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Abstract 

 

Campylobacter jejuni is one of the major bacterial causes of foodborne gastroenteritis worldwide. 

Despite this health burden, how C. jejuni interacts with the intrinsic defence mechanisms of intestinal 

epithelial cells (IECs) remains elusive. To address this, an initial investigation into how C. jejuni 

counteracts reactive oxygen species (ROS) was undertaken. C. jejuni was shown to differentially 

regulate ROS production in T84 and Caco-2 IECs. C. jejuni downregulated NAPDH oxidase (NOX1), 

a key ROS-generating enzyme in IECs. Furthermore, inhibition of NOX1 by either 

diphenyleneiodonium chloride (DPI) or siRNA transfection reduced C. jejuni pathogenesis within IECs. 

Both DPI treatment and siRNA transfection resulted in reduced fibronectin, a glycoprotein in 

extracellular matrix. These findings provide mechanistic insight into how C. jejuni modulates the ROS-

related host defence mechanisms. A further investigation was performed into the potential mechanism 

of C. jejuni-mediated inflammation. Intestinal inflammation is associated with the unfolded protein 

response (UPR), a pathway involved in ER homeostasis. C. jejuni was shown to activate the PERK, 

IRE1α and ATF6 pathways in IECs in a strain- and cell line-dependent manner. Capsular polysaccharide, 

flagella and FlpA adhesin were shown to have a role during PERK pathway activation. The impact of 

the UPR on C. jejuni pathogenesis in IECs was also investigated. Pre-treatment with thapsigargin 

reduced C. jejuni intracellular survival whilst pre-treatment with UPR inhibitors increased intracellular 

C. jejuni numbers in IECs. The relationship between the UPR and inflammation was further investigated. 

C. jejuni-mediated interleukin-8 (IL-8) secretion was decreased with pre-treatment with the PERK 

inhibitor GSK2656157 and the IRE1α kinase/RNase inhibitor KIRA6. In contrast, pre-treatment with 

the IRE1α RNase inhibitor STF-083010 increased C. jejuni-mediated IL-8 secretion. In addition, C. 

jejuni-mediated UPR activation was independent of the increase in intracellular free calcium. These 

findings will form the basis for understanding the mechanisms of C. jejuni-induced UPR and UPR-

mediated inflammation. Collectively, this study investigating C. jejuni-induced NOX1 modulation and 

UPR activation in human IECs provides exploration of survival mechanisms of C. jejuni within human 

IECs and pathogenic mechanisms which may lead to C. jejuni-induced inflammatory diarrhoea. 
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CHAPTER ONE: Introduction 

1.1. Campylobacter jejuni 

1.1.1.  General characteristics 

Campylobacter jejuni belongs to the genus Campylobacter, the family Campylobacteraceae, and the 

order Campylobacterales in the class Epsilonproteobacteria (Vandamme et al., 2015). C. jejuni is a 

major bacterial causative agent of human gastroenteritis worldwide (Kaakoush et al., 2015). A Gram-

negative bacterium, C. jejuni is motile by use of either a single polar flagellum or bipolar flagella with 

size ranges from 0.2 to 0.8 µm wide by 0.5 to 5 µm long (Vandamme, 2000). C. jejuni mainly displays 

a spiral- or a curved, rod-shaped morphology but can become viable but non-culturable (VBNC) 

coccoid under unfavourable environmental conditions (Beumer, de Vries, & Rombouts, 1992). C. jejuni 

is microaerophilic and grows optimally in 5% O2, 10% CO2 and 85% N2 (Lindsay Davis & DiRita, 

2008). C. jejuni is able to grow at temperatures ranging from 30°C to 45°C, but the optimum growth 

temperature ranges from 37°C to 42°C which is the core body temperature of human and avian species 

respectively (Lindsay Davis & DiRita, 2008; Park, 2002). Short-chain fatty acids, citric acid cycle 

intermediates and certain amino acids are the major energy source for C. jejuni (Stahl, Butcher, & Stintzi, 

2012).  

1.1.2.  Disease  

Upon exposure to an infectious dose of as little as 500-800 colony forming units (CFU), Campylobacter 

can cause watery or bloody diarrhoea, muscle and joint pain, vomiting, abdominal pain and fever (Black 

et al., 1988; FSA, 2021; Kaakoush et al., 2015). These clinical symptoms can vary depending on 

socioeconomic status. In high income countries (HIC), infected people experience inflammatory and 

bloody diarrhoea (FSA, 2021). Whereas, asymptomatic infection is more common in low- and middle-

income countries (LMIC) which might be due to developed immunity from previous exposures to C. 

jejuni (Havelaar et al., 2009). However, children in LMICs are frequently infected with C. jejuni which 

can lead to developmental deficits and even death (Amour et al., 2016; Platts-Mills & Kosek, 2014). 

As the infection is usually self-limiting, antibiotics are only used to treat severe illness and 

immunocompromised people (FSA, 2021). Immunocompromised or elderly people may require 

hospitalisation and even die due to the illness. Campylobacteriosis can also lead to post-infectious 

irritable bowel syndrome (IBS) (Spiller & Garsed, 2009). A previous study showed that approximately 

9-13% of C. jejuni-infected people developed IBS (Spiller & Garsed, 2009; Thornley et al., 2001). In 

addition, campylobacteriosis is associated with the rare but severe complication, Gullain-Barré 

syndrome (GBS) and Miller-Fisher syndrome which are autoimmune diseases of the peripheral nervous 

system (Nowshin Papri et al., 2021).  
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1.1.3.  Epidemiology and Transmission 

C. jejuni is the leading bacterial cause of human intestinal illness worldwide resulting in significant 

economic burden costing the United Kingdom (UK) approximately £1.8 billion annually (FSA, 2013; 

Kaakoush et al., 2015). According to the Food Standards Agency (FSA), there are around 300,000 cases 

of human campylobacteriosis each year in the UK (FSA, 2021). The UK infection rate of 

Campylobacter in 2019 was 88.1 cases per 100,000 population in 2019 (EFSA & ECDC, 2021). In 

European countries, 220,682 confirmed cases (59.7 cases per 100,000 population) of human 

campylobacteriosis were reported in 2019 (EFSA & ECDC, 2021). In 2018, Campylobacter was 

responsible for the most GP presentations and hospital admissions of diarrhoea followed by norovirus 

and Clostridium perfringens in the UK (FSA, 2020). Campylobacter also resulted in the highest number 

of hospitalisations in the EU in 2019 compared with other foodborne pathogens (EFSA & ECDC, 2021). 

The pattern of human campylobacteriosis displays seasonality with the highest peak during the summer 

and the lowest peak during the winter (FSA, 2021). In addition, the age/gender group with highest 

infection in the UK is male aged between 50 and 59 (FSA, 2021).  

The major route of transmission of human Campylobacter infection is cross-contamination or 

consumption of raw or undercooked poultry especially chicken meat (Kaakoush et al., 2015). A recent 

study showed that chicken meat is responsible for approximately 70% of human campylobacteriosis 

(FSA, 2019). Testing conducted on UK chicken retailers between April and June 2019 indicated that 

37.4% of chickens were carrying between 10 to 1,000 CFU/g of Campylobacter and 3.6% of chickens 

were carrying more than 1,000 CFU/g (FSA, 2019). There are also other routes of transmission, such 

as contact with animals and consumption of unpasteurised milk, contaminated ruminant meat or 

untreated water (Kaakoush et al., 2015). In addition, contact with pet store puppies has been associated 

with outbreaks of extensively drug-resistant C. jejuni (Francois Watkins et al., 2021). 
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1.2. C. jejuni virulence determinants  

1.2.1.  Flagella 

C. jejuni possesses uni- or bi-polar flagella allowing bacterial motility. C. jejuni flagella are comprised 

of a basal body and filament which are connected by a hook (Hughes & Chevance, 2008; Young, Davis, 

& DiRita, 2007). The filament consists of major flagellin FlaA and minor flagellin FlaB proteins (Guerry, 

2007). Expression of these flagellar components is highly regulated by the σ28 and σ54 sigma factors 

which are encoded by fliA and rpoN respectively (Hendrixson, Akerley, & DiRita, 2001). The σ28 sigma 

factor regulates expression of flaA and the σ54 sigma factor regulates expression of flaB and genes 

encoding the basal body and hook proteins (Guerry et al., 1991). FlgSR is a well-characterised two-

component regulatory system in flagellar biogenesis (Burnham & Hendrixson, 2018). Upon signalling, 

cytoplasmic FlgS undergoes autophosphorylation and activates a response regulator FlgR. 

Phosphorylated FlgR activates a RNA polymerase associated with the σ54 sigma factor. Both FlgSR and 

the σ54 sigma factor are involved in expression of the σ28 sigma factor (Boll & Hendrixson, 2013). 

Flagellar Type III secretion system (T3SS) transports flagellar proteins to localise flagella in C. jejuni. 

In addition, expression of flagellar T3SS components is required for the σ54 sigma factor-dependent 

gene expression. Interaction between flagellin and flagellar proteins FliW and FliS is important for 

biogenesis of flagellin (Radomska et al., 2017). It was also noted that flgS and flgR as well as motA 

which encodes the motor stator exhibited phase variation which is caused during replication where 

slipped-strand mispairing is frequent in regions harbouring homopolymeric sequences (Burnham & 

Hendrixson, 2018; Hendrixson, 2006; Parkhill et al., 2000). C. jejuni facilitates motility by wrapping 

one of polar filaments around helical shaped cell body and changes directions by wrapping and 

unwrapping polar filaments (Cohen et al., 2020).  

C. jejuni flagella is a key determinant for intestinal colonisation and invasion (Grant et al., 1993; Ren 

et al., 2018). Previous studies have demonstrated that C. jejuni flagellar T3SS secretes Campylobacter 

invasion antigen (Cia) proteins (CiaC and CiaD), and flagellin protein FlaC to facilitate bacterial 

invasion to host cell (Neal-McKinney & Konkel, 2012; Negretti et al., 2021; Song et al., 2004). 

Chemotaxis is important for C. jejuni adaptation to various environments especially in host cells and C. 

jejuni flagella are involved in this process (Chandrashekhar, Kassem, & Rajashekara, 2017). A two-

component regulatory system in C. jejuni chemotaxis is comprised of CheA and CheY which are 

histidine kinase and response regulator proteins respectively. When a membrane-bound CheA detects a 

chemoeffector, CheA autophosphorylates and phosphorylates CheY. Then interaction between 

phosphorylated CheY and flagellar motor proteins FliM and FliN regulates the rotational direction of 

flagella. C. jejuni chemorepellents include most constituents of bile and chemoattractants include mucin, 

L-fucose, a range of amino acids (e.g. L-aspartate, L-cysteine, L-glutamate, L-serine) and organic acids 

(pyruvate, succinate and fumarate) (Chandrashekhar, Kassem, & Rajashekara, 2017). Furthermore, 
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studies demonstrated flagella play an important role in biofilm formation (Reeser et al., 2007; Ren et 

al., 2018).  

Bacterial flagellum is one of the main pathogen-associated molecular patterns detected by host immune 

systems. However, C. jejuni flagella evade Toll-like receptor 5 (TLR5) surveillance by mutation in the 

TLR5 epitope (Andersen-Nissen et al., 2005). A previous study on the atomic structure of C. jejuni 

flagella revealed that the TLR5 epitope within the C. jejuni flagella showed weaker interaction with the 

adjacent filament which is different from the TLR5 epitopes of other enteric bacterial flagella 

(Kreutzberger et al., 2020).  

1.2.2.  Lipooligosaccharide  

Most Gram-negative bacteria possess lipopolysaccharide (LPS) which is comprised of lipid A, core 

polysaccharide structure and O-antigen. C. jejuni has lipooligosaccharide (LOS) which is structurally 

similar to LPS but lacking O-antigen (Hameed et al., 2020; Moran, 1997). C. jejuni LOS has a role in 

antibiotic resistance, serum resistance, and adherence and invasion to host cells (Hameed et al., 2020). 

Genes involved in synthesis of LOS inner core structure are conserved among C. jejuni strains. Whereas 

genes for the outer core structure exhibit inter-strain variation resulting in variable outer core structures 

among C. jejuni strains (Hameed et al., 2020). C. jejuni LOS synthesis genes are phase variable which 

contributes to intra-strain variation in LOS structure (Dorrell et al., 2001; Parkhill et al., 2000). Studies 

revealed that C. jejuni-mediated autoimmune disease GBS is associated with phase variation of LOS 

synthesis genes (Guerry et al., 2002; Linton et al., 2000). Both wlaN and cgtA encoding a beta-1,3 

galactosyltransferase and a N-acetylgalactosaminyltransferase respectively, are hypervariable resulting 

in production of different outer core structures similar to GM1, GM2 or GM3 gangliosides (Guerry et 

al., 2002; Linton et al., 2000).  

1.2.3.  Capsular polysaccharide 

Sequencing analysis of C. jejuni NCTC 11168 genome first revealed the presence of a capsular 

polysaccharide gene cluster (Karlyshev et al., 1999; Karlyshev et al., 2000; Parkhill et al., 2000). 

Electron microscopy further allowed visualisation of the C. jejuni capsule following staining with 

Alcian blue dye (Karlyshev, McCrossan, & Wren, 2001). In early studies, it was thought that heat stable 

LOS accounted for Penner serotyping of C. jejuni (Aspinall et al., 1993; Nam Shin et al., 1997). 

However, after the finding of capsular polysaccharide of C. jejuni, it has been shown that Penner 

serotyping is actually based on capsular polysaccharide (Karlyshev et al., 2000; Penner, Hennessy, & 

Congi, 1983). Whole genome DNA microarray analysis demonstrated the region of capsular 

polysaccharide of C. jejuni is conserved within strains with the same serotype confirming C. jejuni 

Penner serotyping is based on the capsule (Dorrell et al., 2001). In addition to genes involved in 

synthesis of flagella and LOS, capsular polysaccharide gene clusters are phase variable which might be 
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reflected by environment stimuli and host responses (Bacon et al., 2001). C. jejuni capsule plays a role 

in invasion of intestinal epithelial cells (IECs), serum resistance and host immune responses involving 

TLR activation and interleukin-17 (IL-17) release (Bacon et al., 2001; Maue et al., 2013). 

1.2.4.  Glycosylation 

C. jejuni possesses two types of glycosylation system, O-linked and N-linked glycosylation (Szymanski 

et al., 2003). O-linked glycosylation is involved in post-translational modification of C. jejuni flagella. 

Serine and threonine residues in surfaced exposed region of C. jejuni 81-176 flagellin are modified by 

addition of pseudaminic acid (Thibault et al., 2001). There is variation in the flagellar glycosylation 

locus between C. jejuni strains. C. jejuni NCTC 11168 contains seven motility accessory factor genes 

(maf) which are likely involved in flagellin modification (Karlyshev et al., 2002). C. jejuni 81-176 lacks 

two maf genes and several post-translational modification genes, such as neuB2 (Cj1327) and neuC2 

(Cj1328) which are found in C. jejuni NCTC 11168 and C. coli (Guerry et al., 2006; Logan et al., 2002).  

In contrast, genes for N-linked glycosylation are conserved within Campylobacter genus (Szymanski et 

al., 2003). Genes in protein glycosylation (pgl) locus encode the proteins that are responsible for N-

linked glycosylation of C. jejuni proteins (Szymanski et al., 1999). Enzymes encoded by the pgl locus 

are involved in glycan synthesis and transferring this to the asparagine residue in the Asn-Xaa-Ser/Thr 

sequon. PglB is an oligosaccharyltransferase which is essential for N-linked glycosylation (Linton et 

al., 2005; Szymanski et al., 2003). Studies have demonstrated potential roles for N-glycosylation in 

bacterial fitness and host-bacteria interactions (Alemka et al., 2013; Karlyshev et al., 2004; Wacker et 

al., 2002). Mutation of pglB failed to protect C. jejuni from gut proteases and resulted in reduced growth. 

This indicates N-linked glycoproteins on the surface of C. jejuni enhance bacterial survival within the 

host gut (Alemka et al., 2013). In addition, disruption of pglB resulted in reduced reactivity against C. 

jejuni antiserum suggesting immunogenicity of glycan site of glycoproteins (Wacker et al., 2002). It is 

also shown that N-glycosylation is an important factor for efficient adherence to human IECs and 

colonisation in a chick model (Karlyshev et al., 2004). Because of the ability of pgl system to transfer 

various glycan structures to a protein in site-specific way, C. jejuni PglB has been used for development 

of glycoconjugate vaccines (Kay, Cuccui, & Wren, 2019).  

1.2.5.  Cytolethal distending toxin  

A novel toxin activity of Escherichia coli was first discovered in 1987 (Johnson & Lior, 1987b). Johnson 

and Lior observed a distinct toxin activity which resulted in distended cell morphology of Chinese 

hamster ovary cells infected with E. coli and they termed this toxin cytolethal distending toxin (CDT) 

(Johnson & Lior, 1987b). Further studies demonstrated that other enteric pathogens Shigella dysenteriae 

and the majority of C. jejuni strains also possesses CDT (Johnson & Lior, 1987a, 1988). CDT is an AB2 

holotoxin composed of three subunits, CdtA, CdtB and CdtC which are encoded by cdtA, cdtB and cdtC 
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respectively (Lara-Tejero & Galan, 2001; Pickett et al., 1996). All three components are required to 

exhibit maximal toxicity against host cells (Lee et al., 2003). Binding of CDT to host cells is facilitated 

by CdtA and CdtC which bind to cholesterol-rich lipid rafts (Boesze-Battaglia et al., 2009). CdtB 

exhibits deoxyribonuclease (DNase) I-like enzymatic activity which damages host DNA resulting in 

G2/M phase arrest (He et al., 2019; Whitehouse et al., 1998). In vitro studies showed membrane-

associated and/or secreted CDT activates pro-inflammatory cytokine IL-8 in human IECs (Hickey et 

al., 2000; Zheng et al., 2008). In vivo studies using NF-κB-deficient mice demonstrated that C. jejuni 

CDT is associated with host immune responses and severity of intestinal disease (Fox et al., 2004).  

1.2.6.  Outer membrane vesicles  

Outer membrane vesicles (OMVs) are spherical nanoparticles generated from the outer membrane of 

Gram-negative bacteria. The size of OMV ranges from 20 to 300 nm and secreted OMVs can fuse with 

membranes of target cells delivering contents into the target cells (Avila-Calderón et al., 2021). A bile 

acid sodium taurocholate modulates C. jejuni OMV biogenesis by regulating expression of components 

of the maintenance of lipid asymmetry (MLA) pathway (Davies et al., 2019). Proteomic analysis 

revealed that C. jejuni OMVs contain lipoproteins, N-linked glycoproteins including an adhesin Peb3, 

serine proteases Cj0511, Cj1365c and HtrA and CDT (Elmi et al., 2016; Elmi et al., 2012; Lindmark et 

al., 2009). OMV-associated Cj1365c and HtrA are involved in cleavage of E-cadherin and occludin 

which enhances C. jejuni invasiveness into human IECs (Elmi et al., 2016). C. jejuni OMVs are 

implicated in induction of proinflammation in human IECs showing increased expression of IL-8, IL-

6, tumour necrosis factor-alpha (TNF-α) and beta defensin-3 (Elmi et al., 2012). Lindmark et al. 

demonstrated OMV-associated CDT resulted in cell cycle arrest and cellular distension indicating 

OMV-mediated delivery of active CDT into the target cells (Lindmark et al., 2009).   
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1.3. Mechanism of C. jejuni pathogenesis  

1.3.1.  Adherence  

The lack of convenient and inexpensive animal models which reproduce human gastroenteritis has 

limited the understanding of C. jejuni pathogenesis (Newell, 2001; Young, Davis, & DiRita, 2007). 

However, recent development of mouse models with genetic manipulation, antibiotic treatment or zinc- 

or protein-deficient diet mimic human diarrhoeal disease and these novel mouse models provides the 

better understanding of C. jejuni pathogenesis (Giallourou et al., 2018; Stahl et al., 2014).  

Bacterial adherence to host cells is an essential step for successful colonisation and pathogenesis and is 

mediated by interactions between bacteria and host cells (Pizarro-Cerdá & Cossart, 2006). Surface 

structures fimbriae and pili in other enteric bacteria such as E. coli and Salmonella promote adherence 

to and invasion of host cells (Nougayrède, Fernandes, & Donnenberg, 2003; Zhang et al., 2000). Even 

though genes encoding pili synthesis are absent in C. jejuni (Young, Davis, & DiRita, 2007), C. jejuni  

possesses other surface structures to facilitate adherence to host cells, such as adhesins which bind to 

structures of the host extracellular matrix (Konkel et al., 2020). The extracellular matrix is comprised 

of collagen which maintains the integrity of the extracellular matrix and laminin and integrin which 

connect cells with the extracellular matrix and neighbouring cells (Bosman & Stamenkovic, 2003). 

External stimuli-induced integrin clustering and occupancy result in accumulation of signalling 

molecules which allows transduction of cellular signalling regulating cytoskeletal rearrangements 

(DeMali, Wennerberg, & Burridge, 2003). For example, integrin recognises fibronectin (an extracellular 

adhesive glycoprotein) and their interaction induces actin polymerisation (Miyamoto et al., 1998). 

Studies revealed that C. jejuni adhesins, FlpA, CadF, JlpA, PEB1, CapA and CapC play an important 

role in adherence to host cells (Ashgar et al., 2007; Del Rocio Leon‐Kempis et al., 2006; Flanagan et 

al., 2009; Konkel et al., 1997; Mehat et al., 2018; Pei et al., 1998). FlpA and CadF possess fibronectin-

binding domains which bind to fibronectin (Konkel et al., 1997; Konkel, Larson, & Flanagan, 2010). A 

lipoprotein JlpA binds to heat shock protein 90α of host cells leading to inflammation (Jin et al., 2001; 

Jin et al., 2003). PEB1 is an ABC transporter component which binds to aspartate/glutamate residues 

(Pei et al., 1998). CapA is an autotransporter protein which is shown to facilitate adherence to human 

IECs and chicken colonisation (Ashgar et al., 2007; Flanagan et al., 2009). Another autotransporter 

protein CapC has also been shown to be involved in binding to human IECs (Mehat et al., 2018). In 

addition to adhesins, C. jejuni capsule, LOS and flagella are also involved in adhesion to and further 

internalisation into host cells (Bacon et al., 2001; Grant et al., 1993; Hameed et al., 2020). 

Mechanisms of C. jejuni interaction with host cells are associated with inter-strain variation in C. jejuni. 

capA encoding CapA is not found in all C. jejuni strains indicating different C. jejuni strains possess 

different strategies of adherence to host cells (Ashgar et al., 2007; Flanagan et al., 2009). Similarly, 
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CDT is not conserved among different C. jejuni strains (Jain et al., 2008). A previous study has 

demonstrated that CDT-positive and CDT-negative C. jejuni strains exhibited differences in adhesion 

and invasion efficiency in HeLa cells (Jain et al., 2008). Adherence and invasion of CDT-positive C. 

jejuni strains were significantly higher compared to CDT-negative C. jejuni strains (Jain et al., 2008). 

In addition, mice treated with supernatants of CDT-positive strains exhibited severe inflammation in 

the GI tract while mice treated with supernatants of CDT-negative strains showed mild inflammation 

(Jain et al., 2008). This study suggest different C. jejuni isolates possess unique mechanisms of adhesion 

and invasion resulting in different pathological outcomes. 

1.3.2.  Invasion 

There exist two hypothetical mechanisms of bacterial internalisation termed zipper and trigger 

mechanisms (O Cróinín & Backert, 2012). The zipper mechanism involves binding of bacterial adhesins 

to host cells followed by invasion and the trigger mechanism involves secretion of effector proteins by 

bacterial secretion systems which triggers internalisation into the host cell (O Cróinín & Backert, 2012). 

C. jejuni internalisation exhibits characteristics of both mechanisms and is dependent on lipid rafts in 

the plasma membrane which are rich in cholesterol and sphingomyelin (Konkel et al., 2013; 

Rosenberger, Brumell, & Finlay, 2000; Wooldridge, Williams, & Ketley, 1996).  

Binding of C. jejuni to fibronectin induces a signalling cascade resulting in activation of the small 

GTPase Rac1 and Cdc42 and cytoskeletal rearrangements (Eucker & Konkel, 2012; Krause-

Gruszczynska et al., 2007). Binding to fibronectin activates integrin through integrin occupancy and 

clustering (Eucker & Konkel, 2012). Then focal adhesion kinase (FAK) is activated through interaction 

with β1 integrins. Activated FAK undergoes autophosphorylation inducing interaction with c-Src which 

is a tyrosine kinase. Activated c-Src then phosphorylates paxillin resulting in recruitment of guanine 

exchange factor Tiam-1 and Dock180 which activates Rac1-mediated actin cytoskeleton 

rearrangements and lamellipodia formation (Eucker & Konkel, 2012).   

Activation of integrin, FAK, and c-Src also phosphorylates and activates epidermal growth factor (EGF) 

and platelet-derived growth factor (PDGF) receptors (Krause-Gruszczynska et al., 2011; Krause-

Gruszczynska et al., 2007). Activation of EGF and PDFG receptors phosphorylates PI-3 kinase followed 

by stimulation of a guanine nucleotide exchange factor Vav2 which then activates Cdc42. Activated 

Cdc42 promotes filopodia formation enhancing C. jejuni invasion (Krause-Gruszczynska et al., 2011; 

Krause-Gruszczynska et al., 2007).  

Interestingly, Cia proteins which are secreted via the C. jejuni flagellar T3SS are found to be involved 

in invasion (Konkel et al., 1999; Konkel et al., 2004). CiaB is translocated into human IECs and plays 

a role in the flagellar T3SS secretion which is involved in bacterial internalisation (Konkel et al., 1999). 

Studies have demonstrated CiaD activates Rac1 in human INT 407 cells (Krause-Gruszczynska et al., 



24 

 

2007; Negretti et al., 2021). CiaD binds to IQ motif containing GTPase activating protein 1 (IQGAP1) 

to keep Rac1 active preventing interaction between IQGAP1 and RacGAP1 which reduces Rac1 

activation (Negretti et al., 2021). CiaD also activates the extracellular signal-regulated kinase 1/2 (ERK 

1/2) which then phosphorylates cortactin which results in actin cytoskeleton rearrangements and 

promotes internalisation of C. jejuni (Samuelson & Konkel, 2013). In addition to CiaD, CiaC facilitates 

host cytoskeletal rearrangement and is required for maximal invasion into human IECs (Neal-

McKinney & Konkel, 2012).  

C. jejuni transmigrates across a polarised epithelial cell barrier using either a transcellular mechanism 

or a paracellular mechanism (Backert et al., 2013). The transcellular mechanism is when C. jejuni 

invades the cell from the apical surface and exits at the basolateral surface of a polarised cell. The 

paracellular mechanism is characterised by C. jejuni disturbing tight junction proteins such as claudin 

and occludin as well as adherens junction proteins such as E-cadherin to migrate between adjacent cells 

(Backert et al., 2013). C. jejuni serine protease HtrA cleaves claudin and E-cadherin upon 

transmigration (Boehm et al., 2012; Sharafutdinov et al., 2020). In addition, cleavage of occludin and 

E-cadherin by OMV-associated HtrA and Cj1365c has been reported (Elmi et al., 2016). Transmigration 

to the basolateral surface of epithelial cells might be beneficial for C. jejuni to allow spread to other 

host cells and to allow protection from antibiotic treatment in the lumen (Backert et al., 2013).  

1.3.3.  Intracellular fate 

After invasion of host IECs, C. jejuni is hypothesised to reside within a membrane-bound vacuole called 

the Campylobacter-containing vacuole (CCV) (Konkel et al., 1992; Watson & Galán, 2008). CCVs 

avoid the canonical endocytic pathway and prevent fusion with lysosomes. Early endosomal markers 

EEA-1, Rab4 and Rab5 are transiently associated with the CCV followed by transient co-localisation 

of late endosomal marker Rab7. CCVs interact with a late endosomal marker Lamp-1 independent of 

Rab5 and Rab7 and CCVs do not interact with a lysosomal marker cathepsin B which is a distinct 

mechanism of the canonical endocytic pathway (Watson & Galán, 2008). CCVs are translocated to the 

Golgi apparatus and perinuclear region along microtubules and dynein (Watson & Galán, 2008). 

Interestingly, a previous study demonstrated CiaI secreted by the flagellar T3SS is involved in deviation 

of CCV from delivery to lysosomes (Buelow et al., 2011). This study showed ciaI mutants were more 

associated with cathepsin D compared to wild-type strain suggesting the potential role of CiaI in 

survival in IECs. Whereas in macrophages, C. jejuni cannot avoid fusion with lysosomes and 

consequently is rapidly degraded (Watson & Galán, 2008).  
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1.4. Mechanisms of C. jejuni-induced diarrhoea  

C. jejuni-induced diarrhoea appears to be a multifactorial process. During transmigration, C. jejuni 

OMV-associated proteases such as Cj1365c and HtrA disrupt the intestinal barrier by cleaving tight 

junction proteins such as occludin and claudin-8 as well as adherens junction proteins such as E-

cadherin (Elmi et al., 2016; Harrer et al., 2019; Sharafutdinov et al., 2020). Disruption of tight junctions 

and adherens junctions results in a leaky intestinal barrier preventing fluid absorption. In addition, C. 

jejuni promotes diarrhoea via downregulation of absorptive ion channels of the intestine. The maximum 

transport capacity of sodium ion (Na+) by epithelial sodium channel (ENaC) was significantly reduced 

in C. jejuni-infected human mucosa compared to negative controls (Bücker et al., 2018). Reduced Na+ 

transport capacity is associated with downregulation of mRNA expression of ENaC subunits β and γ. 

Disruption of bile reabsorption is also associated with C. jejuni-induced diarrhoea. Bile acids are 

synthesised in the liver and play an important role in digestion of lipids (Chiang, 2013). 95% of bile 

acids are reabsorbed in the ileum and returned to the liver. However, failure of reabsorption of bile acids 

induces diarrhoea by increasing intestinal permeability (Chiang, 2013). de Vries et al. demonstrated bile 

staining was reduced in C. jejuni-infected piglet ileum compared to the uninfected controls indicating 

inhibition of bile resorption by C. jejuni (de Vries et al., 2017). Furthermore, intestinal inflammation 

can lead to diarrhoea by reducing absorption of Na+ (Musch et al., 2002). Intestinal barrier disruption 

allows translocation of intestine-resident bacteria to the basolateral side of the epithelium (Stolfi et al., 

2022). Translocated luminal bacteria are then detected by pattern recognition receptors (PRR) activating 

an inflammatory response. As discussed in detail in Section 1.5.3, C. jejuni induces inflammation via 

ligand recognition by TLR2, TLR4 and nucleotide-binding oligomerisation domain (NOD) which may 

contribute to induction of diarrhoea (Rathinam et al., 2009; Zilbauer et al., 2005; Zilbauer et al., 2007). 
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1.5. Host defence mechanisms against pathogens  

1.5.1.  Mucosal immune system in the gut    

As the first line of defence, the intestinal epithelium plays an important role in homeostasis in mucosal 

immunity (Cerf-Bensussan & Gaboriau-Routhiau, 2010). Gut microbes which reside within the lumen 

also contribute to gut immunological homeostasis through interactions between gut microbiome and 

host immune system (Cerf-Bensussan & Gaboriau-Routhiau, 2010). The intestinal epithelial layer 

consists of intestinal stem cells, absorptive cells (enterocytes and colonocytes), microfold cells (M cells) 

and specialised secretory cells such as goblet cells, Paneth cells (present only in the small intestine), 

enteroendocrine cells and tuft cells which secrete mucus, antimicrobial peptides, hormones and IL-25 

respectively (Noah, Donahue, & Shroyer, 2011). Mucins secreted from goblet cells and antibacterial 

peptides such as α-defensins secreted from Paneth cells prevent luminal bacteria from adhering to and 

invading IECs.  

Microvilli-lacking M cells overly Peyer’s patches in the small intestine and overly colonic patches in 

the large intestine (Mabbott et al., 2013). B cell follicles and parafollicular regions of T cells are found 

in Peyer’s patches and colonic patches. These specialised cells function by sampling microorganisms 

in the gut lumen through transcytosis and further introducing antigens to basolateral dendritic cells and 

macrophages (Mabbott et al., 2013). Dendritic cells underneath the epithelium can also sample luminal 

antigens directly. Antigen-loaded dendritic cells then present antigens to naive CD4+ T cells and IgM+ 

naive B cells in the Peyer’s patches. After antigen presentation, IgM + naive B cells proliferate in the 

compartment between the epithelium and the follicle, then differentiate into IgA plasmablasts. IgA 

plasmablasts then migrate to the germinal centre of the follicle and undergo affinity maturation with 

help provided by CD4+ T cells (Biram & Shulman, 2020). After maturation, T cells and B cells travel 

to mesenteric lymph nodes and then to the intestinal lamina propria. Dendritic cells also migrate to the 

mesenteric lymph nodes and present antigens to naive lymphocytes to amplify the immune response 

(Mowat, 2003). In the presence of IL-5 and IL-6 produced by T helper 2 cells, plasmablasts then further 

differentiate into plasma cells which produce IgA which is the most abundant antibody in the mucosa. 

IgA forms dimeric secretory IgA and is released to the intestinal lumen (Fukuyama & Kiyono, 2004).  

Secretory IgA neutralises bacterial toxins and pathogens by preventing microbial binding to the 

epithelium and entrapping toxins and pathogens in the mucus layer (Macpherson et al., 2008; Mantis, 

Rol, & Corthésy, 2011). Secretory IgA plays a role in both the innate and adaptive immune systems. As 

a component of the innate immune system, glycans of secretory IgA possess a similar structure to 

glycans on the host cell surface thereby preventing bacterial adherence through competitive inhibition 

(Mantis, Rol, & Corthésy, 2011). Whereas as a component of adaptive immunity, secretory IgA can 

bind to pathogens and toxins through fragment antigen-binding (Mantis, Rol, & Corthésy, 2011).  
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1.5.2.  Pattern recognition receptors in human intestinal epithelial cells (IECs) 

In the innate immune response, pathogen-associated molecular patterns (PAMPs) and damage-

associated molecular patterns (DAMPs) are detected by PRRs of the host cells (Lavelle et al., 2010). 

PRRs include membrane-bound or cytosolic TLRs, cytosolic NOD-like receptors (NLRs) and cytosolic 

retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) (Lavelle et al., 2010).  

In IECs, TLRs are mainly expressed on the basolateral surface so as to be tolerant to commensal bacteria 

(Kawai & Akira, 2010). There are two subgroups of TLRs which have distinct localisations and PAMP 

recognitions (Table 1.1) (Gay et al., 2014; Lavelle et al., 2010). TLRs that are localised on the cell 

surface include TLR1, TLR2, TLR4, TLR5 and TLR6 and detect different surface structures of 

microbes. Subcellular TLRs are localised within the intracellular compartments and include TLR3, 

TLR7, TLR8 and TLR9 and detect nucleic acids of microbes (Gay et al., 2014; Lavelle et al., 2010). 

Ligand binding of TLR induces dimerisation and rearranges the dimer to facilitate further binding of 

adapter proteins to Toll/IL-R (TIR) domains of TLR dimers (Table 1.1). Downstream adaptor proteins 

include TIR domain-containing adapter protein (TIRAP), myeloid differentiation primary response 

protein 88 (MyD88), TIRAP-inducing interferon (IFN)-β (TRIF) and TRIF-related adaptor molecule 

(TRAM) (Duan et al., 2022). Interaction between TIR domain of TLR and the adapter proteins activates 

nuclear factor kappa light chain enhancer of activated B cells (NF-κB) and IFN regulatory factor 3 

(IRF3) which induce transcription of proinflammatory cytokines and type I IFNs (Duan et al., 2022). 

