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Abstract Infection with enteropathogenic and enterohaemorrhagic Escherichia
coli (EPEC and EHEC), enteroinvasive E. coli (EIEC) and Shigella relies on the
elaboration of a type III secretion system (T3SS). Few strains also encode a second
T3SS, named ETT2. Through the integration of coordinated intracellular and
extracellular cues, the modular T3SS is assembled within the bacterial cell wall, as
well as the plasma membrane of the host cell. As such, the T3SS serves as a
conduit, allowing the chaperone-regulated translocation of effector proteins directly
into the host cytosol to subvert eukaryotic cell processes. Recent technological
advances revealed high structural resolution of the T3SS apparatus and how it could
be exploited to treat enteric disease. This chapter summarises the current knowledge
of the structure and function of the E. coli T3SSs.
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1 Introduction

A healthy gastrointestinal (GI) tract encounters 9 L of fluid per day but only 100-
200 ml of fluid is retained in the stools. Certain pathogenic microorganisms can
alter the movement of ions and water in the gut towards net secretion, resulting in
diarrhoea. With an estimated 2—4 billion incidents per year, acute diarrhoea is a
significant contributor to morbidity and mortality worldwide, posing an immense
burden on global health (Bern et al. 1992; Hodges and Gill 2010; Kosek et al. 2003;
Snyder and Merson 1982). In low- to middle-income countries, diarrhoea is esti-
mated to account for up to 760,000 infant deaths per annum (World Health
Organisation), placing infectious diarrhoea within the five most common causes of
death in children under the age of five (Liu et al. 2015).

Among bacterial agents of diarrhoeal disease, several pathotypes of Escherichia
coli, Salmonella spp., Shigella spp. and Yersinia spp. depend on a specialised
macromolecular syringe, the Type III Secretion System (T3SS), to cause disease.
Through the T3SS, Gram-negative bacteria deliver virulence factors—also named
‘effector proteins’—into host cells or bacterial competitors. The T3SS—also known
as the injectisome—spans the inner and outer bacterial membranes and punctures the
host plasma membrane like a syringe to translocate the effector proteins directly from
the bacteria into the cytosol of host enterocytes. This enables the pathogen to control
host cell signalling pathways, creating an environmental niche in which to thrive. In
some pathogenic strains of E. coli, the T3SS is responsible for the translocation of
over 25 effector proteins. The roles that these effector proteins play in pathogenesis
are discussed in chapter “Modulation of Host Cell Processes by T3SS Effectors”.

The term ‘Type Three Secretion System’ was coined in 1991 following the
observation that Yersinia ‘Yop’ proteins were translocated into host cells in a
general secretory pathway (Sec)-independent manner. Fewer than 10 years later, the
Salmonella T3SS was first visualised using negative staining and electron micro-
scopy (Kubori et al. 1998) soon followed by the E. coli T3SS (Sekiya et al. 2001).
This chapter presents the contribution of this remarkable nanomachine to the
pathogenesis of certain pathotypes of E. coli and reviews current knowledge on the
assembly, regulation, function and importance of the T3SS. Advances in studying
individual components and the impact of effector secretion on host cells have
revealed fascinating complexity and sophistication to this system, indicating that
our understanding of the injectisome during human infection is far from complete.

2 Enteric E. coli and the LEE-Encoded T3SS

Three currently defined pathotypes of E. coli rely on the T3SS and effector proteins
to infect the human gut: enteropathogenic E. coli (EPEC), Shiga toxin-producing
E. coli (STEC), of which enterohaemorrhagic E. coli (EHEC) is a subtype, and
enteroinvasive E. coli (EIEC) (Clements et al. 2011; Gaytan et al. 2016).
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Fig. 1 The EPEC Locus of Enterocyte Effacement (LEE). This genomic island is organised
into five main operons. It harbours all the necessary genes to assemble a functional T3SS, as well
as regulators and core effector proteins. Minor differences are found in the EHEC and C. rodentium
LEE

