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Abstract

The EspF protein is translocated into host cellgheytype Ill secretion system of
enteropathogenic and enterohemorrh&gcherichia col(EPEC and EHEC). EspF
sequences differ between EPEC and EHEC serotypésrmms of the number of
SH3-binding polyproline rich repeats and speciésidues in these regions as well
as residues in the amino domain involved in cellidaalization. In this study we
have compared the capacity of differeespF alleles to inhibit: (i) bacterial
phagocytosis by macrophages; (ii) translocatiorough an M-cell co-culture
system; (iii) uptake by and translocation througlituwwed bovine epithelial cells.
The espkois7 allele was significantly less effective at inhibg phagocytosis and
also had reduced capacity to inhikitcoli translocation through a human-derivad
vitro M-cell co-culture system in comparisondepkoiz7 andespkogs  In contrast,
esphois7 was the most effective allele at restricting baateuptake into and
translocation through primary epithelial cells oo#td from the bovine terminal
rectum, the predominant colonisation site of EHEQ5D in cattle and a site
containing M-like cells. As functional differencesuld not be simply assigned to
variation in established interactions of EspF wabrting Nexin 9 and N-WASP,
yeast-2-hybrid screening was used to identify aolugl host proteins that may
interact with EspF. The anaphase promoting comphébitor, Mad2L2, was
identified from this screen. Mad2L2 was then destiated to interact with EspF
variants from EHEC 0157:H7, 0O26:H11 and EPEC O1B7bHy Lumier assays.
While Mad2L2 has been shown to be targeted by the momologous Shigella
effector protein IpaB to limit epithelial cell tuwmer, we presume that EspF
interactions with this protein may indicate a sanifunction to promote EPEC and
EHEC colonization.

The final section of work addressed whether baaltanteractions can actually
induce M-cell differentiation on follicle-associdtepithelium. The work focused on
bovine rectal primary cell cultures interacting lwiSalmonella enterica serovar

Typhimurium. The type Ill secreted protein, SopBswequired for Salmonella to:



() activate parts of epithelial to mesenchymalnsiion (EMT) pathway; (ii)
transform a subset of epithelial cells to a celpetythat phenotypically and
functionally resembles specialized antigen samphhgells; (iii) induce RANKL
and downstream RelB dependent KBF signaling. The work suggests that
Salmonella may induce this cellular transformationpromote its invasion and

colonization of intestinal mucosa.
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Introduction

1. Introduction

Enterobacteriaceaeare a large family of bacteria. Thenembers of the
Enterobacteriaceaeare rod-shaped, and their length about . They are
facultative anaerobes. These bacteria are abkrioeht sugars to produce lactic acid
and different other end produci®he majority also reduce nitrate to nitrite anddav
peritrichious flagella that are used for movemé#dwever a few genera are non-
motile. The members of this family are non-sporamiag. The catalase reaction
varies among th&nterobacteriaceaeVlost bacteria of this family are a normal part
of the gut flora established in humans and oth@nals’ intestines. Certain genera
and species in this family are capable of causibgoad spectrum of intestinal and
systemic diseases, e.§almonella typhiShigella dysenteria@nd Yersinia pestis
(edwarda & Ewing 1972).

1.1 Escherichia coli (E. coli) E. coliwas named after the German paediatrician,
Theodore Escherich, who first identified and dedsemtiit in 1885 from the faecal
materials of healthy person®lany strains/serotypes d&. coli are predominantly
found as commensal gut flora that colonises thérgagestinal tract of newborns
within a few hours of life. The majority do not cguany disease unless the host is
malnourished, immuno-suppressed or there has bekstiabance in the intestinal
barrier. Under these circumstances even comméngalli can cause disease (Nataro
& Kaper, 1998). Serologically eaclk. coli isolate can be grouped by its
lipopolysaccharide O-antigen, flagellar H-antigetcapsule and F fimbriae/pili
(Robins Browne & Hartland, 2002). The pathogeniiss include six distinct
categories of. coli that cause diarrhoea (Nataro & Kaper, 1998). These be
referred to as pathotypes: (1) Enterotoxigdnicoli (ETEC), (2) Enteroinvasive.

coli (EIEC), (3) EnteropathogeniE. coli (EPEC), (4) Enteroaggregative. coli
(EAEC), (5) Diffuse AdherenE. coli (DAEC), and (6) Enterohaemorrhadic coli
(EHEC). Key factors that define these pathotypesganetically-encoded in clusters
on virulence-related plasmids, chromosomal pathieggrislands or on phageg&.

coli, like any other mucosal pathogen, has evolvedsthategy to colonize the
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mucosal surface, evade or modulate the host immasponses and secrete virulence
factors that help its colonization and persistence.

1.1.1 Enterotoxigenic E. coli (ETEC): are considered to be the major cause of
diarrhoea for travellers to developing countried &m be a very important cause of
childhood diarrhoea in developing countries. ETEf@ also associated with
diarrhoea in animals (Kapest al, 2004). ETEC cause watery diarrhoea due to
colonization of the intestinal mucosa via non-irdaten diffuse adherence with
fimbriae and production of enterotoxins (heat stadhd/or heat labile toxins) that
repress gut absorption and increase intestinaleseor Moreover, ETEC cause
diarrhoea in animals and F4 (K88) and F5 (K99)gamts are associated with ETEC
infections of pigs and cattle, respectively (Kamtral, 2004). ETEC serotypes
examples include: O6:H16, and O8:H9.

1.1.2 Enteroinvasive E. coli (EIEC): are a significant reason of illness in
children in developed countries and are biocheiyicalgenetically, and
pathogenically intimately related ®higella spp(Kaperet al, 2004). They cause
diarrhoea by invasion of epithelial cells followbg multiplication and lysis of the
infected cell. This can lead to inflammatory cgliéind/or secretory bowel syndrome
(Kaper et al, 2004). EIEC serotypes examples include: O28:NM29:QM,
O112:NM, 0124:H30, O124:NM, O136:NM, 0136:NM, O1M8i, O144:NM, ,
and O167:NM.

1.1.3 Enteroaggreative E. coli (EAEC): are a cause of persistent mucoid
diarrhoea in children and adults in both develomng developed countries (Kaper
et al, 2004). They adhere to epithelial cells and edbkrdn an aggregative manner
by using fimbrial structures known as aggregatigdhesence fimbriae (AAFS) and
produce an enterotoxin that can cause mild damadeirdlammation of mucosal
surfaces (Kapeet al, 2004). They do not induce attaching and effadiA¢E)
lesions (Clarke, 2001). EAEC serotypes exampledudec O3:H2, O15:H18,
044:H18, 086:H18, O77:H18, O111:H21, and O127:H2.
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1.1.4. Difftuse adherent E. coli (DAEC): are characterised by a diffuse
adherence pattern to HEP-2 cells. They are knowhet@ cause of diarrhoea in
children less than 1 year old. DAEC strains exhitan-intimate adherence in
contrast to EPEC and EHEC adherence, as descnbibe irelevant sections below.
DAEC produce fimbriae called F1845 that mediatedifieise adherence (Nataro &
Kaper 2004). Serotypes are not well defined, beitise O126:H27.

1.1.5 Enteropathogenic E. coli (EPEC): are medically-important
diarrhoeagenic Gram negative pathogens that caoitie gut mucosa. EPEC can
cause serious intestinal disease in many animatiegpencluding cattle and are
associated with severe diarrhoeal outbreaks ameagpg of young children in
nurseries and generally in developing countriestgida& Kaper, 1998; Kenny,
1999; Kaperet al, 2004). The disease process is dependent on betiaiachment
with the formation of attaching and effacing (A/EEsions on intestinal mucosa
leading to effacement of microvilli and associategtoskeletal re-arrangement.
Actin-rich pedestals are formed under the bacterth tight junction damage and
eventually cell death. This process occurs througéction of effector proteins
directly into host cells (Nataro & Kaper, 1998). rHan EPEC infections are
considered to arise from human-to-human infecti®pe@rset al, 2006). It was in
1945, when a severe outbreak of infant diarrhoeblinited Kingdom led Bray to
identify EPEC pathotype oE. coli for the first time(Frankel & Phillips 2008).
Although recently, it is rare for this strain tousa large outbreaks in industrialised
countries, it is still an important cause for paigiy fatal infant diarrhoea in
advanced countries. For long time, the mechanignwghich EPEC caused diarrhoea
have been undefined and this pathotype could oelydentified on the basis of
serotyping. However, highly advanced techniquescesii979, were used in
understanding the pathogenesis of EPEC diarrhagahEse reasons, EPEC is now
among the best understood of all pathogénicoli (Kaperet al, 2004). Examples of
EPEC serotypes are 026, O55, 086, 0111, 0114, a1125, 0126, 0127, 0128,
0142, and 0158 (Trabulst al, 2002).
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1.1.6 Verotoxin (VT) producing E. coli (VTEC) or Shiga toxin (Stx)
producing E. coli: are defined by the expression of one or more Stogjas also
known as Verotoxins. In this study they will beewéd to as Shiga-toxigenke coli.
These strains may or may not cause disease acgdalthe presence or absence of
other virulence factors. So they can be divided tato categories:

1- Typical Enterohaemorrhagi€. coli (EHEC), which are STEC strains that are
associated with haemorrhagic colitis (HC) and hdgticeuraemic syndrome (HUS),
express Stx, form A/E lesions on epithelial celid @ossess a 92Kbp plasmid.

2- Atypical EHEC, which are STEC strains that dé paduce A/E lesions and/or
possess the 92Kbp plasmid (Nataro & Kaper, 1998).

EHEC are emerging zoonotic pathogens, particularlyindustrialised countries
(Beutin, 2006), although there is very limited daia epidemiology in most
developing countries. EHEC O157:H7 causes spoadiareaks of severe disease in
humans, the most important being HC and HUS, ttierlaesults in kidney damage
and may lead to death (Moaat al, 1983; Griffin & Tauxe, 1991; Boycet al,
1995). EHEC 0157:H7 is the serotype associated witist EHEC infections in
United Kingdom, USA and Japan. As well as the potida of Stx, EHEC strains
produce A/E lesions on intestinal mucosa and inesevays can be considered as
EPEC strains that have acquired Shiga toxins (EBe€hbrien, 1991; Nayloet al,
2005b). Ruminants, particularly cattle, are the measervoir for certain EHEC
serotypes, includingé. coli 0157:H7. EHEC 0O157:H7 colonises the bovine
gastrointestinal tract, especially at the termneatum, without causing overt disease
(Naylor et al, 2003). In part this reflects the absence of Stoga receptors (CD77)

on bovine endothelial cells.

1.1.7 Epidemiology of EHEC 0157

1.1.7a Animals as reservoirs of EHEC

Cattle are one of the most important host or caspecies of EHEC. High rates of
colonisation by Stx-positivee. coli have been found in bovine herds in many
countries ( Wellset al, 1991; Clarkeet al, 1994; Hancoclet al, 1994; Burnengt
al., 1995). The rates of carrier animals vary from td060%. STEC strains are

usually isolated from healthy animals, but it mauge diarrhoea in young animal
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followed by asymptomatic colonization (Nataro & Kap1998). Transmission to
human occurs through various routes; the most itapbrs oral route through water,
crops, meat, and dairy products intended for huomarsumption contaminated with
faecal matter (Akaslat al, 1994; Yarze & Chase, 2000; Liceneeal, 2001).

E. coli O157:H7 may persist in a viable state in faecesniore than 20 months
(Beutin, 2006).E .coli O157:H7 has been isolated in many parts of theldyor
including Europe, Asia, Africa, and South Americ&riffin, 1995). Various
epidemiological studies on farms and slaughterrmbage documented a worldwide
presence oE. coli 0157:H7. Faecal pat studies from cattle have shihnatE. coli
0O157:H7 occurs more frequently in Canada and Unf&tes (Griffin & Tauxe,
1991) with a prevalence of 1.4% in Japan (Miydaal, 1998), 1.9% in Australia
(Cobbold & Desmarchelier, 2000), 0.2 to 60% in US¥ells et al, 1991; Hancock
et al, 1994; Faithet al, 1996), 8.6% in Scotland (Synge, 2000) and 4.7%ngland
and Wales (Paibat al, 2002).

Seasonal variation in the prevalencd=otoli O157:H7 has been demonstrated, with
the highest prevalence occuring during the latersarmand early autumn (Chapman
et al, 1997; Hancock et al., 1997; Tutenel et al., 2002)contrast Ogdert al.
(2004) revealed that the occurrence in cattle wgkehn throughout cooler periods
but that levels of bacterial shedding were higldesing warmer periods of the year.
In addition to cattleE coli O157:H7 strains have been isolated from a vardéty

animal species including sheep, goats, wild dgegs, and birds (Chapman, 2000).

1.1.7b Mode of transmission of STEC O157:H7

The first identified outbreaks @&. coli O157:H7 were associated with consumption
of ground beef and more outbreaks were associatéd wonsumption of
undercooked beef and other bovine products, suampasteurised milk (Rilegt

al., 1983). Bovine faeces contaminate meat duringgbl@n or meat processing
(Armstronget al, 1996; Barlowet al, 2006). Other animal products, such as raw
goat’s milk (Bielaszewskat al, 1997), deer jerky (Keenst al, 1997;Renteret al,
2001), porcine meat, avian and sheep products fiirG& Tauxe, 1991; Griffin,
1995) have also been implicated in human outbre&lks coli O157:H7. Vegetables

and fruits contaminated with animal faeces alsoy péan important role in
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transmission ( Ackerst al, 1998; Fukushimat al, 1999; Duffy, 2003; Karclet al,
2005). Furthermore, some outbreaks occur wkercoli O157:H7 contaminates
unpasteurised apple juice and fermented salams flistrates the potential acid
tolerance oft. coli O157:H7, which potentially can grow and surviveektremely

acidic conditions that destroy other pathogensgha& Kaper, 1998).

1.1.7c Water sources

Water sources including the one for recreationat {&eeneet al, 1994), well water
and even a municipal water system (Swerdktwal, 1992) have been associated
with outbreaks. Several outbreaks Bfcoli O157:H7 have been associated with
consumption of contaminated drinking water espbcfabm private water supplies (
Swerdlow et al, 1992; Jones & Roworth, 1996) or from swimminglakes or
paddling pools (Brewsteat al, 1994; CDC, 1996).

1.1.7d Contact with animals

Transmission through direct contact with animals been documented in outbreaks
and sporadic infections Wy. coli O157:H7 due to farm visits (Renwiel al, 1993;
Shuklaet al, 1995). Also infections have been reported frositvmg petting zoos
and farms, where direct contact with animals omehifaeces can easily occur
(Caprioliet al, 2005). A high profile outbreak in a UK pettingrfaoccurred in 2009
(http://www.griffininvestigation.org.uk/), in whichearly 100 children were infected
with 78 people showing symptoms; 22% of them hadSHund 8 patients required
dialysis and some of them were left with permark@htey damage. This farm alone
received nearly 200,000 visitors a year indicatingt potential of such farms to

infect large numbers of individuals.

1.1.7e Person-to-person faecal-oral transmission

E. coli O157:H7can cause infection in very low doses (Nataro & &ai998).
Person-to-person faecal-oral transmission can yeasiicur in poor hygiene
conditions and with close contact (Karehal, 1999). This mode of transmission is
responsible for the spread of infection within fhes (Ludwig et al, 1997) and

hospitals (Karmalet al, 1988). Person-to-person transmission was theoprethnt
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route of infection in outbreaks within day-caretisgis (Reidaet al, 1994) and
mental institutions (Paviet al, 1990).

1.1.7f Epidemiology of non-O157 EHEC

The significance of non-O157 EHEC in human dise&sésss well understood than
that of EHEC O157:H7 (Karcht al, 2005).E. coliO157:H7 is simply differentiated
from otherE. coli by its inability to rapidly ferment sorbitol. Hower, non-O157
STEC are phenotypically the same as commensal athogenicE. coliand are not
detected with sorbitol MacConkey agar. To detect-0457 STEC, various methods
are used, such as enzyme immunoassays or PCR, wvanelclassically only
performed in reference laboratories (Fetyal, 2000). The prevalence of non-O157
STEC in faecal samples from the Northern USA, iricitattle and other animal
reservoirs of STEC are plentiful, was determined¢o4.2%. This prevalence was
elevated than earlier reported in the USA. Fivéediint non-O157 STEC serotypes
were isolated: O111:NM, 026:H11, O145:NM, 0103:ld8d O rough:H2. Four of
these have been associated with HUS (O111:NM, QrB:HO145:NM, and
0103:H2; Griffinet al, 1990; Feyet al, 2000).

Outbreaks by non 0157 STEC have been associatedomitl, including an outbreak
of bloody diarrhoea in the USA by STEC O4:H21 ir®4qpasteurized milk) (CDC,
1995), and an outbreak in Australia caused STEC1®t1lin 1995 (dry fermented
sausages) (Patat al, 1996).

Many non-O157:H7 serotypes of EHEC have also bewaticated with sporadic or
large-scale human outbreaks. EHEC O26:H11 is th& coonmon non-O157 EHEC
serogroup associated with human diseases througluvape. On the other hand, the
second most common non-O157 EHEC serogroup assdaiath HUS in Germany
is 0145 (Karchet al, 2005). The non-O157:H7 EHEC strains caused therityaof
HUS cases in many countries like Argentina (Berdamt al, 2007) and Australia
(Pearceet al, 2010), but worldwide O157:H7 is the most commbm.general,
EHEC 0145 appears to be shed by cattle less frédgudran EHEC O26. Most
bovine EHEC 026 and 0145 isolates possess virulehaeacteristics identical to
those isolated from human patients, suggestingdinains shed by cattle can cause
human disease (Gewt al, 2002; Jenkingt al, 2003). The Stx2 type causes more

severe HUS disease than that of Stx1, but Stx1lm@s common in bovine EHEC
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026 isolates (Karclet al, 2005), and was also the most prevalent one inanum
isolates from patients with HUS or diarrhoea (Kaettal, 2005), thereby providing
evidence for cattle being major reservoirs for swechganisms. In 2011 a sever
outbreak of HUS and bloody diarrhoea has occume@earmany. It was caused by
enteroaggregative. coli strain O0104:H4. This strain acquired the abildyepress
Stx2a by integration of phage (Scheetzal., 2011). Fresh sprouts produced by a
farm in Lower Saxony are accountable for the presetbreak in Germany (CDC,
2011).

1.1.8 Diseases caused by EHEC

1.1.8a Disease in cattle

Some STEC isolates can induce diarrhoea in youlvgsancluding strain O157:H7.
However, this strain is avirulent in older catte@rsoret al, 1999. Stordeuet al,
2000), implying thak. coli O157:H7 lacks certain factors required for viraenn
such animals.

Serogroups 026, 0111, and O118 are virulent téecgarticularly young calve&.
coli 026 has been isolated from clinical cases of hadragic diarrhoea (Pearsen
al., 1999; Gunninget al, 2001). However, arE. coli O26:H-strain, originally
isolated from a calf with diarrhoea in 1968, wasculated into calves and did not
produce diarrhoea (Maingt al, 1987), but has subsequently been used to induce
transient diarrhoea in 4-day old calves (Dzetaal, 2004). Hall and co-workers
(Hall et al, 1985) experimentally-infected 3 calves with betwd @ and 16° CFU
of E. coli serogroup O5, inducing diarrhoea for 2-4 dalys.coli O118:H16 is
frequently associated with calf diarrhoea, and lgimoe has been confirmed in

experimentally-challenged new-born calves (Stor@¢@i, 2000).

1.1.8b Disease associated with EHEC in human

Haemolytic uremic syndrome (HUS) is the most sexicomplication ofE. coli
0157:H7 infection. Clinically, it is associated kvitmicroangiopathic haemolytic
anaemia, thrombocytopaenia, and acute renal failureccurs 5-10 days after the
initial diarrhoeal iliness is resolved (Advisory momittee on the microbiological
safety of food, 1995).
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Haemorrhagic colitis (HC) is characterized by sevkloody diarrhoea indicating
gastrointestinal haemorrhage (Riley al, 1983). However, bloody diarrhoea may
alternate between non-bloody and blood-streakezkfaéSwerdlovet al, 1992; Bell

et al, 1994). The main pathological feature of the itédccolon includes oedema,
congestion of colonic mucosa, sometimes with ul¢@rgfin et al, 1990).

Other complications following EHEC 0O157:H7 infectianclude: cholecystitis,
colonic perforation, intussusceptions, pancreafiast hemolytic biliary thiasis, post
infection colonic stricture, rectal prolapse, apgieitis, hepatitis, haemorrhagic
cystitis, pulmonary oedema, myocardial dysfunctimg neurological abnormalities
(Griffin, 1995; Tarr, 1995).

1.1.9 EHEC and EPEC colonization and virulence fact ors

1.1.9a Shiga toxins

Shiga toxins are encoded on lambdoid bacteriophigésntegrate into the bacterial
chromosome. This is the major virulence factor filays a key role in pathogenesis
of EHEC infections. It is reported to mediate diamea as a result of compromised
intestinal epithelium integrity; haemorrhagic aslidue to damage to intestinal
mucosal vasculature and damage to kidneys, cimylaand the central nervous
system when disseminated systemically leadingfésthireatening syndromes such
as HUS andhrombotisch-thrombozytopenische Purpura TTP (@iBi& Holmes,
1987). The role of Stx in pathogenesis of these EHiSeases has been modelled in
various experimental studies (Marcabal, 2005). Two main groups of Stx exist:
Stx1 and Stx2. Stx1 has a several variants, whiehdantical to the toxin dbhigella
dysenteriagJacksoret al, 1987; Smithet al, 2002). Stx2 is divided into different
variants e.g. Stx2, Stx2c, Stx2d, Stx2e, Stx2f, &hd®g. The two subgroups of Stx
vary in their toxicity and capacity to bind to sgkd human cells (Jacewiez al,
1999). Stx2 and Stx2c are most associated with huhiseases but also foundbn
coli isolated from animals (Boerliat al, 1999; Bidetet al, 2005; Schmidet al,
2000). The toxin consists of two subunits, A andlBe B subunit binds to the host
cell membrane via the glycolipid receptor Gb3 (lwagpd et al, 1987; Lingwood,
1993; Lingwood, 1996). It was considered that edtitk the vascular receptors for

Stx, so this host does not suffer the more sevdiecte of EHEC infection
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(Pruimboom-Breest al, 2000). Gb3 is considered to be present in bowitestinal
crypt cells (Hoeyet al, 2002). Intracellular trafficking in primary bownintestinal
cells excludes Stx from endoplasmic reticulum amstead localises it to lysosomes
leading to its inactivation (Hoest al, 2003). The A subunit is cleaved to produce an
Al peptide with N-glycosidase activity that inhgifprotein synthesis through
cleavage of the 28s ribosomal RNA (Pruimboom-Breesl, 2000; Hoeyet al,
2003). The mechanisms by which Stx result in HUScamplicated and may be due
to direct toxicity to endothelium, interferencel@femostatic pathways and release of
chemokines. Alteration of haemostatic pathways Itesuin thrombotic
microangiopathy (Richardsoet al, 1988). Clinical studies have indicated that the
production of a proinflammatory cytokines (NatarokK&aper, 1998) sensitize the
endothelial cells to the action of VT and inducehar Gb3 expression (Richardson
et al, 1988; Van De Kaet al, 1992). Stx increases bacterial adherence andimti
attachment. It induces eukaryotic cells to expmesse receptors for the EHEC
0157:H7 attachment factor intimin (Robinseh al, 2006). Other additional cell
cytotoxicity mechanisms have also been proposed,irffstance Stx1 and Stx2
induced apoptosis via inhibiting expression of -amoptotic Bcl-2 family member,
Mcl-1 in endothelial cells (Erwergt al, 2003). Stx1 also triggered apoptosis via
activating caspase- and mitochondria-dependentvagth (Tétauckt al, 2003).

1.1.9b Virulence factors encoded on pO157

EHEC O157:H7 contains the pO157 plasmid, which dasahe virulence factors
StcE, enterohaemoloysin, EspP, and KatP (Bauer &NYd996; Brundeet al,
1997; Lathemet al, 2002; Gryset al, 2005). These are described below. pO157 or
related plasmids are also present in strain O26:bid are also found in some
human STEC strains (Nataro & Kaper, 1998). The midscontributes to STEC
survival (Boerlinet al, 1999). However, there is conflicting evidenceareling its
contribution to the development of HC or HUS (Satlingt al, 1996). The plasmid

encodes the following factors:

1.1.9c Enterohaemolysins

10
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Ehx belongs to the RTX toxin family, members of @hiare expressed by
uropathogenicE. coli, Pasteurella haemolyticaand other human and animal
pathogens (Bauer & Welch, 1996). Ehx is highly @mmed amongst STEC strains,
suggesting that it contributes to survival in sorag\Boerlinet al, 1999). However,
there is conflicting evidence regarding its condtibn to the development of HC or
HUS (Schmidtet al, 1996; Boerlinet al, 1999).There are three types ©f coli
haemolysins:3, a cell bound haemolytic facton, a cell free factor, and
haemolysins (Smith, 1963; Walton & Smith, 1969)xk& encoded by the 92Kbp
virulence plasmid (pO157) (Schmidt al, 1994). Ehx cause haemolysis when
cultured on blood agar plateg faemolysin does not haemolyse human or rabbit
RBCs but RBCs of other species)factor is cytotoxic for human leukocytes and
fibroblastsin vitro. RBCs haemolysis results in release of iron wiscpotentially
important factor for bacterial growth (Nataro & Kap1998). The cytotoxic effect
and iron released from RBCs are the most impoftardtion of o haemolysin irE.

coli pathogenesis (Cavaliest al, 1984)

1.1.9d EspP

The EspPE. coli secreted protein P) is a protein secreted by EBEE7 and is one
member of the serine protease autotransporter teir&vacteriaceae (SPATE) family
(Leytonet al, 2003). It cleaves pepsin A and human coaguldtiotor 5 (Brundeet
al., 1997). EspP has been reported to be cytotoxicvVeEmo cells. The protease
cleaved human coagulation factor V and hence coesdlt in exacerbation of
haemorrhagic disease in EHEC-infected patientsolé of EspP in pathogenesis is
consistent with presence of antibodies to the ps®an sera from EHEC-infected
patients (Brundeet al, 1997).

1.1.9e StcE

StcE (secreted protease of C1 inhibitor from EHIECA secreted protein and a C1
esterase inhibitor. It is secreted from EHEC vigy@e 2 secretion system and is a
zinc metalloprotease Cl-esterase inhibitor thatuletg@s complement and other
mechanisms of inflammation (Gryst al, 2005). StcE has been shown to be

regulated by the LEE-encoded regulator Ler, and agsion results in many

11
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pathological effects which may include localizedipflammatory and coagulation
responses, leading to tissue damage, intestina@nogénd thrombotic abnormalities
(Lathemet al, 2002). StcE cleavage of C1 esterase inhibitovides a significant
protection system against complement for bacterthiafected host cells (Latheet
al., 2004).

1.1.9f KatP
KatP is catalase peroxidase that is consideredoteq EHEC from reactive oxygen
intermediates found in host cells (Burlagetdal, 1998).

1.1.9g H7 flagella

Flagella are multi-functional organelles that pldijfferent roles in the biology of
bacteria. The motelity functions give specific acha@es upon host-adapted
prokaryotes. Possible benefits of motility includereased ability of nutrient
gaining, escaping of toxic substances, to accesimalpcolonization sites within
hosts and to spreading in the environment duriegcthurse of transmission between
hosts (Girén, 2005). The flagellum also activates host immune system through
activation of TLR5 receptors. Once the flagellin mamer is bound to TLR5
receptors, this activates the KB- cell signalling pathway resulting in activatioh o
inflammatory responses including IL-8 secretiont temulates the migration of
neutrophils and dendritic cells to the infectiote fDaharet al, 2002). The bacterial
flagellum can be described in three parts (Cha&li€lansdorff, 2004): (1) the basal
body, which is composed of a sequence of ringsaamiddle rod. The basal body is
anchored in the inner and outer membranes of thteta and provides the engine
for the chemotactic apparatus; (2) the hook thdbdated external to the cell and
provides the link between the basal body and tlemént; and (3) the flagellar
filament, which is the biggest part of the flagallult is formed of repeating sub-
units of the protein flagellin in a helical arrangent and often extends many times
the length of the cell.

Rotation of this filament (clockwise or counter-ckwise), which is controlled by
the motor, ultimately determines the swimming anitling phenotype that defines
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whether a bacterium will stay in a particular mamgironment or move away from it
(Macnab, 1992; Aizawa, 1996).

The H7 flagellum plays an important role in thetialiadhesion of EHEC 0157 to
the bovine terminal rectal epithelium cells (McNeiet al, 2008). Purified IgA or

IgG from cattle vaccinated with H7 flagella wasebd inhibit bacterial binding to

rectal primary epithelial (Mahajaat al, 2009).

1.1.9h Type Il secretion (TTSS) system and associa ted effector proteins

The bacteria must defend themselves against vacioaltenges in their environment
to continue growth and multiply. To deal with thesieallenges bacteria secrete
enzymes, proteins and/or toxins. These factorsetedereted from the cytoplasm of
bacteria to the external environment or directlipithe host cells need dedicated
‘machinery’ to do this, known as secretion systeifise Gram negative bacteria
possess at least 6 different secretion systemdabes Hensel, 2007).

The type | secretion system is expressed by a veidge of Gram negative bacteria
for secretion of toxins, proteases, and lipasescty into host cell for example-
hemolysin ofE. coli represents the prototypical type | exported faidranabalwet
al., 1998).

The type Il system is used by different Gram negatiacteria for secretion of
extracellular enzymes and toxins (exotoxing)y example pullulanase (PulA)
secretion fromKlebsiella oxytoca(Takizawa & Murooka, 1985) and StcE from
EHEC 0157 (Gry=t al, 2005).

Type Il secretion will be discussed below.

Concerning Type 1V, this secretion system mediates-bacterial DNA transfer, for
example to protect itself from antibiotic challerfge example thé. coli F plasmids
(IncF), RP4 (IncP) Trb, R388 (IncW), and Trw geoeaikchanges. Type IV system
can also translocate virulence factors into eukarywst cells (Lawlewt al, 2003).
Type V is the simplest protein secretion pathwasotéins are secreted via an
autotransporter system (type Va or AT-1), the tvaoklper secretion pathway (type
Vb), and the recently described type Vc systeno(@smed AT-2). Proteins secreted
via these pathways have similarities in their prynstructures as well as striking
similarities in their modes of biogenesis. IgAl tease is an example of a protein
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secreted via this secretion system ( Pohéteal, 1987; Desvauet al, 2003). EspP,
EhaA, and EhaB are also secreted by type V searsyistem (Dzivat al, 2007).
Type VI secretion system has been shown to be imporfor Gram-negative
bacterial pathogens virulence in host cell. Fomexe it is required for cytotoxicity
caused by of V. cholerae toward Dictyostelium anaeeland mammalian J774
macrophages by a contact-dependent mechanism @Rukaal, 2006).

TTSS are found in many different Gram negative dxéetand are complex
macromolecular structures used to translocate teffquroteins directly from the
bacterial cytosol into the cytoplasm of eukaryatedls (Hueck, 1998). The TTSS
apparatus spans the bacterial inner and outer nagm@brand exports proteins past
the cell wall. Two classes of proteins are expoligd TSS: translocon and effector
proteins. Translocon proteins are required for di@sation of effectors across the
eukaryotic plasma membrane and some may also @umes effectors themselves.
Effector proteins alter host cell physiology andmpte bacterial survival in host
tissues (Mecsas & Strauss, 1996). TTSS is triggeredn a pathogen comes in
contact with host cells (Ginocchit al, 1994; Menarcet al, 1994; Wataraet al,
1995). The TTSS consist of a basal apparatus witeims present in the outer and
inner membranes, and a needle complex that leathge ttbormation of a pore in the
host cell membrane. This creates a conduit from liheterium to the host cell

through which effector proteins can be translocéisuket al, 2003).

1.1.9h.1 TTSS system of EPEC and EHEC

In EHEC and EPEC all of the genes encoding thigeprosecretion system are
expressed from the locus of enterocyte effacemdsiE) (Jarviset al, 1995; Hueck,
1998). The LEE regions of EPEC and EHEC have beguoenced and consist of 41
and 54 open reading frames (ORFs), respectivelg. additional 13 ORFs found in
the EHEC LEE fall within a putative P4 family pragde designated 933L; the
prophage is not present in the prototype EPEC HR%train E2348/69 but is found
in a closely related EPEC O55:H7 serotype and difi&s7:H7 isolates. LEE genes
are arranged in five large, polycistronic operdrSEL to LEE5S of which the first
three are identical between EPEC 0127 and EHEC7 Cdrid code for the type I
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secretory apparatus (Elliogt al, 1998; Nataro & Kaper, 1998; Persaial, 1998;
Clarke et al, 2003). This is a contact-dependent mechanismhichwproteins are
secreted across bacterial and host cell membrartesserted directly into the host
cell cytoplasm (Hueck, 1998). LEE4 encodes theetedrproteins EspA, B, and D
which form the translocon and a pore required tovele effector proteins into the
cytoplasm of host cell (Shaet al, 2001; Roeet al., 2003; Gauthiert al, 2003).
LEE 5 encodes an effector protein chaperone, CasTwell as intimin and the
translocated intimin receptor (Hartlaetlal, 1999) whic is inserted into the host cell
membrane by the TTSS. Other smaller operons ancs@R¥also present in the LEE
that code for various effector proteins includingpE (Craneet al, 2001), EspG
(Elliott et al, 2001), EspH (Tuet al, 2003), mitochondrial-associated protein,
(Kenny & Jepson, 2000), Tir (Kenret al, 1997), and a chaperone protein CesT for
Tir (Abe et al, 1999). Many effector proteins are involved in miading the host
cytoskeleton.
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Fig. 1.1 The LEE regionsconsist of 5 operons from LEE1to LEES. This figise
taken directly from (Speagt al.,2006)
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Fig. 1.2 The TTSS.This figure shows the translocation of bacterfééaor protein
from its production site, through the structurakdie, directly into the host cell
cytoplasm. EspA the sytem needle is formed throtlgh collection of TTSS
structural proteins, and is approx. 80 nm longsThblecular needle is directly able
to inject the bacterial effectors directly into thest cell. This figure is taken directly
from (Treeet al.,2009).
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1.1.9h.2 Initial attachment

EPEC adhere to intestinal epithelial cells depemdim the presence of a plasmid that
encodes 7nm diameter type 4 and 5 fimbriae thadachored to the outer membrane
and combined to form bundles known as bundle fognpiti (Craviotoet al, 1979;
Giron et al, 1991; Bieberet al, 1998). These pili are not encoded by EHEC
0157:H7, so other initial binding factors may beportant. The OmpA outer
membrane protein oE. coli acts as an adhesion and invasion factor as wetl as
helps in boilfilm formation. These functions areedw four short protein loops that
come from the protein outside of the cell (Snathal, 2007). H7 flagellum plays an
important role in EHEC O157:H7 initial colonizatido bovine terminal rectum
(McNeilly et al, 2008). F9 fimbriae enhance the initial adheresicEHEC strains
026:H- and O157:H7 to bovine epithelial cells aralibe gastrointestinal tissue
(Naylor et al, 2005b) and were identified as important for eattblonisation using
signature-tagged mutagenesis studies (ledval, 2006). Curli are heteropolymeric
proteinaceous filamentous appendages that are cmdpof a large (CsgA) and
small (CsgB) subunits that affect on the bindingvétees of several biofilm-forming
E. coli strains, including STEC (Van Houdt & Michiels, Z)0Although these gene
clusters are very preserved amdagcoli strains, many laboratory strains do not
create curli due to the silencing of the csgD prtan¢van Houdt & Michiels, 2005).

It has been shown that among clini€al coli isolates, curli are expressed in most
EHEC and ETEC strains, but not in EIEC or EPECisttasignifying a specific role
in pathogenicity (Van Houdt & Michiels, 2005).

1.1.9h.3 Attaching and effacing (A/E) lesions and i  ntimate attachment

EHEC and EPEC intimately adhere to host cells fogmicharacteristic
histopathological lesions in the intestine, knows ataching and effacing (A/E)
lesions (Andrade & DaVeiga, 1989; McDaniel & Kap#997; Frankekt al, 1998;
Jerseet al, 1990). Adherence of EHEC and EPEC to epithebscauses a variety
of signal transduction pathways in epithelial celBoth EHEC and EPEC can
express a molecular syringe that can export pretiEgm the bacteria into the host
cell. This is called a type Ill secretion systenT8B5) (Fig. 1.5). ‘Effector’ proteins

are injected. One of the first to be characterized the translocated intimin receptor

17



Introduction

(Tir) (Kenny et al, 1997). When Tir is translocated into host ceiisacts as a
receptor for the bacterial surface protein intinfiivaz & van der Goot, 1999).
Intimin can also bind to an eukaryotic cell receptalledp1 integrin, which travels
from the basolateral surface to the apical celfasay, to act as receptor to intimin
(Gullberg & Soderholm, 2006). Nucleolin, a proteimcluded in cell growth
regulation that can be cell surface-expressed, atem act as eukaryotic intimin
receptor (Sinclair & O'Brien, 2002; Humphries & Astrong, 2010). Once the
bacteria intimately attach to intestinal epithetialls, they cause marked cytoskeletal
changes including the accumulation of polymerizedinadirectly beneath the
adherent bacteria (pedestal formation). The imakticrovilli are effaced (lost) and
bacteria are attached on pedestal-like structureaain (Moon et al, 1983).
Furthermore, other translocated effectors actihat signaling pathways leading to
increases in intracellular calcium levels, chlorida secretion, disruption of tight
junctions (Simonoviet al, 2000), and interference with phagocytosis (Val&aé
Finlay, 2000). It is interesting that several intinmegative EHEC serotypes, such as
091:H21, O113:H21, and O121:H19 can also cause dtJBloody diarrhoea as
well as outbreaks of intestinal disease (Pabal, 2001; Jelaciet al, 2003). The
pathomechanism by which these atypical EHEC stramsse disease is not well
known. Such strains appear to be more frequenideutsurope, specifically in the
United States (0121:H19) (Jelacet al, 2003) and Australia (O91:H21 and
0113:H21) (Patonet al, 2001). In Germany, intimin-negative strains ok th
serotypes 091:H21 and O113:H21 also cause HUS.

1.1.9h.4 Type Il secreted effector proteins

EPEC and EHEC secrete many effector proteins u$ingS; some of them are
encoded within LEE but a others are not, for examipspC and the glycolytic
pathway enzyme glyceraldehyde-3-phosphate dehydesge TheespCgene that is
located within a second PAI, encodes immunoglobAliprotease-like protein. This
protein has no role in adherence or signal trariggluc It can be secreted
independently from TTSS (Clarket al, 2003).The most important LEE encoded
proteins are the translocated intimin receptor)(TispB, Map, EspF, EspH, and
EspG. These proteins are injected directly inta lsefls. Tir and EspB play crucial
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role for A/E lesion formation in EPEC (Kenny & Jeps 2000; Elliottet al, 2001,
Tu et al, 2003). Tir also links extracellular EPEC/EHECth® cell cytoskeleton,
where the extracellular domain of Tir binds intin{en outer-membrane bacterial
adhesin protein) ( Kenngt al, 1997; Frankekt al, 2001), while the intracellular
domain interacts with a number of cytoskeletal @ret (Hartlandet al, 1999;
Kenny, 1999). Inside the eukaryotic cell EPEC #r phosphotyrosonated by
phosphotyrosin and binds to the NCK recruit it tdymerize the actin beneath the
attached bacteria and the formation of A/E lesidfidEC tir is unable to recruit
NCK pathway for actin assembly. However, EspFU,T&3J effector associate with
tir binds NWASP and stimulates NCK-independent ractissembly pathway
(Campelloneet al, 2004).

EspB acts as a component of TTSS translocon;nigdhe pore of the TTSS needle
so it is important for translocation of other effas. It also functions as an effector
protein that is involved in actin modulation anddestal formation (Tayloet al,
1998; Wolff et al, 1998). EspB binds to the actin-interacting regodrmyosin-1c
and inhibits the interaction between myosin-1c actih. This leads to the inhibition
of phagocytosis (lizumet al, 2007). EspJ targets an essential host molecule or
complex normally involved downstream of these twagocytic receptors. It inhibits
both FeR- and complement receptor type 3 (CR3) mediatedjptytosis (Marchés
et al, 2008). Map is targeted to and interferes withoehibndrial function and also
promotes rapid filopodia formation ( Kenny & Jeps@000; Kennyet al, 2002).
The function of EspG is not known, although homglegth ShigellaVirA, which
interacts with tubulin and causes microtubule ipiitg, suggests EspG may play a
similar role in EPEC/EHEC infection (Ellio#t al, 2001; Yoshidaet al, 2002).
EspH is a modulator of the host actin cytoskelettiacting filopodia and pedestal
formation (Tuet al, 2003). Thus, a number of EPEC/EHEC effectors Hasen
shown to modulate the host cytoskeleton and maynpertant in the events leading
to A/E lesion formation.

1.1.9h.4a EspF

EspF is a focus of this PhD research. It is a niutictional effector protein encoded
by the LEE Pathogencity Island and injected inte kiost cell through the TTSS.
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EspF is a proline-rich protein. Based on the presei proline-rich repeats (PRRS)
and SH3 binding motifs, it was anticipated thatfEspuld be an effector protein and
subsequent secretion, and translocation assaysaleevehis to be the case
(McNamaraet al, 2001).

EspF requires a chaperone, CesF to be translogatedost cells (Clarkest al,
2003). It is involved in disruption of tight junotis (TJ), possibly through
manipulation of the actin cytoskeleton (McNamataal, 2001). It was discovered
that EspF does not disrupt TJ in intimin negatiaeteria, this indicates that the
intimin-Tir interaction is necessary to activate disruption by EspF (Dean &
Kenny, 2004; Altcet al, 2007). EspF plays a crucial role in the losgahs$epithelial
electrical resistance, and loss of epithelial learfunction, resulting in increased
monolayer permeability by its role in redistributioof tight junction proteins,
including occludins ( Guttmaast al, 2006; Nougayrédet al, 2007). Loss of TER
induced by EHEC was shown to be slower and moreestotthan that induced by
EPEC, and this is considered to be due to variatidzhe EspF protein between the
E. colipathotypes (Viswanathaet al, 2004a).

It has also been shown that EspF causes elongatitime intestinal brush border
microvilli possibly by inducing actin assembly (8hat al, 2005; Marchest al,
2008). EPEC EspF plays a role in effacement of ewitir around the attached
bacteria (Dearet al, 2006). EspF interferes with water and ion re-ghtsan from
the intestine (by binding) and inhibits the actafnthe sodium hydrogen exchanger
NHES3 or the sodium glucose co-transporter SGLT1d@éset al, 2008; Dearet al,
2006).

EPEC EspF is targeted to mitochondria, the N-teamregion of EspF acts as a
mitochondrial import signal; EspF causes an in@easmitochondrial membrane
permeabilization in addition to release of cytocheoC from mitochondria into the
cytoplasm and with caspase-9 and caspase-3 cleaVhgeprocess is mediated by
EspF binding and disruption of the anti apoptosisthprotein Abcf2 within the
mitochondria leading to mitochondria and apoptatell death (Nougayréde &
Donnenberg, 2004; Nagat al, 2005; Nougayredet al, 2007). The amino acid
leucine at position 16 is the key amino acid resislumitochondrial targeting (Nagai
et al, 2005). EspF is cleaved within the mitochondriaction of EPEC-infected
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cells, resulting in two distinct forms with the appimate sizes ~28 kDa and ~17
kDa (Nougayrede & Donnenberg, 2004; Destnal, 2010). Processing of EspF is
entirely dependent on an intact mitochondrial memébr potential as the smaller
cleaved form is not present in cells treated witle tmitochondrial inhibitor
valinomycin (Dearet al, 2010).

EspF is targeted to the nucleolus, the site foosame biogenesis, and disrupts its
function by relocating nucleolin from the nucleoliesthe cytoplasm (Deaat al,
2010). EspF disrupts cell integrity by interactwgh Cytokeratin 18 a eukaryotic
intermediate filament, making it more soluble (Vavatharet al, 2004b).

The PRRs of EspF bind to Sorting Nexin 9 (SNX9) g SH3 amino terminal
region (Marchést al., 2006; Altoet al., 2007). Each PRR contains two putative
overlapping SH3 binding domains with the conseriBwsP motif (Mayer, 2001).
SNX9 is essential for formation of clathrin-coateits (CCPs) by interacting with
B2-appendages of adaptor protein complex 2 (APL}ha late stages of vesicle
formation. SNX9 also interacts with clathrin andndgin-2, two other vital
molecules in the endocytic process (Lundmark & €samh, 2003; Souleet al,
2005). SNX9 has two lipid contact domains; a phos$pld-binding region termed
the phox (PX) domain, the second is a putative Bmwphiphysin/Rvs (BAR). The
BAR domain can reconfigure lipid vesicles or shéetis membrane tubules (Per
al., 2004). SNX9 also has an N-terminal Src homolod{$B3) protein active site
that was recently shown to bind WASP (Badetral, 2007) and to the activate
dynamin at clathrin-coated pits (CCPs). Theref@BlX9 is a vital factor in re-
modelling the membrane and cytoskeletal apparatms@ endocytosis (Souledt
al., 2005; Altoet al, 2007).

N-WASP plays an important role in endocytosis, éyodelling membranes through
the spatiotemporal control of several phospholipaael F-actin binding proteins
(Merrifield et al, 2002; Kaksonemet al, 2006;Holmeset al., 201Q. The PRRs also
contain a functional N-WASP binding motif towardsetC-terminal end of each
repeat (Altoet al, 2007). A direct interaction between actin andfEEBpm the rabbit
EPEC strain E22 (Peralta-Ramiret al, 2008) was revealed to contribute to the

extent and size of actin-based pedestals in EPECtad cells most probably
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through its direct alteration of the cytoskeletemen though no role for N-WASP
was demonstrated (Peralta-Ramietal, 2008).

EPEC EspF has been shown to play an important imi@hibition of bacterial
uptake by macrophages (Quitatlal, 2006; Martinez-Argudet al, 2007; Marchés
et al, 2008). EPEC prevents macrophage phagocytosisinhéition of the
phosphatidyl inositol-3 (PI13) kinase dependent wath of bacterial uptake using
TTS protein EspKCelli et al, 2001; Quitarcet al, 2006).

The intestinal mucosa is generally impermeable t@acromolecules and
microorganisms, except at Peyer’s patches, whexdytnphoid follicle-associated
epithelium (FAE) contains M cells that transportigens and microorganisms to
antigen presenting cells in the sub-mucosa (Kereeial, 1997). Potentially as
gastrointestinal FAE is less well protected in temwha mucus barrier, these sites are
often targeted by bacteria for colonization andasign. Some EPEC strains exhibit a
tropism for the specialized follicle-associated tlegium (FAE) overlying
lymphofollicles in the gut, but resist translocatithrough the intestinal lumen. This
inhibition of translocation resembles the capaoit{PEC to inhibit phagocytosis by
macrophages. This inhibition is dependent on th@ession of a bacterial type llI
secretion system (TTSS) by EPEC and translocatioBspF (Martinez-Argudcet
al., 2007).
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Table 1.1 Bacterial effectors implicated in epithelial cell tinction (taken directly

from Prof. David Gally Teaching lectures).

Host cellular processes

Type Il Secreted effector proteins

Intracellular trafficking

1. Inhibition of vesicle trafficking and proteinjpide
export (NleA) (Kimet al, 2007).

2. G protein antagonist vacuole positioning (Si
SopE) (Jacksont al, 2008)

A;

Cytoskeleton

1. Actin polymerization for intimate attachme
(Tir/EspFu) (Campellonet al, 2004).

2. Microvillus effacement and inhibition qof

nt

phagocytosis by blocking myosin interactions with

actin (EspB) (lizumkt al, 2007).

3. Inhibition of endocytosis via SNX9 and N-WASP

binding (EspF) (this study).

4. Prevent actin depolymerization, binding to F-agtin

to block protein function (SipA) (zZhowt al,
1999). SipC and SopB iBalmonellainvasion
(McGhieet al, 2004)

5. Actin-based motility (VirG/ActA) (Suzukiet al,
1996)

Protein stability

Deubiquitinating cysteine Proteases (Ssel) (Rytkéne

et al, 2007) Cysteine peptidase-like activity degra
a-tubulin  (VirA) Ubiquitin ligases (SopA, IpaH
(Rohdeet al, 2007)

Hes

Inflammation

1. Kinase manipulation Acetylation of specit

kinasesat phosphorylation sites (YopH, AvrA). (Ont

2007); Du,and Galan 2009 (Du & Galan, 200
NleE/NleB, (OspZ and OspF/G) on NFkB activati
pathways (Newtoet al2010)

2. Shielding of an inflammatory
Factor (YopB) by another (YopK) (Vibouat al, 2003)

ic

9);
on

Cell turnover & apoptosis

1. OspE interaction with ILKinhibits turnover ofdal
adhesion points to ECM; EPEC Cif (Nougayredel,
2001; Kimet al, 2009)

2. NleH inhibits apoptosis working with Bax inhibit
1 & so inhibit caspase-3 activation (Hemrajagti
al.2010).

SopB on Akt (Knodleet al, 2005)

3. IpaB acts on Mad2L2 increases APC activity
block the cell cycle (lwaét al, 2007).

G protein signalling

Activity on guanine nucleotide-binding proteinscku
as Rho and Rac (YopE, SopE, SptP, SopB) (Galg
Zhou, 2000; Murliet al, 2001; Buchwalcet al, 2002;
Aepfelbachelet al, 2004) this activate actin dependg
bacterial internanalization

>
Ro

ent

1.2 The genus Salmonella

Salmonellarepresents an important group of food borne pahsgThey are Gram

negative facultative anaerobic bacilli, fermentogise, and are oxidase negative. The
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majority of Salmonellaspecies produce hydrogen sulfide that can rebdilgetected
by growing the bacteria on media containing ferrsuigate, such as triple sugar iron.
The nomenclature dbalmonellais complex (Tindallet al, 2005) and is currently
considered t@ontain 2 speciegntericaandbongori Salmonella entericas divided
into 6 subspeciegnterica(l), salamag(ll), arizonae(lll), diarizonae(lV), houtenae
(V), andindica (VI). Each of these sub-species have multiple sayTable 1.2),
defined by the presence of three major antigeres;'itti or flagellar antigen (some
time it is two phases, phase 1 and 2 especiallySfoFyphimurium), the "O" or
somatic antigen, and the "Vi" or capsular antigesfefred to as "K" in other
Enterobacteriacege (Lin et al.,2001).

Table 1.2S. enterica subspecies and their serovardgdken directly from Grimont,
2007).

Species Subspecies Number of Serovars
S. enteric 2557
Enterica 1531
Salamae 505
Arizonae 99
Diarizonae 336
Houtenae 73
Indica 13
S. bongori 22
Total number of serovars 2579
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1.2.1 Epidemiology of Salmonella: disease transmission

The majority of cases of human infections®glmonellaresulted from the ingestion
of contaminated foods of animal origin (Meatlal, 1999). Wild-living birds may
play an important role in spreadir®almonellato humans and to various animal
species, via contamination of the surrounding @mrrents, such as water, fresh
fruits, and vegetables (Bodest al, 1986; Mahon et al., 1993). Direct person-to-
person transmission through faecal-oral contanonat also possible (Storet al,
1993).

1.2.2 Diseases caused by Salmonella

Salmonellanfections can simplistically be divided into twategories: (1) those that
are relatively host specific and often quite seveging to systemic spread and
sometimes the death of the animal or human; andtl{@$e that can cause
gastrointestinal infections in multiple hosts. Tiret category includeSalmonella
Typhi in humans an&. Dublin in cattle, whereas the second categoryites$ the
significant public health pathogefs Typhimurium andS. Enteritidis. These can be
both transmitted to humans from contaminated meadyzcts, withS Enteritidis
being more commonly associated with poultry prosliantdS. Typhimurium with

pig and cattle products (Wallis, 2005).

1.2.2a Disease in human

The disease caused Balmonellais called Salmonellosis. Salmonellosis has been
defined as one of the main public-health problenosldwide. Salmonella enterica
serovar Typhimurium is one of the serotypes mostelyi associated with human
infections. Salmonella Typhimurium is transmitted from contaminated meat
products. Salmonellosis symptoms are usally aswatiaith fever, abdominal pain,
diarrhoea, nausea, and sometimes vomiting. Furtbresnsevere dehydration caused
by the gastrointestinal infection can be life-thiegéng in young children and the
elderly (Bodeyet al.,1986; Kapperuet al.,1998).
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1.2.2b Disease in birds

Poultry are generally infected with a wide range Sdimonella serovars.S.
Gallinarum andS. Pullorum are the most widespread serotypes condewith
poultry diseases. These serovars cause fowl typtaid pullorum disease
respectively. The disease affects chicken and wsrlend it can also affect game
birds. S. Pullorum usually infects young birds that show eliéint clinical signs
including white diarrhoea, lameness, laboured biegf and occasional blindness. It
causes mortality and morbidity that could reach %0®dult birds are usually
infected subclinically, and a drop in egg productidertility or hatchability may
occur (Kapperudet al, 1998). Fowl typhoid characterised clinically blevated
temperature 44-4&, pale and shrunken combs, greenish-yellow diaaho
depression, and/or anaemia (Pattisbal, 2008).