In addition, the adaptor proteins mediate signal transduction of the mitogen‑activated protein kinase 

(MAPK) pathways such as c-Jun N-terminal kinase (JNK), ERK and p38 pathways (Duan et al., 2022).  
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Table 1.1. Human TLR members and their ligands and downstream adaptor proteins adapted 

from Gay et al. (2014) and Lavelle et al. (2010). 

Dimer form Localisation Ligand Adapter proteins 

TLR2-TLR1 Cell surface Triacyl lipopeptide of Gram-

negative bacteria 

TIRAP & Myd88 

TLR2-TLR6 Cell surface Diacyl lipopeptide of Gram-

positive bacteria  

TIRAP & Myd88 

TLR4-TLR4 Cell surface LPS TIRAP & Myd88, 

TRAM & TRIF 

TLR5-TLR5 Cell surface Flagellin Myd88 

TLR3-TLR3 Intracellular endosomes Double-stranded RNA TRIF 

TLR7-TLR7 Intracellular endosomes Single-stranded RNA Myd88 

TLR8-TLR8 Intracellular endosomes Single-stranded RNA Myd88 

TLR9-TLR9 Intracellular endosomes Unmethylated cytosine-

phosphate-guanine (CpG) DNA 

Myd88 

 

NOD1 and NOD2 detect intracellular γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP) and muramyl 

dipeptide (MDP) respectively which are components of bacterial peptidoglycan (Heim, Stafford, & 

Nachbur, 2019). Ligand binding to NOD recruits receptor-interacting protein kinase 2 (RIPK2) which 

then interacts with TNF receptor associated factor 2 (TRAF2). Ubiquitination of RIPK2 recruits  

transforming growth factor (TGF)-β-activated kinase 1 (TAK1) and IκB kinase (IKK) complexes which 

activates MAPK and NF-κB pathways resulting in proinflammation (Heim, Stafford, & Nachbur, 2019).  

RLRs are intracellular sensors of viral RNA (Rehwinkel & Gack, 2020). There are three members of 

the RLR family; melanoma differentiation-associated gene 5 (MDA5), laboratory of genetics and 

physiology 2 (LGP2) and RIG-I. RIG-I and MDA5 possess caspase recruitment domains (CARD) 

which interact with mitochondrial antiviral signalling protein (MAVS). Interaction between RIG-

I/MDA5 and MAVS recruits TRAF3, TRAF6 and IKK complexes which in turn activate IRF3, IRF7 

and NF-κB pathway resulting in induction of transcription of type I IFNs and proinflammatory 

cytokines (Rehwinkel & Gack, 2020). In contrast, LGP2 does not have CARD, so LGP2 negatively 

regulates activity of RIG-I and MDA5.  
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1.5.3.  Innate immune response upon C. jejuni infection 

C. jejuni induces inflammatory responses by two mechanisms which are i) adherence and invasion and 

ii) CDT activity (Hickey et al., 2000). Inflammation-mediated by C. jejuni adherence and invasion is 

associated with ligand-binding of TLR and NOD receptors (Friis, Keelan, & Taylor, 2009; Rathinam et 

al., 2009; Zilbauer et al., 2007). A previous study demonstrated TLR2 siRNA transfection resulted in 

reduction in C. jejuni-induced IL-6 secretion in human intestinal epithelial Caco-2 cells indicating 

involvement of TLR2 in C. jejuni-mediated inflammation (Friis, Keelan, & Taylor, 2009). Another 

study demonstrated deficiency of TLR2, TLR4, Myd88 or TRIF resulted in significant reduction in C. 

jejuni-mediated IL-6 and IL-12 in mice dendritic cells suggesting that C. jejuni is detected by TLR2 

and TLR4 and signal transduction is mediated by Myd88 and TRIF (Rathinam et al., 2009). Upon 

internalisation into host cells, C. jejuni can also be detected by NOD1 (Bereswill et al., 2017; Zilbauer 

et al., 2005; Zilbauer et al., 2007). Zilbauer et al. showed NOD1 siRNA transfection led to a reduction 

in C. jejuni-induced expression of IL-8 and human β-defensin 2 in Caco-2 cells indicating role of NOD1 

in C. jejuni-mediated inflammation (Zilbauer et al., 2005; Zilbauer et al., 2007). In contrast to NOD1, 

NOD2 appears not to be involved in C. jejuni-mediated immune responses in human IECS (Zilbauer et 

al., 2007). In addition to classical PAMPs, CDT is implicated in C. jejuni-mediated inflammation and 

disease presentation as discussed in Section 1.2.5 (Elmi et al., 2012; Fox et al., 2004; Hickey et al., 

2000). A recent study also found alpha-kinase 1 (ALPK1)-dependent NF-κB activation by C. jejuni (Cui 

et al., 2021). C. jejuni releases ADP-heptose during bacterial growth which further activates ALPK1 

followed by phosphorylation of TRAF-interacting protein with forkhead-associated domain (TIFA). 

Phosphorylated TIFA then activates NF-κB pathway resulting in inflammation in human IECs (Cui et 

al., 2021). 

1.5.4.  The roles of reactive oxygen species 

Reactive oxygen species (ROS) includes oxygen radicals and non-radicals which are highly reactive 

molecules produced by the partial reduction of oxygen (Aviello & Knaus, 2017). Due to the ability of 

ROS to damage proteins, lipids and nucleic acids, ROS production is one of the main host defence 

mechanisms against invading pathogens (Aviello & Knaus, 2017). The respiratory burst in phagocytes 

results in rapid ROS production to eliminate intracellular pathogens through oxidative damage (Paiva 

& Bozza, 2014). Even though IECs produce lower levels of ROS compared to phagocytes, ROS 

produced in IECs can also exert an antimicrobial effect by induction of an inflammatory response 

(Burgueño et al., 2019; Holmström & Finkel, 2014; Paiva & Bozza, 2014). In addition, cellular ROS 

plays an important role in signal transduction by acting as secondary messengers (Zhang et al., 2016). 

As ROS exhibits both beneficial and deleterious effects on cellular physiology, IECs need to achieve 

homeostasis of cellular ROS. To protect the cells from the damaging effects of ROS, host IECs possess 
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antioxidant systems that degrade ROS, such as catalase (CAT), superoxide dismutase (SOD) and 

glutathione peroxidase. SOD catalyses degradation of superoxide (O2
−) into hydrogen peroxide (H2O2) 

which is further decomposed into water (H2O) and oxygen (O2) by CAT. Glutathione peroxidase also 

degrades H2O2 into H2O and oxygen O2 and other organic peroxide into alcohols and O2. In contrast, 

nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase; NOX) and mitochondria are 

main sources of ROS in human IECS (Aviello & Knaus, 2017).   

1.5.5.  NADPH oxidase (NOX) 

NOX is a multi-subunit enzyme which plays an essential role in catalysis of O2
− production (Brandes, 

Weissmann, & Schröder, 2014; Sumimoto, Miyano, & Takeya, 2005). The most abundant types of NOX 

found in IECs are NOX1 and constitutively active NOX4. NOX1 is mainly localised on the plasma 

membrane and NOX4 is mainly found on the membrane of the endoplasmic reticulum (ER) (Helmcke 

et al., 2009). The NOX1 complex is comprised of NOX1, p22phox, NOX organiser 1 (NOXO1), NOX 

activator 1 (NOXA1) and Rho family small GTPase Rac1 (Figure 1.1). NOX1 is the catalytic 

component of the complex on the plasma membrane and activation is accompanied by recruitment of 

cytosolic subunits. NOX1 expression promotes translocation of p22phox to the plasma membrane 

(Brandes, Weissmann, & Schröder, 2014). Upon activation, NOXO1 binds to both NOXA1 and 

p22phox targeting NOXA1 to the plasma membrane. Guanosine triphosphate (GTP)-bound Rac1 binds 

to NOXA1 which then facilitates electron flow through flavocytochrome in NOX1. As electron flow is 

in a GTP-dependent manner, GTP-bound Rac1 is found to be necessary for activity of NOX1 (Nisimoto 

et al., 2008; Ueyama, Geiszt, & Leto, 2006). Electrons are transferred from NADPH initially to flavin 

adenine dinucleotide (FAD), then through the heme domain of NOX and finally to O2, generating O2
− 

(Nisimoto et al., 2008).  
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Figure 1.1. Proposed structure of the NOX1 complex. Catalytic component of NOX1 is activated by 

recruitment of membrane-associated p22phox, cytosolic NOX organiser 1 (NOXO1), NOX activator 1 

(NOXA1) and Guanosine triphosphate (GTP)-bound active Rac1. Activation of NOX1 results in the 

formation of superoxide (O2
−) via electron flow from NADPH to NOX1 heme domain. Image from 

Hong et al. (2023). 

1.5.6.  The roles of NOX1 in physiological processes in IECs 

ROS produced by NOX1 in IECs activates wound repair also termed epithelial restitution (Leoni et al., 

2013). Migration of epithelial cells is involved in epithelial restitution and is regulated by pro-resolving 

mediators. Pro-resolving mediators are enzymes derived from fatty acids which participate in resolution 

of tissue damage and inflammation (Basil & Levy, 2016). Annexin A1 is a calcium-dependent pro-

resolving mediator and which activity is mediated by formyl peptide receptors (FPRs). Leoni et al. 

found ligand binding of FPR induces Rac1-mediated NOX1 activation (Leoni et al., 2013). Phosphatase 

and tensin homologue deleted on chromosome 10 (PTEN) and protein tyrosine phosphatase (PTP)-

PEST dephosphorylate FAK and paxillin which are involved in cellular motility and migration (Tamura 

et al., 1999). NOX1-produced ROS inhibits PTEN and PTP-PEST resulting in enhanced 

phosphorylation of FAK and paxillin which promotes epithelial restitution (Leoni et al., 2013). 

In addition, cell growth and proliferation are regulated by NOX1-mediated ROS (van der Post, 

Birchenough, & Held, 2021). Self-renewal of a single layer of mammalian epithelial cells occurs every 

4-5 days. Cellular proliferation and differentiation are key processes in self-renewal of epithelium (van 
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der Flier & Clevers, 2009). Wnt and EGF receptor (EGFR) pathways regulate cellular proliferation and 

differentiation. Van der Post et al. demonstrated NOX1 knockout (NOX1-/-) spheroids exhibited reduced 

ROS production and reduced phosphorylation of EGFR. The results suggest that NOX1-produced ROS 

enhances cell proliferation of intestinal stem cells by activating EGFR pathway independent of ligand 

binding to EGFR (van der Post, Birchenough, & Held, 2021).  

NOX1-mediated ROS production also regulates gut microbiota homeostasis (Matziouridou et al., 2018). 

Matziouridou et al. demonstrated NOX1-/- mice exhibit increased bacterial load in the ileum compared 

to wild-type mice indicating antimicrobial effect of NOX1 (Matziouridou et al., 2018). In addition, 

NOX1-/- mice resulted in changes in microbiota composition in the ileum which is similar to 

composition of cecal microbiota suggesting that NOX1 inhibits translocation of cecal microbiota to the 

ileum (Matziouridou et al., 2018).  

1.5.7.  Endoplasmic reticulum and the unfolded protein response (UPR) 

The ER is the largest membrane-bound organelle in a eukaryotic cell. The ER has essential roles in 

protein synthesis, folding modification and transport, lipid synthesis, carbohydrate metabolism and Ca2+ 

storage (Schwarz & Blower, 2015). For normal functioning of the ER, regulation of ER homeostasis is 

important. ER stress can result from the disruption of N-glycosylation, disruption of Ca2+ homeostasis, 

elevated rate of protein synthesis, ATP depletion, osmotic stress and redox changes. Due to impaired 

functioning of the ER, misfolded proteins are accumulated in the ER lumen (Celli & Tsolis, 2014).  

The unfolded protein response (UPR) is a highly conserved eukaryotic surveillance system for ER 

homeostasis which is involved in reduction of ER stress and restoration of ER homeostasis (Celli & 

Tsolis, 2014; Hetz & Papa, 2018). There are three transmembrane UPR sensors which sense ER stress 

by detection of unfolded proteins within the ER lumen, i) protein kinase R-like ER kinase (PERK), ii) 

inositol-requiring enzyme 1α (IRE1α) and iii) activating transcription factor 6 (ATF6) (Figure 1.2). 

Under homeostatic conditions, binding-immunoglobulin protein (BiP) also known as glucose-regulated 

protein 78 (GRP78) is bound to the luminal domains of the UPR sensors to maintain their inactive form. 

During ER stress, increased unfolded proteins bind to BiP which results in disassociation of BiP from 

the stress sensors leading to conformational change to activate the UPR (Celli & Tsolis, 2014; Hetz & 

Papa, 2018). 

After disassociation of BiP from PERK under ER stress, PERK homodimerises and autophosphorylates 

(Figure 1.2) (Celli & Tsolis, 2014; Hetz & Papa, 2018). The activated kinase domain in PERK then 

phosphorylates eukaryotic translation initiation factor 2α (eIF2α). Phosphorylation of eIF2α results in 

temporal attenuation of global translation by inhibiting 80S ribosome assembly. Activating transcription 

factor 4 (ATF4) is selectively translated and translocated into the nucleus (Celli & Tsolis, 2014). To 

recover ER homeostasis, ATF4 upregulates transcription of genes encoding proteins involved in amino 
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acid transport and metabolism, oxidative stress resistance and ER chaperones. However, severe ER 

stress and prolonged UPR induce apoptosis as ATF4 induces the transcription of gene encoding C/EBP 

homologous protein (CHOP) which is involved in the induction of apoptosis (Hetz & Papa, 2018). In 

addition, ATF4 induces expression of growth arrest and DNA damage inducible 34 (GADD34) which 

dephosphorylates phosphorylated eIF2α to restore global translation (Márton et al., 2022). For the cells 

experiencing prolonged ER stress, upregulation of GADD34 is cytotoxic as this increases the amount 

of proteins entering the ER.  

IRE1α has a similar structure to PERK (Hetz & Papa, 2018). There are a serine/threonine kinase and 

endoribonuclease (RNase) domains in IRE1α. After disassociation of BiP from IRE1α, IRE1α 

undergoes homodimerisation and autophophosrylation (Figure 1.2). Phosphorylation of IRE1α activates 

the RNase domain of IRE1α which then cleaves a 26 nucleotide-intron within mRNA of X-box-binding 

protein 1 (XBP1). Spliced XBP1 mRNA is then translated into spliced XBP1 which is then translocated 

into the nucleus inducing expression of genes encoding ER chaperones, autophagy components and 

ER-associated degradation (ERAD) components involving in degradation of misfolded proteins (Celli 

& Tsolis, 2014; Hetz & Papa, 2018). In addition, RNase activity of IRE1α degrades ER-localised 

mRNAs and microRNAs (miRNAs) and this process is termed regulated IRE1-dependent degradation 

(RIDD) (Maurel et al., 2014).  

Detachment of BiP from ATF6 also activates the ATF6 pathway (Figure 1.2). Unlike PERK and IRE1α 

which undergo homodimerisation and autophosphorylation, activated ATF6 is transported to the Golgi 

apparatus where site 1 protease (S1P) and site 2 protease (S2P) in the Golgi cleave ATF6 (Celli & Tsolis, 

2014; Hetz & Papa, 2018). Then the active amino terminus of ATF6 is translocated into the nucleus 

resulting in upregulation of genes encoding ER chaperones and ERAD components to enhance ER 

functioning.  
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Figure 1.2. Activation of the unfolded protein response by protein kinase R-like ER kinase 

(PERK), inositol-requiring enzyme 1α (IRE1α) and activating transcription factor 6 (ATF6) 

located on the ER membrane. Under ER stress, BiP is disassociated from each sensor facilitating 

conformational change to active form. PERK phosphorylates eukaryotic translation initiation factor 2α 

(eIF2α) which results in attenuation of global translation. Selectively translated activating transcription 

factor 4 (ATF4) and upregulates genes involved in apoptosis, protein folding and oxidative stress 

resistance. RNase activity of IRE1α cleaves XBP1 pre mRNA and translated spliced XBP1 induces 

expression of gene encoding ER chaperones and ER-associated degradation (ERAD) components. In 

response to ER detachment, ATF6 is transported to the Golgi apparatus and site 1 protease (S1P) and 

site 2 protease (S2P) cleave ATF6. The active amino terminus of ATF6 then translocates into the nucleus 

upregulating genes encoding ERAD components and ER chaperones. Image adapted from Celli & 

Tsolis (2014).  
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1.5.8.  The UPR and inflammation 

UPR activation is implicated in proinflammatory responses (Grootjans et al., 2016). In the PERK 

pathway, global translational inhibition caused by phosphorylation of eIF2α can activate the NF-κB 

pathway. As IκB has shorter half-life compared to NF-κB, global translation attenuation results in an 

increased ratio of NF-κB to IκB, leading to activation of the NF-κB pathway (Grootjans et al., 2016). 

In addition to apoptosis, CHOP is associated with production of proinflammatory cytokine IL-23 in 

human dendritic cells (Goodall et al., 2010). ATF4 directly binds to the promoter of IL-6 inducing 

expression of IL-6. In addition, ATF4 upregulates GADD34 expression which in turn induces 

transcription of genes encoding type I IFN (Janssens, Pulendran, & Lambrecht, 2014). Along with ATF4, 

CHOP upregulates ATF5 expression which induces the expression of the gene encoding thioredoxin-

interacting protein (TXNIP). TXNIP then activates NOD-, LRR- and pyrin domain-containing protein 

3 (NLRP3) inflammasome resulting in the release of proinflammatory cytokine IL-1β (Grootjans et al., 

2016; Paerhati et al., 2022).  

Activation of the IRE1α pathway is also implicated in inflammation and apoptosis (Fribley, Zhang, & 

Kaufman, 2009). Phosphorylated IRE1α interacts with TRAF2 and induces inflammation by activating 

NF-κB and JNK signalling pathways (Celli & Tsolis, 2014; Hu et al., 2006). The interaction between 

IRE1α and TRAF2 recruits IκB kinase and phosphorylates IκB for degradation inducing activation of 

NF-κB pathway (Grootjans et al., 2016). In addition, the IRE1α-TRAF2 complex induces 

autophosphorylation of apoptosis-signalling kinase 1 (ASK1) leading to activation of JNK pathway 

which phosphorylates proapoptotic BCL-2 family protein Bcl-2-interacting mediator of cell death (BIM) 

(Fribley, Zhang, & Kaufman, 2009; Szegezdi et al., 2006). Later studies found that NOD1 activity is 

involved in proinflammation resulting from the interaction between TRAF2 and IRE1α (Keestra-

Gounder et al., 2016; Kuss-Duerkop & Keestra-Gounder, 2020). Similar to the PERK pathway, IRE1α 

activation induces NLRP3 inflammasome. IRE1α-mediated RIDD degrades miR-17 resulting in 

increased expression of TXNIP which then activates NLRP3 inflammasome (Grootjans et al., 2016).  

The cleaved amino terminus of ATF6 can also activate the NF-κB pathway by activating 

phosphatidylinositol-3-kinase (PI3K)/AKT signalling pathway (Grootjans et al., 2016). In addition, 

ATF6 interacts with cyclic AMP-responsive element-binding protein H (CREBH) and synergistically 

upregulates expression of acute phase response (APR) genes which play a role in amplification of 

inflammatory responses (Stengel et al., 2020; Zhang et al., 2006).  

  



36 

 

1.5.9.  Microbial pathogens and UPR activation 

UPR activation can be beneficial to host cells by eliminating invading pathogens via activation of the 

innate immune response (Celli & Tsolis, 2014; Grootjans et al., 2016). However, some invading 

microbial pathogens can exploit or modulate the UPR to enhance their intracellular life cycle within 

host cells. Many pathogens exploit a function of the ER to enhance their intracellular replication and 

survival thereby resulting in UPR activation (Celli & Tsolis, 2014). Viruses induce ER stress-mediated 

UPR via rearrangement of the ER membrane, disruption of host protein glycosylation and Ca2+ 

depletion by viroporin which oligomerises and forms hydrophilic pores (Jheng, Ho, & Horng, 2014). 

Some viruses, such as Japanese encephalitis virus (JEV), take advantages of the UPR-mediated RIDD 

to facilitate replication of viral RNA by degrading host RNA (Bhattacharyya, Sen, & Vrati, 2014). 

Human cytomegalovirus (HCMV) exploits UPR-induced upregulation of ERAD complex to avoid host 

immune surveillance by targeting major histocompatibility complex (MHC) class I proteins to 

degradation.  

Similarly, some bacterial pathogens exploit the UPR to enhance their replication and survival within 

host cells (Celli & Tsolis, 2014). The facultative intracellular bacterium Brucella melitensis secretes 

TcpB which modulates host microtubules and activates the UPR to reorganise the ER structure and to 

create a niche for intracellular replication and survival in RAW 264.7 murine macrophages (Smith et 

al., 2013). S. enterica also induces the UPR for intracellular replication by exploiting enhanced lipid 

metabolism (Antoniou et al., 2018). The obligate intracellular bacterium Chlamydia trachomatis 

requires activation of PERK and IRE1α pathways to form a Chlamydia-containing vacuole in the ER 

which is termed Chlamydia inclusion (George et al., 2019; George et al., 2017). In contrast, as the UPR 

can exert detrimental effects on bacterial fitness via activation of immune responses, some bacteria 

subvert activation of the UPR to avoid deleterious effect. Legionella pneumophila glucosyltransferases 

Lgt1 and Lgt2 are involved in inhibition of translational expression of BiP and CHOP and XBP1 

splicing (Sean & Shaeri, 2015). Streptomyces spp. secretes trierixin which inhibits IRE1α activation via 

disruption of XBP1 splicing (Futamura et al., 2007). In addition, the obligate intracellular bacterium 

Simkania negevensis forms ER-associated Simkania-containing vacuoles. S. negevensis induces the 

UPR in the early infection and downregulates the UPR in the later infection cycle to promote its fitness 

in the host cell (Mehlitz et al., 2014). 

1.5.10. C. jejuni and UPR activation 

A previous study demonstrated C. jejuni cell lysates trigger ER stress and increase in intracellular Ca2+ 

in human monocyte and C. jejuni CDT was not responsible for these observations suggesting 

involvement of other bacterial virulence determinants in induction of ER stress (Canonico et al., 2018). 

Another study showed C. jejuni upregulates GADD34 and CHOP expression in Caco-2 cells and 
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reduces global translation confirming activation of the PERK pathway (Tentaku et al., 2018). Tentaku 

et al. also demonstrated C. jejuni does not induce expression of ATF6 and XBP1 splicing in Caco-2 

cells which indicate that C. jejuni does not induce the IRE1α and ATF6 pathways (Tentaku et al., 2018). 

However, compared to other UPR-activating bacteria, mechanisms of C. jejuni-mediated UPR 

activation and bacterial virulence determinants which are responsible for UPR activation have remained 

relatively unexplored.   
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1.6. Aims and objectives 

The aim of this study was to investigate C. jejuni-mediated NOX1 modulation and UPR activation in 

human IECs. 

Objectives and hypotheses:  

1. To investigate NOX1-mediated ROS modulation by C. jejuni in human IECs. 

a. C. jejuni modulates intracellular and extracellular ROS production in human IECs. 

b. C. jejuni modulates NOX1 expression in human IECs. 

c. C. jejuni modulates activity of small GTPase Rac1 in human IECs. 

d. C. jejuni modulates expression of other antioxidant-related genes in human IECs. 

e. Disruption of NOX1 activity affects C. jejuni interaction, invasion and intracellular 

survival in human IECs. 

2. To investigate C. jejuni-mediated UPR activation and bacterial virulence determinants which 

are responsible for UPR activation in human IECs. 

a. C. jejuni modulates UPR-related gene expression in human IECs. 

b. Mutation of different C. jejuni virulence determinants affects C. jejuni-mediated UPR 

activation in human IECs. 

3. To investigate the impact of UPR activation on C. jejuni pathogenesis and the mechanisms of 

C. jejuni-mediated UPR activation in human IECs. 

a. Thapsigargin-induced UPR affects C. jejuni interaction, invasion and intracellular 

survival in human IECs. 

b. Inhibition of UPR activation affects the number of intracellular C. jejuni in human 

IECs. 

c. Inhibition of UPR activation affects C. jejuni-induced IL-8 release in human IECs. 

d. Inhibition of NOD1 affects C. jejuni-mediated UPR activation in human IECs. 

e. Inhibition of NOD1 affects C. jejuni-induced IL-8 release in human IECs. 

f. Inhibition of an increase in intracellular Ca2+ within the cytosol affects C. jejuni-

mediated UPR activation in human IECs.  

g. Thapsigargin treatment affects NOX1 expression in human IECs. 
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CHAPTER TWO: Materials and Methods 

2.1. Bacterial strains and growth conditions 

C. jejuni strains used in this study are listed in Table 2.1. For general growth, C. jejuni strains were 

grown on Columbia blood agar (CBA) plates (Oxoid, UK) supplemented with 7% (v/v) horse blood in 

Alsever’s (TCS Microbiology, UK) and Campylobacter selective supplement Skirrow (Oxoid) or in 

Brucella broth (BD Diagnostics, UK) shaking at 75 rpm at 37°C under microaerobic conditions (10% 

CO2, 5% O2 and 85% N2) (Don Whitley Scientific, UK). For growth of C. jejuni mutants, kanamycin 

(50 μg/ml), chloramphenicol (10 μg/ml) or erythromycin (2 μg/ml) were added to CBA based on the 

selective markers of the individual mutant strain. Campylobacter glycerol broth mix was prepared for 

C. jejuni glycerol stocks. Campylobacter glycerol broth mix consisted of 1 ml 100% (v/v) glycerol 

(Sigma-Aldrich, USA) giving a final concentration of 10% (v/v), 1 ml of Foetal Bovine Serum (FBS; 

Labtech, UK) giving a final concentration of 10% (v/v) and 8 ml of Brucella broth. Glycerol stocks 

were prepared from C. jejuni strains grown for 24 hours on CBA plates. 20 μl of bacterial suspension 

was aliquoted in 0.6 ml microcentrifuge tubes. The cells were snap frozen and stored at -80°C.  

E. coli DH5α™ Competent Cells (New England BioLabs, UK) were grown on lysogeny broth (LB; 

Oxoid) agar plates or in LB broth at 37°C under aerobic conditions shaking at 200 rpm (Sanyo, UK). If 

necessary, E. coli cultures were supplemented with ampicillin (100 μg/ml) and chloramphenicol (50 

μg/ml). 

Table 2.1. C. jejuni strains used in this study. 

C. jejuni strains Description References 
11168H wild-type A hypermotile derivative of NCTC 

11168 wild-type strain which is a h
uman clinical isolate. 

(Jones et al., 2004; Karlyshev et
 al., 2002) 

11168H kpsM Capsular polysaccharide mutant of t
he 11168H strain which was constr
ucted by insertion mutagenesis with 
kanamycin resistance (Kmr) cassette. 

Constructed by Dr. Andrey V. 
Karlyshev (Karlyshev et al., 200
0) 
Obtained from the London Scho
ol of Hygiene and Tropical Med
icine Campylobacter Resource F
acility http://crf.lshtm.ac.uk/index.
htm 

11168H flaA Flagellin A (flaA) mutant which wa
s constructed by insertion mutagene
sis with Kmr cassette. Non-motile h
owever still able to secrete Cia prot
eins. 

Constructed by Dr. Michael A. 
Jones (Jones et al., 2004) 
Obtained from the London Scho
ol of Hygiene and Tropical Med
icine Campylobacter Resource F
acility http://crf.lshtm.ac.uk/index.
htm 

11168H htrA A serine protease, high temperature 
requirement protein A (htrA) mutant

Constructed by Dr. Andrey V. K
arlyshev 
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 which was constructed by insertion
 mutagenesis with Kmr cassette. 

(Karlyshev et al., 2014) 
Obtained from the London Scho
ol of Hygiene and Tropical Med
icine Campylobacter Resource F
acility http://crf.lshtm.ac.uk/index.
htm 

11168H cadF An adhesin, Campylobacter adhesion
 to fibronectin (cadF) mutant which
 was constructed by insertion mutag
enesis with Kmr cassette 

Constructed and provided by Dr.
 Cadi Davies at LSHTM  

11168H flpA An adhesin, fibronectin-like protein 
A (flpA) mutant which was construc
ted by insertion mutagenesis with K
mr cassette 

Constructed and provided by Dr.
 Cadi Davies at LSHTM 

11168H cadF flpA cadF and flpA double mutant which
 was constructed by insertion of K
mr and erythromycin resistance (Emr

) cassettes. 

Constructed and provided by Dr.
 Cadi Davies at LSHTM 

11168H cdtA Cytolethal distending toxin subunit 
A (cdtA) mutant which was constru
cted by insertion mutagenesis with 
Kmr cassette. 

Constructed by Dr. Abdi Elmi a
t LSHTM (Elmi et al., 2012) 
Obtained from the London Scho
ol of Hygiene and Tropical Med
icine Campylobacter Resource F
acility http://crf.lshtm.ac.uk/index.
htm 

11168H ΔcdtABC  cdt mutant which was constructed b
y replacement of the cdtABC opero
n with chloramphenicol resistance (
Cmr) cassette. 

This study 

81-176 wild-type A human clinical isolate identified 
during an outbreak of acute enteritis
 associated with consumption of co
ntaminated milk. The strain possesse
s two plasmids termed pVir and pT
et which contain putative Type IV 
secretion system (T4SS) genes (Bac
on et al., 2000). 

(Korlath et al., 1985) 

488 wild-type A human clinical isolate from Brazi
l which has a Type VI secretion sy
stem (T6SS). 

(Davies et al., 2019; Liaw et al.
, 2019) 

 

2.2. Human intestinal epithelial cell culture  

2.2.1.  Cell-lines 

Human carcinoma cell line T84 cells (ECACC 88021101) and Caco-2 cells (ECACC 86010202) were 

used in this study. As T84 cells possess characteristic colonocytes and Caco-2 cells possess 

characteristic enterocytes throughout differentiation (Devriese et al., 2017), the different cell lines were 

used to compare phenotypes observed in the cell lines. Human IECs were cultured in complete growth 

medium consisting of 1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 medium 
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(DMEM/F-12; Gibco, USA) supplemented with 10% (v/v) FBS, 1% (v/v) non-essential amino acids 

(Sigma-Aldrich) and 1% penicillin-streptomycin (Sigma-Aldrich). For infection assays, complete 

growth medium without penicillin-streptomycin was used. Cell lines were grown at 37°C in a 5% CO2 

incubator (Sanyo, USA). 

2.2.2.  Thawing frozen IECs and preparation of stock IECs 

Human IECs in a cryovial were taken from the liquid nitrogen freezer and thawed in a 37°C water bath 

for 1 minute. Thawed cells were then transferred to a 25 cm2 cell culture flask containing 10 ml of pre-

warmed cell culture medium and the cells were incubated at 37°C in a 5% CO2 incubator. Once cells 

reached log growth phase, cells were processed for cryopreservation. Cells were washed with pre-

warmed phosphate buffered saline (PBS; Gibco, USA) three times and incubated with 3 ml of 0.25% 

(w/v) trypsin-EDTA (Thermo Fisher Scientific, USA) for 10 minutes at 37°C in a 5% CO2 incubator. 

Detached cells were resuspended in 10 ml of pre-warmed complete growth medium and centrifuged at 

100 x g for 10 minutes. After centrifugation, the supernatant was removed and the pellet was 

resuspended in 3.5 ml of freezing medium consisted of complete growth medium and 5% (v/v) dimethyl 

sulfoxide (DMSO; Sigma-Aldrich) as a cryoprotective agent. 1 ml aliquots of cell suspension were 

transferred to cryovials and incubated in a liquid nitrogen freezer.  

2.2.3.  Seeding IECs on culture plates 

Once cells reached log growth phase, cells were washed and harvested as described in Section 2.2.2. 
Detached cells were resuspended in 10 ml of pre-warmed complete growth medium and centrifuged at 

100 x g for 10 minutes. After centrifugation, the supernatant was discarded and the pellet resuspended 

in 10 ml of pre-warmed complete growth medium. For counting cells, 100 μl of cell suspension was 

mixed with 100 μl of 0.4% (w/v) trypan blue solution (Thermo Fisher Scientific) and 800 μl of complete 

growth medium giving a 1:10 dilution. 20 μl of cell suspension with trypan blue was loaded into a 

haemocytometer (Weber Scientific, UK) avoiding overfilling. The number of viable cells were counted 

in four outer squares and divided by four giving an average count. Cell density was determined and 

required volume of cell suspension was calculated using the following equations:  

Cell	density	(cells ml⁄ ) = 	Average	cell	count	x	10	(Dilution	factor)	x	10! 

Volume	of	one	square	 = 	0.1	mm" 	= 	 10#!	cm" 	= 	 10#!	ml 

Volume	required	(µl) = 	 A
Desired	cell	density

Calculated	cell	density	B
	x	Required	total	volume	(ml)	x	1000 

According to the calculation using the equations above, approximately 104, 105 or 2 x 105 cells were 

seeded into each well of 96-, 24- or 6-well plates respectively. 96-well plates were then incubated 

overnight at 37°C in a 5% CO2 incubator to allow cells to attach. 24- and 6-well plates were then 
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incubated for 5-7 days at 37°C in a 5% CO2 incubator and grown up to approximately 106 and 2 x 106 

cells respectively. Complete growth medium in each well was replaced with fresh complete growth 

medium every 2-3 days. 24 hours prior to infection assays, complete growth medium was changed to 

complete growth medium without penicillin-streptomycin.  

2.3. Assays 

2.3.1.  Growth kinetics 

C. jejuni was harvested from 24 hour plates and resuspended in 1 ml of PBS. 100 μl of bacterial 

suspension was added into 900 μl of PBS resulting in a 1:10 dilution. Using a SpectronicTM 

spectrophotometer (Thermo Fisher Scientific), the optical density at 600 nm (OD600) was recorded. 

Using the equation below, the required volume of the bacterial suspension was calculated and added 

into a 25 cm2 cell culture flask containing 10 ml of Brucella broth resulting in OD600 of 0.1 (≈2 x 108 

CFU/ml). The inoculated flasks were then incubated with shaking at 75 rpm at 37°C under microaerobic 

conditions. The OD600 of inoculated flasks was recorded at 2, 4, 6, 8, 10, 14, 16, and 24 hours after 

inoculation. 

Required	OD	at	600	nm
10	x	OD	Reading	at	600	nm

	x	Final	volume	(ml)	x	1000

= Required	volume	of	bacterial	suspension	(µl) 

2.3.2.  Chemical treatment assays 

Human IECs were pre-treated with chemicals and/or further incubated with either C. jejuni or 

thapsigargin treatment as described in Table 2.2. After pre-treatment, IECs were washed three times 

with PBS. 

Table 2.2. Chemicals and experimental conditions used in this study. 

