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Abstract

Enteroaggregativ&scherichiaoli (EAEC) areraajor cause of diarrhoeal illness in
children, travellersand the immunocompromised, and associated with foodborne
outbreaks worldwide. However, EAEC ieterogeneougpathotype with frequent
asymptomatic carriage and a diversity of virulence factors. Previous studies have
been unsuccessful identifying genetic virulence markers. In this study, two
complimentary approachesere appliedusing intestinainfection models to

investigatebacterialfactorscontributingto EAEC pathogesisin the human gut.

Firstly, the influence of intestinal enkonmental signals on the expression of
putative EAEWirulence genesvas evaluated sing a vertichdiffusion chamber
(VDC)Aerobicoxygenlevels increased expressiofnthe adhesins aggregative
adherence fimbriae Il (AAF/Il) aid colcommon pilusthe colonisation factor
dispersinandthe globaltranscriptional activator AggiR prototype strain 042
Furthermore, a@herence to polarised84intestinal epithelial cells significapt
enhanced the expressiasf adherence factor6AAFs and dispersirthxins (HIYE,
EASTL, Pet) andhe Picmucinase. Thigduction required host cell bindirgndwas
independent of AggRegulation Based on these findings, itpsoposel that EAEC
adherence factors are induced by proximity to the oxygen diffusion gradigossc
the gut epithelium, whileepithelial cell contact activates expression of further

virulence factors

As an alternative approach to identify EAEC pathogemudtskers virulence

associated phenotypes and genotypic profigere determined folEAEC segnce

types associated with disease (STdfgarriage (ST31pT40 isolates exhibited
significantly higher biofilm formation and adherence to T84 cells and human colonic
biopsies. Thgenotypecomparison identified differences in virulence genes
associaté with epithelial colonisation and induction of host inflammatory

responses between both sequence types.

Overall, this project has revealed that EAEC virulence gene expression is modulated
by intestinal environmental signals and identified phenotypic agwlogypic traits

specific for EAEC sequence types associated with disease or carriage.
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1.1: Enteroaggreative Escherichiaoli

In the field of microbiologykEscherichia colire a paradigm for the versatility of a
bacterial species. coliare the most abundant facultative anaerobes in the human
gastrointestinal tract(GIT)and the majority of strains areammless commensals
(Kaperet al., 2004) It is estimated that individuals are colonised by an average of
five E. colistrains within their intestinal microbiota, where they participate in
nutrient processing and scavenging oxygen in symbiosis with Igteogerobc
species(Maltby et al., 2013, Apperlodrenkemaet al, 1990) CommensaE. coli

also contribute to resistance against enteric pathogens, through diverse
mechanisms including adherence exclusion, restriction of nutrients such as carbon
sources and iron, and secretion of antimicrobial compour(@asson€orsi and
Raffatellu, 2015)In addition to a beneficial role in the human microfloE, coli
strains have long held a unique importance as the predominant bacterial model and
tool for molecular biology, to the extent that the laboratory stralih coliK12 was

amongst the first published full genom&lattneret al.,, 1997, Luet al., 2011)

However, a minority ofE. colistrains haveacquired virulence genesduring
evolution which confer the ability to cause disease in a human host. Such
pathogenic strains are diverse in genetics and colonisation niches and have been
categorised on emergence into groups termed pathotyfi@gure 1.) (Croxenet

al.,, 2013, Kapeet al, 2004) The firstidentified pathogenicE. colistrains were
isolatedfrom cases of infant diarrhoea in thénited Kingdom{UK) in the 1940s and
represented what was later recognised as the mgipe enteropathogenid. coli
(EPEQBray, 1945)OtherdiarrheagenicE. col(DEC) pathotypes which colonise the
humanGITare: enterohaemorrhagi&. col(EHEC), enteemygregativeE. col(EAEC),
enteroinvasiveE. coli(EIEC, which includ&higelld, enterotoxigenide. coliETEC),
and diffuselyadherent E. coli(DAEC). A further enteric pathotype is adherent
invasiveE. coli(AIEC), although this group has been impédain inflammatory
bowel disease rather than diarrhoeal illness specificdlly.colivirulence is not
restricted to the gut, with the two major extraintestinal pathotypes being

uropathogenickE. coli(UPEC), associated with bladder and urinary tract trdes,
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and neonatal meningitiassociated E. coli (NMEC), which colonises the

cardiovascular system and brain.

Bloodstream:
UPEC and NMEC

Large bowel: , T ‘
EHEC, EIEC and EAEC / P 5
Kidney: UPEC ) Yol

Small bowel: EPEC, = I
ETEC, DAEC and EAEC k / ‘ ' |
Bladder: UPEC + 8

Figurel.1 Colonisation sites oE. colipathotypes.Modified from(Croxen and Finlay, 2010)

DEC are highly genetically diverse global pathogens. For example, one stu®g of
clinicalDEQsolatesusingMulti-Locus Sequence Typifa typing method discussed

in detail in Chapter 1.3.4), identified 579 distinct sequence types grouped into 27
clonal complexegYuet al., 2018) The population structure iglso diverse, with
some sequence type groups restricted to specific pathotypes while others are
highly heterogeneous for different pathotypef@-igure 1.2. Genetic diversity has
also been demonstrated using pulsédld gel electrophoresisuch as a caktion

of DEC from human, animal and environmental sources in India which contained 52

unique pulsotypes for 59 recovered DEC pathotype san{pleakaet al., 2016)
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CC10 containing W4 " Group containing

multiple pathotypes - i
// I e / mainly EAEC

°

et multiple pathotypes

-~ /,/ .o A 370@ .
e e roup containing
g . °

@ EHEC (STEC,VTEC)

@ EPEC

> o O ETEC
\ Group containing mainly O EIEC
EHECand EPEC @ DAEC

@ EHEC/EPEC
@ EHEC/EAEC

Figure 1.2 Diversity of darrheagenicE. coli Minimum spanning tree anadjs of 1196
humanisolates by multilocus sequence typing. Connecting liredicate six (thick lines),
five (thin), four (dashed) or three to om (dotted) shared allelesout of seven(Yuet al,
2018)

EAEC is a relatively recent pathotype, omgorted as a distinct group since the
late 19809 Nataroet al., 1987) However, it has been increasingly recognisedras
important emerging entericpathogen, associated with diarrhoeal illness in
populations worldwide and frequently the most common bacterial pathogen
identified indiarrhoeal stool samplesgluring epidemiological studig€roxenet al.,
2013, Huag et al., 2006b) Although improvements in sanitationputrition, and
medical care have seen global deaths due to diarrhoea decrease by an estimated
20% between 2005 and 2015, there remains an annual 1.31 million deaths,
including approximately 500,00¢hildren under the age of five years, due to a
largely preventable diseagdroegeret al., 2017) Additionally, repeated or chronic
enteric infections are associated with lotgym clinical disadvantages, including
malnutrition, a weakened immune system, and impaired growth and development

(Guerrantet al., 2008) The EAEC pathotype has been specifically associated with
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persistent diarrhoeal iliness in children and the imroaampromised, representing

a major health burderfLimaet al., 2017b, Rogawskt al., 2017)

Many aspects of EAEC pathogenesis remain unclear, and the pathotype has not
been as well characterised as other DEGhaag EPEC and EHEC. This is largely due
to the genetic heterogeneity of EAEC as a whole, which includes significant
variability between strains inpathogenicity and putative virulence genes
(Hebbelstrup Jensemrt al., 2014) This chapter willprovide an overview of the
current understanding of EAEC infection biology, including clinical epidemiology,
reported virulence mechanisms, and the strengths and limitations of available

infection model systems for this pathotype.

1.2: Emergence

The classicaldefinition of EAEC ibased onthe ability to form the characteristic
Gadl-ONBa] ¢ 33 ekd (AA)phénstypd oR Kuuvdd HER cells,
with this pattern playing an important role in the origindétermination of the
pathotype (Villaseceet al., 2005, Lacroix, 2008The initial observations afistinct
phenotypes ofHEpR2 cell adherence by enteropathogenic serotypeskfcolidate
back to research by Cravio@ al. in 1979, withsomeEPEC forming microcolonies
described as localised adherence ([@vaviotoet al., 1979) However other E. coli
strains also adhered to HEYbcellswith a phenotypedescribed as diffuse adherence
(DA, which wassubsequentlyfurther subdividedinto separateAA and true diffuse
categoriegFigure 1.3 (Nataroet al., 1987, Nataro and Kaper, 199&)was a result
of these findings thaenteropathogenicstrains displaying AA were sigpsted as a
new categoy of DEC.KS 2 NAIAY I f VI ¥§yreddtbey &S Kl R QS NB
eventually shortened t@nteroaggregativeé=. colj with the abbreviations EAQgEC or

EAEGlternativelyused in the literature.
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Figure 1.3 Adherence patterns of diarrhoeageni&. colion HEp2 cells The EAEC
pathotype is characterised by the aggregative adherence (AA) phenotype on cultured HEp
2 cells, distinct from the localised adherence (LA) pattern of microcolonies associated with
EPEGnNd the diffuse adherence (DA) phenotype of DAEC. Adapted (lPohotskyet al.,

1997)
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An evolutionary relationship has been determined for certain DEC pathotypes. An
example is the strong evidence that EHEErgad from an EPEC background. Both
groups share virulence features such as the formation of attaching/effacing (A/E)
lesions on intestinal epithelial cells and the locus of enterocyte effacement (LEE)
pathogenicity island of virulence genes associated withAIE phenotypgMellies

et al, 2007) EHEC strains have evolved from EPEC by the gain of additional
virulence factorsmost notably the acqaition of phageencoded Shig&éoxin genes
(Reid et al, 2000) The evolutionary history of EAEC is less -dedihed.
Phylogenetic analysis of EAEC populatiorsdetermined that the characteristic

AA is a convergent phenotype, arising independently in multiple lineages and
selected by survival advantages in the human host environment. While certain
lineagesare prewalent in multiple global locations, indicative of clonal expansion,
the heterogeneity of EAEC is linked to the parallel evolution of the AA phenotype in
lineages with diverse genotypes and virule{@Ghattawayet al., 2014b, Okeket

al., 2010)

1.3: Epidemiology

It is extremely difficult toaccurately determine the in@ence of any enteric
pathogen due to the challenges of determining causative agents of gastrointestinal
illness and the undereporting of such easen the community(Flintet al., 2005)
However, since itdescriptionas a separate DEC pathotypédas beenincreasingly
recognised that EAEC asmajor contributor to the global burden of diardeal
diseasgHuanget al., 2006a, Walkeet al., 2013) Epidemiological studies in diverse
geographical locations have consisteniljentified EAEC asne of the most
common causes of diardeal iliness irchildren and travellers worldwide, in many
cases being idated more frequently than any other DERajendraret al., 2010,
Gonzalezt al., 1997, Sarantuyat al., 2004) In addition, the overall impact of EAEC
disease may be greatly underestimated, as it is associatédpersistent diarrhoea
which is arisk factor for malnutrition and compromised immuni(Rocheet al.,
2010) The globalncidence of EAEC is unclear, as it is not commonly screened for in

global disease burden studies unlike established pathogens such as Rotavirus,
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Shigella Campylobacter and Salmonellaspecies. However, the epidemiological
prevalenceof EAEGtrainsassociated with gastrointestinal illness suggesisagor
contribution to the annual estimate of 2.39 billion global episodes of diarrhoea
(Troegeret al., 2017)

1.3.1: Association with diseasea global populations

The importance of EAEC as an enteric pathogenoniggallynot well recognised
Following the identification of EAEC as a sefmDEC pathotype, epidemiologica
studies resulted in initial uncertainty on the true pathogenicity of such strains.
While someearlycase studiefailed toshow asignificantassociation between EAEC
infection and diarrhoegGomeset al., 1989) others concluded that EAEC was likely
an enteric pathogen playing a causal role for diarrhoea in chil(fPenlet al., 1994,
Bhatnagaet al., 1993) A stronger association was eventually established by Nataro
et al. when a volunteer study was conducted where the prototype strain 042
elicited diarrhoea in adults. Howevehree other strainsalso isolated from infant
diarrhoeal case$ailed to induce any disease response, showing the heterogeneity

of EAEC pathogéity (Nataroet al., 1995)

Over the last 20 yearspany casecontrol and cohort studies have increasingly
shown both the prevalence of EAEC carriage and an association with diarrhoea. For
example, a caseontrol study performed between 2003 and 2006 children in
South India found that EAEC was the most common pathotype of DEC detected in
both clinical cases and control groups, although isolates expressing 3 specific
virulence markersa@ap, aggR andaat) were sgnificantly associated with diarrhoea
(Rajendraret al.,, 2010) In 2006 Huanget al. published a metanalysisexamining

the existing data. This confirmed that EAEC was significantly associated with acute
diarrhoeal illness in many subpopulations including: children and adults in
developing regions, children in industrialisedgiens, international travellers to
developing regions, and adults with human immunodeficiency virus infection
residing in developing regionfHuang et al, 2006b) As such, although the
pathotype is highly heterogeneous, EAEC can be considered an important causal

agentof diarrhoeal disease.
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Many of the epidemiological surveys in the existing literature focus on the level of
EAEC infection in developing countrieAE(as repeatedly beedemonstratedas
asignificant contributor to diarrhoeal illnesses in diverse geograplocations. For
example, a study of 513 infant patients between 1993 and 1995 in Caracas,
Venezuela found that EAEC was the seemus$t commonly isolated
enteropathogen (26.9% of patients) after Rotavi(@nzalezt al., 1997) A case
control study of587 children withdiarrhoeaand 249 agenatched healthy controls

in Vietham identified EAEC as the predominant baat pathogen (althouglagain

less frequent than Rotavirus) and most associated with disease in infants below two
years of agdVu Nguyeret al., 2006) More recently, he malnutrition and eteric
disease (MAIED)longitudinal study screenedtools from over 2092 infantGom

eight global lowincome regiongluringthe first two years of life. EAEC was isolated

at least once from 94.8% of the cohort, and was associated with intestinal
inflammaiton and growth reduction(Rogawskiet al., 2017) Often studies have
shown a particularly significant association between EAEC and chronic or persistent
diarrhoea, usuallylefined as lasting more that¥ days(Limaet al., 1992, Bharet

al., 1989) While therapies for acute diarrhoezntinue to improvein developing
countries, persstent illness remains a greabncern, especially in infan{ganget

al., 1995, Troegeet al.,, 2017, Kotloffet al., 2013) In general, EAEC appears to be

an important emerging threat in paediatric diarrha€khis is evident in the results

of the metaanalysis by Huanef al., which estimated EAEC to thee cause of acute
diarrhoealA t f yS&da Ay OKAfRNBY TFT2N m: 2F Ol aSa
developing countrie¢Huanget al., 2006b, Huangt al., 2006a)

EAEC is also being increasingly recogniseda gprevalent enteropathogen in
industrialised nations. An early casentrol study establishethat this pathotype

was both more prevalent and more strongly associated with diarrhoea than EPEC in
ScandinavigBhatragaret al.,, 1993) Since then, similar results have been obtained

in many developed countries, including thiK Austria and Japa(Knuttonet al.,

2001, Presterkt al, 1999, Itohet al., 1997) As in lower iname regions, EAEC is
most commonly associated with acute and persistent diarrhoea in infants and
children (Itoh et al., 1997, Knuttoret al., 2001, Tobia®t al., 2015, Charet al.,

1994) However EAEQases in adlt patients are also significarts demonstrated
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by a Swedish studwhich identifiedEAEC as the secomibst frequently isolated
DEC (after ETEC)cases oadult diarrhoea(Svenungssoat al., 2000)

Another population associated with EAEQuced diarrhoeaare travellers from
industrialised countries tadeveloping regiongJianget al, 2002, Adachet al.,
2002a) This was established in a large study by Adattal., which foundthat
EAEC was isolatedfrom 26% of travellesQdiarrhoea cases studied in areas of
Mexico,Jamaicaand India. This made it second only to ETEC imateace, and it

was proposed that EAEC may account for a large proportion of the previously
recorded cases with an unknown pathogen that still respmhdwell to
antimicrobial therapy(Adachiet al., 2001) In a study of travellers returning to
Finland from subtropical destinations, EAEGCcolonisation was significantly
F3a20AF0SR gAGK 2y 3A2AyY 3 (LadNGrEd& (2016)BEEEC RA I NNK 2 S
has also been reported as prevalent traveller's diarrhoeacasesin children
(Poulettyet al., 2018)

A further group which mape affected by EAEC infection anemunocompromised
patients. Wanke et al. previously investigated EAEC prevalence in human
immunodeficiency virus (HIgihfected adults with diarrhoeaas compared to
healthy controls. This study found EAEC to be significantly associated with
diarrhoeal illness in this popation, and interestingly EAEC infection was strongly
linked to the stage of HIV disease progression and corresponding lower CD4 cell
counts (Wankeet al,, 1998) Although further studies are needed, EAEC has been
previously associated with higher isolation frequency and tgreaymptomatic
severity inacquired immunodeficiency syndromeatients, as compared to the

healthy adult populatior{fRossiket al., 2009)

1.3.2: Transnission and reservoirs

EAEC is primarily transmitted via the faegall route (Hebbelstrup Jenseat al.,
2014, Kauret al., 2010) Therefore, most cases likely arise from consumption of
either contaminated foodoroducts or drinking water. A number of investigations

have shown that EAEC can remain viable for long periods in various conditions
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outside the human host, thereby increasing their danger as food or -deilsited
pathogens. For example, viable EAEC wemvered from inoculated bottles of
mineral or spring water after more than 60 dafjyasudevaret al., 2003) Studies

have also found EAEC to be prevalent in standing water, both in developing and
industrialised rgions(Sidhuet al., 2013, Akteret al., 2013) Additionally, a recent
publication identified the EAEC virulence markeggR in as many as 69% of

samples taken from rivers in South Afrid&ddlovuet al., 2015)

As with many enteropathogens, food handling ididdeed to be a major source of
EAEC infections. This is supported by findingadmit volunteer studieswhere a
relatively high inoculunfapproximately 1& bacteria)was required for prototype
strain 042to causediarrhoeg which makes food and watezonsumption more
likely modes of transmissiothan environmental exposuréNataro et al., 1995,
Huanget al., 2006a, Huang and DuPont, 2004ile the hfectious dosehas been
well-characterised for EPEC and EHEC-10t and less than 100 bacteria,
respectively) this hasnot been defined for EAEGstrains in generalue to the
heterogeneity ofvirulence for clinical isolate@Mellieset al., 2007) A number of
known outbreaks of @irrhoeal illness associated with virulent EAEC strains have
been linked to contaminated foodnd watersources. These include a restaurant
serving unpasteurised cheese in ltaly, villagers drinking from an open well in South
India, and a large outbreak affeng 2,697 children in Japan at 16 schools all using
the same supplier of cooked lunchEicaviaet al., 2008, Pagt al., 1997, Itohet al.,
1997) In addition, themost publicised EAEC outbreak so far, the 201D4:H4
outbreak in Germanyljkely originatedfrom contaminated fenugreek sprouts often

consumed raw in saladBeutin and Martin, 2012)

Contaminated food and water sources akso suggested tcausemany casesof
EAEGnduced travellesQdiarrhoea. For example, a cressctional study of table
sauces in Guadalajara, Mexico, and Houston, Texas fousignéicantly higher
prevalence of viabld. coliat the former location of which EAEC was the most
common pathdype of DEC identifie(Adachiet al.,, 2002b) A recent study in South
Africa investigated the prevalence of DEC in diverse sources including milk,
irrigation water, vegetables, and street food. This determined that EAEC was the

most abundant pathotype, and the authors suggestidt it may represent the
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leading cause of DE&Ssociated food and watdyorne enteric infection in the
country (Aijukaet al., 2018) Another consideration is the role aisymptomatic
human carriers. A study of food handlers at Kenyan Isot®ncluded that they
represented a riskfor transmitting EAECto traveller via shedding and food

contamination(Oundoet al., 2008)

The main reservoir of pathogenic EAEC is generally accepted to be humans
(Hebbelstrup Jenseret al, 2014, Okeke, 2009)Animal reservoirshave been
established fosomepathogenicE. colisubtypes,ncluding the carriage of EHEC by
cattle and other ruminant livestogkyet have not been contusivelydemonstrated
for EAEQFerens and Hovde, 2011)arge studies of farmed animalscluding
ruminants have failed to show ry assaiation with EAEC carriag€assat al.,
2004, Orderet al., 2017) Lowlevelsof EAEQave beenisolated from an abattoir
settingin South Africa, yet no EAEC were identified amota§s18E. colisolates
screened from slaughterhouse effluents in Fraii€anihet al., 2015, Bibbaét al.,
2014) A recent study of DEC prevalence in humans, food, and livestock in Japan
determined that the EAEC markeaggR was only associated with humans,
supporting a predominantly human reservoir for the pathotyjpéanget al., 2017)
Similarly, aggRpositive E. coliwere associated with humanbut not farmed
chickens in South VietnarfTrunget al., 2016) EAEC strains previously isolated
from animal faecesften displayed major genetic differeas totypical human
pathogenic strainsalthough the possibility of animalelated strains becoming
further adapted for human infection cannot be discountgtber et al., 2006)
Plants can also act as reservoifshaman pathogenic enterobacteria, often with a
direct link to harvested produceentering the food chainHoldenet al., 2009)
Although it is unknown if this ia commontransmission routefor EAEC, studies
have shown that several clinical strains are able to lraps such as spinach and
salad leaves using established adherence fadfBesgeret al., 2009, Nagt al.,
2016) The prevalence of EAEC in standing water amidgation sourcesalso
supports agricultural contaminationas a contributory factor in faecabral
transmission of pathogenic EABMIovuet al., 2015, Sidhet al., 2013, Aijukaet
al., 2018)
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1.3.3: Recent developments and hybrid strains

The heterogeneity of EAEC has been recognised from an early stage, associated
with the theory that divere factors confer the shared AA phenotype in different
strains (Nataro and Kaper, 1998, Natasd al, 1995) One distinction commonly
used in the literature is the classification of EAEC strains as typical atatgiEC
based on the presence or absence of the AggR regulator or pAA plasmid
(Hebbelstrup Jenseret al., 2014) Some ase studies have found a positive
association between typical strains of EAEC and pathogenic effects, suggesting that
they represent the most clinically relevant class of EAE@Ieyet al., 20(ba, Jiang

et al., 2002) However, human disease is also caused by some atypical strains, and
the prevalence of virulence factors is often different from typical E@¥Gradeet

al., 2017, Eliagt al, 2002) Theuse of typical EAEC markers including AggR for
general EAEC identification also introduces bias towards the association of typical
strains with virulencg(Jenkinset al., 2006) This distinction between typical dn
atypical EAEC is therefore too simplistic to account for the heterogeneity of the
pathotype. More recently, the advances in sequencing and bioinformatic
approaches for studying pathogen populations have been predicted to alow
clearer definition of patogenic and nospathogenic subpopulations within EAEC in

the future (RobinsBrowneet al., 2016)

Another aspectof EAEC research that has become more prominent in the last
decade is the evolution of hybrgathotype strains. This interest has been largely
driven by theE. coli0104:H4 outbreakn 2011 Eigure 1.4. During the latespring of

that year, a largescaleoutbreak of enteric disease occurrad central Europe,
primarily in regions of Germany. This led to over 3800 reported cases of
gastrointestinalillness, but the situation was complicatdd/ an unusually high
number of patients developingaemolyticuraemic syndrome (HUS disease most
commonly associated with the Shiga toxhEHECThis syndrome is characterised
by a combination of haemolytic anaemia, thrombocytopenia (platelet loss), and
subsequent acute renal failure, ar@hn causeup to 10% mortaty (Corrigan and
Boineau, 2001)While HUS is predominantly associated with infants, adults were
mostly affected in this outbreak with approximately 850 recorded cases of HUS and

54 deaths(Hebbelstrup Jenseat al., 2014, Karclet al., 2012) This incident was
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notable for both the overall scale and high mortality rate, especially for developed

nations, and received major media coverage.
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Figurel.4 Timeline of 2011E. coliO104:H4outbreak. (Karchet al., 2012)

Within weeks of the first cases, microbiologfidaboratories began to complete
work on sequencing and typing the causative pathodgerotyping classified the
isolated strains a®104:H4E. col(Mellmannet al., 2011, Bielaszewsla al., 2011)

This serotyp had been identified in at least 8 previous infections in Europe and
Korea, which had formerly beeattributed to EHEC straineKarchet al., 2012)
However, investigators subsequently determined that the German outbreak strain
was negative for intimin (encoded Bae), a key virulence factor in typical EHEC
involved in intimate atichment and the formation of A/E lesiofi®onnenberget

al., 1993) Records in Germany between 1996 and 2010 shatvatlless than 4%

of previous HUS cases were causedebgnegative isolates, demonstrating that
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the 2011 outbreak strain represented an uncomniencolipathogen(Karchet al.,
2012)

By early Jundull sequencing results were available and indicated that the outbreak
was the result of an EHEEAEC hybrid. Whilst lackiege the straincontained the
stx2gene encoding Shiga toxin 2 (Stx2), as well as additional EHEC assyemnated
such as the adhesiha (Bielaszewskat al., 2011) However, a range of molecular
markers for typical EAEC strains weralso present,includng the aggreative
adherence fimbriae AAF/I, the global regulator AggRuainase Pic, dispersin, and
the enterotoxin ShETXMuniesaet al,, 2012, Bielaszewsleat al., 2011) A picture
therefore developed of a pathogen with @@AEC origin which had acquirgs2

and other EHEC virulence genes via horizontal gene transfer.

Although rare, other incidents of Sproducing EAEC hybrids have been described,
albeit on a smaller scale than the 201iitlreak. For example, an outbreak in
France in 1992 resulted in 10 cases of HUS in children caused by oStk
EAEC strain of serotype O111:Nbrabito et al,, 1998) More recently, an isolated
case of HUS in Northern Ireland in 2012 \a#tsibuted to an Stxproducing EAEC
0111:H21 strair(Dallmanet al., 2012) Research into the evolutionary history of
the 20110104:H4 strain identified a similar O104:H4 case in 2001, but lacking a
plasmid conferring ceftazidimeesigance (Karchet al, 2012) Interestingly, the
outbreak strain had 99.8% nucligge sequence similarity to a Shiga toxiregative
EAEC 0O104:H4 strain (55989) isolated in 1995 from aspdsitive patient with
diarrhoea in Central Africa; therefore giving a rough time window for the

acquisition of the prophage encoding S{B2utin and Martin, 2012)

The 20110104:H4 straircaused the largest outbreak of StroducingE. coliever
recorded, and was one of the most serious microbiological incidents in the modern
era of Western medicinédMuniesaet al.,, 2012) The virulence of this strain is a
likely result of the unusual combination of the pAA plasmid mediatingidithe
Stx2encoding phage linked to kidney damage and HURas been proposed that
EAEC virulence mechanisms contributed to epithelial barrier disruptsord

therefore greatempenetrationof the Stx2toxin (Boiseret al., 2015)
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This outbreak demonstrates that combinations of existing pathotypes, utilising the
exceptional ability of virulence genes to spread betwéercolistrains, may cause

the rise of new pathogens. The scale thfs incident has resulted in renewed
interest in EAEC resear¢Beutin and Martin, 2012)Furthermore, the example of
the 2011 outbreak shows how the acquisition of certain genetic elements can make
EAEC a muchrepter threat for adults in developed countries, a population in which

EAEC is less frequently considered.

1.3.4 EAEC typing

While increasingly considered outdatedE. coliresearchhas traditionally used
serotyping as a standard practisefor charaderisation of strains. This uses a
numerical scheme assigned to specific surface antigens: the O antigetheof
lipopolysaccharidgLPS)ayer, H antigen of flagellin, analso the K antigen of
capsular polysaccharid@rskov and Orskov, 199Zjowever, as fewer reference
laboratories had the capabilitiesoff K antigen typing, the O:H serotype has
historically been the gold standard i colityping (Fratamicoet al.,, 2016) While
developed in the 1940sesotypinghas remainegopular as a technique applicable
across allE. colispecies which allows didient discrimination for differentiating
taxonomic groups and tracking pathogenic outbredéltenkins, 2015, Kauffmann,
1947) It has been effective for determining virulent lineages in the study of DEC. A
prominent example ighe serotype O157:HWhichhas be@ identified as the major
EHEC groumssociated withdiarrhoeal illness(Nguyen and Sperandio, 2012,
Weintraub, 2007)Unfortunately, serotyping has provdass useflin the study of
EAEC as no O:H group dominatespecificallyassociates witliliseasetherefore it
has been limited to specific outbreak identificati(fcaviaet al., 2008, Hebbelstrup
Jensenet al, 2014) This ispartly the result ofthe genetic heerogeneity of the
pathotype, with one major UK epidemiologicalstudy identifying 47 distinct EAEC
serotypes(Jenkinget al,, 2006) The issue is compounded by thighly agregative
phenotype of EAE@&sauto-agglutinationcausesa high proportion of strains to be

classed as netypeable (Weintraub, 2007)
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E. colihave also been previously analysed by phylogroups(, B2, C, D, E, F),
where isolaés can be assigned by triplex P@Rermontet al, 2013) Some
subgroups oE. coliare highly associated with phylogroups, such as extraintestinal
pathogenicE. coliwith groups B2 and D, or commengalcolwith group A(Croxen

et al., 2013) However,EAEC have been found to be widely distributed across these
phylogroups, a further indicator of the phylogenetic diversity of the pathotype and
parallelevolution of the aggregative adherence phenotype® & Ot2 10 NINY =2,
2004, Hebbelstrup Jensen al., 2014)

Another common typing scheme in bacterial epidemiology is Mudtius Sequence
Typing (MLST), whickias developed folNeisseria meningitidisn the 1990sbut is
now applied to various pathogens includiig coli(Maidenet al., 1998, Larseet
al., 2012) An allelic profile of corgene sequences, amplified lpplymerase chain
reaction (PCR)is used totype strainsagainstdefined sequence types (STshhe
standardE. coliMLST scheme uses 7 laaitk, fumC, gyrB, icd, mdh, puaAdrecA
(Chattawayet al, 2014b) MLST can bearticularly effective for investigating
population geneticand discriminating betweerineages in larger data sef®keke

et al,, 2010)

Both serotyping and sequence typing have benefited from the advances in genome
sequencing technologies. Feerotyping, determining antigen alleles from genetic
sequences circumvents the practical limitations of maintaining at |&88tO and

53 H antiseraand specialised facilities for traditional antigen test{dgnkns, 2015,
Joensenet al, 2015, Ingleet al., 2016) Similarly, in silico MLST has become
increasingly efficient with the improving cestfectiveness of wholgenome
sequencing (WGS), as opposed to traditional PCR amplifi¢htoseret al., 2012)

WGS is also allowing the development of new typing approaches, such as core
genome MLST.This technique performsgenomewide geneby-gene allele
comparisondor typically 1500 to 4000 genes conserved within a species, allowing

enhanced resolution versus conventional MLST schediiesura, 2018)

The standard typing methods for epidemiology have been effective for identifying
EAEC outbrealkand lineages, but the heterogeneity the pathotype is a challenge

for determining pathogenic subgroups. However, ongoing advances using WGS in
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combination with typing techniques may improve discriminatory power for future
studies and allow pathogenic ambn-pathogenic EAEC strains to be distinguished

(RobinsBrowneet al., 2016, Chattawagt al., 2013)

1.4: Pathology

1.4.1: Diagnosis of EAEC

The characteristicAA phenotype of bacteriancubated with cultured HEp2 cells
was the original defining feature for classification of EAEC as a separate pathotype
and remains the nominal golstandard for EAEC diagnasiie main feature of this
phenotype is the stackebrick adherence pattern, with bacteria binding natlp to

the HEpR2 celk, but also to the surface of the culture digfigure 1.5 (Cennimoet

al., 2007) However, the HER adherence assay has drawbacks due to the
necessary time, practical expertise and cell culture facility requirements
(Weintraub, 2007)It has been demonstrated that formaifixed HEp2 cells can be
used for many weeks with a similar sensitivity and specificity to taedzird assg
which offersextra practicalityand reducesthe risk of contaminationbut this has
not been widely adopted(Migdady et al, 2003. In practice, epidemiological

identification of EAEC imow typically performed by molecular biology techniques
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Figurel.5 Aggregative adherence phenotype of EAEC on kEells.The EAEC aggregate
in GaGrNRMGBIRE LI GGSNY 2y 020K GKS OdzZf G§dz2NBR SL
surface.(Boiseret al., 2013)

The use ofPCRassays for diagnosis of infective diseaggentsis well established
and has advantagefor rapid detection of microbegYang and Rothman, 2004)
However, the use of PCR with EAEC has been complicated by the genetic
heterogeneity of thepathotype Many studies have used the BNorobe CVD432,
targeting the aatA gene sequenceeficodinga membrane transposr of the
dispersin protein)Thiswhich wasoriginallydeveloped by Baudrgt al. for Southern
blotting based on a specific fragment of the 042 gBAudryet al., 1990) Although
the CVD432 probe has been widelged for its high specificity, its sensitivity is
highly variable (15% to 89%fennimoet al, 2007) Other dudies have used a
range of potential target geness markers for BAC includingvirulence genes such
asaap, astA andaaiA andthe transcriptional regulator genaggR(Jenkinset al.,
2006, Andradeet al., 2014) However as many putative virulenogenes aregoorly
conserved armangst all EAE@nd also found in othempathotypes, it is difficult to
design a specific assay using P&é&he (Weintraub, 2007) Despite this, PCR
approaches are widely used due to their ceffectiveness especially when
screenig large sample collectiondultiplex PCRgainst multiple EAE&Ssociated
genesis often used toimprove the sensitivityof EAEC identification, whilst real
time PCRcanallow a more rapid detection of the bacter{Bischoffet al.,, 2005,

