of 23S rRNA and inhibits protein synthesis. It has been shown 

that resistance in H. pylori is due to point mutations in the peptidyltransferase region of 

domain V of the 23S rRNA (De Francesco et al., 2009; Taylor et al., 1997). 

Clarithromycin-resistant H. pylori is currently recognised by WHO as a high priority for 

the development of new antibiotics or alternative treatment regimens (Alba et al., 2017; 

Tacconelli et al., 2018). A meta-analysis comparing the prevalence of antibiotic-resistant 

strains of H. pylori in ASEAN countries showed that clarithromycin-resistant strains 

significantly reduced the eradication rate of triple therapy regimens containing 

clarithromycin, and they also highlighted that metronidazole-resistant strains of H. pylori 

were very common in these countries. In the same study, the prevalence of 

clarithromycin-resistant H. pylori was variable among different ASEAN countries, with 

Cambodia and Vietnam, showing the highest prevalence (43% and 30%, respectively), 

Singapore (17%) and the lowest prevalence was seen in Malaysia (6.8%), Philippine (2%) 

and Myanmar (0%) (Vilaichone et al., 2018). An antimicrobial resistance (AMR) 

surveillance study assessing 16 hospitals in Vietnam showed that the proportion of AMR 

was high among different pathogens isolated from clinical specimens and resistance had 

increased by 40% between 2009 and 2013 (McKinn et al., 2021). The same study reported 

that antibiotics are commonly used as a trusted remedy in Vietnam and together with a 

limited understanding of antibiotic resistance has resulted in the overuse of antibiotics in 

this country (McKinn et al., 2021). Additionally, some areas in Spain have reported that 
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the prevalence of clarithromycin-resistant H. pylori strain was 49%, compared to the 

Netherlands (only 1%) (Papastergiou et al., 2014). The observed variations in antibiotic 

resistance levels among different countries are suspected to be closely connected to 

distinct antibiotic usage policies implemented in each country. This highlights the 

importance of educating the public and healthcare professionals about proper antibiotic 

usage while also emphasising the need for new antibiotics or alternative treatment for 

infections caused by multi-drug resistant strains of H. pylori. Countries with a high 

prevalence of clarithromycin-resistant H. pylori should implement protocols for regular 

susceptibility testing of H. pylori to ensure that clinicians choose the most effective 

treatment regimens for patients with H. pylori antibiotic-resistant strains. Metronidazole 

is another key antibiotic that is widely used in triple therapy regimens and is also 

associated with a high level of resistance (Malfertheiner et al., 2007). The prevalence of 

metronidazole-resistant strains of H. pylori has been estimated to be 48.9%  in Asia 

(Shrestha et al., 2023),  90% in Africa (Falsafi et al., 2004), 17 to 44% in Europe (De 

Francesco et al., 2010) and America (Ogata et al., 2013). The prevalence is very high in 

Africa due to the use of metronidazole to treat parasitic and/or gynaecological infections 

(John Albert et al., 2006).  

Alternative treatment regimens have been implemented to combat the increasing 

prevalence of H. pylori resistance to traditional antibiotics. One such regimen is bismuth 

quadruple therapy which consists of a combination of two antibiotics (typically 

tetracycline and metronidazole), bismuth and a proton pump inhibitor. Bismuth salts act 

as an adjuvant that enhances the performance of antibiotics (Gatta et al., 2009; McMahon 

et al., 2016). This treatment is particularly useful in areas where clarithromycin resistance 
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is high, and if metronidazole resistance is also high, amoxicillin or clarithromycin can be 

used instead (McMahon et al., 2016; Tacconelli et al., 2018). A multicenter study in Spain 

showed that bismuth-based therapy consisting of metronidazole and tetracycline resulted 

in an eradication rate of 65% in patients who have experienced two previous eradication 

failures with traditional triple-based therapies consisting of clarithromycin and 

levofloxacin. However, adverse events were reported in 22% of patients, nausea (12%), 

abdominal pain (11%) and metallic taste (8.5%) (Gisbert et al., 2014). Despite the 

development of alternative regimens, H. pylori treatment remains challenging because 

alternative regimens are still at risk of antibiotic resistance. 

1.7.3 Probiotics  

Probiotics are defined as living microorganisms that, when ingested in adequate amounts 

can confer positive health benefits to the host. Probiotics are used extensively in humans 

and can consist of yeast or bacteria. Currently, most probiotics are consumed in the form 

of tablets or capsules or as fermented dairy products. Among the different types of 

probiotics, lactic bacteria (Lactobacillus) and Bifidobacterium are the most commonly 

used (Fontana et al., 2013; Rodes et al., 2013). The latter has been extensively studied 

for their beneficial effects including, a) promotion of gut maturation and integrity, b) their 

ability to suppress or interfere with the natural growth of pathogens and (c) regulating the 

hosts innate and adaptive immune responses (Karimi et al., 2018; Sankarapandian et al., 

2022; F. Yan & Polk, 2011). A study by Sugimura et al, reported that L. gallinarum 

culture supernatant significantly reduced intestinal tumour number and size by promoting 

apoptosis. Moreover, L. gallinarum secreted indole-3-lactic acid (ILA), which was shown 

to inhibit intestinal tumorigenesis in vivo (Sugimura et al., 2022). There has been a 
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growing interest in the use of probiotics in combination with antibiotics regimens since 

they possess properties that can enhance the effects of antibiotics and potentially improve 

H. pylori eradication, as well as reducing the related side effects. A multicenter study 

comparing a triple therapy regimen and triple therapy supplemented with fermented milk 

(Actimel) containing L. casei DN-114 001 showed that the use of probiotic 

supplementation improved the eradication rate of H. pylori in children (84.6%) compared 

to triple therapy alone (57.5%). Probiotic supplementation simultaneously alleviated the 

severity of side effects (Sýkora et al., 2005). Moreover, the use of probiotics can achieve 

a better therapeutic outcome, could be beneficial to patients with H. pylori-related 

precancerous lesions, and could potentially help to reduce tumour formation and 

metastasis by regulating gut microbiome (Goderska et al., 2018). 
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1.8 Coronavirus pandemic (COVID-19) 

Coronaviruses (CoVs) are positive-sense, single-stranded ribonucleic acid (+ssRNA) 

viruses that belong to the family of Coronaviridae and the order Nidovirales (Paules et 

al., 2020). Under electron microscopy, these viruses show a characteristic appearance that 

resembles a crown, due to the presence of spike glycoprotein on the surface of the 

envelope (Ksiazek et al., 2003). The subfamily Orthocoronavirinae consists of four 

genera including, Alphacoronavirus, Betacoronavirus, Gammacoronavirus and 

Deltacoronavirus. Alphacoronaviruses and Betacoronaviruses primarily infect 

mammalian species and are known to cause respiratory and gastrointestinal diseases in 

both humans and animals. On the other hand, Gammacoronaviruses and 

Deltacoronaviruses have a wide host range and can also infect avian species (Corman et 

al., 2018; Gorbalenya et al., 2020). Humans can be infected with CoVs such as HCoV-

229E and HCoV-OC43, which have been circulating worldwide since the mid-1960s, and 

also the more recently identified CoVs such as HCoV-NL63 and HCoV-HKU1. These 

CoVs typically cause seasonal and self-limiting respiratory tract infections which often 

mimic the symptoms of the common cold (D. X. Liu et al., 2021). However, severe acute 

respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome 

coronavirus (MERS-CoV) which emerged in the human population over the past 20 

years, and the recently emerged SARS-CoV-2 are considered to be more severe and 

virulent compared to the previously mentioned CoVs (J. F. W. Chan et al., 2015; Cheng 

et al., 2007). SARS-CoV, MERS-CoV and SARS-CoV-2 can infect human bronchial 

epithelial cells, pneumocytes, and cells in the upper respiratory tract and can progress into 

severe life-threatening respiratory pathologies. Additionally, several extra-respiratory 
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manifestations with variable clinical severity can also occur including diarrhoea, 

lymphopenia, deranged liver and renal function tests, and multiorgan dysfunction 

syndrome. Epidemics caused by SARS-CoV and MERS-CoV in both immunocompetent 

and immunocompromised hosts have resulted in mortality rates of ∼10% and ∼35%, 

respectively (Gerges Harb et al., 2020; Peiris et al., 2003; Yeung et al., 2016; H. Zhou et 

al., 2021).  

The first case of SARS-CoV-2 was reported in Wuhan city of China in December 2019 

and was isolated from patients with atypical pneumonia (ECDC, 2020). Genomic 

characterisation revealed that SARS-CoV-2 has a high nucleotide similarity to a bat 

SARS-like-CoVZXC21 (89%) and that of human SARS-CoV (J. F.-W. Chan et al., 

2020; Lu et al., 2020; Y. Wan et al., 2020; F. Wu et al., 2020). The earliest date of 

symptoms of onset was in December 2019, and the symptoms included fever, malaise, 

dry cough, and dyspnea. A total of 41 patients were admitted to a hospital in Wuhan with 

reports of pneumonia and chest computerised tomography scans showed abnormal 

findings. Additionally, 32% of those admitted required intensive care and 15% died (C. 

Huang et al., 2020). According to the World Health Organisation (WHO), COVID-19 

was declared a global pandemic. As of 29 March 2023, there has been 761,402,282 

confirmed cases of COVID-19 and 6,887,000 deaths worldwide. The primary source for 

the global and regional spread of SARS-CoV-2 was closely associated with travel, and 

WHO reported that this virus spread to more than 200 countries (Q. Li et al., 2020). The 

U.S. reported the highest number of COVID-19 cases as well as, the highest number of 

deaths as a result of SARS-CoV-2 infection, followed by India and Brazil. In the U.S., 

COVID-19 was the third leading cause of death in 2021, after heart disease and cancer, 
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reporting over 460,000 cases (Ahmad, 2022). The UK also reported that COVID-19 was 

the third leading cause of death in 2021, after cancer and heart disease, reporting over 

67,350 cases (Raleigh, 2022). The case fatality rate (CFR, the ratio between the number 

of deaths and the number of confirmed cases) varies between countries and the 

contributing factors include age, underlying pre-existing conditions, the severity of 

illness, and economic and political variables. Countries that reported the highest values 

of disability-adjusted life years (DALYs; a measure of overall disease burden) as a result 

of cardiovascular, cancer and chronic respiratory diseases had the highest values of 

COVID-19 CFR (Sorci et al., 2020). Although there is limited information regarding the 

CFR of COVID-19, some studies reported that CFR values varied from 0·048% in 

Singapore to 10·16% in Mexico as of October 2020 (Dong et al., 2020). Other studies 

also demonstrated that CFR values of COVID-19 can vary in an individual country at 

different stages of the disease outbreak, for example, studies in France reported a CFR 

value of 1.4% as of March 2020, which increased to 19.6% in May 2020, and drastically 

dropped to 2.3% in November 2020 (Sorci et al., 2020). Various factors can contribute to 

the regional CFR differences including (but not limited to), patient access to health care, 

COVID-19 testing capacity, age, race, vaccination status, compliance with government 

guidance and the emergence of SARS-COV-2 variants (Nishiura et al., 2020; Oran & 

Topol, 2021; H. Wang et al., 2020; Yoshikura, 2012). 

RNA viruses, including SARS-CoV-2, are prone to genetic evolution and rapidly mutate 

compared to DNA viruses. The emergence of new variants continues to raise widespread 

concern and represents a major burden to public health and the economy, especially when 

the mutation causes substantial changes in antigenicity, transmissibility, and virulence. 
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Moreover, multiple variants have been identified, of which a few are being classified as 

variants of concern (VOCs) because they have the potential to enhance transmissibility, 

reduce neutralisation antibodies that have been acquired through natural infection or 

vaccination and have the ability to reduce vaccination efficacy. SARS-CoV-2 variants 

including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2) were 

previously designated as VOCs, and each variant was shown to have transmission 

advantages over preceding variants. The recently emerged and currently circulating 

variant of concern (VOCs) Omicron (B.1.1.529) including sublineages such as BA.1, 

BA.2 and BA.5 are highly infectious and have spread globally (Chavda et al., 2022; A. 

Choi et al., 2021; Grubaugh et al., 2021; Silva et al., 2021; Tegally et al., 2021; X. Xie 

et al., 2021). The Omicron variant was first identified in South Africa, in November 2021, 

and was declared as VOCs because it acquired more than 30 amino acid changes in the 

spike protein (Callaway, 2021; H. Gu et al., 2022; Vaughan, 2021). Artificial intelligence 

(AI) modelling suggests that Omicron shows a 13-fold increase in viral infectivity and is 

approximately twice as infectious as the Delta variant (J. Chen et al., 2021).  

1.9 SARS-CoV-2 infection 

1.9.1 Transmission of SARS-CoV-2 

The origin of SARS-CoV-2 is currently unknown, however, genomic comparison studies 

suggest that this virus might have evolved from a bat coronavirus (named, Bat-CoV-

RaTG13), which was detected in Rhinolophus affinis from Yunnan province, China, 

implicating zoonotic transmission. The whole genome sequence of RaTG13 is 96.2% 

identical to SARS-CoV-2, which supports the hypothesis that SARS-CoV-2 likely 
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originated from bats (P. Zhou et al., 2020). In a recent study, molecular and phylogenetic 

analyses revealed that pangolin coronavirus (pangolin-CoV-2020) isolated from two sick 

Malayan pangolins is genetically related to SARS-CoV-2 and Bat-CoV-RaTG13 and has 

a sequence similarity of up to 90.32% and 90.24%, respectively. Despite this discovery, 

it is still unknown whether the emergence of SARS-CoV-2 in humans was directly 

associated with bats or through an intermediate host (pangolins and/or minks) (P. Liu et 

al., 2020; Xiao et al., 2020). 

SARS-CoV-2 is transmitted primarily through exposure to respiratory droplets from close 

contact or droplet transmission with asymptomatic and symptomatic individuals 

harbouring the virus (Q. Li et al., 2020). Recently, fomite transmission was identified as 

another potential source of SARS-CoV-2 transmission by the CDC and stated that 

although the risk of transmission is low, individuals can still be infected through contact 

with inanimate surfaces (Kampf et al., 2020; van Doremalen et al., 2020). Many studies 

reported that SARS-CoV-2 remains viable and stable on inanimate surfaces including 

stainless steel, and plastic for up to 3 days and cardboard, for up to 1 day. Interestingly, 

viable SARS-CoV-2 was isolated from nonporous glass and stainless steel for up to 28 

days, at 20°C (Z.-D. Guo et al., 2020; Riddell et al., 2020; van Doremalen et al., 2020). 

1.9.2 Pathogenesis of SARS-CoV-2 

SARS-CoV-2 is structurally and phylogenetically similar to SARS-CoV-1 and MERS-

CoV and is composed of four main structural proteins including, spike (S) glycoprotein, 

envelope, nucleocapsid and the membrane protein, as well as 16 non-structural proteins 

and 5 to 8 accessory proteins (Naqvi et al., 2020). Among them, S glycoprotein is located 
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on the surface of SARS-CoV-2 and plays an important role in initiating viral attachment, 

fusion and entry. The S protein consists of two subunits, the S1 and S2 subunit. The S1 

subunit is located in the N-terminal and it consists of the receptor binding domain (RBD) 

which initiates viral-mediated binding to human angiotensin-converting enzyme-2 

(ACE2) receptors on the host cell. The S2 subunit is located in the C-terminal region and 

triggers virus-cell membrane fusion (L. Du et al., 2009; Y. Huang et al., 2020; Xia et al., 

2020). The RBD recognises the ACE2 receptors, which are predominantly expressed by 

type II alveolar epithelial cells. Immunostaining of the lung showed that 83% of cells 

expressing ACE2 are type II alveolar epithelial cells. Other cells have been identified that 

express ACE2, including type I alveolar epithelial cells, airway epithelial cells, fibroblasts 

and macrophages (Zhao et al., 2020). Many extrapulmonary tissues including, the cornea, 

oesophagus, heart, kidney, endothelium and intestine also express ACE2 receptors. This 

distribution of ACE2 receptors is thought to play a role in the multi-organ involvement 

seen in severe COVID-19 cases.  (Crackower et al., 2002; Danilczyk et al., 2006; Ding 

et al., 2004; J. Gu et al., 2005; Sungnak et al., 2020). Once SARS-CoV-2 binds to ACE2 

receptors on the host cell, the furin cleavage motif activates the transmembrane protease 

serine protease 2 (TMPRSS2) in the host cell, which subsequently cleaves the S protein 

at the S2 subunit cleaving site. Cleavage exposes the S2 subunit, which is an important 

step in enabling the fusion of the viral and host membrane. This fusion allows the viral 

ribonucleoprotein complex to be released into the host cell cytoplasm, thereby facilitating 

viral entry and infection (for the life cycle see Figure 1.5) (Beumer et al., 2021; Hoffmann 

et al., 2020; W. Li et al., 2003). Another potential route of viral entry involves the 

endosome pathway. In this pathway, the cathepsin L enzyme cleaves the spike protein, 
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however, this is not the main route that is used by the primary epithelial cells (Beumer et 

al., 2021; Lamers et al., 2021; Mykytyn et al., 2021).  

 

Figure 1.5. SARS-CoV-2 virion and life cycle. A) SARS-CoV-2 virion consists of 

structural proteins such as spike (S), nucleocapsid (N), membrane (M) and envelope 

(E). B) The S protein, precisely, the RBD which is located in the S1 domain attaches 

to the ACE2 receptor on the host target cell (Stage I). Followed by the cleavage of 

the S protein which is mediated by TMPRSS2 protease (Stage II), which results in 

the activation of the S2 domain (Stage III). The activated S2 domain drives the 

fusion of the viral and host lipid bilayers, followed by the release of the positive-

sense, single-stranded ribonucleic acid into the hosts cell (Stage IV) for further 

processing and eventually, the synthesis of more virions using the host replication 

machinery. Modified from (Lamers & Haagmans, 2022).  
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It has been reported that during natural infection the first cells SARS-CoV-2 targets are 

likely to be multiciliated cells in the nasopharynx or trachea, or sustentacular cells in the 

nasal olfactory epithelium (Ahn et al., 2021; Hou et al., 2020; Khan et al., 2021). Upon 

entry into a host cell, the +ssRNA plays an important role in initiating the production of 

replicase proteins which trigger the formation of replication factories. These factories are 

double-membrane vesicles (or organelles) that are synthesised by virus-induced 

remodelling of the host endoplasmic reticulum membrane. All the necessary components 

required for the replication, assembly and maturation of infectious virions are present in 

these replication factories (Knoops et al., 2008; Ogando et al., 2020). RNA-dependent 

RNA polymerase facilitates the copying of the +ssRNA which results in the formation of 

double-stranded RNA (dsRNA) that is used to generate more +ssRNA, which can be 

translated to produce more viral proteins that are essential for the assembly and 

maturation of infectious virions. Replication factories are important for shielding the 

dsRNA from detection by the hosts innate immune responses. For example, when the 

dsRNA is exposed in the cytoplasm, cytoplasmic pattern recognition receptors (PRRs) 

such as NOD-like receptors (NLRs) recognise the dsRNA (C.-P. Chan & Jin, 2022; 

Kasuga et al., 2021; Manik & Singh, 2022; Robson et al., 2020; Romano et al., 2020). A 

recent study identified and showed that MDA5 is an additional cytoplasmic PRR capable 

of sensing dsRNA and other viral signals and in response regulates IFN induction in 

response to SARS-CoV-2 infection (Yin et al., 2021). Moreover, membrane-bound PRRs 

such as endosomal toll-like receptors (TLRs) can also detect dsRNA. In all cases, the 

detection of dsRNA by NLRs, TLRs and MDA5 initiates a signalling cascade which 

induces the transcription of type I and III interferons, which are important cytokines 

produced as the first line of antiviral defence. IFNs initiate the expression of IFN-
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stimulated genes (ISG) that have various antiviral functions, among them, dsRNA-

dependent protein kinase R (PKR) is an essential component of the innate immune system 

and can impair the translation of viral RNA through phosphorylation of elF2α, a 

eukaryotic initiation translation factor (Kayesh et al., 2021; Y. Liu et al., 2020; Thompson 

et al., 2011; Yin et al., 2021). Phosphorylated elF2α cannot form tRNAMet-GTP–eIF2 

complex, subsequently inhibiting the synthesis of cellular and viral proteins (Y. Liu et al., 

2020). Another ISG that has been characterised is the ISG Ly6E, which has been shown 

to inhibit viral-host membrane fusion, thus inhibiting viral entry. Moreover, it has been 

reported that a knockout mice model lacking the lymphocyte antigen 6 complex, locus E 

(Ly6e), were highly susceptible to murine-CoV (murine hepatitis virus) infection and 

displayed a higher splenic viral burden and loss of hepatic immune cells (Pfaender et al., 

2020). IFNs are essential for initiating the recruitment of various innate immune cells 

including natural killer cells, dendritic cells and macrophages. Furthermore, IFNs are 

capable of activating the adaptive immune response (T and B cells). The activation of 

both the innate and adaptive immune responses contribute to viral clearance through the 

release of cytokines such as tumour necrosis factor-α (TNF α), granulocyte-macrophage 

colony-stimulating factor, IL-1, IL-6, IL-1β, IL-8, IL-12 and interferon (IFN)-γ (Y. Liu 

et al., 2020; Min et al., 2021). Intriguingly, a study identified circulating antibodies that 

target type I IFN in both blood and nasopharyngeal mucosa of patients with SARS-CoV-

2 infection. This study reported that these patients have reduced IFN-mediated responses 

and are at a higher risk of developing severe COVID-19 infection and death (Lopez et al., 

2021). 



40 

 

 

 Failure to clear the virus in the upper respiratory tract either through the innate or 

adaptive immune responses can increase the risk of the virus spreading to the lower 

respiratory tract, which can lead to infection of the alveoli subsequently, causing 

inflammation and limited gas exchange (Sette & Crotty, 2021). SARS-CoV-2 has evolved 

various immune evasion strategies. First, is the formation of replication factories, using 

absolute quantification of viral RNA and replication factories it has been shown that 

SARS-CoV-2 genomic RNA persists in these factories after many weeks and is not 

degraded by nucleases (J. Y. Lee et al., 2022). This study highlights the importance of 

replication factories in immune evasion and it has been reported that these factories 

protect SARS-CoV-2 from innate immune sensors that recognise viral RNA (Kikkert, 

2020; J. Y. Lee et al., 2022). Thorne et al, reported that the alpha variant showed 

increased levels of subgenomic RNA and certain proteins that are associated with the 

down regulating the innate immunity. This study specifically observed an increase in 

nucleocapsid, Orf9b and Orf6 proteins, which have all been shown to have an inhibitory 

effect on the innate immune response (Thorne et al., 2022). This study also reported that 

Orf9b protein alone could inhibit the antiviral innate immune functions of the 

mitochondria by interacting with the mitochondrial surface adaptor protein, TOM70, 

which is required for the activation of the mitochondrial antiviral-signaling protein 

(MAVS)  (Kreimendahl & Rassow, 2020; Thorne et al., 2022). The MAVS is an 

important component of the innate immune response as it triggers the activation of NFκB 

and Interferon Regulatory Factor and induction of interferons in response to viral 

infection (Sun et al., 2006). Additionally, Orf9b and N protein can interact with MDA5 

pathway, thus inhibiting the expression of INF-β and pro-inflammatory cytokines (Han 

et al., 2021; J.-Y. Li et al., 2020; Sui et al., 2021). Clinical studies have reported that 
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patients with mild and moderate COVID-19 have reduced levels of type I and III INF 

which results in reduced expression of IFN-stimulated genes (ISG), thereby, reducing 

viral clearance up to 37 days. Prolonged viral clearance in patients with COVID-19 

increases the risk of severe disease and death. (Han et al., 2021; Sui et al., 2021; Xue et 

al., 2020; F. Zhou et al., 2020). 

1.9.3 COVID-19 clinical findings 

The median incubation period of SARS-COV-2 is 4 to 5 days before symptoms develop 

(Lauer et al., 2020; Q. Li et al., 2020). In some cases the infection is asymptomatic and a 

meta-analysis of 95 studies reported that the global prevalence of asymptomatic COVID-

19 ranges between 20 to 40% (Diamond & Kanneganti, 2022; Q. Ma et al., 2021), and in 

other cases, infected individuals develop mild to moderate respiratory disease including, 

fever, cough, headache, myalgia and diarrhoea (Figure 1.6) (N. Chen et al., 2020; Guan 

et al., 2020; C. Huang et al., 2020). The global prevalence of patients with mild to 

moderate symptoms largely varies between countries, for instance, large cohort studies 

in Europe showed that 45%  and 63.2 % of patients had fever and cough (Lechien et al., 

2020), respectively, compared to a large cohort study conducted in China which showed 

that over 80% and up to 65.5% of patients showed signs of fever and cough, respectively 

(Feng et al., 2020). Prolonged viral clearance can result in severe disease, which typically 

begins 1 week after symptom onset. The most common symptoms of severe COVID-19 

disease include shortness of breath as a result of hypoxaemia, which can progress into 

acute respiratory distress syndrome (ARDS). ARDS is defined as a form of severe 

respiratory failure, which results in lung injury due to severe inflammation, pulmonary 

vascular leakage and atelectasis (loss of aerated lung tissues). Patients with COVID-19 
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that have hypoxaemia and ARDS have been shown to have hyperinflammation evidenced 

by a rise in the release of proinflammatory cytokines including, IL-1, IL-6, IL-8 and TNF-

α. It has also been reported that the levels of  IL-6, IL-8 and TNF-α cytokines present in 

serum at the time of hospitalisation is a strong and independent predictor of potential 

disease severity and patient survival (Del Valle et al., 2020). According to a survey-based 

study conducted at the beginning of the COVID-19 pandemic until July 2020, it was 

reported that approximately 33% of hospitalised COVID-19 patients developed ARDS. 

Among those COVID-19 patients who were transferred to an intensive care unit, almost 

63% received invasive mechanical ventilation. Moreover, the study stated that the 

estimated mortality rate in COVID-19-associated ARDS was approximately is 45% 

(Tzotzos et al., 2020). 

Although, COVID-19 is primarily considered a respiratory disease, it can also result in 

extrapulmonary disease and can affect various organs. The most common extrapulmonary 

manifestations include, kidney and liver injury, acute myocardial injury, gastrointestinal 

symptoms and coagulopathy (Figure 1.6) (Berlin et al., 2020; Gupta et al., 2020). The 

severity of COVID-19 disease is influenced by various risk factors including, viral load, 

age, presence of comorbidities, and use of immunosuppressants. Moreover, genetic 

factors such as polymorphisms of the ACE2 gene may also play a role in the severity of 

COVID-19 (Aziz & Islam, 2022; Möhlendick et al., 2021). For instance, ACE2 

rs2285666, the GG genotype was associated with a two-fold increase in SARS-CoV-2 

infection risk and a three-fold increase in the risk of developing severe COVID-19 or 

fatality (Möhlendick et al., 2021). 
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Figure 1.6. Clinical presentation of COVID-19. Modified from (Cascella et al., 

2023).  

1.10 Treatment and management of COVID-19 

1.10.1 Diagnosis  

The primary method for diagnosing SARS-CoV-2 infection is the use of nasopharyngeal 

swabs to detect SARS-COV-2 nucleic acid using a real-time PCR assay. In addition, the 

Food and Drug Administration (FDA) approved commercial PCR assays (rapid antigen 

tests) with emergency use authorizations (EUAs) for the detection of SARS-CoV-2 

antigens from samples obtained through nasopharyngeal and oropharyngeal swabs. 

Bronchoalveolar lavage samples can be used for testing, however, due to the invasive 

nature of sampling (a bronchoscopic procedure) it can only be performed in patients that 

are receiving invasive mechanical ventilation. The sensitivity of PCR testing can be 

affected by various factors including, time from exposure, specimen source, and technical 
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specimen collection. Moreover, these factors can also contribute to false-negative PCR 

results (Sethuraman et al., 2020; W. Wang et al., 2020; Wiersinga et al., 2020; Y. Yang 

et al., 2020).  A modelling study demonstrated that the sensitivity of RT-PCR testing is 

approximately 33% four days after exposure, but increased to 80% three days after 

symptoms onset (Kucirka et al., 2020). This highlights the importance of time of sample 

collection to achieve accurate results, particularly early in the course of infection. Another 

study found that RT-PCR positivity was highest in bronchoalveolar lavage specimens 

(93%), followed by sputum (72%), nasal swab (63%), and pharyngeal swab (32%) (W. 

Wang et al., 2020). False-negative results mainly occurred when the method of specimen 

collection was through nasopharyngeal swabs and the reason was due to inappropriate 

timing of specimen collection and/or poor specimen quality. Studies have shown that 

samples collected from the lower respiratory tract (bronchoalveolar lavage fluid), are 

more sensitive than samples collected from the upper respiratory tract. However, 

collecting samples from the lower respiratory is invasive and technically challenging and 

can increase the risk of exposure especially when collecting from patients that have not 

been intubated (Murphy, 2020; Y. Yang et al., 2020).  

Several serological tests have been developed to evaluate the presence of SARS-CoV-2 

specific antibodies (IgM, IgG or IgA) in serum, plasma or whole blood and they can also 

be used to measure immunity conferred from natural infection or COVID-19 vaccines. 

These tests include point-of-care assays (PoCT) and high-throughput enzyme 

immunoassays (Bond et al., 2020). However, serological tests may not be effective during 

the early stage of infection (incubation period) when antibodies are either undetectable or 

present at low levels. A study showed that SARS-CoV-2 antigen-specific IgM antibodies 
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are detectable five days after symptoms onset, with their levels significantly increasing 

between two to three weeks after infection. On the other hand, antigen-specific IgG 

antibodies are detectable approximately two weeks after symptoms onset (L. Guo et al., 

2020). Another study showed that serological tests, specifically PoCT and a commercial 

ELISA kits, were more effective in detecting SARS-CoV-2 specific antibodies when 

samples were collected two weeks after the onset of symptoms, achieving sensitivities 

over 90% (Bond et al., 2020). These findings suggests that serological assays have limited 

diagnostic use during the acute stage of COVID-19 and RT-PCR is much more preferred 

and a gold standard for diagnosing acute COVID-19 (Bond et al., 2020; Lou et al., 2020; 

Sethuraman et al., 2020).  