Chemicals Company Description Experimental condition 
Thapsigargin (Tg) Sigma-Aldri

ch 
An inhibitor of sarco/end
oplasmic reticulum Ca2+-
ATPases (SERCA) resulti
ng in the UPR activation
 (Sehgal et al., 2017) 

2 µM for 6 hours prior to 
infection  

Diphenyleneiodonium
 chloride (DPI) 

Sigma-Aldri
ch 

A broad-spectrum flavopr
otein inhibitor including 
NOX family (Li & Trus
h, 1998) 

10 µM for 1 hour prior to
 infection 

KIRA6 Selleckchem
 (Germany) 

IRE1α kinase and RNase
 inhibitor (Ghosh et al., 
2014; Mahameed et al., 
2019) 

3 µM for 4 hours pre-treat
ment before and during inf
ection or Tg treatment 

STF-083010 Sigma-Aldri
ch 

IRE1α RNase inhibitor (
Ghosh et al., 2014) 

100 µM for 4 hours pre-tr
eatment before infection or 
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Tg treatment 
GSK2656157 Selleckchem

  
ATP-competitive PERK i
nhibitor (Maly & Papa, 
2014) 

3 µM for 4 hours pre-treat
ment before infection or T
g treatment and during infe
ction or Tg treatment 

ML130 (Nodinitib-1) Selleckchem
  

NOD1 inhibitor (Correa 
et al., 2011) 

30 µM for 1 hour pre-treat
ment before infection or T
g treatment and during infe
ction or Tg treatment 

BAPTA-AM Invitrogen Cell-permeable Ca2+ chel
ator (Collatz, Rüdel, & 
Brinkmeier, 1997) 

5, 10, 20, or 30 µM 1 ho
ur pre-treatment before infe
ction or Tg treatment  

 

2.3.3.  C. jejuni viability assay under experimental conditions 

A loop of C. jejuni from a 24 hour incubated CBA plate was inoculated into 1 ml of PBS. Bacterial 

suspensions with an OD600 of 0.2 were prepared in complete growth medium without penicillin-

streptomycin using the equation in Section 2.3.1. Bacterial suspensions were treated with chemicals as 

described in Section 2.3.2. To investigate C. jejuni viability with 0.1% (v/v) Triton X-100, C. jejuni 

strains were inoculated in 500 µl of 0.1% (v/v) Triton X-100 and incubated at room temperature for 20 

minutes. To investigate C. jejuni viability under infection assay conditions, C. jejuni strains were 

inoculated in 1 ml of complete growth medium without penicillin-streptomycin and incubated for 3, 6 

and 24 hours at 37°C in a 5% CO2 incubator. After treatment, serial dilutions up to 10-8 were performed 

and 10 µl of each dilution was spotted in triplicate on to CBA plates. The plates were incubated under 

microaerobic atmosphere at 37°C for 48 hours. The CFUs from each spot were enumerated. Three 

biological replicates were performed for all experiments. 

2.3.4.  Lactate dehydrogenase (LDH) cytotoxicity assay 

CyQUANT™ LDH Cytotoxicity Assay (Thermo Scientific) was used to investigate the effect of 

chemical treatments on the viability of T84 and Caco-2 cells. Human IECs (≈104 cells/well) were plated 

in triplicate wells in a clear bottom and black 96-well plate (Corning, USA) followed by incubation at 

37°C in a 5% CO2 atmosphere for 18 hours. Complete growth medium was replaced with DMEM/F-12 

without phenol red supplemented with 5% (v/v) FBS. 10 µl of DEPC-treated water (Invitrogen, USA) 

was added to one set of triplicate wells of cells for spontaneous LDH activity controls. For chemical 

treated samples, chemicals were diluted in 10 µl of DEPC-treated water to give the final concentration 

as described in Table 2.2. For maximum LDH activity controls, nothing was added at this step. The 

plate was incubated at 37°C in a 5% CO2 incubator for the designated time as described in Table 2.2. 

After treatment, 10 µl of 10X Lysis Buffer was added to the set of triplicate wells of maximum LDH 

activity controls and mixed gently by tapping followed by incubation at 37°C with 5% CO2 for 45 

minutes. After incubation, 50 µl of medium from each well was transferred to a new clear bottom and 
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black 96-well plate. Then 50 µl of reaction mixture was added to each sample and gently mixed. The 

plate was then incubated at room temperature for 30 minutes protected from light. 50 µl of Stop Solution 

was then added to each well and mixed gently by tapping. The absorbance at both 490 nm and 680 nm 

was measured using SpectraMax M3 Multi-Mode Microplate Reader (Molecular Devices, USA). The 

LDH activity was measured by subtracting the absorbance at 680 nm from the absorbance at 490 nm. 

Cytotoxicity (%) was calculated by using the equation below. 

%	Cytotoxicity =
Chemical	treated	LDH	activity − Spontaneous	LDH	activity

Maximum	LDH	activity − Spontaneous	LDH	activity
		x	100 

2.3.5.  Trypan blue exclusion assay 

To measure viability of human IECs under experimental conditions, a trypan blue exclusion assay was 

performed. After desired incubation under experimental conditions, 300 μl of 0.25% (w/v) trypsin-

EDTA was added into each well and the plates were incubated for 10 minutes at 37°C in a 5% CO2 

incubator. After the cells were detached, 1 ml of complete culture medium was added into each well 

and pipetted to mix well. 50 μl of cell suspension was transferred to 1.5 ml microcentrifuge tubes and 

mixed with 50 μl of 0.4% (w/v) trypan blue solution. 20 μl of cell suspension with trypan blue solution 

was loaded to the haemocytometer. The number of viable and dead cells were counted in four outer 

squares. Percentage viability was calculated based on the enumerated cells.  

2.3.6.  C. jejuni interaction, invasion and intracellular survival assays 

T84 or Caco-2 cells (≈106 cells) in a 24-well plate were washed with pre-warmed PBS three times and 

a bacterial suspension with an OD600 of 0.2 in complete growth medium without penicillin-streptomycin 

was prepared as described in Section 2.3.1. Then human IECs were infected with 1 ml of bacterial 

suspension (multiplicity of infection; MOI of 200:1) and incubated for 3 or 24 hours at 37°C in a 5% 

CO2 incubator. For the interaction (adhesion and invasion) assays, infected human IECs were washed 

three times with pre-warmed PBS to remove unbound extracellular bacteria. Then 500 µl of 0.1% (v/v) 

Triton X-100 (Sigma-Aldrich) was added into each well and incubated for 20 min at room temperature. 

After incubation, each well was pipetted for 1 minute to lyse the IECs. The lysates were then briefly 

vortexed and 10-fold serial dilutions were performed in a 96-well plate. 10 µl of each dilution was 

plated onto CBA plates and the plates were incubated for 48 hours at 37°C under microaerobic 

conditions. The number of C. jejuni interacting with IECs was enumerated. 

An additional step of treatment with gentamicin (150 µg/ml) for 2 hours at 37°C in a 5% CO2 incubator 

to kill extracellular bacteria was performed prior to lysis for invasion assays. After incubation with 

gentamicin, human IECs were washed three times with pre-warmed PBS. The cells were lysed with 0.1% 

(v/v) Triton X-100 and the lysates were diluted in PBS and plated onto CBA plates as described above. 
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For intracellular survival assays, after infection with C. jejuni for 3 hours, human IECs were incubated 

with gentamicin (150 µg/ml) for 2 hours at 37°C in a 5% CO2 incubator to kill extracellular bacteria 

followed by further 18 hours incubation with gentamicin (10 µg/ml) at 37°C in a 5% CO2 incubator. 

IECs were lysed as described above and 5-fold serial dilution was performed, plated onto blood agar 

plates for CFU enumeration. 

2.3.7.  Intracellular ROS detection assay 

To measure the levels of intracellular ROS produced within human IECs under experimental conditions, 

2’,7’-dichlorofluorescin diacetate (DCFDA) Cellular ROS Detection Assay Kit (Abcam, UK) was used 

according to the manufacturer’s instructions. Non-fluorescent DCFDA diffuses into the cells and is 

deacetylated by cellular esterases. Oxidation of this non-fluorescent substrate by ROS produces highly 

fluorescent DCF. Human IECs (≈2 x 104 CFU/ml) were seeded into a clear bottom and black 96-well 

plate and incubated overnight to allow cells to attach. Semi-confluent cells were washed with pre-

warmed PBS three times and bacterial suspensions with an OD600 of 0.2 in DMEM/F-12 without phenol 

red were prepared as described in Section 2.3.1. 100 μl of bacterial suspension was added into each well 

giving a MOI of 200:1 and plates were incubated for 3 or 24 hours at 37°C in a 5% CO2 incubator. For 

positive controls, IECs were treated with 500 μM H2O2 for 45 minutes. Blank wells contained only 

DMEM/F-12 without phenol red. 45 minutes prior to completion of the infection, 100 μl of 100 μM 

DCFDA was added to each well giving a final concentration of 50 μM. The plate was covered with 

aluminium foil to protect from light and incubated for the final 45 minutes at 37°C in a 5% CO2 

incubator. The fluorescence with 485 nm excitation and 535 nm emission were recorded using a 

SpectraMax M3 Multi-Mode Microplate Reader. 

2.3.8.  Extracellular ROS detection assay 

To measure the levels of extracellular H2O2 produced from human IECs under experimental conditions, 

Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) was used according to the 

manufacturer’s instructions. Reaction between H2O2 and Amplex® Red reagent (10-acetyl-3,7-

dihydroxyphenoxazine) in the presence of horseradish peroxidase (HRP) produces a fluorescent product 

called resorufin. Approximately 106 cells of human IECs grown in a 24-well plate were washed with 

pre-warmed PBS three times and a bacterial suspension with an OD600 of 0.2 in DMEM/F-12 without 

phenol red was prepared as described in Section 2.3.1. 1 ml of bacterial suspension was added into each 

well of a 24-well plate (MOI 200:1) and incubated for 3 or 24 hours at 37°C in a 5% CO2 incubator. 

500 μM of H2O2 was used for positive controls. After infection, 100 µl of media from each well was 

transferred to a clear bottom and black 96-well plate. 100 µl of reaction mixture containing DMEM/F-

12 without phenol red and 50 µM Amplex® Red reagent was mixed with transferred media. The plate 

was covered with aluminium foil to protect from light and incubated for 10 minutes at 37°C in a 5% 
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CO2 incubator. The fluorescence with 530 nm excitation and 590 nm emission were recorded using a 

SpectraMax M3 Multi-Mode Microplate Reader. 

2.3.9.  Active Rac1 detection assay  

To measure the level of GTP-bound Rac1 which is an active form under experimental conditions, G-

LISA Rac1 Activation Assay Biochem Kit™ (Cytoskeleton Inc., USA) was used according to the 

manufacturer’s instructions. 24 hours before the infection, T84 or Caco-2 cells grown on a 24-well plate 

were incubated in DMEM/F-12 with reduced serum (0.1% (v/v) FBS). Serum-starved cells were then 

infected with C. jejuni for 1, 3 or 24 hours (MOI 200:1). Infected or uninfected T84 or Caco-2 cells 

were washed three times with ice-cold PBS and lysed with 500 μl of the supplied Lysis Buffer 

containing a protease inhibitor cocktail. Immediately after addition of the Lysis Buffer, lysates were 

harvested using a cell scraper and transferred to pre-chilled microcentrifuge tubes. The lysates were 

centrifuged for 1 minute at 10,000 x g at 4°C. After centrifugation, the protein concentration in each 

lysate was measured using Precision Red™ Advanced Protein Assay Reagent and adjusted to 1 mg/ml. 

Normalised lysates were snap-frozen and stored at -80°C.  

On the day of the assay, 50 μl of lysate was added into designated wells of a provided 96-well Rac1-

GTP binding plate. 50 μl of lysis buffer was added as a blank control and 50 μl constitutively active 

Rac1 (RCCA) provided in the kit was added as a positive control. The plate was incubated with shaking 

at 400 rpm for 30 minutes at 4°C. After incubation, the solution was removed from the wells and washed 

twice with 200 μl of Wash Buffer. 200 μl of Antigen Presenting Buffer was added into wells and 

incubated at room temperature for 2 minutes. The Antigen Presenting Buffer was removed and wells 

were washed three times with 200 μl of Wash Buffer. 50 μl of anti-Rac1 primary antibody solution was 

added into wells followed by a 45 minute incubation at room temperature. After incubation, wells were 

washed three times with 200 μl of Wash Buffer and incubated with 50 μl of Secondary antibody solution 

for 45 minutes at room temperature. Wells were washed three times with 200 μl of Wash Buffer and 

incubated with 50 μl of HRP detection reagent for 20 minutes at room temperature. Then 50 μl of HRP 

Stop Buffer was added and absorbance at 490 nm was recorded using a SpectraMax M3 Multi-Mode 

Microplate Reader. 

2.3.10. Interleukin-8 (IL-8) enzyme-linked immunosorbent assay (ELISA) 

To measure IL-8 released from T84 cells under experimental conditions, a Human IL-8 Uncoated 

ELISA kit (Invitrogen) was used according to the manufacturer’s instructions. For ELISA, human IECs 

(≈106 cells) in a 24-well plate were washed with pre-warmed PBS three times and a bacterial suspension 

with an OD600 of 0.2 in complete growth medium without penicillin-streptomycin was prepared as 

described in Section 2.3.1. Then human IECs were infected with 1 ml of bacterial suspension (MOI of 

200:1) and incubated for 6 or 24 hours at 37°C in a 5% CO2 incubator. After infection, culture media 
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from each well was collected into 1.5 ml microcentrifuge tubes and stored at -80°C before further 

analysis.  

Nunc™ MaxiSorp™ 96-Well flat-bottom microplates (Invitrogen) were used for ELISA. ELISA plates 

were coated with 100 µl of capture antibody diluted in Coating Buffer and incubated overnight at 4°C. 

After overnight incubation, each well was washed three times with 230 µl of Wash Buffer (0.05 % (v/v) 

Tween in PBS). 200 µl of 1X ELISA/ELISPOT Diluent was added into each well and the plate then 

incubated at room temperature for 1 hour with shaking. The plate was then washed once with Wash 

Buffer and 2-fold serial dilutions of the standard were performed. 100 µl of 1X ELISA/ELISPOT 

Diluent was added as a blank. Experimental samples stored at -80°C were thawed and 100 µl of each 

sample was added into a designated well. The plate was covered with aluminium foil to protect from 

light and incubated at room temperature for 2 hours with shaking. After incubation, each well was 

washed three times with Wash Buffer and incubated with 100 µl of Detection Antibody at room 

temperature for 1 hour with shaking. Then the plate was washed three times with Wash Buffer and 

incubated with Avidin-horseradish peroxidase (HRP) at room temperature for 30 minutes with shaking. 

The plate was washed five times with Wash Buffer and incubated with 100 µl of 1X 

tetramethylbenzidine (TMB) solution at room temperature for 15 minutes with shaking. After 

incubation, 100 µl of Stop Solution (2N H2SO4; Sigma-Aldrich) was added into each well. Absorbances 

at 570 nm and 450 nm were recorded using a SpectraMax M3 Multi-Mode Microplate Reader. The 

absorbance at 570 nm was subtracted from the absorbance at 450 nm to correct for the optical 

imperfections in the plate.  

2.3.11. Small interfering (si) RNA transfection 

On the day of reverse transfection, Caco-2 cells were washed and harvested as described in Section 

2.2.2. Detached cells were resuspended in 10 ml of pre-warmed complete growth medium and 

centrifuged at 100 x g for 10 minutes. After centrifugation, the supernatant was discarded and the pellet 

resuspended in 10 ml of pre-warmed Opti-MEM® Reduced-Serum Medium (Thermo Fisher Scientific). 

After counting the cells as described in Section 2.2.3, 500 μl of Caco-2 cells (105 cells/ml) were seeded 

in 24-well plates and treated for 24 hours with 30 pmol siRNA from either Nox1 siRNA (sc-43939; 

Santa Cruz Biotechnology, Inc, USA) or Ambion® Silencer Negative Control #1 siRNA (Invitrogen) 

for the negative control. For preparation of siRNA transfection reagent complex, 3 μl of 10 μM stock 

siRNA was diluted with 100 μl of Opti-MEM® Reduced-Serum Medium and mixed with 1.5 μl of 

Lipofectamine® RNAiMAX Transfection Reagent (Thermo Fisher Scientific). After 24 hours 

transfection, Opti-MEM® Reduced-Serum Medium was replaced with complete growth medium 

containing 10% (v/v) FBS. After an additional 48- or 72 hour-incubation, RNA and protein were 

extracted and further analysed for the efficacy of transfection as described in Sections 2.3.12 and 2.4.2. 
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A Trypan blue exclusion assay was performed to check cell viability with siRNA transfection as 

described in Section 2.3.5. 

2.3.12. Protein extraction from human IECs 

For protein extraction assays, human IECs were seeded into a 6-well plate at a density of 2 x 105 

cells/well as described in Section 2.2.3. 6-well plates containing cells were incubated for 5-7 days at 

37°C in a 5% CO2 incubator and grown up to ≈ 2 x 106 cells. T84 or Caco-2 cells were pre-treated with 

chemicals as described in Section 2.3.2 or infected with C. jejuni (MOI of 200:1) for 24 hours. After 

infection, T84 or Caco-2 cells were washed three times with 2 ml of ice-cold PBS. Lysis buffer solution 

was prepared by adding Halt™ Protease & Phosphatase Inhibitor Single-Use Cocktail (Thermo 

Scientific) into RIPA lysis and extraction buffer (Thermo Fisher Scientific). 250 μl of lysis buffer 

solution was added into each well and the plate was incubated for 5 minutes at room temperature. Using 

a cell scraper, the cells were harvested from each well and transferred into 1.5 ml microcentrifuge tube. 

Cells were lysed by pipetting for 1 minute and vortexed for 1 minute at room temperature. 

Microcentrifuge tubes containing lysates were centrifuged for 20 minutes at 17,000 x g at 4°C. 10 μl of 

each supernatant was used in a bicinchoninic acid (BCA) assay to measure protein concentrations as 

described in Section 2.3.13.  

2.3.13. Bicinchoninic acid (BCA) assay and protein concentration normalisation  

In order to measure protein concentration of each sample lysate, a BCA assay was performed using a 

Pierce™ Bicinchoninic Acid Protein Assay Kit (Thermo Fisher Scientific) according to the 

manufacturer's instructions. BCA Working Reagent was prepared by using the following equation.  

(The	number	of	standards + The	number	of	unknowns)	x	The	number	of	replicates	x	0.2	ml 

According to the calculated total volume of Working Reagent, 50 parts of BCA Reagent A was mixed 

with 1 part of BCA Reagent B. 25 μl of standard with a known concentration of bovine serum albumin 

and unknown sample lysate were added into a 96-well plate. 200 μl of BCA Working Reagent was 

added into each well. The plate was incubated protected from light at 37°C in a 5% CO2 incubator for 

30 minutes. After incubation, the plate was cooled at room temperature. Absorbance at 595 nm was 

recorded using a SpectraMax M3 Multi-Mode Microplate Reader. Afterwards, a standard curve was 

prepared and sample concentrations were calculated. Then samples were diluted to a desired 

concentration in HyClone™ water (Cytiva, UK) and 4X Laemmli sample buffer (Sigma-Aldrich) and 

incubated for 5 minutes at 95°C. The protein samples were stored at -20°C until further use.  

2.3.14. Intracellular Ca2+ measurement assay 

In order to measure intracellular Ca2+ concentration under experimental conditions, T84 cells (≈3 x 104 
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cells/well) were seeded into a clear bottom and black 96-well plate followed by incubation at 37°C in a 

5% CO2 atmosphere for 18 hours to allow the cells to attach to the bottom of the plate. T84 cells were 

pre-treated with a cell-permeable Ca2+ chelator, BAPTA-AM for 1 hour prior to infection with C. jejuni 

or treatment with thapsigargin as described in Section 2.3.2. After pre-treatment, a C. jejuni suspension 

(OD600 0.06) and 2 μM thapsigargin solution were prepared in DMEM/F-12 without phenol red 

supplemented with 5% (v/v) FBS. T84 cells were infected with C. jejuni (MOI of 200:1) or treated with 

thapsigargin for 3 or 24 hours. After infection or treatment, T84 cells were washed three times with 150 

μl of HEPES buffered saline solution (BSS) (PromoCell, Germany). Cell-permeable dye Fura-2, AM 

(Invitrogen) was used to detect intracellular Ca2+. The dye solution was prepared by adding 5 μM Fura-

2, AM, 0.05% (v/v) Pluronic F-127 (Invitrogen) and 2.5 mM probenecid (Invitrogen) into HEPES BSS. 

Pluronic F-127 helps solubilisation of Fura-2, AM and probenecid prevents leakage of Fura-2, AM from 

the cells. T84 cells were incubated with 100 μl of dye solution for 1 hour protected from light at 37°C 

in a 5% CO2 incubator. After 1 hour incubation, T84 cells were washed twice with 200 μl of DMEM/F-

12 without phenol red and incubated for additional 30 minutes at 37°C in a 5% CO2 incubator for 

complete de-esterification of Fura-2, AM. At the end of the experiment, for the maximal fluorescence, 

0.1% (v/v) Triton X-100 was added to lyse the cells and release intracellular Fura-2, AM from the cells. 

For the minimal fluorescence, 0.1% (v/v) Triton X-100 was added with subsequent addition of 30 μM 

BAPTA-AM. Then the two sets of fluorescence with 340 nm excitation and 510 nm emission (λ1) and 

380 nm excitation and 510 nm emission (λ2) were recorded using a SpectraMax M3 Multi-Mode 

Microplate Reader. Intracellular Ca2+ concentration was calculated using the equation below. 

[Ca$%]& = K'	x	Q	x	
(R − R(&))
(R(*+ − R)

 

In the equation, R represents the ratio of fluorescence intensity at λ1 and λ2. λ1 detects Ca2+-bound Fura-

2 and λ2 detects Ca2+-free Fura-2. Q is the ratio of the minimal fluorescence intensity and the maximal 

fluorescence intensity at λ2. Kd is the dissociation of constant of the dye. The Kd value of Fura-2 at 37°C 

is 224 nM (Grynkiewicz, Poenie, & Tsien, 1985). Rmin is the ratio of minimal fluorescence intensity at 

λ1 and λ2 and Rmax is the ratio of maximal fluorescence intensity at λ1 and λ2. 

2.4. Molecular techniques 

2.4.1.  Bacterial genomic DNA (gDNA) extraction 

gDNA of C. jejuni was extracted using PureLink™ Genomic DNA Mini Kit (Invitrogen) according to 

the manufacturer’s instructions. In order to obtain a C. jejuni lysate, C. jejuni was harvested from 24 

hour plates and resuspended in 180 μl of PureLink™ Genomic Digestion Buffer. 20 μl of Proteinase K 

was added into the suspension to lyse the cells and mixed by vortexing. The lysate was incubated at 

55°C for 1.5 hours with occasional vortexing. 20 μl of RNase A was added after lysis and incubated at 
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room temperature for 2 minutes. 200 μl of PureLink™ Genomic Lysis/Binding buffer was then added 

and mixed well. 200 μl of 96% (v/v) ethanol was added and mixed well. 640 μl of the lysate was loaded 

into the PureLink™ Spin Column and centrifuged at 10,000 x g for 1 minute at room temperature. The 

spin column was placed into a new collection tube. The column was washed with 500 μl of Wash Buffer 

1 and centrifuged at 10,000 x g for 1 minute at room temperature. The column was placed into a new 

collection tube and 500 μl of Wash Buffer 2 was added into the column followed by centrifugation at 

17,000 x g for 3 minutes at room temperature. The spin column was placed into a new 1.5 ml 

microcentrifuge tube. 100 μl of DEPC-treated water was added and the column was incubated at room 

temperature for 1 minute. After incubation, the column was centrifuged at 17,000 x g for 1 minute at 

room temperature. Quantity and quality of bacterial gDNA was checked using a NanoDrop ND-1000 

spectrophotometer (Thermo Fisher Scientific).  

2.4.2.  Bacterial and eukaryotic RNA extraction  

C. jejuni was harvested from 24 hour plates and inoculated in 10 ml of Brucella broth, then adjusted to 

an OD600 of 0.1 as described in Section 2.3.1. The inoculated flasks were then incubated for 16 hours 

with shaking at 75 rpm at 37°C under microaerobic conditions. After incubation, 2 ml of RNAprotect 

Bacteria Reagent (Qiagen, Germany) was added per 1 ml of bacterial culture, briefly vortexed, 

incubated for 5 minutes at room temperature then centrifuged at 3,434 x g at 4°C for 10 minutes. The 

supernatant was discarded and a PureLinkTM RNA Mini Kit (Thermo Fisher Scientific) was used for 

further RNA isolation according to manufacturer’s instructions. Lysis Buffer was prepared by adding 

100 μl of 99% 2-mercaptoethanol (Sigma-Aldrich) into 6 ml of Lysis Buffer. 500 μl of Lysis Buffer was 

added to the bacterial pellet and agitated for 1 minute by pipetting. The lysate was vortexed for 2 

minutes for homogenisation. 500 μl of 70% (v/v) ethanol was added into the lysate and vortexed. 700 

μl of the lysate was transferred into a Spin Cartridge followed by centrifugation at 12,000 x g for 15 

seconds at room temperature. The flow-through was discarded and the Spin Cartridge was reinserted 

into the Collection Tube. This step was repeated for the remaining sample. 700 μl of Wash Buffer 1 was 

added to the Spin Cartridge followed by centrifugation at 12,000 x g for 15 seconds at room temperature. 

The flow-through was discarded and the Spin Cartridge was placed into a new Collection Tube. 500 μl 

of Wash Buffer 2 was added into the Spin Cartridge followed by centrifugation at 12,000 x g for 15 

seconds at room temperature. The flow-through was discarded and the Spin Cartridge was reinserted 

into the Collection Tube. This step was repeated once more. The Spin Cartridge was centrifuged at 

12,000 x g for 2 minutes at room temperature to dry the Spin Cartridge. After centrifugation, the Spin 

Cartridge was inserted into a Recovery Tube and 30 μl of DEPC-treated water added followed by 

incubation for 1 minute at room temperature, then the Spin Cartridge was centrifuged at 12,000 x g for 

2 minutes at room temperature to elute RNA. The concentration and quality of RNA samples were 

determined using a NanoDrop ND-1000 spectrophotometer. The amount of each RNA sample was 
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normalised to 2,000 ng in 44 μl of DEPC-treated water.  

RNA from human IECs was extracted using PureLinkTM RNA Mini Kit. Before extraction, human IECs 

were washed three times with ice-cold PBS. 500 μl of Lysis Buffer containing 100 μl of 99% 2-

mercaptoethanol was added into each well. Human IECs were lysed by pipetting for 1 minute. The 

lysate was vortexed for 2 minutes for homogenisation and 500 μl of 70% (v/v) ethanol was added into 

the lysate and vortexed. RNA extraction was then processed as described above. 

Each RNA sample was processed for the removal of contaminating DNA within the sample using a 

TURBO DNA-free kit (Ambion, USA) according to manufacturer’s instructions. 5 μl of 10X TURBO 

DNase Buffer and 1 μl TURBO DNase were added into a RNA sample followed by incubation for 1 

hour in a 37°C water bath. After incubation, 5 μl of DNase Inactivation Reagent was added and the 

sample was centrifuged at 10,000 x g for 1.5 minutes and 10 μl of RNA sample was transferred into a 

fresh tube. Purified DNase-treated RNA samples were stored at -80°C until further use. 

2.4.3.  Complementary DNA (cDNA) synthesis  

10 μl of RNA sample (400 ng) was mixed with 1 μl of random hexamers (50 ng/μl; Invitrogen) and 1 

μl of dNTP mix (10 mM; Invitrogen). The sample was incubated at 65°C for 5 minutes and immediately 

cooled on ice. The sample was then mixed with 4 μl of 5X RT buffer (Invitrogen), 2 μl of 0.1 M DTT 

(Invitrogen), 2 μl of 25 mM MgCl2 (Thermo Fisher Scientific), 1 μl of RNaseOUT (40 U/μl; Invitrogen) 

and 1 μl of SuperScript III RT (200 U/μl; Invitrogen). Samples were mixed well and briefly centrifuged. 

The reaction mixture was incubated at 25°C for 10 minutes followed by a 50 minute incubation at 50°C 

and a 5 minute incubation at 85°C. The sample was cooled down to 4°C and incubated with 0.5 μl 

RNase H (5U/μl; Thermo Fisher Scientific) at 37°C for 20 minutes. The cDNA product was stored at -

20°C until further use. 

2.4.4.  Polymerase chain reaction (PCR) and gel electrophoresis 

Primers used in RT-PCR are listed in Table 2.3. Primers were diluted in DEPC-treated water to a final 

concentration of 100 pmol/μl and then further diluted to 10 pmol/μl. Each PCR reaction contained 25 

μl of 2X MyTaq Red Mix (Bioline, UK), 1 μl of forward primer (10 pmol), 1 μl of reverse primer (10 

pmol), 1.5 μl of cDNA and 21.5 μl of DEPC-treated water. One cycle of PCR program performed as: 

 Initial denaturation: 95°C for 2 minutes 

 36 cycles of     -     Denaturation:    95°C for 15 seconds 

Annealing*:   50°C for 20 seconds 

Extension:    72°C for 30 seconds 

*Annealing temperature is based on the melting temperature (Tm) of primer. 
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A 1% (w/v) agarose gel was prepared in Tris-acetate-EDTA (TAE) buffer. For detection of XBP1 

splicing, a 2% (w/v) agarose gel was prepared. After melting the agar in TAE buffer, GelRed (10,000X; 

Sigma-Aldrich) was added to 1X final concentration. After the gel was solidified, 25 μl of each PCR 

product or 4 μl of HyperLadder (100 bp to 1 kb) (Bioline) was loaded into the wells. The gel was run 

at 120V/400 mA for 1.5 hours. The gel was visualised using an Azure c600 (Azure Biosystems, USA). 

Table 2.3. Primers used RT-PCR and qRT-PCR. 

Name Sequence  Tm (°

C) 

RT-PCR / 

qRT-PCR 

Reference 

CHOP  

(Forward) 

5’-GGAAACAGAGTGGTCATTCCC-3’ 55.6 Both (Di et al., 

2016) 

CHOP 

(Reverse) 

5’-CTGCTTGAGCCGTTCATTCTC-3’ 56.2 Both (Di et al., 

2016) 

XBP1 

(Forward) 

5’-ACACGCTTGGGGATGAATGC-3’ 58.5 RT-PCR (Yamazaki 

et al., 2009

) 

XBP1 

(Reverse) 

5’-CCATGGGAAGATGTTCTGGG-3’ 55.5 RT-PCR (Yamazaki 

et al., 2009

) 

Spliced 

XBP1 

(Forward) 

5’-TGCTGAGTCCGCAGCAGGTG -3’ 62.6 qRT-PCR (Misiewicz 

et al., 2013

) 

Spliced 

XBP1  

(Reverse) 

5’-GCTGGCAGGCTCTGGGGAAG-3’ 63.3 qRT-PCR (Misiewicz 

et al., 2013

) 

ATF6  

(Forward) 

5’-TCCTCGGTCAGTGGACTCTTA-3’ 56.9 Both (Ma et al., 

2021) 

ATF6 

(Reverse) 

5’-CTTGGGCTGAATTGAAGGTTTTG-3’ 55.1 Both (Ma et al., 

2021) 

BIP 

(Forward) 

5’-CATCACGCCGTCCTATGTCG-3’ 58.0 Both (Liu et al., 

2016) 

BIP 

(Reverse) 

5’-CGTCAAAGACCGTGTTCTCG-3’ 56.0 Both (Liu et al., 

2016) 

NOX1 

(Forward) 

5’-CACAAGAAAAATCCTTGGGTCAA-3’ 

 

53.9 Both (Manea et a

l., 2014) 
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NOX1 

(Reverse) 

5’-GACAGCAGATTGCGACACACA-3’ 58 Both (Manea et a

l., 2014) 

CAT 

(Forward) 

5’-TGCAAGCTAGTGGCTTCAAAA-3’ 55.3 qRT-PCR (Wang & E

skiw, 2019) 

CAT 

(Reverse) 

5’-TCCAATCATCCGTCAAAACAA-3’ 52.6 qRT-PCR (Wang & E

skiw, 2019) 

SOD1 

(Forward) 

5’-GGCAAAGGTGGAAATGAAGAA-3’ 53.7 qRT-PCR (Wang & E

skiw, 2019) 

SOD1 

(Reverse) 

5’-GGGCCTCAGACTACATCCAAG-3’ 57.1 qRT-PCR (Wang & E

skiw, 2019) 

GAPDH 

(Forward) 

5’-CATCACCATCTTCCAGGAGC-3’ 55.4 RT-PCR (Das et al., 

2000) 

GAPDH 

(Reverse) 

5’-GGATGATGTTCTGGAGAGCC-3’ 55.2 RT-PCR (Das et al., 

2000) 

GAPDH Hs_GAPDH_1_SG QuantiTect Primer Assay

, QT00079247 

- qRT-PCR Qiagen 

 

2.4.5.  Quantitative real-time PCR (qRT-PCR) 

Each reaction contained 10 µl of SYBR Green PCR Master Mix (Applied Biosystems, USA), 1 µl of 

combined forward and reverse primers (20 pmol), 1 µl of cDNA and 10 µl of DEPC-treated water. The 

sequence of each primer is listed in Table 2.3. All reactions were run in triplicate on an ABI-PRISM 

7500 instrument (Applied Biosystems) using the following cycling program: 

 Initial holding stage:  50°C for 20 seconds 

 Initial denaturation: 95°C for 10 minutes 

 40 cycles of     -     Denaturation:    95°C for 15 seconds 

Annealing and extension:   60°C for 1 minute 

 Melt curve: -     95°C for 15 seconds 

60°C for 1 minute 

95°C for 30 seconds 

60°C for 15 seconds 

Expression levels of all target genes were normalised to expression of GAPDH encoding glyceraldehyde 

3-phosphate dehydrogenase determined in the same experiment as an internal control. Relative 

expression changes were calculated using the comparative threshold cycle (CT) method. A minimum of 

three biological replicates were analysed, each in technical triplicate. Relative expression changes were 
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calculated using the comparative CT cycle (2-ΔΔCT) method (Schmittgen & Livak, 2008).  

2.4.6.  C. jejuni 11168H cdtABC operon mutagenesis  

2.4.6.1. Splicing by overlap extension PCR (SOE PCR) 

C. jejuni 11168H cdtABC operon mutant was created by using SOE PCR (Horton et al., 2013). SOE 

PCR primers were designed to amplify the left fragment (L1) and right fragment (R1) of C. jejuni 

11168H cdtABC operon (Figure 2.1A and Table 2.4). Primer set cj0080_up and cj0079c_dw amplified 

the left fragment (amplicon size 588 bp with 563 bp complementary to C. jejuni 11168H genome). 

Primer set cj0077c_up2 and cj0076c_dw amplified the right fragment (amplicon size 575 bp with 550 

bp complementary to C. jejuni 11168H genome). 25 bp of primer cj0077c_up2 is complementary to 25 

bp of primer cj0079c_dw and regions of overlap contain a BamHI restriction site (Figure 2.1B).  

To amplify L1 and R1 of C. jejuni cdtABC operon, each PCR reaction contained 25 µl of 2X HotStarTaq 

Master Mix (Qiagen), 1 µl of forward primer (10 pmol), 1 µl of reverse primer (10 pmol) and 2 µl of 

C. jejuni 11168H chromosomal DNA (100-500 ng) and 21 µl of DEPC-treated water. One cycle of PCR 

programme performed as: 

Initial denaturation: 96°C for 2 minutes 

 35 cycles of  -     Denaturation:    96°C for 30 seconds 

Annealing*:   50°C for 30 seconds 

Extension:    72°C for 1 minute 

Final extension:       72°C for 5 minutes 

*Annealing temperature is based on the Tm of primer. 

The PCR products were purified using a QIAquick® PCR Purification Kit (Qiagen), the concentration 

recorded and stored at -20°C for further use. To confirm the amplification of genes of interest, gel 

electrophoresis was performed as described in Section 2.4.4. A 1% (w/v) agarose gel was used and 10 

µl of samples were loaded into each well.  