Salmonella enteritidis may accidentally infect poultry. Thefaction is usually
asymptomatic and the chicken become chronic caftister, 1988). However, it
may produce clinical disease in chicks up to siekgeof age and occasionally in
adult laying birds. Affected birds are depressddindlined to move, and usually
have diarrhoea (Wray et al., 1996). Mortality mayHgh in chicks under one week
of age. Older chicks may show uneven growth andtistg. The diseased birds may
show lesions of pericarditis and septicaemia (Ljst888).

The symptoms 0. Typhimurium infection in poultry are nearly the saas to those
caused byS. enteritidis.However, clinical disease due $ Typhimurium is rarely
seen in birds over month of age. Infection of adhitkens withS. Typhimurium is

usally without clinical manifestation ( Wray et,al996).

1.2.2c Disease in Cattle

Cattle are primarily affected by serova®. Dublin and S. Typhimurium.
Salmonellosis in cattle is characterised by pyrearerexia, and reduced milk yield
followed by diarrhoeaS. Dublin could result in a systemic disease and gslyer
results in abortion in pregnant cows. Most caseS.@ublin infection have been
encountered in young calves (Sojkda al, 1977). Cattle can be infected with
Salmonellawithout displaying the clinical symptoms. Thesénaads are referred to

as active carriers. The active carriag&afmonellaoccurs before clinical enteritis or
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systemic infection. Infected animals may sect®ddmonellafor years or even life.
Active carriers may excret8almonellacontinuously in concentrations greater than
10° CFU/g of faeces and thus can be detected by ebtateriological examination
(Pullingeret al.,2007)

Cattle infected withtSalmonellaexhibiting clinical symptoms can excrete up td 10
CFU/g of faeces. These animals contaminate theowwding environment
potentially causing infection of other livestockeses in the area. Cattle are most
likely to be infected by the oral route but infectimay also occur via the respiratory
tract or conjunctiva (Pullingest al.,2007).

1.2.2d Disease in pigs

Pigs are affected by a host-restricted serova®amonella S. Choleraesuis which
results in systemic disease. In the 1950’s and '$960 Choleraesuis was the
predominant serovar isolated from pigs (Sogkaal, 1977). In a European Food
Safety Authority (EFSA) survey between 2006 and72@7 different serotypes of
Salmonellawere found to affect pigs across EurofeTyphimuriumwas the most
common serotype obalmonellaisolated with ~40% of the positive pigs infected

with S. Typhimurium according to EFSA.

S. Typhimurium typically causes disease in pigs agevben 6 and 12 weeks and
rarely in adult pigs. Older animals frequently hawbclinical infections which result
in high transmission rates to surrounding animiafet detected. The initial clinical
signs of infection include watery diarrhoea. Pigsdime anorexic, lethargic, and
febrile following infection; however mortality issually low. The mesenteric lymph
nodes are usually swollen and intestinal necrasisfien seen as distinct button

ulcers (Pullingeet al.,2007)
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1.2.3 Factors affecting S. Typhimurium adherence and colonisation

1.2.3a Fimbria

Fimbriae areproteinaceous appendages in many Gram-negativeerlzaciThese
appendages range from 3-10 nanometers in diametércan be up to several
micrometers long. It is also thinner and shortentla flagellum. Bacteria use the
fimbriae to help in adherence to one another artlgdost cells and some inanimate
objects. A bacterium can have up to 1,000 fimbrigtee fimbriae are only visible
with the use of an electron microscope. Fimbridesins ofS. Typhimurium play an
important role during bacterial attachment to amehsion of the intestinal mucosa
(Baumleret al, 1997). Type 1 fimbriae are essential talmonellaadhesion to
various kinds of epithelial cells (Baumlet al, 1996). Mutation of in IpfC, the gene
encoding the PE fimbriae outer membrane usher eedine ability of S.
Typhimuriumto attach to mice peyer's patches. This mutant lisbthe ability to
destroy M cells of the follicle-associated epitheil (Baumleret al, 1996)

1.2.3b Type Il secretion system

Salmonellaeencode two distinct virulence-associated TTSS iwitBalmonella
pathogenicity islands 1 and 2 (SPI-1 and SPI-2) &ha measured to be required in
different aspects obalmonell&s pathogenicity, although there are many repofts o
overlap in their function. These TTSS inject vasad&almonellaeffectors directly
into the host cell (Hernandet al, 2004). The SPI-1 TTSS is active on contact with
host cells. SPI-1 is required for bacterial invasaf epithelial cells. SPI-1 TTSS
translocates at least eight effector proteins thatliate several effects, including
membrane ruffling, bacterial invasion, cell deadhd trans-epithelial migration of
neutrophils (Miao & Miller, 2000). SPI-1 is expresisin growth conditions that are
consistent with the intestinal environment. Thigulation depends on a variety of
transcription factors encoded within SPI-1 (MiadvBller, 2000).

In contrast, SPI-2 expression is induced in phagseg bacteria to defend the
Salmonellacontaining vacuole (SCV) from lysosome fusion dahd anti-bacterial

factors present in lysosomes. This TTSS helpseénsgiread of infection and causes
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apoptosis of infected cells so it is essentiakiawvival/replication in phagocytic cells
(Miao & Miller, 2000; Galéan, 2001; Waterman & Holde2003).

1.2.3c Salmonella secreted effector proteins

The initial site ofS. Typhimurium infection occurs in the distal smallastine. Here
the bacteria induce their own uptake, invading pbagocytic cells by manipulating
the host actin cytoskeleton resulting in intensenim@ne ruffling and the formation
large macropinosomes. The bacteria do this usingnge of effector proteins
injected via the TTSS encoded [8almonella pathogenicity island 1 (SPI-1)
(Hernandezt al, 2004; Ly & Casanova, 2007).

The specialized antigen-sampling intestinal M cell® an important route of
Salmonellainvasion during the early stages of infection tlgio inducing ruffle-like
entry foci in M cell membrane and cytoskeletal reagements (Jepson & Clark,
2001). S. Typhimurium efficient M-cell invasion correlatesitiv the induction of
cytotoxicity and are accompanied by M-cell desinrciand loss of adjacent regions
of the FAE (Autenrieth et al. 1996; Dani@sal, 1996). The mechanisms by which
Salmonellainvade the intestinal epithelium are being cladfiin vitro studies have
identified several genes which are required toroje S. Typhimurium invasion of
epithelial cells. SPI-1- encoded genes include e till protein secretion system
together with several of its target proteins theg sequired for bacterial invasion
(Clark et al, 1998). This including SipA, SipC, SopB/SigD, SoE6pE2, and SptP
that are known to alter the host cell actin cytéstiom to drive internalization of
SalmonellalLy & Casanova, 2007).

The Salmonellanvasion protein A (SipA), a component®d&lmonellaPathogenicity
Island 1 (SPI-1), is vital for efficient invasiof cultured cells. It binds host F actin,
enhances its polymerization near the adherentaetludar bacteria, and contributes
to cytoskeletal rearrangements that internalizeptbogen (Bourdet-Sicard & Van
Nhieu, 1999; Lilicet al, 2003). Oncesalmonellapasse through M cells, it binds to
the surface of macrophages, induces ruffle-likeyeiatci in the macrophage surface
and utilize TSS to injecBalmonellaouter proteins E (SopE) and SopE2 (Stender,
Friebel et al. 2001). SopE has GDP/GTP exchangeitgcspecific for Rac and
Cdc42 (Friebel et al. 2000). SopE is required forasion of macrophages and
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capable entry into epithelial cells by alteratidrtiee actin network. It also regulates
nascentSalmonellacontaining vacuoles (SCV). SigD/SopB is an effeqtootein
that is encoded by SPI5 and is injected directly the host cell using SPI-1. SopB
needs the SIigE chaperone for its translocation.islta phosphatidylinositol
phosphatase that hydrolyzes phosphatidylinositad,3and 5 (Norriset al, 1998).
This manipulates the level of endosomal phosphdides leading to recruitment of
sorting nexin 1(SNX1) to SCV and results in thariation of extensive, long-range
tubules termed ‘spacious vacuole-associated tul{Blgay et al, 2008; Brauret al,
2010). These tubules enhance bacterial replicatidnn SCVs (Bujny et al., 2008).
SigD/SopB is also concerned with invasion of thetheell. It binds to the rab5
GTPase, a central regulator of membrane fusion arty eendocytosis. SigD is
essential for Akt activation as well. Akt stimulateellular signals that are essential
and sufficient for host cell survival. Thus, it p@ssible thatSalmonellainduced
activation of Akt in epithelial cells would increashost cell survival, perhaps
allowing the pathogen a greater intracellular tifrme within which to replicate.
SigD activates AKT by its phosphorylation at twtesi Ser473 and Thr308 (Steele-
Mortimer et al, 2000). Activation of AKT has no function in cétivasion (Steele-
Mortimer et al, 2000). Following translocation, the host cell neame returns to
normal and the bacteria reside within SCV. The easseacuole is enormous relative
to the size of the bacterium and has been callédpacious phagosome” that
undergoes a maturation process which allows thdaebacto multiply (Ly &
Casanova, 2007). The SCV is modified by the bateriprevent maturation into, or
fusion with lysosomal compartments, thus providihgm with protection from
lysosomes. During a lag period of 2-3 h, the b&ctenodulate their vacuolar
environment before they start to replicate (Hereanet al, 2004b).Salmonella
induced apoptosis contributes to the break out nifacellular bacteria from
exhausted host cells following nutrient deprivatiand the stop of bacterial
replication. Induction of apoptosis is performed @PI-1 TTSS effector SipB that
binds to and activates caspase-1 which mediatgs@gs, and induces the release of
IL-1B which is required for inflammation (Hergh al, 1999a; Coburet al, 2007)
TTSS-2 effectors modulate host cell functions, emly cytoskeletal organization

and membrane trafficking, including inhibition ofanous aspects of endocytic
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trafficking, an avoidance of NADPH oxidase-dependadhing, the induction of a
delayed apoptosis-like host cell death (Kuhle & $&#n2004). SPI-2 mutants fail to
replicate within macrophages and epithelial céllgilfo et al, 1998).

The mechanism by which SPI-2 promotes bacteriallefice is unknown. Although
a number of translocated effectors of SPI-2 TTS&Haeen identified, it has been
shown to promote intracellular survival by inhibiti of phagosome—lysosome fusion
(Brumell & Grinstein, 2004).

Salmonellainduced filaments (Sifs), are intracellular prdjens that extend from
the SCV to the cytoplasm of infected epithelialsek macrophages (Knodlet al,
2002). These structures are associated with cgéinmlle trafficking (Brumelkt al,
2002). They are also necessary for the binding @Y Svith the late endosomal
compartments. Although the advantages of doingftimstion are unclear, but are all
potentially about controlling trafficking, positipnand maturation of the SCV
(Brumellet al.,2001).

SpiC and SifA ar&almonellaPathogenicity Island 2 (SPI-2) TTSS effectors trat
injected from the bacteria in the vacuole into tlyeosol outside the vacuole. SpiC
inhibits fusion between the SCV and lysosomes (8hdet al, 2003). It stimulates
actin polymerisation that results in cytoskeletaglarrangements (Hayward &
Koronakis, 1999). SifA controls the maintenancetld SCV binds F-actin and
inhibits its polymerisation, enhances the efficieln SipC and is necessary for the
formation of Sifs (Gorvel & Meresse, 2001; Boucret al, 2005; Waterman &
Holden, 2003).
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Table 1.3 Role of SPI-1 and SPI-2 effectors isalmonella pathogenesis

SPI-1 effector | Function References
protein
SipA It enhances actin polymerization near th@ourdet-Sicard &

adherent extracellular bacteria, and contributesW¥an Nhieu, 1999
cytoskeletal rearrangements that internalize |thdic et al, 2003a).

pathogen.
SipB Induction of apoptosis via activation of caspd | (Herslet al, 1999b)
SopE + E2 It plays a role in recruitment of Arp2i8 | (Stenderet al, 2000)

membrane ruffles. Required for optimal invasion
of cultured epithelial cells.
SopB It is encoded by SPI-5, dependent on Sjrf&ckmannet al,
inositol phosphate phosphatase that hydrolyz&897; Steele Mortime
phosphatidylinositol ~ 3,4,5-triphosphate,  faet al, 2000b)
inhibitor of chloride secretion. It mediates fluid
secretion by increasing chloride secretion. it also
affects host cell signalling pathways that may|be
concerned in regulation of cytokine expressjon
such as activation of the serine-threonine kinase

Akt.

SopD It has additive effect to SopB in the inductaf | (Joneset al, 1998)
enteritis

SopA Involved in the induction of neutrophil(Woodet al, 2000)
transepithelial migration

SPI-2 effector | Function References

protein

SipC It nucleates actin polymerisation which resint | (Hayward &

cytoskeletal rearrangements. It also prevents th&oronakis, 1999;
fusion of SCV with endosomes and lysosomes. Uchiyaet al, 1999)
SifB, SseJ, SseF, | are localized to Sifs and are required for their | (Guy et al, 2000;

SseG and PipB formation Waterman & Holden,
2003)

SopD2 required for Sifs formation (Jiaagal, 2004)

SifA It prevent binding of SCV with lysosomes arsd| i(Brumell et al, 2001)

important for binding of SCV with the late
endosomal compartments by inducing expression
of other sifs

1.3 Intestinal epithelium and M cells

The intestinal immune system must cope with mafgciious and toxic assaults that
may damage the epithelium. The immune system nisstracognize epithelial cell
transformation. Simultaneously, the intestinal inmausystem must ignore the
collection of commensal organisms and dietary ansgthat do not harm the host.
To deal with this challenge, the gut-associatedolyoid tissue has developed several

important modifications in relation to antigen peesing to manage its organ-
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specific responsibilities. These include flatterguthelial microfold cells that are a
kind of intestinal epithelial cells in the folliclessociated epithelium of Peyer’s
patches (Gebesdt al, 1999).

The epithelium lining the intestinal mucosa is cosgd of multiple cell types
including enterocytes, enteroendocrine, goblet, Radeth cells. These cells derive
through asymmetrical division, migration, and diffietiation from pluripotent stem
cells. An additional specialised epithelial celpe¢y termed M-cells, “membranous”
or “microfold” cells, can transport antigens andcrotorganisms into underlying
lymphoid tissues and are associated particularti wpithelium overlying the gut-
associated lymphoid tissue Peyer’s patches (Gebett, 1999). This is referred to
as follicle-associated epithelium (FAE), the siteactive immunological function. In
contrast to villous epithelium, FAE contains vergwf or no goblet or
enteroendocrine cells, fewer defensin- and lysozgnoeucing Paneth cells, and
lower membrane-associated hydrolases. FAE is devafl polymeric
immunoglobulin receptor that mediate the transtaalltransport of immunoglobulin
A & M and therefore not able to transport proteetigA from the interstitium to the
lumen. The glycocalyx (glycoprotein secteted by #pgthelial cell to coat the
epithelial surface) of FAE presents array of glygogates different from the
surrounding villus epithelium (Gebest al, 1994; Giannascat al, 1994; Giannasca
et al, 1999; Owen, 1999)All these features tend to promote local contdct o

pathogens and intact antigens with FAE, one dlitstions.

The FAE M-cells sample antigens from the lumen afiyeto the intraepithelial
lymphoid cells and to sub-epithelial organised Yamid tissue, initiating a protective
immune response (Giannasstaal, 1994). M-cells generally lack an organised brush
border and a well-defined filamentous brush bogigcocalyx (FBBG). Their apical
surfaces have only a thin (20-30nm) glycoproteiratc@rey et al, 1996) in
comparison to villus enterocytes which have a ligHifferentiated structure
consisting of rigid, closely packed microvilli cedtwith a 400-500nm thick FBBG
composed of highly glycosylated transmembrane nsuciherefore, though the M-

cells are crucial for induction of protective muabsnmune responses, they can be
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considered as potentially less well-protected git@$ act as entry portals to many

enteropathogens.

Human M-cells covered by small microfolds over thapical surface, instead of
microvilli. These microfolds are similar to rufflesn the edges of a macrophage.
They can enfold a wide range of particles thathidheir surfaces. However, in mice
M-cells are characterized by the presence of srradigular microvilli instead of
microfolds. The ultrastructural morphology by tramssion electron microscopy,
revealed that murine and human M-cells, are inagoh to form pockets for
lymphocytes that directly engulf the antigen tramssed across M cell (Ogra, 1994).
Murine and human M-cells expressed glycoprotei®GRZ) receptors on the surface
plasma membrane and it is consider to be a spauifiker for that cell in those
species (Haset al, 2009).

M cells bind to adjacent cells by tight junctioMs cells have lateral inter-digitations,
oriented along a basal lamina, and are epitheéilié dy all characteristics and not
posses any features of connective or mesenchyrisl tefact, M cells have some
prelysosomes and a few lysosomes may be able &éstdspme of the material they
engulf (Owen, 1994).

1.3.1 Development of M cells

The origin of both villous epithelium and FAE i®ifin crypt stem cells. The intestinal
crypts can be simplistically considered as formexnf a unit of pluripotent stem
cells that are anchored together as a ring, whivgsgise to multiple cell types that
migrate upward in columns onto several adjaceri (Blye et al, 1984). FAE is
formed from a mixture of migrating cells from 12 more follicle-associated crypts
(Savidge and Smith, 1995). The follicle-associategpts can be differentiated
through two directions. Cells located on one sidetle crypt migrate and
differentiate into villous epithelium with absongti enterocytes, goblet, and
enteroendocrine cells, whereas cells on the fellgtle of the crypt move onto the
dome and differentiate into FAE and M-cells (Bsteal., 1984; Gebertt al, 1999;
Kraehenbuhl & Neutra 2000).
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Fig. 1.3 The relation of M cell to enterocyte and iatigen presenting cells in the
follicle associated epithelium (FAE).M cell (A) is charcterized by presence of
fewer and shorter microvilli. The antigen presegtaells are invaginated in middle
hollow of M cell (Arrow). The absorbtive enterodi®) is charcterized by long and
thick brush border.

The mouse FAE specimens were viewed in a CM 12@tnégssion electron

microscopgTEM).
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There are various hypotheses regarding the ontogleRE and M-cells: (i) M-cells
may originate in the crypts as a distinct cell #ge from specific progenitor stem
cells via an independent differentiation program(Bge et al, 1984; Geberet al,
1999); (ii) they may derive from enterocytes untlee influence of surrounding
lymphoid micro-environment as enterocytes are sbje different signals from
lymphocytes (T&B cells) that can play importante®lin M cell differentiation in
these follicles leading to production of M-like Isel(Smith & Peacock, 1980;
Freemaret al, 1995; Savidge, 1996; Kernasal, 1997); (iii) exposure to microbial
pathogens in the lumen may induce enterocytesdoiaise into M-cells (Savidget
al., 1991; Borgheset al, 1996; Borgheset al, 1999; Meynellet al, 1999); or (iv)
they represent a transient phenotype of FAE eny&scas they migrate from the
crypts to the apex of the dome. Certain microbegeap to exploit the innate
plasticity of epithelial cells to trigger their treformation into a M cell phenotype
that suits their habitat or life style, for exampBampylobactefejuni that increased
cells expressing the M cell-specific marker, gateét in Caco-2 monolayers. This
coincided with decreased numbers of normal epithetlls that stained enterocyte
marker, Ulex europaeus agglutinin-1. Also, thisund was charcterised by reduced
activities of enzymes classically related to abseepenterocytes such as alkaline
phosphatase, lactase, and sucrase. These celfsrateonally similar to M cells
(Kalischuket al, 2010).

Whatever the basis for their ontogeny, M-cells espnt an important interface
between immunogens in the gut lumen and the imnsyseem. This is an intimate
relationship as evidenced from work showing thatEF$ecrete certain homing
chemokines that are involved in function and maiatee of organised mucosal

associated lymphoid tissue.

1.3.2 Production of M cells in vitro

M cells arise from pluripotential epithelial sterells in adjacent crypts and migrate
to the FAE, where they differentiate into their toistive phenotypes under the
influence of the lymphotoxifs- receptor ( Kraehenbuhl & Neutra, 2000; Debatd

al., 2001). However, M cells develop in mice, whiclekal and B lymphocytes,
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indicating that lymphotoxin can arise from otheum®s (Debareet al, 2001). Co-
culture of Murine intestinal epithelial cell liné(E) or Caco-2 cells with Peyer’'s
patches or Raji B cells lead to differentiation thiese epithelial cells to cells
phenotypically and functionally resemble to M cellKerneis et al, 1997,
Verbruggheet al, 2006; Kanayat al, 2008).The receptor activator of NdB-ligand
(RANKL) is a cytokine expressed by subepitheliabstal cells (B lymphocyte) in
peyer’s patches immediately beneath FAE and reddiyats receptor RANK that is
expressed throughout intestinal epithelial cellenpoting differentiation of some
intestinal epithelial to M cells (Knoogt al, 2009).

1.3.3 Interaction of various enteric bacterial path  ogens with M-cells

As gastrointestinal FAE is less well protectedanris of a mucus barrier, these sites
are often targeted by bacteria for colonization emwvdsion. However, many virulent
bacteria that do not function as intracellular pgtms use different mechanisms
included secreted proteins to protect themselva® fphagocytosis; some of these
mechanisms require type lll secreted effector pmetéCelli & Finlay, 2002).

The availability and accessibility of different gbyconjugates, potential ligands for
the bacterial lectin-like adhesions, facilitatebe@@@nce of many enteric pathogens to
FAE. The diversity of glycoconjugates and apicalhmheane proteins includin@-1
integrins may allow M-cells in the FAE to sampleviae variety of microbes in the
gut to induce protective immune responses (Geli®a7; Giannascat al, 1999).
Although intact commensal bacteria are rarely takgn numerous pathogens,
including human immunodeficiency virus, reovirusémyrio cholerag andShigella
species, selectively adhere to M cells, possiblpubh specialized carbohydrate-
binding mechanisms, and are transported withoutadizgion (Oweret al, 19864a;
Owenet al, 1986b; Owen, 1999). It is likely that adherenod aiptake of micro-
organisms by M-cells results from selective adheseto FAE and M-cells that
involves a sequence of molecular interactions ohialy initial recognition of M-cell
surface oligosaccharides by bacterial lectin-lidbesins, followed by more intimate
association that would require expression of o#ugtitional virulence determinants.
Processing of M-cell surface molecules and recrtimof integral membrane

proteins of M-cells to the site of attachment (Gatral.,2008)
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Transcytosis by M cells is a highly specialized gess. It depends upon the
interaction of a specific receptor from the baetieside with its target receptor on the
host M cell. For example;. coli or SalmonellaTyphimuriumwere selectively co-
localized with apical and endogenous GP2, while HFimutants failed to be
transcytosed across M cells. Transcytosis of nbyufemH- bacteria such as
Yersinia was not affected in GP2 mutant mice Yassinia use B-integrin as a
receptor for interactions with M cells (Haseal, 2009).

Once a particle/antigen is translocated througMagell, it is immediately exposed
to phagocytes and antigen-presenting cells. It slaewn that the soluble GP2
opsonized the luminal FimH+ bacteria and increaaetibody responses against
these bacteria (Ermakt al, 1990; Ermalet al, 1994; Farsta@t al, 1994; Ermalet
al., 1995; Haset al, 2009).

1.3.3a Yersinia
Yersiniagoes through the FAE, in the Peyer’s patches @fildbum where M cells
expressBl integrins on their apical surface. TRg integrins act as a receptor for

enteropathogeni¥ersiniaspecies (Clarlet al, 1998).

1.3.3b Shigella

The pathogenesis dhigella depends on the ability of the bacteria to cross th
colonic mucosa via M cells associated with Peypegches. Although there is no
identified receptor foEhigellaon M cells, it selectively translocates througtcéls.
Invasive Shigellatranslocate more significantly across M cells tlaanon-invasive
mutant, demonstrating that expression of an ineaphenotype plays a main role in
Shigella-M cell interactions (Herslet al, 1999).Shigellainduces ruffle-like entry
foci in M cells.Shigellaflexneriis dependent on TTSS effector proteins.

It translocates the plasmid-encoded invasion antiBe(lpaB) via a TTSS. IpaB
directly binds and activates caspase-1, resulipaptosis, and initiates inflammation
by causing the maturation of two inflammatory cytals interleukin g and
interleukin 18. This early inflammatory processdeao quick disruption of the
epithelial barrier, thereby facilitating furth8higellainvasion (Grassmet al.,2001;
Sansonetti, 2002).
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1.3.3c Salmonella

The specialized antigen-sampling intestinal M celle a route ofSalmonella
invasion by inducing ruffle-like entry foci in M temembrane and cytoskeletal
rearrangements (Jepson & Clark, 200.)Typhimurium efficient M-cell invasion
correlates with the induction of cytotoxicity andeaaccompanied by M-cell
destruction and loss of adjacent regions of the FB&nielset al., 1996; Jepson &
Ann Clark, 1998; Boltoret al.,1999). The mechanisms by whiglalmonellanteract
with M-cells are considered to be very similar hoge described above in sections

for Salmonellasecreted effector proteins.

1.3.3d EHEC 0157:H7

E. coliO157:H7 colonizes the epithelium of terminal rectaf the cattle (Nayloet

al., 2003). The majority oE. coli O157:H7 shed from the calves persisted in the
final 5 cm of the rectum adjacent to the recto-guattion (Nayloret al, 2003). It
has been shown that this region of the cattle negtucharacterised by the presence
of a high density of lymphoid follicles. It is reasable to postulate that epithelium
associated with lymphoid dense tissue in the tehm@ctum may be crucial fdg.
coli O157:H7 colonisation. The local environment at $ite may be conducive for
the expression of certain bacterial adhesins, hadavailability and accessibility of
distinct glycoconjugates and other integral memérproteins on FAE or M-cells
may be the determining factorshn coli O157 colonization in the terminal rectum of
the cattle. It is clear that EHEC interaction withestinal epithelium is a complex
phenomenon and involves multiple bacterial and lieserminants. If M-cells are
targeted then the bacterium would need a mechataspnevent transcytosis, with
EspF activity being a prime candidate. This functivas been demonstrated for
EPEC 0127 EspF (Martinez-Argudet al, 2007). The aim of the current
investigation was to gain further understandingh®f molecular basis of terminal
rectum-specific tropism dE. coli O157:H7 in cattle with a particular focus on host

and bacterial determinants.

Many bacterial pathogens including. Typhimurium (Savidgeet al, 1991),
Streptococcus pneumonia@orghesi et al, 1999; Meynellet al, 1999b), Y.
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pseudotuberculosi@Ragnarssort al, 2008), andCampylobacter jejun{Kalischuk
et al, 2010) have earlier been reported to enhanceuimder of M cells in the FAE.
Part of my research focused to determine molechéemis of bacterial mediated

increase in M cell number usii® Typhimurium as a model pathogen.

1.4 Objectives:

1. To compare the capacity of differeespF alleles to inhibit: (i) bacterial
phagocytosis by macrophages; (ii) translocatioaugh an M-cell co-culture system;
(i) uptake by and translocation through cultubeine epithelial cells.

2. Yeast-2-hybrid screening for different EspF &ats to identify additional host
proteins that may interact with EspF and confiroratiof interactions using
localization studies.

3. To address whether bacterial interactions cdode M-cell differentiation from
follicle-associated epithelium. The work will focus bovine rectal primary cell
cultures interacting witlfSalmonella entericaerovarTyphimurium and study the

molecular basis of any differentiation.

40



Chapter 2

Materials and Methods



Materials and Methods

2. Materials and Methods

2.1 Bacterial strain and media

EPEC, EHEC and othdt. coli strains used in this study are described in Table
Bacteria were cultured in Luria Bertani (LB) broMEM-HEPES or DMEM culture

media with antibiotics included when required agé tfollowing concentrations:
chloramphenicol (cam) 2(g /ml, kanamycin (kan) 5Qg /ml and ampicillin (amp)

100 pg/ml. 1 litre of M9 growth medium consists200 ml of M9 minimal salts X5

(Sigma), 20 ml 20% Glucose, 2 ml of 1M Mg&ihd 5 ml of 10% Casamino Acids

Table 2.1. Bacterial strains used in the study

Strain Serotype Source
E. coli ZAP 1139 026:H11 Cattle isolate, Stx negative; Dr. Chris Low, SaittAgricultural College,
Penicuik, Scotland.
Stx phage negative derivative of the sequenced hwtnain EDL933.
E. coliTUV93-0 (ZAP | 0157 :H7 Provided by Prof. John Leong, Massachusetts Me@ichbol, Boston, USA
1163) (Campelloneet al, 2007)
E. coli  TUV93- | O157:H7 This study
OAespF
Shiga toxin phage negative human isolate from dbreak in Walla Walla,
E. coli ZAP 198| O157:H7 USA. Supplied by Dr. Mary Reynolds originally aetUniversity of Atlanta,
Walla3 USA (Ostroff et al., 1990)
E. coli EPEC| O127:H6 Derivative of human isolate supplied byfPBsendan Kenny, University of
E2348/69 Aesph Newcastle, UK. (Shawt al, 2005)
ZAP 120 05: H- Prof. Tom Besser
ZAP 1076 0103:H- SAC Laboratory stock
ZAP 286 0127:H6 Prof. Mark Stevens Laboratory stock
ZAP 124 026:H2 Prof. Tom Besser Laboratory stock
ZAP 125 0111:H12 Prof. Tom Besser Laboratory stock
ZAP 268 0103:H2 Prof. Mark Stevens, IAH, Newbury Laboratory stock
E. coliAAEC 185 0148 Laboratory stock
E. coli DH5a Rough Laboratory stock
E. coli strain BL21 Laboratory stock
(DEJ).
E. colistrain K12 Zap 1167 Laboratory stock
S.Typhimurium SL1334 strain Prof. Mark Japson University ofsBal, UK.
4 spl S. Dr Andrew Roe University of Glasgow, UK
Typhimurium
AsopB S, Prof. Mark Japson University of Bristol, UK.
Typhimurium
4 sipA S. Prof. Mark Japson University of Bristol, UK.
Typhimurium
A sopE S| Prof. Mark Japson University of Bristol, UK.
Ttyphimurium
A sopE2 S. Prof. Mark Japson University of Bristol, UK.
Typhimurium
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Table 2.2 Antibiotics used in the study

Antibiotic Source Stock concentration Final

concentration

Gentamycin Sigma-Aldrich (fluid) 50mg/ml 15g/ml in

the medium

Ampicillin Sigma-Aldrich (powder) | 100 mg/ml dis@d | 100 ug/ml in

water the medium

Chloramphenicol Sigma-Aldrich (powden) 20 mg/miettianol 20 pg/ml  of
medium

Kanamycin Sigma-Aldrich, (powder) 50 mg/ml of skeri50 pg/ml of
distilled water medium

Spectinomycin Sigma-Aldrich (powder) 50 mg/ml oferde | 50 pg/ml of
distilled water medium

2.2 Nucleic acid production and manipulation

2.2.1 Materials used in DNA techniques

2.2.1a Molecular weight markers:

1. Gene Ruler 100 bp DNA ladder: Purchased from M&imentas.
2. Gene Ruler DNA 1 kbp ladder: Purchased from M&Imentas.
3. 1 kbp DNA ladder: Purchased from New Englanddiis.

2.2.1b Kits:

1. Gel and PCR clean up system: Purchased fromdgyam

2. Plasmid DNA Purification Gene Jet Kit: Purchafeth Fermentas life Science.
3. QlAprep Spin Miniprep Kit: Purchased from Qiagen

4. PureYield TM Plasmid Midiprep System Kit: Purskd from Promega.

2.2.1c Enzymes:

1. Gateway® BP clonase enzyme mixture: Purchased nvitrogen.

2. Gateway® LR clonase enzyme mixture: Purchased fnvitrogen.

3. Restriction enzymesBanHI, Xba, Xhd, Nhd, Hindlll, EcoR and Banll:
Purchased from New England, Biolabs

2.2.1d Buffers and solutions used in DNA techniques

1x TAE: Composed of 40 mM Tris base, 20 mM Acetidand 2 mM EDTA.

Distilled water was added up to 1 litre.
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1x TBE: Tris-BORATE-EDTA consists of 0.09 M Trisd¢®m 0.09 M boric acid and
0.002 M EDTA disodium salt dissolved in distillecter.

2.2.1e Preparation of whole cell lysates for PCR

Whole cell lysates for PCR were prepared by takisgngle colony from an LB plate
and mixing with 10Qul of molecular grade (MG) water (Sigma) before hepfor
15min at 100°C in a heated block.

(b) The PCR primer pairs used in this researchystud listed in Table 2. Each
primer pair was used to ampligspFfrom different serotypes for both detection and

for sequencing.

A- Primer setl was used for amplificationespFfrom

1. 026:H11 2. 05:H-3.026:H2 4. O111:H12 50@H2 6.0118:H16
B- Primer set2 was used for amplificationespFfrom

7. 0103:H- 8. 0157:H7 9.0127:H6

PCR products were gel purified and sent for sequgrity MWG Biotech.

2.2.2 Techniques for nucleic acids manipulation

2.2.2a RNA extraction and purification

RNA was isolated according to the manufacturessructions using RNeasy Mini
Kit50®, and Qiashredder protocol (Qiagen). In hriebvine rectal epithelial cells
were kept in RNA cell protect at -8D until use. The cells were centrifuged at 300
for 5 m, the supernatants were removed and thetpellere suspended and disrupted
in 350-600 pl of a high-salt denaturing lysis buffeontaining guanidine
isothiocyanate solution (RLT buffer). 10 ul @fMercaptoethanol per 1 ml of
supplied RLT buffer. The cell lysates were homogedion a QIA shredder column
(Qiagen, UK) by centrifuging at 13000 rpm for 2 Tine cell lysates were transferred
to gDNA eliminator spin column and centrifuged @0Q0 rpm for 30 sec. The flow-
throughs were added to the RNA-binding columns (&fyespin column) after the
addition of one volume of 70% ethanol, to creategremi resin-binding conditions,

and centrifuged at 10,000 rpm for 15 sec. Flowdis were discarded and the
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bound RNA was washed once in 350 pl buffer RW1.1&dDNase | mix (10 ul of
DNase | added to 70 pl of buffer RDD and mixed bgnivas added directly to
RNeasy spin column membrane and incubated at RT5anin. The RNeasy spin
column was then washed once in 350ul buffer RW1tenzk in 500 pl buffer RPE
by centrifuging for 15 sec at 10000 rpm. RNA wasted in 30ul of RNase-free
water. RNA concentration and quality was determingd means of Nanodrop
Spectrophotometer supplied by British Labtech® rimiéional; these values are

converted accordingly to cDNA Protocol.

2.2.2b Reverse transcription

RNA was reverse transcribed to cDNA using a Promegaotocol. Reverse
transcription was performed according to the mastufer’s instructions, by adding
4 ul of MgCl2, 2 pl of 10 X buffer, 2 pl of ANTP8,5 ul of RNase inhibitor, 0.6 pl
of Reverse Transcriptase, 1 pl of random primerg,glof RNA and RNase free
water to make a total volume of 20 ul. This mixtwas kept at room temperature
for 10m before the mixture was transferred to watgh and incubated at 42Yor

15 m, then to an incubator at 85for 5 m. The mixture was left on ice for 5min. The
resulting cDNA was incubated with 1 pl Bf coli RNase H at 37°C for 20min for

removal of the RNA complementary to the cDNA.

2.2.2c Semi quantitative real time-PCR (SQRT-PCR)

To detect the relative gene expression levels oA BBy number in tested samples,
PCR was performed using Expand Long Template PGieB8y(Roche Diagnostics).
The reaction was carried out by making a Master With following volumes: 5 pl
10X Expand Long Template buffer, 30 ul nuclease-freolecular water, 2.2 ul
10mM dNTP, 1 pl of forward and reverse gene-spegiimers, 0.75 pl DNA
polymerase with proofreading activity. 50 pl of N&sMix was transferred to
individual PCR tubes, and 10 ul of different tentplacDNA were added
individually. PCR tubes were centrifuged for 1@ before running the PCR with an
initial denaturing step of 9€°for 2 min followed by 35 three-step cycles of @Q4or
10 sec, 56C for 45 sec and 68°for 5 min.
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Table 2.3 Primers for EspF in the study

Primer name Sequence Primer use
1. espF 1f1 ( BamHlsite) 1.caggatccaccacacaatttgatatcggt (0157 ) 0157espFPTS 1 Cloning
2. espF ra (Hindlll site) 2.ctaagcttgatataaagaggcataaattatgc ( 0 157)
3. R2 BamHlI site (O 127 espF) 3.caggatccaccacgcaatttgatatcggt EPEC espF PTS 1
4. 0127 espF (EcoRV 5 site) 4, ctgatatcgatataaagaggcataaattatgc Cloning
5. espF 3 f3 ( BamHl site) 5. caggatcctcacaatgcaacttaatatcgg 0O26espF PTS 1 Cloning
6. espFb (Hindlll) 6. ctaagcttgatataaaaaggcatgaattatgc
7. Primer set 2f 7. aactgcagttcattagcgtacagactgg. espF amplification and
8. Primer set 2r 18. aaggtacccgactcaacctgtatcaagt sequencing
9. Primer setlf 9. ccatgtgtgtttgatttaatag espF amplification and
10. Primer set 1r 10. cgatattaccaatcacatttat sequencing
11. espF allelic exchange sacl 11. aggagctcatggcggattgagacacc
12. espF allelic exchange sacl BamHI 12. agggatccctctttatatctaagcettgge
espFallelic exchange
13. espF allelic exchange pstl 13. acctgcagttcgccatgtgettggeg
14. .espF allelic exchange pstl BamHI 14. acggatccaaccgatatcaaattgtgtgg
15. SACB primer 15. gcaactcaagcgtttgcgaaag to check espF allelic
16. SACB primer 16. ggcttgtatgggccagttaaag exchange
17. espF 600 primerf 17. tcaacaaatgggtgaagtag to check espF allelic
18. espF 600 primerf 18. acaggaaactacgtgggcag exchange
19. espF 0157 xbal site 19.agtctagagccaagcttagatataaagagg 0157 espF cloning in
20. espF 0157 xhol site 20. acctcgagccctttcttcgattgctcatag pET21d for Purification
of 6xHis-tagged EspF
21. espF O 127 xbal site 21. agtctagattagtggttgggtacgag EPEC espF cloning in
22. 0127 espF xhol site 22. agtctagattagtggttgggtacgag pET21d Purification of
6xHis-tagged EspF
23. 026 espF xbal site 23. agtctaga agctgtacgaaagtttctatg 026 espF  cloning in
24. 026 espF xhol site 24. acctcgagtgcctttticgacagttc pET21d Purification of
6xHis-tagged EspF
25. O26espFgat fore 25. GGGG -ACA-AGT-TTG -TAC-AAA- Ptimer for  gateway
26. O26espFgat rev AAA-GCA-GGC-T(CC-GCC) cloning of EHEC 026
atgcttaatggaattagtcaagc espF
26. GGGG -AC -CAC- TTT- GTA- CAA-
GAA-AGC-TGG ctacacaaaccgcatag
27. espfO157 andespFO127 gat fore 27. GGGG -ACA-AGT-TTG -TAC-AAA- Gateway cloning  of
28. espFfO157 andespFO127 gat rev AAA-GCA-GGC-T(CC-GCC) esphois; andesphoizr

atgcttaatggaattagtaacgc
28. GGGG -AC -CAC- TTT- GTA- CAA-

GAA-AGC-TGG ctaccctttcttcgattgctcatag
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Table 2.4 Primers used for RT-PCR and promoter clomg in the study

Primer name Sequence Primer use
1. Primer forward for RANK gcagtgcatttgggctcctge amplification of RANK from bovine
terminal rectal epithelial primary ce
2. Primer reverse for RANK acgcctcctcacacagggtca amplification of RANK from bovine
terminal rectaepithelial primary cells
3. Primer forward for RANKL gccatggtggaaggttcgtggt amplification of RANKL from
bovine terminal recteepithelial
rimary cell:
4. Primer reverse for RANKL ggcccaacctcggtcatggt amplification of RANKL from
bovine terminal recteepithelial
rimary cell:
5. Primer forward for E-cadherin caaggcgtctgccatym amplification of Ecaherin fror
bovine terminal recteepithelial
rimary cell:
6. Primer reverse for E-cadherin tgttgtgcggcagygHg
amplification of Ecaherin fror
bovine terminal recteepithelial
primary cell:
7. Primer forward for slug ccgcgctecttcectggtcaa amplification of slug from bovin
terminal rectaepithelial primary cells
8. Primer reverse for slug gtggtccacacggcgatggg amplification of slug from bovin
terminal rectal epithelial primary ce
9. Primer forward for vimentin cgcgacaacctggccgaag amplification vimentin from bovin
terminal rectaepithelial primary cells
10. Primer reverse for vimentin cgctccaggtcaagpogt amplification of vimentin fron
bovine terminal recteepithelial
rimary cell:
11. Primer forward for relb tgggggtggcctcctgtece amplification of relB from bovine
. terminal rectaepithelial primary cells
12. Primer reverse for relb ggtgcccctgcettgtggggg amplification of relB from bovine
terminal rectaepithelial primary cells
13. Primer forward for GAPDH gatgctggtgctgagtagita amplification of GAPDH from bovin:
terminal rectaepithelial primary cells
14. Primer reverse for GAPDH atccacaacagacacgitygg amplification of GAPDH from bovine
terminal rectaepithelial primary cells
15bt_VIMprom_Nhe_for AAAAGCTAGC amplification of RANKL promote
TGACTCAGCGACCCCACCCTTC
16.bt_VIMprom_Xho_rev TTTTCTCGAG amplification of RANKL promote
GTAGCACGGACTGGCTCCGGAA
17. bt_SNAI2prom_Nhe_for AAAAGCTAGC amplification of Slug promot
GGTGACTTTATACTGAAAAAGG
CAC
18. bt_SNAI2prom_Xho_rev TTTTCTCGAG amplification of Slug promoter
AGCATCTCTGCCCCGCAGGTG
19. hs_RANKLprom_Nhel_for AAAAGCTAGC amplification of vimeintin promot
CACTCTTCCTCAACATTTACTGA
GG
20. hs_RANKLprom_Xhol_rev TTTTCTCGAG lamplification of vimeintin promot
CTCCCTCCCCTTCTTGTCTG

2.2.2d Agarose gels and electrophoresis

DNA agarose gel electrophoresis in 1 x TAE or 1xETNBere used to separate DNA
fragments. According to the fragment size ranger@miate agarose concentrations
were used e.g. a 1% gel was used for fragments thare 2 Kbp, 1.5% gel for

fragments between 500 bp and 2 Kbp and a 2% gdrdgments less than 500 bp.
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Agarose gels consisted of the appropriate amouagafose (Melford) added to 100
ml of Tris-BORATE-EDTA (TBE). The solution was hedtin microwave for 1-5
min until the agarose dissolved; following coolirsgfe view (NBS Biologicals) or
Gel red (Biotium, Inc.) dyes were mixed with théusion in a 10ul/100 ml agarose.
DNA was mixed with 10x DNA loading buffer (Invitreg) in a ratio of 5ul of DNA
to 1l of buffer, and then the DNA was loaded into tigar@se gel wells. A 100 bp
or 1 Kb standard ladder (Invitrogen) was also |lakaohean additional well. The gel
was run at 80-120 volts according to the expectd Bragment size for 30-50 min.
The gels were imaged under ultraviolet light ustn§lowgen Multi-Image cabinet

and stored using Image capture software.

2.2.2e Purification of PCR product

PCR products were purified either directly or bpaation of the DNA fragment by
1% TAE agarose gel electrophoresis. The DNA banti@fequired size was cut out
from the gel. Both the direct purification and thgel purification were performed
using the Promega Gel and PCR clean up systemduegaio the manufacturer’'s

instructions.

2.2.2f Determination of DNA concentration

The concentration and purity of the DNA was deteedi by measuring the UV
absorbance at 260 nm and 280 nm. The DNA concanriratas calculated with the
ODzsonm (1 ODReom = 50 ug/ml dsDNA or 33ug/ml ssDNA). The purity was
estimated with the Ofgohm/OD;gonm ratio, with a ratio of approximately 1.8

indicating a low degree of protein contamination.

2.3 Cloning of different genes used in this study
2.3.1 Materials used in cloning techniques
2.3.1a TFB1 solution (1 litre)

30mM KoAC 294¢
10mM CaC}.2H,0 1479
100mM KClI 7.45¢

a7



Materials and Methods

15% Glycerol 150 ml
Dissolved in 900 ml distilled water and autoclaveden 100ml of 500 mM

autoclaved MnGl(50 mM final concentration) were added

2.3.1b TFB2 (1 litre)

75mM CaC}.2H,0 11.03 g
10mM KCI 0.745¢
15% Glycerol 150 mi

Dissolved in 900 ml of distiled water and autoddy After that 100 ml of
autoclaved 100 mM Na-MOPs PH7 (2.09 g MOPs witlm\ NaOH) were added.

Table 2.5. Plasmids used in this study

Plasmid Description source
1. pMB102 low copy cloning vector with inducidéec promoter Gift from Dr Tammari
Schneiders,
University of Belfast
2. pAT1 pMB102 containingspkoiz7 This study
3. pAT2 pMB102 containingspkos This study
4. pAT3 pMB102 containingspkozs This study
5. pUC-gfp pUC18 derivative containing gfp Laborgtstock
6. pAJR146 rpsM-GFP+ transcriptional fusion in pACL184 Laboratory stock
8. pDONR-207 Gateway entry cloning vector Inviiea
9. pDG28 Vector containingackancassette. Used to obtain Laboratory stock
sackancassette
10.PIB307 vector for allelic exchange used for creation thetn Laboratory stock
two plasmids
11. pAT4 pIB307 containingspFflanking regions andackan This study
cassette. Used faspFallelic exchange in EHEC
0157:H7 strain TUV93-0
12. pATS PIB307 containing espF flanking regiddsed for This study
deletion ofsackancassette from chromosome
afterespFallelic exchange in  EHEC O157:H7 strain
TUV93-0
13. pKD4 as a template for amplification of kanamycassette Laboratory stock
14.pKM201 Thermal sensitive red-gam expressing plasmid used|f Laboratory stock
Preparation of hyper-recombinant EHEC O157:H7
strain TUV93-0 forespFdeletion
15pTREX-DEST30-prA vector to generate amino termipratein A fusions for Laboratory stocks
LUMIER binding assays
16.pRenilla Vector to generate amino terminus lucertusions Laboratory stocks
for Lumier binding assays
17. pAT6-7 espFO157,espFO26 andespFO127 cloned into This study
pTREX-DEST30-prA respectively
18. pAT8-10 espFO157,espFO026 andespFO127 cloned into This study
pRenilla respectively
19. pAT11-13 espF0157,espFO26 andespFO127 cloned into This study
peGFP-DEST respectively
20. pHJ1 SNX9in pDONR223 Gift from Prof. Juergen
Haas, University of
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Edinburgh, UK.
21. pAT14-15 pTREX-DEST30-SNX9 pRenilla-SNX vasto This study
expressing SNX9-protein A or
-luciferase fusion proteins
22. pHJ2 N-WASP in pDONR223 Gift from Prof. dgen
Haas, University of
Edinburgh, UK
23. pAT16-17 PpTREX-DEST30-N-WASP pRenilla-N-WASectors This study
expressing
N-WASP-protein A or -luciferase fusion proteins
24. pHJ3 MAD2L2in pDONR223 Gift from Prof. Juergen
Haas, University of
Edinburgh, UK
25. pAT18-20 pTREX-DEST30- MAD2L2, pRenilla- This study
MAD2L2vectors expressing
N- MAD2L2-protein A or -luciferase fusion
proteins and MAD2L2 in DSred fusion plasmid
pDSRED2-DEST
26. pHJ4 NFICin pDONR2234 Gift from Prof. Juergen
Haas, University of
Edinburgh, UK
27. pAT21-23 pTREX-DEST30- NFIC, pRenilla- KIMectors This study
expressing
NFIC -protein A or -luciferase fusion proteins and
MAD2L2 in DSred fusion plasmid pDSRED2-DEST
28. pFOP and PTOP- flash pFOP & pTOP -Flash toystashscriptional activity Invitrogen
of B - catinin
29. pGM1 pGL3 containing RANKL promoter Gift frobr Georg
Malterer, University of
Muenchen Germany
30. pGM2 pGL3 containing Slug promoter Gift from Georg Malterer
University of Muenchen
Germany
31. pGM3 pGL3 containing vimeintin  promoter Gifom Dr Georg Malterer
University of Muenchen
Germany
32. pCR3 Mammalian , CMV IE Laboratory stock
33. pRC1&2 sopBwildtype & sopE***cloned into pTrc99-FF4 Gift from Dr Vassilis
Koronakis, University of
Cambridge ,UK
33. pGM4 sopBcloned into pCR3 plasmid Gift from Dr Georg Madter
University of Muenchen
Germany

2.3.2 Cloning techniques of espF alleles

2.3.2a Restriction endonuclease digestion

Restriction endonuclease reactions were perforngedrding to the manufacturer’s

recommendations. In general, 11§ DNA was digested for 2 h at the appropriate

temperature with 10-20 U enzyme. Efficiency of tbkeavage reaction was

determined by 1% TAE agarose gel electrophoreaisesd with ethidium bromide.

2.3.2b Preparation of chemically-competent bacteria

An overnight colony of bacteria was cultured in 3 hB at the appropriate

temperature with or without antibiotic at 200 rpbml of this culture was inoculated
to 100 ml of LB and was incubated until @p= 0.4-0.6, The bacteria were chilled
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on ice for 15 min, divided into two Falcon tubeslaentrifuged at 4000 rpm, 4°C
for 8 m. The supernatants were discarded and thetgpevere suspended in 0.4x
TFB1 (40 ml/2100 ml bacterial culture), and placed ioe for 15 min and then

centrifuged at 4000 rpm, 4°C. The bacterial pgligere suspended in 0.04 x TFB2
(4 ml/100 ml of bacterial culture) and kept on foe 15 min and then stored as 200

ul aliquots at -70°C.

2.3.2c Preparation of electro-competent cells

An overnight colony was grown on 5ml LB at apprageitemperature and 200 rpm
agitation with or without antibiotic according toet culture. Then 1 ml of this culture
was inoculated into 100 ml of LB and incubated he fprevious conditions until
ODgpo= 0.3-0.5. The culture then was divided into two B0 Falcon tubes and
chilled on ice for 15 min then centrifuged at 460@, 4°C for 10 min. The pellets
were washed twice with 25 ml of 10% cold glyceidhe pellets were washed again
with 12.5 ml of ice-chilled glycerol and centrifudas before. The washed pellets
were suspended on 0.2 ml of 10% ice-chilled glycanal 50ul aliquots stored at -
70°C.

espFalleles were amplified from the different straumsing the primers defined in
Table 2 and the products cloned into pTS1 (Tabl@&&8yHIl and Hindlll sites were
used to clone the alleles from EHEC strains O1574ahi¥ O26:H11. For EPEC 0127
espF, as this contains a natuidindlll site, an alternative cloning strategy was used:
pTS1 was digested witHindlll followed by Klenow polymerase (Roche) treatment
to create a blunt end, and then restricted \Big#mHI. The EPEC O127:H@spF
PCR product was digested withanHI and EcoRV and then cloned into the
restricted pTS1. Restriction digests were set ipex manufacturer’s instructions
(New England Biolabs) with the recommended enzymtéebs. All clones were
checked by sequencing and matched published datammgiences for the alleles

(where available).

2.3.2d Ligation
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Before ligation, the amount of plasmid and insektADwas determined by running
both of them in an agarose gel and comparing thmeldavith known standards.
Ligations were performed using T4 ligase enzymergat at room temperature.
Plasmid ul

Insert n
Ligase buffer 2l
Ligase enzyme pL

2.3.2e Electrotransformation of circular DNA

Before transformation the 2 mm gap cuvettes weilleedton ice for at least 5 min. 1
ul of ligated plasmid, 0.5l of miniprep plasmid or midiprep plasmid were nixe
with the competent cells and left for 5 m on icéobe being transferred to the 2mm
gap cuvettes. The cuvettes were dried and the sletisked at 2500 volts for 0.005
sec in an electroporator. 50@1 of SOC or LB broth were added to the cells
immediately after shocking and the cells were imtet at the appropriate
temperature for 1-2 h. Then 1Q0 of the culture were plated onto LB agar plates

containing the appropriate antibiotic.

2.3.2f Chemical transformation

Plasmids or ligation reactions were added to tlemebal competent cells and chilled
on ice for 30 min. The mixture was heat shocked water bath at 42°C for 1 min.
Then 500 ml of SOC were added and the cells inedbat the appropriate
temperature for 1-2 h to allow recovery. After thiie culture was plated onto LB

agar plates containing the appropriate antibiotic.

2.3.2g Purification of plasmid DNA

The plasmids used in this study were isolated iprep alkaline lysis according to
manufacturer’s instructions (PureYield TM Plasmiddirep System kit, Promega,
UK). The mini prep from the plasmid was used fagtiostic digest and was purified
using Plasmid DNA Purification Gene Jet Kit: Pumda from Fermentas life
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Science or QIAprep Spin Miniprep Kit: PurchasednfrdQiagen according to

manufacturer’s instructions.

