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Abstract 
 

The human diarrhoeal pathogens enteropathogenic Escherichia coli, enterohaemorrhagic 

E. coli and their murine analogue Citrobacter rodentium are a family of enteric bacteria that 

cause characteristic attaching and effacing lesions at the site of intestinal colonisation. Lesion 

formation and successful infection depends on a Type III Secretion System and its cognate 

effector proteins. Once translocated into the host cytosol, effectors subvert several mammalian 

cell processes to create and maintain an infectious niche. With the advent of high-throughput 

screening techniques, the rate of effector discovery has surpassed their biochemical 

investigation. This work therefore explores the function of seven effectors, three 

uncharacterised and four previously described. Through machine learning algorithms, two 

completely novel C. rodentium effectors were identified and designated NleN and NleO. While 

nleN encodes a truncation of a conserved effector, NleO disrupts the host cytoskeleton by 

binding and cleaving the Rho GTPase Rac1 at a unique scission site. A third C. rodentium 

effector, EspS, which has previously demonstrated to modulate intestinal pathology, binds the 

host mitochondrial protein TRIAP1 and contributes to the remodelling of host lipids during 

infection of C57Bl/6 mice. Finally, the contribution of EspZ, TccP, EspT and NleG to the recently 

described pyroptotic cell death pathway in human macrophages is explored. The findings 

presented herein contribute to the ever-growing repertoire of effector protein knowledge and 

underscore the importance of studying effector synergy during infection. 
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1 Introduction 
 

1.1 Escherichia coli 

The Gram-negative genus Escherichia of the Enterobacteriaceae family encompasses six 

species of facultative anaerobic coliform bacteria. The type species, Escherichia coli, can inhabit 

the mammalian gastrointestinal tract as both a commensal bacterium and a pathogen. 

Academic interest in E. coli stems not only from its predominance in the mammalian large 

intestine and its amenability to genetic manipulation for research in molecular biology (Blount, 

2015), but also as one of the most prolific bacterial aetiological agents of diarrhoeal disease 

(WHO, 2018). Although infection of compromised intestinal barriers with commensal E. coli in 

immunosuppressed hosts is possible (Bhat et al., 2019), strains that have evolved through the 

acquisition of virulence factors by horizontal gene transfer are the primary causative agents of 

human infection (Clements et al., 2012). These acquisition events have supplemented the 

common E. coli genome of 4.1 Mb with additional elements of up to 1 Mb, giving rise to unique 

pathotypes (Croxen and Finlay, 2010). Each pathotype differs in its preferred site of 

colonisation, virulence determinants, epidemiology and clinical pathology (Gomes et al., 2016; 

Nataro and Kaper, 1998). 

 

1.1.1 Diarrhoeagenic E. coli 

Pathogenic E. coli strains exhibit different tissue tropisms. While diarrhoeagenic E. coli (DEC) 

are unsurprisingly gastrointestinal, extra-intestinal pathogenic E. coli (ExPEC) encompass 

uropathogenic E. coli (UPEC) and meningitis-associated E. coli (MNEC) and infect the urinary 

tract and nervous tissue respectively (Russo and Johnson, 2000; Terlizzi et al., 2017). Human 

DEC currently encompasses six pathotypes, each defined by its unique virulence factor 

repertoire: enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC), 

enteroaggregative E. coli (EAEC), enterotoxigenic E. coli (ETEC), diffusely adherent E. coli 

(DAEC) and enteroinvasive E. coli (EIEC) (Clements et al., 2012). The incorporation of two further 

pathotypes is currently under discussion. The first, Shiga-toxin producing enteroaggregative 

E. coli (STEAEC), was proposed as a new category following the O104:H4 outbreak of 2011 in 

Germany (Buchholz et al., 2011), demonstrating the genomic plasticity of these pathogens. 

The carriage of a second pathotype, adherent invasive E. coli (AIEC), is associated with Crohn’s 
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disease, but has yet to be categorically demonstrated as a causative agent of infection (Palmela 

et al., 2018). 

 

1.1.2 Enteropathogenic E. coli 

EPEC causes infantile diarrhoea, posing a significant burden to public health in countries with 

a low human development index (HDI). Indeed, from 2007 to 2015 the World Health 

Organization (WHO) reported 550 million instances of diarrhoeal disease. 230,000 cases 

resulted in death, of which EPEC was responsible for 16%, disproportionately affecting children 

under 5 years of age (WHO, 2018). EPEC infection occurs in the small intestine and is largely 

self-limiting if diarrhoeal symptoms are managed with oral rehydration therapy or antibiotics, 

although the latter is often avoided if the pathotype cannot be identified. Screening for EPEC 

involves PCR amplification of bfpA (Teixeira et al., 2015), the major subunit of the type IV 

bundle forming pilus (bfp) encoded on the EPEC adherence factor (EAF) plasmid, as this is one 

of the few virulence factors not shared by EHEC. The bfp mediate both inter-bacterial and 

bacteria-host interactions, creating a distinctive localised adherence pattern characteristic of 

EPEC infection on cultured cell monolayers (Kaper et al., 2004; Saldaña et al., 2009). While the 

bfp significantly contributes to EPEC virulence in vivo, additional surface appendages such as 

the flagellum (Haiko and Westerlund-Wikström, 2013), pili and fimbriae (Rendón et al., 2007; 

Zhou et al., 2019) and most recently the type III secretion system (T3SS) (Santos et al., 2019) 

can also aid adherence. Each DEC also encodes at least one Type Va secretion system-

dependent serine protease autotransporter of Enterobacteriaceae (SPATE), which further aids 

classification (Dautin, 2010); EPEC encodes EspC (Mellies et al., 2001), while EHEC can encode 

EspP (Brunder et al., 1997) and EpeA (Leyton et al., 2003). 

 

EPEC isolates can be typed in several ways: according to their serotype (O and H antigens); 

according to their E. coli phylogroup (as defined sequencing of multi-copy single-stranded 

DNA (Herzer et al., 1990)), or according to their allelic homology (designated lineages 1-4 

(Lacher et al., 2007)). Given the variability in virulence factors among DEC isolates, research 

with type strains is used to represent the DEC population. The most commonly used type strain 

for the study of EPEC is E2348/69 (henceforth abbreviated as E69), which was isolated in the 

United Kingdom in 1969. E69 belongs to the B2 phylogroup, lineage 1 and its serotype is 
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O127:H6. It encodes among the fewest virulence factors identified in human E. coli isolates and 

is regarded as the prototype strain for EPEC biology (Iguchi et al., 2009). Two further type 

strains used in this study are EPEC B171 O111:NM (henceforth abbreviated as B171) from 

lineage 2 (Ogura et al., 2008) and EPEC E110019 O111:H9 (henceforth abbreviated as E11), an 

outbreak strain isolated in Finland (Viljanen et al., 1990). 

 

1.1.3 Enterohaemorrhagic E. coli 

EHEC’s defining characteristic is its ability to produce Shiga and Shiga-like toxins (Stx) (Krause 

et al., 2018; Melton-Celsa, 2014). Distinguishing between EPEC and EHEC is clinically important, 

as treatment of EHEC with antibiotics can incite Stx expression (Zhang et al., 2000) and 

consequent acute kidney failure, a sequalae of haemolytic uremic syndrome (HUS) (Pacheco 

and Sperandio, 2012). In addition to the Shiga toxins, the extensive diversity of EHEC strains 

can implicate cytotoxins such as StcE, a type II secretion system-dependent metalloprotease 

(Abreu and Barbosa, 2017), and the haemolysins HlyA and Ehx (Schwidder et al., 2019). 

Together, these virulence factors contribute to outbreaks of foodborne illness and 

haemorrhagic colitis that are still frequently reported in countries with a high HDI. In particular, 

most human infections arise from the consumption of both undercooked meat and 

contaminated fresh produce, as ruminants are a major EHEC reservoir (Nguyen and Sperandio, 

2012).  

 

1.2 Attaching and effacing pathogens 

Beyond DECs, EPEC and EHEC belong to a further classification of pathogens, along with the 

emerging human pathogen E. albertii (Ooka et al., 2015), the murine pathogen Citrobacter 

rodentium (Mullineaux-Sanders et al., 2019), and its lapine analogue rabbit diarrhoeagenic 

E. coli or rabbit-specific EPEC (RDEC/ REPEC) (Milon et al., 1999). Members of this family share 

a genomic region named the locus of enterocyte effacement (LEE), which confers the unique 

ability to induce characteristic attaching and effacing (A/E) lesions on intestinal epithelial cells 

(IECs). As such, LEE-encoding bacteria are commonly referred to as A/E pathogens. A/E lesions 

are characterised by elongation and effacement of the brush border microvilli and the 

archetypal accumulation of actin beneath the site of attachment, forming a so-called actin 

pedestal (Frankel and Phillips, 2008). These phenomena are mediated by the LEE-encoded type 
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III secretion system (T3SS) (Hu et al., 2020), its cognate toxins (effector proteins) and a suite of 

regulatory elements and proteins that coordinate effector protein translocation. 

 

1.2.1 The Locus of Enterocyte Effacement 

Spanning 35-43 kb and approximately 40 open reading frames, the LEE is divided into 5 major 

and 2 minor islands that facilitate localised destruction of enteric tissue, numbered LEE1 to 

LEE7 (McDaniel et al., 1995) (Schematic 1). The first 3 LEE operons encode the structural 

components of the T3SS in the form of E. coli secretion component (esc), E. coli secreted 

protein (esp) and secretion of E. coli proteins (sep) genes, with the filament (EspA), needle 

(EscF) and translocon proteins (EspB and D) in LEE4 (further discussed in section (§) 1.3). LEE5 

encodes the adhesin intimin and the T3SS-delivered translocated intimin receptor (Tir), which 

interact in situ to physically and intimately connect the adhered bacterium and its host cell 

(Donnenberg et al., 1993a; Jerse and Kaper, 1991; Kenny et al., 1997) (§1.5.1.1). In addition to 

Tir, distributed across LEE1-6 are the core effector proteins EspG, EspH, Map, EspF and EspZ 

(further discussed in §1.4). 

 

Expression of the LEE is sufficient for complete T3SS formation, substrate secretion, and 

virulence, as demonstrated in the seminal work carried out by McDaniel and Kaper (McDaniel 

and Kaper, 1997) and by the laboratory-engineered synthetic injectisome E. coli (SIEC) (Ruano-

Gallego et al., 2015). LEE expression requires intricate regulation, which is largely coordinated 

through the LEE-encoded regulator (Ler), a DNA-binding protein encoded on LEE1 (Furniss 

and Clements, 2017), and the regulators GrlA/R (global regulator of LEE activator/repressor). 

Schematic 1 | The Locus of Enterocyte Effacement (LEE) 
Representative schematic of the organisation of the Locus of Enterocyte Effacement (LEE), 
based on EPEC E23348/69. Major operons (black arrows, above), structural components of the 
injectisome, core effectors, regulators of translocation and chaperones are indicated. Adapted 
from Slater et al. (2018). 
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Together, these regulators are capable of integrating of numerous exogenous and 

endogenous signals. Additional transcriptional regulation can be imposed by non-LEE-

encoded genes (such as  two-component systems), small RNAs, oxygen availability, as well as 

host and microbiota-derived hormones, sugars and fatty acids (Carlson-Banning and 

Sperandio, 2018; Connolly et al., 2015; Furniss and Clements, 2017; Platenkamp and Mellies, 

2018). These signals ensure the timely expression of the LEE during infection in vivo (Yang et 

al., 2010). 

 

1.3 The type III secretion system 

The T3SS is a surface-exposed macromolecular conduit that spans the bacterial inner and outer 

membranes of select Gram-negative pathogens and provides an aperture into the host 

membrane of target cells. Species with a T3SS include A/E pathogens, fellow enteric pathogens 

Salmonella, Shigella and some Vibrio spp., human pathogens with a broader tissue tropism 

such as Burkholderia, Chlamydia, Pseudomonas and Yersinia, and some species belonging to 

genera with a tropism for plants (e.g., Erwinia, Ralstonia, Rhizobium and Xanthomonas). The 

T3SS is sometimes referred to as the injectisome in order to distinguish it from the flagellar 

apparatus, with which it shares both primary and quaternary structural homology (Diepold and 

Armitage, 2015). Indeed, the recent discovery of the host nutrient extraction (HNE) machinery 

in E. coli pushes the boundary of this similarity, demonstrating that the core of these two T3-

based machineries can be functionally complementary (Pal et al., 2019). The various T3SSs can 

vary in size, length, substrate specificity and order of assembly, though the complete E. coli 

injectisome is a 3.5 MDa complex estimated to span 8-9 nm across its membrane-bound 

components. An estimation for the length of the A/E injectisome is not currently available, as 

it presents with an additional EspA filament; the extracellular assembly of EspA subunits can 

extend the length of the needle in order to reach host enterocytes (Crepin et al., 2005; Sekiya 

et al., 2001). A complete schematic of the A/E T3SS is depicted in Schematic 2. 
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The injectisome can be divided into five major units: its various bacterial cytoplasmic 

complexes, the export apparatus, the bacterial membrane-resident basal body, the 

extracellular needle, and the host-bound pore-forming complexes (Lara-Tejero and Galán, 

2019; Slater et al., 2018). The mechanism of T3SS assembly in A/E pathogens directly correlates 

to the relative expression levels of LEE operons (Yerushalmi et al., 2014), and begins with the 

recruitment of the inner membrane components EscR, S, T, U and V (Diepold et al., 2011; 

Wagner et al., 2010). Upon autoproteolytic cleavage of EscU (Thomassin et al., 2011), the five 

proteins are exported via the general secretory pathway, providing a scaffold for the 

incorporation of the inner membrane components EscD, EscJ and EscC (Creasey et al., 2003a; 

Ogino et al., 2006). In the cytoplasm, formation of the sorting complex by EscQ recruits EscK, 

L, N and O to form the C-ring complex and ATPase (Biemans-Oldehinkel et al., 2011; Lara-

Tejero et al., 2011; Romo-Castillo et al., 2014). Premature polymerisation of the inner rod and 

needle proteins EscI and F is prevented by their chaperones EscE and G, which release their 

repression to allow assembly of the needle into the periplasmic space, aided by the 

Schematic 2 | The A/E Type III 

Secretion System 

The structure of the T3SS facilitates 

delivery of effectors from the bacterial 

to the host cytoplasm. It comprises 

several coaxial rings that form a hollow 

conduit. In the bacterial cytoplasm, the 

ATPase powers both injectisome 

assembly and effector translocation. 

Adapted from Slater et al. (2018). 
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peptidoglycan-degrading enzyme EtgA (García-Gómez et al., 2011). Similarly, the CesAB 

chaperones now allow the EspA filament to assemble (Creasey et al., 2003b; Gaytán et al., 2016; 

Izoré et al., 2011; Yip et al., 2005), before the translocon pore (EspD and B) complete the T3SS 

as it reaches the host membrane (Ide et al., 2001). 

 

1.4 Type III effector proteins encoded by A/E pathogens 

Given its distribution across pathogens with widely varying lifestyles, the T3SS must achieve 

host specificity through its toxin arsenal. To date, 34 different effector families have been 

confirmed in A/E pathogens (Table 1) to specifically manipulate mammalian gut cells. Each 

effector varies in size, localisation upon translocation, cellular function, distribution and 

homology among pathogens. While some effectors are LEE-encoded, much of an A/E 

pathogens effector repertoire is non-LEE encoded (Nle); distributed among integrative 

elements (IEs) throughout the bacterial genome. Core and non-LEE effectors are equally 

important for virulence in vitro (Cepeda-Molero et al., 2017) and in disease severity in human 

populations (Hazen et al., 2016). This warrants the study of effector proteins both as units of 

insight into fundamental cellular processes and as targets for disease intervention. 

 

1.4.1 Approaches to studying effector proteins 

Research into effector biology can be split into three phases: gene discovery; in vitro functional 

characterisation, and defining the contribution of each effector to the pathogen’s infection 

strategy. In the first instance, several resources have been developed for the identification of 

new effectors. Effector-encoding genes can be predicted in silico (McDermott et al., 2011) or 

manually identified by inspecting the genomic context of existing effectors. Candidate 

effectors are confirmed by translocation assays, whereby tags are fused to the C-termini of 

candidates and their T3SS-dependent delivery is visualised by optical changes in the recipient 

cell (Charpentier and Oswald, 2004; Gawthorne et al., 2016; Mills et al., 2008; Miyake et al., 

2008; O’Boyle et al., 2018). Alternatively, peptides in the secretomes of T3SS-utilising 

pathogens can be subjected to mass spectrometry (MS) (Deng et al., 2010; Orton et al., 2013; 

Tobe et al., 2006).  
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Characterising the role of each new effector during infection is technically more challenging. 

Historically, effector functionality is investigated under overexpression conditions in vitro, 

where mammalian cells are infected with bacteria translocating exaggerated quantities of a 

tagged effector protein, transfected for ectopic effector expression, or microinjected with 

purified protein. Effector–host interactions have also been studied in other eukaryotic systems, 

such as yeast (Popa et al., 2016; Rodríguez-Escudero et al., 2005). Although these techniques 

have aided in the definition of eukaryotic interaction partners, interfaces for substrate 

interaction and catalytic residues, they share a common flaw: effector localisation is 

inconsistent when not natively translocated through the injectisome, which can lead to 

discrepancies in the interpretation of effector function.  

 

The field is now seeing a shift in academic practice towards more native models for infection, 

using mice, differentiated colonic cell lines, explants, organoids and primary tissues (Law et al., 

2013), with consideration of the role of immune-associated cells. When coupled to multi-omic 

approaches, these models can provide an unbiased insight into effector synergy, global 

changes upon infection (for example on mRNA transcription, protein expression and post-

translational modifications), host protein targets (Law et al., 2016) and the relationship 

between A/E pathogens and the microbiota (Carson et al., 2019; Hopkins et al., 2019). 

 

1.4.2 The use of C. rodentium in determining effector function 

C. rodentium, once classified as C. freundii biotype 4280 (Schauer et al., 1995), causes A/E 

lesions that are indistinguishable from those cause by EPEC, as well as transmissible colonic 

hyperplasia in mice (Barthold et al., 1976). Critically, C. rodentium shares 67% homology with 

EPEC and EHEC genomes, most notably in the LEE (Petty et al., 2010, 2011), making it an 

invaluable tool for the study of the A/E T3SS and its cognate effectors in vivo (Collins et al., 

2014; Mullineaux-Sanders et al., 2019; Mundy et al., 2005). The genetic background of the 

mouse strain used defines the pathology of the infection: C57 mice develop a mild, self-

limiting C. rodentium infection that is spontaneously cleared by 2–3 weeks post-infection (p.i.), 

while susceptible (e.g., C3H) mice develop severe disease including watery diarrhoea, 

succumbing to infection by day 10–14 p.i. (Carson et al., 2019). The contribution of single or 

multiple effectors to A/E pathogenesis can be assayed via infection with C. rodentium deletion 



25 

 

mutants (Crepin et al., 2016). To highlight some relevant examples, assessment of effector 

functions has historically included delineating colonisation dynamics (Mundy et al., 2004a), 

investigating the transcriptional regulation of host genes (Hopkins et al., 2019), proteomic and 

histopathological analysis of infected tissue (Berger et al., 2017), quantifying the infiltration of 

immune cells (Higgins et al., 1999; Vallance et al., 2002) and examining cytokine release (Berger 

et al., 2018).  

 

1.5 Effector manipulation of cellular processes 

In order to survive in the mammalian gut, pathogens must efficiently colonise host tissue while 

evading the immune system and preventing tissue damage. Effector proteins that have 

evolved to facilitate colonisation can also illicit local inflammation, calling for further effector 

proteins to offset the pathology. As such, a given A/E pathogen can encode dozens of effector 

proteins with intricate synergies to achieve infection (Reddick and Alto, 2014; Santos and Finlay, 

2015; Shenoy et al., 2018) (Table 1).  

 

1.5.1 Modulation of cytoskeletal dynamics 

The structure of the cytoskeleton governs almost every cellular function, from cell cycle 

progression to morphogenesis and migration, making it an excellent target for pathogens.  

Unsurprisingly, such an important facet is intricately regulated by several protein families. 

Globular G-actin, tubulin and intermediate filament proteins polymerise into filamentous 

F-actin, microtubules and stabilising structures, respectively, to provide a dynamic scaffold for 

macrostructure formation and the transport of subcellular cargo (Hohmann and Dehghani, 

2019; Rottner et al., 2017). Actin polymerisation underpins lamellipodia, filopodia, stress fibre, 

actin cortex and actin bleb formation. F-actin is generated when the intrinsically inactive actin 

related protein 2/3 (Arp2/3) complex is activated by proteins such as Wiskott-Aldrich 

syndrome protein (WASP) or its neural derivative (N-WASP), and the resulting F-actin bundles 

can be crosslinked. Polymerised actin can be quickly disassembled by the actin 

depolymerisation factor (ADF)/cofilin family of proteins, conferring cells adaptability in 

response to environmental cues. 
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Table 1 | Distribution and function effector protein families across representative 

EPEC, EHEC and C. rodentium strains 

Effector 
EHEC 

Sakai 

EPEC 

E2348/69 

C. rodentium 

ICC169 
Reported function(s) 

Cif - 1, 1* - Cell cycle arrest 

Tir/EspE 1 1 1 
Actin polymerisation and 

pyroptosis 

EspF 1 1 1 
Induction of apoptosis, 

cytoskeletal remodelling 

EspG 1 2 1 
Inhibits protein secretion, 

cytoskeletal remodelling 

EspH 1 1 1 
Cytoskeletal remodelling, 

inhibition of phagocytosis 

EspI/NleA 1 1 1 
Inhibition of inflammasome 

activation and protein secretion 

EspJ 1 1 1 Inhibits phagocytosis 

EspK 1 - 1 - 

EspL 3, 1* 1, 2* 1 Inhibits necroptosis 

EspM1/2 2 - 2, 1* Cytoskeletal remodelling 

EspN 1 - 1, 2* - 

EspO 2 1, 1* 1 Promotes tissue integrity 

EspR 3, 1* - - - 

EspS/Ibe/OspB - - 1 - 

EspT - - 1 
Cytoskeletal remodelling, 

NF-κB modulation 

EspW 1 - - Cytoskeletal remodelling 

EspX/NleL 5, 1* - 1 Ligates ubiquitin 

EspY 4, 1* - 1 Predicted cell cycle regulator 

EspZ/SepZ 1 1 1 Limits effector translocation 

Map 1 1 1 Cytoskeletal remodelling 

NleB 2, 1* 2, 1* 1, 1* Inhibits cell death 

NleC 1 1 1 NF-κB modulation 

NleD 1 1 2 MAPK signalling inhibition 

NleE 1 2 1 NF-κB modulation 

NleF 1 1 1 Inhibits cell death 

NleG 9, 5* 1 3, 2* Ligates ubiquitin 

NleH/OspG 2 2, 1* 1 
Inhibits cell death and NF-κB 

signalling 

NleJ - 1 - - 

NleK - - 1 - 

NleN - - 1 - 

NleO - - 1 - 

TccP/EspFU 1, 1* - - Actin polymerisation 

Total 48, 11* 23, 6* 31, 6*  

* indicates pseudogenes 
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The assembly of specific actin structures is largely governed by the Rho family of GTPases, 

among others (Singh et al., 2019a). GTPases cycle between membrane-associated GTP-bound 

“on” states and GDP-bound “off” states that can be sequestered in the cytosol upon 

association with guanosine nucleotide dissociation inhibitors (GDIs). With the aid of activating 

guanine nucleotide exchange factors (GEFs), GTPases bind GTP to initiate signalling through 

their downstream signalling effectors (Thumkeo et al., 2013), before being deactivated once 

more by the GTPase activating proteins (GAPs) (Cherfils and Zeghouf, 2013). Three members 

of the Rho GTPase family, RhoA, Rac1 and Cdc42, are responsible for stress fibre, lamellipodia 

and filopodia formation, respectively (Sit and Manser, 2011). RhoA promotes the activity of the 

formin mDia1, leading to Rho-associated protein kinase (ROCK) stimulation. ROCK in turn 

signals to inhibit ADF/cofilin and nucleate stress fibres (Maekawa et al., 1999). Conversely, Rac1 

recruits N-WASP and Arp2/3 directly to initiate construction of the lamellipodium (Krause and 

Gautreau, 2014), while Cdc42 requires the formin mDia2 to recruit the N-WASP/Arp2/3 

machinery for the extension of filopodia (Jacquemet et al., 2015). 

 

While actin can serve as a mechanical guard against bacteria (Man et al., 2014), several 

pathogens encode T3 effector proteins that directly bind F-actin (Belyy et al., 2018; Vander 

Broek et al., 2017; Hiyoshi et al., 2011) or subvert the function of actin-regulating proteins 

(Aktories et al., 2011), and the A/E pathogens are no exception (Schematic 3). 
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Schematic 3 | Simplified overview of host GTPase subversion by A/E effectors 
GTPases cycle between “on” and “off” states with the help of activating guanine exchange factors (GEFs), and deactivating GTPase activating 
proteins (GAPs). In their active state, GTP-bound GTPases interact with host effectors to mediate cytoskeletal changes and protein trafficking, 
among other processes. EspH enhances Tir-driven actin pedestal formation by promoting N-WASP recruitment (not depicted), but also binds Rho 
GEFs to prevent activation of GTPases, including those involved in phagocytosis. EspJ and EspG also prevent phagocytosis by inhibiting non-
receptor tyrosine kinase signalling, and sequestering the Arf6 GTPase, respectively. Anchored to Arf6, EspG is localised to bind other proteins, such 
as Rab35 and p21-activated kinase (PAK), to simultaneously inhibit trafficking of protein in recycling endosomes (REs) to the cell surface and 
promote actin polymerisation in pedestals. Map, EspM and EspT function as GEF mimics, activating Cdc42, Rac1 and RhoA respectively to promote 
the formation of filopodia, lamellipodia and stress fibres. EspO can bind EspM to antagonise its effect. 
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1.5.1.1 Tir is phosphorylated by host kinases to initiate actin pedestal formation 

The first and arguably most important T3SS protein to be secreted is the essential LEE5-

encoded effector, Tir (Deng et al., 2003; Kenny et al., 1997; Mills et al., 2008; Wang et al., 2008). 

Tir inserts into the host cell membrane in a hairpin loop confirmation, with both termini 

remaining membrane-embedded while an extracellular loop is exposed to the A/E bacterium’s 

surface-exposed adhesin, intimin (Donnenberg et al., 1993a, 1993b; Luo et al., 2000; Ross and 

Miller, 2007). Similarly, intimin exposes its immunogenically variable 280 amino acid (aa) C-

terminal domain for Tir binding (Adu-Bobie et al., 1998; Frankel et al., 1995), while its 700 aa 

N-terminal β-barrel autotransporter domain moors the adhesin to the bacterial outer 

membrane. 

 

In the host cytosol, the C-terminus of E69, E11, B171 and C. rodentium Tir can be 

phosphorylated on a key tyrosine residue (Y474 in E69) by redundant host kinases (Rosenshine 

et al., 1992), such as those from the Abl, Src and Tec families (Bommarius et al., 2007; Swimm 

et al., 2004). This is mediated by the clustering of Tir caused by intimin binding (Campellone 

et al., 2004a; Hayward et al., 2009). Further C-terminal Tir residues Y483/Y511 are recognised 

by host inositol phosphatase SHIP2 to control pedestal morphology (Smith et al., 2010).  As 

our understanding of the phenomenon of actin pedestal formation matures, more proteins 

are implicated in its formation (Law et al., 2015), however the basic outline is as follows: 

phosphorylated Tir recruits the adaptor protein Nck (non-catalytic region of tyrosine kinase 

adaptor protein 1) via its Src homology 2 (SH2) domain, to activate N-WASP and Arp2/3 

(Lommel et al., 2001), resulting in localised polymerisation of actin (Schematic 4). In addition 

to initiating actin polymerisation, host Tir-adaptors can regulate the abundance of 

translocated Tir (Nieto-Pelegrin et al., 2014). 

 

Although pedestal formation is advantageous to A/E pathogens during colonisation, it is not 

required for A/E lesion formation on mucosal surfaces. Therefore, a C. rodentium Tir mutant 

with abrogated Tyr471were still able to colonise murine, calf and lamb colons (Crepin et al., 

2010), suggesting that Tir has additional functions during infection. Indeed, transfection of Tir 

into HeLa cells also facilitates the degradation of TRAF2 to inhibit TNF-induced activation of 

the nuclear factor κ light-chain enhancer of activated B cells (NF-κB) signalling pathway (§1.5.2). 
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This correlates with increased interleukin (IL)-8 production by HeLas in the absence of Tir 

during EPEC infection (Ruchaud-Sparagano et al., 2011). Additionally, a recent study 

demonstrated that Tir-mediated actin polymerisation contributes to the induction of 

pyroptosis in human macrophages (Goddard et al., 2019) (§4). 

 

1.5.1.2 TccP/EspFU links Tir to the actin cytoskeleton 

Some A/E pathogens, such as strains of EHEC O157:H7, deliver a Tir variant with only a single 

Tyr residue (Y458), which is not tyrosine phosphorylated. Instead, these Tir variants contain an 

Asn-Pro-Tyr (NPY) motif that is required for pedestal formation (Allen-Vercoe et al., 2006; 

Kenny and Warawa, 2001). By translocating their own Tir adaptor, the Tir cytoskeleton-

coupling protein (TccP, also known as EspFU owing to its homology with the effector EspF), 

these strains can initiate the recruitment and activation of N-WASP in a host-independent 

manner (Campellone et al., 2004b; Garmendia et al., 2004, 2005, 2006). TccP binds the host 

insulin receptor tyrosine kinase substrate (IRTKS) (or IRSp53), which recognises the Tir NPY 

motif to promote downstream signalling (Vingadassalom et al., 2009, 2010; Weiss et al., 2009) 

(Schematic 5). These Nck-dependent and Nck-independent modes of actin polymerisation can 

sometimes be co-opted to increase the efficiency of actin polymerisation. For example, B171 

encodes a TccP-like protein (Tccp2) as well as a Tir protein containing the two conserved Tyr 

Schematic 4 | Nck-dependent 
actin polymerisation by Tir 
Intimin, a surface-exposed 
adhesin, binds clusters of T3SS-
translocated Tir at the host cell 
membrane. Clustering of Tir by 
intimin binding facilitates the 
phosphorylation of Tir at a 
conserved Tyr residue (474 in 
EPEC) by host tyrosine kinases. 
Phospho-Tyr is recognised by the 
adaptor protein Nck, which 
recruits N-WASP and the Arp2/3 
complex to initiate actin 
polymerisation at the site of 
bacterial attachment. 
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residues, allowing it to recruit both host and EPEC N-WASP adaptor proteins (Martins et al., 

2017; Ogura et al., 2007; Ooka et al., 2007; Whale et al., 2007).  