1.10.2 Oxygenation and ventilation management in COVID-19 

Among patients that are hospitalised with COVID-19 and showing signs of acute lung 

injury, over 75% require supplemental oxygen therapy which is delivered via the nasal 

canula or Venturi mask to maintain oxygen saturation between 92 to 96% (Alhazzani et 

al., 2020). Those that are unresponsive to conventional oxygen therapy and/or worsening 

clinical symptoms can receive heated high-flow nasal canula oxygen. Patients that require 

invasive mechanical ventilation can receive lung protective ventilation with a low tidal 

volume (4-8 mL/kg, predicted body weight) and a plateau pressure of less than 30 mg Hg, 

which is recommended by the National Institutes of Health (Alhazzani et al., 2020). Lung 

protective ventilation administered in patients with respiratory failure, with no evidence 

of ARDS was also beneficial and resulted in better clinical outcomes and short 

hospitalisation (Serpa Neto et al., 2012).  In addition, prone position ventilation is a 

resource-intensive programme used to enhance oxygenation in patients with ARDS, and 
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when conventional oxygen supplementation methods and/or high-flow nasal cannula 

fails. However, invasive ventilation (i.e endotracheal intubation) are recommended for 

patients with severe ARDS and hypoxaemia. Invasive ventilation has been shown to 

reduce mortality rates, but they also carry risks such as pressure sores, endotracheal tube 

obstruction and ulcers (Alhazzani et al., 2020; Binda et al., 2021; Wiersinga et al., 2020; 

X. Yang et al., 2020).  

1.10.3 Management of COVID-19: pharmacologic therapies  

The COVID-19 pandemic triggered a global demand for prophylactic vaccines and 

became a high priority among governments, as well as the pharmaceutical industry and 

academia. Less than a year after COVID-19 was declared a pandemic, vaccines were 

developed at remarkable speed and vaccination campaigns were initiated, followed by a 

rapid roll-out globally. Currently, three broad pharmacological approaches to COVID-19 

have been developed and are available which include antiviral therapy, neutralising 

antibody-based therapy, and immunomodulatory (Coopersmith et al., 2021; Kalinke et 

al., 2022).  

Antivirals that are currently approved by the FDA include remdesivir, which is a 

nucleoside analogue that has broad-spectrum antiviral activity and has been proven 

effective against Ebolavirus, MERS-CoV and SARS-CoV-1. Remdesivir has also shown 

promising antiviral activity against SARS-CoV-2 in in a cell-based assay (Ogando et al., 

2020; M. Wang et al., 2020). A randomised double-blind placebo-controlled trial 

demonstrated that a three day course of remdesivir, when administered in non-

hospitalised symptomatic COVID-19 patients reduced the risk of hospitalisation and 
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mortality by 87%. In addition, the safety profile of remdesivir was found to be acceptable 

and comparable to the safety profile observed in the placebo group. Both groups 

experienced mild adverse events such as nausea, headache, and cough, with a similar 

incidence rate of 42.3% in the remdesivir group and 46.3% in the placebo group (Gottlieb 

et al., 2022). Ritonavir-boosted nirmatrelvir (Paxlovid) is the second FDA approved 

antiviral agent. It is an anti-SARS-CoV-2 protease inhibitor that exerts its antiviral 

activity by inhibiting proteases that are involved in the replication stage (Marzi et al., 

2022). In a recent phase 2 and 3 clinical trial consisting of 1219 symptomatic patients, 

the administration of a three day course of paxlovoid within three days of symptoms onset 

resulted in a reduction in hospitalisation or mortality by 89% (Mahase, 2021a).  

Severe COVID-19 is accompanied with inflammation-related lung injury and some cases 

can lead to multiple organ failure and in the worst case, death. Subsequently, 

immunomodulatory agents that can modulate the inflammatory response in symptomatic 

COVID-19 patients have been approved by the FDA and are currently recommended for 

use by the NIH. Dexamethasone is a steroid compound, (a corticosteroid) that is 

translocated into the host cell, where it can inhibit the production of proinflammatory 

cytokines and can also activate the production of IL-10, which is an anti-inflammatory 

cytokine (Chikanza, 2002; Croxtall et al., 2000). A Randomised Evaluation of COVID-

19 Therapy (RECOVERY) trial studied 2104 COVID-19 patients who received a ten-day 

course of dexamethasone and compared them to 4321 COVID-19 patients receiving usual 

care. The study showed that patients who displayed symptoms for more than seven days 

and were on invasive mechanical ventilation had a reduced 28-day mortality following 

treatment with dexamethasone. However, dexamethasone was not beneficial in patients 
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that were not receiving oxygen supplementation therapy and those with a shorter 

symptom duration (Horby et al., 2020). The NIH panel currently recommend the use of 

Dexamethasone in children and adults with severe COVID-19 and requiring oxygen 

supplementation therapy or mechanical ventilation (The RECOVERY Collaborative 

Group, 2021).  

Neutralising monoclonal-based therapies that have received Emergency Use 

Authorisation from the FDA include, bebtelovimab and sotrovimab as a monotherapy, 

bamlanivimab with etesevimab or casirivimab with imdevimab as a combination therapy 

(Gottlieb et al., 2021; Hentzien et al., 2022; Mahase, 2021b; Weinreich et al., 2021). 

Neutralising monoclonal antibodies have the potential to bind to the S protein on the viral 

surface which masks the binding site and indirectly prevents the binding of ACE2-RBD. 

Furthermore, failure of ACE2-RBD binding inhibits viral entry into the host cell. Data 

from a clinical phase 3 trial using etesevimab or casirivimab (REGN-CoV-2) showed that 

hospitalisation or mortality was reduced by 70% in patients with COVID-19. However, 

studies have shown that REGN-CoV-2 is not effective against the currently circulating 

Omicron variant. Bamlanivimab with etesevimab also target the RBD domain and a phase 

2 trial showed that this combination therapy reduced SARS-CoV-2 viral load (Gottlieb et 

al., 2021) and a phase 3 trial, reported that the risk of hospitalisation and death was 

reduced by 87% (Dougan et al., 2021). Sotrovimab targets S protein, and a multicenter, 

double-blind placebo-controlled phase 3 trial reported a reduction in hospitalisation and 

death by 85% in COVID-19 patients with mild to moderate COVID-19 (Gupta et al., 

2021). Lastly, bebtelovimab targets the RBD domain and has been shown to have broad 

neutralising to SARS-CoV-2 variants and the currently circulating Omicron (VOCs) 
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(Hentzien et al., 2022). In phase 2, BLAZE-4 trial it has been reported that low-risk 

patients with mild to moderate COVID-19 that received either bebtelovimab alone or in 

combination with bamlanivimab and etesevimab resulted in significant reductions in viral 

load (Dougan et al., 2022)  

1.10.4 Prevention of COVID-19 

Although many Public Health and Social Measures (PHSM) and infection control 

measures have been implemented globally to limit the risk of spreading SARS-CoV-2, 

and the development of novel therapeutics, the most important step to contain the 

COVID-19 pandemic is through vaccination. Extraordinary efforts by clinical, academic 

and industrial researchers worldwide have resulted in the development of novel COVID-

19 vaccines at an unprecedented speed in an attempt to contain and prevent COVID-19 

or to reduce the severity of the disease. As per ‘Our World in Data’, an international 

vaccination dashboard, 13.37 billion doses of COVID-19 vaccine have been administered 

globally (69.8% global population) and in low-income countries, approximately 28.7% 

of people received at least one dose (Mathieu et al., 2020).  

Currently, eight COVID-19 vaccines have received Emergency Use Authorisation by 

WHO which includes a) adenoviral-vectored vaccines; ChAdOx1 nCoV-19 (University 

of Oxford/AstraZeneca), Ad26.CoV2.S (Janssen), Covishield, CrAdOxI, nCoV-19 

(Serum Institute of India b) whole-inactivated coronavirus; Covilo/BBIBP-CorV 

(SinoPharm/Beijing Institute of Biological Products), CoronaVac (Sinovac) and Covaxin, 

BBV152 (Bharat Biotech) and c) messenger RNA (mRNA) vaccines; mRNA-1273 

(Moderna) and BNT162b2 (Pfizer-BioNTech) (see Table 1.2 for more detail). All 
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approved vaccines utilise the native SARS-CoV-2 S protein, specifically from the 

Wuhan-Hu-1 strain. However, the way in which the S antigen is presented to the immune 

system varies between different vaccine categories (WHO, 2021h). mRNA vaccines work 

by presenting the mRNA material of S proteins directly into the host cell, where the 

antigen is synthesised using the host protein translation machinery. Adenovirus-vectored 

vaccines, use human or primate adenovirus vectors, for instance, AstraZeneca used a 

replication-deficient chimpanzee adenovirus that codes for S protein. Adenovirus 

vectored vaccines work in a similar way to mRNA vaccines, but first, the virus infects 

the host cells, followed by the delivery of S genetic material into the nucleus for 

transcription and translation generating the spike protein vaccine  (Heinz & Stiasny, 2021; 

Vanaparthy et al., 2021; Voysey et al., 2021). This chapter will focus more on the 

COVID-19 vaccines that have been approved for use in the UK, including, Moderna, 

Pfizer-BioNTech and AstraZeneca. In clinical trials, Pfizer-BioNTech and Morden 

reported higher efficacy against moderate to severe forms of SARS-CoV-2 infection 

(~95% and ~94%, respectively) than AstraZeneca (~70%). However, studies have 

reported that immunity induced by natural immunity or vaccination despite repeated 

booster vaccination significantly declined at 3 and 6 months after immunisation, reducing 

the effectiveness of the vaccines (Baden et al., 2021; Naaber et al., 2021; Polack et al., 

2020; Voysey et al., 2021). Concerning the emergence of VOCs, the effectiveness of 

Pfizer-BioNTech against the Alpha variant was 87%, and for the Beta variant (75%) 

(Levine-Tiefenbrun et al., 2021). A test-negative study showed that the effectiveness of 

Pfizer-BioNTech against the Omicron variant after the third booster dose was 82.4% and 

dropped to 53.6% after 3 months (Stowe et al., 2022). A study conducted in Qatar showed 

that the effectiveness of the Moderna vaccine against severe or fatal COVID-19 disease 
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as a result of the Alpha variant and Beta variant was approximately 81.6% and 95.7% 

after the first and second booster doses, respectively, suggesting that Moderna vaccine 

was effective against these two variants (Chemaitelly et al., 2021). The efficacy of the 

Moderna vaccine against the Omicron variant after three booster doses has been shown 

to have lower effectiveness compared to the other variants, for instance, a test-negative 

case-control study reported that the vaccine efficacy against Omicron was 71.6% at 14 to 

60 day and 47.4%  after 60 days (Tseng et al., 2022). Currently, the UK COVID-19 

vaccination programme does not recommend boosting with AstraZeneca. A small amount 

people received an AstraZeneca booster as compared to a Pfizer or Moderna booster. 

Those that received AstraZeneca booster were most likely those in clinical risk groups, 

vulnerable or severely immunosuppressed (Kirsebom et al., 2022; UK Health Security 

Agency, 2023).  
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Table 1.2. COVID-19 vaccines listed by WHO. Vaccine efficacy, safety profile and 

protection against SARS-CoV-2 from clinical and preliminary studies. 

COVID-19 

Vaccine 

Technology 

platform   

Country; 

date of WHO 

listing 

Efficacy and safety 

profile  

Reference 

Pfizer  
(BNT162B2) 

mRNA 
 

 

USA, January 
2020 

92-100% against infection, 
87% and 92% against 

hospitalisation and severe 

disease, respectively. 

Rare cases of myocarditis in 

young men. 

VE against Alpha (98.4%), 

Beta (75%), Gamma (88%), 

Delta (90.9%) and Omicron 

variant (65.5%). 

 

 
 

 

(Andrews et 

al., 2021; 

WHO, 

2021e) 

Moderna 

(Spikevax, 
mRNA-1273) 

mRNA 

 

USA, April 

2021 

94-100% against infection, 

100% against hospitalisation, 
severe COVID-19 and 

mortality. 

Rare cases of myocarditis 

reported in young men. 

VE against Alpha (98.4) 

Delta (94.5%) and Omicron 

(75.1%). 

 

(Song et al., 

2012) 
 

(Andrews et 

al., 2021; 

Bruxvoort 

et al., 2021; 

WHO, 

2021d) 

 

Janssen 

(Ad26.CoV-2) 

Human 

adenovirus 

type 26 

Netherlands, 

March 2021 

 

 

66% against infection, 

77% and 93% against severe 

COVID-19 and 

hospitalisation, respectively. 

Rare reports of thrombosis 
with thrombocytopenia (3 to 

15 post immunisation). 

 

(WHO, 

2021a) 

AstraZeneca  

(ChAd0x1, 

AZD1222) 

Chimpanzee 

adenovirus 

UK, February 

2021 

91% protection against 

hospitalisation with Delta, 

74% against symptomatic  

COVID-19 caused by Alpha 

and 66.1% against 

symptomatic COVID-19 

caused by Omicron.  

 

(Kirsebom 

et al., 2022; 

G. Li et al., 

2022; 

WHO, 

2021b) 

 



53 

 

 

CoronaVac 

  

Inactivated 

SARS-CoV-

2 

China, June 

2021 

50-84% against infection, 

80-100% in preventing 

severe COVID-19 infections, 

hospitalisation and mortality. 

51-83.5% in preventing 

symptomatic COVID-19 

infection, 49.6% against 

infection (Gamma variant) 

and 50.7% (Brazillian P.2 

variant). 

Safe and well tolerated in 
older adults, no reports of 

rare adverse events. 

 

(E. Y. F. 

Wan et al., 

2022; 

WHO, 

2021f) 

Covishield 

(ChAdOx1-S)  

Chimpanzee 

adenovirus 

India, February 

2021 

72-85% against infection, 

92% protection against 

hospitalisation caused by 

Delta; 86% protection against 

hospitalisation with Alpha. 

No severe allergic reactions 

but thrombosis with 

thrombocytopenia syndrome 

was reported 3-30 days post-
vaccination. 

 

(WHO, 

2021g) 

BIBP/Sinopharma 

 

Inactivated  

SARS-CoV-

2 

China, May 

2021 

79% against infection and 

hospitalisation. No severe 

allergic reactions reported. 

 

(WHO, 

2021c) 

Covaxin 

(BBV152) 

Inactivated 

SARS-CoV-

2 

India, 

November 

2021 

78% efficacy against 

infection and hospitalisation, 

50% and 69% VE has been 

reported against symptomatic 

and severe COVID-19 caused 

by Delta. 

No reports of severe adverse 

events reported in clinical 
trials 

(Bhatnagar 

et al., 2022; 

Ella et al., 

2021; 

WHO, 

2022) 

 

As summarised in Table 1.2, current COVID-19 vaccines have shown considerable 

efficacy and protection against mild to severe COVID-19 cases with a low risk of adverse 

events. In clinical trials, subjects reported mild to moderate local response to all vaccines 

including, soreness, discomfort, redness and inflammation at the site of injection, and 

systemic responses included fatigue, headache, body and muscle ache, and fever (Falsey 

et al., 2021; Polack et al., 2020). However, rare cases of adverse 



54 

 

 

events following COVID-19 vaccinations have been reported. For example, a multi-

national, placebo-controlled, efficacy clinical trial reported four serious adverse events 

following immunisations with Pfizer. These included, shoulder injury, right axillary 

lymphadenopathy, paroxysmal ventricular arrhythmia and right leg paresthesia (Polack 

et al., 2020). In March 2021, there were reports of thrombocytopenia and thrombosis 

which occurred after the administration of AstraZeneca. As of April 2021, approximately 

34 million people were vaccinated in the European Economic Area (EEA) and the United 

Kingdom and among those vaccinated, 169 cases of cerebral venous sinus 

thrombosis (CVST) and 53 cases of internal vein thrombosis have been reported (Lavin 

et al., 2021). Despite this, Pfizer, Moderna and AstraZeneca have an acceptable short-

term safety profile, and additional studies are currently being conducted to assess the 

long-term safety profile of these vaccines (Chirico et al., 2022; A. Choi et al., 2021; 

Falsey et al., 2021; Q. Wu et al., 2021). To conclude, clinical studies have shown that 

boosting with either Pfizer or Moderna after primary immunisation with either 

AstraZeneca or Pfizer increased protection against the currently circulating Omicron 

variant. However, protection drastically waned over time, further supporting the need for 

more booster doses or the development of new vaccines or different immunisation 

schedules (Andrews et al., 2022; Hermosilla et al., 2022; Kirsebom et al., 2022). 
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1.11 Aims 

The primary objective of this project was to utilise thymineless death principles via the 

THY-X-CISE®️ cloning system to engineer thymine auxotrophic B. subtilis strains 

capable of expressing candidate vaccine antigens on the spore surface. 

 The first project aim was to assess the immunogenicity of these thymine auxotrophic B. 

subtilis spores, expressing the receptor binding domain (RBD), heptad repeat 1 and 2 

(HR1-HR2), and nucleocapsid antigens, when administered as nasal boosts following 

systemic prime immunisation in mice. Additionally, this project seeks to evaluate the 

protective efficacy of these spores against SARS-CoV-2 infection in Syrian hamsters. 

 The second project aim was to investigate the mucosal and systemic immune responses 

evoked by thymine auxotrophic spores expressing Urease A and B subunits when 

delivered as an oral prophylactic vaccine in mice. Furthermore, this project aims to assess 

whether these spores can confer protection against H. pylori infection in mice. 

1.11.1 Chapter 3 objectives  

• Engineer thymine auxotrophic spores expressing the RBD, HR1-HR2 and 

nucleocapsid from SARS-CoV-2 and urease A, and urease B subunits from H. 

pylori via fusion to spore coat proteins (CotB or CotC) using the THY-X-CISE 

cloning system 

• Assess the expression of chimeric proteins on the spore surface using Western 

blotting and Whole spore ELISA 
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• Characterise thymine auxotrophic mutants in vitro to evaluate their growth and 

sporulation abilities in the presence and absence of thymine 

1.11.2 Chapter 4 objectives  

• Evaluate the immunogenicity of thymine auxotrophic spore vaccine booster 

candidates, including PK120 (CotB-RBDWuh), PK122 (CotB-HR1-HR2), 

SporCoVax (a 1:1 mixture of PK120 and PK122 spores), and PK230 expressing 

the RBD fragment from the Omicron variant, following systemic prime 

immunisations with an S protein subunit vaccine or Oxford AZD1222 vaccine in 

BALB/c mice. Assess mucosal and systemic antibody titres and perform T cell 

cytokine analysis via indirect ELISA and flow cytometry, respectively 

• Investigate the immunogenicity of PK128 spores displaying the nucleocapsid 

fragment from the Wuhan-Hu-1 strain as a monomer booster vaccine and PK-S+N 

(a 1:1:1 mixture of PK120, PK122, and PK128) as a trivalent spore booster 

vaccine, following systemic prime immunisations consisting of a 1:1 mixture of 

S and N protein subunits in BALB/c mice. Evaluate cytokine profiles and measure 

mucosal and systemic antibody titres through indirect ELISA 

• Assess the efficacy of SporCoVax in a hamster SARS-CoV-2 model of infection 

following immunisation and challenge with SARS-CoV-2. Evaluate protective 

immune responses based on weight variation and viral load in nasal turbinates, 

oropharyngeal swabs, and lung samples 
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1.11.3 Chapter 5 objectives  

• Evaluate the immunogenicity of thymine auxotrophic spore vaccine candidates, 

PK82 (CotB-UreA) and PK78 (CotB-UreBCT), following oral immunisation in 

C57 BL/6 mice. Urease-specific mucosal and systemic immunoglobulin (Ig) titres 

in faecal (sIgA) and serum (IgG) samples were evaluated by indirect ELISA 

• Assess the efficacy of the thymine auxotrophic spore vaccines by measuring the 

bacterial load in stomach samples following H. pylori challenge in Mlac: ICR 

mice 
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CHAPTER 2: Material and Methods 

2.1 General methods 

General methods for working with B. subtilis including preparation of spores and 

extraction of spore coat proteins are described elsewhere (Harwood & Cutting, 1990). 

Work with Escherichia coli including cloning are as described elsewhere (Sambrook & 

Russell, 2001). 

2.2 Bacterial strains  

B. subtilis strain PY79 is a prototrophic (Spo+) laboratory strain. Thymine auxotrophic 

strains of PY79 constructed and used in Chapter 3, 4 and 5 are listed in Table 2.1. 

Thymine auxotrophic strains were constructed by inserting chimeric genes (thyA::cotB-

gene of interest or thyA::cotC-gene of interest) into the thyA locus and an empty plasmid 

(pThyB::∆) into the thyB locus, as described elsewhere (Hosseini et al., 2018) and detailed 

in Section 2.4. These strains include: PK78 (thyA::cotB-ureB365-568 thyB::∆), PK82 

(thyA::cotB-UreA1-237 thyB:∆:), PK120 (thyA::cotB-RBDWuh(319-530) thyB::∆), PK122 

(thyA::cotC-HR1-HR2Wuh(820-1204) thyB::∆), PK128 (thyA::cotB-NWuh(1-422) thyB::∆) and 

PK230 (thyA::cotB-RBDOmi(316-538) thyB::∆). PK118 (thyA::∆ thyB::∆) is an isogenic 

thymine auxotrophic mutant strain, which carries no chimeric gene insertion and served 

as a control. Thymine auxotrophic strains have resistance to trimethoprim and are 

dependent on exogenous thymine supplementation during culturing.  

Work conducted by our collaborators from Institut de Recerca i Tecnologia 

Agroalimentàries (Professor Joaquim Segalés) consisted of a SARS-CoV-2 Cat02 isolate 
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(variant D614G, ID EPI_ISL-47147) and was used for the challenge study. It was isolated 

from a patient in a laboratory-confirmed COVID-19 case in Barcelona, Spain, and 

propagated in Vero E6 cells (ATCC CRL-1586). Work conducted by our collaborators 

from the Institute of Vaccines and Biological Medicals (Dr Van Duy Nguyen), consisted 

of a clinical strain of H. pylori, strain HP34, obtained from the Hospital of the University 

of Medicine and Pharmacy, Hue University, Vietnam. HP34 was isolated (05/05/2020) 

from a 54-year-old female, peptic ulcer patient, with endoscopy displaying superficial 

duodenal ulceration, inflammation in the fundus, and antral erosions. The virulence 

genotypes were shown to be positive to ureA, ureB, cagA and vacA (Genbank accession 

number CP122516). Identity was confirmed by whole genome sequencing. The strain 

was resistant to clarithromycin but sensitive to tetracycline, metronidazole, amoxicillin, 

and levofloxacin. H. pylori, strain 26695, is a laboratory strain obtained from Dr. Amanda 

Rossiter.  
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Table 2.1. Strains used in this study. 

Strain Identity  Description Source 

E. coli  E. coli Turbo  NEB 

PY79 B. subtilis   Bacillus Genetic 

Stock Centre  
PK118 B. subtilis  pThyA::∆ pThyB::∆  

PK78 B. subtilis 

thyA::cotB-ureB 

thyB::∆ 

pThyA::CotB-UreB pThyB::∆ 

(Ala365-Phe568) 

 

 

PK82 B. subtilis  

thyA::cotB-ureA 

thyB::∆ 

pThyA::CotB-UreA pThyB::∆ 

(Met1-Glu237) 
 

PK120 B. subtilis  

thyA::cotB-RBDwuh 

thyB::∆ 

pThyA::CotB-RBDwuh pThyB::∆ 

(Arg319-Ser530) 
 

PK122 B. subtilis  
thyA::cotC-HR1-HR2 

thyB::∆ 

pThyA::CotC-HR1-HR2 pThyB::∆ 
(Gln920-Gln1202) 

 

 

PK128 B. subtilis  

thyA::cotB-NC 
thyB::∆ 

pThya::CotB-N pThyB::∆ 

(M1-Asn422) 
 

 

PK230 B. subtilis  

thyA::cotB-RBDomi 

thyB::∆ 

pThyA::CotB-RBDomi pThyB::∆ 

(Arg316-Phe538) 
 

26695 H. pylori  Provided by Dr. 

Amanda Rossiter 

(University of 

Birmingham) 

HP34 H. pylori  ureA+, ureB+,cagA+ and vacA+ Patient (Vietnam) 

D614G SARS-CoV-2 ID EPI_ISL-47147 Patient 

(laboratory-
confirmed, 

Barcelona) 

 

Unless stated otherwise, B. subtilis was routinely cultured in modified Difco sporulation 

medium (DSM) and DSM agar (for 1 litre: nutrient broth containing 1% yeast extract 8 g 

(BD Bacto), KCl 1g (Sigma), 0.25 g MgSO4:7H2O (Sigma) with 15 g agar (Sigma) or 

without agar and following autoclaving 1 ml of each of the following filter sterilised 

solutions were added: 1 M Ca(NO3)2, 10 mM MnCl2 and 1 Mm FeSO4.  H. pylori was 

cultured in selective horse blood agar (HBA), which was prepared using 4% (w/v) blood 
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agar base (Oxoid) and following autoclaving the following supplements were added: 8% 

(w/v) defibrinated horse blood (Oxoid), 1% (v/v) sodium lactate (Sigma) and Skirrow’s 

antibiotic selective supplement (consisting of vancomycin (Sigma), 10 μg/mL; 

polymyxin B (Sigma), 25 ng/mL; trimethoprim (Sigma), 5 µg/mL; amphotericin B 

(Sigma), 2.5 μg/mL). H. pylori inoculated from agar plates were cultured in brain heart 

infusion (BHI) medium (Oxoid) supplemented with 5% (v/v) fetal bovine serum (FBS, 

Thermofisher Scientific). Incubation was made in a microaerophilic chamber using an 

Oxoid CampyGen 2.5 L sachet (5-7% O2, 5-10% CO2, and 85% N2) at 37°C, with 

passaging every 48.  

To preserve and store bacterial strains a single colony of B. subtilis and large loop of H. 

pylori was used to inoculate 10ml of the appropriate media. B. subtilis strains were 

incubated overnight at 37°C, under aerobic conditions. H. pylori was cultured for 3 to 4 

days, passaging every 48 hours, and incubated in a microaerophilic chamber using an 

Oxoid CampyGen 2.5 L sachet (5-7% O2, 5-10% CO2, and 85% N2) at 37°C. 1ml of the 

culture was added to 1ml of autoclaved 50% glycerol and stored at -80°C.  

2.3 pThyA::CotB and pThyA::CotC plasmid construction  

To design and construct pThyA::CotB and pThyA::CotC modular plasmids to permit 

directional sub-cloning of heterologous genes, pThyA (4, 274 bp) plasmid was used as a 

template plasmid. pThyA plasmid carries a segment consisting of the left and right 

homology arms of B. subtilis thyA gene surrounding the multiple cloning site (MCS) and 

the ampicillin resistance gene (bla) (Hosseini et al., 2018). pThyA::CotB and 

pThyA::CotC modular plasmids were constructed by inserting cotB (1, 299 bp) or cotC 

(497 bp) genes including the promoter region into the NdeI-BamHI restriction sites 
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located in the MCS of pThyA vector. pThyA::CotB and pThyA::CotC sequences are 

given in Appendix A and shown schematically in Figure 2.1.  

The heterologous DNA used in this study includes, the receptor binding domain (RBD), 

two heptad repeat regions, (HR1-HR2) and nucleocapsid (NC) open reading frames 

(ORFs) from SARS-CoV-2, Wuhan-Hu-1 strain and was codon optimised for codon 

usage in B. subtilis (Azenta Life Sciences, UK). The RBDomi ORFs from SARS-CoV-2, 

Omicron variant BA.1 strain was codon optimised for codon usage in B. subtilis (Azenta 

Life Sciences, UK). The entire coding ORF of urease-A (ureA) and the C-terminal region 

of urease-B (ureB) were amplified (not codon optimised for usage) from H. pylori 26695 

strain (Supplied by Dr. Amanda Rossiter). Heterologous genes were subcloned into the 

pThyA::CotB and pThyA::CotC plasmid vector by fusing the heterologous DNA to the 

3’-end of the cotB or cotC gene of B. subtilis (including the promoter). All genes were 

cut at the 5’ and 3’ end using BamHI and EcoRI, respectively and fused in-frame to the 

3’-end of cotB or cotC, by ligating, with thyA::cotB or thyA::cotC (cut using BamHI and 

EcoRI at the 5’ and 3’ end, respectively, (Appendix B). The pThyB (4, 973 bp) vector 

carries a segment consisting of the left and right homology arms of B. subtilis thyB gene 

surrounding the MCS and the ampicillin resistance gene (bla) (Hosseini et al., 2018). 

Table 2.2 shows the primers used to amplify the genes above.  
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Figure 2.1. Schematic representation of pThyA::CotB and pThyA::CotC 

plasmid vector. The plasmid pThyA::CotB (A) and pThyA::CotC (B) were generated by 

cloning the anchor proteins of B. subtilis (cotB and cotC, respectively) into the Ndel and 

BamHI restriction sites of the MCS of thyA, located in the middle of the left and right 

homology arm of the B. subtilis thyA gene. The bla (β-lactamase) represents the ampicillin 

resistance gene. pThyA::CotB and pThyA::CotC have a total of  5, 572 bp and 4, 770 bp, 

respectively. 
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Table 2.2. PCR primers for the amplification of different genes 

Primer Direction Sequence Restriction site 

CotB 

CotB_F Forward AAACATATGCGAAAATCATGGCGATGTAT Ndel 

CotB_R Reverse AAAGGATCCAGATCTTGGTGATCGTTTAG BamHI 

CotC 

CotC_F Forward AAACATATGATAAACTGCCGGCGCTT Ndel 

CotC_R Reverse CCCGGATCCGTAGTGTTTTTTATGCTTTTTATACTC BamHI 

RBDwuhan 

RBDwuh_F Forward AAAGGATCCATGCGCGTTCAGC BamHI 

RBDwuh_R Reverse AAAGAATTCTTATTAGCTTTTCTTCGGTCCGCAAAC EcoRI 

RBDomicron 

RBDomi_F Forward AAAGGATCCAGAGTTCAACCGAC BamHI 

RBDomi_R Reverse CCCGAATTCTTATTAAAAATTAACGCA EcoRI 

HR1-HR2wuhan 

HR1-HR2 Forward AAAGGATCCCAGAAGCTTATCGCTAAC BamHI 

HR1-HR2 Reverse CCCGAATTCTTATTATTCTTGAAGATCGA EcoRI 

ureA 

UreA_F Forward AAAGGATCCAAACTCACCCCAAAAGAGTT BamHI 

UreA_R Reverse AAAGAATTCTTACTCCTTAATTGTTTTTACATAGTTGTCA EcoRI 

ureB 

UreB_F Forward AAAGGATCCGCTATGGGTCGTGTGGGT BamHI 

UreB_R Reverse AAAGAATTCCTAGAAAATGCTAAAGAGTTGCGCCAA EcoRI 
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2.4 Construction of recombinant B. subtilis vaccine candidate strains using THY-X-

CISE® cloning system 

A cloning method referred to as the THY-X-CISE®️ system, which consists of a two-step, 

ectopic cloning system was used to introduce heterologous genes into the chromosome 

of B. subtilis (Figure 2.2) (Hosseini et al., 2018). In the first stage, cells of a wild-type 

recipient strain (in the work described here the prototrophic strain PY79 was used) were 

made competent using a two-step transformation procedure described by Dubnau and 

Davidoff-Abelson and in common use in Bacillus labs (Cutting, 1990; Dubnau & 

Davidoff-Abelson, 1971). Linearisation of the resulting pThyA::CotB or pThyA::CotC 

insertion plasmid and introduction into B. subtilis thyA locus (encodes thymidylate 

synthase A) by a double crossover recombination event generates trimethoprim-resistant 

transformants that will starve in the absence of thymine (thymine-dependent). Cells were 

plated on SMM agar (Harwood & Cutting, 1990) supplemented with thymine (50 μg/ml) 

and trimethoprim (3 μg/ml). After 72 to 96 hours of growth, single colonies were colony 

purified and assessed for growth at 37°C and 46°C on SMM agar with or without thymine 

(50 μg/ml) and trimethoprim (3 μg/ml). Cells carrying an insertion at the thyA locus could 

grow at 37°C with or without thymine but were unable to grow at 46°C unless 

supplemented with thymine (50 μg/ml). The selection of positive transformants was based 

on trimethoprim resistance on plates supplemented with trimethoprim (3 μg/ml) and 

thymine 50 μg/ml) at 37°C (Hosseini et al., 2018). Further verification was to amplify, 

by PCR, the presence of a heterologous fusion gene from transformants using primers 

annealing to the thyA sequences (Table 2.2). The resulting thyA::insertion strain was 

made chemically competent using the same procedure as above (Cutting, 1990; Dubnau 
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& Davidoff-Abelson, 1971) and was then used as a recipient in a second transformation 

where an empty linearised pThyB vector is introduced into the thyB locus (encodes 

thymidylate synthase B). Cells were plated on SMM containing 0.2% (wt/vol) CAA 

(SMM-CAA), thymine (50 µg/ml) and trimethoprim (~0.4 mg/ml) and incubated at 37°C 

for 72 to 96 hours. To confirm the presence of both thyA and thyB insertions, colonies 

were plated on SMM-CAA agar with or without thymine (50 µg/ml) and grown at 37°C 

and 46°C. Cells carrying both thyA and thyB insertions were unable to grow at 37°C and 

46°C unless supplemented with thymine. The resulting strain (thyA::insertion thyB::∆) is 

dependent on exogenous thymine, but resistant to a higher concentration of trimethoprim 

(Hosseini et al., 2018). The diagnostic primers used for confirmation of insertion in the 

thyA and thyB locus are shown in Table 2.2. Strains constructed are listed in Table 2.1  
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Figure 2.2. Schematic diagram of thyA thyB strain construction. To construct 

ectopic insertions at the thyA and thyB loci of B. subtilis, a two-step transformation is 

required. First, a pThyA::CotB or pThyA::CotC plasmid carrying a heterologous gene is 

linearised (ScaI digestion) and introduced into cells of a wild-type B. subtilis strain by DNA-

mediated transformation. Trimethoprim-resistant (Tmr) transformants are selected on SMM 

agar containing trimethoprim (3 μg/ml) and thymine (50 μg/ml) and carry an insertion of 

homologous thyA DNA together with the chimeric gene, by marker replacement, as shown. 