2.3.2h Gateway cloning for different espF for Protein-protein
interactions

Gateway cloning of thespFalleles from the differerE coli strains was carried out
to simplify construction of vectors for yeast-2-higbanalysis of EspF interactions
with eukaryotic proteinsespF alleles were amplified using a proofreading Taq
polymerase and the primers defined in Table 2 dokd into the Gateway™ vector
pDONR-207 (Table 3) using BP clonase (Invitrogem)fdrm entry clones. The
obtained clones were checked for the correct inse®NA plasmid extraction and
restriction digestion usinBanll. Once in the Gateway™ system, clones were easily
transferred to the required destination vectorkigding pTREX-DEST30 (protein A
fusions) and Renilla(luciferase fusions)

The recombination reactions (BP reactions) werdopmed as the description

below:

pDONR201 Vector 154
Purified PCR product 241
BP Clonase enzyme mix pl

The reaction was incubated overnight at room teatpez. Oneul of the reaction
was transformed to DHbcompetent cells, recovered on S.0.C medium forhla?
37°C and plated on LB plates containing fil§/ml gentamycin and incubated
overnight at 37°C. The obtained clones were chedkedhe insert by plasmid

extraction and digestion usimanil.

2.3.2h.1 Creating an expression clone (LR Reaction)

Expression clones can be created by excision, riatieg and recombination of entry
clone containing the PCR product, recombinatioressitising the LR clonase
complex. The destination vectors contain tieelB gene between the “left” and
“right” recombination sites. The advantage of thigangement is that there is
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virtually no background from vector that has naombined with the PCR products,
because the presence of tioelB gene will inhibit the growth of all standaEl coli
strains. CcdB protein product interferes wiithcoli DNA gyrase thereby inhibiting
the growth of mosE. coli strains used in the lab, such as @M TOP10 or XL-1
Blue (Bernard & Couturier, 1992).

2.3.2h.2 LR Reaction

Destination vector (300ugl) 1l
Entry Clone (150ng) 1pl
dH,O 1ul
LR Clonase enzyme mix (Int, IHF, and Xis.) piL
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Restriction Enzyme

and Ligase Cloning

By-Product Entry Clone Destination Vector
ceoB < > GEME ) 2 et
N v . SR O ey N =
."_' atR1 ARz ™ \". ."'/ S sz \\. / - FraE] a2 !
\ \
BP Reaction LR Reaction
/I i
I L}
Donor Vector an Expression Clone , By-Product
ccaB = "/ \ N~ GEME < S cedB
T =l (- CEm o
1
\ PCR Product
A EEm CENE g
amg a2

Fig. 2.1 Gateway cloning technology for cloning andub-cloning genesOnce a
DNA segment is cloned into the Gateway systemaritlze easily transferred from an
entry clone into a destination vector (via the lgRation) to generate an expression
clone. A DNA segment in an expression clone caedsly transferred into an attP
pDONR vector (via the BP reaction) to generate atryeclone and then into
different destination vectors, all without the ndedrestriction enzymes and ligase.

This diagram was directly taken from Invitrogeneyady cloning kit.
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The reaction was incubated for 3-4 h at room teatpee. 2ul of the reaction was
transformed into DH& chemical competent cells, recovered on S.O0.C medow 1-
2 h at 37°C and plated on LB plates containing eppate antibiotic and incubated
overnight at 37°C. The resulting clones were checl@ the insert by plasmid
extraction and digestion using appropriate restmcenzymes EcoRl and BanHl
for Bait and EGFPXba andHindlll for His and GST fusion construct plasmids).

2.4 Allelic exchange for deletion of espF in E. coli O157:H7

In order to construct plasmids that would facietahromosomal exchange, flanking
regions ofespFwere PCR amplified (primers 11-18, Table 3) anghetl into a
temperature sensitive plB307. gackancassette from pDG28 was excised with
BanHl, cleaned and cloned into tiganHI| site of pIB307 containing thespF
flanking regions. Individual plasmids containiegpFflanking regions andackan
cassette were then exchanged into the chromosomiéJ¥b3-0, to replaceespF
with the sackancassette. To achieve this, the plasmid was ejgatated into the
target strain and transformants were selected onRCABI plates at 30°C
(permissive). Transformants were then inoculateCldth and cultured overnight
at 30°C. 10 fold dilutions were spread onto LBCraglates down to 10 These
were cultured overnight at 42°C (a restrictive temapure that selects for
chromosome integration). Six colonies were thdacsed and the process repeated
twice. At the end, a colony was taken from eaclep{about 6 in total). These were
inoculated into one LB broth overnight at 30°Clfise the plasmid) and then diluted
to allow overnight growth at 30°C in LB broth. Ehivas repeated 3 times. After that
10 fold dilutions were made and spread onto LB Kgar plates at 30°C. Individual
colonies were replica plated onto LB Kan agar aBddam agar at 30°C to identify
those that had undergone successful allelic exeéhaPgitative strains containing the

cassette in place espFwere checked by PCR.
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Chromosome Genetic Material to be deleted
B ChirR =

pIB307 I E—

Sac/Kan cassette Homologous regions of flanking DNA

Step 1: Plasmid Integration: Inserting the sacB-kan Cassette

Grown at 42°C in LBC. This is not

i — permissive to plasmid replication
A KK B s .
e l so it integrates into the chromosome.

— - A
or

B

Step 2: Plasmid Excision:(Shown from integration B. from step 1)

. °
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Fig.2.2 Allelic exchange to substituteespF of E. coli O157 with sackan cassette;
taken from with minor modification (Emmerson et al., 2006).The insertion of the
sacB-kancassettanto the chromosome can be done in 4 steps 1. milaimisertion
into the wild-type strain chromosome at the norerat temperature for plasmid
replication (42C). 2. and 3: this new strain was grown al@# the presence of
kanamycin to allow the bacteria that got excised eured the plasmid, leaving the
cassette on the chromosome. 4. The bacteria wexieedton to LBC or LBK, the
strain that can only survive on LBK are successfuhstructs of the intermediate
strain.
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- ChIR Chromosome Genetic Material to be deleted

—

Sac/Kan cassette Homologous regions of flanking

Step 1: Plasmid Integration: Removing the sacB-kan Cassette

|| Grown at 42°C
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AXXB . .
e integrates into the chromosome

— e A
or
——— - B

Step 2: Plasmid Excision:(Shown from integration B. from step 1)

J"I 2
1 -

- —
WX X Grown at 28°C in LB
l Plasmid is able to replicate so
it is excised from the chromosome

Successful allelic
exchange

Abortive allelic
exchange

Step 3 & 4: Plasmid Curing and selection of the mutant:

Grown at 28°C on LB
| sucrose agar plates.
|- L Then patch plated

onto LBC LBK and LB
— agar plates.
Colonies that grow on LB sucrose are then
plated on LBK, LBC and LB agar. Those
that only grow on LB have been exchanged.

Clean Deletion created Original Strain containing sacB-kan cassette
in chromosome

—

Fig. 2.3 Allelic exchange to removeackan cassette inE. coli 0157 (taken from
Emmerson et al., 2006). 1. To insert the plasmid into the intermediateaistr
chromosome it was selected at the non permissivepdemture for plasmid
replication (42C). 2 and 3, these bacteria were grown &C2® the absence of
antibiotics to enhance the bacteria that have edd(Step 2) and later cured (Step3)
the inserted plasmid. Step 4: the bacteria wemvalll to grow on media containing
sucrose, LBK or normal LB to select for successtrdin constructs.
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2.4.1 Removal of sackan cassette from the chromosome

To achieve this, the plasmid pIB307 containing be¢pFflanking regions (but no
cassette) was electroporated into TUV93-0 contgitime sackancassette integrated
into its chromosome and transformants were seleatet B-CAM plates at 30°C.
Ten transformants were then inoculated into LB CAkbth at 42°C and sub-
cultured four times over a 48h period. Serial g of these cultures were plated
onto LB-CAM plates at 42°C. 10 single colonies weren inoculated into LB broth
at 30°C for 48 h of logarithmic growth, and semi@utions were plated onto LB-
sucrose agar (6%, wt/vol; no NaCl). Individual coks were replica plated onto LB,
LB-CAM, and LB-KAN at 30°C to identify those thatatl undergone successful
allelic exchange. Those that did not grow on bdBi@AM and LB-KAN but grew
in LB agar were checked by PCR for loss of¢hekancassette and deletion espF

2.5 Analysis of type Il secretion profiles and Esp  F secretion

To analyse type lll secretion profiles and EspFetean from the EPEC 0127:H6
AespFand complemented strains; were cultured in M9 melspD was detected as
previously described (Nayloet al, 2005b; Roeet al, 2007), using mononclonal
antibody kindly supplied by Prof. Chakraborty (&Ges). EspF was detected using
polyclonal antibodies supplied from Prof. Sasaké&Wakyo) (Nagai et al., 2005) and
Prof. Hecht (University of lllinois at Chicago) (Mvanatharet al, 2004a). Briefly
EPEC O127:H&espFand complemented strains was grown with shakiregroght

at 37°C in Luria-Bertani broth supplemented withpgsillin (100 pg/ml). The
cultures were then diluted 1:100 in M9 minimal sa6 (Sigma) supplemented with
0.4% (w/v) glucose, 0.05% (w/v) Casamino Acids, &M MgSQ and were
grown standing at 37°C and 5% & an ORyof 0.4 at this time IPTG was added
to the culture to 1mM. The cultures continued towgrto ODypo = 1 and were
centrifuged (5000 g) for 30 min to pellet the baeteThe supernatant containing the
secreted proteins was precipitated using 10% (wiehloroacetic acid (TCA)
overnight at 4°C. TCA precipitated supernatantssweentrifuged (5000g) for 30 min
at 4°C. The supernatants were discarded and tHetpeabere left to dry and
resuspended in 200 of 1.5M tris-HCI pH8.8. EspD and EspF were detdcby
SDS page and Western blotting.
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2.6 Protein techniques

2.6.1 Materials and supplements used in protein tec

Table 2.6 Antibodies used in

this study.

hniques

Antibody

Source

use

Anti-vimentin high affinity, mouse
monoclonal antibody

Roche Diagnostcs

It was used at 1/1000 for immurititdp
and 1/100 for immunofluorescence.

Anti-slug, rabbit monoclonal antibody | SantaCruz It was used at, 1/1000 for immunoblotting
Biotechnology and 1/2000 for immunofluorescence.

Anti-B-actin, mouse monoclonal Sigma It was used at 1/1000 for immunoblotting

antibody

Anti-B-Catenin rabbit polyclonal Sigma It was used at @0l@or immunoblotting

and 1/100 for immunofluorescence.

ATP synthase subunit alpha mouse |Invitrogen It was used at 1/1000 for immunoblotting

monoclonal antibody

E-Cadherin rabbit polyclonal Cell Signaling It wagdst 1/1000 for immunoblotting.

Phospho GSK3 beta (Ser9) rabbit
polyclonal IGg

Thermo Scientific

It was used for immunoblottinglat000

GSKa3 beta rabbit monoclonal antibody

Thermo Sciienti

It was used for immunoblotting at 1/250

Goat Anti LEF1 Sigma It was used for immunoblottiig50

LGR5 (C_16) mouse polyclonal SantaCruz It was used for immunofluorescence |at
biotechnology, INC 1/100

RANK (H-300) rabbit polyclonal SantaCruz It was used at 1/1000 for immunoblotting
biotechnology, INC

RANKL (L300) rabbit polyclonal Cell Signaling It wased at 1/1000 for immunoblotting

RelB rabbit polyclonal Santa Cruz It was used at 1/200 for immunoblotting

biotechnology, INC

and 1/50 for immunofluorescence

Anti Nanog

It was used at 1/100 for
immunofluorescence

Pancytokeratin rabbit polyclonal Cell Signaling Bs1/100 for immunofluorescence
Pan-Cadherin it was used at 1/1000 for immunobigtti
Goat anti-mouse HRP coupled Jackson, It was used at 1/1000 for immunoblotting

Hamburg,Germany.

Goat anti-rabbit HRP coupled

Jackson, Hamburg,

It was used at 1/1000 for immunoblotting

Germany
Rabbit anti- goat HRP coupled Jackson, Hamburg, | It was used at 1/1000 for immunoblotting
Germany
Alexa fluor®488 goat anti-mouse IgG Invitrogen It asv used at 1/500 fgr
immunofluorescent.
Alexa fluor®594 goat anti-rat 1I9G Invitrogen It  was used at 1/4000 fo

immunofluorescent

histone core antibody, sheep polyclon

al gene tex

t was used at 1/200 for immunoblotting

Rabbit polyclonal Phosph@-catenin  [Cell Signaling It was used at 1/1000 for immunolihagt

(Ser33/3/37/thr41)

AKT Rabbit polyclonal Cell Signaling It was used #1000 for immunoblotting

Phospho-AKT (Ser473) Rabbit Cell Signaling It was used at 1/1000 for immunolirhatt

polyclonal

mouse monoclonal PCNA (PC10) Santa Cruz It was used at 1/50 for immunofluorescent
Biotechnology

Rabbit anti goat HRP coupled Sigma It was usedJdQD for immunoblotting

Goat anti mouse HRP coupled antibod

y Invitrogen

dswsed at 1/1000 for immunoblotting

Goat anti mouse antibody TRITC

ABD Serotec

It wagluetel /100 for immunofluorescent

Goat anti- rabit antibody TRITC

Invitrogen

It wasedsat 1/100 for immunofluorescent

Alexafluor 488-conjugated goat anti-ralinvitrogen It was wused at 4 ug/ml for
IgG immunofluorescent
Goat anti-rabbit Dako It was wused 1/500 for immuno-

immunoglobulins/Biotinylated

histochemistry staining

59



Materials and Methods

Mouse monoclonal anti-his Qiagen It was used @2d05or immunoblotting
Anti mouse -GP2/glycoprotein rat mon®BL (Cell Biology) It was wused at 5 pupg/ml far
clonal antibody immunofluorescent

Table 2.7 Cell signal inhibitors  used in this study

Chemical Source Final concentration
MG132: Proteasomal- Calbiochm. | 10uM 5h before the challenge
inhibitor drug Diluted in

DMSO
AKT inhibitor Calbiochem| used at @M 5h before the challenge
SN50 NF-KB inhibitor | Calbiochem  used a0 5h before the challenge
GSK-38 inhibitor SB | Sigma used at 50 for 5h before the challenge
415286

P13 kinase inhbitor LY | Calbiochem| used at M 5h before the challenge
294002

OPG Sigma used at 50ng/ml an hour before the clylavith bacteria

B-catenin/Tcf inhibitor,| Calbiochem| used at 1M 5h before the challenge
FH535

Cycloheximide: Sigma used at jtg/ml overnight before the challenge
Protein synthesis Aldrich
blocker diluted in
DMSO
Recombinant human | Prospec used at 50ng/ml 24h before the challengaalysis
soluble RANK Ligand
(RANKL)
Bovine RelB siRNA Invitrogen GGACCACGGAUGAACUGGAGAUCAUAUGAUCUCO
(set 1) AGUUCAUCCGUGGUCC
Bovine RelB siRNA Invitrogen ACGACAUAACUGAGGGUAAGGACUUAAGUCCUU
(set 2) ACCCUCAGUUAUGUCGU

2.6.1a Protease inhibitors:
Complete, EDTA free, protease inhibitor cocktaibl&ts, purchased from Roche
Diagnostics. One tablet was used for 50 ml of Iisifer.

2.6.1b BCA protein assay reagent:
Protein quantification kit, purchased from ThernmeStific. It was used according

to manufacturer's instructions.
2.6.1c Protein Ladder:

Pre-Stained Standard, purchased from Biorad, segbpéiady to use pubwere loaded
for small gels. (2) His-tagged protein marker waised from Qiagen.
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2.6.1d Cell staining reagents:

1. DAPI, purchased from Invitrogen. Used 1/500@BS

2. Alexa Fluor 647 phalloidin purchased from MollecProbes and it was used 1/40
in PBS

3. Phalloidin TRITC purchased from Sigma. Used Q/tOPBS

4. Phalloidin FITC purchased from Sigma. Used 1/ih0PBS

5. DAKO Autostainer Plus System (DAKO, Capintet@) was used for immuno-
histochemistry staining

6. Vectastain Elite ABC kit (Vector Laboratorieshda NovaRED Peroxidase

Substrate kit (Vector Laboratories) were usedranuno-histochemistry staining

2.6.1e Cell lysis buffers
1. NP40 1 litre consists of

1MTrisPH7.5 20 ml

5 M NaCL 30 ml

1 M MgCL2 5 ml

NP40 10 ml
DH20 up tol litre

2. protein Lysis buffer

Tris-HCI pH 7.4 20 mM
NaCl 150 mM
Triton x-100 3%
EDTA 1 mM

Protease inhibitors (Sigma) according to manufaagunstruction
2.6.1f The Proteo-Extract R Subcellular Proteome Ex traction Kit

purchased from Calbiochem® & Novagen®. Used foraetion of proteins from

different cell components (cytoplasmic, membraraus nuclear)
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2.6.1g 12% SDS gel consists of

Acrylamide (40% solution) 3.75 mi
1.5M Tris PH (8.8) 3.75 ml
SDS 10% (w/v) 0.1ml
DH,0 3.6 ml

APS 10% (w/V) 0.1 ml
TEMED (Sigma) 0.01 ml

Stacking gel (4%)

Acrylamide (40% solution) nil
0.5 M Tris PH (6.8) 2.5 ml
10% (w/v) SDS 0.1 ml
DH20 6.4 ml
10% (w/V) APS 0.1 ml
TEMED 0.01 ml

2.6.1h SDS Running buffer- per litre

Trizma base 159
Glycin 729
SDS 59
D H,O Up to 1 litre

2.6.1i Transfer buffer- per litre

2.42 g Tris (hydroxymethyl) Methylamin
11.54 g glycine

200 ml Methanol

Distilled H,O to one litre

2.6.1j ECL reagents

2.6.1j.1 ECL purchased from thermo scientific
2.6.1j.2 ECL prepared in the lab:
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A) Luminol (Fluka 09253)

250 mM in DMSO (0.886 g / 20 ml) aliquots in 1mldakept in dark at -2@.
B) p-Coumaric acid (Sigma C9008)

90 mM in DMSO (0.296 g/20 ml) aliquots in 0.44 midkept in dark at -2@.

ECL solution1:

Stock Luminol 1ml
P-Coumaric acid 0.4 ml
1.0 M TRis 10 mi
DH,0 upto 100 ml

ECL solution 2:

H20- (30%) 64 ul
1.0 M Tris (pH 8.5) 10 ml
DH,0 Up to 100 ml

Solution 1 and 2 kept af@.

2.6.1k Denature/purification buffer (100ml):

0.1 M NaHPO 1.56 g NaH2PO4-H20 (MW 137.99 g/mol)
0.01 M Tris 0.12 g Tris (MW  g/mol)

8 M Urea 48.048 g Urea (MW g/mol)

H.O 100 mi

Adjust pH to using conc. By NaOH and HCL.

2.6.11 Buffers for purification under native condit ions
2.6.11.1 Lysis buffer:

10 mM imidazole in PBS pH to 8.0
2.6.11.2 Wash buffer:

20 mM imidazole in PBS pH to 8.0
2.6.11.3 Elution buffer:

250 mM imidazole in PBS pH to 8.0
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2.6.2 Extraction of cell proteins

2.6.2a Total cell lysate

Bovine terminal rectal epithelial cells were reksd$rom tissue culture plates using a
tissue scraper, and 6Q0 of lysis buffer that consisted of 20 mM Tris-HGH7.4
150 mM NacCl, 3% Triton X-100, 1 mM EDTA, and praseainhibitors (Sigma)

according to manufacturing instruction

2.6.2b Extraction of proteins from cell fractions

The ProteoExtractR Subcellular Proteome Extractidit (Calbiochem® &
Novagen®) is designed for reproducible extractiérsabcellular proteomes from
mammalian cells. Based on different solubilitieceftain subcellular compartments,
the S-PEK utilizes proprietary chemistries to yidtwir sub-proteome fractions
which are enriched in cytosolic, membrane/ organetiuclear, and cytoskeletal
proteins. The kit was used according to the manufacs instructions. In brief the
kit was used as follows: The cells were washed @wig adding one ml ice-cold
wash buffer at 4°C 5 m each. 4ADS-PEK Extraction Buffer | was added to each
well and incubate at 4°C under gentle agitatione $bhpernatant was collected and
kept as cytosolic fraction. S-PEK Extraction Buffewas added at 4Qd'well and
incubated for 30min at 4°C under gentle agitatiorhe supernatant was collected
and kept as membranous fraction S-PEK ExtracBaffer Il 200 pl/well and
incubate at 4°C under gentle agitation for 10 me Shpernatant was collected and
kept as nuclear fraction. Protease inhibitor wateddo all S-PEK Extraction Buffer
was added at gl/well and benzonase was added to S-PEK Extra@&iaifer Il at
0.5 ul/well.

2.6.2c Protein procedures

2.6.2c.1 SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel (SDS-BA&lectrophoresis was
performed using the Biorard system. The resolviaty §12%) were prepared with
3.3 ml HO, 4.0ml 30% Acrylamide mix, 2.5 ml 1.5 M Tris (@48) and 0.1ml 10%

SDS. Prior to pouring the gel, 0.1 ml of 20% Ammuonipersulfate (APS) and 0.01
ml of TEMED (Sigma) were added. The solution fongmting the resolving gel
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was mixed and, after pouring, the gel was overlaidh propanol. After
polymerisation, the isopropanol was removed andstheking gels were prepared
with 6.1 ml HO, 1.3 ml 30% Acrylamide mix, 2.5 ml of 0.5M TrigH 6.8) and 0.1
ml 10% SDS. Prior to pouring the gel 0.1 ml 10% Aomium persulfate and 0.01 ml
TEMED (Sigma) were added. The stacking gel solut\@s poured on top of the
separation gel and a comb was fixed. After polysagion, the glass plates
containing the gel were assembled in the gel elphtiresis apparatus. Samples were
loaded on the gel together with a protein laddére Tell lysate was added to an
equal volume of 2x sample extraction buffer (Signid)e mixture was boiled for
5min, loaded onto a 12% acrylamide denaturing gdl ran at 150 V for 60 to 80

min.

2.6.2c.2 Western blot

Proteins were transferred to a nitrocellulose memérAmersham Biosciences, UK)
using a Trans-Blot semi-dry Transfer Cell (Bio-RBdK). Blotting was performed at
15 V for 30m. The nitrocellulose membrane was béaclvith fresh blocking buffer
(5% (w/v) non-fat dried milk in 0.1% (v/v) Tween-20 PBS) and incubated for an
hour at RT or overnight at 4°C. The next day, #wvashed three times in fresh
buffer (0.1% (v/v) Tween-20 in PBS). Primary antligovas diluted to appropriate
concentration in 5% milk in the previous buffer deff on the membrane for 1h on a
gyro rocker at RT or overnight at 4°C. The membravas washed 3 times for 15
min each as above. The secondary antibody was atletthe nitrocellulose
membrane at a dilution of 1:1000 or according tawafiacturer instructions in 5%
(w/v) non fat dried milk in 0.1% (v/v) Tween-20 PBS and left for 1 h as above.
Following washing, the blotted proteins were detdctusing the ECL Western
blotting detection system (GE health care, UK),cading to the manufacturer’s
instructions. The membranes were exposed to Fugidaé X-Ray film (Fujifilm
Europe GmbH) for different time periods and filmsere developed using
OPTIMAX X-Ray Film Processor.
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2.6.3 Purification of 6xHis-tagged EspF

EHEC O157:H7espFwas cloned into pET21d using primers (19&20) tal@e3).
This plasmid was electrotransformed iltocoli strain BL21 (DE3). From this clone
an overnight culture was grown in 25 ml of LB wimpicilin 100 ug/ml at 37°C
and 200 rpm agitation. These amount of culture \ileea inoculated in a litre of LB
with antibiotic under the previous conditions um@Dsoo= 0.5. The culture then was
induced for protein expression using IPTG 1mM ficahcentration for 4 h. The
culture was divided into two 500 ml bottles andtaéuged at 4000g for 20 min at

4°C, the pellet then was either used or froze2@tC until use.

2.6.3a Preparation of cleared E. coli lysates under native conditions

The cell pellet was thawed for 15 min on ice and waspended in lysis buffer at 5
ml per 3 g wet weight. One mg/ml of lysozyme andtgase inhibitor cocktail

specific to be used with histidine-tagged proteimification (Sigma) was added to
the suspended pellet. The pellet was then incubatede for 30 min. The mixture

was Sonicated on ice using a sonicator equippdd avinicro-tip. Using four 20 sec
bursts using Soniprepl50 (SANYO MSE) at power 6hvdt 30 seconds cooling
period between each burst. The lysate was cengxdffiag) 14,000 xg for 30 min at 4°C
to pellet the cellular debris and supernatant vea®d. 1 ml of 50% Ni-NTA slurry

(resin) (Sigma) was added to 5 ml cleared lysai@ @ gently by shaking at

gyroracker for 30-60 min. The lysate—Ni-NTA mixtusmas loaded into a disposable
chromatography column with the bottom outlet capp@&te bottom cap was

removed and the column flow-through was collectBde flow-through saved for

SDS-PAGE analysis.

The column then was washed twice with 4 ml washebufvash fractions were

collected for SDS-PAGE analysis. The protein wageel 4 times with one ml

elution buffer. The eluate was collected in fourds and analyze by SDS-PAGE.

2.6.3b Preparation of cleared E. coli lysates under denaturing
conditions
The cell pellet was thawed for 15 min on ice anspbgmded in denature purification

buffer (pH8) at 5ml per 3 g wet weight. Cells wstgred for 30 min on gyroracker
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at room temperature. Lysis was complete when thatiso becomes translucent.
The lysate was centrifuged at 14,000 for 30 min at room temperature to pellet the
cellular debris, and the supernatant was savedr@dysate). [d of 2x SDS-PAGE
sample buffer was added toub supernatant and stored at —20°C for SDS-PAGE
analysis. 1ml of the 50% Ni-NTA slurry was addedbtml lysate and mix gently by
shaking at gyroraker for 30—60 min at room tempeeatThe lysate—resin mixture
was loaded carefully into a disposable chromatdgrawlumn with the bottom cap
still attached. The bottom cap was removed andfltwe-through was collected.
Flow-through sample was collected for SDS-PAGE ysial The column then
washed twice with 4ml of denature purification luf{PH6.3). Wash fractions kept
for SDS-PAGE analysis. The recombinant protein elased 4 times with one ml
denature purification buffer (PH4.5). Samples wesbected for analysis by SDS-
PAGE.

2.6.3c Dialysis
The elute was poured into dialysis tube with poantter 14 KD and was soaked
into sterile solution of PBS in a ratio 1 ml of &lun a litre of PBS for overnight. The
PBS was changed for another overnight and the bisffe protein was collected and
saved at -20°C

2.7 Yeast techniques

2.7.1 Solutions for Yeast production

2.7.1a YPD Medium for growing up yeast

For1 litre

20g Peptone

10g yeast extract

Make up in 900 ml, and autoclave.

Add 100 ml of 20% sterile-filtered glucose oncéoalaved.
If making YPD plates, add 30 g Agar per Litre.

2.7.1b SD Medium (for transformed yeast) — For 1 Li  tre
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26.7 g minimal SD base

0.64 g —Leu —Trp drop-out supplement

20 g Agar

Make upto 900 m|

Autoclave, when cool, 100 ml amino acid supplemeiite for AH109 (minus Leu);
Leu was added for Y187 (minus Trp).

Stock Amino Acid solutions — 10 x stocks

Tryptophan — 200 mg in 1 Litre

Leucine — 1 gin 1 Litre

2.7.1c SBEG - 500 ml

Sorbitol, 1 M final conc 91.1g¢g

1 M Bicine, pH 8.35 with NaOH, sterile 5 ml

PEG 15 ml

DH.0 up to 500 ml

Filter sterilised. Bicine final concentration : 10 mM

2.7.1d PEG/Bicine Solution — for 100 ml

PEG (powder) 40 g
1 M Bicine, pH 8.35 with NaOH, sterile 20 ml
DH,0 up to 100 ml

Filter sterilised. Final Bicine concentration 20Mm
2.7.1e NB Buffer — for 100 ml

Na ClI 0.88 g
1M Bicine 1ml
DH,0O up to 100 ml

Final concentration of Bicine is 10 mM.

Final concentration of NaCl is 0.15 M
2.7.1f Mating medium

SD-LW 472.5 ml
5% YPDA 25 ml
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Pen/Strep 2.5 mi
2.7.1g Diploid Selection Medium 500ml
SD-LW 497.5 ml

Pen/Strep 2.5 mi

2.7.1h Detection medium

SD-LWH (SD no L, W, H) 497.5 ml
Pen/Strep 2.5 mil
50uM 4MuX

3-AT (standard range: 0-20 mM 3-AT)

4-MuX: 4-Methylumbelliferyl-alpha-D-galactoside (F888.3, Sigma M-7633)
Dissolve in dimethylformamide — 100 mg in 5.917tommake 50 uM (1000 x)
3-AT: 3-amino-triazol. 4.2 g in 50 ml to make 1d%ck (100 xs for 10 mM 3-AT)
Both are toxic and should be handled under a fuooe h

2.7.2 Yeast -2-hybrid (Y2H) system for detecting pr otein-protein
interactions

The Y2H was first described by Fields & Song in 1989 andbmsent used to
identify protein-protein interactions in eukaryotells. Y2H is based on the theory
that a transcription factor consists of a DNA bimgddomain (BD) that binds to the
promoter and an activation domain (AD) that reesrutte transcription complex.
These domains are independently not functionamihgn they are brought together
the activity of the transcription factor is restr@ields & Song, 1989). In the Y2H
system a protein of interest (X) is fused to theAabinding domain (DNA-BD) of
yeast transcription factor (Bait), whereas a Protiis fused to the transcriptional

activation domain (TA) (Prey).
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A. DMNA binding domain fusion

: OFF
{UASIn

B. Activation domain fusion

-
L ﬁ.\u

ﬂ OFF

(UASIn

i Active transcription factor

I

(UASIn

Fig. 2.4 The mechanism yeast-two-hybrid system

This system was used to identify the protein-protateraction. The protein to be
screened (X) is fused to the DNA-binding domain @RD) of yeast transcription
factor (Bait) while the other protein from the kboy to be identified (Y) isused to
the transcriptional activation domain (TA) (Preyf).these two proteins interact
together the transcription factor activity is restuted and auxotrophic genes such
ashiS3that give growth to the cells in which an interacthas occurred are then
expressedrhis figure was taken directly from (Stephens & &ag, 2000)
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Both fusions are targeted to the nucleus of thetyaad if protein X and Y interact,
the transcription factor activity is reconstitutadd auxotrophic genes suchtasS3

that give growth to the cells in which an interaothas occurred are then expressed
(Fig. 2.4).

2.7.2a Production and transformation of competent y east

Yeasts are eukaryotic micro-organisms typically soeimg 3—4 pm in diameter,
however some yeasts can reach over 40 um. theglassified in the kingdom
Fungi. They are unicellular organism however sorhéhem can be multicellular
through the formation of a string of connected bad@walkeret al, 2002).

Two yeast strains were used in this study, AH10® ¥éh87 provided by (Ragnhild
Eskeland, MRC). Bait plasmid (pGBKT7) contains Ogne that enable AH109 to
grow on Leu+ve, Trp-ve plates. Prey plasmid (pGADP@antains Leu gene that help
Y187 grow on Trp +ve, Leu -ve plates. For differBspFs screen: Yeast strain Y187
for Prey and Yeast strain AH109 for Bait

2.7.2b Production of competent yeast

An overnight culture of each yeast strain was peeduby inoculating one fresh
growing colony using a metal inoculating loop i@ ml YPD media in a 250 ml
flask using sterile techniques. The cultures weoalbated at 30°C and rotated at 260
rpm overnight. The overnight culture was inoculatetb 300 ml YPD and was
grown under the previous conditions until 8= 0.5. The culture was divided into
6 sterile tubes previously child on ice. The celsre pelleted by centrifugation at
930 xg for 10 min at 4°C. The supernatant was dizhcarefully as the pellet does
not stick as well as bacteria and the cells werguspended in 25 ml ice child SBEG
solution. The cells were pelleted by centrifugin@30 xg for 10 min at 4°C and the
supernatant was discarded. The palette was sugpdnte 840 ul cold SBEG
solution. All suspended yeast cells were colledtegether to be use as competent

yeast.
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2.7.2c Transformation competent yeast

The transformation must be done at the same dapcah temperature. 1 pug of
plasmid was added to an Eppendorf. 100 pl of tipecggiate competent yeast strain
added to each Eppendorf, and mixed well with theADdy pipetting several times.
750 pl PEG/Bicine solution was added and mixed ipeting up and down. The
complex was incubated at 30°C and incubated atr®@0for an hour. The cells were
heat shocked by incubation at 45°C in a water B@th min. the cells were pelleted
by centrifuging for 2 min at 2700 The supernatant was discarded and the pellet
suspended in 1ml NB buffer. The cells were cemgefli under the previous
conditions and the cells were suspended in 200ulbier. The whole 200 ul of
cells were plated onto SD PLUS TRP (minus Leu Roey) or SD PLUS LEU
(minus Trp for Bait) under sterile conditions (j@mbly in a hood, or on a bench
next to a flame) and left to dry in the hood, ahdntincubated at 30°C. Colonies
started to appear after 2-3 days.

2.7.2d Production of glycerol stocks for yeast cult ures

A yeast colony was picked and added to 3-5ml SDp-dwt media in a 15 ml
centrifuge tube (Plus TRP minus LEU for Prey; RI&) minus TRP for Bait). The
culture was grown for 2-3 days at 30°C and sha&in260 rpm or until visible yeast
pellet was observed at the bottom of the tube. dieire was stored at -80°C in a

final sterile glycerol concentration of 25%.

2.7.2e Direct mating for Y2H screens

This protocol is designed for mating bait againsitiple defined preys. The other

orientation (prey against multiple baits) works lagausly. Before starting this

assay, please ensure the prey and bait constrietgaamsformed in different but

compatible yeast strains (Y187 and AH109). All grewth media contains pen-

strep, so contaminations should not occur.

Yeast bait and prey clones streaked from glycenuks on selective agar plates and
incubated for 1-3 days at 3D. The haploid yeast was inoculated in 5 ml liquid
medium for pre-culture should be at the day. Thml5freshly grown yeast was

inoculated in 25 ml of a single-selective liquidanen - SD minus Trp for Bait and
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SD minus Leu for Prey. The cultures were incubategrnight at 30°C and shaking
at 220 rpm in an appropriate vessel. So that deltét grow too densely overnight as
high density of the culture impairs mating effiagnThe original protocol suggests
an OOy of 1.0 to 1.2 as a benchmark to achieve high rgagfficiency. 100 pl
mating media (double-selection —LW SD/5% YPDA,; narieu and minus Trp) was
add to the required number of wells of a U-bottomermtitre plate. This was the
mating plate. A U-bottom plate must be used at stage to enable close proximity
of yeast cells. The bait cultures suspended angl 2&nsferred to each appropriate
well of the mating plate. The prey cultures suseendnd 25ul transferred from
each culture to the mating plate. The plate wasriteged at 2000 rpm for 30 sec at
room temperature to bring cells in close proxinwtyeach other at the bottom of each
well. This was to facilitate mating. The plate(s¢re incubated at 30°C overnight
without shaking to allow the cells to mate. Itnsportant to set up the mating in the
morning when the cells haven't grown to saturatibhe wells of a flat-bottom
microtitre plate sated up with 150 of fresh double-selective media (SD —L-W/pen-
strep no YPDA).This to be the diploid selectiontplalhe yeast pellets suspended in
the mating plate and 10 transferred from each culture to the diploid sete plate.
The plate(s) incubated at 30°C without shakingfalays. The diploid cells checked
visually for growing (to saturation or close tolgation). The detection media was
prepared as described overleaf. This was a triptek-out SD media (no Trp, Leu
or His) with a fluorescent detection compound 4-MaXd 3-AT, which inhibits
auto-activation of baits. Usually a range of 3-Adncentrations is tested from 0, 0.5,
1, 2.5, 5 and 10, sometimes up to 20mM 3-AT. Dapéicassay plates prepared by
adding 150 pl detection media (detection platepDBsLW (control diploid selection
plate) to a sufficient number of wells of flat-bmtt microtitre plates. The SD-LW
plates will confirm that diploid yeast cells arefact growing during the detection
assay. The diploid cultures suspended in the dipkelection plate and @D
transferred from each culture to each detectionamdrol plate, covered with gas-
permeable lids and placed in a plastic bag. This setubated at 30°C for 3-7 days,
no shaking. 3 days is usually sufficient to detatinteraction. The cells suspended
in the control plate and absorbance measured gp@Dconfirm yeast cell growth
and that the mating has in fact worked. This shdddlanked with double knock-
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out selective media. The fluorescence readout weasored using a fluorescence
reader: excitation at 365 nm; emission at 448nmy easurement of fluorescence
will indicate that a protein interaction has ocegrr According to the original
protocol by Manfred Koegl, cells have to be pasdamgce more (1@l culture into
150 ul detection medium) to see a difference betweeitipesand negative wells in
some cases, since high fluorescence signals frése-fesitive interactions are not

maintained in the second passage.

2.8 LUMIER assays

For LUMIER assays, proteins were transiently exggdsn HEK293 cells as hybrid
proteins with theStaphylococcus aureuprotein A tag orRenilla reniformis
luciferase fused to their amino termini. 20 ng etk expression construct was
transfected into HEK293 cells using 0.05 pl of fgggamine 2000 (Invitrogen) in 96
well plates. After 40 h, the medium was removed e&lts were lysed on ice in 10 pl
of ice-cold lysis buffer (20 mM Tris pH 7.5, 250 mN&ClI, 1% TritonX-100, 10mM
EDTA, 10mM DTT, Protease Inhibitor Cocktail, Phoapdse Inhibitor Cocktall
(both Roche) and 25 units/Benzonase (Novagen) final concentration). Sheep-ant
rabbit 1gG-coated magnetic beads were also addedtrdgen, Dynabeads M280,
2mg /ml final concentration) and incubated on ioe I5 min. 100 pl of washing
buffer (PBS, 1mM DTT) was added per well and 10%hef diluted lysate removed
to determine the luciferase activity present innesample before washing. The rest
of the sample was washed 6 times in washing buftfeciferase activity was
measured in the lysate as well as in washed bédetsative controls were wells
transfected with the plasmid expressing the luagerfusion protein and a vector
expressing a dimer of protein A. For each sampler falues were measured: the
luciferase present in 10% of the sample before imgskiinput”), the luciferase
activity present on the beads after washing (“b8yrehd the same values for the
negative controls (“input nc”, and “"bound nc”). Noalised signal to noise ratios
were calculated as follows (bound/input)/(boundnpait nc) (Brauret al, 2008).
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2.9 Cell Culture

2.9.1 Tissue culture media and supplements

2.9.1a Basic Media

DMEM: purchased from Sigma, supplied in 500 ml istebottles, supplemented
with 4.5 g/L glucose and stored at 4°C.

RPMI 1640 medium purchased from Gibco-BRL, supplie®00 ml sterile bottles
and stored at 4°C.

2.9.1b Other sterile solutions and supplements

Foetal Calf Serum (FCS): Purchased from Gibco,digupplied sterilised in 500 ml
bottles. FCS was aliquoted into 50 ml sterile lesttind stored at -20°C.

Glutamine: Purchased from Lonza, L-glutamine solutwas available in 100 mi
sterile bottles supplied at 29.2 mg/ml in 0.85% NagEl 4.7-6.0. The stock solution
was stored at -20°C in 5 ml aliquots. 5 ml of Liglmine was added to 500 ml of
media. Non-essential Amino Acid: Purchased fromaagriquid supplied in 100 ml
sterile bottles. The 100 x solution was dilutedwnitedia to 1x solution and stored at
4°C. Penicillin/streptomycin: Purchased from Lonz&enicillin/streptomycin
solution was formulated to contain 20000 U/ml pégimc and 20000 ug/ml
streptomycin. It was aliquoted into 5 ml aliquotglatored at -20°C. It was used at 5
ml per 500 ml media. Phosphate-Buffered Saline (PB&rchased from Lonza,
liquid supplied in 500 ml sterile bottles. PBS wasmulated to contain 0.0067 M
PO4.and stored at 4°C. Trypsin EDTA: Purchased ftamnza, Liquid supplied
sterilised in 100 ml sterile bottles. Trypsin EDEAlution contains 200 mg/L EDTA
and 170.000 U/L trypsin.

Table 2.8 Macrophage and Caco2 growth medium

Reagent Supplied conc. Required final conc. Volumadded
DMEM 4.5 g glucose/litre As supplied 440 mi
FBS 100% 10% 50 mi
L-glutamine 200 mM (100X) 1X 5 mi
Pen-Strep 100% 1% 5ml

Total volume 500 ml
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Table 2.9HeLa cells growth medium

Reagent Supplied conc. Required final conc. Volumadded
MEM As supplied As supplied 440 ml
FBS 100% 10% 50 ml
L-glutamine 200 mM (100X) 1X 5ml
Pen-Strep 100% 1% 5ml

Total volume 500 ml

2.9.1c Reagents used for isolation of bovine primer vy cells:

DMEM Sigma D5796

MEM D-Valine Lonza BE02-020F

Hanks BSS Sigma H9269

FBS Sigma F0643

Gentamicin (50mg/ml) Sigma G1397

Pen/Strep (10,000 Units/ml) Invitrogen 15140122

Fungizone (250g/ml) Invitrogen 15290026

L-glutamine (200mM) Invitrogen 25030024

Collagenase Sigma C2674: Add 1.67 ml DMEM atuites
in 250yl aliquots at -20°C

Dispase | Roche 04942086001: Add 1ml DMEM. Store
at £C.

Insulin Sigma 12643: Add 14501 DMEM. Store in
125yl aliquots at -20°C

Epidermal Growth Factor Sigma E4127 (Reconstitatém! of 1%BSA
in PBS. Store in 1@ aliquots at -20°C)

Vitrogen Collagen Nutacon 5409

2.9.1d Media for washing tissue after flushing of | uminal contents

HBSS 500 ml
Gentamicin  (2hg/ml) 250ul
Fungizone (hg/ml) 5mi
Pen/strep (100 Units/ml) 5ml
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2.9.1e Digestion Medium

DMEM 100 ml
FBS (1%) 1ml
Gentamicin 250

Pen/Strep 1ml

2.9.1f Enzymes: added once digestion medium has bee = n added to cells
Collagenase 250 (75 U/ml)
Dispase | 25@l (20 pg/ml)

2.9.1g Differential Centrifugation Solution

DMEM 500 ml

D-Sorbitol (2%) 10g

Dissolve sorbitol in small quantity of DMEM and thélter sterilize it before adding
to the DMEM bottle

2.9.1h Collagen Solution

Sterile Distilled Water 45 ml
Acetic Acid 15Qul
Vitrogen Collagen 6 ml

Filter sterilise water and acetic acid before agdmcollagen.

2.9.1i Primary culture Medium

DMEM 480 ml
2% FBS 10 ml
L-glutamine (2 mM) 5 mi
Gentamicin  (25ug/ml) 250ul
Pen/Strep (100 Units/ml) 5ml
Epidermal Growth Factor (10ng/ml) 1%

Insulin (0.25U) 125

Filter sterilise all additives before adding to DME
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2.9.1j Feeding Medium

MEM-D Valine 465 ml
5% FBS 25 ml
L-glutamine (2 mM) 5ml
Gentamicin  (2hg/ml) 25Qul
Pen/Strep (100 Units/ml) 5ml
Epidermal Growth Factor (10 ng/ml) ub
Insulin (0.25 U) 124

Filter sterilise all additives before adding to MEMValine

Table 2.10 Monoclonal antibodies used in immuno cytochemicalcseening of

bovine rectal primary epithelial cell cultures

Monoclonal | Specificity | Cellular Expression Source Reference
Antibody
Cccz21 CD21 Follicular Dendritic Cells,IAH (Naessens & Howard,
Mature B Cells 1991)
CC20 Bovine Dendritic Cells IAH (Howarcet al, 1993)
CD1b
CC15 Bovine yo T Cell IAH (Howardet al, 1989)
WC1
ILA-12 CD4 T helper Cells ILRAD| (Tealeet al, 1987)
ILA-51 CD8 Cytotoxic T Cells ILRAD| (Tealet al, 1987)
ILA-156 CD40 B cells, Antigen ILRAD | (Norimatsuet al, 2003)
Presenting Cells
ILA-111 CD25 Activated T and B Cell$,ILRAD | (Choy et al, 1990)
Macrophages
ILA-43 CD2 afT cells, Natural Killer| ILRAD | (Tealeet al, 1987)
cells
Anti-hPH B-subunit | Fibroblasts Acris | (BAI et al, 1986)
of hPH GmbH

ILRAD - International Laboratory for Research onival Diseases, Nairobi, Kenya
IAH- Institute for Animal Health, Compton

2.9.2 Techniques used in cell cultures

2.9.2a Maintenance of cell lines

All cell lines were maintained in incubators at @76r 38.5°C supplied with 5%

CQO.. Cells were grown on a variety of tissue cultulgspcware depending on the

nature of the experiment. Cultures were grown t®9% confluency, washed with
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PBS and trypsinised from the flasks with trypsituson (Lonza, Belgium). Cells
were incubated at 37°C until all cells were disated from the flask. Cells were
recovered by adding growth media containing 5 of6168erum. Cells were
centrifuged at 1000 rpm for 10 min in a benchtoptgige. The cells pellets were
re-suspended in growth medium and counted by use lshemocytometer. Cells

were seeded at a density required by the experaheéesign.

2.9.2b Splitting of cells

1X solution of Trypsin-EDTA (Invitrogen (Gibco) 188-054) [10X] was prepared

in a balanced salt solution (PBS)]. Cell supernataas poured and 10 ml of

Trypsin-EDTA was added swirl, to ensure the ergim@wing surface is covered and
the flask was incubated for 5-10 min. The flask Wasn agitated to loosen the cells
(ensure cells lifting by looking down microscopB)ml media was add to quench
Trypsin-EDTA and the contents of the flask trangfdrinto Falcon tube and

centrifuged for 5min and the cell pellet were platgth fresh media.

2.9.2c Freezing of cell lines

Cells were resuspended in 1 ml of pre-cooled frepzanedium. The freezing
medium consists of equal amount of FCS and 20% DMSELS (Fluka, Germany).
Cells were aliquoted in sterile freezing ampoulesnc, UK) at a density 2 x £0

cells/vial. Cells were transferred to a cryopreagon box (Nalgene) and frozen
overnight at -80°C. The next day, the cells weemdferred to the liquid nitrogen

storage tank.

2.9.2d Thawing of frozen cell lines

Frozen ampoules were transferred from the liqutdogen in dry ice and thawed
rapidly by warming in a 37°C water bath. Thawedscelere transferred into 20 ml
universal tubes and recovered by adding equal veduof growth media slowly and
then adjusted to 5 ml. Cell suspension were cewgeid for 1200 rpm for 5 min and
the supernatant were removed and the pelt waspesded in fresh medium and

cultured into 25 ml flask.
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2.9.2e Phagocytosis assays.

The murine macrophage cell line (RAW 264.7) waswel in DMEM (Sigma)
supplemented with 10% heat inactivated foetal beg@rum (FBS, Sigma), 1 unit of
penicillin, 1pg/ml of streptomycin and 2mM L-glutama (final concentrations).
Cells were grown at 37°C in 5% G@nd moisture. The bacteria, transformed with
pUC-gfp (Table 3) were inoculated from LB broth ovght cultures into DMEM to
ODgoo = 0.3. For wildtypes strains it was diluted 1/1@d 00 pl was added to each
well (MOI of 20 bacteria per cell). When analys#tk espFalleles were induced
with IPTG (ImM). At ORoyo = 0.7 the bacterial cultures were then diluteditté
pre-warmed DMEM and 300 pl added to the macrophégilly seeded at 1x £0
cells/well the day before). The cells were thecubated at 37°C in 5% GOn a
moist box for the desired incubation time. The s@llere washed three times with
sterile phosphate buffered saline (PBS) and fix@dgu2.5% paraformaldehyde , PH
7.4. After three washes with PBS, the samples wergbated for 90 min with the
relevant anti-LPS antibody (MAST Group Ltd) at 101@nd following washes
incubated with Alexa Fluor 594-conjugated goat -aaibit immunoglobulins
antibody (1/2000, Molecular Probes) for an houhe Elides were then washed three
times with PBS and mounted with Hydromount (Natlddi@agnostic) and cover slips
applied. Slides were examined by fluorescence mampy using a Leica Q
fluorescence microscope and appropriate filter.setdl bacteria, internal and
external, express GFP whereas only the bactererrettto the macrophages stain
with the anti-O157 LPS antibody. This differentssining allows the proportion of

internalized bacteria to be quantified.

2.9.2f Bacterial binding assays on caco-2 cells

Caco? cells were infected withespFEPEC containing the following plasmids

1. AespFEPEC HpAJR145) GFP chloramphenicol(cam

2. AespFEPEC + pTS1 plasmid containing EPESpKAmMp) + GFP(Cam)

3. AespFEPEC + pTS1 plasmid containirggpF EHEC O157:H7 (AMP) + GFP
(Cam)

4. AespFEPEC + pTS1 plasmid containigpFEHEC 026:H11 (Amp) + GFP
(Cam).
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For the assays, the bacteria were cultured asidomiacrophage assays to ansg=>
0.7. The bacteria were then diluted 1:100 in DMEfbpto infection. A multiplicity

of infection of 10:1 (bacteria: Caco2 cell) was disnd the infection allowed to
progress for 2 h at 37°C in a 5% &£Q@ells were washed gently twice with PBS and
fixed in 4% PFA and then kept in a fridge overnighEA was removed and the

bacteria stained and analyzed as described fon#toeophage assay.

2.9.2g Transfection of adherent HeLa and Caco2 cell s using Effectene
(QIAGEN) transfection reagents

Effectene reagent (Qiagen, UK) is a lipid basedyeea that is suitable for the
transfection of plasmid DNA into cultured eukargotiells. It is used with a special
condensed DNA enhancer. The enhancer is used tbrstondense the DNA
molecules, whilst the effectene reagent subsequertats the condensed DNA
molecules with cationic lipids.

Cells were plated in 48 well plates at a densitypr10* in 400 pl DMEM with FCS
and antibiotics 48h before transfection to reactinogd confluence for transfection
(40-70%, approx. 2xFcells per well). 150 ng of total DNA was dilute® Buffer
to a final volume of 50 pl then 1.2 ul of enhanees added to the above solution
and mixed together by vortex and incubated for B atiroom temperature to allow
formation of condensed DNA. Then 4 ul of effectamas added to the above
solution and incubated for 10 min at room tempeeato allow formation of the
DNA transfection complex. At the same time the madiwas removed from the
plates and the cells were washed with PBS and 200f fresh medium added
(DMEM containing serum and antibiotic). After thpit-DNA complex formation,
200 pl of fresh medium (DMEM containing serum antilaotic) was then added to
the DNA mixture. This complex was poured onto adherells drop by drop, and
swirling carried out to ensure an even distributidProtein expression was
determined 48-72 h post transfection and stabls eedre selected by removing the
media and adding 200 pg/ml of G418 (Invitrogenlr@sh medium. The transfection
efficiency was checked after 24 h using eGFP espasas a positive readout.
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2.9.2h Addition of Mitochondrial marker

For use of this marker, the cells slides were fiaad permeablized using 200 of
2% (v/v) formalin and 0.2 Triton X-100 in PBS [4mf 10% formalin, 16 ml PBS
and 4Qul of Triton] for 20min at room temperature, andritveashed twice with PBS.
Mito Tracker (Molecular Probes) was added at d&iferconcentrations: 125, 250 or
500 nM in PBS for 30 min and then washed two tingl PBS before mounting

and analysis as described for the macrophage assay.

2.9.2i Bovine primary rectal epithelial cell cultur  es

Terminal rectal tissue from adult cattle was olsdirfrom a local abattoir. The
specimens were placed in Hank’s Balanced Salt ®0alu{HBSS) containing
gentamicin (25ug/ml) on ice and transported to the laboratory. $pecimens were
longitudinally opened and luminal contents flustoed with HBSS. Two pieces of
mucosal epithelium 3 cm and 25 cm proximal to restal junction were excised
and washed vigorously several times in HBSS withtgyaicin (25ug/ml), penicillin
(100 U/ml), streptomycin (3fig/ml) and amphotericin B (2¢@/ml) in a sterilized
tissue collecting pot to remove mucus and any acdipezontaminants/ materials.
The procedure for primary cell culture was esséwtas described by (Bootét al,
1995; Hoeyet al, 2003) with a few modifications. 24-well tissudtave plates
(Coring incorporated, USA) and chamber slides (Hagunc international USA)
were coated with bovine collagen solution (Nutaéd09) 500ul/well and allowed
to dry overnight into the class Il cabinet. Collagmated plates and chamber slides
were stored at -20°C until required. Collagen-coghates were removed from -
20°C and rehydrated with 500 PBS or HBSS (Sigma H9269). Pots containing
tissues were sprayed outside with 70% ethanol bdéking into the class Il cabinet.
The rectal pieces were removed and placed on papet in the class Il hood. The
mucosal epithelium was scraped with a sterile giide and the scrapings collected
into a 50ml centrifuge tube.

In order to wash the scrapings the tube was fillpdto 50ml with HBSS, mixed
vigorously, centrifuged at 1200 rpm for 2 min ah@ Supernatant was discarded.