 

1.5.1.3 ADP ribosylation of non-receptor tyrosine kianses by EspJ inhibits actin remodelling 

EspJ is a 24.6 kDa non-LEE encoded effector, identified by transcriptomics analysis in an operon 

with TccP in EHEC O157:H7 and on genomic island (GI) 14 in C. rodentium (Dahan et al., 2004, 

2005; Garmendia and Frankel, 2005; Petty et al., 2010). As with many effectors, early research 

pointed towards mitochondrial localisation (Kurushima et al., 2010) and a role for EspJ in 

colonisation of C57Bl/6 mice (Dahan et al., 2005), though reports on the importance of EspJ in 

human infection are conflicting (Donnenberg et al., 2015; Hazen et al., 2016). EspJ, and its S. 

enterica subsp. salamae and arizonae homologue SeoC, are ADP ribosyl-transferases that 

specifically modify a conserved residue (E310) in the Src family of kinases (Pollard et al., 2016, 

2018). ADP ribosylation prevents Src adopting an active conformation, inhibiting both FcγR- 

and CR3-mediated phagocytosis (Marchès et al., 2008; Young et al., 2014). Given the role of 

non-receptor tyrosine kinases in actin pedestal formation, overexpression of EspJ can 

modulate pedestal length (Young et al., 2014), as well as reduce the pyroptosis driven by Tir 

actin polymerisation (Goddard et al., 2019). 

 

Schematic 5 | Nck-independent 
actin polymerisation by Tir 
Tir variants with an NPY motif are 
recognised by host adaptor 
proteins IRSp53 or IRTKS 
following T3SS-dependent 
translocation. A further effector 
protein, TccP (also called EspFU) 
serves as a signalling mediator, 
associating Tir:IRTKS with N-
WASP. Downstream recruitment 
of Arp2/3 facilitates actin 
polymerisation and subsequent 
pedestal formation. 



32 

 

1.5.1.4 EspH is a Rho GEF competitor with widespread roles during infection 

EspH is a core LEE-encoded effector that supports enteric colonisation (Ritchie and Waldor, 

2005; Shaw et al., 2005). This is suggested to entail EspH’s ability to augment pedestal 

formation (Tu et al., 2003), as EPEC EspH enhances recruitment of N-WASP to the C-terminal 

of Tir beneath the site of attachment (Wong et al., 2012a). Tethering of EspH could be 

mediated by its interaction with CD81 microdomains in the plasma membrane (Ramachandran 

et al., 2018). Independently of this, EspH also inhibits host Rho GTPases; downstream Rho 

signalling to incite stress fibre, filopodia and lamellipodia formation, as well as the activity of 

bacterial Rho GEFs, are unaffected by EspH (Dong et al., 2010; Wong et al., 2012b). Instead, 

EspH maintains RhoGTPases in their inactive state by competitively binding to the Dbl-

homology/pleckstrin-homology (DH-PH) domain of select RhoGEFs, such as p115. This 

prevents their interaction with Rho and results in cell rounding (Dong et al., 2010). As Rho 

GTPase function underpins several cellular pathways (Narumiya and Thumkeo, 2018), the 

consequences of EspH-mediated inactivation are widespread. For example, EspH is reported 

to repress EPEC phagocytosis by macrophages (Dong et al., 2010) and perturb protein 

trafficking networks that define cell polarity (Roxas et al., 2018).  

 

1.5.1.5 EspM and EspT are Rho GEF mimics that promote membrane perturbations 

The discovery of a bacterial protein family with a common Trp-xxx-Glu motif defined a new 

category of Rho GTPase subverting effectors: the WxxxE effectors (Alto et al., 2006). These 

effectors are represented in Salmonella (SifA and B), Shigella (IpgB1 and 2) and the A/E 

pathogens (Map, EspT and the bfpT-regulated chaperone-like protein TrcA) (Bulgin et al., 2010; 

Orchard and Alto, 2012). Despite minimal homology to mammalian Rho GTPases, Map, IpgB1 

and IpgB2 use the WxxxE motif to functionally mimic Cdc42, Rac1 and RhoA GEFs, respectively, 

leading to Rho activation (Alto et al., 2006). Analysis of the EHEC Sakai secretome identified 

EspM1 and 2 as further WxxxE members (Tobe et al., 2006), and later screens revealed EspM-

like proteins are present in over 96% of tested O157-like EHEC strains (Arbeloa et al., 2009), as 

well as EPEC B171 and E11, while C. rodentium encodes EspM2 and EspM3 (Arbeloa et al., 

2008). Although each of the three A/E EspM-like effectors share up to 86% identity, EspM2 

and EspM3 stimulate the Rho-ROCK pathway by structurally mimicking a RhoA GEF (Arbeloa 

et al., 2010) to produce cytoskeletal structures distinct from both one another and EspM1 
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(Arbeloa et al., 2008). These actin rearrangements dysregulate pedestal formation and tight 

junctions in polarised cells (Simovitch et al., 2010). 

 

Using the WxxxE family members IpgB2 (Shigella) and Map as queries, a BLAST search revealed 

the presence of EspT in C. rodentium neighbouring EspO, NleG8 and fellow WxxxE family 

member EspM2 (Bulgin et al., 2009b). Analysis of EspT distribution also uncovered homologues 

in E11 and other EPEC isolates (Arbeloa et al., 2009). The recent sequencing of the E11 genome 

demonstrated that espT is found on several unique plasmids, yet only 65 of the 12,253 

sequenced E. coli genomes encode EspT (Hazen and Rasko, 2019). Like its Shigella homologue 

IpgB2 (Alto et al., 2006), EspT localises to the mitochondrial network, despite lacking a 

mitochondrial targeting sequence, and induces the formation of lamellipodia in Swiss 3T3 

fibroblasts and membrane ruffles in HeLa cells (Bulgin et al., 2009b). These morphological 

perturbations involve both Rac1 and Cdc42, for which EspT behaves as a GEF mimic. When 

EspT was non-natively delivered to the human macrophage line U937 by E69, EspT facilitated 

invasion and induced IL-8 and IL-1β secretion through activation of NF-κB and Erk/JNK 

pathways. As IL-8 production was abolished by mutation of EspT’s active loop residue (Q117), 

this signalling is linked to EspT’s Rac1-activating activity (Raymond et al., 2011). A direct 

interaction with either GTPase has yet to be demonstrated, as neither Rac1 nor Cdc42 were 

identified as EspT interactors; instead the mitochondrial Heat Shock Protein family D1 (HSPD1) 

was identified, which could potentially tether EspT to its location (Sontag et al., 2016). 

Membrane remodelling itself is fulfilled downstream of Rac1 and Cdc42 by the host GTPase 

effectors Wave2, Abi1 and, in some cases, IRSp53 (Bulgin et al., 2009a). Pathogen-induced 

membrane ruffling is usually associated with bacterial invasion (Hume et al., 2017; Patel and 

Galán, 2005), and indeed EspT expression by E11, or non-natively by the EPEC strain JPN15 

(but not E69), induces membrane ruffling-dependent EPEC uptake in non-phagocytic cells 

(Bulgin et al., 2009a, 2009b). Internalised EPEC remains vacuolar and retains the ability to 

produce actin pedestals, challenging the paradigm of EPEC’s extracellular infection strategy. 

 

1.5.1.6 EspV induces morphological changes in yeast cells and human cells 

EspV, although small (60 aa) and present as a pseudogene in EHEC O157:H7 Sakai (Tobe et al., 

2006), is an intact and functional effector in C. rodentium, E11 and EPEC E22. It has been shown 
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to inhibit yeast cell growth, and can lead to cell rounding, dendrite-like projections and nuclear 

condensation in transfected HeLa cells (Arbeloa et al., 2011). The mechanism by which EspV 

subverts these processes is currently unknown.   

 

1.5.1.7 EspW subverts Rac1 to induce unique membrane ruffling 

EspW was first identified in EHEC O157:H7 Sakai as a homologue of the uncharacterised 

Pseudomonas syringae effector HopW (Tobe et al., 2006), but is also represented in other 

intestinal pathogens, including EPEC B171 and Shigella boydii (Sandu et al., 2017). EspW binds 

the host microtubule protein Kinesin-12 (Kif15) in a yeast 2 hybrid system (Y2H), and the two 

proteins independently localised to the base of actin pedestals, signifying an unconfirmed role 

for Kif15 as an EspW recruitment factor. Although EspW is not a WxxxE effector, its transfection 

results in membrane ruffling and the formation of ‘flower-shaped’ structures on the membrane 

that are achieved through activation of Rac1. Indeed, EHEC infection in the absence of EspW 

results in cell shrinkage that can be rescued with the Rac1 activator S1P, leading to the 

hypothesis that fine-tuning of Rac1 dynamics during infection is achieved by co-expression of 

EspM, EspT and EspW (Sandu et al., 2017). 

 

1.5.1.8 EspG hijacks GTPases to inhibit protein trafficking and regulate the cytoskeleton 

EspG is a 43.8 kDa Shigella VirA homologue encoded at the 5’ end of the LEE upstream LEE1, 

and is one of the most extensively studied, well-conserved and wide-acting core effectors 

(Elliott et al., 2001; Hazen et al., 2013). VirA is an α-tubulin-specific cysteine protease-like 

effector that is required by Shigella for cell-to-cell spread (Yoshida et al., 2002, 2006), and early 

EspG research sought to confirm the conservation of this function (Tomson et al., 2005). More 

recent structural studies revealed that neither EHEC EspG nor VirA are true proteases and do 

not directly destabilise microtubules (Germane and Spiller, 2011; Germane et al., 2008), as 

intact microtubule networks are observed following microinjection of EspG (Selyunin et al., 

2011). 

 

More recent literature has established EspG as a GTPase hijacker. EspG is capable of binding 

ADP-ribosylation factors (Arfs) — a five-member family of Ras superfamily GTPases (Furniss et 

al., 2016; Humphreys et al., 2016; Selyunin et al., 2014). In macrophages, EspG:Arf6 binding 
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impedes Arf6 binding to its cognate effector ARNO, disrupting the localised manipulation of 

actin for phagocytosis (Humphreys et al., 2016). EspG also harbours a Tre-2/Bub2/Cdc16 (TBC) 

catalytic domain that mimicks Rab GAPs, exhibiting in vitro GAP activity on eight Rab GTPases 

(Dong et al., 2012). During infection, this Rab binding is used to manipulate protein trafficking 

to the cell surface, which was first demonstrated with the epidermal growth factor receptor, 

β1 integrin and the transferrin receptor (Clements et al., 2011). Mechanistically, this is mediated 

by EspG forming a tripartite complex with Arf6 and Rab35 during infection to prevent Rab35-

mediated recycling of cargo to the plasma membrane (Furniss et al., 2016). In support of this, 

trafficking of the Downregulated in Adenoma (DRA) Cl⁻/OH⁻ anion exchanger to the apical 

plasma membrane in intestinal cells is attenuated in wild type (WT) EPEC infection, and re-

established when EspG/EspG2 is deleted (Gill et al., 2007). Consistently, recycling of β1 integrin 

and the transferrin receptor are both Arf6-dependent (Powelka et al., 2004; Souza-Schorey and 

Chavrier, 2006). To potentiate this activity, T3SS-translocated EspG localises to recycling 

endosomes (Furniss et al., 2016); EspG introduced independently of the T3SS results in 

disruption of Golgi architecture (Clements et al., 2011; Selyunin et al., 2014). Ectopic EspG 

expression is additionally described to promote paracellular enterocyte permeability 

(Matsuzawa et al., 2005) and perturb tight junctions (Glotfelty et al., 2014; Morampudi et al., 

2017).  

 

In addition to the Arf and Rab GTPases, EspG has also been implicated in Rho GTPase 

subversion. For example, like EspM2, EspG is reported to trigger the release of GEF-1 and the 

downstream activation of the RhoA-ROCK pathway (Matsuzawa et al., 2004). Additionally, a 

pocket between EspG helices a4 and a9 facilitates binding to the Rac/Cdc42-binding domain 

of p21-activated kinase (PAK1), a Rho GTPase effector (Germane and Spiller, 2011; Sells et al., 

1997). Independent studies confirm this interaction with PAK1, PAK2 and PAK3, but suggest 

that EspG binds to the Ia3 helix of the PAK2 autoinhibitory domain, promoting PAK activation 

(Selyunin and Alto, 2011). Most recently, EspG binding to PAK was demonstrated to be critical 

for efficient pedestal formation. These actin perturbations are underpinned by the localisation 

of PAK and its Rho family GTPase complex to EspG by Arf6 (Singh et al., 2019b). 
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1.5.2 Prevention of NF-κB signalling 

The NF-κB signalling pathway transcriptionally regulates the expression of genes involved in 

cell survival, immunity and inflammation (Liu et al., 2017b; Napetschnig and Wu, 2013; Zhang 

et al., 2017), all of which can be targeted during infection. NF-κB regulates expression of the 

pro-inflammatory cytokines IL-8 and IL-1 and inflammasome components (§1.5.3), among 

other proteins (Liu et al., 2017b). The NF-κB complexes comprise five transcription factors that 

assemble into homo- and heterodimers and translocate to the nucleus to bind the major 

groove of target DNA via their N-terminal Rel homology domain. Three of the five, RelA (p65), 

c-Rel and RelB, are transcriptional activators with a C-terminal transactivation domain, whereas 

the remaining two, p50 (p105/NF-κB1) and p52 (p100/NF-κB2), lack this domain and serve as 

repressors. 

 

NF-κB signalling is activated by the recognition of microbial and danger signals by pattern 

recognition receptors (PRRs), which are widely expressed in immune and epithelial cells. An 

important family of PRRs are the Toll-like receptors (TLRs), which can detect pathogen-

associated molecular patterns (PAMPs) such as double-stranded RNA (dsRNA; TLR3), 

lipopolysaccharide (LPS) (TLR4), flagellin (TLR5), lipoproteins (TLR1/2/6) and CpG DNA (TLR9) 

(Kawasaki and Kawai, 2014). TLR signalling, similarly to tumour necrosis factor receptor (TNFR) 

signalling, proceeds via a complex cascade that requires the recruitment of members of the 

TNFR-associated factor (TRAF) family of intracellular proteins to the receptor complex. These 

proteins can then form signalling hubs through the recruitment of kinases, such as the TAK1 

(Transforming growth factor beta-activated kinase 1)-TAB2/3 complex — a central regulator 

of canonical NF-κB signalling. Under normal physiological conditions, p65 is held in a 

cytoplasmic complex with p50 bound to the inhibitor of NF-κB inhibitory proteins (IκB); only 

when IκB is ubiquitinated for proteosomal degradation can the p65/p50 enter the nucleus. The 

purpose of TAK1, therefore, is to phosphorylate IκB kinases (IKKs), which themselves 

phosphorylate and deactivate IκB to induce nuclear translocation of p65/p50 and transcription 

of pro-inflammatory genes. Notably, TAK1 can also phosphorylate and activate mitogen 

activated protein kinase (MAPK) family members such as Jun N-terminal Kinase (JNK), 

Extracellular Signal-Regulated Kinase (ERK) and p38 to mediate expression of genes involved 

in inflammatory responses and cell survival (Plotnikov et al., 2011). Unsurprisingly, several A/E 

effectors work in concert to subvert these inflammatory signalling pathways (Schematic 6). 
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Schematic 6 | Manipulation of NF-κB signalling by A/E effectors 
Stimulation of the Toll-like receptors (TLRs) or tumour necrosis factor receptor (TNFR) by 
their cognate ligands triggers NF-κB signalling, and transcription of pro-inflammatory and 
pro-survival genes. This requires recruitment of signalling complexes to engaged receptors, 
and the downstream mobilisation of ubiquitylated receptor interacting protein kinase 1 
(RIPK1). RIPK1 association with TNFR-associated factors (TRAFs), as well as the association 
of the TRIF family of TLR-adaptors, is precluded by EspL cleavage. Tir also targets select 
TRAFs for degradation. Recruitment of the membrane complex is further inhibited by NleB, 
which GlcNAcylates the TNF-receptor associated death domain protein (TRADD), rendering 
it unable to associate with TNFR. Under physiological conditions, RIPK1 phosphorylates 
transforming growth factor β-activated kinase 1 (TAK1) to promote prosurvival signalling 
through phosphorylation of JNK and p58. NleD and NleL work in concert to inhibit JNK and 
p58 signalling, preventing activator protein 1 (AP1) translocation into the nucleus. NleE also 
indirectly inhibits pro-inflammatory signalling by binding and inhibiting TAK1-associated 
proteins (not shown). Conversely, EspT activates JNK signalling to promote inflammation. 
TAK1 also phosphorylates IκB kinase β (IKKβ), which in turn phosphorylates and deactivates 
the inhibitor of NF-κB inhibitor proteins (IκB). When IκB releases its inhibition on p65 and 
p50, they can translocate to the nucleus for transcription of NF-κB target genes. 
Transcription is also promoted by ribosomal protein S3 (RPS3), which is differentially 
regulated by host IKKβ and bacterial NleH-family proteins. 
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1.5.2.1 The Zinc metalloproteases NleC and NleD inhibit NF-κB signalling 

NleC is a 37 kDa member of the Zinc metalloprotease family of effectors (Marchès et al., 2005), 

that, together with its S. enterica homologues GtgA, GogA and PipA, cleave NF-κB subunits 

(Jennings et al., 2018; Mühlen et al., 2011). NleC exhibits the widest substrate specificity and is 

able to cleave all five subunits (Hodgson et al., 2015), whereas the S. enterica homologues 

cannot cleave p50 or p52 (Jennings et al., 2018). This disparity is explained by the biochemistry 

of the substrate pocket in each effector and therefore its preferred cleavage sites in each NF-

κB subunit: NleC cleaves p65 between Cys38 and Glu39, which are conserved in all five subunits, 

whereas GtgA, GogA and PipA preferentially cleave two non-conserved amino acids present 

downstream. NleC’s anti-NF-κB activity is extended by its ability to cleave p300, an 

acetyltransferase that positively regulates NF-κB-driven IL-8 production (Shames et al., 2011a), 

its cleavage of IκB when overexpressed and its prevention of p38 phosphorylation (Sham et 

al., 2011). NleC achieves its catalytic activity with a strip of acidic, negatively charged residues 

in its active site that mimic the major groove of DNA phosphate backbone (Jennings et al., 

2018; Turco and Sousa, 2014), as well as an HExxH motif that coordinates its Zn2+ cofactor (Li 

et al., 2014). Befitting of its role in infection, NleC is observed in the nucleus, despite its large 

size and lack of nuclear localisation signal (Yen et al., 2010), and the resulting NF-κB proteolysis 

minimises intestinal pathology in a C. rodentium model (Baruch et al., 2011; Sham et al., 2011) 

and suppresses IL-8 secretion in vitro (Sham et al., 2011; Shames et al., 2011a).  

 

NleD was identified through signature-tagged mutagenesis as an important factor for 

colonisation of the bovine (Dziva et al., 2004) and murine gut (Deng et al., 2004), though this 

could not be recapitulated with the genomic disruption of nleD with an aphT resistance 

cassette (Marchès et al., 2005), or in an independent C. rodentium infection model (Kelly et al., 

2006). Like NleC, NleD is a Zinc metalloprotease with a HExxH motif, but NleD instead targets 

JNK and p38. Co-operatively targeting of both NF-κB (NleC) and MAPK (NleD) pro-

inflammatory signalling inhibits IL-8 production (Baruch et al., 2011). As JNK signalling can also 

promote apoptosis (Dhanasekaran and Premkumar Reddy, 2017), the activity of NleD also 

functionally complements other anti-apoptotic effectors.  
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1.5.2.2 NleH is a Ser/Thr kinase that subverts NF-κB 

NleH was discovered in the C. rodentium genome upstream of nleF  (García-Angulo et al., 

2008), and was noted for its 49% similarity to the Shigella NF-κB modulator OspG (Hemrajani 

et al., 2008), a kinase that prevents degradation of phospho-IκBα (Kim et al., 2005). Two 

independent ORFs with 83% identity to C. rodentium NleH (NleH1 and 2) were henceforth 

identified in both EPEC and EHEC (García-Angulo et al., 2008). NleH1 and 2 themselves share 

84% identity (Pham et al., 2012), differing by a 10 aa stretch that in NleH2 encodes an SH2 

domain and a protein kinase A (PKA) interaction domain (Gao et al., 2009). Deletion of 

C. rodentium nleH delays colonisation of C57Bl/6 mice (Feuerbacher and Hardwidge, 2014; 

García-Angulo et al., 2008; Hemrajani et al., 2008) and reduces mortality of susceptible 

C3H/HeJ mice (Pham et al., 2012), and an EHEC O157:H7 ΔnleH1/2 double mutant exhibits a 

comparable delay in shedding and quicker clearance in a calve and lamb model, respectively 

(Hemrajani et al., 2008). 

 

There is considerable disparity among the functions of each NleH family members (Pham et 

al., 2012). In accord with NleH’s homology to OspG, NF-κB-RE-luc reporter mice exhibit 2.5-

fold less luminescence when infected C. rodentium ΔnleH compared with WT (Hemrajani et al., 

2008). In EHEC, this may be mediated by the N-terminus of NleH1 and NleH2, which bind the 

p65-associated ribosomal protein, RPS3 (Gao et al., 2009). Conversely, phosphorylation of 

RPS3 by IKKβ promotes nuclear translocation to interact with p65; this is inhibited exclusively 

by NleH1 binding (Pham et al., 2012; Wan et al., 2011), although NleH1 and 2 heterodimerise 

in vivo (Martinez et al., 2010), and both effectors can prevent IκBα degradation when 

overexpressed through an RPS3-independent mechanism (Royan et al., 2010). Like OspG, A/E 

NleH effectors are auto-phosphorylating serine threonine kinases with a minimal kinase core 

(Grishin et al., 2014; Halavaty et al., 2014). Although they do not specifically phosphorylate any 

of their known binding partners (Grishin et al., 2014; Hemrajani et al., 2010), their kinase activity 

is essential for their subversion of NF-κB signalling (Gao et al., 2009; Pham et al., 2012). 

 

1.5.2.3 NleE is a Cys methyltransferase that stabilises IκB 

NleE is a 27 kDa effector that inhibits IκB degradation, leading to sequestration of p65 in the 

cytosol. Though the NleE mechanism of NF-κB inhibition is unique, it is functionally redundant 
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with NleB (§1.5.3.2) and NleC (§1.5.2.1). It is therefore less commonly found in pathogenic 

E. coli isolates: only approximately half of EPEC genomes encode an NleE homologue (Santos 

and Finlay, 2015), with greater representation in non-O157 EHEC-like strains (Wickham et al., 

2006). In EPEC, NleE is encoded in IE6 together with NleB (Iguchi et al., 2009). Some genomes 

also encode a shorter NleE variant in IE2 with a deletion of an internal 56 aa region, rendering 

it a cryptic, untranslocated effector (Nadler et al., 2010). Despite these observations, 

C. rodentium NleE is required for full colonisation several mouse strains (Wickham et al., 2007), 

indicating the utility of NleE to A/E pathogens. A/E NleEs differ from their Shigella homologue 

OspZ in their C-termini, which contain an IDSYMK motif that is necessary for the inhibition of 

p65 nuclear translocation (Newton et al., 2010). Structural studies revealed NleE facilitates S-

adenosyl-L-methionine-dependent methylation of TAB2/3 on a Zn2+-coordinating Cys residue 

(Yao et al., 2014). This is mediated by an independent N-terminal binding region in NleE that 

is necessary for TAB2/3 binding and subsequent inhibition of IL-8 production (Zhang et al., 

2016).  

  

1.5.3 Subversion of cell death pathways 

Cell death is the physiological response to stress. As our understanding of cellular signalling 

broadens, many forms of programmed cell death have been defined, each differing in their 

molecular triggers and subsequent pathology (reviewed by Tang et al., 2019). These include 

intrinsic and extrinsic apoptosis (Kerr et al., 1972), NETosis (Brinkmann, 2004), entosis 

(Overholtzer et al., 2007), parthanatos (Wang et al., 2009), autophagy-dependent cell death or 

autosis (Liu et al., 2013), ferroptosis (Stockwell et al., 2017), oxeiptosis (Holze et al., 2018), and 

the programmed necrotic forms of cell death, necroptosis and pyroptosis (Cookson and 

Brennan, 2001; Degterev et al., 2005; Schroder and Tschopp, 2010). In the context of A/E 

pathogenesis, only apoptosis and necrotic cell death pathways have historically been 

considered. 

 

Many forms of programmed cell death are mediated by cysteine-aspartic proteases (caspases). 

These can be broadly divided into traditionally apoptotic caspases, including initiator caspases 

(-2, -8, -9 and -10), which serve to cleave and activate executioner caspases (-3, and -7), and 

the inflammatory caspases (-4/-11/-5 and -1). Initiator caspases are proximity-activated via 
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their pro-domains, which facilitate assembly of the death-type specific complexes: the 

apoptosome, the DISC complex, and the inflammasome (detailed below). 

 

Intrinsic apoptosis results in apoptosome formation. This occurs when cytochrome c is 

released from the inner mitochondrial membrane into the cell cytoplasm as result of cellular 

stress. Forms of stress can include DNA damage and mitochondrial outer membrane 

permeabilisation. Liberated cytochrome c can join apoptotic protease activating factor-1 

(APAF-1) and caspase-9 to complete the apoptosome complex. Downstream signalling then 

results in the activation of executioner caspases-3, -6 and -7 (Julien and Wells, 2017; Reubold 

and Eschenburg, 2012). Conversely, extrinsic apoptosis requires the activation of TNF family 

death ligands including TNF, Fas ligand (FasL) and TRAIL, which bind to their respective 

extracellular receptors to mediate the localised assembly of the death-inducing signalling 

complex (DISC). The DISC complex, having recruited the appropriate adaptor proteins for the 

stimulated death receptor (i.e., Fas-associated death domain protein (FADD) or TNF-receptor 

associated death domain protein (TRADD)), promotes the self-oligomerisation and activation 

of caspase-8 via its death-inducing domain (Park et al., 2007; Strasser et al., 2009). Caspase-8 

can subsequently cleave the executioner caspases to initiate apoptotic death. The result of 

apoptosis, whether intrinsic or extrinsically triggered, is DNA fragmentation, cytoskeletal 

condensation and characteristic cell blebbing (Galluzzi et al., 2018). 

 

Cells have adapted a further, caspase-independent programmed cell death pathway in 

response to TNF, Fas and TRAIL receptor engagement in the absence of caspase-8: necroptosis 

(Dhuriya and Sharma, 2018; Peltzer and Walczak, 2019). Necroptotic cell death results in 

membrane fragmentation, which allows the release of pro-inflammatory cell contents through 

cell lysis.  Necrosome assembly is mediated by receptor interacting protein kinases 1 and 3 

(RIPK1 and 3), which hetero-oligomerise via their RIP homotypic interaction motif (RHIM) 

domains. This is normally inhibited by extensive ubiquitination, inhibitory phosphorylation or 

caspase-8 dependent cleavage of RIPK1/3 (Dondelinger et al., 2019; Lin et al., 1999). The 

subsequent autophosphorylation and activation of RIPK3 allows it to phosphorylate mixed 

lineage kinase domain-like protein (MLKL) (Rodriguez et al., 2016; Wang et al., 2014a). 

Phosphorylated MLKL next binds to highly negatively charged inositolhexakisphosphate 

moieties, relieving the MLKL autoinhibitory N-terminal domain (Dondelinger et al., 2014; 

Quarato et al., 2016) and inciting spontaneous MLKL assembly into octameric pores in the 
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plasma membrane. This facilitates ion influx that results in cell lysis and necroptotic cell death 

(Cai et al., 2014; Chen et al., 2014; Huang et al., 2016). 

 

A third mode of cell death that also results in cell lysis is pyroptosis. Similar to necroptosis, 

pyroptosis is executed by the formation of pores in the cell membrane, in this case by the 

N-terminus of Gasdermin-D (GSDMD). Uniquely, pyroptosis involves the inflammatory 

caspases-4, (-11 in mice) and -1, that cleave GSDMD to remove of the autoinhibitory 

C-terminal of GSDMD (Ding et al., 2016; Kayagaki et al., 2015; Shi et al., 2015). Thus, GSDMD 

cleavage can occur downstream of both canonical (caspase-1) and non-canonical (caspase-4) 

pathways. In the non-canonical pathway, caspase-4 directly senses bacterial LPS, leading to 

caspase-4 activation and cleavage of GSDMD (Kayagaki et al., 2011; Shi et al., 2014). Conversely, 

in the canonical pathway, nucleotide-binding oligomerization domain (NOD)-like receptors 

such as NACHT, LRR and PYD domains-containing protein 3 (NLRP3) and NLR family CARD 

domain-containing protein 4 (NLRC4) oligomerise in response to pathogen- or damage-

associated molecular patterns (PAMPs/DAMPs). In A/E pathogenesis, each NOD-like receptor 

responds to a unique repertoire of stimuli (Yen et al., 2016; Sanchez-Garrido et al., under 

revision), resulting in their oligomerisation and recruitment of caspase-1. Proximity-dependent 

autoproteolytic cleavage and activation of caspase-1 precedes the maturation of pro-

inflammatory cytokines (IL-18 and IL-1β) (Lieberman et al., 2019), which are released through 

the GSDMD pore. 