EPEC-induced diarrheoa primarily affects children under the age of 2 in
low-income countries (Chen and Frankel 2005), while EHEC is also capable of
causing haemorrhagic colitis and haemolytic uraemic syndrome in infected patients.
EIEC shares both its virulence mechanism and clinical symptoms with Shigella
spp., and it is believed that current EIEC strains represent an intermediate between
E. coli and Shigella spp. The majority of T3SS components and effectors of EIEC
and Shigella are encoded on the virulence plasmid pINV, while the injectisomes of
EPEC and EHEC along with chaperones, the adhesin intimin, core effector proteins,
a lytic transglycosilase and regulatory proteins are encoded within a genomic
pathogenicity island termed the Locus of Enterocyte Effacement (LEE) (Pallen et al.
2005). Additionally, typical EPEC strains carry the large virulence EPEC adherence
factor (EAF) plasmid, which encodes the bundle forming pilus (BFP) operon as
well as the plasmid-encoded regulator (Per) operon, encoding PerA, PerB and PerC,
which regulate LEE expression (Gomez-Duarte and Kaper 1995).

The LEE is essential for disease in these pathotypes and comprises 41 conserved
genes that allow the T3SS-dependent colonisation of mammalian hosts. Its low G
+C content (38% compared to 50% for the whole genome) suggests it was acquired
via horizontal gene transfer. LEE islands are also found in the closely related
species rabbit EPEC (REPEC), Escherichia albertii (Hyma et al. 2005) and
Citrobacter rodentium, with high degrees of similarity both in terms of gene
repertoire and organisation (Petty et al. 2011) (Fig. 1). The structural components
of the T3SS are encoded on operons LEE1, LEE2, LEE3 and LEE4, except EscD,
encoded on its own ORF. They have been demonstrated to be sufficient to assemble
a functional injectisome (Ruano-Gallego et al. 2015).

3 Regulation of T3SS Expression

Upon ingestion of contaminated food or water, acid resistance of the pathogens
facilitates the survival of the bacteria through the low pH of the stomach (Nguyen
and Sperandio 2012), and environmental signals throughout the intestine are sensed
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to gradually turn on the virulence factors of the pathogens (Connolly et al. 2015;
Furniss and Clements 2017). These signals include temperature (Umanski et al.
2002), host signals (De Nisco et al. 2018) and microbiota signals (Carlson-Banning
and Sperandio 2018).

At the site of infection, the host hormones adrenaline and noradrenaline and the
quorum-sensing molecules auto-inducers 2 and 3 are produced by the gastroin-
testinal cells and sensed by A/E pathogens to induce the expression of the T3SS
(Hughes and Sperandio 2008; Russell et al. 2007; Sperandio et al. 1999). The
interplay between the host and microbiome is of significant importance to protect
the intestine against infections, as A/E pathogens can sense and take advantage of
an unbalanced gut environment. For example, a diet that is poor in fibre causes
rapid microbiota-derived degradation of intestinal mucin and thus promotes both a
more oxygenic environment and the availability of by-products like the short fatty
acids succinate, butyrate and fucose (Desai et al. 2016; Pacheco et al. 2012), all of
which activate expression of the T3SS.

Environmental signals are largely integrated by A/E pathogens through sensor
kinases (Moreira et al. 2016) including quorum sensing that affects internal specific
and global transcriptional regulators: PerC (EPEC)/PchABC (EHEC) or the
histone-like nucleoid-structuring protein (H-NS) (Bustamante et al. 2001), among
others (Martinez-Santos et al. 2012). The coordinate effects of these signals activate
LEE transcription as well as distinct fimbrial and non-fimbrial adhesins that par-
ticipate in the initial attachment to enterocytes. Most of these signals converge to
regulate the transcription of the first gene encoded in operon LEEL: the
LEE-encoded regulator (ler) (Bingle et al. 2014; Mellies et al. 1999). Constitutively
expressed at low levels, Ler activates the transcription of operons LEE2-LEES
counteracting the inhibitory effect of H-NS (Bustamante et al. 2001; Elliott et al.
2000; Winardhi et al. 2014), but also functions as a repressor of LEE1 itself
(Berdichevsky et al. 2005; Bhat et al. 2014), creating a negative feedback
loop. Extra-LEE genes that are known to be regulated by Ler in EPEC include
non-LEE-encoded effectors (Nle) and espC (Mellies et al. 2001), which encodes an
autotransporter extracellular serine protease that is thought to play various roles in
pathogenicity (Navarro-Garcia et al. 2014; Salinger et al. 2009). In contrast, the
EHEC homologue of espC, espP, is not Ler-regulated.