This step was repeated until the supernatant becpnte clear (about 5 times).
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Sometimes a lot of mucus attached to the cryptenwve this; the mucus above the
pellet was sucked up by pipetting. The crypts pademore compact and has a
slightly greyer colour. Floating material was reradvafter the 4th wash. 40 ml of
supernatant was discarded after the last washhenpellet was transferred to fresh a
50 ml tube. Digestion medium was added to the pélle more than 10ml) to make
the final volume 25 ml. 250l of Collagenase (75 U/ml) (Sigma) and DispaseQl (2
ug/ml) (Roche) were added. Digestion was performeidh whe tube taped
horizontally to the shaker at 37°C for 80 min. Aftigestion, the digestion mix was
pipetted up and down gently to loosen cells. Omp dvas taken onto a Petri dish to
check for the integrity of the crypts. Crypts weeen under the microscope as small
cylindrical structures of variable sizes and shapil lots of other digested tissue

debris around.

Digested material was put into another tube arahetl to settle for 2min. The tube
was filled up to 50 ml with HBSS and pipetted gertth disrupt crypts clumped
together. The digestion mix then centrifuged foniad at 1200 rpm. One drop of the
supernatant was examined under the microscop&dagpresence of crypts by taking
a drop from 20 ml mark on the tube. If there werk @ypts in the supernatant, the
mix should be split into 2 tubes and diluted witB$5, mixed by gentle pipetting
and centrifuged at 1200 rpm for 2 min. This stefs wepeated again for crypts in
supernatant from the 25 ml mark. (If clear, 25 mthe supernatant was removed
and the tube was filled up with differential cefugation medium and mixed gently.
The mix was centrifuged at 700 rpm for 2 min). Hupernatant was checked for
crypts at the 25 ml mark and removed if clear. Thbe was filled up with
differential centrifugation medium (optional), pied up and down gently to mix
and centrifuged at 1200 rpm for 2 min. A drop openatant was checked for
presence of crypts after each spin from the 20 wmaknon tube. If there were still
crypts there, check at 30ml mark and so on. Reroteag supernatant and add more
differential centrifugation medium. Each time theaunt of medium was reduced by
10 ml. This process was repeated until supernabmmame clear of crypts.
Supernatant was kept when there were a few crygtsin case there were none in
the pellet. The pellet was washed with HBSS andisgsnded in an appropriate
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amount of Primary culture medium depending on sizeellet. The required final
concentration should be 5000 crypts per ml; this lba adjusted by count of the
number of crypts in 1Ql on a Petri dish. The appropriate amount of celtmedium

was added.

HBSS was removed from collagen coated plates arftd8Gof primary culture
medium was added. 3 or 4 drops of the crypts weded (from a 10 ml pipette) to
each well to add 500-700 crypts to each well. Tiypts were cultured in primary
culture medium for 24 h. At this stage most of thgpts had attached to the surface
and the non-adherent tissue debris was removednadd was replaced with MEM
D-Val selective medium supplemented 1% or 2.5% tbaésted FCS, 0.25 U/ml
insulin, 10 ng/ml EGF and 30y/ml gentamicin. This medium inhibits any fibrolilas
contaminants in the culture (Frauli & Ludwig, 1984&zzaroet al, 1992; Hoeyet
al., 2003). 50% of the medium was replaced every tagsd The epithelial cells
proliferated from attached crypts and formed a lc@mt monolayer within 6 to 8
days of culture. The cultures were incubated aC3in°an atmosphere of 5% GO
95% air with 90% relative humidity.

Bovine rectal tissues with intact anal canal ab®dtcm proximal to recto-anal
junction were brought from the abattoir in a pojyshe box with ice to transport the

tissue.

2.9.2j Characterisation of bovine primary rectal cu  Itured cells.

The epithelial origin of the cells was confirmed inymuno-staining for cytokeratin
intermediate filaments. The cells at five days oltwwe were fixed with 2%
paraformaldehyde, permeabilized with cold acetooe % min, washed with
phosphate-buffered saline (PBS) and stained witha@a-cytokeratin monoclonal
antibody (Sigma 1:300) for 3 h at 25°C. The cellravwashed with PBS and the
monoclonal was detected using FITC-labelled go&tranuse mAb (1:80) (Sigma).
The cell nuclei were stained with TO-PRO lodide (8btwlar Probes). The stained
cells were mounted in fluorescence mounting medilooromount (DAKO) and
examined using a Leica DMLB epifluoresence micrggcd o ascertain if lymphoid
cells were present in primary cell cultures frore ttrypts isolated from lymphoid
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rich mucosal tissue, immuno-staining was carried with a panel of seven
monoclonal antibodies (Table 2.10) specific fofeti#ént immune cell types of cattle.
The cells were fixed either in paraformaldehydé&%d). or non-formaldehyde zinc
acetate based fixative. Briefly, cells at 72 h aiture were washed twice in PBS and
fixed in freshly prepared zinc salt fixative sobuti(0.1M Tris base buffer with Ca
acetate 0.5% pH 7-7.4, containing Zn acetate 0.5% 2n chloride 0.5%). After
initial blocking of endogenous peroxidase actiwitigh 0.3% hydrogen peroxide for
5 min and the non-specific binding with 25% norrmgaht serum for 30 min the
cells were immuno-labelled overnight at 4°C (TaBld). The primary antibody
binding was detected using goat anti-mouse peregidizbelled secondary antibody
(Horizontal En Vision Plus HRP system, Dako, Ely)Uor 30 min at RT. The
slides were developed in a citrate buffer contgniB,3'diaminobenzidine
hydrochloride for 7-8 min. Cell monolayers were wtaustained with haematoxylin,
rinsed, dehydrated and mounted. Tris-buffered sdliiBS, 0.05M Tris HCI, 0.15M
NaCl, pH 7.6) was used to wash the slides betwesh stage of the labelling
procedure and to dilute normal goat serum and adiiis. As a negative control
primary antibody was replaced with TBS in the stagrprotocol.

Uptake of inert micro-particles has been used ametional assay for M-cells with
in vitro cultures (Kerneigt al, 1997). FITC-conjugated latex beads of Arb size
(Polysciences Inc., Germany) were diluted (1:1G60DPMEM containing 2% fetal
bovine serum. Aliquots (100l) of diluted beads were pipetted evenly on to g-da
old cultures and incubated at 37 °C for 45 min. Téks were washed three times in
phosphate-buffered saline, fixed and permeabilzid 2% (w/v) PFA/ 0.25% (v/v)
Triton X-100 at room temperature for 20 min. Stagniof F-actin was done with
Phalloidin-FITC/ TRITC (diluted 1:20 in PBS; Molden Probes) for 45 min at room
temperature in the dark. For co-localization stedigth vimentin, the cells were
incubated with mouse anti-vimentin monoclonal avdip (1:100) (Sigma) and
incubated overnight at 4°C. This primary antibodgswdetected with Alexa 594-
tagged rabbit anti-mouse or goat anti-mouse monetl@ntibodies as per the
manufacturer’'s instructions. The cell nuclei wetaireed with TO-PRO lodide

(Molecular Probes). The mounted slides were exaaniryyeconfocal microscopy. To
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examine the position of the beads, Quh optical sections were acquired and
processed via Imaris Surpuss Module (Bitplane) adempsoftware programme. For
co-localisation studies with micro-particles thdented cells were washed three
times with pre-warmed (37°C) MEM/HEPES and furthiecubated with FITC-
conjugated latex beads of Qutn size (Polysciences Inc., Germany) for 45 min and

processed for immuno-fluorescence as describedeabov

2.9.2k Staining primary Bovine Epithelial cells for FACS

The percentage of cells expressing vimentin inlibeine terminal rectal primary
epithelial cell cultures were detected using floometry (FACS). Briefly, the cells
were removed from plates by trypsinisation. Thdscelere transferred to sterile
universal and centrifuged at 200 x g for 5 min. Hupernatant removed and the
pellet washed once with PBS. The cells were fixed permeabilised in 500 Cell
Permeabilisation solution (Becton Dickenson) fomi) at room temperature. The
cells washed in PBS with 0.5% Bovine Serum Albumnmd 0.1% Sodium Azide.
The cells divided between an appropriate numbersilods. One tube left without
primary antibody as control for each vimentin aotip and spin down at 2500 rpm
for 3 min. Primary antibody diluted in FACS medilidMEM, 1% FBS, 0.1%
Sodium Azide) was added to the cell pellet andesatl. The cells were incubated at
4°C for 30 min, spined down as above and washed timideACS medium. The
secondary antibody added to each tub includingbe& twith no primary staining
(negative control). The cells then incubate @@ #or 30 min, centrifuged as before,
and washed twice in FACS medium. The cell peltsewe-suspended in 204
FACS medium and measure fluorescence on the FAGQBuCa

The work presented in this figurer 3.2.8a A, B, &dand 6.2.1 was done by Dr
Arvind Mahajan and Ms Edith Paxton while figure2.8, 5.2.6 and 6.2.1 were done
by Ms Edith Paxton.

2.9.2| Trancytosis assays
Caco-2 and primary bovine terminal rectal epithalels were allowed to establish
monolayers on 0.4m pore size polycarbonate filters of 35 mm Transelehmbers

(Corning incorporated, USA) by growing them for 2ageks until confluences.
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Before seeding primary bovine terminal rectal egidi cells, the Trans well plates
were coated with collagen (Nutagen). Integrity efi enonolayer, polarization, and
formation of tight junctions were tested by measyrihe TER using epithelial
Voltohmmeter (WPI, USA). Only filters of cell moralers that displayed the
required TER were used for bacterial transcytossay for Caco-2, 200-3@3cm2;
bovine terminal rectal primary epithelial cells,01@/cm2. To establish M-cell co-
culture system RajiB cells were seeded in the datehamber of the Trans well
developed Caco-2 monolayers for 6 days to sigrférdntiation of human colon-
derived Caco-2 cells and convert some of them tké&/cells.

E. coli were prepared as for the phagocytosis assay V&ileyphimurium were
grown overnight in LB and diluted 1 in 100 in LBdhfeft to grow in the conditions
as forE. coli. Before the challenge with bacteria the cells weeashed twice with
MEM-Hepes without antibiotic an hour before theteaal culture reach Ofgy= 0.4
and 300ul of that media was added to each well. 3 wellsaiffluent cells were
infected using 10Qul of bacterial suspension for each well. The irdelctells were
incubated at 37°C, 5% G@nd moisture for 1h foE. coli or 30 min in case 0.
Typhimurium. The medium was removed from the ldtevell. The collected
bacteria were 10 fold serial diluted in PBS. 3@0of each dilution was triplicate
plated on LB plate or LB plate with ampicillin. Tipéates were incubated at 37°C for
overnight and counted next day. To use inhibitar RAANKL with Salmonella, The

inhibitors were added to the cell one overnightbetthallenging with bacteria.

2.9.2m Kanamycin protection assay to detect intrace llular E. coli in
bovine terminal rectum epithelium

Bacteria were prepared as for the phagocytosis/asBae bovine primary epithelial
cells were washed twice with MEM-Hepes without liatiic one hour before the
bacterial culture reached @9 = 0.4 and wells of confluent epithelial monolayer
were infected using 100l of bacterial suspension for each well. The irddctells
were incubated at 37°C, 5% g@nd moisture for 1.5 h. The bacterial suspension
was removed and the wells were washed 4 times RBIS to remove the non

attached bacteria. 500 of MEM-Hepes containing 75Qg/ml of kanamycin was
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added to each well of the infected cells. The itg#eaells were then incubated for
3hr and then washed 3 times with PBS. BD6f 0.1% triton (in PBS) was added to
each well to lyse the cells. The bacteria wereectdld after scraping of the cells,
serially diluted in PBS, and triplicate plated oni® plates with appropriate

antibiotics. The plates were incubated at 37°Qofarnight and colonies counted the

next day.

2.9.2n Using cell signalling inhibitors to check th e pathway Salmonella
Typhimurium using to convert epithelial cell to ant igen sampling M cell

The bovine rectal epithelial cells were treatedSdr with final concentrations 5M
for SN50 NF-KB inhibitor, PI3 kinase inhbitor LY 2002, GSK-3B inhibitor, SB
415286. AKT inhibitor was used at 2M. Proteasomal-inhibitor MG132 arfg
catenin/Tcf inhibitor, FH535 1Q@M. DMSO was used alone as control. Thereatfter,
the cells were infected witalmonellaTyphimurium for 2 h or 100 ng / ml of
RANKL was added for overnight. The cells then wérarvested. The protein
concentrations of the cellular lysates were mealsanel 10ug of protein from each
sample was subjected to SDS-PAGE and immunoblotlihg same inhibitors were
added to the cells on the transwell plates andctils were challenged witls.

Typhimurium for transcytosis assay.

2.9.20 Establishment of an in vitro M cell co-culture model (Martinez-
Argudo et al., 2007).

Co-culture of Caco-2 cells with Raji B cells and aserement of bacterial
translocation. Caco-2 cells were grown for 14 days DMEM (Sigma)
supplemented with 10% Fetal bovine serum, 1% L aghime and 1%
penicillin/streptomycin (Sigma) on transwell polylsanate inserts— gm pore) to
allow differentiation and development of microvillThese cells were then co-
cultured with Raji B cells 0.5x£0n the basal compartment for 6 days. Bacteria were
prepared as describe for the phagocytosis assalyd@hl of bacterial suspension
added to each upper chamber. Bacterial counts filwenlower chamber were

determined at 60 min. relative to the inoculum.
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- Raji B cells were grown in RPMI 1640 medium (GHBRL) supplemented with

10% fetal calf serum, 1% Glutamine (Gibco), 0.1 mig streptomycin and 100 unit
ml™ penicillin (Sigma) at 37°C in 5% GO(Martinez-Argudcet al, 2007).

- Caco-2 cells were grown in DMEM (Sigma) suppletednwith 20% foetal calf

serum, 1% nonessential amino acids, 1% Glutamidelé&h of pen-strep (Sigma) at
37°C in 5% CQ.

2.9.2p Measurement of bacterial translocation throu  gh an in vitro M-like
cell co-culture

Bacteria were prepared as for the phagocytosisya3$e transwells were washed
three times with DMEM without antibiotic an hourfbee the bacterial challenge.
100l of bacterial suspension were added to each ugpenber. Samples from the
basolateral chamber were plated at 60 min aftergo®0 fold diluted. Serial dilutions
from the inoculum were plated to calculate the nemdf bacteria inoculated. The
number of translocated bacteria was determinedeaated to the number of bacteria
added.

2.9.2g Immunofluorescence

To isolate the primary terminal rectal epitheliuimesh rectal tissues were obtained
from a local abattoir. The primary bovine rectaltleglial cells were isolated from
the bovine terminal rectal mucosa using Collageras# Dispase | enzymes to
separate the intestinal crypts from the adhersstés. These crypts were grown in
collagen-coated glass coverslips until confluent@scribed previously (Mahajast
al., 2005). The isolated cells were grown on glassergips or in 8-well culture
glass slides (BD Falcon, USA). The glass slides emvkrslips were coated with
bovine collagen solution (Nutacon 5409) and allowedry overnight into the class
Il cabinet. Collagen-coated plates were removecfr@0°C and re-hydrated with
50Qul PBS or HBSS (Sigma H9269). The cells were incathatt 37°C and 5% GO
After 24 - 48 h of incubation (depending on concatiin of crypts), half the media
was removed and replaced with Feeding media (this ;emoved any remaining
fibroblasts in the culture). Cells were fed evetltyen day until being confluent. Once

the cells become confluent, they were challenged S:iTyphimurium for 2 h. Cells
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were fixed and permeablised with a solution coedisdf 2% (v/v) formalin and
0.2% (v/v) triton X-100 in PBS. The cells were wedlgently with PBS three times.
the cells were blocked by 3% BSA diluted in PBSféwufor 1hr, then cells were
stained for with 1/100 primary antibodies dilutedABS, overnight at 4°C. The cells
were washed with PBS three times. The monoclonabaaly was detected with
TRITC or FITC-labelled, secondary antibody (1:10D0)h in darkness at RT. The
cells were washed three times with PBS and stawit#tdphalloidin 647 or TRITC.
Cells were washed 3 times with PBS and then stainédDAPI 1/5000 (Invitrogen,
UK) for 15 min and then washed 2 times with PBSe glass coverslips were fixed
onto a glass slide with fluorescence mounting nradiMectashield). The slides were
stored at 4°C in darkness. The slides were examiisety Zeiss axiovert confocal
microscope, objective x10.

Uptake of inert micro-particles arfel Typhimurium (SL1344) has been used as in
vitro functional assay for M-cells in cultures (&daet al, 1994; Kerneiset al,
1997). FITC-conjugated latex beads of Qu size (Polysciences Inc., Germany)
were diluted (1:1000) in DMEM containing 2% foekalvine serum. Aliquots (100
pl) of diluted beads were pipetted evenly on to §-dll cultures and incubated at
37°C for 45 min; then the cells were washed thireed in phosphate-buffered saline
and SalmonellaTyphimurium (SL1344) (MOI 1:100) were added to ttedl for 10
min. The cells were washed three times in phosphafered saline, fixed and
permeabilized with 2% (w/v) PFA/ 0.25% (v/v) Tritot100 at room temperature
for 20 min. Staining of F-actin was done with Pb@lin-647 (diluted 1:40 in PBS;
Molecular Probes) for 45 min at room temperaturehim dark. For co-localization
studies with vimentin, the cells were incubatedhwmtouse anti-vimentin monoclonal
antibody (1:100) (Sigma) and incubated overniglt°&t. This primary antibody was
detected with Alexa 594-tagged rabbit anti-mousegoat anti-mouse polyclonal
antibodies as per the manufacturer’'s instructiongittogen). The cell nuclei were
stained with either TO-PRO lodide (Molecular Prgbes DAPI (Merck). The
mounted slides were examined by confocal microscopy examine the position of
the beads, 0.4m optical sections were acquired and processedmeais Surpuss

Module (Bitplane) computer software programme.
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2.9.2r Confocal microscopy

Confocal data were acquired using a 1024 x 1024l pirage size, a Zeiss Plan
Apochromat 1.4 NA x63 oil immersion lens and a inméick (sequential scan)
experimental set up on a Zeiss LSM510. Image datgiired at Nyquist sampling
rates, were deconvolved using Huygens softwaree(@tic Volume Imaging,

Netherlands), and the resulting three-dimensionaldets were analyzed and
orthogonal views were created using NIH ImageJwsof, final figures were

assembled in Adobe Photoshop.

2.9.2s Scanning electron microscopy

Samples were fixed in 3% glutaraldehyde in 0.1 Miwm cacodylate buffer; pH
7.3, for 24 h then washed in three 10 min chandge8.IM sodium cacodylate.
Specimens were then post-fixed in 1% osmium teti®xm 0.1 M sodium cacodylate
for 45 min, and then washed in three 10 min chamdeés1M Sodium Cacodylate
buffer. These sections were then dehydrated in 5%%, 90% and 100% normal
grade acetones for 10 min each, then for a furver 10-min changes in analar
acetone. Dehydrated samples were then criticaltparied in a Polaron E 3000
series Il drying apparatus, mounted on aluminiunbst, coated in an Emscope SC
500 sputter coater with a 10nm thick layer of gpllladium, and viewed in a

Hitachi S-4700 Scanning electron microscope.

2.9.2t Transmission electron microscopy

For TEM, samples were fixed in 3% glutaraldehydedih M Sodium Cacodylate
buffer, pH 7.3, for 2 h then washed in three 10miranges of 0.1M Sodium
Cacodylate. Specimens were then post-fixed in 1¥hiws tetroxide in 0.1 M
sodium cacodylate for 45 min, and then washed ri@eetiO0 min changes of 0.1 M
sodium cacodylate buffer. These sections were tledrydrated in 50%, 70%, 90%
and 100% normal grade acetones for 10 min each, fitrea further two 10-min
changes in analar acetone. Samples were then eptbatdraldite resin. Ultrathin
sections, 60 nm thick were cut, stained in uracgtaie and lead citrate then viewed
in a Phillips CM 120 transmission electron micrgseo
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2.10 Dual luciferase reporter assay

The dual luciferase reporter assay system (PromE#q, provides an efficient
method to measure the response of a reporter peonibtrelies on the use of two
luciferase plasmids one of which is the firefly oeer (Photinus pyralis) and the
second is the Renilla plasmid (Renilla reniformiB)rstly the firefly luciferase
reporter is measured by adding Luciferase Assayg®&sdl (LAR 1) to generate a
“glow-type” luminescent signal. After quantifyindghe firefly luminescence, this
reaction is quenched, and thRenilla luciferase reaction is initiated by
simultaneously adding Stop & GloReagent to the same tube. The Stop &“Glo
Reagent also produces a “glow-type” signal from Benilla luciferase, which
decays slowly over the course of the measurement.

Dual luciferase reporter assays were performedagailowing: Caco-2 cells were
seeded out onto 24 well plates at a density of 8x#lls per well and incubated
overnight at 37°C and 5% GOThe next day cells were transfected using effiecti
(Quiagene) according to the manufacturing instamsti The transfection mix was
added to the cell containing 20 ng Renilla, 180 afgsopB cloned into pCR3
expression vector/pCR3 expression vector used @sot@nd 100 ng of luciferase
reporter plasmid (pTOP flash, pFOP flash, SIugNRA and Vimentin promoters

cloned in luciferase reporter vector pGL3).

2.10.1 Assays for Transcriptional Response to a B-Catenin/Tcf
Transcriptional Promoter Element.

Activated Wnt signaling pathway leads to the dephosylation, stabilization, and
nuclear translocation of-catenin. The stabilized-catenin complexes with the
TCF/LEF transcription factors, leading to the aation of Wnt-responsive genes
slug, vimentin, c-myc, siamoand cyclin D1. The effect of SopB ofi-catenin/Tcf
transcriptional activity was studied by transieattansfection of Caco-2 cells with
sopB/PCR3and the pTOP-Flash reporter plasmid inchvithe expression of
luciferase is promoted by three tandem copies efatimal Tcf-response element
(CCTTGATC) adjacent to the minimal c-fos promoté&ontrol cultures were

transiently transfected with sopB/PCR3 and the piR@Bh reporter plasmid
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containing all of the regulatory elements of theOFFFlash plasmid, except that the
Tcf response motifs contain mutations (CCTTGGCG)Ht threvent its functional

activation by Tcf. 48h after transfection cells eevashed once with PBS and the
complete growth media was exchanged. LICl 10 mMlfconcentration was added

as positive control for pTOP flash, pFOP in PCRBisfected cells.

2.10.2 Effect of SopB on transcriptional activity o f Slug, RANKL
Slug-induced repression of E-cadherin at transonjt level and triggers a complete
epithelial to mesenchymal transition.

Receptor activator of NdB ligand (RANKL) expression is known to be assasmiat
with transformation of epithelium to mesenchymal &MT that may be through
induction of transcription factor Slug.

To study the effect of SopB on Slug promoter attivCaco-2 cells transiently
transfected with SopB and Slug promoter cloned fomwine genome. SN50 (KB
inhibitors) was added to the cells transfected wipBto examine if SopB induce
slug transcription through activating the dB-pathway

To study the effect of SopB on RANKL promoter aitfivCaco-2 cells transiently
transfected with SopB and RANKL promoter clonednfrbovine genome. SN50
NF-KB inhibitor B- Catenin/TCF inhibitor, FH535 SB 415286 AKT inhdm IY
294002 were added to the cells 48 h after transfedb study the path way that
SopB use to induce RANKL promoter activity.

2.10.3 Luciferase assay to measure effect of RANKL  on transcription of

Slug and Vimentin

To investigate effect of RANKL on transcriptionattiaity and the down stream
signaling pathways Slug and Vimentin specific lacfse based assays were
conducted in presence of pharmacological inhibitgpecific to NKB or Wnt
pathway: 100 ng / ml of RANKL was added 48 aftecc&2 cell was transfected
with 100 ng/ well from Vimentin or Slug promotercaB0 ng Renilla plasmid. In the
main time of adding RANKL, the pharmacological ipitors was added to the cells
as following: AKT inhibitor 20uM; 50 uM final concentration from LY 294002 (PI3
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kinase inhbitor), SN50 (N€B inhibitor), or 10uM from FH535  -catenin/Tcf
inhibitor). Positive control SB 415286 (GSKB3inhibitor) was used in 50M final
concentration. These agents were added to the4&lsafter transfection. In some
of the assays LiCl (10 mM final concentration) vaalsled as positive control.

15 h later the media was aspirated and drained lepetypfollowed by addition of 50

ul of 1 x Passive lysis buffer (PLB; Promega, UKheR, plates were left for 1 h on a
shaker to allow for efficient lysis of the cellsh& total cell lysate were transferred
into 96 well black plate (BD Falcon,USA). Analysiss performed by addition of 30
ul of LARII reagent (Promega, UK) to each well. Tieading was performed on a
polar star plate reader (Polar star optima, BMQGdgib) on the luminescence setting.
After the plate was read, 30 of ‘Stop and Glo’ (Promega, UK) was added to each
well to quench the firefly luciferase activity anglad again on the same settings to
measure Renilla luciferase activity. Relative lacdfse activity was calculated by
normalizing the firefly luciferase value to that d¢fie Renilla luciferase. To
standardise the luciferase activity of samples iwitihe same experiment set, the
relative luciferase values were divided by the oargamples mean.

2.11 Small interfering RNA (siRNA)

The abbreviation, also known as short interferildgARor silencing RNA, stands for
a class of double-stranded RNA molecules, 20-23eotides in length that play a
variety of roles in biology. The most important geafor siRNA is the RNA
interference (RNAI) pathway, where it interferegtwihe expression of a specific
gene.

Bovine primary terminal rectal epithelial cells wegrown until 40-60% confluence.
For RelB knockdown a final concentration of 40nWvine RelB siRNA was used.
The siRNAs were transfected into cells by usingfiagtamine transfection reagent
(Invitrogen) as described by the manufacturer. iAdi@ h, the transfected cells were
treated with RANKL (100 ng/ml) overnight then infed with wildtypeSalmonella
Typhimurium for 2 h or left untreated and harvedtmdwestern blotting or RT-PCR
analysis. All siRNA duplex oligonucleotides weren#esized by Invitrogen).

Sequences are shown in Table 2.7.
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2.12 In vivo mice studies to investigate role of SopB in epithel ial cells

transformation:

S. TyphimuriunSL1334 and itsopB mutant were transformed with the pAJR146
plasmid (Table 2.5) were grown overnight in LB-CAM 37°C with minimum
aeration. Following centrifugation the bacteriallgts were re-suspended in LB and
the ODQyo measured. The bacteria were diluted to give aemtation of 18100 pl

in LB and 100 pl were injected to each C57/BL6 neotygo loops were ligated. One
loop for bacterial inoculums and the other wereergng media alone to serve as a
control. 5 mice were used for each bacterial strlinme infection period was between
90min. After infection the Peyer’s patches werdataa from the rest of the intestine
— they were used for confocal studies — washeeédfistained for GP-2 (green) and
actin (far red 647 nm (blue)), and mounted for wscopy. The remaining intestine
from each loop was washed and divided up for RN#agetion — RNA protect was
added (2 ml/sample). Protein extraction — Protgisate buffer (with protease
inhibitor) was added (2 ml/sample), Histo-patholegwere fixed with 10% formalin
(2 ml/sample) and Cryo- sectioning — OTC were add2dml/sample). This
experiment was carried ou with help of Dr David Bloison at the Roslin Institute.

2.12.1 GP-2 receptors staining in mouse Ligated int  estinal loop assay

For the ligated intestinal loop assay, mice weraeathetized with avertin and kept
warm on a 37°C warming pad during the assay. pA8RbAtaingS. Typhimurium
and sopB mutant (18 C.F.U.) were injected into the ligated intestifmbp. After
incubation for 90min, the mice were killed and Ré&y@atches were excised from

the intestine.
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Ligated loops

Peyers Peyers
Patch Patch
200ul bacteria 200l media
suspended Treated Un-treated
in media Control

Fig. 2.5 Mouse ligated loops to study the interaan of S. Typhimurium with
FAE (~2-3 cm)
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2.12.2 Whole-mount immuno-staining of the follicle associated
epithelium (FAE) of Peyer’s patches (PP)

In order to detect M cells in the FAE of PP, sewi@f intestinal tissue containing
Peyer’s patches were whole mount stained for GR2eagously described (Hase
al., 2009). Briefly, PP were excised and washed watld HBSS. The PP were then
fixed with cytofix/cytoperm (BD biosciences) for ribn ice followed by washing
with PBS. Non-specific staining was blocked by ipating the tissues in PBS
containing 0.5% BSA and 0.1 saponin (w/v). M cellgre visualised by an
incubation with anti-mouse GP2 (clone 2F11-C3, 3mlg (MBL international)
followed by Alexafluor 488-conjugated goat anti-lg&G (4 pg/ml) (Invitrogen) and
the tissues were counter-stained with Alexafluo7-6dnjugated Phalloidin (7.5
U/ml) (Invitrogen). Stained PP were mounted in taglides in PBS/30% Glycerol
(v/v)/0.05% Sodium Azide (w/v) and stored &C4 Z-stack images of the FAE of
individual PP follicles were obtained using a ZelsSM5 confocal microscope
(Zeiss).

2.12.3 Immuno-histochemistry staining

The cryo specimens were cut into 3-mm-thick sestidrhe frozen sections were
taken out for 30 min to get to RT. Immuno-histocimhstaining was performed
using DAKO Autostainer Plus System (DAKO, CapirderiCA). It was used
according to manufacturer instructions. Brieflye tslides were fixed with acetone
for 10 min at RT, air dried for 15 min. The secBonvere treated with
Methanol/H202 (1%) for 10 min at RT to block thedegenous peroxidases. The
sections were washed in PBS/BSA (0.2%) for 5 mid blocked with 100 ul of
normal goat serum diluted 1/20 (Jackson immunorebg#@normal serum according
to the secondary) at RT for 15 min. The sectionsewacubated for 1 h with
primary, polyclonal antibody against Slug (1:400R3 or 4°C overnight. Negative
controls were performed by omission of the primangibody. The sections were
washed as above and incubated with the secondaityody 1/500 in PBS/BSA
(0.2%). (for slug goat anti-rabbit immunoglobuliBsitinylated (Dako cat no,
Eo0432) Washed mentioned above. The staining sigaaldetected using Vectastain
Elite ABC kit (Vector Laboratories) and NovaRED &ddase Substrate kit (Vector
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Laboratories). The sections were counterstaineld Mayer’'s haematoxylin and then
mounted. The images were acquired using a laseriig@an E800 Microscope.

2.13 Statistical design and analyses

All statistical analyses were carried out in R ({1 © The R Foundation for
Statistical Computing) and Minitab software. Ovkmifferences between strains
were first assessed, and if there were statisficadjnificant differences then post-

hoc Tukey pair-wise comparisons were carried out.

Two types of statistical models were used, whensicleming differences between
strains in the percentage of intracellular bactetaeither set time intervals as
determined by fluorescence microscopy, or as a umeasf phagocytosis were
examined by General Linear Models with binomialogsrto account for the
percentage nature of the data. To ensure that dieyethces between experiments
was accounted for in the time interval analysisjcWwiof 3 experiments the data
came from was also entered as a covariate.

For all other statistical analyses, analysis ofvapance of logl0 transformed
number of bacteria post-translocation were carowitto assess differences between
strains. To adjust for differences in pre-transtmea levels and experiments the
number of bacteria pre-translocation and which bé t3 experiments the
translocation carried out were entered as covatiatedg transformation was
undertaken to normalize the residuals. Statistgighificance was taken when
P<0.05. Statistical analyses in chapter 3 and ehagpx excpt figure (6.2.6) were
carried out and blotted by Dr Darren Shaw.
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3. Comparative Analysis of EspF  Variants in the Inhibition of
E. coli Phagocytosis by Macrophages and the Inhibition of E. coli

Translocation Through Human- and Bovine-Derived M-c  ells

3.1 INTRODUCTION

Enterohaemorrhagik. coli EHEC are emerging zoonotic pathogens, particuiarly
industrialized countries (Beutin, 2006). HEC stsaitause sporadic outbreaks of
severe disease in humans, the most important bengprrhagic colitis (HC) and
hemolytic uremic syndrome (HUS), the latter resutkidney damage and may lead
to death (Griffin & Tauxe, 1991; Boya al, 1995). Shiga toxins (Stx) produced by
EHEC strains are the main factors responsibleHfesd serious outcomes in humans.
By contrast, Enteropathogertic coli (EPEC) are another pathogenic typecotcoli
that can also cause severe intestinal diseasenauinsibut there is no clear evidence
these strains are zoonotic although EPEC straingrdolate and cause diseases in
animals (Mooret al, 1983). Human EPEC infections are not usually @ased with
HC and HUS as the strains do not produce Shigasoxi

Our understanding of EHEC pathogenesis is primdodlged around studies on the
EHEC 0157 and EHEC 026 serogroups that are asedaiath most human EHEC
infections in Europe, North America, and Japan (Kalr, 1989; Karmali, 2004;
Karch et al, 2005). Both serogroups are considered to be présauminants, in
particular cattle as the primary reservd{armali, 1989; Bettelheim, 2000; Naylet
al., 2003; Nayloret al, 2005a). While there are many EPEC serotypesnsxie
research has been carried out on the sequencedhHtirteC 0127 strain E2348/69.
EHEC and EPEC strains express a type lll secrsystem (T3SS) that is important
for colonisation of the human or animal host (Maaral, 1983; Jarvigt al, 1995;
Hueck, 1998; Shawet al, 2001). The T3SS injects effector proteins intsthuells
that manipulate cellular processes to promote thencsation and persistence of the
bacterium in the gastrointestinal tract ( Nougagredal, 2001; Elliottet al, 2002;
Deanet al, 2006; lizumiet al, 2007; Echtenkamgt al, 2008; Marcheést al,
2008). The primary phenotype associated with T3fBtimate attachment between
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the bacterial outer-membrane protein intimin and W8SS translocated intimin
receptor (Tir) (Kennyet al, 1997). In both EHEC and EPEC, the genes encoding
this protein secretion system are expressed franatus of enterocyte effacement
(LEE) pathogenicity island ( Jarveg al, 1995; Hueck, 1998). While several effector
proteins are also expressed from the LEE, a nurabadditional secreted effector
proteins have been identified that are expressedapty from integrated phage
elements scattered throughout the O157 chromos@oteét al, 2006). EHEC and
EPEC strains have different combinations of effepioteins, potentially reflecting
host adaptation and differences in pathogenesis.

EspF is a LEE-encoded effector protein that reguitee CesF chaperone to be
translocated by the T3SS into host cells (Elliettal, 2002). EspF has multiple
proline-rich domains which act by binding to SH3ndons or Enabled/VASP
homology 1 (EVH1) domains of host cell signallingpfeins (Craneet al, 2001).
For example Espipecoiz7 binds to Sorting Nexin 9 (SNX9) via its SH3 amino
terminal region (Marche®t al, 2006; Alto et al, 2007). EspF is involved in
disruption of tight junctions and increases monetagermeability in part through
the redistribution of occludins ((McNamagaal, 2001; Nougayrede & Donnenberg,
2004; Viswanatharet al, 2004a; Nougayréedet al, 2007). EspF sequences differ
between EPEC and EHEC strains and the EHEC O15&nvdras a more modest
impact on transepithelial electrical resistance RJEViswanathanet al, 2004a).
EspF in combination with other effectors inhibitse twater transporter SGLT-
1(Deanet al, 2006). EspErecoiz7is targeted to mitochondria with the N-terminal
region of EspF functioning as an import signal. Fespco127Causes an increase in
mitochondrial membrane permeabilization in additiothe release of cytochrome C
from mitochondria into the cytoplasm and subsequmagpase-9 and caspase-3
cleavage leading to cell death (Craeal, 2001; Nougayrede & Donnenberg, 2004;
Nagai et al, 2005; Nougayréde Nougayreée al, 2007). More recent work has
demonstrated that EspF can lead to loss of nunléam the nucleolus, an activity
driven by EspF’s activity on mitochondria (Dean al, 2010). ESpEreco127also
plays an important role in inhibition of bactengtake by macrophages (Quitset
al.,, 2006), preventing macrophage phagocytosis viabitidn of phosphatidyl
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inositol-3 (PI13) kinase dependent pathway of baalterptake (Nougayredet al,
2001; Quitarcet al, 2006).

Intestinal epithelium is composed of multiple céylpes including absorptive
enterocytes, enteroendocrine, goblet, and Pandih déese cells derive through
asymmetrical division migration and differentiatilm pluripotent stem cells. An
additional specialised epithelial cell type, terméticells (“membranous” or
“microfold” cells), are associated particularly kvitepithelium overlying gut-
associated lymphoid tissue. This is referred tofakcle-associated epithelium
(FAE) and is a site of active immunological functioln contrast to villous
epithelium, FAE contains no or fewer goblet cel®dwen, 1999), defensin- and
lysozyme-producing Paneth cells (Giannastal, 1994; Giannascat al, 1999) and
expresses low amounts of membrane-associated ageso[Owen & Bhalla, 1983).
The M-cells generally lack the distinct microviind thick flamentous brush border
glycocalyx (Freyet al, 1996) and instead have variable microfolds. Tiogietthese
features of M-cells promote contact of antigenshvgtt epithelium and result in
sampling of antigens from the intestinal lumen drathsfer to antigen presenting
cells (APCs) within an intra-epithelial pocket (Nieuet al, 1996) on its basolateral
side (Ermaket al, 1994; Farstaét al, 1994; lwasaki & Kelsall, 2000EspFpecoi27
has also been shown to inhibit EPEC translocatioross antigen-transporting
epithelial M-cells in anin vitro model (Martinez-Argudcet al, 2007) based on a
published co-culture system (Kerneisal, 1997).

In cattle, the terminal rectum is rich in lymphdidllicle-associated epithelium
(FAE) containing M-cells (Mahajaet al, 2005). As this is the predominant site
colonized by EHEC O157 in cattle (Nayler al, 2003), we hypothesized that EspF
may have an important role in cattle colonisatignirihibiting translocation of the
organism by M-cells and that the sequence diffeasraf EspF in EHEC O157:H7
may reflect selection for its function in the bawimost. To test this, we have
compared the capacity of differeaspF alleles to inhibit phagocytosis and limit
bacterial translocation through M-cells derivedanco-culture system with their
capacity to inhibit bacterial uptake into and ttanation through cells cultured from

the bovine terminal rectum.
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3.2 RESULTS

3.2.1 Strain specific susceptibility to phagocytosi s by cultured
macrophages.

Previous research has demonstrated that EspFed@abihibit bacterial uptake into
macrophages, although the majority of previousamse examining this inhibition
has been focused on the EspFvariant from EPEC 0127 E2348/69. As an initial
experiment EHEC 0157 & 026 and EPEC 0127 were coaaptor their capacity
to inhibit their non-opsonised phagocytosis intttured macrophages. EPEC 0127
bound in significantly higher numbers to the mabtiages (Fig. 3.2.1A, P<0.001)
and the majority remained external (Fig. 3.2.1B &) EHEC 026 exhibited
adherence phenotype similar to EHEC 0157 but saanifly less than EPEC 0127
(Fig 3.2.1A, P<0.001), however, resisted uptakertacrophages (Fig. 3.2.1B and
C). By contrast EHEC 0157 adhered at lower leveld a significantly higher
proportion was phagocytosed (Fig. 3.2.1B-C). Fanegle at 90 min post addition
63% (+/-3%) of EHEC O157 bacteria were internalisethpared to only 33% (+/-
5%) of EPEC 0127 or 31% (+/-.3%) for 026 (Fig. 3B.

3.2.2 PCR amplification of espF of different EHEC serotypes

To functionally analyse the differences in functmfrEspF from different EHEC and
EPEC strains, the differeespFgenes were amplified by polymerase chain reaction
(PCR). DNA templates used for the amplificationespFwere extracted front.
coli O26:H11,E. coli O5:H-,E. coliO26:H2,E. coliO111:H12E. coliO103:H2,E.
coli O118:H16E. coliO103:H-,E. coliO157:H7, and. coliO127:H6. The primers
were designed based on alignments of the diffgpabtishedespFsequences. The
primers are defined in Table 2.3 (Materials & Metip and the amplification
conditions were the same for all the ORFs (MaterdalMethods). Variable sizes of
PCR products (0.7-0.8 kb) were obtained on amaliiin of theesg- alleles from
EPEC and the different EHEC serotypes (Fig. 3.2.2a)
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Fig. 3.2.1 A comparison of EHEC 0157, 026 and EPEO127 interactions with
RAW 264.7 macrophagesConfluent monolayers of the mouse macrophages were
infected with EPEC 0127:H6 (E2348/69), EHEC 0O26:HZAP 1139) EHEC
0O157:H7 (ZAP1163) strains and the number of bazterside (green) or outside
(red) of the macrophages determined by fluorescemceoscopy as detailed in the
Materials and Methods. (A) Mean (x 95% confidenuervals) number of adherent
bacteria per macrophage at 30 min following additd the bacteria at an MOI of
100. (B) Percentage (x95% confidence intervalgntracellular bacteria at the time
points shown as determined by fluorescence micmpstmr EHEC 0157 @), EPEC
0127 @) and EPEC 0264). *** denotes a significant difference of <0.00dr f
0157 vs EPEC;+++ for 0157 vs 026, and xxx for EPECO26. (C) Confocal
iImages were acquired using a Zeiss Plan ApochramailA x63 oil immersion lens
and a multi-track (sequential scan) experimentalipen a Zeiss LSM510. Scale bar
Sum.
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M 1 2 3 4 5 6

20720 2072bp e

6000p ™= 600bp ™=

100bp ==

100bp ==

Fig. 3.2.2a PCR amplification ofespF from different EHEC serotypes Samples
were run on 2% agarose gels as described in miatand methods. Lane M, 100bp
DNA ladder. Lanes 1-9 (A,B3sg- of different EHEC serotypes (A) 026:H11 (Lane
1), O5:H- (Lane 2), O26:H2 (Lane 3) O111:H12 (Lat)e O103:H2 (Lane 5),
0118:H16 (Lane 6), O103:H- (B)(Lane 7), O157:Hare 8), and EPEC O127:H6
(Lane9).
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1 3
0157:H7 MLNGISNAAS TLGRQLVGIA SRVSSAGGTG FSVAPQAVRL TPVKVHSPFS
0127:H6 MLNGISNAAS TLGRQLVGIA SRVSSAGGTG FSVAPQAVRL TPVRVHSPFS
026:H11 MLNGISQAVS TLGRHITSAA SRVSSAGLSG FSVSPQAVRL NPIRAQSPFS

51
0157:H7 PGSSNVNART IFNVSSQVTS FIPSRPAPPP PTSGOASGAS RPLPPIAQAIL
0127:H6 PGSSNVNART IFNVSSQVTS FTPSRPAPPP PTSGOASGAS RPLPPIAQAL
026:H11 PGTSNINART TFNVSSPATS FTPSRPAPPP PTSGOASGAS RPLPPIAQAIL

Proline-rich repeat 1

101
0157:H7 KEHLAAYEKS KGPEALGFKP ARQAPPPPTS GQASGASRPL PPIAQALKEH
0127:H6 KDHLAAYELS KASETVNFKP TRPAPPPPTS GQASGASRPL PPIAQALKDH
026:H11 KDHLAAYEKS KSLDTSSLKP SRPAPPPPTS GLVSGSSRSL PPIAQALKDH

Proline-rich repeat 2

151
0157:H7 LAAYEKSKGP EALGFKPARQ APPPPTSGQA SGASRPLPPI AQALKEHLAA
0127:H6 LAAYELSKAS ETVSFKPTRQ APPPPTSGQA SGPG-GLPPL AQALKDHLAA
026:H11 LAAYEKSKSL DTSGLKPSRP APPPPTSGQA SEASRPLPPI AQALKDHLAA

Proline-rich repeat 3

201
0157:H7 YEKSKGPEAL GFYPARQAPP PPTGPSGLPP LAQALKDHLA AYEQSKKG
248aa
0127:H6 YEQSKKG 206aa
026:H11 YELSKKA 206aa

Proline-rich repeat 4

Fig. 3.2.2b Alignment of EspF amino acid sequences from EHEC BlI/:H7
(EDL933); EPEC 0127:H6 (E2348/69) and EHEC 026:H11ZAP1139). The
proline-rich repeats (PRR) are boxed with EHEC O@&éfitaining an additional 4th
repeat. Amino acid differences from the EHEC Ol&quence are bolded. A binding
site for Sorting Nexin 9 (SNX9) is highlighted imey within the PRRs (Altet al,
2007). The putative N-WASP binding region is withire middle of the PRRs (Alto
et al, 2007), although the most significant sequencerdity between these variants
is at the ends of each PRR. The leucine at posltéo(arrow) has been shown to be
essential for EspF translocation into mitochonama this is changed to the similar
aliphatic amino acid isoleucine in EHEC O26 (Nagfaal, 2005). Analysis of NCBI
E. coli O157:H7 sequences showed no significant variatiothe predicted EspF
amino acid sequence. The predicted EspF fromEarcoli O26:H2 strain was
identical to that shown foE. coli O26:H1. The other O26 straimspF sequence
were similar to O26:H11.
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Analysis of NCBIE. coli 0157:H7 sequences showed no significant variatidhe
predicted EspF amino acid sequence. The predicspdt Erom anE. coli 026:H2
strain was identical to that shown trcoli 026:H11.

EHEC and EPEC serotypes express different varainEspF (Fig. 3.2.2b). EHEC
0157 contains four polyproline repeat regions camegpao three in the EPEC 0127
and EHEC 026 strains. In addition, the three secgdiffer within the polyproline
repeat regions and in the amino terminus of théeprashown to be important for

organelle targeting (Altet al, 2007; Dearet al, 2010).

3.2.3 Cloning of espF of EPEC 0127:H6 and EHEC strains O157:H7

and 026:H11

To determine the relative contribution of the diffiet espF alleles in inhibiting
phagocytosis, these were amplified fr@ncoli 0157, 0127, and 026 and cloned
into pMB102 (Table 2.2) under control of a pTAC utble promoterespFof E.
coli O26:H11 and O157:H7 and EPEC 0127:H6 were amgliby PCR using
primers as described in (Table 2.3 Materials & Me#). PCR products as well as
pTS1 were digested with restriction endonuclea3eblé 2.3) and ligated together
using T4 ligase enzyme before being transformed Diti5a competent cells. To
confirm that the cloned products were the corrége sand that the cloning
procedures were successful pTS1 was extracted tinentransformed colonies for
espFfrom EHEC O157 and O26 were digested using réstmendonucleases (Fig.
3.2.3a). The colonies for EPE€SpF were screened by PCR (Fig. 3.2.3) the
Hindlll site was lost from the plasmid by making it bttas EPEGespFcontaining

Hindlll site in its sequence. All these clones were cowdd by sequencing.

3.2.4 Strain specific susceptibility to phagocytosi s is associated with
espF allele expression.

EHEC and EPEC serotypes express different varianEspF (Fig. 3.2.2b). EHEC
0157 contains four polyproline repeat regions camegbao three in the EPEC 0127
and EHEC 026. In addition the three sequencesrdifiihin the polyproline repeat
regions and in the amino terminus of the protemnshto be important for organelle
targeting (Altoet al, 2007; Dearet al, 2010).
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M 026 0157

1000bp —>
650bp =

Fig. 3.2.3a Diagnostic digests of pTS1. Clones of2@H11 espF and O157:H7
espF obtained by digestion wittBanHl and Hindlll enzymes as described in
materials and methods. Electrophoresis was caouedhrough a 0.8% agarose gel.
Lane M, 1Kb DNA ladder. Successful clones werexgteeted size bands appear at
700bp and 800bp respectively for the 026 and OldiTes.

M ML12 34567 8 910

1000bp =»
500bp = 100bp

Fig. 3.2.3b PCR amplification of espF of EPEC 0O127:H6 for cloning into
pTS1(A). Diagnostic PCR ofespF clones into the pTS1 expression plasmid (B).
A DNA segment of expected size (700bp) was sedana 8. Lane M, 1Kb DNA
ladder and M1 is 100bp ladder. Samples were elgutnesed in 2% agarose gel as
described in Materials and Methods.
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To determine the relative contribution of the di#fiet espF alleles in inhibiting
phagocytosis, these were amplified fr&ncoli 0157, 0127 and 026 and cloned into
pMB102 (Table 2.5 Materials & Methods) under cohttba pTAC promoter that is
inducible with IPTG. The sequences were confirmgddantical to those published
on the NCBI database for these serotypes resuttipgedicted amino acid sequences
shown in Fig. 3.2.2b. The clones were transfornméal EPEC E2349/6%spF(Table
2.1 Materials & Methods) and secretion profiles reweed Fig. 3.2.4a. All strains
secreted comparable levels of the translocon prokspD; EspF secretion was
detected from all three complemented strains byt&vedlotting (Fig. 3.2.4a), but
with potentially lower levels detectable for the @ariant. (Fig.3.2.4a). The
complemented strains were then compared in theaphage phagocytosis assay at a
90 min post-infection time point (Fig.3.2.4b). Athree alleles were able to
complement theespFknockout (Fig. 3, P<0.001), although tespk;s7 allele was
significantly less effective at inhibiting uptake tomparison to thespkyi,; and
esphogsalleles (Fig.3.2.4b, P<0.001). These results confirat the capacity of EPEC
0127 and EHEC 0157 strains to inhibit phagocytosiselates with the activity of
the respectivespFallele.

3.2.5 The role of the EspF in adherence to epitheli  al cells

It has been reported that EPEC EspF has no rofdEnlesion formation, altering
signal transduction or invasion of host cells (MoMdga & Donnenberg 1998;
McNameraet al, 2001). In this studyespF clones from EHEC O157:H7 and
026:H11 were compared with the EPEC OI&5pF clone to investigate if the
EHEC variants play any role in bacterial attachnmntvasion of eukaryotic cells.
To study the role of the EspF varaints in adherdncepithelial cells, Caco2 cells
were infected with theAespF EPEC strain transformed with the differeespF
alleles.and incubated for 1h at 37°C, 5%,CThe infected cells were fixed in 4%
PFA. Bacteria were imaged and quantified followilwprescence microscopy, either
directly if expressing a GFP plasmid or following-abtigen specific antibody
staining followed by detection with an Alexafluor9% conjugated secondary
antibody. There were no significant differencesweaen differentespF alleles and

adherence to the Caco2 cells (Fig. 3.2.5).
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A espF EPEC 026 espF 0157 espF~ EPEC espfF

Anti-EspF e -’

Anti-EspD b-“

E

oo I — c— —

Fig. 3.2.4alLevels of EspD and EspF secretion by EPEC O12&espF and
complemented with the three espF alleles. Supernatants were prepared and
separated in a standard SDS denaturing gel whichtiwen stained with Colloidal
Coomassie blue. The bottom panel shows the stpiimnthe main EspD/B band.
The middle panel shows the same samples with dmtefdr EspD. The top panel
shows detection of EspF. The supernatants wereapgépfrom equal volumes of
bacteria (50 ml) cultured to an optical densityp@® nm of 1.0. Experimental details
are given in the Materials and Methods section.
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Fig. 3.2.4b Comparative analysis oéspF of EPEC 0127:H6 and EHEC strains
0157:H7 and O26:H11 interaction with macrophages(A) confluent monolayer of
RAW264.7 macrophages was infected with a panel [BP-GabelledAespF EPEC
strains transformed witlespF cloned from EPEC 0127:H6, EHEC O157:H7 and
EHEC 026:H11. The proportions of extra—cellular teaa were determined at 90
min. The infected cells were fixed in 4% PFA. Bactevere stained with O—antigen
specific antibody detected with Alexafluor 594 aggated secondary antibody. The
intra cellular (green) versus total bacteria (greemed/orange) were imaged and
quantified as described in Materials and Methodajaxity of EPEC O127:H6 and
EHEC 026 were seen outside of macrophages while(EBE57 were internalize.
(B) Inhibition of phagocytosis (mean = 95% confideneteiivals) by differenespF
alleles. *** denotes a statistical significanceR3{0.001
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Fig. 3.2.5 Adherence to Caco-2 of EPEC 0O12%espF and the strain

complemented with the threeespF alleles. Adherence was determined at 60 min
post addition to the Caco-2 and detected by cogrtarcteria per microscope field.
The experiments were repeated in triplicate witHeast 10 fields enumerated for
each strain in each repetition. Details of theapsare provided in Materials and
Methods. There were no significant differences leetwthe adherence levels of the

strains.
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3.2.6 Deletion of espF alleles from E. coli 0157 strain TUV93-0 to
study its role on the interaction of E. coli with primary cultures of
bovine rectal epithelial cells

Previous work has established that EHEC O157:H@misés the terminal rectum of
cattle, the main reservoir host (Naykdral, 2005a).