Next, a linearised pThyB sector carrying an empty thyB gene (no insertion) is introduced into 

cells of the thyA insertion mutant strain created in the first step. Selection for Tmr is made on 

SMM-CAA agar containing trimethoprim (>200 μg/ml) and thymine (50 μg/ml). 
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Table 2.2: Diagnostic primers for confirmation of insertion into thyA and thyB genes 

 

2.5 Sporulation and spore purification  

Sporulation of thymine auxotrophic B. subtilis strains was induced by the exhaustion 

method in DSM (Difco-sporulation) medium supplemented with thymine (50 g/ml). 

Sporulating cultures were harvested 24 h after the initiation of sporulation and purified 

using lysozyme treatment to break residual sporangial cells followed by washing steps in 

1 M NaCl, 1 M KCl and water three times, as described elsewhere (Nicholson et al., 

2000). Then spores were treated at 65°C for 1 h to kill residual cells. The spore suspension 

was titrated immediately for CFU/ml before freezing at -20°C. 

2.6 Spore coat extraction  

Spores pellets (2 x 109) were resuspended in spore coat extraction buffer and heated at 

65°C for 1 h, as previously described (Monroe & Setlow, 2006). After centrifugation, the 

supernatant was removed and mixed with 4X SDS sample loading buffer and incubated 

for 10 min at 95° C before SDS-PAGE analysis.  

  

Primer Direction Sequence 

thyA 

ThyA_F Forward AAACAAGAAGACGGAACCAT 

ThyA_R Reverse AGAATTCTTACTCCTTAATTGTTTTTACATAGTTGTCA 

thyB 

ThyB_F Forward GATATTAAAACAAATCCGAACTC 

ThyB_R Reverse GTCAGACACATAGAATTG 
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2.7 Western Blotting of spore coat extracts  

Western blotting was carried out as described previously (Permpoonpattana et al., 2013). 

Spore coat proteins were fractionated by size on 12% SDS-PAGE gels using 

approximately 10 mg of protein per lane. The gels were transferred onto an immobilon-P 

PVDF Membrane (Merck) using a Trans-Blot® Turbo™ Transfer System (Bio-Rad). 

Membranes were dehydrated in 100% MeOH and allowed to dry for 1 hour at RT. 

Followed by blocking for 1h at 37°C with PBS (containing 0.05% (v/v) Tween 20 and 

3% (w/v) skimmed milk). The blot was probed with primary antibodies to the relevant 

SARS-CoV-2 domains: anti-SWuh PAbs raised against the entire SWuh polypeptide 

(SinoBiological, 40589-T62), anti-SOmi MAbs raised against the RBD of the SOmi 

(SinoBiological, 40592-MM117) and anti-N PAbs raised against the entire N polypeptide 

(PA5-32168) and primary antibodies relevant to the relevant H. pylori domains: anti-ureA 

raised against the entire UreA polypeptide (Thermofisher, PA5-117505) and anti-ureB 

raised against the entire UreB polypeptide (Thermofisher, PA5-32168) were diluted in 

conjugate buffer (1:2, 000 in 0.01M PBS, 3% (w/v) skimmed milk, 1% (v/v) and  0.05% 

(v/v) Tween 20) and incubated overnight at 4°C. The blots were incubated in the 

appropriate horseradish peroxidase-conjugated anti-rabbit IgG (Sigma Cat No. 12-348) 

or anti-mouse IgG (Dako Cat No. P0447) diluted in conjugate buffer (1:3,000 in 0.01M 

PBS, 3% (w/v) skimmed milk, 1% (v/v) and 0.05% (v/v) Tween 20) for 1h at RT and 

developed using Amersham ECL Western blotting substrate (GE Healthcare) on 

Amersham hyper-film ECL (GE Healthcare). 
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2.8 Whole-spore ELISA 

An ELISA method was used to detect surface-exposed proteins as described previously 

(Permpoonpattana et al., 2013). Briefly, spores were diluted 2 x 108 spores/ml in PBS and 

50μl of suspension was used to coat microplate wells (Greiner, high binding) overnight 

at 4°C. Followed by blocking for 1h at 37°C with PBS (containing 0.05% (v/v) Tween 

20 and 2% (w/v) bovine serum albumin (BSA). Primary antibodies to the relevant SARS-

CoV-2 domains: anti-SWuh PAbs raised against the entire SWuh polypeptide 

(SinoBiological, 40589-T62), anti-SOmi MAbs raised against the RBD of the SOmi 

(SinoBiological, 40592-MM117) and anti-N PAbs raised against the entire N polypeptide 

(PA5-32168) and primary antibodies relevant to the relevant H. pylori domains: anti-ureA 

raised against the entire UreA polypeptide (Thermofisher, PA5-117505) and anti-ureB 

raised against the entire UreB polypeptide (Thermofisher, PA5-32168) were diluted in 

conjugate buffer (1:2, 000 in 0.01M PBS, 1% (w/v) BSA, 1% (v/v) and 0.05% (v/v) 

Tween 20) and incubated for 2h at 30°C. The appropriate horseradish peroxidase-

conjugated anti-rabbit IgG (Sigma Cat No. 12-348) or anti-mouse IgG (Dako Cat No. 

P0447) was diluted in conjugate buffer (1:3,000 in 0.01M PBS, 1% (w/v) BSA, 1% (v/v) 

and 0.05% (v/v) Tween 20) and used as a secondary antibody. Plates were incubated for 

1 h at RT and then developed using tetramethyl benzidine (TMB) substrate (0.1 mg/mL 

3.3’,5.5’-tetramethylbenzidine in 0.1 M sodium acetate buffer (pH 5.5). Reactions were 

stopped using 2 M H2SO4, and ODs were read at 450 nm. 

2.9 Growth curves 
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To assess the fitness of the constructed thymine auxotrophic strains, growth curves for 

each of the thyA::insertion strains including the isogenic strain PK118 (thyA::∆ thyB::∆) 

were plotted. Strains were grown overnight and sub-cultured into DSM with or without 

thymine (50μg/ml) with a starting optical density of 600nm (OD600) of 0.04 and grown 

for 8 hours at 37°C. OD600 was measured every hour. 

2.10 Stability of double thy-insertion 

To investigate the stability of the double thy-insertion mutant strains three strains were 

used for this assay including PK78 (thyA::cotB-ureBCT thyB::∆), PK120 (thyA::cotB-

RBDwuh thyB::∆) and PK122 (thyA::cotC-HR1-HR2 thyB::∆). A single colony of double 

thy-insertion mutants, PK78, PK120, and PK122 was used to inoculate 25 ml of DSM 

supplemented with thymine (50 µg/ml), grown for 24h at 37°C. After 24 h, a sample of 

the culture was removed, plated on DSM supplemented with thymine (50 µg/ml) and 

DSM only (no thymine) and CFU counts were obtained. 1 ml of the same culture was 

used to subculture into fresh DSM medium, one of which was supplemented with thymine 

and the other with no thymine and CFU counts were obtained. The process was repeated 

four times (2nd to 5th subculture rounds).  

2.11 Immunogens 

Recombinant Spike protein rSWuh and rSOmi (baculovirus expressed) were obtained from 

SinoBiological (Cat Nos. 40589-V08B1 and 40589-V08B33, respectively). Prior to 

intramuscular injection, 5 μg of protein for mice immunisations or 10 μg of protein for 

hamster immunisations was suspended in PBS and complexed (1:1) with the adjuvant 

AddaVax (Invivogen, vac-adx-10). The COVID-19 vaccine ChAdOx1 nCoV-19 
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(AZD1222) with a concentration of 3.8 X 109 infectious units (IU)/mL (3.7 × 1011 virus 

particles/mL) was provided by Prof. Sarah Gilbert (Jenner Institute, Oxford University) 

and referred to henceforth as AZD1222. Prior to use, AZD1222 was diluted in PBS to 

give a working concentration of 2 X 109 IU/mL. 

2.12 Heterologous prime-boost immunisations in mice 

BALB/c female mice were obtained from Charles River, UK (aged 8-10 weeks before the 

study started) and allocated into groups (n=5-6) for recombinant prime and n=6 for 

AZD1222 prime). 

2.12.1 Recombinant spike prime-boost vaccination 

Group 1 received no immunisations and served as a naive, control group. Groups 2-6 each 

received an intramuscular injection (i.m.) of 50 μL (5 μg) of formulated rSWuh protein in 

each hind quadriceps muscle. Group 2 was primed (i.m.) with rSWuh on day 1 and culled 

on day 48. Groups 3-6 were primed (i.m.) with rSWuh on day 1 and then intranasally (i.n.) 

boosted three and five weeks later with spores (1 X 109 CFU) of either PK118 (thyA::∆ 

thyB::∆) spores (Group 3) or PK120 (CotB-RBDWuh) (Group 4) or PK122 (CotC-HR1-

HR2Wuh) (Group 5) or 1:1 mixture of PK120 (CotB-RBDWuh and PK122 (CotC-HR1-

HR2Wuh) referred to as SporCoVax (Group 6). Each intranasal administration (10μl 

total/animal, 5 μL/nare, no anaesthesia) consisted of three administrations given on 

consecutive days (Boost 1, days 21, 22, 27 and Boost 2, days 35, 36, 37). The dosing 

regimen is shown in Figure 2.3A. 
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2.12.2 AZD1222 prime-boost vaccination  

Group 1 was a naïve group and received no immunisations. Groups 2-5 each received in 

the right hind quadriceps muscle 50 μL of AZD1222 (1.0 X 108 IU) in phosphate-buffered 

saline (PBS). Group 2 was culled on day 48. Groups 3-5 were boosted (intranasal; 5 

mL/nare, no anaesthesia) three and five weeks later with spores (1 X 109 CFU) of PK118 

(thyA::∆ thyB::∆; Group 3), or SporCoVax (a 1:1 mixture of CotB-RBDWuh and CotC-

HR1-HR2Wuh spores; Group 4) or PK230 (CotB-RBDOmi; Group 5). Each intranasal 

administration (10μl total/animal, 5 μL/nare, no anaesthesia) consisted of three 

administrations given on consecutive days (Boost 1, days 21, 22, 23 and Boost 2, days 

35, 36, 37). The dosing regimen is shown in Figure 2.3A. 

2.12.3 Recombinant nucleocapsid prime-boost vaccination 

Group 1 received no immunisations and served as a naive, control group. Groups 2-4 each 

received an intramuscular injection (i.m.) of 50 μL (5 μg) of formulated rNWuh protein in 

each hind quadriceps muscle. Group 2 was primed (i.m.) with rN on day 1 and culled on 

day 48. Groups 3-4 were primed (i.m.) with rN on day 1 and then intranasally (i.n.) 

boosted three and five weeks later with spores (1 X 109 CFU) of either PK118 (thyA::∆ 

thyB::∆, no antigen expression) spores (Group 3) or PK128 (CotB-NC) spores (Group 4). 

Each intranasal administration (10μl total/animal, 5 μL/nare, no anaesthesia) consisted of 

three administrations given on consecutive days (Boost 1, days 21, 22, 27 and Boost 2, 

days 35, 36, 37). The dosing regimen is shown in Figure 2.3B. 
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2.12.4 Recombinant spike and nucleocapsid prime-boost vaccination 

Group 1 received no immunisations and served as a naive, control group. Groups 2-4 each 

received an intramuscular injection (i.m.) of 50 μL of formulated rN and rS (5 μg of each 

protein in a single formulation, referred henceforth as rS+N) in each hind quadriceps 

muscle. Group 2 was primed (i.m.) with PK-S+N on day 1 and culled on day 48. Groups 

3-4 were primed (i.m.) with rS+N on day 1 and then intranasally (i.n.) boosted three and 

five weeks later with spores (1 X 109 CFU) of either PK118 (thyA::∆ thyB::∆, no antigen 

expression) spores (Group 3) or a 1:1:1 mixture of PK120 (CotB-RBD), PK122 (CotC-

HR1-HR2), PK128 (CotB-RBD) spores (referred henceforth as PK-S+N) (Group 4). 

Each intranasal administration (10μl total/animal, 5 μL/nare, no anaesthesia) consisted of 

three administrations given on consecutive days (Boost 1, days 21, 22, 27 and Boost 2, 

days 35, 36, 37).  
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Figure 2.3. Schematic representation of the prime-boost experimental design. (A) 

BALB/c female mice (age 8-10 weeks old), were allocated into groups n=5-6 for recombinant 

spike prime and n=6 for AZD1222). Mice were primed with rS protein intramuscularly (i.m.) 

or AZD12222 followed by two intranasal boosts with 1 x 109 spores of PK118 (no antigen 

expression), SporCoVax (1:1 mixture of PK120 (CotB-RBDwuh) and PK122(CotC-HR1-

HR2wuh) or PK230 (CotB-RBDomi) three and five weeks post-prime. (B) BALB/c female mice 

(age 8-10 weeks old), were allocated into groups n=5-6. Mice were primed with recombinant 

nucleocapsid (rN) protein or rN+S (i.m). Followed by two intranasal boosts with 1 x 109 spores 

of PK118 (no antigen expression) or PK128 (CotB-NC) or PK-S+N (a 1:1:1 mixture of PK120, 

PK122 and PK128) spores three and five weeks post-prime. For all immunisation studies saliva 

and serum samples were collected (days 0, 20, 34 and 49) and antigen-specific antibodies were 

determined by ELISA. All mice were sacrificed 48 days post-prime and spleens were harvested 

for cytokine analysis. 

2.13 Homologous immunisations to H. pylori infection using spores  

C57 BL/6 female mice obtained from Charles River, UK (9 weeks of age) were housed 

in groups (n = 6) and were used for the immunity studies. The intragastric (i.g.; 0.2 mL) 

dosing regimen is shown in Figure 2.4. Groups included group 1 (naive), dosed with PBS; 

group 2, dosed with PK118 (thyA::∆ thyB::∆, no antigen expression) spores; group 3, 
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dosed with PK78 (CotB-UreBCT) spores and group 4, dosed with PK82 (CotB-UreA) 

spores. The dosing regimen consisted of 4 doses with each dose corresponding to three 

daily administrations (i.g.) of 0.2 ml (PBS or spore vaccine). For Groups 2-4 each i.g. 

administration consisted of 1 × 1010 spore CFU and daily administrations were used to 

reduce the viscosity of the i.g. inoculation. Samples of faeces were taken on days -1, 15, 

31, 46 and 61 and serum was taken on day 62. 

 

 
Figure 2.4. Schematic representation of the intragastric dosing experimental design. 

C57 BL/6 female mice (age 9 weeks old), were allocated into groups n= 6. Mice were 

immunised by oral route with suspensions of either spores expressing CotB-UreB (PK78) or 

CotC-UreA (PK82 or control spore (PK118 thyA::∆ thyB::∆). Oral immunisations were 

performed with 1.0 × 1010 spores in a volume of 0.2 ml of water administered by intragastric 

lavage on days 1, 2, 3, 16, 17, 18, 32, 33, 34, 47, 48 and 49. Animals were sacrificed on day 

62, and serum samples were collected. Faeces were collected throughout.  

2.14 Determination of mouse antibody titers by indirect ELISA 

For analysis of immunological responses, saliva was collected on days -1, 20, 34 and 48, 

serum was taken on day 48 and lungs were collected on day 48 and stored at -80°C. Faecal 

samples were collected on days -1, 15, 31, 46 and 61. For lungs and faeces, sample 

extractions were made at a one-fifth (w/v) dilution in extraction buffer (2% (v/v) fetal calf 

serum) containing protease inhibitors, EDTA (0.05 mg/mL), as previously described 

(Smeekens et al., 2020). Saliva extractions were made at a one-tenth (w/v) dilution in 
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PBS. Samples were gently shaken for 2 h at 4°C to disrupt solid material, centrifuged 

(8000 x g, 15 min.) and the supernatant was used for analysis. Antibody levels in saliva 

(sIgA), lungs (IgA), faeces (sIgA) and serum (IgG) were quantified by indirect enzyme-

linked immunosorbent assay (ELISA). Greiner 96-well plates (MaxiSorp) were coated 

with 2 µg/mL (50 μl/well) of either rSWuh or rSOmi or rN or 8 μg/mL of either rUreA 

(residues 1-237) or rUreB (residues 365-568) (supplied by Professor Graham Christies, 

Cambridge) in PBS overnight at 4°C, followed by blocking for 1h at RT with PBS 

containing 2% (w/v) bovine serum albumin (BSA).  

Saliva and faecal samples were diluted 1:20 in PBS. Lung and serum samples were diluted 

1:10 and 1:1,000, respectively, in diluent buffer (0.01M PBS, 1% (w/v) BSA, 2% (v/v) 

FBS, 0.1% (v/v) Triton X-100, 0.05% (v/v) Tween 20). Samples were added to plates and 

2-fold serially diluted. Plates containing saliva, lung and faecal samples were incubated 

for 2 h at 30°C and those containing serum samples were incubated for 2 h at RT. Levels 

of IgA and IgG were detected using the appropriate horseradish peroxidase-conjugated 

anti-mouse IgA (Sigma Cat No. A4789-1) or anti-mouse IgG (Dako Cat No. P0447) in 

conjugate buffer (2% (v/v) FBS, 1% (v/v) BSA, 0.05% (v/v) Tween 20 in 0.01 PBS). 

Plates were incubated for 1 h at RT and then developed using tetramethyl benzidine 

(TMB) substrate (0.1 mg/mL 3.3’,5.5’-tetramethylbenzidine in 0.1 M sodium acetate 

buffer (pH 5.5)). Reactions were stopped using 2 M H2SO4, and ODs were read at 450 

nm. Dilution curves were created for each sample and endpoint titers were estimated as 

the maximum dilution that gave an absorbance reading above the average naïve sample. 
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2.15 Isolation of mouse splenocytes and cytokine quantification  

Mouse spleens were harvested, homogenised, and treated with ACK lysis buffer (Sigma 

Cat. No 11814389001) to remove erythrocyte contamination. Splenocytes were cultured 

at 1 × 106/well in 96-well plates. Cells were stimulated with 2.5 µg/mL of rSWuh or rNwuh 

for 72h. IL-2, IL-5, IL-6 and TNF-α in culture supernatants were measured using an 8-

plex multiplex immunoassay (Biolegend Cat No. 741053) according to the 

manufacturer’s instructions. Data was acquired using a BD FACS Canto, and analysis 

was performed using Legendplex software (Biolegend). 

2.16 Heterologous prime-boost immunisations in hamsters and SARS-CoV-2 

challenge  

Hamster studies were conducted by our collaborators at the Institut de Recerca i 

Tecnologia Agroalimentàries (Professor Joaquim Segales). Golden Syrian hamsters (age 

6-8 weeks, 80-120g) were allocated into groups (50% male, 50% female). Group 1 (n=6) 

was a naive, 'unchallenged', control group. Animals were dosed with PBS buffer on day 

1 (i.m.), day 22 (i.n.) and day 35 (i.n.) and culled on day 49. Group 2 (n=12) was a 

negative control group, ‘unimmunised’ but challenged with SARS-CoV-2 on day 42 and 

culled on day 49. Group 3 (n=12) was primed (i.m.) on day 1 with rSWuh (10 μg, 

formulated 1:1 with the AddaVax adjuvant) and then boosted (intranasal) on days 22 and 

35 with SporCoVax  (a 1:1 mixture of CotB-RBDWuh and CotC-HR1-HR2Wuh spores at 

2.5 X 109 CFU) after which animals were challenged with SARS-CoV-2 on day 42 and 

culled on day 49. Group 4 (n=12) was primed (i.m.) on day 1 with rS+rN (10 μg each, 

formulated 1:1 with the AddaVax adjuvant) and then boosted (intranasal) on days 22 and 



79 

 

 

35 with PK-S+N (a 1:1:1 mixture of PK120 (CotB-RBD), PK122 (CotC-HR1-HR2), 

PK128 (CotB-RBD)) spores at 2.5 X 109 CFU after which animals were challenged with 

SARS-CoV-2 on day 42 and culled on day 49. For intranasal administrations, a total 

volume of 0.1mL/dose (50 μL/nare) was used and procedures were conducted under 

anaesthesia (isofluorane). 

SARS-CoV-2 Cat02 isolate (variant D614G, ID EPI_ISL-47147) was used for the 

challenge. It was isolated from a patient in a laboratory-confirmed COVID-19 case in 

Barcelona, Spain and propagated in Vero E6 cells (ATCC CRL-1586). The inoculum was 

prepared on the same day of the challenge at a concentration of 105 TCID50/mL and kept 

refrigerated until use. 0.1 mL was administered per challenge dose (50 μL/nare under 

isofluorane anaesthesia) giving a challenge dose of 104 TCID50. At 2 and 4 days post-

challenge, 4 animals/group were sacrificed for necropsy and at day-7 all remaining 

animals were culled. Experiments with SARS-CoV-2 were performed at the Biosafety 

Level-3 (BSL-3) facilities of the Biocontainment Unit of IRTA-CReSA (Barcelona, 

Spain). The dosing and challenge regimen is shown in Figure 2.5.  
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Figure 2.5. Schematic representation of the experimental design and challenge 

with SARS-CoV-2. Golden Syrian Hamsters (age 6-8 weeks, 80-120g) were allocated into 

groups (50% male, and 50% females) n=6-12 mice). Hamsters were primed with rS or a 

combination of rS+N subunit protein (i.m.) followed by two intranasal boosts with 2.5 x 109 

spores of SporCoVax (1:1 mixture of PK120 (CotB-RBDwuh) and PK122(CotC-HR1-HR2wuh) 

or PK-S+N (a 1:1:1 mixture of PK120, PK122 and PK128 (CotB-N) three and five weeks post-

prime. Seven days after the final boost animals were intranasally challenged with (SARS-CoV-

2 (D164G variant). Animals were euthanised (2, 4 and 7 days post-challenge), necropsies were 

performed and viral load of SARS-CoV-2 were determined by qPCR in nasal, oropharyngeal 

and lungs.  

2.17 Homologous immunisations in mice and H. pylori challenge  

Challenge studies were conducted by our collaborators at the Institute of Vaccines and 

Biological Medicals (Dr Van Duy Nguyen). Mice (Mlac: ICR, males, 5-6 weeks of age, 

18-20 g) were used for this study. Dosing schedules are shown in Figure 2.6 and consisted 

of 4 oral (i.g.) doses on days 0, 14, 28 and 53. Four groups (Group; n=6) were used; Group 

1, naïve receiving sterile PBS, Gp2, PK118 (WT) spores, Group 3, PK82 (cotB-ureA) and 

Group 4, PK78 (cotB-ureBCT). i.g. dosing consisted of 0.2 mL of either PBS (Group 1) or 

spores (1 × 1010 CFU) (Groups 2-4). On days 7-9 following the last dose animals were 

challenged daily with 0.2 mL/day of freshly grown H. pylori HP34 culture qualified by 
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OD600 measurements to contain ~ 108 H. pylori CFU. Stomach samples were taken on day 

83 to enumerate H. pylori CFU by plating on HBA. 

 

Figure 2.6. Helicobacter pylori challenge study: Mice (Mlac: ICR) were immunised by 

the oral route (i.g.) with suspensions of either spores expressing PK82 (CotB-UreA), PK78 

(CotB-UreBCT) or PK118 (control spores). A naive, non-immunised control group was also 

included. Oral immunisations were performed with a volume of 0.2 ml of 1.0 × 1010 spores on 

days 0, 14, 28, and 53. Mice were then challenged with H. pylori HP34 on days 60, 61 and 62. 

Samples of stomach were taken on day 83 to enumerate H. pylori CFU. 

2.18 Ethical approval  

Murine studies were conducted with approval from the Royal Holloway University of 

London Ethics Committee and an approved UK Home Office animal project license 

PB9FA6ABB. 

Hamster studies were approved by the Institutional Animal Welfare Committee of the 

Institut de Recerca i Tecnologia Agroalimentàries (CEEA-IRTA, registration number 

CEEA 262/2021) and by the Ethical Commission of Animal Experimentation of the 

Autonomous Government of Catalonia (registration number CEA-OH/11579/2) and 

conducted by certified staff. Experiments with SARS-CoV-2 were performed at the 

Biosafety Level-3 (BSL-3) facilities of the Biocontainment Unit of IRTA-CReSA 

(Barcelona, Spain). 
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Challenge studies were conducted with approval from the Research and Ethics 

Committee of the Institute of Vaccines and Biological Medicals (IVAC) (decision no. 

241/QD-VXSPYT 29/07/2022. 

2.19 Statistical analysis 

Statistical significance was assessed by the Mann-Whitney U test or the Dunnett’s test 

using Prism (GraphPad or Dotmatics). Flow cytometry data were analysed using 

LEGENDplex™ Data Analysis Software.   

 

 

 

 

 

 

 

 



83 

 

 

CHAPTER 3: Construction of spore vaccines using THY-X-

CISE® biocontainment system   

3.1 Introduction   

Bacillus subtilis is a widely recognised and intensively studied bacterium for its 

exceptional use in the industrial production of enzymes, specifically proteases and 

amylase (Mukhtar & Ikram-ul-Haq, 2012). It has also been explored as a platform for 

spore-based vaccines and as a live-cell host for the delivery of foreign proteins (Harwood, 

1992; Potot et al., 2010; Wong, 1995). Three aspects of B. subtilis are notable. The first 

is that B. subtilis has a good safety record and is considered safe for human and animal 

consumption in the form of a probiotic (de Souza et al., 2014; Oggioni et al., 2003). The 

second is that B. subtilis is readily adaptable to genetic modification, and stable constructs 

can be integrated into the bacterial chromosome, making Bacillus a suitable host for 

vaccine engineering. Furthermore, the development of appropriate genetic tools has 

bought a further interest in the utilisation of GM Bacillus as a host for the expression and 

surface display of recombinant proteins with pharmacological and immunological 

activities (Isticato et al., 2001; Iwanicki et al., 2014; Ning et al., 2011; Potot et al., 2010). 

The third is the production of spores, sporulation is a cell differentiation process that 

occurs in B. subtilis following exposure to environmental stresses such as starvation, 

resulting in a metabolically dormant cell type. Several studies have demonstrated and 

confirmed that the utilisation of spores as a live-cell host for the expression and surface 

display of recombinant immunogenic antigens fused to outer coat proteins can elicit an 

antigen-specific immune response, which is needed for long-lasting immunity (Ciabattini 
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et al., 2004; Hoang et al., 2008; L. Li et al., 2009; Ning et al., 2011; Permpoonpattana et 

al., 2013; Sung et al., 2022).  

Despite the potential use of recombinant Bacillus spores for industrial and 

biotechnological applications, there are several risks associated with the release of GM 

Bacillus spores into the environment. First, is the use of antibiotic resistance (AbR) genes 

as selectable markers for the selection of positive transformants. To date, the majority of 

genome-editing techniques available for inserting heterologous DNA into the 

chromosome of B. subtilis consist of plasmid vectors that carry antibiotic-resistance genes 

as positive selection markers, thereby increasing the risk of spreading antibiotic resistance 

genes into the environment (Fels et al., 2020; A.-M. Guérout-Fleury et al., 1996; Mignon 

et al., 2015; Shimotsu & Henner, 1986; Vandermeulen et al., 2011). Second, is spore 

formation, Bacillus generates a cell type that is dormant and once released can survive 

indefinitely in the environment and their resilience to environmental assaults increases 

their  likelihood of persisting after deliberate release (Cano & Borucki, 1995; Nicholson 

et al., 2000). 

The THY-X-CISE cloning system was developed by Hosseini et al as a strategy to 

prevent the environmental dissemination of engineered B. subtilis spores (Hosseini et al., 

2018). This concept of biological containment is similar to methods described for 

Lactococcus lactis (Steidler et al., 2003) that rely on indigenous suicide resulting from 

thymineless death, and has been used to enable clinical evaluation of L. lactis IL-10 

delivery system. Neuhard et al., (1978) highlighted the absolute requirement for thymine 

in B. subtilis, the expression of two thymidylate synthase enzymes (TSaseA and TSaseB) 

is dependent on two functional unlinked thyA and thyB genes present in the chromosome 
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of B. subtilis (Neuhard et al., 1978). Thymidylate synthases play an essential role in the 

folate biosynthetic pathway which is important for the synthesis of thymine (a 

pyrimidine) and is required for DNA synthesis and repair (S.-W. Choi & Mason, 2000). 