Bouzariet al., 2005, Cernat al., 2003)
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Other basic diagnostic optionshave beenproposed based on EAE&Ssociated
on the visible auteagglutinationof EAEC irulture broths. While crude, it has a
reported sensitivity and specificity approximately90% and was recommended as
a potential EAE@etection tool following a study in Japdhwanagaet al., 2002) A
guantitative biofilm assay has also been described, utilising optical detwsity
identify rapid bacterial aggregation a microtiter plate, and may be useful as a
quick initial screening tool in regions lacking more specialised faciliekimoto

et al,, 2004)

For now, the HEf2 adherence assay remains theminalgold standard for reliable
confirmation of EAEC, although mamgference laboratories mostlyuse PCR
techniquesfor efficiency ofidentification The development ofmprovedmolecular
diagnostic toolscould improve future research of this pathotypeparticularly for
specificepidemiological analysis of pathogenic EAE&Ins, but will require further
understanding othe key factors irEAEC pathogesis(Hebbelstrup Jenseat al.,
2014)

1.4 .2: Clinical gmptomsof EAEC infection

The heterogeniy of EAEC strains results in great variation in the clinical symptoms

of infection including frequent asymptomatic carriagehis diversity in disease has

been proposed to also depend dactors suchas host genetic susceptibility and

immune response, awell asghe number of bacteria initially ingestg@Kauret al.,

2010) Two major infectious intestinal diseasstudiesin the UK(IID1 and 1ID2)

reported that a quarter of EAEsitive individuals were asymptomatiChataway

et al., 2013) This wa also observed y (G NI} @St f SNDastudOA3BENK 2 S| = 4K
travellers to the tropics identified EAEC in 50%diafirhoeal samples but also in

28% of asymptomatic contro{kaaveret al., 2016)

Gastrointestinal illness caused by EAEC can present with a range of symptoms
(Table 11), although watery diarrhoea (less frequently containing mucus and/or

blood) is most prevalent. Accompanying symptoms can include dehydration,
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abdominalpain, vomiting,nauseaand lowgrade fever(Kauret al., 2010, Kahakt

al., 2004, Nataroet al, 2006) However, manystudies focus on EAEC strains
isolated from hospitalised patientsAs EAEC is not typicallgreened for in
community health servicesespecially in developing countries, infections with
milder symptoms are likely to be underreport€@keke, 2009)Onset of diarrhoea
following ingestion of the pathogemaybe rapid, with a human volunteer study by
Nataro et al. reporting an average incubation period of 14 hours for affected
subjects(Nataro et al., 1995) However, somdypical EAE&ssociated foodborne
outbreaks hae reported longer incubation times of & hours before symptoms
while the 2011 O104:H4 outbreak had an estimated median incubation time of 8

days(Scaviat al., 2008, Itoket al., 1997, Frankt al., 2011)

Characteristic No. (%) of hospitalized patients
Stool consistency
Watery 91(75.2)
Mucoid 5(4.1)
Bloody 4(3.3)
Loose 22(18.2)

Clinical symptoms

Vomiting 78 (64.5)
Fever (temp, >38.8°C) 24(19.8)
Abdominal pain 55(45.5)

Dehydration status

Severe 52(43.0)
Moderate 65(53.7)
None 4(3.3)

Duration of diarrhea before admission to the hospital

Upto24h 103 (85.1)
=24t048h 12(9.9)
~48h 6(5.0)

Tablel.1 Clinical characteristics of EAEC infections in If#iahaliet al., 2004)
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EAEC infections can cause both acute and chronic diarrhoeasillRersistent EAEC
diarrhoea has mostly been associated with children, especially in developing
countries (Fanget al., 1995, Cravioteet al, 1991, Hennet al, 1992) However,
further epidemiological studies ka disputed this, with only low rates of persistent
diarrhoea (> 14 days) reported for EAEC infect{tmmaet al., 2013b, Pabstt al.,

2003) A specific role of chronic diarrhoea as an important disease traiEAEC
infection compared to other DEC may have been overestimated by earlier studies of
the pathotype (Hebbelstrup Jensert al., 2014) Chronic infection by enteric
pathogens such as EAEC has been linked to malnutrition in children, both as a risk
factor for initial infection due to mucosal damage, and also as a resulting effect of
persistent diarrhoehillness(Nataro and Kaper, 1998, Rockeal.,, 2010) Children
under 60 months of age in Kenya with clinical wasting (defined asuppdr arm
circumference </= 125 mm) had a significantly greater rate of EAEQiam and

more severe disease and dehydrati@mickellet al, 2017) EAEC was one of
multiple pathogens associated with infant malnutrition in a casatrol study in
Bangladesh, after adjusting for@odemographic factors, and EAEC infections were
more prevalent in malnourished children in Nomtastern Brazi(PlattsMills et al.,

2017, Limeet al., 2017a) While EAEC is suggested to mostly cause acutesilines
otherwise healthy adults, immunocompromised individuals such aspbi$itive
patients also have a significant association with chronic diarrdéankeet al.,

1998, Samiet al., 2007)

Aside from the initihgastrointestinalsymptoms of infection, EAEC Haeen linked

to additional longterm effects. Studies have shown an association between the
presence of EAEC in stools of children and a subsequent impaiohgrawth. This

also occuss in children colonised without symptomatic illness, suggesting EAEC
induced malnutrition is at last partially independent of diarrhogteineret al.,

1998, Guerrantet al, 2008) The MALED study associated EAEC infections with
reduced body length by 2 years of aged proposedthat maintained intestinal
inflammation may stunt growth without diarrhog@ogawsket al., 2017) A similar
observation of growth shortfalls and undautrition induced by EAEGas been
demonstrated in a murine mod€Rocheet al,, 2010 { 2 6 A S atlalCrae Z & { |

suggested an additional link between EAEC and irritable bowel syndrome (IBS)
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6{ 20 A S adt&]2pb0F)Thel determined a highly significant increasdAEC
isolates in IBS patients, and theorised that a persistent infection of this pathotype
could contribute to IBS development thrgh induced mucosal inflammation.
However, there is currently insufficient evidence to indicate any causative

correlation.

Although EAEC is primarily a foodborne enteric pathogen, some strains have shown
an ability to cause extraintestinal infection. The most common causative agent of
urinary tract infections has long been established as uropathogenmoli(UPEC).
However,while UPEC dominates in commuritgquired cases, hospitacquired
infections can be caused bl. colistrains normally associated with intestinal
colonisation, including EAKTovalet al., 2014) An increase isuch observations,
including an outbreak oEAEEssociatedurinary tract infections in Copenhagen,
has led some researchers to suggest that a UPEC/BAIEQG pathotype may be an
evolving clonal group specialised for this extraintestinal ni(@kattawayet al.,

2014a, Olesemt al.,, 2012)

While most cases of EAEC infection do not result ifHifeatening illness, some
strains have been able to cause more serious complications. Most notable is the
association btween certain EAEC strains and the development of haemelytic
uraemic syndrome (HUS). HUS has been historically linked to EHEC, with the
pathogenesis dependent on the expression of Shiga togmislton-Celsa and
O'Brien, 2014) However, there have beemultiple examples of HUS associated
with EAEC strains that have acquired Shiga gximcluding cases in Hpositive
patients in the Central African Republic, and minor outbreaks in France and Japan in
1996 and 1999 respectively (Mossoro et al., 2002, Chattawayet al, 2013)
However, the rislof Shiga toxirproducing EAEC received greater recognition in the
wake of themajor 2011 O104:H4 outbreain Europe as previouslydescribed in
Chapterl.3.3
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1.4 .3: Clinical herapy

In the majority of cass of EAE@ssociated diarrhogahe infectionis selflimiting
(Huanget al., 2004) As a result, oral rehydration therapy is commonly applied,
although the link between EAEC aoldronic disease can make this lessitable
alonein cases witlpersistent symptes (Kauret al.,, 2010) Antimicrobial therapy is
frequently given empirically forsevere diarrheal illness before pathogen
identification and is likely for EAEC infection do¢he aforementioned limitations

in diagnosisCertain classes of antibiotics have pnowaffective against modEAEC
strains, with a susceptibility to fluoroquinolones often highlightgalandtet al.,
1999, Cennimeet al., 2007) Evidence from two clinical trials, using ciprofloxacin
and rifaximin,showed a significant reduction in pegseatment diarrhoea duration

in comparison to placebo control@nfante et al, 2004, Glandtet al, 1999)
However, antibiotics ar@mot recommended for treatment of infectiacaused by
Stxproducing EAEC. &ny of the antibiotics available for use against
gastrointestinal infections, such as mitomycin @joinolones caninduce bacterial
SOS responses and trigger aduial Stx expression and therefore an enhancdesi

of HUS(Karchet al., 2012, Kimmittet al., 1999) The 0104:H4 outbreak strain
demonstrates increased Stx2 production in response to ciproflox@élaszewska
et al., 2012) While supportive rehydration therapy urrently used for confirmed
infections by Stxproducing E. coli new therapeutics in development include

monoclonal antibodies against the toxin its@Melton-Celsa and O'Brien, 2014)

However, as with most bacterial pathogens the issuedeVeloping antibiotic
resistance must be considered. Wh susceptibility patterns naturally vary by
geographic region, high levels of resistance in EAEC have been reported for a
number of major antibiotics including ampicillin, tetracycline and chloramphenicol
(Huanget al., 2006a) Multi-drug resistance is also on the rise in certain areas. For
example, a study in rural South India found over 75% of isolated EAEC strains were
resistant to more han 3 ofa panel ofcommon antimicrobial agents testeg@Raju

and Ballal, 2009Recent screening of all DEC pathotypes (of which EAEC was most
prevalent) isolated from childrewith diarrhoeain Nairobi, Kenya, foud more than

50% resistance to the following antibiotics: ampicillin,

trimethoprim/sulfamethoxazole, streptomycin, gentarm, kanamycin,
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ciprofloxacin, chloramphenicol, and tetracyclifidyangeet al., 2017) Antimicrobial
resistance is also observed in asymptomatic carriage, with 56% of EAEC isolates
from a healthy elderly population in Chirseing positive for extended spectrum
betalactamases(Wang et al, 2015) It has been proposedhat resistance has
grown most rapidly in enteric pathogens in areas such as South and-EastiAsia

due to poorer control of antimicrobial use. The availability of antibiotics for self
treatment for symptoms such as diarrhoea without a prescription ordice

consultation is likely a driving fact@lguyenret al., 2005)

Some research has been performed into alternative therapies for EAEC infection.
Some of the most interesting findings have beemported for the effect of the
antimicrobial protein lactoferrin.In general, lactadrrin exhibits antibacterial
activity by sequestering iron to inhibit the growth of microorganisms, as well as
disrupting the outer membrane deram-negative bacteria by inducing the release

of LPJGonzalezxChavezt al.,, 2009) In vitro, lactoferrin has been shown to inhibit
EAEG@dherenceto HEp2 cells and biofilmdrmation, via disruption of AABinding
(Ochoeet al., 2006) In addition, a clinical trial of Japanese children given lactoferrin
supplements found a significant reduction in vomiting and diarrhodakss
without any effect on Btavirus incig&nce, suggesting a protective effect against
bacterial enteric pathogens in gener@étgashiraet al, 2007) The inclusion of
recombinant human lactoferrin and lysozyme in oral rehydration therapy during a
study of Peruvian children caused a significant decrease in diarrhoea duration and
relapse(Zavaleteet al., 2007) It is unéear if supplements such as lactoferrin could

be viable alternatives in antimicrobial therapgainst virulentEAEC, but growing

evidence suggests a beneficial effect during enteric disease.

Bacteriophage therapy has been proposed as an altereatd antbiotic usage.

Such treatments areurrently applied in areas of Eastern Europe and Russia, yet
their effectiveness remains unconfirmed in the wider medical community
(Sulakvelidzeet al., 2001) Bacteriophages specific for an EAEC strain reduced
biofilm formation on abiotic surfaces and were able to infect bacterial aggregates
on epithelial cells and persish murine intestines (Mauraet al., 2012) It has also

been proposed that candidate bacteriophages could be selected rapidly from

existing libraries as a response to outbreaks such as2iEl 0104:H4 event
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(Merabishviliet al., 2012) Researchsiexpanding for phage therapy to tardet coli
pathogens, althougln vivoanimalstudiesand clinical trialgor intestinal infections
have demonstrated only modest effeqiBolocanet al.,, 2016) Bacteriophageable

to lyse EHEC O157:Hin vitro improved clearance of the bacteria in a murine
model, but caused only a limited reduction of colonisation in cattle and no effect in
sheep (Shenget al., 2006) Furthermore, a randomised clinical trial of phage
therapy (including a commercial Russian coliphage product) for microlzalbgi
diagnosedE. colidiarrhoea, mostly ETEC and EAEC, observed no improvement in
clinical outcomes including diarrhoea duration, stool frequency, and vomiting
(Sarkeret al., 2016) As such, th applicability of bacteriophage therapy for clinical

EAEC cases remains undetermined.

The heterogeneity of DEC has hindered the development of effective vaccines.
However, recent progress has been made using major colonisation factors as
antigens which cald confer protection against the majority of virulent ETEC strains
(von Mentzeret al, 2014) Although EEC has a particularltigh degree of
heterogeneity, it has been proposed that similar approaches calslobe effective

for this pathotype One potential option is exploiting the adhessyecificto EAEC,

as incorporating all of the AAF family adhesins as antigens could be successful
againstmany (but not allyirulent straing(Boisenet al., 2008) The dispersin protein
involved in epithelial dispersalf adhesinsis alsohighly immunogenic andvell
conserved, andhas therefore been suggested as a possible vaccine candidate
(Nataroet al., 1995, Huangt al, 2006a, Kararet al., 2017) Other research has
identified protective antigens from the corE. coligenome, such as the outer
membrane protein YncE, which could be u$en combination with pathotype

specific antigens for future vaccine developmeagainstDEQMoriel et al., 2016)

1.5: Mechanisms of EAEC virulence

The pathogenesis of EAEKL likely variable, reflecting the heterogeneity of the
pathotype. However, thgenerlly acceptedcourseof infection can be summarised

by the following stagesAdherence to thantestinal epithelium colony expasion
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and biofilm formation,toxin-induced epithelial damage and host inflammatory

responseg(Figure 16).

Due to the exceptionaaggregative properties of EAEC|si proposed that initial
epithelialadherenceis enhanced by autaggregation obacteriain the gut lumen
which benefits initial colony establishmer{Hebbelstrup Jenseret al., 2014)
Aggregative adherence d@he mucosal surface is mukactorial and includes a
number of adhesins and other putative virulence fastadnce EAEC colonisation is
established, the secretion of bacterial toxins and othserine protease
autotransporters of Enterobacteriaceag(SPATES) indugetissue damage and
immunological host responséiauret al., 2010) Inflammation is also a key factor
of symptomatic infection and isriggered by hospathogen interactions including
toxins and flagelldKonget al., 2015, Harringtoret al., 2005) In chronic infections
associated with EAEC, it is suggested that ddmsBim formation contributes to
the resistance to clearance by the immune system and subsequent persistent

diarrhoea(Weintraub, 2007)

Intestinal lumen

Figure 1.6 Stages ofEAEC pathogenesid. Agglutination of bacteria in the lumen. 2.
Aggregative adherence to the mucosal surface. 3. Colony expansion and biofilm formation.
4. Release of toxins causing tissue damage and inflammation, resulting in diarrhoeal
symptoms. 5. In persistent casestadishment of additional biofilm and resistance to
clearing by immune responséldebbelstrup Jenseet al., 2014)
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Many putative virulence factors have been described for pathogenic EREKEY
feature ofdtypicak EAEC strains is the aggregative adherence plasmid (pi#ié)
encodes many of the virulence factors associated with the AA phenotype ingludi
the aggRtranscriptional activator genéJohnson and Nolan, 2009)he archetype
of this virulence plasmid is that of prototype strain 042 (ppAit the pAA varies
greatly between different EAEC strains in sizelZ@ Kb) and genetic composition
(Chaudhuriet al, 2010, Jonssort al, 2017b) The AggR regulon (Figure 17)
includesa set of virulence gees linked with EAECpathogenesis such asgenes
encoding AAS$; dispersin, and the toxin PgDudleyet al, 2006a, Cernat al.,
2003) Most of theregulon is located on the pAA plasmid, althougbgRalso
regulaes geneslocated on chromosomal islangdsuch aspic (Morin et al., 2013)
Somestudies have found a positive association betwédggR and ade diarrhoea
and inflammation caused by EAETlanget al., 2002, Hebbelstrup Jensest al.,
2017)

PAA00S aatA PAAOL6 PAA022 PAA047 PAA056
PAA004 pA/\()()SA aatC ccdA shff aafC PAA04] aafA
pAA003 aatB  gatD pAAOLS cdB pAA020 virk aafB aafB pet PAA042 aafD aggR aap  pAA060O

i SO e e ey

Figurel.7 AggR regulon on the pAA2 of EAEC (Q&forin et al., 2013)

While several virulence factors have been reported, many of these are only found in
a minority of EAEC isolates. In this section, ghgposed mechanisms for different
aspects of EAEC pathogenesis will be reviewed, along with the associated virulence

genes at each stage.

1.5.1 Epithelial adherence

One of the defining aspects of EAEC is the AA giipapas originally identifiedro
cultured HER cells. This adherence is key for the initial colonisation of the
intestinal mucosa and has been associated with a number of expressed adhesins.
The major virulence factors responsible for AA are the aggregative adherence

fimbriae (AAF)Figure 1.§. These bundldorming fimbriae were first identified in
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the prototype strain 172; with this variant nav termed AAF/I. Introductionf AAFI

into E. colK12 strains successfully conferred an AA phenotype, demonstrating the
importance of these mbriae for EAEC adherend®lataro et al, 1992) The
frequently used prototype strain 042 was later found @égpressa distinct allele
AAF/II, which while functionally similancludesa major pilin subunit withess than
25% amino acid identity with that of AARNataroet al., 1995, Harringtoret al.,
2006) Subsequent research has increased the number of known AAF alleles to at
least five, with a large degree of vai@t between the pilin subunits, but each
EAEGstrain typically only possesses a single al({@allmanet al., 2014) Protein
interaction studies have identified a number of potential host cell receptors for AAF
attachment, which include fibronectin, laminin, collagen IV, and cytokeratin 8

(Izquierdoet al., 2014b)

The AAFs are related to the Dr family of fimbrial adhesins, which are important in
UPEC and DAEC. Both groups of adhesins utilise usher gretatea proteins with

a high level of sequence conservati@iarringtonet al., 2006) The AAF adhesins

are encoded on the EAEC virulence plasmid pAA. However, while AAFs are
important facilitators of the AA phenotype, many clinical EAEC isolates tlo no
possess any known AAF alle(@snssoret al., 2015) In addition, astudy using a
rabbit infection model refuted that the pAA is absolutely requiretbr in vivo
colonisation by virulent EAECalthough this conclusion was based oissue
homogenaes rather than direct evaluation of intestinal adheren@uneraet al.,

2014) While it is possible that further uncharacterized AAFs may be involved, other

adhesins are also thought to play a role in EAEC adherence.
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Figure 1.8 Electon micrograph of Aggregative Adherence Fimhl&i@onnecting EAEC
bacteria The image shows EAEC strain 042, which expresses £3\€ikhet al., 2002)

A common adhesinin various pathogenicand commensalE. coliis the E.
colicommon pius (ECP), associated with enhanced bacterial adherenceltiared
epithelial cellsin vitro (Rendénet al., 2007) ECP igonservedin the majority of
EAEC strainswith a study of 130 EAEC isolates determininggbpAgene to be
presert in 96% of strains. The sam&udy demonstrated that loss oécpA
significantly reduced adherence in AA&gative but not AAJpositive EAEC strains,
such as 042Avelinoet al.,, 2010) It has therefore been suggesl that ECP could be

an important mediator of AA in some of the many EAEC strains lacking AAF

adhesins.

Another common adhesin in Enterobacteriaceae is the type | fimbria (TIF), which
plays an important role in the adherence of many commensal and pathogewoli
subtypes. It is encoded by tHan operon present in the majority of clinical EAEC
isolates(ReguaMangiaet al, 2009) TIF knockouts and afAfilF seruntan inhibit

the AA phenotypein vitro, suggesting TIF contribute to thelleerence of EAEC

strains(Moreiraet al., 2003)
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Alongside adhesmthemselves, EAEC also expressadditional virulence factor
from the pAA plasmid which supports adherence. This is akDa2proteintermed
anti-aggregation protein Aap), now more commonlyreferred to as dispersin
(Sheikhet al., 2002) Dispersing noncovalently atached to the bacterial surface
and associated with a greatelispersal of EAEC a@pithelial surfacesStructural
studies suggest the protein binds to outer membrang?Sto mask its strong
negative chargeallowing positivdy charged adhesins such as AAFs to effectively
bind more distant siteand mediate the hypeaggregative properties of EABBuUS
regulating the AA phenotypéor optimal colonisation(Harrington et al., 2006,
Velade et al.,, 2007) Dispersin is exported to the bacterial surface by a specialized
ABC transporter, encoded by tlaat cluster also located on pAMishiet al., 2003)
Both dispersin ancat are well conserved itypical EAEC and have been used as

markers for PCRased identification of the pathotyp@enkinst al., 2006)

Agglutinins have also been described for EAEC, with therksmtant agglutinin
(encoded byhral) dharacterised in 042. While Hral conferred enhanced auto
agglutination, biofilm formation and AA when expressed by laboratérycoli
strains, no effects were observed in OB£al deletion mutants. As such, Hral has
been described as an autlhesion factoras well as a putative accessory adhesin
(Bhagavaet al., 2009) Recently, a study demonstrated thathyperaggregative
phenotype exhibited by dispersin mutants wakie to an unmasking of Hral, not
AAF However, althree factors were important focolonisationof a Caenorhabditis
elegansinfection model, highlighting the interplay of multiple factors in EAEC
adherenceg(Blantonet al., 2018)

While AAFs are specifically associated with EAEC and the AA phenogypear¢h
not expressed by all strains. It is apparent that AA is dattiorial, which is
connected to the genetic diversity of EAEC. In addition, many of the factors

important for initial adherence also contribute to the development of biofilm.
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1.5.2 Biofilm formation

Following the establishment of aggregative adherence to the intestinal epithelium,
the next stage of EAEC pathogenesis is the formation of a biofilm. It is well
established that biofilms confer a number of advantages to colonising bacteria
such as resistance to antimicrobial agents including antibiotics and host factors
(Costertonet al., 1999, Xwet al., 2000) Furthermore, the ability of EAEC to form
thick, aggregating biofilms likely contributés persistent infection and prolonged
diarrhoea often seen in clinical cases, especially in inf@¢dsret al., 2010, Nataro

and Kaper, 1998)

Biofilm formation is a complex, mufictorial process, but somadtors have been
identified as important for EAEC biofilms. In addition to their central role in
aggregative adherence, AAF adhesins are also implicated in biofilm development
(Berryet al, 2014) Biofilm formatio by prototype strains 042 and iZ require
expression of AAF (AAF/Il and AAF/I, respectively), andpatirogenic E.
colistrains harbouring pAA constructs (containing AAF genes) are able to form
biofilms(Sheikhet al., 2001)

AAF expression is regulated by the transcriptional activator AggR, yet there is some
disagreement as to the overall importance of AggR in biofilm formatghile
some studies have observed no significant correlation between AggR and biofilms
(Sheikhet al., 2002) others have suggested that AggR is strongly associated with
the phenotype(Mohamedet al., 2007b) However, AAF can be regulated by other
factors including Fis, a nucleeddsociated protein involved in growgthase
dependent regulation of EAEC gen@8orin et al, 2010, Rossiteet al,, 2011)
Deletion offis results in loss of biofilm formation and disruption of AggR and AAF
expression, which are restored His complementation. It has therefore been
suggested that Fis mediates biofilm formatioia AggRegulation of AAF biogenesis
(Sheikhet al.,, 2001) Although less well characterised thdis, a similar role has
been detected for theyafKgene(Kauret al., 2010) Mutations inyafK significantly
reduced expression of AAF genes, adherence, and generation of bi(ffilraskhet

al., 2001)
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However, as with the AA phenotype, many EAEC isolates form biofilms without
possessing AAF alleles, suggesting that other factors play important roles. One
candidate gene ishf, first described on the pAA2 plasmid of prototype strain 042.
Mutations of shf resulted in significant disruption of biofilm formation, yet the
bacteria retained an aggregative phenotype in liquid ph@agiyamaet al., 2008)
While the function of Shf is undetermined, the closest characterised homologue is
the IcaB protein of pathogenicStaphylococcus epidermididcaB mediates
modifications of exopolysaccharides and promotes intercellular adhesion in
bacterial biofiims(Vuonget al., 2004) The ECP adhesin, which has been proposed
to contribute to AA in AARegative EAEC rsins, is also a common factor
associated with biofilm development ky. colipathogens and commensals alike

(Garnettet al., 2012)

Other putative regulators of biofilmofmation are related to a type lidecretion
system(T3SSyesignated ETT2Zncodedat theglyUlocus onthe chromosome of
EAEC strain 042, with potential effectoeported at the selClocus. These include
HIA, a homologue of &ranscriptionalregulator HilA fom Salmonella entericaand

Air, a homologue of invasin frorfersinia Mutations in eithereilA or air reduced
epithelial adherence and biofilm abundan¢8heikhet al., 2006) It is suggested
that HIA regulates the ceexpression of ETT2 aralr, while air is predicted to
encode an outer membrane protein with roles as an agglutinin and possible
accessory adhesin contribng to biofilm formation(Kauret al., 2010, Sheiklt al.,

2006)

A further example of AggiRdependent biofilmpromoting factors are type 1V pili,
which contribute to bacterial adherence and twitohotility in Gram-negative
pathogens(Donnenberget al., 1992) Dudleyet al. have previously described a
clinical EAEC isolate lacking the AggR regulon and containing a péasoded

type IV pilus, which mediated both adlesce and biofilm formatiorfDudleyet al.,
2006a) Interestingly, up to 10 % of EAEC strains possessed similar pilus genes

suggesting that type IV pili may be as prevalent as some AAF alleles.
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1.5.3 Toxins and Seaine Protease Autotransporters of

EnterobacteriaceadSPATES)

The clinical manifestations of EAEC infection are varied but usually include watery
diarrhoea, occasionally with blood and mucus components, resulting from
expression of enterotoxins and cytotos Figure 19) (Harringtonet al, 2006)

While the 2011 German outbreak isolate gained notoriety tlmehe association
between the acquired Shiga toxin and risk of HUS, the pathogenesis of typical EAEC

strains involves other virulence factqisarchet al., 2012)

One enterotoxin that was discovered in EAEC strains is the plasmoaied toxin
(Pet). It was originally isolated from the supernatant of outbreak strains in Mexico,
and subsequently linked to cytotoxic effects on the mucosa of infected(Ekava

et al., 1998) Moreover, infection of human colonic explants with prototype strain
042 resulted in mucosal abnormalities such asptrilation and cell rounding,
which were Pedependent(Hendersoret al., 1999b) Pet is a class | SPA&Eamily

of extracellular proteases consisting of ate@minal domain required for
translocation through the outer membrane and anté&tminal functional domain

with enzymatic activitfDautin, 2010)The SPATE family appears to be important in
EAEC, with two studies respectively reporting 94.5% and 80% of typical strains
contained genes for at least one SPABRisenet al., 2009, Andradet al., 2017)
Sudies suggest that following export by the autotransporter pathway, Pet is
internalised by epithelial cells and degrades the structural protein fod@oisenet

al., 2009, CanizaleRoman and NavarrGarcia, 2003)This causes cytoskeletal
disruption, resulting in detachment, rounding and/or cell deafBetancourt
Sanchez and Navar®arcia, 2009)Expression of Pet is regulated by Aggi] a
there is also evidence that the transcriptional factors CRP and Fis act-as co
activators for the toxin(Rossiteret al., 2011) While the activity of Pet is likely a
contributing factor to EAEC pathogenesis, it is only found in a minority ahstra
with studies reporting prevalence rates between 4.3% and 19(B#ringtonet al.,

2006, Andradest al., 2017, Vilaet al., 2000, Boisest al., 2009)
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Figure 1.9 Targets of EAEC toxins and SPATEs contributing to tissue damage and
inflammation (EstradaGarcieet al., 2014)
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Another SPATE cytotoxin linked to EAEC pathogenesis is the secreted
autotransporter toxin (Sat), originally described in UPEC. Similar to Pet, Sat is only
present in some EAEC strains, but has been detectesbliatés from children with
diarrhoea(MendezArancibiaet al., 2008) While it is absent in 042, Sat is one of
the toxins expressed by the prototype strain-27Boisenet a., 2009) It has been
proposed that Sat and Pet are functionally homologous, with similar proteolytic
specificity for spectridike proteins and the epithelial cytoskeletgMaroncleet al.,

2006, LievirLe Moalet al., 2011) Other putative SPATE cytotoxins identified in a
smaller proportion of EAEC strains, such as SigA and EspP, are typically associated
with virulence of EHEC arghigella flexneriBoisenet al., 2009, h et al., 2013, Al
Hasankt al., 2009)

The EAEC heatable toxin 1(EASTL) was originally identified as a distinct EAEC
virulence factor but has subsequently beeietected frequently in other DEC
pathotypes andSalmonellaspecies(Savarinoet al., 1996, Paiva de Sousa and
Dubreuil, 2001) As with most EAE&5sociated virulence factors, EABTS not
conserved in alstrains, butis acommon toxin and present in both 042 and-27
(Savarincet al., 1996, Natarcet al., 1995) Encoded by thastAgene, EAST has
been significantly associated with diarrhoea in case stuesnboniet al., 2004,
Pereiraet al,, 2007) EASL has sinfarities to the heatstable enterotoxin STa of
ETECand is proposed to function in a comparable way via interference of cyclic
GMP signalling resulting in anion secretion and disrupted fluid homeostasis across
the gut epithelium (Menard et al, 2004, Harringtonet al, 2006) Although
inconclusive in a mouse modeghurified EASTL toxin causessustained anion
secretion from T84 celland a secretory response inrabbit ileal mucosa model

(Savarineet al., 1991, Veilleuet al., 2008)

Some other putative virulence factors of EAEC are more commonly associated with

other DEC. These include haemolysins, goreing cytotoxins associated with

epithelial cell death in culturgChaudhuriet al, 2010 hyS 27F - 1KSasS Aa
haemolysin which is normally found in UPEC, but has been identified in some EAEC

strains including 12 (Suzartet al, 2001) Prototype strain 042 expresses

haemolysin E (encoded byyB, also known as cytolysin(€haudhuret al., 2010)

A role for HIyE in EAEC pathogenesis has not yet been determined, but the protein
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forms a dodecameric transmembrane pore and is cytotoxic to cultured mammalian
cells (Mueller et al, 2009) HIyE is prevalent in DEC but also found in-non
pathogenic bateria, so its importance for disease is uncertéiavarreGarcia and
Elias, 2011)it is also unclear whether cytolethal distending toxin (Cdt) is a virulence
factor of EAEC. While it is an important inducer of epithelial apoptosis for some DEC
types such asBEC, Cdt has only rarely been found in EAEC is¢hdtest et al.,

1996, MendezArancibiaet al., 2008) Some studies have identified no Guisitive
strains at all from clinical EAEC collections, suggestingttigamore important in

EPEC than EAERLIzaret al., 2001, PatzVargaset al., 2015)

Many EAEC strains possess a pair of virulence factors originatingSinagella
flexneri The first of these is a putativeligomeric toxin referred to ashigella
enterotoxin 1 (ShET1), which has been found in a range of EAEC isolates including
042 (Zamboniet al.,, 2004, Villasecat al., 2005, Chaudhuet al., 2010) ShET1 has

been peviously associated with intestinal fluid secretion using a rabbit model and

is a possible contributor to the watery diarrhoea phenotyff@sancet al., 1997,
Schroeder and Hilbi, 2008)The mechanism for this eift is unclear as the
enterotoxin does not affect predicted secretion mediators such as cAMP, cGMP and
C&". However a role in nitric oxide signalling has been suggegfasancet al.,

1997, Harringtoret al., 2006, Andradeet al., 2017)

The genes for ShETde{Aand setB are part of the same locus as another virulence
FLOU2NE VYyIFIYSR WLINRGSAY Ay@2ft SR Ay O0O2ftz2y
completely within thepic gene on the opposite strand, so Whofactors are always
present together. While not considered a cytotoxin, Pic has been characterised as a
SPATE with potentially diverse biologitahctions (Hendersonet al., 1999a) Pic
exhibits mucinolytic actity which might promote penetration of the mucus layer
and bacterial colonisation(Harringtonet al., 2009) A putative role irresistanceto
complement proteinyia Picprotease activity has also been proposédt has not

been well characteriseqHendersonet al., 1999a) More recently, an additional
secretagogue activity has been reported, as Pic was shown to induce intestinal
mucus hypersecretion which may contribute bofilm production and mucoid
diarrhoea(NavarreGarciaet al.,, 2010) Pic is relatively well conserved in EAEC, with

a recent study determining it to be the most prevalent SPfresent in47% of
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straing in a clinical EAEC taadtion (Andradeet al., 2017) In a study of children in
Peru, Pic was the only virulence factor out of 18 examined, which was statistically
associated with diarrhoea (both acute and persistent), suggesting ¥sTE is
important for EAEC infectiaiburandet al., 2016)

1.5.4: Inflammation

Intestinal inflammation is implicated as a contributory factor in EAEC diarrhoea, and
case studies have frequently identified prdlammatory markers in patient stools,
including lactoferrin and the cytokines interleukin {8Land Ikm i (Greenberget al.,

2002, Steineret al., 1998) This effect can also be replicat&d vitro, with EAEC
strains inducing H8 release from Caed cells. This was reported as the first
example of an adherent, neimvasive pathogen causing cytokine release from
intestinal epithelial cell§Steineret al., 1998) The flagellin of EAEC strain 042 has
been shown to stimulate {8 secretion via binding ofoltike receptor 5and
activation of mitogeractivated protein kinases such as ERK JNK and p38MAPK
(Steineret al., 2000, Khaet al., 2010)

In addition to flagellin, AAF/II induces8lrelease from T84 intestinal epithelialls
infected withEAEC 04fHarringtonet al., 2005) This further highlights the central

role of AAFs throughout EAEC pathogenesis, including adhesion, biofilm formation
and praeinflammatory response(Boll et al, 2012, Harringtoret al., 2005) The
inflammatory response characterised by-8Lrelease leads tatransepithelial
migration of polymorphonuclear neutrophils as demonstrated by experimamts
vitro and using a humaintestinal xenograft mouse modgBollet al., 2012) The

AAF adhesins have also been implicated in inducing epithelial barrier dysfunction
through disruption of tight junction components such as occludin amdidih1
(Straumaret al., 2010) This may aid the translocation of neutrophils, with resulting
epithelial damage from innate immune response activity or induced apoptosis
suggested to contribute to diarrhoeal illag in some EAEC ca¢Bsllet al., 2012)

In addition, studies using an EAEC mouse model observed an increased goblet cell
concentration and mucus depletion following infectigRocheet al, 2010) This

suggests an interaction between EA&T goblet cells during the local response to
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the pathogen,and may contribute to the manifestation of mucoid diarrhoea of

some clinical casdsiebbelstrup Jenseet al., 2014)

As well as inflammatory infectious diarrhoea during symptomatic infection, EAEC
has been associated with prolonged subclinical inflammation. For example, in the
MAL-ED study ofover 2000 infants in lowesource settings, EAEC infection was
associated with intestinal inflammation but not diarrhoeal symptofRegawsket

al., 2017) A recent study of enteric dysfunction in shkdwelling chidren in
Bangladesh determined that EAEC infection causes enhanced faecal levels of
myeloperoxidase, a marker for intestinal inflammation and permeal(kahimet

al., 2018) It is possible that even in the absence of diarrhoea, EAEC colonisation can
induce an inflammatory response with negative clinical outcomes such as

malnutrition.