To investigate the role of EspF in EHEC O157¢dfonization of bovine rectal
epithelium | aimed to construct aespF deletion in the EHEC O157:H7 strain
TUV93-0. To facilitate exchange into the wildtypeclis on the chromosome, the
flanking regions ofespF gene were PCR amplified (Fig. 3.2.6a) and clondd in
pIB307 (Table 2.5 Materials & Methods), a tempemtgensitive plasmid (Fig.
3.2.6b). The construction of a clean deletion isva step process, in the first a
counter-selectable marker is introduced (sacB)cadjato a selectable marker (kan),
in the second step the clean deletion is introdumgdemoval of this two gene
cassette. Thesackancassette from pDG28 (Table 2.5 Materials & Methodss
excised withBanHI (Fig. 3.2.6c), cleaned up and cloned into BerHI site of
pIB307 (Fig. 3.2.6d). The plasmid (pAT4) containitig twoespFflanking regions
and thesackancassette was used for recombination ofghekancassette into the
chromosome of strain TUV93-0 to replaespF with the cassette (Fig. 3.2.6e and
Material & Methods). Once this strain was confirmadlelic exchange was then
carried out using the pIB307 plasmid containinge tivo espF flanking regions
(pPAT5) to obtain clean deletioespF O157:H7 strain TUV93-0 (Fig. 3.2.6f and
Material & Methods).
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900bp ==
600bp ™=

100bp ==

Fig. 3.2.6a PCR amplification ofespF flanking region from E. coli O157:H7.
About 1Kbp of the upstream (Lanel) and downstrebam¢2)espFflanking of E.
coli O157:H7 were amplified using primers as descriimeMaterials and Methods.
Samples were run on a 1.5% agarose gel. Lane MyplDOIA ladder.

M12 34567 8910

3000bp =3 30000
1000bp ™=P> 1000bp =P
500bp ™=p> 500bp

A B

Fig. 3.2.6b Diagnostic digests of pIB307 clones daming with two espF flanking
regions. The up stream (A) and down stream (B) flankingioegof espF were
digested withSad & BanHI; andpst & BanHI enzymes, respectively Lane M, 1Kb
DNA ladder. Lanes 1-4 (A) and Lanes 1,3,4,7,8,1pqBow successful clones with
the expected 1000bp DNA inserts. The digestedymtsdwvere separated on a 0.8%

agarose gel.
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6000bp ™=

4000bp ==p>

500bp =)

Fig. 3.2.6¢ Electrophoresis of pIB307 cloned with 2spF flanking regions and
sackan cassette pIB307 cloned with 2espF flanking regions were digested with
BanHI (lanel) andsackancassette after being digested waanHI from pDG28
and gel purified (lane2). Lane M, 1Kb DNA ladderakgse electrophoresis was run
on a 0.8% agarose as decribed in materials andoaeth

M 1 2 M 1 2

10000bp

3000bp

500bp =

A B

Fig. 3.2.6d Diagnostic digest for pIB307 cloned wit the two espF flanking
regions and thesackan cassetteDigestion withBanmHI enzyme released the cassette
at 4000bp (LanelBanH| and Pst digestion gave four expected bandsPas$l cut
twice within the cassette (lane2 (Ajad digestion gave an expected segment
10000bp demonstrating successful cloning of the @gFflanking regions and the
sackancassette (Lane 2); pDG28 plasmid without 8aa sites was used as a control
(Lanel) (B). Lane M, 1Kb DNA ladder. The digesfgdducts were electrophoresd
on a 0.8% agarose gel as described in materialshatiabds.
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Fig. 3.2.6e Diagnostic PCR foespF O157:H7 knock-out. The obtained strains and
control TUV93-0 were amplified using 1kp primerstemxal toespF lanel-5 (A).
Lanel is control wild type TUV93-0 , lane 2-5 ahe ttested knockout strain which
should have expected band at 6000bp while the aostirain at 2800bp. In addition
primers start fromespFATG and 1kp away fronespF reverse primer were used in
lane (a - ) (A) while a is the control wiled tyihat release expected band at 1800bp
and (b — e) are the tested knockout strain thatldhgive no bands with that primers.
1kp primer external to downstreamexpFand 3 primer ofacB (B) and1Kb primer
external upstream tespFand 5 primer osacB(C). Lane 1 is control wild type strain
TUV93-0 that should give no bands wiacB primers, lane 2-5 are the tested
knockout strain which should have expected ban2B8&0bp (B) and at 5500bp (C)
Samples were run on 1% agarose gel as describedterials and methods. Lane M,
1Kb DNA ladder.

115



Results Chapter 3

2000bp =
1500bp=p
1000bp—>- 1000bp =p

500bp = 5000p =

A B

Fig. 3.2.6f Diagnostic PCR for sackan cassette detn to obtain clean espF
mutant in E. coli O157:H7 strain TUV93-0. PCR amplification from the
obtained strains and control TUV93-0 containserkancassette at the site of
espFwere done usingacBprimers for detection cfackancassette (A). Lane 1 is
control A espFO157:H7 strain TUV93-0 containingackancassette tha should
give band at 1.2Kb, lane 2-5 are the tested kndc&wain which should have no
bands, so all were successful. Primer pairs 60@bpnd down streams tspF
were also use@B). Lane 1 is control wild type O157:H7 strain TUV93iat
should give band at 1.8Kb. Lane 2-5 are the telstedkout strain which should
have expected bands at 1.2Kb, so all were sucdekafie M, 1Kb DNA ladder.
Samples were run on 1.5% agarose gel as describddterials and Methods.
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3.2.7 Strain specific variation in M-cell transloca  tion is associated with
EspF variation.

Co-culturing of human Caco-2 cells and lympho-egliti B cellsin vitro leads to the
differentiation of a subset of epithelial cellsarantigen-transporting cells (M-cells)
(Kerneiset al, 1997; Loet al, 2004). This “M cell” culture system can then l==d
to analyse bacterial translocation and the capa€ibacteria to inhibit this trafficking
(Martinez-Argudoet al, 2007). Evidence for M-cell translocation in thssay is
provided by comparison of translocation throughaadard Caco-2 monolayer which
should occur at significantly lower levels (Fig.23. A-C). To determine the
contribution ofespFto the translocation of EHEC O157 through this &l-culture
system, a defined deletion espFwas constructed ie. coli O157:H7 TUV93-0
(Table 2.1). Translocation of the EHEC O1A&spFstrain was significantly higher
than the wild type strain across both the CacgiB/reo-culture and the Caco-2
monolayer. The levels of translocation were restaio those of the wild type by
complementation witesphiszin trans(Fig. 3.2.7A).

The EHEC 0157, 026 and EPEC 0127 strains weredberpared in the same co-
culture translocation assay. EHEC O157 demonstsigedficantly higher levels of
translocation compared with EPEC 0127 and EHEC @i$ 3.2.6bB, P<0.001).
To examine whether thespF alleles have an effect on the level of translacati
inhibition, EPEC E2349/6%espFtransformed with the three amplified and cloned
espF alleles was analysed in the same assay. All tbmaplemented thespF
mutation in the EPE&espFstrain to a significant level (Fig. 3.2.7C, P<AR0As
with the phagocytosis assay, tegpkois7 allele was the least effective of the three
being significantly less effective than teepFoi27 allele at inhibiting translocation.
This was the case for translocation across botlCtm-2/rajiB co-culture and the
Caco-2 monolayers, although translocation through do-culture system always
occurred at significantly higher levels (P<0.00G)jven the correlation with strain
origin, these differences again indicate variationEspF activity between the

differentespFalleles
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Fig. 3.2.7 Translocation of EPEC and EHEC strains @oss a Caco-2 and
lympho—epithelial M—cell co-culture system(black bars (A,C,E)) and Caco-2
cells only (white bars (B,D,F)). (A,BespFis required to inhibit EHEC 0157
TUV93-0 translocation through M-cells. Translocatiof EHEC O157 TUV93-0
compared with an isogenespFdeletion mutant and complemented wespFQ57
(pAT1, Table 2.5). (C,D) Comparative translocatioh EPEC 0127:H6 strain
E2348/69, EHEC O157:H7 ZAP 198 EHEC 026:H11 actbesco—culture system.
(E,F) Comparative translocation of an EPEC Q¥spFmutant complemented with
the three definedspFalleles. ** & *** statistical significance of P<0%) P<0.01 &
P<0.001, respectively.
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3.2.8 The significance of espF alleles on the interaction of E. coli with
primary cultures of bovine rectal epithelial cells.

The terminal rectum of cattle contains a high nundddymphoid follicles and M-
like cells that are present in the follicle-asstamiaepithelium (FAE) (Mahajaet al,
2005). Primary cells were cultured from a mixed ydapon of crypts isolated from
this bovine terminal rectum (Materials & Method3he cells in the monolayers
expressed cytokeratins (Fig. 3.2.8a A) indicatifemthelial cells. Screening with a
panel of antibodies (Table 2.10 Materials & MethHogsovided no indication of
contaminating cells, such as fibroblasts and atesenchymal cells (This work was
done by Dr Arvind Mahajan). It was apparent thasmall proportion of cells
expressed Vimentin, an intermediate filament proteidicative of M-cells (Fig.
3.2.8a A). A subset of Vimentin-expressing cellslaytosed latex fluorescent
microparticles (Fig. 3.2.8a C&C1l)Salmonella entericaserovar Typhimurium
preferentially targets M cells in the gut (Clagkal, 1994) and therefore were used
to test if the bacteria and the latex particlesenaternalised by vimentin expressing
cells in culture. Indeed, during early stages &dtion S. Typhiumurium interacted
primarily with vimentin expressing cells in cultu(€ig. 3.2.8a D) that also had
internalised the latex beads (Fig. 3.2.8a E), ta@urindication that these cells can be
considered M-cells based on previous M-cell charaation studies (Kerneet al,
1997). Taken together, this data indicates thangmy cells cultured from crypts
isolated from bovine rectal FAE do contain a suladatells with characteristics of

M-cells and are capable of taking up particlesudeig bacteria.

To determine the significan@spFhas on the interaction &. coli O157 with these
primary cells, translocation across these primaty aultures was then assessed for
the wild type strains, the EHEC O15&espF deletion and EPECAespF
complemented with the three different alleles. greement with the co-culture
translocation assayespF significantly contributed to inhibition of translation
through these cultured cells; however, in cleartrast to the ‘human’ co-culture
system, in the bovine assay EHEC 0157 was signiligabetter at inhibiting
translocation compared to EPEC 0127 and EHEC 026.(P1). In line with this,
theesphyis7 allele showed the highest activity in restrictirgnscytosis in the EPEC
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AespFbackground, although this was not significant (B@.8b C) by comparison
with the two other alleles. As an alternative assest of the function of these
alleles on the bovine primary cells, an intracelftanamycin protection assay was
developed that determined the intracellular baamtenumbers at 90 min post
infection. The relative percentage of bacteria malgp into cells is low but increased
significantly on deletion oéspF(Fig. 3.2.8c A). EHEC 0157 was taken up into cells
at significantly lower levels compared to EPEC Oakd EHEC 026 (Fig. 3.2.8c B,
P<0.001) in agreement with the transcytosis restiligs assay was then carried out
with the threeespFalleles in the EPEC E2348/68spFstrain. All threeespFalleles
reduced uptake significantly (Fig. 3.2.8c C, P<Q)0With the espFois; variant
showing significantly higher activity than tlespki27 (Fig. 3.2.8b E, P<0.05) and
espko2s (P<0.001) alleles.

The fact that the relative activities of tlespF clones are reversed in the bovine
assays indicates that the differences measuredebetihe variants are not due to
expression or secretion levels. This is suppdiethe correlations with the relative
activity levels of the parental strains in the eliint assays. Taken together, it is
likely that the relative activities are due to diént functional capacities of the EspF
variants and in turn these are dependent on thiecetisype in which the variants

are acting.
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Vimentin

W

Fig. 3.2.8a Characterization of bovine primary recal epithelial cells.(A)
Heterogeneous population of epithelial cells irrienpry cell culture from the bovine terminal rectum
A five day old culture was prepared and immuno-igle to detect: vimentin (green); pan-
cytokeratins (red) and nuclei (blue) as describedaterials and Methods. A subset of the cells
expressed the intermediate filament protein, viinefgreen), indicative of M-cells. (B) Vimentin
expressing cells were quantified using flow cytamétom 4 independent primary cultures (SD+0.3).
(C) Micro-particle coll localization with vimentaxpressing cells. A subset of vimentin expressing
(red) cells interacted with fluorescent micro-paes (green). C1 inset image digitally magnified

by a factor of 4. The primary rectal epitheliallselere incubated with latex particles (green) @2
size) at 37014 C, 5% CO2 for 45 min; fixed, pernilgaddl and labeled with anti-vimentin (red) and
TO-PRO nuclear stain (blue). (D) Orthogonal seciemonstratinggalmonellaTyphimurium uptake
by vimentin expressing cells during early stagesmtdraction. The cells were infected with mid-log
phaseS. Typhimurium (pUC18GFP-labelled SL1344 strain) af@l of 1:100 at 37018 C, 5% CO2
for10 min. (E) Orthogonal section demonstrating borad uptake o§. Typhimurium (white arrow,
DAPI-stained) and micro-particles (yellow arrowggn) by vimentin positive cells (red) in a bovine
rectal primary culture. The cells were incubatedhwatex particles (green) for 45 min, washed
(3xPBS) and further infected with mid-log ph&é& yphimurium at an MOI of 1:100 for 10 min. The
infected cells were fixed, labeled with anti-vimienfred) and DAPI nuclear stain. Confocal images
were acquired using Zeiss LSM510 x 63 objectivepl&bar 10m.
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Fig. 3.2.8b Interaction of EHEC and EPEC strains wth cultured epithelial cells
from the bovine terminal rectum (Transcytosis). (A) espF limits EHEC 0157

TUV93-0 uptake into rectal primary cells. Comparattranscytosis levels (%) of EHEC
0157 TUV93-0 compared with an isogemispFdeletion mutant and complemented with

espFA57 (pAT1, Table 2.2).(B) Comparative transcytosigels (%) of wild type strains:
EPEC 0127:H6 E2348/69, EHEC O157:H7 TUV93-0 and EHE26:H11 on interaction

with bovine rectal primary cells. (C) Comparativariscytosis levels (%) of an EPEC

0127DespFmutant complemented with the three defimspFalleles. * & *** indicate a
statistical significance of P<0.05 and P<0.001peesvely.
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Fig. 3.2.8c Interaction of EHEC and EPEC strains wvth cultured epithelial cells
from the bovine terminal rectum (internalization). (A) espF limits EHEC 0157
TUV93-0 uptake into rectal primary cells. Intracddr levels of EHEC 0157 TUV93-0
compared with an isogengspFdeletion mutant and complemented wespFO15qpAT1,
Table 2.2). (B) Comparative intracellular levels wifld type strains: EPEC 0127:H6
E2348/69, EHEC 0157:H7 TUV93-0 and EHEC O26:H1lnteraction with bovine rectal
primary cells. (C) Comparative intracellular levetd an EPEC O1278spF mutant
complemented with the three definegpFalleles. *&*** indicate a statistical significance

of P<0.05 and P<0.001, respectively.
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3.2.9 Molecular basis to the comparative activity o f EHEC and EPEC
espF alleles

Previous work has established that EspF has a rnuofbateracting partners in
eukaryotic cells including interactions with botlortthg Nexin 9 (SNX9) and N-
WASP. As SNX9 is important for endocytosis dynamacsl N-WASP is central to
actin polymerization, we investigated by LUMIER #ing assay whether
differences in the interactions of the EspF vadawith these proteins could account
for the differences in functional levels measuredthis study. To quantify the
binding activity, the three EspF variants as walltheir binding partners SNX9
(human) and N-WASP (human) were cloned into plasrthdt express either protein
A-tagged proteins or Renilla luciferase fusion pno$ (Fig. 3.2.9 a&b and Materials
& Methods). Cell lysates containing both sets giged proteins were generated and
then the protein A-tagged complexes removed ushitdp@dy-coated beads. Total
fluorescence and captured fluorescence were mehsamd z-scores for each
interaction calculated by comparison with a largekbof negative non-interacting
controls (Barrios-Rodilegt al, 2005). The results confirmed the interaction lbf a
the EspF variants with both SNX9 and N-WASP (Fi.8 c). The EspF 0157
variant demonstrated a significantly weaker inteoacwith luciferase-linked SNX9
compared to the other variants and had the lowéstaction score of the three with
respect to binding to N-WASP.
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500bp = 1500bp—>
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500bp —b
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1000bp —p
650bp —p

pRenilla PTREX

Fig. 3.2.9a Gate way cloning of differentespF alleles for protein- protein
interaction: Scanned image of gel red stained 1% TAE agarokevigieh shows
PCR amplification of ofEPEC O127:H6 andEHEC serotypes O157:H7 and
026:H11 respectivelyBanl digests of differentespF clones in the entry vector
pDONR 207 and cloning of these three alleles infferdnt destination vectors to
create expression cloneXhd and Xbal digests of different ORF clones in the

pcDNARenilla.Xhd andNhd digests of different ORF clone into PTREX. Lane M

contains 1 kbp plus DNA ladder (Invitrogen). Lan8 éspFof EPEC 0127:H6 and
EHEC serotypes 0157:H7 and O26:H11respectively.
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A B C

M NWASP SNX9 M NWASP SNX9 M NWASP SNX9
1

3000bp ==

1650bp m—ip

pDONR 223 pRenilla pTREX

Fig 3.2.9b Gateway cloning of NWASP and SNX9 alledefor protein- protein
interaction studies: Scanned image of gel red stained 1% TAE agarokaigeh
shows Xhol and Xbal digests of NWASP and SN&Bnes in the entry vector
pDONR 223 and cloning of these two alleles intdedént destination vectors to
create expression cloneXhd and Xbal digests of different ORF clones in the
pcDNARenilla.Xhd andNhd digests of different ORF clone into PTREXane M
contains 1 kbp plus DNA ladder (Invitrogen).
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Fig 3.2.9c EspF and human SNX9 or NWASP interactiorin the LUMIER
binding assaythe espF alleles were expressed with a protein A tag anad the
immobilized on immunoglobulin beads. SNX9 and N-WA®ere expressed with
Renilla luciferase tags and incubated with the irpimed EspF variants. The
luminescence signals were measured and z-scoreslated by subtracting the
population mean from an individual raw score arehttlividing the difference by the
population standard deviation. FOS Jun used asaiquusitive.
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3.3 DISCUSSION

Enteropathogeni&scherichia colis known to inhibit phagocytosis via inhibition of
Pl 3-kinase activity and this has been shown tdueeto the activity of the type Il
secreted effector EspF (Cedlt al, 2001; Quitardet al, 2006). While more recent
research has established that a number of secpetgéeins can also function to
inhibit uptake into cells, including EspB (lizurei al, 2007), EspJ (Marchest al,
2008) and EspH (Dong @l., 2010). The inhibition of EPEC translocation through
M-cells has been shown to be dependergspF; presumably in a manner analogous
to its activity on macrophages. Comparison of Eppstein sequences from EPEC
0127, EHEC 026, and EHEC 0157 shows a number &érdifices in both the
localization domain and in the number and sequehgeoline-rich repeats. The aim
of this study was to investigate if these diffeehaffected the capacity of the EspF
variants to: (i) inhibit bacterial phagocytosisanmnacrophages; (ii) inhibit M-cell
translocation in a human-derived Caco-2/Raji-B atitre system; (iii) inhibit
uptake into bovine primary epithelium, containinglike cells, cultured from the
terminal rectum of cattle, the predominant colotiisasite of EHEC O157:H7 in
cattle.

Strain comparisons demonstrated that both EPEC (B2348/69 andt. coli
026:H11 had a much greater capacity to block n@eozed phagocytosis into
cultured murine macrophages when compared with EBEE7:H7. Both the EHEC
0157 and EHEC 026 strains adhered to the macrophatglwer levels than the
EPEC 0127 strain (Fig. 3.2.1 A-C). To determine tlbe this strain difference
could be accounted for by variation in the Espleatir protein, the genes from the
three serogroups, EPEC 0127, EHEC 0157, and EHEE W&e cloned and
expressed in EPEC 0127 that was deleteg$pF. While theespFalleles from both
0127 and 026 completely complemented the mutaatespfois7 allele showed a
significantly reduced ability to block phagocytosighis indicates that the initial
strain observations may be accounted for by diffees in theespF alleles. This
result does not rule out important anti-phagocyticctions for the other effector

proteins but does indicate synergistic roles wipfEand a significant dependence
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on EspF. The different alleles did not alter theeleof attachment of the
complemented EPEC strain to Caco-2 cells in linéhwvgrevious research that
indicates EspF has no direct role in attachmenwvels as attaching and effacing
lesion formation (McNamara & Donnenberg, 1998; Mawt al, 2005b; Shawet
al., 2005).

It was then investigated whether the differegpFalleles varied in their capacity to
inhibit E. coli translocation through M-cells. The rationale fawestigating this
function is the finding that EHEC O157:H7 predonéha colonizes the terminal
rectum of its main reservoir host, cattle, and that site is rich in lymphoid follicles
(Naylor et al, 2003). Epithelium associated with lymphoid fdé® is subject to
different signals from the high abundance of B a@ncklls in these follicles leading
to production of M-cells (Guttmaet al, 2007) that sample lumen particles from the
gut, delivering them to antigen presenting cellat timitiate appropriate adaptive
immune responses at these sites. M-cells havemestalated to be an important cell
for the initial uptake or colonisation by differesmteric bacterial pathogens such as
Salmonella Shigellaand E. coli ( Kohbataet al, 1986; Jensemrt al, 1998). For
EHEC O157:H7, it is a cell type that the bacterith @counter when colonizing the
terminal rectum ( Nayloret al, 2003; Mahajanet al, 2005) and consequently
inhibiting translocation may promote colonisation &xample by providing an initial
attachment site and/or limiting bacterial preseatato the host’'s immune system.
The origin of M-cells is unclear as studies eitlseipport their derivation from
enterocytes via extrinsic stimuli (lumenal antigemsl/or lymphoid-follicle derived
signals) or conclude that they originate from ligeapecific precursor cells (Smith
& Peacock, 1980; Savidge & Smith, 1995; Savidg&6l%ebertet al, 1999). An
M-cell co-culture system was first defined in 19%érneiset al, 1997) and makes
use of the capacity of Raji-B cells to signal diffetiation of human colon-derived
Caco-2 cells. Initial experiments demonstrated thspF from EHEC 0157 is
required to limit EHEC O157 translocation throughcklls but that the EHEC O157
espFallele was again reduced in its capacity to litranslocation of. coli when
compared with the 0127 and O26 alleles. This figdmirrored the relative capacity
of the specific strains to inhibit their translaoat again demonstrating the

significance of thespFallele for the strain phenotype.
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The strains anaspF alleles were then compared on primary cells cettuirom
crypts isolated from the bovine terminal rectum.e3dén cultures were further
characterised in this study. A subset of the pryntalls expressed the intermediate
filament protein, vimentin, that is found in rabltestinal M-cells (Clarket al,
1993). M-cells in the terminal rectum of cattle baveen demonstrated to express
vimentin as the predominant intermediate filameotgin (Mahajaret al, 2005) and
the same staining was apparent in the culturedgsyimells. A subset of vimentin
expressing cells were also able to takeSugyphimurium (Fig. 3.2.8a D), an8.
Typhimurium and beads together (Fig. 3.2.8a E).rdfoee, the bovine rectal
primary cultures contain a subset of cells thatresp vimentin and have
characteristics of M-cells. There was a significaé forespFin inhibiting bacterial
uptake into cells and translocation through thesdks @and the activity of the strains
correlated with that of thespFalleles. An important result was that in contrtast
the previous experiments on mouse macrophageshaniuiman-derived M-cell co-
culture system, EHEC O157 was the most effectivairsiat inhibiting uptake and
translocation and this correlated with the relatativity of theespFalleles (Fig.
3.2.8b). Taken together the results indicate tHEE O157 and thespky;sy allele
are more effective at inhibiting uptake into bovidecells compared with the 026
and 0127 strains and alleles, a reversal of thtsin observed for the interactions
with murine macrophages and the human co-cultsteBy.

There are multiple phenotypes associated with EspBkddition to inhibition of
phagocytosis, including inhibition of water trangpand disruption of tight junctions
mitochondria and the nucleolus (Viswanatretnal, 2004a). Uptake functions are
likely to be related to EspF interactions with N-\®R and Sorting Nexin 9 (SNX9)
(Alto et al, 2007). N-WASP stimulates actin filament assentiylydirect activation
of the Arp2/3 complex and SNX9 is essential fotholi@-coated pits (CCPs) at the
late stages of vesicle formation. SNX9 bindsB®appendages of adaptor protein
complex 2 (AP-2) and interacts with clathrin anchawin-2, two other important
molecules in the endocytic process (Lundmark & €samh, 2003; Souleet al,
2005). SNX9 has two lipid interaction domains; aogpholipid-binding region
termed the phox (PX) domain followed by a putatia/Amphiphysin/Rvs (BAR)

lipid-binding domain. The BAR domain is a bananagsd helical dimer that senses
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membrane curvature and can reconfigure lipid vesidr sheets into membrane
tubules (Altoet al, 2007). SNX9 also possesses an N-terminal Src logy3
(SH3) protein interaction region that was recestipwn to bind WASP (Badouat
al., 2004) and to functionally activate dynamin at GCPherefore, SNX9 is an
important factor in re-modelling the membrane aptbskeletal during endocytosis
(Alto et al, 2007; Souleet al, 2005). The SH3 domain of SNX9 binds to the PPRRs
of EspF (Dearet al, 2010). Despite both direct and indirect (via S\4ctivation
of N-WASP, EspF is not considered to have a roleAl lesion formation
(McNamaraet al, 2001; McNamara & Donnenberg, 1998). To determinthe
different EspF variants have different affinitieer fSNX9 and N-WASP, the
interactions were assayed inside transfected HEK298 using a LUMIER assay
(Barrios-Rodileset al, 2005) and described in Materials and Methodss Hsisay
confirmed that all three EspF variants bound tdhBdtWASP and SNX9, although
EspFois7 showed a lower affinity for SNX9 and for N-WASP bgmparison with
the other two variants. A specific region in tHeR% of EspF (shaded grey in Fig.
3.2.2b) interacts directly with SNX9 through its Sdomain—binding motifThere
are only minor differences in this region betweba terotypes examined in this
study and we cannot determine whether these ar phesentation, due to sequence
changes in flanking regions, account for the défees observed.

The publishedos taurussequence for SNX9 (NCBI) contains a number of gean
over the human variant used in the LUMIER assags#iever these differences are
mainly present in the amino terminus of the predidbovine SNX9 and lie outside
the SH3 domain. There are also very few sequerifsgatices between the predicted
Bos taurusN-WASP protein sequence (NCBI) and the human waridaken
together, our results indicate that there are yikel be other protein interactions
involving EspF that could also contribute to thesthgpecificity demonstrated in this
study. The greatest region of diversity betweenvedrénts lies in the motif adjacent
to the first PRR, with no established function fiois EspF region. Future work will
aim to identify other interacting partners for Esp# address how important M-cell
interactions are for colonisation of cattle at teeminal rectum or whether other
factors may explain the tropism of the EHEC O157féfthis gastrointestinal site.

131



Chapter 4

| dentification of host proteinsinteracting with
EspF



Results Chapter 4

4. ldentification of host proteins interacting with Es pF

4.1 INTRODUCTION

EspF, a LEE-encoded effector protein is translatate host cells in a T3S system
dependent manner. Espb; disrupts tight junctions, causes an increase in
mitochondrial membrane permeabilization leadingcétl death, inhibits bacterial
uptake by macrophages and restricts translocatimsa antigen sampling M-cells in
the gut. From the previous results chapter LUMIERding assays demonstrated
differences in the interactions of the EspF vasamith SNX9 and N-WASP; it may
be that other yet uncharacterized interactions maytribute to the host-based

variation in EspF activity determined in this study

In this study, protein-protein interactions forgarEspF variants from EHEC 0157
EHEC 026 and EPEC 0127 were analysed using yealsyb2id approaches.
Protein-protein interactions underlie many ldgacal systems and global
screening techniques to identify specific proteiot@in interactions have been
developed. The most established of these is Yeagbfld screening that, despite
limitations, is still an excellent and evolving s for high-throughput screening of
interactions. The Y2H approach is based on thd-BGased yeast-two-hybrid (Y2H)
system (Fields & Song, 1989). The bait proteinsfased to the Gal4 DNA binding
domain and the ‘prey’ proteins to the Gal4 actmattomain. If the bait and the prey
interact then this generates an active transcripfactor activity leading to the
expression of an easily detected reporter geneoiMajvances in the technique have
allowed it to be used in yeast mating protocold tten be automated (Fromont-
Racineet al, 1997). Another major advance that has facilitatesl approach has
been the ease with which large libraries can batedeand relevant DNA sequences
sub-cloned using the Gateway recombinational cp{Mialhoutet al, 2000). While
these high- throughput techniques have been apgiedamine protein interactions
within a single species (Ragt al, 2001; LaCounet al, 2005), there is increasing
use of the technique to screen individual targefsirst ‘host’ organism cDNA

libraries.
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A. DMNA binding domain fusion
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Figure 4.1 The yeast-two-hybrid systemThe binding domain (BD) of the yeast
transcription factorGAL4 fused with the protein to be screened (X) mitbThe

protein liberary to be identified as interactors) (Was fused to activating domain
(AD) of the yeast trancretion factor GAL4. If X aidinteract together, the activity
of the transcretion factor will be reconstitutettanitiating the transcription of a
gene under regulation of the up-stream activategquence (UAS) (Fields & Song,

1989).
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Applied to infectious disease research, there lhaem a number of studies that have
taken specific proteins from the infectious agamd &lentified interacting proteins
from human protein libraries.

From this, tremendous progress has been made erstadding the molecular basis
of the disease, process, for example in the fiéldnberopathogeni&. coli disease
(Hemrajaniet al, 2010; Shamest al, 2010).

Furthermore, once libraries are created then teatiiied interacting partners can
easily be sub-cloned into a variety of vectorsltovathe interactions to be verified
and the biology to be investigated. Several Y2Heaas in the recent years have
identified very important interactions that haveeberucial in understanding EHEC
0157:H7 pathogenesis. The type lll secretion sysstEEHEC O157:H7 translocates
approximately 50 proteins into host cells that dbnte to bacterial persistence and
shedding. The functions of these ‘effector’ proteare being elucidated in several
labs across the world. The Y2H assay has previduesiy used to identify that EspF
interacts with the eukaryotic proteins Cytokerdi8) N-WASP and Sorting Nexin 9
(SNX9). Subsequent work has aimed to elucidate ithportance of these
interactions for bacterial colonization of inteslircells ( Viswanathaet al, 2004b;
Marcheset al, 2006; Altoet al, 2007).

The aim of this work is the identification of hagiecific proteins that interact with
the EspF secreted effector protein from EHEC O137a&hd to confirm any

interactions with co-localisation studies.

4.2 RESULTS

4.2.1 Gateway cloning of different espF alleles

4.2.1.1 Cloning of espF alleles into the pDONR 207 vector

espFalleles were amplified using primers (27&28) fdPEEC and EHEC O157:H7
espFand primer (25&26) for EHEC O26:H¥kpF The PCR products were purified
before being cloned into the donor vector accordiog the manufacturer’s
instructions to form the entry clones. These eoloypes can be easily subcloned into

different destination and expression vectors tauged for different purposes. The

134



Results Chapter 4

cloning into the pDONR 207 vector was initially ¢ommed by restriction digestion
with Banll enzyme (Fig. 4.2a). MAD2L2 and NFIC were clonietb the pDONR
223 vector by Prof. Juergen Haas, University ofnkdrgh, UK initially and |
confirmed this clones by restriction digest wiXba and Nhd enzymes and
sequencing.

4.2.1.2 Sub-cloning of espF from entry clones into multiple destination
vectors

4.2.1.2a Plasmids for Y2H and Co-IP

In order to use the Y2H system to investigate attons between EspF proteins and
eukaryotic proteinsgspFentry clones were sub-cloned into the Y2H bait gGB-
DEST and the eukaryotic entry clones library wals-cloned into the prey vector
pGADT7-DEST. Both vectors are destination vectoith @ifferent resistance genes,
ampicillin in case of the prey vector and kanamyomthe bait vector. The prey and
bait clones were confirmed by a double restrictitgest usingecoR and BamH

restriction enzymes (Fig. 4.2a and 4r@bpectively).

4.2.1.2b Plasmids for LUMIER pull-down assay

In order to use LUMIER pull-down assay for validattiof interactions, a subset of
EspF, and specific identified target eukaryotictpirts (Mad2L2 and NFIC) were
sub-cloned from the pDONR 207 or pDONR 223 entgnek into the LUMIER
Renilla and protein A-tagged vectors pcDNA-Rendlad pT-REx-A (Fig 4.2a and
4.2b, respectively). Both vectors are expressiatore with an ampicillin resistance.
The Renilla-tagged clones were confirmed by a dowéstriction digest usingha
and Xbal restriction enzymes, and the protein A-taggedhetowere confirmed by a
double restriction digest usinghd and Nhd restriction enzymes (Figd.2a and

4.2b, respectively).

4.2.1.2c Plasmids for eukaryotic transient-expressi ~ on to validate the

Y2H positive interaction

In order examine possible EspF co-localisatiorhvidtentified eukaryotic targets
(Mad2L2 and NFIC) in the cell, thespFentry clones were sub-cloned into the N-
terminal GFP-tagged peGFP-DEST vector that colMamamycin resistant cassettes.
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Fig 4.2a Gateway cloning of differentespF alleles to study protein-protein
interactions. Scanned image of gel red stained 1% TAE agaros&igeh shows
PCR amplification of the three differeesspF alleles, from EPEC 0127:H6 and
EHEC serotypes O157:H7 and O26:H11 respectively Bayll digests of different
espFclones in the entry vector pDONR 207 (B) and ailgnof these three alleles
into different destination vectors to create exgpi@s clones.EcoR and BamH
digest of different ORF clones in Bait (CEcoR and BamH digest of different
espFclones in the peGFP vector (Xhd and Xba digests of different ORF clones
in the pcDNARenilla (D)Xhd andNhd digests of different ORF clone into PTREX
(D). Lane M contains 1 kbp plus DNA ladder (Invigem) Lanes 1-&spFof EPEC
0127:H6 andEHEC serotypes O157:H7 and O26:H11 respectively.
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Fig 4.2b Gateway cloning of Mad2L2 and NFIC genesof protein-protein
interaction studies Scanned image of gel red stained 1% TAE agaros&/lgieh shows
Xhd and Xbd digests ofmad2L2andnfiC clones in the entry vector pDONR 223 (A)and
cloning of these two alleles into different destioa vectors to create expression clones.
EcoR and BamH digests of different ORF clones in Bait and p&%C). Xhd and Xba
digests of different ORF clones in the pcDNARelfilip Xhd andNhd digests of different
ORF clone into PTREX (EEcoR andBamH digests of different ORF clone into PDSred
(F). Lane M contains 1 kbp plus DNA ladder (Invigem).
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The expression clones were confirmed by a doulskeicgon digest usingcoR and
BamH (Fig. 4.2b). On the other hand, Mad2L2 and NFI@re clones were sub-
cloned into the N-terminal PD tagged pDSRED2-DEShtaining kanamycin
resistant cassettes. Clones were confirmed by bléoastriction digest usinghad

andNhd restriction enzymes (Fig. 4.2b).

4.2.3 Y2H screening to identify eukaryotic proteins that interact with
EspF

To identify physical interactions occurring betwelegpF and different eukaryotic
cell proteins, different EspF bait clones were eoggl against a human cDNA prey
library using the yeast two-hybrid system. Both t&pF bait clones and human
cDNA prey clones library were transformed into catiple yeast strains. Two
different yeast strains were used to generate Y&y pnd bait arrays, AH10% (
mating type) for the preys and Y18« ihating type) for the baits. The transformed
prey clones were grown on plates of mating medikitg leucine and the
transformed bait clones were grown on plates ofingamnedia lacking tryptophan.
The vectors have the appropriate cassettes tlwat #ile transformed yeast to grow
on the selective plate lacking the appropriate ananid (Prey plasmid pGBKT7
contains Trp gene that enable AH109 to grow on \eufrp+ve plates. Bait plasmid
PGADT?7 contains Leu gene that help Y187 grow on Jdvp, Leu +ve plates. These
two strains were allowed to mate together andef rtimting success the new clone
can grow on the double-selection —LW SD/5% YPDAnusi Leucin and minus
Trptophan. For different EspFs screen: Yeast strdi@7 for Prey and Yeast strain
AH109 for Bait). The transformed yeast clones wested in collaboration with Dr.
Peter Uetz and Thorsten Stellberger at the Institft Toxicology and Genetics,
Karlsruhe, Germany, in a robot-assisted Y2H assa96- well plate format. In a
matrix analysis, all EspF and human cell proteiregemested against each other.
Since the Y2H assay can generate a number of falsd@ive interactions, each
pairwise interaction was tested in duplicateswid bf the matings were positive the
interactions were scored as positive. If only omplicate was positive, the
interaction was scored non-reproducible and negalite positive results from the

Y2H array were visualised and analysed using Cyimsdioinformatics software
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Z-score (distance from mean, in standard deviations

FOS_JUN MAD2L2_0127 EspF MAD2L2_0157 EspF MAD2L2_026 E spF

Fig 4.2.2e Comparative binding analysis between EBpvariants and human

Mad2L2. In the LUMIER binding assay thespF alleles were expressed with a
protein A tag and then immobilized on immunoglobulieads while Mad2L2 was
expressed with Renilla and incubated with the imiimdadl EspF variants. The
luminescence signals were measured and z-scoreslatad by subtracting the
population mean from an individual raw score arehtkividing the difference by
the population standard deviation, FOS Jun used castrol positive.
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Screening of yeast transformants yielded two pasithits for EspF of EHEC
0157:H7 and one positive for EspF from EHEC O26:Hdut not interactions for
EspF from EPEC O27:H6. The two interactions forHfgsp; were with the CCAA-
binding transcription factor (NFIC) and actin2. Esg interacted with the mitotic
arrest-like 2 (MAD2L2) protein.

4.2.4 LUMIER binding assays

To confirm the interaction of EspFO26 with Mad2L#aestablish whether the other
variants could also interact with it, the three Esgm@riants and Mad2L2 (human)
were cloned into plasmids that produce either pmofetagged proteins or Renilla
luciferase fusion proteins as described in Materiahd Methods. Cell lysates
containing query luciferase fusions and proteinagged proteins were generated
and then the protein A-tagged complexes removedguantibody-coated beads.
Total fluorescence and captured fluorescence werasored and z-scores for each
interaction calculated by comparison with a larg&koof negative non-interacting
controls (Barrios-Rodilegt al, 2005). The results demonstrated that all the EspF
variants were interacting with Mad2L2 (Fig 4.2.2@he work was done in
collaboration with Dr Manfred Koegl and Gibriell@szler.

4.2.5 Confocal microscopy to validate the interacti on of EspF and
Mad2L2

To confirm the co-localization of EspF and Mad2lidtpins. HEK93 cells grown on
chamber glass slide were transfected with an EspteriNinal GFP tagged
expression plasmid (pAT11-13), and a Mad2L2 DSesghéd expression plasmid
(pAT20). 72 hr after transfection, cells were fixsthined with DAPI and examined
by fluorescence microscopy. The images indicatdocalisation of EspF and
Mad2L2 in the nucleus (Fig 4.2.2f).

4.2.6 Purification of His-tagged EspF

The EHEC O157:H#&spFallele was amplified from genomic DNA using Expand
DNA polymerase and the primers (19&20) Table 2.3.
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EspF GFP Mad2L2 DS red Nucleus Merge

.

Fig 4.2.2f Confocal microscopy to validate the interamon of EspF and Mad2L2
Cells were transfected with the expression plasp@GFP-DEST (Promega)
expressing EspF tagged to GFP, and pDSRED2-DES@m@ga) expressing DS
red-tagged Mad2L2. After 72 hr, the cells were did@and permeabilized with 2%
(w/v) formalin / 0.25% (v/v) Triton X-100. The csliwere incubated with DAPI
1/5000 to stain the nucleus (blue). The slides rtemhnn fluorescence mounting
medium (DAKO). The pictures were acquired using eica TCS NT confocal
system (x 63 objective).

EspF GFP NFIC DS red Nucleus Merge

Fig 4.2.2g Confocal microscopy to validate the interdion of EspF and NFIC.
Caco-2 cells were transfected with pAT11 expres$ifidP-tagged EspF expression
plasmid peGFP-DEST (Promega), and DS red -tag N&Xpression plasmid
pDSRED2-DEST (Promega). After 72 hr, the cells wigxed and permeabilized
with 2% (w/v) formalin / 0.25% (v/v) Triton X-100Che cells were incubated with
DAPI 1/5000 to stain the nucleus (blue). The slidesunted in fluorescence
mounting medium (DAKO). The pictures were acquirgging a Leica TCS NT
confocal system (x 63 objective).
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Fig 4.2.2h Purification of E. coli O157:H7 histidine-tagged EspHA) Diagnostic
digests of pET21-d clones of EHEC O157:e5pFobtained by digestion witKbal
and Xhd as described in Materials and Methods. Electropsie was carried out
through a 0.8% agarose gel. Lane M, 1Kb DNA ladBerccessful clones (lanes 1 &
2) contain a 700bp band. (B) SDS PAGE gel of wirak lysate from BL21 with
pPET21-Despkois7 before and after IPTG induction. (C) Western lloalysis of the
same samples using anti polyhistidine antibody.
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The PCR product was purified and cloned into pE@-B¢ digesting both PCR and
vector with Xba/Xhd (New England Biolabs, Inc.) to obtain a plasmidhtt can
express a polyhistidine-tagged EspF fusion proEspF-His.E. coli BL21/DE3 was
transformed with pespF-His to optimize expressidnEspF-His induction with
IPTG. The culture was centrifuged and the lysats whtained by sonication in
lysate buffer. The EspF-His was purified using ekel column resin, dialyzed in
PBS and then stored at -20 °C.

4.2.7 Discussion

Both enteropathogenic and enterohemorrh&gicoli persist in human or animal
hosts by attachment to epithelial cells that lihe gastrointestinal tract. Type Il
secreted effector proteins manipulate the actinsigleton and innate responses of
host cells to promote intimate bacterial attachmant persistence The well
characterized translocated effector protein Esplssociated with tight junction
disruption, water channel dysregulation and infohitof bacterial uptake into M-
cells. It localizes to both mitochondria and thecleolus and is known to interact
with Sorting Nexin 9, N-WASP and Abcf2. In thisudy yeast-2-hybrid screening
was used to identify additional host proteins thay interact with EspF. The
anaphase promoting complex inhibitor, Mad2L2, waentified from this screen.
Mad2L2 was then demonstrated to interact with Bsptants from EHEC O157:H7,
026:H11 and EPE®127:H6 by Lumier assays in which Protein A-tagdespF
was recovered from transfected cell lysates atthohduciferase linked Mad2L2, the
reciprocal approach also confirmed the specifioityhe interaction. EspF was also
shown to co-localise with Mad2L2 in cells and theact of EspF on the cell cycle
will be investigated in the future work. While Mdd2has been shown to be targeted
by the non homologoushigella effector protein IpaB to limit epithelial cell
turnover, | hypothesis that the interaction of Espith MAD2L2 might have a
similar function to promote EPEC and EHEC colonaat

MAD2L2 is also known as Mad2-related protein andnsinhibitor of the anaphase
promoting complex (APC)-Cdhl (Pfleget al, 2001). Activation of APC during
interphase (G1/S) leads to cell cycle arrest aMs2MAD2L Cdh1l binding inhibits
the activity of the Cdh1-APC complex and, thus,chions as a mitotic spindle
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assembly checkpoint protein, preventing the onsahaphase until all chromosomes
are properly aligned at the metaphase plate. Madgla¥s a pivotal role in
translational DNA synthesis (TLS) in S phase (Clgeeh al, 2006) and it also
participates in the spindle assembly checkpoimijlarly to Mad2 (Reimanret al,
2001).

ShigellalpaB was shown to sequester MAD2L2 away from tiRCACdhl complex,
leading to unregulated APC activity during interpliaand subsequent cell cycle
arrest (Table 1.1 Introduction & Ilwait al, 2007). Cell division playsin essential
role in the innate immune defense against infeci®the rapid turnover of epithelial
cells limits bacterial colonization. It is possibileat slowing this turnover could
prolong bacterial colonization by inceraese théditstmf bacteria to multiply (Iwaet
al., 2007).

MAD2L2 has been shown to bind to TCF4-catenin caxpthat inhibit cell
proliferation and enhance differentiation of epiitn® cells to mesenchymal cells
EMT (Naishiroet al, 2001; Honget al, 2009).The binding of MAD2L2 to TCF4-
catenin transcription factor also maintain the amitle and prevent the celluler

transformation.
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5. Interaction of Salmonella Typhimurium with intestinal epithelial cell

5.1 Introduction

5.1.1 The intestinal immune system

The intestinal immune system must defend agairstntany infectious and toxic
assaults that may breach the epithelium and canisstinal injury. The intestinal
Immune system must simultaneously ignore the nualéitof commensal organisms
and dietary antigens that are not threats to tisé ho

To deal with this challenge, the gut-associatedplyaid tissue has evolved several
important modifications of antigen sampling andgessing, humoral immunity, and
cellular immunity. These include flattened epitale'microfold cells” that are a
kind of intestinal epithelial cell in the folliclassociated epithelium of Peyer’s
patches. These cells can transport antigens antb4miganisms into underlying
lymphoid tissues. The basal membrane of M cellswaginated to form a pocket
where cells of haematopoietic origin such as ddéoddells, macrophages, and
lymphocytes in intimate contact with extruded astigor intact organism&ebert,
1997). All of these cell types play a fundament@kerin M cell differentiation
(Ermak & Owen, 1986). M cells actively pinocytoseminal antigens but do not
possess lysosomes, so antigens are not degradeaassed (Czerkinskgt al,
1999). Although intact commensal bacteria are yagagulfed, numerous pathogens,
including human immunodeficiency virus (Knoep al, 2009), reovirusesyibrio
cholerag and Shigella species, selectively adhere to M cells, possibisough
specialized carbohydrate- binding mechanisms, anel taansported without
degradation (Owen et al, 1986a; Oweret al, 1986b). M-cells generally lack the
distinct microvilli and thick filamentous brush hier glycocalyx (Owerrt al, 1977;
Freyet al, 1996) and instead have variable microfolds. Thatphological change
on M cells surface is regulated by the distributafnmicrovillar proteins such as
actin and villin (Kerneiset al, 1997; Kanayaet al, 2008). Therefore, the
disorganization of microvilli in M cells is not onk typical morphology of this cell

type but also essential for the transcytosis of roraclecules. In particular, the
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crucial role of lymphocytes in M cell differentiati has been demonstratedvitro
by M cell models using human colon adeno-carcinaela line Caco-2 cells and
murine intestinal crypt-derived cell-line miICcl2lisg( Kerneiset al, 1997; El Bahi
et al, 2002). Caco-2 cells differentiate into cells rabéng M cells during co-
culture with Peyer’s patches (PPL) or Raji B celleese M-like cells have some of
the in vivo characteristics, such as transcytosis activityjearease of sucrase-
isomaltase and villin expression, disorganizatibrmecrovilli and a change of-1
integrin localization (Kerneiet al, 1997). Murine intestinal epithelial cell line
(MIE) is able to differentiate into M cells follomy co-culture with intestinal
lymphocytes or PPL co-stimulated with anti-CD3/CD#8bs. Following this, these
cells display features typical of M cells, such #&anscytosis activity, the
disorganization of microvilli, enhanced expressudrannexin V and Sgne-1, which

are thought to be markers for M cells (Verbrugghal.,2006; Kanayaet al.,2008).

5.1.2 M cell development

M cells arise from pluripotential epithelial steralls in adjacent crypts and migrate
to the follicle-associated epithelium, where theffedentiate into their distinctive
phenotypes under the influence of the lymphotoRimeceptor (Kraehenbuhl &
Neutra, 2000; Debaret al, 2001). Interaction of Peyer's patch lymphocytes,
particularly B cells, facilitates M cell differeation, (Kerneiset al, 1997) but M
cells develop in Rag- 1-/- mice, which lack T andyBiphocytes, indicating that

lymphotoxin can arise from other sources (Delwral, 2001).

Certain microbes appear to exploit the innate fi#gtof epithelial cells to trigger
their transformation into a cell phenotype thattsuheir habitat or life styleS.
Typhimurium can activate different pathways of gkt differentiation to transform
a subset of epithelial cells to cells that phenaity and functionally resemble to
specialized antigen sampling microfold/M cellsthie gut (Savidget al, 1991).

Other numerous studies have reported an increaseellMumber and/ or enhanced
trancytosis activity at the FAE following microbiahallenge.In vivo studies in

rabbit demonstrated an increased the number of wdlich is morphologically and
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functionally resembles to M cell phenotype follogrimicrobial challenge. The
increased transcytosis of microspheres across BAEPttissues after challenge with
Streptococcus pneumonia®uld either be explained by induction of the Ml ce
phenotype and/or an increased transport rate @adyr present M cells (Meynedt
al., 1999b). Similar results have been shown in varowitro models, for example,
Y. pseudotuberculosiaduced a substantial increase in transcytosisaobparticles
across Caco-2 monolayers, with only a very modeeftect on paracellular
translocation (Ragnarssoat al., 2008). Campylobacter jejuniincreased cells
expressing the M cell-specific marker, galectinrOCaco-2 monolayers and reduced
numbers of enterocytes that stained with the altisergnterocyte marker, Ulex
europaeus agglutinin-1, and reduced activitiesnafymes typically associated with
absorptive enterocytes (alkaline phosphatase,dactnd sucrase). These cells are
also functionally similar to m cell phenotype bhegde cells were able to internalized
commensakE. coli (Kalischuket al, 2010).

5.1.4 The wnt ( B-catenin) pathway

wnt is very important cell signalling pathway thedtivates target genes in the
nucleus. Wnts are secreted glycoproteins that bited frizzled seven
transmembranespan receptors. under normal conslitié/nt is not activated, which
lead to a degradation of cytosoficatenin(Jamorat al, 2003; Waterman, 2004).
Normally, B-catenin is phosphorylated by casein kinas€GKlo) and/or CKE at
Ser45. This in turn enables glycogen synthase &i{GSK3) to phosphorylate
serine/threonine residues 41, 37 and 33-catenin. Phosphorylation of these last
two residues triggers ubiquitylation @-catenin bypTrCP and degradation in
proteosomes (Jamoed al, 2003; Waterman, 2004).

Phosphorylation off-catenin occurs in a multi-protein complex contagnithe
scaffold protein axin, which can form a homodimeadeterodimer with the related
protein conductin/axin2. In the presence of Wnishelelled (Dsh) blockg-catenin
degradation possibly via phosphorlation of GBK3

Stabilised B-catenin enters the cell nucleus and associate® WEF/TCF
transcription factors, which leads to the trandwipof Wnt, target genes (Hulsken
& Behrens, 2000).
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Fig. 5.1.4 Activation of Wnt pathway stimulates EMT.

(a) under normal conditions Wnt is not expressed Bsh dose not phosporylate
GSK3 B. pB-catenin is phosphorylated by GSK3eading to its degredation by the
proteosome. (b) Wnt is activated and binds to rexefrizzled that activate Dsh lead
to phosphorylation of GSK3$ (inactivation) and theB-catenin increase in the
cytoplasm and transolocated to the nucleus and ao &ctor for transcription factor
TCF/LEF. This figure is derived directly frophm.utoronto.ca/angers/research.html
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5.1.3 Epithelial-mesenchymal transition or transfor mation (EMT)

EMT is physiologically important for the developmeaspecially in embryogenesis,
in which epithelial cells acquire properties of meshymal cells (Thieryet al,
2009). Pathologically, it may lead to metastasid aancer formation (Geiger &
Peeper, 2009). The most important cell signalliaghway involved in EMT are
peptide growth factors, Src, Ras, Ets, integrin,tMé&ta-catenin and Notch. The
activation of one or more of these cell signallexgjivates the transcription factors
Snail and Slug. Both of these proteins are trapsonal repressors of E-cadherin
and their expression induces EMT (Larue & Bellac@5). The activation of the
phosphatidylinositol 3' kinase (PI3K)/AKT also a&$ a central feature of EMT
which is important during embryonic developmentr(le&a& Bellacosa, 2005)The
activated Akt induces a transcription factor, Snahich is known to repress
expression of the E-cadherin gene through inactimadf GSK3. this leads to the
accumulation ofp-catenin in the cytoplasm which acts as a cofadtor the
transcription factor LEF/TCF (lymphoid enhancerntéafT cell factor) (Grilleet al,
2003).

The H. pylori injects the effector protein cytotoxin associatete A (CagA) via a
T4ss into epithelial cells, which stimulates mu#igsignal transduction pathways
associated with EMTH. pylori selectively activatef-catenin pathway that lead to
accumulation off-catenin in the nucleus. the translocafedatenin work with
TCF/LEF as transcription factor that mediate thé/TEand consequently lead to

gastric ulcer(Murata-Kamiyaet al, 2007)..

Although many bacterial pathogens have been asedomth increased numbers of
M cells, there is no work that elucidates the ulyiley molecular mechanisms.
Current work set out to test if bacterial pathogeas drive EMT mediated cellular
transformation of epithelial cells in to M cell ptaype and hence their increased
number following bacterial infection. We have usedombination of cellular and
molecular approaches to establish this unique rfeabfi host-pathogen interaction

usingS. Typhimurium a model organism.
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5.2 Results

We have identified both the key bacterial effeqiastein and the eukaryotic signal
molecules that orchestrate epithelial cell tramsftion. S. Typhimurium
preferentially targets antigen sampling M cellstder the mucosal epithelium. Our
results show thaS. Typhimurium targets a subset of epithelial cellsintestinal
crypts, associated with lymphoid follicular tissue,a cell type that phenotypically

and functionally resembles M cells in the gut.