In addition to Ler, other LEE-encoded regulators of the T3SS expression include
GrIR (the negative regulator) and GrlA (the positive regulator) (Jimenez et al. 2010;
Russell et al. 2007). GrlA interacts with the promoter of LEEI to activate its
transcription, however GrlR is able to inhibit this activation by binding directly to
GrlA (Padavannil et al. 2013). The action of ClpXP protease on GrlIR releases GrlA
under T3SS-inducing conditions (Iyoda and Watanabe 2005), but additional post-
translational modifications may be necessary for full activation (Alsharif et al.
2015).
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4 Assembly of the T3SS

The assembly of the T3SS requires input from transcriptional regulators, chaper-
ones, environmental cues and molecular switches. Though not yet comprehensively
understood, T3SS construction can be categorised into four stages: (i) assembly of
the basal body and export apparatus, (ii) assembly of the inner rod and needle,
(iii) assembly of the filament and translocon and (iv) secretion of effectors. The
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Fig. 2 Schematic representation of the E. coli T3SS. The T3SS consists of a number of coaxial
ring-like structures. It comprises an export apparatus (red) a base complex and a needle filament
(blue) through which unfolded effectors are channelled. At the distal end of the injectisome is a
pore that inserts into the host membrane. The cytoplasmic ATPase complex (green) powers
injectisome assembly as well as the translocation of effector proteins
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complete E. coli injectisome is 23 nm long, 8-9 nm wide and is comprised of
around 3.5 MDa of protein (Fig. 2). Throughout this chapter, E. coli nomenclature
will be used, though the Salmonella, Shigella and Yersinia nomenclature can be
found in Table 1.

5 Assembly of the Basal Body and Export Apparatus

There are four major components of the injectisome: the needle, the basal body, the
export apparatus and the cytoplasmic protein complexes. The order of construction
is disputed within the field and between species, which may represent divergence in
the assembly pathway. An ‘outside-in’ model has been proposed for Yersinia
beginning with the outer membrane ring and working inwards towards the export
apparatus (Diepold et al. 2010, 2011) and the reverse ‘inside-out’ model has been
described for Salmonella and E. coli (Wagner et al. 2010). This ‘inside-out” model
begins with nucleation of the inner membrane export apparatus components EscR,
EscS and EscT forming a stable complex. EscRST recruits the export gate EscV
oligomeric ring and the autoprotease EscU, completing the 5-member export
apparatus EscRSTUV (Diepold et al. 2011). Autoproteolytic cleavage of EscU is an
important signal for the union of the basal body and the export apparatus. The basal
body ring components are exported via the Sec pathway, inserted within the bac-
terial membranes and come together with the export apparatus. A homo-oligomeric
EscD ring at the inner membrane encircles the EscJ ring, which does not possess a
transmembrane region but is instead tethered to the inner membrane. In the peri-
plasm, EscD interacts with the outer membrane ring of EscC (Creasey et al. 2003a;
Ogino et al. 2006) and is presumed to bind the EscJ ring. EscC belongs to the
secretin family of proteins found in several bacterial secretion systems. Unlike other
T3SS where the insertion and oligomerisation of the secretin are directed by pilotin,
a lipoprotein not identified in A/E pathogens, EscC is believed to be regulated by
other T3SS components (Gauthier and Finlay 2003). Assembly and coupling of the
membrane rings to the export complex are followed by the formation of the EscQ
cytosolic ring sorting complex, which recruits EscN and EscL, two parts of the
three-component ATPase complex (Biemans-Oldehinkel et al. 2011). The ATPase
complex is only activated upon the conformational change in EscL induced by the
binding of EscO to EscN (Romo-Castillo et al. 2014). The function of the ATPase
complex will be discussed in a later section.