 

Responding to pathogens by undergoing cell death is an important facet of bacterial clearance 

in vivo (Liu et al., 2012; Miao et al., 2010a; Nordlander et al., 2014). Although the A/E pathogens 

translocate several cytotoxic effectors, it is therefore unclear whether induction of cell death is 

an A/E infection strategy or a pathological by-product. Given that there is little evidence of 

late-stage apoptosis in infected tissue, such as nuclear fragmentation, cell shrinkage and 

membrane blebbing (Galluzzi et al., 2018), the A/E pathogens must encode cytoprotective 

effectors to balance tissue damage. Indeed, several effectors are reported to prevent different 

aspects and modes of cell death (Lacey and Miao, 2019; Wong Fok Lung et al., 2014) 

(Schematic 7). 
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Schematic 7 | Subversion of programmed cell death pathways by A/E effectors 
Pyroptosis and necroptosis result from GSDMD or MLKL pores forming in the plasma 
membrane. Pyroptosis proceeds after inflammasome activation, such as the NACHT, LRR and 
PYD domains-containing protein 3 (NLRP3) inflammasome (depicted). Caspase-4-mediated LPS 
recognition stimulates non-canonical inflammasome activation, while caspase-1 activation 
results from several exogenous stimuli, including actin polymerisation by Tir, and results in the 
cleavage of pro-inflammatory cytokines IL-18/1β. NleA inhibits pyroptosis by preventing 
caspase-1 recruitment to the inflammasome. Both pro-inflammatory caspases (-1 and -4) can 
process GSDMD, although caspase-4 activity is inhibited by NleF. NleF also inhibits initiator 
caspases-8 and 9, which act upstream of the executioner caspases-3/-7. Upon stimulation of 
TNF/Fas or TRAIL receptors, caspase-8 is recruited to the death-inducing signalling complex 
(DISC) by Fas-associated death domain protein (FADD), and TNF-receptor associated death 
domain protein (TRADD). FADD and TRADD can both be inhibited by NleB’s GlcNAcylation 
activity. TRADD is additionally implicated in necroptosis, where it recruits RIPK1/3 to 
phosphorylate MLKL; EspL cleaves RIPK1/3 to inhibit this. Finally, intrinsic apoptosis can be 
triggered by loss of mitochondrial outer membrane potential in the presence of Map and EspF, 
releasing cytochrome c. This is countered by NleH, which binds Bax inhibitor 1 (BI-1). Cytosolic 
cytochrome c joins APAF-1 and caspase-9 to form the apoptosome, resulting in caspase-3/7 
activation and intrinsic apoptosis. Cell death also stimulated by Cif, which inhibits cell cycle 
progression. EspO and EspY may also contribute to this. 
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1.5.3.1 Cif deamidates NEDD8 to limit cell cycle progression and aid bacterial survival 

Cell cycle inhibiting factor (Cif) is a member of the cyclomodulins: a family of papain-like 

hydrolases that inhibit cell cycle progression. Cif is encoded by a lambdoid prophage in EPEC, 

EHEC, and other T3SS-wielding pathogens, including Yersinia, Burkholderia and Photorhabdus 

(Loukiadis et al., 2008; Yao et al., 2009), although Sakai and E69 encode truncations (Marchès 

et al., 2003). Upon Cif translocation, cells accumulate focal adhesion plaques and stress fibres 

before cell cycle arrest at the G1 or G2/M phase transition (Marchès et al., 2003; Nougayrède 

et al., 2001; Samba-louaka et al., 2008; Taieb et al., 2006). Although Cif structurally resembles 

a cysteine protease (Hsu et al., 2008), its true catalytic function is to deamidate the Gln40 

residue on NEDD8 (Cui et al., 2010), a ubiquitin family moiety that is added prior to protein 

ubiquitylation and degradation. This leads to the accumulation of the cell cycle progression 

inhibitors p21 and p27 (Morikawa et al., 2010; Samba-louaka et al., 2008), eventually resulting 

in apoptosis (Samba-Louaka et al., 2009). It was initially proposed that the inhibition of cell 

turnover enables enteric colonisation (Samba-Louaka et al., 2009), although Cif also blocks 

ubiquitylation and distribution of the bactericidal protein Perforin-2 (McCormack et al., 2015a, 

2015b), suggesting that Cif also directly enhances bacterial survival.  

 

1.5.3.2 NleB GlcNAcylates death domains to inhibits their interaction 

NleB is a 38 kDa effector homologous to the SseK effectors in S. enterica (El Qaidi et al., 2017). 

NleB represents a family of GT-A-type glycosyltransferases that mediate the presumably 

irreversible addition of an N-linked GlcNAc onto Arg residues. In A/E infection, NleB targets 

the death domain (DD) of TRADD/FADD and RIPK1 to disrupt their interaction with other DD-

containing proteins and therefore inhibit RIPK1-dependent pro-inflammatory signalling and 

apoptotic or necroptotic cell death (Li et al., 2013; Pearson et al., 2013). Specifically, NleB 

GlcNAcylates TRADD-DD at Arg235, FADD-DD at the equivalent R117 and RIPK1 at Arg602 

(Ding et al., 2019; Li et al., 2013; Pearson et al., 2013; Scott et al., 2017). NleB is additionally 

able GlcNAcylate GAPDH, binding of which to TRAF2 enhances ubiquitylation and degradation, 

leading to impaired TNF-induced NF-κB activation in the presence of NleB (Gao et al., 2013). 

The importance of these pathways during infection is highlighted by the requirement for NleB 

and its catalytic residues in murine infection models (Gao et al., 2013; Kelly et al., 2006; Pearson 
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et al., 2013; Pollock et al., 2017). The recent discovery of NleB/SseK-specific glycosyltransferase 

inhibitors is therefore an attractive anti-virulence agent (El Qaidi et al., 2018). 

 

1.5.3.3 NleF binds and inhibits caspase-4/11, 8 and 9 

NleF is a highly conserved 21–22 kDa effector in EPEC and EHEC with a homologous 

counterpart in C. rodentium (85% identity). Co-crystallisation of NleF with human caspase-9 

reveals a similar mode of binding in the caspase-9 catalytic pocket to the synthetic peptide 

inhibitor z-EVD-Dcbmk (Blasche et al., 2013), albeit with less efficient salt-bridging. This lack 

of fine specificity despite convincing functional inhibition may explain why NleF is also able to 

bind and inhibit the activity of human caspase-8 and human and mouse caspase-4/11. With 

targets like caspase-8 and 9, NleF was initially regarded as an anti-apoptotic and subsequently 

pro-necroptotic effector and was demonstrated as such (Pollock et al., 2017). As the role of 

caspase-4 in non-canonical inflammasome activation was elucidated (Kayagaki et al., 2011; Shi 

et al., 2014), NleF biology was reconsidered in the light of LPS-driven pyroptosis. This led to 

the discovery that NleF reduces caspase-11-dependent IL-18 secretion during C. rodentium 

infection in vivo (Pallett et al., 2017). 

 

1.5.3.4 The cysteine protease EspL cleaves RHIM proteins to inhibit necroptosis 

EspL-like effectors have only recently been characterised, although they have been identified 

in several A/E strains since their discovery in 2006 (Iguchi et al., 2009; Soledad-Cadona et al., 

2018; Tobe et al., 2006), as well as in other T3SS-utilising pathogens such as Edwardsiella, 

Ralstonia, Yersinia and S. enterica subsp. houtenae (Pearson et al., 2017). EspL1–4 were first 

identified in EHEC Sakai as Shigella OspD2/3 homologues, presenting with N-terminal ShET 

enteroxin domains and C-terminal ankyrin-like repeats (Farfán et al., 2011; Tobe et al., 2006), 

of which EspL2 was implicated in supporting actin aggregation at pedestals via annexin 2 

binding (Miyahara et al., 2009). More recently, the EPEC EspL2-like effector, located upstream 

of NleB1 and NleE on IE6, was identified as a cysteine protease (Pearson et al., 2017). Its 

conserved catalytic triad (Cys47/His131/Asp153) and the secondary structure of its catalytic N-

terminal domain resembles the papain-like proteases, similar to the unrelated Yersinia effector 

YopT (Shao et al., 2003). EPEC and C. rodentium EspL cleave RHIM domains to inhibit 

necroptosis; RIPK1 and RIPK3, TRIF and ZBP1/DAI are confirmed targets in mouse dermal 
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fibroblasts, although RIPK1 is EspL’s preferred substrate. In support of this, EspL inhibits 

necroptotic signalling and MLKL phosphorylation during EPEC infection of the human 

colorectal cancer cell line HT-29. Consistent with fellow necroptosis inhibitor NleB, deletion of 

espL from C. rodentium results in faster pathogen clearance (Pearson et al., 2017), highlighting 

the involvement of necroptosis during A/E infection. 

 

1.5.3.5 EspZ limits cytotoxic effector translocation 

EspZ, once called SepZ, immediately follows the delivery of Tir (Mills et al., 2008). It is one of 

the few effectors that are critical for A/E pathogenesis: C. rodentium ΔespZ is deficient in 

colonisation of NIH Swiss mice, therefore it does not cause mortality in the susceptible 

C3H/HeJ mouse model (Deng et al., 2004) and the analogous REPEC ΔespZ strain fails to 

induce symptoms of pathology in a rabbit infection model (Wilbur et al., 2015). EspZ appears 

to accumulate at the site of bacterial attachment (Kanack et al., 2005), together with one of its 

interacting partners CD98 (Shames et al., 2010), where it inserts into the host plasma and 

mitochondrial membranes via two transmembrane helices and hampers effector translocation, 

rendering cells refractory to further waves of infection (Berger et al., 2012; Kanack et al., 2005; 

Wilbur et al., 2015). EspZ was first implicated in cell death when an E69 ΔespZ mutant induced 

increased HeLa cell rounding, loss of adherence and release of cytoplasmic contents (Roxas et 

al., 2012; Shames et al., 2010). Consistently, REPEC EspZ limits apoptotic cell death in the rabbit 

colon (Wilbur et al., 2015). EspZ achieves its protective role through several mechanisms. Firstly, 

its interaction with CD98 modestly upregulates focal adhesion kinase (FAK) and AKT signalling 

(Shames et al., 2010), which mediate cell survival (Brunet et al., 1999). Additionally, EspZ 

localises to the mitochondrial membrane by interacting with TIM17b, inhibiting the loss of 

mitochondrial membrane potential during EPEC infection (Shames et al., 2011b). Therefore, 

EspZ both directly and indirectly modulates cell survival by limiting the translocation of 

cytotoxic effectors. 

 

1.5.3.6 EspY binds cell cycle related proteins 

The least characterised manipulator of cell survival is the 28 kDa effector EspY1, first identified 

by Tobe et al. in EHEC Sakai as a family of five Salmonella SPI-1 SopD-like effectors with an N-

terminal WEX5F motif (Tobe et al., 2006). EspY1–4 are confirmed effectors in EHEC, while EspY5 
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is a pseudogene (Abe et al., 2008). In a large-scale Y2H screening protocol, Blasche et al. 

reported 31 novel interactions between EHEC effectors and human proteins, eight of which 

were EspY1-specific interactors (Blasche et al., 2014). Of note, three of these are implicated in 

cell cycle regulation (calpain-3, 26S protease regulatory subunit 4 and PCI domain-containing 

protein 2), although the functional role of these interactions during infection has yet to be 

investigated. A further member of the EspY family, EspY3, was recently reported to show 

additional homology to the Salmonella SPI-2 effector PipB2 as well as SopD, as they share a 

region of pentapeptide repeats (PPR) of unknown significance (Larzábal et al., 2018). Though 

not noted by the authors, this PPR is shared with EspY1, which has also been automatically 

annotated as a UDP pyrophosphate phosphatase through protein homology. Like many 

effectors, EspY3 localises beneath the pedestal at the site of translocation, though this offers 

little insight into its function. It also remains to be seen whether the other EspY family members 

are also implicated in apoptosis and cell cycle regulation.  

 

1.5.3.7 EspO promotes cell survival 

The final effector associated with cell survival is EspO, though a definitive link between EspO 

and apoptotic pathways has yet to be demonstrated. EHEC O157:H7 type strains EDL933 and 

Sakai encode two EspO family members (EspO1-1 and EspO1-2) (Tobe et al., 2006) on different 

genomic loci. The EHEC EspO paralogues share 60.9% identity with one another and 

52.2%/56.% similarity with C. rodentium EspO, respectively. The foremost accepted function of 

the EspO effectors is inferred from their Shigella orthologues OspE1 and OspE2; all EspO 

homologues were demonstrated to bind integrin-linked kinase ILK (Kim et al., 2009). In Shigella 

infection, this interaction supresses the turnover of focal adhesions to promote adherence of 

infected cells to the basement membrane and prevent sloughing. At focal adhesion loci in 

EHEC infected cells, EspO1 has similarly been demonstrated to bind ILK as well as EspM2, 

inhibiting EspM2’s stress fibre formation (Morita-Ishihara et al., 2013). While the most recent 

report of EspO function in vivo implicates it in the modulation of IL-22 secretion and mucosal 

damage, the presence of EspO promotes significantly more cell division associated with 

colonic crypt hyperplasia (Berger et al., 2018). Additionally, unpublished data from the Frankel 

lab demonstrates binding of EspO to HS-1-associated-protein-X-1 (HAX-1) in a yeast 2 hybrid 

screen, co-elution of purified recombinant proteins and identification of HAX-1 as a prey 
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protein for EspO during colonic cell line infection and peptide discovery mass spectrometry 

(N. Constantinou, S. Lekmeechai, S. Chatterjee, unpublished). Although HAX-1 is an anti-

apoptotic protein (Yap et al., 2011), the function of EspO-HAX1 binding in vivo has yet to be 

delineated. 

 

1.5.4 Effectors with multiple or unique functions 

1.5.4.1 NleG and EspX/NleL are E3-ubiquitin ligases 

The NleG effector family is widely represented, with over 20 known homologues in A/E 

pathogens alone (Wu et al., 2010). The EPEC NleG homologue, then dubbed NleI, was the first 

to be discovered in 2006 (Li et al., 2006; Tobe et al., 2006). The NleGs harbour a conserved 

~100 aa C-terminal region that structurally resembles the RING/U-box domain of eukaryotic 

E3 ubiquitin ligases (Wu et al., 2010), while it is speculated that the variable NleG N-terminus 

defines substrate specificity. Some A/E NleGs, namely EHEC NleG7, 8.1 and C. rodentium NleG8, 

also encode a PSD-95/Disc Large/ZO-1 (PDZ) domain (A. Sagfors, unpublished), that mediates 

host protein binding in several fellow effectors (such as Map, NleH and NleA). To date, the 

only known interactors of A/E NleGs are protein hexokinase 2 and MED15, which bind the N-

terminus of EHEC NleGs 2.3 and 5.1, respectively (Valleau et al., 2018), however the functional 

relevance of these interactions during infection is unclear. 

 

Like the NleGs, an A/E pathogen can encode several EspX-like effectors. Seven EspX family 

members were identified in EHEC O157:H7, one of which is a pseudogene, but all of which 

harbour PPR motifs (Tobe et al., 2006). Like EspY, these are further homologues of PipB, as well 

as SopA, the latter being a structural and functional HECT-type E3 ligase mimic (Zhang et al., 

2006). In C. rodentium, EspX7 (equivalent to ECs1560 in EHEC) is weakly translocated; this is 

hypothesised to reflect its large size (87.35 kDa). Despite this, EspX7 is also an E3 ubiquitin 

ligase that downregulates pedestal formation during infection, leading to its renaming as NleL 

(non-LEE-encoded ligase) (Piscatelli et al., 2011). This was confirmed when NleL was co-

crystallised with human E2 enzymes, which catalyse the conjugation of ubiquitin moieties (Lin 

et al., 2012). Most recently, NleL was reported to ubiquitylate JNK, although this modification 

was demonstrated to favour pedestal formation (Sheng et al., 2017), rather than repress it.   
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1.5.4.2 EspF subverts a variety of cellular functions 

EspF, known as the A/E pathogen’s Swiss Army Knife (Holmes et al., 2010), is a versatile core 

effector encoded in LEE4 (McNamara and Donnenberg, 1998), one operon away from its 

exclusive chaperone CesF in LEE3 (Elliott et al., 2002; Mills et al., 2008). EspF is cytotoxic in its 

many roles. Firstly, it disrupts mitochondrial membrane potential, resulting in cytochrome c 

release and intrinsic apoptosis (Nougayrède and Donnenberg, 2004). This is mediated by the 

N-terminus of EspF, which corresponds to a mitochondrial targeting sequence (MTS; residues 

1–24, of which Leu16 is essential) (Nagai et al., 2005; Wang et al., 2017; Zhao et al., 2013). 

Immediately following the MTS is a nucleolus targeting motif (residues 21–74), which facilitates 

nuclear entry of EPEC EspF after dissipation of the mitochondrial membrane (Dean et al., 2010), 

although the purpose of this during infection is unknown. The C-terminus of EspF underpins 

its multifunctionality; it can contain between three and five SH3 domains (McNamara and 

Donnenberg, 1998), as well as an actin/ N-WASP binding motif domain, that mediate binding 

to sorting nexin 9 (SNX9) and N-WASP, respectively (Alto et al., 2007; Weflen et al., 2010). 

These interactions, among other actin-associated target proteins, are thought to mediate 

EspF-dependent reorganisation of cell membrane components, resulting in tight junction 

disruption (Peralta-Ramírez et al., 2008; Singh et al., 2018), which could lead to disruption of 

water reabsorption. Indeed, other EspF targets, such as the sodium-glucose transporter 1 

(SGLT1), sodium-hydrogen exchanger (NHE3) and aquaporins 2 and 3, may facilitate this (Dean 

et al., 2006; Guttman et al., 2007; Hodges et al., 2008). Additionally, EspF interacts with the 

caspase-inhibiting factor Abcf2, causing Abcf2 degradation and therefore increased 

activation of caspases-3 and -9 (Nougayrède et al., 2007). The ability of EspF to subvert 

mitochondrial and cytoskeletal signalling through distinct host proteins underscores its 

utility as a multifunctional effector. 

 

1.5.4.3 Map is mitochondrial-targeting Rho GEF that manipulates tight junctions 

The mitochondrial associated protein (Map) is a core LEE-encoded effector that shares 75% 

identity throughout the A/E pathogens (Simpson 2006). Named for its ability to associate with 

the mitochondria, it contains an N-terminal MTS, a WxxxE motif and a five-residue-spanning 

catalytic loop. Its C-terminus comprises a PDZ domain to mediate host protein targeting. 

Specifically, the PDZ of Map is used to bind Na+/H+ exchanger regulatory factor (NHERF1 and 
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2) (Martinez et al., 2010), tethering Map to the host membrane and enhancing its catalytic 

activity locally. Similar to EspM and EspT, the WxxxE motif of Map mimics a GEF, in this case 

for Cdc42, to promote filopodia formation (Berger et al., 2009; Huang et al., 2009). Early reports 

of Map demonstrated its role in cell invasion in vitro (Jepson et al., 2003), although this has 

since been overshadowed by the observation that, like EspF, Map is imported into the 

mitochondria where it disrupts membrane integrity, independently of its GEF activity (Kenny 

and Jepson, 2000; Kenny et al., 2002; Ma et al., 2006; Papatheodorou et al., 2006). Conflicting 

reports exist regarding Map’s involvement in barrier function, tight junction assembly and 

transepithelial resistance (Dean and Kenny, 2004; Simpson et al., 2006; Singh et al., 2018; Tapia 

et al., 2017) and the subsequent development of diarrhoea in mouse disease models (Simpson 

et al., 2006). What is clear is that the synergism between Map, EspM, EspT, NleH and EspF 

serves to maintain tissue homeostasis during infection. 

 

1.5.4.4 NleH binds Bax-1 to inhibit caspase-3 cleavage and apoptosis 

In addition to their role in NF-κB signalling, EPEC NleH1 and NleH2 (but not C. rodentium NleH 

or OspG) have a further role in inhibiting apoptosis (Robinson et al., 2010) through binding of 

Bl-1 (Bax-inhibitor 1) to inhibit pro-caspase-3 cleavage in vitro (Hemrajani et al., 2010) and in 

vivo (Kralicek et al., 2018). Like Map and NleA, NleH-like effectors also possess a C-terminal 

PDZ domain, which is not only important for NF-κB pathway regulation (Pham et al., 2012), 

but also mediates binding to NHERF2 to modulate NleH’s anti-apoptotic activity (Martinez et 

al., 2010). 

 

1.5.4.5 NleA/EspI inhibits protein trafficking and prevents deubiquitylation of NLRP3 

Z6024 type III secreted protein P54 (Z6024) was the first non-LEE-encoded effector to be 

discovered (Kresse et al., 2000), although its expression is co-regulated with the LEE (García-

Angulo et al., 2012; Roe et al., 2007). It was simultaneously reported following an in vivo 

signature-tagged mutagenesis screen of C. rodentium (Mundy et al., 2004a) and after two-

dimensional gel electrophoresis of EHEC secreted proteins (Gruenheid et al., 2004), and named 

EspI or NleA, respectively. NleA/EspI is one of the few effectors that are necessary for efficient 

C. rodentium colonisation (Mundy et al., 2004a; Runte et al., 2018), and is more prevalent in 

outbreak strains and strains associated with severe disease (Coombes et al., 2008; Mundy et 
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al., 2004b), demonstrating its importance in A/E pathogenesis. Unbiased screens consistently 

reveal that NleA/EspI interacts with protein sorting complex proteins Sec23A (Sontag et al., 

2016) and Sec24 (Kim et al., 2007; Lee et al., 2008; Thanabalasuriar et al., 2012) via its PDZ 

domain (Lee et al., 2008), which is concordant with its localisation to the protein secretory 

pathway in vitro (Clements et al., 2011; Gruenheid et al., 2004; Lee et al., 2008; Thanabalasuriar 

et al., 2010). Indeed, its PDZ domain is required for colonic colonisation (Lee et al., 2008; 

Thanabalasuriar et al., 2012). NleA/EspI binding to the Sec23/24 complex inhibits COPII-coated 

vesicle-mediated transport of proteins from the endoplasmic reticulum to the Golgi, ultimately 

restricting protein secretion at the plasma membrane (Kim et al., 2007; Thanabalasuriar et al., 

2012). Most recently, NleA/EspI was identified in a screen for inhibitors of IL-1β secretion 

during EPEC infection. Mechanistically, NleA/EspI prevents association of caspase-1 with the 

nascent inflammasome by binding directly to NLRP3, preventing its deubiquitylation and 

halting inflammasome activation (Yen et al., 2015). 

 

1.5.5 Effectors with unknown functions (EspK, NleK, NleJ, EspR, EspN, EspS/OspB) 

With the advent of high-throughput bioinformatic and biochemical techniques, the rate of 

effector discovery has surpassed the rate of biological characterisation, creating a list of 

effectors with no assigned function.  EspK (previously named z1829) was first identified in EHEC 

EDL933 as an important factor for calf colonisation (Vlisidou et al., 2006). Like many effectors, 

the EspK family was also identified by Tobe et al. in EHEC Sakai as an effector with leucine-rich 

repeats (LRRs) (Tobe et al., 2006), and was dubbed as a homologue to the 

S. Typhimurium effector GogB (Coombes et al., 2005) and the Y. enterolitica effector YopM 

(Vlisidou et al., 2006), possibly pointing towards an immunosuppressive role during infection. 

Two novel effectors, NleK (ROD_09131 in C. rodentium) and NleJ (C_0814 in EPEC), were 

identified by mass spectrometry in the secretome of C. rodentium and E69 (Deng et al., 2010, 

2012). The C. rodentium nleK gene encodes a 12.3 kDa protein that does not resemble any 

known effector family, but exhibits 88% similarity to proteins in EPEC and S. enterica serovar 

Typhi isolates (Deng et al., 2010). NleK is poorly transcribed (Petty et al., 2010) and its genetic 

deletion from C. rodentium does not affect colonisation or disease severity of C57BL/6 or 

C3H/HeJ mice (Deng et al., 2010). More recently, NleK was demonstrated to interact with the 

host factor heterogeneous nuclear ribonucleoprotein M (hnRNP M) by affinity purification 

from HeLa lysates, although the functional relevance of this interaction remains untested 
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(Sontag et al., 2016). NleJ lacks functional characterisation altogether; with no C. rodentium or 

EHEC homologues, it is encoded on the E69 PP3 island and can be found in a similar genomic 

context in S. Typhimurium (Deng et al., 2012). 

 

Two further effectors lacking functional characterisation are EspR and EspN. EspR resembles 

the uncharacterised S. flexneri protein SF1757; its prevalence is scarcely reported, though there 

are four espR-like genes and one pseudogene in O157:H7 Sakai (Stevens and Frankel, 2014; 

Tobe et al., 2006). On the other hand, EspN is documented in 13.3% of EPEC strains and 86.5% 

of EHEC strains (Delannoy et al., 2013). In EHEC EDL933, EspN is carried on the O1-50 prophage 

locus together with EspK. C. rodentium encodes 3 espN-like genes, all with instances of 

mutational attrition (Deng et al., 2010; Petty et al., 2010). Analysis of the C. rodentium 

secretome and genome also revealed espS (Deng et al., 2010; Petty et al., 2010): an 876 bp ORF 

encoding a homologue of Shigella OspB, which is regarded as an immunomodulator (Ambrosi 

et al., 2015). In a more recent screen, this time of the relative abundance of effector mRNA, 

C. rodentium EspS is one of the most highly transcribed effectors under T3SS-expression 

conditions (Connolly et al., 2018), and is therefore discussed in detail in §3. 

 

1.6 Project aims 

The A/E pathogens encode an impressive repertoire of effector proteins with wide-ranging 

functions. Historically, the study of effectors has been governed by their distribution among 

the type strains. While this simplifies research, it does not reflect the expanding genomic 

diversity of the A/E pathogens. This study therefore seeks to identify and characterise effector 

novelty via three primary objectives: 

1. Systematic identification of new effectors 

2. Assign function to recently acknowledged effectors 

3. Investigate synergistic roles for existing effectors in light of the latest research.   
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Chapter 2 

Materials and Methods 
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2 Materials and Methods 

2.1 Bacterial culture 

Bacterial strains were routinely grown at 37 °C in Luria broth (LB) (E. coli), LB Lennox broth 

(C. rodentium) or on LB agar supplemented with the appropriate antibiotic (Table 2). 

Table 2 | Bacterial strains used in this study 

Strain Description Selection Source 

C. rodentium 

ICC169 

Wild type with spontaneous 

nalidixic acid resistance 
Nal50 Frankel lab 

C. rodentium + 

pACBSR  

Triparental mating receiver 

strain 
Nal50, Cm30 This study 

C. rodentium ∆espS espS deletion mutant Nal50 This study 

C. rodentium ∆espS 

+ espS 

espS deletion mutant 

complemented with espS at the 

original locus of deletion 

Nal50 This study 

C. rodentium espS-

SII 

Wild type-like with SII tag 

inserted C-terminally to espS 
Nal50 This study 

C. rodentium tir-SII 
Wild type-like with SII tag 

inserted C-terminally to tir 
Nal50 

E. So, 

Frankel lab 

C. rodentium 

∆espA 
espA deletion mutant Nal50, Kan50 Petty et al., 2010 

C. rodentium ∆espF espF deletion mutant Nal50, Kan50 
Mundy et al., 

2004b 

C. rodentium ∆espZ espZ deletion mutant Nal50, Kan50 
V. Crepin, 

ICC1340 

C. rodentium ∆nleF nleF deletion mutant Nal50, Kan50 Pallett et al., 2017 

E. coli TOP10 

F- mcrA Δ(mrr-hsdRMS-mcrBC) 

φ80lacZΔM15 ΔlacX74 nupG 

recA1 araD139 Δ(ara-leu)7697 

galE15 galK16 rpsL(StrR) endA1 

λ- 

None 
ThermoFisher 

Scientific CA, USA 

E. coli cc118λpir  Triparental mating donor strain None 
Herrero et al., 

1990 

E. coli 1047 + 

pRK2013 
Triparental mating helper strain Kan50 

Filloux lab, 

Imperial College 

London 

EPEC E2348/69 

(E69) 

WT strain None Levine et al., 1978 

E69 Δtir tir replaced with aphT Kan50 Berger et al., 

2009 

E69 ΔescF escF replaced with aphT Kan50 Wilson et al., 

2001 

E69 Δeae eae replaced with aphT Kan50 Marchès et al., 

2008 
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E69 TirAA tir replaced with tirY454A/Y474A and 

aphT 

Kan50 Wong et al., 2012 

E69 ΔespF espF replaced with aphT Kan50 O. Marchès, 

ICC211 

E69 ΔespG1/2 espG1 and espG2 replaced with 

aphT and cat respectively 

Kan50/Cm30 O. Marchès, 

ICC243 

E69 ΔespH espH replaced with aphT Kan50 O. Marchès, 

ICC312 

E69 ΔespI/nleA espI/nleA replaced with aphT Kan50 O. Marchès, 

ICC248 

E69 ΔespJ espJ replaced with aphT Kan50 Dahan et al., 2005 

E69 ΔespL2 espL2 replaced with aphT Kan50 A. Wong, 

Frankel lab 

E69 ΔespZ Deletion of espZ None L. Ángel-

Fernandez, 

ICC1115 

E69 ΔnleB1 nleB1 replaced with cat Cm30 O. Marchès, 

ICC250 

E69 ΔnleC nleC replaced with aphT Kan50 O. Marchès, 

ICC193 

E69 ΔnleD nleD replaced with aphT Kan50 O. Marchès, 

ICC194 

E69 ΔnleE nleE replaced with cat Cm30 Newton et al., 

2010 

E69 ΔnleF nleF replaced with aphT Kan50 Pallett et al., 2014 

E69 ΔnleG nleG replaced with aphT Kan50 B. McGeever, 

Frankel lab 

E69 ΔnleH1/2 nleH1 and nleH2 replaced with 

aphT and cat respectively 

Kan50/Cm30 Frankel lab 

E69 Δmap map replaced with aphT Kan50 O. Marchès, 

ICC193 

E69 ΔPP4ΔIE6 PP4 and IE6 (containing nleG, 

nleB2, nleC, nleD, nleE1, nleB1 

and espL) replaced with cat 

Cm30 O. Marchès, 

ICC1063 

EPEC E11019 (E11) WT isolate None Viljanen et al., 

1990 

E11 ΔescN escN replaced with aphT Kan50 O. Marchès, 

ICC937 

E11 ΔespT espT replaced with aphT Kan50 A. Sågfors, 

Frankel lab 

EPEC B171 Wild type isolate Cm30 Riley et al., 1987 

    

2.2 Bacterial transformation 

Bacteria were made competent according to standard protocols. Briefly, for preparation of 

electrically competent C. rodentium, log-phase cultures were washed thrice and resuspended 
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in electrocompetence buffer (15% (v/v) glycerol, 20 mM sucrose). For preparation of chemically 

competent bacteria EPEC and E. coli, log-phase cultures were washed once in ice-cold buffer 

RF1 (100 mM rubidium chloride, 50 mM manganese chloride, 30 mM potassium acetate, 10 

mM calcium chloride, 15% (w/v) glycerol, pH 5.8) then once in buffer RF2 (10 mM MOPS, 20 

mM rubidium chloride, 75 mM calcium chloride, 15% (w/v) glycerol, pH 6.5) and resuspended 

in buffer RF2. All buffers were kept ice-cold throughout. Plasmids listed in Table 3 were 

incubated with competent bacteria on ice before shocking. Chemically competent bacteria 

were heat shocked at 42 °C for 1 min; a 2.5 kV pulse (300 Ω resistance; 25 µF capacitance) was 

applied to electrically competent bacteria through a BioRad Gene Pulser® II.  