1.6: Influence of «xygenon bacterial virulence

Many enteric pathogens use different chemical signals in the intestinal
environment to regulate virulence gene expression. Oxygen concentraéisribeen
shown to modulatethe virulence ofmanybacterial pahogens in theGIT(Marteyn

et al, 2011) The availability of oxygen varies greatly throughout the gut, with
intestinal bacteria exposed to fluctuating conditiofisgure 1.10. Overall, there is a
decreasing oxygen gradient along the length of @G as oxygen consumed with
air during swallowing is diffused into the mucosal tissue or depleted by bacterial
respiration. Norinvasive measurements in a live murine model determined a
transition from approximately 7%xygenin the stomach, to less than 0.5% in the
distal colon(Heet al., 1999)

However, there is also a radial oxygen gradient within @Gid Due to oxygen
diffusion from capillaryblood supply acrss the intestinal epitheliumthere is a
steep increase in oxygaroncentrationrelative toproximity to the mucosal surface
(Albenberget al.,, 2014) This is greatest in the small intestine, which has a superior
mesenteric arterial blood supply than the colon. While ttentral lumen can be

near to anoxig< 0.1%oxyger), oxygen levels at the base of the villi are as high as
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10-13% In the colon, the oxygen concentration at the mucosal surface is

approximatelyd-5%(Espey, 2013)
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These differences in oxygen microenvironment have implications for the
segregation of the intestinal microbiota. For example, the luminal gradient may act
as a signal for aeroxds of oxygefiolerant bacteria into the mucus later, and an
increase in oxygen diffusion during inflammation has been implicated in the bloom
of potentially harmful facultative anaerobes associated with inflammatory bowel
disease (Albenberget al, 2014, Winteret al, 2013) The ability to adapt to
fluctuations in oxygen availability is important fd&. colicolonisation of the
intestine. E. colicolonisationin mouse modelsequires bothfunctionalaerobic(AE)

and anaerobidAN)respiration, reflecting thevariable oxygen levelsncountered in

the GIT of mammals(Joneset al, 2007) Oxygen gradients also modulate the
direction of E. colimotility, and trigger fast honmotile tenotile transitiors, with
motility often associated with bacterial virulen¢Bouarcheet al., 2009, Josenhans
and Suerbaum, 2002)

Oxygen availability has been recognisedaasimportant environmental signal for
the modulation of virulence in several enteric pathogens. For exandalbmonella
Typhimurium demonstrates increased host cell adherence and invasion at low
oxygen concentrationgMarteyn et al., 2011) In addition, the FNR transcriptional
regulator (involved in sensing of low oxygen environments) is required for full
virulence of Salmonellain a murine model, and modifies expression of a T3SS
required for pathogenesi¢Finket al., 2007) Microaerobc (MA) and AN growth

of Vibrio choleraeenhances biofilm formation and expression of the ToxiA co
regulated pilusvirulence factor important for adherenc@arrero et al,, 2009) A
paper from 2010 elegantly descedd an oxygerdependant virulence regulation
system inShigella flexneriwhile anAN environment similar to that of the intestinal
lumen enhances expression ofT@SSessential for cell invasion and virulence, it
also causes an FNBgulated suppression daffector protein secretion. Therefore,
effector proteins accumulate within the bacterial cell until the suppression is
removed by theoxygen gradient encountered in proximity to the mucosal surface,
thereby restricting full T3SS activity to the precise sif action (Marteyn et al.,
2010)

A similar role for oxygen sensing hasebedemonstrated in EHEC, where MA

conditions enhanced maturation of the T3&8d adherence to polarized human
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colon carcinoma cell§Ando et al, 2007, Schuller and Phillips, 2010, CaHson
Banning and Sperandio, 28)1 The expression of Sfp adhesion fimbriae by sorbitol
fermenting EHEC O157:NM strains is also dependent on low oxygen tension
(Muskenet al., 2008) However, there is currently a lack of research regarding the

influence of oxygen on EAEC virulence.

1.7: Model systemdgor studying EAEC pathogenesis

1.7.1: EAEC prototype strains

Due to thegreat variety of EAEC, it is difficult to perform experimental studies
which are representative of the whole pathotype. As a result, a few prototype
strains have been frequently used in previous EAEC research as examples of typical
EAEC. The most commorototype strain is 042, which was isolated from a case of
infant diarrhoea in Lima, Peru in 198Sataroet al., 1985) A major reason for the
popularity of 042 was the adult volunteer study performed by Nattral. in 1995
where volunteers were fed 18 colony forming units (CFU) of different EAEC
isolates. While strains 12, JM221, and 34b failed to elicit any symptomatic
response, strain 042 caused diarrhoea in 3 out of 5 adults, including one case of
persistent diarrhoea over 7 day®Nataro et al, 1995) As a result of this, 042
subsequently became established as the major prototype strain for studying EAEC
pathogenesigChaudhuriet al., 2010) However, the small size of the study groups

(5 individuals per strainjmits the conclusions that can safely be made from this
result. Additionally, the volunteers were given a gastric neutralisation treatment
before inoculation to promote live bacteria reaching the gut, which in combination
with the relatively large doseniroduces further uncertainty regarding the true
virulence of 044 Nataroet al.,, 1995) It is possible that the focus on 042 may have
caused a bias for subsequent attempts to identify different host factors inaport

for EAE@nduced disease, as genes present in this strain have received greater

research interes{Hebbelstrup Jenseet al., 2014)

Many EAEC virulence factors have been first identified in 042 including the
archetypical pAA plasmid encoding AggR and dispé8sieikhet al., 2002, Moriret
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al., 2013, Dudleyet al, 2006b)the SPATEs Pic and R@&slavaet al., 1998,
Hendersonret al., 1999a) and the AAF/Il fimbriaéJonssoret al., 2017a, Czeczulin
et al, 1997) In addition,the complete genome sequence of 042 was the first
published for an EAEC strddhaudhuret al., 2010)

Another EAEC prototype strain is-27&vhich was isolated during a study of infants
with diarrhoea in Santiag Chile in 1988Vialet al., 1988) Notably, it was in 12

that the first AAF variant (AAF/I) was identified in 1992. In that same studg, 17
was given to 19 adult volunteers, of which only onéjsat experienced diarrhoea
(Nataro et al,, 1992) The same dose was used as in the 1995 volunteer study,
where 172 caused no diarrhoea in a group of 5 subjgtataroet al., 1995) In

this project, both 042 and 1Z have been useds EAEC prototype strains. This
allows the interpretation othe results in the context of previous findings with two

common reference strains expressing AAF/I and AAF/II

1.7.2:In vitro models

Cell culture has been used extensively for the study of virulence mechanisms in
gastrointestinal pathogens including DEGngerholcet al., 2011) An important

cell type within EAEC research is the 12Egll line, due to the importance of the

AA phenotype on HEP cells as the gold standard for identification of the
pathotype (Craviotoet al., 1991) However, HE2 cells were originally established
from an epidermoid carcinoma of the larynx, but have sineerbcontaminated by

the cewical carcinoma cell line HeL4Lacroix, 2008)Therefore, they are notra

ideal model for the intestinal epithelium and thspecificstudy of hostpathogen

interactions, aside from assays of general adherence and aggregation properties.

Two commonly used cell lines in this field are T84 and -Qa&wth are derived
from human colon carcinomas, yet display key differences in structure and function
(Devrieseet al, 2017) Cace2 cells undergo spontaneous differentiation upon
confluency to gain features reminiscent of small intestinal enterocytes. These
include an apical brush border of microvilli comparable to that of small bowe

epithelium Eigure 1.1), and increased expression of enterocggecific surface
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enzymes (including sucrase, maltase, lactase, alkaline phosphatase, gamma
glutamyltransferase, aminopeptidase N, and dipeptdiyeptidase 1Y (Jumarie
and Malo, 1991) In contrast, differentiated T84 celleesemble colonocytes,
including a brushborder of shorter irregular microvilli. T84 cells also express
colonocytespecific differentiation markers such asonocarboxylate transporter,1
and demonstrate a dosdepencent response to butyrateindicative of the
colonocyte cell typgDevrieseet al., 2017) In this project, T84 and Calocells
have been utilised am vitro models of the colonic and small intestinal epithelium,

respectively.

Figure 1.11 Brush border microvilli of T84 and Cab cells. Transmission electron
microscopy reveals that Ca@ocells express longer microvilli on the apical cell surface.
(Devrieseet al.,, 2017)

Both Cace®?2 and T84 have been used in previous EAEC research. For example,
Nataro et al demonstrated that T84 cells are a suitable model for EAEC
pathogenesis due to a strong adherence of prototype st and observations

of cytotoxcity induced by infection, which agreed with findings froex vivo

infections of human intestinal biopsi€klataroet al., 1996) Cace2 cellshave been
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used as model for intestinaiolonisation by EAEC strains including21as well as
demonstrating the induction of 18 release by epithelial cells in response to EAEC
infection (Coutoet al., 2007, Steineet al., 1998, Steineet al., 2000) Other human
intestinal epithelial cell lines have been utilised in studies of EAEC pathogenesis. For
example, HT29, &olon adenocarcinoma cell lindhas been used to investigate
EAEC adherence factors and the cytoskeletal effects of the Pet (Nawarre
Garciaet al, 1999, Dudleyet al., 2006a) Induction of I8 secretion by EAEC
infection was demonstrated using cultured W07 cells, which were derived from

an embryonic intestinal epithelium but, as with p4&, is now understood to be a

HeLacontaminated cell lindKhanet al., 2010)

In order to modethe epithelial barrier, intestinal carcinoma cells can be cultured in
conditions which promote cell polarisatiofihis allows the establishment of tight
junctions which separate the apical and basolateral membrane, and results in a
difference in membrane protein distribution between the two sides. Redal cell
culture can be performed using Transwell or Snapwellrtasavhereby intestinal
epithelial cells are seeded onto a permeable membrane (oftencpeged with
collagen for enhanced cell attachment)spended in culture plate wellsSVhen
maintained at high cell density with frequent exchanges of culture media, the
monolayers develop aolumnar morphology and demonstrate high epithelial
barrier function. Polarised T84 cells have been frequently used to study kacteri
adherence, H8 release, andtight junction integrity during EAEC infection
(Straumaret al., 2010, Harringtoret al., 2005, Farfaet al., 2008) Polarised Cac@
cells have been usedilong with T84 cells to compare adherence properties of

prototype 042 to clinical EAEC isola(ébeet al., 2001)

Anin vitro model system called the vertical diffusion chamber (VDC) can be used in
combination with polarised intestinal epithelial cells to simulate separate apical and
basal conditiongFigure 1.2). The VDC is a dual cpartment systensimilar to an
Ussing chamberwith each side connected to independent gas flow inputs. By
perfusing with eithetAEor ANgas mixture, cell dture media can be maintained in

AE or MA conditions respectively. When a polarised monolayer afestinal
epithelial cells is inserted between the compartments, Adfbasal side can support

the eukaryotic cell§mimicking oxygen supply from the bloodghile the apical side
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is inoculated with bacteria under the experimental conditioofs interest. Ths
allows for bacterial infection assayscluding control of conditions such as oxygen
concentration which is not possible with standaiml vitro cell culture models

(Schuller and Phillips, 2010)
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Figurel.12 Vertical diffusion chamber apparatushe two half chambers can be septed

by a polarised intestinal epithelial cell monolayer for infections (A) or connected as one
chamber for incubations of bacteria only (B). (C) Experimental setup of 12 independent
chambers attached to a gas supply and mounted onto heating blécksd B adapted

from (Tranet al., 2014)
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The VDC syste has been previously used to study interactions of EHEC with
polarised T84 cells, and has demonstrated thB& conditions enhance EHEC T3S,
adherence, and Shiga toxin translocation across the epithelig8chullerand
Phillips, 2010, Trart al, 2014, Tranet al, 2018) The VDC system was first
developed using polarised Ca2cacells to studyHelicobacter pyloninfection under

low oxygenconditions(Cottet et al., 2002) It has also been used to demonstrate
enhanced Campylobacter jejuninvasion of polarised Cac@ cells duringMA
incubation (Mills et al., 2012) Clostridioideddifficile strainsinduce an enhanced
cytokine responsdérom polarised T84 cells und&N VDCconditions(Jafariet al.,
2016, Anonyeet al., 2018) However, to my knowledge the VDC model system has

not previously been applied for the study of EAEC virulence mechanisms

1.7.3:Bx vivomodels

In vitro experiments with intestinal epithelial cells can be a practical and effective
model for studying hospathogen interactions. However, this approach has
limitations such as that the monoculture of a single cell type do¢gemlicate the
complex structure of intestinal mucosal tissue and lacks important physiological
features such as the mucus layer. Also, most cell lines are derived from cancer cells
which exhibit a different metabolism and gene expression pattern compé#oed
healthy tissue(Rajanet al., 2018) Therefore, primary cells and tissues are being

increasingly used to study hesticrobe interactios.

Recent emerging models aréhe human intestinal orgaoid, derived from
embryonic or pluripotent stem cells, armblonoids orenteroids, generated from

adult stem celldoy isolating intestinal crypt§from the colon and small intestine,
respectively)(Hill and Spence, 2017Ysing growtkfactor enriched media, it is
possible to grow threlRA YSy aA 2y S&HvMyWIaé SAGK |y
containing all major intestinal cell types (enterocytes, goblet cells, Panethacells
endocrine cellsPooleet al., 2018, Satet al., 2011) Thesehave been proposed as

a promising new model for hogtathogen interaction studies, and have been used

for research with pathogens includingalmonella species Clostridioidesdifficile,

and RotavirugSun, 2017, Forbestest al., 2015, Zachost al., 2016) Infection of
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human colonoids with EHEC resulted in actin network remodelling and tight
junction disuption which was mediated by the serine protease E¢jpPet al.,

2014)

In addition, EAEC adherengprototypical strain 042 and clinical isolates from
diarrheal caseshas beenexamined in human enteroids derived from different
regions of the human intestine, showing coisation ofduodenal, ileal and colonic
tissue, but very little adherence to jejunal enteroidehis suggests th&AEC strains
may have adapted for greater adherence to specific niches in the [&ifor
dependent differences were also reported, suggesting that host susceptibility is an
important factor in EAEC colonisatigRRajanet al., 2018) Whilethe technology is

still developing, intestinal organoids may be a useful model for future study of EAEC

and other enteric pathogens.

An ex \vo model which has a longer history of use for studying EAEC pathogenesis
isin vitro organ culture (IVOC) of endoscopic mucosal intestinal biopsy sanples
brief, intestinal epithelial biopsies are obtained from consenting donors undergoing
endoscopy pocedures. These samples can then be maintained in a specific IVOC
medium for infection assays with bacteria, which contains both cell culture (DMEM)
and tissue culture NCT€EL35 media and newborn calf serum to support tissue

survivalin vitro (Figure 1.B) (Fanget al., 2013)

IVOC studies with EAEC hareviously revealed novel details regardindeition

of the human GIT by the pathotype. One such findingrisapparent intestinal
tissue tropismof greater colonisation of the colon than the small intestine by
prototype EAEC straingor example, 042 has previously demonstrated a greater
than tenfold higher colonisation of colonic than small bowel mucosa, as
enumerated by scanning electron microscopy analfidetaroet al., 1996) Higher
levels of adherence to colonic biopsies compared to the ileum andyejuhave
also been reported for prototype strains 27and JM221 and EAEC isolates from
infant diarrhoea casefHickset al., 1996) Another IVOC study of 44 clinical EAEC
isolates observed consistent colonisatitincolonic tissue for all strains, which was

absent for experiments with duodenal biopsigauttonet al.,, 1992)
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IVOC of duodenal biopsies inoculated twitlinical EAEC isolates from paediatric
diarrhoeal cases in India demonstrated a significas@ tesponse mediated bipll-
like receptor5 activation(Guptaet al., 2016) This is evidence to support previous
results from cell cultie assays(Steiner et al, 2000) representing a pre
inflammatory response to EAEC by vivoepithelial tissue as well as cells in
monoculture.EAEC has also been associated with an induction of mucus secretion
by the intestinal epithelium, including experiments with amvivoRat model where
mucus hypersecretionwas dependent on the Pic proteifNavarreGarciaet al.,
2010) This is supported by IVOC findings where mucus accumulatioeraptying

of goblet cells were observed following EAEC infectidataroet al., 1996, Hickst

al., 1996)

Previous studies havasoinvestigated potential cytotoxic effects of EAEC infection
using IVOC, althoughfindings are inconsistentSome studies report no mucosal
abnormalities following infection, in comparison to nenfected control tissue
(Knutton et al, 192). However others have observed indicators of tissue
pathology including dilated crypt openings andcreased cell rounding and
extrusion (Nataro et al, 1996, Hickset al, 1996) or possible microvillous
effacement (Andradeet al, 2011) Such changes in tissue structure have been
proposed as evidence of cytotimity linked to known EAEC toxins such as EAST1
and HIyE, yet this has not been demonstrated experimentaligkset al., 1996)

The uncertainty between different IVOC studies may be linked to the heterogeneity
of the different EAEC clinical and prototype strains that were used, or aspects of
host susceptibility in different donor populations. A further confounding factor may
0S AyO2yaraiaSyoOe Ay (GKS RSFAYAUARZY 27

investigatorgperforming qualitative microscopical analysis.

67



Inoculated with EAEC I BiOp.sy sample
Culture or medium control - orientated
plate well \ I mucosal side
upwards
IVOC medium
Foam support

Figure1.13 In vitro organ culture (A) Experimental seip for the incubation of a biopsy
tissue sample with EAEC in a culture plate well. (B) Representatige of a colonic crypt
(blue) with adherent EAEC (red) using the IVOC model. {¢@s&red scanning electron
micrograph; generated in this study)

As human tissue is difficult to obtain, IVOC has also been performed using animal
tissue. For example, 8ga et al. demonstrated that EAEC isolates from infant
diarrhoeal cases in Brazil displayed greater adherence to rabbit colonic mucosa
than ileal mucosdBragaet al, 2017) Previous studies have also used rabbit ileal
tissue in combination with an Ussing chamber to elucidate the enterotoxigenic
effect of the EAST toxin(Savarinoet al., 1991, Savarinet al., 1993) Similarly, the
cytotoxicity of the EAEC Pet toxin has been demonstrated usingejunal tissue

mounted in a Ussing chamb@rendersoret al., 1999b)
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IVOC is a powerful experimental model as it allows the study of-frtsiogen
interactions usingnative intestinal tissue with representativastructure and
complexiy (Fanget al, 2013) However, there are practical limitations to the
model, not least the availality of human tissue samples and variability of results
due to different donor backgrounds. Furthermore, maintana of tissue samples
requires high oxygenationto delay ischemia and cell deatlthereby preventing
studies of EAEC infection under physiadadly relevant low oxygen tensioiven
under high oxygen pressuré¢he tissue canonly be cultured for a limited time
without deterioration (typically 4 to 24 hours)preventing investigation of long

term pathogenic effectéBenamet al., 2015, Lavet al., 2013, Schullezt al., 2004)

1.7.4 Animal models

In vivomodel systems are required to study enteric pathogenesis in a complex
intestinal environment by taking into account the influence of an active immune
system, interactions with the host microbiota, and the specific physical and
chemical environment of the guLawet al, 2013) Animal models also allow to
study longterm effects of bacterial infection, which is especiattyportant for
pathogens associated with chronic disease and outcomes such as malnutrition
(Weintraub, 2007) However, in vivo studies are time and labotintensive,
alongside disadvantages regarding cost and the difficulties aflodical
containment of live animals for research with pathogenic strains. The complexity of
animal models also limits the study gibecific hos{pathogen interactiongBenam

et al, 2015) Another major obstacle is that pathogens adapted to the human host,
such as EAEC and EPEC, often do not produce disease in dbhanasal., 2013,
Philipsoret al., 2013)

Sone of the earliesin vivoexperiments of EAEC infection used a ligated intestinal
loop model Figure 1.%). This allows the incubation of bacteria within a confined
intestinal section in a live animal, and the surgical removal of the affected tissue
and fuids for analysis. Injection of rabbit and rat ileal loops with EAEC produced

adherentcolonies as well adimb paralysis and fatal complications in some rabbits
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suggesting toxin production by EAEC and contributing to the cteaisation of the
Pet cytobxin (Vialet al., 1988, Navarrdgsarcieet al., 1999)
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Figurel.14 Ligated ileal loopmodel. Ligatedileal segmentsre injected withlive bacteria

or purified taxin for different time periods, before excision and analysis of tissue pathology.
These are representative images of the modalthis caseshowinghow the activity of the
cholera toxinsecreted byVibrio choleragnot EAEC) caus@sxreasng fluid accumuation
within murine ilealsegmentsover time Adapted from(Sawasvirojwonegt al., 2013)

As EAEC is stronghgsociated with disease in infant and paediatric populations,
neonatal and weanling mouse models have been developed. These also have a
limited microbiota providing less colonisation resistance and immature immune
systems, so are more susceptible to infentby pathogengRocheet a., 2010)
Neonatal mice challenged with EAEC displayed growth shortfalls dependent on
bacterial dose, as well as stool shedding and histological tissue changksas
inflammatory damage and increased goblet cell denditgwever, infected adult

mice dd not demonstratesustainedstool shedding or weight loss, suggesting that

the murine model replicates the increased vulnerability of infants to EAEC infection
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reported in human epidemiological studig¢sluanget al, 2006b) Interestingly,
when a proteinpoor diet was fed taveaned mice, EAEGfected animals displayed
impaired growth and increased stool shedding, which correlates with previous
associations of clinical EAEC disease with malnourish(Ragawsket al., 2017)
However, a limitation of this modelis a lack of symptomatic desseincluding

diarrhoea.

Other murine models use microbiota depletion or genetic immunodeficiency to
increase susceptibility of adult mice to bacterial infection. Adult mice treated with
streptomych for 48 hours prior to challenge were reliably colonised with EAEC at
higher levels than untreated controls. Gastric neutralisation was also performed
before oral inoculation to increase viable bacteria reaching the intestines. This
model was used foin vivo competition assays which demonstrated the importance
of dispersin and Pic for EAEC colonisaftgarringtonet al., 2009) A similar murine
model was utilised to investigate the role of the transcriptionalulegprs AggR and

Fis in EAEC infectigMorin et al., 2010) However, while this model allows EAEC
colonisation in adult mice, the infection does not induce clinical symptoms or
histopathological abnormalities, and therefore poorly reflects human inflammation

and diseaséPhilipsoret al., 2013)

In addition, human intestinal xenografia mice have been used to study EAEC
infection. Human foetal intestinal tissue was implanted in sevammbined
immunodeficient mice, and EAEC were inoculated intraluminally. Evaluation of
tissue damage and transepithelial migration of polymorphonucleantmophils
following infection with wildtype or mutant strains revealed that both depended
on functional AAF expressidBoll et al., 2012) However, this approach is limited
by the availability of foetal tissue sgles as well as an inherently abnormal

immune response.

Currently one of the best animal models reflecting EAEC infection in humans are
gnotobiotic piglets. Gernfree 24hour-old piglets challenged with EAEC
demonstrated AA to the intestinal epitheliumggere diarrhoea and even mortality
in some caseéT ziporiet al., 1992) However, the piglet model is limited by the cost

and poor scalability compared to rodent models, as well as a lack of large animal
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biosafetylevel 2 research facilities and genetic manipulation tools in pigs. As such,
the gnotobiotic piglet model has not been widely used in EAEC research despite the
promising initial studies. More recently, getinree piglets were used to compare

the virulence 6 the 0104:H4 German outbreak strain against EHEC O157:H7, with
the former strain unexpectedly causing only mild symptoms and no systemic
disease(Wdchtl et al., 2017) This contrasts with the severe disease outcomes in
humans during the 2011 outbreak, demonstrating the a#fece in EAEC virulence
even in an animal model with a waktablished similarity in gastrointestinal

physiology and the immune systeiRhilipsoret al., 2013)

Animal models are important for understanding pathogenesis in a complete
intestinal system, yet are currently lacking for EAEC researehtallimitations in
replicating human symptomatic disease and immunological responses for a host
specific pathotype. The development of nemvvivomodels, or the refinement of

existing approaches, may be necessanythierstudy of EAEC virulence in theufe.

1.8: Summary

EAEC is an important global enteric pathogen, particularly associated with children,
travellers, and the immunocompromised. It is also a causative agent of foodborne
outbreaks worldwide and highly prevalent in diarrhoeal cases. Emtheli
colonisation is mediated by AA, which remains the gold stangdehotype for
EAECdiagnosis, although in practice PCR is now almost exclusively used for
identification However, AA is a muitactorial phenotype, and EAEC strains are
highly heterogenos in genetic background and virulendglany putative virulence
factors characterised to date are only present in a minority of strains and their
importance in EAEC pathogenesis remains uncertain. Additional research using
physiologically relevant infectio models is needed to identify the factors and
mechanisms which define EAEC pathogenesis and lead to the identification of
reliable markers for the pathogenic subpopulations of this heterogengusoli

pathotype.
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1.9: Aim, hypotheses and lgectivesof this study

The overarching aim of this PhD project was to determine the underlying factors of

EAEC pathogenicity in humai$ie hypotheseanderlyingthis work were that:

1 Intestinal environmental signals such as oxygen concentration and host
epithelial intelactions modulate expression of EAEC virulence factors.
1 Different subgroups of EAEC demonstrate phenotypic and genotypic differences

which relate to differences in pathogenicity.
These havebeeninvestigatedby addressing the following objectives:

A. Establish relevant human intestinal model systems to investigate EAEC
virulence.

B. Determine the influence of intestinal environmental factors (low oxygen levels
and host cell adherence) on the expression of putative EAEC virulence genes.

C. Compare phenotypic viruleectraits (adherence and biofilm formation) and
virulence gene profiles of EAEC isolates from sequence types associated with

disease (ST40) and asymptomatic carriage (ST31).

Objectives A and B are addressed in Chapter 3, and objective C in Chapter 4.
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CHAPTER TWO

MATERIALS AND METHODS



2.1: Bacterial strains and growth conditions

A full list ofthe wild-type E. colistrains used for this study is providedTiable2.1.
In addition, two 042 mutant strains were obtained from DouglaswBring
(University of Birmingham): a knockout mutant ajgRand a recomplemented
strain withaggRexpressed on a pBAD30 plasr(f@heikhet al., 2002, Sheiklet al.,
2001) All experimental handling of viable EAEBGains was performed at

containment level 2 throughout the project.

Frozen lacterial stocks were prepared by dilution of 780 of overnight cliures
(ONC,; inLuria Bertani Lennox (LB) braah 37 °C)with 300>L sterile 50% glycerol
(Thermo Fisher Scientific) in distilled deionised water @@Hand stored in
cryotubes (Sarstedt) at80 °C. Bacteria from glycerol stocks were bmequently
streaked out with a sterile pipette tip on tdgjar plates, incubated overnight at 37
°C, and stored for up to 1 month at Z_. Bacteria were passaged no more than 3
times before reversion to glycerol stocks to prevent accumulation of mutatiems.
infections, lacteriawere inoculated from agar plates argtown as standing OND

2 mL LBoroth at 37°C.Antibiotic selection was used for culture of mutant strains.
ONC of 04aggRcontained 50>g/mL kanamycin, while 042aggRpBAD30aggR

was selected with a combination of 5@/mL kanamycin and 108y/mL ampicillin

Strain Disease case or MLST Clinical  Year Country
asymptomatic Sequence Source
control Type
Prototypes(a)
042 Case 31 N/A 1985 Peru
17-2 Case 10 N/A 1994 Chile
Clinical
isolates(b)
E099975 Control 31 11D1 1994 UK
E103617 Case 31 11D1 1994 UK
E104931 Control 31 11D1 1994 UK
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E104940 Control 31 [ID1 1994 UK

E104946 Case 31 ID1 1994 UK
E104967 Case 31 ID1 1994 UK
E104969 Control 31 [ID1 1994 UK
E107526 Case 31 ID1 1994 UK
E107759 Control 40 ID1 1995 UK
E109907 Control 40 [ID1 1995 UK
1091 Case 40 [ID2 2008 UK
1337 Case 40 [ID2 2008 UK
146052 Case 40 Sporadic 2015 UK
153145 Case 40 Spaadic 2015 UK
221654 Case 40 Sporadic 2016 UK
232736 Case 40 Sporadic 2016 UK

Table2.1 EAEC Strains used in this studye prototype strainsvere originallyisolatedin
previous studiegNataroet al., 1985, Viakt al., 1988) The clinical isolate collection
contains strains from twereviousUKinfectious intestinal diseasgtudies (1ID1 and 11D2)
and sporadic cases collected through Public Health England tamee{Chattawayet al.,
2014b)

2.2: Cell culture

2.2.1: Resurrection of cell lines

Cell line stockgrepared in cell culture ngium containing 5% dimethyl sulfoxide
(Sigma) werdept in liquid nitrogen storage (vapour phas&90 °C) for long term
preservation. To initiate cultussfrom frozen stock, cells were rapidly thawed by
partial submersion of the cryotube in warm waterherl cell suspension was
transferred into 5 mL of prevarmed cell culture medium, and centrifuged at 100 x
g for 7 min (Eppendorf 581€R) to remove residualdimethyl sulphoxide The
supernatant was discarded, and cell pellet resuspended in 7 niireuhediun

and transferred taa 25 cnf culture flask

76



2.2.2: Culture conditions and passaging of cell lines

The human colon carcinoma cell line Caéd (ATCC HTB/7) and cervix
carcinoma/HeLa contaminatecell line HER2 (ATCC C@&3) were grown in
5 dzf 6 S OO fed dngle &MBdlum with high glucose(DMEM SigmaD567))
supplemented with 1x nomssential amino acids, 10% foetal bovine serum 4nd
mM L- glutamine(Sigma. Thehuman coloncarcnoma cell line T8B4ATCC C€248)
was cultured in DMEMMA2 (Sigma D46213upplemented with 10% foetal bovine

serum and2.5 mM L-glutamine.

Cells were grown in 25 duulture flasks (Sarstedt) and maintained at°87in a 5%
CQ atmosphere All media used for routine cell culture was warmed to°@7prior
to use. Cells were ed for experiments within a window o&pproximately 1520

passages before culture was reged from liquid nitrogen stocksCells were

routinely grown to confluence before passage and/or seeding for experiments.

When confluentthe cell culture medim wasremoved from the flask and the cell
layer washed once with sterilphosphate buffered salindPB$ and once with
approximately 0.5 mL of 0.2 trypsin0.02% ethylenediaminetetraacetic acid
(EDTAsolution Sigma). A further 0.5 mL die trypsin solutionwas applied,and

the cells incubated at 37C until cell detachment from the flask was observéd
incubation time of 510 min was required for detachment ofCace2 and Hep2
cells and 1530 min was required for T84 cell detachment The cells were
vigomously resuspended in 4.5 mL of culture medium to deactivate the trypsin, and
then transferred to new culture flaskat a suitable dilution ratio. To maintain a
passage approximately every 7 days, standard dilution ratios used W&r@:for

Cace2, 1:5 forT84, 110for Hep2 (relative to concentration before passage).

2.2.3:Determination of cell counts andeeding for infection assays

Cells were seeded for experimental use during gessagingorocess. Following
trypsinisation and thorough resuspensiohdetached cells, 56L of cell suspension
was diluted 1:1 with trypan blue solution (Sigma) and loadd@d a Neubauer

haemocytometer (Hawksley; depth 0.1 mm) for cell counting. Viable cells
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(distinguishable by exclusion of blue stain) were counted under an inverted light
microscope (Zeiss Invertoskop 1D03), with the cell concentration (cell per mL)
determined as the average count of two haemocytometer fields multiplied By 10

The volume of cell suspension required for seeding was calculated as:
Seeding volumémL)= total number of cells required / cell concentration (cells per mL)

This volume was then diluted to the required volume of culture medium for

seeding.