Formation of the basal body is the only stage of assembly where components are
directed by the Sec pathway. Once assembled, the estimated dimensions of the
EPEC T3SS basal body are 16.7 £ 1.9 nm wide at the outer membrane ring,
18.1 & 2.5 nm wide at the inner membrane ring and 31.4 + 4.3 nm tall (Sekiya
et al. 2001). This immature structure can secrete the so-called early- and
mid-substrates required for construction of the inner rod, needle, tip and translocon.
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6 The C-Ring/Sorting Complex

Multiple EscQ subunits make up the C-ring/sorting complex that sits at the foot of
the basal body (Biemans-Oldehinkel et al. 2011; Pallen et al. 2005). In the flagellar
T3SS, the C-ring is a three-component structure that has been attributed to gen-
erating flagellar torque and rotational switching, though whether this translates to
the injectisome is debated. However, based on data from the Salmonella T3SS, the
C-ring has been proposed to form a so-called ‘sorting platform’ (Lara-Tejero et al.
2011). Co-immunoprecipitation experiments show that the Salmonella EscQ
homologue is predominantly associated with translocon proteins, but after deletion
of translocator substrates is instead occupied by late effector proteins. These
experiments also showed its interaction with the ATPase complex subunit homo-
logues of EscN and EscL (Biemans-Oldehinkel et al. 2011). Most EscQ homo-
logues have an internal translation site, giving rise to both the full length protein
and a truncated C-terminal product, homologous to two of the three flagellar C-ring
components (Bzymek et al. 2012; Lorenz et al. 2012; Notti et al. 2015). However, it
is not clear whether EscQ expressed by A/E pathogens is produced in this way, and
it is currently thought that the sorting platform is composed of EscQ, EscL and
EscK, a crucial protein for substrate secretion (Soto et al. 2017).

7 The ATPase Complex

EscN, EscL and EscO together constitute the T3SS ATPase complex. It is located at
the base of the export apparatus and has structural similarity to both the flagellar
and the F1 ATPase. At the core of this complex is the multifunctional,
multi-domain protein EscN. The EscN N-terminus facilitates its hexameric
self-oligomerisation, while the central domain harbours a conserved ATPase
domain and the C-terminus is the proposed recognition site for T3SS substrates.
Aside from energising the secretion process, EscN is thought to serve as a docking
site for the chaperone-substrate complex (Gauthier and Finlay 2003; Thomas et al.
2004), enabling the ATP hydrolysis-dependent uncoupling of these complexes, and
unfolding of the protein which is to be secreted. As the needle pore is 2-3 nm wide
this unfolding is essential for T3SS assembly. Binding of EscO to EscN promotes a
change of conformation in EscL that activates EscN (Biemans-Oldehinkel et al.
2011; Romo-Castillo et al. 2014). Due to the structural similarity to the F1 ATPase,
it is assumed that effector translocation is powered by a combination of ATP
hydrolysis and proton motive force (Ibuki et al. 2011; Imada et al. 2007;
Romo-Castillo et al. 2014; Zarivach et al. 2007). There is currently not enough data
to confirm that EscN is the sole energiser of the T3SS, and due to a lack of high
quality structural data, the mechanics of energising is still poorly understood.
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8 Inner Rod and Needle Assembly

Once the basal body and the export apparatus join, Escl monomers assemble to
create a hollow inner rod. Escl is also thought to have a role in substrate regulation, a
theory supported by the fact that Escl interacts with EscU and EscP, components that
contribute to substrate recognition and regulation. As the T3SS must penetrate the
bacterial peptidoglycan layer, the specialised lytic transglycosilase EtgA, a pepti-
doglycan degrading enzyme, is required for this step of the assembly (Garcia-Gémez
etal. 2011). EtgA interacts directly with Escl, a relationship shown to enhance EtgA
enzymatic activity (Burkinshaw et al. 2015). The EscF polymer, which forms the
needle of the T3SS, is believed to be generated simultaneously with Escl (Gaytan
et al. 2016). To prevent premature self-polymerisation of EscF, co-chaperones EscE
and EscG bind EscF in the bacterial cytoplasm (Sal-Man et al. 2013).