 

Table 3 | Plasmids used for bacterial expression 

Plasmid Description Selection Source 

pCX340-

ROD_48841 

Encodes NleN with C-terminal TEM-1 

fusion (blaM) under LacIq/Ptrc control 
Tet12.5 This study 

pCX340-

ROD_48831 

Encodes ROD_48831 with C-terminal 

TEM-1 fusion (blaM) under LacIq/Ptrc 

control 

Tet12.5 This study 

pCX340-

ROD_40941 

Encodes ROD_40941 with C-terminal 

TEM-1 fusion (blaM) under LacIq/Ptrc 

control 

Tet12.5 This study 

pCX340-

ROD_40981 

Encodes ROD_40981 with C-terminal 

TEM-1 fusion (blaM) under LacIq/Ptrc 

control 

Tet12.5 This study 

pCX340-

ROD_48821 

Encodes ROD_48821 with C-terminal 

TEM-1 fusion (blaM) under LacIq/Ptrc 

control 

Tet12.5 This study 

pCX340-

EspH 

Encodes EspH with C-terminal TEM-1 

fusion (blaM) under LacIq/Ptrc control 
Tet12.5 

Petty et al., 

2010 

pACBSR 

Receiver plasmid. Encodes 

endonuclease 

I-SceI under ara promoter 

Cm25 
Herring et al., 

2003 

pRK2013 Helper plasmid. RK2 replicon. Kan50 
Figurski and 

Helinski, 1979 

pSEVA612S-

EspSHR 

pSEVA612S (oriT) backbone carrying 

homology regions 300 bp upstream 

and downstream of espSCR 

Gent10 This study 

pSA10-TirE69 Encodes TirE69 under Lac Amp100 
Wong et al., 

2012a 

pSA10-

EspZE69 
Encodes EspZE69 under Lac Amp100 

Berger et al., 

2012 

pSA10-

NleGE69-HA 

Encodes C-terminally HA-tagged 

NleGE69 under Lac 
Amp100 

B. McGeever, 

Frankel lab 
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pSA10- 

EspTE11 
Encodes EspTE11 under Lac Amp100 

Bulgin et al., 

2009a 

pSA10-

EspSCR-

4xHA 

Encodes C-terminally 4xHA-tagged 

EspSCR under Lac 
Amp100 This study 

pET28a-

EspSCR-6His 

Encodes C-terminally 6His-tagged 

EspSCR under T7lac promoter. 
Kan50 This study 

 

2.3 Yeast culture 

Yeast strains were grown in yeast extract peptone dextrose (YPD) broth supplemented with 

adenine (YPDA) or Sabouraud Dextrose (SD) broth supplemented with appropriate amino 

acids for selection (Table 4). 

Table 4 | Yeast strains used in this study 

Yeast strains Description Selection Source 

S. cerevisiae 

BY4741 

MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 Uracil-

deficient 

media 

Brachmann et al., 

1998 

S. cerevisiae 

AH109 

MATa, trp1-901, leu2-3,112, ura3-52, 

his3-200, gal4Δ, gal80Δ, LYS2::GAL1UAS-

GAL1TATA-HIS3,GAL2UAS-GAL2TATA-

ADE2, URA3::MEL1UAS MEL1TATA-lacZ 

 Takara Clontech, 

Japan 

 

2.4 Mammalian cell culture 

HeLa cells were maintained at 37 °C in a 5% CO2 atmosphere in low glucose Dulbecco’s 

modified Eagle medium (DMEM) (1000 mg/L glucose; Sigma-Aldrich, MA, USA), supplemented 

with 1% (vol/vol) GlutaMAX (Gibco, MA, USA), 1% non-essential amino acids (Sigma-Aldrich) 

and 10% heat-inactivated foetal calf serum (HI-FCS) (Gibco). THP1 monocyte-like cells were 

maintained at 37 °C in a 5% CO2 atmosphere in Roswell Park Memorial Institute (RPMI) 1640 

supplemented with 1 mM sodium pyruvate, 10 mM HEPES pH 7.4 with 10U penicillin, 0.1 

mg/mL streptomycin and 10% HI-FCS. THP1s with pMX-CMV-YFP encoding miRNA30E-bsaed 

targeting of GSDMD (TACACATTCATTGAGGTGCTGG) or LacZ (TCACGACGTTGTAATACGACGT) 

were maintained with an additional 2 µg/mL puromycin.  
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2.5 C. rodentium genomic manipulation 

C. rodentium chromosomal manipulation was performed using a triparental mating method 

as follows. Electrocompetent C. rodentium were transformed with the receiver plasmid pACBSR 

(Table 3) to create the receiver strain (Table 2). Donor strains were created by transforming 

E. coli cc118λpir with pSEVA612S containing homology regions 300 bp upstream and 300 bp 

downstream of the site to be mutated outside I-SceI cut sites. The receiver strain, donor and 

helper (Table 2) were grown for 16 h in LB supplemented with the indicated antibiotics (200 

rpm). 20 μL of the helper and donor were spotted atop one another on LB agar and incubated 

for 4 h at 37°C. 40 μL of the receiver strain was spotted atop the donor and helper, and 

incubated for a further 6 h. Bacteria were resuspended in 1 ml LB and plated on LB agar 

supplemented with chloramphenicol and gentamicin to select for colonies with pSEVA612S 

integrated into C. rodentium genome. Resulting colonies were cultured in LB supplemented 

with chloramphenicol and 0.4% arabinose to induce expression of the pACBSR-encoded 

endonuclease I-SceI to excise the pSEVA612S backbone. After 8 h, the culture was streaked on 

chloramphenicol and grown for 16 h. Colonies were re-streaked on LB-chloramphenicol and 

LB-chloramphenicol + gentamicin agar to select for co-integrants no longer harbouring the 

donor plasmid. Colonies that grew on LB-chloramphenicol alone were analysed by colony PCR 

using primers flanking the espS homology regions (Table 5). Positive colonies were passaged 

several times to remove the pACBSR plasmid. 

 

Table 5 | Oligos used in this study 

Oligo identifier Oligo sequence (5’-3’) 

ROD_48821_Lstart_pCX340_F gcggtaccttgctaatacaggcattatttttta 

ROD_48821_Mstart_pCX340_F gcggtaccatgctaatacaggcattatttttta 

ROD_48821_pCX340_R cgccggaattccgacggtcaacacaaagagctattg 

ROD_48831_Lstart_pCX340_F cgccatatggtggcaattgatatcaattccc 

ROD_48831_Mstart_pCX340_F cgccatatgatggcaattgatatcaattccc 

ROD_48831_pCX340_R cgccggaattccgatgccgcctccagatctgaa 

ROD_48841_Lstart_pCX340_F cgccatatgatgttgactccaaattcaatttcaa 

ROD_48841_Mstart_pCX340_F cgccatatgatgttgactccaaattcaatttcaa 

ROD_48841_pCX340_R cgccggaattccgtgttgtcaaaaaatcgtttaatgtta 

40941_pCX340_F gtccatatgatggggtatttgcttgcacc 

40941_pCX340_R gacgaattcggacgttccgaaaaatgctgag 

40951_pCX340_F gtccatatgatggggattcatcatacag 
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40951_pCX340_R gacgaattcggcatcgtccgcgctatcc 

40891_pCX340_F gtccatatgatgaacggtataagtggaag 

40891_pCX340_R gacgaattcggacgcattttcaggcacac 

pCX340_check_F atcgcatataatagattttgcgg 

pCX340_check_R ctttgtccattgaatgcatagg 

NleN_pRK5-myc_F gtcggatccttgactccaaattcaatttcaaac 

NleN_pRK5-myc_R gacgaattcttatgttgtcaaaaaatcgtttaatg 

NleO_pRK5-myc_F gtcggatccatgaacggtataagtggaagtg 

NleO_pRK5-myc_R gacgaattcttaacgcattttcaggcacac 

pcDNA3.1_F gaaaatgcgttaagtcgacgcggccgcgagc 

pcDNA3.1_R cacttataccgttcacgaattcgctggcggtggtagg 

NleO_pCDNA_F agcgaattcgtgaacggtataagtggaagtg 

NleO_pCDNA_R ggccgcgtcgacttaacgcattttcaggcac 

iPCR_NleO_C121A_F cgggaaaaacgcggcggatattgtcg 

iPCR_NleO_C121A_R atcatacgataatgaggattg 

EspSCR_pRK5-myc_N_F gtcggatccatgtttagtataaaagg 

EspSCR_pRK5-myc_N_R caggaattcttagtcaatatctgttg 

EspSCR_pRK5-myc_C_R 
gacaagcttttacaggtcctcctcggagatcagcttctgctcgtcaatatctg

ttggttgtgtccttcc 

EspSCR_pSA10:4xHA_F gtcgaattcatgtttagtataaaagg 

EspSCR_pSA10:4xHA_R cagggtaccgtcaatatctgttgg 

EspSCR_pGBKT7_F gtcgaattcatgtttagtataaaagg 

EspSCR_pGBKT7_R cagggatccttagtcaatatctgttg 

iPCR_EspSCR_C184A_F gctcattcagcggacatttatgcaaac 

iPCR_EspSCR_C184A_R gcttgttaatctgatgtcttttattttatg 

mTRIAP1_pGADT7_F gtcgaattcatgaacagcgtcggggagg 

mTRIAP1_pGADT7_R gacggatcctcatcaagaggagttttcaggc 

mTRIAP1_PRK5-myc_F gtcggatccaacagcgtcggggaggct 

mTRIAP1_PRK5-myc_R gacaagcttcatcaagaggagttttcaggc 

EspSEPEC_pGADT7_F gtcgaattcatgtttagcataagaaccctac 

EspSEPEC_pGADT7_R gacggatccttactcaatatctatgggttgag 

EspSEPEC_pRK5myc_C_R 
gacaagcttttacaggtcctcctcggagatcagcttctgctcctcaatatctat

gggttgag 

EspSEPEC_pYES2_F gtcggatccatgtttagcataagaaccctac 

EspSEPEC_pYES2_R gacgaattcttactcaatatctatgggttgag 

VPA1380_pYES2_F gtcggatccttggttgtgtgttttttggcc 

VPA1380_pYES2_R gacgaattcttaatctaaatcagattctaagg 

OspBM90T_pYES_F gtcggatccatgaatttagatggtgttagacc 

OspBM90T_pYES_R gacgaattcctaatccagttctttgttgatga 

EspSCR_HR_pSEVA612S_F gtcaagcttatgtttagtataaaaggatacc 
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EspSCR_HR_pSEVA612S_R caggaattccctgtaacatcatcatgaatcc 

EspS-StrepII_pSEVA612S_F gtcaagcttaaggatttctctcctgaagag 

EspS-StrepII_pSEVA612S_R gacgaattcaatgggtaaaataatattagcatta 

EspS_StrepII_check_F cctggaataggtttatctgg 

EspS_StrepII_check_R ggtacgcattgctaaactgc 

pET-28a-EspSCR-His_F gtccatatgggcagtataaaaggatacc 

pET-28a-EspSCR-His_R gacgcggccgcgtcaatatctgttgg 

EspOCR_FL_SII_popinE_3C_F aggagatataccatgccattttcaatcaaaaacagattttc  

EspOCR_FL_SII_popinE_3C_R cagaacttccagtttttcttttgtgttgtgtatctctg  

SII_EspOCR_FL_popinE_3C_F aagttctgtttcagggcccgccattttcaatcaaaaacagattttc 

SII_EspOCR_FL_popinE_3C_R atggtctagaaagctttattcttttgtgttgtgtatctctg 

GFP_EspOCR_FL_popinF_3C_F aagttctgtttcagggcccgccattttcaatcaaaaacagattttc 

GFP_EspOCR_FL_popinF_3C_R atggtctagaaagctttattcttttgtgttgtgtatctctg 

NleG1CR_C_SII_popinE_3C_F aggagatataccatggaaaatgcaccctcatcattac  

NleG1CR_C_SII_popinE_3C_R cagaacttccagtttactattttttataacgaagttaccc  

NleG1CR_C_GFP_popinE_3C_F aggagatataccatggaaaatgcaccctcatcattac  

NleG1CR_C_GFP_popinE_3C_R cagaacttccagtttactattttttataacgaagttaccc  

SII_NleG1CR_C_popinF_3C_F aagttctgtttcagggcccggaaaatgcaccctcatcattac 

SII_NleG1CR_C_popinF_3C_R atggtctagaaagctttaactattttttataacgaagttaccc  

NleG1CR_FL_SII_popinE_3C_F aggagatataccatgcagcctgtaggactatctaatac 

NleG1CR_FL_SII_popinE_3C_R cagaacttccagtttaccaggaaacaggatatcccc 

NleG1CR_FL_GFP_popinE_3C_F aggagatataccatgcagcctgtaggactatctaatac 

NleG1CR_FL_GFP_popinE_3C_R cagaacttccagtttaccaggaaacaggatatcccc 

SII_NleG1CR_N_popinF_3C_F aagttctgtttcagggcccgcagcctgtaggactatctaatac 

SII_NleG1CR_N_popinF_3C_R atggtctagaaagctttaaccaggaaacaggatatcccc 

GFP_NleG1CR_N_popinF_3C_F aagttctgtttcagggcccgcagcctgtaggactatctaatac 

GFP_NleG1CR_N_popinF_3C_R atggtctagaaagctttaaccaggaaacaggatatcccc 

NleG1CR_FL_SII_popinE_3C_F aggagatataccatgcagcctgtaggactatctaatac 

NleG1CR_FL_SII_popinE_3C_R cagaacttccagtttactattttttataacgaagttaccc 

NleG1CR_FL_GFP_popinE_3C_F aggagatataccatgcagcctgtaggactatctaatac 

NleG1CR_FL_GFP_popinE_3C_R cagaacttccagtttactattttttataacgaagttaccc 

SII_NleG1CR_FL_popinF_3C_F aagttctgtttcagggcccgcagcctgtaggactatctaatac 

SII_NleG1CR_FL_popinF_3C_R atggtctagaaagctttaactattttttataacgaagttaccc 

NleACR_FL_SII_popinE_3C_F aggagatataccatgaacattcaaccgaacatacattcc 

NleACR_FL_SII_popinE_3C_R cagaacttccagtttgacccttgtttcttggattatttc 

NleACR_FL_GFP_popinE_3C_F aggagatataccatgaacattcaaccgaacatacattcc 

NleACR_FL_GFP_popinE_3C_R cagaacttccagtttgacccttgtttcttggattatttc 

GFP_NleACR_FL_popinF_3C_F aagttctgtttcagggcccgaacattcaaccgaacatacattcc 

GFP_NleACR_FL_popinF_3C_R atggtctagaaagctttagacccttgtttcttggattatttc 

EspSCR_FL_SII_popinE_3C_F aggagatataccatgtttagtataaaaggatacctacc 
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EspSCR_FL_SII_popinE_3C_R cagaacttccagtttgtcaatatctgttggttgtgtc 

EspSCR_FL_GFP_popinE_3C_F aggagatataccatgtttagtataaaaggatacctacc 

EspSCR_FL_GFP_popinE_3C_R cagaacttccagtttgtcaatatctgttggttgtgtc 

SII_EspSCR_FL_popinF_3C_F aagttctgtttcagggcccgtttagtataaaaggatacctacc 

SII_EspSCR_FL_popinF_3C_R atggtctagaaagctttagtcaatatctgttggttgtgtc 

GFP_EspSCR_FL_popinF_3C_F aagttctgtttcagggcccgtttagtataaaaggatacctacc 

GFP_EspSCR_FL_popinF_3C_R atggtctagaaagctttagtcaatatctgttggttgtgtc 

 

2.6 Oral C. rodentium infection of C57Bl/6 mice 

Infection of mice was performed as previously described (Crepin et al., 2016). Briefly, 

C. rodentium cultures inoculated from a single bead were grown to saturation for 16 h at 37 °C 

in 15 ml LB supplemented with Nalidixic acid. Bacteria were pelleted and resuspended in 1.5 

ml sterile PBS (inoculum). Animal experiments were performed in accordance with the Animals 

Scientific Procedures Act (1986) and were approved by the local Ethical Review Committee. 

Female C57Bl/6 mice between 18-20 g were inoculated as described (Crepin et al., 2016) with 

3 x 109 colony forming units (CFU) by oral gavage. Inoculum CFU were confirmed by 

retrospective plating. Colonisation was monitored during infection by plating serial dilutions 

of faecal bacteria. 

 

2.7 Staining and analysis of distal colon sections 

0.5 cm of distal murine colon was embedded in paraffin, sectioned and mounted on glass 

coverslips. For crypt length measurements, sections were haematoxylin and eosin (H&E) 

stained to visualise tissue architecture. For immunofluorescence, sections were unwaxed and 

rehydrated with sequential washes in Histo-Clear™ (National Diagnostics, GA, USA), 100%, 95% 

and 85% ethanol, and PBS with 0.1% Tween-20 and 0.1% saponin (PBS-TS). Sections were 

boiled in 11.5 mM trisodium citrate with 0.05% Tween-20 for 20 mins, blocked in 10% normal 

donkey serum in PBS-TS (PBS-TS-NDS) for 20 mins and incubated with primary antibody 

solution for 1 h (anti-Ki67 and anti-Int280β in PBS-TS-NDS). Slides were rinsed twice in PBS-

TS for 10 mins before secondary antibody solution (DAPI, goat anti-chicken Cy3, donkey anti-

rabbit Alexa488 in PBS-TS-NDS) was applied for a further hour. Crypt length measurements 

were recorded using the ruler tool on Zeiss ZEN blue v2.3. 

 



62 

 

2.8 Transfection and immunofluorescence staining 

HeLa or HEK293T cells were seeded on glass coverslips and grown to approximately 60% 

confluency. Cells were transfected with a maximum of 0.125 µg (24-well plate) or 0.75 µg 

(6-well plate) of mammalian expression vectors (Table 6) using GeneJuice (Merck, Germany) 

according to the manufacturer’s instructions. Transfected cells were incubated for 24 h–72 h 

before washing 3 times in warmed PBS and fixing in 4% paraformaldehyde (PFA) for 20 mins 

at 25°C. PFA was quenched in 50 mM NH4Cl before immunofluorescence. 

 

Table 6 | Transfection plasmids used in this study 

Plasmid Description Selection Source 

pRK5-myc-NleN 

Transfection plasmid encoding 

NleN with an N-terminal myc tag 

under CMV promoter. 

Amp100 This study 

pRK5-myc-NleO 

Transfection plasmid encoding 

NleO with an N-terminal myc tag 

under CMV promoter. 

Amp100 This study 

pRK5-EspSCR-myc 

Transfection plasmid encoding 

EspSCR with a C-terminal myc tag 

under CMV promoter. 

Amp100 This study 

pRK5-myc-EspSCR 

Transfection plasmid encoding 

EspSCR with an N-terminal myc tag 

under CMV promoter. 

Amp100 This study 

pRK5-EspSB171-myc 

Transfection plasmid encoding 

EspSB171 with a C-terminal myc tag 

under CMV promoter. 

Amp100 This study 

pRK5-myc-Rac1 

Transfection plasmid encoding 

Rac1 with an N-terminal myc tag 

under CMV promoter. 

Amp100 

G. Bokoch 

(Addgene 

#12985) 

pRK5-myc-Rac1Q61L 

Transfection plasmid encoding 

dominant positive Rac1Q61L with 

an N-terminal myc tag under 

CMV promoter. 

Amp100 

G. Bokoch 

(Addgene 

#12983) 

pRK5-myc-GFP 

Transfection plasmid encoding 

GFP with an N-terminal myc tag 

under CMV promoter. 

Amp100 This study 

pcDNA3-FLAG-

NleO 

Transfection plasmid encoding 

NleO with an N-terminal FLAG tag 

under CMV promoter. 

Amp100 This study 

pcDNA3-FLAG-

NleOC121A 

Transfection plasmid encoding 

NleOC121A with an N-terminal 

FLAG tag under CMV promoter. 

Amp100 This study 
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pOPINE-3C-eGFP-

6His EspSCR 

Transfection plasmid encoding N-

terminally GFP-6His-tagged 

EspSCR under chicken β-actin 

promoter 

Amp100 This study 

pOPINE-3C- 

EspSCR-eGFP-6His 

Transfection plasmid encoding C-

terminally GFP-6His-tagged 

EspSCR under chicken β-actin 

promoter 

Amp100 This study 

pOPINE-3C-eGFP-

6His EspSCR 

Transfection plasmid encoding N-

terminally GFP-6His-tagged 

EspO1CR under chicken β-actin 

promoter 

Amp100 This study 

pOPINE-3C- 

EspSCR-eGFP-6His 

Transfection plasmid encoding C-

terminally GFP-6His-tagged 

EspO1CR under chicken β-actin 

promoter 

Amp100 This study 

pOPINE-3C-eGFP-

6His-NleG1CR
191-194 

Transfection plasmid encoding N-

terminally GFP-6His-tagged 

NleG1CR
191-194 under chicken β-

actin promoter 

Amp100 This study 

pOPINE-3C- 

NleG1CR
191-194 -

eGFP-6His 

Transfection plasmid encoding C-

terminally GFP-6His-tagged 

NleG1CR
191-194 under chicken β-

actin promoter 

Amp100 This study 

pOPINE-3C-eGFP-

6His-NleG1CR
2-67 

Transfection plasmid encoding N-

terminally GFP-6His-tagged 

NleG1CR
2-67 under chicken β-actin 

promoter 

Amp100 This study 

pOPINE-3C- 

NleG1CR
2-67-eGFP-

6His 

Transfection plasmid encoding C-

terminally GFP-6His-tagged 

NleG1CR
2-67 under chicken β-actin 

promoter 

Amp100 This study 

pOPINE-3C-eGFP-

6His-NleG1CR
2-194 

Transfection plasmid encoding N-

terminally GFP-6His-tagged 

NleG1CR
2-194 under chicken β-actin 

promoter 

Amp100 This study 

pOPINE-3C- 

NleG1CR
2-194-eGFP-

6His 

Transfection plasmid encoding C-

terminally GFP-6His- NleG1CR
2-194 

under chicken β-actin promoter 

Amp100 This study 

pOPINE-3C-eGFP-

6His-NleACR 

Transfection plasmid encoding N-

terminally GFP-6His-tagged 

NleACR
 under chicken β-actin 

promoter 

Amp100 This study 

pOPINE-3C- NleACR 

-eGFP-6His 

Transfection plasmid encoding C-

terminally GFP-6His- NleACR 

under chicken β-actin promoter 

Amp100 This study 
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2.9 Immunofluorescence staining 

Cells were permeabilised for 8 mins in 0.1% Triton X-100 in PBS and blocked in 3% bovine 

serum album (BSA) in PBS. Primary and secondary antibodies (Table 7) were consecutively 

applied in 1% BSA in PBS for 30 mins in a humid chamber with 3 PBS washes in between. 

Coverslips were mounted on ProLong Gold antifade (Molecular Probes, OR, USA) or 

VECTASHIELD® with DAPI (Vector Laboratories, UK) and images were obtained at consistent 

exposure times on a Zeiss Axiovision Z3. Where appropriate, cell area was measured by 

manually tracing the cell periphery as defined by phalloidin staining using the polygon tool 

on Zeiss ZEN blue v2.3. 

 

Table 7 | Antibodies used for immunofluorescence and immunoblotting 

Antibody/Reagent Origin Application Dilution Supplier 

Human/mouse Ki67 Rabbit Colon sections 1:50 ThermoFisher Scientific 

Int280β Chicken Colon sections 1:50 Frankel lab 

Chicken IgY-Cy3 Goat Colon sections 1:100 Jackson Immunoresearch 

Rabbit IgG-Alexa488 Donkey Colon sections 1:100 Jackson Immunoresearch 

DAPI - Colon sections, 

transfection, 

infection 

1:1000 Invitrogen 

Human c-Myc Rabbit Transfection 1:200 Sigma 

Human myc clone 

4A6 

Mouse Transfection 1:200 Merck Millipore 

Human/mouse 

TOMM-22 

Mouse Transfection 1:200 Abcam 

FLAG®M2 Mouse Transfection 1:500 Sigma 

HA.11 clone 16B12 Mouse Infection 1:200 Cambridge Bioscience 

Phalloidin iFluor647 - Transfection, 

infection 

1:100 Stratech 

Int280α 2346 Rabbit Western blot 1:1000 Frankel lab 

Strep-II Mouse Western blot 1:1000 Genscript 

Human/mouse 

caspase-9 

Rabbit Western blot 1:10000 Abcam 

Human/mouse PARP Rabbit Western blot 1:1000 Cell Signalling 

Technologies 

FLAG Rabbit Western blot 1:1000 Cell Signalling 

Technologies 

Human c-Myc Chicken Western blot 1:2000 Bethyl 

Rabbit IgG Fc 

fragment-HRP 

Goat Western blot 1:50000 Jackson Immunoresearch 

Mouse IgG Fc 

fragment-HRP 

Goat Western blot 1:10000 Jackson Immunoresearch 
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β-actin-HRP Mouse Western blot 1:50000 Sigma 

     

2.10 Yeast transformation 

Yeast strains (Table 4) were transformed with plasmids listed in Table 8 using the lithium 

acetate method (adapted from Agatep et al., 1998). Briefly, yeast extract peptone dextrose 

(YPD) was inoculated and growth for 16 h at 30 °C (200 rpm), sub-cultured 1:10 and allowed 

to grow for a further 4 h. Cultures were pelleted at 4,000 x g for 5 mins, washed in deionised 

water, 100 mM lithium acetate and resuspended in yeast transformation solution (30% w/v 

PEG, 100 mM lithium acetate, 50 ng herring sperm DNA, 1 µg plasmid DNA). Cells were 

incubated at 30 °C for 30 mins before a 42 °C heat shock for 25 mins. Cells were pelleted and 

resuspended in 100 µL deionised water. Transformants were recovered for 3 days at 30 °C on 

selective SD agar. 

 

Table 8 | Plasmids used for yeast expression 

Plasmid Description Selection Source 

pYES2 
Inducible yeast expression 

plasmid with GAL1 promoter. 

Amp100, ura-

deficient media 
Thermo Fisher 

pYES2-EspSCR 

Expresses EspSCR upon 

induction with galactose. 

Repressed by glucose. 

Amp100, ura-

deficient media 
This study 

pYES2-EspSB171 

Expresses EspSB171 upon 

induction with galactose. 

Repressed by glucose. 

Amp100, ura-

deficient media 
This study 

pYES2-EspSE11 

Expresses EspSE11 upon 

induction with galactose. 

Repressed by glucose. 

Amp100, ura-

deficient media 
This study 

pYES2-OspB 

Expresses OspB upon 

induction with galactose. 

Repressed by glucose. 

Amp100, ura-

deficient media 
This study 

pYES2-

VPA1380 

Expresses VPA1380 upon 

induction with galactose. 

Repressed by glucose. 

Amp100, ura-

deficient media 
This study 

pGBKT7 

Yeast expression plasmid with 

GAL4 DNA binding domain 

aa1-147 and SV40 nuclear 

localisation signal under ADH1 

promoter  

Kan50, trp-

deficient media 

Takara 

Clontech 

pGBKT7-EspSCR 
Expresses bait protein EspSCR 

as an N-terminal fusion with 

Kan50, trp-

deficient media 
This study 
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GAL4 DNA binding domain 

under ADH1 promoter 

pGBKT7-

TRIAP1 

Expresses bait protein mouse 

TRIAP1 as an N-terminal fusion 

with GAL4 DNA binding 

domain under ADH1 promoter 

Kan50, trp-

deficient media 
This study 

pGBKT7-StoD 

Expresses internal control bait 

protein 

S. Typhimurium StoD as an N-

terminal fusion with GAL4 DNA 

binding domain under ADH1 

promoter 

Kan50, trp-

deficient media 

McDowell et 

al., 2019 

pGADT7 

Yeast expression plasmid 

encoding GAL4 activation 

domain under ADH1 promoter 

Amp100, leu-

deficient media 

Takara 

Clontech 

pGADT7-

TRIAP1 

Expresses prey protein mouse 

TRIAP1 as an N-terminal fusion 

with GAL4 activation domain 

under ADH1 promoter 

Amp100, leu-

deficient media 
This study 

pGADT7-

EspSCR 

Expresses prey protein EspSCR 

as an N-terminal fusion with 

GAL4 activation domain under 

ADH1 promoter 

Amp100, leu-

deficient media 
This study 

pGADT7-

EspSCR
C184A 

Expresses prey protein 

EspSCR
C184A as an N-terminal 

fusion with GAL4 activation 

domain under ADH1 promoter 

Amp100, leu-

deficient media 
This study 

pGADT7-

ubiquitin 

Expresses internal control prey 

peptide ubiquitin as an N-

terminal fusion with GAL4 

activation domain under ADH1 

promoter 

Amp100, leu-

deficient media 

McDowell et 

al., 2019 

 

2.11 Yeast toxicity assay 

pYES2 constructs were cloned using conventional restriction digest using genomic DNA 

templates and the primers listed in Table 5. Vibrio parahaemolyticus RIMD2210633 and 

Shigella flexneri M90T genomic DNA were kind gifts from Dr Jennifer Ritchie (University of 

Surrey, UK), and Dr Abigail Clements (Imperial College London, UK) respectively. S. cerevisiae 

BY4741 were transformed with pYES2 constructs (Table 8) and were grown in SD broth lacking 

uracil (-ura) supplemented with kanamycin (50 μg/ ml) for 24 h at 30 °C (200 rpm). 1 ml 

samples were pelleted for 1 min at 14,000 rpm, washed and resuspended in 1 ml deionised 
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water. Serial dilutions from 10-1 to 10-7 were plated on SD -ura plates supplemented with either 

1% glucose or galactose and incubated for 2 days at 30°C. 