Briefly, tetrahydrofolate (THF) is an essential cofactor, a product that is formed from the 

conversion of dihydrofolate (DHF) by dihydrofolate reductase enzyme (DHFR) (for more 

detail see Figure 3.1). It acts as the carrier for one-carbon groups, necessary for many 

biosynthetic pathways such as amino acid and nucleic acid metabolism (Chatterjee et al., 

2008; Neuhard et al., 1978; O’Donovan & Neuhard, 1970). Thymidylate synthases are 

responsible for catalysing the tetrahydrofolate-dependant methylation of deoxyuridine 

monophosphate (dUMP) to deoxythymidine monophosphate (dTMP; a pyrimidine 

nucleotide composed of thymine, deoxyribose and a phosphate group), which is an 

important rate-limiting step in DNA synthesis. THY-X-CISE®️ cloning system involves 

the insertion of fusion genes into two thymidylate synthase genes, thyA and thyB of B. 

subtilis, using a two-step transformation process (Hosseini et al., 2018). This system has 

been used to engineer thymine auxotrophic Bacillus strains that display chimeric proteins 

(passenger protein fused to B. subtilis spore coat protein) (Hosseini et al., 2018). 

Examples of proteins that have been successfully displayed on the surface of thymine 

auxotrophic strains include VP26 and VP28 which are envelope proteins of the shrimp 

virus WSSV (A. T. V. Nguyen et al., 2014; Valdez et al., 2014), as well as subtilisin E 

(AprE) and and alpha-amylase (AmyE), which are enzymes of industrial importance and 

commonly incorporated in animal feed (Hosseini et al., 2018; Tran et al., 2010). The 

resulting strain is unable to produce thymidylate synthase and the cell becomes dependent 

on exogenous thymine, and its absence initiates cell death (Hosseini et al., 2018; Rolfe, 

1967). Most importantly, thymine-requiring mutants readily develop resistance to the 
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folate antagonist trimethoprim in the presence of exogenous thymine (Hosseini et al., 

2018; Neuhard et al., 1978). Trimethoprim (TMP) is a potent antimicrobial agent that 

targets the folate pathway by acting as a competitive inhibitor of the dihydrofolate 

reductase (DHFR) enzyme which catalyses the formation of tetrahydrofolate (THF), as 

previously mentioned (Figure 3.1). This naturally occurring trimethoprim-resistant 

phenotype following the inactivation of thymidylate synthase genes enables the selection 

of thyA thyB insertion mutants based on higher levels of trimethoprim in the presence of 

exogenous thymine, but without introducing antibiotic resistance genes into the genome 

(Hosseini et al., 2018; Neuhard et al., 1978; O’Donovan & Neuhard, 1970; Sasaki et al., 

2004). This phenomenon has been observed in many thymine auxotrophic bacteria 

including (but not limited to) L. acidophilus (Fu & Xu, 2000), E. coli (Okada et al., 1960; 

Rengarajan et al., 2004) and Streptococcus thermophilus (Sasaki et al., 2004).  
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Figure 3.1: Folate biosynthesis pathway and site of action of trimethoprim. 

Thymidylate synthase catalyses the conversion of dUMP to dTMP, which is required for 

DNA synthesis. This methylation reaction uses 5,10-methyleneTHF and generates DHF. 

DHF is converted back to THF by DHFR. Subsequently, the intracellular stores of THF 

derivatives are replenished and play an important role as the source of one-carbon donors 

require for the synthesis of thymidylate, purines and other amino acids. Trimethoprim 

selectively inhibits DHF which blocks the biosynthesis pathways of thymidylate, purine and 

several other amino acids. PABA, para-aminobenzoic acid; DHP, dihydropteroate; DHF, 

dihydrofolate; DHFR, dihydrofolate reductase; THF, tetrahydrofolate; MTHF, 5,10-

methylene tetrahydrofolate; dUMP, deoxyuridine monophosphate; dTMP, deoxythymidine 

monophosphate. Modified from (Rengarajan et al., 2004). 

3.2 Results 

3.2.1 Construction of pThyA::CotB and pThyA::CotC plasmid 

The pThyA and pThyB plasmids were designed by Hosseini et al. (2018). Briefly, both 

plasmids carry the relevant left and right homology arms of B. subtilis thyA or thyB which 

are interrupted at the midpoint by a multiple cloning site (MCS) to allow for the insertion 

of heterologous DNA. Most importantly, both plasmids when linearised can be integrated 

into the B. subtilis genome via a double crossover recombination event, and this is made 

possible by the presence of the left and right homology arms of B. subtilis thyA or thyB 
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(Hosseini et al., 2018). In this chapter, pThyA underwent further modification and two 

new plasmids were constructed referred to as pThyA::CotB and pThyA::CotC. Both 

plasmids were synthesised by inserting cotB and cotC (encoding the spore coat anchor 

proteins required for the display of heterologous protein) into the MCS of the pThyA 

plasmid (for more detail see Section 2.3, Figure 2.1). The modified pThyA::CotB or 

pThyA::CotC plasmid allows in-frame fusions to be conducted directly in the plasmid 

through the fusion of the cotB or cotC to the open reading frame (ORF) of the relevant 

antigens.  

3.2.2 Construction of recombinant thymine auxotrophic B. subtilis strains 

Hosseini et al., (2018) proof of principle studies address the biological containment of 

GMO B. subtilis by utilising the concept of thymineless death. The results from this study 

highlight the potential utility of the THY-X-CISE cloning system to generate thymine 

auxotrophic B. subtilis strains for application as live vaccine vectors.  

The THY-X-CISE cloning system was employed to construct multiple thymine 

auxotrophic B. subtilis strains. This was achieved by inserting chimeric genes in the two 

thymidylate synthase genes (thyA and thyB) using a two-step transformation process. In 

each case, the expression had been achieved by C-terminal fusion to a B. subtilis gene 

encoding a surface-expressed spore coat protein (either CotB or CotC). The immunogenic 

antigens selected in this chapter were based on a wide range of data available from 

bioinformatic, immunological and clinical studies and are mentioned below. I) The 

receptor binding domain (RBDWuh, amino acids 319-350, MW 25.64 kDa) of Spike 

protein from SARS-CoV-2 Wuhan-Hu-1 and RBDOmi (amino acid 316-538, MW 24.6 
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kDa) from SARS-COV-2 Omicron variant. Previous studies have shown that when 

administered intranasally, RBD elicits a robust local and systemic humoral immunity as 

well as a strong potent neutralising antibody response (Y. Du et al., 2021; 

Jearanaiwitayakul et al., 2021). II) heptad repeat 1 (HR1) and heptad repeat 2 (HR2) 

(HR1-HR2Wuh, amino acids 920-1201, MW 31.2 kDa) of spike protein from SARS-CoV-

2 Wuhan-Hu-1 variant. HR1-HR2 when administered via the parental route has been 

shown to elicit potent cross-neutralising antibodies against SARS-CoV-2 and its variants 

of concerns (VOCs) (H. Liu et al., 2021; Pang et al., 2022). III) Nucleocapsid (NC, amino 

acid 1-422, MW 46 kDa) from SARS-CoV-2 Wuhan-Hu-1 variant. (Hajnik et al., 2022) 

Hajnik et al., 2022 showed that intramuscular delivery of an mRNA vaccine expressing 

the N protein of SARS-CoV-2 conferred protection in a hamster SARS-CoV-2 model of 

infection. IV) Urease subunit A (UreA, amino acids 1-237 MW 26.4 kDa)); V) carboxy-

terminus of urease subunit B (UreBCT, amino acids 365-568, MW 22.9 kDa) from H. 

pylori. Both UreA and UreB have been shown to confer protection when delivered orally 

(Corthésy-Theulaz et al., 1998; Gómez-Duarte et al., 1998a; Smythies et al., 2005; Z. 

Zhou et al., 2017a). In this chapter, a truncated urease B lacking the amino-terminal 

enzymatic domain was used (Jabri et al., 1995; Shin et al., 2018). Using pThyA::CotB or 

pThyA::CotB vectors, in-frame fusions of the cotB and cotC genes to the open reading 

frame (ORF) of RBDWuh, RBDOmi, HR1-HR2Wuh, NC, UreA, UreBCT (Appendix B) were 

performed directly in the vectors. The pThyA insertion gene cassettes were next 

linearised and used to transform competent cells of the wild-type prototrophic B. subtilis 

strain (PY79) with selection for trimethoprim resistance on plates supplemented with 

trimethoprim (3 μg/ml) and thymine at 37°C. Transformants carrying thyA insertions 

could be recognised by their failure to grow at 46°C without thymine (data not shown) as 
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seen in thyA mutant strains constructed by Hosseini et al. In the second step, classical 

DNA-mediated transformation of competent cells from step one (strains lacking thyA) 

was used to introduce an empty pThyB plasmid (without a chimeric gene) at the thyB 

locus using selection with a higher concentration of trimethoprim (~200 μg/ml) (see 

method Section 2.4 for more detail). Strains carrying insertions at thyA and thyB were 

verified by their failure to grow at both 37°C and 46°C in the absence of thymine (Table 

3.1). Using the two-step ectopic cloning system, several strains carrying insertions at the 

thyA and thyB loci were constructed. 

 The resulting strains include, PK78 (thyA::cotB-ureBCT thyB∆), PK82 (thyA::cotB-ureA 

thyB∆), PK120 (thyA::cotB-RBDWuh thyB∆), PK122 (thyA::cotC-HR1-HR2Wuh thyB::∆), 

PK128(thyA::cotB-N thyB∆) and PK230 (thyA::cotB-RBDOmi thyB::∆). An isogenic 

strain, PK118 (thyA::∆ thyB::∆), which carries no gene insertions was made using the 

same procedure by introducing empty pThyA and pThyB vectors into thyA and thyB loci 

(Table 3.1). After constructing each strain as listed in Table 3.1, the integrity of the thyA 

and thyB insertion was further confirmed by polymerase chain reaction analysis (data not 

shown). 
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Table 3.1: Phenotype of B. subtilis recombinant strains 

Strain 

 

Genotype 37°C
1
 46°C

1
 

+ thy - thy + thy - thy 

PY79 thyA+ thyB+ + + + + 

PK118 thyA::∆ thyB::∆ + - + - 

PK78 thyA::cotB-ureB 

thyB::∆ 

+ - + - 

PK82 thyA::cotB-ureA 

thyB::∆ 

+ - + - 

PK120 thyA::cotB-RBDwuh 

thyB::∆ 

+ - + - 

PK122 thyA::cotC-HR1-HR2 

thyB::∆ 

+ - + - 

PK128 thyA::cotB-NC 

thyB::∆ 

+ - + - 

PK230 thyA::cotB-RBDomi 

thyB::∆ 

+ - + - 

1Growth (+) or no growth (-) on SMM agar with or without thymine (50 μg/mL) 

3.2.3 Expression of heterologous genes on the surface of B. subtilis spores 

The expression and display of chimeric proteins on the spore surface was confirmed by 

two immunological methods. First, Western blotting of proteins from recombinant spore 

coat extracts using polyclonal (PAbs) or monoclonal (MAbs) antibodies that recognise 

RBD(wuh), RDB(omi), HR1-HR2, NC antigens of SARS-CoV-2 and UreA and UreB 

antigens of H. pylori was performed.  

Using SARS-CoV-2 Wuhan-specific anti-SWuh PAb on protein extracted from PK120 

(CotB-RBDwuh, Figure 3.2A) and the use of SARS-CoV-2 Omicron-specific anti-SOmi 

Mab on protein extracted from PK230 (CotB-RBDOmi, Figure 3.2B), it was observed that 
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the fusion proteins were rather degraded with the blot revealing several bands 

corresponding to ~40, (diffuse band), ~50 and ~60 kDa that were absent in protein 

extracted from the isogenic WT strain referred henceforth as PK118 spores, which served 

as the control. These bands appear to be the result of adsorption of aggregated and or 

degraded fusion protein on the spore surface (Rabilloud, 1996). One of these bands was 

in close agreement with the predicted size (62 kDa) of the CotB-RBDwuh chimaera 

(PK120) and (63 kDa) of the CotB-RBDOmi chimaera (PK230). PK122 (CotC-HR1-HR2) 

spore coat extracts when probed with Wuhan-specific anti-SWuh PAb revealed a single 

band (absent in PK118 spores) with the predicted size (40 kDa) of the CotC-HR1-HR2 

chimaera (Figure 3.2A). PK122 is the only strain which carries the HR1-HR2 domain on 

the C-terminus of CotC. A strain called PK123 (CotB-HR1-HR2) was constructed, in 

which the HR1-HR2 domain was fused to the C-terminus of CotB. However, upon 

perfoming Western blot analysis of the spore coat extracts from PK123, no observable 

bands were detected that corresponded to CotB-HR1-HR2 chimaera (blot not shown). 

According to the literature, it is known that CotB-based fusions can show genetic 

instability (Isticato et al., 2004); and this is possibly due to the structure and folding of 

the heterologous protein (passenger protein) and the properties of the fusion protein on 

the spore surface (Negri et al., 2013). Negri et al., (2013), showed that the use of a helical 

peptide linker (GGGEAAAKGGG) in between the passenger protein (FliD) and CotB 

protein resulted in higher levels of expression of the CotB–linker–FliD fusion protein in 

the spore coat compared to CotB-FliD fusion protein (no peptide linker). In our study, it 

is possible that the insertion of a peptide linker between CotB and HR1-HR2 could have 

resulted in expression or higher levels of expression, however, this was not investigated 

further. Western blotting of PK128 (CotB-N) showed that the whole N protein was 



93 

 

 

expressed on the spore surface with the predicted size (84 kDa) of the CotB-N chimaera. 

Proteins extracted from spores of the isogenic WT strain (PK118, served as the control) 

devoid of SARS-CoV-2 antigens exhibited no cross-reaction (Figure 3.2A-C).  

Western blotting of PK82 (cotB-ureA) revealed three bands (~40, (diffuse), 65 and 70 

kDa.) that were absent in PK118 spores when probed with anti-UreA-specific PAb. One 

of these bands was in close agreement with the predicted size (63.4 kDa.) of the CotB-

UreA chimaera (Figure 3.2D). It is possible that the larger band observed (70 kDa) 

corresponding to the higher molecular weight, is most likely representing oligomerised 

forms of CotB itself. Western blotting of PK78 (cotB-ureBCT) was less clean with cross-

reacting bands in PK118 spores when probed with anti-UreB-specific PAb. However, one 

abundant band of the correct size for CotB-UreB (~61 kDa) was present in PK78 and 

absent in PK118 spores (Figure 3.2E). Since the cross-reacting bands (observed when 

probed with anti-UreB PAb) are associated with the spore coat the most likely explanation 

is that of cross-recognition with spore coat proteins. However, using several 

bioinformatic tools including Basic Local Alignment Search Tool (BLAST) and FASTA, 

no spore coat proteins were found to display any degree of amino acid homology with 

either urease A or B. It should be noted that a tricistronic urease operon (ureABC) is 

present in most strains of B. subtilis with ureC corresponding to the enzymatic subunit in 

H. pylori named ureB (Cruz-Ramos et al., 1997). B. subtilis UreA shares homology with 

H. pylori UreA (~31%) and with UreC with about 75% homology with H. pylori UreB. 

The operon is transcribed during ordinary vegetative cell growth but only at high levels 

during nitrogen-limited growth (Cruz-Ramos et al., 1997; Wray et al., 1997). It has been 

confirmed that PK118, PK78 and PK82 do not produce a functional urease using a 
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standard agar-based biochemical method termed Christensen’s slant agar (data not 

shown) (Christensen, 1946). The possibility of low levels of of B. subtilis -produced 

urease being present, possibly adsorbed to spores cannot be ruled out, which could 

potentially account for this cross-reaction. 

 
Figure 3.2. Spore coat expression of SARS-CoV-2 and H. pylori proteins. B. subtilis vaccine 

strains carrying insertions at the thyA and thyB loci were examined by Western blotting of SDS-

PAGE size-fractionated spore coat proteins extracted from preparations of pure spores (approx. 

2 X 109 spores/extraction). Panels show bands obtained in extracts of isogenic WT spores 

(PK118) and spores carrying thyA and thyB insertions, with no antigens. Panel A shows 

analysis of PK120 (CotB-RBDWuh) and PK122 (CotC-HR1-HR2Wuh) probed with anti-S 

(Wuhan-Hu-1) PAbs. Panel B shows analysis of PK230 (CotB-RBDOmi) probed with anti-S 

(Omicron) MAbs. Panel C shows analysis of PK128 (CotB-NCwuh) probed with anti-N PAbs. 

Panel D shows analysis of PK82 (CotB-UreA) probed with anti-UreA PAbs. Panel E shows 

analysis of PK78 (CotB-UreBCT) probed with anti-UreB PAbs. 
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The second immunological method used to further verify the expression and display of 

chimeric proteins on the spore surface was whole spore enzyme-linked immunosorbent 

assay (ELISA). Purified whole spores were subjected to ELISA. Whole spore ELISA 

clearly demonstrated recognition of the heterologous antigen on spores from PK120 

(CotB-RBDWuh) and PK122 (CotC-HR1-HR2) in Figure 3.3A, PK230 (CotB-RBDOmi, 

Figure 3.3B), PK128 (CotB-NC, Figure 3.3C), PK82 (CotB-UreA, Figure 3.3D) and 

PK78 (CotB-UreBCT, Figure 3.3E). In each case, significant levels of detection were 

found showing that each heterologous antigen was expressed. 
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Figure 3.3 Surface expression determined by “Whole Spore ELISA”. Microtiter plates 

were coated with spores at 1 x 108 CFU/well. Panel A, PK118 (isogenic WT strain), PK120 

(CotB-RBDWuh) and PK122 (CotC-HR1-HR2Wuh) were labelled with anti-S (Wuhan-Hu-1) 

PAbs (1:2000) followed by anti-rabbit IgG-HRP secondary antibody (1:3000). Panel B, 

PK118 and PK230 (CotB-RBDomi) spores were labelled with anti-S (Omicron) PAbs (1:2000) 

followed by anti-mouse IgG-HRP secondary antibody (1:3000). Panel C, PK118 and PK128 

(CotB-N) spored were probed with anti-N (1:2000) polyclonal antibody followed by anti-

mouse IgG-HRP secondary antibody (1:3000). Panel D, PK118 and PK82 (CotB-UreA) 

spore probed with anti-UreA polyclonal (1:1000) antibody followed by anti-rabbit IgG-HRP 

secondary antibody (1:3000). Panel E, PK118 and PK78 (CotB-UreBCT) and then probed 

with anti-UreB polyclonal (1:2000) antibody followed by anti-rabbit IgG-HRP secondary 

antibody (1:3000). This experiment was replicated twice. 
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3.2.4 Confirmation of thymineless death in sporulation media 

To verify whether the thyA thyB insertional mutants are completely thymine dependent, 

growth assays of the insertional mutants were conducted at 37°C in DSM in the presence 

or absence of exogenous thymine. The thyA and thyB insertional mutant strains showed 

no growth in the absence of thymine (Figure 3.4). Additionally, with thymine 

supplementation, all strains grew to similar OD, which was also observed in the thyA thyB 

insertional mutants constructed by Hosseini et al., (2018). 
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Figure 3.4. Growth of thyA thyB insertion mutant strains in sporulation media. 
(Panel A) Growth of PK118 (isogenic WT strain) (Panel B) PK120 (CotB-RBDwuh), (Panel 

C) PK122 (CotB-HR1-HR2Wuh), (Panel D) PK230 (CotB-RBDOmi), (Panel E) PK128 (CotB-

NC), (Panel F) PK78 (CotB-UreBCT) (Panel G) PK82 (CotB-UreA) was grown in DSM 

media at 37°C with or without thymine supplementation (50 μg/ml). The starting OD600 of each 

culture was 0.04. Circles represent strains grown in the presence of thymine, triangles 

correspond to strains grown in the absense of thymine. This experiment was replicated twice. 

3.2.5 Percentage sporulation of thyA thyB insertional mutants 

Sporulation was induced by the exhaustion method in the DSM as described elsewhere 

(Harwood & Cutting, 1990). The sporulation efficiency of thyA thyB insertional mutant 

strains was assessed relative to the isogenic PK118 strain. After 24 h of growth in DSM, 

sporulation occurred, and the number of heat-resistant spores was essentially equivalent 

to those of PK118 (Table 3.2). The thyA thyB insertional mutants and their isogenic 

PK118 strain showed comparable efficiency, indicating that the presence of the fusion 
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protein did not significantly affect sporulation efficiency, which is consistent with the 

findings observed by Hosseini et al., (2018).  

Table 3.2: Percentage sporulation of thyA thyB insertion mutants 

Strain
1
 Genotype Total Count

2
 Heat count

3
 Sporulation % 

PK118 thyA::∆ thyB::∆ 3.1 x 108 2.8 x 108 90.3 

PK78 thyA::cotB-ureB 

thyB::∆ 

2.8 x 108 2.4 x 108 85.7 

PK82 thyA::cotB-ureA 

thyB::∆ 

1.76 x 108 1.51 x 108 85.8 

PK120 thyA::cotB-RBDwuh 

thyB::∆ 

3.1 x 108 2.5 x 108 80.6 

PK122 thyA::cotC-HR1-HR2 

thyB::∆ 

3.9 x 108 3.4 x 108 87.2 

PK128 thyA::cotB-NC 

thyB::∆ 

2 x 108 1.6 x 108 80 

PK230 thyA::cotB-RBDomi 

thyB::∆ 

1.8 x 108 1.6 x 108 89.8 

1 Different strains were grown for 24h in DSM supplemented with thymine (50 μg/ml); after 

24h, untreated and heated (65°C, 1h) cultures were plated on appropriate plates. This 

experiment was replicated twice. 
2 Untreated CFU/ml 
3 Heat-treated CFU/ml 

3.2.6 Reversion 

Considerable evidence has shown that the integration of heterologous genes into the 

chromosome by a double crossover recombination event is considered more stable than 

integration based on a single crossover recombination event (Aranda et al., 2010; Heap 

et al., 2012; Kuzminov, 2011). Additionally, heterologous genes integrated into the 

chromosome are maintained in a single copy number even in the absence of selection 

markers (Middleton & Hofmeister, 2004; Vázquez-Cruz et al., 1996). To demonstrate the 

stability of the integrations at the thyA and thyB loci, PK82 (CotB-UreBCT), PK120 
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(CotB-RBDWuh) and PK122 (CotC-HR1-HR2) strains were selected for further analysis. 

To assess whether repeated culture using these strains in the absence of thymine would 

lead to a loss of thymine dependency. It was observed that repeated cultures of PK82, 

PK120 AND PK122 in the absence of thymine yielded no loss of thymine dependency, 

and no growth was observed in the subcultures and on DSM plates without thymine 

supplementation (Table 3.3). The data showed a similar trend as reported by Hosseini et 

al. Therefore, these results suggest that thy mutations are stable and there is no evidence 

to indicate reversion or suppression despite repeated passage (Hosseini et al., 2018). 

Table 3.3: Reversion of double thy insertional mutants
 

 

Subculture
 

 

 PK82 (CFU/ml)
1 

PK120 (CFU/ml)
1 

PK122 (CFU/ml)
1 

DSM  + 

Thymine 

DSM  DSM  + 

Thymine 

DSM  DSM  + 

Thymine 

DSM  

1 2.12 x 108 0 1.95 x 108 0 3.6 x 108 0 

2 2.50 x 108 0 2.06 x 108 0 3.1 x 108 0 

3 2.08 x 108 0 3.38 x 108 0 2.25 x 108 0 

4 3.08 x 108 0 1.75 x 108 0 2.04 x 108 0 

5 2 x 108 0 2.42 x 108 0 2.43 x 108 0 

1Number of bacteria (CFU/ml) every 24 h in DSM supplement with thymine and DSM only 

(no thymine) 
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3.3 Discussion  

This chapter highlights the potential utility of the newly developed THY-X-CISE cloning 

system (Hosseini et al., 2018) to generate thymine auxotrophic B. subtilis strains that can 

be used as live-cell hosts for the expression and surface display of immunogenic proteins. 

Hosseini et al successfully adopted the principles of a thymineless death to exploit B. 

subtilis by introducing heterologous genes without the introduction of antibiotic 

resistance genes. 

This chapter focused on the application of the principles of thymineless death and 

illustrated how the THY-X-CISE cloning system was used to genetically engineer B. 

subtilis to express immunogenic antigens derived from SARS-CoV-2 and H. pylori. The 

antigens were fused with anchor proteins to facilitate their display on the spore surface. 

The successful display of the antigens on the spore surface was deemed noteworthy, as it 

could potentially aid in the development of mucosal spore vaccines against SARS-CoV-

2 and H. pylori infection. Some of the immunogenic antigens selected have been 

previously expressed on the spore surface using conventional cloning methods that 

require antibiotic-resistance gene markers for selection and do not offer biological 

containment. In each case, expression was achieved by fusion of the heterologous protein 

to B. subtilis surface-expressed spore coat protein. For example, Sung et al, constructed 

recombinant spores which anchored the RBD of SARS-CoV-2 to the outer spore coat 

proteins, CotA, CotB, and CotC. This study showed that the expression of the CotC-RBD 

chimaera in B. subtilis cells was much higher, while the CotA-RBD and CotB-RBD were 

not detectable. A significant increase in the level of antibodies against sRBD in both mice 

and humans was reported after the oral administration of spores that displayed the CotC-
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RBD chimaera (Sung et al., 2022). Hinc et al, exploited B. subtilis to express UreA 

protein (produced by H. pylori) on the spore surface through the fusion of UreA to spore 

coat proteins, CotB, CotC, or CotG. This study highlighted that CotB was the most 

appropriate spore coat protein to display heterologous protein on the spore surface (Hinc 

et al., 2010). Urease B, when displayed on the surface of recombinant spores, has been 

shown to confer protection against H. pylori infection in mice dosed orally with these 

recombinant spores (Z. Zhou et al., 2015b, 2017a). The HR1-HR2 domain of the spike 

S2 subunit and nucleocapsid domain of SARS-CoV-2 have not been previously expressed 

in B. subtilis but were selected for their immunogenicity (Dangi et al., 2022; Hajnik et 

al., 2022; Pang et al., 2022). Systems such as the ones described above offer fascinating 

possibilities for the future use of recombinant B. subtilis spores for application as live 

vaccine vectors in humans. However, before they can be applied as live vaccines, a 

biocontainment strategy which prevents the spreading of GM Bacillus spores into the 

environment needs to be considered.  

THY-X-CISE® system can be used to generate thymine auxotrophic B. subtilis strains, 

spores, that are bactericidal in the absence of exogenous thymine and if they germinate 

they are not able to replicate in the environment since thymine is not readily available. 

The thymineless death principle ensures biological containment and prevents the spread 

of a transgene by horizontal gene transfer as well as the survival of the GM spores in the 

environment (Hosseini et al., 2018). The inactivation of thy genes represents a mechanism 

of developing resistance to trimethoprim, a drug targeting folate metabolism which is 

essential for DNA synthesis (Neuhard et al., 1978). There are two possible explanations, 

In the first scenario, loss of thymidylate synthase activity prevents the completion of 
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folate pathway, possibly leading to the accumulation of DHF and other intermediates. 

This accumulation in turn, might lead to an increase in the activity of DHFR, which 

catalyses the conversion of DHF to THF (see Figure 3.1). It is possible that the increased 

activity of DHFR can lead to a reduction in the binding affinity of trimethoprim to DHFR, 

thereby resulting in increased resistance. It is worth noting that, THF is consumed largely 

by thymidylate synthase activity, and the loss of thymidylate synthase activity disrupts 

the thymine-biosynthesis stage of the folate biosynthesis pathway and the utilisation of 

THF derivatives in this step is abolished (Tjong et al., 2022). In the second scenario, loss 

of thymidylate synthase might lead to the accumulation of DHF, which might act as 

competitive inhibitor of DHFR and hinder the binding of trimethoprim to DHFR. 

Therefore, the cell can afford to have a relatively large fraction of its DHFR inactivated 

by TMP, which in turn, increases the level of resistance to trimethoprim (aminopterin) 

(Huovinen et al., 1995). It is possible that both scenarios might lead to resistance to 

trimethoprim, however, the exact mechanism through which loss of thymidylate synthase 

activity confers resistance to trimethoprim is not entirely clear. In this study, the attribute 

of differential resistance to trimethoprim was utilised to construct double thyA thyB 

insertion mutants using a two-step, ectopic cloning system (Hosseini et al., 2018). 

Inactivation of the thyA locus produced a cell with a lower level of resistance to 

trimethoprim (~3 µg/ml), whereas, double thyA thyB mutants displayed a higher level of 

resistance (~200 µg/ml). Furthermore, TsaseA is not temperature-sensitive and retains 

90-95% of the cell activity when grown at 46°C, and inactivation of the thyB locus allows 

cells to grow at an elevated temperature (46°C). Contrary, TsaseB is temperature-

sensitive, only retaining ~5-8% activity at a restrictive temperature of 46°C, and 

inactivation of the thyA locus requires supplementation with thymine for growth at 46°C. 
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The temperature-sensitive phenotype of thyA thyB insertion mutants provides an 

additional method that enables both the selection and screening of mutants. Inactivation 

of both thyA and thyB resulted in a cell with an absolute requirement for thymine for 

growth at both 37°C and 46°C and in the presence of trimethoprim. 

Interestingly, Hosseini et al, stated that the introduction of a pThyB insertion cassette 

(containing a chimeric gene) at the thyB locus using the classical DNA-mediated 

transformation of competent thyA mutant cells proved inefficient and the integration 

frequency was low. They found that using an electroporation method to insert a pThyB 

insertion cassette into the thyB locus yielded higher frequencies of integration. In this 

chapter, the classical DNA-mediated transformation method was successful in 

introducing an empty pThyB plasmid (no chimeric gene) at the thyB locus in strains 

carrying chimeric insertions at the thyA locus. The introduction of an empty pThyB 

plasmid (smaller insertion cassette) did not affect the transformation efficiency. It is 

worth noting that the size difference of the pThyB plasmids used might have influenced 

the results. It is possible that using an empty pThyB plasmid  (no chimeric gene) which 

is likely smaller in size, may facilate the uptake of the plasmid via classical DNA-

mediated transformation, making it easier to integrate into the thyB locus. Various kinds 

of literature have shown that bacterial cells transformed with larger-sized plasmid vectors 

show lower transformation efficiency and maintenance of the foreign DNA (McDonald 

et al., 1995; Ohse et al., 1995; Szostková & Horáková, 1998).  
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3.3.2 Comparison of the THY-X-CISE® system to existing markerless genetic 

manipulation techniques 

The THY-X-CISE cloning system is not the first report of a system that allows the 

integration of chimeric genes without introducing antibiotic resistance gene markers. 