The combined left and right fragment of C. jejuni 11168H cdtABC operon (L1R1) was amplified using 

primer cj0080_up and primer cj0076c_dw (Table 2.4). Each PCR reaction contained 25 µl of 2X 

HotStarTaq Master Mix, 1 µl of forward primer (10 pmol), 1 µl of reverse primer (10 pmol), 22 µl of 

DEPC-treated water and total 1 µl of left and right fragment from purified PCR products (1:1 ratio). 

One cycle of PCR programme performed as: 

Initial denaturation: 96°C for 2 minutes 

 35 cycles of  -     Denaturation:    96°C for 30 seconds 

Annealing*:   50°C for 30 seconds 

Extension:    72°C for 3 minutes 
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Final extension:       72°C for 5 minutes 

*Annealing temperature is based on the Tm of primer. 

Then gel electrophoresis was performed as described in Section 2.4.4. The bands of interest in the gel 

were cut from the gel and purified using a QIAquick® Gel Extraction Kit (Qiagen). Purified PCR 

products were sequenced to confirm the amplification of combined left and right fragment of C. jejuni 

cdtABC operon. Sequences of cleaned PCR products were compared with the sequence of the desired 

PCR product (Figure 2.1C). 

 

Figure 2.1. SOE PCR design. (A) Diagram of C. jejuni 11168H cdtABC operon and the primers used 

for SOE PCR. Obtained from SnapGene Viewer (SnapGene, USA) (B) The region of overlap between 

the SOE PCR internal primers. (Blue: 5’ homology fragment reverse primer, Yellow: 3’ homology 

fragment forward primer; Green: region of overlap between the primers, Red: BamHI restriction site). 

(C) Expected product of SOE PCR (1,138 bp). (Purple: SOE PCR external primers; 5’ homology 

fragment forward primer and 3’ homology fragment reverse primer). 

Table 2.4. Primers used for C. jejuni 11168H cdtABC operon knockout mutagenesis. 

Name  Sequence Tm (°C) Reference 

cj0080_up (Forward) 5’-CTGTAGCTACACCGATAGC-3’ 52 This study 

cj0077c_up2 (Forwar

d) 

5’-TGACCCGGGATCGATGGATCCGTAGCCA

CCTTTAACAGCTGCTACC-3’ 

70.9 This study 

cj0079c_dw (Reverse) 5’-CTACGGATCCATCGATCCCGGGTCACATT 65.2 This study 
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AAAAACCTTGATATG-3’ 

cj0076c_dw (Reverse) 5’-CTGGAGTAATGCTCATCACG-3’ 53 This study 

cdtA  

(Forward) 

5’-TAGCGGTGCTGATTTAGTACCT-3’ 55.6 (Elmi et 

al., 2017) 

cdtA 

(Reverse) 

5’-CATCGCCAAATCCTTTGCTATCG-3’ 56.6 (Elmi et 

al., 2017) 

cdtB 

(Forward) 

5’-GAACAGCCACTCCAACAGGACG-3’ 60.3 (Elmi et 

al., 2017) 

cdtB 

(Reverse) 

5’-CGATTAGCTCCTACATCAACGCGA-3’ 58.6 (Elmi et 

al., 2017) 

cdtC 

(Forward) 

5’-GCCTTTGCAACTCCTACTGGAGAT-3’ 58.9 (Elmi et 

al., 2017) 

cdtC 

(Reverse) 

5’-GCTCCAAAGGTTCCATCTTCTAAG-3’ 55.5 (Elmi et 

al., 2017) 

 

2.4.6.2. pGEM®-T Easy Vector ligation and transformation of E. coli  

According to the instructions for pGEM®-T and pGEM®-T Easy Vector Systems (Promega, USA), the 

purified PCR product L1R1 from Section 2.4.6.1 was ligated into pGEM-T® Easy Vectors by TA cloning. 

Each reaction contained 5 µl of 2X Rapid Ligation Buffer, 1 µl of pGEM®-T Easy Vector (50ng), 5 µl 

of PCR product L1R1 and 1 µl of T4 DNA Ligase (3 Weiss units/µl). Each ligation reaction mixture 

was incubated for 1 hour at room temperature. 

Then E. coli DH5α™ Competent Cells (New England BioLabs, UK) were transformed with the 

resultant plasmid termed pAGH1 according to the manufacturers’ instructions. LB plates containing 

ampicillin/IPTG/X-gal were prepared by adding 14.8 g of LB agar base in 400 ml of distilled water 

supplemented with 400 µl of ampicillin (100 µg/ml), 800 µl of 5-bromo-4-chloro-3-inodlyl-β-D- 

galactopyranoside (X-Gal) (2.0% (w/v)), and 64 µl of isopropyl β-D-1-thiogalactopyranoside (IPTG) 

(1 pmol/μl). The ligation reaction mixture was centrifuged and 2 µl of the ligation reaction mixture was 

transferred to a 1.5 ml microcentrifuge tube on ice. E. coli DH5α™ Competent Cells were thawed and 

mixed gently by pipetting. 50 µl of competent cells was transferred to the 1.5 ml microcentrifuge tube 

containing the ligation reaction mixture. The tube was flicked and placed on ice for 20 minutes. Then 

cells were heat-shocked for 50 seconds in a water bath at 42°C. The tube was immediately returned to 

ice for 2 minutes. 1 ml of room-temperature super optimal broth (SOC; New England BioLabs) was 

added to the tube and incubated for 40 minutes in 37°C water bath. After incubation, the transformation 

culture was centrifuged at 1,000 x g for 10 minutes and the supernatant was discarded. The cells were 
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resuspended in 200 µl of SOC medium. 100 µl of transformation culture was plated onto a blue-white 

screening LB agar plate containing ampicillin/IPTG/X-gal and incubated under aerobic conditions at 

37˚C for 24 hours. 

2.4.6.3. Blue-white screening and confirmation of E. coli transformants 

Single white colonies which indicated the uptake of pAGH1 were then restreaked onto a fresh LB plate 

containing ampicillin/IPTG/X-gal and incubated under aerobic conditions at 37˚C for 24 hours. Then 

single white colonies from this plate were inoculated into 10 ml of LB broth with 5 µl of ampicillin 

(100 µg/ml) and incubated aerobically at 37˚C for 24 hours with shaking at 75 rpm. Overnight cultures 

were then centrifuged at 3,434 x g for 10 minutes using a Centrifuge 5810R (Eppendorf, Germany). A 

QIAprep® Spin Miniprep kit (Qiagen) was used to isolate putative pAGH1 plasmids.  

To confirm the ligation of L1R1 into the pGEM-T® Easy Vector, isolated putative pAGH1 plasmids 

were sequenced, quantified and amplified using primers cj0080_up and cj0076c_dw (Table 2.4). One 

cycle of PCR programme performed as:  

Initial denaturation: 96°C for 2 minutes 

 35 cycles of  -     Denaturation:    96°C for 30 seconds 

Annealing*:   50°C for 30 seconds 

Extension:     72°C for 3 minutes 

Final extension:       72°C for 5 minutes 

*Annealing temperature is based on the Tm of primer. 

A total of 35 cycles were repeated. Gel electrophoresis was then performed as described in Section 2.4.4. 

In addition, restriction enzyme digestion on each putative pAGH1 plasmid was performed using BamHI 

restriction enzyme whose single restriction site was present within L1R1 sequence but not within the 

pGEM-T® Easy Vector. The reaction mixture with final volume of 20 µl was prepared by mixing 1 µg 

of pAGH1, 2 µl of 10X NEBuffer 3.1 (New England BioLabs, USA), 1 µl of BamHI (New England 

BioLabs) in Milli-Q water. The mixture was incubated for 1.5 hours in a 37˚C water bath. After 

incubation, the BamHI reaction mixture was treated with 1 µl of Antartic Phosphatase (New England 

BioLabs) and incubated for 30 minutes in a 37˚C water bath. Gel electrophoresis was performed using 

50 ng of BamHI digested pAGH1 as described in Section 2.4.4. The bands of interest in the gel were 

cut from the gel and purified using QIAquick® Gel Extraction Kit (Qiagen). BamHI-digested pAGH1 

was purified using QIAquick® PCR Purification Kit, quantified and stored at -20˚C for further use. 

2.4.6.4. Insertion of Cmr cassette into the vector, screening and confirmation of Cmr 

cassette insertion into the vector 

10 µl of Cmr cassette (1.2 ng/µl; 804 bp) which encodes chloramphenicol acetyltransferase was digested 
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with BamHI restriction enzyme as described in Section 2.4.6.3. The digested cassette was purified using 

a QIAquick® PCR Purification Kit and quantified. For insertion of the Cmr cassette into pAGH1, the 

ligation reaction mixture was prepared by combining 50 ng of BamHI-digested pAGH1 and 12 ng of 

BamHI-digested Cmr cassette with 2 µl of 10X Buffer-T4 DNA ligase, 10 mM ATP (New England 

BioLabs) and 1 µl of T4 ligase enzyme (3 Weiss units/µl; New England BioLabs). Both ligation and 

transformation of E. coli DH5α™ Competent Cells were performed as described in Section 2.4.6.2. LB 

plates containing ampicillin/chrolamphenicol/IPTG/X-gal were prepared as described in Section 2.4.6.2 

with addition of 333.3 µl of chloramphenicol (25 µg/ml). The transformed E. coli were then plated onto 

LB plates containing ampicillin/chloramphenicol/IPTG/X-gal and incubated under aerobic conditions 

at 37˚C for 24 hours.  

Single white colonies which indicated uptake of pAGH1 inserted with a Cmr cassette were then re-

streaked onto fresh LB plates containing ampicillin/chloramphenicol/IPTG/X-gal and the plates were 

incubated under aerobic conditions at 37˚C for 24 hours. Then single white colonies were inoculated 

into LB broth containing ampicillin/chloramphenicol and incubated aerobically at 37˚C for 24 hours 

with shaking at 75 rpm. Overnight cultures were centrifuged at 3,434 x g for 10 minutes and a 

QIAprep® Spin Miniprep kit was used to isolate pAGH1 with a Cmr cassette. To confirm Cmr cassette 

insertion, L1R1/Cmr cassette fragments from the isolated plasmids were amplified using primers 

cj0080_up and cj0076c_dw and gel electrophoresis was performed as described in Section 2.4.4. 

Purified PCR products were then sequenced to check presence and orientation of the inserted Cmr 

cassette. After confirmation of insertion and orientation of the Cmr cassette, pAGH2 refers to 

pAGH1/Cmr cassette with forward orientation. 

2.4.6.5. Preparation of C. jejuni 11168H competent cells 

Competent C. jejuni 11168H was prepared by resuspending C. jejuni 11168H from a 24 hour plate in 

10 ml ice-cold electroporation buffer (EBF; 15% (v/v) glycerol and 10% (w/v) sucrose) in sterile Milli-

Q water and centrifuged at 3,434 x g for 10 minutes. The supernatant was discarded and the pellet 

resuspended in 250 µl of EBF and this step was repeated. 

2.4.6.6. Transformation of C. jejuni 11168H by electroporation and screening 

A mixture for electroporation was prepared by adding 1 µg of pAGH2 into 50 µl of electrocompetent 

C. jejuni 11168H and the mixture was incubated on ice for 5 minutes. The mixture was then transferred 

to a cold electroporation cuvette (Bio-Rad, USA). Using a Gene Pulser Xcell™ Electroporation System 

(Bio-Rad), the mixture was pulsed at 25 μFD and 2.5 kV. 100 µl of pre-warmed SOC medium was 

added into the cuvette, mixed by pipetting, then plated onto a CBA plate without antibiotics. Plates were 

incubated overnight under microaerobic conditions at 37°C. Cells were then resuspended in 1 ml 

Brucella broth then 200 µl and 400 µl aliquots of this suspension were plated onto CBA plates 
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containing chloramphenicol (15 µg/ml). Plates were incubated under microaerobic conditions at 37°C 

for 5 days. C. jejuni colonies on the CBA containing chloramphenicol plates were inoculated onto fresh 

CBA containing chloramphenicol plates and incubated for 2 days under microaerobic conditions.  

2.4.6.7. Confirmation of C. jejuni 11168H cdtABC operon mutant 

To confirm presence of L1R1/Cmr cassette and orientation, gDNA of putative cdtABC operon mutant 

strains and the wild-type strain were extracted as described in Section 2.4.1. PCR was then performed 

to amplify L1R1/Cmr cassette of using primers cj0080_up and cj0076c_dw. One cycle of PCR 

programme performed as: 

Initial denaturation: 96°C for 2 minutes 

 35 cycles of  -     Denaturation:    96°C for 30 seconds 

Annealing*:   50°C for 30 seconds 

Extension:    72°C for 3 minutes 

Final extension:       72°C for 5 minutes 

*Annealing temperature is based on the Tm of primer. 

As a negative control, the cdtABC operon from C. jejuni 11168H wild-type strain was also amplified 

using primers cj0080_up and cj0076c_dw. One cycle of PCR programme performed as: 

 35 cycles of  -     Denaturation:    94°C for 15 seconds 

Annealing*:   50°C for 1 minute 

Extension:     72°C for 4 minutes 

Final extension:        72°C for 7 minutes 

*Annealing temperature is based on the Tm of primer. 

Then gel electrophoresis was performed as previously described in Section 2.4.4. PCR products were 

purified using QIAquick® Gel Extraction Kit and sequenced to confirm absence of cdtABC operon and 

presence of L1R1/Cmr cassette. RNA from cdtABC operon mutant strain and wild-type strain was 

extracted as described in Section 2.4.2 then cDNA was synthesised as described in Section 2.4.3. qRT-

PCR was also performed to confirm no expression of cdtA, cdtB and cdtC using the primers listed in 

Table 2.4. 

2.4.7.  Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western 

blot 

After quantification of protein samples as described in Section 2.3.14, 30 μg of protein samples were 

separated at 150 V using 4-12% (w/v) NuPAGE™ Bis-Tris gel in 1× NuPAGE™ MES buffer or MOPS 

buffer (Invitrogen). For detection of human fibronectin, protein samples were separated using 

NuPAGE™ 3 to 8%, Tris-Acetate gel (Invitrogen). 4 μl of PageRuler Plus Pre-stained Protein Ladder 
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(Thermo Fisher Scientific) was loaded as a molecular weight standard.  

Proteins in SDS-PAGE gels were then transferred to a nitrocellulose membrane using the iBlot® 2 

transfer stacks (Life Technologies, USA) using the iBlot® Gel Transfer Device (Invitrogen). P0 

program (20 V for 1 min, 23 V for 4 min, 25 V for 2 minutes) was used for the transfer. The membrane 

was blocked by a 1 hour incubation with shaking at room temperature in 1X PBS containing 2% (w/v) 

skimmed milk (Sigma-Aldrich). The blocking solution was removed and the membranes were then 

incubated with primary antibodies overnight at 4°C without shaking. Primary antibodies were diluted 

in PBS containing 0.1% (v/v) TWEEN 20 (Sigma-Aldrich) and 2% (w/v) skimmed milk. The following 

primary antibodies were used; human GAPDH (ab181602; Abcam); human NOX1 (ab101027; Abcam 

or NBP-31546; Novus Biologicals, USA); human CHOP (NB600-1335; Novus Biologicals); human 

XBP1 (PA5-27650; Thermo Fisher Scientific); human fibronectin (PA1-23693; Thermo Fisher 

Scientific). After overnight incubation, blots were washed three times with 25 ml of PBS containing 

0.1% (v/v) TWEEN 20. Blots were then incubated with secondary antibody for 1 hour shaking at room 

temperature. For secondary antibody dilution, either goat anti-rabbit IgG 800 or goat anti-mouse IgG 

800 (LI-COR Biosciences, USA) was diluted at 1:10,000 in PBS containing 0.1% (v/v) TWEEN 20 and 

2% (w/v) skimmed milk depending on host species of primary antibody. After incubation, blots were 

washed three times with 25 ml of PBS containing 0.1% (v/v) TWEEN 20 followed by a final wash with 

25 ml of PBS. Blots were then visualised on a LI-COR Odyssey Classic (LI-COR Biosciences). 

Quantification of relative protein levels normalised to GAPDH expression was performed using ImageJ 

software (Schneider, Rasband, & Eliceiri, 2012). 

2.5. Statistical analysis and graphing 

At least three biological replicates were performed in all experiments. Each biological replicate was 

performed in three technical replicates. For statistical analysis and graphing, GraphPad Prism 8 for 

Windows (GraphPad Software, USA) was used. One sample t-test was performed to compare the mean 

of each data set with a hypothetical value. Unpaired t-test was performed to compare the mean between 

two independent data sets for significance with * indicating p < 0.05, ** indicating p < 0.01, *** 

indicating p < 0.001, and **** indicating p < 0.0001. 
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CHAPTER THREE: Investigation of C. jejuni modulation of reactive oxygen 

species production and NADPH oxidase 1 expression in human intestinal 

epithelial cells 

3.1.  Preface 

3.1.1.  Aims and objective 

NOX-mediated ROS production is an important host cellular defence strategy used to eliminate 

pathogens upon infection (Aviello & Knaus, 2017; Aviello & Knaus, 2018; Escoll et al., 2016). E. coli 

and Salmonella enterica possess OxyR and SoxRS (Nunoshiba et al., 1992; Zheng, Åslund, & Storz, 

1998). OxyR and SoxRS recognise H2O2 and redox-active compounds respectively to induce 

appropriate cellular responses against oxidative stress (Nunoshiba et al., 1992; Zheng, Åslund, & Storz, 

1998). Unlike other enteric pathogens such as E. coli and Salmonella, C. jejuni lacks the classical stress 

response regulators, OxyR and SoxRS (Burnham & Hendrixson, 2018; Elmi et al., 2021). Instead, C. 

jejuni utilises CosR, PerR and MarR-type regulators RrpA and RrpB to control bacterial responses 

against oxidative stress (Gundogdu et al., 2015; Gundogdu et al., 2016; Hwang et al., 2011; Palyada et 

al., 2009). Previous studies have demonstrated that infection with E. coli, Salmonella and H. pylori 

resulted in NOX1 induction and ROS production from host cells (den Hartog et al., 2016; Elatrech et 

al., 2015; Kawahara et al., 2005; Kawahara et al., 2016). As C. jejuni displays a unique strategy against 

oxidative stress, C. jejuni may also have a distinct mechanism for modulation of host ROS production.  

The aim of the work discussed in this chapter was to investigate C. jejuni modulation of ROS production 

and NOX1 expression in human IECs. Intracellular and extracellular ROS from T84 and Caco-2 cells 

were measured upon C. jejuni infection. Transcriptional and protein levels of NOX1 in C. jejuni-

infected human IECs were measured using qRT-PCR, RT-PCR and Western blotting. C. jejuni-mediated 

modulation of small GTPase Rac1 in IECs was determined to investigate if downregulation of NOX1 

is linked to modulation of Rac1 by C. jejuni. To further investigate the mechanisms of C. jejuni-

mediated ROS modulation, transcriptional levels of genes encoding human superoxide dismutase 1 

(SOD1) and catalase (CAT) were measured using qRT-PCR. C. jejuni interaction, invasion and 

intracellular survival with DPI pre-treatment or NOX1 siRNA transfection were examined to investigate 

the role of NOX1 in C. jejuni pathogenesis in human IECs. Key datasets are included in the following 

publication in Section 3.2 (Hong et al., 2023) with additional data not included in the publication 

included in this preface.  
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3.1.2.  Additional data 

3.1.2.1. C. jejuni viability at 37°C in a 5% CO2 incubator 

As C. jejuni-IEC infection assays were performed in complete growth medium without penicillin-

streptomycin at 37°C in an incubator with 5% CO2, viability of C. jejuni under these experimental 

conditions was assessed. As Figure 3.1 shows, the experimental conditions at 37°C in a 5% CO2 

incubator did not affect the viability of C. jejuni 11168H, 81-176 and 488 wild-type strains.  

 

Figure 3.1. Assessment of C. jejuni viability under experimental conditions at 37°C in an 

incubator with 5% CO2. C. jejuni 11168H, 81-176 or 488 wild-type strains were resuspended in 

complete growth medium without penicillin-streptomycin and incubated stationary for 24 hours at 

37°C in a 5% CO2 incubator. CFU/ml were recorded after incubation. Three biological and three 

technical replicates were performed for each experiment. 
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3.1.2.2. C. jejuni viability with Triton X-100 treatment 

For C. jejuni interaction, invasion and intracellular survival assays, T84 and Caco-2 cells were treated 

with 0.1% (v/v) Triton X-100 for 20 minutes at room temperature to lyse the cells and recover C. jejuni. 

Therefore, C. jejuni viability with 0.1% (v/v) Triton X-100 treatment was assessed. As Figure 3.2 shows, 

0.1% (v/v) Triton X-100 treatment did not affect the viability of C. jejuni 11168H, 81-176 and 488 wild-

type strains.   

 

Figure 3.2. Assessment of C. jejuni viability with 0.1% (v/v) Triton X-100 treatment. C. jejuni 

11168H, 81-176 or 488 wild-type strains were treated with 0.1% (v/v) Triton X-100 for 20 minutes at 

room temperature. CFU/ml was recorded after treatment. Three biological and three technical replicates 

were performed for each experiment. 
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3.1.2.3. Optimisation of NOX1 siRNA transfection in Caco-2 cells 

To determine optimal conditions for NOX1 siRNA transfection in Caco-2 cells, NOX1 siRNA 

transfection with different transfection times and different concentrations of siRNA was performed. As 

shown in Figure 3.3, 48 hour transfection with 5 pmol NOX1 siRNA did not significantly reduce NOX1 

expression in Caco-2 cells. 48 hour transfection with 10 pmol and 20 pmol NOX1 siRNA resulted in 

56.1% and 71.4% mean reduction of NOX1 expression respectively, compared to scrambled siRNA 

transfected Caco-2 cells. Caco-2 cells were then transfected for longer with a higher concentration of 

NOX1 siRNA (30 pmol) resulting in greater reduction of NOX1 expression. 48 hour, 72 hour and 96 

hour transfections with 30 pmol NOX1 siRNA resulted in 92.5%, 90.3% and 77% mean reduction of 

NOX1 expression respectively. For further experiments, 72 hour transfection with 30 pmol NOX1 

siRNA was performed. Reduction of NOX1 expression shown by protein levels under this transfection 

condition was confirmed in Figure 7B in the publication (Hong et al., 2023).  

 

Figure 3.3. Optimisation of NOX1 siRNA transfection in Caco-2 cells. qRT-PCR data showing 

expression of NOX1. Caco-2 cells were transfected with 5, 10, 20 or 30 pmol of NOX1 siRNA or 

scrambled siRNA (Scr siRNA) for 48, 72 or 96 hours at 37°C in an incubator with 5% CO2. GAPDH 

was used as an internal control. Three biological and three technical replicates were performed for each 

experiment. Asterisks denote a statistically significant difference (** = p < 0.01; *** = p < 0.001). 
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3.1.2.4. Fibronectin expression with DPI treatment and NOX1 siRNA transfection  

Reductions of C. jejuni interactions, invasion and intracellular survival were observed in human IECs 

after DPI pre-treatment or NOX1 siRNA transfection (Hong et al., 2023). Previous studies had 

demonstrated a reduction of fibronectin expression in rat renal tubular epithelial cells after DPI 

treatment (Rhyu et al., 2005) and also in mesangial cells with a pan-NOX inhibitor APX-115 treatment 

(Cha et al., 2017). As fibronectin has been shown as a key receptor for C. jejuni interactions with host 

cells (Konkel et al., 2020), further investigations were performed to observe if chemical inhibition of 

NOX1 with DPI and/or silencing NOX1 affected expression of fibronectin (Figure 3.4).  

In accordance with previous studies, DPI pre-treatment resulted in a reduction of fibronectin expression 

in both T84 and Caco-2 cells compared to untreated cells (Figure 3.4A). Similarly, NOX1 siRNA 

transfected Caco-2 cells exhibited reduced fibronectin expression compared to scrambled siRNA-

transfected Caco-2 cells (Figure 3.4B). These results suggest that reduced C. jejuni interactions, 

invasion and intracellular survival with DPI pre-treatment and NOX1 siRNA transfection might be due 

to reduced fibronectin expression.  
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Figure 3.4. Protein levels of human fibronectin after DPI treatment or NOX1 siRNA transfection. 

(A) Western blotting showing human fibronectin in T84 or Caco-2 cells with or without DPI treatment 

(upper) and relative protein level as a percentage of signal intensity from Western blotting (lower). 

GAPDH was used as an internal control. (B) Western blotting showing human fibronectin in Caco-2 

cells with Scr siRNA or NOX1 siRNA (upper) and relative protein level as a percentage of signal 

intensity from Western blotting (lower). Three biological and three technical replicates were performed 

for each experiment. Asterisks denote a statistically significant difference (* = p < 0.05).  
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3.2. Publication: Campylobacter jejuni modulates reactive oxygen species production and 

NADPH oxidase 1 expression in human intestinal epithelial cells 

Following section contains pre-print Microsoft Word format for the following reference. See Appendix 

1 for published PDF format. 

Reference: Hong, G., Davies, C., Omole, Z., Liaw, J., Grabowska, A. D., Canonico, B., Corcionivoschi, 
N., Wren, B. W., Dorrell, N., Elmi, A., and Gundogdu, O. (2023). Campylobacter jejuni Modulates 
Reactive Oxygen Species Production and NADPH Oxidase 1 Expression in Human Intestinal Epithelial 
Cells. Cellular microbiology, 2023, 1-14. doi:10.1155/2023/3286330 
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Abstract 

Campylobacter jejuni is the major bacterial cause of foodborne gastroenteritis worldwide. 
Mechanistically, how this pathogen interacts with intrinsic defence machinery of human intestinal 
epithelial cells (IECs) remains elusive. To address this, we investigated how C. jejuni counteracts the 
intracellular and extracellular reactive oxygen species (ROS) in IECs. Our work shows that C. jejuni 
differentially regulates intracellular and extracellular ROS production in human T84 and Caco-2 cells. 
C. jejuni downregulates the transcription and translation of Nicotinamide adenine dinucleotide 
phosphate (NAPDH) oxidase (NOX1), a key ROS-generating enzyme in IECs and antioxidant defence 
genes CAT and SOD1. Furthermore, inhibition of NOX1 by diphenylene iodonium (DPI) and siRNA 
reduced C. jejuni ability to interact, invade and intracellularly survive within T84 and Caco-2 cells. 
Collectively, these findings provide mechanistic insight into how C. jejuni modulates the IEC defence 
machinery. 
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Introduction 

Microbial pathogens have evolved to possess subversion strategies to alter the functionality of host cells 

upon infection (Escoll et al., 2016). These include modulation of host cell functions that involve vesicle 

trafficking, apoptosis, and immune activation (Asrat et al., 2014; Pedron et al., 2007; Rudel, Kepp, & 

Kozjak-Pavlovic, 2010). Crucially, these host cell functions are essential for elimination of foreign 

pathogens. The evolving battle between pathogen and host adds to the complexity of the pathogenesis 

of infection (Escoll et al., 2016).  

Campylobacter jejuni is the leading foodborne bacterial cause of human gastroenteritis worldwide 

(Silva et al., 2011). C. jejuni causes watery or bloody diarrhoea, abdominal pain, and fever. C. jejuni 

infection can also lead to Guillain-Barré Syndrome (GBS), a rare but severe post-infectious autoimmune 

complication of the peripheral nervous system (Kaakoush et al., 2015; Silva et al., 2011; Willison, 

Jacobs, & van Doorn, 2016). Importantly, campylobacteriosis in low-income countries is associated 

with child growth impairment and can be fatal in children (Amour et al., 2016). Although C. jejuni is a 

microaerophilic bacterium, its omnipresence in the environment and various hosts is mitigated by 

regulatory mechanisms against oxidative stress (Gundogdu et al., 2016). Upon adhering and invading 

human intestinal epithelial cells (IECs), C. jejuni manipulates host cytoskeleton regulation to maximise 

its invasion (Negretti et al., 2021). Following invasion, C. jejuni resides in cytoplasmic vacuoles named 

Campylobacter containing vacuoles (CCVs) which can escape the canonical endocytic pathway and 

avoid fusion with lysosomes (Konkel et al., 1992; Watson & Galán, 2008). These findings demonstrate 

that modulation and invasion of host IECs are a prerequisite for human intestinal disease caused by C. 

jejuni.  

A vital mechanism used by host cells in response to pathogens is the production of reactive oxygen 

species (ROS) which are highly reactive molecules, such as oxygen radicals and non-radicals, produced 

by the partial reduction of oxygen (Aviello & Knaus, 2017). When phagocytes such as macrophages 

detect and engulf pathogens using the respiratory burst, ROS are rapidly generated to eradicate the 

engulfed pathogens through oxidative damage (Paiva & Bozza, 2014). Interestingly, the level of ROS 

produced by human IECs is lower in comparison to resident macrophages and blood leukocytes 

(neutrophils and monocytes), however, ROS in IECs can also exhibit antimicrobial activity by inducing 

inflammation (Burgueño et al., 2019; Holmström & Finkel, 2014; Paiva & Bozza, 2014). The precarious 

nature of ROS production by IECs is demonstrated by exhibiting both deleterious and beneficial host 

effects, thus homeostasis of ROS is essential. To counter the damaging effects of ROS, host IECs 

possess antioxidant components that neutralise ROS, such as catalase, superoxide dismutase and 

glutathione peroxidase. Nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase; NOX) 

and mitochondria have central roles as predominant sources of ROS in human IECs (Aviello & Knaus, 
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2017).   

NOX is an essential multicomponent enzyme which catalyses production of superoxide (O2
−) (Brandes, 

Weissmann, & Schröder, 2014; Sumimoto, Miyano, & Takeya, 2005). In IECs, the most abundant types 

of NOX are NOX1 and NOX4. Intriguingly, NOX4 is constitutively active, whereas NOX1 is not. The 

NOX1 complex is composed of NOX1, p22phox, NOX organiser 1 (NOXO1), NOX activator (NOXA1) 

and small GTPase Rac1. NOX1 is the catalytic subunit of the complex on the plasma membrane and its 

activation is dependent on supplementary cytosolic subunits. Following this, p22phox is transported to 

the plasma membrane promoted by NOX1 expression (Brandes, Weissmann, & Schröder, 2014). Upon 

activation, NOXO1 binds to both NOXA1 and p22phox targeting NOXA1 to the plasma membrane. In 

turn NOXA1 binds to GTP (guanosine triphosphate)-bound Rac1 and promotes electron flow through 

flavocytochrome in NOX1 in a GTP-dependent manner. Studies have shown that GTP-bound Rac1 is 

essential for activity of NOX1 (Nisimoto et al., 2008; Ueyama, Geiszt, & Leto, 2006). Electrons travel 

from NADPH initially to flavin adenine dinucleotide (FAD), then through the NOX heme groups and 

finally to oxygen, forming O2
− (Nisimoto et al., 2008). Notably, NOX1-mediated ROS play important 

roles in IECs including regulation of growth and proliferation, epithelial wound healing, intestinal host 

defence, and maintenance of bacterial homeostasis in the GI tract (Juhasz et al., 2017; Lipinski et al., 

2019; Matziouridou et al., 2018).  

How C. jejuni interacts with the inherent defence machinery of human IECs remains unclear. To explore 

this further, we examined the mechanisms C. jejuni uses to counteract the intracellular and extracellular 

ROS in IECs. Previous findings demonstrated the upregulation of NOX1 in IECs by enteric pathogens 

such as Escherichia coli (Elatrech et al., 2015), Salmonella Enteritidis (Kawahara et al., 2016), and 

Helicobacter pylori (den Hartog et al., 2016; Kawahara et al., 2005). C. jejuni lacks classical stress 

response regulators such as OxyR and SoxRS that are found in other enteric bacteria (Burnham & 

Hendrixson, 2018; Elmi et al., 2020). Instead, it possesses unique strategies to counteract oxidative 

stress such as CosR, PerR and MarR-type regulators RrpA and RrpB (Gundogdu et al., 2016; Hwang et 

al., 2011; Palyada et al., 2009). Given these survival properties of C. jejuni, we hypothesised that C. 

jejuni may have a distinct host cell modulation mechanisms in play. In this study, we show that diverse 

C. jejuni strains downregulate both intracellular and extracellular ROS production in human IECs by 

modulating the expression of NOX1. We demonstrate inhibition of NOX1 by diphenylene iodonium 

(DPI) and siRNA reduced the ability of C. jejuni to interact, invade and intracellularly survive within 

T84 and Caco-2 cells. Our results highlight a unique strategy of C. jejuni survival and emphasise the 

importance of NOX1 in C. jejuni-IEC interactions. This represents a distinctive mechanism that C. 

jejuni uses to modulate IEC defence machinery.  
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Experimental procedures 

Bacterial strains and growth conditions 

C. jejuni wild-type strains used in this study are listed in Table S1. For general growth, all C. jejuni 

strains were grown on Columbia Blood Agar (CBA) plates (Oxoid, UK) supplemented with 7% (v/v) 

horse blood (TCS Microbiology, UK) and Campylobacter selective supplement Skirrow (Oxoid) at 

37 °C under microaerobic conditions (10% CO2, 5% O2 and 85% N2) (Don Whitley Scientific, UK). 

 

Human intestinal epithelial cell culture 

T84 cells (ECACC 88021101) and Caco-2 cells (ECACC 86010202) were obtained from European 

Collection of Authenticated Cell Cultures (ECACC). T84 and Caco-2 cells were cultured in a 1:1 

mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 medium (DMEM/F-12; Thermo 

Fisher Scientific, USA) with 10% Fetal Bovine Serum (FBS; Labtech, UK), 1% non-essential amino 

acid (Sigma-Aldrich, USA) and 1% penicillin-streptomycin (Sigma-Aldrich). Both cell lines were 

cultured at 37°C in a 5% CO2 humidified environment. DMEM/F-12 without penicillin-streptomycin 

was used for the co-culture assays. DMEM/F-12 without phenol red was used for the ROS detection 

assays. 

 

T84 and Caco-2 cells infection assays 

Human IECs were counted using hemocytometer (Thermo Fisher Scientific, USA) and for general 

infection assays, approximately 105 cells were seeded in 24-well tissue culture plates 7 days prior to 

initiation of the C. jejuni infection. The plates were incubated at 37°C in a 5% CO2 atmosphere. For 

Western blotting, approximately 2 x 105 cells were seeded in 6-well tissue culture plates. Prior to the 

infection, IECs were washed with phosphate-buffered saline (PBS; Thermo Fisher Scientific) three 

times and the medium was replaced with DMEM/F-12 without penicillin-streptomycin. C. jejuni strains 

grown on CBA plates for 24 hours were resuspended in PBS and bacterial suspension with appropriate 

OD600 were then incubated with IECs for various time periods giving a multiplicity of infection (MOI) 

of 200:1. In some experiments, T84 and Caco-2 cells were pre-treated with 10 µM DPI for 1 hour, 

washed three times with PBS and then infected with C. jejuni. As with our previous infection assays 

(Elmi et al., 2016; Gundogdu et al., 2011), we primarily focus on relatively early time points as many 

of the transcriptional and translational changes that we observe in the crosstalk between C. jejuni and 

IECs in our in vitro assays are ephemeral in nature and so our focus is to detect these subtle deviations 

that lead to mechanistic impact. 
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DCFDA measurement of intracellular reactive oxygen species (ROS) 

To analyse the levels of intracellular ROS production in human IECs under experiments conditions, 

DCFDA Cellular ROS Detection Assay Kit (Abcam UK) was used according to the manufacturer’s 

instructions. Briefly, IECs grown in 96-well cell culture plates were washed three times with PBS and 

incubated with C. jejuni for 3 or 24 hours (MOI 200:1). For positive controls, IECs were treated with 

500 μM H2O2 for 45 minutes. 45 minutes prior to completion of the infection, 100 μM 2’,7’-

dichlorofluorescin diacetate (DCFDA) was added into each well giving a final concentration of 50 μM. 