For standard infectionexperimentsin 24-well plates(Sarstedt) cells were seedd
onto sterile circular coverslig (13 mm diameter, Academy Science Productey
staining and microscopyr directly onto well surfacefor all other infection assays.
To achieve confluence in 7 days|lsavere seeded at a density df5 x 10 cellsimL
for T84,1.2 x 10 cellsmL for @co2, and 1.0 x 18 cells/mLfor HEp2 cells Well
plates were cultured at 37C in a 5% CQtmosphere until confluecy, and the

culture mediumwasexchanged the day before infection.

2.2.4: Simulated Intestinal Media

Simulated ileal environment mediufSIEM) and simulated colonic environment
medium (SCEM) were prepared according to previously published compositions
(Table 2.2 (Polzinet al., 2013, Muskeret al., 2008) The media were autoclaved to
ensure sterity, except for the Bglucose which was added from a 20x stock solution
using filtersterilisation. Media were adjusted to pH 7.0 using a Corn240 pH
meter. For SIEM, pancreatin from porcine pancreas (Sigma) instead ofdivedual
specified digestiveenzymes (-amylase, lipase, trypsin, and chymotrypsinas
added to SIEM aliquots immediately before use to prevent loss of enzymatic activity

during storage of stock solutions
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Simulated ileal environment medium | Simulated colonic environment mediurnr

Bacto tryptone 5.7 g/lL Bacto tryptone 6.25 g/L
D-glucose 2.4 g/lL D-glucose 2.6g/L
NaCl 6.14g/L | NaCl 0.88 g/L
KHPOQ 0.68 g/L KHPQOQ 0.43 g/L
NaHCQ@ 1.01 g/L NaHCQ@ 1.7 g/L
NaHPQ 0.3 g/L KHC® 2.7 g/L

Bile saltg$#3 (cholic and 5.6 g/L Bile saltg#3 (cholic and 4.0 g/L

deoxycholic acid) deoxycholic acid)

Pancreatin (8 x USP) 1% (wiv)

Table2.2 Composition of simulated intestinal mediAdapted from(Polzinet al., 2013,
Miskenet al., 2008)

2.25: Determination of @ll viability

The viability of T84 or Ca cells following exposure to different culture
conditions wasevaluatedusing Trypan Blue stainin@igma) Cells were washed
with PBSand a 506 solition of Trypan Blue staim PBSvas addedThe cells were
examined under an inverted light microscope (Zeiss Invertoskop IB@8Yyiability
wasassessedby evaluatingdye exclusionwith the amount of norstained (viable)

cells compared to stained (dd) cells.

2.2.6 Culture of polarised cells in Transwells and Snapwells

For infection assays requiring a polarised cell monolayer, cells were seeded onto
either Transwell or Snapwell permeable filter inserts (12 mm diamatebn > Y LJ2 NB
polyester membraeT / 2 Ny Ay 3 / 2 & (| Nbellsingert for T®&d & A (1 & 2

H Ecelisinsert for Cac@ cells Prior to seeding, the inserts were collagen
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coated to aid cell polarisation.ybphilizedrat tail collagen type 1Sigma was
dissolved in 0.1 M atie acid and used to preparewvaorking solution of 56>g/mL
collagen in 6@ ethanol in ddkD. 200>L were added to each insert and leftnder

sterile condition until all liquid had evaporated.

From day 4after seeding,the culture medium was exchanged eay 2 days to
prevent acidification. At each medium exchange, the transepithelial electrical
resistance (TEER) of the cell monolayers was measured to monitor polarisation.
TEER wadetermined using an EVOM2 resistance meter with an STX2 electrode
applied br Transwells, an@n Endohm24SNAP electrodéor Snapwells (WPI). A
stable TEER of greatdttanmn n 1 ffor F84&nM500m R fod ®ace? cells
indicatedfull differentiation and wasypicallyreached afterl0-14 daysof growth.

To reduce therisk of contaminationduring repeated mediunthanges and TEER
measurements, the culture medium for Traswells and Snapwells was
supplemented with 100lnL penicillin and 0.1 mgnL streptomycin (Sigma).

Antibiotics were removed the day before infection.

2.3: Vertical diffusion chamber

Snapwells inserts witholarised monolayers of T84 cells were insertetineen the
apical and basal compartments of a vertical diffusion chamber (\lE@)re 2.1
Harvard Apparatus)Each compartment was filled with 4 mL of prarmed non
supplemented DMEM/A2, and chambersvere mounted in a heating blockpre-
warmed to 37 °C by a circulating water bath Grant Instruments Each half-
chamberwas connected t@a gasmanifold supplyingAE(5% CQ@in air) orAN (5%
CQ, 5% H, 90% M) gas mixture; perfusion providing &kEor MA culture medium
condition. After a 30 min equilibrain period, the apical compartment was
inoculated with1x10 EAEC, anthcubated for 26 hours.At the end of the assay,
apical media andT84 monolayers were harvestetbr further analysis The
disassembled chambers were sterilised between experiments kynstsion in
Presept Effervescent DisinfectarfAdvanced Sterilization ProductB)r at least 1

hour.

80



microaerobic/
aerobic
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)

polarized
intestinal
epithelial cells

Figure 2.1 Diagram of vertical diffusion chamber incorporating a polarised T84 cell
monolayer. Image modied from(Tranet al., 2014)

For assays without84 cells, an emptghapwell insert (filter removed) was used to
connect both compartments of the chamber, and apical and basal compartments
were gassed witlthe sameAEor ANgas mixture Figure2.2). Thetotal volume of 8

ml of culture medium was inocuied with 2x10 EAEC.

microaerobic/
aerobic

EAEC perfusion

\ cap
, ,

Figure2.2 Diagram of vertical diffusion chamber with connected compartments without
T84 cellsimage modified fron{Tranet al., 2014)
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The concentration obxygenover timewithin the VDGwvas evaluatedisingan ISO2
isolated dissolved oxygen meter and oxygen electrode (WigBrted into the
media Bacterialgrowth within chambers was measurey determining optical
densityat 600 nmof 500 pL aliquotsof mediausinga spectrophotometer Jvikon

XS, NorthStar Scientific Lxd.

2.4: Quantification of bacterial adherence

Confluent monolayers of84 or Cace2 cells were grownn a 24well plate, and
wells wereinoculated with 10 plo ¥ mECkU) ONC &AEC isolates. The plate was
incubated at 37 °@ a 5% C@atmosphere for 25 hours. At the end of infection,
the cell layer was washed with sterile PBBiree times to remove nomdherent
bacteria Cells were lyseth 1% Triton XL00in PBS fod O min,and serial dilutions
of lysates in sterile PBS were plated on LB agar pletesidition, serial dilutions of
the inoculum were platedAgar plates were incubated at 37 °C overnjgimd CFU
were counted the following dayCounts of baatrial adherence were normalised

against the inoculum concentration.

Adherence assays were also performed using the VDC system. Infection of polarised
T84 cellswas set up as previously describexsgtion 2.3. Atwo-stageincubation

was used, whereby charebs were incubated for either 2 hours, or 4 hours with
media exchanged after 2 hours teducebacterial densityAfter removal from the
chambers, the Snapwells were washed three times with RB& bacterial

adherence was determined as descritsabve.

2.5: Transwell assayor cell contact dependence

An experiment was designed to determine if the influence of T84 cells on EAEC
virulence gene expression required physical contact or proximity to secreted
factors. T84 cells were grown to confluence anl2-well culture plate. Infection
assays were performed withO pLo £ mBEORW)EAEC inoculated from ONC in 3

conditions: directly into wells with a confluent T84 monolayer, into Transwell
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inserts in wells containing only DMEM/E2 media, or into Transwell iads
separated froma T84 monolayer by thepermeable membrandFigure2.3). The
plate was incubated for 3 houeg 37 °An a 5% C&atmosphere, and bacteriaere

then harvestedfor gene expression analysis.

A B C

Inoculated

with EAEC
Culture plate well

N\~ ’--k ~
(| | o1

INEINIENINNX IXNENINNNNEN Transwellinsert

T84 cells

Figure2.3 Diagram ofconditions used for cell contact dependence ass&) EAEC were
incubated for 3 hours in culture wells with confluent T84 cells, and adherent and non
adherent bacteriawere harvestedseparately (B) EAEC were harvested after ip&tion

within a Transwell insert without T84 cells. (C) EAEC were harvested after incubation within
a Transwell inselin wells containing confluenk84 cells.

2.6:Invitro organ culture of human intestinal biopsy tissue

2.6.1: Ethical approval and samelcollection

This study was performed under ethical approval from the University of East Anglia
Faculty of Medicine and Health ethics committee (ref 20160B8D), with biopsies
collected through the Norwich Biorepository (National Ethics Service apprefal;
08/h0304/85+5). All samplesvere obtained from patients recruited via the
Gastroenterology Department of the Norfolk and Norwich University Hospital.
Patients were undergoing routine colonoscopy for investigation of Gl related
symptoms or as part ofhe NHS bowel cancer screenipgogramme Informed
written consent was obtained prior to donation of samples, using The Norwich
Biorepository Consent Form15 (Appendix 2). Patients were excluded from the
study if they met any of the following criterialiagnosis ofinflammatory bowel
disease infection with Human Immunodeficiency Virus or Hepatitis VBus,

medicationwith blood thinning drugs
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Up to 8 biopsies were collected from an individual patient, with the tissue removed
using an endoscope grasp capter forceps operated bya medically trained
endoscopist. Biopsies were only collected framgions without macroscopic
pathologies Samples were collected from the second part of the duodenum (upper
endoscopy) or from the terminal ileum, transverse colom, s,gmoid colon
(colonoscopy). Upon removal, samples were immediately transferred into IVOC

medium, transported to the laboratory, and processed within an hour.

2.6.2: Culture and infection of biopsies

Biopsies were cultured in IVOC medium, prepared frargolution of NCTC35
(0.94 g), sodium bicarbonate (0.22 g), angt+pmannose (1 g) in 90 mL dgbi (all
Sigma). This solution was filter sterilised with a 0B syringe filter (Sartorius
Stedim), and add#to 90 mL DMEM and 20 mL newbaralf serum (Sigmah a
sterile glass bottlelVOC medium was stored at’@, and small aliquots in plastic

bijoux (Ramboldi) taken to the hospital for transport of collectathples.

IVOC of intestinal biopsiesas performed as previouslyy Knuttonet al. (Knutton
et al,, 1987) with some modificationsBiopsies were iniéilly examined for size and
guality under a dissecting microscope (Zeiss Stem SV8), and weesssary
dissected into pieces of approximately 5 mrh surface area. Samples were
orientated withthe mucosal sidéacingupwards onto foam suppost (Simport) in a
12-well culture plate (Figure 2.4. Approximately 700 pL oflvOC medium was
added to each well, and adjusted to saturate the foam support and aldwa thin
film of mediumto cover the biopsy without full submersioBubsequently25 >L of
EAE®NC (2.5x10CFY or LB mediunwere applied directly to the mucosal surface
of the biopsy. Samples were incubated on a rocking platform &C3id a5% CQ
atmospherefor up to 8 hours Media were exchanged at 4 and 6 hours pest
inoculation to prevent bacterial overgrowth and maintaithe pH. Following
infection, biopsies were transferreidto PBSwashedtwice by vigorous shaking to

remove mucus and neadherent bacteria, and processed for microscopic analysis.
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Inoculated with EAEC I BiOFtSV sample
Culture or medium control | orientated
plate well I mucosal side
\ upwards
IVOC medium
Foam support

Figure2.4 In vitro organ wlture (IVOC)

2.7: Scanning Electron Microscopy

2.7.1: Sample preparation

Biopsy samples were fixed in 2.5% glutaraldehyde (Agar Scientific) in PBS overnight
at 4 °C,washed twice in PBS, and dehydratey sequential incubationsn 30%,

50%, 70%, 90%, and 100% (twice) acetone in,@didr 15 min on a rockelhe
specimens were dried bg 10 min incubation in tetramethylsilane (Sigma) on a

rocker andair-dried until evaporation of all residual liquid.

Procesed samples were mounted onto aluminium stubs (TAAB Laboratory
Equipment Ltd.) usingconducive silver paint (Agar Scientific) Biopsies were
orientated under a dissecting microscope with the mucosal surfacegupwards.

The samples were then transportdd the Environmental Analysis Laboratory of

the UEA School of Environmental Sciences, where they were saigded with

gold (Polaron SC7640, Quorum Technologies) and imaged with a JSM 4900 LV

scanning electron microscogéeOL)

2.7.2: Semiquantitative analysis of biopsy colonisation

Bacterial colonisatiorof biopsies during IVO®@as scored against a relative scale
based on frequency and size of adherlB§EColoniesobserved by SEM. Colony
size and frequency were both scored on a scale-4f &d the additive valueused

as an overall colonisation score for each biopsy. A score of 0 indicated no observed

adherent bacteria.
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For colony size:

1 = isolated bacteria or very small aggregates, < 10 bacteria
2 = small defined colonieapprox.10-100 lacteria

3 = medium to large defined coloniegprox.100-1000

4 = very large colonieapprox.>1000 bacteria

For colony frequency:

1 =approx. <10 % colonised crypts

2 = approx. 25 % colonised crypts

3 = approx. 50 % colonised crypts

4 = approx. >50 % lmised crypts

2.8: Immunofluorescence staining

Samples were fixed for immunostainimgth 3.7% formaldehyde in PBS for-20
min at RT Acros Organigsor by incubation inice-cold ethanol for 15 minFor
occludin staining, samples were pe&tracted inice-cold 0.05% Triton-X00 in PBS

for 2 min (Sigma) before fixation.

Fixed samples werblocked and permeabilised with.1% Triton XL00 and 0.5%
bovine serum albumin (BSA) in PIBE20 min (Sigma) Sampleswere incubated

with primary antibodiegTable2.3) diluted in 0.5% BSA in PBS for 1 houRatThe
samples werevashed in PBS for 10 min on a rocking platform, and subsequently
incubated inAlexa Fluor 488 or 568onjugated IgG (Life Technologies) for 30 min at
RT in the darkWhen a counterstain wagquired,DNAand filamentous actin were
labelled withn Qdiaenidino2-phenylindole DAPj 1:5000,Roche) andluorescein
isothiocyanateconjugated phalloidin1(;200,Sigma)respectively, for 20 miat RT
Samples werevashed in PBS for a minimum of 3@hnfollowing the final antibody

incubation, andnounted onglass microscopslides(R & L Slaughtei Vectashield

86



mountant (Vector Laboratoriegp reduce photebleaching Slides were stored at 4

°C in the darkand imaged with an Axio Imager 2 microsedgeiss).

When performing immunofluorescence staining for bacteria from liquid cultiie,
pL of sample was pipetted onto lysitcpated microscopy slidesAgar Scientific
inside an area encircled byiquid repellent slidemarker PAP pen(Sigma), and

allowed to air dry.Samples were fixed and stained as described above.

Primary Animal Dilution Incubation Supplier

antibody source factor temperature

Anti-E. coli Goat 1:200 RT Abcam
Anti-occludin  Rabbit 1:10 Onice Life Technologies

Table2.3 Primary antibodies used for immunofluorescence staining

2.9 Giemsa Staining

Coverslipswere washed withPBS and fixed using a 15 min incubation in 70%
methanol at room temperaturéRT) The samples werstained usingl0% Giemsa
Modified Solution $igma in PBS for 280 minat RT. The Giemsa solution was
removed, and samples washedth dHO to remove excess stai@overslips were
air-dried andmounted ontoslides using Depemounting medium(VWR)or clear

nail varnish Samples were observed under bright field or phaeatrast

illumination as appropriateAxio Imager 2 microscope, Zgiss

2.10: Analysis of gene expression using quantitativeverse

transcription PCR (qPCR)

All following protocols for analysis of RNA aodNA wereperformed using

RNae/DNaseree tubes, pipette tips and reagents.
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2.10.1: RNA stabilisation and differential lysis

A 10%phenolEtOHsolution was prepared on ic&igma. Non-adherent bacteria in
apical media were harvested amimediately mxed with phenolEtOHsolutionto

a 2% phenol final concentratiomo deactivate biochemical reactions and preserve
RNA The samples were incubated for 30 min on ice, and centrifuged at 13000 rpm
for 10 min at 4 °CHppendorf 5814R). The sipernatant wasdiscarded,and cell

pellets were snagfrozenondry ice and stored a0 °C.

For RNAstabilisationof bacteria adhered to T84 celis cultureplate wells or on
Snapwell filterscells were washed with DMEM/E2 medium and incubated on ice
with 2% phenol 20%ethanol/ 3% Triton XLO0in DNase/RNase free watéor 30
min to stabilise RNA and lyse the eukaryotic cé€lksls were detached by scraping
with a pipette tip, and lysates were transferred to Eppendorf tubBsacterial
pellets were collected by centugation (13000 rpm for 10 min at 4 °C), and snap

frozen on dry ice and stored &80 °C.

2.10.2: RNA extraction

Total RNA was extracted from bacterial samples using the RNeasy Mini Kit (Qiagen).

Samples were thawed on ice and bacterial pelletsuspered in 50 mg/mL

lysozymein TE bufer (10 mM Tris, 1 mM EDTA, pH 8 vortexed for 30 sec

initially, folowed by 10 seof vortexing every min for 5 min. Samples were treated

GAGK opn x[ 2F w[ ¢ 0 dzF F-Reidapioeiialhdt (Sighf)y 0 SR 6 A ( K
and briefly vortexed, followed by the addition of 250 uL of ethaAdter transferto

a Qiagen spin columnRNA was isolatSR F OO2NRAYy 3 G2 GKS YI yd
instructions for bacterial samplesGenomic DNA wasremowed by onrcolumn

digestion with RNas&8 NBS 5bl asS L F2fft26Ay3 GKS YI ydzFl C
RNA was eluted in 30 pL of RN&s water and stored at20 °Cprior to analysis

and further processing.
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2.10.3: Analysis of RNA quality and quantity

RNA samples were evaluated using a NanoDrop spectrophotometef @D &
2000, Thermo Scientific). RNA concentration was determined from absorbance at
260 nm. The adorbance ratios at 260/280 nm and 260/230 nm were used to assess

protein and salt contamination, respectively.

RNA integrity was evaluated using agarose gel electropho(Egsre 2.5. RNA
samples were run on a 1.5% agaroseigelBE buffer (10.8 g/Lri$, 5.5 g/L boric
acid,2 mM EDTApH 8.0, in dkD; Sigma). Electrophoresis was performed at 100 V
constantfor 20 min, and the gelasstained with ethidium bromide solution (0.01%
in dHO) for 15 min on a rocking platform. RNA was visualised undeghbtvnith a
U:Genius gel imager (Syngen@nd distinct bands for bacterial 16S and 23S

ribosomal RNAvere taken asn indicatorfor RNA integrity.

Figure2.5 Agarose gel electrophoresis of isolated bactRNAEach column represents
an individual sample.

2.104: cDNA synthesis

Sample RNA wasonverted to complementary DNA (cDNA) using qScript cDNA
supermix (Quanta Biosciences). The reaction mix consisted of 4 pL of the supermix

and a concentratiordependent volume containing 1 ug of RNA, made up to a total

volume of 20 pL with RNadee water. Synthesis of cDNA was performed

F OO2NRAY3I (2 GKS YIydzZFlFI Ol dzZNBENRa Ay aidNHzO0
Professional Trio). The cycling program was séeb asin at 25°C, 30 min at 42 °C, 5

min at 85 °C. The obta@d cDNA sample was diluted with 20 pL sterile nanopure

water and kept at 4 °C for sheteérm use orat -20 °C for londerm storage.
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2.10.5: Primer design

All primers used in this study were dgsed using publicly available EAEC gene
sequences published on the NCBI GenBank dataddse primer oligonucleotides
were supplied bySigma GenosysThe primers were designed using both the
Primer3 (ttp://bioinfo.ut.ee/primer3-0.4.0/) and PrimerBLAST
(http://www.ncbi.nlm.nih.gov/tools/primerblast/)  software, with  accepted

sequences requiring both software outputs to meet the following parameters:

Primer sequence length: 1% basepairs
Melting temperature(Ty): 5863 °C

GC content: 280%
Selfcomplemernarity score: < 8

Amplicon length: 6150 base pairs

= =2 =2 2 A 2

Amplicon GC content: < 60%

Additionally, the primers were also evaluated for predicted formation of primer
dimers or secondary structures. For each gene targetTthef forward and reverse
primersdid not differ more thanl °C. The primers used in this study are detailed in
Table2.4. The lyophilised oligonucleotides were resuspended in Riitasewater

at a stock concentration of 10QM, aliquoted and stored at20 °C. Working
solutions for use in gHCwere prepared from AL of both the forward and reverse

primer 100uM stock solutions in 9QL sterile nanopure water.

Gene t NA YSNJ & SdjaieS y « T, (°C) GC %
gyrA CCGAAGTTACCCTGACCGT 60.11 60
(housekeeper)  GGTGACTCGGCGGTTTATG 60.11 55
mdoG AATGCGTTGGTTGAGTGCT 59.69 50
(housekeeper)  cccGGCTAAGGATTGAGCT 59.82 55
gapA GGCTCCGCTGGCTAAAGTT 60.11 55
(housekeeper)  ccGCGCCAGTCTTTATGAG 60.18 55
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rpoB

(housekeeper)

aggR

pic

hlyE

aap

aafA

aggA

pet

astA

CYyOA

cydB

GTGGTGAAACCGCATCTTT 60

CGATGTACTCAACCGGGAC 60

AATTCGGACAACTACAA®EXT. 58.42

CAACAGCAAATCCATTTATC 58.58

AATGCCCTGTCACTTCCCAI( 59.96

TCGCTGAAAGACGCTGACT 59.97

GGCTATCTAACGCCAGCAC 59.89

GCATCCGCCCAGAAAGACF 60.75

CGGGTCCACATTATCTGCG 60.18

TGGCATCTTGGGTATCAGC 59.82

ACACCGGCTACAAATCGTG 59.68

TTGACCGTGATTGCCTTCCI 60.61

GACAATCCGCCTCACCGTT 60.11

AGACCCTTGCACCGCTTTT. 59.89

TGAACTCGATGGCCTTGAC 60.04

CCGGACTCAAACATGGCAC 60.32

GACGGCTTTGTAGTCCTTC' 60.00

GAAGGCCCGI2CAGTTAT 60.18

CCAGACCACAGCTTCCACT 59.82

TTCCCGCAATCTTGATGGC 59.75

ACACTGGTCTGTTTCGCAC 59.82

GTGGGTTAGAGGCTGCGT# 59.75

Table2.4 Primers designeénd used in this study

45

55

39.13

39.13

55

50

55

55

55

55

50

55

55

50

55

55

52.38

55

50

55

50

55
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2.106: qPCR

The reaction for gPCR was prepared by mixindg- bf cDNA witl8 pL RNasdree
water, 0.1 pL internal reference dye, §L SYBR Green Jumpstart Taq ReadyMix
(Sigma, and1 pL of primer pair working solution (final primer concentration of 1
MM). Two control samples were also prepared: A #iemplate control (NTC) with
the cDNA replaced by water, and a revetsanscription control (RTC) replacing
cDNA with the equivalent amount of RN#ad reverseranscription not been
performed (equivalent b 1/40 * volume containing 1 pg RNA$amples were
loaded in duplicaten a 96well PCR platesémiskirt, Sarstedt) on ice, separated by
a layer of cling film to prevent contact of the plate exterior with water or other
contaminants. Plates were sealedthvitransparent sealing film (Sarstedt) and
briefly centrifuged to ensure all reagents wetellectedat the well base (4000 rpm,

1 min,Eppendorf 581€R).

The gPCR reaction was performed using the ABI 7500tineal PCR system

(Applied Biosystems), witliné following cycling parameters:

1. 1cycle:
a. 95°C, 2 mirg initial denaturation
2. 40 cycles:
a. 95°C, 30 se¢ denaturation
b. 60°C, 30 seg annealing
c. 72°C, 35 sec elongation (and SYBR signal data collection)
3. 1lcycle:
a. 72°C, 5 mirg extended elongation (iiigher quantity olamplicons
requiredfor further analysisuch as gel electrophoresis
4. 1 cycle=- dissociation curve analysis
a. 95°C, 15 sec
b. 65°C, 60 sec
c. 95°C, 15 sec
d. 60°C, 15 sec
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At the end of the qPCR rumagman7500 SDSsoftware was used to set the

absorbance value for the cycle threshold)(@d to generate dissociation curves

2.107: Primer validation

The amplification efficiency of the designed primer pairs was determined by
amplifyinga two-fold serial dilution of cDNA from samples known todmsitive for
the gene target. The {Cvalues were log transformed and plotted agairtbe
dilution factor as a scatter graph. The gradient for each primer pair was used to

calculate the primer efficiency according to the formula:
Amplification efficiencydp) = (16Y92%e + 100

The efficiency of each primer pair was evaluated, with minimal variation between

primer pairs and proximity to 100% considered optimal.

Primer specificity was confirmed by dissociation curve analysis during the gPCR run,
with asingle peak indicating a single amplificatjproduct. In addition,agarose gel

electrophoresis confirmed the expected amplicon sizes

210py Y wSEFOGADS ljdzr YGAFAOI GA2Yy 2F 38

Relative gene expression changes were calculated ffom/ w RF G dza Ay 3
method (Livak and Schmittgen, 200X} values for each sample were normalised

for total cDNA concentratioby subtraction of the geometric mean @alueof two

E. colireference genes, Igcans biosynthesis protein ¢hdoG and DNA gyrase

(gyrA), to determine a normalise @ f dzS NB T SNKIB Pldemppessibna p /
change between two samples of interest can then be calculatad the difference

in n fbetween thetreated sampleand nontreated control samplea value termed

N n+l by the following formula:

Foldexpressio = 2" "/ ¢
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For quality control, the Gralues forthe RTC and NT&dntrols were assessednda
Cr difference of greater than Sompared tocDNA sample values (equivalentdo

32-fold difference in transcript abundancejasconsidered acceptable.

2.11: Western Blot

For quantificationof protein expressionnonadherent bacteria wereelleted by
centrifugation of culturemedia @000 rpm, 10min, Eppendorf 581€R), whilst
bacteria adherent to T84 cells weharvested by incubation of the cell monolayer
for 20 minin icecold lysis buffer (50 mM HEPES pH 7.4, 50 mM NaCl, 1% TFriton X
100) containingprotease inhibitor cocktail (1:200, Sigm&)on-adherent bacterial
pellets were resuspendedh 1x reducingsample buffer(RSB), while 5x RSB was
added to lysatesfor a 1x final concentration(Table 2.5). Samples were heat
denaturedat 100°C for 5 mirand electrophoresedn 15% SD®golyacrylamide gels
in 1x running buffer using Mini-PROTEAN Tetra Cell device {Baal)for 60 min at
200 V, 50 mA, 1W (Tables 2.5 2.6). Rroteins were transferred td?olyvinylidene
difluoride membranes YWR by wetblotting at 100V constant for 60 minn
blotting buffer (Table 2.5).

All following incubations were performed on a rocking platform unless otherwise
stated. The membraes were blockedn 5% skimmed milk powder ifiBS/0.05%
Tween20 (TBST)at RTfor 60 min. After a 10 min wash in TBST, membranes were
incubated with primary antibody diluted in TBST overnight at 4C. Primary
antibodies were rabbit antilispersin (1:5000; provided by Christopher Icke,
University of Birmingham) andabbit antrAAFI (1:2000, provided by Ulrich
Dobrindt, University of Miunstgr After a TBST waslblots were incubated with
horseradish peroxidaseonjugated goat artiabbit 1gG {:200,000, Signa) for 45
min. A final 30 min wash with TBST was used to removeboond antibody. The
membranes were developed using enhanced chemiluminescenceagents
(Immobilon Western, Millipore) and imaged with &luorChem E Imager
(ProteinSimple). Imagdji softivare wasusedfor densitometic analysis of imaged

blots.
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Reducing Sample Buffer (RSB)

Glycerol

Sodium dodecyl sulphat&DS)
2M Tris pH 6.8

Dithiothreitol

Bromophenol blue

dH20

25 mL

0.5¢

0.39¢9
5 mg

1.9 mL

4x Stacking Gel Buffer (SGB) pH 6.8

0.5M Tris
SDS

4x Running Gel Buffer (RGB) pH 8.8

60.5 g/L

0.4%

1.5M Tris

SDS

10x Running Buffer pH 8.3

181.6 g/L

0.4%

0.25M Tris
2M Glycine

SDS

30.3 g/L
144.0 g/L

1%

Blotting Buffer pH 8.8

200mM Glycine

25mM Tris

14.4 g/L

3.0 g/L

TBS Tween 0.05%
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5M NacCl 30 mL/L
1M Tris pH 8.0 10 mL/L
Tween20 0.5 mL/L

Table2.5 Reagents for SDBAGEand Western Blotting

Reagent Running gel (15%) Stacking gel (3%)
4x RGB/SGB 2.5 mL 1.25mL

40% acrylamide/biga 5.0 mL 500 pL

dH0 2.5 mL 3.2 mL

10% Ammonium persulfate 50 pL 50 uL

TEMED 10 uL 5 pL

Table2.6 Componentsor 15% SD$olyacrylamide gel

2.12: Biofilm formation assay

EAECGNCs in LB were diluted 1:100 in DMEhixed by vortexing, and 100 pL of
culture was addedo the wells of a 96well microplate (Sigma). The plate was
incubatedat 37 °Cin a 5% Cg@atmosphere for 48 hoursAfter removal of the
medium, wells were washed twice with sterile water and stained with 0.1% ckysta
violet in water for 10 min(Sigma. Excess stain was removed with two washes in
sterile water. Plates were left toradry, before 30% acetiacidin waterwasadded

to each well to solubilise the stain. The absorbance at 595 nm was measured using
a Benchmark Plus microplate spectrophotometeormalised against a blank well

control (Bio-Rad).

For imaging biofilm dentsi, 10 L of EAEC ONC was added to wells ofveel4

culture plate (Sigma) containing 1 mL DMEM amstkaile circular coverslip (13 mm
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diameter, Academy Science Produci®)e plate was incubateat 37 °Gn a 5% CO
atmosphere for 48 hours. The covepsliwere washed twice with sterile water and
stained with 0.1% crystal violet in water for 10 min as above. Excess stain was
removed by washing with sterile water and coverslipsdaied before mounting to
glass microscopy slides (R & L Slaughter) Rggex mounting medium(VWR¥or

bright fieldmicroscopy(Axio Imager 2 microscope, Zgiss

2.13. Sequencing and Bioinformatics

All clinical isolates from ST40 and ST31 were sequensed lllumina platforms
Sequencing was performed by GemmayK@ohn Wairgroup; University of East
Anglia, Faculty of Medicine and Health) and the Genomic Servicing Unit and
GastrointestinaBacteriaReference Wit (GBRYat PHEThe genome of prototype
EAEC strain 042 has previously been publiggédudhuret al.,, 2010)

Many of the bioinformatic analyses were performed ustogls accessed vithe
MRC Cloud Infrastructure for Microbial BioinformaticdlRC CLIMB) platform
(Connoret al, 2016) Determination of MultiLocus Sequence Type (MLST) was
achieved using th&hort Read Sequence Typihgool (SRSTZInouyeet al., 2014)
and the Galaxy computational biology platform. SRST2 was also uséd &mli
serotype prediction ad virulence factor genotypingescherichiavirulence gene
sequences were obtained from th¥irulence Factors of Bacterial Pathogens
database (VFDBhttp://www.mgc.ac.cn/cgibin/VFs/genus.cgi?Genus=Escherithia
LocalBasic Local Alignment Search TILAS) analysisand in-silico PCRwere
performed usingBioHlit and FastPCRrespectively(Kalendaret al., 2017, Hall,
1999) Core genome alignment andsinglenucleotide polymorphism SNP
detection was performed usindParsnp(Treangenet al., 2014) and phylogenetic

trees presented using Phandan@dadfieldet al., 2018)
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2.14; Statistics

GraphPad Prism Version 6 software was used for statistical analysis throughout this

project. For the comparison of two groups, parametric stydé tQ@est was used for

cell line experiments and the newarametric ManAWhitney test was used for

experiments with biopsieRarametric analysis of variance (ANOVA) was performed

F2N) O2YLI NR&az2y 2F (GKNBS 2N Y2NB BNRPdzZLJAS 6Ad
used for gene expression experiments. All gene expression data wegg log

transformed prior to statistical analysis. A P value of < 0.05 was considered

significant, and degrees of statistical significance are presented as follows: * = P <

0.05;*=P<0.01;***=P<0.001;*** =P <0.0001
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CHAPTER THREE

Oxygen and host cell interaction
modulate EAEC virulence gene

expression

Collaborative work:
Biopsies providetdy Alison Prior, Vivienne Codknups De Silvand Bernard Brett
SEM support provided gertrand Lézé

042aggRmutant strains provided by Douglas Browning

A manuscript containing work from this chaptdras been accepted for
publication in Cellular Microhiology
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3.1: Introduction

Essential virulence factors have not been established for EAEC pathogenesis, unlike
other E. colipathotypes; for example, the type Ill secretion systef8SSjequired

for typical EHEC virulen¢8chiller and Phillips, 2010, Kagemal., 2004) However,
many putative EAEC virulence factors have been identifieted to different
aspects of human intestinal infectiorEAEC is associated with high levels of
aggregation, including se#igglutination and on biological surfacéhe aggregative
adherence(AA)pattern of EAE®n cultured HB-2 cells is a defing phenotype of
this pathotype and has been associated with a family of adhesiesned
aggregative adherence fimbriae (AARMany, kut not all, typical EAEC possess a
single AAF allele, with five variarfSAF/I b AAF/\ identified so far(Jonssoret al.,
2015, Bernyet al,, 2014, Kauet al., 2010) Other adhesins hee been implicated in
EAEGdherence including anon-specifick. colifimbria named theE. colicommon
pilus ECP (Avelinoet al., 2010, Rendoet al., 2007) AAhas also been connected
to dispersin éncoded byaap), a small surface probe which is suggested to mask
charge interactions between fimbriae and affect spatial organisatieith
neighbouring bacteriecells(Blantonet al.,, 2018, Sheikbt al., 2002)

The symptomatic diarrhoea caused BAEC infection ikkely a result of tissue
damage and inflammatiomduced bythe expression of bacterial toxins. Two such
virulence factorsproduced by some EAEC isolates are the pfmeming toxin
haemolysin EHlyE), and a heastableenterotoxin EAST (encoded byastA) linked

to disruption ofcGMP signalling and anion secretion from epithelial ¢dls/arre
Garcia and Elias, 2011, Savaratal., 1993) A serine protease autotransportef
Enterobacteriaceag(SPATE}alled plasmid encoded toxinPgt) has alsobeen
associated with EAEG@irulence causing spectrin cleavage and cytoskeletal
disruption (BetancourtSanchez and Navar®arcia, 2009, Eslawt al., 1998) A
further SPATE found in many EAEC isolates is the mudtigsehich has been
linked to both mucin digestion and induction of mucus hypersecretion by intestinal
cells(Harringtonet al., 2009, Navarrdgsarciaet al., 2010) Many of these described
putative virulence genes are located on the EAEC virulence plasmidip&iding

astA aap, pet, and the AAfencodinggenes. The pAA plasmid also encodes a

100



transcriptional activatoiAggR, which regulasanultiple virulencegeneslocatedon

the pAAplasmid andhe bacterialchromosone (Morin et al., 2013)

One obstacle to further understanding the mechanisms derlying EAEC
pathogenesis is a lack of suitabtevivo models. Previous animal modalsed to
investigateEAEC infectiomcludegnotobiotic pigletsandinfant, antibiotictreated,

or immunocompromisedgenetically or through nutritional restrictiompice. The
piglet modelis limited by scalability, cost and availability lafge animal biosafety
level 2facilities while the murine modelgo notreplicaie aspects of clinical human
diseaseincluding overt diarrhoeaPhilipsonet al, 2013) As such, most EAEC
studiesrely onin vitro infection mockls. Human intestinal epithelial cell lines such
as T84 and Caed have been utilised for investigating bacterial interactions with
the host epithelium. However, there remains some uncertaietyarding the ability
of prototype EAEC strains to colontbesecell lines Strain 042 has shown effective
colonisation of T84 cells but poor adherence to CAc(Nataro et al, 1996,
Straumanet al., 2010) while 172 has been reported to colonise CazZaells but
has not leen studied using the T84 cell li®teineret al., 1998, Coutet al., 2007)

In addition, previous studies have usgdvitro organ culture of human intestinal
biopsies which demonstrated EAEC adherence to smsdstinal and colonic
epithelium. However,the extent of colonisationof specific straingnd biopsy sites
has differedbetweenstudies(Knuttonet al, 1992, Natarcet al., 1996, Andradet
al., 2011)

While the GITis often consideredAN, oxygen availability varies greatly between
sites. There is a decreasing longitudinal oxygen gradient along the length of the
human gut, but a radial oxygen gradient is also present due to oxygen diffusion
across the epitheliabarrier (Espey, 2013, Albenbergt al., 2014) Oxygen has
previously been recognised as an environmental sigoal the regulation of
virulence in several enteric pathogenacluding microaerobiosisenhancinghost

cell adherence and invasion b8almonella Typhimurium andregulating the
expression ofvirulence factorssuch asthe ¢ 2 EA Y  O2 mt N&adehotera S R
toxinin Vibrio choleragdMarteynet al., 2011, Lee and Faiw, 1990, Marrercet al.,

2009) In addition, low oxygen levels enhanced EHEXS and adherenceto
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polarised colonic epithelial cel{Schuller and Phillips, 201MHowever, the effect of

oxygen availability on EAEC virulence hadoeen previously characterised.