Three examples are described here. First, Iwanicki et al., (2014) constructed suicide 

plasmids to display chimeric proteins on the surface of B. subtilis. These suicide plasmids 

did not contain antibiotic resistance gene markers but instead included the thrC, trpC, and 

lysA genes as markers for the selection of positive transformants. The integration of 

chimeric genes at these gene sites resulted in strains that where auxotrophic for threonine, 

tryptophan and lysine, respectively. As a result, recombinant strains were be selected on 

minimal media with or without the relevant amino acid supplementation, serving as a 

strong selection marker without introducing antibiotic-resistance genes in the genome 

(Iwanicki et al., 2014).  

Second, site-specific recombination (SSR) is another widely used system for gene 

insertions into bacterial chromosomes without introducing antibiotic resistance genes. 

SSR is a specialised system that catalyses DNA exchange between two defined DNA 

recombination sites. It serves a crucial role in the resolution of chromosome and plasmid 

dimerisation by converting multimeric forms to monomeric forms (Bloor & Cranenburgh, 

2006; F. Castillo et al., 2017; Sciochetti et al., 2001; X. Yan et al., 2008). Bloor and 

Cranenburgh., (2006) designed an effective SSR method in E. coli and B. subtilis, 

allowing for the chromosomal integration of genes without introducing selectable marker 

genes into the genome. This system utilises an insertion cassette consisting of a 

chloramphenicol-resistance gene marker flanked by recombination target dif sites and 
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regions homologous to the chromosomal target locus. dif site is located in the 

chromosome's replication terminus region, which is recognised by chromosomally 

encoded tyrosine recombinases: XerC/XerD in Escherichia coli and RipX/CodV 

in Bacillus subtilis. The integration of an insertion cassette into the chromosomal target 

locus by homologous recombination can produce chromosome and plasmid dimers, and 

the native XerC/XerD (E. coli) or RipX/CodV (B. subtilis ) recombinases can resolve the 

two dif sites flanking the selectable marker gene to a single site, in turn, excising the 

antibiotic resistance gene (Bloor & Cranenburgh, 2006; Sciochetti et al., 2001).  

Third, Watzlawick and Altenbuchner., (2019) adopted the Clustered, Regular Interspaced 

Short Palindromic Repeat (CRISPR) system with Cas9 as a targeted nuclease to integrate 

five copies of the ganA expression cassette that contains the left and right homologous 

arms of multiple B. subtilis chromosomal target loci without affecting bacterial growth. 

The selection of recombinant strains that have successfully integrated a gene cassette into 

the target loci can be achieved by Cas9-mediated counterselection, without introducing 

antibiotic-resistance gene markers into the genome. Cas9 nucleases are lethal to non-

recombinant strains with unedited target genes because of the introduction of double-

strand breaks, serving as a strong counterselection (Shuman & Glickman, 2007; 

Watzlawick & Altenbuchner, 2019; Westbrook et al., 2016).  

Although several genome-editing methods have been developed that do not require 

antibiotic-resistance gene markers for selection, the recently developed THY-X-CISE 

system addresses several safety and environmental issues associated with the wide-scale 

dissemination of engineered B. subtilis spores. First, the avoidance of antibiotic resistance 

genes as a selection marker. This system allows heterologous genes to be integrated into 
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B. subtilis thyA thyB loci without introducing antibiotic resistance genes. Second, thymine 

auxotrophy is bactericidal when exogenous thymine is depleted, thus ensuring biological 

containment of GM B. subtilis as evidenced by Hosseini et al. (2018). Biological 

containment prevents the spread of genetic modifications to other hosts. Lastly, biological 

containment prevents the unintended proliferation and spreading of GM B. subtilis in the 

environment since thymine is not readily available, as a result, thymine auxotrophic 

strains undergo thymineless death in response to thymine starvation.  (Fu & Xu, 2000; 

Hosseini et al., 2018; Steidler et al., 2003).  

3.4 Conclusion  

A THY-X-CISE biocontainment strategy was established, wherein the essential genes 

thyA and thyB, present in the genome of B. subtilis, were inactivated by inserting a 

chimeric gene containing an immunogenic antigen fused to the cotB or cotC into the thyA 

locus. The immunogenic antigens included RBD, HR1-HR2, and N derived from SARS-

COV-2 and ureA and ureB from H. pylori. The THY-X-CISE system, is a two-steps 

transformation process. Firstly, a pThyA insertion cassette is introduced into the thyA 

locus of B. subtilis (PY79). Secondly, an empty pThyB insertion cassette is introduced 

into the thyB locus of the thyA mutant. This system allows integration by a double-

crossover recombination event at the thyA and thyB locus of B. subtilis without 

introducing antibiotic resistance gene markers for positive selection, but, instead, failure 

to produce thymidylate synthases disrupts the folate pathway. As a result, thyA thyB 

insertion mutants readily develop increasing levels of resistance to trimethoprim. 

Furthermore, the temperature-sensitive phenotype of thyA thyB insertion mutants, 

together with the trimethoprim-resistant phenotype enables the selection and screening of 
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thyA thyB insertion mutants. Using this system, thymine auxotrophic strains were 

successfully constructed and shown to express various SARS-CoV-2 and H. pylori 

immunogenic antigens on the spore surface. The resulting strains include; PK78 (CotB-

UreBCT), PK82 (CotB-UreA), PK120 (CotB-RBDWuh), PK122 (CotC-HR1-HR2Wuh), 

PK128 (CotB-NC) and PK230 (CotB-RBDOmi). Similar to the findings of Hosseini et al, 

the data presented in this chapter demonstrates the bactericidal effects of thymine 

auxtrophy upon depletion of exogenous thymine. The absence of any indication of 

reversion and suppression strengthens the realibity of this approach. Furthermore, the 

cloning system employed here offers an efficient, simple and robust mechanism for 

biological containment.  

When considering whether thymine auxotrophic spores displaying the CotB-UreBCT  

(PK78) and CotB-UreA (PK82) would be suitable as oral vaccine candidates against H. 

pylori infection, and whether spores displaying CotB-RBDWuh (PK120), CotC-HR1-HR2 

(PK122), CotB-N (PK128) and CotB-RBDOmi (PK230) would be suitable as a mucosal 

(intranasal) booster vaccine against SARS-COV-2 infection, several factors speak in their 

favour. First, B. subtilis has a good safety record and is also used as a probiotic 

supplement in humans and animals. Second, spores of B. subtilis have been used 

extensively as mucosal vaccine vehicles, and oral (intra-gastric or sublingual) or nasal 

administration has been shown to induce strong mucosal immunity (typically sIgA) as 

well as a Th1 bias (Y. Du et al., 2021; Hoang et al., 2008; Jearanaiwitayakul et al., 2021; 

Permpoonpattana et al., 2011; Y. Yang et al., 2018). Third, spore vaccines can be 

engineered and constructed rapidly, they are heat stable and can be stored indefinitely in 

solution or desiccated form. However, this may not necessarily apply to heterologous 
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proteins displayed on the spore surface. Other spore vaccines that have been generated in 

the Cutting lab (Duc et al., 2004, 2007; Permpoonpattana et al., 2011) do indeed show 

stability, but this would need to be addressed by an extensive program of formulation and 

stability studies. Considered together, the use of bacterial spores as oral or intranasal 

vaccine vehicles are compelling. 

Further experiments were conducted using (PK78) and (PK82) as a prophylactic oral 

vaccine against H. pylori infection (Chapter 5) and PK120, PK122, PK230 and PK128 

(Chapter 4) as an intranasal mucosal booster following a heterologous systemic prime. 

The purpose was to determine whether thymine auxotrophic B. subtilis spores can 

stimulate antigen-specific systemic and mucosal immunity and whether the immune 

responses are sufficient enough to provide protection against SARS-CoV-2 and H. pylori 

infection. This will be addressed and discussed in more detail in the relevant chapters.  
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CHAPTER 4: Inducing mucosal immunity to SARS-COV-2 

using a heterologous systemic prime-intranasal boost 

vaccination 

4.1 Introduction   

The coronavirus infectious disease 2019 (COVID-19) pandemic will be remembered both 

for its impact on global health and society and, also for the remarkable speed at which 

prophylactic vaccines were implemented. The spike (S) glycoprotein of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) is the main target for vaccine design 

and development with the goal of producing potent neutralising antibodies (Tregoning et 

al., 2021; Zost et al., 2020). S is a heterotrimeric protein that plays an important role in 

cell entry and is composed of the S1 subunit which harbours the receptor binding domain 

(RBD) and the S2 membrane fusion subunit which consists of the heptad repeat 1 and 2 

(HR1-HR2) (Bj et al., 2004; F. Li, 2016). Currently, several S-vaccines including mRNA, 

adenovirus vectored and recombinant protein subunit vaccines have all shown high levels 

of protection (>50% protection efficacy) against the most severe forms of the disease, 

reducing morbidity and mortality (Mouro & Fischer, 2022; WHO, 2023). On the other 

hand, it has become apparent that current COVID-19 vaccines are unable to prevent 

person-to-person transmission of its causal agent, SARS-CoV-2, with breakthrough 

infections observed in fully vaccinated individuals supporting this (Brosh-Nissimov et 

al., 2021; Farinholt et al., 2021). The dissemination of the virus will undoubtedly continue 
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as a) immunity wanes and b) the reality that a significant portion of the world’s population 

(~40–45%) has yet to receive their first vaccine dose (Mouro & Fischer, 2022). 

The rapid evolution of SARS-CoV-2, as demonstrated by the continuous emergence of 

new variants of concern (VOCs), including the highly transmissible Omicron (B.1.529) 

variant continues to represent a major burden to public health, and the economy (CDC, 

2020; Chavda et al., 2022). SARS-CoV-2 VOCs have acquired mutations in the S 

glycoprotein, with multiple mutations clustering in the RBD. These mutations have been 

shown to reduce the neutralising activity of antibodies induced by COVID-19 vaccines 

based on Wuhan-Hu-1 S sequences, as well as antibodies elicited from previous infection 

with earlier strains such as Wuhan, D614G and Alpha variant (Edara et al., 2021; Emary 

et al., 2021; Faulkner et al., 2021; Planas et al., 2021; D. Zhou et al., 2021). Moreover, 

the high frequency of mutation in the S protein could alter interactions with the host 

angiotensin-converting enzyme-2 (ACE2) receptor, thereby a) increasing the infection 

rate, b) increasing replication efficacy and, c) compromising the potency of neutralising 

antibodies, consequently, affecting the efficacy of vaccines and antibody-based therapies 

(Alaofi & Shahid, 2021; R. E. Chen et al., 2021; Mohammadi et al., 2021; F. Ye et al., 

2021). Recent studies have highlighted that the current COVID-19 vaccines have poor 

durability evidenced by a decline in antibody responses and clinical effectiveness after 

three to six months following primary and booster immunisations (Ferdinands et al., 

2022; L. Liu et al., 2022; Pajon et al., 2022; C. S. Tan et al., 2022). Additionally, clinical 

studies have also demonstrated that the current COVID-19 vaccines have reduced 

efficacy against the Delta and Omicron variants and this may necessitate repeated booster 

campaigns and new vaccine designs that incorporate less variable and mutable viral 
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proteins, in addition to the S protein (Andrews et al., 2021; Cai et al., 2021; Mannar et 

al., 2021; Tang et al., 2021; P. Wang et al., 2021). Among the SARS-CoV-2 viral protein, 

nucleocapsid (N) is an important conserved structural protein that plays a major role in 

the viral life cycle, including genome packaging, replication and transcription (Bai et al., 

2021; Dutta et al., 2020). Dangi et al., (2022) showed that mice that received sera from 

mice immunised with an N-based vaccine displayed N-specific humoral responses which 

could mediate antibody-dependent cellular cytotoxicity (ADCC), thereby, providing 

protection against SARS-CoV-2 infection. Thus, the N protein is a promising 

immunogen. The incorporation of N protein in next-generation vaccines could confer an 

additional immunological benefit by potentially eliciting a more robust and protective 

immunity to current and future SARS-CoV-2 variants, as well as other coronaviruses 

(Chiuppesi et al., 2020; Dangi et al., 2021, 2022).  

SARS-CoV-2 transmits person-to-person by respiratory droplets and infects the upper 

respiratory tract (URT). Mucosal immunity is required to neutralise SARS-CoV-2 at the 

mucosal surfaces of the URT, either by tissue-resident memory T cells (TRMs) or a 

secretory IgA (sIgA) that can neutralise or prevent virus attachment within the epithelial 

cells of the mucosa (Mantis et al., 2011; Okuya et al., 2020). Vaccines administered via 

a parenteral route (noting that all COVID-19 vaccines so far are delivered by 

intramuscular injection) fail to evoke a significant mucosal immune response, probably 

accounting for their failure to prevent the transmission and dissemination of the virus 

(Moldoveanu et al., 1995). Accordingly, there is now a focus on developing mucosal 

COVID-19 vaccines of which intranasal is the optimal route of administration (Alu et al., 

2022; Tiboni et al., 2021). Mucosal vaccination has the potential to provide robust 
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protective immunity at the mucosal site of pathogen entry by recruiting antigen-

presenting cells (APCs) and/or engaging other innate immune cells. This requires safe 

and effective mucosal vaccination strategies that utilise both mucosal adjuvants and 

appropriate delivery systems (Alu et al., 2022). Sengupta et al., (2022) demonstrated that 

intranasal administration of a combination of S and N protein together with cationic 

(N3)/or anionic (L3) lipids as the adjuvant has been shown to elicit strong systemic and 

mucosal immune responses in a conventional mouse model (Sengupta et al., 2022). 

Additionally, intranasal vaccination with recombinant adenovirus type-5 expressing 

SARS-CoV-2 N protein has been shown to elicit systemic and mucosal T-cell responses 

sufficient to provide protection against SARS‐CoV-2 infection in a transgenic mouse 

model (He et al., 2021). Early clinical data have suggested that without pre-existing 

immunity to SARS-CoV-2, immunity resulting from intranasal vaccination is suboptimal 

(Alu et al., 2022; S. Wu et al., 2021). One promising approach might be that of boosting 

a current COVID-19 vaccine with an intranasal vaccine. Adenoviral 5 and 19a vectored 

vaccines administered intranasally after a systemic mRNA vaccine prime was shown to 

induce high levels of both mucosal IgA and TRM, was fully protective in a mouse model 

of SARS-CoV-2 infection and in neutralising VOCs (Lapuente et al., 2021). Additionally, 

a heterologous prime-boost regimen to deliver a systemic immunisation consisting of a 

cocktail vaccine that combines S and N followed by an intranasal boost consisting of S 

and N to generate a more robust and broadly protective immunity against VOCs seems 

promising (Hajnik et al., 2022; Lapuente et al., 2021; Ong et al., 2020). 

4.2 Results 
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4.2.1 Pilot study evaluating the immunogenicity of SARS-COV-2 spore vaccines 

displaying RBD and HR1-HR2 immunogens following a systemic prime with spike  

Preliminary reports from SARS-CoV-2 vaccine candidates suggest that the RBD 

fragment is immunogenic in human subjects. It has been proven that RBD is composed 

of several conformational epitopes recognised by serum IgG-neutralising antibodies that 

block the interaction between the RBD and ACE-2 receptor (Abayasingam et al., 2021; 

Y. Li et al., 2021). Additionally, RBD-specific secretory immunoglobulin A (sIgA) at 

mucosal surfaces have been reported in individuals with SARS-CoV-2 infection (Sterlin 

et al., 2021; Z. Wang et al., 2021). Thus, RBD was chosen as the target for spore vaccine 

design. Numerous literatures have reported that the HR1-HR2 fragment is highly 

conserved among different SARS-CoV-2 variants and coronaviruses (D et al., 2021; X. 

Ma et al., 2020; S et al., 2020) and  is composed of cross-reactive SARS-CoV-2 CD4+ 

and CD8+ T cell epitopes and could potentially elicit neutralising antibodies (nAbs) 

capable of neutralising a broad spectrum of SARS-CoV-2 variants (Elshabrawy et al., 

2012; Grifoni, Sidney, et al., 2020; Grifoni, Weiskopf, et al., 2020; Mateus et al., 2020; 

Ng et al., 2021). To improve immunogenicity the HR1-HR2 fragment was chosen as the 

second candidate to design a universal spore vaccine that could potentially have a more 

broadly neutralisation activity against different SARS-CoV-2 variants and other 

coronaviruses. 

A mice pilot test was conducted to test the antigen specific immunogenicity of thymine 

auxotrophic B. subtilis spores displaying the RBD (PK120; CotB-RBDWuh) and HR1-

HR2 (PK122; CotC-HR1-HR2Wuh) fragment as a monomer booster vaccine and as a dual 

booster vaccine consisting of a 1:1 mixture of PK120 (CotB-RBDWuh) and PK122 (CotC-
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HR1-HR2Wuh), referred to henceforth as SporCoVax. Female BALB/c were first dosed 

by intra-muscular injection (i.m.) with the recombinant spike (rSWuh) protein as the prime 

and then, 21 and 35 days later, administered spore vaccines as an intranasal boost. For 

murine studies, a single dose consisted of three daily intranasal administrations (e.g., days 

21, 22 and 23) and resulted from the regulatory dosing limitations required for mice. 

Following a prime of rSWuh, SporCoVax (a 1:1 mixture of PK120 and PK122) boosted 

mice displayed the highest spike (rSWuh)-specific sIgA endpoint titers in the saliva and 

serum samples (Figure 4.1). The sIgA levels in mice primed and boosted with SporCoVax 

were significantly greater (p < 0.001) than in mice receiving rSWuh prime only (Figure 

4.1A). sIgA levels in mice primed and boosted with SporCoVax were significantly higher 

(P ≤ 0.05, P ≤ 0.05 and p < 0.01, respectively) than in mice boosted with PK120 (CotB-

RBDWuh), PK122 (CotC-HR1-HR2) monomer spores and isogenic PK118 spores (WT, 

no antigen expression), respectively. Although, SporCoVax elicited the highest rSWuh-

specific sIgA endpoint titers, the monomer spore vaccine candidates (PK120 and PK122) 

also displayed S-specific sIgA levels that were significantly higher than the isogenic 

PK118 spores (WT, no antigen expression) (Figure 4.1A). rSWuh-specific IgG levels were 

measured at day 48 (Figure 4.1B) and showed significantly higher levels in animals 

primed and then boosted with SporCoVax spores compared to animals primed only (p < 

0.01) or primed and then boosted with isogenic PK118 (WT) or PK120 or PK122 (p < 

0.01, p ≤ 0.05, p < 0.01, respectively). On the basis of these results, SporCoVax (a 1:1 

mixture of PK120 and PK122) was chosen for further testing and moved into the next 

stages of development. 
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4.2.2 Heterologous systemic prime–intranasal boosting using SporCoVax spores 

evokes mucosal immunity in mice  

To further the examine the immunogenicity of SporCoVax, a 1:1 mixture of CotB-

RBDWuh (PK120) and CotC-HR1-HR2Wuh (PK122) spores, mice were first dosed by intra-

muscular injection (i.m.) with either the rSWuh protein or the AZD1222 vaccine and then, 

21 and 35 days later, administered spore vaccines as an intranasal boost. Following a 

prime of rSWuh or AZD1222, animals intranasally boosted with SporCoVax spores 

exhibited rSWuh-specific sIgA in the saliva together with seroconversion (Figure 4.2A, B). 

 

Figure 4.1. Intranasal boosting of a spike subunit prime. Female BALB/c mice were 

primed (i.m.) with recombinant Spike (rSWuh) followed by two intranasal boosts with 1 × 

109 spores of either isogenic PK118 spore (WT, no antigen expression), PK120 (CotB-

RBDWuh), PK122 (CotC-HR1-HR2) or SporCoVax (1:1 mixture of CotB-RBDWuh and CotC-

HR1-HR2Wuh spores) three and five weeks post-prime. Panels show sIgA rSWuh-specific 

responses determined by ELISA (OD450 nm) 48 days post-immunisation. Panel A, rSWuh-specific 

sIgA in saliva samples, Panel B, rSWuh-specific IgG in serum. Mann–Whitney, * p ≤ 0.05, 

** p < 0.01, *** p < 0.001. This experiment was replicated twice. 
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sIgA levels were significantly (p < 0.001) greater than the group receiving only a rSWuh or 

AZD1222 prime, each of which yielded essentially no detectable sIgA (Figure 4.2A, B). 

Interestingly, isogenic PK118 spores (WT) carrying no SARS-CoV-2 antigens also 

evoked rSWuh-specific sIgA but at levels significantly lower (p < 0.01) than in animals 

dosed with SporCoVax (Figure 4.2A, B). SWuh-specific IgA was also detectable in lung 

extracts (day 48) of animals primed only with rSWuh or AZD1222, as well as those primed 

and then boosted with WT spores, but levels were significantly higher (p < 0.01) in mice 

boosted with SporCoVax (Figure 4.2C, D). The presence of IgA in lung extracts of mice 

dosed only with rSWuh or AZD1222 (i.m.) most probably results from contamination with 

serum IgA and should be considered here as a baseline. Serum IgG levels measured 

(Figure 4.2E, F) at day 48 showed significantly (p < 0.01) higher levels of rSWuh-specific 

IgG in animals primed and then boosted with SporCoVax spores compared to animals 

primed only or primed and then boosted with WT spores (p < 0.01).  
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Figure 4.2. SporCoVax intranasal boosting of a spike subunit prime or AZD1222. 

Female BALB/C mice were primed (i.m.) with recombinant Spike (rSWuh) or AZD1222 (1.0 × 

108 IU) followed by two intranasal boosts with 1 × 109 spores of either WT (naked spores, no antigen 

expression) or SporCoVax (1:1 mixture of CotB-RBDWuh and CotC-HR1-HR2Wuh spores) three and 

five weeks post-prime. Panels show SWuh-specific responses determined by ELISA (OD450 nm) 48 

days post-immunisation. Panel A, B) rSWuh-specific sIgA in longitudinal saliva samples, Panel C, 

D) rSWuh-specific IgA in the lungs, Panel E, F) rSWuh-specific IgG in serum. Mann–Whitney, ** p < 

0.01. This experiment was replicated twice. 

To evaluate the immunogenicity of PK230, a spore vaccine expressing CotB-RBDOmi, 

mice were primed (i.m.) with the AZD1222 vaccine and boosted with either WT spores 

(no antigens) or PK230. As reported above for boosting with spores displaying rSWuh-

specific antigens, boosting with PK230 (CotB-RBDOmi) spores also evoked rSOmi-specific 

sIgA in saliva and serum which was at significantly higher levels than in groups dosed 

with WT spores (p < 0.001 and p < 0.01, respectively) or in animals primed only (p < 

0.01) (Figure 4.3). Together, these results show that intranasal boosting with spores 



119 

 

 

expressing SARS-CoV-2 antigens fused to CotB or CotC anchor proteins following a 

systemic prime evokes mucosal immunity. 

 

 

Figure 4.3: Intranasal boost of the AZD1222 vaccine with spores expressing 

Omicron spike specific antigens. Three groups (n=6) of mice (female BALB/c) were 

primed (i.m.) with the AZD1222 vaccine. Two groups then received two intranasal boosts with 

spores (1 × 109 CFU) of either WT (naked spores, no antigen expression) or PK230 (CotB-

RBDOmi) at 21 and 35-days post-prime. Panels show rSOmi-specific responses determined by 

ELISA (OD450nm) 48 days post-immunisation. Panel A, rSOmi-specific sIgA in saliva samples, 

Panel B, rSOmi-specific IgG in serum. Significance was tested using a two-tailed Mann-

Whitney U test, **p < 0.01, *** p < 0.001. This experiment was replicated twice. 

4.2.3 Boosting with SporCoVax spores evokes cross-reactive antibodies in mice 

From the study above in which animals had been primed with AZD1222 and then boosted 

with SporCoVax (1:1 mixture of CotB-RBDWuh and CotC-HR1-HR2Wuh) spores showed 

that saliva samples from these mice carried rSWuh-specific sIgA antibodies that cross react 

with Wuhan and Omicron variant. Using ELISA plates coated with rSOmi, SporCoVax-

boosted animals exhibited antigen (rSomi)-specific sIgA in saliva samples which was 
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significantly greater (p < 0.01 and p < 0.001, respectively) than in animals dosed with 

WT spores or rSWuh only (Figure 4.4). As shown in the previous section, WT spores used 

alone as a boost also enhanced antigen-specific sIgA.  

 

Figure 4.4. Spore-induced mucosal spike-specific sIgA cross-reacts with Wuhan 

and Omicron variants. Mice were primed (i.m.) with 1.0 × 108 IU of AZD1222 followed 

by two intranasal boosts with spores (1 × 109 CFU) of WT (naked) or SporCoVax (1:1 mixture 

of CotB-RBDWuh and CotC-HR1-HR2Wuh spores) at three and five weeks post-prime. rSOmi-

specific sIgA in the saliva 48 days post-immunisation is shown. Mann–Whitney, ** p < 0.01, 

*** p < 0.001. This experiment was replicated three times. 

4.2.4 Intranasal boosting with SporCoVax spores results in a mixed T-cell cytokine 

profile 

Next, the subsets of T helper (Th) cells and cytotoxic T cells that were responding to the 

rSWuh protein were examined. Animals (n = 3/group) were either primed with AZD1222 

or primed (AZD1222) and then boosted with WT or SporCoVax spores. Splenocytes from 

immunised animals were cultured with rSWuh and assessed for the production of IL-2, 

TNF-α and IL-5, which are induced in Th1 (IL-2, TNF-α) and Th2 (IL-5) T-cell responses 

(Figure 4.5). A previous study on SARS-CoV-2 reported that a single dose of BNT162b2 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9692796/figure/vaccines-10-01900-f004/?report=objectonly
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or AZD1222 has been shown to induce increased levels of spike protein-specific effector 

T cells which were dominated by type 1 helper T cell responses, and this was evidenced 

in this chapter. SporCoVax-boosted animals exhibited marked increases in the expression 

of rSWuh-specific, polyfunctional T cells expressing IL-2, and TNF-α, as well as elevated 

levels of IL-5 than the other groups. Together, this shows that intranasal spore boosting 

confers both Th1 and Th2 responses.  

 

Figure 4.5. Spike specific cytokine profiles. BALB/c mice (female, aged 8 weeks; n = 

3/gp) were immunised with AZD1222 (i.m.; 1.0 × 108 IU) followed by two intranasal boosts 

with spores (1 × 109 CFU/dose) of WT or SporCoVax (a 1:1 mixture of CotB-RBDWuh and 

CotC-HR1-HR2Wuh) three and five weeks post prime immunisation. Control groups included 

untreated animals (naïve) and animals primed only (AZD1222). All mice were sacrificed 48 

days post-prime, and their spleens were dissected and stimulated with 2.5 µg/mL rSWuh protein 

for 72 h, and levels of the cytokines IL-2 (Panel A), TNF-α (Panel B) and IL-5 (Panel C) 

determined by flow cytometry. This experiment was replicated twice. 
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4.2.5 Intranasal boosting with SporCoVax spores is protective in the hamster SARS-

CoV-2 model of infection  

The Golden Syrian hamster model is currently considered one of the best models to study 

the effects of SARS-CoV-2 infection because it permits high levels of SARS-CoV-2 

replication and generates significant clinical signs (weight loss) and moderate to severe 

pneumonia (Muñoz-Fontela et al., 2020; Sia et al., 2020). To determine whether 

intranasal boosting with spores expressing SARS-CoV-2 antigens conferred protection, 

hamsters were primed (n = 12; Group 3) with rSWuh protein (i.m.) and then administered 

two intranasal boosts with 2.5 × 109 spores of SporCoVax (1:1 mixture of CotB-

RBDWuh and CotC-HR1-HR2Wuh spores). Two additional groups, Group 1, a naïve, 

unchallenged group (n = 6), and Group 2, a negative control group (n = 12). Group 1 and 

group 2 both received PBS in place of immunogens (i.m. prime and two i.n. boosts). 

Seven days after the final boost, animals in Groups 2 and 3 were intranasally challenged 

with SARS-CoV-2 (D614G variant, 104 TCID50/animal). Weight loss post-challenge was 

shown (panel A). Animals were sequentially euthanised (2, 4 and 7 dpi), necropsies were 

performed, and viral loads of SARS-CoV-2 were determined by qPCR in nasal turbinate 

(panel B), OP swabs (panel C) and lungs (panel D). Mann–Whitney, * p < 0.05, ** p < 

0.01. 

Weight loss was used to track the progression of the disease (Figure 4.6A). Naïve (Group 

1) animals showed no reduction in weight, whereas non-vaccinated animals (Group 2) 

challenged with SARS-CoV-2 showed progressive reductions in weight 2–7 dpi. By 

contrast, animals from Group 3 (SporCoVax boost) lost weight at 2 dpi and started to 

recover at 4 dpi, and finally regained 100% of their initial weight at 7 dpi (M = −7.4, SE = 
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1.73, 95%. CI [−11.65, −3.2], p < 0.01). Due to operational reasons, it was not possible 

to assign animals to a prime-only group and it has been acknowledged that this is a major 

flaw in the experimental design and interpretation. On the other hand, it has been 

extensively reported that a single systemic dose of S protein fails to induce protective 

antibodies (Johnson et al., 2022; Meseda et al., 2021; Tabynov et al., 2022). 