After C. jejuni infection, the fluorescence was detected using SpectraMax M3 Multi-Mode Microplate 

Reader (Molecular Devices, USA) with 485 nm excitation and 535 nm emission. 

 

Measurement of extracellular H2O2 

Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen, USA) was used to measure 

extracellular H2O2 in culture media after incubation with C. jejuni. Briefly, Amplex® Red reagent (10-

acetyl-3,7-dihydroxyphenoxazine) with horseradish peroxidase (HRP) reacts with H2O2 in a 1:1 

stoichiometry producing a fluorescent product called resorufin. After incubation with C. jejuni for 3 or 

24 hours, 100 µl of culture media was transferred to a 96-well plate and 100 µl of reaction mixture 

containing 50 µM Amplex® Red reagent was added followed by incubation for 10 minutes at 37°C in a 

5% CO2 humidified environment. Using SpectraMax M3 Multi-Mode Microplate Reader, fluorescence 

was measured at 530 nm excitation and 590 nm emission.  

 

Real time-quantitative polymerase chain reaction (qRT-PCR) analysis 

For qRT-PCR, RNA was isolated from infected and uninfected IECs using PureLinkTM RNA Mini Kit 

(Thermo Fisher Scientific) and contaminating DNA was removed using TURBO DNA-free kit (Ambion, 

USA) according to manufacturer’s instructions. Concentration and purity of RNA samples were 

determined in a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). 400 ng of RNA per 

sample were first denatured at 65°C for 5 minutes and snap cooled on ice. Complementary DNA (cDNA) 

was generated with random hexamers and SuperScript III Reverse Transcriptase (Thermo Fisher 

Scientific). Each reaction had 10 µl of SYBR Green PCR Master Mix (Applied Biosystems, USA), 1 

µl of primer (20 pmol), 1 µl of cDNA and 10 µl of HyClone™ water (Thermo Fisher Scientific). The 

sequence of each primer is described in Table S2. All reactions were run in triplicate on an ABI-PRISM 

7500 instrument (Applied Biosystems). Relative expression changes were calculated using the 
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comparative CT cycle (2-ΔΔCT) method (Schmittgen & Livak, 2008). Expression levels of all target genes 

were normalised to GAPDH expression determined in the same sample as an internal control. A 

minimum of three biological replicates were always analysed, each with three technical replicates. 

 

Semi-quantitative reverse transcription (RT-PCR) analysis 

Each PCR reaction had 50 μl of FasTaq PCR master mix (Qiagen, Netherlands), 2 μl of primer (0.4 

nmol) described in Table S2 and 1.5 μl of cDNA. For PCR reactions Tetrad-2 Peltier thermal cycler 

(Bio-Rad, UK) was used. One cycle of PCR programme performs 95°C for 15 seconds after 2 minutes 

in the first cycle, annealing at 50°C for 20 seconds, and extension at 72°C for 30 seconds. Total 36 

cycles were repeated. The PCR products were loaded on the 1% agarose gel and the gel was running 

for 1 hour at 120V. The gel was imaged using G:BOX Chime XRQ (Syngene, USA). Quantification of 

relative mRNA level was performed using ImageJ software (Schneider, Rasband, & Eliceiri, 2012). 

 

SDS-PAGE and Western blot analysis 

After infection, IECs were washed three times with PBS and lysed with cold RIPA lysis and extraction 

buffer (Thermo Fisher Scientific) with cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail (Roche, 

Switzerland) and cleared by centrifugation (4 °C, 13,000 × g, 20 min). Protein concentration was 

determined using Pierce™ Bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific) 

according to the manufacturer's instructions. Afterward, samples were diluted to a desired concentration 

in HyClone™ water and 4X Laemmli sample buffer (Sigma-Aldrich) and incubated for 5 minutes at 

95°C. 30 μg of protein samples were separated using 4-12% NuPAGE™ Bis-Tris gel in 1× NuPAGE™ 

MES buffer or MOPS buffer (Thermo Fisher Scientific). Proteins were transferred from the gel using 

the iBlot® 2 transfer stacks (Life Technologies, USA) using the iBlot® Gel Transfer Device 

(Invitrogen). These stacks were integrated with nitrocellulose transfer membrane. After the transfer, 

membranes were blocked with 1X PBS containing 2% (w/v) milk. Membranes were then probed with 

primary antibodies overnight as described previously (Elmi et al., 2016). The following primary 

antibodies were used; GAPDH (ab181602; Abcam); NOX1 (ab101027; Abcam) or NOX1 (NBP-31546; 

Novus Biologicals). Blots were developed using LI-COR infrared secondary antibody (IRDye 800CW 

Donkey anti-rabbit IgG) and imaged on a LI-COR Odyssey Classic (LI-COR Biosciences, USA). 

Quantification of relative protein levels normalised to GAPDH expression was performed using ImageJ 

software (Schneider, Rasband, & Eliceiri, 2012). 
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Detection of GTP-bound Active Rac1  

The levels of active GTP-bound Rac1 were measured by using Rac1 G-LISA kit (Cytoskeleton Inc., 

USA) according to the manufacturer’s instructions. Briefly, before the infection, IECs were incubated 

with reduced serum (0.1% FBS) for 24 hours. Infected or uninfected human IECs were washed with 

1X PBS and lysed using the supplied 1X Lysis Buffer. Cell lysates were centrifuged for 1 minute at 

10,000 x g at 4°C and adjusted to 1 mg/ml for the further process of the assay. As a positive control, 

constitutively active Rac1 (RCCA) was provided in the kit. Three biological replicates were conducted 

in all experiments, along with two technical replicates for each assay. 

 

Inhibition of NOX1 with diphenyleneiodonium chloride (DPI) 

A stock solution of 3.25 mM DPI (Sigma-Aldrich) in dimethyl sulfoxide (DMSO; Sigma Aldrich) was 

prepared and stored at -20°C. For treatment, the DPI stock solution was diluted to 10 μM DPI in culture 

media without antibiotics, then incubated with IECs for 1 hour at 37°C in a 5% CO2 atmosphere. After 

treatment, IECs were washed with PBS for three times before co-incubation with C. jejuni for various 

time points. 

 

Small interfering (si) RNA transfection 

On the day of reverse transfection, 500 μl of Caco-2 cells (105 cells/ml) were seeded in 24-well plates 

and treated for 24 hours with 30 pmol siRNA from either NOX1 siRNA (sc-43939; Santa Cruz 

Biotechnology, Inc, USA) or Ambion® Silencer Negative Control #1 siRNA (Invitrogen) for the 

negative control. For preparation of siRNA transfection reagent complex, 3 μl of 10 μM stock siRNA 

was diluted with 100 μl of Opti-MEM® Reduced-Serum Medium (Thermo Fisher Scientific) and mixed 

with 1.5 μl of Lipofectamine® RNAiMAX Transfection Reagent (Thermo Fisher Scientific). After 24 

hours transfection, media was replaced with DMEM/F-12 containing 10% FBS. After additional 48 or 

72 hours, RNA and protein were extracted to check efficacy of transfection. 

 

Adhesion, invasion and intracellular survival assay 

Adherence, invasion and intracellular assays were performed as described previously with minor 

modifications (Elmi et al., 2016; Gundogdu et al., 2011). T84 and Caco-2 cells seeded in a 24-well plate 

were washed three times with PBS and treated with 10 μM DPI for 1 hour or transfected with NOX1 

siRNA as described in above. Then IECs were inoculated with C. jejuni with OD600 0.2 at a MOI of 

200:1 and incubated for 3 hours at 37°C in 5% CO2. For the interaction (adhesion and invasion) assay, 
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monolayers were washed three times with PBS to remove unbound extracellular bacteria and then lysed 

with PBS containing 0.1% (v/v) Triton X-100 (Sigma-Aldrich) for 20 min at room temperature. The 

cell lysates were diluted and plated on blood agar plates to determine the number of interacting bacteria 

(CFU/ml).   

Invasion assays were performed by additional step of treatment of gentamicin (150 µg/ml) for 2 hours 

to kill extracellular bacteria, washed three times with PBS, lysed and plated as described above. For 

intracellular survival assays, after infection with C. jejuni for 3 hours, T84 and Caco-2 cells were treated 

with gentamicin (150 µg/ml) for 2 hours to kill extracellular bacteria followed by further 18 hours 

incubation with gentamicin (10 µg/ml). Cell lysis and inoculation were performed as described above.  

 

Cytotoxicity assay with trypan blue exclusion methods 

After treatment with DPI and gentamicin or transfection with siRNA as previously described, IECs were 

washed three times with PBS and were detached using trypsin-EDTA (Thermo Fisher Scientific) and 

resuspended with culture media. 50 μl of cell suspension were added into 50 μl of 0.4% Trypan Blue 

solution (Thermo Fisher Scientific) and the numbers of viable and dead cells were counted using 

hemocytometer under microscope. 

 

Campylobacter jejuni viability test with DPI treatment 

T84 cells were treated with 10 μM DPI for 1 hour and the cells were washed three times with PBS. 

After DPI treatment for 1 hour, C. jejuni strains (OD600 0.2) were co-incubated for 1 hour with PBS 

from the last wash. After incubation, serial dilution was performed and each dilution was spotted on to 

blood agar plates. The plates were incubated under microaerobic condition at 37°C for 48 hours. CFU 

of each spot was recorded. 

 

Statistical analysis and graphing 

At least three biological replicates were performed in all experiments. Each biological replicate was 

performed in three technical replicates. For statistical analysis and graphing, GraphPad Prism 8 for 

Windows (GraphPad Software, USA) was used. One sample t-test or unpaired t-test were used to 

compare two data sets for significance with * indicating p < 0.05, ** indicating p < 0.01, *** indicating 

p < 0.001, and **** indicating p < 0.0001.  
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Results 

Campylobacter jejuni modulates intracellular and extracellular ROS in T84 and Caco-2 cells in a 

time- and strain-dependent manner.  

As C. jejuni possesses distinct physiological characteristics compared to more studied enteric pathogens, 

we assessed the ability of three distinct C. jejuni strains to modulate intracellular and extracellular ROS 

in T84 and Caco-2 cells (Burnham & Hendrixson, 2018). We observed strain-specific ROS modulation 

at 3- and 24-hours post-infection (Figure 1). All three C. jejuni strains reduced the levels of intracellular 

ROS in T84 and Caco-2 cells compared to the uninfected control (Figure 1A, 1B, 1E, 1F). A similar 

pattern was observed for extracellular ROS where all C. jejuni strains reduced the levels of extracellular 

ROS in T84 and Caco-2 cells compared to the uninfected control (Figure 1C, 1D, 1G, 1H). A distinct 

pattern was observed when assessing levels of extracellular ROS for C. jejuni 81-176 strain at 3 hours 

post-infection (Figure 1C and 1G). At this early time point, extracellular ROS is increased in T84 and 

Caco-2 cells infected with C. jejuni 81-176, although we observed similar reduced levels of ROS at 24 

hours. As controls, C. jejuni infection did not affect viability of both T84 and Caco-2 cells (Figure S1) 

and levels of ROS were unchanged when C. jejuni was resuspended in DMEM in the absence of IECs 

(Figure S2). Collectively, these results indicate a strain and time-specific pattern linking the ability of 

different C. jejuni strains to modulate intracellular and extracellular ROS levels in T84 and Caco-2 cells.  

 

Campylobacter jejuni modulates intracellular and extracellular ROS in T84 and Caco-2 cells via 

the downregulation of NOX1 complex.  

Given the observed modulation of intracellular and extracellular ROS in T84 and Caco-2 cells, we next 

explored the mechanism by which C. jejuni strains orchestrate ROS modulation. We analysed the 

transcription and translation of NOX1 which is the main source of ROS production in IECs (Brandes, 

Weissmann, & Schröder, 2014; Sumimoto, Miyano, & Takeya, 2005). As shown in Figure 2, NOX1 

transcription and translation levels were significantly reduced in both T84 (Figure 2A) and Caco-2 cells 

(Figure 2B) infected with C. jejuni when compared to uninfected cells. Notably, at 24 hours post-

infection, mRNA levels of NOX1 in T84 cells are significantly reduced compared with C. jejuni-infected 

Caco-2 cells. We measured the relative levels of mRNA between T84 and Caco-2 cells and identified 

T84 cells expressed a higher basal level of NOX1 mRNA compared to Caco-2 cells (Figure 2C). As a 

result of this higher basal level of NOX1 mRNA in T84 cells we validated our qRT-PCR data using RT-

PCR where less expression of NOX1 in C. jejuni-infected T84 cells was observed (Figure 2D and 2E). 

Reduction in the translational level of NOX1 in C. jejuni-infected T84 cells was confirmed 

independently by Western blotting (Figure 2F and 2G).  
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Campylobacter jejuni modulates activity of small GTPase Rac1 in T84 and Caco-2 cells in a time-

dependent manner.  

To gain further insight into the mechanism that leads to C. jejuni modulation of ROS in T84 and Caco-

2 cells, we examined the ability of C. jejuni to activate Rac1, a member of the Rho family of small 

GTPases. Rac1 undergoes cycling between active GTP- or inactive GDP-bound form which switches 

activation of cellular response upon stimuli (Hodge & Ridley, 2016). Although GTP-bound Rac1 is 

implicated in NOX1 activation in several eukaryotic cell lines (Nisimoto et al., 2008; Ueyama, Geiszt, 

& Leto, 2006), the contribution of Rac1 in C. jejuni-mediated NOX1 modulation is unknown. As shown 

in Figure 3, active GTP-bound Rac1 is an integral part of the NOX1 complex. Given that C. jejuni 

activates Rac1 in human INT 407 cells via Campylobacter invasion antigen D (CiaD) (Krause-

Gruszczynska et al., 2007; Negretti et al., 2021), and that Rac1 supports NOX1 activity only in its GTP-

bound active form, we examined the abundance of GTP-bound Rac1 to investigate if downregulation 

of NOX1 is linked to modulation of Rac1 by C. jejuni. Interestingly, C. jejuni 11168H strain induced 

Rac1 1- and 3-hours after infection in T84 cells (Figure 4A). After 24 hours infection, Rac1 activity 

was reduced (though not statistically significant; p = 0.0714) (Figure 4A). Similarly, C. jejuni 11168H 

induced Rac1 activity after 1 hour infection in Caco-2 cells (Figure 4B). However, this activity was 

reduced after 3- and 24-hours infection (Figure 4B). These results suggest that the downregulation of 

NOX1 by C. jejuni is inversely correlated with an increase in Rac1 GTPase activity.  

 

Campylobacter jejuni modulates transcription of antioxidant-related genes in T84 and Caco-2 cells 

To gain further insight into the ability of C. jejuni to modulate intracellular and extracellular ROS in 

T84 and Caco-2 cells, we sought to understand if C. jejuni modulates the expression of two important 

antioxidant genes, superoxide dismutase 1 (SOD1) and catalase (CAT). SOD1 decomposes O2
- to H2O2, 

and CAT breaks down H2O2 to H2O and O2 (Aviello & Knaus, 2017). Intriguingly, as shown in Figure 

5A and 5B, there is a significant downregulation of the mRNA levels of CAT and SOD1 at 24 hours 

post-infection in T84 cells. A similar pattern was observed when compared with Caco-2 cells where the 

expression of CAT and SOD1 at 24 hours post-infection is significantly downregulated (Figure 5C and 

5D). In contrast, the expression of CAT and SOD1 at 3 hours post-infection is unaffected. These results 

may indicate C. jejuni-mediated reduction in intracellular and extracellular ROS is independent of 

modulation of CAT and SOD1.  

 

Chemical inhibition of NOX1 activity by DPI impairs Campylobacter jejuni interaction, invasion 
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and intracellular survival of T84 and Caco-2 cells in vitro. 

Having established that C. jejuni significantly reduced the transcription and translation of NOX1 in T84 

and Caco-2 cells in a time-dependent manner, and that Rac1 is not only known as a key component of 

the NOX1 complex, but also implicated in cell dynamic morphology (Nisimoto et al., 2008; Ueyama, 

Geiszt, & Leto, 2006), we hypothesised Rac1-mediated NOX1 might modulate membrane ruffling and 

cytoskeleton rearrangement which might in turn affect C. jejuni interaction with IECs. Therefore, we 

investigated the role of NOX1 in C. jejuni interaction, invasion and intracellular survival in IECs by 

transiently pre-treating T84 and Caco-2 cells with DPI (10 µM) which is known to inhibit activity of 

flavoenzymes including NOX complex (Riganti et al., 2004). First, we demonstrated that DPI reduced 

ROS in T84 and Caco-2 cells (Figure S3). As shown in Figure 6A, 6C, 6E, pre-treatment of T84 cells 

by DPI significantly reduced the ability of C. jejuni to interact, invade, and survive intracellularly in 

T84 cells. Similarly, as shown in Figure 6B, 6D and 6F, C. jejuni infected with DPI-treated Caco-2 cells 

showed significant reduction in interaction, invasion, and intracellular survival compared to untreated 

Caco-2 cells. Since our data revealed C. jejuni reduced interaction, invasion and intracellular survival 

between the control and DPI-treated T84 and Caco-2 cells, we next evaluated the viability of C. jejuni, 

T84 and Caco-2 cells co-incubated with DPI. Treatment with DPI did not affect viability of IECs (Figure 

S4) or C. jejuni (Figure S5). Thus, our observations suggest further inhibition of NOX1 with DPI is 

detrimental to C. jejuni interaction, invasion and intracellular survival in IECs. 

 

NOX1 silencing by siRNA impairs Campylobacter jejuni interaction, invasion and intracellular 

survival in Caco-2 cells in vitro. 

As DPI is a pan-NOX inhibitor, we silenced NOX1 expression in Caco-2 cells by delivering specific 

small interfering RNA (siRNA) into cultured Caco-2 cells. We used siRNA sequence which target 

regions of NOX1 for silencing. As a negative control, we used a non-targeting scrambled RNA sequence 

which is not complementary to the NOX1 mRNA. As shown in Figure 7A and 7B, transcriptional and 

translational levels of NOX1 were significantly decreased in cells treated with NOX1 siRNA, relative 

to that in mock-treated Caco-2 controls. We further confirmed reduced activity of NOX1 by 

demonstrating significant reduction in extracellular ROS (Figure 7C). We showed that NOX1 siRNA 

transfection did not affect viability of Caco-2 cells (Figure S6). Based on these results, we further 

investigated interaction, invasion and intracellular survival of C. jejuni within Caco-2 cells (Figure 7D, 

7E and 7F). Our result showed significant decrease in C. jejuni interaction, invasion and intracellular 

survival when compared to non-transfected controls. This result highlights a correlation between 

reduced NOX1 expression with a reduction in C. jejuni infection. Taken together, our results 

demonstrate that NOX1 is a critical host factor for C. jejuni interaction, invasion, and intracellular 
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survival. 

 

Discussion 

Upon infection, host cells induce a range of cellular responses to remove offending pathogens. However, 

bacterial pathogens often target host organelle(s), signalling pathway(s) or immune responses to evade 

host defence mechanisms (Escoll et al., 2016). Disruption of ROS production in host cells by bacterial 

pathogens has been previously reported (Gallois et al., 2001; Vareechon et al., 2017). S. Typhimurium 

pathogenicity island-2 encoding Type III Secretion System (T3SS) inhibits ROS production in human 

macrophages by preventing NOX2 assembly (Antoniou et al., 2018; Gallois et al., 2001). In addition, 

Pseudomonas aeruginosa T3SS effector, ExoS disrupts ROS production in human neutrophils by ADP-

ribosylating Ras and inhibiting its activity which is essential for NOX2 assembly (Vareechon et al., 

2017).  

 

We have characterised the ability of distinct C. jejuni strains to modulate intracellular and extracellular 

ROS from human IECs in vitro. ROS production by human IECs is a major defence mechanism, yet 

how C. jejuni evades ROS remains unclear. Our work establishes that in contrast to other enteric 

pathogens, C. jejuni uses a different mechanism involving downregulation of NOX1 expression to 

modulate ROS in human IECs (den Hartog et al., 2016; Elatrech et al., 2015; Kawahara et al., 2005; 

Kawahara et al., 2016). We examined three different C. jejuni strains using two different human IECs 

and showed that C. jejuni strains modulate intracellular and extracellular ROS from human IECs via 

the differential regulation of the transcription and translation of NOX1 which is a major ROS source in 

IECs (Aviello & Knaus, 2017). Interestingly, a previous study demonstrated that C. jejuni 81-176 

induces extracellular ROS production through NOX1 activation in human ileocecal adenocarcinoma 

derived HCT-8 cells (Corcionivoschi et al., 2012). To further understand the implications of C. jejuni 

transcriptional and translational downregulation of NOX1 in T84 and Caco-2 cells, we revealed 

similarities with some other enteropathogens, and also differences amongst others including the C. 

jejuni strain 81-176 (den Hartog et al., 2016; Elatrech et al., 2015; Kawahara et al., 2005; Kawahara et 

al., 2016). Enteropathogens such as E. coli, Salmonella spp., and H. pylori upregulate expression of 

NOX1 and ROS production in infected IECs (den Hartog et al., 2016; Elatrech et al., 2015; Kawahara 

et al., 2005; Kawahara et al., 2016). Our findings confirmed downregulation of ROS production by C. 

jejuni is strain dependent. In contrast to C. jejuni 11168H and 488 strains, C. jejuni 81-176 induced 

extracellular ROS in T84 and Caco-2 cells at 3 hours post-infection. Induction of extracellular ROS by 

C. jejuni 81-176 at this earlier infection time point was also observed previously (Corcionivoschi et al., 

2012). We hypothesise C. jejuni 81-176 might have additional bacterial determinants which may induce 

host extracellular ROS independent of NOX1 modulation (e.g. the pVir and pTet plasmids which encode 
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putative T4SS (Bacon et al., 2002; Batchelor et al., 2004). We also noted a difference between the ability 

of C. jejuni strains to regulate expression of NOX1 in T84 and Caco-2 cells. This difference could be 

due to variations between the two cell lines. Caco-2 cells possess characteristic enterocytes whereas 

T84 cells possess characteristic colonocytes throughout differentiation (Devriese et al., 2017). In 

addition, previous studies have shown that reduced NOX1 mRNA was present in the ileum than in the 

colon of healthy patients suggesting there is a gradient in NOX1 expression from small intestine to large 

intestine (Schwerd et al., 2018). In our study, the lower expression of NOX1 mRNA detected in Caco-

2 cells compared to T84 cells was also observed. 

 

As ROS homeostasis in the GI tract is regulated by multiple antioxidant enzymes (Aviello & Knaus, 

2017), C. jejuni-mediated modulation of CAT and SOD1 at the transcriptional level was investigated. 

Our data demonstrated C. jejuni strains did not affect transcriptional levels of CAT and SOD1 in T84 

and Caco-2 cells after 3 hours infection, but they significantly downregulated expression of both genes 

after 24 hours. To our knowledge, this is the first data on C. jejuni modulation of antioxidant-related 

genes in human IECs in vitro. Our observations imply C. jejuni might modulate intracellular or 

extracellular ROS after 3 hours infection without modulating expression of CAT and SOD1. These 

results also suggest that there could be additional mechanisms of C. jejuni-mediated reduction of ROS 

because C. jejuni was able to reduce ROS after 24 hours infection even though transcription levels of 

antioxidant-related genes CAT and SOD1 were downregulated. However, we cannot disregard the 

possibilities that C. jejuni might secrete its own antioxidant-related proteins that may mitigate host 

cellular ROS and/or C. jejuni might induce expression of other host antioxidant genes such as 

mitochondrial superoxide dismutase (SOD2), extracellular superoxide dismutase (SOD3) and 

glutathione peroxidase (Aviello & Knaus, 2017). A previous study demonstrated Pseudomonas 

pyocyanin decreased expression of human CAT but not SOD1 in the human A549 alveolar type II 

epithelial cells (O'Malley et al., 2003). C. jejuni might produce pyocyanin-like metabolites but this is 

not yet investigated. In addition, downregulation of genes encoding CAT and SOD1 might be a host 

cellular strategy to produce ROS for clearance of C. jejuni.  

 

Upon adhering to host cells, C. jejuni modulates small GTPase Rac1 resulting in actin filament 

reorganisation to promote invasion. Activation of Rac1 in human embryonic INT 407 cells was 

observed between 45 minutes and 4 hours after C. jejuni infection (Krause-Gruszczynska et al., 2007; 

Negretti et al., 2021). In accordance with previous studies, we demonstrated C. jejuni activates Rac1 at 

early infection time points. In contrast, a decrease of active Rac1 was detected at the later infection time 

point. Given the association of the active GTP-bound Rac1 and NOX1 activity, the early activation of 

Rac1 in IECs suggest that C. jejuni uses an intriguing system which we hypothesise could have 

temporally nonoverlapping mechanisms. The GTP-bound Rac1 observed in early time points may be 
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linked to the requirement for C. jejuni to establish adhesion/invasion utilising a distinct mechanism in 

its infection cycle. Although the inactive GDP-bound Rac1 observed at the later time point of 24 hours, 

suggests C. jejuni clearly possesses yet to be discovered mechanisms that enable differential regulation 

of NOX1 relative to modulation of Rac1. We also observe the pattern of active GTP-bound Rac1 in 

Caco-2 cells that is different to T84 cells. Such a difference may be due to the signalling cues between 

the cells as well as C. jejuni preference to efficiently interact with individual cells by binding, invading, 

and intracellularly surviving from distinct states during its infection.  

 

The impact of differential regulation of NOX1 on C. jejuni interaction, invasion and intracellular 

survival in human IECs remains unclear. Surprisingly, chemical inhibition of NOX1 significantly 

reduced the ability of C. jejuni to interact, invade, and survive intracellularly in T84 and Caco-2 cells. 

It is possible that DPI may inadvertently affect local cellular receptors that C. jejuni uses to bind human 

IECs. Since DPI is not a specific inhibitor of NOX1 (Riganti et al., 2004), we repeated these experiments 

using siRNA silencing of NOX1 which demonstrated similar findings, suggesting that NOX1 is 

indirectly necessary for C. jejuni interaction, invasion, and intracellular survival. Previous studies have 

demonstrated that DPI treatment reduced fibronectin expression in rat renal tubular epithelial cells 

(Rhyu et al., 2005), and a pan-NOX inhibitor APX-115 reduced fibronectin production in mesangial 

cells (Cha et al., 2017). As fibronectin has been demonstrated as a key host receptor that C. jejuni uses 

to bind and invade human IECs (Konkel et al., 2020), we hypothesise that silencing NOX1 might also 

affect expression of a key receptor fibronectin as is the case following DPI treatment, and this might be 

responsible for the reduced interaction and invasion of C. jejuni strains. We hypothesise that C. jejuni 

fine-tunes the modulation of NOX1 in a cell-specific manner, so that there is no impact on its ability to 

adhere and invade at early infection time points and then subsequently downregulates NOX1 to obtain 

the potential benefits of ROS reduction for its enhanced survivability at later infection time points. 

However, the broader non-specificity of DPI and siRNA silencing experiments mean that there could 

be alternative mechanisms in play.  

 

We have demonstrated that C. jejuni modulates intracellular and extracellular ROS in human T84 and 

Caco-2 cells. Our observations link C. jejuni ROS modulation to the transcriptional and translational 

downregulation of NOX1. These findings also point to a further role of Rac1 in NOX1 modulation and 

downstream interaction. Based on chemical inhibition and silencing of NOX1 expression and 

translation, our findings suggest an indirect role of NOX1 for adhesion, invasion and intracellular 

survival of C. jejuni. In this context, further understanding C. jejuni determinants that lead to ROS 

and/or NOX1 modulation in IECs will provide greater insights into how C. jejuni manipulate host 

defence mechanisms and cause diarrhoeal disease.  
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Figures 

 

Figure 1. Detection of intracellular and extracellular ROS in T84 and Caco-2 cells after infection with 

C. jejuni 11168H, 81-176 or 488 strains. Intracellular ROS in T84 cells after infection with C. jejuni 

for (A) 3 hours or (B) 24 hours and extracellular ROS from T84 cells after infection with C. jejuni for 

(C) 3 hours or (D) 24 hours were measured. Intracellular ROS in Caco-2 cells after infection of C. jejuni 

for (E) 3 hours or (F) 24 hours and extracellular ROS from Caco-2 cells after infection for (G) 3 hours 

or (H) 24 hours were measured. For detection of intracellular ROS, DCFDA was used. For detection of 

extracellular ROS, Amplex® Red reagent with HRP were used. H2O2 was used as a positive control. 

Experiments were repeated in three biological and three technical replicates. Asterisks denote a 

statistically significant difference (* = p < 0.05; ** = p < 0.01; *** = p < 0.001). 
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Figure 2. C. jejuni modulates NOX1 expression in T84 and Caco-2 cells. qRT-PCR showing expression 

of NOX1 in (A) T84 and (B) Caco-2 cells. (C) RT-PCR showing expression of NOX1 in uninfected T84 

and Caco-2 cells. GAPDH was used as an internal control. (D) RT-PCR showing expression of NOX1 

in T84 cells infected with C. jejuni for 24 hours and (E) relative mRNA levels as a percentage from RT-

PCR data. (F) Western blotting showing NOX1 in T84 cells infected with C. jejuni for 24 hours and (G) 

relative protein level as a percentage from Western blotting. Asterisks denote a statistically significant 

difference (* = p < 0.05; ** = p < 0.01; *** = p < 0.001). 
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Figure 3. Proposed structure of the NOX1 complex consisting of NOX1, p22phox, GTP-bound Rac1, 

NOXA1 and NOXO1. p22phox and other subcellular subunits are assembled to activate catalytic 

subunit NOX1 which results in the generation of O2
− by oxidising NADPH (Brandes, Weissmann, & 

Schröder, 2014). Created with BioRender.com 

 

 

Figure 4. C. jejuni modulates activity of small GTPase Rac1 in T84 and Caco-2 cells. (A) T84 and (B) 

Caco-2 cells were infected with C. jejuni 11168H strain for 1, 3, and 24 hours and the activation of 

small GTPase Rac1 in each time point was measured. Constitutively active Rac1 (RCCA) was used as 

a positive control. Experiments were repeated in three biological and three technical replicates. 

Asterisks denote a statistically significant difference (* = p < 0.05, ** = p < 0.001).   



86 

 

 

Figure 5. qRT-PCR showing expression of human catalase (CAT) and superoxide dismutase 1 (SOD1) 

in T84 and Caco-2 cells. (A, B) T84 and (C, D) Caco-2 cells were infected with C. jejuni for 3- or 24-

hours and transcriptional levels of CAT and SOD1 were measured. GAPDH was used as an internal 

control. Experiments were repeated in three biological and three technical replicates. Asterisks denote 

a statistically significant difference (** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 
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Figure 6. The effect of DPI on C. jejuni interaction, invasion and intracellular survival. T84 and Caco-

2 cells were pre-treated with 10 µM of DPI for 1 hour and infected with C. jejuni for 3 hours. (A) T84 

and (B) Caco-2 cells were washed with PBS and lysed, and the numbers of interacting bacteria were 

assessed. (C, D) For invasion assay, after infection with C. jejuni, IECs were incubated with gentamicin 

(150 µg/ml) for 2 hours to kill extracellular bacteria and then lysed, and the numbers of intracellular 

bacteria were assessed. (E, F) For intracellular survival assay, 2 hours gentamicin treatment was 

followed by further incubation with gentamicin (10 µg/ml) for 18 hours. Then cells were lysed, and the 

number of intracellular bacteria were assessed. Experiments were repeated in three biological and three 

technical replicates. Asterisks denote a statistically significant difference (* = p < 0.05; ** = p < 0.01; 

**** = p < 0.0001). 
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Figure 7. The effect of NOX1 silencing on C. jejuni interaction, invasion and intracellular survival. 

Caco-2 cells were transfected with NOX1 siRNA or scrambled siRNA (Scr siRNA). (A) qRT-PCR 

showing expression of NOX1 after siRNA transfection. (B) Western blotting showing expression of 

NOX1 after 72 hours siRNA transfection. (C) Detection of extracellular ROS from Caco-2 cells after 

72 hours siRNA transfection followed by co-incubation of C. jejuni for 3 hours. (D) After 72 hours 

siRNA transfection followed by C. jejuni infection for 3 hours, Caco-2 cells were washed with PBS and 

lysed and the numbers of interacting bacteria were assessed or (E) for invasion assay, the cells were 

incubated with gentamicin (150 µg/ml) for 2 hours to kill extracellular bacteria and then lysed, and the 

numbers of intracellular bacteria were assessed. (F) For intracellular survival assay, 2 hours gentamicin 

treatment was followed by further incubation with gentamicin (10 µg/ml) for 18 hours. Then the cells 

were lysed, and the number of intracellular bacteria determined. Experiments were repeated in three 

biological and three technical replicates. Asterisks denote a statistically significant difference (* = p < 

0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 
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Supplementary Information 

 

Figure S1. Trypan blue exclusion assay. T84 cells were infected with C. jejuni for (A) 3 and (B) 24 

hours. Caco-2 cells were infected with C. jejuni for (C) 3 and (D) 24 hours.  

  



90 

 

 

Figure S2. Detection of extracellular ROS in DMEM inoculated with C. jejuni. C. jejuni in DMEM 

without IECs was incubated for 3 and 24 hours in CO2 incubator. Extracellular ROS was measured after 

designated incubation. For detection of extracellular ROS, Amplex® Red reagent with HRP were used. 

For positive controls, H2O2 was used. Experiments were repeated in triplicate. 
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Figure S3. Detection of intracellular ROS and extracellular ROS in T84 and Caco-2 cells with or 

without DPI pre-treatment followed by C. jejuni infection. T84 and Caco-2 cells were pre-treated with 

10 µM DPI for 1 hour and infected with C. jejuni. Intracellular ROS in (A) T84 and (B) Caco-2 cells 

after co-incubation with C. jejuni for 3 hours and extracellular ROS from (C) T84 cells and (D) Caco-

2 after co-incubation with C. jejuni for 3 hours were measured. For detection of intracellular ROS, 

DCFDA was used. For detection of extracellular ROS, Amplex® Red reagent with HRP were used. For 

positive controls, H2O2 was used. Experiments were repeated in triplicate. Asterisks denote a 

statistically significant difference (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 
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FIGURE S4. Assessment of cell viability using trypan blue exclusion assay. (A) T84 and (B) Caco-2 

cells were treated with DPI and stained with trypan blue dye to check their viability (%). 

 

 

Figure S5. C. jejuni viability assay with DPI treatment. T84 cells were treated with DPI for 1 hour and 

the cells were washed three times with PBS. After 1 hour DPI treatment, C. jejuni strains were co-

incubated for 1 hour with PBS from the last wash and CFU/ml was recorded. 
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Figure S6. Assessment of cell viability using trypan blue exclusion assay. Caco-2 cells were transfected 

with scrambled siRNA or NOX1 siRNA for 72 hours and stained with trypan blue dye to check their 

viability (%). Control is without any siRNA transfection. 
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Table S1. Campylobacter jejuni strains used in this study 

C. jejuni strain Description  Reference 

11168H A hypermotile derivative of NCTC 11168 wi

ld-type strain which is a human clinical isol

ate. 

(Karlyshev et al., 2002; P

arkhill et al., 2000) 

81-176 A human clinical isolate identified during an 

outbreak of acute enteritis associated with co

nsumption of contaminated milk. 