At 23 nm long and 8-9 nm wide (Ogino et al. 2006; Sekiya et al. 2001), the
EPEC injectisome is the shortest T3SS, compared to Salmonella enterica (25—
80 nm), Shigella flexneri (45-50 nm), Yersinia pestis (41 nm) and Yersinia ente-
rocolitica (58 nm). Despite this variation between bacterial genera, needle length
tends to be conserved within species, perhaps reflecting its role in determining host
tropism. Needle completion also controls the switch from the secretion of early
substrates to middle and late substrates for the assembly of the filament and
translocon structures (Buttner 2012; Minamino et al. 2004). In EPEC, the speci-
ficity switch occurs when EscP interacts with EscU, causing a conformational
change in EscU that ultimately signals a substrate switch from injectisome com-
ponents to translocated proteins (Feria et al. 2012). There are several suggested
mechanisms for this switch. One hypothesis, named the infrequent ruler model,
proposes that EscP is occasionally secreted in an elongated form and its passage
through the needle is hindered by EscF subunits. Thus, as the needle grows, the
chance of EscP interacting with EscU in the cytosol is increased (Feria et al. 2012).
This is an adaptation of the ruler model first published in 2003, wherein EscP is
anchored to both the tip of the growing filament and the basal body: once EscP is
stretched to its maximum capacity, EscF is no longer incorporated into the needle
and the substrate switches (Journet et al. 2003). In both models, the length of EscP
determines substrate switching, hence the name ‘ruler protein’. In an alternative
model, the inner rod regulates the needle length and timing of the
substrate-switching event. Overexpression of the Yersinia inner rod protein results
in shorter needles, while mutations presumed to slow inner rod assembly cause an
elongated needle (Wood et al. 2008). Accordingly, EPEC Escl has also been shown
to interact with EscP and EscU (Creasey et al. 2003a; Sal-Man et al. 2012). It is
likely that needle length and substrate switching is in fact controlled by a combi-
nation of these models.
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9 Filament and Translocon Assembly

The T3SS EspA filament is an extension of the EscF needle structure that is
polymorphous among EPEC and EHEC isolates (Daniell et al. 2001a; Neves et al.
2003a). After translocation through the T3SS, EspA subunits self-polymerise via
their C-terminal coiled-coil domains, with the completed filament averaging 90 nm
in length (Daniell et al. 2001b; Delahay et al. 1999; Knutton et al. 1998). These
coiled-coil domains are not only important for filament assembly, but also for
prohibiting the immature polymerisation of EspA in the bacterial cytosol, where
they are bound by the chaperone CesAB (Yip et al. 2005). Unlike the needle, the
filament displays a more variable length seemingly dependent on the availability of
EspA subunits, and can be up to 700 nm long (Crepin et al. 2005; Sekiya et al.
2001). The filament has proposed roles in bacterial adhesion and sensing of
mammalian cells (Cleary et al. 2004). Interestingly, once intimate attachment has
been achieved the EspA filament is disassembled by an unknown mechanism, and
is absent from the mature A/E lesions (Dahan et al. 2004; Knutton et al. 1998).
The translocon is assembled by hetero-oligomerisation of EspB and EspD with
6-8 subunits, and has a pore size of 3-5 nm (Ide et al. 2001). It is responsible for
puncturing the mammalian cell membrane, with both components predicted to
possess transmembrane domains. Additionally, EspD comprises a C-terminal
coiled-coil domain, which is necessary for A/E lesion formation (Daniell et al.
2001b). It was recently shown that host cells may be able to sense this puncturing,
as contact with the EPEC injectisome was sufficient to induce activation of NF-kB,
which in turn is subverted by anti-inflammatory effectors (Litvak et al. 2017).

10 The Roles of Chaperones in T3SS Assembly
and Secretion

Chaperones are required in the bacterial cytoplasm throughout the assembly of the
T3SS, and for the translocation of late effectors during the infection of host cells.
They tend to be small acidic proteins and hold roles in delivering subunits and
effectors to the export complex, preventing homo- and hetero-oligomerisation or
degradation of substrates in the cytoplasm. Chaperones are also thought to play a
role in defining the substrate hierarchy. Eight chaperones have been characterised in
the LEE, and are classified according to their substrate: those that are specific for
one effector protein (Class IA: CesF and CesL), several effectors (Class IB: CesT),
translocators (Class II: CesAB, CesD and CesD2), and needle subunits (Class III:
EscE and EscG) (reviewed in Gaytan et al. 2016; Izoré et al. 2011).