To assess the impact of intranasal boosting on viral replication, SARS-CoV-2 RNA 

(gRNA) in nasal turbinates (NT) (Figure 4.6B), oropharyngeal (OP) swabs (Figure 4.6C) 

and lungs (Figure 4.6D) was examined at 2, 4 and 7 days post infection (dpi). After SARS-

CoV-2 inoculation (Groups 2 and 3), viral gRNA was detected at 2 dpi in NT, OP swabs 

and lungs in both groups. The viral load decreased progressively in OP swabs and both 

tissues in animals receiving intranasal boosts with SporCoVax (PK120:PK122 boost; 

Group 3), compared to the unimmunised–infected control group (Group 2), which was 

statistically significant at 7 dpi (p < 0.01). This data demonstrates that the heterologous 

systemic prime–intranasal boost regimen ameliorates the clinical and virological outcome 

of the SARS-CoV-2 challenge.  
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Figure 4.6. Protection in Golden Syrian hamsters following intranasal boosting 

with SporCoVax spores. Golden Syrian Hamsters were primed (i.m.) with recombinant 

spike (rSWuh) protein followed by two intranasal boosts with 2.5 × 109 spores of SporCoVax 

(1:1 mixture of CotB-RBDWuh and CotC-HR1-HR2Wuh spores) (Group 3). Negative, 

unvaccinated, (Group 2) and naive (Group 1) control groups received PBS in place of 

immunogens. 7-days after the final boost animals in Groups 2 and 3 were intranasally 

challenged with SARS-CoV-2 (D614G variant, 104 TCID50/animal). Weight loss post-

challenge is shown (Panel A). Animals were sequentially euthanised (2, 4, and 7 dpi), 

necropsies were performed, and viral load of SARS-CoV-2 were determined by qPCR in NT 

(Panel B), OP swabs (Panel C) and lungs (Panel D). Mann-Whitney, * p < 0.05, ** p < 0.01. 
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4.2.6 Inducing mucosal immunity in mice using a next generation SARS-CoV-2 

nucleocapsid spored based booster vaccine 

The coronavirus nucleocapsid (N) protein is an important immunogenic structural viral 

antigen. To determine whether a second-generation spore booster vaccine expressing the 

full-length N protein of SARS-CoV-2 (Wuhan-Hu-1 strain; Appendix B) would evoke 

mucosal immunity, a similar heterologous systemic prime-mucosal boost regimen was 

conducted. Mice were first vaccinated with recombinant N protein (rN) using intra-

muscular injection (i.m. prime), followed 21 and 35 days later with i.n. administration of 

a spore vaccine expressing N protein (PK128; CotB-N) as an intranasal boost. As 

previously mentioned, a single dose consisted of three daily intranasal administrations 

(e.g., days 21, 22 and 23). Following a prime of rN and intranasal administration of 

PK128 (CotB-N; boost), spores exhibited rN-specific sIgA in the saliva together with 

seroconversion (Figure 4.7A). sIgA levels were significantly (p < 0.001) greater than the 

group receiving only a rN prime, each of which yielded essentially no detectable sIgA 

(Figure 4.7A). Isogenic spores (referred to as PK118) carrying no SARS-CoV-2 antigens 

also evoked antigen-specific sIgA but at levels significantly lower (p < 0.01) than in 

animals dosed with PK128 (Figure 4.7A). N-specific IgA was also detectable in lung 

extracts (day 48) of animals primed only with rN, as well as those primed and then 

boosted with PK118 spores, but levels were significantly higher (p < 0.01) in mice 

boosted with PK128 (Figure 4.7B). As previously mentioned, the presence of IgA in lung 

extracts of mice dosed only with rN (i.m.) most probably results from contamination with 

serum IgA and should also be considered here as a baseline. Serum IgG levels measured 

(Figure 4.7C) at day 48 showed significantly higher levels of rN-specific IgG in animals 
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primed and then boosted with PK128 (CotB-N) spores compared to animals primed only 

(p < 0.01) or primed and then boosted with the isogenic PK118 spores (p < 0.05). The 

isogenic PK118 spores carrying no SARS-CoV-2 antigens also evoked rN-specific sIgG 

but at levels significantly higher (p < 0.05) than in animals primed only.  

 

Figure 4.7: Intranasal boosting of a nucleocapsid subunit prime. Female BALB/C 

mice were primed (i.m.) with a recombinant spike (rN) followed by two intranasal boosts with 

1 x 109 spores of either PK118 (naked spores, no antigen expression) or PK128 (CotB-N) three 

and five-weeks post-prime. Panels show rN-specific responses determined by ELISA (OD450nm) 

48-days post-immunisation. Panel A) rN-specific sIgA in longitudinal saliva samples, Panel 

B) rN-specific IgA in the lungs, Panel C) rN-specific IgG in serum. Mann-Whitney, **p < 

0.01, *** p < 0.001. This experiment was replicated three times. 

4.2.7 Intranasal boosting with spores displaying the nucleocapsid domain results in 

mixed T-cell cytokine profile 

To examine the subsets of T helper (Th) cells and cytotoxic T cells that were responding 

to the rN protein, splenocytes were harvested from animals (n = 3/group) that were 

primed with rN and then boosted with isogenic PK118 or PK128 (CotB-N) spores. 

Splenocytes were cultured with rN and assessed by flow cytometry for the production of 
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IL-2, IL-5, IL-6 and TNF-α, which are induced in Th1 (IL-2, IL-6 and TNF-α) and Th2 

(IL-5) T-cell responses (Figure 4.8). As reported above for boosting with SporCoVax, 

boosting with PK128 (CotB-N) resulted in a similar cytokine profile. PK128-boosted 

animals exhibited a marked increase in the expression of all four cytokines compared to 

other groups. This data supports that intranasal spore boosting with spores expressing an 

antigen activates both Th1 and Th2 responses, as evidenced here. 

 

Figure 4.8: Cytokine profiles. BALB/C mice (female, aged 8 weeks; n = 3/gp) were primed 

(i.m.) with recombinant nucleocapsid (rN) followed by two intranasal boosts with 1 x 109 

spores of either WT (naked spores, no antigen expression) or PK128 (CotB-N) three and five 

weeks post prime immunisation. Control groups included untreated animals (naïve) and 

animals primed only (rN). All mice were sacrificed 48 days post-prime, and their spleens were 

dissected and stimulated with 2.5 µg/mL rN protein for 72 h, and levels of the cytokines IL-2 

(Panel A), IL-6 (Panel B) and TNF-α (Panel C) and IL-5 (Panel D) determined by flow 

cytometry. 
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4.2.8 Combination spore boost vaccination elicits robust N-specific and S-specific 

mucosal immune responses in mice 

Section 4.2.6 demonstrated that PK128 (CotB-N) spores expressing N protein of SARS-

CoV-2 following a systemic prime of rN elicited strong mucosal and cellular immunity. 

A further experiment was conducted evaluating whether a trivalent spore booster vaccine 

consisting of a combination of spores expressing N, RBD and HR1-HR2 fragments of 

SARS-CoV-2 (Wuhan-Hu-1) would induce a more robust systemic and mucosal immune 

responses. Thus, in addition to spores expressing N (PK128; CotB), PK120 (CotB-

RBDWuh) and PK122 (CotC-HR1-HR2) spores from SporCoVax were combined. For 

simplicity, the trivalent spore booster vaccine is referred to henceforth as PK-S+N 

(consisting of a 1:1:1 mixture of CotB-RBDWuh, CotC-HR1-HR2 and CotB-N). 

Additionally, the systemic prime consisted of a 1:1 mixture of both rN and rS  (rS+N). 

First, a mouse immunogenicity experiment was conducted, four groups of BALB/c mice 

(n = 5 per group) were vaccinated with an rN+S using intra-muscular injection (i.m. 

prime), followed by boost 21 and 35 days later through intranasal administration (i.n.) of 

spore vaccines. Briefly, two groups of mice (n = 5 per group) following a systemic prime 

received a boost of SporCoVax (a 1:1 mixture of CotB-RBD and CotC-HR1-HR2 spores) 

or PK-S+N (consisting of a 1:1:1 mixture of CotB-RBD, CotC-HR1-HR2 and CotB-N) 

spores at day 21 and 35. sIgA to rS or rN was measured by ELISA (Figure 4.9). Using 

ELISA plates coated with rS, it was evident that mice boosted with SporCoVax (alone) 

and mice boosted with the trivalent PK-S+N spores exhibited similar levels of rSWuh-

specific sIgA in saliva samples, with both groups showing levels significantly higher than 

in animals primed only (p < 0.001; Figure 4.9A). Compared to SporCoVax-boosted mice 
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(alone), PK-S+N-boosted mice evoked antigen (rN)-specific sIgA in saliva samples 

which was at significantly higher levels than in the group dose with SporCoVax spore 

alone (p <0.01; Figure 4.9B). Due to resource limitations antigen specific IgG was not 

measured in serum samples obtained from these mice. On the other hand, section 4.2.2 

and section 4.2.6 demonstrated that mice primed and boosted with spores expressing S or 

N specific antigens elicited rN or rS specific IgG, respectively, at levels significantly 

greater than mice primed only (Figure 4.2E and Figure 4.7C). To summarise, these results 

show that intranasal boosting with a combination of spores expressing S and N SARS-

CoV-2 antigens following a systemic prime with a rS+N subunit protein evokes mucosal 

immunity that is specific to both rS and rN.  

 

Figure 4.9: Intranasal boost of the S+N subunit vaccine with a combination of 

spores expressing S and N-specific antigens. Female BALB/C mice were primed (i.m.) 

with A combination of recombinant spike and nucleocapsid (rS+N) followed by two 

intranasal boosts with 1 x 109 spores of either SporCoVax alone (a 1:1 mixture of CotB-

RBD and CotC-HR1-HR2) or PK-S+N trivalent spores (1:1:1 mixture of CotB-RBD, CotC-

HR1-HR2 and CotB-N) three and five-weeks post-prime. Panels show rSWuh and rN-specific 

responses determined by ELISA (OD450nm) 48-days post-immunisation. Panel A) rS-specific 

sIgA in saliva samples, Panel B) rN-specific IgA in the saliva sample. Mann-Whitney, **p 

< 0.01, *** p < 0.001. This experiment was replicated twice. 
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4.2.9 Combination spore boost vaccination induces modest control of SARS-CoV-2 

infection in hamsters  

IRTA next investigated the protective efficacy of PK-S+N (1:1:1 mixture of CotB-RBD, 

CotC-HR1-HR2 and CotB-N) spore administered as an intranasal spore booster vaccine 

following a systemic prime with rS+N subunit protein against the SARS-CoV-2 D614G 

variant. First, Golden Syrian hamsters were primed via i.m. route (n = 12; Group 3) with 

rS+N  (1:1 mixture, 10µg of S and 10μ of N) subunit proteins and then administered two 

intranasal boosts with 2.5 × 109 spores of PK-S+N (1:1:1 mixture of CotB-RBD, CotC-

HR1-HR2 and CotB-N), Seven days after the last boost, animals were challenged 

intranasally with SARS-CoV-2 (D614G variant, 104 TCID50/animal). Two additional 

groups, Group 1, being a naïve, unchallenged group (n = 6), and Group 2, a negative, 

unvaccinated control group (n = 12) which received PBS in place of immunogens (i.m. 

prime and two i.n. boosts). Seven days after the final boost, animals in groups 2 and group 

3 were intranasally challenged with SARS-CoV-2 (D614G variant, 104 TCID50/animal), 

and group 2 was used for comparison. Protection was analysed based on weight loss post-

challenge (Figure 4.10A) and viral load (Figure 4.10C-D). Naïve (Group 1) animals 

showed no reduction in weight, whereas non-vaccinated animals (Group 2) challenged 

with SARS-CoV-2 showed progressive reductions in weight 2–7 dpi. By contrast, 

animals from Group 3 (PK-S+N boost) lost weight at 2 dpi and started to recover at 5 dpi, 

and finally regained ~80% of their initial weight at 7 dpi (p < 0.01). Analysis of viral 

RNA showed that after SARS-CoV-2 inoculation, viral RNA was detected at 2 dpi in OP 

swabs, nasal turbinates, and lungs in group 2 (non-vaccinated animals, and challenged) 

and group 3 (boosted with PK-S+N). The viral load in group 3 (boosted with PK-S+N) 
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decreased progressively at 7 dpi in NT (p < 0.01; Figure 4.10B), OP swabs (p < 0.05; 

Figure 4.10C) and lungs (p <0.05; Figure 4.10D) compared to group 2 (non-vaccinated 

animals and challenged). This data indicates that PK-S+N administered intranasally 

following a systemic prime induces modest (partial) control of the SARS-CoV-2 D614G 

variant and significantly reduced viral RNA in the upper and lower respiratory tract. 

Therefore, the heterologous systemic-mucosal boost strategy targeting both S and N may 

also reduce the risk of transmission.  
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Figure 4.10. Protection in Golden Syrian hamsters following intranasal boosting 

with PK-S+N spores. Golden Syrian Hamsters were primed (i.m.) with recombinant spike 

(rS+rN) subunit protein followed by two intranasal boosts with 2.5 x 109 spores of PK-S+N 

(1:1:1 mixture of CotB-RBD, CotC-HR1-HR2 and CotB-N) (Group 3; blue). Negative, 

unvaccinated, (Group 2; green) and naive (Group 1; grey) control groups received PBS in 

place of immunogens. 7-days after the final boost animals in Groups 2 and 3 were intranasally 

challenged with SARS-CoV-2 (D614G variant, 104 TCID50/animal). Weight loss post-

challenge is shown (Panel A). Animals were sequentially euthanised (2, 4, and 7 dpi), 

necropsies were performed, and viral load of SARS-CoV-2 were determined by qPCR in NT 

(Panel B), OP swabs (Panel C) and lungs (Panel D). Mann-Whitney, * p < 0.05, ** p < 0.01. 
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4.3 Discussion  

4.3.1 SporCoVax spore booster vaccine confers protection against SARS-CoV-2 

The continued dissemination of SARS-CoV-2 ensures that COVID-19 is likely to persist. 

To halt transmission, vaccine strategies must focus on blocking the interaction of the virus 

at the mucosa. Accomplishing this requires mucosal immunity and more specifically 

induction of sIgA that can block viral adhesion. At present, a few mucosal COVID-19 

vaccines administered via the intranasal route have been investigated in preclinical 

studies, and have been shown to evoke both systemic and mucosal immunity 

(Jearanaiwitayakul et al., 2021; Lei et al., 2022). This chapter highlights that B. subtilis 

spores engineered to express SARS-CoV-2 S-specific antigens including RBD and HR1-

HR2, when delivered as an intranasal boost following a systemic prime (either an S 

protein subunit or the AZD1222 COVID-19 vaccine) induced antigen-specific sIgA. This 

is further supported by a robust IL-5 response which is often associated with the innate 

and adaptive immunity. IL-5 is produced by Th2 cells (including, lymphocytes, 

eosinophils, and mast cells) and is often associated with the proliferation and 

differentiation of B cells and promotes sIgA production  (Braciak et al., 2000; Mantis et 

al., 2011; Ramsay & Kohonen-Corish, 1993). In support of this, Braciak et al. (2000) 

demonstrated that adenovirus expressing murine IL-5 delivered intranasally resulted in 

an increase in viral-specific mucosal immune responses (sIgA) in lung lavages (Braciak 

et al., 2000). Surprisingly, the intranasal administration of SporCoVax (a 1:1 mixture of 

PK120 (CotB-RBDWuh) and PK122 (CotC-HR1-HR2)) spores as a booster vaccine could 

further boost the serum S-specific IgG responses. A possible explanation for this response 

is that activated Th1 cells produce IL-2 (Muraguchi et al., 1985) and TNF-α (Jelinek & 
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Lipsky, 1987) and it is well known that both cytokines can stimulate B cells to 

differentiate into antibody-producing plasma cells, which mainly produces IgG antibodies 

(Hubbell et al., 2009). Moreover, when this strategy was employed in hamsters, they 

showed signs of protection from viral challenge including recovery of body weight and a 

reduction in viral shedding. This is encouraging for a number of reasons but most 

importantly a reduction in viral shedding would lead to reduced transmission and 

dissemination ultimately providing a means to controlling this disease. The results 

presented here indicate that SporCoVax (a 1:1 mixture of CotB-RBDWuh (PK120) and 

CotC-HR1-HR2Wuh (PK122)) as a booster following a systemic prime is safe and effective 

in mouse and hamster models. SporCoVax boost elicited robust cellular and humoral 

immune responses and protected vaccinated hamsters from SARS-CoV-2 infection. 

Although it is difficult to make a direct comparison to other preclinical studies that have 

used combination vaccines consisting of both the RBD and HR1-HR2 fragment, because 

of variations in experimental conditions and vaccination strategy designs, the 

immunogenicity, such as the nominal titers of vaccine-induced antibodies. Despite this 

the efficacy of SporCoVax are comparable to those reported in a small animal study using 

RBD-HR nanoparticle vaccine (X. Ma et al., 2020). In the study mentioned RBD-HR 

nanoparticle vaccine (consisting of RBD fused to HR1-HR2) delivered intramuscularly 

has been shown to induce potent neutralising antibodies and cellular immune response 

that protect against SARS-CoV-2 challenge in a transgenic mouse model (X. Ma et al., 

2020).  However, a limitation of the study mentioned above is the use of a transgenic 

mouse model which has been shown to have mild to moderate infections. In this chapter, 

a hamster model of infection was conducted. It is widely accepted that hamsters are a 

reliable model for SARS-CoV-2 challenge studies, they are highly susceptible to SARS-
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CoV-2 infection and do not require prior adaptation, and develop severe pneumonia 

similar to COVID-19 patients, making this a strong model to study vaccine efficacy (Bi 

et al., 2021; Muñoz-Fontela et al., 2020).   

4.3.2 Next generation SARS-CoV-2 spore booster vaccine induces mucosal 

immunity 

The continuous emergence of variants of concern (VOCs) that have acquired a large 

number of mutations in various regions of the spike (S) protein, has posed challenges to 

the current COVID-19 (Dejnirattisai et al., 2021; Faulkner et al., 2021; Garcia-Beltran et 

al., 2021; Madhi et al., 2021; Supasa et al., 2021). This supports a rationale to develop 

next generation vaccine strategies that either replace the current COVID-19 vaccines or 

coexpress S and N antigens as a cocktail vaccine. The N protein is highly expressed 

during infection (after viral invasion) and plays an important role in genome packaging, 

transcription and replication  (Bai et al., 2021; Dutta et al., 2020). Bioinformatic studies 

have demonstrated that the amino acid sequence of N protein is highly conserved and 

shares 90% homology with other coronaviruses (Oliveira et al., 2020; A. Wu et al., 2020). 

Studies have shown that individuals previously infected with SARS-COV-1 have long-

lasting N-specific memory T-cells that remained detectable 17 years after the 2003 SARS 

outbreak; interestingly, these individuals displayed robust cross-reactivity to the N 

protein of SARS-CoV-2 (Bilich et al., 2021; Le Bert et al., 2020), suggesting that N-

specific T cell immunity might provide long-lasting and broader protection (Lineburg et 

al., 2021). Although there is evidence that SARS-CoV-2 N-based vaccines can establish 

protective immunity in animals (Hajnik et al., 2022; Matchett et al., 2021), it should be 

noted that N-specific immune responses may not prevent breakthrough SARS-CoV-2 
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infection.  However, many studies have suggested a potential role of N-specific CD8+ T 

cells in viral control and providing protection against the ancestral SARS-CoV-2 and 

VOCs (Le Bert et al., 2020; P. Moss, 2022; Taus et al., 2022). This chapter demonstrated 

that the next generation spore booster vaccine expressing the N protein of SARS-CoV-2 

(PK128; CotB-N), when administered as an intranasal boost following a systemic (i.m) 

prime with N protein subunit induced robust N-specific sIgA. This is further supported 

by a robust N-specific IL-5 responses which is associated with sIgA induction, as stated 

above. N-specific immune responses, specifically cellular immune responses (He et al., 

2021; Taus et al., 2022) may provide antiviral activity by killing SARS-CoV-2 infected 

cells, which would lead to reduced transmission and dissemination. Moreover, the ability 

of N protein-based vaccines to elicit robust T cell responses provides an additional 

immunological benefit by potentially eliciting a more robust and protective immunity to 

current and future SARS-CoV-2 variants. Ni et al reported a strong correlation between 

the titers of neutralising antibodies and levels of virus-specific T cells, suggesting that a 

robust T cell response might be necessary for the induction of a humoral response (Ni et 

al., 2020).  

Additionally, PK-S+N spore vaccine consisting of a combination of CotB-RBD, CotC-

HR1-HR2 and CotB-N spores when used as an intranasal boost following a systemic 

prime with both S and N protein subunit also induced robust S and N-specific sIgA and 

IgG antibodies in immunised mice. Interestingly, when this strategy was employed in 

hamsters, PK-S+N spore booster vaccine following a systemic prime with S+N protein 

subunits induced a modest (partial) control of SARS-CoV-2 infection, evidenced by a 

steady increase in body weight, but did not result in complete recovery of body weight. 
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Whereas animals that received SporCoVax (a 1:1 mixture of CotB-RBD and CotC-HR1-

HR2) booster alone following a systemic prime with S protein subunit induced a more 

robust control of SARS-CoV-2 infection evidenced by a full recovery of body weight. 

This was not expected because the dose of S-based spores (CotB-RBD and HR1-HR2) in 

PK-S+N and SporCoVax were identical. Explanations of these findings are not yet clear 

and warrant further investigation. A limitation in this challenge study was identified 

which could have helped to explain these findings. For operational reasons, animals were 

not assigned to a prime-only group and a group receiving a systemic prime of N-protein 

subunit alone followed by PK128 (CotB-N) intranasal spore boost. On the other hand, a 

recent data using N-based vaccines have reported that immunisation with N-expressing 

mRNA vaccine induced modest (partial) control of SARS-CoV-2 in Syrian hamsters, as 

evidenced by a reduction in viral load in the upper respiratory tract and increased body 

weight (Hajnik et al., 2022). Additionally, immunisations with mRNA expressing both 

S+N induced not only a more robust control of SARS-CoV-2 variants including Delta 

and Omicron variants but also reduced the viral load in the upper respiratory tract (Hajnik 

et al., 2022). Although this study indicates that PK128 (CotB-N) and PK-S+N spores 

administered intranasally after a systemic prime can augment mucosal immunity, it does 

not provide conclusive evidence of a correlation between vaccine-induced N specific-

mucosal antibodies and protection against SARS-CoV-2 infection and this warrants 

further studies. Despite this, PK-S+N-boosted hamsters showed a significant reduction in 

SARS-CoV-2 RNA in the upper and lower respiratory tract, as well as a significant 

increase in body weight compared to the unvaccinated unimmunised-infected control 

group. This is encouraging because a reduction in viral shedding would lead to reduced 

transmission and dissemination ultimately providing a means to controlling this disease.  
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4.3.3 Naked spores induce SARS-CoV-2 antigen specific immunity  

Intriguingly, nasal boosting with isogenic spores displaying no antigens also showed a 

clear augmentation of mucosal antigen-specific responses. The underlying mechanism is 

not fully understood but other studies have shown that B. subtilis spores carry natural 

adjuvant properties (Barnes et al., 2007; de Souza et al., 2014). Spores can be taken up 

by M-cells (Rhee et al., 2004), and persist within phagocytes (J.-M. Huang, La Ragione, 

Cooley, et al., 2008; J.-M. Huang, La Ragione, Nunez, et al., 2008) and intriguingly, 

inactivated spores are also able to stimulate the innate immune system when delivered 

nasally (Song et al., 2012). This is achieved by the interaction of spores with Toll-like 

receptors (TLR2 and TLR4), cytokine induction, recruitment of NK cells and maturation 

of Dendritic cells (J.-M. Huang, La Ragione, Nunez, et al., 2008; Song et al., 2012). What 

is interesting is that this data shows that ’naked’ spores administered three weeks after 

the systemic prime are able to augment mucosal immunity suggesting that spore-induced 

innate immunity may be a factor. Although the mucosal responses are clearly greater 

when spores-displaying antigens are delivered, the long-term utility of non-recombinant 

spores may be more advantageous. It is worthwhile noting that previous work has also 

demonstrated that nasal administration of spores alone (naked spores) is sufficient to 

confer protection against influenza (H5N2) using both murine and ferret models of 

infection (James et al., 2022; Song et al., 2012). This observation is important since 

spores alone might provide a mechanism for evoking mucosal immunity and is currently 

being addressed in expanded animal and human studies. 
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4.4 Limitations of the study   

This study has several limitations. First, vaccine efficacy was only examined in a hamster 

model of infection at 2 weeks after booster immunisation. Thus, the durability of 

protection against SARS-CoV-2 is uncertain. Second, this chapter demonstrated that 

intranasal boosting with SARS-CoV-2 spores provided protection against SARS-CoV-2 

variant D614G, but our collaborators at IRTA were not able to test protection against 

more recent VOCs, such as Delta and Omicron due to time and resource limitations. 

Evaluation of SARS-CoV-2 spore booster vaccine against VOCs at longer intervals 

following booster immunisation would help to address this question. Third, vaccine 

efficacy was assessed in immunologically naïve animals (without pre-existing immunity). 

Given that a large number of the human population have been vaccinated with the first-

generation vaccines comprised of S antigen from the Wuhan strain, it is important to 

assess the protective efficacy of SporCoVax booster in animal models or humans who 

have pre-existing immunity. Lastly, dose-dependent studies of SARS-CoV-2 spore 

vaccines was not conducted. The dose used in this study was based on a dose  that has 

been widely used in previous studies that use an intranasal spore vaccine regimen (S. Lee 

et al., 2010; Y. Oh et al., 2020; Sibley et al., 2014; J. Wang et al., 2019). Nonetheless, it 

is still necessary to test the possible toxicity of SARS-CoV-2 spore vaccines at higher 

doses to ensure their safety. Therefore, an optimal dose for the SARS-CoV-2 spore 

vaccines providing sufficient protection against SARS-CoV-2 is yet to be examined.  
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4.5 Conclusion 

A heterologous systemic prime-mucosal boost vaccination strategy is being considered 

as one of the most promising routes forward to enhance existing COVID-19 vaccines 

(Lapuente et al., 2021; R. Zhou et al., 2022). This approach has attracted significant 

global interest in an attempt to address the concerns posed by the fluctuating vaccine 

supplies, serious adverse events (anaphylaxis and thromboembolic episodes following 

immunisations with the adenovirus vectored vaccine), the emergence of new VOCs and 

waning immunity. (Borobia et al., 2021; X. Liu et al., 2021; Logunov et al., 2020). The 

underlying basis for how a mucosal boost induces a localised response is not yet fully 

understood but a “prime-pull” mechanism has been proposed where systemic memory 

cells (induced by the prime) are expanded during the recall response and then migrate to 

the mucosa followed by differentiation into tissue-resident memory cells (Çuburu et al., 

2019). This chapter provide evidence that a heterologous systemic prime–mucosal boost 

strategy evoked SARS-CoV-2 antigen specific mucosal IgA and is potentially protective, 

as shown in the hamster model of SARS-CoV-2 infection. Intriguingly, antibodies 

resulting from a Wuhan-delivered antigen cross-react with the Omicron variant 

suggesting that the SporCoVax spore vaccine described here might be protective against 

emerging VOCs.  Additionally, intranasal boosting with spores that display both S 

specific antigens and the highly conserved N protein evoked robust S and N-specific 

mucosal IgA and resulted in modest protection against the ancestral SARS-CoV-2 strain. 

This data suggests that the incorporation of a highly conserved immunogen such as N 

may promote protection against current and emerging VOCs and should be evaluated 

further. Spores are dormant entities that are found in soil and air and as such in humans 
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and animals also (Nicholson, 2002). As dominant members of the aerobiome (~10%) 

humans are continuously exposed to Bacillus spores with approximately 10–105 spores 

inhaled daily (Shaffer & Lighthart, 1997). In the gastrointestinal tract, they are present at 

constant levels of ~104 spores/g of faeces (Hong et al., 2009). The spore vaccine platform 

has been well documented, and spores genetically engineered or adsorbed with 

heterologous antigens, evoke balanced Th1/Th2 responses as well as augmenting mucosal 

antibody responses (Barnes et al., 2007). This is supported by the studies here using a 

genetically engineered spore vaccine and resulting antibody and cytokine responses. 

Using the THY-X-CISE® cloning, spores, should they germinate, are unable to proliferate 

in the environment since live cells die immediately due to a ‘thymine-less’ death 

(Hosseini et al., 2018). Biological containment is thus ensured. Spore vaccines can be 

constructed rapidly on a case-by-case basis although, as shown here. Coupled with their 

ease of production, heat stability, and extraordinary resistance properties, spore vaccines, 

used mucosally, lend themselves to pandemic situations, facilitating a method with which 

to both augment systemic immunity as well as induce mucosal immunity, a prerequisite 

for complete protection. As such, employed in a heterologous systemic prime–mucosal 

boost regimen, spore vaccines might have utility for current and future emerging diseases. 

The work described in this chapter has been published in the Journal Vaccines (Katsande 

et al., 2022). 
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CHAPTER 5: Prophylactic immunisation to Helicobacter 

pylori infection using spore vectored vaccines 

5.1 Introduction   

Persistent gastric infection caused by Helicobacter pylori results in chronic inflammation 

of the stomach lining which in turn can progress to more serious gastrointestinal diseases 

such as gastritis, peptic ulcer disease, gastric adenocarcinoma and mucosa associated 

lymphoid tissue lymphoma (Nagy et al., 2016). Despite a decline in the prevalence of 

gastric cancer in certain regions, particularly in Western Countries, the disease remains a 

significant global health issue. With over 1 million new cases diagnosed each year, gastric 

cancer disease is recognised as the fifth most common cancer worldwide and is the third 

leading cause of cancer-related deaths. Approximately 770,000 deaths as a result of 

gastric cancer were estimated in 2020 (Bray et al., 2018; Morgan et al., 2022; Rawla & 

Barsouk, 2019). Global regions that have been reported to have the highest incidence rate 

of gastric cancer are in Eastern Asia, particularly, Mongolia (ASR 32.5 per 100,000, 24.6 

per 100,000) which has the highest overall rate of gastric cancer, followed by Japan (ASR 

31.6, ) and South Korea (ASR 27.9) (Morgan et al., 2022). Unfortunately, the diagnosis 

of gastric cancer is often delayed because up to 80% of patients do not display specific 

symptoms during the early stages of cancer, moreover, most patients are diagnosed after 

gastric cancer has progressed and has invaded the muscularis and it is nearly impossible 

to eradicate the underlying infection (Layke & Lopez, 2004; Wroblewski et al., 2010).  
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While H. pylori infection can be treated in a majority of individuals using antibiotic 

therapy combined with a proton pump inhibitor, eradicating H. pylori using 

combinational antibiotic therapy is challenging particularly in regions with a high 

prevalence and/or antibiotic resistance (Savoldi et al., 2018). The prevalence of 

antimicrobial resistance (notably to clarithromycin and metronidazole) (Frenck & 

Clemens, 2003) is so high that many infected patients are now considered as having fully 

resistant infections (Graham & Shiotani, 2008). Importantly, antimicrobial therapy cannot 

protect against reinfection and the rate of reinfection is as high as 15-30% per year 

(Parsonnet, 2003). 

It has been suggested that a 10-year vaccination program might significantly reduce the 

impact of H. pylori infection both with regard to symptoms, gastric cancer and the 

associated economic burden of disease management (Rupnow et al., 2001). Conceptually 

a vaccine would best be administered orally to enable the production of secretory IgA 

(sIgA) in the stomach mucosa preventing colonisation (Agarwal & Agarwal, 2008; Czinn 

& Blanchard, 2011; Svennerholm & Lundgren, 2007). However, other mucosal delivery 

routes (intranasal, rectal) have been successfully used. Based on the pathogenesis of H. 

pylori several putative protective antigens have been evaluated including urease (subunits 

UreA and UreB), flagellar antigens (FlaA and FlaB), cytotoxin-associated gene A 

(CagA), vacuolating toxin (VacA) and others. Vaccine formulations including subunit 

vaccines, live vector vaccines, DNA vaccines as well as other delivery systems have been 

evaluated (Agarwal & Agarwal, 2008; Czinn & Blanchard, 2011; Svennerholm & 

Lundgren, 2007). One of the major problems with oral immunisation is that the resulting 

immunity is weak. Accordingly, adjuvants such as cholera toxin (CT), the closely related 
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heat-liable (LT) of E. coli or the B subunit of CT (CTB) have been extensively evaluated 

(C. K. Lee, 2001; Raghavan et al., 2002). Although there has been considerable effort in 

vaccine development few human studies have demonstrated convincing levels of 

protective immunity (Czinn & Blanchard, 2011; Svennerholm & Lundgren, 2007). The 

one promising exception being a recently described oral vaccine consisting of an orally-

administered protein formulation comprised of UreB fused to LT (Zeng et al., 2015). 