 

2.12  Yeast 2 hybrid (Y2H) assay 

50 ml S. cerevisiae AH109 harbouring bait plasmid pGBKT7-EspSCR (Table 8) was grown for 

16 h at 30 °C in SD lacking tryptophan (-trp) broth supplemented with 1% glucose. Cells were 

harvested by centrifugation at 1000 rpm for 10 mins and resuspended in 5 ml of fresh media. 

1 ml S. cerevisiae Y187 prey strains containing clones of the Mate & Plate Library – universal 

mouse (normalised; library strain; Takara Clontech) was mixed with the bait strain and 

subcultured into 45 ml 2x YPDA broth. The cultures were mated for 25 h at 30 °C (30 rpm). 

Mated cells were harvested by centrifugation at 4,000 rpm for 10 mins, resuspended in 0.5x 

YPDA and plated on SD -trp -leu -ade -his agar (quadruple drop out, QDO) supplemented with 

0.2 mg/ml x-α-gal for selection of cells carrying both a bait and prey plasmid. Colonies were 

restreaked 3 times on QDO plates before plasmids were extracted using the peqGOLD plasmid 

miniprep kit I (VWR, PA, USA) according to modified manufacturer’s instructions, wherein glass 

beads are added to samples in solution I and vigorously shaken for 10 mins. To reveal prey 

identity plasmid inserts were sequenced using the pGADT7-sqn-F primer (Table 5). 

 

2.13  Direct 2 hybrid (D2H) assay 

S. cerevisiae AH109 was co-transformed with bait and prey plasmids. Transformed colonies 

were diluted in sterile deionised H2O and spotted on SD-double dropout (-leu, -trp, DDO) to 

confirm uptake of plasmids or SD-QDO plates to confirm bait-prey interactions. Plates were 

incubated at 30 °C until growth of the positive control was observed. 

 

2.14  TEM translocation assay 

Swiss 3T3 cells were seeded in triplicate in a black-walled 96-well plate at 7 x 104 cells/well in 

DMEM with 4500 mg/L glucose, L-glutamine and 10% FBS and incubated overnight at 37 °C 

with 5% (v/v) CO2. C. rodentium was grown to saturation at 37 °C with 200 rpm agitation for 8 

h before subculturing 1:500 for 16 h in DMEM with 1000 mg/L glucose at 37 °C, 5% (v/v) CO2, 

static to induce expression of the T3SS. Cells were infected with the induced culture at an MOI 



68 

 

of 100 confirmed by retrospective plating. The plate was centrifuged at 1000 rpm for 5 mins 

to synchronise infection. Cells were cultured at 37 °C with 5% (v/v) CO2 for 2 h before effector-

TEM-1 expression was induced with 1 mM IPTG and incubated for a further 1.5 h. Cells were 

washed thrice in HBSS and incubated with freshly prepared 6 mM probenecid (in HBSS), 20 

mM HEPES and 1 x CCF2/AM (Invitrogen) in the dark for 1.5 h. Cells were further washed in 

HBSS and fluorescence resulting from 410 nm excitation was measured on a Fluostar Optima 

(BMG Labtech, UK) at 450 nm and 540 nm. Response ratio is expressed as the 450/520 nm 

emission ratio, adjusted for background fluorescence from uninfected cells. 

 

2.15  Measurement of PI uptake of infected cells 

1.5 x 105 THP1 cells (for EPEC infection) or 7.5 x 104 HeLa cells (for C. rodentium infection) were 

seeded in black-walled 96-well plates. THP1s were differentiated into macrophage-like cells 

with the addition of 100 ng/ml phorbol 12-myristate 13-acetate (PMA) 72 h prior to infection. 

Puromycin, streptomycin, and penicillin were removed 24 h prior to infection. Immediately 

before infection, culture media was replaced with phenol-red-free media supplemented with 

5 μg/ml propidium iodide (PI); 10% well volume of bacterial culture corresponding to an MOI 

of 10 (EPEC) or 50 (C. rodentium) was then added to each well. The plate was spun for 10 mins 

at 700 x g to synchronise infection. At 2 h p.i. all wells were treated with 150 µg/ml gentamicin 

to kill extracellular bacteria. Emission at 620 nm was monitored every 10 mins at 37 °C and 5% 

(v/v) CO2. Experimental values are blanked against uninfected cells and expressed as a 

percentage of the maximal as defined by cells treated with 0.05% Triton-X-100. Colony-

forming units (CFU) present in the inoculum were confirmed by retrospective plating. 

 

2.16  LDH release assay 

Quantification of released lactose dehydrogenase (LDH) was performed on 25% well volume 

of cell supernatant using the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, UK) 

according to the manufacturer’s instructions. Absorbance was measured at 490 nm on a 

Fluostar Optima, blanked to untreated cell supernatants. Cell lysis values are expressed as a 

percentage of the maximal as defined by cells treated with 1% (v/v) Triton-X-100. 
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2.17  Lipidomics 

Enterocytes were purified from C56Bl/6 mice at 8 and 21 d.p.i. as previously published (Berger 

et al., 2017), with the following modifications: 4 cm section of distal colon was cut 

longitudinally and placed in 4 ml enterocyte dissociation buffer (Hank’s Balanced Salt Solution 

without Mg2+ or Ca2+, 1 mM EDTA, 10 mM HEPES, 5 µL/ml β-mercaptoethanol) for 45 mins 

at 37 °C with 200 rpm agitation. Enterocytes were spun at 2000 x g for 10 min and washed 

twice in PBS. In preparation for mass spectrometry, cells were further washed three times in 

double-distilled water (ddH2O) with 15000 x g spins and resuspended 1:1 (w/v) in ddH2O. A 

2,5-dihydroxybenzoic acid matrix was used at a concentration of 10 mg/ml in 90:10 (v/v) 

chloroform/methanol. 0.4 µL of biological sample and 0.6 µL of the matrix solution were 

deposited on the target, mixed and allowed to dry before MALTI-TOF MS analysis using the 

reflectron mode on a 4800 Proteomics Analyzer with TOF-TOF Optics (Applied Biosystems) 

operating at 20 kV in the negative ion mode using a 20 ns extraction delay time. The final 

spectra are a sum of 500–2000 laser shots and were analysed using Data Explorer v4.9 (Applied 

Biosystems). 

 

2.18  TUNEL staining assay 

TUNEL staining was performed with the DeadEnd™ fluorometric TUNEL kit (Promega) 

according to manufacturer’s instructions with the following modifications. PFA-fixed distal 

colonic crypt sections were paraffin-mounted and dewaxed in Histo-Clear™ for 5 mins before 

sequential rehydration in 100%, 95%, 85%, 70% and 50% ethanol series for 3 mins per solution 

with a final 5 min immersion in 0.85% (w/v) NaCl. Slides were washed for 5 mins in PBS, fixed 

in 4% PFA for 15 mins, then washed thrice further in PBS. Tissue was permeabilised in a 20 

µg/ml Proteinase K solution for 8 mins then washed in PBS for 5 mins and fixed once more in 

4% PFA for 5 mins. PFA was removed for 5 mins in PBS before sections were bathed in 

Equilibration Buffer for 7 mins. A positive control slide was simultaneously prepared by 

flooding tissue with 10U/ml DNase I in DNase I buffer. Nucleotide mix (containing fluorescein-

12-dUTP), recombinant terminal deoxynucleotidyl transferase and equilibration buffer were 

added to sections in a 5:1:45 ratio and incubated at 37 °C for 1 h in a dark humid chamber to 

facilitate incorporation of labelled dUTP to 3’OH nicked ends of apoptotic cell DNA. The 

reaction was terminated in 2X SSC buffer for 15 mins and washed three times in PBS to remove 
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unincorporated dUTP. Slides were mounted with VECTASHIELD® with DAPI and immediately 

imaged as described in §2.8. 

 

2.19  Immunoblotting 

Samples were diluted in 5x Laemmli sample buffer (10% sodium dodecyl sulphate (SDS), 50% 

Glycerol, 0.05% Bromophenol Blue, 0.3125 M Tris pH 6.8, 0.5 M DTT) and boiled for 5 mins 

before loading on tris-glycine SDS gels made with an appropriate percentage of acrylamide 

for the desired separation. Proteins were transferred to methanol-activated polyvinylidene 

fluoride (PVDF) membranes and blocked for 1 h in 5% skimmed milk powder in PBS with 0.05% 

Tween-20 (PBS-T). Antibodies were applied at the dilutions listed in Table 7 with three 7 min 

PBS-T washes between applications. Membranes were incubated with ECL™ Prime (GE-

healthcare) according to manufacturer’s instructions and chemiluminescence was detected 

using a BioRad ChemiDoc XRS+. 

 

2.20  Bioinformatic analysis 

Full length effector protein queries were submitted to NCBI BLAST, the Phyre2 intensive mode 

server (Kelley et al., 2015), or I-TASSER (Roy et al., 2011) with default settings selected. Primary 

sequences were aligned using Clustal Omega (Sievers et al., 2014) for MSA or EMBOSS Water 

(Madeira et al., 2019). Predicted structures were aligned using TM-align (Zhang and Skolnick, 

2005). Figures were generated with PyMOL v.2.3.2 for structural prediction or JalView 

(Waterhouse et al., 2009) for sequence alignments. 

 

2.21  Statistical analysis 

All experiments subject to statistical testing were independently, but not randomly or blindly, 

performed a minimum of thrice or as indicated in figure legends. Data were consistently 

analysed for normal distribution using D’Agostino & Pearson or Shapiro Wilk normality tests, 

and log2 transformed where appropriate to meet criteria for parametric testing. All analyses 

with three or more comparisons were subjected to multiple comparison correction as indicated 

in figure legends. All data were also tested for outliers using the ROUT method (FDR; Q= 5%) 
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and removed from comparisons where indicated. Unless otherwise stated, mean ± standard 

error of the mean (SEM) is plotted. Testing was applied with GraphPad Prism v8.3.0 (538).  

 

2.22  Co-immunoprecipitation 

The supernatant from 3 x 106 transfected HeLa cells was removed and pelleted, while adhered 

cells were lysed in 450 µL FLAG Co-IP buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 

1% Triton X-100 with cOmplete™ mini protease inhibitor cocktail (Roche)). Pelleted and 

adherent cells were combined, and the insoluble fraction was separated by centrifugation. 10% 

of the lysate was retained as the input fraction. 40 µL ANTI-FLAG M2 affinity agarose gel 

(Sigma) was pre-equilibrated with two washes in lysis buffer then incubated with cell lysate at 

4 °C with 20 rpm rotation. After 2 h, the supernatant was discarded, beads were washed twice 

in Tris-buffered saline (50 mM Tris pH 7.4, 150 mM NaCl), and bound proteins were eluted by 

boiling in 20 µL 4x Laemmli sample buffer (BioRad) for 5 mins.  
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Chapter 3 

Novel T3SS effector proteins 
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3 Novel T3SS Effector proteins 

3.1 Introduction 

With the advent of bioinformatic approaches for predicting type III (T3) effector proteins, the 

number of putative T3 substrates is continually expanding. Indeed, many novel effector 

proteins have been identified and validated in a range of secretion system-encoding 

pathogens, including Pseudomonas syringae (Samudrala et al., 2009; Vinatzer et al., 2005), 

P. fluorescens (Vinatzer et al., 2005), S. Typhimurium (Samudrala et al., 2009), Chlamydia 

trachomatis and C. psittaci  (Hovis et al., 2013),  Legionella pneumophila (Burstein et al., 2009), 

Xanthomonas euvesicatoria (Teper et al., 2016) and Pantoea agglomerans (Nissan et al., 2018). 

Through genome-scale computational screens, typical features of T3 effectors can be defined: 

an N-terminal enrichment of small polar amino acids such as serine and threonine (Arnold et 

al., 2009), conservation of regulatory motifs upstream of the gene, a differing GC content to 

the rest of the genome, lack of gene homology to non-T3SS-encoding strains, and gene 

proximity to known effectors (Teper et al., 2016). Prior to this work, machine learning-aided 

identification of putative effectors from A/E genomes had yet to be performed. A genus-

optimised bioinformatic approach was therefore developed for C. rodentium by our 

collaborator Tal Pupko at the University of Tel Aviv, Israel, who provided a shortlist of candidate 

effector proteins. These proteins are investigated herein. 

 

Unlike the in silico-based approach described above, the uncharacterised type III effector EspS 

was reported during the sequencing of the C. rodentium genome in 2010 (Petty et al., 2010); 

it was manually identified through homology to the Shigella spp. T3 effector OspB. The T3-

dependent secretion of EspS was demonstrated and independently confirmed by mass 

spectrometry (Deng et al., 2010). In C. rodentium, EspS is encoded by an 876 bp ORF to create 

a 32.3 kDa effector, hereafter referred to as EspSCR. In a recent screen of bacterial mRNA 

isolated from LB, DMEM and the murine caecum, C. rodentium espS mRNA was relatively more 

abundant than other non-LEE encoded effectors, with the exception of its neighbour nleA/espI, 

with which espS is co-transcribed (Connolly et al., 2018). Conversely, as espS is acquired 

through phage transmission, the gene is present at different loci in human E. coli isolates, 

neighbouring espG, nleG or prophage tail elements. Consistently, EspS homologues have also 

been identified on the Stx2x-carrying phage 2851 next to tail assembly genes (Strauch et al., 



74 

 

2008), and various nleA/espI-encoding phages along with nleG and tail fibre genes (Creuzburg 

et al., 2011). 

 

EspS homologues are conserved to differing degrees in several enteric pathogens, including 

all four Shigella species, Salmonella enterica serovar Paratyphi A, S. Typhi, S. bongori, Vibrio 

cholerae, V. parahaemolyticus and a multitude of pathogenic E. coli isolates. To date, the only 

EspS homologues biochemically investigated are OspB (Shigella spp.), VPA1380 (V. 

parahaemolyticus) and Ibe (atypical enteropathogenic E. coli (ATEC)). 

 

VPA1380, the EspS homologue encoded by V. parahaemolyticus, is a 33.2 kDa protein secreted 

by the T3SS-2 (Hiyoshi et al., 2011). When locally aligned, VPA1380 shares 34% identity and 

58% similarity with EspSCR. Sequence alignment and secondary structural predictions show that 

the C-terminus of VPA1380 is homologous to cysteine protease domains of several large 

bacterial toxins, including the multifunctional-autoprocessing repeats-in-toxin (RTX; MARTX) 

toxin of V. cholerae, as well as glucosylating toxins TcdA and TcdB from Clostridium difficile. 

These toxins have a conserved catalytic dyad (Cys and His) and further conserved inositol 

hexakiphosphate (IP6) binding residues that are both required for their activity and toxicity in 

the experimental Saccharomyces cerevisiae system (Calder et al., 2014). 

 

In Shigella spp. genomes, the large virulence plasmid harbours the ospB gene, upstream of the 

T3SS apparatus (Buchrieser et al., 2000). OspB is regarded as an immunomodulator, as its 

expression in HEK293 cells activates NF-κB signalling, while infection with the S. flexneri ΔospB 

strain resulted in reduced NF-κB activation (Fukazawa et al., 2008). The subcellular localisation 

of OspB upon transfection is cell-type and tag-dependent; in MDCK cells, transfected GFP-

tagged OspB appears to be punctate and perinuclear (Fukazawa et al., 2008), while in HeLa 

cells transfected OspB-FLAG exhibits diffuse cytoplasmic and nuclear staining (Ambrosi et al., 

2015). It was proposed that these differing localisations reflect different stages of infection, 

culminating with OspB nuclear translocation and subsequent phosphorylation of the mitogen-

activated protein kinases (MAPK) ERK1/2 and p38, and activation of cytosolic phospholipase 

A2 (cPLA2). This MAPK-phosphorylating function is also shared by the S. Typhi homologue 

STY1360 (Hannemann and Galán, 2017). In turn, cPLA2 releases the eicosanoid precursor 

arachidonic acid from phospholipid membranes, allowing eicosanoid synthesis and secretion, 
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consequent transepithelial migration of polymorphonuclear leukocytes (Ambrosi et al., 2015); 

a hallmark of S. flexneri infection.  

 

In addition to its role in immunomodulation, OspB is proposed to form a scaffolding complex 

with IQGAP1 and mTORC1 to promote cell proliferation during Shigella cell-to-cell spread, 

likely via ERK1 (Lu et al., 2015). Interestingly, the ATEC-encoded homologue Ibe also binds 

IQGAP1 where it is localised beneath pedestals (Buss et al., 2009). The function of Ibe during 

infection remains unexplored, however as A/E pathogens are extracellular and do not 

disseminate from the cytoplasm like Shigella, it is likely that Ibe-IQGAP binding plays a role 

distinct from that of OspB during infection. 

 

The above considered, this chapter addresses the following experimental aims: 

1. Test the T3SS-dependent secretion of candidate effector proteins identified in 

C. rodentium by machine learning. 

2. Bioinformatic characterisation of uncharacterised C. rodentium effectors. 

3. Exploration of uncharacterised C. rodentium effector protein functions in a mammalian 

cell model.  

4. Biochemical identification of interacting partners for uncharacterised C. rodentium 

effectors. 

5. Investigate effector protein function in an in vivo murine model. 
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3.2 Results 

3.2.1 TEM translocation assays reveal two novel C. rodentium effector proteins. 

In order to identify novel effector proteins encoded by C. rodentium, a machine-learning 

approach was employed by Tal Pupko et al. (Univ. Tel Aviv, Israel), who provided a ranked list 

of genes in the C. rodentium genome (Figure 3.1A). As the smallest known C. rodentium 

effector is EspO (92 aa), each gene was assessed for length; hypothetical proteins more than 

10% smaller than EspO were excluded from testing. The remaining loci (ROD_48841, 

ROD_48831, ROD_40941, ROD_40891, and ROD_48821) were cloned into pCX340 with a 

C-terminal TEM-1 fusion to generate strains for assaying T3SS-dependent translocation. Swiss 

Identifier Weighted 
vote 

Size 
(aa) 

Genomic context Testing 
status 

Translocation 
status 

ROD_48841 0.990059294 85 GI14 Tested Translocated 
ROD_48831 0.973129001 113 GI14 Tested Not translocated 
ROD_40951 0.969299483 69 GI11 Untested  - 
ROD_40871 0.967504774 42 GI11 Untested  - 
ROD_19131 0.965747006 38 Neighbours espV Untested  - 
ROD_40941 0.964946341 130 GI11 Tested Not translocated 
ROD_40891 0.964550062 192 GI11 Tested Translocated 
ROD_40811 0.963595389 56 GI11 Untested - 
ROD_41111 0.960802007 40 Isolated Untested - 
ROD_48821 0.958762882 253 GI14 Tested Not translocated 
ROD_40801 0.958510844 36 GI11 Untested - 

Figure 3.1 | Candidate effector proteins in C. rodentium and their genomic context 
A Summary of candidate effector proteins, ranked by Pupko et al. (unpublished data). 
B Genomic location of NleN and NleO (yellow) on GI14 and GI11 respectively, which are both 
flanked by insertion elements (grey). Also indicated are experimentally validated effectors 
(red), other candidates tested (teal) and uncharacterised genes and pseudogenes (purple). 
Pseudogenes are indicated with an asterisk. Scale provided in kb. 

A 

B 
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3T3 murine fibroblasts are provided with the passively diffusing TEM substrate CCF2/AM: a 

coumarin moiety that provides fluorescence energy transfer (FRET) to a linked fluorescein 

moiety, emitting fluorescence at 520 nm. In the presence of the translocated TEM β-lactamase, 

the substrate is cleaved and emission from the coumarin moiety alone can be detected at 409 

nm (Charpentier and Oswald, 2004). ROD_48841 (L), ROD_44831 (V) and ROD_44821, which 

are all present in the same operon on the GI14 genomic island (Figure 3.1), present with an 5’ 

GTG (Val) or TTG (Leu) start codon, and as such were cloned as both V/L-start and M-start to 

assess the effect of the start codon on translocation efficiency. The remaining two candidates, 

ROD_40941 and ROD_40891 are present on the GI11 genomic island. 

 

ROD_48841 and ROD_40891 were consistently translocated by WT C. rodentium but not 

C. rodentium ΔespA in similar manner to the known effector EspH (Figure 3.2), irrespective of 

the ROD_48841 start codon. C. rodentium ΔespA is used as a negative control as it lacks the 

T3SS filament protein necessary for host attachment and therefore cannot translocate 

effectors. Emission from ROD_48831, ROD_48821 and ROD_40941-infected cells was 

indistinguishable between WT and ΔespA infection conditions, indicating these are not 

translocated. ROD_48841 and ROD_40941 will henceforth be referred to as NleN and NleO, 

respectively. 
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Figure 3.2 | TEM translocation assay of putative C. rodentium effectors 

ROD_48841 (NleN) and ROD_40891 (NleO)-TEM-1 fusion proteins are translocated by WT but 

not ΔespA C. rodentium into Swiss 3T3 cells. Results are means from 4 biological repeats, 

analysed by multiple t tests corrected with the two-stage step-up method of Benjamini, 

Krieger and Yekutieli approach for False Discovery Rate (FDR) (**** = p < 0.0001). Error bars 

represent SEM. 
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3.2.2 Bioinformatic analysis of uncharacterised C. rodentium effector proteins. 

3.2.2.1 ORFs in GI14 contain fragments of conserved effector proteins. 

C. rodentium nleN is a 258 bp gene encoding a 9.48 kDa protein positioned in GI14, 

neighbouring NleH, NleF, NleG7 and EspJ. BLASTp searching indicates NleN-like sequences 

are present at the N-terminus of several hypothetical proteins sequenced from human and 

cattle isolates of pathogenic E. coli, including O26:H11, O177:25 and O45:H2, E. albertii, 

S. enterica subsp. salamae and Shigella boydii and S. dysenteriae, but not S. flexneri or S. sonnei. 

Hits were also obtained against Stx1 converting phage AU6Stx1 and Escherichia phage 

SH2026Stx1, likely indicating the nleN gene and longer variations thereof have been acquired 

multiple times by phage transmission. The top 100 hits vary in protein sequence length, with 

C. rodentium NleN representing the shortest peptide and the largest protein comprising 613 

aa. Detailed analysis of the C. rodentium DNA sequence reveals it differs to the 613 aa 

hypothetical protein hit by 5 stop codons, starting at an upstream Met and reading over the 

ROD_48831 and ROD_48821 ORFs (Figure 3.3), although the predicted ORF for ROD_48831 

has a -1 frameshift relative to nleN. Consistent with the short length of NleN, no functional 

motifs or domains were detected, and the tertiary structure could not be predicted. Taken 

together, NleN could represent the N-terminal fragment of a longer protein, but unlike 

ROD_48831 and ROD_48821, it has retained the ability to be recognised by the T3SS for 

secretion and is a bona fide T3SS effector. 
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3.2.2.2 NleO exhibits homology to a MARTX Rho GTPase inactivating effector domain. 

Like nleN, nleO neighbours other known effectors: espO, espT, espM2 and nleG8 on GI11. The 

nleO gene encodes a protein of 21.91 kDa with high similarity (<94%) and identity (<89%) to 

uncharacterised proteins in human isolates of E. coli, as well as less conserved homologues in 

S. boydii (44% identity, 56% similarity). A more sensitive PSI-BLAST search protocol also 

returned hits to RTX-like toxins, despite having no functional domains identified by ExPASy 

PROSITE. Unlike NleN, the tertiary structure of NleO can be readily predicted by both Phyre2 

and I-TASSER (Figure 3.4A). TMalign scored the prediction alignment 0.834/1, deviating only 

in a 30 aa stretch that presents as a loop-helix-loop formation in the Phyre2 prediction, but an 

uninterrupted, high B-factor α-helix according to I-TASSER. Consistent with PSI-BLAST hits, the 

Phyre2 structure is based on an effector domain of the RTX toxin of Vibrio vulnificus, with 100% 

confidence over 88% of the alignment; the remaining 12% is represented by the extreme 

Figure 3.3 | Alignment of NleN and downstream coding regions 

ClustalW alignment of a hypothetical NleN protein with stop codons replaced with TCA (Ser, 

blue) to WP_072280630 (an E. coli homologue identified by BLASTp). The translation of NleN 

as it appears in the C. rodentium genome (lilac), the hypothetical product for ROD_48821 

(magenta) are highlighted. Formatted with JalView. 
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termini. Manually mapping the predicted structures back to the primary sequence of V. 

vulnificus MARTX (MARTXVV) reveals overlap with the C-terminus of the Rho GTPase 

inactivating domain (RID) effector portion (V. vulnificus residues 2578-2884) (Figure 3.4B). The 

highlighted residues C2835 (conserved in NleO at C121) together with H2895 (not conserved) 

mediate fatty acylation of Rho GTPases such as Rac1 to induce cell rounding (Zhou et al., 2017). 

  

Figure 3.4 | Structural and sequence homology between NleO and a MARTX toxin 
effector domain 
A Phyre2 (teal) and I-TASSER (magenta) predictions of NleO structure are highly 
homologous. B NleO maps to the C-terminal Rho GTPase inactivating (RID) domain of the 
V. vulnificus MARTX toxin (A0A4Q7I1Z9; MARTXVV). MARTXVV catalytic residues are 
highlighted in yellow. 
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3.2.2.3 Identification of EspS homologues. 

Identification of effector homologues can offer insight into shared functions. To identify EspS 

homologues, a BLASTp search was conducted using EspSCR as a query against the NCBI 

database. 34 proteins were identified with over 30% sequence similarity, all encoded by 

Gammaproteobacteria; a cladogram was generated using Phylogeny.fr to visualise their 

relationship (Figure 3.5) (Dereeper et al., 2008). With the exception of the Vibrionaciae 

Grimontia hollisae, Vibrio ichthyoenteri and Vibrio parahaemolyticus, all homologues identified 

are encoded by Enterobacteriaciae. EspSCR homologues encoded by Escherichia spp. share the 

most sequence identity (63.9% - 66.6%), while the most distantly related EspS homologue was 

traced in Serratia odorifera (21.4%). The Shigella spp. homologues OspB are identical to one 

another; homologues from S. enterica isolates share a minimum of 97.5% identity, while the 

percentage identity shared by E. coli homologues is 80.7%. No EspS homologue was detected 

in EPEC E2348/69, EHEC EDL933 or Sakai type strains. 

Figure 3.5 | Cladogram of proteins with >30% homology with EspSCR 
Cladogram of proteins with >30% homology with EspCR. Tree generated 
using phylogeny.fr using default settings.  
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3.2.2.4 Primary sequence analysis of EspS homologues. 

To identify areas of sequence homology, EspS proteins representing 12 different branches of 

the cladogram in Figure 3.5 were selected and aligned using the Clustal Omega multiple 

sequence alignment (MSA) tool (Sievers et al., 2014) and formatted using JalView (Waterhouse 

et al., 2009) (Figure 3.6). Expectedly, the N-terminus of each homologue is the least conserved, 

as it contains the species-specific secretion signal necessary for T3SS translocation. The MSA 

highlights three areas of notable sequence conservation: a KΦYΦxGxGxπG motif, a 

DΦRΦxxCxSπζ motif and a πYζGxGV motif at the C-terminus (where Φ represents a 

hydrophobic residue, π represents a small-chain residue, ζ represents a hydrophilic residue 

and x represents any amino acid (Aasland et al., 2002)). With reference to Calder et al. (2014), 

the KΦYΦxGxGxπG and DΦRΦxxCxSπζ motifs overlap with the putative cysteine protease 

catalytic dyad (Cys195 and His154) identified in VPA1380, through its sequence homology to 

large bacterial toxins. While Cys195 is completely conserved across the 12 EspS homologues, 

His154 is replaced with Asp in E. coli B171 and E. albertii, and an Ile in C. rodentium. 
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3.2.3 Functional analysis of C. rodentium effectors in mammalian cells 

3.2.3.1 Transfected EspSCR and EspSB171 localise to the mitochondria. 

Effector localisation is an important indicator of its cellular function. As effector translocation 

relies on the recognition of an N-terminal secretion signal by the T3 apparatus, attempts were 

made to tag EspSCR on its C-terminus. A C-terminal chromosomal strep II (SII) tag was 

introduced onto espSCR for infection of HeLa cells. Immunofluorescence staining against SII 

Figure 3.6 | Multiple sequence alignment of 12 representative EspS homologues 
Globally aligned primary sequences of 12 representative EspS homologues with >30% 

homology to EspSCR. Darker shading represents greater residue conservation. Highlighted 

in orange are motifs identified through alignment. 

 

KΦYΦxGxGxπG 

DΦRΦxxCxSπζ 

πYζGxGV 
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strain produced no signal (not shown). Equally, no staining was observed when EspSCR was C-

terminally tagged with 4xHA and introduced into C. rodentium on an IPTG-inducible plasmid, 

despite attempts to optimise IPTG concentration and infection duration (not shown). 