(Korlath et al., 1985) 

488 A human clinical isolate from Brazil which 

has a Type VI Secretion System (T6SS)  

(Davies et al., 2019; Lia

w et al., 2019) 

 

Table S2. Primers used in this study 

Primer 

name 

Sequences qRT-

PCR/ RT-

PCR 

Source  

NOX1  Forward: 5’-CACAAGAAAAATCCTTGGGTCAA-3’  

Reverse: 5’-GACAGCAGATTGCGACACACA-3’  

qRT-PCR 

and  

RT-PCR 

(Manea et al., 

2014) 

CAT Forward: 5’-TGCAAGCTAGTGGCTTCAAAA-3’ 

Reverse: 5’-TCCAATCATCCGTCAAAACAA-3’ 

qRT-PCR (Wang & Eski

w, 2019) 

SOD1 Forward: 5’-GGCAAAGGTGGAAATGAAGAA-3’ 

Reverse: 5’-GGGCCTCAGACTACATCCAAG-3’ 

qRT-PCR (Wang & Eski

w, 2019) 

GAPDH Hs_GAPDH_1_SG QuantiTect Primer Assay, QT00

079247 

qRT-PCR Qiagen 

GAPDH Forward: 5’-CATCACCATCTTCCAGGAGC-3’ 

Reverse: 5’-GGATGATGTTCTGGAGAGCC-3’  

RT-PCR (Das et al., 20

00) 
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CHAPTER FOUR: Investigation of C. jejuni-mediated activation of the unfolded 

protein response in human intestinal epithelial cells 

4.1.  Introduction  

The ER is the largest membrane-bound organelle in eukaryotic cells and plays an important role in 

protein synthesis and folding, lipid synthesis and Ca2+ metabolism (Schwarz & Blower, 2015). Due to 

the diverse cellular functions of the ER, maintenance of ER homeostasis is crucial (Schwarz & Blower, 

2015). The UPR is an ER surveillance response which is activated by ER stress such as hypoxia, Ca2+ 

depletion, glucose depletion or increase of protein folding demand (Hetz & Papa, 2018). The UPR is 

initially cytoprotective to restore ER homeostasis but prolonged ER stress-induced UPR results in 

apoptosis (Hetz & Papa, 2018).  

Many microbial pathogens can activate the UPR upon infection (Celli & Tsolis, 2014). Viruses have 

been shown to induce the UPR during their intracellular life cycle (Jheng, Ho, & Horng, 2014). Viruses 

cause ER stress-induced UPR by rearrangement of the ER membrane, disruption of host protein 

glycosylation and Ca2+ depletion by viroporin (Jheng, Ho, & Horng, 2014). Intracellular bacteria such 

as Brucella spp. and C. trachomatis are shown to replicate within host organelles which are derived 

from the ER membrane which in turn activates the UPR (Celli & Tsolis, 2014). In addition, UPR 

activation by enteric pathogens such as E. coli, H. pylori and V. cholerae is well-defined (Akazawa et 

al., 2013; Morinaga et al., 2008). Subtilase cytotoxin produced by Shiga-toxigenic E. coli induces all 

three UPR pathways; PERK, IRE1α and ATF6 pathways by degrading an ER chaperone BiP (Morinaga 

et al., 2008). H. pylori vacuolating cytotoxin VacA which is secreted by Type V secretion system (T5SS) 

and the secreted antigen HP0175 activate the PERK pathway of the UPR (Akazawa et al., 2013; Halder 

et al., 2015; Kumar & Dhiman, 2018). Cholera toxin and T3SS effector protein VopQ secreted by V. 

cholerae activate the IRE1α pathway (Banerjee et al., 2021; De Nisco et al., 2021).  

Unlike the well-studied UPR activation induced by other enteric bacteria, C. jejuni-mediated activation 

of the UPR has remained relatively less studied. One study has demonstrated that C. jejuni induces the 

PERK pathway only (Aya et al., 2018). However, further investigation is still necessary to elucidate if 

there is inter-strain variation in UPR activation and to discover the bacterial determinants which are 

responsible for UPR activation. The aims of the work presented in this chapter was to investigate if C. 

jejuni 11168H, 81-176 and 488 wild-type strains activate the three UPR pathways in human IECs and 

to ascertain the role of individual C. jejuni virulence determinants on UPR activation. To do this, a C. 

jejuni cdtABC operon mutant was constructed and studied along with cdtA, kpsM, flaA, htrA, cadF, flpA 

mutants and a cadF flpA double mutant to identify potential virulence determinants which are involved 

in C. jejuni-mediated UPR activation in human IECs.  
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4.2. Results 

4.2.1.  C. jejuni modulates UPR-related gene expression in human IECs  

To investigate if there is inter-strain variation in C. jejuni-mediated UPR activation, T84 cells were 

infected with C. jejuni 11168H, 81-176 or 488 wild-type strains and transcriptional levels of UPR-

related genes were analysed (Figure 4.1 and Figure 4.2). 11168H, 81-176 and 488 significantly 

upregulated CHOP and spliced XBP1 in T84 cells at 6- and 24-hours post-infection, indicating 

activation of the PERK and IRE1α pathways respectively (Figure 4.1A, 4.1B and Figure 4.2). Unlike 

11168H and 488, 81-176 also upregulated ATF6 in T84 cells at 6 hours post-infection, suggesting inter-

strain variation in activation of the ATF6 pathway (Figure 4.1C). 11168H, 81-176 and 488 

downregulated BiP in T84 cells at 6 hours post-infection and BiP expression was recovered at 24 hours 

post-infection (Figure 4.1D). Thapsigargin treatment induced CHOP, spliced XBP1, ATF6 and BiP 

expression in T84 cells both at 6- and 24-hours post-treatment (Figure 4.1 and Figure 4.2). Similarly, 

Caco-2 cells infected with 11168H, 81-176 or 488 induced CHOP and spliced XBP1 at 6- and 24-hours 

post-infection (Figure 4.3A and 4.3B). In contrast to T84 cells, all three C. jejuni wild-type strains 

including 81-176 did not upregulate ATF6 in Caco-2 cells suggesting activation of the ATF6 pathway 

is also cell line-dependent (Figure 4.3C). A similar finding in modulation of BiP expression was 

demonstrated in Caco-2 cells. All three C. jejuni wild-type strains significantly reduced BiP expression 

in Caco-2 cells at 6 hours post-infection and BiP expression was recovered at 24 hours post-infection 

(Figure 4.3D). Thapsigargin treatment induced CHOP, spliced XBP1, ATF6 and BiP expression in 

Caco-2 cells both at 6- and 24-hours post-treatment (Figure 4.3). Upregulation of protein levels of 

CHOP and spliced XBP1 was demonstrated in T84 and Caco-2 cells infected with 11168H, 81-176 or 

488 at 24 hours post-infection (Figure 4.4). Collectively, these data suggest C. jejuni-induced UPR is 

strain-, cell line- and time-dependent.  
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Figure 4.1. UPR-related gene expression in T84 cells following C. jejuni infection. qRT-PCR 

showing expression of human (A) CHOP, (B) spliced XBP1 [XBP1(s)], (C) ATF6 and (D) BiP in T84 

cells infected with C. jejuni 11168H, 81-176 or 488 wild-type strains for 6 or 24 hours at 37°C in a 5% 

CO2 incubator (MOI of 200:1). T84 cells were treated with thapsigargin as a positive control. GAPDH 

was used as an internal control. Three biological and three technical replicates were performed for each 

experiment. Asterisks denote a statistically significant difference (** = p < 0.01; *** = p < 0.001; **** 

= p < 0.0001). 
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Figure 4.2. UPR-related gene expression in T84 cells following C. jejuni infection. RT-PCR showing 

expression of human CHOP, unspliced & spliced XBP1 [XBP1(u) & XBP1(s)] and ATF6 in T84 cells 

infected with C. jejuni 11168H, 81-176 or 488 wild-type strains for 24 hours at 37°C in a 5% CO2 

incubator (MOI of 200:1). T84 cells were treated with thapsigargin (Tg) as a positive control. GAPDH 

was used as an internal control. 
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Figure 4.3. UPR-related gene expression in Caco-2 cells following C. jejuni infection. qRT-PCR 

showing expression of human (A) CHOP, (B) spliced XBP1 [XBP1(s)], (C) ATF6 and (D) BiP in Caco-

2 cells infected with C. jejuni 11168H, 81-176 or 488 wild-type strains for 6 or 24 hours at 37°C in a 

5% CO2 incubator (MOI of 200:1). Caco-2 cells were treated with thapsigargin as a positive control. 

GAPDH was used as an internal control. Three biological and three technical replicates were performed 

for each experiment. Asterisks denote a statistically significant difference (* = p < 0.05; ** = p < 0.01; 

*** = p < 0.001; **** = p < 0.0001). 
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Figure 4.4. UPR-related gene expression in T84 and Caco-2 cells following C. jejuni infection. 

Western blotting showing protein levels of human CHOP and both spliced & unspliced forms of XBP1 

[XBP1(u) & XBP1(s)] in T84 (left panels) and Caco-2 cells (right panels) infected with C. jejuni 

11168H, 81-176 or 488 wild-type strains for 24 hours at 37°C in a 5% CO2 incubator (MOI of 200:1). 

T84 cells were treated with thapsigargin (Tg) as a positive control. GAPDH was used as an internal 

control.  
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4.2.2.  C. jejuni cdtABC operon mutagenesis  

The C. jejuni cdtABC operon encodes CdtA, CdtB and CdtC which are the sub-components of CDT 

(Lai et al., 2016). After binding of CdtA and CdtC to lipid rafts in the host cell plasma membrane, CdtB 

internalises into host cells. Within the cytosol, CdtB may translocate from the Golgi complex into the 

ER. In the nucleus, CdtB triggers DNA double-strand breaks resulting in cell-cycle arrest (Lai et al., 

2016). Many bacterial toxins which translocate across the ER are transported from the ER to the cytosol 

by utilising the UPR-regulated ERAD system (Eshraghi et al., 2014; Guerra et al., 2011; Nowakowska-

Gołacka et al., 2019).  

To investigate the potential role of C. jejuni virulence determinants in UPR activation in human IECs, 

a C. jejuni cdtABC operon knockout mutant was constructed using SOE PCR as described in Chapter 

2. Briefly, SOE PCR primers were designed to amplify L1 and R1 of the 11168H cdtABC operon and 

then L1 and R1 were combined and amplified using SOE PCR external primers (Figure 4.5). The 

purified PCR product L1R1 was ligated into a vector (pGEM-T® Easy Vector) and E. coli was 

transformed with the ligation product termed pAGH1. L1R1 within pAGH1 was amplified and 

sequenced to confirm the ligation of L1R1 into the vector (Figure 4.6). To confirm the presence of a 

BamHI single restriction site within L1R1, pAGH1 was digested with BamHI and analysed on an 

agarose gel (Figure 4.6). As a selective marker for mutagenesis, a BamHI-digested Cmr cassette 

(encoding chloramphenicol acetyltransferase) was inserted into BamHI-digested pAGH1. Gel 

electrophoresis and sequencing confirmed insertion and orientation of the Cmr cassette. pAGH1 

containing the Cmr cassette in the forward orientation was termed pAGH2 (Figure 4.7). The C. jejuni 

11168H wild-type strain was then transformed with pAGH2. gDNA of these transformants was 

extracted and the L1R1/Cmr cassette was amplified and sequenced to confirm successful construction 

of a C. jejuni 11168H cdtABC operon mutant (Figure 4.8). 
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Figure 4.5. C. jejuni 11168H cdtABC operon mutagenesis. PCR verification of amplification of (A) 

the left fragment (L1) and the right fragment (R1) of C. jejuni 11168H cdtABC operon and (B) the 

combined left and right fragment of C. jejuni 11168H cdtABC operon (L1R1) using SOE PCR external 

primers.  

 

Figure 4.6. C. jejuni 11168H cdtABC operon mutagenesis. PCR verification of vector ligation and E. 

coli transformation. E. coli was transformed with the resultant plasmid termed pAGH1 (pGEM-T® Easy 

Vector ligated with L1R1). L1R1 was amplified within pAGH1 to confirm ligation into the pGEM-T® 

Easy Vector and pAGH1 was digested with BamHI to confirm the presence of single BamHI restriction 

site within L1R1.  
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Figure 4.7. C. jejuni 11168H cdtABC operon mutagenesis. PCR verification of Cmr cassette insertion 

into L1R1 of pAGH1. Cmr cassette (encoding chloramphenicol acetyltransferase) was digested with 

BamHI. BamHI-digested Cmr cassette was inserted into BamHI-digested pAGH1 and the ligation 

product termed pAGH2 which refers to pAGH1 with the Cmr cassette in the forward orientation. After 

blue-white screening of E. coli transformed with pAGH2, L1R1/Cmr cassette was amplified within 

pAGH2 using SOE PCR external primers to confirm insertion of Cmr cassette into the L1R1 fragment.  
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Figure 4.8. C. jejuni 11168H cdtABC operon mutagenesis. PCR verification of C. jejuni 11168H 

transformation with pAGH2 which refers to pAGH1 with the Cmr cassette in the forward orientation. 

L1R1/Cmr cassette was amplified within (A) gDNA of putative C. jejuni 11168H transformants and 

pAGH2 using SOE PCR external primers. As a negative control, the cdtABC operon was amplified 

within (B) gDNA of C. jejuni 11168H wild-type strain.  
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4.2.3.  Growth kinetics of C. jejuni wild-type strain and mutants 

Growth kinetics of C. jejuni wild-type strains and mutants were chracterised to investigate if there were 

any significant growth differences (Figure 4.9 and Table 4.1). The 11168H wild-type strain showed a 

similar growth rate compared to the 81-176 wild-type strain up until 8 hours post-inoculation. However, 

the 11168H wild-type strain then exhibited a significantly reduced growth rate compared to the 81-176 

wild-type strain at 10-, 14-, 16- and 24-hours post-inoculation (Figure 4.9A and Table 4.1). The 11168H 

wild-type strain showed a higher growth rate compared to the 488 wild-type strain with the exception 

of timepoints at 2- and 14-hours post-inoculation. The 81-176 wild-type strain exhibited a significantly 

higher growth rate than the 488 wild-type strain with the exception of timepoints at 2-, 4-, and 6-hours 

post-inoculation. There were no significant differences in growth rates observed between the 11168H 

wild-type strain and the 11168H cdtABC operon mutant with the exception of a single timepoint at 10 

hours post-inoculation (Figure 4.9B and Table 4.1). Compared to the 11168H wild-type strain, the 

11168H cdtA and kpsM mutants showed significantly reduced growth rates until 10 hours post-

inoculation and then enhanced growth rates after 14 hours post-inoculation (Figure 4.9C, 4.9D and 

Table 4.1). The growth rate of the 11168H flaA mutant was similar to the 11168H wild-type strain until 

8 hours post-inoculation and then enhanced after 10 hours post-inoculation (Figure 4.9E and Table 4.1). 

The 11168H htrA, cadF, and flpA mutants as well as the cadF flpA double mutant all exhibited 

significantly reduced growth rates compared to the 11168H wild-type strain (Figure 4.9F, 4.9G, 4.9H, 

4.9I and Table 4.1).  
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Figure 4.9. Growth kinetics of (A) C. jejuni 11168H, 81-176 and 488 wild-type strains (WT) and C. 

jejuni 11168H wild-type strain and (B) cdtABC operon, (C) cdtA, (D) htrA, (E) kpsM, (F) flaA, (G) cadF, 

(H) flpA mutants and (I) cadF flpA double mutant. C. jejuni strains were inoculated in Brucella broth 

resulting in OD600 of 0.1. The inoculated flasks were incubated with shaking at 75 rpm at 37°C under 

microaerobic conditions. The OD600 of inoculated flasks was recorded at 2, 4, 6, 8, 10, 14, 16, and 24 

hours after inoculation.         
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Table 4.1. p-values and significant difference of growth kinetics of C. jejuni wild-type strains (WT) and 11168H mutants presented in Figure 4.9 

Time 

(hours) 

(A) 

11168H 

WT vs 

81-176 WT 

(A) 

11168H 

WT vs 

488 WT 

(A) 

81-176 WT 

vs 

488 WT 

(B) 

11168H 

WT vs 

11168H 

ΔcdtABC 

(C) 

11168H 

WT vs 

11168H 

cdtA 

(D) 

11168H 

WT vs 

11168H 

kpsM 

(E) 

11168H 

WT vs 

11168H 

flaA 

(F) 

11168H 

WT vs 

11168H 

htrA 

(G) 

11168H 

WT vs 

11168H 

cadF 

(H) 

11168H 

WT vs 

11168H 

flpA 

(I) 

11168H 

WT vs 

11168H 

cadF flpA 

2 0.1107 0.0054 

(**) 

0.0181 

(*) 

0.6390 0.0063 

(**) 

<0.0001 

(****) 

0.0024 

(**) 

<0.0001 

(****) 

0.0005 

(***) 

<0.0001 

(****) 

<0.0001 

(****) 

4 0.1953 0.0427 

(*) 

0.9173 0.7772 0.0080 

(**) 

<0.0001 

(****) 

0.1054 0.0003 

(***) 

0.0020 

(**) 

<0.0001 

(****) 

<0.0001 

(****) 

6 0.3830 0.0004 

(***) 

0.1122 0.9437 0.0009 

(***) 

<0.0001 

(****) 

0.4259 <0.0001 

(****) 

0.0015 

(**) 

<0.0001 

(****) 

<0.0001 

(****) 

8 0.1716 0.0038 

(**) 

0.0070 

(**) 

0.2699 0.0140 

(*) 

<0.0001 

(****) 

0.4400 <0.0001 

(****) 

0.0006 

(***) 

<0.0001 

(****) 

<0.0001 

(****) 

10 0.0330  

(*) 

0.0486 

(*) 

0.0170 

(*) 

0.0079 

(**) 

0.0347 

(*) 

<0.0001 

(****) 

0.0558 <0.0001 

(****) 

0.0003 

(***) 

<0.0001 

(****) 

<0.0001 

(****) 

14 0.0002  

(***) 

0.9279 0.0090 

(**) 

0.2241 0.0092 

(**) 

0.0008 

(***) 

0.0001 

(***) 

0.0118 

(*) 

0.0039 

(**) 

<0.0001 

(****) 

<0.0001 

(****) 

16 <0.0001 

(****) 

<0.0001 

(****) 

<0.0001 

(****) 

0.2080 0.0011 

(**) 

<0.0001 

(****) 

<0.0001 

(****) 

0.0013 

(**) 

0.1134 <0.0001 

(****) 

<0.0001 

(****) 

24 0.0057 

(**) 

0.0013 

(**) 

0.0140 

(*) 

0.9887 <0.0001 

(****) 

0.2191 0.0002 

(***) 

<0.0001 

(****) 

0.0026 

(**) 

<0.0001 

(****) 

<0.0001 

(****) 

Asterisks (*) denote a statistically significant difference (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 
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4.2.4.  Cytotoxicity of C. jejuni 11168H wild-type strain and different mutants on T84 IECs 

To investigate whether there are differences in cytotoxicity of C. jejuni strains on T84 cells, a LDH 

assay was performed. Compared to the 11168H wild-type strain, the 11168H cdtABC operon, cdtA, htrA, 

kpsM, flaA mutants, cadF flpA double mutant and the heat-killed 11168H wild-type strain exhibited 

significantly reduced cytotoxicity on T84 cells (Figure 4.10). However, no significant differences in 

cytotoxicity were observed between the 11168H wild-type strain and either the cadF or flpA mutants. 

 

Figure 4.10. Measurement of cytotoxicity of C. jejuni 11168H wild-type strain, mutants and heat-

killed 11168H wild-type strain. T84 cells grown in a 96-well plate were infected with C. jejuni strains 

for 24 hours at 37°C in a 5% CO2 incubator (MOI of 200:1). Medium from each well was then analysed 

using a LDH assay. Cytotoxicity (%) was calculated as follows; (C. jejuni infected LDH activity – 

spontaneous LDH activity) / (maximum LDH activity – spontaneous LDH activity) x 100. Three 

biological and three technical replicates were performed for each experiment. Asterisks denote a 

statistically significant difference (* = p < 0.05; ** = p < 0.01). 
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4.2.5.  Interactions with and invasion of T84 IECs by C. jejuni 11168H wild-type strain and 

different mutants 

C. jejuni interactions with and invasion of T84 cells were investigated. The 11168H cdtABC operon 

mutant exhibited significantly enhanced interactions compared to the wild-type strain but did not exhibit 

a significant difference in invasion (Figure 4.11). The 11168H cdtA, htrA, kpsM, flaA, cadF, flpA 

mutants and cadF flpA double mutant showed significant reductions in both interactions with and 

invasion of T84 cells compared to the wild-type strain. No heat-killed 11168H wild-type strain were 

recovered on the CBA plate suggesting only viable C. jejuni can interact with and invade host cells.  

 

Figure 4.11. Interactions with and invasion of T84 intestinal epithelial cells by C. jejuni 11168H 

wild-type strain and different mutants. T84 cells were infected with C. jejuni 11168H wild-type strain, 

11168H mutants or heat-killed 11168H wild-type strain for 3 hours at 37°C in a 5% CO2 incubator (MOI 

of 200:1). (A) For interaction assays, T84 cells were then washed with PBS and lysed with 0.1% (v/v) 

Triton X-100 and CFU/ml were recorded after incubation. (B) For invasion assays, T84 cells were then 

incubated with gentamicin (150 µg/ml) for 2 hours to kill extracellular bacteria and then lysed with 0.1% 

(v/v) Triton X-100 and CFU/ml were recorded after incubation. Three biological and three technical 

replicates were performed for each experiment. # denotes no growth was observed. Asterisks denote a 

statistically significant difference (* = p < 0.05; ** = p < 0.01; *** = p < 0.001).  
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4.2.6.  Induction of IL-8 secretion from T84 cells by C. jejuni 11168H wild-type strain and 

mutants 

IL-8 induction by C. jejuni strains was measured to investigate whether C. jejuni interaction and 

invasion is correlated to C. jejuni-induced IL-8 secretion by T84 cells. To determine IL-8 induction in 

T84 cells by C. jejuni wild-type strain and different mutants, human IL-8 ELISA was performed. There 

were no significant differences in IL-8 induction between the 11168H wild-type strain and the 11168H 

cdtABC operon, cdtA and cadF mutants (Figure 4.12). In contrast, 11168H htrA, kpsM, flaA, flpA 

mutants and cadF flpA double mutant exhibited significant reduction of IL-8 release compared to the 

11168H wild-type strain. The observations indicate C. jejuni can induce IL-8 by two main mechanisms 

which are CDT-dependent and CDT-independent such as active adhesion and/or invasion.  

 

Figure 4.12. IL-8 release from T84 cells infected with C. jejuni 11168H wild-type strain or the 

mutants. T84 cells in a 24-well plate were infected with C. jejuni for 24 hours at 37°C in a 5% CO2 

incubator (MOI of 200:1). Medium from each well was subjected to human IL-8 ELISA to measure the 

concentrations of IL-8. Three biological and two technical replicates were performed for each 

experiment. Asterisks denote a statistically significant difference (* = p < 0.05; ** = p < 0.01; **** = 

p < 0.0001). 
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4.2.7.  Activation of PERK and IRE1α pathways in T84 IECs by C. jejuni 11168H wild-type 

strain and mutants 

To identify C. jejuni virulence determinants which are responsible for UPR activation, T84 cells were 

infected with either 11168H wild-type strain or different mutants for 24 hours and transcriptional levels 

of CHOP and spliced XBP1 were analysed (Figure 4.13). Compared to the 11168H wild-type strain, 

infection with the 11168H kpsM, flaA, flpA mutants and cadF flpA double mutant resulted in 

significantly less upregulated CHOP in T84 cells (Figure 4.13A). In contrast, none of these mutants 

showed significant differences in spliced XBP1 expression compared to the 11168H wild-type strain 

(Figure 4.13B and 4.13C). The heat-killed 11168H wild-type strain exhibited impaired upregulation of 

both CHOP and spliced XBP1 expression compared to the live 11168H wild-type strain suggesting C. 

jejuni-induced UPR requires interactions between live C. jejuni and human IECs (Figure 4.13A and 

4.13B). Collectively, these data suggest that C. jejuni capsule, flagella and FlpA adhesin might be 

involved in C. jejuni-induced UPR. In addition, these observations imply that activation of each UPR 

pathway is dependent on different C. jejuni virulence determinants and there might be other C. jejuni 

virulence determinants that induce the IRE1α pathway.  
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Figure 4.13. UPR-related gene expression following C. jejuni infection. qRT-PCR showing 

expression of human (A) CHOP and (B) spliced XBP1 [XBP1(s)] in T84 cells infected with either C. 

jejuni 11168H wild-type strain, mutants or heat-killed 11168H wild-type strain for 24 hours at 37°C in 

a 5% CO2 atmosphere (MOI of 200:1). (C) RT-PCR showing expression of unspliced and spliced XBP1 

[XBP1(u) and XBP1(s)] in T84 and Caco-2 cells infected with either C. jejuni 11168H wild-type strain 

or cdtABC operon mutant for 24 hours at 37°C in a 5% CO2 atmosphere. GAPDH was used as an internal 

control. Three biological and three technical replicates were performed for each experiment. Asterisks 

denote a statistically significant difference (** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 
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4.3. Discussion 

4.3.1.  UPR activation by C. jejuni in human IECs 

UPR activation by C. jejuni has not been investigated in the same detail compared to other enteric 

pathogens. A previous study demonstrated that only the PERK pathway was induced by C. jejuni 81-

176 in Caco-2 cells (Aya et al., 2018). In contrast, in this study we have demonstrated that 11168H, 81-

176 and 488 wild-type strains activated the PERK and IRE1α pathways in both T84 and Caco-2 cells. 

Amongst the three C. jejuni wild-type strains used in this study, only 81-176 induced the ATF6 pathway 

in T84 cells but not in Caco-2 cells. Such differing data may be due to differences in experimental 

conditions such as different antibodies and cell lines. Data presented in this study indicates C. jejuni-

mediated ATF6 pathway activation was both cell line- and strain-dependent. Both the T84 and Caco-2 

cells used in this study were originally derived from human colonic adenocarcinoma cells. T84 cells 

exhibit characteristics of colonocytes, such as shorter microvilli, whereas Caco-2 cells exhibit 

characteristics of enterocytes upon maturation (Devriese et al., 2017). Small intestinal brush border 

enzymes are found in Caco-2 cells but not in T84 cells. Monocarboxylate transporter-1 (MCT1) which 

is a colonocyte biomarker is only expressed in T84 cells. Furthermore, higher TLR4 expression is 

observed in T84 cells and higher TLR5 expression is detected in Caco-2 cells (Devriese et al., 2017). 

Such phenotypic variation between the two cell lines might result in differences in host cellular 

signalling during C. jejuni infection. Thus, differential ATF6 pathway activation by C. jejuni might be 

in part due to differences between the two cell lines. 

In addition, C. jejuni-induced activation of the ATF6 pathway was strain dependent. Genomic analysis 

has revealed that C. jejuni exhibits significant inter-strain variability (Bravo et al., 2021; Dorrell et al., 

2001). Most inter-strain diversity of C. jejuni was found in the capsule biosynthesis locus, the LOS 

biosynthesis locus, the flagellin O-linked glycosylation locus as well as in the T4SS and T6SS gene 

clusters (Bravo et al., 2021). 81-176 was originally isolated from an outbreak associated with 

contaminated milk in the USA (Korlath et al., 1985). 81-176 possesses two plasmids termed pVir and 

pTet (Bacon et al., 2000). Even though there is little evidence of a full T4SS system, four genes which 

encode orthologues of H. pylori T4SS are found in the pVir plasmid and the H. pylori cag Pathogenicity 

Island contains one of these genes (Bacon et al., 2000, 2002; Kersulyte et al., 2003). H. pylori T4SS is 

involved in translocation of cytotoxin-associated antigen A (CagA) which is responsible for human IL-

8 induction (Fischer et al., 2001; Kersulyte et al., 2003). Several studies have investigated the role of 

the putative C. jejuni T4SS encoded on pVir (Bacon et al., 2000, 2002). Adherence and invasion of C. 

jejuni to INT407 cells as well as virulence in a ferret model were significantly reduced by mutation of 

pVir genes (Bacon et al., 2000, 2002). Mutation in one of the pVir genes involved in H. pylori natural 
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transformation also reduced natural transformation efficiency of 81-176 (Bacon et al., 2000).  

A number of bacterial T4SSs including H. pylori T4SS are implicated in UPR activation (Celli & Tsolis, 

2014). H. pylori vacuolating cytotoxin CagA which is translocated by T4SS causes mitochondrial 

dysfunction through oxidative damage and is responsible for induction of the PERK, IRE1α and ATF6 

pathways in human gastric adenocarcinoma-derived AGS and MKN45 cells (Kumar & Dhiman, 2018; 

Nami et al., 2020). B. abortus T4SS effector protein VceC induces the UPR and inflammation through 

interaction with BiP (de Jong et al., 2013). In addition, L. pneumophila effector protein Lpg0519 

activates the ATF6 pathway in a T4SS-dependent manner (Ibe, Subramanian, & Mukherjee, 2021). 

Therefore, further studies are required to investigate if the 81-176 T4SS is responsible for ATF6 

pathway activation. We also cannot disregard the possibility that there might be other bacterial virulence 

determinants of the 81-176 strain which can activate the ATF6 pathway.  

Unlike 11168H and 81-176, 488 possesses a functional T6SS associated with roles in oxidative stress 

response, cytotoxicity and interaction and invasion of chicken intestinal primary cells (Liaw et al., 2019; 

Robinson et al., 2021). A previous study reported Pseudomonas aeruginosa T6SS-mediated UPR 

activation in human embryonic kidney HEK293T cells (Jiang et al., 2016). P. aeruginosa T6SS delivers 

phospholipase toxin TplE which exerts a lypolytic action on adjacent bacteria. After internalisation into 

host cells by T6SS, TplE localises to the ER and disrupts the ER structure by lipase activity. ER 

disruption then results in activation of the PERK and IRE1α pathways followed by autophagy initiation 

(Jiang et al., 2016). Like P. aeruginosa T6SS, C. jejuni 488 T6SS might secrete ER-localising and/or 

ER-disrupting effector proteins which can activate the UPR. It is also possible that structural 

components of 488 T6SS might be able to induce the UPR in human IECs. Further investigation is 

required to determine if 488 T6SS is involved in the UPR activation.  

In contrast to 488 which is a recently isolated clinical strain, 11168H and 81-176 are the most commonly 

used C. jejuni isolates in the laboratory (Jones et al., 2004; Karlyshev et al., 2002; Korlath et al., 1985). 

Both C. jejuni isolates are fully sequenced and well-studied (Bacon et al., 2002; Gaynor et al., 2004). 

As 11168H and 81-176 are adapted to the laboratory environments, the use of other fresh clinical C. 

jejuni isolates is required to examine if there is phenotypic differences in UPR activation between the 

laboratory and fresh clinical isolates.  

4.3.2.  C. jejuni 11168H cdtABC operon mutagenesis and phenotypic assays 

Translocation of many bacterial AB-toxins from the ER to the cytosol is dependent on the ERAD 

pathway (Eshraghi et al., 2014; Guerra et al., 2011; Nowakowska-Gołacka et al., 2019). Such toxins 

include cholera toxin, Shiga toxin and E. coli heat-labile enterotoxin (Nowakowska-Gołacka et al., 
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2019). Initially, fully folded toxins are translocated to the ER and interact with PDI which catalyses 

unfolding of toxins. The ERAD system recognises unfolded proteins within the ER, the substrates are 

retrotranslocated to the ER membrane and released into the cytosol. Then ubiquitin-proteasome 

degrades misfolded or unfolded substrates. However, toxins can undergo refolding in the cytosol to 

avoid degradation (Nowakowska-Gołacka et al., 2019). A heterotrimeric AB-type CDT was shown to 

require the ERAD pathway for intoxication (Eshraghi et al., 2014). As the UPR upregulates expression 

of genes encoding components of the ERAD pathway (Hetz & Papa, 2018), a C. jejuni cdtABC operon 

mutant was constructed to investigate if C. jejuni CDT is responsible for UPR activation in human IECs.  

Phenotypic assays were performed using the 11168H wild-type strain, cdtABC operon, cdtA, kpsM, flaA, 

htrA, cadF, flpA mutants and a cadF flpA double mutant. Each mutant exhibited distinct growth kinetics 

which may be due to different metabolic costs resulting from individual mutations. Interestingly, all C. 

jejuni mutants, except the cdtABC operon and cdtA mutants, exhibited both reduced cytotoxicity and 

interaction and invasion. A previous study reported C. jejuni strains with greater invasiveness result in 

higher cytotoxicity on T84 cells (Kalischuk, Inglis, & Buret, 2007). In agreement with the previous 

study, the data shown in this chapter suggests C. jejuni cytotoxicity is closely correlated with host cell 

invasion. The results also indicate that C. jejuni CDT exerts cytotoxicity on host cells independent of 

C. jejuni adherence and invasion. While cdtA mutant exhibited reduced interaction with T84 cells, 

cdtABC operon mutant exhibited enhanced interaction. Further studies are required to investigate if 

each mutation affects expression of other genes which are involved in interaction with host cells. 

Two mechanisms that C. jejuni induces IL-8 secretion from human IECs are adherence and invasion 

and CDT activity (Hickey et al., 2000). In accordance with a previous study (Hickey et al., 2000), the 

data presented in this chapter demonstrated that the mutation of either the cdtABC operon or cdtA did 

not affect C. jejuni whole cell-mediated IL-8 induction from T84 cells. The results suggest C. jejuni can 

induce IL-8 secretion via adherence and invasion which is independent of CDT activity. However, it 

has been demonstrated that membrane fractions of cdt mutants failed to induce IL-8 compared to the 

membrane fractions of the wild-type strain indicating membrane-bound CDT is involved in IL-8 

induction (Hickey et al., 2000). It is now known that C. jejuni CDT is secreted via OMVs and 

extracellular CDT which is closely associated with the OMVs exerts cytotoxicity on human IECs (Elmi 

et al., 2012; Lindmark et al., 2009). This indicates that C. jejuni can induce IL-8 secretion from human 

IECs via OMV-associated CDT as well as via adherence and invasion.  

The htrA, kpsM, flaA, flpA mutants and the cadF flpA double mutant which all exhibit reduced 

interaction and invasion, also showed impaired IL-8 induction in T84 cells. These results are in 

accordance with a previous study which demonstrated that 81-176 flaA and peb1A mutants with reduced 
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adherence and invasion resulted in less IL-8 induction from INT407 cells (Hickey et al., 1999). In 

contrast, another study demonstrated there was no difference in IL-8 expression in Caco-2 and HT-29 

cells between the 11168H kpsM mutant and the wild-type strain (Zilbauer et al., 2005). Such differing 

data may be due to phenotypic variation between the cell lines which subsequently results in differential 

cellular signalling in inflammation.  

Whole genome sequencing of each mutant is needed to examine if each mutation does not affect other 

genes. Western blot is also required to check whether a protein encoded by each mutated gene is still 

expressed or not. In addition, complementation studies are necessary to confirm the phenotypes of 

mutants observed in each experiment were due to the mutation of a specific gene. 