Despite this, there is a case for vaccination where even reduced efficacy might shorten 

existing treatment regimens and help protect against reinfection (Svennerholm & 

Lundgren, 2007).  

5.2 Results 

5.2.1 Immune responses in mice dosed with spores expressing H. pylori antigens 

Mice (C57 BL/6) were orally dosed (i.g.) four times (a single dose consisting of three 

consecutive daily oral administrations, totaling 12 oral administrations) with spores of 

PK82 (CotB-UreA), PK78 (CotB-UreBCT) and the isogenic control PK118 strain that 

carried insertional disruption of both thyA and thyB but carried no chimeric genes. To 

enable a dose of 3 × 1010 spore (CFU) three daily administrations of 1 × 1010 spores were 

required since high concentrations of spores in suspension are typically overly viscous. 

A naïve group receiving only PBS provided a baseline. Measurement of antigen-specific 

sIgA in faecal samples showed seroconversion to UreA in mice dosed with PK82 (CotB-

UreA) and UreB in mice dosed with PK78 (CotB-UreBCT) (Figure 5.1). Maximal 

antibody responses were observed at day 61. Responses for both PK78 (Figure 5.1A) and 

PK82-dosed animals (Figure 5.1B), at day 61, were significantly (p = 0.0001) greater than 
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in mice dosed with PK118 spores or the naïve group. Very low levels of UreA-specific 

sIgA were observed in PK118-dosed mice but these were not statistically significant. 

Interestingly, mice that received oral administrations of PK78 spores (CotB-UreBCT) 

displayed high levels of UreB-specific sIgA in faecal samples at day 31 (after the second 

immunisation). From this data, it is possible that the number of doses that are required to 

elicit mucosal immune responses can be reduced from four immunisation to two 

immunisations (totaling 6 oral administrations) for the PK78 spore vaccine.  

 
Figure 5.1: Mucosal responses following oral administration of spore vaccines expressing 

H. pylori antigens. Mice (C57 BL/6), were dosed (i.g.) with spores of PK118 (WT), PK82 

(CotB-UreA) or PK78 (CotB-UreBCT) four times (green arrows). Each dose comprised three 

separate administrations (1 × 1010 CFU/administration); dose 1 (days 1-3), dose 2 (days 16-18), 

dose 3 (days 32-34) and dose 4 (days 47-49). rUreA-specific sIgA in longitudinal faecal 

samples from PK82 (blue circles), PK118 (black circles) or naïve (grey circles) (Panel A) and 

rUreB-specific sIgA in longitudinal faecal samples from PK78 (red circles) or PK118 (black 

circles) dosed mice are shown (Panel B). This experiment was replicated twice. 

To further assess the immunogenicity of PK78 (CotB-UreA) and PK82 (CotB-UreBCT) 

spore vaccines. Serum samples were collected via terminal heart bleeds at day 61 and 

were used to measure rUreB and rUreA-specific IgG. Serum IgG responses measured on 
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day 61 showed that both PK78 (Figure 5.2B) and PK82 (Figure 5.2A) were able to induce 

systemic immunity. Mice that received oral administrations of PK78 spores (CotB-

UreBCT) displayed higher levels of UreB-specific IgG in faecal samples, compared to 

mice that received oral administrations of PK82 spores (CotB-UreA). This might suggest 

that PK78 spores expressing the C-terminal of UreB as the putative vaccine antigen might 

be better at inducing systemic immune responses than PK82 spores expressing the whole 

UreA vaccine antigen. Despite these differences, PK82 spores were able to elicit 

significantly higher levels of UreA-specific IgG in mice, compared to mice that received 

isogenic PK118 spores (WT control, no antigen expression) (p < 0.001). IgG levels were 

significantly higher (p < 0.0001) in mice that received oral administrations of PK78 than 

in mice receiving isogenic PK118 spores. Taken together, oral administration of spores 

expressing either UreA or UreBCT on the spore surface can elicit robust mucosal and 

systemic responses. 
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Figure 5.2: Systemic responses following oral administration of spore vaccines expressing 

H. pylori antigens. Mice (C57 BL/6) were dosed (i.g.) with spores of PK118 (WT), PK82 

(CotB-UreA) or PK78 (CotB-UreBCT) 4 times. Each dose comprised three separate 

administrations (1 × 1010 CFU/administration); dose 1 (days 1-3), dose 2 (days 16-18), dose 3 

(days 32-34) and dose 4 (days 47-49). rUreA-specific (Panel A) and rUreB-specific (Panel B) 

IgG in serum samples taken on day-61 are shown. Mann-Whitney, ***, p = 0.001, ****, p = 

0.0001. This experiment was replicated twice. 

5.2.2 Protection in a murine colonisation model 

The prophylactic effects of PK78 (CotB-UreBCT) or PK82 (CotB-UreA) spore vaccines 

were assessed by counting the H. pylori bacterial load (CFU) in stomach samples. Mice 

were given four oral (a single dose consisting of three consecutive daily oral 

administrations) doses of spores (1 × 1010/dose) of either PK118 (WT), PK78 (CotB-

UreBCT) or PK82 (CotB-UreA), as well as a naïve group, and then challenged with H. 

pylori (i.g.) using a challenge dose of ~ 108 CFU. This was performed by our collaborators 

at the Institute of Vaccines and Biological Medicals (IVAC). Stomach samples were 

taken 21 days post-challenge for enumeration of H. pylori CFU. The study was repeated 

and combined CFU data is shown in Figure 5.3. PK78 (CotB-UreBCT) immunised animals 

showed the greatest reduction in H. pylori CFU of about 1-log. PK78-dosed animals 

showed a significant reduction in CFU (89%, median values, p<0.0001). PK82 (CotB-

UreA) dosed animals also showed a significant reduction (~72%, median values; 

p=0.0001) in CFU. Although both PK78 and PK82 spores resulted in a significant 

reduction in H. pylori bacterial load (CFU), PK78 dosed animals displayed a higher level 

of protection than PK82-dosed animals. It has been reported that UreB-based vaccines 

seem to be more protective than UreA (Ferrero et al., 1994a) and this is evident in this 

work. Interestingly, animals dosed with ‘naked’ spores (PK118), i.e., spores displaying 
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no H. pylori antigens, also showed a reduction (~40%, median value, p<0.01) in H. pylori 

CFU compared to naïve animals (Figure 5.3). Overall, both spore vaccines (PK82; CotB-

UreA and PK78; CotB-UreBCT) expressing either UreA or UreBCT, were able to reduce 

bacterial burden after challenge with H. pylori, thus both spores were able to confer 

protective immunity sufficient to reduce H. pylori colonisation in mice. 

 

 

  

 
Figure 5.3. H. pylori colonisation in immunised mice. Bacterial loads of H. pylori HP34 in 

stomach samples 21 days post-challenge. Animals had been orally (i.g.) dosed 4-times with 

spores (1 × 1010 CFU/dose) of PK118 (WT), PK82 (CotB-UreA) or PK78 (CotB-UreBCT) and 

challenged 7-8-9-days after the last immunisation. Naïve mice received PBS. The data 

combines samples from 2 independent repeat studies with P values as shown. 
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5.3 Discussion  

For H. pylori vaccination two ‘classical’ antigens, UreA (urease A) and UreB (urease B) 

were evaluated since these have been used extensively in vaccine formulations and animal 

studies have shown evidence of protection (Bumann et al., 2001; Corthésy-Theulaz et al., 

1998; Gómez-Duarte et al., 1998b; Hinc et al., 2010; Smythies et al., 2005; J. Yang et 

al., 2015; W.-Y. Zhou et al., 2009). The data show firstly that twelve oral doses of spores 

expressing either UreA or UreBCT evoked mucosal immunity evident from 

seroconversion of antigen-specific sIgA in faecal samples. It should be noted that IgG is 

also present in mucosal samples (Sano et al., 2022), however the levels of antigen specific 

IgG was not assessed in this study. UreB has previously been used for H. pylori 

vaccination utilising spores for oral delivery but this has incorporated the entire UreB 

polypeptide fused to the CotC spore coat anchor (Z. Zhou et al., 2015a, 2017b). Here, a 

truncated UreB domain, UreBCT, was chosen to optimise spore expression since the use 

of the CotB anchor partner significantly increases the size of the resulting hybrid protein. 

Secondly, systemic antigen-specific IgG responses were also induced. Finally, when mice 

were dosed with UreA or UreBCT spores and then challenged with H. pylori the resulting 

counts of H. pylori CFU in the stomach were reduced by about 1-log (for CotB-UreBCT). 

This data is broadly similar to those obtained by Zhou et al using spores expressing the 

full-length UreB protein (CotC-UreB) (Z. Zhou et al., 2017b) although there were some 

differences that need discussion. First, Zhou et al evaluated, in parallel, spores of an 

isogenic control strain that did not express any H. pylori antigens and in protection 

studies, mice showed no reduction in counts of H. pylori (Z. Zhou et al., 2017b). This is 

in marked contrast to the work presented here which showed that spores alone (i.e., 
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PK118 spores) conferred a low level of protection (40% reduction in gastric CFU). These 

spores do not evoke antigen-specific sIgA so the most probable explanation is that of 

innate immunity. As previously mentioned, Bacillus spores have been well documented 

as being able to evoke innate immunity and for some pathogens such as influenza, this 

can be protective (de Souza et al., 2014; James et al., 2022; Song et al., 2012). This has 

included murine studies showing reduced colonisation by C. difficile following oral 

dosing with ‘naked’ spores (Permpoonpattana et al., 2011). It could be speculated that 

repeat dosing with B. subtilis spores may trigger an innate immune response sufficient to 

exert some level of protection. A second point is that Zhou et al also evaluated a trimeric 

fusion protein comprising a CotC anchor fused to CTB (cholera toxin subunit B) and 

UreB. This vaccine provided the highest reduction in gastric CFU of ~90% (Z. Zhou et 

al., 2017b) and was thus similar to our data found here for CotB-UreBCT. CTB was 

employed as a mucosal adjuvant, but it is possible that the natural and well-documented 

microparticulate adjuvant properties of spores are sufficient to provide adjuvancy 

dispensing with the need for an auxiliary mucosal adjuvant component (Barnes et al., 

2007; de Souza et al., 2014). It is challenging to directly compare the immunogenicity 

and efficacy of various vaccine formulations against H. pylori due to differences in 

experimental designs and animal models used for assessing vaccine efficacy. While many 

studies have investigated different vaccine candidates, including those utilising urease 

subunits (Bumann et al., 2001; DiPetrillo et al., 1999; Rizos et al., 2003), multi-epitope 

DNA vaccines with CpG oligonucleotides and heat-labile enterotoxin LTB (S. F. Moss 

et al., 2011), as well as constructs involving H. pylori opiA gene and IL-2 gene, along 

with adjuvants (J. Chen et al., 2012), and formulations containing CagA, VacA, and UreB 

proteins (K.-Y. Liu et al., 2011), none of the studies have comprehensively evaluated all 
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parameters, including humoral response, cellular response, and vaccine efficacy in 

murine models, in a single study. This lack of comprehensive evaluation hinders the 

ability to directly compare the efficacy of different vaccine formulations. Additionally, 

the use of diverse animal models further complicates comparisons. While some studies 

utilise mice, others may use different animal models, leading to variations in immune 

responses and vaccine efficacy. Therefore, future studies that employ standardised 

methodologies and assess multiple parameters are needed to facilitate meaningful 

comparisons and advancements in the development of effective H. pylori vaccines. 

Neither of the two antigens reported here have previously been evaluated using spores 

(note that Zhou et al used complete UreB, (Z. Zhou et al., 2017b). Examination of other 

in vivo studies on H. pylori using live-vectored vaccines has shown that a 90% reduction 

in H. pylori CFU is close to the maximum that can be achieved. The fact that both UreA 

and UreB delivered on spores confer some level of protection reinforces the general 

finding that a variety of H. pylori antigens can be used for vaccination (Svennerholm & 

Lundgren, 2007). It also supports the notion that other elements of the immune system 

may be required to achieve full sterilising immunity (Agarwal & Agarwal, 2008; Chmiela 

& Michetti, 2006).  It is well documented that cell-mediated immunity plays an important 

role in protection against H. pylori infection  (Agarwal & Agarwal, 2008; Czinn & 

Blanchard, 2011). Gastric biopsy samples from infected patients display an increase in 

CD4+ T cells (Chmiela & Michetti, 2006) and a bias of Th1 cells has been considered 

necessary for protection (Eaton et al., 2001). In addition, UreB has been shown to induce 

Th17 cells that, in turn, are responsible for the production of the proinflammatory 

cytokines, IL-17, IL-17F and IL-22 (J.-Y. Zhang et al., 2011). Oral administration of 
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Bacillus spores has been shown in mice to interact with components of the cellular 

immune system, notably Toll-like receptors (TLRs), with in vivo induction of 

proinflammatory cytokines (TNF-α and IL-6) (J.-M. Huang, La Ragione, Nunez, et al., 

2008). Potentially, these phenotypes may be linked with the above-mentioned innate 

response and it is possible that the immunostimulatory properties of spores alone may 

also be contributing to the inhibition of H. pylori colonisation. Lastly, as humans are 

exposed to low levels of Bacillus on a daily basis future development of the spore 

platform must consider and address the issue of tolerance and suppression of the immune 

response (Homayun et al., 2019). 

Our study has several limitations. First, the prophylactic effects of recombinant spore 

vaccine candidates (PK78; CotB-UreBCT, PK82; CotB-UreA) was evaluated in Mlac: 

ICR male mice only. It has been reported that the prevalence of H. pylori infection is 

higher in male individuals than females, indicating that males are potentially more 

susceptible to H. pylori infection (Chitsazi et al., 2006). Aebischer et al, demonstrated 

that immunisations with a recombinant Salmonella vector expressing UreA and UreB 

subunit resulted in higher levels of protection in female mice than male mice (Aebischer 

et al., 2001). Although it was observed that both spore vaccine candidates were able to 

confer protective immunity sufficient to reduce H. pylori colonisation in male mice, 

further studies should be conducted to compare the potential differences in the 

efficiencies of PK78 (CotB-UreBCT) and PK82 (CotB-UreA) vaccination in male and 

female mice. Additionally, immunogenicity of the recombinant spore vaccine candidates 

(PK78; CotB-UreBCT, PK82; CotB-UreA) was evaluated in female C57BL/6 mice only, 

by measuring relative titres of ureA- or UreB-specific immunoglobulins in faecal and 
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serum samples. Further studies should be conducted that evaluate the immunogenicity of 

the recombinant spore vaccine candidates in both female and male C57BL/6 mice, to 

allow for comparisons in humoral immune responses in different genders. Second, oral-

based vaccines require a higher dose of antigen to induce sufficient humoral and cellular 

immune responses (Permpoonpattana et al., 2011). In this work, mice received three daily 

oral administrations of 1 × 1010 spore CFU, with the total number of doses equating to 12 

doses, which is very high. However, it was observed that mice that received oral 

administration of PK78 (CotB-UreBCT) displayed high levels of antigen-specific sIgA 

after the second immunisation (6 doses), whereas for PK82 oral administrations, a total 

of three immunisations (9 doses) was required to elicit significantly high levels of antigen-

specific sIgA in mice. From this data, it is possible that a lower dose of spores might be 

effective at stimulating robust mucosal and systemic immune responses, as well as 

providing protection against H. pylori infection. However, further studies evaluating the 

optimal dose of the B. subtilis spore vaccine candidates providing adequate protection 

against H. pylori are yet to be examined. Thirdly, histopathologic evaluations of gastritis 

and epithelial changes were not performed in the stomachs of mice that received oral 

administration of PK78 and PK82 and then challenged with H. pylori. Histopathological 

analysis of stomach samples is crucial to determine if the spore vaccines provide adequate 

protection against H. pylori and to understand the potential benefits or risks associated 

with the spore vaccines. This warrants further studies to evaluate the protective efficacy 

of the spore vaccine candidate. For instance, a decrease in tissue damage or inflammatory 

response following an immunisation and  challenge with H. pylori might suggest that the 

vaccine is effective at preventing or mitigating H. pylori and its associated gastrointestinal 

damage.  
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For future work, it would be interesting to assess the immunogenicity and protection 

efficacy of a cocktail spore vaccine consisting of a combination of spores that express 

UreA and UreB, as well as spore expressing other protective immunogenic antigens 

including vacuolating cytotoxin (VacA) and/or the cytotoxin-associated antigen (CagA). 

VacA (T. Cover & Blaser, 1992) and CagA (Covacci et al., 1993) are important major 

virulence factors of H. pylori (CagA and VacA positive strains) and are associated with 

more severe disease and potentially increase the risk of developing ulcers and gastric 

cancer (El-Shenawy et al., 2017). Lui et al, showed that oral immunisation with an 

attenuated Salmonella vector, which expressed a fusion protein consisting of CagA, 

VacA and UreB significantly reduced H. pylori bacterial load in the stomach, and 

protection was related to specific CD4+ T cell Th1 type responses, as well as mucosal 

(sIgA) and systemic (IgG) immune responses (K.-Y. Liu et al., 2011). Thymine 

auxotrophic Bacillus strains carrying cotB-cagA (PK80; CotB-CagA) and cotB-vacA 

(PK84; CotB-VacA) insertion at the thyA loci have been constructed, however, the 

expression and display of these chimeric protein need to be confirmed by Western blotting 

and whole spore enzyme-linked immunosorbent assay (ELISA) before further evaluation 

and utilisation in immunisation studies. 

5.4 Conclusion  

The data demonstrated that oral administrations of spores carrying either the whole UreA 

antigen or C-terminal fragment of UreB lacking the active site showed antigen-specific 

mucosal responses (faecal sIgA) including seroconversion and hyper-immunity in mice. 

Moreover, both spore vaccines evoked systemic immune responses. When mice were 

orally immunised with PK78 and PK82 spores and then challenged with H. pylori, 
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colonisation by H. pylori was significantly reduced by up to 1-log. This study 

demonstrates the potential utility of bacterial spores for mucosal vaccination for H. pylori 

infection. The heat stability and robustness of Bacillus spores coupled with their existing 

use as probiotics make them an attractive solution for either protection against H. pylori 

infection or potentially for therapy and control of active infection. Additionally, the use 

of a THY-X-CISE system that ensures containment of GM probiotic spores is a further 

advantage primarily because the use of GMOs in humans remains contentious. Although 

not addressed here a therapeutic application of a H. pylori spore vaccine is worthwhile 

for consideration and is under current investigation. Finally, the spore platform enables 

other potential H. pylori antigens to be evaluated and potentially a multivalent vaccine to 

be formulated. Such an approach might further boost the levels of protection.  

The work described in this chapter has been published in the Journal of Wiley 

Helicobacter (Katsande et al., 2023). 
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CHAPTER 6: General Discussion  

6.1 Safety aspects of genetically modified organisms  

In this work, a newly developed cloning system termed the ‘THY-X-CISE’ system was 

used to construct various recombinant strains that display heterologous antigens with 

immunological activities on the surface of the spore (Hosseini et al., 2018). However, 

strains constructed using this system are referred to as GMOs, which is a major drawback 

that stands in the way of its marketing and applications in vaccine and drug development. 

The subject of GMOs is a very controversial topic among scientists, the public and in the 

case of genetically modified food, food producers and consumers due to the potential 

biomedical risk and environmental side effects. Contrary, some still believe that genetic 

engineering might offer tremendous benefits in agriculture, as well as improving health 

benefits in humans and animals through the production of novel protein replacements, 

drugs and vaccines. For instance, the first produced GMO consumer product was human 

insulin (Humulin) in 1979, and was approved by the FDA in 1982 for use in humans for 

the treatment of diabetics and is widely accepted to this date (De Meyts et al., 1981; 

Goeddel et al., 1979). Another example is the development of Golden Rice, which is 

genetically engineered rice that can be used as a cheap and effective way to supply dietary 

vitamin A to individuals in developing countries with vitamin A deficiency and thus at 

risk of developing blindness as a result of this deficiency (Potrykus, 2001; Sommer et al., 

1981; X. Ye et al., 2000). The application of genetic engineering techniques in medicine 

is vast including the mass production of human insulin, Follistim which induces ovulation 

in women that cannot ovulate (infertile), monoclonal antibodies and many FDA approved 
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drugs and vaccines (Andrews et al., 2021; Dickey et al., 2003; Goeddel et al., 1979; 

Mullard, 2021; Shahryari et al., 2019; Tanne, 2022). However, social scientific evidence 

suggests that there is widespread public concern about the long-term safety and health 

effects of GMOs on the environment and humans and these misconceptions may have a 

negative impact on the public acceptance of GMOs (McFadden & Huffman, 2017). This 

is despite overwhelming scientific evidence that has shown that GMOs are safe for 

consumption, offer environmentally sustainable benefits by increasing yields, reduce cost 

and the environmental footprint of agriculture, as well as the potential to offer health 

benefits as exemplified above. In August 2013, the Philippine Government’s International 

Rice Research Institute (IRRI) and other public sector partners that are in charge of 

managing a research field of Golden Rice (vitamin A enhance rice) were attacked by anti-

GMO activists, and fields were vandalised. There was a strong scientific community 

condemnation following the 2013 incident, however, this reaction failed to achieve a 

consensus among the general public and some are in support of the actions of the 

protestors (Kupferschmidt, 2013). A survey study conducted by the Pew Research Center 

reported that 67% of respondents stated that they were convinced that scientists do not 

have a clear understanding of the risks and health benefits of GMOs. Furthermore, 48% 

of respondents stated that GM foods are harmful and 37% of respondents said they lack 

enough knowledge to make a decision (Blagoevska et al., 2021; Funk, 2015; Lucht, 

2015). A possible explanation for this is the continuing lack of comprehensive 

understanding of the nature of GMOs, the health benefits and the difficulties that 

agriculture is currently facing with the growing population and climate change 

(Zilberman et al., 2018).  
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Many studies have been conducted, comparing the effects and safety of GM foods in 

humans and animals to address some of the many questions that have been raised around 

the use of GM foods. The questions raised, mainly focus on human and environmental 

safety, food labelling, ethics, food security, environmental conversation, and poverty 

reduction (Bawa & Anilakumar, 2013). Finamore et al,  reported that mice fed a diet 

containing GM maize (MON810) resulted in a significant increase in the expression of 

cytokines (including L-6, IL-13, IL-12p70, and MIP-1β) compared to mice fed GM-free 

maize (Finamore et al., 2008). These cytokines are associated with allergy and asthma 

(Alam et al., 1992; Chung, 2001; Lambrecht & Hammad, 2013). A recent study identified 

21 adverse events related to GM foods that have been approved in some countries and 

regions. These adverse events included mortality, reduced fertility, decreased cognitive 

function, tumour or cancer and some pathological abnormalities in the mammary glands, 

liver and kidney (Shen et al., 2022). Although GM foods are available and have been 

approved to be safe for animal and human consumption in many countries and regions, 

these studies highlight that there is still a potential health risk for both animals and humans 

and could also cause environmental damage. 

 The International Union for Conservation of Nature prepared a report in 2004 that 

addresses the potential risks associated with GMOs and the environment. They report that 

GMOs that are intended for use in an uncontrolled environment might increase the 

possibility of interbreeding with wild-type organisms which could result in a loss of novel 

traits that are essential to the wild-type organism unless it offers a selection benefit to the 

recipient organism. Additionally, GMOs that have been engineered to increase growth 

rates can reduce the genetic diversity of organisms in the environment by out-competing 



159 

 

 

them, thus increasing the likelihood of organism decline and possible extinction. The 

associated risk of interbreeding can also increase the risk of GMOs and interbred species 

spreading to new habitats and this can have a negative impact on the economy and might 

contribute to ecological damages (Young, 2004). 

On the other hand, genetic modification techniques are widely used to develop drugs and 

vaccines for both animals and humans. For instance, a live attenuated influenza vaccine 

(LAIV) virus vector expressing various T-cell epitopes of SARS-CoV-2 antigen 

(LAIV/SARS-CoV-2), when administered intranasally protected hamsters against 

influenza virus and a high dose of SARS-CoV-2 variants (Isakova-Sivak et al., 2022). 

Another example, a live attenuated recombinant Listeria monocytogenes (rLm)-vectored 

TB vaccine expressing multiple immunogenic Mycobacterium tuberculosis antigens, 

when delivered intramuscularly in mice was shown to enhance antigen-specific CD4+ 

and CD8+ T-cell responses and was safe and protective against M. tuberculosis (Jia et 

al., 2022). However, a major concern regarding GM vaccines and crops is that the 

majority of genetic modification techniques used during the cloning stage require the 

insertion of antibiotic resistance gene markers for the selection of transgenic organisms 

or microorganisms. Another fundamental concern regarding GMOs relates to the 

possibility of horizontal gene transfer (HGT). Transfer of transgenic DNA and/or 

antibiotic resistance genes through HGT, in principle could potentially lead to novel 

pathogens with multi-drug resistance or with enhanced pathogenicity or could result in 

the development of new emerging diseases that could have a detrimental effect on human 

and animal health, as well as the economy if they result in an outbreak or a pandemic 

(Stirling & Silver, 2020; Vermeire, 2015). The spread of antibiotic resistance genes from 
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GMOs into pathogens poses a risk to human health and if multidrug-resistant pathogens 

or new pathogens emerge as a result of HGT they can potentially comprise the current 

animal and human therapies, increase treatment costs if new therapies are required 

(Bennett et al., 2004; WHO, 2017). In this work, GM B. subtilis spores have been 

developed as a potential prophylactic vaccine against H. pylori and a booster vaccine 

against SARS-CoV-2. An issue regarding the use of GM B. subtilis is that once they are 

administered in vivo, the spores can proliferate by germinating in the gut, followed by 

sporulation and can survive in the faeces thus increasing the risk of spreading GM spores 

in the environment. Once released in the environment spores can germinate under 

favourable conditions and can potentially spread the transgenic DNA and/or antibiotic-

resistance genes into related species or other bacterial species. The THY-X-CISE 

biocontainment system that has been applied in this work, has the potential to address the 

concerns that have been highlighted above and might offer solutions that allow the use of 

GM Bacillus spores for both commercial and therapeutic purposes. This system might 

help to prevent the dissemination of transgenic DNA to other bacterial species and 

environmental dissemination of GM spores because the inactivation of both thymidylate 

synthase genes (thyA and thyB) generates a thymine auxotrophic strain, that is bactericidal 

in the absence of exogenous thymine supplementation. Therefore, if spores are released 

in the environment, they undergo thymineless death, thus reducing the risk of GM spores 

from spreading in the environment as well as, reducing the risk of interbreeding with 

wild-type species and HGT to other bacterial species.  A recent study using a mouse 

colitis model showed that mice infected with streptomycin resistance-encoding 

mobilisable plasmid pRSF1010 (P3) of Salmonella Typhimurium, and once they 

colonised the gut lumen, were able to transfer the mobilisable plasmid P3 through 
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conjugation into other bacterial species including, Escherichia coli Z1331, Yersinia 

enterocolitica and Citrobacter braakii (Gaissmaier et al., 2022). This study shows that 

HGT of antibiotic resistance genes can occur. It is important to note that the risk of HGT 

and the spread of transgenic DNA and/or antibiotic resistance genes could be exacerbated 

in the context of Bacillus spores. Unlike, Salmonella, which is not a spore former, 

Bacillus has the ability to enter a dormant state and survive in the environment for 

prolonged periods. As the spores remain dormant, they may have a greater opportunity to 

come into contact with other bacteria in the gut. Moreover, the gut is not a typical 

environment for Bacillus spores, however, the introduction of GM spores containing 

antibiotic resistance gene markers into the gut via oral administrations could disrupt the 

microbial balance, potentially creating opportunities for interaction and HGT with other 

species and pathogenic bacteria. The THY-X-CISE system also addresses this issue, it 

does not require the use of antibiotic resistance gene as a selection marker, which implies 

that the risk of antibiotic resistance gene transfer is reduced because these genes are not 

present in the first place. This cloning system can also be incorporated in other bacterial 

species, virus and insects that are widely used as drug and vaccine delivery vehicles.  

6.2 Therapeutic and commercial advantages of thymine auxotrophic strains  

In this work, B. subtilis was selected as a live host for the delivery of immunogenic 

antigens on the spore surface. Numerous studies have shown that other species including 

L. lactic, L. brevis, L. casei and L. salivarius are available and can be genetically 

manipulated by inserting heterologous genes into thy genes, generating clones that are 

thymine auxotrophic and dependent on exogenous thymine supplementation (B. Ma et 

al., 2016; Steidler et al., 2003; H. Zhou et al., 2018). For instance, a thymine auxotrophic 
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strain of L. lactis that expresses lactoferricin showed excellent antimicrobial and antiviral 

activity with good genetic stability, with the potential use as a feed additive in live stock 

(H. Zhou et al., 2018). Another study constructed a thymine auxotrophic strain of L. 

salivarius as a delivery vehicle that secretes multi-epitope antigens of infectious 

bronchitis virus (IBV) and could potentially be used as an oral vaccine that protects 

chicken against IBV (B. Ma et al., 2016). However, B. subtilis might be a better host 

candidate compared to these species, for numerous reasons. First, is that these species are 

non-spore formers and are likely to be more sensitive to harsh environmental conditions 

compared to spores of B. subtilis which are highly resistant to various environmental 

factors, as previously mentioned. Second, these species carry a single thy gene, therefore, 

only one copy of the heterologous gene can be inserted in the thyA loci. Contrary, B. 

subtilis carries two thy genes which allow the insertion of two copies of the same chimeric 

gene to be inserted into the thyA and thyB genes. In this work, a single copy of a chimeric 

gene was inserted into the thyA gene, but Hosseini et al demonstrated that two copies of 

a chimeric gene can be inserted into the thyA and thyB gene increasing the number of 

chimeric proteins that are being displayed on the spore surface. For instance, a strain 

(SH14) carrying cotB-tcdA26–39  insertions at the thyA and thyB loci expressed the TcdA 

protein at significantly higher levels compared to a strain carrying a single copy of cotB-

tcdA26–39 chimeric gene at the thyA locus (Hosseini et al., 2018). Although, the thymine 

auxotrophic strains constructed in this work carried a single copy of a chimeric gene and 

when the spore candidate vaccine was administered as a mucosal vaccine or as a mucosal 

booster vaccine resulted in protective immunity in animal models of H. pylori and SARS-

CoV-2 infection. H. pylori immunogenic antigens such as UreA and UreB have been 

previously displayed on the B. subtilis spore surface using conventional cloning methods 
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(Bumann et al., 2001; Corthésy-Theulaz et al., 1998; Gómez-Duarte et al., 1998b; Hinc 

et al., 2010; Smythies et al., 2005; J. Yang et al., 2015; W.-Y. Zhou et al., 2009). 