In addition to oxygen, antact with the host epitheliumcan also stimulate
expression ofvirulence factos by enteric pathogengStones and Krachler, 2016)
For example, the expression of key virulence factors encoded onloities of
enterocyte effaement (LEE) pathogenicity island in EHEC &ctivated by
mechanosensation via Grtagulation, in responst host cell attachmenand fluid
shear force(Alsharifet al., 2015) While many studies have investigated putative
EAEC virulence factors and whether they contribute to adherence, any resulting
effect of hostcell contact on regulation of viruleneessociated genes has not been

characterised.
The objectives of this study were to:

1 Characterise the adherence and colonisation of the prototypical EAEC strains
042 and 172 on human intestinal epithelial cell lined intestinal biopsy
samples

1 Establisha microaerobid/DC systenas a modefor EAEC infection of polarised
intestinal epithelial cells

1 Determine the effect of oxygelevelsand adherence to host cells on expression
of EAEC virulence genes

1 Investigate theimportance of the transcriptional regulatoAggR for the

response of EAEC to these environmental signals

3.2: Results

3.2.1: Prototype EAEC strains adhereTi84 and Cac@ intestinal cell

lines

The human colon carcinoma cell line§84 and Cac@ were wsed for the
characterisation of EAEC colonisation to intestinal epithalw’tro. Both cell lines
can form polarised monolayers in culture, with columnar cell shape, intact tight

junctions, and high tranepithelial electrical resistance (TEERidalgoet al., 1989,
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Tranet al, 2014) T84 cells were used as a model for the colonic epithekun
have previously been employefbr investigating EAEC infectidiNataro et al.,
1996) The Cace? cell line, whilst colonic in origimasused as a model for small
intestinal enterocytes Features including expression of brush border enzymes and
similar proteomic profiles to cells of the small intestimave ledto the wider useof
Cace2 cells as anin vitro small bowel model for bothpharmacologicaland
microbial nfection studies, includingeAEGMeunier et al,, 1995, Lenaertgt al.,

2007, Steineet al., 2000)

To investigate the colusation of EAEC on T84 and Gacoells grown on coverslips
were infected with EAEC prototype strains 042 aneRfér 5 hours, and bacterial
colonisation was visualised by Giemsa or immunofluorescence stdFimge 3.).
Giemsa staining showethat both 042 and 172 adheredto T84 and Caca
monolayers by forming large bacterial aggregates on the cell surface, consistent
with the AA phenotype. However, while adherent 042 were largely confined to
these aggregates, some diffuse colonisation of21toutl also be observed
separate from aggregative colonies. This morphological differevee® consistent

for both intestinal cell lines.
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042

17-2

Figure 3.1 EAEC colonisation of intestinal cell line¥he EAEC strainsA® and 172
colonisedconfluentmonolayers of T84 and Caccells(Multiplicity of infection (MOI) = 10
bacteria/cell, incubated for 5 hours)However, 042 demonstrated a denser colony
morphology. Representative images of five experiments in duplicatagesh by phase
contrast microscopy

Colonisation patterns of EAEC 042 and21@n T84 and Cae® cell monolayers
were also confirmed by immunofluorescence stainifgggre 3.2. While theE. coli
antibody detected both EAEC strains, some of the largkmas observed after 5
hours of infection were only partially stained. The limited penetration of the

antibodies was evident when DAPIsvased as a DNA counterstain.

104



DAPI Anti- E. coli

Figure 3.2 Immunofluorescere staining of EAEC colonies on intestinal epithelial cell
lines. EAEC were incubated wittonfluent T84 or Cac@ cells for 5 hours and stained for
DNA (DAPI) and bacteria (aBti col. Larger colonies demonstrated only partial staining, as
evident by the DARlounterstain. Representative images are of2l@olonisation of T84 (A)
and Cace? (B) cells(MOI = 10 bacteria/cell).

In addition to qualitative observations by microscopy, colonisation of the cell lines
by 042 and 12 was quantified. Confluent T84 ardace2 monolayers were
infected with EAEC for 2 or 5 hours. Cell layers were washed and lysed, and serial
dilutions of the lysates plated on LB agar for colony counting. Colony counts were

normalised by also plating out the inoculum for each experiment.

Quantification of colony forming units confirmed the previous observation that

both EAEC strains could effectively adhere to both cell liriggife 3.3. There was
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no significant difference in colonisation between T84 and €acoonolayers at
either time-point. Adherence of 1-2 was consistently higher than that of 042, but
this difference was only significant for the T84 cell line at 2 hours of infe(@on
0.05) Overall, the quantitative and qualitative data suggests that EAEC prototype
strains 042 ad 17-2 can both adhere to monolayers of T84 or Gaazells, but with

minor differences iimicrocolony morphology and abundance.

T84 g O 042
> ;| 172
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~ 104
e
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< 5 .
w —_
°
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) = 15-
Caco-2 E O] 042
> | 172
ho 10-
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£ ol s
3 0

2 hr 5hr

Figure3.3 Colonisation of EAEC 042 and-27o intestinal cells Colonisaibn of confluent
monolayers ofA) T84 and (B) Ca@uwvas quantifiedoy plate colony countingfter 2 and 5
hoursof infection(MOI = 10 bacteriakll) andwas normalised against thaitial inoculum
Data are shown as means + SE of three independent empets performed in duplicate.
*P<0.6
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3.2.2: Intestinal cell lines do not tolerate simulated intestinal bacterial

media

This study aims to investigate the influence of the gut environment on EAEC, and
one approach is to simulate physiological coiwdis in the experimental media.
Simulated ileal environment medium (SIEM) and simulated colonic environment
medium (SCEM) have previously been used to study virulence gene and proteome
expression in EHEolzinet al., 2013, Muskenret al., 2008) However, these
studies were performed without the presence of intestinal epithelial cells. To
investigate the tolerance of Ca& and T84 cells to incubation in simulated
intestinal media, confluent monolayers were incubdtin either full simulated
media (Cace€ in SIEM, T84 in SCEM) or with specific media components for 5
hours. Cell viability was assessed by Trypan Blue staining and microscopy. In
addition, immunofluorescence staining for actin and occludin was perforioed

visualise the integrity of the cytoskeleton and tight junction network, respectively.

Incubation of Cac@Q and T84 cells in complete SIEM and SCEM, respectively,
resulted in total cell detachmerdnd loss of viabilityTherefore, incubations were
performed comparing normal neaupplemented cell culture medium (DMEM for
Cace2, DMEM/F12 for T84) to the Bacto Tryptone used as the baslia for
SIEM and SCEM, and separate additidrbile salts or pancreatirat different
concentrations lysozyme, and # remaining soluble salts (NaCl,,RE, NaHCg)
NaHPQ, KHCE). As expected, DMEM and DMEMIR incubation maintained an
intact monolayer of fully viable cells on the coverslips. In @stirBacto flyptone
alone caused partial loss of viability for hatell lines, with partial cell detachment
for Cace2 and disrupted cell morphology for T84. The addition of bile salts was also
found to be toxic to the intestinal cells at >600 uM for Gacand >200 puM for T84.
These are far lower bile salt concentrai®than the 6.6 mM in SIEM and 4.7 mM in

SCEM as published for bacterial culture.

Due to the poor tolerance aihe cells to Bacto rjptone alone incubations were
performed using DMEM orNdEM/F12 as thebase media. This did not improve the
tolerance of eher cell line to bile salts. For Ca2ccells, 1% (w/v) pancreatin was

used to introduce digestive enzymes to the medium. However, this caused major
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detachment of the monolayer from the coverslip even at a reduced 0.1%
concentration, although any residueglls were seen to be viable when stained with
Trypan Blue.However, the lysozyme concentration specified for SIEM had no
negative effect on Caed cells, and the cell lines tolerated téher soluble salts in

the SIEM an&CEM recipes.

Immunofluorescene staining of cell monolayers on coverslips supported the
results of the viability assay@Figure 3.4. When T84 and Ca cells were
incubated in DMEM/R.2 or DMEM respectively, a well organised actin network
and intact tight junctions were observed. &a tryptone induced a partial loss of
tight junction integrity as seen by occludin staining, as well as visible disorganisation
of the actin cytoskeleton. The addition of SIEM/SCEM soluble salts caused no
observable change to actin and occludietworks ©mpared to DMEM and
DMEM/F12 controls, matching the tolerance seen with viability stainiDge to
complete cell detachment in the presence of bile salts or pancreatin,
immunofluorescence staining and microscopy could not be performed for these

samples.
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Occludin

Standard cell culture media

Bacto-tryptone

Figure3.4 Immunofluorescence stainingf T84 and Cac@ cells to determinemonolayer
integrity. Confluent monolayers of T84 or CaZaells were incubated for Solrs with cell
culture media (DMEMMA2 and DMEM respectively) or dstotryptone, and
immunofluorescence staining performed for actin or occludin (green) and cell nuclei (blue).
In cell culture media, cells formed an actin brush border (A; T84) and intact tight junctions
containing occludin (B; €a2). Bactetryptone alonecaused disruption of actin (C; CaZp

and patrtial loss of tight junction integrity (D; T84). Representative images for experiments
performed in triplicate.

In summary, while SIEM and SCEM have been used for incubations efidbact
previous studies, most of the components including bile salts and digestive enzymes
were poorly tolerated by T84 and Cagocells. As soluble salt concentrations in
SIEM/SCEM were generally similar to those in DMEM and DMER)/subsequent
infection assays in this project were performed in DMEM (€cor DMEM/F12
media (T84).
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3.2.3: EAEC strains 37 and 042 adhere to human colonic but not

small intestinaltissue

The use ofn vitro organ culture (IVOC) allows the study of interactions between
bacteria and human intestinal epithelial tissarvivo. This has greater physiological
relevance than standardell culture, conserving the complex tissue structure and
diversity of differentiated cells, and avoiding the carcinoma background of cell lines
(Fanget al., 2013) Previous studies using IVOC have suggested that EAEC can
colonise tissue fromboth the small and large intestine, but certain strains
demonstrated significantly greater adherence to colonic tis¢aadradeet al.,
2011, Hickst al,, 1996) To investigate the ability of 042 and-27o cobnise the
human intestinal mucosa and detect any tissue tropism, IVOC experiments were
performed using biopsies taken from adult patients at four sites of @i&
duodenum (second/descending part), terminal ileum, transverse colon, and sigmoid
colon. Thebiopsies were infected with EAEC 042 or2lTor 67 hours and

examined by scanning electron microscopy (SEM) for bacterial colonisation.

Both prototype strains colonised colonic biopsies, with extensive bacterial
adherence observed to the epithelial surlg particularly around the edge of the
crypts (Figure 3.5. Similar colonisation levels were observed on sigmoidal and
transverse colon. As previously described for the adherence to T84 ane2CGamtio
lines, 042 formed distinct dense aggregates, while21@stablished both large
colonies and areas with a more diffuse pattern of adheremdmimal colonisation

by 042 and 12 was observed for IVOC of small intestinal tissue. Neither strain
consistently adhered to biopsies from the terminal ileum, with omfrequent
individual bacteria or small aggregates visible by SEM on some saniies.
adherent EAEC were detected on duodenal biopgiezble 3.). These findings

demonstrate that both 042 and 12 preferentially colonise human colonic mucosa
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Transverse T ileum

Sigmoid

Figure3.5 EAEC colonisation of human intestinal tissugcanning electron microscopy of

human biopsies from the terminal ileum, transverse and sigmoid colon infected with EAEC

042 or 172 for 7Thoursd . I NAE I MR PRG oLIRY STt 00X wn >Y 0062003
other panels). Shown are representative imagestlufee experiments performed in

duplicate.
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Region EAEC strain

042 17-2

Duodenum 0/8 (0) 0/8 (0)
Terminal ileum a4/7 (57)*  3/7 (43)*
Transverse colon 6/7 (86) 417 (57)
Sigmoid colon 6/7 (86) 2/6 (33)

Table3.1 EAEC adherence to human intestinal biopsiBsita are presented as number of
biopsies with adherent aggregates/total number of biopsies (percest&&ingle bacteria
or verysmall aggregates only.

3.2.4: Establishment of a microaerobic VDC system

The vertical diffusion chamber (VDC) systaas been previously used by the
Schiller researchgroup to investigate the influence of oxygen concentratmm
pathogenesis of EHETranet al., 2014) Beforeuse ofthis model for the study of
EAEC infectiornthe tolerance of the human intestinal cells to incubation in this
model was determined as well as characteaton of the oxygen condition in the
VDC.

To investigate the stability of polarised epithelmbnolayers in the VDC, T84 and
Caca2 cells were seeded onto collagepnated Snapwells and differentiated for-10

14 days. The culture medium was exchanged every 2 days, and theephslial
electrical resistance (TEER) was recorded with a stable dli€&R a threshold of
Mnnn ffor B84 X500m R2faDGace? cells indicating full polarisation. The
Snapwell inserts containing the polarised cell monolayer were incubated in the VDC
for 4 hours, with or without EAEC and in either &l or MA conditionsEpithelial
barrier integrity wasinvestigated by comparing the TEER for each Snapwell before
and after incubation(Figure 3.§. For T84 cells, incubation in the VDC in -non

supplemented DMEMMA2 caused a dgease in TEER in AE and MA conditions and
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with or without bacteia, but the TEER remained above the integrity threshold of
Mnnn fn A®itiddally, neitherapical MA conditionsor presence of EAEC
caused a significant decrease in barrier integrity. However, -Qacells poorly
tolerated the VDC incubation, with high levels of cell detachment from the Snapwell
filter. As previous IVOC experiments demonstrated preferential adherence of EAEC
042 and 172 to colonic tissue, all subsequent experiments were carried out using

the T84 cell line.

100- Bl AE [CJ MA

80+ T

60+

40-

% TEER
_|

20+

0-

NI 17-2 042

Figure3.6 Epithelial barrier function during VDC incubationEpithelial barrier functiorof
polarised T84 cellwas evaluated by TEER and is expressed as resistance after inféction
hours, MOI = 20 bacteria/ceMyith 042 or 172 or a noninfected (NI) controlrelative to
resistance befa infection Incubations were performed under aerobic (AE) or
microaerobic (MA) conditionsCace2 cells detached from Snapwell filters, therefore
preventing TEER measurement pogection. Data shown as mean + SE from three
independent experiments.

To vsualise bacterial colonisation and host cell morphologglarised T84 cells
infectedwith 042 or 172 for 4 hours undeAE or MA conditiong/ere stained forE.

coli, actin, and cell nuclei and evaluated by immunofluorescence microscopy. To
improve penetation of the antiE. coliantibody, cells were fixed with ethanol

rather than formaldehyde solution, and complete staining of EAEC colonies was
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achieved using this method with no limitation. As showrigure 3.7 both EAEC
strains demonstrated extensiveolonisation of the epithelial cell surface. In
addition, actin staining showed that the polarised T84 monolayers remained visibly
confluent with an organised actin network and intact brush border. Some EAEC
colonies were associated with areas of actinrgpion, although it could not be
determined if this was prexisting and promoted binding or was a result of EAEC

adherence.
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NI

17-2

042

Figure3.7 Colonisation of polarised T84 monolayers in the VRolarisedT84 cdls were
incubated with 042 or 12 or nonrinfected control (NIfor 4 hours in the VDQMOI = 20
bacteria/cell) Aggregative adherence and epithelial integrity was visualised by
immunofluorescence staining for AEC (red) and actin (green). Data shown as
representative images of four independent experiments.
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To adapt the VDC system for EAEC experiments, oxygen concentrations during
bacterial growth were characterisedigure 3.8. This was achieved by measuring
dissolved oxygen concentrations using an @xyglectrode probe over the cows

of a 4hour incubation withEAEC, without T84 cells (with the probe calibrated
relative to noninoculated AE and MA chambers). In MA chambers, initial dissolved
oxygen concentration was-8 %, but was fully depleted by Hours. For AE
chambers, bacterial growth in the media caused oxygen levels to decrease from
approximately 21% to 15% by 3 hours, and by 4 hours to 10 % and 5 % for 042 and
17-2, respectively.

042 AE

—-—
-0~
-
-0

—
N

3 4
Time (h)

Figure3.8 Oxygen concentration during VDC incubatioBissolvedxygen concentrations
during bacterial incubation over 4obrs were determined as percentage of atmospheric
pressure using anoxygen electrode probeData is shown as mean = SE for three
independent expgments.

To determine if these conditions induce changes in EAEC respiration pathways,
bacteria were first isolated after 3 and 4 hours of incubation. After RNA extraction,
the expression of the respiratory enzyme gergsAand cydBwas determined by
gP@®R Figure 3.9. While cyoA encodes a subunit of the lower oxygen affinity

cytochrome O oxidase complex which is preferentially expressed in AE
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environments, the product ofcydB forms part of the high oxygen affinity
cytochrome D oxidase, which is upregeldtin conditions below approximately 5%
oxygen(Cotteret al.,, 1990) For 042 and 12, AEconditions causedrainduction of
cyoA(P < 0.05or 17-2; P < 0.0001 for 042and downregulationof cydB(P < 0.01

for 042) compared toMA conditions. This demonstrated a distindifference in
expression of genes involved in EAEC respiration in response to the relative oxygen

availability between AE and MA chambers

CyOA cydB

T « 7
e 172
% 10 [J 042
e,
&
‘%‘{ 1 ——
E *%

0.1

Figure 3.9 Relative expression of cytochrome oxidase genBscteial respiration status

after 3 hours of incubation was evaluated by qPCR gene expression analysis of low affinity
cytochrome bo3 oxidase ¢yoA and high affinity cytochroméd oxidase ¢ydB. Gene
expression is indicated as fold changinder aerobic (AE)versus microaerobic (MA)
conditions.Data was normalised against expression of housekeeper gpmésand mdoG
Dataare shown as mean + SE from three independent experiments in dupli€ate .05,

**P < 0.01, ***P < 0.0001).

3.2.5: Strainspecific malulation of growth andadherence by oxygen

The oxygen levels in AE and MA chambers during VDC incubation were shown to
induce the use of different terminal oxygen respiration enzymes in 042 ari2| 17
validatingthat theseare distinct experimentatonditions which affect EAEC gene
expression To determine the effect of oxygen availability on EAEC growth rate,
strains 042 or 1-2 were incubated for up to 6 hours under AE or MA conditions in
the absence of T84 cells and bacterial growth was evalubjedptical density at

600 nm. As shown iRigure 3.10Qfaster bacterial replication was observed for-27
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than 042 in both oxygen conditions. Both strains exhibitedigmificantlyslower
growth rate during MA incubatioP < 0.01 for 042; P < 0@D for 172), with an
approximate twefold reduction in optical density compared to AE condition by 6

hours.

0.8+

17-2 AE

*kkk

=l BCN

Time (h)

Figure 3.10 Bacterial growth during VDC incubatioreAEC were incubated in the VDC
systemwithout host cellsunder aerobic (AE) or microaerobic (Médnditions for 6 hours.
Bacterial growth was quarfiigd by optical density600 nm). **P < 0.01, ****P < 0.0001
versus MA conditions

The influence of oxygen concentrations on EAEC adherence to T84 cells was also
investigated Figure 3.1). VDC experiments were performed with polarised T84
cells incubated with 042 or 1Z, followed by lysis of the T84 monolayer and plating

of a serial dilution of lysate on LB agar for colony counting analysis. Initial assays
evaluated adherence after 2 hours to determine initial colonisation. However,
neither strain demonstrated a significant change in adherence rate when

comparing AE to MA infection.

To determine if oxygen influenced colonisation over a longer time period, an
additiond series of VDC experiments were performed whereby after 2 hours
incubation of polarised T84 cells with EAEC, apical media were exchanged with

sterile DMEM/FL2. After incubation for a further 2 hours, caésociated bacteria
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were quantified as above. Ahis longer timepoint, the adherence of 12 was
significantly higher under AE than MA conditigRs< 0.01)whereas no difference

wasobserved for strain 04Zgure 3.1).

2 hr

042 17-2

Adherent EAEC (x10 5 CFU / cham ber)

4 hr

*k 3 AE

042 17-2

Adherent EAEC (x10 6 CFU / cham ber)

Figure3.11 Influence of oxygn levelson EAEC colonisation of polarised Tédlls EAEC
were incubated with polarised T84 ce(BIOl = 20 bacteria/cellunder aerobic (AB or
microaerobic(MA) apical conditions fo2 or 4 hoursincluding a mediunexchange after 2
hours. Colonisationwas quantified by plate colony counting amds normalised against
the initial inoculum. Data are shown as means + SHoof independent experiments
performed intriplicate *P < 0.0).
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3.2.6:0xygen induces virulence gene expression in EAEC 042

To invefigate the expression of putative EAEC virulence genes in response to
2E@3ASYy | Gl Afl oAt AGET Nprhethddwers apfjliedLivek | y I f @ 3 A &
and Schmittgen, 2001)Prior to this, the primers designed for this study were
analysed for specificity and amplification efficiency. Primer specificity was
determined for each primer pair by performing qPCR with cDNA gégkifrom
sample RNA of either 042 or -27(depending on which strain contained the target
gene), with the gPCR cycling parameters containing a dissociation curve analysis
step. The resulting heat dissociation curves contained only single peaks for each
primer pair, suggesting the generation of a single ampli¢ogure 3.12 A The size

of the amplification products was determined by agarose gel electrophoresis
alongside a mlecularweight size marke(Figure 3.12 B For each primer pair, a
single band wa observed to further confirm the presence of a specific amplification
product, and the band positions were found to match the expected size of the
amplicon. These results validated the designed primer pairs as specific for the

target gene sequences.

Relah @S ljt / w | yI f-@mgthod reqiziiedvglidation &f Suffigiently high
amplification efficiencies for all primer pairs. To determine this, gPCR was
performed with a twefold serial dilution of cDNA. The resulting @lues were
plotted against dution factor, allowing the amplification efficiency to be calculated
from the gradient for each primer paffFigure 3.13 The range of amplification
efficienciesall exceeded5%,above the 90% thresholcecommended for use in
experimental gPCR analygisable 3.2 (Svecet al, 2015) Values greater than the
theoreticalmaximum of 100% may be due to inhibitors carried over from sample or
reagents, as this is more pronounced in more concentrated cDNA samples and can

skew the linear fi{Svecet al., 2015)
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Figure 3.12 Validation of primer specificity.(A) Dissociation curves were generatfen

each primer pair during qPCR amplification. Single peaks indicate that primers amplified a
single amplicon. Curves are representative of all JPCR experiments with these primers. (B)
Agarose gel electrophoresis of gPCR products. Image is represemtative independent

experiments in duplicate.
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Figure 3.13 Validation of primer efficiencygPCR was performed using a tiadd serial
dilution of cDNA for each primer pair for (A) virulence genes ahdefBrence genes. The
resulting cycle threshold ¢C values were plotted against cDNA concentrations, to
determine the gradient for calculation of primer efficiency.
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Primertarget

Negative gradient

Primer Efficiency %

gyrA 3.09 110.7
mdoG 3.37 98.0

gapA 3.3 100.9
rpoB 3.17 106.8
aggR 3.29 101.3
Fc 2.93 1194
CyoA 3.26 102.7
cydB 3.15 107.7
hlyE 3.24 103.5
aafA 3.38 97.6

aap 2.96 117.7
aggA 3.2 105.4
pet 2.99 116.0
astA 3.28 101.8
ecpA 2.85 124.3

Table3.2 Primer efficienciesCycle threshold (values were plotted against cDNA

concentrations for a twéold serial dilution, with the gradient of the linear fit for each
primer pair Figure 3.13 used to calculate amplification efficiency.
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The normalisation of relative gPCR data required the use of referénceligenes,

and it was therefore important that the expression of these genes remained
consistent between experimental conditions. Four potential reference genes were
selected: gapA (glyceraldehyde phosphate dehydrogenasg)oB (i & dzo dzy A U
bacterial RNA polymerakegyrA (DNA gyrase), anchdoG (glucans biosynthesis
protein G, glycan metabolism). gPCR was performed using cDNA from strains 042
and 172 after a4-hour VDC incubation wer AE and MA condition&igure 3.14.

The G values indicated thafjapAexpressiorwaspossibly affected bpxygen level

whilst rpoBshowed different expression levels in the two EAEC strains. In contrast,
gyrAand mdoGshowed consistent expression lésainder all conditions and were

therefore selected as reference genes for subsequent gPCR analysis.

25-
3 AE 042
20 m n 3 MA 042
Ea AE 17-2
_ 157 i B VA 17-2
O
10-
5_
0

gyer mdloG galpA rpE)B

Figure3.14 Effect of oxygen levels on expression of selectedcolireference genesgPCR
was used taanalyse expression of foul. coligenes in 042 and 1Z after a4-hour VDC
incubation inaerobic (AE) or microaerobic (M&9nditions. Data are shown as mean = SE
for three experiments in duplicate.

After optimisation of the gPCR protocol, the effectaXygen availability on EAEC
virulence gene expression was investigated by incubating strains 042 ahdoi B
hours in the VDC system under AE or MA conditions, without T84 cells. This time

point was chosen to avoid oxygen depletion in the AE chamlzergreviously
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evaluatedin Chapter3.2.4. The bacteria were immediately treated with phenol
ethanol to stabilise RNA, cDNA was synthesised, and gene expression was analysed
by gPCR. Relative virulence gene expression under AE compared with MA
conditions wa S @I f dzI (i S Rrmezhol Figure (B.K5SA Forp042, oxygen
induced a significant twdold upregulation in expression @ggR aap, aafA and
ecpA(P < 0.05 to P < 0.01Bothaap and aafA are regulated by the transcription
regulator AggR. There wa® significant difference in gene expression for the
remaining virulence factors in 042 when comparing AE and MA conditions. For
strain 172, none of the examined genes were significantly upregulated by oxygen.
However,aggR aap, and the corresponding AAgene in 122, aggA demonstrated

a fold change in expression of greater than 1, but this did not reach statistical

significance.

To determine if the presence of host cells influenced the response of EAEC to
oxygen, this analysis of relative virulence gegxpressiorwas repeatedfor non
adherent EAEC in apical VDC compartments containing polarised T84 iceite (
3.15 B. The results were similar to those observed in the absence of T84 cells, with
no significant changes in gene expression fo21@ndupregulation ofaggR aap,

aafA, and ecpA by oxygen for 042. The only observable difference was that
expression ofistAwas significantly increased under AE versus MA incubation in the
presence of T84 celld® < 0.01)Overall, this shows that the VDC gystcan be

used as a model system to investigate the effect of oxygen levels on EAEC virulence
gene expression. The data demonstrates that oxygen causes a -spedific
upregulation of certain virulence genes for 042, independent of the presence of T84

cdls.
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Figure3.15 Oxygen enhances virulence gene expression in EAEC(A¥ZAEGtrains 172

or 042 were incubated in the VD&@r 3 hours under aerobic (AE) or microaerobic (MA)
conditions. Relativex@resion of selected virulence genes was determined by gPCR and is
indicated as fold change under AE versus MA conditibaga are shown as mean + SE for
five independent experiments. (Pplarised T84 cells were infected with strains21Gr 042

for 3 hours (MOI = 20 bacteria/cellinder AE or MA conditionis the VDCExpression of
selected virulence genes hyon-adherent bacteria was determined by gPCBata was
normalised against expression of housekeeper ganeé and mdoG Data are shown as
mean + SE fahree independent experimentsP < 0.6, **P < 0.01**P < 0.001

3.2.7: Adherence to host cellsenhances EAEC virulence gene

expression

To examine the effect of adherence to human colonic epithelial cells on virulence
gene expression, polarised T84 matayers were incubated for 3 hours in the VDC
system following apical inoculation with 042 or-27At the end of infection, the
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apical medium was immediately treated with phermethanol to stabilise bacterial

RNA, while the T84 Snapwells were removed differential lysis performed to
deplete eukaryotic cells and preserve bacterial RNA. Relative gPCR analysis with the
N ni/method was used to directly compare virulence gene expression between

adherent and normadherent bacteria from the same chamber.

The dPCR analysis revealed that adherence to the polarised T84 monolayer
increased the expression of most of the investigated virulence genes in both 042
and 172 (P < 0.05 to P < 0.000@)igure 3.18. For both strains, the largest change

in relative gene exm@ssion was recorded for EA$Toxin geneastA which saw a4

fold upregulation for 172 and 8fold increase for 042. Whilst the aggé&yulated
genesaap and aafAlaggAwere also increased in adherent bacter@ggRitself was

not upregulated in 042 anshowved arelativelysmall increase in expression for-27

in MA chambers. The relative expression of each gene in response to T84 contact
was determined for both AE and MA apical conditiow&h the results mostly
unaffected by oxygen availabilityThe only exceptions were a significant
upregulation ofhlyEin 042 only under AE incubation, aaggRandecpAin 17-2 for

MA conditions only.
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Figure3.16 EAEC virulence gene expression is enhanced by host eethact. Polarised
T84 cells were infected with EAEC @#217-2 (MOI = 20 bacteria/celland maintained
under aerobic (AE) or microaerobic (MAdnditions for 3hours. Relative &pression of
selected virulence genes atherentand non-adherentEAEC was tkrmined by gPCR and
is indicated as fold change in adherent versus-adherent bacteriaData was normalised
against expression of housekeeper geggsAandmdoG Data are shown as mean + SE for
five independent experiments in duplicaté? < 0.05, *P< 0.01, **P < 0.001, ****P <
0.0001.
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3.2.8: Virulence gene induction by T84 cells is contdependant

The induction of bacterial gene expression by host cells may be mediated by
proximity to secreted host factors, or by physical contact mechanismb asc
receptor binding(Stones and Krachler, 2016)o determine which of these options
was responsible for the virulence gene upregulation observed for adherent EAEC,
confluent T84 cellsvere grown in a 12vell culture plate and inoculated as follows:

1) T84 monolayers were directly inoculated with EAEC and incubated for 3 hours,
after which adherent and neadherent bacteria were processed for gPCR analysis
of relative virulence gene exgssion. 2) A sterile Transwell insert was added to
wells wth T84 cellsand bacteria incubated for 3 hours within the inséfirulence

gene expression was analysed by gPCR against a negative control of bacteria in a
Transwell insert in a well without A&ells.In this approach, EAEC were exposed to
T84 proximity and any secreted factors, but the QM Transwell filter prevented

direct contact with the host cells (sdagure 2.3.