4.3.3.  C. jejuni virulence determinants which are responsible for UPR activation 

Unlike other UPR-activating bacteria, C. jejuni virulence determinants that activate the UPR have yet 

to be identified. qRT-PCR data presented in this chapter demonstrated that the cdtABC operon and cdtA 

mutants did not show any differences in activation of either the PERK or IRE1α pathways compared to 

the wild-type strain. Given that C. jejuni can induce IL-8 secretion via adherence and invasion which is 

independent of CDT activity (Hickey et al., 2000) and the UPR is closely linked to proinflammation 

(Garg et al., 2012; Joep et al., 2016), the reason why no differences in UPR activation was observed 

between the wild-type strain and the cdt mutants might be because the UPR is still activated via C. 

jejuni adherence and invasion. Further studies will be necessary to determine if C. jejuni OMV-

associated CDT is responsible for the UPR activation in human IECs. If C. jejuni CDT does not activate 

the UPR, it is also possible that retrotranslocation of C. jejuni CDT might utilise basal level of ERAD 

components without UPR-induced expression of ERAD components.  

In addition, results presented in this chapter showed that C. jejuni capsular polysaccharide, flagella and 

FlpA are involved in activation of the PERK pathway. The observation reemphasises the possibility that 

PERK pathway activation might be dependent on adherence and invasion of C. jejuni. Even though 

both cadF and flpA mutants showed reduced interaction and invasion, only the cadF mutant displayed 

similar level of the PERK pathway activation as observed in the wild-type strain. This suggests 

differential effects of interaction of C. jejuni adhesins CadF and FlpA with host IECs on cellular 

signalling for UPR activation. Furthermore, the cadF mutant did not affect IL-8 release but the flpA 

mutant and the cadF flpA double mutant both reduced IL-8 secretion. This indicates that C. jejuni-

mediated IL-8 induction might be correlated to C. jejuni-induced UPR activation. Further studies are 

required to determine whether C. jejuni-induced inflammation is linked to the UPR activation.  

Similarly, the htrA mutant was still able to induce the UPR even though it displayed reduced interaction 
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and invasion compared to the wild-type strain. A previous study demonstrated that C. jejuni OMVs 

which contain proteases HtrA, Cj0511 and Cj1365c are able to cleave recombinant BiP (Elmi et al., 

2017). OMVs from the htrA mutant were still able to cleave recombinant BiP whereas OMVs from the 

Cj1365c mutant exhibited reduced BiP cleavage compared to OMVs from the wild-type strain (Elmi et 

al., 2017). As HtrA is not involved in BiP cleavage as shown in a previous study (Elmi et al., 2017), the 

htrA mutant might still be able to activate the PERK and IRE1α pathways in T84 cells. Unlike HtrA, 

the Cj1365c protease contains a domain with a sequence identity of 20% with subunit A of the subtilase 

cytotoxin of E. coli (Elmi et al., 2017). The subtilase cytotoxin degrades BiP and induces the activation 

of all three UPR pathways (Morinaga et al., 2008; Paton et al., 2006). Further experiments using the 

Cj1365c mutant are needed to investigate whether Cj1365c-mediated BiP cleavage is a mechanism of 

C. jejuni-activated UPR. However, it is possible that C. jejuni-mediated UPR activation is independent 

of BiP cleavage. BiP is bound to all three sensors, PERK, IRE1α and ATF6 under homeostatic 

conditions and detachment of BiP from each sensor activates all three pathways during the ER stress 

(Hetz & Papa, 2018). E. coli subtilase cytotoxin activates all three pathways by degrading BiP 

(Morinaga et al., 2008; Paton et al., 2006). Unlike E. coli which activates all three UPR pathways, the 

qRT-PCR data presented in this chapter indicated 11168H induced the PERK and IRE1α pathways but 

not the ATF6 pathway. Therefore, we speculate that C. jejuni induces the UPR via other mechanisms.  

Interestingly, none of the mutants included in this chapter showed any significant differences in the 

activation of the IRE1α pathway compared to the wild-type strain. This indicates that different C. jejuni 

virulence determinants are involved in the activation of each UPR pathway. For example, C. jejuni LOS 

might be able to activate the IRE1α pathway. A previous study demonstrated that treatment of 

RAW264.7 murine macrophage cells with E. coli LPS did not induce the PERK pathway but did activate 

the IRE1α pathway (Nakayama et al., 2010). C. jejuni LOS is structurally similar to LPS but it lacks 

the O-antigen (Hameed et al., 2020). In addition, we cannot exclude the possibility of involvement of 

OMV-associated CDT in IREα pathway activation. Thus, further studies are required to investigate 

whether C. jejuni LOS and/or OMV-associated CDT are involved in IREα pathway activation. Data 

presented in this chapter also indicates that live C. jejuni is required to activate both the PERK and 

IRE1α pathways which suggests that the interaction between human IECs and the intact C. jejuni 

membrane proteins and/or live whole cells is necessary for the C. jejuni-mediated UPR activation.  
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4.4. Conclusion 

In this study, the UPR activation in human IECs by C. jejuni wild-type and different mutant strains was 

investigated. Data presented in this chapter suggests that C. jejuni-mediated activation of the ATF6 

pathway is strain- and cell line-dependent unlike the activation of the PERK and IREα pathways. In 

addition, the data indicates the requirement of live C. jejuni cells for UPR activation and the 

involvement of C. jejuni capsular polysaccharide, flagella and FlpA in PERK pathway activation. 

However, none of the 11168H mutants used in this study exhibited differences in activation of the IREα 

pathway. This study also points to the possibility that C. jejuni-mediated UPR might be linked to C. 

jejuni-induced inflammation. Leading from this study, further investigation is necessary to identify 

bacterial virulence determinants which are responsible for IRE1α pathway activation and to determine 

whether C. jejuni-induced UPR results in inflammation in human IECs. 
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CHAPTER FIVE: Further investigation of C. jejuni-mediated activation of the 

unfolded protein response in human intestinal epithelial cells 

5.1.  Introduction  

Many microbial pathogens can modulate the UPR as UPR activation can affect their fitness (Jean & 

Renée, 2014). Japanese encephalitis virus (JEV) induces the IRE1α pathway which upregulates the 

RIDD pathway (Bhattacharyya, Sen, & Vrati, 2014). JEV exploits the UPR-induced RIDD pathway 

which degrades host mRNA but not viral RNA resulting in effective viral protein synthesis 

(Bhattacharyya, Sen, & Vrati, 2014). In addition to viral pathogens, some bacterial pathogens exploit 

the UPR to benefit bacterial replication within host cells (Jean & Renée, 2014). B. melitensis TcpB 

interacts with microtubules and induces the UPR to reorganise the ER and to enhance intracellular 

replication within the ER in RAW 264.7 macrophages (Smith et al., 2013). S. enterica activates the 

UPR for intracellular replication by exploiting UPR-induced lipid metabolism (Antoniou et al., 2018). 

In contrast, some effector proteins of L. pneumophila T4SS inhibit upregulation of translational 

expression of BiP and CHOP and block XBP1 mRNA splicing (Sean & Shaeri, 2015). As the UPR can 

be either beneficial or detrimental to pathogens, each pathogen exhibits distinct strategies to manipulate 

the UPR (Jean & Renée, 2014).  

The UPR can exert antibacterial effects on microbial pathogens as the UPR is implicated in 

proinflammation (Grootjans et al., 2016; Jean & Renée, 2014). Phosphorylation of eIF2α by PERK 

increases the relative ratio of NF-κB over IκB resulting in inflammation (Deng et al., 2004). ATF4 is 

selectively translated during activation of the PERK pathway and upregulates IL-6 gene expression 

(Zhang et al., 2013). IRE1α interacts with TRAF2 to activate the JNK and NF-κB pathways and spliced 

XBP1 upregulates TNF and IL-6 gene expression (Hu et al., 2006). In addition, ATF6 activates NF-κB-

mediated inflammation and ATF6 with CREBH induces genes involved in the acute phase response 

(Zhang et al., 2006). The UPR-mediated inflammation is detrimental to the invading pathogens; 

however, at the same time activation of the UPR benefits the intracellular survival of some pathogens, 

highlighting the complexity of microbial pathogen-mediated UPR modulation. 

As a surveillance system for the ER homeostasis, the UPR is activated by various stimuli such as Ca2+ 

depletion or increased protein folding demands (Hetz & Papa, 2018). These stimuli result in an increase 

in misfolded proteins within the ER lumen which subsequently bind to BiP and trigger the UPR (Hetz 

& Papa, 2018). In addition to the accumulation of misfolded proteins within the ER lumen, the UPR 

can be activated by TLR stimulation upon bacterial infection (Kim et al., 2018). In the previous chapter, 

we demonstrated C. jejuni induces the UPR in human IECs. However, the mechanisms of C. jejuni-
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induced UPR still remain to be elucidated. The aims of the work presented in this chapter were to 

examine whether the UPR exerts either beneficial or detrimental effects on C. jejuni within human IECs 

as well as to investigate whether C. jejuni-activated UPR is correlated to C. jejuni-induced inflammation. 

In addition, a potential mechanism for C. jejuni-mediated activation of the UPR in human IECs was 

investigated. Lastly, a crosstalk between the UPR activation and NOX1 expression was examined. 
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5.2.  Results 

5.2.1. C. jejuni viability with chemical treatments 

To achieve the aims of the study presented in this chapter, human IECs were treated with different 

chemicals before and/or during C. jejuni infection. Thapsigargin is an inhibitor of SERCA resulting in 

disruption of Ca2+ storage and activation of the UPR (Sehgal et al., 2017). KIRA6 inhibits kinase 

activity of IRE1α through interaction with the ATP-binding site of IRE1α (Mahameed et al., 2019). 

KIRA6 can also allosterically inhibit the RNase activity of IRE1α (Ghosh et al., 2014). STF-083010 

inhibits the RNase activity of IRE1α through covalent modification (Ghosh et al., 2014). GSK2656157 

is an ATP-competitive PERK inhibitor which prevents phosphorylation of PERK (Maly & Papa, 2014). 

ML130 is a NOD1 inhibitor (Correa et al., 2011) and BAPTA-AM is a cell-permeable Ca2+ chelator 

(Collatz, Rüdel, & Brinkmeier, 1997). As human IECs were to be pre-treated with these chemicals 

before and/or during C. jejuni infection, C. jejuni viability during co-incubation with these chemicals 

was assessed. Treatment with thapsigargin, KIRA6, STF-083010, GSK2656157, ML130 or BAPTA-

AM for the timepoints used in each respective assay did not significantly affect the viability of C. jejuni 

11168H, 81-176 or 488 wild-type strains (Figure 5.1 and Figure 5.2).  

 

Figure 5.1. Assessment of C. jejuni vability with thapsigargin treatment. C. jejuni 11168H, 81-176 

and 488 wild-type strains were treated with 2 µM of thapsigargin for 3-, 6- or 24-hours at 37°C in a 5% 

CO2 incubator. CFU/ml were recorded after incubation. Three biological and three technical replicates 

were performed for each experiment. 
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Figure 5.2. Assessment of C. jejuni vability with different chemical treatments. C. jejuni 11168H, 

81-176 or 488 wild-type strains were treated with 3 µM of KIRA6, 3 µM of GSK2656157 or 30 µM of 

ML130 for 24 hours or treated with 100 µM of STF-083010 for 4 hours or 10 µM of BAPTA-AM for 

1 hour at 37°C in a 5% CO2 incubator. CFU/ml were recorded after incubation. Three biological and 

three technical replicates were performed for each experiment.  
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5.2.2. Cytotoxicity of chemical treatments on T84 and Caco-2 IECs 

To investigate whether each chemical treatment exerts cytotoxicity on T84 and Caco-2 cells, a LDH 

assay was performed. 6 hours treatment with thapsigargin significantly increased cytotoxicity by 5.7% 

and 5.5% on T84 and Caco-2 cells respectively compared to untreated human IECs (Figure 5.3A and 

5.3B). Treatment with KIRA6, STF-083010, GSK2656157, ML130 or BAPTA-AM did not result in 

any significant increases in cytotoxicity on either T84 or Caco-2 cells (Figure 5.3A and 5.3B). 

 

Figure 5.3. Measurement of cytotoxicity of chemical treatment on T84 and Caco-2 cells. (A) T84 

or (B) Caco-2 cells grown in a 96-well plate were treated with 3 µM of KIRA6, 3 µM of GSK2656157 

or 30 µM of ML130 for 24 hours or treated with 2 µM of thapsigargin for 6 hours, 100 µM of STF-

083010 for 4 hours or 10 µM of BAPTA-AM for 1 hour at 37°C in a 5% CO2 incubator. Medium from 

each well was then analysed using a LDH assay. Cytotoxicity (%) was calculated by using the following 

equation: (C. jejuni infected LDH activity – spontaneous LDH activity) / (maximum LDH activity – 

spontaneous LDH activity) x 100. Three biological and three technical replicates were performed for 

each experiment. Asterisks denote a statistically significant difference (* = p < 0.05; ** = p < 0.01). 
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5.2.3. Thapsigargin-induced UPR reduces C. jejuni intracellular survival in human IECs  

The impact of thapsigargin-induced UPR on C. jejuni interaction, invasion and intracellular survival in 

human IECs was investigated. T84 and Caco-2 cells were pre-treated with thapsigargin for 6 hours, 

infected with C. jejuni and the number of interacting, invading and intracellularly surviving C. jejuni 

were analysed (Figure 5.4). Pre-treatment with thapsigargin did not affect C. jejuni interactions with or 

invasion of T84 or Caco-2 cells (Figure 5.4A, 5.4B, 5.4C and 5.4D). In contrast, intracellular survival 

of C. jejuni in T84 or Caco-2 cells was significantly reduced in thapsigargin-treated human IECs 

compared to untreated controls (Figure 5.4E and 5.4F). This data suggests the UPR is detrimental to C. 

jejuni intracellular survival within human IECs. 
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Figure 5.4. The effect of thapsigargin-mediated UPR on C. jejuni interaction, invasion and 

intracellular survival. T84 or Caco-2 cells were pre-treated with 2 µM of thapsigargin for 6 hours and 

infected with C. jejuni 11168H, 81-176 or 488 wild-type strains for 3 hours at 37°C in a 5% CO2 

atmosphere (MOI of 200:1). For interaction assays, (A) T84 or (B) Caco-2 cells were washed with PBS, 

lysed with 0.1% (v/v) Triton X-100 and CFU/ml were recorded after incubation. For invasion assays, 

after infection with C. jejuni, (C) T84 or (D) Caco-2 cells were incubated with gentamicin (150 µg/ml) 

for 2 hours to kill extracellular bacteria, then lysed with 0.1% (v/v) Triton X-100 and CFU/ml were 

recorded after incubation. For intracellular survival assays, the 2 hours gentamicin treatment as for 

invasion assays was followed by further incubation with gentamicin (10 µg/ml) for 18 hours, then (E) 

T84 or (F) Caco-2 cells were lysed with 0.1% (v/v) Triton X-100 and CFU/ml were recorded after 

incubation. Three biological and three technical replicates were performed for each experiment. 

Asterisks denote a statistically significant difference (** = p < 0.01; *** = p < 0.001). 
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5.2.4. Treatment with UPR inhibitors downregulates C. jejuni-mediated UPR activation in 

T84 and Caco-2 cells 

Thapsigargin activates the UPR by inhibiting SERCA and disturbing Ca2+ homeostasis in the ER. As an 

opposite approach to thapsigargin pre-treatment, human IECs were treated with different UPR inhibitors 

to investigate the impact of the UPR on intracellular C. jejuni within human IECs. qRT-PCR was 

performed to confirm downregulation of C. jejuni- and thapsigargin-mediated UPR activation in T84 

and Caco-2 cells treated with the UPR inhibitors (Figure 5.5 and 5.6). Pre-treatment with GSK2656157 

significantly reduced C. jejuni- and thapsigargin-induced CHOP expression in T84 and Caco-2 cells 

indicating impaired activation of PERK pathway (Figure 5.5A and 5.5C). In addition, pre-treatment 

with KIRA6 or STF-083010 significantly downregulated C. jejuni- and thapsigargin-induced 

expression of spliced XBP1 in T84 and Caco-2 cells indicating reduced activation of IRE1α pathway 

(Figure 5.5B and 5.5D). Reduction of protein levels of CHOP and spliced XBP1 with the UPR inhibitors 

was confirmed using Western blotting (Figure 5.6).  
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Figure 5.5. UPR-related gene expression in T84 and Caco-2 cells treated with UPR inhibitors 

followed by C. jejuni infection. qRT-PCR showing expression of human (A, C) CHOP and (B, D) 

spliced XBP1 [XBP1(s)] in T84 or Caco-2 cells infected with either C. jejuni 11168H, 81-176 or 488 

wild-type strains (MOI of 200:1) or treated with 2 µM of thapsigargin for 24 hours at 37°C in a 5% CO2 

atmosphere. Prior to C. jejuni infection or thapsigargin treatment, T84 and Caco-2 cells were treated 

with 3 µM of KIRA6, 100 µM of STF-083010 or 3 µM of GSK2656157 for 4 hours at 37°C in a 5% 

CO2 incubator. T84 and Caco-2 cells were further treated with 3 µM of KIRA6 and 3 µM of 

GSK2656157 during C. jejuni infection or thapsigargin treatment. GAPDH was used as an internal 

control. Three biological and three technical replicates were performed for each experiment. Asterisks 

denote a statistically significant difference (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 

0.0001). 
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Figure 5.6. UPR-related protein expression in T84 cells treated with UPR inhibitors followed by 

C. jejuni infection. Western blotting showing protein levels of both spliced & unspliced forms of XBP1 

[XBP1(u) & XBP1(s)] and CHOP in T84 cells infected with C. jejuni 11168H, 81-176 or 488 wild-type 

strains (MOI of 200:1) or treated with 2 µM of thapsigargin (Tg) for 24 hours at 37°C in a 5% CO2 

incubator. Prior to C. jejuni infection or thapsigargin treatment, T84 and Caco-2 cells were pre-treated 

with 3 µM of KIRA6, 100 µM of STF-083010 or 3 µM of GSK2656157 for 4 hours at 37°C in a 5% 

CO2 incubator. T84 and Caco-2 cells were further treated with 3 µM of KIRA6 and 3 µM of 

GSK2656157 during C. jejuni infection or thapsigargin treatment. GAPDH was used as an internal 

control.  
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5.2.5. Pre-treatment with UPR inhibitors increases the number of intracellular C. jejuni in 

human IECs 

Using UPR inhibitors, the impact of the UPR on the number of intracellular C. jejuni in human IECs 

was investigated (Figure 5.7). Compared to untreated human IECs, pre-treatment with KIRA6 and STF-

083010 significantly increased the number of intracellular 11168H, 81-176 and 488 in T84 and Caco-2 

cells indicating activation of IRE1α pathway is detrimental to intracellular C. jejuni survival (Figure 

5.7A and 5.7B). Similarly, GSK2656157 pre-treatment significantly increased the number of 

intracellular 11168H, 81-176 and 488 in T84 and Caco-2 cells suggesting a detrimental impact of PERK 

pathway on intracellular C. jejuni survival in human IECs (Figure 5.7A and 5.7B).  
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Figure 5.7. The effect of UPR inhibitors on the number of intracellular C. jejuni in human 

intestinal epithelial cells. (A) T84 or (B) Caco-2 cells were pre-treated with 3 µM of KIRA6, 100 µM 

of STF-083010 or 3 µM of GSK2656157 for 4 hours at 37°C in a 5% CO2 incubator. T84 and Caco-2 

cells were then infected with C. jejuni 11168H, 81-176 or 488 wild-type strains for 24 hours at 37°C in 

a 5% CO2 incubator (MOI of 200:1). Human IECs were further treated with 3 µM of KIRA6 and 3 µM 

of GSK2656157 during C. jejuni infection. T84 and Caco-2 cells were washed with PBS and incubated 

with gentamicin (150 µg/ml) for 2 hours to kill extracellular bacteria and then lysed with 0.1% (v/v) 

Triton X-100 and CFU/ml were recorded after incubation. Three biological and three technical 

replicates were performed for each experiment. Asterisks denote a statistically significant difference (* 

= p < 0.05; ** = p < 0.01). 
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5.2.6. The effect of UPR inhibitors on induction of IL-8 secretion from T84 cells by C. 

jejuni wild-type strains and thapsigargin 

Induction of IL-8 secretion from T84 cells by C. jejuni wild-type strains and thapsigargin was assessed. 

11168H, 81-176 and 488 all induced IL-8 secretion at 24 hours post-infection; however, only 81-176 

induced IL-8 secretion at 6 hours post-infection suggesting inter-strain variation in IL-8 induction 

(Figure 5.8). Thapsigargin induced IL-8 release from T84 cells at both 6- and 24-hours post-treatment 

indicating thapsigargin-induced UPR is implicated in inflammation (Figure 5.8). To determine if C. 

jejuni-induced inflammation is correlated to UPR activation, the effect of the UPR inhibitors on 

induction of IL-8 secretion from T84 cells by C. jejuni wild-type strains was investigated. Pre-treatment 

with KIRA6 and GSK2656157 significantly reduced C. jejuni- and thapsigargin-induced IL-8 secretion 

(Figure 5.9). In contrast, pre-treatment with STF-083010 significantly increased C. jejuni- induced IL-

8 secretion whereas the treatment did not affect thapsigargin-mediated IL-8 release from T84 cells 

(Figure 5.9). Collectively, these data suggest there are differential effects of IRE1α inhibitors on IL-8 

secretion. In addition, these observations imply that C. jejuni-mediated inflammation in human IECs 

might be linked to activation of PERK and IRE1α pathways.  

 

Figure 5.8. IL-8 release from T84 cells infected with C. jejuni or treated with thapsigargin. T84 

cells in a 24-well plate were infected with C. jejuni 11168H, 81-176 or 488 wild-type strains (MOI 

200:1) or treated with 2 µM of thapsigargin for 6 or 24 hours at 37°C in a 5% CO2 incubator. Medium 

from each well was subjected to human IL-8 ELISA to measure the concentrations of IL-8. Three 

biological and two technical replicates were performed for each experiment. Asterisks denote a 

statistically significant difference (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 
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Figure 5.9. The impact of UPR inhibitors on IL-8 release from T84 cells infected with C. jejuni or 

treated with thapsigargin. T84 cells were pre-treated with 3 µM of KIRA6, 100 µM of STF-083010 

or 3 µM of GSK2656157 for 4 hours at 37°C in a 5% CO2 incubator. T84 cells were then infected with 

C. jejuni 11168H, 81-176 or 488 wild-type strains (MOI 200:1) or treated with 2 µM of thapsigargin 

for 24 hours at 37°C in a 5% CO2 incubator. T84 cells were further treated with 3 µM of KIRA6 and 3 

µM of GSK2656157 during C. jejuni infection. T84 cells in a 24-well plate were infected with C. jejuni 

(A) 11168H, (B) 81-176 or (C) 488 wild-type strains or treated with (D) thapsigargin for 6 or 24 hours 

at 37°C in a 5% CO2 incubator. Medium from each well was subjected to human IL-8 ELISA to measure 

the concentrations of IL-8. Three biological and two technical replicates were performed for each 

experiment. Asterisks denote a statistically significant difference ** = p < 0.01; *** = p < 0.001; **** 

= p < 0.0001). 
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5.2.7. The NOD1 inhibitor ML130 does not affect C. jejuni- or thapsigargin-mediated UPR 

activation in human IECs 

Given that C. jejuni-induced UPR might be responsible for inflammation in human IECs, further 

investigation of the relationship between NOD1 and C. jejuni-mediated UPR was conducted. Pre-

treatment with ML130, a NOD1 inhibitor, did not affect C. jejuni- or thapsigargin-induced CHOP and 

spliced XBP1 expression in either T84 or Caco-2 cells (Figure 5.10). These observations suggest C. 

jejuni and thapsigargin induce the UPR irrespective of NOD1 activity.  

 

Figure 5.10. UPR-related gene expression in T84 and Caco-2 cells treated with the NOD1 inhibitor 

ML130 followed by C. jejuni infection or thapsigargin treatment. qRT-PCR showing expression of 

human (A, C) CHOP and (B, D) spliced XBP1 [XBP1(s)] in T84 or Caco-2 cells infected with either C. 

jejuni 11168H, 81-176 or 488 wild-type strains (MOI of 200:1) or treated with 2 µM of thapsigargin for 

24 hours at 37°C in a 5% CO2 atmosphere. Prior to C. jejuni infection or thapsigargin treatment, T84 

and Caco-2 cells were treated with 30 µM of ML130 for 4 hours at 37°C in a 5% CO2 incubator. T84 

and Caco-2 cells were further treated with 30 µM of ML130 during C. jejuni infection or thapsigargin 

treatment. GAPDH was used as an internal control. Three biological and three technical replicates were 

performed for each experiment. 

  



135 

 

5.2.8. The effect of ML130 on induction of IL-8 secretion from T84 cells by C. jejuni wild-

type strains or thapsigargin 

C. jejuni and thpaisgargin-mediated IL-8 induction from T84 cells with or without ML130 pre-treatment 

were measured to investigate whether ML130 affects induction of IL-8 secretion from T84 cells by C. 

jejuni wild-type strains and thapsigargin. T84 cells treated with ML130 exhibited a significant reduction 

in thapsigargin-mediated IL-8 secretion compared to the untreated control suggesting thapsigargin-

induced IL-8 is dependent on NOD1 activity (Figure 5.11). In contrast, ML130 pre-treatment 

significantly increased C. jejuni-mediated IL-8 secretion from T84 cells (Figure 5.11). This suggests 

that C. jejuni infection involving the combined effects of different virulence determinants results in a 

more multifactorial response compared to thapsigargin treatment. 

 

Figure 5.11. The impact of the NOD1 inhibitor ML130 on IL-8 release from T84 cells infected 

with C. jejuni or treated with thapsigargin. T84 cells were pre-treated with 30 µM of ML130 for 4 

hours at 37°C in a 5% CO2 incubator. T84 cells were then infected with C. jejuni 11168H, 81-176 or 

488 wild-type strains (MOI of 200:1) or treated with 2 µM thapsigargin for 24 hours at 37°C in a 5% 

CO2 incubator. T84 cells were further treated with 30 µM of ML130 for 4 hours during C. jejuni 

infection. Medium from each well was subjected to human IL-8 ELISA to measure the concentrations 

of IL-8. Three biological and two technical replicates were performed for each experiment. Asterisks 

denote a statistically significant difference (* = p < 0.05; ** = p < 0.01; **** = p < 0.0001). 
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5.2.9. Pre-treatment of human IECs with ML130 increases the number of intracellular C. 

jejuni 

The impact of ML130 pre-treatment on intracellular C. jejuni survival within human IECs was 

investigated. Pre-treatment with ML130 significantly increased the number of intracellular C. jejuni in 

both T84 and Caco-2 cells compared to untreated human IECs indicating the antibacterial effect of 

NOD1 activity on intracellular C. jejuni within human IECs (Figure 5.12). In addition, these 

observations suggest the increased number of intracellular C. jejuni within human IECs pre-treated with 

ML130 might be responsible for the increased IL-8 secretion from human IECs pre-treated with ML130.  

 

Figure 5.12. The effect of the NOD1 inhibitor ML130 on intracellular C. jejuni in human intestinal 

epithelial cells. (A) T84 or (B) Caco-2 cells were pre-treated with 30 µM of ML130 for 4 hours at 37°C 

in a 5% CO2 incubator. T84 and Caco-2 cells were then infected with C. jejuni 11168H, 81-176 or 488 

wild-type strains for 24 hours at 37°C in a 5% CO2 incubator (MOI of 200:1). Human IECs were further 

treated with 30 µM of ML130 during C. jejuni infection. T84 and Caco-2 cells were washed with PBS 

then incubated with gentamicin (150 µg/ml) for 2 hours to kill extracellular bacteria and lysed 0.1% 

(v/v) Triton X-100. CFU/ml were recorded after incubation. Three biological and three technical 

replicates were performed for each experiment. Asterisks denote a statistically significant difference (* 

= p < 0.05; ** = p < 0.01; *** = p < 0.001). 
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5.2.10. Pre-treatment of BAPTA-AM decreases C. jejuni- or thapsigargin-mediated increases 

of intracellular Ca2+ in T84 cells 

Thapsigargin inhibits SERCA which transports Ca2+ from the cytoplasm into the ER and consequently 

increases intracellular free Ca2+ within the cytosol (Sehgal et al., 2017). Disruption of Ca2+ homeostasis 

by thapsigargin induces ER stress and activates the UPR (Sehgal et al., 2017). To investigate if C. jejuni 

alters the concentration of intracellular free Ca2+ within the cytosol, T84 cells were infected with C. 

jejuni wild-type strains and the concentration of intracellular free Ca2+ within the cytosol was measured 

(Figure 5.13). All three C. jejuni wild-type strains and thapsigargin increased the concentration of 

intracellular free Ca2+ within the cytosol compared to uninfected or untreated T84 cells (Figure 5.13). 

To investigate the impact of a Ca2+ chelator BAPTA-AM on these increases in intracellular Ca2+ resulted 

from C. jejuni infection or thapsigargin treatment, T84 cells were treated with BAPTA-AM prior to C. 

jejuni infection or thapsigargin treatment. BAPTA-AM pre-treatment significantly reduced the C. 

jejuni- or thapsigargin-mediated increases in intracellular Ca2+ within the cytosol (Figure 5.13).  
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Figure 5.13. The effect of the Ca2+ chelator BAPTA-AM on the increases in intracellular Ca2+ 

resulting from C. jejuni infection or thapsigargin treatment in human IECs. T84 cells grown in a 

96-well plate were pre-treated with 5, 10, 20 or 30 µM of BAPTA-AM for 1 hour at 37°C in a 5% CO2 

incubator. T84 cells were then infected with C. jejuni 11168H, 81-176 or 488 wild-type strains (MOI of 

200:1) or treated with 2 µM thapsigargin for 24 hours at 37°C in a 5% CO2 incubator. After infection 

or treatment, T84 cells were washed three times with HEPES BSS and treated with 5 μM of cell-

permeable dye Fura-2, AM for 1 hour at 37°C in a 5% CO2 incubator to detect intracellular Ca2+. The 

two sets of fluorescence with 340 nm excitation and 510 nm emission (λ1) and 380 nm excitation and 

510 nm emission (λ2) were recorded. Intracellular Ca2+ concentration was calculated using the following 

equation; [Ca2+]i = Kd x Q x (R - Rmin) / (Rmax - R). R represents the ratio of fluorescence intensity at λ1 

and λ2. λ1 detects Ca2+-bound Fura-2 and λ2 detects Ca2+-free Fura-2. Q is the ratio of the minimal 

fluorescence intensity and the maximal fluorescence intensity at λ2. Kd is the dissociation of constant of 

the dye. The Kd value of Fura-2 at 37°C is 224 nM (Grynkiewicz, Poenie, & Tsien, 1985). Rmin is the 

ratio of minimal fluorescence intensity at λ1 and λ2 and Rmax is the ratio of maximal fluorescence 

intensity at λ1 and λ2. Three biological and three technical replicates were performed for each 

experiment. Asterisks denote a statistically significant difference (** = p < 0.01; *** = p < 0.001; **** 

= p < 0.0001). 
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5.2.11. BAPTA-AM pre-treatment does not affect C. jejuni-mediated activation of PERK or 

IRE1α pathways in T84 cells 

To investigate if C. jejuni-mediated UPR activation was correlated with the increase in intracellular 

Ca2+ within the cytosol, T84 cells were pre-treated with BAPTA-AM to inhibit the increase in 

intracellular Ca2+ by C. jejuni and transcriptional expression of CHOP and spliced XBP1 were assessed. 

Pre-treatment with BAPTA-AM did not affect C. jejuni-mediated upregulation of CHOP and spliced 

XBP1 (Figure 5.14A and 5.14B), suggesting that C. jejuni-mediated UPR activation is independent of 

any disruption of intracellular Ca2+ homeostasis. In contrast, thapsigargin-mediated upregulation of 

CHOP and spliced XBP1 was significantly reduced by BAPTA-AM pre-treatment (Figure 5.14A and 

5.14B).  

 

Figure 5.14. UPR-related gene expression in T84 cells pre-treated with BAPTA-AM followed by 

C. jejuni infection or thapsigargin treatment. qRT-PCR showing expression of human (A) CHOP 

and (B) spliced XBP1 [XBP1(s)] in T84 cells infected with either C. jejuni 11168H wild-type strain 

(MOI of 200:1) or treated with 2 µM of thapsigargin for 24 hours at 37°C in a 5% CO2 atmosphere. 

Prior to C. jejuni infection or thapsigargin treatment, T84 cells were pre-treated with 10 µM of BAPTA-

AM for 1 hour at 37°C in a 5% CO2 incubator. GAPDH was used as an internal control. Three biological 

and three technical replicates were performed for each experiment. Asterisks denote a statistically 

significant difference (** = p < 0.01). 

5.2.12. Thapsigargin treatment downregulates NOX1 expression 

To investigate if thapsigargin-induced ER stress and the UPR affects NOX1 expression in human IECs, 

T84 cells were treated with thapsigargin for 6 or 24 hours. After 6- and 24-hour treatment, thapsgiargin 

significantly downregulated NOX1 expression in T84 cells (Figure 5.15A). C. jejuni 11168H, 81-176 

and 488 wild-type strains also significantly reduced NOX1 expression in T84 cells (Figure 5.15B). 

Collectively, these observations suggest that there might be a crosstalk between the UPR activation and 

NOX1 expression. 
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Figure 5.15. Transcriptional levels of NOX1 after thapsigargin treatment. (A) qRT-PCR data 

showing expression of NOX1. T84 cells were treated with thapsigargin for 6 or 24 hours (B) RT-PCR 

showing expression of NOX1 in T84 cells infected with C. jejuni (MOI of 200:1) or treated with 

thapsigargin (Tg) for 24 hours. GAPDH was used as an internal control. Three biological and three 

technical replicates were performed for each experiment. Asterisks denote a statistically significant 

difference (* = p < 0.05; ** = p < 0.01).  
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5.3.  Discussion 

5.3.1.  UPR activation as a host defence mechanism against C. jejuni in human IECs 

Some of the UPR-activating bacteria such as S. enterica, B. melitensis and Chlamydia spp. benefit from 

the UPR for intracellular replication (Antoniou et al., 2018; George et al., 2017; Smith et al., 2013). In 

contrast, as the UPR plays a role in bacterial clearance via crosstalk between UPR signalling and innate 

immune signalling resulting in inflammation (Choi & Song, 2019; Grootjans et al., 2016; Jean & Renée, 

2014), some bacteria which replicate within host cells manipulate the UPR to evade UPR-induced host 

innate immunity (Alshareef, Hartland, & McCaffrey, 2021). For example, L pneumophila suppresses 

activation of the IRE1α pathway by secreting glucosyltransferases Lgt1, Lgt2 and Lgt3 which inhibit 

XBP1 splicing (Hempstead & Isberg, 2015; Sean & Shaeri, 2015). Unlike other UPR-modulating 

bacteria, the impact of the UPR on C. jejuni pathogenesis in human IECs has not yet been well-studied. 

The data presented in this chapter demonstrated that pre-activation of all three UPR pathways (PERK, 

IRE1α and ATF6) by treatment with thapsigargin prior to C. jejuni infection significantly reduced 

intracellular survival of C. jejuni within human IECs. In addition, selective inhibition of either the 

PERK or IRE1α pathways by different UPR inhibitors resulted in increased numbers of intracellular C. 

jejuni within human IECs. Further immunofluorescence microscopy can be used to visualise and ensure 

the reduction or increase of intracellular C. jejuni within human IECs with chemical treatments. 