Although these spore vaccines have shown potential as a protective mucosal vaccine 

against H. pylori, they have not made it into the market, nor have they been approved for 

human use. A possible explanation is that these spore vaccines do not offer 

biocontainment and require antibiotic gene markers for the selection of positive 

transformation, which is a major concern considering that the current treatment for H. 

pylori infection consists of antibiotics of which some are no longer effective at eradicating 

the pathogen due to AMR. The use of antibiotic resistance genes as a selection marker, 

and if these GM spores are shed in faeces they increase the risk of spreading antibiotic 

resistance genes which could further contribute to the development of multidrug-resistant 

H. pylori strains and other bacterial species in the environment. In chapter 5, thymine 

auxotrophic strains (PK78; thyA::cotB-ureBCT) and (PK82; thyA::cotB-ureA) showed 

protective immunity against H. pylori in a mouse colonisation model, and if these spores 

are released into the environment, they under thymineless death because thymine is not 

readily available in the environment. In chapters 4, thymine auxotrophic strains 

expressing SARS-CoV-2 immunogenic antigens (PK120, thyA::cotB-RBDWuh; PK122, 

thyA::cotC-HR1-HR2Wuh; PK128, thyA::cotB-N and PK230, thyA::cotB-RBDOmi) when 

administered as an intranasal booster following an intramuscular prime COVID-19 

vaccine or protein subunit conferred protective humoral and cellular immunity in a 

hamster model of SARS-CoV-2 challenge. Although these thymine auxotrophic spore 

vaccines seem promising as vaccine delivery vehicles in small animals, the stability, 

safety and efficacy of these thymine auxotrophic spore-based vaccines need to be 

explored further in larger animals and eventually in humans before they can be considered 
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for application as vaccines in humans. Hosseini et al, demonstrated that a thymine 

auxotrophic strain of B. subtilis expressing subtilisin E, an alkaline protease that is 

commonly incorporated into animal feeds retained its enzymatic activity. In the same 

study, they also showed that thymine auxotrophic strains expressing streptavidin could 

bind to biotinylated TcdA26–39 antibodies, and reduced toxicity by 90% when 

incorporated into crude cell-free lysate containing C. difficile toxins. Both, this work and 

Hosseini et al, exemplify the possibilities of using thymine auxotrophic GM spores as 

vaccine delivery vehicles against various diseases by inserting immunogenic antigens into 

thy genes or if the spore is expressing streptavidin, could act as a drug carrier to target 

biomarkers on cancer cells by conjugating with specific biotinylated antibodies. 

Furthermore, thymine auxotrophic spores can also be used as feed additives in the farming 

industries to improve the quality of feed and the health and performance of animals. Their 

bactericidal properties in the absence of thymine might significantly reduce or prevent 

the unintended proliferation and survival of GM Bacillus spores in the natural ecosystem. 

Additionally, the THY-X-CISE biocontainment strategy does not require antibiotic 

resistance gene markers for selection which reduces the risk of transferring antibiotic 

resistance genes to wild-type strains, other bacterial species and organisms in the 

environment.  

  



165 

 

 

6.3 The role of thymine auxotrophic B. subtilis spores in inducing mucosal immunity 

Two different immunisation strategies were employed in this work. Chapter 5 

demonstrated that thymine auxotrophic strains expressing H. pylori urease antigens could 

be use used as a primary, oral-based vaccine against H. pylori infection. In vivo, data 

showed that the oral delivery of thymine auxotrophic spores expressing UreA and UreBCT 

(lacking the active site) confer protection in a mouse model of H. pylori infection. 

Although, other studies have highlighted the importance of UreA and UreB as a target for 

vaccine development and has previously been shown to be protective. Studies have also 

reported that the active site of UreB is the most desirable and immunogenic region for 

vaccine development. However, these studies have not developed a vaccine that consists 

of the C-terminal region (lacking the active site) and does not compare the full-length 

UreB vaccine to a UreB vaccine lacking the active site (Corthésy-Theulaz et al., 1998; 

Ferrero et al., 1994b; Mobley, 2001). This is the first study to demonstrate that the C-

terminal region of UreB lacking the active site induced robust antigen specific mucosal 

responses in faecal samples and also conferred protection in a mouse model of H. pylori 

infection. 

Chapter 4, demonstrated that thymine auxotrophic strains expressing SARS-CoV-2 

immunogenic antigens (RBD, HR1-HR2 subunit of spike protein and NC) could be used 

as an intranasal spore booster, following an intramuscular prime immunisation with 

protein subunit COVID-19 vaccine. Spores expressing SARS-CoV-2 antigens when 

administered as an intranasal booster conferred protection in a hamster model of infection 

and induced robust mucosal and cellular immune responses in mice compared to animals 

vaccinated using the parenteral route only. Three interesting findings were reported in 
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this work. First, the demonstration that the delivery of spores expressing the RBD from 

the Wuhan-Hu-1 strain resulted in mucosal antibodies that are cross-reactive to the RBD 

from the Omicron variant. Intriguingly, wild-type thymine auxotrophic spores (no 

antigen) also elicited modest mucosal immune responses, although, at levels significantly 

lower than groups vaccinated with spores expressing SARS-CoV-2 antigens. This data 

shows that even wild-type spores can be used to boost pre-existing humoral antibodies, 

specifically, mucosal antibodies when administered via the mucosal route. Moreover, 

wild-type B. subtilis spores can enhance or augment humoral immune response, most 

importantly mucosal immune responses, and these responses are consistent with data 

observed in other studies showing that Bacillus spore carries adjuvant properties (Barnes 

et al., 2007; J.-M. Huang et al., 2010; Song et al., 2012). A recent study showed that oral 

co-administration of H9N2 influenza whole inactivated virus and B. subtilis spores 

enhanced local mucosal and systemic immune responses. Additionally, they reported that 

B. subtilis were acting as an adjuvant by inducing memory T-cell formation through the 

activation of intercellular adhesion molecule-1 (ICAM1) expressed by DCs (Lin et al., 

2021). Dendritic cells (DCs) are important submucosal APCs which have been shown to 

provide a link between the innate immune response and the adaptive immune response. 

Other studies have also shown that spores can prime the innate immune system by 

interacting with TLRs (TLR2 and TLR4) which initiates the recruitment of NK cells and 

triggers the activation of the NK-κB pathway (de Souza et al., 2014; J.-M. Huang, La 

Ragione, Nunez, et al., 2008; Song et al., 2012).  

In conclusion, this work provides evidence that thymine auxotrophic Bacillus spores that 

express H. pylori immunogenic antigens, when used as an oral prophylactic vaccine could 
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elicit robust mucosal and systemic immune responses and conferred protection in a mouse 

model of H. pylori infection. Additionally, a heterologous systemic prime–mucosal boost 

strategy, consisting of thymine auxotrophic spores expressing SARS-CoV-2 antigens, 

when delivered as an intranasal booster evoked mucosal IgA, enhanced systemic IgG 

responses and is potentially protective, as shown in the hamster model of SARS-CoV-2 

infection. Despite being GMOs, the spore vaccine platform is attractive and promising 

since it offers biological containment and since antibiotic resistance genes are not 

required in the cloning stage reduces the risk of spreading antibiotic resistance genes into 

wild-type species and other bacterial species. The THY-X-CISE system offers a means 

of engineering B. subtilis whiles ensuring biocontainment and can potentially result in 

improved strains that could enhance the use of GM spores as engineered probiotics, 

therapeutics for humans and animals, in animal feeds and as cell factories for the 

microbial production of chemicals and enzymes. Moreover, while the THY-X-CISE 

system has been used to develop various spore vaccine candidates, the assessment of their 

biocontainment was not within the scope of this study. As the study primarily focused on 

proving the concept of vaccine efficacy, the spores utilised were reliant on external 

thymine supplementation. Thus, the lack of experimental evidence regarding the 

biocontainment efficacy of these spores has been recognised. Future research is necessary 

to evaluate their biocontainment capabilities under different environmental conditions, 

given the potential differences in behavior between laboratory and natural environments. 
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Appendix A: thyA:cotB and thyA::cotC sequences cloned in pThyA 

Plasmid  Sequence1 

pThyA::CotB CAGATCATATAAGGAATGAACCGCTGCCAAATATCATAAAAAAGTTGTTAATG

ATCAAATGAATGAAATTAGAGAGAATTTATTTTAAAGAAAGCCCAATTGCACA
TGGACAAATGACAATTGATATTGAGGTAAAATACAATGCATTAAATCAGAAAA
AGCTATTGGAGGATTTAATGTGTTTAGACAATTTCCAATTTGGTATACACAAAC
ACCTGACTATTTGAATTTTTATGTACCGCAATATCAAACCATTTCGTATAATCC
TCAACAATGTTATCAACGGTGTATGTACCAAACTGGCGGTAACTATGAGCTAT
GTGACAGACTATGTTATGGAGAAATACAGGTGTAAAAGAGGGGGATTAACTCC
TCTTTAAACACACAGTGAGTGGAATAAGATCCTCACTTTATCTGCAAGTGCTTA
GTATTTGCGATAATATTGCATTCGTAATAAATTATGCTTAGCAACTGAAAATGA

AAGAAGGATATGAATAGTCATGACGCAATTCGATAAACAATACAATTCAATTA
TAAAGGATATTATCAATAATGGAATCTCAGACGAAGAGTTTGATGTAAGAACC
AAGTGGGACTCAGATGGAACACCGGCACATACTCTAAGTGTAATCAGTAAGCA
AATGAGATTCGACAACTCAGAGGTTCCGATTTTAACGACAAAAAAGGTTGCCT
GGAAAACAGCCATTAAAGAGTTGCTCTGGATTTGGCAGCTGAAATCTAATGAT
GTTAATGATTTAAACATGATGGGCGTCCATATTTGGGATCAGTGGAAACAAGA
AGACGGAACCATCGGACATGCATATGCGAAAATCATGGCGATGTATGAACGG
ATTAGGCCGTTTGTCCTCATGGACCCGTATAAAAAGAATGATATTGAGCGTTTT

GACCGTGAGCCGGATGTGATCTGCGAGTATATTAAAAACCGTTCACAATACCT
CAAAGATCATTTAAGTATTTTATGAATGCGTGAAAATGGGTATTCGCGGAAAA
AGCGACAATTAGGCTATTGAATTAGTTCAACAAATAAATGTGACACGTATATA
TGCAGTATGTTTATCATCTATGTATAAGTGACTAGGAGGAATTTGAATGAGCA
AGAGGAGAATGAAATATCATTCAAATAATGAAATATCGTATTATAACTTTTTG
CACTCAATGAAAGATAAAATTGTTACTGTATATCGTGGAGGTCCGGAATCTAA
AAAAGGAAAATTAACAGCTGTAAAATCAGATTATATAGCTTTACAAGCTGAAA
AAAAAATAATTTATTATCAGTTGGAGCATGTGAAAAGTATTACTGAGGATACC

AATAATAGCACCACAACAATTGAGACTGAGGAAATGCTCGATGCTGATGATTT
TCATAGCTTAATCGGACATTTAATAAACCAATCAGTTCAATTTAACCAAGGGG
GTCCGGAATCTAAAAAAGGAAGATTGGTCTGGCTGGGAGATGATTACGCTGCG
TTAAACACAAATGAGGATGGGGTAGTGTATTTTAATATCCATCACATCAAAAG
TATAAGTAAACACGAGCCTGATTTGAAAATAGAAGAGCAGACGCCAGTTGGA
GTTTTGGAAGCTGATGATTTAAGCGAGGTTTTTAAGAGTCTGACTCATAAATGG
GTTTCAATTAATCGTGGAGGTCCGGAAGCCATTGAGGGTATCCTTGTAGATAAT
GCCGACGGCCATTATACTATAGTGAAAAATCAAGAGGTGCTTCGCATCTATCC
TTTTCACATAAAAAGCATCAGCTTAGGTCCAAAAGGGTCGTACAAAAAAGAGG

ATCAAAAAAATGAACAAAACCAGGAAGACAATAATGATAAGGACAGCAATTC
GTTCATTTCTTCAAAATCATATAGCTCATCAAAATCATCTAAACGATCACTAAA
ATCTTCAGATGATCAATCATCCAAATCTGGTCGTTCGTCACGTTCAAAAAGTTC
TTCAAAATCATCTAAACGATCACTAAAATCTTCGGATTATCAATCATCCAAATC
TGGCCGTTCGTCACGTTCAAAAAGTTCTTCAAAATCATCTAAACGATCATTAAA
ATCTTCAGATTATCAATCATCAAAATCATCTAAACGATCACCAAGATCTGGATC
CCCCGGGGGTACCGAGCTCGAATTCTGAAGAACAATCCATCTTCACGCAGACAC
ATTACAATGCTGTGGAATCCTGATGAATTAGACGCAATGGCCTTAACGCCATG

TGTATACGAGACACAATGGTACGTTAAACATGGGAAACTCCACCTTGAGGTAA
GAGCACGGAGCAATGATATGGCATTGGGAAATCCATTCAATGTATTCCAGTAT
AATGTGTTGCAGCGCATGATTGCTCAAGTGACTGGTTATGAGCTTGGTGAATAT
ATCTTTAACATTGGGGATTGCCATGTGTACACACGTCATATAGACAATTTGAAA
ATTCAAATGGAAAGAGAACAGTTTGAAGCACCTGAACTATGGATCAATCCTGA
AGTGAAAGATTTTTATGACTTTACCATTGATGATTTCAAGTTAATCAACTATAA
ACATGGGGACAAGCTTTTATTTGAGGTAGCGGTTTAATGCTGCCTTTTTATTGT
GCAGTGAATAGATAGCAGGTATCCTAATTTCATTAAGCAATCTGGAAGATGAA

TAAAAATTGAAGGACAAACACGTATAATACATAAAAAAGATTAACTCTACAGT
TAATCTTTTTTATTCAGAAGAAAATATCCTAACTTTGAAACTAAATACAAAGTA
AAAGCAATCATTACAGTTCTAGATATTACAATTCCATGAATAGCTAGATCATAT
CCAGCAGGTATCAACGCATTTGTATTACACATAAAATATATAGATATTAGAAG
TGCTACAATAACTAAAATCATTCCAAAAAGACTTGTTTTTTCATATTTCATACC
AATTTCCACCCTTATTAAAGTTAGGTTTAAACAAAAGAGCTGAAGAAACGAAC
TATGACCAGTATGCTCCAAGGAAAACCGCCAGACAATGCTGGCGGCTTTTTGC
TGCTTCGTTTATTTATTAACAGAGATCGTAACGTTATTTCCTGCAACTGAAACC

TTTGCGAAATCC-3’ 
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pThyA::CotC CAGATCATATAAGGAATGAACCGCTGCCAAATATCATAAAAAAGTTGTTAATG

ATCAAATGAATGAAATTAGAGAGAATTTATTTTAAAGAAAGCCCAATTGCACA
TGGACAAATGACAATTGATATTGAGGTAAAATACAATGCATTAAATCAGAAAA
AGCTATTGGAGGATTTAATGTGTTTAGACAATTTCCAATTTGGTATACACAAAC
ACCTGACTATTTGAATTTTTATGTACCGCAATATCAAACCATTTCGTATAATCC
TCAACAATGTTATCAACGGTGTATGTACCAAACTGGCGGTAACTATGAGCTAT
GTGACAGACTATGTTATGGAGAAATACAGGTGTAAAAGAGGGGGATTAACTCC
TCTTTAAACACACAGTGAGTGGAATAAGATCCTCACTTTATCTGCAAGTGCTTA
GTATTTGCGATAATATTGCATTCGTAATAAATTATGCTTAGCAACTGAAAATGA

AAGAAGGATATGAATAGTCATGACGCAATTCGATAAACAATACAATTCAATTA
TAAAGGATATTATCAATAATGGAATCTCAGACGAAGAGTTTGATGTAAGAACC
AAGTGGGACTCAGATGGAACACCGGCACATACTCTAAGTGTAATCAGTAAGCA
AATGAGATTCGACAACTCAGAGGTTCCGATTTTAACGACAAAAAAGGTTGCCT
GGAAAACAGCCATTAAAGAGTTGCTCTGGATTTGGCAGCTGAAATCTAATGAT
GTTAATGATTTAAACATGATGGGCGTCCATATTTGGGATCAGTGGAAACAAGA
AGACGGAACCATCGGACATGCATATGATAAACTGCCGGCGCTTGGCCGTGCAG
CAGGAAAAGCCTTATCAGAATTTAAACAAGCAACAAGCGGACTGACTCAGGAT

ATCAGAAAAAATGACTCAGAAAACAAAGAAGACAAACAAATGTAGGATAAAT
CGTTTGGGCCGATGAAAAATCGGCTCTTTATTTTGATTTGTTTTTGTGTCATCTG
TCTTTTTCTATCATTTGGACAGCCCTTTTTTCCTTCTATGATTTTAACTGTCCAA
GCCGCAAAATCTACTCGCCGTATAATAAAGCGTAGTAAAAATAAAGGAGGAGT
ATATATGGGTTATTACAAAAAATACAAAGAAGAGTATTATACGGTCAAAAAA
ACGTATTATAAGAAGTATTACGAATATGATAAAAAAGATTATGACTGTGATTA
CGACAAAAAATATGATGACTATGATAAAAAATATTATGATCACGATAAAAAAG
ACTATGATTATGTTGTAGAGTATAAAAAGCATAAAAAACACTACGGATCCCCC

GGGGGTACCGAGCTCGAATTCTGAAGAACAATCCATCTTCACGCAGACACATTA
CAATGCTGTGGAATCCTGATGAATTAGACGCAATGGCCTTAACGCCATGTGTA
TACGAGACACAATGGTACGTTAAACATGGGAAACTCCACCTTGAGGTAAGAGC
ACGGAGCAATGATATGGCATTGGGAAATCCATTCAATGTATTCCAGTATAATG
TGTTGCAGCGCATGATTGCTCAAGTGACTGGTTATGAGCTTGGTGAATATATCT
TTAACATTGGGGATTGCCATGTGTACACACGTCATATAGACAATTTGAAAATTC
AAATGGAAAGAGAACAGTTTGAAGCACCTGAACTATGGATCAATCCTGAAGTG
AAAGATTTTTATGACTTTACCATTGATGATTTCAAGTTAATCAACTATAAACAT

GGGGACAAGCTTTTATTTGAGGTAGCGGTTTAATGCTGCCTTTTTATTGTGCAG
TGAATAGATAGCAGGTATCCTAATTTCATTAAGCAATCTGGAAGATGAATAAA
AATTGAAGGACAAACACGTATAATACATAAAAAAGATTAACTCTACAGTTAAT
CTTTTTTATTCAGAAGAAAATATCCTAACTTTGAAACTAAATACAAAGTAAAA
GCAATCATTACAGTTCTAGATATTACAATTCCATGAATAGCTAGATCATATCCA
GCAGGTATCAACGCATTTGTATTACACATAAAATATATAGATATTAGAAGTGC
TACAATAACTAAAATCATTCCAAAAAGACTTGTTTTTTCATATTTCATACCAAT
TTCCACCCTTATTAAAGTTAGGTTTAAACAAAAGAGCTGAAGAAACGAACTAT
GACCAGTATGCTCCAAGGAAAACCGCCAGACAATGCTGGCGGCTTTTTGCTGC

TTCGTTTATTTATTAACAGAGATCGTAACGTTATTTCCTGCAACTGAAACCTTT
GCGAAATCC-3’ 

pThyB CCAAATCTGCCGCTCAGTGTTTGCATGGAGAATGTAGAAAAAGTCCTGAACAA
ACGTGAAATTATTCATGCTGTTTTGACAGGCCTTGCACTCGATCAGCTTGCAGA
ACAGAAACTTCTCCCCGAACCGCTGCAGCACCTTGTTGAAACGGATGAACCGC
TTTACGGCATAGATGAAATTATCCCGCTTTCAATCGTTAATGTGTACGGGTCGA
TCGGTTTGACCAATTTCGGTTATTTGGATAAAGAGAAGATTGGAATTATTAAGG

AACTTGATGAAAGTCCAGACGGTATTCACACCTTTTTGGATGATATTGTGGCAG
CTCTTGCTGCAGCAGCGGCGAGCAGAATTGCACATACGCATCAGGATCTGCAA
GATGAAGAAAAAGAACAGGATGAAAAGCCTGTCGTCAGCTGACTATAAAAAA
ATCATTTCTGGGTTCAGAAATGATTTTTTATTGTGTTACACTACTAGAAGACTA
CTTTTAAAGGATGAAAAAAATGAAACAGTATAAGGATTTCTGCAGACATGTTT
TAGAGCATGGTGAGAAAAAGGGAGACCGGACTGGGACCGGAACAATCAGCAC
TTTCGGATATCAAATGAGATTTAATTTACGGGAAGGCTTTCCGATGCTCACCAC
TAAAAAACTCCACTTTAAATCAATTGCGCATGAACTGCTGTGGTTCTTAAAAGG
AGATACGAATGTACGCTATCTGCAGGAAAACGGAGTGCGAATCTGGAATGAGT

GGGCTGATGAAAACGGTGAACTTGGACCTGTATATGGCTCCCAATGGCGTTCT
TGGCGGGGAGCTGATGGAGAAACCATTGATCAAATTTCCCGTCTTATTGAAGA
TATTAAAACAAATCCGAACTCCAGACGCTTAATCGTCAGCGCCTGGAAAGCTTG
CATGCCTGCAGGTCGACTCTAGAGGATCCCCCGGGGGTACCGAGCTCGAATTCTGA
TGTTGGTGAAATTGATAAAATGGCGTTGCCGCCGTGCCATTGCCTGTTCCAATT
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CTATGTGTCTGACGGCAAGCTGTCCTGTCAGCTGTATCAGCGCTCTGCCGATGT

TTTCTTAGGTGTGCCGTTTAATATTGCATCTTATGCCCTCCTAACCATGATCATT
GCTCATGTGACTGGGCTTGAACCGGGCGAGTTCATCCATACGTTTGGTGATGTT
CATATTTACCAAAATCATATTGAACAAGTCAATTTGCAGCTGGAAAGAGATGT
TAGACCGCTTCCGCAGCTTCGTTTCGCCAGAAAGGTTGATTCTATTTTTAACTTT
GCATTTGAGGACTTTATCATCGAGGATTATGATCCGCATCCTCATATAAAAGGG
GCGGTCAGCGTATGATTTCATTCATTTTTGCGATGGATGCCAACAGGCTTATCG
GCAAAGACAATGATTTGCCGTGGCATTTGCCCAATGATCTTGCATACTTTAAGA
AAATAACATCGGGCCATTCAATCATTATGGGCCGGAAAACATTTGAATCGATC

GGACGTCCGCTTCCAAATCGGAAAAATATTGTCGTTACCTCAGCGCCGGATTC
AGAATTTCAGGGATGCACGGTTGTCAGTTCATTAAAGGATGTACTGGACATTT
GTTCAGGCCCTGAAGAATGCTTTGTGATCGGAGGGGCTCAGCTCTATACGGAC
CTGTTCCCTTATGCGGACAGACTGTATATGACGAAAATTCATCACGAGTTTGAG
GGTGACCGTCACTTTCCTGAATTTGATGAATCCAATTGGAAGCTGGTTTCTTCT
GAGCAGGGGACCAAAGACGAAAAAAACCCGTATGATTACGAATTTCTAATGTA
TGAAAAAAAGAAATCTTCTAAAGCGGGAGGATTTTAATTGGTTCGCTACAGCC
TTCTAGTGGTTTATATTGTGTATATGCTGTTAAAAAATATGAAACAATTATTTA

ATCAAACAATGCTCGATCCCCGTCTGTCATACAAAAAACAGATGGCTCTTGTGT
ACGAACAGCCAAAGGCGTTTTTAGAAGGCTGTATCGGCATCTCCGGTTCAGTT
GTGAC GATCCATCAGCCAGA-3’  
 
 

1 The thy ORF (5’-3’) is shown in grey shading with the start codon in bold and flanking DNA (unshaded). The 

MCS is in italics. Primer annealing sites (forward and reverse) used to verify insertion are underlined. The promoter 

sequence of CotB and CotC is shown in orange and the CotB and CotC sequences are shown in green. 
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Appendix B: Amino acid sequences of the fusion genes1 

Fusion protein Sequence
1 

CotB-RBDWuh(319-530) MSKRRMKYHSNNEISYYNFLHSMKDKIVTVYRGGPESKKGKLTAVKSD
YIALQAEKKIIYYQLEHVKSITEDTNNSTTTIETEEMLDADDFHSLIGHLIN

QSVQFNQGGPESKKGRLVWLGDDYAALNTNEDGVVYFNIHHIKSISKHE
PDLKIEEQTPVGVLEADDLSEVFKSLTHKWVSINRGGPEAIEGILVDNAD
GHYTIVKNQEVLRIYPFHIKSISLGPKGSYKKEDQKNEQNQEDNNDKDSN
SFISSKSYSSSKSSKRSLKSSDDQSSKSGRSSRSKSSSKSSKRSLKSSDYQSS
KSGRSSRSKSSSKSSKRSLKSSDYQSSKSSKRSPRSRVQPTESIVRFPNITNL
CPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPT
KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIA
WNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVE
GFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKS 

 

CotB-RBDOmi(316-538) MSKRRMKYHSNNEISYYNFLHSMKDKIVTVYRGGPESKKGKLTAVKSD
YIALQAEKKIIYYQLEHVKSITEDTNNSTTTIETEEMLDADDFHSLIGHLIN
QSVQFNQGGPESKKGRLVWLGDDYAALNTNEDGVVYFNIHHIKSISKHE
PDLKIEEQTPVGVLEADDLSEVFKSLTHKWVSINRGGPEAIEGILVDNAD
GHYTIVKNQEVLRIYPFHIKSISLGPKGSYKKEDQKNEQNQEDNNDKDSN
SFISSKSYSSSKSSKRSLKSSDDQSSKSGRSSRSKSSSKSSKRSLKSSDYQSS

KSGRSSRSKSSSKSSKRSLKSSDYQSSKSSKRSPRSRVQPTESIVRFPNITNL
CPFDEVFNATRFASVYAWNRKRISNCVADYSVLYNLAPFFTFKCYGVSPT
KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGNIADYNYKLPDDFTGCVIA
WNSNKLDSKVSGNYNYLYRLFRKSNLKPFERDISTEIYQAGNKPCNGVA
GFNCYFPLRSYSFRPTYGVGHQPYRVVVLSFELLHAPATVCGPKKSTNLV
KNKCVNF  
 

CotC-HR1-HR2Wuh(920-1201) MGYYKKYKEEYYTVKKTYYKKYYEYDKKDYDCDYDKKYDDYDKKYY

DHDKKDYDYVVEYKKHKKHYQKLIANQFNSAIGKIQDSLSSTASALGKL
QDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLIT
GRLQSLQTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCGKGY
HLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFV
SNGTHWFVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDS
FKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLI
DLQ 
 

CotB-NC(1-422) MSKRRMKYHSNNEISYYNFLHSMKDKIVTVYRGGPESKKGKLTAVKSD
YIALQAEKKIIYYQLEHVKSITEDTNNSTTTIETEEMLDADDFHSLIGHLIN
QSVQFNQGGPESKKGRLVWLGDDYAALNTNEDGVVYFNIHHIKSISKHE
PDLKIEEQTPVGVLEADDLSEVFKSLTHKWVSINRGGPEAIEGILVDNAD
GHYTIVKNQEVLRIYPFHIKSISLGPKGSYKKEDQKNEQNQEDNNDKDSN
SFISSKSYSSSKSSKRSLKSSDDQSSKSGRSSRSKSSSKSSKRSLKSSDYQSS
KSGRSSRSKSSSKSSKRSLKSSDYQSSKSSKRSPRSMSDNGPQNQRNAPRI

TFGGPSDSTGSNQNGERSGARSKQRRPQGLPNNTASWFTALTQHGKEDL
KFPRGQGVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLSPRWYFYYL
GTGPEAGLPYGANKDGIIWVATEGALNTPKDHIGTRNPANNAAIVLQLPQ
GTTLPKGFYAEGSRGGSQASSRSSSRSRNSSRNSTPGSSMGTSPARMAGN
GCDAALALLLLDRLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPRQK
RTATKAYNVTQAFGRRGPEQTQGNFGDQELIRQGTDYKHWPQIAQFAPS
ASAFFGMSRIGMEVTPSGTWLTYTGAIKLDDKDPNFKDQVILLN 
 

CotB-UreA(1-237) MSKRRMKYHSNNEISYYNFLHSMKDKIVTVYRGGPESKKGKLTAVKSD

YIALQAEKKIIYYQLEHVKSITEDTNNSTTTIETEEMLDADDFHSLIGHLIN

QSVQFNQGGPESKKGRLVWLGDDYAALNTNEDGVVYFNIHHIKSISKHE

PDLKIEEQTPVGVLEADDLSEVFKSLTHKWVSINRGGPEAIEGILVDNAD

GHYTIVKNQEVLRIYPFHIKSISLGPKGSYKKEDQKNEQNQEDNNDKDSN

SFISSKSYSSSKSSKRSLKSSDDQSSKSGRSSRSKSSSKSSKRSLKSSDYQSS

KSGRSSRSKSSSKSSKRSLKSSDYQSSKSSKRSPRSMKLTPKELDKLMLHY

AGELAKKRKEKGIKLNYVEAVALISAHIMEEARAGKKTAAELMQEGRTL

LKPDDVMDGVASMIHEVGIEAMFPDGTKLVTVHTPIEANGKLVPGELFL
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KNEDITINEGKKAVSVKVKNVGDRPVQIGSHFHFFEVNRCLDFDREKTFG

KRLDIASGTAVRFEPGEEKSVELIDIGGNRRIFGFNALVDRQADNESKKIA

LHRAKERGFHGAKSDDNYVKTIKE* 

CotB-UreB(365-568) MSKRRMKYHSNNEISYYNFLHSMKDKIVTVYRGGPESKKGKLTAVKSD

YIALQAEKKIIYYQLEHVKSITEDTNNSTTTIETEEMLDADDFHSLIGHLIN

QSVQFNQGGPESKKGRLVWLGDDYAALNTNEDGVVYFNIHHIKSISKHE

PDLKIEEQTPVGVLEADDLSEVFKSLTHKWVSINRGGPEAIEGILVDNAD

GHYTIVKNQEVLRIYPFHIKSISLGPKGSYKKEDQKNEQNQEDNNDKDSN

SFISSKSYSSSKSSKRSLKSSDDQSSKSGRSSRSKSSSKSSKRSLKSSDYQSS

KSGRSSRSKSSSKSSKRSLKSSDYQSSKSSKRSPRSAMGRVGEVITRTWQT

ADKNKKEFGRLKEEKGDNDNFRIKRYLSKYTINPAIAHGISEYVGSVEVG

KVADLVLWSPAFFGVKPNMIIKGGFIALSQMGDANASIPTPQPVYYREMF

AHHGKAKYDANITFVSQAAYDKGIKEELGLERQVLPVKNCRNITKKDM

QFNDTTAHIEVNPETYHVFVDGKEVTSKPANKVSLAQLFSIF* 

1 Amino acid sequences of the fusion genes 
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