Relative gene expression was determineddstA aap, pet, andaafA (042) or aggA

(17-2) (Figure 3.7). When comparing gene expression for adherent and -non
adherent bacteria from the direct inoculation method, this simpler model partially
reproduced the previous VDC results. Adherence caused increased expression of
aap and aafA/aggAfor both strains, andastAfor 17-2, although the folechange

was less than observed in the VDC mogRek 0.05 to P < 0.000I)he change in
relative astA expression was not significant for 042, while neither strain

demonstrated an upregulation gfet by T84 adherence.

For the Transwell insert model, relative gene expression was compared between
bacteria incubated with and without a T84 monolayer within the culture well. None
of the virulence genes analysed were upregulated in the presence of g4 c
These results indicate that proximity to T84 cells alone does not cause increased
virulence gene expression, and that this effect is therefore dependent on physical

host cell contact.
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Figure3.17 EAEGrirulence gene induction by T84 cells @ntact dependent.Confluent

T84 cells were grown in 12 well plates, &8P or17-2 were added directly to the cells

(MOI = 5 bacteria/cellpr prevented from direct cell contact by insertion of a porous
Transwelinsert. After 3hours, expression of selected virulence genes was by quantified by
gPCR and is expressed as fold change in EAEC in Transwell inserts with and without T84
cells (no contact) or in adherent versus radherent EAEC in plates without Trandwel
(contact) Data was normalised against expression of housekeeper gpmésand mdoG

Data are shown as mean = SE for three independent experiments in duptiPate0.05,

**p < 0.01, **P < 0.001, ***P < 0.0001.

3.2.9: Adherence to host cells uprefies dispersin protein

expression

As adherence to T84 cells induced an increase in virulence gene expression in EAEC,

experiments were designed to investigate if this upregulation was observable at the
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protein level. Polarised T84 monolayers were inculatethe VDC with 042 or 17
under AE conditions. An 04fygRdeletion mutant was also included as a negative
control for 042. Noradherent bacteria were collected by centrifugation of apical
media, while the T84 monolayer was lysed to harvest adherentebia. Western

blots were performed to compare protein levels between adherent and-non
adherent bacterial samples from the same chambers, using antibodies against

dispersin §ap) and AAF/I4ggA.

Visualisation of protein bands khemiluminescence revead that for 042, levels

of dispersin appead to be greater in adherent than neadherentbacteria at all
time points(Figure 3.8 A). This was quantified by densitometric analysis of band
intensity, with normalisation against GroEL expression as a measuretal
bacterial protein abundancgFigure 3.8 B). This was chosen as a control as the
GroE chaperone system is stably expressecE.incoliunless induced by heat
shocKRudolphet al, 2010) Dispersin expression was higher in adherent 042,
although the increase was only significant at 5 hours incubafiorx 0.01)The
results were more variable with 17, and no significanthange in dispersin was
observed at any time poinfFigure 3.19. While Western blot anakis was also
performed for AAF/in strain 172, the resulting antibody signal was too weak for
reliable analysisOverall, these experiments suggest that at leaghecase of 042
dispersin, the observed effect of T84 adherence on gene expression translates into

a significant increase in protein expression.
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Figure 3.18 Expression of dispersiiby 042is increased by 84 adherence(A) Polarised
T84 cells were infected with strain 04101 = 20 bacteria/celfpr up to 7 hoursunder AE
conditions. Expression of dispersin (Aap) in adherent (A) anéadbarent bacteria (NA)
was determined by Western blot analysis. Baietelysates of an isogeniggR mutant

onlk 33wy

gSNBE AyOfdzRSR I &

yS3riA@S 02y iNRf X

total protein amountsimage is representative of four independent experiments.B&)d
intensities were quantified with ImageJ and protein expression is indicasefold change
in adherent versus noadherent bacteria.Data are shown as mean + SE for four
independent experiments* P < 0.01
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Figure 3.19 Expression of dispersin is not induced by T84 adherencelf2. Polarised
T84 cdls were infected with strain 22 (MOI = 20 bacteria/celfpr up to 7 hoursunder AE
conditions Expression of dispersiwas determined by Western blot analysied band
intensities were quantified with ImageBrotein expression isndicated as fold change in
adherent versus noadherent bacteriaData are shown as mean + SE for four independent
experiments

3.2.10:Dependence of virulence gene induction on AggR regulation

The transcriptional regulator AggR modulates the expressibmultiple EAEC
virulence genes and is often described as promoting pathogeripisin et al.,

2013, Hutteneret al, 2018, Harringtonet al, 2006) The results of the VDC
experiments in this study demonstratesh upregulation ohggRby oxygen in strain

042, but no change induced by T84 adherence. To investigate the importance of
AggR for the virulencgene expression in response to oxygen and host cell contact,
experiments were performed using an isogenic @@Rdeletion mutant and the
corresponding complemented strain (kindly provided by Douglas Browning,
University of Birmingham; first published {heikhet al., 2001, Sheikret al.,
2002).

The mutant strains wer initially validated by the observation of aggregation and

colonisation phenotypes (Figure 3.20. Wildtype, aggR deletion, and

complemented 042 strains were incubated in DMEMZ medium for 4 hours,
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with or without confluent T84 cells. Wilype 042 fomed large, dense aggregates
in liquid culture, while the deletion mutandisplayedno auto-agglutination with
only individual bacteria observed. Following arabinostuced expression agiggR

the complemented strain displayed some aggregation, although was not fully
restored to wildtype levels. On T84 cells, the wilghe strain demonstratedAA
WhenaggRwas deleted, no aggregation occurred and only low levels of individual
adherent bacteria were observed. ComplementatioraggRpartially reversedhis

effect, with AAobserved but at a lower dertgithan wildtype 042 colonies.

Figure3.20 Aggregative adherence phenotype requires AggRonfluentT84 cells in 24
well plates were infeted (MOI = 10 beteria/cell) with EAEC 042 wiltype (A0 ZaggR
mutant (B) and complemented strain Y &r 4 hoursand treated with Giemsa staishown
are representative images of two experimeprformed in duplicate.

To evaluate the effect of AggR on total virulergene expression irrespective of
signals such as oxygen and adherence, the relative expressiaggBf astA aap,
and aafA was determined for bacteria when comparing the deletion mutant and
complemented strain against wiiype 042 Figure 3.2). Gene exp@ssion was
analysed by gPCR followin@#&our VDC incubation in AE conditions, without host
cells. Plasmid complementation afjgRcaused a small increase in expression of all
four genes significant foraap and aafA (P < 0.05 and P < 0.01, respectively)
Deletion ofaggRcaused a strongignificantdecrease irmap and aafAexpressionP

< 0.001 and P < 0.0001, respectivelyhich are known to be AggR regulai@dorin

et al, 2013) The deletion mutant did not have decreased expressiorasiA

compared to wildtype 042.
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Figure 3.21 Relative gene expression in mutant strains compared to wtjghe 042.

Virulence gene expressiofollowing a 3hour incubation in the VDC ohon-adherent

bacteria was quantified by qPCR an$i& LINS 4 4 SR | & aghRniutant @fite)y 3S Ay
and complemented strain (grey) versus wiijghe. Data was normalised againstmgession

of housekeeper genegyrAand mdoG Data are shown as mean = SE for four independent
experimentdn triplicate, *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001

The effect of oxygen on expressiona@fgR astA aap, andaafAwas determined i

incubating 042 wildi @ LIS npl 33w FYyR G(GKS O02YLX SYSyda$S
conditions in the VDC for 3 hours, without host cells. Arabinose was added to
induce plasmieerived aggR expression for the complemented strain. Relative

gPCR analysis showed rieased expression by oxygen of all 4 genes, although this

only reached statistical significance faggRin this set of experiment$P < 0.05)

(Figure 3.2). WhenaggRwas deleted, oxygen did not induce upregulation of the
aggRregulated genesap and aafA as well agstA. The increased gene expression

in AE versus MA conditions wasstored for astA and aap in the complement.

However, data variability caused the difference between wjjoe and mutant

strains to not reach statistical significance for teegenes.
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Figure3.22 Influence of oxygen on virulence gene expression in @gRmutants. Wild-
type 04206 2 ¢ aggRmutant and complemented strairBomp)were incubated in the VDC
for 3hoursunder AE or M conditions. Relativexpression of selected virulence genes was
determined by gPCR and is indicated as fold change under AE versus MA corididtans.
was normalised against expression of housekeeper ggyesand mdoG Data are shown
as mean + SE foodir independent experiment$P < 0.05, **P < 0.01

To determine ifAggRregulation is involved in the response of 042 virulence gene
expression to host cell adheree, confluent T84 monolayergrown in 24well
plates were incubated with 042 wiype, aggR deletion, or aggR complement
strains for 3 hours and qPCR analysis was performeddoiR astA aap, andaafA
(Figure 3.23. The loss ohggRdid not abolish the effect of T84 adherence, as no
significant difference was determined for relative gene egsion ofastA aap, or
aafA between 042 wiletype and paggR However, the results for theaggR
complemented strain were unreliable and not consistent with either the yijze

or aggRdeletion strain.
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Figure 3.23 Host cellinduced virulence gene expression it dependent on AggR
ConfluentT84 cells in 24 well plates were infect@dOIl = 10 bacteria/cellith EAEC 042
wild-G & LIS aggRmutint and complemented strairGomp) for 4hours. Transcription

of selected virulence genes in adherent and +aatherert EAEC was determined by gPCR
and is indicated as fold change in adherent versus-amimerent bacteria Data was
normalised against expression of housekeeper gangé and mdoG Data are shown as
mean * SE for four independent experimeimstriplicate. *P < 0.05, *P < 0.01, **P <
0.001, ****pP < 0.0001.

Overall, the results using these mutant strains suggest that the upregulation of 042
virulence gene expression by adherence to T84 cells is not dependenggR A
regulation. While a trend was observedrfthe requirement ofaggR for the
increase in relative virulence gene expression caused by oxygen, this was not

statistically significant and remains undetermined.

3.3: Discussion

As EAEC is a heterogenous patpetymost fundamental research of virulenbas
been performed using prototype strains. Dwof the most commonly usestrains
are 042 and 172, both isolated fronSouth Americampaediatric diarrhoeal casas
the 1980s 042 was isolated during a case study in Lima, Peru in 1983, wkile 17

wasobtained froman infantwith diarrhoea in Santiago, Chi{Blataroet al., 1985,
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Vialet al.,, 1988) In an adulhumanvolunteer study, 042 induced diarrhoeal illness
while other EAEC strains includingAhad no effet (Nataroet al., 1995) Animal
models of infection have also been used, with 042 colonising the murine intestine
but only inducing diarrhoea in combination with interventions such as zinc
deficiency(Bolicket al., 2014, Rochet al., 2010) Rabbitsorally infected with 17-2
were colonised in the terminal ileum and colon, but did not develop diarrhoeal
symptoms(Kanget al., 2001) The genomes of theséwo prototype strains have
also been investigated.dth 042 and 172 are typical EAEC possiegs a pAA
plasmid and theranscriptional regulatoAggR as well agputative EAEC virulence
genessuch as dispersin, the mucinase Pic, dmtbxins EAST and HlyEMorin et

al.,, 2013, Chaudhuet al., 2010, Weintraub, 2007, Cerr al., 2003) However,
there are also notable differences such as the Pet toxin encadégby 042, and
different AAFvariants (AAF/l in 172 and AAF/llin 042 (Nataro et al, 1992,
Chaudhuret al,, 2010, Suzast al.,, 2001)

As tere is a lack of suitable vivomodels for EAEC infectipthis studyapplied
complimentaryin vitro and ex vivomodels to investigate 042 and ZZ7intestinal
infection. (Philipsonet al, 2013) In particular the ability of these strains to
colonise different site in the GITwas evaluated Additionally, the adaptation of
EAEC for enteric pathogenesias investigatedisingmolecular biologytechniques

to determine the effect of intestinal environmental signals on virulence gene

expression.

3.3.1:EAEC colonisation of intestinal epithelial cells and tissue

A key step in EAEC pathogenesis is adherence to the intestinal epithelium and the
formation of bacterialaggregates The ex vivocolonisation of human intestinal
biopsies by 042 and 1Z was investigatedusing the IVOC model. This has strong
biological relevanceompared to traditional cell cultureavoiding the abnormalities

in metabolismand structure exhibited by cancelerived cell linegRajanet al,,

2018) Tissue samples were taken from the second part of the duodenum, terminal
ileum, transverse colon, and sigmoid colon compare EAEC adherenc€EM

revealed that both strainsolonised colonic biopsies, with some regions displaying
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extensive colony coverage across multiple crypts. Strain 042 colonised a higher
proportion of biopsies from the transverse and sigmoid colorth{l86%) than 12

(57% and 33%, respectively). This suggests 042 has a greater ability to infect adult
colonic mucosa, which would correlate with 042 but not2l€ausing diarrhoea in

adult volunteers albeit in a very limited small cohort stu@ataroet al., 1995) It

was also observed th&i42 often demonstrated denser and more distinct colonies
than 17-2. The contrast between strong colonisation and complete absence of
adherent bacteria observed for biopsie®ifn different donors supports how host
susceptibility may contribute to théeterogeneity ofEAEGrirulence This could
include factors such as genetic backgroundsymune response, microbiota

composition, and nutritional statu@auret al., 2010)

Neither 042 orl7-2 formed adherent aggregates amall intestinal bipsies. While
some terminal ileabiopsies wereassociated withindividual bacteria or very small
aggregates no larger established colonies were observed any occasionNo
adherent EAEC were foundnoduodenal biopsysamples This apparent tissue
tropism is supported by previousvVOC studies for EAEC, where oasistent
colonisation of colonic tissue fragmentgas reported, compared to either no
bacteria or much lower adherencen small bowel regionsnfected with 17-2
(Knuttonet al.,, 1992, Hicket al., 1996)or 042 (Andradeet al., 2011, Natarcet al.,
1996) Whilethe experimentsherein usedtissuesamplesfrom adults someof the
previous IVOC studiedemonstrated similar results with biopsies from children.
This suggestthat despite the greater clinical association of EAEC with paediatric
diarrhoeal illness, the tissue tropism faplonic colonisationis consistentduring
aging In agreement with humaex vivodata, a in vivorabbit infection modehlso
reported 172 was recoverablghroughout the colon but not in the duodenum,

although 172 was present in the terminal ileum this cas€Kanget al., 2001)

There are conflicting conclusions on cytotoxicity, with some studies observing no
mucosal abnormalitiegKnuttonet al., 1992) while others reported enlarged crypt
openings and cell extrusio(Hickset al., 1996)or possible microvilli effacement
(Andradeet al., 2011) In this study, any similar observations were rare for infected
colonic biopsies, and not deemed sufficiently distinct from uninfected control tissue

to suppot a cybtoxic bacterial effect. As these reported cytotoxic indications are
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based on microscopical observations, it is probable that differences in individual

interpretation contribute to the lack of consensus.

In parallel with IVOC experimentsvo wellestablished humarnntestinal epithelial

cell lineswere used;T84and Cace?. Although both are colon carcinorukerived

cell lines, the differences in their fine structuned functionhave led to their use as
models for different GI tissue types. T84 cellshibit structural similarity to
colonocytesandform highly polarised columnar epitheligpon confluencyMadara

et al., 1987) Converselyconfluent Cace2 cellsspontaneously differentiate into a
structure reminiscent of small intestinal enterocytes. This includes the development
of a small intestinal brush border and the exmies of specific surface enzyme
markers such as sucrase, maltase, lactase, alkaline phosphatase, gamma
glutamyltransferaseaminopeptidase N, and dipeptidgipeptidase I{Jumarie and
Malo, 1991) T84 cells do not undergo such differentiatiomaintain shorter
microvilli and express colonic markers suchnagnocarboxylate transporter ,1
responsible forimproved barrier function in response tobutyrate exposure
(Devrieseet al., 2017) Due to these distinctions, T84 and C&coells were used in
this study as culture models for the colonic and small intestinal epithelium,

respectiwely.

It was demonstrated that 042 and *Z coloniseél both T84 and Cae2 cell
monolayers with similar efficiencyat most time points When quantified by CFU
counting of cell lysates plated on LB agar, the level of adherence was only
significantly differeh at 2 hours incubationon T84 cells. While not statistically
significant, adherence was consistently higher for2lihan 042 with both cell lines,
although this may be due to the faster growth rate of-274n cell culture media
rather than superior celadhesion. These prototype strains have been previously
studied in interaction with T84 and Ca2acells with some discrepancie384 cells
have been proposed as a suitable colonic model for 042 infection due to similar
adherence and possible cytotoxicippmpared to observations in IVOC, yet the
same study reported poor adherence of 042 to Gacecells(Nataroet al., 1996)

This disagreement witkthe findingspresented heremay be due to a difference in
analysis ¢chniques While this studydetermined colonisation qualitatively by

immunofluorescence, phaseontrast, and brighfield microscopy, and
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quantitatively by plating, Natar@t al. used SEM which involves more rigorous
processing protocols. In addition, sesak subclones of the Ca cell line are
available which differ in properties. In contrast to 042, strair2liYas been shown
to effectively colonise Caed cells in multiple publication§Steineret al., 1998,
Couo et al,, 2007) However, tomy knowledge the adherence of 1Zto T84 cells

has not previously been characterised.

While 042 and 1-2 demonstrated similar levels of colonisation, a morphological
difference was observed on both cell lines, as was atswigusly described with
IVOC. While both strains formed adherent aggregates on the surface of the cell
monolayers, a denser aggregation was frequently observed for 042 compared to
17-2. In addition, 042 bacteria were mostly confined to aggregates onlgreds

17-2 demonstrated a more diffuse adherence pattern alongside the aggregative
colonies for some samples. While this did not affect the quantity of adherent
bacteria in these experiments, these observations do suggest possible differences in

adherencemechanisms.

Onerelevant difference between 12 and 042 is the expression of different AAF
variants AAF/I and AAF/lirespectively.The AAF operons have wetinserved
usher and chaperone genes, but the structural pilin subunit has high sequence
diversty between variants(Boisenet al, 2008) While the relative adherence
characteristics between each type have not been clearlinddf they are known to
affect phenotypesDifferent AAFs show variation in agglutination of erythrocytes
from different species, suggesting differences in receptor recogn{8arryet al.,
2014) On a structuralevel, AAF/V has been shown to possess an inserted helix
which is predicted to prevent the fibronectin binding common to the other four
subunits (Jonssonet al., 2017a) The phenotypic difference between variants
further evidenced by a study whidtemonstrated thatAAF/V caused significantly
greater HEg cell adherence and biofilm formation than AAF/IIl when cloned into
the same laboratorfe. colistrain (Jonssoret al., 2015) There isalsoevidence that

the AAphenotype of EAEC is likely to be a miattorial processAs well as AAFs,
the dispersin protein, type | fimbriadyeatresistant agglutinin land theE. coli
common pilusare amongst the virulence factorssaxiated with EAESA (Blanton

et al., 2018, Moreiraet al., 2003, Aveline@t al., 2010) While the factors responsible
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for the morphological differences observed between 042 ane21ii this study

remain undetermmed, this further demonstrates the heterogeneity of EAEC strains.

The results ofhe IVOC infection experiments with 042 and-28uggest that EAEC
primarily colonise the colon. This emphasises the value of usingivotissue
models in addition toin vitro cell line experiments, as the EAEC strains did not
demonstrate greater adherence to the colonocyiee T84 cells than the small
intestinal enterocyte model, Caeh As the key binding targets for EAEC adherence
are poorly understood, it may be that date the enterocytelike differentiation of
confluent Cace? cells, they retain elements of their colonic backgroumkdich
allows EAEC colonisati¢lzquierdoet al., 2014a, Devrieset al., 2017) This would
explan why the cell culture results do not reflect the tissue tropism obseiugte

IVOC infection model.

3.3.2: htolerance of ntestinal epithelial cell linesto simulated

intestinal mediacomponents

Various simulated intestinal fluidsave previously bee designed to mimidhe
conditions of the human intestinal environmefdr studies such as the effect on
drug structure and uptakéngelset al., 2004, Doalet al., 2010) Versions have also
been used for microbiogy, including the influence of a simulated gut environment
on pathogenic E. coli Two previously described compositionsere selected
simulated colonic environment medium (SCEM) and simulated ileal environment
medium (SIEM). Each contains biologica#lievant concentrations of salts, bile
acids (cholic and deoxycholic acid) and glucase wellas additional digestive
enzymes in SIEMOne study used these media to investigate the intracellular
protecome of an EHEC O157:H7 strain under different simulatedditions,
revealing that the environment affected expression midicleotide biosynthesis
pathway proteins, virulence factors and stress response ggRedzinet al., 2013)
SIEM and SCEM have alsemeised to study thé&fp fimbriaeof EHEC O157:NM,
which are not expressed under standard laboratory growth conditidhgskenet

al., 2008) This studyplanned to evaluatéhe effect of these simulated conditions
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on EAEColonisation of the intestinal epitheliumHowever, SIEM and SCEM had
previously been used for bacterial culture alone, emperiments were first
performed to determine if these media could support-cature with intestinal
epithelial cells. Simulated intestinal fluids have been used with Gacaells
previously, but these did not contain bioactive components such as bile sa
digestive enzymegingelset al, 2004) Therefore the tolerancewas tested of
enterocytelike Cace2 cels and colonocytdike T84 cells to SIEM and SCEM,

respectively.

As complete simulated media caused total cell detachment and loss of viability,
individual media components were tested for cytotoxicity. Using increasing
concentrations of bile saltécholicacid and deoxycholic acid), toxic effects were
observed with concentrations above 4800 uM for Cace2 cells and 20QM for

T84 cells. This agrees with previous studies where a selection of bile acids, including
cholic and deoxycholic acids, caused ogkitity in Cace cells at concentrations
higher than 400uM. In addition, changes itight junction structure and barrier
function, and disorganisation of occludin were reported similathte observations
presented here(Raimondiet al., 2008) Moreover, deoxycholic acid exhibited
cytotoxic effects on T84 cells above a concentration of 200 which agrees with

the datain thisstudy(Niamhet al., 2009)

The bile acid concentrations specified for SIEM and SCEM were 6.63 mM and 4.73
mM, respectively. This is withsomeestimates of the physiological range for bile
acids in the human sall intestine (Hamilton et al., 2007) However, bileacids
undergo active reabsorption in the distal small intestine, with as little &862
entering the colon(Niamhet al., 2009, Li and Chiang, 2014he relatively high
concentration of bile acidsn SCEMnay thaefore be inaccurate when compared to
physiologicalcolonic conditions. While Ca&b cells undergo differentiation and
present features of small intestinal enterocytes, both T84 and Qaace colon
carcinomaderived cell lines. As suclthe bile acid cyttoxicity demonstrated in
these experimentsnay be explained by the inability of colonic epithelial cells to
tolerate prolonged exposure to the higher bile acid concentrations of the small

intestinal environmentIn addition, these cell lines do not secredemucus layer,
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which likely protects intestinal cells from bile acid toxigrtyivo(Niv et al., 1992,

Navabiet al., 2013, Shekelst al., 1996)

The publishedcomposition of SIEM includ¢he addition ofthe digestive enzymes
h-amylase, trypsin, chymotrypsin, and lipa@$®lzinet al., 2013) However, in this
study these componentsvere replaceddue to concerns of loss of enzymatic
activity during media storage between expaents. The alternative of adding the
enzymes to aliquots afinsupplementedSIEMbefore each assay was not practical
due to the small volumerequired.Instead, 1% (w/v) pancreatimhich is extracted
from porcine pancreas and contains a biologically ratévmixture of mammalian
digestive enzymes, was added to SIEM aliquots immediately beforéMas&ell et

al.,, 2017) However, the inclusion of pancreatin in SIEM caused major detachment
of Cace2 cells from coverslips even aten-fold reduced concentrations.
Interestingly, any residual cells were viable by Trypan Blue staining, suggesting
disruption of focal cell adhesions by enzymatic action of pancreatin, without loss of
cell viability Pancreatin is typically used for vitro food digestion models rather
than cell culture(Huret al., 2011) It has been successfully utilisedimfections of
stem ceHlderived hunan intestinal organoids byRotaviruses but this is a non
adherent model so cell detachment would not be ebged (Finkbeineret al.,
2012) One study previously used pancreatin to simulate gastric digestion of
potentially hamful proteins, which were subsequently tested on Cace2
monolayers. However, the pancreatin enzymes were deliberately-imeativated
before samples were incubated with the CéZeells to avoid potential alterations

of monolayer integrity and viabilitfMarkell et al., 2017) Therefore, the inclusion

of digestive enzymes in SIEM is suitable for investigating effects on bacteria alone,
but causes problems in combination with adherent cell culture due to the

enzymatic disruptio of cell attachments.

Not all SIEM and SCEM components were poorly toleratéth lysozyme and the
various specified salt concentratisrcausing no observedytotoxicity or cell
detachment However, theexclusion ofmultiple important components would he
reduced the relevance of the simulated conditions, as well as complicating any
comparison of results with previous publications. Additibnaleven using a

simulated medium modified for intestinal epithelial tolerance could induce
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underlying changes ithe cells, potentially influencing interactions with EAEC and
making comparisons tdata produced usingtandard cell culture more challenging.
It was also noted that the standardulture media for T84 and Cado cells
(DMEM/F12 and DMEM, respectively) m@in comparable salt concentrations to
the simulated media specificatior&ppendix 3. Overall, it was determined that

the simulated intestinal media were not suitable for further use in this study.

3.3.3 Oxygen as a regulatory signal for EAEC viruéenc

One of the major benefits of the VDC asiarvitro culture model is the ability to
control oxygen levels in the media through perfusion of aer¢BiE)or anaerobic
(AN)gas mixtures. As the VDC system has not previously been used for the study of
EAECoxygen levels during bacterial incubation were determined with an oxygen
sensitive electrode probe before establishment of the infection protocol. As
expected, bacterial growth caused depletion of oxygen over time, especially for the
fasterreplicating stain 172. The initial dissolved oxygen concentration in
microaerobic(MA) chambers was in the range of 12%6%, which is comparable to
the estimates of 2% in previous studies using the VDC mo@hiller and
Phillips, 2010Q)it also corresponds to estimatdésr the human gut epithelial surface

of 2-4% oxygen, with a steep aient approachingAN conditions for the central

lumen(Zeitouniet al., 2016)

In addition to oxygen measurementg,. colirespiration was analysed by qPCR
analysis of terminal cytochrome oxidase expressibhecycA gene is part of the
cytochrome o oxidaseomplex used bye. cal under AE growth, while cydBis a
subunit of the highkaffinity cytochrome d oxidase complex which is expressed under
MA conditions and shown to be important f&. colicolonisation in the mammalian
intestine (Tsery et al., 1996, Jone%t al, 2007) Oxygen limitation causes the
transition from cytochrome o oxidase to cytochrome d oxidase as the major
terminal oxidase forE. colirespiration, controlled by the ArcA global regulator
(Alexeeveet al., 2003) When the relative expression of these genes was compared
betweenbacteria incubated iAEor MA VDC compartment®r 3 hours cyoAwas

downregulated by microaerobiosias expected The expression otydB was
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increased for EAEC MA chambers, but not as strongly as the decreaseyoA

This may be partially explained by the dissolved oxygen measurements, which
showed tha the chambers initially maintained under MA conditions began to
approach full AN status by 3 hours of bacterial grawtt he cytochrome d oxidase
complex is expressestrictly in MA conditions, atransition to AN respirationmay

have occurred This swith, regulated by the FNR system, would account for the
relatively small upregulation afydBobserved(Sawers, 1999, Tserg al., 1996)
Combined with the measurements of dissolved oxygen concentrations, this data
confirms that theAEand MA conditions as set up in the VDC system maintain a
distinct difference in oxygen availability throughout the incubation, and that this
induces related gene expression changAs. oxygen was also further depleted
during AE inculdgon of 17-2 by 4 hours, &-hour incubation period was selected

for investigating changes in EAEC gene expression in response to oxygen

availability.

After establishment of oxygen levels during EAEC incubation under AE and MA
conditions, growth and dative viruleaxce gene expression for EAEC wevaluated.

As expected for a facultative anaerobe, EAEC replication was greater in AE versus
MA conditions asAE respiration allows more energy efficient metabolism and
growth inE. coli(Joneset al., 2007) Analysis by qPCR revealed that for strain 042,
aggR aap, aafA, andecpA were upregulated undeAEconditions.The results were
consistentfor non-adherentEAEGncubated in chambes with polarised T84 cells
although for 042 the EASITtoxin geneastAwas also significantly upregulated in AE

chambers.

Dispersin and AAF/1l are both part of the AggR regwdad,these three genes were
induced to a similar degree, suggesting an Aggiliated response to oxygen.
When an 042aggRdeletion mutant and complemented strain were investigated,
absence ohggRcaused a nossignificant decrease in the induction @&p and aafA
by oxygen compared to the wiiype strain, which was restored by
complementation for aap. However, astA expression which is not reported as
AggRregulated, was also affected in theknockout strain These experiments

suggesthat AggR signallonmay be involved in the trangptional responseof 042
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to oxygen availabilitybut uncertainties in the data support an influence from other

unidentified factors.

How oxygersensingmay influence AggR expression remains unknown. AggR itself
has been linked to positive regulation by a DblAding protein Fis and is
negatively reglated by theE. coliglobal regulator HNg both of which are nucleoid
proteins associated with gene transcription in rapidly growing d®lsrin et al.,
2010, McLeod and Johnson, 200While there is some evidee of crosdalk
between Fis and the ArcA/FNR reegensing transcription factoyshe link between
oxygen availability and AggR remains to be investigé@aaneroret al., 2013)

TheE. colicommon pilugECPjs not reported to be under Aggfregulation butwas

also induced by oxygen. Some precedence for oxygen regulatieopdthas been
reported in EHEC, where protein expression was higher in low oxXggelsthan

full aeration, but lowest duringAN incubation (Rendén et al, 2007) This
corresponds withreducedecpAgene expression by 042 in tihéA chambersn this
study, which were close to AN after 3 hours. This suggests ECP expression is
enhanced in oxygen conditions similar to the mucostdrface, but the rgulatory
mechanism is unknown. TrestA gene is also not under AggR regulation and has
not been previously linked to oxygen sensihtpwever,astA expression was only
significantly upregulated by oxygen in the presence of T84 cellsnidy be linked,

as astA was the most strongly induced virulence factor by T84 adherence, and
shedding of bacteria from adherent 042 aggregates might confound results fer non

adherent bacteria.

Unlike 042, the prototype strain 1Z did not demonstrate gnificant changgin
expression of any of the investigated virulence genes in response to oxygen. The
AggR associated genesy@R aap, aggA showedan increase in expression under
AEconditions, but this did not reach statistical significan€hkis couldbe a lack of
response forl7-2 orcould indicatedifferent kinetics for this straint is unclear why

the response to oxygen availabjlitiffers between 042 and 12, but this is further

evidence of the heterogeneity intrinsic tq?AEC as a whole.

While the effects of oxygen on EAEC virulence have not been previously
characterised, oxygen has been reported as an important signal for ottterie
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pathogens(Marteyn et al., 2011) In many cases$viA conditions similar to the low
oxygen availability of th&IThave been reportedd enhance aspects of virulence.
For example,SalmonellaTyphimurium demonstrated increased adherence and
invasionof canine kidney epithelial cellst low oxygen tensiorfLee and Falkow,
1990) In addition, enterogte binding, mucus penetration, and intracellular
macrophage survival in mice were enhanced ®rTyphimurium after oxygen
restricted growth (Singhet al, 2000) For Salmonella the oxygersensing FNR
regulator 8 implicaed in modulating virulence gene expressiocluding the T3SS
on Salmonellgpathogenicity island 1, and FNR mutants are severely attenuated in
murine infection(Finket al., 2007) Low oxygen levels alsmhanced maturation of
the T3SS and secretion in EHEC, along with-d8®8iated adherence to epithelial
cells(Schiller and Phillips, 2010, Anebal., 2007, CarlseBanning and Sperandio,
2016) The expressionof Sfp adhesion fimbriaeby sorbitolfermenting EHEC
0157:NMstrains is also dependent on low oxygen tengigtiiskenet al., 2008)

There is also evidence of pathogens using the oxygen diffusion gradient across the
intestinal epithelium as a specific signal for activation of virulence systéms.
previous study onShigella flexnerishowed that oxygenstarvation enhanced
expression of a3SSessential for cell invasion and virulenoget also causedan
FNRregulated suppession of effector protein secretion This resulted in
accumulation of virulence proteins inside the bacterial cell which meéisved by

the oxygen gradient in proximity to the mucosal surfatteereby restricting full
T3SS activity to the precise site of actiflarteyn et al, 2010) It has been
speculated that oxygen gradient sensing may also contribute to chemotaxis and
motility in Salmonellawithin the mucus laye(Barbelet al, 2008) In E. coli the
enhancing effect of oxygen gradients on bacterial titgtihas beendescribed
(Douarcheet al., 2009) It is possible that mucosal oxygen diffusion could modulate
EAEC migration towards the epithelial surface in addition to influencing virulence

gene expression.
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3.34: Host cell contact as a regulatory signal for EAEC virulence

Previous IVOC studies presented here and by others suggested preferential EAEC
binding and colonisation of the colofindradeet al., 2011, Natarcet al., 1996,
Hickset al., 1996) Therefore, polarised T84 monolayers were chosen as a model for
the colonic epithelium in this part of the study. Epithelial barrier function of
polarised T84 monolayers was monitoretliring incubationby measuring the
transepthelial electrical resistance (TEER). While an initial drop in TEER was
observed after mounting of the Snapwell inserts (possibly due to the switch to non
supplemented cell culture media and physical stresses within the chamber),
infection with 042 or 172 did not cause a significant loss of barrier function
compared to noAnfected monolayers over a 3h time period, which agrees with
previous work using polarised T84 cells infected with (B2aumanet al., 2010)
Therefore, while 042 adherence may disrupt the T84 monolayer integrity over time,

barrier function was sufficiently stable during the 3 hours of the infection assay.