Collectively, these results indicate each UPR pathway exhibits anti-bacterial effects on C. jejuni and 

that the UPR might be activated as a host defence mechanism. Unlike other intracellular bacteria which 

possess strategies to utilise or dampen UPR activation for replication inside the host cells, C. jejuni does 

not appear to replicate within human IECs but can survive within the host cell for more than 24 hours 

(Konkel et al., 1992; Watson & Galán, 2008). Given that the UPR is activated in human IECs upon C. 

jejuni infection and the UPR limits the number of intracellular C. jejuni within human IECs, it would 

be tempting to speculate that C. jejuni is not able to subvert the UPR and subsequent UPR-mediated 

proinflammation might inhibit C. jejuni replication and survival for extended periods of time within 

human IECs. In addition, different intracellular localisation of C. jejuni might be differentially affected 

by the UPR effects. For example, C. jejuni within CCVs might be more protected from the antibacterial 

effects of the UPR whereas C. jejuni free within the cytosol might be more susceptible to the UPR 

effects. Further investigation of the impact of the UPR-mediated inflammation on differentially 

localised C. jejuni within host cells will be necessary.  

The Human IL-8 ELISA data presented in this chapter suggested C. jejuni-induced inflammation in 

human IECs is correlated with UPR activation. Significant reductions in C. jejuni- or thapsigargin-

mediated IL-8 secretion was observed following inhibition of the IRE1α and PERK pathways by 
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KIRA6 and GSK2656157 respectively indicating involvement of these two UPR pathways in C. jejuni 

and thapsigargin-mediated inflammation. In innate immune signalling, TRAF2 interacts with 

phosphorylated IRE1α and induces inflammation by activating JNK and NF-κB signalling pathways 

(Hu et al., 2006; Jean & Renée, 2014). Given that STF-083010 inhibits only RNase activity but not 

kinase activity of IRE1α (Ghosh et al., 2014; Mahameed et al., 2019), the observation of no difference 

in thapsigargin-mediated IL-8 secretion in T84 cells treated with STF-083010 might be because IRE1α 

can still undergo autophosphorylation and can be recognised by TRAF2 resulting in inflammation. This 

result also indicates thapsigargin-mediated inflammation is dependent on the kinase activity of IRE1α 

rather than RNase activity which is consistent with data from a previous study (Keestra-Gounder et al., 

2016). Intriguingly, data presented in this chapter also showed STF-083010 increased C. jejuni-

mediated IL-8 secretion. There might be other cellular effects of STF-08310 on immune signalling in 

the context of C. jejuni infection. It is also possible that increased numbers of intracellular C. jejuni 

resulted from STF-083010 pre-treatment might lead to enhanced C. jejuni-induced IL-8 secretion. 

Unlike KIRA6 and GSK2656157, STF-083010 might produce an environment where a correlation 

between the C. jejuni bacterial burden within host cells and IL-8 secretion is significant. Further 

investigation is necessary to determine any additional effects of STF-083010 on immune signalling 

during C. jejuni infection. 

In canonical signalling of NOD1, intracellular NOD1 detects bacterial peptidoglycan, recruits RIPK2 

and interacts with TRAF2 for activation of NF-κB and JNK signalling pathways to induce 

proinflammation (Caruso et al., 2014; Heim, Stafford, & Nachbur, 2019). In contrast, non-canonical 

signalling of NOD1 is associated with IRE1α activation without any need for binding of peptidoglycan 

(Keestra-Gounder et al., 2016; Kuss-Duerkop & Keestra-Gounder, 2020). Upon UPR activation, 

phosphorylated IRE1α is detected by TRAF2 and TRAF2 interacts with NOD1 for NF-κB activation 

(Keestra-Gounder et al., 2016; Kuss-Duerkop & Keestra-Gounder, 2020). A previous study 

demonstrated there are no significant differences in thapsigargin-stimulated UPR activation in bone 

marrow-derived macrophages (BMDM) between NOD1/2-/- and wild-type mice (Keestra-Gounder et 

al., 2016). Consistent with the data in this previous study (Keestra-Gounder et al., 2016), qRT-PCR data 

presented in this chapter indicated NOD1 activity is not necessary for C. jejuni- and thapsigargin-

mediated UPR activation in human IECs. However, NOD1 inhibition with ML130 pre-treatment 

reduced thapsigargin-mediated IL-8 secretion indicating thapsigargin-induced inflammation is 

dependent on NOD1 activity as demonstrated in the previous study (Keestra-Gounder et al., 2016). This 

observation also supports the concept that thapsigargin-induced inflammation is dependent on kinase 

activity of IRE1α so that TRAF2 recognises phosphorylated IRE1α and further interacts with NOD1 

for inflammatory response (Keestra-Gounder et al., 2016; Kuss-Duerkop & Keestra-Gounder, 2020).  
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A previous study reported C. jejuni is recognised by NOD1 resulting in induction of IL-8 and human β-

defensin 2 expression in Caco-2 cells (Zilbauer et al., 2007). NOD1 siRNA transfected Caco-2 cells 

exhibited an increased number of intracellular C. jejuni within Caco-2 cells compared to negative 

controls (Zilbauer et al., 2007). The data presented in this chapter also demonstrated that inhibition of 

NOD1 with ML130 pre-treatment resulted in enhanced numbers of intracellular C. jejuni within both 

T84 and Caco-2 cells, confirming the antibacterial effect of NOD1 on C. jejuni. In addition, even though 

ML130 pre-treatment reduced thapsigargin-induced IL-8 secretion, the pre-treatment increased C. 

jejuni-mediated IL-8 secretion from T84 cells which might be due to the increased numbers of 

intracellular C. jejuni within human IECs pre-treated with ML130. These observations also suggest that 

different virulence determinants are involved in C. jejuni infection resulting in more multifactorial 

effects compared to thapsigargin treatment. In contrast, Zilbauer et al. demonstrated NOD1 siRNA 

transfected cells exhibited reduced C. jejuni-induced IL-8 expression in Caco-2 cells compared to 

negative controls (Zilbauer et al., 2007). Such differing data in IL-8 secretion may be due to differences 

in the consequent physiological conditions which NOD1 siRNA and ML130 pre-treatment produce. 

NOD1 siRNA is designed to knockdown expression of NOD1 (Zilbauer et al., 2007). The first step of 

siRNA-mediated knockdown of gene expression is introduction of long double-stranded RNA with 2 

nucleotide 3’ end overhangs into target cells (Dana et al., 2017). After internalisation, double-stranded 

RNA accumulates within the cytoplasm and then interacts with an RNase termed Dicer which cleaves 

long double-stranded RNA into short siRNA. siRNA then forms a complex with RNA-induced silencing 

complex (RISC). Separation of siRNA strands occurs and one strand with a less stable 5’ end remains 

within RISC. The single-stranded siRNA within RISC binds to the complementary sequence of the 

target mRNA which is then degraded by an endonuclease termed Argonaute-2 of RISC resulting in 

reduced translation of the target mRNA (Dana et al., 2017).  

In contrast to NOD1 siRNA transfection which degrades of NOD1 mRNA, ML130 does not affect 

translation of NOD1 mRNA (Correa et al., 2011). ML130 directly interacts with NOD1 and may induce 

conformational changes which then interrupt intracellular trafficking of NOD1. Correa et al. 

demonstrated ML130 pre-treatment increases the localisation of NOD1 near the plasma membrane and 

reduces recruitment of RIPK2 (Correa et al., 2011). Alteration of the localisation of NOD1 and the 

downstream adapter protein RIPK2 might affect fine-tuned cellular immune system resulting in 

increased C. jejuni-mediated IL-8 secretion in response to increased bacterial burden within host cells. 

We speculate that increased NOD1 near the plasma membrane might enhance detection of invading C. 

jejuni in human IECs pre-treated with ML130. However, reduced RIPK2 recruitment might impair 

further downstream signalling of NOD1-induced inflammation resulting in reduced expression of 

antimicrobial peptides. Due to impaired antibacterial effects of NOD1, the number of intracellular C. 
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jejuni increased. A previous study demonstrated that binding of NOD1 ligand synergistically induces 

TLR-induced IL-8 production (Uehara et al., 2005). With ML130 pre-treatment, the increased detection 

of C. jejuni by NOD1 might synergistically induce TLR-mediated IL-8 secretion. Further investigation 

is required to determine the full cellular effects of ML130 on C. jejuni-induced inflammation in human 

IECs. In addition, given that the previous study demonstrated reduced C. jejuni-induced IL-8 expression 

with NOD1 siRNA transfection suggesting NOD1-dependent inflammation with C. jejuni infection 

(Zilbauer et al., 2007), it is also possible that UPR-induced inflammation with C. jejuni infection might 

be dependent on NOD1. Further works using NOD1 siRNA are necessary to investigate if NOD1 is 

necessary for UPR-mediated inflammation in human IECs infected with C. jejuni.  

5.3.2. Possible mechanisms of C. jejuni-mediated UPR activation 

Ca2+ homeostasis within the ER is strictly regulated by Ca2+-binding ER chaperones, SERCA pumps 

and Ca2+ channels (Carreras-Sureda, Pihán, & Hetz, 2018). SERCA pumps import Ca2+ into the ER and 

Ca2+ channels release Ca2+ into the cytosol (Carreras-Sureda, Pihán, & Hetz, 2018). As ER chaperones 

require a high concentration of Ca2+ for proper folding of proteins entering the ER, disruption of Ca2+ 

homeostasis within the ER leads to an increase in misfolded proteins within the ER resulting in 

activation of the UPR (Daverkausen-Fischer & Pröls, 2022). Some UPR-activating bacteria have been 

shown to induce ER stress by causing the release of Ca2+ from the ER into the cytosol (H. H. Choi et 

al., 2010; Gekara et al., 2007; Grover et al., 2018; Pillich et al., 2012). A pore-forming toxin listeriolysin 

O secreted by Listeria monocytogenes induces Ca2+ mobilisation from the ER into the cytosol in Ca2+ 

channel-dependent and -independent manner (Gekara et al., 2007). In the Ca2+ channel-independent 

mechanism, listeriolysin O impairs the ER membrane and induces Ca2+ release from the store leading 

to activation of the UPR in murine bone marrow-derived mast cells (Gekara et al., 2007; Pillich et al., 

2012). In addition, Mycobacterium tuberculosis secretes ESAT-6 protein via the Type VII secretion 

system (T7SS) and this pore-forming protein increases intracellular free Ca2+ and activates the UPR in 

human alveolar epithelial A549 cells (H. Choi et al., 2010). A TLR4 ligand of M. tuberculosis antigen 

Rv0297 is also implicated in localisation of the ER, increase of intracellular free Ca2+ and induction of 

the UPR in RAW 264.7 murine macrophage cells (Grover et al., 2018).  

A previous study demonstrated an increase in cytosolic free Ca2+ in INT407 cells infected with 81-176 

via an unknown mechanism (Hu, Raybourne, & Kopecko, 2005). Consistent with this previous study 

(Hu, Raybourne, & Kopecko, 2005), data presented in this chapter showed that C. jejuni 11168H, 81-

176 and 488 wild-type strains increased intracellular free Ca2+ within the cytosol. Data presented in this 

chapter also showed the intracellular Ca2+ increase resulting from C. jejuni infection was similar to the 

thapsigargin-induced increase in intracellular free Ca2+. Thapsigargin-mediated activation of PERK and 
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IRE1α pathways was reduced by BAPTA-AM pre-treatment suggesting thapsigargin-induced UPR is 

dependent on Ca2+ release. However, unlike thapsigargin, Ca2+ release was not the cause of the UPR 

activation in 11168H-infected human IECs. In the previous chapter, we demonstrated 11168H and 488 

induce activation of the PERK and IRE1α pathways but not the ATF6 pathway whereas thapsigargin 

activates all three UPR pathways. Collectively, the data indicates there might be other mechanisms for 

UPR activation by C. jejuni which are distinct from the mechanism of thapsigargin-induced UPR. 

Furthermore, given that 81-176 activates all three UPR pathways showing inter-strain variation in 

activation of the ATF6 pathway, it is also possible that 81-176 might in part activate the UPR via Ca2+ 

release. Further experiments using 81-176 are needed to investigate whether 81-176-induced UPR 

activation is due in part to Ca2+ release and whether the 81-176 T4SS encoded in the pVir plasmid is 

involved in the increase of intracellular free Ca2+ (Bacon et al., 2000, 2002).  

As Ca2+ depletion increases misfolded proteins within the ER lumen and generally activates all three 

UPR pathways (Daverkausen-Fischer & Pröls, 2022), it is tempting to speculate that C. jejuni-mediated 

UPR activation may not be due to general stimuli which activate all three UPR pathways (PERK, IRE1α 

and ATF6). Consistent with this speculation, qRT-PCR data presented in the previous chapter also 

suggested that different C. jejuni virulence determinants are responsible for activation of each of the 

three UPR pathways. In addition, it is possible that C. jejuni might activate upstream cellular pathways 

which are directly or indirectly linked to each UPR pathway. For example, TLR2 and TLR4 stimulation 

by ligand binding in murine J774 macrophages leads to activation of the IRE1α pathway only but not 

the PERK and ATF6 pathways (Martinon et al., 2010). Another study demonstrated BMDM generated 

from TLR2-/- mice did not show differences in thapsigargin-mediated activation of the PERK pathway. 

However, BMDM obtained from TLR4-/- mice exhibited reduced activation of both the PERK and 

IRE1α pathways suggesting a connection between ER stress and TLR signalling (Mahadevan et al., 

2011). Given that TLR2 and TLR4 detect C. jejuni and induce proinflammation (Friis, Keelan, & Taylor, 

2009; Rathinam et al., 2009), further work is needed to investigate whether mechanisms of C. jejuni-

mediated UPR activation in human IECs are related to TLR signalling.  

5.3.3. The UPR activation and NOX1 expression 

ROS can be produced in the ER during protein folding processes (Cao & Kaufman, 2014). Protein 

disulphide isomerases (PDI) and ER oxidoreductase 1 (ERO1) are involved in protein disulphide bond 

formation in the ER lumen. During protein folding process, electrons are transferred from PDI to ERO1 

and then to O2 generating H2O2. An antioxidant in the ER, glutathione is involved in reduction of 

disulphide bonds through oxidisation to glutathione disulphide (Cao & Kaufman, 2014). As protein 

folding is a redox sensitive process, perturbation in redox homeostasis results in an increase of 
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misfolded proteins in the ER lumen and ER stress followed by UPR activation (Jean & Renée, 2014). 

As NOX is a major ROS producer in eukaryotic cells, studies have investigated a crosstalk between 

NOX and the UPR (Bhattarai et al., 2021; Laurindo, Araujo, & Abrahao, 2014). Previous studies have 

observed that NOX4 is upregulated during ER stress in specific cell types and UPR activation by 

tunicamycin is dependent on NOX4-mediated ROS production (Pedruzzi et al., 2004; Santos et al., 

2009; Wu et al., 2010). NOX2 has also been implicated in the UPR (Li et al., 2010; Martinon et al., 

2010). ER stress inducers such as cholesterol and 7-ketocholesterol induce NOX2 expression and ROS 

production. Cholesterol- and 7-ketocholesterol-mediated CHOP induction and TLR2- and TLR4-

mediated XBP1 splicing are dependent on NOX2 in macrophages (Li et al., 2010; Martinon et al., 2010). 

These studies indicate that signalling between the UPR and NOX is bidirectional. 

A previous study demonstrated that tunicamycin-induced ER stress significantly reduced NOX1 

expression in intestinal goblet cells (Tréton et al., 2014). In accordance with this previous study (Tréton 

et al., 2014), the data presented in this chapter shows that thapsigargin treatment downregulates NOX1 

expression in T84 cells. Considering that C. jejuni activates the UPR and downregulates NOX1 

expression in human IECs as demonstrated in the previous chapters, the results suggest that 

thapsigargin- and tunicamycin-induced UPR results in downregulation of NOX1 and that C. jejuni-

mediated downregulation of NOX1 might be due to UPR activation or other unknown mechanisms. 

Further investigation is required to elucidate mechanism(s) of C. jejuni-mediated downregulation of 

NOX1 and signalling between NOX1 and thapsigargin-induced UPR in human IECs. 
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5.4.  Conclusion 

In this chapter, the effect of the UPR activation on C. jejuni pathogenesis in human IECs was 

investigated. Data presented suggests that the UPR is activated as a host defence mechanism and exerts 

an antibacterial effect on intracellular C. jejuni within human IECs. This study also demonstrated that 

the C. jejuni-induced UPR was independent of NOD1 activity. This raises the possibility that C. jejuni-

activated PERK and IRE1α pathways may be linked to C. jejuni-induced inflammation in human IECs. 

In addition, this study demonstrated C. jejuni-mediated UPR activation is independent of Ca2+ release 

from the ER and suggesting that TLR2 and TLR4 detection of C. jejuni might be involved in C. jejuni-

mediated UPR activation. This study also revealed thapsigargin treatment reduces NOX1 expression in 

human IECs. Further investigation is required to determine the detailed mechanisms of C. jejuni-

mediated activation of each UPR pathway and a crosstalk between the UPR activation and NOX1 

expression in human IECs.  
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CHAPTER SIX: Final Discussion 

6.1.  Summary 

C. jejuni is classified as a microaerophilic bacterium, but is omnipresent in the environment and 

identified in various hosts emphasising the complexity of bacterial survival strategies possessed by this 

bacterium (Gundogdu et al., 2016). C. jejuni possesses distinctive features such as ability to evade the 

TLR5 surveillance system due to amino acid residues present in the C. jejuni flagella which exhibit 

reduced interaction with TLR5 and the lack of the classical stress response systems found in other 

enteric bacterial pathogens (Elmi et al., 2021). Bacterial pathogens have evolved the ability to establish 

successful infection of host cells in part by manipulating host cellular pathways to avoid host defence 

responses (Escoll et al., 2016). C. jejuni also modulates host defence systems to enhance bacterial fitness 

within host cells (Konkel et al., 1992; Watson & Galán, 2008). After internalisation into host cells, C. 

jejuni resides within CCVs which avoid fusion with lysosomes, protecting the bacteria from lysosomal 

degradation (Konkel et al., 1992; Watson & Galán, 2008). The aim of this study was to investigate C. 

jejuni modulation of the host defence machineries in human IECs involving NOX1-mediated ROS 

production and the UPR.  

This study has demonstrated C. jejuni-mediated differential modulation of intracellular and extracellular 

ROS production from T84 and Caco-2 cells via downregulation of NOX1 expression (Figure 6.1). 

Reduction in NOX1 expression by C. jejuni was shown to be linked to a decrease in Rac1 activation at 

later infection time points. NOX1 inhibition experiments with DPI treatment and siRNA transfection 

demonstrated that NOX1 is necessary for C. jejuni pathogenesis in human IECs. These results suggest 

fine-tuned modulation of NOX1 expression by C. jejuni to ensure bacterial adherence and invasion to 

host cells during the early stages of infection. C. jejuni subsequently downregulates NOX1 to benefit 

from ROS reduction for enhanced survival during later stages of infection. Experiments with DPI 

treatment and NOX1 siRNA transfection showed reduced fibronectin expression with NOX1 inhibition, 

suggesting C. jejuni adherence and invasion may require NOX1 expression at earlier infection time 

points, given the well-established role of fibronectin in the initial stages of C. jejuni interaction with 

host cells (Eucker & Konkel, 2012; Konkel et al., 2020). In addition, downregulation of NOX1 

expression by thapsigargin as well as C. jejuni indicated there might be a potential link between NOX1 

and the UPR. Further mutation work could identify potential bacterial virulence determinants which are 

responsible for NOX1 modulation in human IECs.  

Activation of the UPR in human IECs by C. jejuni wild-type strains was investigated (Figure 6.1). 

11168H, 81-176 and 488 wild-type strains activated the PERK and IRE1α pathways in T84 and Caco-
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2 cells whereas only 81-176 activated the ATF6 pathway in T84 cells suggesting both cell line- and 

strain-specific activation of the ATF6 pathway. To investigate the role of individual C. jejuni virulence 

determinants on UPR activation in human IECs, a C. jejuni 11168H cdtABC operon mutant was 

constructed and phenotypic assays were performed along with 11168H cdtA, kpsM, flaA, htrA, cadF, 

flpA mutants and a 11168H cadF flpA double mutant. Subsequently, activation of the UPR by individual 

mutants was investigated. The results indicated that live C. jejuni cells are required for UPR activation 

and that C. jejuni capsular polysaccharide, flagella and FlpA have a role in PERK pathway activation. 

Complementation works are required to confirm the phenotypes of the mutants in PERK pathway 

activation. In contrast, no significant differences in activation of the IRE1α pathway were observed with 

any of the 11168H mutants used in this study. Future studies should aim to identify potential bacterial 

virulence determinants which can activate the IRE1α pathway.  

Next, the impact of the UPR activation on C. jejuni pathogenesis in human IECs was investigated 

(Figure 6.1). Experiments with thapsigargin and UPR inhibitors indicated that the UPR is activated as 

a host defence mechanism against C. jejuni, exerting an antibacterial effect on intracellular C. jejuni 

within human IECs. Cellular imaging analysis such as immunofluorescence microscopy can be further 

used to confirm the changes in the number of C. jejuni within human IECs with thapsigargin and UPR 

inhibitors. A NOD1-independent mechanism of C. jejuni-mediated UPR activation was demonstrated 

and C. jejuni activation of the PERK and IRE1α pathways were shown to be linked to C. jejuni-induced 

inflammation in human IECs. Further studies incorporating small animal models would provide better 

insight to the relationship between C. jejuni-mediated UPR activation and development of inflammatory 

diarrhoea. In addition, C. jejuni-mediated UPR activation is independent of Ca2+ release from the ER, 

indicating that the mechanism of C. jejuni-mediated UPR activation is distinct from thapsigargin-

mediated UPR activation. Lastly, the study demonstrated thapsigargin treatment significantly 

downregulates NOX1 expression indicating that further investigation of the ER communication with 

NOX1 complex is necessary.  
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Figure 6.1. Graphical summary of the main findings in this study. C. jejuni-mediated modulation 

of extracellular ROS production in human IECs is strain-dependent at earlier infection time point. 

Whereas, all C. jejuni strains used in this study reduce both intracellular and extracellular ROS 

production in human IECs at later infection time point by downregulating NOX1 expression. C. jejuni-

mediated modulation of NOX1 expression seems to be associated with time-dependent modulation of 

Rac1 activity by C. jejuni. NOX1 is necessary for adhesion and invasion of C. jejuni to human IECs at 

earlier infection time point. NOX1-dependent fibronectin expression might be involved in NOX1-

dependent adhesion and invasion of C. jejuni to human IECs. All C. jejuni strains used in this study 

activate the PERK and IRE1α pathways and ATF6 pathway activation exhibits inter-strain variation. C. 

jejuni capsular polysaccharides, flagella and FlpA are shown to be responsible for PERK pathway 

activation. C. jejuni-mediated UPR activation is independent of increase in intracellular free Ca2+ in 

human IECs. The UPR is activated as a host defence mechanism against C. jejuni by exerting an 

antibacterial effects such as inflammation. C. jejuni-mediated UPR activation is closely linked to C. 

jejuni-induced inflammation in human IECs. Created with BioRender.com 
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6.2. Future work 

6.2.1.  C. jejuni-mediated NOX2 expression in human macrophages and the UPR 

Unlike IECs, macrophages engulf and kill microbial pathogens via rapid generation of ROS termed the 

oxidative burst which is regulated by NOX2 (Paiva & Bozza, 2014). In contrast to NOX1 which is 

mainly expressed in IECs, NOX2 is mainly found in immune cells (Brandes, Weissmann, & Schröder, 

2014). C. jejuni can survive within human IECs by avoiding fusion with lysosomes but not within 

macrophages (Watson & Galán, 2008). Differential regulation of NOX1 and NOX2 might be linked to 

C. jejuni survival in different host cell types. NOX2 modulation in C. jejuni-infected human 

macrophages should also be investigated to understand the impact of NOX2 modulation on C. jejuni 

survival in human macrophages. A previous study demonstrated ER stress inducers upregulate NOX2 

expression along with ROS production in murine macrophages (Li et al., 2010). In addition, deficiency 

of NOX2 in murine macrophages resulted in reduced TLR2- and TLR4-mediated activation of IRE1α 

pathway, suggesting bidirectional signalling between the UPR and NOX2 (Martinon et al., 2010). 

Further experiments using UPR inhibitors and siRNA transfection targeting NOX2 and UPR-related 

components will be necessary to investigate crosstalk between the UPR activation and NOX2 

modulation in human macrophages infected with C. jejuni. 

6.2.2.  Crosstalk between the UPR and NOX1 signalling in human IECs 

In this study, downregulation of NOX1 expression in human IECs infected with C. jejuni or treated with 

thapsigargin was demonstrated. Consistent with this observation, a previous study demonstrated that 

tunicamycin-induced UPR transcriptionally downregulated NOX1 expression in intestinal goblet cells 

by an unknown mechanism (Tréton et al., 2014). Further studies using UPR inhibitors or siRNA 

transfection targeting NOX1 and UPR-related components are necessary to investigate whether there is 

bidirectional signalling between the C. jejuni- or thapsigargin-induced UPR activation and NOX1 

expression in human IECs. In addition, expression of other components of the NOX1 complex such as 

NOXA1, NOXO1 and p22phox in human IECs infected with C. jejuni or treated with thapsigargin 

should also be explored to understand mechanisms of NOX1 downregulation and a potential crosstalk 

between the UPR and NOX1. Further work incorporating pull-down assay will allow to investigate if 

there are protein-protein interactions between UPR-related components and components of the NOX1 

complex. 

6.2.3.  Characterisation of C. jejuni 81-176 T4SS in ROS production and UPR activation  

The results from this study demonstrated that only C. jejuni 81-176, which possesses a putative T4SS, 

induced extracellular ROS from human IECs at 3 hours post-infection, suggesting a possible role for 
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the 81-176 T4SS in ROS production. H. pylori T4SS-mediated translocation of CagA has been 

associated with ROS production in immortalised mouse stomach epithelial cells (Chaturvedi et al., 

2011). Chaturvedi et al. demonstrated CagA induces apoptosis by upregulating host spermine oxidase 

followed by H2O2 production during oxidation of spermine to spermidine (Chaturvedi et al., 2011). pVir 

of C. jejuni 81-176 encodes T4SS components and contains four genes which are orthologous to the H. 

pylori T4SS (Bacon et al., 2000, 2002; Kersulyte et al., 2003). However, there is little evidence of a full 

T4SS system and little is known about putative effector proteins of the 81-176 T4SS (Bacon et al., 2000, 

2002; Kersulyte et al., 2003). Further studies are required to investigate the role of putative C. jejuni 

T4SS effector proteins in ROS production from host cells. In addition, unlike C. jejuni 11168H and 488 

wild-type strains, 81-176 induced activation of the ATF6 pathway in T84 cells. Given that the T4SSs of 

H. pylori, B. abortus and L. pneumophila are implicated in UPR activation (de Jong et al., 2013; Ibe, 

Subramanian, & Mukherjee, 2021; Nami et al., 2020), future work should also explore the role of 81-

176 T4SS in UPR activation. The impact of mutation of 81-176 T4SS components such as ComB1, 

ComB2, ComB3 and VirB11 on the UPR activation should be investigated.  

6.2.4.  C. jejuni 488 T6SS and the UPR activation in human IECs 

In addition to bacterial T4SSs, T6SSs have also been implicated in UPR activation (Jiang et al., 2016). 

Translocation of the TplE effector via the P. aeruginosa T6SS impairs the integrity of the ER membrane 

and activates the PERK and IRE1α pathways in human embryonic kidney HEK293T cells (Jiang et al., 

2016). A T6SS cluster was identified in C. jejuni 488, containing genes encoding for all T6SS core 

components except for a ClpV ATPase (Liaw et al., 2019). Future works should examine whether the 

C. jejuni 488 T6SS gene cluster encodes ER-localising and/or ER-disrupting effector proteins and the 

effector proteins are responsible for UPR activation in human IECs. In addition, experiments with 

mutagenesis of structural components of the 488 T6SS should be conducted to investigate the role of 

structural components of T6SS in UPR activation in human IECs. Visualisation of the ER membrane in 

human IECs infected with a 488 wild-type strain with fluorescent-tagged effector proteins or structural 

components will help examine the localisation of effector proteins and/or structural components to 

investigate the interaction between the ER and C. jejuni T6SS. 

6.2.5.  Relationship between C. jejuni invasion and the UPR activation in human IECs 

The results from this study suggested that C. jejuni capsular polysaccharide, flagella and FlpA play a 

role during PERK pathway activation, indicating the possibility that PERK pathway activation might 

be dependent on adherence and invasion of C. jejuni. A previous study in our group demonstrated that 

microtubules, microfilaments, lipid rafts and/or PI3K pathway are necessary for C. jejuni invasion of 

human IECs (Hussein, 2018). Further studies using individual chemical inhibitors, such as colchicine, 
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cytochalasin D, methyl-beta-cyclodextrin and wortmannin, targeting each host component will allow 

an investigation of potential mechanisms of C. jejuni invasion-mediated UPR activation in human IECs. 

Furthermore, given that FlpA but not CadF is involved in PERK pathway activation, future work using 

chemical inhibitors can explore the differential impact of interaction between FlpA or CadF and human 

IECs on PERK pathway activation.  

6.2.6.  C. jejuni LOS and other possible bacterial virulence determinants and UPR activation 

in human IECs 

This study demonstrated that no significant differences were observed in activation of the IRE1α 

pathway by C. jejuni 11168H kpsM, flaA, flpA, cadF mutants and the cadF flpA double mutant. Further 

studies are necessary to identify other C. jejuni virulence determinants which are responsible for IRE1α 

pathway activation. A previous study suggested E. coli LPS induces the IRE1α pathway but not the 

PERK pathway (Nakayama et al., 2010). As the structure of C. jejuni LOS is similar to LPS except for 

the lack of the O-antigen (Hameed et al., 2020), future work using purified C. jejuni LOS should 

investigate the involvement of C. jejuni LOS in activation of the IRE1α pathway in human IECs. Given 

that there is a large diversity in the LOS biosynthesis between C. jejuni strains (Bravo et al., 2021), 

inter-strain variation in LOS-mediated UPR activation should also be explored by using purified LOS 

from different C. jejuni strains. In addition, nuclear magnetic resonance (NMR) spectroscopy can also 

be used to identify other chemical and organic molecules within bacterial cell lysate or cell-free 

supernatant which might be responsible for UPR activation. Pull-down assay can also be performed to 

determine physical interactions between bacterial virulence determinants and components which are 

involved in UPR activation. 

6.2.7.  C. jejuni OMV-associated CDT and the UPR activation in human IECs 

Proteomic studies revealed that C. jejuni OMVs contain adhesins CadF and FlpA, proteases HtrA and 

Cj0511 as well as N-linked glycoproteins (Elmi et al., 2012). As C. jejuni OMVs are associated with 

different bacterial virulence determinants, further works should be conducted to investigate whether C. 

jejuni OMVs can activate the UPR in human IECs. In addition, C. jejuni secretes CDT via OMVs and 

OMV-associated CDT exerts cytotoxicity on human IECs (Elmi et al., 2012; Lindmark et al., 2009). 

Data presented in this study demonstrated no significant differences observed in activation of either the 

PERK or IRE1α pathways by the cdtABC operon or cdtA mutants. A possible explanation for this 

observation is that the UPR is still activated via C. jejuni adherence and invasion which are independent 

of CDT activity. To exclude the effect of C. jejuni adherence and invasion on UPR activation and to 

investigate the effect of CDT alone, further studies using OMVs from the wild-type strain and cdt 

mutants will also be necessary to determine whether C. jejuni OMV-associated CDT is responsible for 
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the UPR activation in human IECs. In addition, as some C. jejuni isolates do not possess CDT (Jain et 

al., 2008), further work comparing CDT-positive and CDT-negative C. jejuni isolates in UPR activation 

in human IECs will be required. 

6.2.8.  TLR signalling and C. jejuni-mediated UPR activation and inflammation 

TLR2 and TLR4 detection has been associated with UPR activation (Mahadevan et al., 2011; Martinon 

et al., 2010). Previous studies suggested that ligand binding of TLR2 and TLR4 induces UPR activation 

(Mahadevan et al., 2011; Martinon et al., 2010). The role in C. jejuni detection by TLR2 and TLR4 in 

UPR activation and subsequent UPR-induced inflammation in human IECs should be further 

investigated using siRNA transfection of TLR2 and TLR4. In addition, as C. jejuni activates TLR2 and 

TLR4 in Myd88- and TRIF-dependent manner (Friis, Keelan, & Taylor, 2009; Rathinam et al., 2009), 

the involvement of adapter proteins MyD88 and TRIF in C. jejuni-induced UPR activation should also 

be explored by using siRNA transfection targeting the adaptor proteins.  

6.2.9.  Identifying C. jejuni-mediated UPR activation using multi-omics profiling  

Multi-omics profiling is an effective tool for comprehensive understanding of molecular and cellular 

responses (Lee, Hyeon, & Hwang, 2020). Multi-omics studies provide integrative insights of crosstalk 

between non-genetic modification, abundance of mRNA transcripts and protein expression under 

certain conditions via integrative analysis of transcriptome, proteome and epigenome in response to 

specific stimuli (Lee, Hyeon, & Hwang, 2020; Rohart et al., 2017). Multi-omics profiling incorporating 

different C. jejuni wild-type strains, mutants and siRNA transfection targeting UPR-related components 

or other cellular components will broaden the understanding of mechanisms of C. jejuni-mediated UPR 

activation and the crosstalk between the C. jejuni-activated UPR and inflammation. In addition, duel-

RNA sequencing can be carried out to simultaneously sequence the transcriptome of host cells and 

infecting bacteria in the same biological sample (Damron et al., 2016; Marsh, Humphrys, & Myers, 

2017). Dual-RNA sequencing can measure changes of transcriptome of human IECs and C. jejuni at 

the same time and compare the pathways human IECs are using to counteract C. jejuni infection. 

Therefore, dual-RNA sequencing will provide better insight into host-pathogen interactions which result 

in UPR activation. 

6.2.10. NOX1 modulation and UPR activation in chickens 

One of main routes of Campylobacter infection is consumption of undercooked chicken (Kaakoush et 

al., 2015). This is associated with C. jejuni colonisation in the avian ceca (Kaakoush et al., 2015). Even 

though a previous study demonstrated stressed broiler chickens can experience C. jejuni-induced 

enteritis, C. jejuni is considered as non-pathogenic to chickens (Humphrey et al., 2014; Kaakoush et al., 
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2015). The variation in disease presentation in humans and chickens is related to differences in immune 

responses exerted by the two host species (de Zoete et al., 2010). C. jejuni induces TLR4 and MyD88-

mediated IFN-β in human MM6 monocytic cells but not in chicken HD11 macrophages (de Zoete et al., 

2010). This study demonstrated C. jejuni-mediated UPR activation is closely related to inflammation 

and there is a potential interplay between the UPR and NOX1. Therefore, further work comparing 

NOX1 modulation and UPR activation in human IECs and chicken IECs will be necessary to investigate 

if different disease outcomes of C. jejuni infection in the two host species are associated with differential 

NOX1 modulation and/or UPR activation.  

In addition, a previous study compared virulence properties between C. jejuni strains isolated from 

human clinical samples and poultry (Van Deun et al., 2007). The authors showed there is no significant 

differences in invasiveness and IL-8 secretion in T84 cells between human clinical isolates and poultry 

isolates (Van Deun et al., 2007). However, compared to poultry isolates, human isolates are more 

tolerant to bile salt sodium deoxycholate suggesting increased bile salt-resistance might be linked to 

human disease outcomes of C. jejuni infection (Van Deun et al., 2007). Further studies are necessary to 

compare NOX1 modulation and UPR activation by human clinical isolates and poultry isolates in 

human IECs.  
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Appendices 

Appendix 1: Chapter 3 publication - Campylobacter jejuni modulates reactive oxygen species 
production and NADPH oxidase 1 expression in human intestinal epithelial cells. 
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