Together, class II chaperones control the secretion of translocators EspA, EspB,
EspD. With the exception of CesD2, which only has one substrate (EspD) (Neves
et al. 2003b), these chaperones work in coordination. Secretion of EspB and EspD
requires CesD (Wainwright and Kaper 1998). EspB also interacts with CesAB, as



S. L. Slater et al.

does EspA, prior to secretion (Creasey et al. 2003b; Yip et al. 2005). In addition to
CesAB, EspA is also chaperoned by CesA2 (Su et al. 2008). Both class III chap-
erones, EscG and EscE, are important for EscF secretion, as discussed above
(Sal-Man et al. 2013). EscF is sometimes referred to as an ‘early substrate’, while
the translocators EspA, EspB and EspD are ‘mid-substrates’ (Table 1).

Upon the completion of T3SS assembly, a disputed external signal leads to a
second substrate switch from translocators to effectors, which are injected into host
cells via the completed T3SS. This event involves the regulatory SepD-SepL-CesL
complex. SepD and SepL, dubbed the gatekeeper proteins, simultaneously promote
translocator secretion while preventing the premature translocation of late effectors
(Deng et al. 2004, 2015; O’Connell et al. 2004). While the mechanism of promoting
translocator secretion is unclear, it is thought that the interaction between SepL and
the effector protein Tir is responsible for preventing effector secretion. Under the
established effector hierarchy, Tir is the first effector to be translocated, and thus its
interaction with SepL prevents translocation of any other effectors (Thomas et al.
2007; Wang et al. 2008). The Tir binding site of SepL is shared with the inner
membrane ring protein EscD, perhaps playing a role in relief from the suppression
of late effector secretion (Wang et al. 2008). Furthermore, in A/E pathogens
removal of calcium from growth medium switches the secretion specificity from
translocators to effectors (Deng et al. 2005; Gaytan et al. 2017; Ide et al. 2003;
Kenny et al. 1997); under normal calcium conditions, the ruler protein EscP binds
extracellular calcium flowing into the incomplete injectisome, stabilising its inter-
action with SepL and inhibiting effector secretion (Shaulov et al. 2017). However,
contact between EspA/B/D and the host membrane does not play a role in speci-
ficity switching, as previously thought (Gaytan et al. 2017).

11 The ETT2: A Second T3SS?

In 2001, analysis of the EHEC O157:H7 genome revealed a second type III
secretion system cluster, designated the E. coli Type Three Secretion System 2
(ETT2). The ETT2 locus appears to have been inserted into the E. coli genome
immediately upstream tRNA glyU locus, spanning 27.5 kb and 35 open reading
frames (ORFs) (Ren et al. 2004). It was initially noted that the ETT?2 is remarkably
homologous to the S. enterica serovar Typhimurium T3SS, SPI-1, with some genes
sharing up to 64% identity with their Salmonella counterparts. This homology
guided further analysis of each ORF, leading to the discovery that several genes in
the ETT2 contain frameshift mutations, rendering it non-functional. However,
fragments of the ETT2 have been identified in a variety of enteric E. coli isolates
from several mammalian and avian sources (Osawa et al. 2006; Zhou et al. 2014).
The isoform of each ETT?2 identified is now categorised from ‘type A’ to ‘type K’
per its completeness, where type A encodes all 35 ORFs (Cheng et al. 2012).
Interestingly, the ETT2 is considered intact in the emerging enteropathogen
E. albertii, which gives a more specific idea of when the locus was acquired (Ooka
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et al. 2015). As such, ETT2 classification may provide an insight into the phylo-
genetic origin of E. coli isolates.