 

In a final attempt to visualise EspS localisation following T3SS translocation, plasmids EspSCR-

4xHA, EspSB171-4xHA or EspSE11-4xHA under the control of the LacI promoter were introduced 

into EPEC E2348/69 (E69), which does not encode an EspS homologue. No HA-specific staining 

could be observed when infected HeLa cells were visualised by immunofluorescence, however 

induction of EspS homologue expression in E69 either from the naturally “leaky” promoter or 

with 0.1 mM IPTG resulted in markedly elongated E69 bacteria with a low rate of bacterial 

attachment (Figure 3.7). This could not be observed in E69 carrying the empty pSA10-HA 

plasmid, suggesting the phenomenon is EspS homologue-specific. Importantly, although all 

E69 strains were able to form pedestals, anti-HA staining was observed exclusively inside the 

bacterium or at the top of the pedestal, suggesting E69 cannot translocate overexpressed 

EspSCR. 

Figure 3.7 | Infection of HeLa cells with E69 expressing EspSCR-HA 
HeLa cells infected with EPEC E2348/69 carrying pSA10-HA or pSA10-EspSCR-4xHA were 
induced for 3 h in DMEM ± 0.1 mM IPTG. Nucleic acids (DAPI; blue), EPEC E2348/69 intimin 
(green), the HA tag (red) and actin (phalloidin; magenta) were visualised by 
immunofluorescence staining. Scale bars: 10 μm. Representative images from 3 
independent biological repeats. 
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To bypass the issues described, localisation of EspSCR was assayed by transfection. This was 

initially avoided as introducing effectors to mammalian cells without the T3SS can result in 

incorrect localisation. Nevertheless, a myc tag was cloned onto the N- and C-termini of EspSCR 

to be constitutively expressed by HeLa cells (Figure 3.8A). The transfection of myc-EspSCR 

resulted in diffuse, cytoplasmic localisation, whereas EspSCR-myc transfection resulted in a 

more specific staining pattern. This indicates the N-terminal myc tag impedes recognition of 

an N-terminal signal sequence on EspSCR that is required for localisation. In order to determine 

the location of transfected EspSCR-myc and EspSB171-myc, transfected cells were probed with a 

panel of antibodies representing distinct subcellular compartments, including TOMM22 

(mitochondria), Giantin (Golgi), Clathrin (post-Golgi vesicles), Snx-1 (pre-Golgi vesicles). 

Calnexin (ER), Eea1 (Early endosomes) or Rab7 (late endosomes). Of these, EspSCR and EspSB171 

exhibited the same localisation pattern as the mitochondrial marker TOMM22 (Figure 3.8B). 
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Figure 3.8 | Transfection of HeLa cells with EspSCR and EspSB171 
A HeLa cells transfected with pRK5-EspSCR with C- and N-terminal myc tags. 
Immunofluorescence staining used to visualise nucleic acids (DAPI; blue), myc (green), and 
actin (phalloidin; magenta). 
B HeLa cells transfected with pRK5-EspSCR-myc or pRK5-EspSB171-myc. Immunofluorescence 
staining used to visualise nucleic acids (DAPI; blue), myc (green), and TOMM22 
(mitochondria; red). Scale bars: 10 μm. Representative images from a minimum of 3 
independent biological repeats. 
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3.2.3.2 NleN transfection results in diffuse cytoplasmic localisation 

C. rodentium translocates NleN into host cells in a T3SS-dependent manner (Figure 3.2). To 

determine the subcellular localisation of NleN following translocation, nleN was subcloned 

with a C-terminal HA tag for bacterial translocation or a C-terminal myc tag for transfection, 

in a similar manner to EspS. As with EspS, no staining was observed following bacterial 

infection and probing for HA (not shown). Myc-NleN can be transfected with around 3% 

efficiency and exhibits a diffuse cytoplasmic localisation with no obvious impact on cell 

morphology (Figure 3.9). Staining is denser in perinuclear regions, and often assumes the 

shape of an unknown subcellular structure, which is not observed with the parent vector 

containing green fluorescent protein (GFP) (Figure 3.10 – bottom panel). 

3.2.3.3 NleO transfection results in cell rounding 

Bioinformatic analysis of the NleO peptide sequence revealed that NleO structural 

homologues interact with and subvert Rho GTPases (Figure 3.4) (Zhou et al., 2017). To test 

whether NleO fulfils a similar function, NleO was subcloned with an N-terminal FLAG tag and 

its localisation was assessed by transfection, as it could not be detected by 

immunofluorescence following C-terminal tagging and injectisome translocation. Regardless 

of the tag or plasmid use for transfection, ectopic NleO expression results in pronounced cell 

Figure 3.9 | Transfection of HeLa cells with NleN 
HeLa cells transfected with pRK5-myc-NleN for 24 h and probed for the myc tag (green), 
DNA (DAPI; blue) actin (phalloidin; magenta) gives cytoplasmic and perinuclear staining 
patterns. Scale bars: 10 μm. Representative images from 5 independent biological repeats. 
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rounding, shrinkage and gross loss of cytoskeletal structures (Figure 3.10). NleO transfection 

also induces apoptosis-like membrane blebbing as well as loss of nuclear integrity and 

displacement of nuclear contents, whereas GFP expression from the same plasmid does not 

induce any notable morphological changes. 

As preliminary immunofluorescence staining suggested co-localisation of NleO and 

endogenous Rac1 (not shown), and the NleO structural prediction resembles the MARTXvv 

Rac1-inhibiting domain (Figure 3.4), the functional consequence of NleO and Rac1 

overexpression was investigated. FLAG-NleO was co-transfected with myc-Rac1WT or its 

dominant positive synthetic variant Rac1Q61L, which significantly enlarges the cell diameter and 

incites lamellipodia formation. Epifluorescence signals suggest NleO and Rac1 occupy the 

same location in the cytoplasm and cell cortex, but neither Rac1WT overexpression nor 

introduction of the dominant-positive myc-Rac1Q61L rescues NleO-induced cell rounding. 

These observations suggest an NleO:Rac1 interaction that could destabilise Rac1 (Figure 3.11). 

Figure 3.10 | Transfection of HeLa cells with NleO 
HeLa cells transfected with pCDNA3-FLAG-NleO for 24 h and probed for the FLAG tag (green), 
actin (phalloidin; magenta) or nucleic acids (DAPI; blue). Scale bars: 10 μm. Representative 
images from 5 independent biological repeats. 
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Figure 3.11 | Changes in cell area following co-transfection of NleO and Rac1 
HeLa cells transfected with WT Rac1, dominant positive myc-Rac1Q61L, FLAG-NleO, or both.
Total area of transfected cells quantified by tracing the cell periphery in ZEN blue v2.3 is plotted
below. Bars represent mean cell area expressed as a fold change from mock transfected cells 
across 4 biological repeats. Data analysed by Kruskal-Wallis test with Dunn’s multiple
comparison test. **= p < 0.0021; ****= p < 0.0001. Error bars represent SEM. 
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3.2.3.4 NleO catalytic residue Cys121 mediates Rac1 cleavage and cell rounding 

As mentioned in §3.2.2.2, the conserved catalytic residue Cys2835 is present in NleO (Cys121), 

but NleO lacks the partner His residue. Closer inspection of the Phyre2 structure of NleO 

reveals Cys121 is ~6.6Å away from His20 (Figure 3.12A), which could serve as a surrogate 

proton donor. To investigate whether Cys121 mediates catalytic activity, an NleOC121A point 

mutant was transfected into HeLa cells and cell rounding was assessed once more. Mutation 

of Cys121 abrogates NleO’s cell rounding activity and results in mock-transfected-like cells 

that retain the ability to form lamellipodia and filopodia (Figure 3.12B). To independently 

confirm the NleO:Rac1 interaction, myc-Rac1 was co-immunoprecipitated (co-IP) from co-

transfected HeLa cells lysates against a FLAG column (Figure 3.12C). Interestingly, co-

transfection of FLAG-NleO and myc-Rac1, but not FLAG-NleOC121A and myc-Rac1, results in the 

appearance of two myc-Rac1 products corresponding to the full-length protein and an ~11–

12 kDa fragment. This indicates that NleO exhibits cysteine protease activity that facilitates the 

cleavage and inactivation of Rac1.  
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Figure 3.12 | NleO Cys121 is required for cell rounding and Rac1 cleavage 
A Annotated Phyre2 structure of NleO highlighting the conserved catalytic residue Cys121 and 
a nearby His residue. B Immunofluorescence staining of HeLa cells transfected with FLAG-NleO 
or FLAG-NleOC121A. Total area of transfected cells quantified are plotted below. Bars represent 
mean cell area across 3 biological repeats. Data analysed by Kruskal-Wallis test with Dunn’s 
multiple comparison test. **** = p < 0.0001. Error bars represent SEM. C Co-IP of myc-Rac1 from 
HeLa cells co-transfected with FLAG-NleO or FLAG-NleOC121A. Input samples were taken before 
incubating lysates with anti-FLAG beads. β-actin is used as a loading control. 
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3.2.4 Identifying interaction partners for EspSCR 

3.2.4.1 Investigating the toxicity of EspS homologues in S. cerevisiae. 

Historically yeast 2 hybrid (Y2H) have been successfully employed to screen binding partners 

for T3 effector proteins (Allen-Vercoe et al., 2005; Pallett et al., 2014; Simpson et al., 2006). 

These assays rely on the expression of the effector protein by Saccharomyces cerevisiae. As 

EspSCR exhibited the most interesting subcellular localisation by transfection, this effector was 

carried forward. It has been demonstrated that expression of the EspS homologue VPA1380 is 

detrimental to yeast growth (Calder et al., 2014). This growth impediment is dependent on the 

putative catalytic dyad Cys195 and His154. The toxicity of EspS homologues from C. rodentium, 

V. parahaemolyticus, S. flexneri, EPECs B171 and E11 was therefore assayed in S. cerevisiae, 

both to assess the feasibility of a Y2H screen and the possibility that VPA1380 and EspS from 

A/E pathogens share a catalytic function. Effectors were cloned under the glucose-repressible 

GAL1 promoter in the pYES2 vector, which contains the selective marker URA3 for uracil 

biosynthesis. The resulting constructs were transformed into the URA3-deficient S. cerevisiae 

strain BY4741 and grown on glucose (glc)- or galactose (gal)-supplemented SD agar. 

S. cerevisiae growth on SD-gal agar indicate that EspSE11 and EspSB171 inhibit yeast growth in a 

similar manner to VPA1380, while EspSCR and OspB are not toxic (Figure 3.13).  

Figure 3.13 | Toxicity test of EspS homologues in S. cerevisiae BY4741 
Serial dilutions of S. cerevisiae BY4741 on selective plates that suppress (SD –ura glc) or 
induce (SD –ura gal) transcription of the effector gene cloned into pYES2. The presence of 
the putative catalytic dyad in each effector is indicated on the right. 

Fi 3 13 | T i i f E S h l i S i i BY4741
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Additionally, contrary to what is known about VPA1380, the toxicity of the effectors is not 

correlated to the presence of the putative catalytic dyad. 

 

3.2.4.2 EspSCR binds TRIAP1 in a Y2H system. 

As EspSCR can be expressed in S. cerevisiae without any detriment to growth, a Y2H was 

conducted using EspSCR as bait against a mouse library. Identification of interacting partners is 

achieved through mating of the haploid bait strain (S. cerevisiae AH109 carrying pGBKT7-

EspSCR) and the haploid prey strains (S. cerevisiae Y187 carrying pGADT7-prey) resulting in 

diploid mated cells containing both plasmids. EspSCR was cloned with an N-terminal GAL4 DNA 

binding domain (BD), while prey proteins were cloned with an N-terminal GAL4 activation 

domain (AD). Contact of bait and prey proteins unites the BD and AD of GAL4 to allow the 

transcription of reporter genes under the control of the GAL4 upstream activation sequence 

(UAS): MEL1, HIS3, ADE2 and lacZ (Schematic 8) (Fields and Song, 1989). MEL1 and lacZ 

transcription results in secreted α-galactosidase and β-galactosidase, respectively, while HIS3 

and ADE3 encode the enzymes required for histidine and adenine synthesis, respectively. 

Transcription of the reporter genes allows S. cerevisiae to grow on -His, -Ade agar 

supplemented with X-gal as a blue colony. Successful mating can be confirmed by plating on 

SD DDO (-Leu, -Trp) agar; mated cells that facilitate a bait-prey interaction will also grow as a 

blue colony on SD QDO (-Ade, -His, -Leu, -Trp) agar. Mating occurred between the bait and 

Schematic 8 | Principle of 

the Y2H assay 

Mating of the bait strain 

(S. cerevisiae AH109, left) and 

the prey strain (S. cerevisiae 

Y187, right) results in 

inheritance of both plasmids. 

Intracellular interaction of 

bait (BD-EspSCR) and prey 

(AD-prey) fusion proteins 

allows the transcription of 

reporter genes under the 

control of the GAL4-UAS 

(MEL1, ADE2, HIS3/ and lacZ) 
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prey strains at 2.27% efficiency, resulting in 51 clones on QDO agar. After re-streaking three 

times, 47 colonies remained, 40 of which were blue. 39 plasmids were successfully extracted 

from yeast and sequenced to reveal the identity of 9 unique pGADT7-encoded prey proteins 

(Table 9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Both pleiotrophin (PTN) and the TP53-regulated inhibitor of apoptosis (TRIAP1) appeared five 

unique times. 2 of 12 PTN-encoding colonies appeared pink, indicating weak activation of the 

reporter genes ADE3 and lacZ. Additionally, PTN is a secreted growth factor; as EspSCR should 

only exist inside C. rodentium or inside the host cell, it is unlikely to encounter PTN during 

infection. As such, investigation of EspSCR:PTN was not carried out. Instead, to confirm the 

interaction between EspSCR and TRIAP1, the full-length mouse cDNA was re-cloned into 

pGADT7 or pGBKT7, co-transformed into S. cerevisiae AH109 with pGADT7-EspSCR/pGBKT7-

EspSCR and plated on SD DDO or QDO (Figure 3.14A). All co-transformants were able to grow 

on SD DDO, confirming the carriage of both D2H plasmids. Expression of the S. enterica serovar 

Table 9 | Summary of putative interaction partners for EspSCR identified in a Y2H 

screen 

Hit protein Sequencing notes 
Appearance 

frequency 

Colony 

colour 

PTN/Pleiotrophin/ HBNF/ 

NEGF1/ HB-GAM 

24–58.6% sequence coverage 

of 18.8 kDa 

12 total 

5 unique 

10 blue 

2 Pink 

TRIAP1/TP53-regulated 

inhibitor of apoptosis/ 

P53csv/ p53-inducible cell 

survival factor 

88.5–90.4% sequence 

coverage of 8.8 kDa 

7 total 

5 unique 
Blue 

MED8/ Mediator of RNA 

pol II subunit 8/ Arc32 

96–100% sequence coverage 

of 29 kDa 
2 unique Blue 

TRAP1/TNF receptor 

associated protein/ Hsp75 

46% sequence coverage of 

80.1 kDa 
1 unique Blue 

Karyopherin subunit alpha 

5 

18.7% sequence coverage of 

37.3 kDa 
1 unique Blue 

CALD1/Caldsemon 
21.3% sequence coverage of 

61.7 kDa 
1 unique Pink 

GOLGA5/ Golgi subfamily 

a5/ Sumiko 

35.8% sequence coverage of 

82.2 kDa 
1 unique Pink 

SLC4A7/ NaHCO3 member 

3 

11.2% sequence coverage of 

127 kDa 
1 unique Pink 

SLC4A4/ NaHCO3 

cotransporter member 4 

8.84% sequence coverage of 

121.3 kDa 
1 unique Pink 
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Typhi effector StoD, which is known to interact with ubiquitin (McDowell et al., 2019), was used 

as a positive control with pGADT7-ubiquitin. Co-transformation of empty plasmids or a single 

protein and an empty plasmid did not permit growth on QDO, whereas co-expression of both 

EspSCR and TRIAP1, irrespective of their vector backbone, facilitated growth. Further, the 

EspSCR:TRIAP1 interaction was somewhat affected but not abolished by mutation of the 

putative catalytic residue Cys184 to alanine (Figure 3.14B). Together these results confirm that 

EspSCR interacts with TRIAP1 independently of the putative catalytic residue Cys184. 

Figure 3.14 | Growth of auxotrophic S. cerevisiae expressing EspSCR 
S. cerevisiae AH109, which cannot synthesise Trp, Leu, Ade or His was co-transformed with 
a combination of bait and prey plasmids and plated on SD agar. pGBKT7 and pGADT7 confer 
Trp and Leu biosynthesis necessary for growth on SD DDO. A BD-bait and AD-prey fusion 
protein interaction allows transcription of Ade and His synthesis genes necessary for growth 
on SD QDO. Yeast co-transformed with WT EspSCR and TRIAP1 (A) or EspSCR

C184A and TRIAP1 
(B) exhibit different growth kinetics. 

A 

B 
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3.2.5 Optimisation of recombinant EspSCR expression 

To independently confirm the EspSCR:TRIAP1 interaction, several in vitro approaches to 

recombinantly express EspSCR were tested. These are summarised in Table 10. Bacterial 

expression offers high protein yield and simpler optimisation protocols and was therefore 

undertaken first. EspSCR contains 5 Cys residues that may be disulphide bonded, therefore 

E. coli SHuffle cells were chosen for expression as they constitutively cytosolically express the 

disulphide bond isomerase and protein chaperone DsbC (Lobstein et al., 2012). 

Table 10 | Summary of strategies for recombinant EspSCR expression 

Expression system Expression conditions Conclusion 

Bacterial   

E. coli BL21 pLysS 
E. coli BL21* 
E. coli SHuffle 

Sequence modifications: 
• Truncated unstructured flexible N-

terminal signal sequence (ΔN20) 
• Point mutation (C184A) 

Full length and ΔN20 EspSCR 
constructs were more highly 
expressed than C184A. 

Plasmid construction 
• N-terminal or C-terminal 6His tag 

(pET28a) 
• N-terminal MBP tag (pMALX(E)) 
• N-terminal or C-terminal SII-6His 

tag (pOPINFS) 
• N-terminal or C-terminal GFP-6His 

tag (pOPINE-3C-eGFP) 
Co-transformation and expression of 
pMALX(E)-MBP-TRIAP1 

Co-transfection of TRIAP1-
MBP did not improve EspSCR 
expression. 

Growth conditions, post-induction 
• 37°C, 2 h 
• 30°C, 4 h 
• 18°C, 16 h 

More prominent SDS-PAGE 
band at 37°C for 2 h. 

Induction conditions (pET28a plasmids 
only) 
• Low 0.1 and 0.3 mM IPTG 
• Mid 0.5 mM IPTG 
• High 0.7, 0.8 and 1 mM IPTG 

No dose-dependent 
increase in protein 
production with higher IPTG 
concentration at 37°C. 

Purification conditions 
• Neutral lysis buffer (Tris pH 7.9, 150 

mM NaCl) 
• Reducing lysis buffer (8 M urea, 

100 mM HEPES pH 8.5, 200 mM 
NaCl, 5 mM β-mercaptoethanol) 

More protein could be 
retrieved under reducing 
conditions. 

Yeast   

Pichia pastoris 
GS115 

Strain construction 
• Genomic integration of EspSCR at 

AOX1 locus using pPICZα-A system 

No genomic integration 
despite success with another 
effector (EspO). 

Mammalian   

HEK293T 

Plasmid construction 
• N-terminal or C-terminal SII-6His 

tag (pOPINFS) 
• N-terminal or C-terminal GFP-6His 

tag (pOPINE-3C-eGFP) 

N-terminal SII-6His tag 
expression only visible by 
Western blot; scaling up not 
financially justified.  
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Expression of full length, C-terminally His-tagged EspSCR in E. coli SHuffle cells with 0.7 mM 

IPTG induction and 2 h of growth at 37°C post-induction offered the most prominent band by 

Coomassie-stained SDS-PAGE. Despite this, the majority of EspSCR was present in the insoluble 

fraction after sonication and exhibited slower SDS-PAGE migration (Figure 3.15). SHuffle cells 

were therefore lysed under reducing conditions and EspSCR was allowed to refold on a Nickel-

resin column for 2 h at 4°C. Presence of large quantities of slow-migrating protein in the 

flowthrough further supports the notion of an unfolded protein aggregate that is unable to 

form 6His-Ni2+ interactions with the column. The eluate content was separated by size 

exclusion chromatography (SEC) on a Superdex 200 10/300 GL column. According to column 

calibration data, a 32.3 kDa protein should elute around 16 ml, which corresponds to 80 mins 

at a flow-rate of 0.2 ml/min with 1 ml fraction collection, suggesting this proportion of 

recombinant EspSCR was monomeric. SDS-PAGE analysis of fractions confirmed presence of a 

protein with similar SDS-PAGE migration to EspSCR (25-40, Figure 3.15), however this band still 

migrates slower than its expected 32 kDa weight. Protein-containing fractions were 

Figure 3.15 | Protein purification of EspSCR under native and reducing conditions 
Coomassie blue-stained SDS-PAGE gel of purification of EspSCR-6His expressed in E. coli 
SHuffle cells (top). (d)WCL: (denatured) whole cell lysate; FT: flowthrough; W: wash; E: elution. 
Pooled eluates from EspSCR-6His extracted under reducing conditions were separated on a 
Superdex 200 10/300 GL column by size exclusion chromatography (bottom); fractions 21 to 
43 were collected and analysed by SDS-PAGE (middle).  
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concentrated to around 0.1 mg/ml in an approximated 500 µL volume, which was of 

insufficient quantity and quality for NMR studies and bacterial expression was not pursued 

further. 

 

3.2.5.1 Optimisation of recombinant mammalian EspSCR expression 

Among the 30 T3SS components and effectors studied in the Frankel lab until 2017, only 8 

proteins have been recombinantly purified from bacteria. We reasoned that as effectors are 

translocated as unfolded polypeptides through the T3SS filament (Radics et al., 2014), perhaps 

not all effectors are able to refold correctly without a eukaryotic host cell. A proposal was 

therefore accepted by the Diamond-based Instruct consortium (Oxford, UK) to design and test 

a vector suite for mammalian expression for EspS and three other C. rodentium effectors of 

interest (NleA, NleG and EspO). Vectors were built and transfected into HEK293T cells to screen 

for transfection efficiency, toxicity and solubility over 24 and 72 h (Figure 3.16). Consistent with 

bacterial expression attempts and transfection of HeLa cells with myc-tagged EspS, EspSCR 

expression efficiency was among the lowest of all effector fragments tested, regardless of the 

incubation time following transfection. While an N-terminal GFP tag did improve transfection 

efficiency at 24 h compared to a C-terminal tag, by 72 h aggregated GFP-EspS was observed, 

precluding the utility of this expression system (Figure 3.16A).This is reflected in HEK293T cell 

lysates, wherein expression of N-terminally Strep-II-tagged (SII) EspS is higher than EspS-SII 

after 24 h of transfection, but not enough to proceed to protein purification (Figure 3.16B). 

Additionally, it is unclear whether mammalian systems improved EspSCR folding, therefore 

scaling up this system was not financially or scientifically justified. 
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3.2.5.2 Native EspS tagging for immunoprecipitation 

In a final attempt to confirm the EspSCR-TRIAP1 interaction in vitro, a C-terminal SII-tag was 

introduced onto EspS in the C. rodentium chromosome to use as prey for immunoprecipitation. 

This approach had previously been employed for other effectors to confirm their interactors 

by peptide discovery MS (Ernest So, Frankel group, unpublished). As the resultant C. rodentium 

EspS-SII strain could be used to infect HeLa cells, EspS should be correctly folded upon 

translocation and able to localise correctly. Trial infections carried out to ascertain the 

efficiency of EspS pulldown indicated that EspS was largely present in the insoluble fraction 

(Figure 3.17A). Tir-SII, which is also membrane-associated, is also largely insoluble but could 

Figure 3.16 | Transfection of HEK293T 
cells with the pOPIN-effector suite for 
mammalian effector expression 
Immunofluorescence microscopy (A) and 
western blot of lysates (B) of HEK293T 
cells transfected with pOPIN constructs 
encoding GFP-tagged or SII-tagged 
C. rodentium effectors for 24 or 72 h. 
Lysates in B were transfected for 72 h. 
Representative images from 2 
independent biological repeats.  
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be eluted with appreciable efficiency, unlike EspS-SII. A lysis buffer panel was therefore 

screened to improve EspSCR solubility for elution (Figure 3.17B). Consistent with the prediction 

that EspS is membrane-associated, buffers with high detergent content offered the most 

improved solubility, but not appreciably enough to warrant further processing for MS.  

 

 

3.2.6 Characterising EspSCR function in vitro 

3.2.6.1 Investigating the role of EspSCR in apoptosis 

EspSCR is not permissive to recombinant purification, therefore its function was next assessed 

during infection of mammalian cells. Several effectors are coined pro- or anti-apoptotic based 

on their effect on mammalian cells, sometimes under overexpression conditions (Wong Fok 

Lung et al., 2014). As EspSCR binds the anti-apoptotic protein TRIAP1, it may have a role in 

apoptosis. To test this hypothesis, HeLa cells were infected with C. rodentium or treated with 

the pro-apoptotic compound staurosporine or the anti-apoptotic pan-caspase inhibitor zVAD, 

and apoptotic cell death markers were visualised by western blot. Additionally, HeLas were 

incubated with propidium iodide (PI), a fluorescing DNA intercalating dye that only emits light 

when cell membrane integrity is compromised, and fluorescence was monitored at 610 nm. PI 

uptake is commonly used to quantify cell death during necrotic forms of cell death such as 

pyroptosis and necroptosis, and in late stages of apoptosis, during which the membrane is 

Figure 3.17 | Screening conditions to improve 
EspSCR-SII solubility for immunoprecipitation 
A Anti-SII western blot of soluble and insoluble 
content of HeLa cells infected with C. rodentium 
Tir-SII and EspS-SII, enriched Strep-Tactin® 
pulldown. Samples of flowthrough (FT) and eluate 
samples were also analysed. B Lysis buffer 
constituents used at pH 6.8 and 7.3 (left). 
Normalised quantities of infected HeLa cell pellets 
(P) or supernatant (S) were probed with an anti-SII 
antibody (right). 
 

Figure 3.17 | Screening conditions to improve
EspSCR-SII solubility for immunoprecipitation
A Anti-SII western blot of soluble and insoluble 
content of HeLa cells infected with C. rodentium
Tir-SII and EspS-SII, enriched Strep-Tactin®
pulldown. Samples of flowthrough (FT) and eluate 
samples were also analysed. B Lysis buffer 
constituents used at pH 6.8 and 7.3 (left). 
Normalised quantities of infected HeLa cell pellets 
(P) or supernatant (S) were probed with an anti-SII
antibody (right).
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damaged. Consistent with unpublished observations of C. rodentium infection, no cell death 

was visually observed during early timepoints but membrane permeability increases following 

8 h of infection (Figure 3.18A), suggesting a non-apoptotic form of death. 

 

Probing lysates for cleavage and activation of the caspase-9, involved in intrinsic apoptosis, 

and poly (ADP-ribose) polymerase (PARP), a classical late apoptotic caspase substrate, 

confirms infection with C. rodentium does not induce classical intrinsic apoptosis in vitro 

(Figure 3.18B). To explore whether apoptosis was being inhibited by previously identified 

effectors with putative anti- (EspZ and NleF) or pro-apoptotic (EspF) roles, HeLa cells were 

infected with single-effector deletion mutants of the above, alongside the EspS-deficient strain. 

All of the mutants tested failed to induce caspase-9 or PARP cleavage. Together with PI uptake 

assays (Figure 3.18C), these data rule out the involvement of EspS in apoptosis or the described 

form of cell death observed in late-stage C. rodentium infection. 

Figure 3.18 | Assessment of cell death 
following infection of HeLa cells with 
C. rodentium 
A Real time PI uptake in HeLa cells infected 
with C. rodentium ± zVAD-FMK. B Western 
blot of HeLa lysates infected with 
C. rodentium and single effector mutant 
derivatives for 24 h. Staurosporine is 
included as a positive control. C Real time PI 
uptake in HeLa cells infected with 
C. rodentium and its ΔespS derivatives. 
Shaded areas represent SEM. 
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3.2.7 Investigating effector function during in vivo infection 

3.2.7.1 C. rodentium ΔnleN, ΔnleO and ΔespS mutants colonise C57Bl/6 mice normally 

Several effector proteins, such as Tir, NleA and EspZ, are required for efficient C. rodentium 

colonisation in mouse infection models (Deng et al., 2003; Mundy et al., 2004a). To ascertain 

whether deletion of NleN, NleO or EspS attenuates virulence, C. rodentium-resistant C57Bl/6 

mice were inoculated with single deletion mutants and bacterial load was enumerated from 

faecal pellets until the peak of C. rodentium infection. Each mutant demonstrated comparable 

colonisation compared to their WT-infected cagemates (Figure 3.19–20). However, in contrast 

to NleN and NleO deletion mutants, there is a delay in C. rodentium ΔespS clearance at 8 days 

post-infection (d.p.i.), but this did not reach statistical significance (Figure 3.). To determine 

whether EspS is directly involved in clearance of C. rodentium, mice were observed until 

bacterial counts reached the limit of detection at 21 d.p.i.. C. rodentium ΔespS clearance is 

faster compared to WT, but this is not statistically significant. This denotes no direct 

involvement for these effectors in colonisation. 
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Figure 3.20 | Colonisation of C56Bl/6 mice with C. rodentium ΔespS 
Quantification of CFU of C. rodentium in the stool of 5 C57Bl/6 mice inoculated with ~1 x 
109 CFU by oral gavage at 8 and 21 days post infection (d.p.i.). Each colour represents a 
single mouse (top panels) or an average of the experimental group (bottom panels). Error 
bars represent SEM. 