The relative expression of nine EAEC virulence genes was determined for adherent
versus mn-adherent bacteria rom the same inoculatedvDC compartments
Phenolethanol treatment was used to stabilise mMRNA at the experimental end
point, which has been demonstratetb efficiently presere gene expression
profiles in E. coli(Bhagwatet al., 2003) In contrast to the regulatory effect of
oxygen in 042, adheren@nhanced expression of not tyncolonizatiorassociated
virulence genes but also those encoding toxins and SPAStshIyE pet, andpic)

for both strains The effect of adherence on gene expression was largely consistent
in both AE and MA conditionssuggestinghat this is linkedto separate signalling
pathways than the response to oxygen. This also rules the effect of hypoxia
induced changes to epithelial cellsuch as membrane alterations, cytoskeletal
rearrangements,or endoplasmatic reticulunstress (Zeitouni et al., 2016) Such
changes have beenpreviously associated with modulating virulence of
enteropathogenic bacteria with hypoxic stressdecreasing internalisation of
Shigella flexneribut enhancing invasion of HX9 enterocyte cellsby Listeria

monocytogenesndsomeE. col(Limaet al., 2013a, Wellst al., 1996)
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While AggRegulated factors such as dispersin and the AAFs were induced by
adherence, no change in expressionaggRitself wasobserved for adherent 042.
This result suggestthat unlikethe responseof 042 to oxygen, enhanced EAEC
virulence gene expression following epithelial adherence may be independent of
AggR regulationAn aggRdeletion mutant in 042 demonstrated loss of the AA
phenotype on T84 cells and showed a midran 100fold decreased expression of
the AggRregulated genesaap and aafA but not astA (not part of the AggR
regulon), compared to wildype 042 A plasmid complement restored expression of
aggR aap, andaafAto above wildtype levels. However, deletion @efggRdid not
abolish the relative upregulation oéstA, aap,and aafA by T84 adherence,
supporting the hypothesis that thigffect is independent of AggR signalling.
Unexpectedly, T84 adherence did not upregulaggfA or aap expression in the
complemented strainThe pBAD30 plasmid used hsansitive promoter induction
and a reported mediumhigh copy number(10-12 copies per cell)resulting in
increased expression plasmidencoded gene¢Sheikhet al., 2006, Guzmast al.,
1995) AggR is a transcriptional regulatarith many genetic interactionsso
increased expression may disrupt othemportant pathways(Morin et al., 2013)

The potential disadvantages of overexpression loss of physiological relevance
and detrimental effects on the bacteriaere briefly discussed when the pBAD
plasmids were originally constructé@uzmaret al.,, 1995) In addition, glucose acts

as a repressor for the araBAD promoter on this plasmid, with the relatively
abundant glucose concentration in DMEM/F12 medium therefore potentially
complicating thestability ofexpressiorevelsand outcones for the complemented

strain(Guzmaret al., 1995, Siegele and Hu, 1997)

Many enteric pathogens use chemical cues from the intestinal environment to
regulate virulence gene expressidBHE® a well characterigeexample shown to
modulate virulence in response twarious environmental factors such as acid
stress, microbiota metabolites, and even host hormo(fesster, 2013)Often these
signals are secreted by the host epitheliufor exampleEHEC O157:H7 recognises
epinephrine and norepinephrin@sing two adrenergic ikases, QseC and QseE
leading to enhanced LEE gene expresdiacterial motility,Shiga toxin production

and A/E lesion formation on epithelial cel{®joroge and Sperandio, 2012)
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Similarly, A/E lesions and expression of virulence reguddiocluding Ler, QseC,
and QseE) and Shiga toxin are all increased in EHEC in respatbanolaming
which is generated by turnover of both host epithelial cells gmemicrobial flora
(Kendallet al, 2012) However, EHEC virulence is also mediated by physical
interactions with the host epitheliumMechanosensations necessary for full LEE
expression via GrlA regulatipdepencent on both strong surface attachmeand

fluid shear forcegAlsharifet al., 2015, Islam and Krachler, 2016)

This studydemonstrated that direct bacterial contact with the host epithelium was
required for enhan@d EAEC virulence gene expression as separation of bacteria
from the host cells by a Transwell membeanlid not cause any changes in
transcription Notably, induction ofastA, aap,and aafA/aggA expression in
adherent EAEC was less pronounced in experimeonducted in 12vell plates
compared with the VDC system. This may be caused by differences in interactions
with the less polarised T84 celis wells compared to the highhlpolarised
monolayers on Snapwells in the VDC modeich asthe expression and gical
localisation of potential binding recepto®avabiet al., 2013) Additionally, the

well plate model isa static incubation with gravity ppmoting bacterial settling on

the epithelial surface, while the gas flow through VDC compartmeatse more
dynamic conditionsFluid shear forces are important in the mechanosensation
described for adherent EHEC, so this may also contribute to thetegrgane
expression change for adherent EAEC in the VDC riwidékrifet al., 2015)

This data suggests that the observed effect of T84 adherence on EAEC virulence
gene expression is dependent amechanical contact rather than sensing of
chemical components Previous studies have showtmat adherence ofVibrio
chderaeto intestinal epitheliallNT 407 cells inducdsvo major virulence factors
cholera toxin and theoxin-coregulated pilusas well aghe virulence regulatory
genetoxT. Interestingly,toxT induction was independent ahe conventionaltoxT
activators ToxR and TcpP, which is similar to the apparently Agdgpendent gene

expression irthis work(Deyet al., 2013)

While many EAEC adherence factors have been described, the binding receptors

have yet to le fully characterised. Howevesome possible imractions have been
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identified. The AAF genes are similar in organisation to the Afa/Dr famity odli
adhesins which bind to extracellular matrix (ECM) componertsvious tidies
have shownthat 042 adheres to surfaces coated with ECM proteirtbat AAF/II
demonstratesbinding to fibronectin specificallyand that fibronectin interactions
Ffaz2 Ayg@2ft @ SFakayeldd, 2008, yzquierdet ml., 2014a) However,

the ECM is localisedt the basement membrane and is not typically accessible to
enteric baceria, although there is evidence that some ECM proteins including
fibronectin may be exposed to the apical environment during inflammatidalia

et al., 2004) Interestingly, AAFs induce inflammation in intestiegithelial cells
during EAEC infectiqiarringtonet al., 2005, Bolét al., 2012) Cytokeratin8 (CK8)

has also been identdd as a potential EAEC receptor dndding site forAAF/II
(Izquierdoet al., 2014b) The accessibility of bacteria to Ci8vivois unclear, as it
isusually associated with intermediate filaments underlying the apical brush border
of polarised intestinal epithelial celioch and Leube, 2016h contrast, many
cancerderived cell lines used in bacterial adherence studies express CK8 on the
plasma membrane surfacevhich may limit the physiologicatlevance(Gireset al.,
2005) A target for EAEC binding that is expressed on the intestinal epithelial
surface isthe mucin glycoproteinMUC1 (McGuckinet al, 2011) Interactions
between AAFs and MUC1 enhance EAEC adhesidcaue a proinflammatory
response(Bollet al., 2017) Increased MUCL1 levels are asatenl with Citrobacter
rodentiuminfection in the murine coloifa model for EHEC and EPEC pathogenesis)
and previous studies have showtat the EAEC Pic mucinase increases mucus
secretion angpromotes intestinal colonization and growth in the presencenaicin
(Lindénet al., 2008, Harringtoret al., 2009, Navarrdsarciaet al., 2010) Tomy
knowledge, none of these binding interactions have been associated with

modulating EAEC virulence gene expression.
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3.4 Summary

The results of this study can be interpreted as evidence of two separate
environmental signals that allow EAEC to adapt for intestinal coloniséfiguire
3.24). The first is aesponse to oxygen, whiabccurs as the bacteria approach the
mucosalsurface. From the moré&N lumen, enteropathogenic bacteria encounter

an oxygen gradient established by diffusion of oxygen across the epithelial barrier
from the bloodstream(Marteyn et al, 2011) This relative increase in oxygen
concentration actas a signal to prime the bieria for adherence. Correspondingly,
the data for EAEC 042 demonstratean oxygerinduced and AggRegulated
upregulation of key virulence factors for initial epithelial adlon: the adhesins

AAF/Il and thde. colcommon pilusanddispersin

Once ydcal contactis established with colonic epithelial cells, the expression of
further EAEC virulence factois induced As well as adherenaelated genes, this
includes upregulation of genes linked to colony spatial organisati@apy),
modulationof the mucus layergic), and secreted toxinsaétA hlyE pet) (Navarre
Garciaet al, 2010, Velardeet al, 2007) The data suggests the induction of
virulence gene transcription at this stage is independent of AggRlatgu
Subsequently, colony expansion and interactions leetw host cells and EAEC
factors such as flagella and toximsn induce inflammation andymptomatic

diarrhoeal illnesgSteineret al., 2000)
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toxin genes

Figure 3.24 Proposed model for EAEC response to oxygen and host epithelial contact
during infection. Yellow region represents biofilm development and green particles
represent toxin secretionAdapted from(Hebbelstrup Jensest al., 2014)
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CHAPTER FOUR

Phenotypic and genotypic analysis
of EAEGequence types associated

with disease or carriage

Collaborative work:

Biopsies provided by Anne Smith, Vivienne Cook, Anups De Silva, Richard Tighe, and
Bernard Brett

SEM support provided bertrand Lézé

Whole-genome sequencing performed by Gemnay lind John Wain, and Genomic
Servicing Unit anastrointestinaBacteriaReference Wit at Public Health England

Bioinformatic support provided by Rob Kingsley, Matt Bawad, @liver Charity
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4.1: Introduction

A major limitation for monitoring EAEC pathogens is a lack of virulence markers.
While a number of virulence genes have been associated with EAEC pathogenesis,
many are only present in a minority of clinical straimsaddition, the importance of
specific virulence factors for an EAEC strain to cause enteric disease rather than
asymptomatic carriage remains unclg@khuysen and DuPont, 2010, Bafanath

al., 2015) Correlatims ofputative virulence genes such astA aap, pic,andaggA

with diarrhoea have been reported, but these associations are often inconsistent
between studiegPereiraet al., 2007, Zambonet al., 2004, Bafandelet al., 2015,
Hebbelstrup Jenseet al., 2017) For example, one casmntrol study with 128
EAEC strains found ratatistical differencein the prevalence of any of 11 major
EAEC virulence factor genkstween cases and contro(&liaset al., 2002) Alsqg

while a virulence §yS Yl & 06S ARSYUGATASR Ay |y A&zt

expressed under physiological conditions or contributénteivopathogenesis.

To investigate these relatiships, this study aimed to compaEAEC strainfsom
casecontrol studies and outbreaks for differences in virulerssociated
phenotypesin vitro, as well as analysing genotypic differences in putative virulence
genes. The phenotypes evaluated includbobfilm formation and the HER
adherence assays as models of bacterial aggregation, with the latter established as
the goldstandard diagnostic tool for EAEQe in vitro adherence of the clinical
isolates to a human colonic epithelial cell line, advivo colonisationof human
colonic biopsies, was also investigatethese are experimental models for the
colonisation of the epithelium of the human colon, a key part of typical EAEC

pathogenesigHebbelstrup Jenseet al.,, 2014)

Traditionally serotypinghas been widely appliedfor investigating pathogeni&.
coli, remainingin use due to the applidality acrosspathotypesand the ability to
use serotypes for furtions such as outbreak tracking. While EHEC O157:H7 is an
example of a serotype strongly associated with virulence, serotyping has not proven
effective for distinguishing pathogenic straifr EAEC. Additionallyperforming
phenotypic serotyping is labotintensive and typically limited to speciats

reference laboratories(Jenkins, 2015, Fratamicet al, 2016) A more recent
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alternative typing scbéme is MultiLocus Sequence Typing (MLST), first developed
for Neisseria meningitidjsout now applied to many pathogens includig coli
(Maidenet al, 1998, Larsemet al,, 2012) This technique uses the allelicofile of
seven core gene fragments, traditionally amplified by PCR, to type matching strains
into correspondingsequence typeéSTs)Although lacking the discriminatory power

to differentiate individual strains, MLST can be a powerful tool for inveitstig
population genetics. One such study investigated #iepresent in a collection of

564 clinical EAEC isolates, sourced from multiple-cas&ol cohort studies as well

as sporadic and outbreak straifGhattawayet al., 2014b) A key findingvas that
certain STs had statistically significaugher or lower assciation with disease than

the overall collection (Figure 4.). In particular, ST40 had an increased ratio of
disease case strains versus control strains, while ST31 had a higher proportion of
asymptomatic carriageThese groups were selected for further characterisation in

this study.
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Figure4.1 Minimal spanning tree of 564 clinical EAEC isola&hattawayet al., 2014b)
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Following the previous MLST study usingsih EAEC strains, the collection bage
been genome sequenceith collaborations withPublic Health Englan(PHE and
Norwich Medical SchooThis allows the use of bioinformatic tools to compare the
virulence gene profile of ST40 and ST31 strains. ditiad, sequencing data can be
exploited for in silico typing approaches, including serotyping, MLSihd
phylogenetic analysis, which can reveal additional dethpared withtraditional

phenotypebasedtechniques along¢Fratamiccet al., 2016)
Theobjectives of this study were to:

1 Investigate if strains from ST40 and ST31, which diffénem epidemiological
association with diseasedemonstrate differences invirulenceassociated
phenotypesin vitro

1 Usewhole genomesequencing data to evaluatemtype, ST and phylogenetic
variation of these strains

1 Identify genotypic differences in virulence genes between ST40 and ST31 strains

4.2: Results

4.2.1: Virulenceassociatedn vitro phenotypes

The first part of this project aimed to use vitro and ex vivomodels to investigate

any phenotypic difference between EAEC strains from ST40, epidemiologically
associated with disease, and ST31, associated with carriage. Eight ST31 strains (4
isolated from cases of diarrhoea and 4 controls) and eight STdDs{(6 cases and

2 controls) were investigated in this study (Sesble 2.1for full sources).

4.2.11: Adherenceto HEp2 cells

Many of the ST40 and ST3dtrains were isolated from casmntrol studies and
classified as EAEC by PCR probes ©hérebre, all strains were first confirmed as
EAEC using the gestiandard diagnostic tool, the HEp adherence assay

Prototype EAEC strains 042 and2lwere also included as positive contrdiEp2
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cells were incubated with bacteria fort®urs, and the adbrence phenotype for

each strain was evaluated by microscopy.

All EAEC isolates from this study adheredHBp2 cels and the underlying
coverslip, butdifferences in morphology were observéxtween STgFigure 4.2
and 4.3. The prototype EAEC strains D4and 172 demonstrated typical
aggregative adherenc®AF G A UK RSYy&aS o0l OG4SNAIONRIOIHNS =
colonisation pattern ST40 strains demonstratetlA comparable to 042 and 1Z,
including large aggregative colonieslowever, ST31 isolateexhibited more
variation inthe adherence pattern. Althouglsome areas ofAA were seen for all
strains, aggregates were typicallynaller andless densdhan observed for ST40
and there werealsoregions of more diffuse colonisation. In addition, ST40 strain
had an observably higher level of total adherence than STB&rall, all strains
displayed the AA phenotype on HEpcells to confirm the EAEC classification,

although differences in adherence were observed betweenSie
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Figure4.2 Aggregative adherence phenotypef ST31 strainsHEp2 cells were incubated
with ST31EAEC for 3 hour@MOI = 20 bacteria/cell)and the colonisation phenotype
evaluated by mdroscopy. Prototype EAEC str&#2 was included asa positive contral
Images are representative of experiments performed in duplicate.
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Figure4.3 Aggregative adherence phenotype of ST40 straifiSp2 cells were incubated
with ST40EAEC for 3 hour@MOI = 20 bacteria/cell)and the colonisation phenotype
evaluated by miascopy. Prototype EAEC strdiii-2 was included asa positive contral
Images are representative of experiments performed in duplicate.
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4.2 1.2: Biofilm formation

Biofilm formation ly the EAEC isolates was assessed using a crystal violet assay,
which is a widely used method for determining bacterial aggrega®fioole,
2011) EAEC were incubated for 48 hoursa 96well microtiter culture plateand
crystal violet stain used to quantify bacterial density by absorbahbe ncubation
conditionsused (37 °C in DMEM) had previously been reported to induce makima
biofilm formation for the EAEC prototype strain 0&heikhet al., 2001) Strain042

was used as a positive control apdoduced denser biofilms tharall the clinical
isolates. Overall, ST40 strains demonstrated significantly higher biofilm formation
than those fromST31(P < 0.05)Figure 4.4. Only one ST40 isolate (221654)
produced an average absorbance below 0.2, while omlg strain from ST31
(E104931) exceeded thislue. In additionpiofilm formation by case and control
isolates did not diffesignificarnly for either ST EAEC were also incubated with glass
coverslips for 48 hours as above and stained with crystal violetmicroscopy
(Hgure 4.95. The observed biofilm density was consistent with the quantitative

data, with ST40 strains exhibiting greater bacterial aggregation than ST31 isolates.
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Figure4.4 Biofilm formation by EAEC isolateBacteria were incubated in 9%ell platesat

37 °Cfor 48 hours and treated withcrystal violet stain Bofilm densitywas quantified by
absorbance at 595 nifODygs). Data are shown as mean + SE for 3 experiments, each with 5
technicalreplicates. * F<0.05.
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Figure4.5 EAEC biofilm on abiotic surfacEAEC were incubated with a glass coverslip for
48 hours and stained with crystal violet for brigfald light microscopy (representative
imagesof ST40 and ST31 strains, and 042 prototype strain as positive gontrol
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4.2.1.3: Adherence to T84 intestinal epithelial cells

To ascertairwhether EAEC strains from ST40 and ST31 diffeéheir ability to
colonise intestinal epithelial cellsa cell culture model of infectiorwas used
Confluent cells of the T84 colon carcincuerived cell line were icubated for 2
hours with EAEC. Bacterial adherence was quantified by plating of lysates on LB

agar and CFU counting, normalised against inoculmecentration.

Allisolates adhered to T84 celldowever, ST40 isolates demonstrated significantly
higher adherence than thosérom ST31(P < 0.001)Figure 4.9. EAEC strain 042
was also evaluated as a positive control. All ST40 straditered tothe T84
monolayer to a comparable or greater extent than 042 in these assays. Conversely,
all ST31 isolatesxhibited bwer adherence than either the positive control or any
individual ST40 example. When isolates from a case or control source were

compared withinSs, no significant differences were detected.
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Figure4.6 Adherence of EAEC to T84 celBonfluent T84 cells were incubated with EAEC
(MOI = 10 bacteria/cellior 2 hours. Adherent bacteria were quantiidy plating of cell
lysateson LB agaand counting colony forming units @Fl). Adherencewas normalised
against the concentration othe inoculum Data are shown as mean * SE for three
independent experiments, in duplicate. *** P < 0.001
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4.2.1.4: Colonsation of human colonic biopsies

Having demonstrate@ significant difference in the ability of ST31 and ST40 EAEC
strains to adhere to T84 cellhe colonisation of human intestinal epithelial tissue
was next investigatedThis aimed to determine if thdifference between theS®

was maintained for adherence tex vivo mucosa with greater physiological
relevance than cell cultureTherefore, IVOC experiments were performed using
sigmoid colonic biopsies obtained from consenting patients undergoing enpgpsco

at the Norfolk and Norwich University Hospitdhe sigmoid colon was selected as
prototype EAEC strains 042 and-2Wemonstrated greater adherence to colonic
than small bowel biopsies (s&ehapter 3.2.3 and sigmoid colonic samples were
more consistatly available from both sigmoidoscopy and colonoscopy procedures.
The mucosal surface of the biopsy samples was inoculated with EAEC and incubated
for 7 hours on a rocking platform. Each strain was assessed using biopsies from at

least 3 different donors.

Initially, evaluaibn of the abundance of adherent bacteri@as performedusing
immunofluorescence staining with annt&E. coliantibody and cestaining of
epithelial cells for actin and celuclei Figure 4.7). However, while the ardE. coli
antibody did successfully stain some adherent EAEC colonies, it was difficult to
resolve the bacteria for accurate quantification. In addition, 1specific staining
was observed in many samples, which could not be satisfactorily distinguished from

stained bacteria

Therefore, scanning electron microscopy (SEM) was employed for evaluation of
IVOC samples. After incubation with EAEC, biopsies were washed in PBS to remove
mucus and processed f@EM Figure 48). Absolute quanfication of adherent
bacteria was not demed feasible as each biopsy sample varied in size, and
extensive EAEC colonisation was often observed beyond the limits for reliable
counting. Therefore, a senguantitative analysis was performed whereby each
sample was scored against a defined numérseale for both colony sizésee

Figure A.l for representative images)and frequency of colonisation. The
combined score of the two features was used as a colonisation score for each

biopsy
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Figure4.7 Immunofluorescence staining of colonic biopsies infected with EABiGpsies
were incubated with EAEC for 7 houBiopsy samples were stained for cell nuclei (blue),
actin (green) andE. coli (red) and imaged by immunofluorescence microscopy
Representatie imagesof three independent experiments, in duplicate.
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Figure4.8 Scanning electron micrographs of EAEC colonisation of colonic biop$ies.
biopsies were incubated with EAEC for 7 hours and then eth8ir removal of the mucus
layer. Samples were fixed and dehydrated for evaluation by SEM. The images are
representative othree independent experiments in duplicate.
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As observed for T84 cells, ST40 isolates colonised colonic tissue to a comparable or
greater extent than the positive control, 042. While ST40 adherence was relatively
consistent for all strains, greater variation was observed in the ability of ST31
strains to colonise biopsy sampldddure 4.9. Some ST31 isolates demonstrated
mediancolonisationscorecomparable to the 042 control, whereas others showed

low levels of mucosal bindinélso apparent was that many individual biopsies had

no observable bacteria for ST31, while all biopsies infected with ST40 isolates had a
score of at least2. No adherent bacteria wereever observed for ST31 strain
E104967.

When comparing the STs overall, ST40 strains exhibited significantly higher
colonisation levels of human colonic biopsies than S§t&dins(P < 0.01)Within

the ST groups, no signifidadifference was evident between case and control
isolates for ST40, while control isolates displayed higher adherence c¢hae
isolates for ST31 (P < 0)01
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Figure4.9 Colonisation of colonic biopsieBy EAE(Biopsies from the sigmoicblon were
incubated with EAEC for 7 hours, dratterial colonisation was evaluated by SBVbpsies
were additivelyscored for size and frequency of observed colonies omlas@ale Red and
green represent case andmpol isolates, respectivelylriangles are individual biopsies for
the 042 positive control, circles are ST31, and squares are Hdd@ontal bar represents
median scoreData are shown for three independent expeants, in duplicate. *** P <

0.01

4.2.2: Genotypic characterisation of ST40 and ST31 strains

Whole-genome sequencing (WGS) has recently been performed fer BEAEC

strains investigated in the project. This was undertaken as part of a larger

collaborative work to sequence all of the EAEC cotlea at PHE, with the

sequencing performed by GemmayK(John Wain group; University of East Anglia,

Faculty of Medicine and Health) and the Genomic ServicingdddiGBRU at PHE,

using the lllumina MBeq and HSeq platforms respectivelyrhe availablegenetic

data was utilised in this study to compare the EAEC putative virulence gene

distribution between ST40 and ST31 strains, as well

approaches to analyse strain typing and phylogeny.

as use bioinformatic
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4.2 .2.1: Confirmation of multtlocus sequenceype

The SB of the EAEC isolates used in this project were previously determined by
multi-locus sequence typing (MLST) by PCRséwenE. coligene targets ddk
fumC, gyrB, icd, mdh purA andrecA) (Chattawayet al., 2014b) To confirmthe
original STassignmentsin silicoMLST was performedsingthe WGS datdor all 16

strains.

Two different bioinformatic tools were used. In tfiest method, the sequence data

was analysed with the MLST tool incorporated in the Galaxy computational biology
platform. In addition, the Short Read Sequence Typing for Bacterial Pathogens
(SRST?2) tool was utilised, and the sequencing reads for eah stereanalysed
against a custom fasta sequence database containing the allele sequences for each
of the MLST target genes. The combination of aligned alleles for each strain was
then converted toSTaccording to previously defined MLST profiBsth tools gave
corroborating results confirminthat all strains belonged to ST40 or ST31 as initially
assigned(Table 4.). The Galaxy MLST tool identified strain E103617 as ST31 but
indicated a higher level of uncertainty than for the rest of the group. Howehe

SRST2 output confired theSTfor this strain.

SRSTZ Galaxy

Previously assigne®T Strain MLST MLST
ST31 E103617 31 3172
E107526 31 31
E104946 31 31
E104967 31 31
E99975 31 31
E104969 31 31
E104931 31 31
E104940 31 31
ST40 1337 40 40
1091 40 40
153145 40 40
221654 40 40
146052 40 40
232736 40 40
E107759 40 40
E109907 40 40

Table4.1 In silicosequence typingof EAEC isolates
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4.2.2.2: In silico grotyping and core genomephylogeny

These EAEC strains were originally isolated from different epidemiological studies
and disease cases and not all had been previously fully characterised by classical
antigen serotyping. Thereforen iaddition to confirming the MLST results for il

the ST40 and ST31 strains, the sequencing data was also usathlgsethe
serotypes present in these two groupy/GSof the strains allowedh silicoserotype
prediction by alignment oflefined O and H antigergenes(Table 4.3. This was
performed ushg the SRST2 tool agairssfasta sequence database containing the

sequences for each characterised antigen allele.

For the ST40 group, all strains were identified as positive for the H21 flagellin. This
matched previous antigen typing for most strains ettthan 1091 and 1337, which

had been serotyped akl11l. TheLPSantigen was identified as 0111 for all ST40
strains other than E107759 (0127) and 146052 (unidentified). The ST31 strains
were identified as belonging to two serotype groups. Four strains 4830
E104969, E10361E£104940) were serotyped as 0130 and H26 or H27. Strain
E107526 was also positive fél27 butcould not be matched to anO antigen

allele. The remaining three ST31 isolates (E104946, E104967, E99975) were
identified as O15:H18.
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ST Strain Previousantigenic  In silico
serayping serayping
31 E107526 O?:H? O?:H27
31 E104931 O?:H? 0130:H26
31 E104969 0O130:H25 0130:H26
31 E103617 O130:H27 0130:H26
31 E104940 0O130:H27 0130:H27
31 E104946 O?:H? 0O15:H18
31 E99975 0O15:H18 O15:H18
31 E104967 O?:H? 0O15:H18
40 146052 0154:H21 O?7:H21
40 232736 O111:H21 O111:H21
40 1091 Olllac:H11 O111:H21
40 221654 O111:H21 O111:H21
40 153145 O111:H21 O111:H21
40 1337 Olllac:H11 O111:H21
40 E109907 O1l11lab:H O111:H21
40 E107759 O?:H? 0127:H21

Table4.2 In silicoserotyping of EAEC strain§hein silicoserotype was analysed using the
SRST2 tool with wholgenome sequences for each strain. The previous serotype data
generated by antigen téisig was provided by the GBRU at P@BE and ac represent
polysaccharideninor subtypesof 0111)
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To further explore the diversity of these 16 EAEC strains, a phylogenetic analysis
was performed Figure 4.10. A core genome alignment was undertakenngsthe
Parsnp tool, with the clinical isolate sequences analysed against 042 as a reference
genome. This software generates a nualignment of all genomes and identifies
singlenucleotide polymorphisms (SNPs) within the core genome of all strains. This
data set is then used foreconstruction of the wholegenome phylogenyThe
resulting phylogenetic tree was processed and visualised using the Phandango
software. Overall, this data demonstrates the ST31 and ST40 strains are from highly

distinct lineages, rad that the ST31 strains containultiple serotype groups.
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Figure4.10 Core genome phylogenetic tree of EAEC straBsotstrapconfidence values

are shown in blue for each branch. Tree scale is sequerstitsiions per site.
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4.2.2.3 Genotype profiles for putative EAEC virulence factors

As the previous experiments had demonstrated a difference in virulaseseciated
phenotypes between ST31 and ST40 strains, the genotypes of these greups
next invesigated for putative virulence factors. In particular, the distinct presence
or absence of virulence genegas determinedbetween the twoSTE. Initially, a
specific subset of virulence genes was selected for investigation which
corresponded to the EAE&SDciated virulence factors studied Chapter 3 of this
project, with the addition of all AAF structural subunit allelaggR, pic, aap, astA,
hlyE, pet, ecpA, aggA, aafA, agg3A, hdasd aaf5A

To minimise the risk of experimental bias, multiple toolsrevased in parallel to
analyse thepresence of virulence genes in the sequence data for eaenst(1)
Basic LodaAlignment Search Tool (BLAST) was apphiegtarch for virulence gene
qguery sequences igenome assemblies, usirmgpth a custom local BLASsearch
(BioHlit software) and the BLAST function provided by the Galbaiynformatics
platform. (2) In silico PCR was performeavith genome assembliesising the
FastPCR software tool to predict any arigdition for previously usedPCRprimer
sequencesfor each gene (3) Finally, the SRST2ool was applied toperform
aligmrments ofthe virulencegene sequencesysing sequencing read files instead of

assemblies

While there was some variation in specificity, the results for most virulence genes
were largdy consistent across all tools utilised. As SRST2 has been reported to
outperform assemblybased methoddor accurategene detection the results of
method 3 was used for further analygimouyeet al., 2014)(Table 4.3. The data

from methods 1 and 2 are presented kigureAl.2in Appendix 1.
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Table4.3 Virulence gene profile for ST40 and ST31 EAEC stralighments performed

from sequence reads using SRST2 software. * = alignment b&kawd&ntity threshold.
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The genewpic, aap, andhlyEwere conserved in all 16 strains. Th&tAgene (EAST

toxin) was present only in ST40 strains. In addition, all ST40 genomes contained
ecpA while only 2 of the 8 ST31 strains were positive for thiseg&he other major
difference obsergd was in the AAF types. Whi8340 strains were associated with
aaf5A(AAF/V), the ST31 genomes aligned waigjy3A(AAF/III) oraggA (AAF/I). For

the SRST2 tool, the coverage threshold had to be reduced from the 9f¥éltde
value for theaggAalignment to be reported in these strains. The ST31 AAF variants
corresponded with the previously identified serotypes, AAF/IIl with O15:H18 and
AAF/I with O130:H26/27.

This subset contained some of the major putative virulenceegefor EAEC, but
many other genes have been associated with the pathotype. In addition, oEher

coli virulence factors not specific to EAEC may be of importance in pathogenesis.
Therefore, the investigation of genotypical differences between ST40 and ST31
strains was expanded from the initial specific set of virulence factors to a much
larger genetic database. The Virulence Factors of Bacterial Pathogens database is an
online resource containing sequence data for potential virulence genes. This
resource wa used to generate a&scherichialatabase 0f2686 genes from 134
different strains which were aligned againstetsequencing data for each of tié
EAEC strains using the SRST2 tool. This ider3li2djenegpresent in at least one
strain. This data ¢ewvas then manually curated for target genes identified only in
one ST and not the othdirable 4.4. The results contain many additional genes of

interest, as well as the previously identified EASIhd AAF genes.
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Table4.4 Distinct putative EAE@irulence genedor ST40 and ST31 strainbhis table lists
the putative virulence genes identified as specific to ST31 or ST40 genomes only, and/or in
specific ST31 serotypes.

Overall, the use of bioinforntiz tools with the sequenced EAEC genomes identified
differences in virulence gene profiles which may be associated with the difference

in virulenceassociated phenotypes between ST40 and ST31 strains.