5.2.1 S. Typhimurium transforms intestinal epithelial cell s in to M cell
phenotype in a RANKL dependent manner

Previousin vivo studies in mice reported that a short term expoéls@ hours) to
certain bacterial pathogens induced dramatic atemns of FAE, including a marked
increase in operational M cells in topographicalgstricted areas of the FAE
(Borghesiet al, 1996; Borgheset al, 1999; Meynellet al, 1999). To investigate
molecular basis to these observations we expandediofindings about the role of
RANKL in M cell biology/differentiation, and set buo test whether following
bacterial challenge the increased M cell activtyRIANKL mediated. To these end
primary intestinal epithelial cells from terminaéctum were infected with S.
Typhimurium, a bacterium known to preferentiallygiet M cells, and analysed for
the expression of RANKL. In time course infectidaodies withS. Typhimurium, it
was observed a temporal increase both in protartranscript levels of for RANKL
as well as vimentin and Slug, markers associatéd Micell phenotype and EMT,
respectively (Fig. 5.2.1). In addition, the graddatrease in E-cadherin expression
(Fig. 5.2.3 A & B) a feature associated with EMT (Larue & Bellaco€205), that
further confirmsS. Typhimurium mediated epithelial cellular transf@tmon in

infected cultures.
Sincep-catenin/TCF can directly trans-activate RANKL ($kt al, 2005), vimentin

(Gilles et al, 2003) and Slug (Valliret al, 2001), | explored the possibility if

increased levels of these three proteins corresptite levels of-catenin.
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Fig. 5.2.1S. Typhimurium induced temporal increase in mMRNA expression of
RANKL, RANK, Slug and Vimentin. Terminal BRE cells were infected with.
Typhimurium strain (SL1344) at 32, 5% CQ for 10 min, extracellular bacteria
were removed by washing and cells were incubategbdufor indicated time points.
Following S. Typhimurium infection of epithelial cellgell lysates were processed
for preparation of RNA. CDNA was prepared from eaemple and the PCR were
performed using primer for RANKL, RANK, Slug and rventin. (Table 2.4
Materials & Methods) GAPDH were used as a conwolegual loading. Results are
representative of three independent experiments.
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S. Typhimurium

Omin 30min 60min 120min 180min

RANKL e —— ——
RANK - —
o ———
. P e o
Actin

Fig. 5.2.2 S. Typhimurium induced temporal increase in protein level of
RANKL, RANK, Slug and Vimentin. Terminal BRE cells were infected with
SalmonellaTyphimurium strain (SL1344) at 3Z, 5% Ce for 10 min, extracellular
bacteria were removed by washing and cells werabaied further for indicated
time points. FollowingS. Typhimuriuminfection of epithelial cellscell lysates were
processed for immunoblotting. Immunblots were siegh and re-probed with panel
of antibodies as indicated. Molecular mass starsd@kDa) are indicated. actin were
used as a control for equal loading. Results goeesentative of three independent
experiments.
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S. Typhimurium
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Fig. 5.2.3 S. Typhimurium induces transformation of primary inte stinal
epithelial cells.Heterogeneous population of epithelial cells prianary cell culture
from the bovine terminal rectum were isolated andtuced on 6 well plates
(Materials and Methods). Five day old cultures wease-cultured with S.
Typhimurium strain SL1344 for different time poinSuppression of tight junction
protein E-cadherin was induced gradually and thiss wdetected using
immunobloting (A) and semiquantitative RT-PCR (Bpsults are representative of
three independent experiments.

153



Results Chapter 5
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Fig. 5.2.4 S. Typhimurium affects subcellular localisation of bea-catenin.
Heterogeneous population of epithelial cells irienpry cell culture from the bovine
terminal rectum were isolated and cultured on @ plates (Materials and Methods).
Five day old cultures were co-cultured with Typhimurium strain SL1344.
Subcellular protein fractions were separated uaiyoteoExtract kit (Materials and
Methods).The samples were analysed by immunobiptiising anti-B catenin or
antif-actin primary antibodies followed by HRP-conjughtecondary antibodies.
Histone and actin were used as a control for elpaaling. Results are representative
of three independent experiments.
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Fig. 5.2.5S. Typhimurium challenge redistributributed pB-catenin in Bovine
Rectal epithelial cell. Heterogeneous population of epithelial cells irrianpry cell
culture from the bovine terminal rectum were iseteand cultured on glass cover
slips (Materials and Methods). Five day old culsuneere co-cultured witls.
Typhimurium strain SL1344 for different time pointShe cells were fixed and
permeabilised in 2 %( v/v) formalin/ 0.2% (v/v) Tom X-100. (A) control cells were
stained for beta-catenin red in the tight junctidi@sD) Infected cells were analysed
for beta-catenin localisation in cellular comparntse by immuno-fluorescence
staining. Beta-catenin (red) primarily localisedtla# membranes in uninfected cells
and during the course of infection (B) 10 min, @) min and (D) 60 min it was
translocated to cytoplasm (arrow) and nucleus [bllneages were acquired using
Zeiss Axiovert, objective xx63. Results are repnéastve of three independent
experiments.
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S. Typhimurium
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Fig. 5.2.6S. Typhimurium enhances Slug expression and its lodahtion in the
nucleus. Heterogeneous population of epithelial cells iprimary cell culture from
the bovine terminal rectum were isolated and cattuon 6 well plates (materials and
methods). Five day old cultures were co-culturedhv®. Typhimurium strain
SL1344. Subcellular protein fractions were separatsing ProteoExtract kit
(materials and methods).The samples were analysedmimunoblotting using
antibodies as indicate&. Typhimurium infection increased nuclear loclizatiof
slug. Histone was used as a control for equal fgadResults are representative of
three independent experiments.
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Fig. 5.2.7S. Typhimurium up-regulates the intra-nuclear transcription factor
Slug in a Primary Bovine Rectal epithelial cell.Heterogeneous populations of
epithelial cells in a primary cell culture from thmvine terminal rectum were
isolated and cultured on glass cover slips (Matersamd Methods). Five day old
cultures were co-cultured witB. Typhimurium strain SL1344 for different time
points. The cells were fixed and permeabilised #@ v/v) formalin/ 0.2% (v/v)
Triton X-100. (A) Cells expressed slug (red) irclews (blue), immunolabelling was
done as described in Materials and Methods. (B-DadGal increase in Slug
localisation following infection withs. Typhimurium (GFP- labelled) for the times
shown. Images were acquired using Zeiss Axiovértaacope, (objective x 63).
Results are representative of three independent eriexents
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Indeed, we observed a temporal increasg-gsatenin levels that coincided with
increased RANKL, Vimentin, RANK and Slug in time wee S. Typhimurium

infection experiments (Fig. 5.2.1). Followir®) Typhimurium challengep-catenin

was redistributributed to the nucleus as seen bhoth immunoblotting and
immunofluorscence staining of infected epitheliglls Fig. 5.2.4 &5.2.5). The
cytoplasmic and nuclear redistribution [picatenin and thele novoexpression of
vimentin are frequently involved in the epitheliakmesenchymal transition

associated with increased invasive/migratory prigenf epithelial cells.

Slug, a member of a zinc finger family of transtiapal/ repressors, is an established
downstream mediator of thg-catenin/TCF pathway. Increased intranuclear
accumulation of Slug functions as both a transioniptepressor, for example E-
cadherin and activator, for example vimentin to npote EMT. FollowingS.
Typhimurium challenge during initial stages of ictien Slug was redistributed from
the nucleus to the cytoplasm and during time couegperments its levels
significantly increased in the nucleus as seen boyh immunoblotting and

immunofluorscence staining of infected epithel@l< (Fig. 5.2.6 & 5.2.7).

5.3.1 S. Typhimurium but not E. coli K12 activates EMT

To investigate if the EMT is activated specificailythe presence of pathogersc
Typhimurium or it is non specific processes thah dse induced by other non
pathogenic bacteria such &s coli K12. Terminal BRE cells were infected with
wild-type S. Typhimurium (SL1344) orE. coli K12 (Zap 1167) strain and at
incubated at 3T, 5% Ca for 3 h. The western blot results showed thatie¢kel of
Vimentin was higher only witts. Typhimurium infection indicating that the EMT
process is specific fd. Typhimurium infectiorbut not for E. coliK12 (Fig. 5.3.1).
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Fig. 5.3.1S. Typhimurium but not E. coli K12 activates the Wnt signalling
pathway. Heterogeneous population of epithelial cells irrienpry cell culture from
the bovine terminal rectum were isolated and ceattuon 6 well plates (Materials and
Methods). Five day old Terminal BRE cells were atéel wild-typeS. Typhimurium
(SL1344) orE. coli K12 (Zap 1167) strain and at incubated atG37%% Cao for 3
hrs. The cell lysates were processed for Westesttitny as indicated. Immunblots
were stripped and re-probed with panel of antibedie indicated. Molecular mass
standards (kDa) are indicated. Actin was used @n#ol for equal loading. Graph
represent mean -fold changes of band intensity temseparate experiments + S.E.
with the value of control as 1 arbitrary. Westetat Bilms were quantified using
Quantity One software (Bio-Rad, Richmond, CA), &mth sample was normalised
using the actin signal.
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5.4 S. Typhimurium induced ultra-structural changes and E MT in the
epithelial architecture

To examine if the observed changes in EMT markerglate with morphogenic
modifications, theS. Typhimurium infected intestinal epithelial cells eeprocessed
for ultrastructural studies. Unaffected controltlegiial cells were marked by the
presence of dense microvilli as seen in the Fig.15.FollowingS. Typhimurium
challenge we observed a stark loss of microvidlersas “baldy patches” on infected
cells. Some of the acutely infected cells showetraplete loss of microvilli. Time
course infection studies demonstrated acute moopical and structural changes in
infected cells.

To further investigate whethe®. Typhimurium mediated increase in number of
functional M cells was due to rapid re-differentiat of enterocytes into M cells or
rather arise from pre-determined undifferentiateenscells from FACs changing
phenotype that contribute towards increased nunibedike cells in culture.S.
Typhimurium can induce vimentin, a typical markérh cells; induce molecular
and phenotypic alterations typical of cellular sfommation (5.4.2), suggest a
possibility thatS. Typhimurium can drive a subset of lineage spe@pthelial cells
towards M cell phenotype.

5.5 S. Typhimurium transforms epithelial cell in to M cel | phenotype in a
SopB dependent manner

To identify bacterial factors that have a rolenitiating epithelial cell transformation
into M cell phenotype, infection studies were davith a panel of wild type and
mutant S. Typhimurium strains. For initial testing we targét Salmonella
pathogenicity island-1 (SPI-1) encoded type 3etemn system (T3SS) that mediate
early bacterial invasion (Galan, 1996), membrani#img (Hardt et al, 1998),
apoptosis (Guiney, 2005), and tight junction disiap (Jepsoret al, 1996; Tafazoli
et al, 2003).

BRE cells were infected with various bacterial nmisaand the expression of target

proteins, identified with EMT signalling, was examad by Western blotting.
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Fig. 5.4.1S. Typhimurium induced ultra-structural changes in the epithelial
architecture. Heterogeneous population of epithelial cells iprimary cell culture
from the bovine terminal rectum were isolated aniticed on thermonex cover slips
(Materials and Methods). Five day old cultures weoecultured withSalmonella
typhimurium strain SL1344 for different time points. (A) a igg@l epithelial
monolayer with dense apical microvilli. Early stagef S. Typhimurium induced
changes in cell morphology at 60 min of infecti@),(seen as electron dense spots
around attached bacterium (arrow). During courseindéction epithelial cells
undergo pronounced, sequential morphological anigécatar changes characterised
by partial loss of apical microvilli at 120 min ([ or complete loss of microvilli at
180 min (F). A typicalS. Typhimurium infected cell with internalized bactegeen
as silhouettes (arrow head), microvilli lost and'sunded by normal epithelial cells.
The specimens were examined using a Hitachi 47@Md Hemission Scanning
Electron Microscope. Results are representativéhiide independent experiments.
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Fig. 5.4.2 S. Typhimurium induces transformation of primary inte stinal
epithelial cells.Heterogeneous population of epithelial cells irrienpry cell culture
from the bovine terminal rectum were isolated anftuced on glass cover slips
(Materials and Methods). Five day old cultures wease-cultured with S.
Typhimurium strain SL1344 for different time pointShe cells were fixed and
permeabilised in 2 %( v/v) formalin/ 0.2% (v/v) Tom X-100. (A) A subset of
primary epithelial cells in culture expressed intediate filament protein vimentin
(B) S. Typhimurium gets attached and internalized in vitite expressing cells
within 10 min of infection (B-C)With the progression of infectio. Typhimurium
start to attack the epithelial cells (D), and aft®0 min the number of vimentin
expressing cells starts to increase in reponse Tgphimurium infection (E). Images
were acquired using Zeiss Axiovert, objective xxBernalized bacteria are shown
in x-y view from orthogonal z-section images. Ir) (Re cells were removed from
plates by trypsinisation and stained with a vimemintibody (Material & Methods),
Flow cytometry results from 5 independent experithexpressed as mean + SEM
measured on the FACS Calibur.
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Initial experiments with heat kille8. Typhimurium andnvA mutant strain that lack
a functional SPI-1 T3SS, showed no change in pno&pression of RANKLS -
catenin, Slug and Vimentin when compared with wijde S. Typhimurium (Fig.
5.5.1), confirming that the observed changes ingmaexpression are indeed SPI- 1
dependent. Next, we investigated the role of speSiPI-1 effectors. We focused on
three SPI-1-secreted effectors that activate RimilyaGTPases (i.e. SopB, SopE and
SopE?2) and another that directly interacts withnagte. SipA) (Lilic et al, 2003b).
We hypothesised for these effectors to be cruaiatriggering signal cascades
underlying cellular architecture/ cytoskeleton nimdtions during transformation of
epithelial cell phenotype. SPI-1 arsbpB mutants showed a significant reduced
adherent phenotype comparable with other effectatants §ipA sopEandsopE3
and wildtypeS. Typhimurium (Fig.5.5.2). As shown in Fig. 5.5.3 & Fig. 5.5tHe
enhanced protein levels of RANKL, beta-catenin,gSand Vimentin following
infection with wild typeS. Typhimurium were suppressed in presence sbpB
deletion. This data provide evidence tBaflyphimurium can trigger events similar
to EMT perhaps in a SopB dependent manhnerfurther confirm the role of SopB in
Wnt/ B-catenin signalling regulation and RANKL expression, we gual
transcriptional activity using specific reporterngeassaysCaco-2 cells were co-
transfected with luciferase reporter plasmid contey wild type (TOP Flash) or
mutated (FOP Flash) LEF/TCF binding sites and P@RS3mid containing SopB.
The firefly luciferase activity was normalised tela to renilla luciferase activity.
As shown in Fig5.5.6, SopB directly regulates luciferase actiwiyh in 48 h post-
transfection (fold compared with FOpflash). LiClkaown activator off catenin
signalling (Stamboliet al.,1996), was used as a positive control.

Recent studies on the transcriptional regulatiorthef rankl gene have identified
several transactivators that cooperate to actitateanscription including NEB and
B-catenin /TCF signaling, (Faet al., 2004; Fu efal., 2002; Moriet al.,2006). To
further confirm the role of SopB in regulation oARKL expression and determine
underlying mechanisms, we performed RANKL-repogene assays in the presence
of pharmacological inhibitors specific 8. Typhimurium mediated signalling in

intestinal infected cells.
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Fig. 5.5.1 S. Typhimurium activates Wnt pathway in a SPI-1 depedent
manner. Heterogeneous population of epithelial cells inrianpry cell culture from
the bovine terminal rectum were isolated and ceattuon 6 well plates (Materials and
Methods). Five day old terminal BRE cells were atéel with, heat killedS.
Typhimurium (HKS), wild-type $. Typhimurium) or Spl-1 mutant ofS.
Typhimurium strain (SL1344) and incubated af@75% Cag for 3 hrs. The cell
lysates were processed for western blotting asateld. Immunblots were stripped
and re-probed with panel of antibodies as indicatdalecular mass standards (kDa)
are indicated. Actin was used as a control for kedoading. Results are
representative of two independent experiments.
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Fig. 5.5.2 Comparative adhesion of wildtyp&. Typhimurium and SPI-1 mutant
strains to bovine terminal rectal epithelial primaries. Heterogeneous population
of epithelial cells in a primary cell culture frothe bovine terminal rectum were
incubated withS. Typhimurium and SPI-1 mutant strains af@75% Ca for 30
min. spl-1 and sopB mutants showed a significant reduction in adherent
comparison to other the effectors mutants or wgdtg. Typhimurium. Results are
representative of three independent experimentpeasented as * p<0.05 relative to
wildtype S. Typhimurium.
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cont ST AsipA AsopB AsopE AsopE2
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Slug
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Fig. 5.5.3 Role of SPI-1 encoded T3S effectors on transcripin of EMT specific
gene targets.Heterogeneous population of epithelial cells inrianpry cell culture
from the bovine terminal rectum were isolated andtuced on 6 well plates
(Materials and Methods). Five day old cultures wiefected withS. Typhimurium
strain SL1344 at 3T, 5% Ca for 2 h. The cells were lysed at different timent®
and RNA were collected (Materials and Methods). Sheples were analysed by
PCR using primers (Table 2.4 Materials and Methotlg values represent mean -
fold changes of band intensity from two separatgeerents + S.E. PCR films were
quantified by using Quantity One software (Bio-R&ichmond, CA), and each
sample was normalised using the GAPDH signal.
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Fig. 5.5.4 S. Typhimurium activates Wnt pathway in a SopB-depeneént
manner. Bovine rectal epithelial cells were infected wiigpe S. Typhimurium or
mutant derivative os. Typhimurium strain (SL1344) at 3Z, 5% Caq for 3 h. The
cell lysates were processed for western blottingliess as indicated. Immunblots
were stripped and re-probed with panel of antib®deecific to Wnt pathway
signalling molecules (A) and its EMT specific taig€B) as indicated. Molecular
mass standards (kDa) are indicated. Actin was asea control for equal loading.
The values represent mean -fold changes of barghsity from two separate
experiments £ S.E. with the value of control aglditeary. Western blot films were
quantified by using Quantity One software (Bio-R&ichmond, CA), and each
sample was normalised using the actin signal.

Actin
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Fig. 5.5.6 SopB mediated increasefll -catenin promoter transcriptional activity.
Caco-2 cells were transiently co-transfected witlleemid encoding for SopB affid
catenin-promoter constructs, inserted in pGL3 pldsrells co-transfected with
PCR3 and pGL3 plasmids were used as negative ¢tofa8d post transfection LiCl
(10 mM) was added to the promoter co-transfectett WCR3 as control positive.
Cells were harvested and lysed 15 h later and I¥iheiferase (Luc) and Renilla
Luciferase (RLuc) activities were measured by udimg dual luciferase reporter
assay system (Promega). Data are represented asveeluciferase activity
(normalized to RLuc activity), with *, p<0.05 rela to non-infected cells, and are
representative of two independent experiments.
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Fig. 5.5.7 SopB mediated increaseBANKL - promoter transcriptional activity
was suppressed in presence of NikB peptide inhibitor SN50 and Wnt pathway.
Caco-2 cells were transiently transfected with asplid encoding SopB and a
RANKL - promoter construct, 48 h posansfection, Akt-1/2 inhibitor 2@M; (P13
kinase inhibitor) LY 2940025QM, SB 415286 (GSK-3 inhibitor), SN50 (NikB
inhibitor), or FH535 [§ -catenin/Tcf inhibitor), 10uM were added to SopB
transfected cell to study the pathway. Cells wexerdstedand lysed 15 h later and
Firefly luciferase (Luc) and Renilla Luciferase (iRl activities were measured by
using the dual luciferase reporter assay systemn{®ga). Data are represented as
relative luciferase activity (normalized to RLudigity), with *, p<0.05 relative to
non-infected cells, and are representative of tvdependent experiments.
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Fig. 5.5.8 SopB mediated increase8LUG - promoter transcriptional activity
was suppressed in the presence of the N&B peptide inhibitor SN50. Caco-2
cells transiently co-transfected with SopB-PCR3 aBdUG- pGL3 or their
respective negative controls. Transcriptional digtiwas measured in presence or
absence of NikB inhibitor (SN50; 5QuM). Cells were harvesteshd lysed 15 h later
and Firefly luciferase (Luc) and Renilla Luciferg$d_uc) activities were measured
using the dual luciferase reporter assay systemmn{fga). Data are represented as
relative luciferase activity (normalized to RLudiaity), with *, p<0.05 relative to
control cells that co-transfected with PCR3 and gSlpromotor, and are
representative of two independent experiments.
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The bovine RANKL promoter sequence was cloned apstr of the Luc reporter
gene in the pGL3 basic vector, and the constrimaméd RANKL luc-construct),
was assayed after Caco-2 cells transfections peedrwith SopB expression
plasmid. As shown in Fig. 5.5.7, transient trantéecwith SopB resulted in an
increase in RANKL luciferase activity relative tbet control (cells co-transfected
with PCR3 and RANKL promoter), promoter less pGle&is vector, demonstrating
for a direct role for SopB in RANKL transcription presence of inhibitors: AKT
inhibitor 20uM; 50 uM final concentration from PI3 kinase inhbitor L¥£002, SB
415286 (GSK-3p inhibitor), SN50 (NKB inhibitor), or FH535 [§ -catenin/Tcf
inhibitor), 10 uM, the RANKL luciferase activity was significantly reduced
However, the RANKL luciferase activity was signdiatly increased following
challenge withSB415286, GSK-3 inhibitorTaken together, these results suggest
that SopB mediate®I3 kinase NF-xB and p-catenin signalling regulates RANKL
expression at the transcriptional levkl. order to investigate the effect of SopB
SLUG - promoter transcriptional activity, Caco-2lsewvere transient transfected
with SopB in the presence or absence ofdBFpeptide inhibitor SN50. The result
showed that SopB mediated increased SLUG - prontascriptional activity in
NF-kB dependent manner (Fig. 5.5.8)

5.6 ldentification of SOPB domain required to induc e Wnt Pathway

SopB protein following translocation in to host Icperforms multiple functions
including its role in actin rearrangements, phagogig and biogenesis of the
Salmonellacontaining vacuole in infected cells (Jepsainal., 1996; Zhouet al.,
2001; Terebizniket al., 2002). SopB phosphatase activity is required fag th
activation of the serine threonine kinase Akt, ateown as protein kinase B, in
infected epithelial cells (Steele-Mortimet al., 2000). Earlier we identified Akt
activation as one of the early and essential stepSopB mediated Gsk3 beta
inactivation central to Wnt/beta-catenin signallipmpthway (Fig. 5.5.5). We
hypothesised for SopB phosphatase activity to kigalrto its role in activation of
wnt pathway. To this end we infected BRE cells wilopB deficient strains
complemented with either catalytically active (pBppr inactive SopB point mutant
(psopB C460S) plasmids.
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Fig. 5.6.1 SopB activates Wnt pathway in a phosphatase depentemanner.
Heterogeneous population of epithelial cells irienpry cell culture from the bovine
terminal rectum were isolated and cultured on 4 plates (materials and methods).
Five day old terminal BRE cells were infected WwaART S. TyphimuriumAsopB S.
Typhimurium, AsopB S. Typhimurium complemented with W3$opB or sopB
mutated in C460S at 3Z, 5% Caq for 3 h. The cell lysates were processed for
western blotting studies as indicated. Immunblogsenstripped and re-probed with
panel of antibodies as indicated. Molecular maasdsirds (kDa) are indicated. Actin
was used as a control for equal loading. This &gis representative of two
experiments.
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The cell lysates were immuno-detectedffaratenin ang-catenin—phosphorylation,
as indicators of Wntf-catenin signalling and vimentin and EMT indicatéiig.
5.6.1).

As shown earlierS. Typhimurium mediated Akt-phosphorylation was degent on
SopB, because an isogenic sopB deletion strasogB showed the presence of
significant phosphof-catenin when complemented with psopB, the phosho-
catenin disappeared (Fig. 5.6.1). Furthermore, ¢tem@ntation of sopB with a
catalytically inactive mutant, SopB C460S, show enphospho{3-catenin This
indicates that the conserved cysteine residue G@s-which is essential for the
inositol phosphatase activity required for Akt aation by SopB (Steele-Mortimet
al., 2000), is also necessary for activating the VBrtatenin signalling pathway.

5.7 GSK3p is central to S. Typhimurium-induced up-regulation of B-
catenin

To confirm GSK3 role in S. Typhimurium-induced up-regulation @tcatenin and
thus activation of Wntg-catenin pathway, the cells were infected in thesspnce of
pharmacological inhibitors specific to signallingtpways important in regulation of
GSK33 activation and its target substrates. Bovine texgdhelial cells before ths.
Typhimurium infection were pre-treated with a pare#l following inhibitors:
LY294002, (an inhibitor of PI3K pathway) 9M; SN50 (NKB inhibitor), 50 uM;
Akti-1/2, an allosteric inhibitor of Aktl and Akt2sozymes 20uM; MG132
(proteosome inhibitor) 1M, and SB415286 (GSK3 inhibitor) 0n. Pre-treatment
with SN50, LY294002 and Akti-1/2, inhibitors suppsed (-catenin, RANKL,
SLUG and Vimentin, while SB415286 and MG132 eleglatbeir levels inS
Typhimurium infected epithelial cells Fig. 5.7.1 A) Pre-treatment of cells with
LY294002 and Akti-1/2 completely inhibite® Typhimurium induced GSKB
phophorylation and inactivatiorfrig. 5.7.1 B) Together, these results suggest that
Typhimurium in a SopB dependent manner induces Pd8Hvity leading to Akt
activation that phophorylates and inactivates GEKand thus the increased
cytosolicp-catenin and the downstream Wfitatenin mediated Slug and vimentin

proteins.
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Fig 5.71 S. Typhimurium activates NFkB and Wnt signalling pathways.
Heterogeneous population of epithelial cells irienpry cell culture from the bovine
terminal rectum were isolated and cultured on d plates (Materials and Methods).
Five day old cultures were treated with DMSO, SN@UEKB inhibitor), 50 uM;
LY294002 (AKT inhibitor) 20 uM, SB415286 GSK3 inhibito) 50 uM or MG132
(proteosome inhibitorl0 uM for 5 h before being infected witB Typhimurium
strain (SL1344) at 3T, 5% Ca for 10 min, extracellular bacteria were removed by
washing and cells were incubated further for 3 éllsCwere processed for western
blotting using anti-RANKL, Slug, vimentin, totat@SK & P-GSK-3B. Actin was
used as a control for equal loading. Results gpeesentative of two independent
experiments.
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Fig. 5.8.1 Confocal laser microscopy image of whole-motistaining of mouse
Peyer's patch FAE (n = 10).Five C57/BL6 mice were infected withS.
Typhimurium SL1334 and C57/BL6 miceith a sopB mutant ofS. Typhimurium
SL1334 for 90 min. (A) the Peyer’'s patches werdaiga from the rest of the
intestinewashed, fixed, stained for GP-2 (green) and a¢anréd 647nm (blue). Z-
stack images of the FAE of individual PP folliclesere obtained using LSM5
confocal microscope (Zeiss). (B) The number of G€x@ressing cells per follicle
were increased significantly in wildtyg Typhimurium infection whereas there was
no increase with thé sopBS. Typhimurium mutant.
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Fig. 5.8.2 Elevateddiaminobenzidine (DAB) enhanced Prussian blue staing in
mice Peyer’'s patch FAE sections (n = 10)Af Five C57/BL6mice were infected
with S. Typhimurium SL1334 and other Five C57/BL&enwith sopB mutant, S.
Typhimurium SL1334 for 90 min. The Peyer’s patcivese isolated from the rest of
the intestine. The cryospecimens were cut infoyBthick sections and subjected to
DAB staining using anti-slug antibody (MaterialsMethods). Slug expression was
increased significantly with wildtype S. Typhimumuinfection where as there was
no effect whem\sopBS. Typhimurium was used. The Slug expression weasored
as % of area of DAB staining compared to the tstaining on the slide using imagJ
software. The images were acquired using a lasarddon E800 Microscope.
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5.8 S. Typhimurium increases the number of M cell in mice through
activation of slug expression

To investigate whether SopB is important ®r Typhimurium mediatedn vivo
induction of M cells; murine ligated loops were dofed with wildtype S.
Typhimurium or asopB mutant strain AsopB. To quantify any change in M cell
numbers PPs from respective infected mice were inmrstained as whole tissue
mounts and counted for expression of GP2 posiths.cUnlike SopB mutant strain
the number of GP2 expressing cells significantlyréased during infection with the
WT S. Typhimurium strain(Fig. 5.8.1 A & B).

Following on fromin vitro studies that identified transcription factor Sl be
central to epithelial - M cell transformations, wgamined for any change in its
expression in infected murine tissue sections & BRMunohistochemistry analysis
demonstrated a statistically significant increas&lug expression in tissue sections
from mice infected with WT strain but not with thaft SopB mutant straim\&opB)
(Fig.5.8.2 1 &l).

5.9 Discussion

Studies have suggested that microbes sucB.dyphimurium andStreptococcus
pneumoniaecan induce either increased number of M cellsA KSavidgeet al,
1991; Borghesket al, 1999; Meynellet al, 1999), or increased trancytosis activity
with constant number of M cells (Gebeat al, 2004) raising the possibility that
microbes may drive enhanced M cell number/ actiwitya RANKL dependent
manner. To follow up this hypothesis | set out mvestigate molecular basis to
microbial driven increase in M cell number. To tleed time course conducted
infection studies with wild typé&s. Typhimurium and examined for expression of
RANKL and members of Wnt pathway includingscatenin, Slug and vimentin,
associated with EMT. The finding confirmed a tengbamcrease in expression of all
these factors both at the transcript and proteielse

To this end | compared the effect of viable verbaat inactivated and wild type
versus SPI-1 mutar8. Typhimurium strains on the expression of RANKLdaA/nt

pathway proteins includin@;catenin, Slug and vimentin, associated with EMAIST
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work results confirmed that the fact ttf&fTyphimurium up-regulateg- catenin and
its target genes, | set out to test up-stream coeus that could have direct
increasedB-catenin expression. Cytosolfscatenin, a known target for GSK3
phosphorylates and thereby marks the protein fagquidnylation and subsequent
proteosomal degradation (Behrens, 2000), resultmgts inability to stimulate
TCF/LEF transcription factors. GSR3inhibition, through its phosphorylation at
Ser-9 by Akt kinase (Cros al.,1995), could therefore, lead to increagechtenin.
To test if S. Typhimurium mediated increasdd catenin expression depended on
GSK33 activity, protein lysates frons. Typhimurium infected epithelial cultures
were compared for active and inactive forms of GEK®&/estern blot analysis of
protein lysates revealed an induction of G8KSer-9 phosphorylation by the
wildtype strain but not bgopBmutant strain (Fig. 5.5.5). These data suggestsStha
Typhimurium in a SopB-dependent manner inhibits Ggkand hence the increased
B-catenin and its downstream TCF/LEF mediated taggeies, including vimentin
and Slug, both of which are critical in EMT. To @stigate whether SopB can
directly controlp-catenin activity, central to EMT, Caco-2 cells weo- transfected
with luciferase reporter plasmid containing wilgo¢y(TOP Flash) or mutated (FOP
Flash) LEF/TCF binding sites and PCR3 plasmid esging SopB. The firefly
luciferase activity was normalised relative to Haniuciferase activity. As shown in
Fig. 5.5.6, SopB directly regulates luciferase\aigtiwith in 48 h post-transfection
(fold compared with Fop Flash). LiCl, a known aatior of B-catenin signalling
(Stambolicet al.,1996), was used as a positive control.

The presence of putatives elements for Lef-1, in bovine SLUG gene promoter
raised the possibility that Lef-1 may be implicatedthe modulation of SLUG
expression as previously demonstrated in otheriepetich as human and chicken
(Lambertiniet al.,2010). We hypothesised for SopB to activate SLUABdcription
perhaps iNNF-xB dependent manner as shown previously (5i§.8). The bovine
SLUG promoter sequence was cloned upstream ofubedporter gene in the pGL3
basic vector and tested in Caco-2 cells on actimally SopB. As shown in Fig.
5.5.8, transient transfection with SopB resultecamincrease in SLUG luciferase
activity relative to the cell co-transfected witlCR3 and SLUG luc-construct,

demonstrating for a direct role for SopB in actieatof transcription factor SLUG.
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GSK33 a known target for PI3K/Akt kinases (Doble & Woedy 2003),
phosphorylates and marks cytosdbiecatenin for ubiquitinylation and subsequent
proteosomal degradation (Behrens, 2000), as weltepsess NReB dependent
expression of certain target genes, like Snaib@ated with EMT (Bacheldegt al,
2005). To identify up-stream regulators and to sonthat GSK3 plays a role ir5.
Typhimurium-induced up-regulation @fcatenin, we infected cells in the presence
of pharmacological inhibitors specific to signafjipathways, nuclear factokB,
phosphoinositide 3-kinase (PI3K)/Akt pathways, imiaot in regulating GSK8and

its target substratesBovine rectal epithelial cells before th®. Typhimurium
infection were pre-treated with a panel of follog/imhibitors: LY294002 (5@M),

an inhibitor of PI3K pathway; SN50, an inhibitor NF«B pathway (5@M), Akti-
1/2, an allosteric inhibitor of Aktl and Akt2 isamgs(20 um) ; MG132 (10 um),
proteosome inhibitor and SB415286 (p®1) GSK-3 inhibitor. None of these
inhibitors showed any effect on viability & Typhimurium As seen in Fig5.7.1
pre-treatment with SN50, LY294002 and Akti-1/2 iitors suppressefl-catenin,
while SB415286 and MG132 elevated its levels Sn Typhimurium infected
epithelial cells suggesting a role for G§Ki& S. Typhimurium mediated regulation
of B-catenin. The results suggest that the suppressed3ts activity had an
enhanced cascade effect on downstreutatenin/TCF/LEF mediated targets,
including RANKL, vimentin and Slug (Figh.7.1), which are defining proteins in
EMT.

These findings provide evidence for a unified siimg mechanism driven by
convergence of GSKBregulated signalling molecules that confer actjoisiof the
mesenchymal phenotype and in this instance triggpithelial to M cell
transformationS. Typhimuriummediated GSK-3 beta suppression is central to EMT

and S.Typhimuriumregulates beta-catenin in a GSK 3 beta dependanhen.
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6. Receptor activator of nuclear factor kappa-B ligand (RANKL) induces

transformation of intestinal epithelial cells i to antigen-sampling M cells

6.1 INTRODUCTION

Mucosal-associated lymphoid tissue, a major compant of the immune system
that operates at the mucosal level, is presentugiimaut the intestine either as
isolated lymphoid follicles or as lymphoid follickggregates such as Peyer’s patches
in the small intestine. The lymphoid tissue is safw from the intestinal milieu by
the follicle-associated epithelium (FAE) composddhomerous enterocytes and a

relatively small number of highly specialized Misel

Epithelial cells usually exist as sheets of imnaptilightly packed, well-coupled,
polarized cells with distinct apical, basal anétat surfaces. Remarkably, these cells
can dramatically alter their morphology to becomeotilm, fibroblast-like
mesenchymal cells in a process of epithelial-mdsgnal transition (EMT). This
process and the reverse, mesenchymal-epitheligiti@n, occur repeatedly during
normal embryonic development. A phenomenon simitarphysiological EMT
occurs during the pathophysiological progressioaashe cancers (Geiger & Peeper,
2009) .

The TNF superfamily member receptor activator okNB-ligand (RANKL) recptor
RANK is selectively expressed by subepithelial siabcells in PP domes (Knoa
al., 2009). It has also been reported that it coulddmeted within villus epithelium
(Knoop et al, 2009). it is essential for the formation of folé associated M cell as
the mice mutant in RANKL or using of Ab-mediatedutralization of RANKL in
adult wild-type mice markedly eliminated most PPcBlls. RANKL also has been
shown to be essential for M cell survival (Knoetpal, 2009). RANKL acts through
its specific receptor (RANK) and plays an importdetvelopmental role in multiple
tissues. it is important for development of lympbdas and osteoclast so its
deficiency lead to absence of lymph node and makaor skeleton (Kongpt al.,
1999)
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6.2 RESULTS

Following recent publication on RANKL as one of thetical factors controlling
differentiation of M cellsin vivo, we set out to test if RANKL could be used as a
supplement to induce M cell phenotype in a primapythelial cell culture model
system. With the knowledge that interaction of stiteal crypts with their specialized
microenvironment or “niche” is critical for theiramtenance and differentiation
vivo, we hypothesized that primary intestinal epitHadills isolated from different
regions of the gut, may vary in their responseRANKL. To test these hypotheses,
epithelial crypts isolated from lymphoid follicl&K) dense bovine terminal rectum,
follicular associated crypts (FACs) or LF deficigmbximal rectum were cultured in
the presence of purified RANKL. RANKL-treated emilial cells in these two
culture systems were compared for phenotypic andtional characteristics of M
cells.

Ultrastructural studies on proximal and terminalvibe rectal tissue revealed
morphologically distinct crypt populations at theseo sites (Fig6.2.1 B & C).
Unlike crypts with apical round fissure in proxinmattum, most crypts in the follicle
dense terminal rectum, exhibited longitudinal fresmorphologically alike “Dome
Associated Crypts” previously identified as soufee M cell progenitors in mice
Peyer’s patches (Gebeat al, 1999). Geberet al. (1999) demonstrated that “Dome
Associated Crypts” associated with lymphoid fo#glare distinct from ordinary
intestinal crypts in size, shape, cellular composjtand location and represent a
sub-population of cells predetermined as M celfefgeattaining their morphological
and functional features. We hypothesized that h€d~=in our culture model system
represent “Dome Associated Crypts” composed ofraissubset of predetermined
FAE and M cell precursors or cells in transitiogtdges, that following appropriate
immune stimuli, like RANKL, can differentiate infanctional M cells.
Immunofluorscent staining for vimentin, a known kearfor FAC and FAE in cattle
revealed that a subset of crypts and epithelid$ eetre stained positive for vimentin
in the primary cell cultures from terminal rectukid. 3.2.8a chapter 3). The cells in

culture express pan-cytokeratin, as a marker fiheljum (Fig. 3.2.8a chapter 3)
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By western blotting the cells cultured from both@And OC were comparable in
expression for RANKL receptpr RANK, vimentin anditbplial specific markers,
tubulin and E-cadherin (Fig. 6.2.1D).

RANKL-treated epithelial cells in these two cultusgstems were compared for
phenotypic and functional characteristics of M elhtermediate filament protein
vimentin is a known marker for follicle associatggithelium (FAE) and M cells in

cattle and rabbit (Meyneét al, 1999) and cattle (Mahajaat al, 2005).

S. Typhimurium typically targets M cells as portal efhtry to translocate across
intestinal epithelium. Bacterial trafficking acrasgestinal epithelial cells is applied
as anin vitro functional assay to measure M cell activity inteté. RANKL- treated
epithelial cells that were specifically culturedrfit FACs demonstrated an increased
(i) expression of vimentin protein (Fig.2.2) as well as number of vimentin
expressing cells (Fig. 6.2.3)S. Typhimurium translocation across epithelial cells
and their intracellular uptake in kanamycin pratattassays (Fig. 6.2.4) confirming
a change in both the cellular phenotype and thetiommal attributes that resemble to
M cells in the bovine host (Czerkinskyal.,1999).

Following a recent work that reported RANKL asstoi with epithelial-
mesenchymal transition (EMT) (Odero-Marah al, 2008).We hypothesised that
RANKL mediated increase in M cell specific markeddunction expression of M
cell specific marker, vimentin, and increased yphimurium translocation across
RANKL-treated cells might as well be due to RANKEpendent transformation of
a specific subset of epithelial cells in cultungo a cell type that phenotypically and
functionally resembles specialised antigen samplMgcell. To follow this
hypothesis we analysed RANKL-treated cultures fbe texpression of the
transcription factor Slug that has previously bassociated with RANKL mediated
epithelial transformation (Knooget al, 2009). Indeed, in our culture models
RANKL induced expression of Slug (Fig. 6.2.2), dpeally in epithelial cells
cultured from FACs is suggestive of similar meckars underlying RANKL

mediated transition of a subset of intestinal egi#h cells in to M cell phenotype.
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To determine molecular mechanisms underlying RANKbtediated cellular
transformation we hypothesised for a potential wil&F«B and Wnt/beta-catenin,
the known upstream signalling activators of EMThseription factor Slug (Saegusa
et al.,2009). To test this hypothesis BRE cells, treatétd RANKL in presence of
pharmacological inhibitors specific to each of #thesignalling pathways, were
examined for expression of vimentin. Indeed, in gresence of NKB inhibitor
SN50 and beta-catenin inhibitor FH535, the RANKLema¢ed enhanced Vimentin
expressions were suppressed whilst in presenpeotfosomal inhibito{(MG132) its
protein levels were elevated (Fig. 6.2.5). To exeawhether RANKL regulates slug
and vimentin promoter activity as well to determitiee underlying signalling
mechanisms, intestinal epithelial cells transfecigith respective lucifrase reporter
constructs were tested for their activity in preseiof pharmacological inhibitors
specific to NKB and B-catenin signalling pathways. As seen in Fig. 6.pu&-
treatment of RANKLtreated epithelial cells with inhibitors SN50 andH335
suppressed while GSKB3inhibitors (SB415286 and LiCl), enhanced SLUG and
Vimentin promoter activity. Together, these resaliggest a role for both MB and
Whnt/beta-catenin signalling during RANKL mediatedrease in Slug and vimentin
expression, the classical EMT markers.

Further, we reasoned that the enhanced uptakemsidcation ofS. Typhimurium
across RANKL-treated epithelial cells is due tohargge in an epithelial cell subset
to M-like cell phenotype thaS&. Typhimurium is known to preferentially target
during invasion of intestinal epithelium (Clagk al, 1994). RANKL signals through
its receptor RANK (receptor activator of KIB) and a downstream pathway that
involves tumer necrosis factor (TNF) receptor asded factor 6 (TRAF6) and the
activation of NikB. RANKL-RANK interaction can be blocked by Osteoggerin
(OPG), a decoy receptor for RANKL. To determinecsigty of RANKL as well
the consequent B signalling in inducing M cell phenotyp&. Typhimurium
translocation studiegn vitro functional assay for M cell activity were done in
presence of OPG and KB inhibitor SN50. Indeed, in presence of both these
inhibitors, the RANKL mediated enhanced translawatof S. Typhimurium was
significantly reduced (Fig. 6.2.7). Thus, suggestm role for RANKL mediated
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NFkB dependent factors in enhanci@glyphimurium translocation across epithelial
cells.

The results so far suggest a role for RANKL in iciclg epithelial transformation
which is restricted to a sub set of cells cultuspdcifically from FACs and not from
the OCs. We reasoned that the observed distifettefof RANKL on epithelial
cells cultured from these two crypt types may beabese of differential expression of
epithelial molecules critical to RANKL mediatedgsalling. To this end we
screened epithelial cells from both culture systdarsexpression of RANK, the
RANKL receptor, and Relb, one of the KB transcription factors, required for
RANKL mediated cellular/ osteoclast differentiativiaira et al, 2008). Although
RANK was expressed by epithelial cells in both wdt model systems, the RelB
expression was limited to cells cultured from FADdy.

Unlike other members of NdB, RelB has a much more restricted tissue distiobut
(Fig. 6.2.8) including FAE (Yilmazet al, 2003). RelB plays a critical role in
constitutive expression of MB regulated genes in lymphoid organs and its
deficiency has been associated with multiple lynigplevgan defects (Vairat al,
2008) including the absence of Payer’'s patchebn@4 et al, 2003). We postulate
that a subset of epithelial cells in FAC culturgst express RelB, on exposure to
RANKL differentiate into fully operational M cells.

To further investigate role of RelB in inducing RKN-mediated cellular
transformation, RelB was depleted by siRNA knockdows speculated RelB K/O
epithelial cells were only partly responsive to RANand as a consequence showed
limited effect on expression of Slug and vimenting( 6.2.9a) and. Typhimurium
translocation across epithelial cells (Fig. 6.2.9)ese experiments confirm RelB as

one essential factor critical to RANKL- mediated
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Fig. 6.2.1 Characterisation of proximal and termindrectal epithelial cells.

Bovine rectal tissue fixed in 70% (V/V) acetic atadshow lymphoid dense area in
the terminal rectum (A). SEM images of intestinglpts at the bovine rectum (B-
C). Proximal rectal crypts (ordinary crypts, OCithwcentral round fissure are
structurally distinct from crypts with longitudinissure (follicular associated crypts,
FAC) at the lymphoid follicle (grey nodules) densevine terminal rectum. (D)

Immunblot analysis of cells cultured from proxinzadd terminal rectal crypts. Five
day old cultures were lysed using protein lysat&fdouand protein lysates were
collected (materials and methods).The samples aeedysed by immunoblotting

using anti-RANK, e-cadherin, vimentin and Tubulimtibodies as indicated. Actin

was used as a control for equal loading.

185



Results Chapter 6
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Fig. 6.2.2Effect of RANKL on primary intestinal epithelial cells. Proximal and
terminal rectal epithelial cells primed with RANK&t100 ng/ml for 5 days were
stained for Slug and Vimentin. The immunoblotmembsawere stripped and re-
probed with an anti-actin antibody. The results reqgresentative from one of two
independent experiments
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Control RANKL

Slug

Vimentin

Fig. 6.2.3 RANKL induces the expression of Slug and Vimentin ibovine rectal
epithelial cell. Heterogeneous population of epithelial cells irrianpry cell culture
from the bovine terminal rectum were isolated anttuced on glass cover slips
(materials and methods). Epithelial cells were batad overnight with RANKL
(100ng/ml). The cells were fixed and permeabilige@ % ( v/v) formalin/ 0.2%
(v/v) Triton X-100. The cells were analysed for &land vimentin expression and
localisation in cellular compartments by immunosflescence staining. Slug (A&B)
(red) primarily localised at the nucleus in conteells and following exposure to
RNKL, Slug expression was increased and localised the cytoplasm.
(C&D)Vimentin (red) and nucleus (blue). Increasexpression of Vimentin in
RANKL treated cells is seen as speckled stainiimgages were acquired using Zeiss
Axiovert, objective xx63. The results are repreatwe¢ from one of 2 independent
experiments
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Fig. 6.2.4 RANKL primed cells were used foS. Typimurium internalization (A)
and trancytosis (B) studies — in vitro M cell funcional assays.

Heterogeneous population of epithelial cells inienpry cell culture from the bovine
proximal & terminal rectum were isolated and cudtion 6 well and transwell plates
(materials and methods). Cells were challenged Siffyphimurium as explained in
materials and mehthods. (A) The bacteria was irtegbwaith the cells at 3T, 5%
CO, for 30 min; the bacteria was removed and the sedlse washed 3 times with
PBS and treated with kanamycin (73@'ml) for 3 h. (B) Epithelial cells in the upper
chamber of the transwell were challenged wigh Typhimurium as explained in
materials and mehthods for 30 min and the bacteeige collected from the lower
chamber, serially diluted and plated.*** p<0.0latere to the control. The results
are representative from one of 3 independent exers
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RANKL = 4 + + P
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Fig. 6.2.5 RANKL induces vimentine expression invees NFkB and Wnt
signalling pathways. Terminal rectal epithelial cells were treated 2dr hours with
RANKL in the presence or absence of SN50 @B-peptide inhibitor), MG132
(proteosomal inhibitor) 1@M and p -catenin inhibitor (FH35) 1@M. The protein
concentrations of vimentin were analysed by Wesk#otting using antibodies as
indicated (Materials & methods). The results arpresentative from one of 2
independent experiments
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Fig. 6.2.6 Vimentin and Slug promoter transcription activity is suppressed in
the presence of NR<B peptide inhibitor (SN50), Beta catenin inhibitor
(FH535), but not by the GSK-3 inhibitor SB 415286.SLUG and Vimentin
promoter constructs, inserted in pGL3 plasmid, vweréransfected in to the Caco-2
cell lines with a pRTK-Luc (Promega), to normalizensfection efficiency.
100ng/ml of RANKL was added 48 hr post transfectitmgether with 5QuM for
SN50 NF«B peptide inhibitor and GSK-B inhibitor, SB 415286f -catenin/Tcf
inhibitor, FH535 1QuM or LiCl 10 mM final concentration as control ptxge. Cells
were harvested and lysed 15 hr later and Firefifduase (Luc) and Renilla
Luciferase (RLuc) activities were measured by usheyDual Luciferase Reporter
Assay System (Promega). Data are represented asveelluciferase activity
(normalized to RLuc activity), and are represemttiof two independent
experiments. * p<0.05 relative to the control Theygbars represent the slug
promoter a while the black bars represent the Vimepromoter transcriptional
activity.
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Fig. 6.2.7 RANKL-dependent induced increased. Typimurium trancytosis in
terminal rectal epithelial cells was significantlyreduced in presence of RANKL
decoy receptor OPG and NR«B peptide inhibitor SN50. Heterogeneous
population of epithelial cells in a primary celllttwe from the bovine terminal
rectum were isolated and cultured on 6 well pl{teaterials and methods). OPG
50ng/ml and 5QuM of SN50 (NF«B peptide inhibitor) was added to five day old
Terminal BRE cells 15 hour before challenging wthTyphimurium. The bacteria
was incubated with the cells at°87 5% Ca for 30 min. in presence of both these
inhibitors, the RANKL mediated enhanced translagatof S. Typhimurium was
significantly at p<0.05 relative to the controldamre representative of three
independent experiments.
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Proximal Terminal

RANK

RelB

Fig. 6.2.8 RelB expression is limited to terminal ectal epithelial cells.
Heterogeneous population of epithelial cells in rampry cell culture from the
bovine proximal and terminal rectum were isolated aultured on 6 well plates
(Materials and Methods). Five day old cultures whmged using protein lysate
buffer. The protein lysates were collected (Materand Methods). The samples
were analysed by immunoblotting using anti-RANKJBRprimary antibodies. RelB
expression is limited to terminal rectal epithetialls. The immunoblot-membranes
were stripped and reprobed with anti-actin antibollye results are representative
from one of 2 independent experiments
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Fig. 6.2.9a RANKL induced expression of Slug and Vimentin irbovine rectal
epithelial cell through activation of transcription factor RelB. Heterogeneous
population of epithelial cells in a primary celllewe from the bovine terminal
rectum were isolated and cultured on 6 well plétdsterials and Methods). Five day
old the cells were double transfected with two s¥tselB siRNA (Materials and
Methods). 48 h later control amellB (siRNA) transfected rectal epithelial cells were
treated with RANKL (100ng/ml) for overnight. Whotell extracts were immuno-
detected for Slug and Vimentin. The same membraaesiripped and reprobed with
anti-actin antibody. The results are representafroen one of 2 independent
experiments.
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Fig. 6.2.9b RANKL dependent increasedS. Typimurium trancytosis was
significantly reduced in the presence ofrelB (SiRNA) rectal epithelial cells
Heterogeneous population of epithelial cells irienpry cell culture from the bovine
terminal rectum were transfected with RelB siRNA.Hlater it was incubated with
RANKL 100ng/ml overnight. The cells were challengetth S. Typimurium at
37°C, 5% Ca for 30 min. RelB siRNA treated and control nonnsfectd cells
showed a significant reduced trancytosis activiy S. Typhimurium comparable
with RANKL treated cells. Results are presentedps6.05 relative control. The
results are representative from one of 3 indeperelgreriments.
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signalling as it has been shown previously duritsgrole in RANKL-dependent
osteoclast differentiation (Vairet al, 2008).

Tissue specific expression of RelB may explain datinct effects of RANKL on
primary epithelial cells cultured specifically froRACs. Earlier demonstrated that
“‘Dome Associated Crypts” associated with lymphoidllicles are distinct from
ordinary intestinal crypts in size, shape, cellutamposition, and location and
represent a sub-population of cells predetermireedlecells before attaining their
morphological and functional features (Gebert avitbagues1999).

Together these results suggest that the FACs ircolture model system perhaps
represent “Dome Associated Crypts” composed ofrdissub-sets of predetermined
FAE and M cell precursors or probably cells in siional stages, that following
appropriate immune stimulus, in this instance RANKdan differentiate in to
functional M-cell phenotype. RANKL in NéB and Wnt/ -catenin dependent
manner activate transcription factor Slug, typicalissociated with EMT that

transforms a specific subset of epithelial cellgiM like cells.