Figure 3.19 | Colonisation of C57Bl/6 mice by 
C. rodentium ΔnleN and ΔnleO 
Quantification of colony forming units (CFU) of 
C. rodentium in the stool of 4 or 5 resistant C57Bl/6 mice 
inoculated with ~1 x 109 CFU by oral gavage (day 0). 
Spots plated in triplicate. Each colour represents a single 
mouse (top panels) or the mean of the experimental 
group (bottom panel). Error bars represent SEM. 
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3.2.7.2 A C. rodentium ΔespS mutant induces exaggerated hyperplasia 

A hallmark of C. rodentium infection is colonic crypt hyperplasia, characterised by an increased 

proportion of dividing enterocytes at the base of the crypt and subsequent crypt elongation 

(Luperchio et al., 2000). To determine whether NleN, NleO or EspSCR have any effect on 

hyperplasia, 5 mm-long distal colon sections were removed from PBS-treated, WT-infected or 

C. rodentium single effector mutant-infected mice at 8 d.p.i. and subjected to haematoxylin 

and eosin (H&E) staining. As expected, crypts from WT-infected mice were consistently and 

significantly longer than PBS-treated mice (Figure 3.21A), while mice infected with either 

C. rodentium ΔnleN or ΔnleO exhibit reduced but not statistically significant intestinal 

hyperplasia (Figure 3.A). Interestingly, the average crypt lengths of C. rodentium ΔespS-treated 

mice were longer than WT-treated mice (Figure 3.21B), but this could not be complemented 

by chromosomal reintroduction of espS. These observations implicate EspSCR in the 

modulation of colonic crypt hyperplasia. 

  

Figure 3.21 | Quantification of colonic crypt hyperplasia in C. rodentium-infected 
C56Bl/6 mice at 8 d.p.i. 
Measurement of crypt lengths in sections obtained from C56Bl/6 mice inoculated with ~ 1 x 
109 CFU C. rodentium at 8 d.p.i.. Each point represents average crypt length of an individual 
mouse. Bars represent group mean. Brown Forsythe and Welch ANOVA with Benjamini, 
Krieger and Yekutieli correction for multiple comparisons is applied. 
*= p < 0.05; **= p < 0.002; ****= p < 0.0001.  

Fi 3 21 | Q tifi ti f l i t h l i i C d ti i f t d
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To assess whether the increased hyperplasia induced by C. rodentium ΔespS  at 8 d.p.i. was 

due to increased mitotic activity at the base of the crypt, 5 mm distal colon sections were 

stained with anti-Ki67, a widely-used marker for cell division (Scholzen and Gerdes, 2000). 62% 

of C. rodentium ΔespS-infected crypts comprised actively dividing cells, compared to 55% in 

WT and 39% in the PBS-treated group (mean values) (Figure 3.22), indicating increased cell 

division in the absence of EspSCR. 

3.2.7.3 Investigating the effect of EspSCR on cardiolipin synthesis in vivo. 

TRIAP1 is essential for the import of phosphatidic acid (PA) across the mitochondrial outer 

membrane (Miliara et al., 2015; Watanabe et al., 2015). Through a series of enzymatic 

modifications, PA is converted into cardiolipin (CL) (Tatsuta and Langer, 2017). In order to 

probe whether EspSCR inhibits the TRIAP1-dependent PA transport, the relative abundance of 

CL was determined in IECs purified from C57Bl/6 mice infected with WT C. rodentium or an 

∆espS mutant. IEC lipid fingerprints were obtained by MALDI-TOF MS and the relative 

abundance of a representative CL species was analysed. WT C. rodentium infection significantly 

increases CL abundance (Figure 3.23A) by 21 d.p.i. (Figure 3.23B). CL abundance is also 

consistently increased by the deletion of espS and reduced again in a complemented 

C. rodentium strain, but this does not reach statistical significance owing to high standard 

Figure 3.22 | Quantification of active proliferation in C. rodentium ΔespS-infected colons
A Immunofluorescence staining of actively dividing Ki67-positive cells (green) in distal colon
sections obtained from C56Bl/6 mice inoculated with ~ 1 x 109 CFU C. rodentium at 8 d.p.i..
Nucleic acid (DAPI; blue) and C. rodentium (red) are also indicated. B Quantification of the
percentage occupancy of each crypt with Ki67+ cells. Each point represents average crypt 
length of an individual mouse. Bars represent group mean. Brown Forsythe and Welch ANOVA 
with Benjamini, Krieger and Yekutieli correction for multiple comparisons is applied. ****= p <
0.0001.  
 

Figure 3.22 | Quantification of active proliferation in C. rodentium ΔespS-infected colons
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deviations. As such, EspSCR has a subtle and long-lasting impact on TRIAP1-dependent CL 

synthesis in vivo that is not statistically significant. 

 

3.2.7.4 Investigating the effect of EspSCR on apoptosis in vivo. 

CL accumulation prohibits release of cytochrome c and is therefore protective against intrinsic 

apoptosis (Potting et al., 2013; Zhang, 2019). To assess whether EspSCR’s subtle modulation of 

lipid composition impacts apoptosis in vivo, sections of infected colon were probed for 

apoptotic cells using terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL), 

wherein fluorescein-12-dUTP is incorporated at the 3’ hydroxyl group of fragmented DNA in 

apoptotic cells. The number of apoptotic TUNEL+ cells were enumerated and normalised to 

crypt area to account for the increased cell number following C. rodentium-induced 

hyperplasia. As a positive control, sections were treated with DNase I to ensure the efficacy of 

TUNEL labelling (not shown). At both 8 and 21 d.p.i., neither WT nor C. rodentium ΔespS-

infected colons had significantly more TUNEL+ cells than uninfected sections (Figure 3.24), 

indicating C. rodentium infection does not trigger apoptotic death in the C57Bl/6 colon, 

independently of the presence of EspSCR. 

  

Figure 3.23 | Lipid composition of C57Bl/6 IECs following C. rodentium ΔespS infection 
Quantification of the relative abundance of cardiolipin (CL) relative to lipids extracted from the 
purified intestinal epithelial cells (IECs) of C. rodentium-infected C57Bl/6 mice at 8 (A) and 21 
(B) d.p.i.. Points represent individual mice with group mean indicated as a horizontal line; error 
bars represent SEM. Brown Forsythe and Welch ANOVA with Benjamini, Krieger and Yekutieli 
correction for multiple comparisons is applied. *= p < 0.05. 
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Figure 3.24 | Enumeration of 
apoptotic TUNEL+ cells in colonic 
tissue of C. rodentium-infected 
C57Bl/6 mice. 
Visualisation and quantification of 
the mean number of apoptotic 
TUNEL-positive cells in distal colon 
sections from 5 C. rodentium 
infected C57Bl/6 mice (per group) 
at 8 and 21 d.p.i.. Nuclei (DAPI; 
blue) and TUNEL+ labelled cells 
(yellow) are indicated in magnified 
sections. Total section and 
magnified section scale bars: 500 
μm (total section) and 20 μm 
(magnified section). 
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3.3 Discussion 

Effector proteins manipulate an array of mammalian cell pathways to potentiate T3SS-

mediated infection (Shenoy et al., 2018). As such, the merit in researching novel effectors is 

twofold: it offers both insight into bacterial infection biology, and exploration of novel protein 

functions. Presented here are two completely uncharacterised effectors, NleN and NleO, and 

one known effector, EspS, with no assigned function prior to this study (Petty et al., 2010). 

 

The identification of novel effectors through machine learning techniques is well established 

(Arnold et al., 2009; Burstein et al., 2009, 2015; Hobbs et al., 2016; Lifshitz et al., 2014; Xue et 

al., 2019). Prior to this study, A/E effectors were identified manually through inspection of 

pathogenicity island genes, mutagenesis screening (Kanack et al., 2005; Mundy et al., 2004a), 

homology searches to other T3SS effectors in different species (Bulgin et al., 2009a; Petty et 

al., 2010), mRNA profiling during infection (Dahan et al., 2005), and through peptide discovery 

MS analysis of secreted proteins (Deng et al., 2010), among other techniques. However, 

machine learning algorithms had yet to be applied to A/E genomes. By ranking genes in the 

C. rodentium genome according to their likelihood of T3 secretion, manually curating hits by 

sequence length and biologically validating their translocation, we have confirmed two new 

C. rodentium effectors: NleN and NleO. 

 

Identifying homology to known proteins is a common method of assigning function to 

uncharacterised effectors (Tobe et al., 2006). While NleO exhibits homology to the Rho-

inactivation domain of MARTX toxins, the NleN ORF has suffered considerable mutational 

attrition, which can suggest a lack of evolutionary pressure on the C. rodentium genome to 

maintain a functional NleN. This is reflected by the lack of effect of nleN deletion in archetypal 

markers of C. rodentium intestinal pathology. On the other hand, while NleO has a negligible 

role in the development of crypt hyperplasia or the rate of intestinal colonisation, it has a 

pronounced effect on cell morphology that is consistent with its predicted function as an 

inactivator of Rho GTPases. Several A/E effectors activate Rho GTPases (i.e., Map, EspM, EspT, 

EspW) (Arbeloa et al., 2009; Bulgin et al., 2010, 2009b; Kenny and Jepson, 2000; Sandu et al., 

2017) but in vitro infection with WT C. rodentium does not induce the same morphological 

changes as seen with dominant positive GTPase transfection. This is likely a result of the 
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antagonistic translocation Rho GTPase inactivating effectors, such as EspH (Dong et al., 2010) 

and now NleO.  

 

To date, there are several reported methods of GTPase inactivation by bacterial virulence 

factors (Aktories, 2011): cleavage of the lipidation motifs to preclude membrane association 

(Burnaevskiy et al., 2013; Shao et al., 2003); GAP mimicry to stimulate GTPase activity (Wang et 

al., 2014b); competitive binding to impede of GEF association (Dong et al., 2010), and post-

translational modification to impede GEF recognition (Chardin et al., 1989; Herrmann et al., 

1998; Xu et al., 2014). Further to these mechanisms, the MARTXVV RID effector domain can 

inactivate Rho, Rac and Cdc42 by covalently acylating lysine residues in Rac1 to impede its 

correct localisation (Sheahan and Fullner Satchell, 2007; Zhou et al., 2017). Acylation is 

mediated by C2835 and H2895, which mirror C121 and His20 in the predicted tertiary structure 

of NleO, yet NleO's mechanism of action appears to be distinct from that of MARTXVV; the 

dominant positive Rac1Q61L is not refractory to NleO, as NleO uses C121 to directly inactivate 

Rac1 through cleavage. Although NleO bares no sequence or structural resemblance to YopT, 

this Rac1 cleavage could also liberate Rac1 from plasma membranes to preclude its function. 

However, overexpression of Cdc42 was able to rescue YopT-induced toxicity in an S. cerevisiae 

system (Shao et al., 2002), but neither Rac1WT nor Q61L overexpression compensate for NleO-

induced cell rounding. Additionally, YopT cleaves Rac1 immediately upstream of the extreme 

C-terminal prenylation site (Shao et al., 2003), but myc-Rac1 releases a ~ 12 kDa fragment 

from its 21 kDa entirety when exposed to NleO, suggesting the Rac1 cleavage site targeted by 

NleO is nearer to the N-terminus. Together, these two observations denote that NleO could 

represent a novel class of Rho GTPase modifying enzymes. Follow up experiments should 

therefore address the cleavage site of Rac1 and its prenylation state, in addition to 

investigating whether NleO can also target all three Rho GTPase family proteins, and whether 

His20 indeed completes the catalytic dyad.  

 

Unlike NleO homologues, EspS homologues did not immediately reveal any potential 

interaction partners for EspS. EspS homologues from enteric pathogens have differing levels 

of toxicity in yeast expression systems. Additionally, these differences are not accounted for 

by the presence of the toxicity-inducing catalytic dyad identified in VPA1380 identified 

through homology to another MARTX from V. cholerae (Calder et al., 2014). This could indicate 
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that either these effectors do not function as cysteine proteases, and as such the presence of 

the dyad is not important for toxicity, or that each homologue has a different binding 

mammalian partner, as is the case with other A/E effector proteins of the same family (El Qaidi 

et al., 2017). Of note, while the KΦYΦxGxGxπG and DΦRΦxxCxSπζ motifs identified in EspS 

homologues correspond to the residues surrounding the putative catalytic dyad, there is no 

indication of the function of the C-terminal πYζGxGV motif. This could represent a host protein 

binding domain that directs any putative enzymatic function of EspS, or a stabilisation interface 

in the tertiary structure of mature EspS. 

 

The conservation of EspS homologues among human isolates of EPEC and EHEC reveals 

several aspects of EspS biology. First, further to the E11 and B171 espS genes identified in this 

study, Buss et al., note that espS is present in 34 of the 68 (47%) human pathogenic E. coli 

tested (Buss et al., 2009). The Shigella spp. EspS homologues (OspBs) are identical to one 

another and other EspS homologues from S. enterica isolates share a minimum of 97.5% 

identity, while the percentage identity shared by E. coli homologues is 80.7%. Together with 

the sporadic prevalence of the espS among isolates, this could reflect the genomic instability 

of clinical EPEC and EHEC isolates, as well as the importance of EspS to the pathogenicity of 

these strains. Indeed, EspSEPEC is significantly more associated with asymptomatic or non-lethal 

infections in humans (Donnenberg et al., 2015). Conversely, while deletion of espS from the 

C. rodentium genome does not impact colonisation or clearance of the pathogen in a resistant 

C56Bl/6 mouse model, in a susceptible C3H/HeJ mouse model EspS is required for full lethality 

(Deng et al., 2010), and is highly transcribed during C. rodentium infection to modulate colonic 

crypt hyperplasia (Connolly et al., 2018). While EspSEPEC has integrated into human E. coli 

genomes at inconsistent loci, it shares an operon with the critical effector NleA in C. rodentium 

(Deng et al., 2010; Petty et al., 2010). It is plausible that its genomic location and therefore its 

transcriptional regulation is linked to its importance during infection. 

 

The localisation of effector proteins reflects both the subcellular compartment they manipulate 

and the host proteins they interact with. The cytoplasmic localisation of NleN is unsurprising 

given that it represents a truncated A/E effector with no recognisable localisation sequences 

or binding motifs, but the observation that NleN is frequently perinuclear is not readily 

explicable. Confocal microscopy may resolve whether NleN is also excluded from the nucleus, 
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or whether it is able to colocalise with a host factor in the nuclear envelope. Conversely, the 

diffuse and mitochondrial localisations of NleO and EspS respectively are unsurprising given 

their putative interaction partners. Notably, this is the first report of an EspS family effectors 

localising to the mitochondria; it joins several other mitochondrial-associated effectors, 

including Map (Kenny and Jepson, 2000; Papatheodorou et al., 2006), EspJ (Kurushima et al., 

2010), EspZ (Shames et al., 2011b), EspF (Nagai et al., 2005; Nougayrède and Donnenberg, 

2004), and NleF (Pallett et al., 2014), although of these only Map and EspF have a biochemically 

confirmed N-terminal mitochondrial localisation signal. Previously the aEPEC EspS homologue 

Ibe was observed at the base of pedestals and is membrane-associated (Buss et al., 2009). The 

persistent insolubility of EspSCR may indicate that EspSCR is also membrane-associated, but with 

mitochondrial membranes where it can interact with TRIAP1. 

 

TRIAP1 is a 67 aa cell survival factor with several functions for EspSCR to exploit. In the inner 

mitochondrial space, TRIAP1 associates with PRELI and PRELID3b to transport phosphatidic 

acid (PA) and phosphatidylserine, respectively, across the outer mitochondrial membrane 

(Miliara et al., 2019). PA is a precursor for CL synthesis, which in turn prevents the release of 

cytochrome c from the inner membrane space to the cytosol (Potting et al., 2013). TRIAP1 also 

interacts with APAF1 via HSP70, precluding apoptosome complex formation with cytochrome 

c and pro-caspase-9 to incite intrinsic apoptosis (Park and Nakamura, 2005). Lastly, TRIAP1 

suppresses p21 expression, resulting in increased cell cycle progression (Andrysik et al., 2013). 

TRIAP1 is proposed to interact with its binding partners via a conserved hydrophobic strip of 

aromatic residues (Miliara et al., 2015, 2019); it is unknown if the EspSCR:TRIAP1 interaction also 

occurs via this surface and therefore prevents TRIAP1 from interacting with its native partners. 

 

Colonic crypt hyperplasia is significantly exaggerated in the absence of EspSCR (Connolly et al., 

2018). It is conceivable that during WT C. rodentium infection, the EspSCR:TRIAP1 interaction 

prohibits TRIAP1-dependent p21 expression and therefore supresses augmented hyperplasia. 

This is comparable to the incidence of TRIAP1 overexpression in cancers through loss of 

inhibitory miRNAs (Felix et al., 2009; Fook-Alves et al., 2016; Ketteler et al., 2019; Li et al., 2016; 

Liu et al., 2017a; Luo et al., 2019; Ming et al., 2019; Shen et al., 2018; Siu et al., 2014; Zhang et 

al., 2019), making TRIAP1 a desirable drug target (Adams et al., 2015; Luo et al., 2019; Zhang, 

2019). Conversely, as there is no significant difference in the relative abundance of CL between 



112 

 

C. rodentium WT and ΔespS-infected enterocytes, the EspSCR:TRIAP1 interaction may not 

preclude TRIAP1:PRELI interacting, and therefore PA import is unaffected. The final scenario is 

one in which EspS does not affect TRIAP1 function at all, but EspS simply binds TRIAP1 to 

anchor itself in the mitochondrial network and exert its activity on another target protein. 
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Chapter 4 

New roles for old effectors 
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4 New roles for old effectors 
 

4.1 Introduction 

T3 effector biology is typically conducted in a ‘bottom-up’ fashion as exemplified in §3, where 

research begins with a DNA or protein sequence and ends with a validated phenotype. 

However, a ‘top-down’ approach offers the promise of a validated phenotype from the outset. 

As such, the scope of this work was broadened to investigate alternative functions for 

characterised effectors in established paradigms of EPEC infection. Recently, the use of various 

inhibitors facilitated the identification two distinct phases of EPEC-induced cell death in human 

macrophages: pyroptosis, followed by necroptosis (P. Goddard, unpublished). 

 

The interaction between EPEC and macrophages in vivo is poorly understood. In murine 

models of septic EPEC infection, peritoneal macrophages are responsible for the production 

of anti-O127 antibodies that facilitate capture by liver-resident Kuppfer cells (Zeng et al., 2018), 

indicating that macrophages can interact with bloodborne EPEC. This is not the usual route of 

EPEC infection, but is clinically relevant in patients with post-operative sepsis (Sampaio et al., 

2014). From a more fundamental standpoint, EPEC is extensively documented to inhibit several 

modes of phagocytosis (Celli et al., 2001; Goosney et al., 1999), which could represent a 

mechanism to counteract its exposure to macrophages during infection. Indeed, several 

effectors are implicated in the inhibition of phagocytosis: EspF in its capacity as an inhibitor of 

PI3 kinase signalling (Quitard et al., 2006); EspG, an Arf scaffolding protein (Humphreys et al., 

2016); EspH, a Rho GEF inhibitor (Dong et al., 2010), and EspJ, an ADP-ribosyl transferase 

(Marchès et al., 2008; Pollard et al., 2016). These T3SS-dependent roles in macrophages are 

further exemplified by the ability of the T3SS pore component EspB to induce cell lysis through 

an unknown mechanism in THP1 macrophages but not in HeLa, T84 or undifferentiated U-937 

cells (Baumann et al., 2018), as well as by the EspB-dependent resistance of phagocytosis via 

its binding to myosin family proteins recruited to the phagocytic cup (Iizumi et al., 2007).  

 

Macrophages and other immune cells are recruited to the cite of infection where they 

recognise PAMPs via their PRRs (Broz and Monack, 2013; Takeuchi and Akira, 2010). PAMPs 

from A/E pathogens can activate several PRRs; for example, NLRP3 via EHEC enterohaemolysin 
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and Stx (Cheng et al., 2015; Lee et al., 2015; Platnich et al., 2018) as well as via bacteria-derived 

RNA:DNA hybrids (Kailasan Vanaja et al., 2014), and NLRC4 via recognition of the T3SS inner 

rod protein EscI and the non-LEE T3SS (ETT2) inner rod and needle proteins EprI and EprJ (Miao 

et al., 2010b; Wu et al., 2019; Yang et al., 2015; Zhao et al., 2011). Indeed, mice lacking NLRP3 

or NLRC4 suffer increased bacterial burden and exaggerated pathology in response to 

C. rodentium (Liu et al., 2012; Nordlander et al., 2014). As such, the A/E pathogens have evolved 

mechanisms to mitigate PRR signalling leading to inflammasome activation including 

diversification of the T3SS needle protein EscF to evade NLRC4 recognition (Yang et al., 2015), 

translocation of effectors such as NleA/EspI to impair deubiquitylation of NLRP3 and inhibit 

inflammasome assembly (Yen et al., 2015), and NleF expression to inhibit caspase-4 activation 

and block the secretion of IL-18 that would promote further immune cell recruitment (Pallett 

et al., 2017; Song et al., 2017). 

 

It was recently reported that infection with EPEC E2348/69 (E69) causes rapid NLRP3-

dependent pyroptosis in THP1 macrophages and human monocyte-derived macrophages 

(MDMs), but only when primed in DMEM to incite T3SS expression (Goddard et al., 2019). E69 

ΔescF, Δtir and TirY454A/Y474A (TirAA) fail to induce pyroptosis, implicating the ability of 

translocated Tir to polymerise actin in this mode of cell death. A further requirement for 

pyroptosis was the concurrent recognition of E. coli-derived LPS by caspase-4. The resultant 

host signalling began with caspase-4 activation and initial GSDMD cleavage, followed by 

activation of the ASC-NLRP3 inflammasome triggered by GSDMD-mediated pore formation 

and potassium efflux. NLRP3 stimulation led to caspase-1 activation, further GSDMD cleavage 

and rapid pyroptotic cell death release of mature inflammatory cytokines IL-18 and IL-1β 

(Schematic 9). 
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Additionally, unpublished research by Goddard et al. revealed a second stage of T3SS-

dependent cell death. Through knockdown and inhibition of mammalian cell death machinery 

expressed by THP1s (i.e., MLKL, RIPK1), Goddard et al. demonstrated this late-stage death was 

necroptosis, but had yet to define which effector protein, if any, was responsible for this 

phenotype. Several aims were therefore formulated: 

1. Investigate the conservation of the mechanism of Tir-driven pyroptosis among EPEC 
isolates. 

2. Identify host- and bacterial-driven regulation of Tir-induced pyroptosis. 
3. Identify candidate effectors for necroptotic cell death.  

Schematic 9 | Actin polymerisation by EPEC Tir stimulates atypical non-canonical 
inflammasome activation and pyroptosis 
1 EPEC forms pedestals on human macrophages as they are phagocytosed. EPEC LPS is 
liberated and recognised by cytoplasmic caspase-4. 2 Caspase-4 activation leads to gasdermin 
D (GSDMD) cleavage and NLRP3 stimulation, likely via formation of GSDMD pores in the cell 
membrane and subsequent loss of intracellular potassium ions. 3 NLRP3 and ASC association 
via PYRIN domain (PYD)-PYD interactions. ASC binding to caspase-1 via their respective 
caspase recruitment domains (CARDs) completes inflammasome assembly, promoting 
autoproteolytic cleavage of caspase-1 in a proximity-dependent manner. Liberation of active 
caspase-1 facilitates further cleavage of GSDMD, as well as pro-inflammatory cytokines pro-
IL-18 and pro-IL-1β. 4 The mature cytokines are released to the extracellular space via the 
GSDMD pore. 
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4.2 Results 

4.2.1 Factors regulating Tir-induced pyroptosis 

4.2.1.1 EPEC E69 induces cell membrane permeability in a T3- and Tir-dependent manner 

Following infection of human macrophages, Goddard et al. report rapid and atypical activation 

of the non-canonical inflammasome mediated by Tir-driven actin polymerisation (Goddard et 

al., 2019); §4.2.1.1 aimed to reproduce the phenomena reported. ‘Priming’ of A/E pathogens 

by subculturing in DMEM is known to induces expression of the T3SS and related proteins 

(Abe et al., 2002). While it is reported that E. coli K12, unprimed pathogenic E. coli and 

unprimed C. rodentium induce LPS-driven death at 16 h p.i. (Rathinam et al., 2012), the 

contribution of the T3SS to macrophage cell death remained unexplored. During pyroptosis, 

membrane permeabilisation occurs as a result of the insertion of the oligomerised N-terminal 

domain of GSDMD into the host cell membrane to form a pore (Mulvihill et al., 2018), 

facilitating the uptake of PI and the release of LDH. Therefore, to confirm the contribution of 

the T3SS to cell death, THP1 macrophages were infected with E69 and the uptake of PI was 

monitored over time. PI uptake is significantly increased beyond 1 h 20 mins of WT E69 

infection, reaching 41.24% PI uptake at 16 h p.i. compared to 29.16% for uninfected (UI) cells. 

Conversely, DMEM-primed E69 induces marked PI uptake within the first 4 h of infection 

(Figure 4.1A). As an appreciable level of background signal is emitted by untreated THP1s over 

time, all further data is normalised to uninfected control cells. The T3SS-dependence of 

increased PI uptake was verified with the E69 T3SS-deficient mutant ΔescF, which lacks the 

Figure 4.1 | Real-time PI uptake of E69-infected THP1s 
PI uptake measured in THP1 macrophages infected with A E69 (n=10) or B E69 and the T3SS-
deficient ΔescF (n=5). * = p < 0.05. Significance was calculated by 2-way ANOVA with two-
stage linear step-up procedure of Benjamini, Krieger and Yekutieli correction for multiple 
comparisons by controlling the false discovery rate (FDR) in A and a ratio paired t-test in B. 
Shaded area represents SEM (n=5). 

Figure 4.1 | Real-time PI uptake of E69-infected THP1s
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T3SS needle protein and is unable to secrete effectors or incite PI uptake; comparison of the 

area under the curve after 5 h of infection with E69 or E69 ΔescF reveals a significant difference 

in PI uptake (Figure 4.1B). 

 

E69 secretes 23 known effectors via the T3SS, beginning with Tir (Wang et al., 2008). In 

agreement with Goddard et al., a Δtir deletion mutant fails to induce pyroptosis as measured 

by PI uptake, while complementation of E69 Δtir with IPTG-inducible TirE69 stimulated an 

exaggerated phenotype due to excessive Tir production (Figure 4.2A). Upon insertion into the 

host membrane and interaction with intimin on the surface of E69, Tir clusters undergo 

phosphorylation by host kinases, recruiting the adaptor protein N-WASP to facilitate localised 

actin polymerisation (Lai et al., 2013). To confirm that the Tir:intimin interaction and 

subsequent actin polymerisation is required for membrane pore formation as reported, THP1 

cells were infected with an E69 intimin-deficient strain (E69 Δeae) and E69 in which Tir Tyr454 

and Tyr474 are replaced with Ala and are therefore unable to initiate actin polymerisation 

(TirAA) (Wong et al., 2012a). As expected, WT E69 induces significantly more membrane 

damage than any mutant strain (Figure 4.2B and C). Notably, both E69 Δeae and E69 TirAA are 

significantly less attenuated than E69 Δtir, indicating a subtle Tir toxicity that is independent 

Figure 4.2 | Real-time PI uptake in THP1s 
infected with E69 Tir mutant strains 
PI uptake by THP1s infected with A E69 and E69 Δtir 
± pSA10-TirE69 with 1 mM IPTG induction 
(+ pTir), B an intimin deletion mutant (Δeae) or Δtir 
chromosomally complemented with TirY454A/Y474A 
(TirAA). C Quantification of the area under each 
curve; significance tested by Brown-Forsythe and 
Welch ANOVA with Benjamini, Krieger and Yekutieli 
FDR correction. Shaded area represents SEM (n=5) 
* = p < 0.05; **** = p < 0.0001. 
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of its signalling role. Together, these observations confirm both the toxicity of Tir and the 

necessity for the Tir:intimin interaction and subsequent actin polymerisation in inducing 

membrane damage. 

 

4.2.1.2 Tir-driven stimulation of pyroptosis is modulated by EspZ 

Overstimulation of the inflammasome promotes excessive release of pro-inflammatory 

cytokines, which is not beneficial to the pathogen. Paradoxically, atypical NLRP3 activation by 

E69 effectively amplifies the non-canonical inflammasome pathway, requiring both caspase-4 

and caspase-1 activation for pyroptosis (Goddard et al., 2019). It is not clear why LPS-driven 

activation of caspase-4 alone is insufficient for pyroptosis during E69 infection, therefore 

factors governing Tir-induced pyroptosis were next sought. Recently, Rühl et al. demonstrated 

mouse BMDMs are able to repair around 10% of GSDMD-damaged membranes by recruiting 

the Ca2+-dependent endosomal sorting complex required for transport (ESCRT) ESCRT-0 and 

-III (Rühl et al., 2018), and that this repair can be abolished by chelating Ca2+. To ascertain 

whether THP1s are also capable of repairing GSDMD-damaged membranes upon EPEC 

infection, EPEC-infected THP1s were supplemented with increasing concentrations of the Ca2+ 

chelator EDTA and monitored for membrane damage. Pre-treatment of THP1s with EDTA had 

no significant effect on E69 infection, as demonstrated by their statistically indistinguishable 

PI uptake (Figure 4.3A, upper panel). Although Rühl et al. report a similar trend in LDH release 

at the tested EDTA concentrations, this did not reach statistical significance in a human 

macrophage system (Figure 4.3A, lower panel). To ascertain whether THP1s were indeed 

capable of Ca2+-dependent repair of GSDMD-induced membrane damage, LPS was 

transfected to activate the non-canonical inflammasome and EDTA was supplemented. Like 

during E69 infection, LPS-driven GSDMD pore formation was unaffected by the addition of 

EDTA (Figure 4.3B). Altogether, host driven Ca2+-dependent membrane repair does not 

significantly regulate E69-induced pyroptosis. 
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If not host-driven, limitation of pyroptosis could be conferred by E69 itself. We and others 

have previously demonstrated the LEE-encoded effector EspZ limits EPEC/EHEC effector-

induced cytotoxicity by restricting T3-dependent translocation (Berger et al., 2012; Deng et al., 

2015). To test whether Tir-induced cell death is modulated by EspZ, THP1 macrophages were 

infected with the following modified E69 strains (Cepeda-Molero et al., 2017): EPEC 0 (an 

engineered E69 derivative devoid of all known effectors), EPEC 1 (only expressing Tir) and EPEC 

2 (only expressing Tir and EspZ). To demonstrate the presence of Tir in these strains and 

confirm that the presence of EspZ does not affect Tir expression, EPEC 0 and 1 were 

transformed with empty plasmid (pSA10) or a plasmid encoding IPTG-inducible EspZ (pSA10-

EspZ), and bacterial lysates were probed with an anti-Tir antibody (Figure 4.4A). Upon THP1 

infection, EPEC 0 causes significantly less cell death than its parent strain E69 at 5 h p.i. owing 

to its lack of Tir (Figure 4.4B). EPEC 1, which can translocate unregulated quantities of Tir, 

affects membrane integrity to a similar degree than that of positive control THP1s treated with 

the detergent Triton-X-100. EPEC 2 reduces Tir-induced death to significantly below WT levels 

(Figure 4.4C). Together, these observations implicate the translocation of EspZ in regulating 

cell permeability. 