A secretion-competent ETT2 has never been identified, therefore the question of
its function remains unsolved. In earlier works, it was suggested that proteins
encoded by the ETT2 could complement the function of the LEE-encoded T3SS
This now seems unlikely, given the mutational attrition within ORFs in the ETT2
and the lack of ETT2-specific effectors. Interestingly, deletion of ETT2 genes
impacts several aspects of bacterial virulence (Ideses et al. 2005), although the
mechanistic details behind these observations remain unclear. Two ETT2 encoded
regulators, EtrA and EivF, repress LEE expression and therefore reduce bacterial
adherence (Zhang et al. 2004). This could explain why an defrA mutant was also
deficient in intracellular survival (Wang et al. 2017). A third regulator, EtrB, was
shown to activate LEE expression by direct interaction with Ler, the master reg-
ulator of the LEE pathogenicity island (Luzader et al. 2016). More recently, Wang
et al. showed that deletion of the ETT2 putative ATPase EivC inhibited the flagellar
motility of the avian pathogenic E. coli strain APCE94. The lack of motility was
attributed to downregulation of the flagellum and upregulation of fimbrial genes.
Additionally, the AeivC strain had significantly decreased intracellular survival
compared to WT APCE94 (Wang et al. 2016). Together, these observations suggest
that the ETT2 is not just an artefact, as it was once assumed.

12 In Vitro and in Vivo Tools to Study the E. coli T3SS

Significant strides have been made delineating the molecular mechanisms that
underpin T3SS-dependent virulence in enteric E. coli, aided by technical advances in
fluorescence microscopy, electron cryotomography and single-cell super-resolution
techniques. Our structural understanding of T3SS architecture is becoming
increasingly clear as crystal structures of components are being solved, and defined
functions during infection are being assigned to T3SS components and effectors.
Numerous studies in vivo have demonstrated the importance of the T3SS for A/E
virulence, including a study with human volunteers that confirmed the requirement
for structural T3SS components (EspB and EspA) for the development of diarrhoea
(Donnenberg et al. 1993; Tacket et al. 2000). However, furthering our understanding
of the T3SS requires robust in vitro and in vivo models that do not rely on the
availability of human samples. Intestinal biopsies have historically been used for
in vitro organ culture (IVOC) models to demonstrate how A/E pathogens attach to
the apical portion of intestinal crypts (Shaw et al. 2005). However, for biochemical
assays, in vitro studies typically use cultured cells (such as HeLa cells or polarised
Caco-2 cells) (Wong et al. 2011).

In vivo models of A/E pathogenesis allow studies of the complex interplay
between the pathogen and its host as well as the intestinal microbiota, which is
known to play a vital role in disease development. A variety of surrogate species
have been infected with EPEC and EHEC, including Caenorhabditis elegans, pigs,
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baboons, macaques, infant rabbits, ferrets and cows (Ritchie 2014; Law et al. 2013),
but these techniques inevitably suffer from the bacterium not representing a natural
pathogen. Therefore, closely related animal-specific A/E pathogens serve as a better
proxy for human infection: the use of REPEC is limited as it causes high mortality
(Milon et al. 1999), but C. rodentium is an indispensable tool for studying A/E
pathogenesis. C. rodentium causes transmissible murine colonic hyperplasia with
AJE lesions indistinguishable from those caused by EPEC and EHEC (Collins et al.
2014; Schauer et al. 1995). In general, murine models benefit from the availability
of inbred or genetically manipulated mice that can be maintained under germ-free
or controlled pathogenic conditions. The C. rodentium model continues to give
invaluable insights into the physiological outcomes of the translocation of effector
proteins in vivo and can be combined with biochemical techniques such as mass
spectrometry to uncover strategies used by A/E pathogens to circumvent immune
responses and cause disease.

13 Exploiting the T3SS to Treat Disease

The genetic variety of pathogenic E. coli strains underpins their success but makes
treatment of disease difficult. Rehydration therapy is currently the most effective
way to manage symptoms of E. coli infection, which can become dangerous if it is
not self-limiting. The traditional treatment for unidentified bacterial infections
associated with diarrhoea is often antibiotics. Broad-spectrum antibiotics may kill
the offending bacterium but will also affect commensals. Additionally, some
antibiotics can exacerbate expression of Shiga toxins if they are present (Freedman
et al. 2016), which can lead to HUS and ultimately renal failure. These problems
could be bypassed by targeting the T3SS: the injectisome is not required for growth,
so its inhibition should not enforce selective pressure on targeted bacteria. Further,
the T3SS is only conserved in pathogenic bacteria, so commensals will not be
affected by treatment, and the development of anti-T3SS drugs for E. coli could be
adapted to target other T3SS-expressing pathogens.