6.3 Discussion

Despite the basic functional and ultra structuealt@ires of M cells known for over
30 years (Owen & Jones, 1974), some basic aspédit aell biology, including
their origin and differentiation, are still uncle@rebate continues on whether M cells
are a distinct lineage arising directly from crgpeém cells or can instead arise from
normal FAE enterocytes with the plasticity to tdfans in to M cells in presence of
certain stimuli, whether they could arise from aaty intestinal crypts or their
formation is restricted to specialised follicle/denassociated crypts within the
lymphoid dense intestinal tissue. M cells have bdeaumented primarily in the
FAE and occasionally on villous epithelium (Borgheisal, 1999; Jangt al, 2004).
Specific factors released from lymphoid tissue bé&md-AE have the potential to
induce M cell differentiation in the FAE and proradheir function of antigen uptake
(Kerneiset al, 1997; Machet al, 2005). Recent work by identified RANKL as one

such critical factor controlling differentiation d#l cells (Knoopand colleagues
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2009). M cell deficit in RANKL-null mice was corrd by systemic administration
of exogenous RANKL and antibody-mediated neutrabsaof RANKL in adult
wild-type mice significantly reduced M cell numberdHowever, specific
mechanism(s) underlying RANKL mediated M cell difietiation has not yet been
elucidated. Using iwitro epithelial cell culture model system it has beenficmed
seminal work of (Knoopet al, 2009), and confirmed a role for RANKL in inducing
M cell activity. This study hypothesised a role RANKL, a known inducer of
EMT, in transforming a subset of epithelial celis ¢ulture to a cell type that
functionally and phenotypically is identical to MIc This work provides evidence
that RANKL induces transcription factor Slug, cahto EMT, which perhaps drives
a subset of epithelial cells to a cell phenotypgadgl of M cell. Slug belongs to a
family of zinc-finger transcription factors thateagssential in promoting EMT, both
during defined stages of embryonic development gunthg early stages of cancer
progression (Canet al, 2000; Thieryet al, 2009). Slug in addition to many target
genes likemucin-1 collagen llalor MMP-2 (matrix metalloproteinase-2) (Guaih
al., 2002; Yokoyameet al, 2003; Martinez-Estradat al, 2006), up-regulates the
intermediate filament protein vimentin and C-mya(Get al., 2000) and represses
tight junctional proteins including E-cadherin a@thudin. Thus it can drive major
morphogenic changes in cellular architecture neédiedstablishment of a modified
cell phenotype with altered functional attributebere it is shown that RANKL
transforms a subset of epithelial cells to disghgjical features of M cells, such as
transcytosis activity, the disorganization of mighy and the expression of M cell

specific marker vimentin.

The finding of this study also demonstrate thataffect of RANKL in promoting M
cell phenotype is restricted only to intestinalptsycultured from LF dense terminal
rectum but not to the ones cultured from LF defitiproximal rectum. Perhaps
crypts cultured from LF dense rectum are the sjised Follicle associated crypts,
that previously have been associated with origioh de&velopment of M cells (Gebert
et al, 1999). One possibility is that FACs may haveeagitheen already programmed
or primed with specific cues from surrounding lyroghfollicles /microenviornment
to yield cell subsets alike M cells or FAE (Neugial, 2001). Possibly RANKL
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acts as a final trigger for these cells in transteracquire a fully differentiated and
functional M cell phenotype in culture. We iderddi RelB as a distinct, NkB
family member, protein that was constitutively eegged only in FAC cell culture.
RelB as one of the critical down stream mediatdrthe lymphotoxin-beta recptor
(LTBR) signalling is indispensable for PP developm#&filtr(az et al, 2003). Earlier
lymhotoxin has been reported as one essential ingakquired for development and
differentiation of FAE and M cells (Kraehenbuhl &edtra, 2000; Debard et al.,
2001), as well as for inducing expression of FAEedic chemokine CCL20
(Anderle et al, 2005). RelB- deficient mice display a complex mpdtype including
lack of lymhnodes, splenomegaly and multiple dsf@cimmune responses (Wesh
al., 2001). The fact that RelB is constitutively exgsed in FAC and FAE (Yilmaet
al., 2003; Wanget al, 2009) and is critical to RANKL-mediated alternvatiNFxB
signalling that is essential in inducing cellulaifetentiation (Vairaet al, 2008), |
tested if RelB is indispensable for RANKL mediatdcell differentiation in culture
in this work. Indeed, FAC epithelial cultures depteof RelB showed no effect of
RANKL on either expression of molecular markerduwnctional phenotype of cells.
Taken together, these results suggest that Rel&itisal for RANKL mediated
induction of epithelial - M cell transformation/ Kkell differentiation and perhaps
selective expression of RelB in FACs/FAE is onehsbasis for M cell formation is
restricted to specialised follicle/dome-associateghts within the lymphoid dense
intestinal tissue. However, this work does not mefiwhether RANKL/RelB
interaction provides lineage specificity to M gatecursors/progenitors in FACs or it
drives phenotypic and functional maturation of £dlready, committed to be M
cells.
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7. Final discussion and future work

EPEC and EHEC constitute a significant risk to harhaalth. EPEC is the cause of
severe infantile diarrhoeal disease in the devetppwiorld, while EHEC is an
emerging zoonotic pathogen primarily in industmali countries that causes
sporadic outbreaks of severe disease in humans. mbst important are
haemorrhagic colitis (HC), and haemolytic uremicndpme (HUS). The
chromosomal locus of enterocyte effacement (LEEhqugenicity island encodes a
type Il secretion system (TTSS) that translocategtiple effector proteins into host
cells. TTSS and the multiple effectors are impdrtanlonisation factors and
therefore presents as potential targets for vadoieeventions. In this study, | have
tried to further our understanding of the role gpE, a proline-rich repeat (PPRRS)
effector protein, in EHEC and EPEC pathogenesisudimg on allelic variants

between strains.

| have studied the role of EspF in the interacidrEHEC and EPEC strains with
murine macrophages and human-derived M cells. Fitims work, it was
demonstrated that in comparison to EspfFand Espbys the Espbisy variant was
significantly less effective at inhibiting phagoasis and also had a reduced capacity
to inhibit E. coli translocation through a human-derived in vitro 8tco-culture
system. One explanation for this might be an ireedaability of both the EPEC
0127 and EHEC 026 EspF variants to interact witinda Sorting Nexin-9 (SNX9)
and neuronal Wiskott - Aldrich syndrome protein\(WASP) that are known to play
an important role in endocytosis and phagocytdd@vever, these interactions are
unlikely to account for the finding that the EHEQ%T EspF was the most effective
variant at restricting bacterial uptake into andnsiocation through primary
epithelial cells cultured from the bovine terminakctum, the predominant
colonisation site of EHEC O157 in cattle and a sdptaining M-like cells. As there
are no significant differences in the sequenceshete two eukaryotic proteins,
SNX9 and N-WASP, between human and bovine hosts pgossible that other

unknown interactions with bovine host cell protemay play a role in phagocytosis
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and endocytosis and that these may differ betwesih $pecies leading to specific
evolution of the Espfys7variant for function in cattle.

To examine other possible interactions, Y2H scregmwith a human expression
library was initiated in collaboration with Profuekgen Haas at the University of
Edinburgh. The results from this study revealed tspF may interact with both
MAD2L2 and NFIC and future work needs to examinewhonportant such
interactions could be fdE. coli pathogenesis. It is known that tBaigellaeffector
protein, IpaB, interacts with MAD2L2 the (Mitoticpmdle assembly checkpoint
protein MAD2B). MAD2L2 normally interacts with an naphase-promoting
complex/cyclosome (APC) to progress the cell cymemally as MAD2L2 inhibits
APC functions. IpaB binding to MAD2L2 in this cas®C will stop the cell cycle
and prevent epithelial cell turnover. As cellulamover is a key way that bacteria
can be removed from the epithelium, then this &gtiwill promote bacterial
colonisation. | anticipate that EspF, through mieraction with MAD2L2, may have
a similar function so future work should be aimeduaderstanding the biological
importance of this interaction. Additional futureoskk could involve the generation
of a protein expression library from bovine inteatiepithelial cells and a study of
the interaction of these bovine host proteins \EgipF; with follow up studies on any
positive interactions. This work would further defithe molecular events preventing

EHEC uptake into bovine M cells.

Another key question is how important is this intaby activity to the colonisation
of cattle; is colonisation of the terminal rectumegiominately driven by the initial
interaction of EHEC O157:H7 with M-cells. Testiohan EHEC O15&spFmutant

should be carried out in cattle. This was to bet p#r my PhD but time,
administrative (GMO permission) and financial resions have prevented this.

The next area to consider if EspF is shown to biakis the value of its inclusion
in vaccine preparations to limit excretion of EHEX157 from cattle. An effective
vaccine is still required for use in cattle andsthiould limit financial loses in the

cattle industry and protect public health.
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The second key part of my research was about antggmpling M-cells; an
important component of the intestinal mucosa immsystem. The number of these
cells has been shown to be increased when epithedlls are challenged with
number of micro-organisms includir® Typhimurium. However no one has studied
the mechanisms underlying this differentiation legdto an increase in M cell
numbers. So in this study | aimed to study badtéaictors that my promote such a
phenomena. Specifically, | focused on pathwaysraetd cell differentiation which

| speculated to be modulated 8yTyphimurium. One of the salient findings was that
S Typhimurium effector protein SopB activates thetVypathway which leads to
cytosolic stabilization off-catenin. The stabilize@-catenin accumulates in the
cytoplasm and translocates to the nucleus and acta co-factor for TCF/LEF
transcription factor. Ondgcatenin binds to TCF/LEF it activates the transern of
wnt pathway proteins including Slug and Vimentitugsalso acts as a transcription
factor that induces transcription of vimentin amgresses the transcription of E-
Cadherin, a marker typical of epithelium. This le#&al the transformation of the cells
from epithelium to mesenchymal. It is known thairéntin is a marker of M cells in
rabbits and bovine species. Expression of vimaatanco-relate of EMT as well as a
marker for M cells across species including rabhitd bovine. Increased expression
of vimentin following bacterial challenge, theredpiperhaps represents the cellular
transformation of epithelial cells in to M cell ptaype in an EMT signalling
dependent manner. Associated with this, | have shtvat the cells expressing
vimentin in bovine intestinal epithelial primaribave an uptake function similar to

M cells.

It is know that RANKL (Receptor activator of nudeactor kappa-B ligand) is a
protein that can induce M cell ‘transformation’. Mgsults have shown th&.
Typhimurium effector protein SopB increased theregpion of RANKL at both the
transcriptional and protein levels. RANKL inducdt ttransformation of epithelial
cells to the M cell phenotype in bovine terminatte¢ primaries through the
activation of the NF-kBpathway, in particular through the RelB transcdptfactor.
This stimulates the transcription of the transaviptfactor Slug that stimulates the
transcription of Vimentin, the M cell phenotype e
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Taken together EspF is very important protein Eorcoli O157 colonisation at the
bovine terminal rectum that prevents its up takesvbcell. Salmonellaeffector

protein SopB plays a crucial role in convertindifnllar associated epithelium to the
antigen transporting M cell phenotype and theretoynoting bacterial translocation
across gut. The future work will investigate if aafythe EHEC effector proteins
have a function identical to SopB and thereby cowlduce transformation of

epithelial cells.

7.1 Concluding remarks

The esphois7 allele was significantly less effective at inhibg phagocytosis and
also had reduced capacity to inhiBitcoli translocation through a human-derived in
vitro M-cell co-culture system in comparisonéspkoi27 andespkogs  In contrast,
espFO157 was the most effective allele at restgctbacterial uptake into and
translocation through primary epithelial cells au#td from the bovine terminal
rectum, the predominant colonisation site of EHEQ5D in cattle and a site
containing M-like cells. Yeast-2-hybrid screeningsvused to identify additional
host proteins that may interact with EspF. The haap promoting complex
inhibitor, Mad2L2, and nuclear factor IC (NFIC) widentified from this screen.

The work focused on bovine rectal primary cell gtds interacting wittsalmonella
entericaserovar Typhimurium. The type Il secreted prot&opB, was required for
Salmonella to: (i) activate parts of epithelial teesenchymal transition (EMT)
pathway; (ii) transform a subset of epithelial sdth a cell type that phenotypically
and functionally resembles specialized antigen $ampM cells; (iii) induce
RANKL and downstream RelB dependentdif-signalling. The work suggests that
Salmonella may induce this cellular transformationpromote its invasion and

colonization of intestinal mucosa.
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S. Typhimurium

Terminal rectum

A,.»""l___lR AL (® phophorylation

Non-canonical NF-kB
signalling pathway

Fig. 7.1 Schematic diagram to define role of  S. Typhimurium dependent
activation of Wnt/ B-catenin pathway in induction of cellular
differentiation. S.Typhimurium in a SopB dependent manner activataskhase
(phosphorylation), that phosphorylates and inhili#SK-33, hence the increased
cytosolicB-catenin. The fre@-catenin binds to members of the T-cell factor (JCF
family of transcription factors (including LEF-1then translocates to the cell nucleus
and regulates transcription of RANKL, Slug, vimentand E-cadherin. SopB
dependent induction of Wifitlcatenin pathway is critical to trans-differentietiof
epithelial cells in to M cell phenotype in the boiterminal rectal “Follicle
Associated Crypt (FACSs)” - epithelial cells. It viksrby induction of RANKL that in

a RelB dependent manner triggers Slug and the dosams cellular trans-
differentiation. In the FACs- epithelial cells theént/B-catenin dependent changes in
Slug expression and the enhanced RANKL expressit® ia synergy to induce
cellular transdifferentiation. In the bovine prodmrectal “Ordinary Crypt”
epithelial cells in absence of RelB/ RANKL signadjithe Wnt/b catenin mediated
Slug activation of its own is not sufficient enougt induce the cellular trans-
differentiation.

202



References



References

References

Abe, A., De Grado, M., Pfuetzner, R. A., Sanchez 8klartin, C., DeVinney, R.,
Puente, J. L., Strynadka, N. C. J. & Finlay, B. B.(1999). Enteropathogenic
Escherichia colitranslocated intimin receptor, Tir, requires a #sjpechaperone for
stable secretiorMolecular microbiology33, 1162-1175.

Ackers, M. L., Mahon, B. E., Leahy, E. & other autlors (1998).An outbreak of
Escherichia coliO157: H7 infections associated with leaf lettuoasumption.The
Journal of infectious diseasé&37, 1588-1593.

Aepfelbacher, M., Trasak, C., Wiedemann, A. & Andor A. (2004). Rho-GTP
binding proteins in Yersinia target cell interactidhe Genus Yersini®5-72.

Aizawa, S. I. (1996).Flagellar assembly in Salmonella typhimuriuMolecular
microbiology19, 1-5.

Akashi, S., Joh, K., Mori, T. & other authors (1994. A severe outbreak of
haemorrhagic colitis and haemolytic uraemic syndramsociated witscherichia
coli 0157: H7 in JaparEuropean Journal of Pediatrickb3 650-655.

Alto, N. M., Weflen, A. W., Rardin, M. J. & other authors (2007).The type Ill
effector EspF coordinates membrane trafficking hoy $patiotemporal activation of
two eukaryotic signaling pathwayBhe Journal of cell biolog$78 1265-1278.

Anderle, P., Rumbo, M., Sierro, F., Mansourian, R.Michetti, P., Roberts, M. A.

& Kraehenbuhl, J. P. (2005). Novel Markers of the human follicle--associated
epithelium identified by genomic profiling and nodissection.Gastroenterology
129, 321-327.

Andrade, J. & DaVeiga, V. (1989)An endocytic process in HEp-2 cells induced by
enteropathogeniEscherichia coliJournal of medical microbiolog®8, 49-57.

Armstrong, G. L., Hollingsworth, J. & Morris Jr, J. G. (1996). Emerging
foodborne pathogengEscherichia coliO157: H7 as a model of entry of a new
pathogen into the food supply of the developed avdEbidemiologic Reviewss,
29-51.

Bachelder, R. E., Yoon, S. O., Franci, C., De Herres, A. G. & Mercurio, A. M.
(2005).Glycogen synthase kinase-3 is an endogenous fohilfi Snail transcription.
The Journal of cell biolog$68 29-33.

Badour, K., Zhang, J., Shi, F., Leng, Y., CollinsM. & Siminovitch, K. A. (2004).
Fyn and PTP-PEST-mediated regulation of Wiskottrisld syndrome protein
(WASp) tyrosine phosphorylation is required for ptig T cell antigen receptor
engagement to WASp effector function and T cellivation. The Journal of
experimental medicing99, 99-112.

203



References

Badour, K., McGavin, M. K. H., Zhang, J., Freeman,S., Vieira, C., Filipp, D.,
Julius, M., Mills, G. B. & Siminovitch, K. A. (2007). Interaction of the Wiskott—
Aldrich syndrome protein with sorting nexin 9 igjuéred for CD28 endocytosis and
cosignaling in T cellsProceedings of the National Academy of Scield@ds 1593-
1598.

BAI, Y., MURAGAKI, Y., OBATA, K., IWATA, K. & OOSHI MA, A. (1986).
Immunological properties of monoclonal antibodies tuman and rat prolyl 4-
hydroxylaseJournal of biochemistr§9, 1563-1570.

Barlow, R. S., Gobius, K. S. & Desmarchelier, P. M.(2006). Shiga toxin-
producingEscherichia colin ground beef and lamb cuts: results of a one-yealy.
International journal of food microbiology11, 1-5.

Barrios-Rodiles, M., Brown, K. R., Ozdamar, B. & oher authors (2005).High-
throughput mapping of a dynamic signaling netwarkriammalian cellsScience's
STKE307, 1621-1625.

Bauer, M. E. & Welch, R. A. (1996).Characterization of an RTX toxin from
enterohemorrhagiéscherichia colO157: H7 Infection and immunitg4, 167-175.

Baumler, A. J., Tsolis, R. M., Bowe, F. A., KustersJ. G., Hoffmann, S. &
Heffron, F. (1996). The pef fimbrial operon obalmonellaTyphimurium mediates
adhesion to murine small intestine and is necesiaryluid accumulation in the
infant mouselnfection and immunitg4, 61-68.

Baumler, A. J., Tsolis, R. M., Valentine, P. J., &ht, T. A. & Heffron, F. (1997).
Synergistic effect of mutations in invA and IpfC dhe ability of Salmonella
Typhimurium to cause murine typhoidfection and immunitg5, 2254-2259.

Baumler, A. J., Tsolis, R. M. & Heffron, F. (1996).The Ipf fimbrial operon
mediates adhesion ofSalmonell@yphimurium to murine Peyer's patches.
Proceedings of the National Academy of Sciencésedi/nited States of Ameri&s,
279-83.

Behrens, J. (2000)Control of Catenin Signaling in Tumor Developmehtnals of
the New York Academy of Scieng&§, 21-35.

Bell, B. P., Goldoft, M., Griffin, P. M. & other authors (1994). A Multistate
outbreak ofEscherichia coliO157: H7--associated bloody diarrhea and hemolytic
uremic syndrome from hamburgedsma272 1349-1353.

Bentancor, A., Rumi, M., Gentilini, M., Sardoy, C.,Irino, K., Agostini, A. &
Cataldi, A. (2007). Shiga toxin producing and attaching and effaddsgherichia
coli in cats and dogs in a high hemolytic uremic syn@roincidence region in
Argentina.FEMS microbiology letter267, 251-256.

204



References

Bernard, P. & Couturier, M. (1992). Cell killing by the F plasmid CcdB protein
involves poisoning of DNA-topoisomerase |l compleéd.. Journal of molecular
biology226, 735-745.

Bettelheim, K. A. 2000.Role of non-O157 VTECSymp. Ser. Soc. Appl. Microbiol.
29,38S-50S.

Beutin, L. (2006). Emerging enterohaemorrhagiescherichia coli,causes and
effects of the rise of a human pathogéournal of Veterinary Medicine Series5B,
299-305.

Bidet, P., Mariani-Kurkdjian, P., Grimont, F., Brah imi, N., Courroux, C.,
Grimont, P. & Bingen, E. (2005).Characterization oEscherichia coliO157: H7
isolates causing haemolytic uraemic syndrome inndgaJournal of medical
microbiology54, 71-75.

Bieber, D., Ramer, S. W., Wu, C. Y., Murray, W. J.,Tobe, T., Fernandez, R. &
Schoolnik, G. K. (1998).Type IV pili, transient bacterial aggregates, airdlence
of enteropathogeni€scherichia coliScience280, 2114-2118.

Bielaszewska, M., Janda, J., Blahova, K. & other ahors (1997). Human
Escherichia coli O157: H7 infection associated with the consumptioh
unpasteurized goat's milEpidemiology and infectiqr299-305.

Bodey, G. P., Fainstein, V. & Guerrant, R. (1986).Infections of the
gastrointestinal tract in the immunocompromisedepatAnnual review of medicine
37,271-281.

Boerlin, P., McEwen, S. A., Boerlin-Petzold, F., Wson, J. B., Johnson, R. P. &
Gyles, C. L. (1999). Associations between virulence factors of Shigainto
producingEscherichia coliand disease in humankurnal of Clinical Microbiology
37, 497-503.

Bolton, A. J., Osborne, M. P., Wallis, T. S. & Stepen, J. (1999).Interaction of
Salmonella choleraesuis, Salmonella Dublin &mmonella Typhimurium with
porcine and bovine terminal ileum in vivdicrobiology 145 2431-2441.

Booth, C., Patel, S., Bennion, G. & Potten, C. (199. The isolation and culture of
adult mouse colonic epitheliurgpithelial cell biology4, 76-86.

Borghesi, C., Regoli, M., BERTELLI, E. & NICOLETTI, C. (1996).

Modefications of the follecle associated epithelibynshort term exposure to a non
intestinal bacteriunmrhe Journal of patholog¥80 326-332.

205



References

Borghesi, C., Taussig, M. J. & Nicoletti, C. (1999)Rapid appearance of M cells
after microbial challenge is restricted at the mpieery of the follicle-associated
epithelium of Peyer's patchaboratory Investigation’9, 1393-1401.

Boucrot, E., Henry, T., Borg, J. P., Gorvel, J. P& Méresse, S. (2005)The
intracellular fate ofSalmonelladepends on the recruitment of kinesstience308
1174-1178.

Bourdet-Sicard, R. & Van Nhieu, G. T. (1999)Actin reorganization by SipA and
Salmonellanvasion of epithelial cellsTrends in Microbiology’, 309-310.

Boyce, T. G., Swerdlow, D. L. & Griffin, P. M. (19%). Escherichia coll0157: H7
and the hemolytic-uremic syndromidew England Journal of Medicin@33 364-
368.

Braun, P., Tasan, M., Dreze, M. & other authors (208). An experimentally
derived confidence score for binary protein-proteiteractions Nature methods,
91-97.

Braun, V., Wong, A., Landekic, M., Hong, W. J., Gristein, S. & Brumell, J. H.
(2010). Sorting nexin 3 (SNX3) is a component of a tubidadosomal network
induced by Salmonella and involved in maturationtleé Salmonella containing
vacuole Cellular Microbiology12, 1352-1367.

Brewster, D., Brown, M., Robertson, D., Houghton, G Bimson, J. & Sharp, J.
(1994). An outbreak ofEscherichia coliO157 associated with a children's paddling
pool. Epidemiology and infectiohl2 441-447.

Brumell, J. H., Tang, P., Mills, S. D. & Finlay, B.B. (2001).Characterization of
Salmonella induced filaments (Sifs) reveals a delayed inti#wac between
Salmonellacontaining vacuoles and late endocytic compartm&naffic 2, 643-653.

Brumell, J. H. & Grinstein, S. (2004).Salmonellaredirects phagosomal maturation.
Current opinion in microbiology, 78-84.

Brunder, W., Schmidt, H. & Karch, H. (1997). EspP, a novel extracellular serine
protease of enterohaemorrhadischerichia coliO 157: H 7 cleaves human
coagulation factor VMolecular microbiology24, 767-778.

Buchwald, G., Friebel, A., Galan, J. E., Hardt, W.D., Wittinghofer, A. &
Scheffzek, K. (2002)Structural basis for the reversible activatioradRho protein
by the bacterial toxin SopEhe EMBO Journa2l, 3286-3295.

Bujny, M. V., Ewels, P. A., Humphrey, S., Attar, N, Jepson, M. A. & Cullen, P.

J. (2008).Sorting nexin-1 defines an early phasesafmonellacontaining vacuole-
remodeling during Salmonella infectialournal of Cell Scienc#21, 2027-2036.

206



References

Burland, V., Shao, Y., Perna, N. T., Plunkett, G.Blattner, F. R. & Sofia, H. J.
(1998). The complete DNA sequence and analysis of thee langilence plasmid of
Escherichia coliO157: H7 Nucleic acids research6, 4196-4204.

Burnens, A., Frey, A., Lior, H. & Nicolet, J. (1999. Prevalence and clinical
significance of vero-cytotoxin-producingscherichia coli(VTEC) isolated from
cattle in herds with and without calf diarrhodaurnal of Veterinary Medicine Series
B 42, 311-318.

Bye, W., Allan, C. & Trier, J. (1984). Structure, distribution, and origin of M cells
in Peyer's patches of mouse ileu@astroenterologyg6, 789-801.

Campellone, K. G., Robbins, D. & Leong, J. M. (2004 EspFU is a translocated
EHEC effector that interacts with Tir and N-WASRlgsromotes Nck-independent
actin assemblyDevelopmental cell, 217-228.

Campellone, K. G., Roe, A. J., Lgbner-Olesen, A. &ther authors (2007).
Increased adherence and actin pedestal formation dgm-deficient
enterohaemorrhagiéscherichia coliO157: H7.Molecular microbiology63, 1468-
1481.

Cano, A., Pérez-Moreno, M. A., Rodrigo, I., Locasad, A., Blanco, M. J., del
Barrio, M. G., Portillo, F. & Nieto, M. A. (2000). The transcription factor snail
controls epithelial-mesenchymal transitions by espmg E-cadherin expression.
Nature cell biology2, 76-83.

Caprioli, A., Morabito, S., Brugére, H. & Oswald, E. (2005).Enterohaemorrhagic
Escherichia coli emerging issues on virulence and modes of tressan.
Veterinary researci36, 289-311.

Cavalieri, S. J., Bohach, G. A. & Snyder, |. (1984)Escherichia colialpha-
hemolysin: characteristics and probable role inh@génicity. Microbiology and
Molecular biology reviewd8, 326-343.

CDC (2011).Investigation update: Outbreak of Shiga toxin-pr@dg E. coli 0104
(STEC 0104:H4) infections associated with travebermany

CDC (1995)0utbreak of acute gastroenteritis attributable Bscherichia coli
serotype 0O104:H21-Helena, Montana, 19%MWR Morb Mortal Wkly Repl4,
501-503.

CDC (1996).Lake-associated outbreak B$cherichia coliO157:H7-lllinois, 1995. .
MMWR Morb Mortal Wkly Rep5, 437-439.

207



References

Celli, J., Olivier, M. & Finlay, B. B. (2001). Enteropathogeni&scherichia coli
mediates antiphagocytosis through the inhibitio? b8-kinase-dependent pathways.
The EMBO Journa20, 1245-1258.

Celli, J. & Finlay, B. B. (2002). Bacterial avoidance of phagocytosigends in
Microbiology 10, 232-237.

Chapman, P., Siddons, C., Cerdan Malo, A. & HarkinM. (1997).A 1-year study
of Escherichia coliO157 in cattle, sheep, pigs and poultBpidemiology and
infection119, 245-250.

Chapman, P. A. (2000).Methods available for the detection B§cherichia coli
0157 in clinical, food and environmental sampM&rld Journal of Microbiology
and Biotechnology6, 733-740.

Charlier, D. & Glansdorff, N. (2004). Escherichia colandSalmonellacellular and
molecular biology edited by R. Curtiss Ill.Washimgt DC: ASM Press.
http://www.ecosal.org.

Cheung, H. W., Chun, A., Wang, Q. & other authors 2006). Inactivation of
human MAD2B in nasopharyngeal carcinoma cells lgadshemosensitization to
DNA-damaging agent€ancer researclo6, 4357-4367.

Choy, M., Walker-Smith, J., Williams, C. & MacDonald, T. (1990).Differential
expression of CD25 (interleukin-2 receptor) on laanipropria T cells and
macrophages in the intestinal lesions in Crohrsgatie and ulcerative coliti&ut
31, 1365-1370.

Cirillo, D. M., Valdivia, R. H., Monack, D. M. & Falkow, S. (1998).Macrophage
dependent induction of the Salmonella pathogenistgnd 2 type Il secretion
system and its role in intracellular survivislolecular microbiology30, 175-188.

Clark, M., Jepson, M., Simmons, N., Booth, T. & Hist, B. (1993).Differential
expression of lectin-binding sites defines moustesitnal M-cells. Journal of
Histochemistry and Cytochemist#{, 1679-1687.

Clark, M., Jepson, M., Simmons, N. & Hirst, B. (199). Preferential interaction of
Salmonella typhimurium with mouse Peyer's patch M cellResearch in
microbiology145 543-552.

Clark, M., Hirst, B. H. & Jepson, M. A. (1998). M-cell surface beta 1 integrin
expression and invasin-mediated targeting of Y@asiseudotuberculosis to mouse
Peyer's patch M cellfnfection and immunit@6, 1237-1243.

Clarke, R., Wilson, J., Read, S. & other authors (294) Verocytotoxin-producing
Escherichia coli(VTEC) in the food chain: preharvest and procasgarspectives,

208



References

p. 17-24In M. A. Karmali and A. G. Goglio (edRecent advances in Verocytotoxin-
producingEscherichia coli
infections Elsevier Science, Amsterdam.

Clarke, S., Haigh, R., Freestone, P. & Williams, P.(2003). Virulence of
enteropathogenic Escherichia coli, a global pathoGénical Microbiology Reviews
16, 365-378.

Clarke, S. C. (2001).DiarrhoeagenicEscherichia col-an emerging problem?
Diagnostic microbiology and infectious dise&de 93-98.

Cobbold, R. & Desmarchelier, P. (2000)A longitudinal study of Shiga-toxigenic
Escherichia coli(STEC) prevalence in three Australian dairy herdsterinary
microbiology71, 125-137.

Coburn, B., Sekirov, I. & Finlay, B. B. (2007).Type Ill secretion systems and
diseaseClinical Microbiology Review&0, 535-549.

Corr, S. C., Gahan, C. C. G. M. & Hill, C. (2008) M cells: origin, morphology and
role in mucosal immunity and microbial pathogene$t&MS Immunology &
Medical Microbiology52, 2-12.

Crane, J. K., McNamara, B. P. & Donnenberg, M. S.2001).Role of EspF in host
cell death induced by enteropathogeBgcherichia coli Cellular Microbiology 3,
197-211.

Cravioto, A., Gross, R., Scotland, S. & Rowe, B. @9). An adhesive factor found
in strains ofEscherichia colibelonging to the traditional infantile enteropataoig
serotypesCurrent Microbiology3, 95-99.

Cross, D. A. E., Alessi, D. R., Cohen, P., Andjelkach, M. & Hemmings, B. A.
(1995). Inhibition of glycogen synthase kinase-3 by insuthediated by protein
kinase BNature378 785-789.

Czerkinsky, C., Anjueie, F., McGhee, J. R. & otherauthors (1999). Mucosal
immunity and tolerance: relevance to vaccine dguakent.Immunological reviews
170, 197-222.

Dahan, S., Busuttil, V., Imbert, V., Peyron, J. F.Rampal, P. & Czerucka, D.
(2002). Enterohemorrhagic Escherichia coli infection induces interleukin-8
production via activation of mitogen-activated giatkinases and the transcription
factors NF-{kappa} B and AP-1 in T84 cellafection and immunity0, 2304-2310.

Daniels, J., Autenrieth, I. B., Ludwig, A. & Goebe] W. (1996).The gene slyA of
SalmonellaTyphimurium is required for destruction of M celad intracellular
survival but not for invasion or colonization ofetimurine small intestinénfection
and immunity64, 5075-5084.

209



References

Dean, P. & Kenny, B. (2004).ntestinal barrier dysfunction by enteropathogenic
Escherichia coliis mediated by two effector molecules and a batesurface
protein.Molecular microbiologyb4, 665-675.

Dean, P., Maresca, M., Schiiller, S., Phillips, A. D& Kenny, B. (2006). Potent
diarrheagenic mechanism mediated by the cooperatagtion of three
enteropathogenid&scherichia cokinjected effector proteinsProceedings of the
National Academy of Sciences of the United Stdtésnerical03 1876-1881.

Dean, P., Scott, J., Knox, A., Quitard, S., WatkinsN. & Kenny, B. (2010).The
enteropathogenik. coli effector EspF targets and disrupts the nucleolus psocess
regulated by mitochondrial dysfunctidPLoS Pathogen8, 119-127.

Debard, N., Sierro, F., Browning, J. & Kraehenbuhl, J. P. (2001).Effect of
mature lymphocytes and lymphotoxin on the develapno¢ the follicle-associated
epithelium and M cells in mouse Peyer's patcBastroenterology 20 1173-1182.

Desvaux, M., Parham, N. J. & Henderson, I. R. (20Q03Le systeme de sécrétion
de type V chez les bactéries Gram-négatives searstistem of the gram negative
bacteriaBiofutur 237, 34-37.

Doble, B. W. & Woodgett, J. R. (2003)GSK-3: tricks of the trade for a multi-
tasking kinaseJournal of cell scienc&16 1175-1186.

Dong, N., Liu, L. & Shao, F. (2010)A bacterial effector targets host DH-PH
domain RhoGEFs and antagonizes macrophage phagsytoe EMBO journak9,
1363-1376.

Du, F. & Galan, J. E. (2009).Selective inhibition of type Il secretion actieat
signaling by thesalmonellaeffector AvrA.PL0oS Pathogens, e1000595.

Duffy, G. (2003). VerocytoxigenicEscherichia coliin animal faeces, manures and
slurries.Journal of applied microbiolog94, 94-103.

Dziva, F., van Diemen, P. M., Stevens, M. P., SmjtA. J. & Wallis, T. S. (2004).
Identification of Escherichia coliO157: H7 genes influencing colonization of the
bovine gastrointestinal tract using signature-talggeitagenesisMicrobiology 150,
3631-3645.

Dziva, F., Mahajan, A., Cameron, P., Currie, C., M&endrick, I. J., Wallis, T.

S., Smith, D. G. E. & Stevens, M. P. (2007EspP, a Type V secreted serine
protease of enterohaemorrhadischerichia coliO157: H7, influences intestinal

colonization of calves and adherence to bovine gmymntestinal epithelial cells.

FEMS microbiology letter&71, 258-264.

210



References

Edwards, P. R. and W. H. Ewing (1972)ldentification of Enterobacteriaceae.
Third edition

Echtenkamp, F., Deng, W., Wickham, M. E., VazquezA., Puente, J. L.,
Thanabalasuriar, A., Gruenheid, S., Finlay, B. B. &Hardwidge, P. R. (2008).
Characterization of the NleF effector protein frattaching and effacing bacterial
pathogensFEMS microbiology letter281, 98-107.

Eckmann, L., Rudolf, M. T., Ptasznik, A. & other auhors (1997). D-myo-

Inositol 1,4,5,6-tetrakisphosphate produced in hurmdestinal epithelial cells in
response toSalmonella invasion inhibits phosphoinositide 3-kinase sigmal
pathwaysProc Natl Acad Sci U S 94, 14456-14460.

El Bahi, S., Caliot, E., Bens, M., Bogdanova, A., &neis, S., Kahn, A.,

Vandewalle, A. & Pringault, E. (2002). Lymphoepithelial interactions trigger
specific regulation of gene expression in the M-cehtaining follicle-associated
epithelium of Peyer's patchde Journal of Immunolodgh68 3713-3720.

Elliott, S. J., Wainwright, L. A., McDaniel, T. K., Jarvis, K. G., Deng, Y. K., Lai,
L. C., McNamara, B. P., Donnenberg, M. S. & Kaper,J. B. (1998).The complete
sequence of the locus of enterocyte effacement LE&m enteropathogenic
Escherichia colE2348/69Molecular microbiology28, 1-4.

Elliott, S. J., Krejany, E. O., Mellies, J. L., Robns-Browne, R. M., Sasakawa, C.
& Kaper, J. B. (2001). EspG, a novel type Il system-secreted proteimfro
enteropathogenid&scherichia coliwith similarities to VirA of Shigella flexneri.
Infection and immunit@9, 4027-4033.

Elliott, S. J., O'Connell, C. B., Koutsouris, A., Binkley, C., Donnenberg, M. S.,
Hecht, G. & Kaper, J. B. (2002).A gene from the locus of enterocyte effacement
that is required for enteropathogertiischerichia colito increase tight-junction
permeability encodes a chaperone for Es$pfection and immunityQ, 2271-2277.

Emmerson, J. R., Gally, D. L. & Roe, A. J. (2006)Generation of gene deletions
and gene replacements Escherichia coliO157: H7 using a temperature sensitive
allelic exchange systerBiological procedures onling, 153-162.

Ermak, T., Steger, H. & Pappo, J. (1990)Phenotypically distinct subpopulations
of T cells in domes and M-cell pockets of rabbit-gssociated lymphoid tissues.
Immunology71, 530-537.

Ermak, T., Bhagat, H. & Pappo, J. (1994)Lymphocyte compartments in antigen-

sampling regions of rabbit mucosal lymphoid orgafke American journal of
tropical medicine and hygier®, 14-28.

211



References

Ermak, T. H. & Owen, R. L. (1986). Differential distribution of lymphocytes and
accessory cells in mouse Peyer's patchies.Anatomical Recor2il5 144-152.

Ermak, T. H., Dougherty, E. P., Bhagat, H. R., Kab&, Z. & Pappo, J. (1995).
Uptake and transport of copolymer biodegradableraspheres by rabbit Peyer's
patch M cellsCell and tissue resear@v9, 433-436.

Erwert, R. D., Eiting, K. T., Tupper, J. C., Winn, R. K., Harlan, J. M. &
Bannerman, D. D. (2003).Shiga toxin induces decreased expression of thie an
apoptotic protein Mcl-1 concomitant with the onsaft endothelial apoptosis.
Microbial pathogenesi85, 87-93.

Faith, N., Shere, J., Brosch, R., Arnold, K., AnsaysS., Lee, M., Luchansky, J. &
Kaspar, C. (1996).Prevalence and clonal nature Egcherichia coliO157: H7 on
dairy farms in WisconsirApplied and Environmental Microbiolo@2, 1519-1525.

Fan, X., Roy, E. M., Murphy, T. C., Nanes, M. S., Kn, S., Pike, J. & Rubin, J.
(2004). Regulation of RANKL promoter activity is associtewith histone
remodeling in murine bone stromal cellournal of cellular biochemistr93, 807-
818.

Farstad, I., Halstensen, T., Fausa, O. & Brandtzaed?. (1994).Heterogeneity of
M-cell-associated B and T cells in human Peyeitshas.Immunology83, 457-464.

Fey, P. D., Wickert, R., Rupp, M., Safranek, T. & Hnrichs, S. (2000) Prevalence
of non-0157: H7 shiga toxin-producirigscherichia coliin diarrheal stool samples
from NebraskaEmerging Infectious Diseas6s530-533.

Fields, S. & Song, O. (1989)A novel genetic system to detect protein-protein
interactionsNature340, 245-246.

Fivaz, M. & van der Goot, F. G. (1999)The tip of a molecular syring&rends in
Microbiology7, 341-343.

Frankel, G. and A. D. Phillips (2008)."Attaching effacing Escherichia coli and
paradigms of Tir triggered actin polymerizationttopg off the pedestal.”
Cellular Microbiology10,549-556.

Frankel, G., Phillips, A. D., Rosenshine, I., Dougg G., Kaper, J. B. & Knutton,
S. (1998). Enteropathogenic and enterohaemorrhagischerichia coli more
subversive elementdlolecular microbiology30, 911-921.

Frankel, G., Phillips, A. D., Trabulsi, L. R., Knutton, S., Dougan, G. &

Matthews, S. (2001)Intimin and the host cell--is it bound to end im {§)? Trends
in Microbiology9, 214-218.

212



References

Frauli, M. & Ludwig, H. (1987). Inhibition of fibroblast proliferation in a cultarof
human endometrial stromal cells using a mediumatomg D-valine.Archives of
Gynecology and Obstetri@1, 87-96.

Freeman, T., Bentsen, B., Thwaites, D. & Simmons,.N1995). H+/di-tripeptide
transporter (PepT1) expression in the rabbit imtestPfligers Archiv European
Journal of Physiolog$30, 394-400.

Frey, A., Giannasca, K., Weltzin, R., Giannasca, PReggio, H., Lencer, W. &
Neutra, M. (1996).Role of the glycocalyx in regulating access of noparticles to
apical plasma membranes of intestinal epithelidllscémplications for microbial
attachment and oral vaccine targetifigne Journal of experimental medicid&4,
1045-1059.

Friebel, A., H. lichmann, et al. (2001)SopE and SopE2 from Salmonella
typhimurium activate different sets of RhoGTPadeh® host cellJournal of
Biological Chemistry276, 34035-34040.

Fromont-Racine, M., Rain, J. C. & Legrain, P. (199). Toward a functional
analysis of the yeast genome through exhaustiventyboid screendNature genetics
16, 277-282.

Fu, Q., Jilka, R. L., Manolagas, S. C. & O'Brien, C A. (2002). Parathyroid
hormone stimulates receptor activator of NF B Igyaamd inhibits osteoprotegerin
expression via protein kinase A activation of cANMIBponse element-binding
protein.Journal of Biological Chemistr277, 48868-48875.

Fukushima, H., Hoshina, K. & Gomyoda, M. (1999)Long-term survival of Shiga
toxin-producing Escherichia coli 026, 0111, and Dibbovine fecesApplied and
Environmental Microbiology5, 5177-5181.

Galan, J. (1996).Molecular and cellular bases of Salmonella entitg ihost cells.
Current Topics in Microbiology and Immunolog§9, 43-60.

Galan, J. E. & Curtiss 3rd, R. (1991).Distribution of the invA,-B,-C, and-D genes
of SalmonellaTyphimurium among otheBalmonellaserovars: invA mutants of
Salmonella typhiare deficient for entry into mammalian cellkfection and
immunity59, 2901-2908.

Galan, J. E. & Zhou, D. (2000).Striking a balance: modulation of the actin
cytoskeleton by Salmonell®roceedings of the National Academy of Scier®des
8754-8761.

Galan, J. E. (2001).Salmonellainfections with host cellsAnnu Rev Cell Dev Biol
17, 53-86.

213



References

Gauthier, A., Puente, J. L. & Finlay, B. B. (2003)Secretin of the enteropathogenic
Escherichia colitype Ill secretion system requires components haf type Il
apparatus for assembly and localizatiorfiection and immunity1, 3310-3319.

Gebert, A., Rothkétter, H. J. & Pabst, R. (1994).Cytokeratin 18 is an M-cell
marker in porcine Peyer's patch€egll and tissue resear@v6, 213-221.

Gebert, A. (1997).The role of M cells in the protection of mucosaémbranes.
Histochemistry and cell biologh08, 455-470.

Gebert, A., Fassbender, S., Werner, K. & Weissferdt A. (1999). The
development of M cells in Peyer's patches is m@stli to specialized dome-
associated crypt&merican Journal of Pathologhys4, 1573-1582.

Gebert, A., Steinmetz, |., Fassbender, S. & Wendlait, K. H. (2004). Antigen
transport into Peyer's patches: increased uptakeobgtant numbers of M cells.
American Journal of Pathologh64, 65-72.

Geiger, T. R. & Peeper, D. S. (2009)Metastasis mechanismBiochimica et
Biophysica Acta (BBA)-Reviews on Cantégg 293-308.

Gerlach, R. G. & Hensel, M. (2007)Protein secretion systems and adhesins: the
molecular armory of Gram-negative pathogelmsernational Journal of Medical
Microbiology 297, 401-415.

Geue, L., Segura-Alvarez, M., Conraths, F., KucziusT., Bockemuhl, J., Karch,
H. & Gallien, P. (2002). A long-term study on the prevalence of shiga texin
producingEscherichia coli(STEC) on four German cattle farnipidemiology and
infection129, 173-185.

Giannasca, P., Giannasca, K., Falk, P., Gordon, J& Neutra, M. (1994).
Regional differences in glycoconjugates of intedtivM cells in mice: potential
targets for mucosal vaccinedmerican Journal of Physiology- Gastrointestinadan
Liver Physiology267, G1108-1121.

Giannasca, P., Giannasca, K., Leichtner, A. & Neutr, M. (1999). Human
intestinal M cells display the sialyl Lewis A argig Infection and immunitg7, 946-
953.

Gilles, C., Polette, M., Mestdagt, M., Nawrocki-Ral, B., Ruggeri, P.,
Birembaut, P. & Foidart, J. M. (2003). Transactivation of vimentin by -catenin in
human breast cancer celancer researcle3, 2658-2664.

Ginocchio, C. C., Olmsted, S. B., Wells, C. L. & Gan, J. E. (1994) Contact with

epithelial cells induces the formation of surfacppendages on Salmonella
typhimurium.Cell 76, 717-724.

214



References

Giron, J. A., Ho, A. & Schoolnik, G. K. (1991).An inducible bundle-forming pilus
of enteropathogeni€scherichia coliScience254, 710-713.

Giron, J. A. (2005). Role of flagella in mucosal colonizatio@olonization of
mucosal surface13-236.

Gorvel, J. P. & Meresse, S. (2001 Maturation steps of th8almonellacontaining
vacuole Microbes and infectio3, 1299-1303.

Grassme, H., Jendrossek, V. & Gulbins, E. (2001Molecular mechanisms of
bacteria induced apoptosi&spoptosis, 441-445.

Griffin, P., Olmstead, L. & Petras, R. (1990). Escherichia coliO157: H7-
associated colitis. A clinical and histologicaldjwf 11 casegsastroenterology9,
142-149.

Griffin, P. M. & Tauxe, R. V. (1991). The epidemiology of infections caused by
Escherichia coliO157: H7, other enterohemorrhadic coli, and the associated
hemolytic uremic syndrom&pidemiologic Reviewk3, 60-98.

Griffin, P. M. (1995). Escherichia coliO157: H7 and other enterohemorrhagic
Escherichia colilnfections of the gastrointestinal tragt39—-761.

Grille, S. J., Bellacosa, A., Upson, J., Klein-Szam, A. J., Van Roy, F., Lee-
Kwon, W., Donowitz, M., Tsichlis, P. N. & Larue, L. (2003).The protein kinase
Akt induces epithelial mesenchymal transition anoihnpotes enhanced motility and
invasiveness of squamous cell carcinoma li@ascer researcle3, 2172-2178.

Grimont, P. A. D. & Welll, F. X. (2007). Antigenic formulae of thesalmonella
serovars.9th editionWHO collaborating centre for reference and reseawoh
Salmonella, Institut Pasteur, Paris, France.

Grys, T. E., Siegel, M. B., Lathem, W. W. & Welch,R. A. (2005). The StcE
protease contributes to intimate adherence of eméenorrhagicEscherichia coli
0157: H7 to host celldnfection and immunity 3, 1295-1303.

Guaita, S., Puig, I, Franc , C. & other authors (R02). Snail Induction of
Epithelial to Mesenchymal Transition in Tumor Celis Accompanied by MUC1
Repression andZEB1 Expressiadournal of Biological Chemistry277, 39209-
39216.

Guiney, D. (2005).The role of host cell death iBalmonellainfections.Role of
Apoptosis in Infectignl31-150.

Gullberg, E. & Soderholm, J. D. (2006).Peyer's patches and M cells as potential

sites of the inflammatory onset in Crohn's diseAsmals of the New York Academy
of Scienced072 218-232.

215



References

Gunning, R., Wales, A., Pearson, G., Done, E., Costn, A. & Woodward, M.
(2001).Attaching and effacing lesions in the intestinésam calves associated with
natural infection withEscherichia coliO26: H11.The Veterinary Record48 780-
782.

Guttman, J. A., Samji, F. N., Li, Y., Vogl, A. W. & Finlay, B. B. (2006).Evidence
that tight junctions are disrupted due to intimdiacterial contact and not
inflammation during attaching and effacing pathog#action in vivo.Infection and
immunity74, 6075-6084.

Guttman, J. A., Kazemi, P., Lin, A. E., Vogl, A. W.& Finlay, B. B. (2007).
Desmosomes are unaltered during infections by titigcand effacing pathogens.
The Anatomical Record: Advances in Integrative Amat and Evolutionary Biology
290, 199-205.

Guy, R. L., Gonias, L. A. & Stein, M. A. (2000).Aggregation of host endosomes
by Salmonella requires SPI2 translocation of SsafR&involves SpvR and the fms—
aroE intragenic regiomMolecular microbiologyd7, 1417-1435.

Hall, G., Reynolds, D., Chanter, N., Morgan, J., Pagons, K., Debney, T., Bland,
A. & Bridger, J. (1985). Dysentery caused by Escherichia coli (S102-9)ailves:
natural and experimental diseageterinary Pathology Onling2, 156-163.

Hancock, D., Besser, T., Kinsel, M., Tarr, P., RiceD. & Paros, M. (1994).The
prevalence ofEscherichia coliO157. H7 in dairy and beef cattle in Washington
State Epidemiology and infectiohl3 199-207.

Hardt, W. D., Urlaub, H. & Galan, J. E. (1998). A substrate of the centisome 63
type IIl protein secretion system of Salmonellahippurium is encoded by a cryptic
bacteriophageProceedings of the National Academy of Sciencéseonited States
of America95, 2574-2579.

Hartland, E. L., Batchelor, M., Delahay, R. M., Hak, C., Matthews, S., Dougan,
G., Knutton, S., Connerton, I. & Frankel, G. (1999) Binding of intimin from
enteropathogeni&scherichia colito Tir and to host celldVlolecular microbiology
32, 151-158.

Hase, K., Kawano, K., Nochi, T. & other authors (209). Uptake through
glycoprotein 2 of FimH+ bacteria by M cells inigat mucosal immune response.
Nature462, 226-230.

Hayward, R. D. & Koronakis, V. (1999). Direct nucleation and bundling of actin
by the SipC protein of invasive Salmoneliambo J18, 4926-4934.

Hemrajani, C., Berger, C. N., Robinson, K. S., Marbes, O., Mousnier, A. &
Frankel, G. (2010).NleH effectors interact with Bax inhibitor-1 todek apoptosis

216



References

during enteropathogenic Escherichia coli infecti®moceedings of the National
Academy of Sciencé&97, 3129-3135.

Hernandez, L. D., Hueffer, K., Wenk, M. R. & Galan, J. E. (2004).Salmonella
modulates vesicular traffic by altering phosphoitide metabolism.Science304,
1805-1807.

Hersh, D., Monack, D. M., Smith, M. R., Ghori, N.,Falkow, S. & Zychlinsky, A.
(1999a). The Salmonellainvasin SipB induces macrophage apoptosis by binth
caspase-1Proceedings of the National Academy of SciencéseotUnited States of
America96, 2396-2401.

Hersh, D., Monack, D. M., Smith, M. R., Ghori, N.,Falkow, S. & Zychlinsky, A.
(1999hb). The Salmonellainvasin SipB induces macrophage apoptosis by binth
caspase-IProc Natl Acad Sci U S 96, 2396-2401.

Hodges, K., Alto, N. M., Ramaswamy, K., Dudeja, K. & Hecht, G. (2008).The
enteropathogeniEscherichia colieffector protein EspF decreases sodium hydrogen
exchanger 3 activityCellular Microbiology10, 1735-1745.

Hoey, D., Sharp, L., Currie, C., Lingwood, C., Galy, D. & Smith, D. (2003).
Verotoxin 1 binding to intestinal crypt epitheliaklls results in localization to
lysosomes and abrogation of toxiciGellular Microbiology5, 85-97.

Hoey, D. E. E., Currie, C., Else, R. W., Nutikka, A LIngwood, C. A., Gally, D.

L. & Smith, D. G. E. (2002). Expression of receptors for verotoxin 1 from
Escherichia coli O157 on bovine intestinal epitheliumlournal of medical
microbiology51, 143-149.

Holmes, A., Muhlen, S., Roe, A. J. & Dean, P. (20L0The EspF Effector, a
Bacterial Pathogen's Swiss Army Knifefection and immunity8, 4445-4453.

Hong, C. F., Chou, Y. T., Lin, Y. S. & Wu, C. W. (B09). MAD2B, a novel TCF4-
binding protein, modulates TCF4-mediated epithehakenchymal
transdifferentiationJournal of Biological Chemistr284, 19613-19622.

Howard, C., Sopp, P., Parsons, K. & Finch, J. (1989In vivo depletion of BoT4
(CD4) and of non T4/T8 lymphocyte subsets in cattith monoclonal antibodies.
European journal of immunolodhd, 757-764.

Howard, C., Sopp, P., Bembridge, G., Young, J. & Raons, K. (1993).
Comparison of CD1 monoclonal antibodies on boviekscand tissuesveterinary
immunology and immunopatholog9, 77-83.

Hueck, C. J. (1998).Type Il protein secretion systems in bacteriathpgens of
animals and plant&icrobiology and Molecular biology revievé, 379-433.

217



References

Hulsken, J. & Behrens, J. (2000).The Wnt signalling pathwaylournal of Cell
Sciencell3 3545.

Humphries, R. M. & Armstrong, G. D. (2010). Sticky situation: localized
adherence of enteropathogeiiischerichia colito the small intestine epithelium.
Future Microbiology5, 1645-1661.

lizumi, Y., Sagara, H., Kabe, Y. & other authors (®07). The enteropathogenie.
coli effector EspB facilitates microvillus effacing aadtiphagocytosis by inhibiting
myosin functionCell Host & Microbe2, 383-392.

Iwai, H., Kim, M., Yoshikawa, Y. & other authors (2007). A bacterial effector
targets Mad2L2, an APC inhibitor, to modulate haedt cycling.Cell 130, 611-623.

Iwasaki, A. & Kelsall, B. (2000).Localization of distinct Peyer's patch dendritdl c
subsets and their recruitment by chemokines maeagphnflammatory protein
(MIP)-3 , MIP-3 , and secondary lymphoid organ cbkme. The Journal of
experimental medicing91, 1381-1394.

Jacewicz, M. S., Acheson, D. W. K., Binion, D. GWest, G. A., Lincicome, L. L.,
Fiocchi, C. & Keusch, G. T. (1999)Responses of human intestinal microvascular
endothelial cells to Shiga toxins 1 and 2 and pg¢hesis of hemorrhagic colitis.
Infection and immunit@7, 1439-1444.