Figure 4.3 | Contribution of Ca2+ membrane repair to GSDMD-induced damage 
Real time PI uptake (top) and LDH release (bottom) of A THP1s infected with E69 or B THP1s
transfected with 5 μg/ml LPS under increasing concentrations of EDTA. For clarity, error bars 
are omitted on upper panels; error bars on bottom panels represent SEM (n=4). 
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Berger et al. demonstrate that upon transfection, EspZ localises to the plasma membrane, 

where it further blocks multiple waves of infection (Berger et al., 2012). To ascertain whether 

EspZ insertion into the host membrane prevents an aspect of GSDMD pore formation, THP1 

cells were pre-incubated with LPS to induce expression of pyroptotic cell machinery infected 

with EPEC 2 for 4 h to allow EspZ insertion, and treated with nigericin to induce pyroptosis. 

Total LDH release was quantified at 5 h p.i. as a measure of cell lysis. As before, EPEC 2 prevents 

Tir-induced cell lysis, but pre-infection with EPEC 2 does not protect cells from nigericin-

induced pyroptosis (Figure 4.5). As such, EspZ modulates Tir-driven cell death by 

downregulating Tir translocation. 

  

Figure 4.4 | Infection of THP1s with EPEC 0, 
1 and 2 
A Immunoblot of EPEC 0, 1 and 2 cell lysates. 
B Real-time PI uptake of THP1s infected with 
WT E69 or EPEC 0, 1 or 2. C Endpoint PI uptake 
measurements of infected THP1s. Results of an 
RM one-way ANOVA with two-stage linear 
step-up procedure of Benjamini, Krieger and 
Yekutieli correction for false discovery is 
applied. ** = p < 0.01 Error bars represent SEM. 
(n=4) 
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4.2.1.3 Investigating TccP as a modulator of pyroptosis. 

EPEC isolates encode different combinations of host-targeted Tir tyrosine residues and TccP 

to mediate actin polymerisation in host cells (Figure 4.6A). Goddard et al. demonstrate that 

the NLRP3 inflammasome assembles in response to both Nck-dependent and Nck-

independent modes of actin-polymerisation by Tir. Additionally, while TirEHEC alone is unable 

to complement E69 Δtir, full non-canonical inflammasome activation is restored when E69 Δtir 

is provided with TirEHEC and TccPEHEC (Goddard et al., 2019), suggesting the activation signal for 

inflammasome assembly lies downstream of N-WASP/ARP2/3. However, as EPEC and EHEC 

isolates express different combinations of TccP and intimin, further assessment the 

contribution of unique intimin:effector repertoires to polymerise actin and induce membrane 

permeability was undertaken. THP1 cells were therefore infected with E69 as well as B171 and 

E11 and assayed for PI uptake as before.  Despite equivalent MOIs, E11 induced significantly 

more membrane permeability than E69 (Figure 4.6B). Surprisingly, PI uptake in B171-infected 

THP1s, which is theoretically able to induce actin polymerisation via host machinery and TccP2, 

was reduced compared to E69, which lacks TccP altogether. These findings suggest that 

although EPEC strains differ significantly in their ability to induce membrane damage, the 

presence of TccP is not the determining factor for this disparity. 

Figure 4.5 | Infection of pyroptotic 
THP1s with EspZ-expressing EPEC 
Quantification of THP1 cell lysis following 
infection with EPEC 0, 1 or 2 ± LPS and 
nigericin treatment via LDH release. Cells 
were infected with EPEC strains 30 mins 
prior to nigericin challenge to allow EspZ 
delivery. Significance tested by Brown-
Forsythe and Welch ANOVA with two-
stage linear step-up procedure of 
Benjamini, Krieger and Yekutieli correction
for false discovery. 
* = p > 0.05. Error bars represent SEM. 
(n=4) 
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Given the rapid and exaggerated E11-induced membrane permeability, we next sought to 

confirm whether this was also pyroptotic and T3SS-dependent, like E69. To this end, THP1s 

were infected with E11 and E11 ΔescN, which does not encode the T3SS ATPase and therefore 

does not assemble the T3SS fully or secrete effectors. Like E69, E11 without a functional 

secretion system is attenuated in its ability to induce membrane permeability (Figure 4.7), 

confirming the importance of the T3SS across strains. 

 

Figure 4.6 | Infection of THP1s with EPEC strains with differing TccP expression 
Real time PI uptake by THP1 cells following infection with EPEC E69, E11 or B171. Total area 
under the curve is quantified on the right. significance tested by Brown-Forsythe and Welch 
ANOVA with Benjamini, Krieger and Yekutieli FDR correction. Shaded area and error bars 
represent SEM. * = p < 0.05; *** = p < 0.0002. (n=6). 

Figure 4.7 | The T3SS is required for E11-induced cell death 
Real time PI uptake by THP1 cells following infection with EPEC E11 or its T3SS-null ΔescN 
derivative. Total area under the curve is quantified on the right. Significance tested by Welch’s 
unpaired t-test. ****= p < 0.0001. Shaded area and error bars represent SEM (n=4). 



124 
 

To ascertain whether E11-induced death is NLRP3 and caspase-dependent, THP1 cells were 

pre-treated with MCC950 to prevent NLRP3 inflammasome formation, the irreversible pan-

caspase inhibitor zVAD to prevent caspase activation, or dimethylsulphoxide (DMSO) as a 

vehicle control and infected with E11 for 5 h as before. Cells pre-treated with either inhibitor 

maintained significantly more membrane integrity than DMSO infected cells (Figure 4.8) 

although surprisingly DMSO itself exhibits a significant protective effect. This demonstrates 

that E11, like E69, induces cell death that proceeds via NLRP3 and caspase activation. 

4.2.1.4 Investigating EspT as a modulator of pyroptosis 

E11 induces significantly more T3SS-dependent inflammasome activation and subsequent cell 

death than E69 during 5 h of infection. E69 encodes 21 effector proteins, 19 fewer than E11 

(Iguchi et al., 2009), leading to the hypothesis that an effector present in E11 but not E69 could 

be responsible for increased cell death. EspT is a rare Rho GEF present in 0.54% of pathogenic 

E. coli strains and around 1.8% of EPEC strains, most notably in E11 (Arbeloa et al., 2009; Hazen 

and Rasko, 2019). Previous research demonstrated EspT-dependent invasion of non-

phagocytic cells through membrane ruffling and the subsequent formation of intracellular 

actin pedestals (Bulgin et al., 2009a, 2009b). To investigate whether EspT is responsible for the 

increased pyroptotic death observed with E11, THP1s were infected with E11 or an E11 ΔespT 

strain and assayed for PI uptake. While the absence of EspT during E11 infection does reduce 

Figure 4.8 | NLRP3 and caspases are required for E11-induced cell death 
Real-time PI uptake by THP1 cells following pre-treatment with the NLRP3-specific inhibitor
MCC950 or the pan-caspase inhibitor zVAD-FMK and infection with EPEC E11. Total area under 
the curve is quantified on the right. Significance tested by one-way ANOVA with Benjamini,
Krieger and Yekutieli FDR correction. *** = p < 0.001; **** = p < 0.0001. Shaded area and error
bars represent SEM (n=3). 
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PI uptake, this did not reach statistical significance under these conditions (Figure 4.9A). 

Additionally, PI uptake in THP1s infected with E69 non-natively expressing EspT was not 

significantly different to cells infected with E69 carrying an empty plasmid (Figure 4.9B). 

Together, these data do not support a role for EspT in the exaggerated pyroptosis observed 

in E11 infection. 

4.2.2 EPEC induces a second phase of necrotic cell death 

Further to the pyroptotic cell death pathway described by Goddard et al., a second phase of 

GSDMD-independent cell death can be observed in EPEC-infected macrophages (P. Goddard, 

unpublished). In addition to pyroptosis, macrophages are also capable of undergoing 

necroptosis, a GSDMD-independent, caspase-independent inflammatory form of lytic cell 

death. To ascertain whether EPEC induces necroptosis, macrophages were infected with EPEC 

treated with Nec1, which inhibits RIPK1 (Degterev et al., 2005), or Nec1 in combination with 

zVAD, which additionally inhibits caspases. This was performed in a THP1GSDMDmiR line, wherein 

GSDMD is silenced with a specific miRNA. GSDMD silencing removes the contribution of earlier 

pyroptotic death signalling. Both Nec1 and Nec1 + zVAD treatment significantly reduced E69-

Figure 4.9 | The effect of EspT translocation 
on pyroptosis 
A Real time PI uptake by THP1 cells infected 
with E11 ± EspT, with quantification of the total 
area under the curve (right). B PI uptake by 
THP1 cells at 5 h p.i. with E69 expressing an HA 
tag or EspT. Significance tested by Welch’s 
unpaired t-test. n.s.: non-significant Shaded 
areas and error bars represent SEM (n=3).  
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induced PI uptake (Figure 4.10A), indicating that the lytic cell death observed is necroptosis. 

Several effectors are documented to target the necroptotic machinery (§1.5.3). GSDMD-

deficient macrophages were therefore infected with our in-house library of E69 T3SS and 

effector mutants to ascertain which, if any, effectors were implicated in necroptosis. Although 

clear differences in the level of PI can be observed with each infection condition (Figure 4.10B), 

no condition reached statistical significance by 1-way ANOVA with FDR correction due to the 

high variation between biological repeats. 

 

As this is a preliminary screen with clear biological implications of removing T3 virulence 

proteins, the stringency of statistical testing was reduced. Using unpaired t-tests, at 17.5 h 

post-treatment, the addition of Necrostatin-1 (Nec1) ± zVAD maintained its statistical 

significance, and both T3SS mutants E69 ΔescN and E69 ΔescF induced significantly less 

necroptosis than WT at the end of the infection (Figure 4.11A), exhibiting a clear defect 

throughout the infection timecourse (Figure 4.11B). 

Figure 4.10 | E69 induces necroptosis 
at late stages of infection 
Endpoint measurement of PI uptake by 
THP1GSDMDmiR cells infected with E69 for 
17.5 h. Cells were pretreated with 
Necrostatin-1 (Nec1) ± pan-caspase 
inhibitor zVAD-FMK. Significance tested 
by RM one-way ANOVA with Benjamini, 
Krieger and Yekutieli correction for 
multiple comparisons. * = p < 0.05. Error 
bars represent SEM (n=3). 
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Expanding this analysis to the remaining E69 effector deletion mutants, only one effector was 

significantly defective for the induction of necroptosis, though three other effectors (NleC, 

EspH and EspZ) were borderline. Deletion of NleG reduces the mean PI uptake of E69-induced 

necroptosis from 18.3% to 3.3% (Figure 4.12). However, when this was repeated using LDH 

release as a monitor of lytic cell death, neither E69 ΔnleG nor its complementation induced 

significantly different lysis to WT E69 (not shown). Together, these results indicate E69 uses 

the T3SS to induce necroptosis in human macrophages, but crucially, this process is probably 

mediated by more than one effector, or an uncharacterised effector. 

Figure 4.11 | The T3SS is required for late-stage necroptosis 
Endpoint (A) and real-time (B) PI uptake by THP1GSDMDmiR cells infected with E69 and two
independent T3SS-null mutant derivatives, ΔescN and ΔescF. Significance tested by unpaired
two-tailed t-test. * = p < 0.05. (n=3) 

Figure 4.12 | Cell death following 17.5 h 
infection with E69 ΔnleG 
Endpoint PI uptake by THP1GSDMDmiR cells 
infected with E69 and its ΔnleG derivative. 
Significance tested by unpaired two-tailed 
t-test. * = p < 0.05 (n=3). 
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4.3 Discussion 

With advances in our understanding of cell biology and its subversion upon infection, 

previously characterised effectors are newly implicated in novel processes. It was recently 

demonstrated that the key LEE-encoded effector Tir is responsible for inducing rapid actin 

polymerisation dependent NLRP3-driven pyroptosis (Goddard et al., 2019), in addition to its 

other roles in the intimate attachment between pathogen and host (Kenny et al., 1997), 

colonisation (Deng et al., 2003), providing a signalling platform for actin rearrangement 

(Crepin et al., 2010), and inhibition of pro-inflammatory signalling (Ruchaud-Sparagano et al., 

2011; Yan et al., 2012). As the interplay between effectors determines the success of A/E 

pathogenesis, this chapter sought to identify other effectors implicated in pyroptotic and 

necroptotic cell death. 

 

Consistent with Goddard et al., EPEC induces rapid lytic cell death in THP1 macrophages that 

is diminished by the genetic manipulation of EPEC’s actin-polymerisation factors: the deletion 

of Tir or intimin, and replacement of the phosphorylated Tyr residues in Tir with Ala (Wong et 

al., 2012a). Interestingly, removal of intimin and mutagenesis of Tir’s phosphorylation sites 

reduces, but did not completely abolish, EPEC-induced cell death. This could indicate more 

subtle Tir toxicity that is uncorrelated to its role in actin polymerisation, and that can also be 

observed during infection of colonic epithelial cancer cell lines (Qiyun Zhong, unpublished 

data). Deletion of intimin also affects EPEC’s ability to associate closely with the target cell, but 

this does not play a major role in macrophage infection as the intimin deletion mutant induces 

significantly more death than deletion of Tir alone. This could indicate that the rate-limiting 

step in EPEC-driven pyroptosis is the access of caspase-4 to EPEC LPS upon phagocytosis, and 

that the activity of Tir amplifies and accelerates this pyroptotic signalling. 

 

Actin polymerisation is clearly necessary for efficient activation of the rapid pyroptotic cell 

death. It is conceivable that cytoskeletal remodelling itself is recognised by the host. For 

example, manipulation of Rho family GTPases by Shigella spp. and S. Typhimurium effectors is 

recognised by NOD1, and other toxin-based perturbations of RhoA, B and C are recognised 

by the Pyrin inflammasome (Mostowy and Shenoy, 2015). Indeed, there are many reports of 

co-regulation between actin and NLRP3 inflammasome components. Both NLRP3 and ASC can 
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colocalise with actin upon sterile inflammasome activation (Burger et al., 2016; Waite et al., 

2009), although polymerised F-actin appears to supress pyroptotic IL-1β maturation (Burger 

et al., 2016). Additionally, caspase-11 modulates actin polymerisation to promote cell 

migration (Li et al., 2007), facilitates phagolysosomal fusion (Akhter et al., 2012) and enhances 

bacterial clearance (Caution et al., 2015). Indeed, NLRP3, ASC and caspase-11 can complex 

with the actin remodelling protein Flightless I to promote cortical co-localisation of actin in 

HeLa and COS cells, partially inhibiting caspase-1 and -11 in doing so (Burger et al., 2016; Li et 

al., 2008). Moreover, the caspase-recruitment domain (CARD) in caspase-11 can bind actin-

related proteins Aip1 and WD40 (Li et al., 2007) as well as its traditional target, LPS. 

Competition for the caspase-11 CARD domain between LPS and actin-regulatory proteins may 

preclude simultaneous binding. Delineating the mechanism by which Tir signalling enhances 

non-canonical inflammasome activation may therefore represent a novel paradigm in the way 

inflammasome components respond to actin. 

 

It is important for both the host and the bacterium to strike a balance between immune 

activation and tissue preservation. This is exemplified in so-called hyperactive immune cells, 

wherein GSDMD pore formation is limited so that cells remain viable enough to use the pore 

as a conduit for pro-inflammatory cytokine secretion (Evavold et al., 2017; Heilig et al., 2018). 

This is key, as prolonged cytokine secretion from live cells can aid clearance of infection both 

by promoting immune cell recruitment and priming T-helper type I (TH1) cells, whereas cells 

that have died from pyroptosis, releasing a large burst of pro-inflammatory cytokines, are poor 

TH1 stimulators and instead contribute to localised tissue damage (Evavold and Kagan, 2018). 

In addition to the dampening of pyroptosis by F-actin seen in human macrophages (Burger et 

al., 2016), mouse macrophages specifically excise GSDMD-damaged membranes to repair 

themselves (Rühl et al., 2018). Similarly, bacteria must limit cytokine secretion to evade 

elimination by immune cells. E69 already employs a roster of effectors that theoretically inhibit 

pyroptotic signalling in macrophages (Sanchez-Garrido et al., under revision): NleF to limit 

caspase-4 cleavage (Pallett et al., 2017); a group of effectors to limit phagocytosis (§4.1), and 

NleA to prevent NLRP3 activation (Yen et al., 2015). However, despite these effectors, the 

activation of NLRP3 by Tir-dependent actin polymerisation prevails (Goddard et al., 2019). A 

further restraint on pyroptosis is EspZ, as demonstrated herein. EspZ renders cells refractory 

to effector translocation, in a manner dependent on its insertion into the host membrane 
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(Berger et al., 2012). By deleting all known non-Tir effectors in EPEC 1 and 2 (Cepeda-Molero 

et al., 2017), we can conclude that EspZ specifically limits Tir translocation in the context of 

E69-driven pyroptosis. 

 

EPEC isolates differ in their ability to induce pathology, and this is reflected in their ability to 

induce cell death, as shown with E69, B171 and E11 in this work. E11 is notorious for its high 

infection rate (Viljanen et al., 1990), but despite whole-genome sequencing efforts, the secret 

behind E11’s success remains elusive (Hazen and Rasko, 2019). One defining factor of E11 is 

the expression of EspT, (Bulgin et al., 2009b), but it is unknown whether EspT-induced 

membrane ruffling or phagocytosis plays a role in the infection of phagocytic cells. Although 

it is conceivable that an isolate with two independent mechanisms of entry would more 

efficiently present LPS to caspase-4, neither deletion of EspT from E11 or exogenous 

expression of EspT from E69 support this hypothesis.  

 

It has previously been argued that necroptotic cell death is simply a molecular back-up option 

for when apoptotic cell death fails, although the number of A/E effectors that specifically 

inhibit necroptosis suggests the host necroptotic response is detrimental to pathogen survival 

(Pearson and Murphy, 2017; Peltzer and Walczak, 2019). We have previously demonstrated 

T3SS-dependent E69-driven necroptosis, confirmed by inhibition of RIPK1 and caspase-8 by 

Nec1 and zVAD respectively, knockdown of host necroptotic factors MLKL and RIPK3 and 

deletion of E69 EscF (P. Goddard et al., unpublished). While this was successfully recapitulated, 

the variability between infections with the in-house repertoire of effector deletion mutants 

hampered identification of the responsible effector protein, if indeed there is only one effector 

involved. NleG was the most promising candidate from initial screening. The NleG family of 

effectors are E3 ubiquitin ligases (Wu et al., 2010), of which there can be over a dozen NleG-

like proteins encoded in a single A/E isolate. Conveniently, E69 only encodes one NleG, whose 

target during infection has yet to be identified. Several aspects of the necroptotic pathway are 

regulated by ubiquitination (Berghe et al., 2014; Silke et al., 2015). For example, RIPK1 is 

continually ubiquitylated by cellular inhibitor of apoptosis 1/2 (cIAP1/2) in the presence of 

caspase-8, leading to pro-inflammatory signalling. Conversely, cIAPs themselves can also be 

ubiquitylated for degradation, leading to necroptosis (Choi et al., 2019; Feoktistova et al., 2011; 

Tenev et al., 2011). Depending on the target of NleG, it is conceivable that a ubiquitin-ligase 
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deficient E69 infection could promote activation of the necroptotic pathway, however the 

phenotype reported in this work was neither reproducible nor able to be genetically 

complemented. 

 

Currently, deletion of single effectors was insufficient for a significant change in necroptosis. 

This was initially surprising, given the theoretical impact of effectors on necroptotic signalling 

pathways. For example, inhibition of caspase-8 by NleF (Pallett et al., 2014) should predispose 

TNF-stimulate cells towards necrosome formation. However, it is more likely that multiple 

effectors in concert may be responsible for the necroptotic death observed. This has previously 

been demonstrated in non-myeloid HT-29 cells: EspL can degrade RIPK1 and RIPK3 (Pearson 

et al., 2017), and NleB can inhibit TRADD activation by GlcNacylating the TRADD death domain, 

but only an espL/nleB double mutant impacts necroptosis (Pearson et al., 2013; Scott et al., 

2017). Additionally, a ΔespZ mutant approached significance in the effector screen; loss of EspZ 

during infection should result in uncontrolled effector translocation (Berger et al., 2012), 

therefore the presence of EspZ during WT infection may negatively regulate anti-necroptotic 

effector delivery. Finally, other E69-encoded virulence factors could contribute to necroptosis. 

EspC is a non-LEE-encoded serine protease that gains entry to host cells via the Type III 

translocon pore (Vidal and Navarro-García, 2008). Upon entry, EspC is able to induce an 

instrinsic apoptosis-like form of cell death by directly cleaving caspase-3 (Serapio-Palacios and 

Navarro-Garcia, 2016). Whether or not EspC could also target other caspases, such as caspase-

8, remains untested. Nevertheless, together these observations highlight the importance of 

effector synergy during infection. 
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Chapter 5 

Conclusions and Future Perspectives 
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5 Conclusions and future perspectives 
 

 

The A/E family of pathogens are an important causative agent of infectious diarrhoea in 

humans, and their success is determined by the translocation of T3SS effector proteins. Dozens 

of families of effector proteins have been identified in a range of bacterial species with T3SSs, 

all of which with subtle adaptations that underpin the success of their associated bacterium. 

The A/E pathogens in particular translocate effectors that largely manipulate three key aspects 

of mammalian biology: the inflammatory response, maintenance of cytoskeletal structure and 

programmed cell death ((Shenoy et al., 2018); §1). The identification and investigation of three 

previously uncharacterised effector proteins in this study, NleN, NleO and EspS, contributes to 

our understanding of the latter two processes during infection. 

 

The integrity and morphology of the actin cytoskeleton is a long-standing target of bacterial 

effectors (Navarro-Garcia et al., 2013). The elucidation of the C. rodentium GI11-encoded 

effector NleO as a Rac1-targeting putative cysteine protease is a surprising addition to the 

cytoskeleton-subverting arsenal, as it is not a WxxxE effector (Alto et al., 2006), and it exhibits 

no sequence or structural homology to any characterised T3 effector protein. Despite this, it is 

ubiquitous in human pathogenic E. coli isolates, warranting a more extensive investigation into 

its sequence prevalence and contribution to human disease severity. This is currently being 

undertaken in collaboration with the Sanger Centre (Cambridge, UK). Intriguingly, NleO 

cleaves Rac1 at an exclusive, yet undefined, site. The delineation and significance of this 

cleavage site is also under investigation in collaboration with the functional proteomics 

division at the Institute of Cancer Research (London, UK). The structural predictions of NleO 

guided the identification of its putative catalytic Cys residue, which is necessary for Rac1 

cleavage. However, the second suggested catalytic residue, His20, requires further study. 

Confirmation of the tertiary structure of NleO is currently being pursued in collaboration with 

the Diamond Institute (Oxford, UK). The revelation of the presumably unique catalytic 

mechanism for NleO-induced Rac1 cleavage will be an exciting addition to the catalogue of 

Rho-family targeting effectors (Aktories, 2011; Bulgin et al., 2010; Orchard and Alto, 2012). 
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The induction of cell rounding by bacterial toxins is by no means unique (Arbeloa et al., 2011; 

Dong et al., 2010; Morita-Ishihara et al., 2013; Sheahan and Fullner Satchell, 2007). However, 

the extent of cell rounding induced by NleO is particularly interesting as it results in both the 

loss of cytoskeletal ultrastructures but also visually resembles actin blebs. Actin blebs are 

largely facilitated through RhoA-ROCK signalling (Ikenouchi and Aoki, 2017), but whether 

NleO specifically targets Rac1, or a conserved cleavage site in other Rho-family GTPases is 

currently unknown. 

 

The inactivation of Rho GTPases by bacterial toxins has previously been reported to incite 

PYRIN inflammasome activation in monocytes (Schnappauf et al., 2019). PYRIN detects Rho 

inactivation through the depletion of the RhoA effectors PKN1 and 2, which normally 

phosphorylate PYRIN to maintain its inactivity through binding of the inhibitory 14-3-3 

adaptor (Gao et al., 2016; Park et al., 2016). With the exception of YopT discussed in §3, 

examples of PYRIN inflammasome activation are currently limited to RhoA inactivation by 

covalent modification (Chung et al., 2016; Medici et al., 2019; Ratner et al., 2016; Xu et al., 2014). 

As such, if Rac1 cleavage is detected, it could proceed via a unique mechanism. As this cell 

rounding phenomenon was observed in HeLas, which are epithelial cells that do not express 

PYRIN under the conditions used in this study, investigation of the immunological 

consequences of Rac1 cleavage in another cell line may provide an insight into the role of 

NleO in vivo. 

 

The subversion of actin dynamics by A/E pathogens is chiefly attributed to the key effector 

protein Tir (Lai et al., 2013), whose actin-polymerising ability was recently demonstrated to 

illicit NLRP3-dependent pyroptosis (Goddard et al., 2019). The toxicity of Tir can be partially 

quelled by EspZ, which limits Tir translocation (Berger et al., 2012), although other candidate 

effectors explored in §4 (EspT and TccP) did not appear to contribute as straightforwardly. This 

underscores the complexity of effector synergy and highlights the importance of investigating 

the function of effectors in the correct host and bacterial genetic background. Nevertheless, 

the functional relationship between actin perturbations and cell death resonates here too. It is 

conceivable that actin perturbations alone are sufficient to alert cytosolic sentinels. This was 

recently shown to be the case for the NLRC4 inflammasome during S. Typhimurium infection 
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(Kufer et al., 2019; Man et al., 2014), but the technical challenge of separating Tir localisation 

and signalling from the presence of LPS continues to preclude this line of investigation. 

 

During the investigation of Tir and EspS toxicity, it was noted that expression of the T3SS 

during infection was sufficient to cause a significant level of lytic cell death. Many effectors are 

implicated in the molecular modulation of apoptosis (Santos and Finlay, 2015; Wong Fok Lung 

et al., 2014), but the bona fide execution of apoptosis of C. rodentium-infected cells in culture 

has yet to be demonstrated. For example, it is reported that 5 h of C. rodentium infection 

causes 50% HeLa detachment (Hemrajani et al., 2010). True apoptosis, however, is defined as 

the activation of the executioner caspases-3/7 and 9, the subsequent cleavage of cellular 

proteins and the characteristic rounding and blebbing of cells (Galluzzi et al., 2018). This study 

delineated a form of caspase-independent C. rodentium-induced cell death in epithelial-like 

HeLa cells that had yet to be formally reported, after which no caspase-9 cleavage or PARP 

cleavage is detected. Consistently, there is no significant difference in the relative number of 

apoptotic cells in the colons of uninfected or infected C57Bl/6 mice. The synergistic action of 

pro- and anti-apoptotic effectors could explain why individual effector mutations do not 

perturb caspase-9 or PARP. Alternatively, as these proteins are among the last to be cleaved 

in apoptotic cascades, probing an upstream process that is unique to the intrinsic or extrinsic 

apoptotic pathways may reveal a subtler subversion by C. rodentium. As HeLa cells do not 

express RIPK3, this form of cell death is not caspase-independent necroptosis (He et al., 2009; 

Sai et al., 2019). Whatever the mode of cell death might be, the corresponding increase in PI 

uptake could be simply mediated by the lytic nature of the EspB/D T3SS pore (Ide et al., 2001; 

Litvak et al., 2017), as may also be the case for Tir-independent pyroptosis induced by EPEC 0 

in THP1s demonstrated in this study and in others (Baumann et al., 2018). 

 

Continuing the theme of cell death, investigation of a second novel family of A/E effectors, 

EspS, revealed its wide-spread distribution across the several enteric pathogens. Like NleO, 

EspS resembles a cysteine protease (Calder et al., 2014), but its toxicity is not conserved among 

EspS family members. EspS localises to the mitochondria where its C. rodentium representative 

is able to interact with the mitochondrial anti-apoptotic protein TRIAP1, though this does not 

directly impact apoptosis or lipid membrane composition in HeLa cells or murine IECs isolated 

after in vivo infection. The putative association of EspS with lipids rendered its overexpression 
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or purification unfeasible. To circumvent this issue, solubilisation conditions were identified 

that would allow the pulldown of tagged EspS and its host interacting partners during 

mammalian cell infection. Not only could this enable the confirmation of TRIAP1 as a target 

protein, it could also reveal other host interactors, providing key insights into EspS function. 

Additionally, conditions under which EspS could be overexpressed in mammalian cells were 

identified. Harnessing this technique on a larger scale could facilitate the EspSCR purification 

and crystallisation. Given that other effectors such as NleG remained uncharacterised until their 

structures were solved (Wu et al., 2010), this may be the only way to probe the biochemical 

function of EspS in vitro. However, caution must be taken with this approach, as structural 

resemblance to eukaryotic proteins or fellow effectors has previously misled the investigative 

efforts into other effector proteins (Germane et al., 2008). Nevertheless, EspS clearly plays a 

synergistic role with other anti-proliferative effectors in vivo, as its deletion from the 

C. rodentium genome increases intestinal pathology in a murine infection model (Connolly et 

al., 2018). 

 

Effector proteins exhibit fascinating diversity and specificity. Consequently, their study is 

warranted not only by their importance in bacterial pathogenesis. Effectors often demonstrate 

first-in-class functions, the characterisation of which broadens our understanding of protein 

biochemistry. Additionally, as effectors have witnessed the complexity of eukaryotic signalling 

cascades for considerably longer than modern researchers, they offer a unique insight into the 

breadth of capability of the mammalian cell. As such, effector biology is a continuing source 

of revelation and revelry. 
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