There are several elements of type III secretion that can be targeted. Aside from
inhibiting the basal body, vaccines can be developed against the translocon and
needle, LEE regulatory elements can be manipulated, effectors can be counteracted
and secretion can be inhibited (Charro and Mota 2015). One of the most studied
classes of anti-T3SS compounds is salicylidene acylhydrazides (SAHs), which
subvert secretion in several ways. First, SAHs interact with the inner membrane
proteins of the basal body to restrict the passage of effectors. Owing to its homology
with the T3SS basal body, SAHs have also been shown to block the flagellar
apparatus, effectively reducing bacterial motility. Lastly, SAHs have been shown to
interact with proteins involved in E. coli metabolism, resulting in the downregu-
lation of T3SS gene expression (Mcshan and Guzman 2015).

Although other classes of compounds have been shown to inhibit the T3SS, their
development as drugs is hindered by their toxicity to eukaryotic cells, their
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similarity to existing drugs against which pathogens have gained resistance, diffi-
culty introducing the compound into the gut, or lack of a clear bacterial target for
their action. Owing to the intricacy of LEE regulation, our incomplete knowledge of
T3SS effectors and the problems with anti-T3SS compounds described above,
vaccines against the bacterial surface structures represent the most promising
treatment candidates (O’Ryan et al. 2015). For example, self-polymerisation of
EspA can be inhibited by treatment with synthetic EspA-like coiled-coil domains,
which effectively outcompete endogenous EspA interactions to inhibit the secretion
of effectors and A/E lesion formation (Larzabal et al. 2010). Additionally, when
produced either in planta or in vitro and administered orally to ruminants, EspA
itself is able to act as a vaccine to reduce bacterial shedding (Miletic et al. 2017,
Potter et al. 2004). Indeed, many other injectisome proteins and pathogenic E. coli
virulence factors are highly immunogenic in ruminants, including flagellin, intimin,
Tir, EspB and EspD. Antibodies against these proteins have been identified in
bovine and human colostrum and offer protection for both calves and human infants
against EHEC colonisation (Loureiro et al. 1998; Vilte et al. 2008), often by
reducing ruminants’ shedding (McNeilly et al. 2015).

Although the complexity of the T3SS presents an obstacle for inhibiting its
action, it is a targeted membrane-specific nanomachine capable of secreting cargo,
and this itself is an exploitable property (Gonzalez-Prieto and Lesser 2018).
Recently, all of the structural components of the EPEC injectisome were inserted in
five independent transcriptional units, or engineered LEEs (eLEE), into the genome
of the commensal strain E. coli K-12. Rational design of each eLEEs meant their
expression can be controlled, avoiding the intricate regulation found in the A/E
pathogens. The resulting strain, named synthetic injector E. coli (SIEC), was
demonstrated to assemble functional injectisomes and efficiently translocate
T3-substrate proteins (Ruano-Gallego et al. 2015). Indeed, several studies have also
demonstrated its use as a drug delivery system by engineering a signal sequence
from an effector onto the protein of interest. This includes delivery of a
nuclear-targeted recombinase for editing the genome of induced pluripotent stem
cells (Bichsel et al. 2011), delivery of antigens for immunotherapy (Le Gouéllec
et al. 2013) and delivery of angiogenic inhibitors for the shrinkage of tumours (Shi
et al. 2016).

A current challenge in the field is shifting from studying T3SS effector proteins
and injectisome components in isolation to applying a holistic approach that con-
siders the role of effectors in context of the full effector repertoire, while also
considering spatio-temporal regulatory mechanisms. Many mechanistic details on
the assembly and regulation of the T3SS must still be elucidated, including fully
defining the signal that triggers the translocation of effector proteins upon contact of
host cells. Answering these questions will help design strategies to interfere with
the system to help relieve the global burden of enteric E. coli infections on human
health.
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