Jackson, L. K., Nawabi, P., Hentea, C., Roark, E. A& Haldar, K. (2008). The
Salmonella virulence protein SifA is a G proteintagonist. Proceedings of the
National Academy of SciencE85, 14141-14146.

Jackson, M. P., Neill, R. J., O'Brien, A. D., Holme, R. K. & Newland, J. W.
(1987). Nucleotide sequence analysis and comparison ofsthetural genes for
Shiga-like toxin | and Shiga-like toxin 1l encodeay bacteriophages from
Escherichia col033.FEMS microbiology letterd4, 109-114.

Jamora,C., DasGupta,R., Kocieniewski,P., and Fuchs, (2003).Links between
signal transduction, transcription and adhesion epithelial bud development
Nature422 317-322.

Jang, M. H., Kweon, M. N., Iwatani, K. & other authors (2004).Intestinal villous
M cells: an antigen entry site in the mucosal egitim. Proceedings of the National
Academy of Sciences of the United States of AmEQi;a6110-6115.

Jarvis, K. G., Giron, J. A., Jerse, A. E., McDanigl T. K., Donnenberg, M. S. &
Kaper, J. B. (1995).Enteropathogeni&scherichia colicontains a putative type Ill
secretion system necessary for the export of pretévolved in attaching and
effacing lesion formationProceedings of the National Academy of Sciencekeof
United States of Americ@2, 7996-8000.

218



References

Jelacic, J. K., Damrow, T., Chen, G. S. & other autors (2003). Shiga toxin-
producingEscherichia colin Montana: bacterial genotypes and clinical pesfiThe
Journal of infectious diseas&88 719-729.

Jenkins, C., Pearce, M., Smith, A. & other authors(2003). Detection of
Escherichia coliserogroups 026, 0103, 0111 and 0145 from bovieeefa using
immunomagnetic separation and PCR/DNA probe teclasig_etters in applied
microbiology37, 207-212.

Jensen, V. B., Harty, J. T. & Jones, B. D. (1998)nteractions of the invasive
pathogensSalmonellaTtyphimurium,Listeria monocytogenegsnd Shigella flexneri
with M cells and murine Peyer's patchiedection and immunitg6, 3758-3766.

Jepson, M., Lang, T., Reed, K. & Simmons, N. (199€vidence for a rapid, direct
effect on epithelial monolayer integrity and trgpifieelial transport in response to
Salmonellanvasion.Pfligers Archiv European Journal of Physiolot§2, 225-233.

Jepson, M. A. & Ann Clark, M. (1998). Studying M cells and their role in
infection. Trends in Microbiologys, 359-365.

Jepson, M. A. & Clark, M. (2001). The role of M cells inSalmonellainfection.
Microbes and infectio, 1183-1190.

Jerse, A. E., Yu, J., Tall, B. D. & Kaper, J. B. (290). A genetic locus of
enteropathogeni&scherichia colinecessary for the production of attaching and
effacing lesions on tissue culture celRroceedings of the National Academy of
Sciences of the United States of Ame8i¢a7839-7843.

Jiang, X., Rossanese, O. W., Brown, N. F., Kujat Gly, S., Galan, J. E., Finlay,

B. B. & Brumell, J. H. (2004). The related effector proteins SopD and SopD2 from
Salmonella entericaerovar Typhimurium contribute to virulence duriggstemic
infection of miceMolecular microbiologyb4, 1186-1198.

Jones, I. & Roworth, M. (1996). An outbreak ofEscherichia coliO157 and
campylobacteriosis associated with contaminatioa dfinking water supplyRublic
Health110 277-282.

Jones, M. A., Wood, M. W., Mullan, P. B., Watson, PR., Wallis, T. S. &
Galyov, E. E. (1998)Secreted effector proteins $almonella dubliract in concert
to induce enteritidnfect Immur66, 5799-5804.

Kaksonen, M., Toret, C. & Drubin, D. (2006). Harnessing actin dynamics for
clathrin-mediated endocytosiNature Reviews Molecular Cell BioloGy404-414.

219



References

Kalischuk, L. D., Leggett, F. & Inglis, G. D. (2010. Campylobacter jejuni induces
transcytosis of commensal bacteria across thetimasepithelium through M-like
cells.Gut Pathogeng, 1-7.

Kanaya, T., Miyazawa, K., Takakura, I. & other authors (2008).Differentiation
of a murine intestinal epithelial cell line (MIEJward the M cell lineageAmerican
Journal of Physiology-Gastrointestinal and LivenBlology295 G273-284.

Kaper, J. B., Nataro, J. P. & Mobley, H. L. T. (20@). Pathogenidscherichia
coli. Nature Reviews Microbiolod; 123-140.

Kapperud, G., Stenwig, H. & Lassen, J. (1998)Epidemiology ofSalmonella
Typhimurium O: 4-12 infection in NorwayAmerican journal of epidemiologh47,
774-782.

Karch, H., Schubert, S., Zhang, D., Zhang, W., Schidt, H., Olschlager, T. &

Hacker, J. (1999).A genomic island, termed high-pathogenicity islaisdoresent in
certain non-0O157 Shiga toxin-produciBgcherichia coliclonal lineagesinfection

and immunity67, 5994-6001.

Karch, H., Tarr, P. I. & Bielaszewska, M. (2005). Enterohaemorrhagic
Escherichia coliin human medicinenternational journal of medical microbiology
295, 405-418.

Karmali, M., Arbus, G., Petric, M., Patrick, M., Roscoe, M., Shaw, J. & Lior, H.
(1988). Hospital-acquiredEscherichia coliO 157: H 7 associated haemolytic
uraemic syndrome in a nurdeancetl, 526.

Karmali, M. A. (1989). Infection by verocytotoxin-producingscherichia coli.
Clinical Microbiology Reviewg, 15-38.

Karmali, M. A. (2004). Infection by Shiga toxin-producindescherichia coli.
Molecular biotechnolog®6, 117-122.

Keene, W., Sazie, E., Kok, J., Rice, D., Hancock,.DBalan, V., Zhao, T. &
Doyle, M. (1997).An outbreak ofEscherichia coliO157: H7 infections traced to
jerky made from deer mealAMA, the journal of the American Medical Assoadati
277, 1229-1231.

Keene, W. E., McAnulty, J. M., Hoesly, F. C., Willams, L. P., Hedberg, K.,
Oxman, G. L., Barrett, T. J., Pfaller, M. A. & Fleming, D. W. (1994). A
swimming-associated outbreak of hemorrhagic coliisised byEscherichia coli
0157: H7 and Shigella sonndlew England Journal of Medicirg31, 579-584.

Kenny, B., DeVinney, R., Stein, M., Reinscheid, DErey, E. & Finlay, B. (1997).

Enteropathogeni&. coli (EPEC) transfers its receptor for intimate adheeemto
mammalian cellsCell 91, 511-520.

220



References

Kenny, B. (1999). Phosphorylation of tyrosine 474 of the enteropgémic
Escherichia coli(EPEC) Tir receptor molecule is essential for aaturcleating
activity and is preceded by additional host modiiiens. Molecular microbiology
31, 1229-1241.

Kenny, B. & Jepson, M. (2000).Targeting of an enteropathogefscherichia coli
(EPEC) effector protein to host mitochondfillular Microbiology2, 579-590.

Kenny, B., Ellis, S., Leard, A. D., Warawa, J., Mdor, H. & Jepson, M. A.
(2002). Co-ordinate regulation of distinct host cell siljng pathways by
multifunctional enteropathogeniEscherichia colieffector moleculesMolecular
microbiology44, 1095-1107.

Kerneis, S., Bogdanova, A., Kraehenbuhl, J. P. & Rngault, E. (1997).
Conversion by Peyer's patch lymphocytes of humdareoytes into M cells that
transport bacteriégscience277, 949-952.

Kim, J., Thanabalasuriar, A., Chaworth-Musters, T. & other authors (2007).
The bacterial virulence factor NleA inhibits ce#lulprotein secretion by disrupting
mammalian COPII functiorCell Host & Microbe2, 160-171.

Kim, M., Ogawa, M., Fuijita, Y. & other authors (2009). Bacteria hijack integrin-
linked kinase to stabilize focal adhesions and lbloell detachmentNature 459,
578-582.

Knodler, L. A., Celli, J., Hardt, W. D., Vallance, B. A., Yip, C. & Finlay, B. B.
(2002). Salmonellaeffectors within a single pathogenicity island aifferentially
expressed and translocated by separate type IMetsmt systems.Molecular
microbiology43, 1089-1103.

Knodler, L. A., Finlay, B. B. & Steele-Mortimer, O. (2005). The Salmonella
effector protein SopB protects epithelial cellsnfirapoptosis by sustained activation
of Akt. Journal of Biological Chemistr280, 9058-9064.

Knoop, K. A., Kumar, N., Butler, B. R. & other authors (2009). RANKL is
necessary and sufficient to initiate developmenamigen-sampling M cells in the
intestinal epitheliumThe Journal of ImmunologyB83, 5738-5747.

Kohbata, S., Yokoyama, H. & Yabuuchi, E. (1986)Cytopathogenic effect of
Salmonella typhon M cells of murine ileal Peyer's patches in kghileal loops: an
ultrastructural studyMicrobiology and immunolog$0, 1225-1237.

Kong, Y. Y., Yoshida, H., Sarosi, . & other authos (1999).OPGL is a key

regulator of osteoclastogenesis, lymphocyte dewedy and Ilymph-node
organogenesidNature397, 315-323.

221



References

Kraehenbuhl, J. P. & Neutra, M. R. (2000).Epithelial M cells: differentiation and
function. Annual Review of Cell and Developmental Biolagy301-332.

Kuhle, V. & Hensel, M. (2004).Cellular microbiology of intracellularSalmonella
enterica: functions of the type Il secretion systeencoded bySalmonella
pathogenicity island Zellular and molecular life sciencéd, 2812-2826.

LaCount, D. J., Vignali, M., Chettier, R. & other authors (2005). A protein
interaction network of the malaria parasite Plasonodfalciparum Nature438 103-
107.

Lambertini, E., Franceschetti, T., Torreggiani, E., Penolazzi, L., Pastore, A.,
Pelucchi, S., Gambari, R. & Piva, R. (2010)SLUG: a new target of lymphoid
enhancer factor-1 in human osteoblaBgC Molecular Biologyl1, 13.

Larue, L. & Bellacosa, A. (2005). Epithelial-mesenchymal transition in
development and cancer: role of phosphatidylinbsgokinase/AKT pathways.
Oncogen&4, 7443-7454.

Lathem, W. W., Grys, T. E., Witowski, S. E., Torres A. G., Kaper, J. B., Tarr,
P. I. & Welch, R. A. (2002).StcE, a metalloprotease secreteddsgherichia coli
0157: H7, specifically cleaves C1 esterase inhibikbolecular microbiology45,
277-288.

Lathem, W. W., Bergsbaken, T. & Welch, R. A. (2004)Potentiation of C1
esterase inhibitor by StcE, a metalloprotease s&ti®yEscherichia coliO157: H7.
The Journal of experimental medicib@9, 1077-1087.

Lawley, T., Klimke, W., Gubbins, M. & Frost, L. (2003). F factor conjugation is a
true type IV secretion systefAREMS microbiology letter@24, 1-15.

Lazzaro, V., Walker, R., Duggin, G., Phippard, A.,Horvath, J. & Tiller, D.
(1992). Inhibition of fibroblast proliferation in L-valineeduced selective media.
Research communications in chemical pathology dratmpacology75, 39-48.

Leyton, D. L., Sloan, J., Hill, R. E., Doughty, S& Hartland, E. L. (2003).
Transfer region of pO113 from enterohemorrhdgscherichia coli similarity with
R64 and identification of a novel plasmid-encodetb&ansporter, EpeAnfection
and immunity71, 6307-6319.

Licence, K., Oates, K., Synge, B. & Reid, T. (2001An outbreak ofE. coli 0157
infection with evidence of spread from animals tamthrough contamination of a
private water supplyEpidemiol InfectLl26, 135-138.

Lilic, M., Galkin, V. E., Orlova, A., VanLoock, M. S., Egelman, E. H. &

Stebbins, C. (2003a)SalmonellaSipA polymerizes actin by stapling filaments with
nonglobular protein arm&cience301, 1918-1921.

222



References

Lilic, M., Galkin, V. E., Orlova, A., VanLoock, M. S., Egelman, E. H. &
Stebbins, C. (2003b)SalmonellaSipA polymerizes actin by stapling filaments with
nonglobular protein arm&cience301, 1918-1921.

Lin, F. Y. C., V. A. Ho, et al. (2001)The efficacy of é&almonellaryphi Vi
conjugate vaccine in two-to-five-year-old childrétew England Journal of
Medicine344, 1263-12609.

Lingwood, C. A., Law, H., Richardson, S., Petric, M Brunton, J., De Grandis,
S. & Karmali, M. (1987). Glycolipid binding of purified and recombinant
Escherichia coliproduced verotoxin in vitraJournal of Biological Chemistrg262,
8834-8838.

Lingwood, C. A. (1993).Verotoxins and their glycolipid receptor8dvances in
lipid research25, 189-211.

Lingwood, C. A. (1996).Role of verotoxin receptors in pathogenedieends in
Microbiology4, 147-153.

Lister, S. (1988).Salmonella enteritidisnfection in broilers and broiler breeders.
The Veterinary Recorti23 350.

Lo, D., Tynan, W., Dickerson, J. & other authors (D04).Cell culture modeling of
specialized tissue: identification of genes exmdsspecifically by follicle-
associated epithelium of Peyer's patch by expnesgiofiling of Caco-2/Raji co-
cultures.nternational immunology6, 91-99.

Low, A. S., Dziva, F., Torres, A. G. & other authos (2006).Cloning, expression,
and characterization of fimbrial operon F9 fromezahemorrhagi&scherichia coli
0157: H7.Infection and immunity4, 2233-2244.

Ludwig, K., Ruder, H., Bitzan, M., Zimmermann, S. & Karch, H. (1997).
Outbreak ofEscherichia colO157: H7 infection in a large familizuropean Journal
of Clinical Microbiology & Infectious Diseasd$, 238-241.

Lundmark, R. & Carlsson, S. R. (2003).Sorting nexin 9 participates in clathrin-
mediated endocytosis through interactions with ¢bee componentsJournal of
Biological Chemistr\278 46772-46781.

Ly, K. T. & Casanova, J. E. (2007).Mechanisms ofSalmonellaentry into host
cells.Cellular Microbiology9, 2103-2111.

Mach, J., Hshieh, T., Hsieh, D., Grubbs, N. & Chergnsky, A. (2005).
Development of intestinal M cellsnmunological review206, 177-189.

223



References

Macnab, R. M. (1992).Genetics and biogenesis of bacterial flagélanual review
of genetic6, 131-158.

Mahajan, A., Naylor, S., Mills, A. D. & other authars (2005). Phenotypic and
functional characterisation of follicle-associatgithelium of rectal lymphoid tissue.
Cell and tissue resear@31, 365-374.

Mahajan, A., Currie, C. G., Mackie, S. & other authors (2009).An investigation
of the expression and adhesin function of H7 flageh the interaction of
Escherichia coliO157: H7 with bovine intestinal epitheliur@ellular Microbiology
11, 121-137.

Mainil, J., Duchesnes, C., Whipp, S., Marques, L.O'Brien, A., Casey, T. &
Moon, H. (1987). Shiga-like toxin production and attaching effaciagtivity of
Escherichia coliassociated with calf diarrhe@merican journal of veterinary
researchd8, 743-748.

Marcato, P., Griener, T. P., Mulvey, G. L. & Armstrong, G. D. (2005).
Recombinant Shiga toxin B-subunit-keyhole limpembeyanin conjugate vaccine
protects mice from Shigatoxemiafection and immunity3, 6523-6529.

Marchés, O., Batchelor, M., Shaw, R. K. & other autors (2006). EspF of
enteropathogeni&scherichia colibinds sorting nexin 9Journal of bacteriology
188 3110-3115.

Marcheés, O., Covarelli, V., Dahan, S., Cougoule, CBhatta, P., Frankel, G. &
Caron, E. (2008).EspJ of enteropathogenic and enterohaemorriagpherichia
coli inhibits opsono phagocytosiSellular Microbiology10, 1104-1115.

Martinez-Argudo, ., Sands, C. & Jepson, M. A. (200). Translocation of
enteropathogeniEscherichia coliacross an in vitro M cell model is regulated lsy it
type 1l secretion systenCellular microbiology9, 1538-1546.

Martinez-Estrada, O. M., Cullerés, A., Soriano, F.X. & other authors (2006).
The transcription factors Slug and Snail act asesgors of Claudin-1 expression in
epithelial cellsBiochemical JournaB94, 449-457.

Mayer, B. J. (2001). SH3 domains: complexity in moderatiodournal of Cell
Sciencell4, 1253-1264.

McDaniel, T. K. & Kaper, J. B. (1997). A cloned pathogenicity island from
enteropathogenic Escherichia coli confers the hitgcand effacing phenotype @&n
coli K 12. Molecular microbiology23, 399-407.

McGhie, E. J., Hayward, R. D. & Koronakis, V. (2004. Control of actin turnover
by aSalmonellanvasion proteinMolecular cell13, 497-510.

224



References

McNamara, B., Koutsouris, A., O’'Connell, C., Nougayde, J., Donnenberg, M.
& Hecht, G. (2001).Translocated EspF protein from enteropathog&sicherichia
coli disrupts host intestinal barrier functiodournal of Clinical Investigatiori07,
621-629.

McNamara, B. P. & Donnenberg, M. S. (1998)A novel proline-rich protein, EspF,
Is secreted from enteropathogetischerichia colivia the type Il export pathway.
FEMS microbiology letter$66, 71-78.

McNeilly, T. N., Naylor, S. W., Mahajan, A. & other authors (2008).Escherichia
coli O157: H7 colonization in cattle following systenand mucosal immunization
with purified H7 flagellin.Infection and immunity6, 2594-2602.

Mead, P. S., Slutsker, L., Dietz, V., McCaig, L. F.Bresee, J. S., Shapiro, C.,
Griffin, P. M. & Tauxe, R. V. (1999). Food-related illness and death in the United
StatesEmerging Infectious DiseasBs607-625.

Mecsas, J. & Strauss, E. J. (1996Molecular mechanisms of bacterial virulence:
type Ill secretion and pathogenicity islan@nerging Infectious Diseasé&s 270-
288.

Menard, R., Sansonetti, P. & Parsot, C. (1994)The secretion of th&higella
flexneri IpaB invasins is activated by epithelial cells awhtrolled by IpaB and
IpaD. The EMBO Journal 3, 5293-5302.

Merrifield, C., Feldman, M., Wan, L. & Almers, W. (2002). Imaging actin and
dynamin recruitment during invagination of singlatkrin-coated pitsNature cell
biology4, 691-698.

Meynell, H. M., Thomas, N. W., James, P. S., Hollah J., Taussig, M. J. &
Nicoletti, C. (1999a).Up-regulation of microsphere transport across ftikcle-
associated epithelium of Peyer's patch by expotuigtreptococcus pneumoniae
R36a.The FASEB journal3, 611-619.

Miao, E. A. & Miller, S. I. (2000). A conserved amino acid sequence directing
intracellular type Il secretion bysalmonellaTyphimurium. Proceedings of the
National Academy of Sciences of the United Stdt@snerica97, 7539-7544.

Miyao, Y., Kataoka, T., Nomoto, T., Kai, A., Itoh, T. & Itoh, K. (1998).
Prevalence of verotoxin-producifigscherichia colharbored in the intestine of cattle
in JapanVeterinary microbiologl, 137-143.

Moon, H., Whipp, S., Argenzio, R., Levine, M. & Gianella, R. (1983) Attaching

and effacing activities of rabbit and human entatbpgenicEscherichia coliin pig
and rabbit intestinegnfection and immunit¢1, 1340-1351.

225



References

Mori, K., Kitazawa, R., Kondo, T., Maeda, S., Yamagchi, A. & Kitazawa, S.
(2006).Modulation of mouse RANKL gene expression by Ruard PKA pathway.
Journal of cellular biochemistry8, 1629-1644.

Murata-Kamiya, N., Kurashima, Y., Teishikata, Y. & other authors (2007).
Helicobacter pyloriCagA interacts with E-cadherin and deregulates -taenin
signal that promotes intestinal transdifferentiation gastric epithelial cells.
Oncogen&6, 4617-4626.

Murli, S., Watson, R. O. & Galan, J. E. (2001)Role of tyrosine kinases and the
tyrosine phosphatase SptP in the interactio®amonellawith host cellsCellular
Microbiology 3, 795-810.

Naessens, J. & Howard, C. (1991)Individual antigens of cattleMonoclonal
antibodies reacting with bovine B cells (BoWC3, B6Wand BoWC5)Veterinary
Immunology and Immunopathology (Netherlan@g) 77-85.

Nagai, T., Abe, A. & Sasakawa, C. (2005)Targeting of enteropathogenic
Escherichia coliEspF to host mitochondria is essential for badtgréahogenesis.
Journal of Biological Chemistr280 2998-3011.

Naishiro, Y., Yamada, T., Takaoka, A. S., HayashiR., Hasegawa, F., Imai, K.
& Hirohashi, S. (2001).Restoration of epithelial cell polarity in a catatal cancer
cell line by suppression of -catenin/T-cell factbmediated gene transactivation.
Cancer researclel, 2751-2758.

Nataro, J. P. & Kaper, J. B. (1998).DiarrheagenicEscherichia coli Clinical
Microbiology Review41, 142-201.

Naylor, S. W., Low, J. C., Besser, T. E., MahajarA., Gunn, G. J., Pearce, M.
C., McKendrick, I. J., Smith, D. G. E. & Gally, D. L. (2003). Lymphoid follicle-
dense mucosa at the terminal rectum is the prihcgte of colonization of
enterohemorrhagi&scherichia coliO157: H7 in the bovine hostnfection and
immunity71, 1505-1512.

Naylor, S. W., Gally, D. L. & Christopher Low, J. (2005a).Enterohaemorrhagic
E. coliin veterinary medicineinternational Journal of Medical Microbiolog®95
419-441.

Naylor, S. W., Roe, A. J., Nart, P., Spears, K. &8ith, D. (2005b).Escherichia
coli O157: H7 forms attaching and effacing lesions attdrminal rectum of cattle
and colonization requires the LEE4 openlicrobiology 151, 2773-2781.

Neutra, M., Pringault, E. & Kraehenbuhl, J. (1996). Antigen sampling across

epithelial barriers and induction of mucosal immuesponsesAnnual review of
immunologyl4, 275-300.

226



References

Neutra, M. R., Mantis, N. J. & Kraehenbuhl, J. P. 2001). Collaboration of
epithelial cells with organized mucosal lymphoidsties.nature immunology2,
1004-1009.

Newton, H. J., Pearson, J. S., Badea, L. & other #uwrs (2010). The type lli
effectors NleE and NleB from enteropathogegic coli and OspZ fromShigella
block nuclear translocation of NF-kappaB pBRoS Pathod, e1000898.

Norimatsu, M., Harris, J., Chance, V., Dougan, G.Howard, C. & Villarreal
Ramos, B. (2003)Differential response of bovine monocyte derivedcrophages
and dendritic cells to infection withalmonellalyphimurium in a low dose model in
vitro. Immunologyl08, 55-61.

Norris, F. A., Wilson, M. P., Wallis, T. S., Galyoy E. E. & Majerus, P. W.

(1998). SopB, a protein required for virulence $&lmonella dublinis an inositol
phosphate phosphataderoceedings of the National Academy of Sciencethef
United States of Americ@b, 14057-14059.

Nougayrede, J., Boury, M., Tasca, C., Marches, OMilon, A., Oswald, E. & De
Rycke, J. (2001).Type Il secretion-dependent cell cycle block el Hela cells
by enteropathogeni€scherichia colilO103.Infection and immunitg9, 6785-6795.

Nougayrede, J. P. & Donnenberg, M. S. (2004knteropathogeniEscherichia coli
EspF is targeted to mitochondria and is requirethittate the mitochondrial death
pathway.Cellular microbiology6, 1097-1111.

Nougayréde, J. P., Foster, G. H. & Donnenberg, M..§2007).Enteropathogenic
Escherichia coli effector EspF interacts with host protein AbcfZellular
microbiology9, 680-693.

O'Brien, A. D. & Holmes, R. K. (1987).Shiga and Shiga-like toxinslicrobiology
and Molecular biology reviewsl, 206-220.

Odero-Marah, V. A., Wang, R., Chu, G., Zayzafoon, M Xu, J., Shi, C,,
Marshall, F. F., Zhau, H. E. & Chung, L. W. K. (20®). Receptor activator of NF-
B Ligand (RANKL) expression is associated with beital to mesenchymal
transition in human prostate cancer céllell researchl8, 858-870.

Ogden, I. D., MacRae, M. & Strachan, N. J. C. (2004 Is the prevalence and
shedding concentrations &f coli 0157 in beef cattle in Scotland seasorlEMS
microbiology letter2233, 297-300.

Ogra, P. L. (1994).Handbook of mucosal immunologycademic Press.

Orth, K. (2007). Versatile Type lll effector mechanisms can disrtguget-cell
functions.Am Soc Microbiol 2, 183-186.

227



References

Ostroff, S., Griffin, P., Tauxe, R., Shipman, L., Geene, K., Wells, J., Lewis, J.,
Blake, P. & Kobayashi, J. (1990)A statewide outbreak dEscherichia coliO157:
H7 infections in Washington Stat&merican journal of epidemiolody32 239-247.

Owen, R. & Bhalla, D. (1983).Cytochemical analysis of alkaline phosphatase and
esterase activities and of lectin-binding and aicicites in rat and mouse Peyer's
patch M cellsAmerican Journal of Anaton}y68 199-212.

Owen, R., Apple, R. & Bhalla, D. (1986a).Morphometric and cytochemical
analysis of lysosomes in rat Peyer's patch folligggthelium: their reduction in
volume fraction and acid phosphatase content in élls ccompared to adjacent
enterocytesThe Anatomical Recorgil6 521-527.

Owen, R. (1999). Uptake and transport of intestinal macromolecubssd
microorganisms by M cells and Peyer's patches—dorigal and personal
perspectiveSemin Immundll, 157-163.

Owen R.L. and Jones, A. L. (1974)Epithelial cell specialization within human
Peyer's patches: an ultrastructural study of imalslymphoid follicles.
Gastroenterolog6, 189-203.

Owen, R. L., Pierce, N. F., Apple, R. & Cray, W. C(1986b).M Cell Transport of
Vibrio cholerae from the Intestinal. Lumen into By Patches: A Mechanism for
Antigen Sampling and for Microbial TransepitheMigration. Journal of Infectious
Diseased 53 1108-1118.

Owen, R. L. (1994).M cells--entryways of opportunity for enteropatbag. The
Journal of experimental medicid80, 7-9.

Paiba, G., Pascoe, S., Wilesmith, J. & other auther(2002).Faecal carriage of
verocytotoxin-producingescherichia coliO157 in cattle and sheep at slaughter in
Great BritainVeterinary Record 50, 593-598.

Paton, A. W., Ratcliff, R. M., Doyle, R. M., SeymouMurray, J., Davos, D.,
Lanser, J. A. & Paton, J. C. (1996)Molecular microbiological investigation of an
outbreak of hemolytic-uremic syndrome caused by deymented sausage
contaminated with Shiga-like toxin-producikgcherichia coli Journal of Clinical
Microbiology 34, 1622-1627.

Paton, A. W., Srimanote, P., Woodrow, M. C. & Paton J. C. (2001).
Characterization of Saa, a novel autoagglutinaaidgesin produced by locus of
enterocyte effacement-negative Shiga-toxigeBgrherichia colistrains that are
virulent for humansinfection and immunitg9, 6999-7009.

Pattison, M., McMullin, P. & Bradbury, J. M. (2008). Poultry diseasesSaunders
Ltd.

228



References

Pavia, A. T., Nichols, C. R., Green, D. P., Taux®. V., Mottice, S., Greene, K.
D. & Wells, J. G. (1990). Hemolytic-uremic syndrome during an outbreak of
Escherichia coliO157: H7 infections in institutions for mentallgtarded persons:
clinical and epidemiologic observatioihe Journal of Pediatric$16, 544-551.

Pearce, J., Bettelheim, K. A., Luke, R. & Goldwater P. N. (2010).Serotypes of
Escherichia colin Sudden Infant Death Syndrond@urnal of applied microbiology
108 731-735.

Pearson, G., Bazeley, K., Jones, J., Gunning, R.,ré&n, M., Cookson, A. &
Woodward, M. (1999). Attaching and effacing lesions in the large intestof an
eight-month-old heifer associated wischerichia coliO26 infection in a group of
animals with dysenteryhe Veterinary Recorti45 370-373.

Peralta-Ramirez, J., Hernandez, J. M., Manning-Cela R., Luna-Munoz, J.,
Garcia-Tovar, C., Nougayrede, J. P., Oswald, E. & Avarro-Garcia, F. (2008).
EspF Interacts with nucleation-promoting factorgeoruit junctional proteins into
pedestals for pedestal maturation and disruptionpafacellular permeability.
Infection and immunity6, 3854-3868.

Perna, N. T., Mayhew, G. F., Posfai, G., Elliott, SDonnenberg, M. S., Kaper, J.
B. & Blattner, F. R. (1998). Molecular evolution of a pathogenicity island from
enterohemorrhagi&scherichia coliO157: H7.Infection and immunity6, 3810-
3817.

Peter, B. J., Kent, H. M., Mills, I. G., Vallis, Y, Butler, P. J. G., Evans, P. R. &
McMahon, H. T. (2004). BAR domains as sensors of membrane curvature: the
amphiphysin BAR structuré&cience303 495-499.

Pfleger, C. M., Salic, A., Lee, E. & Kirschner, M.\W. (2001).Inhibition of Cdh1-
APC by the MAD2-related protein MAD2L2: a novel rhanism for regulating
Cdh1l.Genes & developmefb, 1759-1764.

Pohlner, J., Halter, R., Beyreuther, K. & Meyer, T.F. (1987).Gene structure and
extracellular secretion of Neisseria gonorrhoe@defdpteaseNature4, 458-462.

Pruimboom-Brees, I. M., Morgan, T. W., Ackermann, M R., Nystrom, E. D.,
Samuel, J. E., Cornick, N. A. & Moon, H. W. (2000).Cattle lack vascular
receptors forEscherichia coliO157: H7 Shiga toxin?roceedings of the National
Academy of Sciences of the United States of Am@rjcE0325-10329.

Pukatzki, S., Ma, A. T., Sturtevant, D., Krastins,B., Sarracino, D., Nelson, W.

C., Heidelberg, J. F. & Mekalanos, J. J. (2006)ldentification of a conserved
bacterial protein secretion system\Vibrio choleraeusing the Dictyostelium host

229



References

model systemProceedings of the National Academy of Sciencéseof)nited States
of Americal03 1528-1533.

Pullinger, G. D., Paulin, S. M., Charleston, B. & ther authors (2007).Systemic
translocation ofSalmonella entericaerovar Dublin in cattle occurs predominantly
via efferent lymphatics in a cell-free niche andquiees type Ill secretion system 1
(T3SS-1) but not T3SS-Mfection and immunity5, 5191-5199.

Quitard, S., Dean, P., Maresca, M. & Kenny, B. (208). The enteropathogenic
Escherichia coli EspF effector molecule inhibits Pl 3 kinase mestiatuptake
independently of mitochondrial targetir@ellular Microbiology8, 972-981.

Ragnarsson, E. G. E., Schoultz, 1., Gullberg, E., &Isson, A. H., Tafazoli, F.,
Lerm, M., Magnusson, K. E., S6derholm, J. D. & Artusson, P. (2008)Yersinia
pseudotuberculosisnduces transcytosis of nanoparticles across humgastinal
villus epithelium via invasin-dependent macropirnosys. Laboratory Investigation
88, 1215-1226.

Rain, J. C., Selig, L., De Reuse, H. & other authar(2001).The protein—protein
interaction map oHelicobacter pyloriNature409, 211-215.

Reida, P., Wolff, M., Poéhls, H., Kuhimann, W., Lehnacher, A., Aleksi , S.,
Karch, H. & Bockemuhl, J. (1994). An outbreak due to enterohaemorrhagic
Escherichia coliO157: H7 in a children day care centre characterize person-to-
person transmission and environmental contaminatictentralblatt far
Bakteriologie: international journal of medical mabiology 281, 534-543.

Reimann, J. D. R., Gardner, B. E., Margottin-Goguet F. & Jackson, P. K.
(2001). Emil regulates the anaphase-promoting complex Oferent mechanism
than Mad2 proteinssenes & developmet, 3278-3285.

Renter, D. G., Sargeant, J. M., Hygnstorm, S. E., éffman, J. D. & Gillespie, J.
R. (2001).Escherichia coliO157: H7 in free-ranging deer in NebrasBaurnal of
Wildlife Disease87, 755-760.

Renwick, S., Wilson, J., Clarke, R. & other authors(1993). Evidence of direct
transmission oEscherichia coliO157: H7 infection between calves and a human.
The Journal of infectious diseasHs8, 792-793.

Richardson, S. E., Karmali, M. A., Becker, L. E. &Smith, C. R. (1988).The
histopathology of the hemolytic uremic syndromeoaiged with verocytotoxin-
producingEscherichia colinfections*.Human pathologyt9, 1102-1108.

Riley, L. W., Remis, R. S., Helgerson, S. D. & otheuthors (1983).Hemorrhagic

colitis associated with a rare Escherichia colioggre. New England Journal of
Medicine308, 681-685.

230



References

Robins Browne, R. M. & Hartland, E. L. (2002). Escherichia colias a cause of
diarrheaJournal of gastroenterology and hepatoldgy 467-475.

Robinson, C. M., Sinclair, J. F., Smith, M. J. & OBrien, A. D. (2006). Shiga
toxin of enterohemorrhagi&€scherichia colitype O157: H7 promotes intestinal
colonization.Proceedings of the National Academy of Scied0&8s9667-9672.

Roe, A., Hoey, D. & Gally, D. (2003)Regulation, secretion and activity of type lll-
secreted proteins of enterohaemorrhaggcherichia coliO157.Biochem Soc Trans
31, 98-103.

Roe, A., Tysall, L., Dransfield, T. & other authors (2007). Analysis of the
expression, regulation and export of NleA-E WHscherichia coli 0157: H7.
Microbiology 153 1350-1360.

Rohde, J. R., Breitkreutz, A., Chenal, A., Sansongt P. J. & Parsot, C. (2007).
Type 1l secretion effectors of the IpaH family &8 ubiquitin ligasesCell Host &
Microbel, 77-83.

Rytkdénen, A., Poh, J., Garmendia, J., Boyle, C., Tdmpson, A., Liu, M.,
Freemont, P., Hinton, J. C. D. & Holden, D. W. (200). SseL, a Salmonella
deubiquitinase required for macrophage killing amailence. Proceedings of the
National Academy of Scienc&84, 3502-3507.

Saegusa, M., Hashimura, M., Kuwata, T. & Okayasu,.l(2009).Requirement of
the Akt/{beta}-Catenin Pathway for Uterine Carcinosoma Genesis, Modulating E-
Cadherin Expression Through the TransactivationShig. American Journal of
Pathologyl74, 2107-2115.

Sansonetti, P. (2002)Host—pathogen interactions: the seduction of mubdgacross
talk. Gut50, 1112-8.

Savidge, T., Smith, M., James, P. & Aldred, P. (199. Salmonella-induced M-cell
formation in germ-free mouse Peyer's patch tissitee American journal of
pathologyl139 177-184.

Savidge, T. & Smith, M. (1995).Evidence that membranous (M) cell genesis is
immuno-regulatedAdvances in experimental medicine and bioldgy, 239-241.

Savidge, T. (1996).The life and times of an intestinal M cellrends in
Microbiology 4, 301-306.

Scheutz, F., Nielsen, E. M., Frimodt-Mgller, J., Bisen, N., Morabito, S., Tozzoli,
R., Nataro, J. & Caprioli, A. (2011).Characteristics of the enteroaggregative Shiga
toxin/verotoxin-producindg=scherichia coliO104:H4 strain causing the outbreak of

231



References

haemolytic uraemic syndrome in Germany, May to RO®EL.Euro Surveill 16, pii:
19889.

Schmidt, H., Karch, H. & Beutin, L. (1994). The large-sized plasmids of
enterohemorrhagid&scherichia coliO157 strains encode hemolysins which are
presumably members of the E. coli [alpha]-hemolyaimily. FEMS microbiology
letters117, 189-196.

Schmidt, H., Kernbach, C. & Karch, H. (1996).Analysis of the EHEC hly operon
and its location in the physical map of the lardasmid of enterohaemorrhagic
Escherichia coli0157: H7 Microbiology 142, 907-914.

Schmidt, H., Scheef, J., Morabito, S., Caprioli, A.Wieler, L. H. & Karch, H.
(2000). A new Shiga toxin 2 variant (Stx2f) frofascherichia coliisolated from
pigeonsApplied and Environmental Microbiolo@g, 1205-1208.

Shames, S. R., Deng, W., Guttman, J. A. & other albrs (2010).The pathogenic
E. coli type lll effector EspZ interacts with host CD98dafacilitates host cell
prosurvival signallingCellular Microbiology12, 1322-1339.

Shaw, R. K., Daniell, S., Ebel, F., Frankel, G. & Kutton, S. (2001).EspA
filament mediated protein translocation into reddal cells Cellular Microbiologys3,
213-222.

Shaw, R. K., Cleary, J., Murphy, M. S., Frankel, G.& Knutton, S. (2005).
Interaction of enteropathogeritscherichia coliwith human intestinal mucosa: role
of effector proteins in brush border remodeling dodmation of attaching and
effacing lesionslinfection and immunity3, 1243-1251.

Shin, C. S, Her, S. J., Kim, J. A. & other authorg2005).Dominant Negative N
Cadherin Inhibits Osteoclast Differentiation bydriering With Catenin Regulation
of RANKL, Independent of Cell Cell Adhesiodournal of Bone and Mineral
Researcl20, 2200-2212.

Shotland, Y., Kramer, H. & Groisman, E. A. (2003).The SalmonellaSpiC protein
targets the mammalian Hook3 protein function teratellular traffickingMolecular
microbiology49, 1565-1576.

Shukla, R., Slack, R., George, A., Cheasty, T., ReyB. & Scutter, J. (1995).
Escherichia coliO157 infection associated with a farm visitor cenfommunicable
disease report CDR revieby R86-90.

Simonovic, |, Rosenberg, J., Koutsouris, A. & Hedh G. (2000).

Enteropathogeni&scherichia colidephosphorylates and dissociates occludin from
intestinal epithelial tight junction€ellular Microbiology2, 305-315.

232



References

Sinclair, J. F. & O'Brien, A. D. (2002). Cell Surface-localized Nucleolin Is a
Eukaryotic Receptor for the Adhesin Intimin- of Br@dhemorrhagi&scherichia coli
0157: H7.Journal of Biological Chemistr277, 2876-2885.

Smith, D. G. E., Naylor, S. W. & Gally, D. L. (2002 Consequences of EHEC
colonisation in humans and cattlaternational Journal of Medical Microbiology
292 169-183.

Smith, H. W. (1963). The haemolysins ofEscherichia coli The Journal of
Pathology and Bacteriolog§5, 197-211.

Smith, M. & Peacock, M. (1980).“M” cell distribution in follicle-associated
epithelium of mouse peyer's patédmerican Journal of Anatomyb9, 167-175.

Smith, S. G. J., Mahon, V., Lambert, M. A. & Fagan,R. P. (2007).A molecular
Swiss army knife: OmpA structure, function and egsion.FEMS microbiology
letters273 1-11.

Sojka, W. J., Wray, C., Shreeve, J. & Benson, A. J(1977). Incidence of
Salmonellanfection in animal in England and Wales1968-19%urnal of Hygiene
78, 43-56.

Soulet, F., Yarar, D., Leonard, M. & Schmid, S. L.(2005). SNX9 regulates
dynamin assembly and is required for efficient haiatmediated endocytosis.
Molecular biology of the cell6, 2058-2067.

Spears, K. J., Roe, A. J. & Gally, D. L. (2006)A comparison of enteropathogenic
and enterohaemorrhagiescherichia colipathogenesisFEMS microbiology letters
255 187-202.

Stambolic, V., Ruel, L. & Woodgett, J. R. (1996).Lithium inhibits glycogen
synthase kinase-3 activity and mimics wingless aigrg in intact cells.Current
Biology6, 1664-1669.

Steele-Mortimer, O., Knodler, L. A., Marcus, S. L., Scheid, M. P., Goh, B.,
Pfeifer, C. G., Duronio, V. & Finlay, B. B. (2000a) Activation of Akt/Protein
Kinase B in Epithelial Cells by th®almonellaTyphimurium Effector SigDJournal
of Biological Chemistr75 37718-37727.

Stender, S., Friebel, A., Linder, S., Rohde, M., Mold, S. & Hardt, W. D.
(2000). Identification of SopE2 fron$almonellaTyphimurium, a conserved guanine
nucleotide exchange factor for Cdc42 of the holst Bl Microbiol 36, 1206-1221.

Stephens, D. J. & Banting, G. (2000)The Use of Yeast Two Hybrid Screens in
Studies of Protein: Protein Interactions Involvedafficking. Traffic 1, 763-768.

233



References

Steve Yan, S., Pendrak, M. L., Abela-Ridder, B., Fuderson, J. W., Fedorko, D.
P. & Foley, S. L. (2004).An overview of Salmonellatyping: Public health
perspectivesClinical and Applied Immunology Revies189-204.

Stone, A., Shaffer, M. & Sautter, R. L. (1993).Salmonella infection and
surveillance in a neonatal nurseAmerican Journal of Infection Contr@l, 270-
273.

Stordeur, P., China, B., Charlier, G., Roels, S. &ainil, J. (2000). Clinical signs,

reproduction of attaching/effacing lesions, andesotyte invasion after oral
inoculation of an 0118 enterohaemorrhagischerichia coliin neonatal calves.
Microbes and infectiog, 17-24.

Suzuki, T., Saga, S. & Sasakawa, C. (1996junctional analysis dbhigellaVirG
domains essential for interaction with vinculin aaxtin-based motilityJournal of
Biological Chemistry271, 21878-21885.

Swerdlow, D. L., Woodruff, B. A., Brady, R. C. & other authors (1992).A
waterborne outbreak in Missouri &scherichia coliO157: H7 associated with
bloody diarrhea and deathnnals of Internal Medicing17, 812-819.

Synge, B. A. (2000). Veterinary significance of verocytotoxin-producing
Escherichia coliO157.World Journal of Microbiology and Biotechnolod®, 725-
732.

Tafazoli, F., Magnusson, K. E. & Zheng, L. (2003)Disruption of epithelial barrier
integrity by Salmonella entericaerovar Typhimurium requires geranylgeranylated
proteins.Infection and immunity1, 872-881.

Takizawa, N. & Murooka, Y. (1985). Cloning of the pullulanase gene and
overproduction of pullulanase Bscherichia coliandKlebsiella aerogene#\pplied
and Environmental Microbiologg9, 294-298.

Tarr, P. 1. (1995). Escherichia coli O157: H7: clinical, diagnostic, and
epidemiological aspects of human infecti@tinical Infectious Disease?0, 1-8.

Taylor, K. A., O'Connell, C. B., Luther, P. W. & Donnenberg, M. S. (1998)The
EspB protein of enteropathogertischerichia coliis targeted to the cytoplasm of
infected HelLa celldnfection and immunitg6, 5501.

Teale, A., Baldwin, C., Morrison, W., Ellis, J. & MacHugh, N. (1987).
Phenotypic and functional characteristics of bovihelymphocytes.Veterinary
immunology and immunopatholofjy, 113-123.

Terebiznik, M. R., Vieira, O. V., Marcus, S. L., Shde, A., Yip, C. M., Trimble,
W. S., Meyer, T., Finlay, B. B. & Grinstein, S. (202). Elimination of host cell

234



References

Ptdins (4, 5) P 2 by bacterial SigD promotes memdréssion during invasion by
SalmonellaNature cell biology, 766-773.

Tesh, V. & O'brien, A. (1991).The pathogenic mechanisms of Shiga toxin and the
Shiga like toxinsMolecular microbiologys, 1817-1822.

Tétaud, C., Falguieres, T., Carlier, K. & other auhors (2003). Two distinct
Gb3/CD77 signaling pathways leading to apoptosstiaggered by anti-Gb3/CD77
mADb and verotoxin-1Journal of Biological Chemistr78, 45200-45208.

Thanabalu, T., Koronakis, E., Hughes, C. & Koronaks, V. (1998).Substrate-
induced assembly of a contiguous channel for praggport from E. coli: reversible
bridging of an inner-membrane translocase to amromtembrane exit por&.he
EMBO Journall7, 6487-6496.

Thiery, J. P., Acloque, H., Huang, R. Y. J. & Nietp M. A. (2009). Epithelial-
mesenchymal transitions in development and dis€zdE139, 871-890.

Tindall, B., Grimont, P., Garrity, G. & Euzeby, J. (2005). Nomenclature and
taxonomy of the genusSalmonella International journal of systematic and
evolutionary microbiolog¥5, 521-524.

Tobe, T., Beatson, S., Taniguchi, H. & other autha (2006). An extensive
repertoire of type Ill secretion effectors Escherichia coliO157 and the role of
lambdoid phages in their disseminatidtroceedings of the National Academy of
Scienced03 14941-14946.

Trabulsi, L. R., Keller, R. & Tardelli Gomes, T. A. (2002). Typical and atypical
enteropathogeniEscherichia coliEmerging Infectious Diseas8s508-513.

Tree, J. J., E. B. Wolfson, et al. (2009)Controlling injection: regulation of type
[l secretion in enterohaemorrhagic Escherichia'tdlrends in Microbiology 7,
361-370.

Tu, X., Nisan, I., Yona, C., Hanski, E. & Rosenshig, |. (2003).EspH, a new
cytoskeleton modulating effector of enterohaemaihaand enteropathogenic
Escherichia coli. Molecular microbiologd/7, 595-606.

Uchiya, K., Barbieri, M. A., Funato, K., Shah, A. H, Stahl, P. D. & Groisman,
E. A. (1999).A Salmonellavirulence protein that inhibits cellular trafficignThe
EMBO Journall8, 3924-3933.

Vaira, S., Johnson, T., Hirbe, A. C. & other authos (2008).RelB is the NF- B

subunit downstream of NIK responsible for ostedatiféerentiation.Proceedings of
the National Academy of Sciend€}s, 3897-3902.

235



References

Vallance, B. & Finlay, B. (2000).Exploitation of host cells by enteropathogenic
Escherichia coli Proceedings of the National Academy of SciencehefUnited
States of Americ@7, 8799-8806.

Vallin, J., Thuret, R., Giacomello, E., Faraldo, M.M., Thiery, J. P. & Broders,
F. (2001).Cloning and Characterization of ThreeXenopus Jtugmoters Reveal
Direct Regulation by Lef/ -Catenin Signalingpurnal of Biological Chemistr276,
30350-30358.

Van De Kar, N., Monnens, L., Karmali, M. & Van Hinsbergh, V. (1992).Tumor
necrosis factor and interleukin-1 induce expressbrthe verocytotoxin receptor
globotriaosylceramide on human endothelial ceftgplications for the pathogenesis
of the hemolytic uremic syndromBlood 80, 2755-2764.

Van Houdt, R. & Michiels, C. W. (2005).Role of bacterial cell surface structures in
Escherichia colbiofilm formation.Research in microbiologi56, 626-633.

Verbrugghe, P., Waelput, W., Dieriks, B., WaeytensA., Vandesompele, J. &
Cuvelier, C. (2006).Murine M cells express annexin V specificallyne Journal of
Pathology209, 240-249.

Viboud, G. |, So, S. S. K., Ryndak, M. B. & BliskaJ. B. (2003)Proinflammatory
signalling stimulated by the type Il translocatitactor YopB is counteracted by
multiple effectors in epithelial cells infected tvitYersinia pseudotuberculosis
Molecular microbiologyt7, 1305-1315.

Viswanathan, V., Koutsouris, A., Lukic, S., Pilkinbn, M., Simonovic, I.,
Simonovic, M. & Hecht, G. (2004a). Comparative analysis of EspF from
enteropathogenic and enterohemorrhdggcherichia coliin alteration of epithelial
barrier functionlnfection and immunity2, 3218-3227.

Viswanathan, V. K., Lukic, S., Koutsouris, A., Miag R., Muza, M. M. & Hecht,
G. (2004b). Cytokeratin 18 interacts with the enteropathogdascherichia coli
secreted protein F (EspF) and is redistributed affection. Cellular Microbiology
6, 987-997.

Walhout, A. J., Temple, G. F., Brasch, M. A., Hartey, J. L., Lorson, M. A., Van
Den Heuvel, S. & Vidal, M. (2000).Gateway recombinational cloning: application
to the cloning of large numbers of open readingnéa or ORFeomed$/lethods in
enzymology28 575-592.

Walker, K., Skelton, H. & Smith, K. (2002). Cutaneous lesions showing giant
yeast forms of Blastomyces dermatitidieurnal of cutaneous patholo@g, 616-
618.

Wallis, T. S., Barrow P.A. (2005).Salmonellaepidemiology and pathogenesis in
food-producing animalsin A Bock, R Curtiss 1ll, J B Kaper, P D Karp, F C

236



References

Neidhardt, T Nystrém, J M Slauch, C L Squires, &hdJssery (ed), EcoSal-
Escherichia coli and Salmonella: Cellular and Malksr Biology
<http://wwwecosalorg ASM Press, Washington, DC

WALTON, J. & SMITH, D. (1969). New hemolysin (g) produced tBscherichia
coli J. Bacteriol. 98: 304-305.

Wang, L., Yi, T., Kortylewski, M., Pardoll, D. M., Zeng, D. & Yu, H. (2009).IL-
17 can promote tumor growth through an IL-6—St&gBaing pathwayThe Journal
of experimental medicirn06, 1457-1464.

Watarai, M., Tobe, T., Yoshikawa, M. & Sasakawa, C(1995).Contact of
Shigellawith host cells triggers release of Ipa invasing & an essential function of
invasivenessThe EMBO Journal4, 2461-2470.

Waterman, M. L. (2004)."Lymphoid enhancer factor/T cell factor expression
colorectal cancer.Cancer and Metastasis Revie2® 41-52.

Waterman, S. R. & Holden, D. W. (2003).Functions and effectors of the
Salmonellgpathogenicity island 2 type 11l secretion systé&mllular Microbiology5,
501-511.

Weih, D. S., Yilmaz, Z. B. & Weih, F. (2001)Essential role of RelB in germinal
center and marginal zone formation and proper esgma of homing chemokines.
The Journal of Immunology67, 1909-1919.

Wells, J., Shipman, L., Greene, K. & other authors(1991). Isolation of
Escherichia coliserotype O157: H7 and other Shiga-like-toxin-pdg E. coli
from dairy cattleJournal of Clinical Microbiology29, 985-989.

Wolff, C., Nisan, ., Hanski, E., Frankel, G. & Ronshine, I. (1998).Protein
translocation into host epithelial cells by infactienteropathogeniescherichia coli.
Molecular microbiology28, 143-155.

Wood, M. W., Jones, M. A., Watson, P. R., Siber, AM., McCormick, B. A,
Hedges, S., Rosqvist, R., Wallis, T. S. & Galyov,.E. (2000). The secreted
effector protein oSalmonellaDublin, SopA, is translocated into eukaryotic celsl
influences the induction of enteritiSell Microbiol 2, 293-303.

Wray C., D. R. H. a. C. J. D. (1996)Enterobacteriaceaein: Jordan F.T.W. and
pattison M. (Eds). Poultry Diseasdsh Ed WB Saunders Company Ltd, London

Yarze, J. C. & Chase, M. P. (2000)E. coli O157: H7—another waterborne
outbreak!Am J Gastroenteral:1096

237



References

Yilmaz, Z. B., Weih, D. S., Sivakumar, V. & Weih, F (2003).RelB is required for
Peyer's patch development: differential regulabbp52—RelB by lymphotoxin and
TNF. The EMBO journak?2, 121-130.

Yokoyama, K., Kamata, N., Fujimoto, R., Tsutsumi, § Tomonari, M., Taki, M.,
Hosokawa, H. & Nagayama, M. (2003).Increased invasion and matrix
metalloproteinase-2 expression by Snail-induced emasymal transition in
squamous cell carcinomdsternational journal of oncolog22, 891-898.

Yoshida, S., Katayama, E., Kuwae, A., Mimuro, H., Bzuki, T. & Sasakawa, C.

(2002). Shigella deliver an effector protein to trigger host mictmile

destabilization, which promotes Racl activity afftccient bacterial internalization.
The EMBO Journa2l, 2923-2935.

Zhou, D., Mooseker, M. S. & Galan, J. E. (1999)An invasion-associated
Salmonellaprotein modulates the actin-bundling activity ¢dgtin. Proceedings of
the National Academy of Sciences of the UniteceStait Americ®6, 10176-10181.

Zhou, D., Chen, L. M., Hernandez, L., Shears, S. B& Galan, J. E. (2001).A
Salmonellanositol polyphosphatase acts in conjunction witer bacterial effectors
to promote host cell actin cytoskeleton rearrangegmand bacterial internalization.
Molecular Microbiology39, 248-260.

238



	PhD coversheet April 2012.pdf
	Tahoun2011.pdf