4.3: Discussion

Thisresearchwas designed to invéigate the difference between EAEEES with
different epidemiological associatisrwith disease or carriageas established in a
previous MLST studyChattawayet al., 2014b) As previous studies have not
established specific EAEC virulence gexseseliable markers of virulenchis work

analysedohenotypes as indicators of functions involved in pathogendsisrefore,
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eight strans werescreenedor eachof the ST40 and ST31 complekasanin vitro
study of viulenceassociated phenotypes alongsitéinformatic analysis of WGS
data. The prototype strain 042, which is the best characterised and most frequently
used EAEC strain laboratory studies of infection, was utilised as a positive control
throughout.042 has also been previously identified as an ST31 Stkiaekeet al.,
2010, Chattawayet al., 2014b) While both ST10 and ST4fQere significantly
associated with teasein the previous MLST publicatio8T40vas chosen for this
study due to the high strain diversity dii¢ ancestral lineage ST10 whidktludes
many differentE. colpathotypes(Yuet al., 2018, Chattawagt al., 2014b)

Of the 16 clinical strains investigat€Bable 2.}, most were originally isolated from
two large cohort studies of diarrhoeal illness in the (@kKattawayet al., 2014b) All
eight ST31 strainand two ST40solateswere collected during thé€nglish case
control Infectious Intestinal Disease Studip1). Between 1993 and 199actelia
were isolated froma total of4,664 stool specimernsllected from casesf clinically
significant intestinal infectious disegser from age and sex matched healthy
controls within the study cohorf2,443 cases ang,221 control¥(Amaret al., 2007,
Sethiet al., 1999) A further two ST40 strains were isolated during 8exond Study
of Infectious Intestinal Disease in the Commurtitip2). This was a casaly study
undertaken betweer2008 and2009, whichproduced a dataset fron3,966 stools
from individuals with diarrhoe&O'Brienet al., 2010) Both 1ID1 and 1ID2 used a PCR
probe (CVD32) specific for the anthggregation transporter geneatD for
identification of EAC(Chattawayet al,, 2013, Baudrgt al., 1990) The remaining
ST40 strains weralerived from sporadic diarrhoea cases catalogued by the
Gastrointestinal Bacteria Reference Unit of Public Health Enghfidle sone
subsets of strains from this EAEC collection have been studied for the presence of
virulence and antimicrobial resistance genasne havepreviously been analysed

for in vitro phenotypes(Chattawayet al., 2017)
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4.3.1. ST40 strainslemonstrate greater aggregation andadherence
than ST3trains

4.3.1.1: Biofilm formation

A phenotype often associated with EAEC pathogenesis is the strong formation of
biofilms (Mohamed et al, 2007b) The association of biofilm formation with
bacterial pathogenesis has been well described. In particular, biofilm communities
have enhanced resistance to clearance by immune system responses,
environmental stresses, and anticnobial therapeutic§{Costertonet al.,, 1999, Xu

et al, 2000) Biofilms are important during human infection wigalmonellaand

many E. coli pathotypes, enhancing resistance and persisterare biological
surfaces such as epithelial cells, and abiotic surfaces such as implanted medical
devices(Steenacker®t al, 2012, Sharmat al, 2016) EAEC has been associated
with exceptional biofilm formation, with studies of clbal EAEC isolates
demonstrating significantly greater quantified biofilm densiympared to otherE.
coliisolates(MendezArancibiaet al., 2008, Mohamedcet al., 2007b, Wakimotaet

al., 2004) Thishas led to thetheory that mucosal biofilm development contributes

to EAEC persistence and symptomatic disease, especiatlyranic infections in
infants and immunocompromised patien{dlataro and Kaper, 1998, Kaet al.,
2010. The role of biofilm expression as a virulerassociated factor for EAEC has a
longstanding consensus in the fidl8heikhet al., 2001, Weintraub, 2007, Huaeq

al., 2004) This would supporthe results showng increased biofilm formation in

ST40 strains as indicative of increased virulencemi@kecompared to ST31.

In addition to a likely role in pathogenesis, biofilm formation can be important for
EAEC persistence in the food chain. For example, bidilmation and associated
virulence factors such as AAF/l promote the colonisation of fresh produce, including
the type of fenugreek sprouts contaminated as the source of the 0104:H4 outbreak
in 2011 (Borgersenet al, 2018, Nagyet al, 2016) The enhanced resistance
characteristics of biofiims are also associated with the difficulty of safely
disinfecting fresh produce for many pathogens, including pathogénicoli(Yaron

and Romling, 2014)Therefore, the greater biofilm qtential displayed by ST40
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strains could correlate with increased exposure to consumers and contribute to

higher rates of disease, independent of pathogenesis.

However, biofilm formation is a muifactorial process, and severairulence
factors includinghe transcriptional activator AQgR andlesins AAFs, ECP, and Air
are reported to benvolved in EAEC biofilm formatig@arnettet al., 2012, Sheikh
et al, 2001, Sheiklet al., 2006, Mohamedet al, 2007b) Theae is potential for
functional redundancy, so presence or absence of single factorsotaye reliable
for prediction of biofilm phenotypelt is also possible that the factors which
contribute to biofilm developmenin vitro do not function the same way vivoon
biological surfaces(Hebbelstrup Jensenet al., 2014) Furthermore, some
epidemiologicalstudies have found similar levels of biofilm production in EAEC
isolatesfrom cases and control®ohamedet al., 2007b) Notably, a virulent ST131
EAECIonal group in Japan caused disease degfigplaying low biofilm potential

in vitro (Imutaet al., 2016)

Biofilm formation was analysedising the welestablished microtér plate assay,
with crystal violet staining used to quantify bacterial density. Although this is a
static model which des not allow the development of mature biofilm properties as
effectively adlow cell systems, the microgt plate assay is suitable for the study of
early stages of biofilm formatio(O'Toole, 2011, Merritet al,, 2005) Additionally,

as EAEC develop denser biofilms in this model than diheolipathotypes, it has
been proposed as a simple initial screening tool for EA¥&kimotoet al., 2004)
Prototype 042, includeds a positive control, exhibited higher biofilm formation
than all 16 clinical isolates. This is unsurprising, as 042 is known to produce dense
biofiims and has been used as a model for studies inwdstig the effect of
temperature on EAEC biofilm growt(Hinthonget al., 2015) Strain 042 was also
recently used to demonstratethat deletion of aggR or aafA inhibits the
establishment of biofiln{Hutteneret al., 2018) Importantly, the growth conditions
used in this assaiB7 °C in DMEMinatch those identified as optimal for 042 biofilm
developmentin a previous stud{Sheikhet al., 2001)
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4.3.1.2: Colonisation of intestinal epithelial cells

While the relevancef biofilm formation for EAEC virulence is uncertain, adherence
to mucosal surfaces is likely involved in development of diarrhBeavious studies
have usedlVOCand enteroidmodek to determine that the colon is the major
colonisation site for enteriinfection, as EAEC strains demonstrate lower levels of
adherence to small bowel tissy&nuttonet al., 1992, Rajart al., 2018, Bragat

al., 2017) Addtionally, in this projecgreater colonisation of colonicidpsies than
small intestinal biopsiewas observedor the prototype EAEC strains 042 and2l7
(Chapter 3.3). The colonocytdike cell line T84 has previously been established as
a suitablein vitro model of EAEC infectiofNataro et al., 1996) Therefore, both
human colonic biopsies and T84 cells were usethtestigatethe adherence of

ST40 and ST41 isolateshuman intestinal mucosa.

The colonisation of colonic biopsies by the clinical EA@&teswas anajsedsemt
guantitatively using SEMST40 isolates demonstrated significantly greater IVOC
colonisation than thee of ST31. All ST40 strains displasiedlar or greatemedian
colonisationscores than the positive contr@D42) while the ST31 group displed

less consistent adherence including one strain, E104967, wieatonstrated no
observable adherent bacteriaA corresponding difference in adherence was
observedfor T84 monolayers, using CFU counting from plated lysates for absolute
guantification. Tlere was less variation between strains witl86 for this model,

and the increased adherence of the ST40 group was more clearly pronounced
compared to the IVOC data. This may be attributed to the relative simplicity of a
single celtype culture model oppsed to whole ewivo tissue especially
considering the likely variability of interactions with biopsies from different danors
Biopsy colonisation may involve more complex interactions, such as additional
receptors for adhesin binding and the presencaahucus layer, with differences in
related virulence factors contributing to the greater variety between strgieng

et al, 2013) The semnuantitative nature of the IVOC analysis compared to the
absolute quantification of T84 adherence may also be a factor in this difference.
However, a greater ability for colonic epithelial adherence was detexchin ST40

versus ST31 strains for both models. This confirms a phenotypic difference between
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the SB that istherefore not attributable to an individual model artefact, such as

the carcinoma background of T84 cells.

Intestinal epithelial adherence is proped as akey step in EAEC pathogenesis
(Izquierdoet al., 2014b, Harringtoret al., 2006) In additionto a role in subsequent
biofilm formation, auteagglutination of EAEC bacteria has also been suggested as
occuring in the lumen and enhancing the initial adhesion to the mucosal surface
(Hebbelstrup Jenseat al., 2014) Therefore, the aggregation phenotype may also
be directly relevant to epithelial colonisation during infection, connecting the
biofilm and adherence assay results here presentédere are many potential
genetic factors behind these phenotypicdifferences,which are discussed in
further detail inchapter 4.3.2 and 4.3.3In brief,the AAF adhesins are strongly
associated with both adherence and biofilformation in EAEC pathogenesis
(Farfanet al, 2008 Jonssoret al, 2017a, Shamiet al, 2010, Hinthonget al.,

2015) The virulence factordispersinis also important, due to its function in
masking electrostatic interactions to allow proper dispersal of adhesins such as
AAF duringAA (Blantonet al., 2018, Velardet al., 2007) The AAFs and dispersin

are regulated by the transcriptional activator AggR, which is essential for
aggregative adherence in typical EAEC str@iasringtonet al., 2006, Hebbelstrup
Jenseret al., 2014) Other factors associated with the adherence of EAEC include
the SPATE Pic, which has mucinolytic and mucus secretion regulatory functions that
are suggested to aid mucosal colonisation and eghsnt biofilm formation
(Harringtonet al., 2009, Navarrdsarciaet al., 2010) Other adhesins, such as tke
colicommon pilus, are linked to EAEC adherence, especially for the subpopulations
which lack a knowAAF(Avelinoet al, 2010) All of the above virulence factors
were included in the analysis of ST40 and ST31 genomes for specific EAEC virulence
associated geness discussed in Chapter 4.3The broader genotygpcomparison
performed using the VFDB resourceeé€ 4.3.3 also included further genes of

interest forbiofilm and adherence phenotypes.

A further phenotype associated with the pathogenesis of EAEC is the induction of
an immune response. An undeggluate pacement student in this researaroup,
Leah Bundy, recently studied the same ST40 and ST31 strains for the effect of

incubation with T84 cell®n secretion of H8. An enzymdinked immunosorbent
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assay approach was usea tdemonstrate that the ST40 stra induced a
significantly greater H8 response than ST31 isolai@s< 0.001jAppendix1, Figure
Al1.3 (Bundy, 2018)Inflammatory cytokines including-8.and IE1 have previously
beenreported for clinicd cases of EAEC infecti(@reenberget al., 2002, Steineet
al., 1998) As an inflammatory response is proposed as a key factor in-EeAdE€tl
diarrhoeal iliness, this phenotypic difference between ti&& suppots the
epidemiological association of ST40 with disease and ST31 with carriage
(Hebbelstrup Jenseset al., 2014) Two bacterial factors linked to immunogenicity of
EAEC are AAFs and flagella, both of which differed between(8A81 and AAF/III;
H18/26/27) and ST4QAAF/V; H21) strainfHarringtonet al., 2005, Savaret al.,
2013, Yaneet al., 2016)

Overall, the results of thesa vitro virulenceassociated phenotype assays support
an intrinsic phenotypic difference between the ST40 and ST31 groups. ST40
demonstrated a significantly greater adherence tatestinal epithelial cells,
increased biofilrdike aggregationand induction of H8 secretion from host cells
Therefore, this phenotype data supports the previous epidemiological findings of
greater pathogenicity for ST40 versus ST31 strains, and sugg@sis of the
underlying mechanistic differencg€hattawayet al., 2014b) It is often proposed
that the current definition of EAE as a pathotype includes both pathogenic and
non-pathogenic subpopulations, contributing to the heterogeneity of virulence
(Chattawayet al.,, 2013, Okeke and Nataro, 200Ihis comparison of ST40 and
ST31 suppos the possibility of distinct variation in virulence for different EAEC
lineages, although this may be further complicated by the effect of host

susceptibility.

4.3.2 Differences in specific putative virulence genes

All sixteen of the ST40 and STRdhins evaluated in this study have been genome
sequenced usindllumina platforms.This sequencing data was available for the
investigation of genotypic differences, including the virulence gene profiles of each
strain. Initially, this was focused on a sge set of virulence genes associated with

aspects of EAEC pathogene@ggR, pic, aap, 88, hlyE, pet, ecpA, aggA, aafA
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These target genes were described in detail in Chapter 3, where their
transcriptional response to intestinal environmental signalas characterisetbr
prototype strains 042 and 1Z. The query sequences for each géAppendix 11)
were obtained from the published genome of prototype EAEC strain 042, other
than the AAF/IgeneaggAfrom strain 172 (Chaudhuriet al., 2010) In addition to
aafA (AAF/Il)and aggA (AAF/I), the major subunit genes for the remaining AAF
variants IHV @gg3A hdaA andaaf5A) were included(Bernieret al.,, 2002, Jonsson
etal., 2015, Boisert al., 2008)

Multiple bioinformatics toolsvere usedto determine the virulence gene profiles of
each strain from WGS data, which gave largely consistent ouigytpendix 1,
Figure Al.2 However, the resultsliained using the SR3Tool werechosen for
further analysis. This software is specifically designed to perform alignments from
shortread lllumina sequencing datagainstdatabases of target genes, such as
virulence or antimicrobial resistance genélsouye et a., 2014) It uses raw
sequencing reads, which gives an advantage over the other methods which require
genome assemblies. This is due to the quality of an assembly limiting the sensitivity
and efficiency of alignments, and therefore SRST2 has previousgn b
demonstrated to outperform assemblyased approacheglnouye et al, 2014,
Clauseret al., 2016) In addition, thein silicoPCR method is reliant on the quality of

primer design as well as assembly quality.

When the presence and absence of these specific virulence genes was determined
for the ST31 and ST40 strainghis study, he most obvious difference was that all
ST40 isolates possessed th&tA gene, while this was completely absent from the
ST31 groupThis gene encodes the EABToxin a heatstable enterotoxin first
identified inprototype EAEC straih/-2 (Savarincet al., 1993) Due to homolog\of

the 38-amino acid EASTL peptide with the enterotoxic domain of heatable
enterotoxin a (STa) of ETE( has ben proposed to share a similar activity
(Menard et al., 2004) Stimulation ofguanylate cyclases predicted to disrupt
regulation of cGMP and cAMP signalling in host epithelial cells, leading to abnormal
fluid secetion in the intestinegMénard and Dubreuil, 2002)Vhile EAST positive
strains hae been associated with paediatric disease, intestinal fluid accumalatio

was not induced by EASTinin vivomouseand gnotobiotic piglemodels(Menard
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et al, 2004, Vilaet al., 1998, Ruaret al, 2012) While astA may theoretically
contribute to increased symptomatic infectionaused by5T40 strains compared to
ST31, it has not been associated with adherence and would not accouttefor
observed phenotypic differences between t8&. The value adstAas a narker for
EAEas been previously proposedue to a prevalence in atypical EAEC lacking
other markers such aaggRor aap (Jenkinst al., 2006) However, itshouldalso be
considered thatastAis not restrictedto EAEC, having been identified in multiple
diarrhoeageni@. colpathotypes and som&almonellastraing so would need to be
used alongside specific EAEC targéPaiva de Sousa and Dubreuil, 2001,
Yatsuyanaget al., 2003)

Another distinction between ST40 and ST31 genotypes was the AAF profile of the
strains. ST40 isolatesxclusivelypossessed the most recently identified AAF/V
variant. Three of the ST31 strains encoded AAF/III, wihieas predicted that the
remaining ST31 isolates contathAAF/l.However, the alignment with the query
aggAsequence was below the default 90% coverage threshold for the SRST2 tool
(although greater than 80%), but the remainiaggBD genes of the AAFbperon

were later identifed in these ST31 strains, which supports the identificatibhile

the accessory genes are highly conserved, there is precedér sequence
variation in the major subunit for other AAFs, such as adi@®% idetity range in
AAF/Virom different straingJonssoret al., 2015) This supports that this alignment

in ST31 does represent AAF/I, and not a novel AAF va@amilar results were
obtained in a previous study of clinical EAEC isolates in Japan, where jtréyntd

ST40 strains expressed AAHRvhuta et al, 2016) Only one ST31 strain was
included which was positive for AAF/I, thereby matching the major ST31 subgroup
in these results The AAF variants are widely distributed in EAEC, with no one
variant dominating overall in previous studies, although many strains also lack all
currently identified AAF gendSuzartet al., 2001, Boisest al., 2008) It remains to

be determined if particular AAF variants conéegreater potential to cause disease,
and therefore could be used as markers of EAEC virulence. Interestingly, one study
has reported that AAF/V causes significantly higher-BiEagherence and biofilm
formation than AAF/IIl when expressed by the same latmy E. colistrain, which

agrees withthe resultspresented hergJonssoret al., 2015) This could be linked to
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mechanistic differences, as AAF/V possesses a specific and conserved mutation that
abolishes bindig to fibronectin. As AAF/V is still prevalent in clinical isolates, it was
suggested that this mutation either enhances binding to alternative receptors or
aids evasion of the host immune respor(Senssoret al., 2017a) Further study is
required to investigate if the AAF type is relevant for the intrinsic virulence
potential of EAEC strains. Interestingly, when the sequencing data was used for
serotype prediction, the AAF variants aligned with the serotype pofile ST31,
0130 and O15 were associated with AAF/I and AAF/III, respectively, while-AAF/V
positive ST40 strains belonged mostly to serotype O111:H21.

The comparison of virulence gene profiles also revealedegbpfwas present in all
ST40, but only in526 of ST31 isolateECP is a common adherence fagiorsent
in commensal and pathogenlke. colitypes(Renddéret al., 2007) It is widespread in
EAEC, although experiments usiegpA deletion mutants suggest it is most
important for adheence in AAfegative strais (Avelinoet al., 2010) The presence
of ECP alone did not result in greater adherence within the ST31 group, BEC#e
positive isolate E10493dxhibited relatively poor mucosal colsation and biofilm
formation. While ECP may be a contributory factor in the stemngeneral
adherence displayed by ST48rsus ST3%trains,this data doesnot suggest the
presence ofECPalone increases virulenezssociated phenotypes for individual
strains In addition, the high prevalence of ECP across many pathogenic and non
pathogenicE. colistrains suggeststhat it is of limited relevance for identifying
specificvirulent EAEC risKStacyet al., 2014, Salahaet al., 2009, LépeBandaet
al., 2014)

4.3.3 Diversity ofE. colivirulence factors and core genome

To identify additional virulencassociated genes differing between ST31 and ST40
genomes, the Virulence Factors of Bacterial Pathogens databdsBB{Was
utilised. This online resource has been collecting functional and genetic data on
virulence factors associated with many families of bacterial pathogens since 2004
(Chenet al, 2005) In recent years, it has been specifically enhanced for data

guality and usability as a tool for bioinformatic mini@henet al,, 2016) At the
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time of use, theEscherichialatabase contained 2686 putative virulence genes, of
which 302 genes aligned with the sequences of at least one of thEE Esolates

in this study. This data set was manually analysed to identify genes which differed
between theSs.

This analysis confirmed the presenceastAin ST40 strains only, as well as the
three AAF/IHpositive ST31 isolates. The accessory genethefAAF/IIl operon
(agg3BD) were also present in all ST40 isolates, which initially appears
contradictory to their predicted AAF/V association. However, when AAF/V was
discovered it was determined that while tregg5Aencoded subunit had a novel
sequence aside from a conserved signal peptide, the operon uses the same

accessory factors as AAF(Dbnssoret al., 2015)

Multiple virulenceassociatedEscherichigenes were found irither ST40 or ST31
exclusively and were subsequently researched for any previously described

functions which may contribute to the phenotypic differences between thHe®e

4.3.31: ST40 specifigirulencegenes

Amongst the VFDB genes exclusively found in the ST40 strains seeesal
additional adherence systems. These included genes ofctheoperon, which
encodes the CFA/I fimbriae. This is the prototypical rigidsteabed fimbria widely
expressed by ETEC, and present in approximately a third of strains in one large
dataset (Wolf, 1997) CFA fimbriae are important for ETEC adherence to human
intestinal mucosaand erythrocytes (Nataro and Kaper, 1998, Levine, 1981,
Sakellariet al., 1999) However, this fanly is usually strongly associated with the
ETEC pathotype only, and tay knowledge have not been previously reported in
EAEQWurpelet al., 2013) The fullstg operon was also present in the ST40 strains,
while ST31 isolatdackedthe important usher and chaperone gensgtg)C/D(Forest

et al, 2007) Stg fimbria are typically associated with tis&almonellaenterica
serovar Typhiwhere they areinvolved in epithelial attachment and survivah
macrophagegForestet al., 2007, Berrocatt al., 2015) However, an orthologous

Stg operon has also been reported in an avian pathogénimli(APEC$train and
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UPEC idates, which when cloned into ak. coliK12 strain cause&nhanced
adherence to human epitheliaglells(Lymberopoulost al., 2006) Genes othe ycb
operon were also present in ST40 straifilis operon is poorly understood as it is
not expressed under normal laboratory conditions, but is predicted to encode
chaperoneusher fimbriaewith adherence properties to abiotic surfac@soreaet

al., 2010) A version of the operon has been described in EHEC O157:H7, where it
contributed to intestinal epithelial celadherence. However, that studgentified

the ycbQgene as thekey structural fimbrial subunitwhich is absent in the ST40
strains,therefore the operon may notd functional inST4CEAEGtrains(Samadder

et al., 2009)

A further virulence gene which may contribute to ST40 adherenceh&A This
encodes atype V secretion system autotransportesissociated with outer
membrane expressioin Gram-negative bacteriaHendersonet al., 2004) EhaA
wasidentified as prevalent in EHEC O157:H7 and other serotygex) conserved
autotransporter motifs Overexpression of EhaiA E. coliK12resulted in increased
bacterial aggregation, enhanced biofilm formation, and adhesion to bovine rectal
epithelial cells(Wellset al., 2008, Tsengt al., 2014) However, deletion oehaA
from wild-type EHECdid not decrease biofilm formation, so théiological

importance of this putative adhesin remains to be determirfécellset al., 2008)

Additional ST40 geneacludeda gsp operon. Thegspgenes are part of a type Il
secretion pathway first identified as a cryptic operonkncoliK12 (Francetic and
Pugsley, 1996)Theg genes were also found in ST31 strashshe 0130 serotype
Type 1l secretion has been linked to many functionsGiam-negative bacteria,
including virulence protein export, but the activity of thepgenes isinclear in this
context (Cianciotto, 2005) A hcp gene was also identified in ST40 genomes,
however the designation of this gene was missing in the VFDB database. This could
refer to the gene encoding thhybrid cluster protein, a hydroxylamine reductase
involved in oxidative and nitrosative stress responseghe hemolysin coregulated
protein, a putative type VI secretion system effector fietsociated withVibrio
choleae which has a homologue idefied in EAEQ)42 (Wolfe et al, 2002,
Williams et al., 1996, Dudleyet al., 2006b) Alignments of the ST40 WGS data

againstquery genesequences for these targets were inconclusive.
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The VFDB resource allowed thiemtification of many genes found only in the ST40
strains used in this study. Many of these have functions relevant to the investigated
virulenceassociated phenotypes, including adherence fimbriae which could
contribute to the greater colonisation poteiail of the ST40 isolates. However, it is
important to note that while these genes were found in the genome sequences,
their expression may be restricted to specific environments, and some of the
targets may be part of incomplete operons and thus be inaciystems in these

isolates.

4.3.32: ST3Epecific virulencegenes

The virulenceassociated gene profiles from the VFDB alignment were also analysed
for genes found only in ST31 strains. One difference was the preseet@aBin all

the ST31 isolates, hilst the ST40 genomes containedaAas previously discussed.
Both EhaA andEhaB are autotransporter proteins associated with adhesion and
biofilm formation, with similarly high prevalence HHEC(Wellset al., 2008, Farfan

and Torres, 2012)Conserved paralogues efiaBhave been identified across many
E. colipathotypes, including EAEBowever, unlikeehaA the introduction ofehaB

to a laboratoryE. colistrain did not promote adherence to Ca2cand bovine lng

and rectal epithelial cell§Wellset al., 2009) The same studghowedthat EhaB
binds the ECM proteins collagen | and laminWhile both EhaA and EhaB are
common in pathogenicE. coli differences in their activity or specificity could
potentially contribute tophenotypic differences between ST31 and ST40 alongside

other adherence factors such as AAF variant.

An EAEGpecific factor associated with ST31 strains was Airairtgene, encoding
the enteroaggregative immunoglobulnepeat protein, was previoushermed eaeX

as an unknown outer membrane protein gefieenet al, 2004) Air is a large
surface adhesin with repeated bacterial immunoglobulin domaind secreted via

a T3SS. It shares homologyhinvasin fromYersiniaand intimin from EPEC. When
air was deleted from 042, the mutant strain demonstrated reduced biofilm
formation and impaired HER cell adherencgSheikhet al., 2006) As such, the

presence of Air in ST31 but not ST40 strains is surprising, as the ST31 was associated
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with lower biofilm formation and cell adhesion this study. However, the role of
Air in vivoremains to be established asnlike other established EAE€nesaap
and pic, deletion ofair did not affect EAEC colonisation of m{¢¢arringtonet al.,
2009)

As well as adherenceystems genes onnected to nutrient acquisition were
identified in the ST31 genome sequence$he sitABCD operon is an
iron/manganese transport system and a member of tperiplasmic binding
protein-dependent AThindingcassette (ABC) family of metal transporté&abri

et al, 2008) First identified inSalmonella entericdyphimurium Sit homologues

are found in manyenterobacteriaincluding pathogeni&. col(Zhouet al., 1999) As

well as metal ion transport, that operon has also been associated with resistance
to oxidatve stress in APEGabriet al, 2006) The loss of theit operon has been
linked to attenuated virulencein in vivo infection models of Salmonella
Typhimurium and APE®ut has not beenstudied in EAECSabriet al., 2008,
Janakiraman and Slauch, 2000he ST31 strains also encoded Ehecolichuheme
utilisation operon. This includes a heme outer membrane receptchud, a
periplasmic chaperone and an AB@nsporter system €¢huTUY and a heme
oxygenase qhu3J releasing free iron for bacterial ug&uitset al, 2005) This
operon has been reported in EHEXX57:H7 and UPEC strai(Rorcheronet al.,
2013) The @u system is a homologue of the Shu heme uptake transporter system
described inShigelladysenteriae (Wyckoff et al, 2005) However, as EAEC is
typically a nornvasive pathogen it is unclear if ime exploitation significantly
contributes to virulence. The Sit and Chu systems may contribute to ST31 growth in
the intestinal environment, but their importance for virulence in EAEC is less clear

compared to other enteric pathoger{fPorcheroret al., 2013)

Other ST31 specific genes have poorly characterised funcilongelation to
potential EAEC virulence determinatiomhe aslA gene encodes a periplasmic
sulfatase which has been associated with invasion of brain microvascular
endothelial cells. Tik has been studied in relation to the penetration of the bleod
brain barrier byneonatal meningitisE coli (Hoffman et al, 2000) Previously
described in DEC including EHECO157 and EAEC 042ZkgA encodes a
phosphorylase { A Y I & St A | véhichdstaszartedyndtH thea PIT3S,
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and proposed as a potential effector proteidhouet al., 2014) Due to homology
with eukaryotic mosphorylase kinase PkgA has been suggebtéo act by
disrupting glycogen metabolism in host cqlRallen, 2003)Transposon insertion
mutagenesis identified a PkgA homologue in EHEC O2@hith promoted
intestinal colonisation in calvewan Diemenet al., 2005) Further study of PkgA
function is needed to understaniflit may act asan EAEC virulence factorhere is
also uncertainty to the relevance dfps operon genes in ST31. This operon is
responsible for the production of the polysialic acid capsdemon inNMECand
some UPEC strain&ing et al, 2007, Johnsoret al, 2008) All ST31 isolates
possessedkpsD) encoding a periplasmic protein involved in polysialic acid
membrane transpor{Wunderet al., 1994) However, only three of the eight strains
contained kpsM, and none possessedkpsT, with the rest of the operon not
currently included in the VFDB. This suggdisés the Kps system is incomplete and
likelyinactivein ST31, especially as this capsule type is typically only associated with
extraintestinal pathogenic&E. coliand not EAEQParket al, 2009, Johnson and
Russo, 2002Finally, he EC042_4538ene is part of a large uncharacterised locus
identified in 042 with predicted homology to type VI secretion systems, but the

function is otherwise unknow(Chaudhuret al., 2010)

A more specific difference was the presence of the compldy@BCDoperon in
015:H18 ST31 straimmly. This operon encodes the alpimemolysin toxinand
associated activation and export machinéHerlaxet al., 2010) Although typically
associated with extraintestinal infections, alphaemolysin is expressed by some
EAEGtrains including 1-2 andinduces macrophage cell deatm vitro (Fernandez
Prada et al, 1998) These genes are seemingly unrelated to the virulence
phenotypes tested in this study, with the O15:H18 group correspondingly
demonstrating ngohenotypicaldifferencesto the other ST31 strains, but it remains
possible that alphdnaemolysin could contribte to EAEC virulence viva The
0O15:H18 serotype also contained tpap operon encoding the P fimbriamostly
associated with UPEC. All the genes required for fimbrial expressmpiK, were
present (Kuehnet al., 1992) P fimbriae have been associated with urinary tract
infection in a human volunteer study, but also enhance intestinal colonisation and

persistence for commensé&. colilWullt et al., 2000, Heriast al., 1995, Adlerberth
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et al, 1998) The O15:H18 ST31 strains also conpapX which is associated with
repressing flagellar motility during expression of fimbrigg@mms and Mobley,
2008) If the pap operon is expressed it could contribute to intestinal epithelial
adherence, however the 0O15:H18 ST31 straialsnot significantly differ from the
other ST31 isolates during vitro adherence and colonisation experiments in this

project.

4.3.33: Coregenome phylogeny

A coregenome phylogenetic analysis was also performed, using alignment against
042 as a redrence genomgChaudhuret al., 2010) This revealed that the ST40 and
ST31 strains are distinct lineages with a high degree of separation irgenoeme
single nucleotide polymorphisms. The ST40 strains clustévgdther on one
branch of the phylogenetic tree, supporting the serotype data which suggeiséed

the 8 strains of thisSTrepresented a single related group. The ST31 strains were
more closely aligned to the 042 reference genome, which has been prévious
identified as ST3{Okekeet al., 2010, Chattawagt al., 2014b) The ST31 strains
were separated into branches matching the two identified serotype groups (0130
and 015), with E107526 (O?:H27) demonstratinghimr separation corresponding

with the unknown Gantigen.

The use of corgeneSNR has been reported as an effective approach for inferring
phylogeny due to the highly clonal nature f coli It has been shown to separate
lineages from a mixeé&. colipopulation, accurately fitting with MLST assignment
(Kaaset al, 2012) It also corresponds well with the results of traditional
phylotyping as performed by multipleRCR(Gordon et al., 2008) Interestingly,
analysis of variation in cote.coli genes has suggested that many of the genes used
in MLST schemes have relatively low diversitigictv may limit the resolution for
distinguishing straingKaaset al.,, 2012) However, it is unlikely that MLST schemes
will be nodified, due to the development of Wdfased typing techniques with

greater resolution power and cosiffectivenesgLarseret al., 2012)
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4.3.4 Whole-genome sequencing anith silicotyping

The clinical EAEC isolates in this study had previously been sequence typed using
PCRoased MLST{Chattawayet al., 2014b) With the genome sequences available,

it waspossibleto reconfirm the assignment &8 for each strain by using silico
analysis, by searching the sequence data for the MLST alleles as oppd3€dRto
amplification. This was performed twice using SRST2 and Galaxy platform tools,
with both giving matching results to the pexisting ST assignments. This
demonstrates the effectiveness of silicoMLST in combination with WGS of clinical
isolates, whth with the everdecreasing expense of sequencing is reported as more
efficient and coseffective than traditional PCR ML@Raren et al., 2012) This has
evolved further in the last few years, as core genome MLST has been developed.
This exploits the scale of available data from WGS by compgengmewide
geneby-gene allels from typically 1500 to 4000 genes conserved withispacies,
thereby allowing far greater resolution than the 5 to 7 alleles used for conventional
MLST. However, the standard MLST schemes are predicted to remain useful for the
foreseeable future, due to their established widespread application in modern

molecular epidemiology systentKimura, 2018)

Serotyping is a further surveillance technique which can benefit from WGS. By using
in silicotools to identify specific @ntigen and flagellin genes from sequence data,
serotypes can be determined without performon labourintensive conventional
antisera testing. Serotyping from genetic data circumvendslitional limitations

such as bacterial autoagglutination or lackasitigen expressionin vitro (Robins
Browneet al., 2016) Traditional serotyping can also be fallible due to sera quality
variation and the risk of croggactivity during testingBallmeret al., 2007) Here,
SRST2avas usedto perform serotype prediction from semsnce reads for the 16
clinical EAEC isolates, an approach which has been previously successful for
studying serotype distribution between pathotypexluding EPEC, ETEC, and UPEC
(Ingle et al., 2016) As previously discussed, the results identified two separate
serotype groups for ST31 and one related group for ST40. Interestingly, the ST31
serotypes correlatedvith differences in AAF type, althoughey did not exhibit
differences inin vitro adherence phenotypes. Overall, thein silico serotyping

provided greater deté than previous traditional serotyping performed for these
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isolates, and identified {dntigens for all strains and-@ntigens for all but two
Unexpectedly, the predicted-Eintigens did not always match the previous results
obtained using antiseraalthough itremains to be determined this discrepancy is
due to limitations of the in silicoanalysis or the previouserotyping.Thisdata is a
smallscale example of the usefulness iaf silicoserotyping in combination with
WGS as a pathogen surveillanamlt which ispredicted to increasingly replace

traditional serotyping RobinsBrowneet al., 2016)

Serotypirg can be useful for predicting pathotypes due tmme specific
associations, such dee predominance of0157:H7for disease cases ®&HE, as

well as established applicatisnfor public health surveillanceand outbreak
detection (Fratamicoet al., 2016) However, EAEC strains are highly heterogenous
in serotype. For example, the 1ID1 study found at least 48ei@groups for
identified EAEC isolatg©keke and Nataro, 2001Yhe serotypes of the clinical
isolates in this study have begreviously reported in infection. For example, 0111
(identified for ST40 strains in this studye a serogroup associated with paediatric
diarrhoea, including EHEC, EPEC, and EAEC. Within this group, H21 is one of the
most common accompanying flagellantigens in disease cas€alikhaniet al.,
2011) Theserotypeshere identified for ST40 strainsave also been previously
associated with AAF/V, with thaaf5A gene sequence used for bioinformatics
alignmentin this study acquired from an 0127:H21astr (GenBank: AB571097.1),
and a reportedO111:H21aaf5Agene (GenBank: AB513347.1) has a high sequence
identity. The virulence risk of this serotype is further highlighted by a UK household
outbreak of O111H21 EAEG 2012. Thistrainwas identified as ST40 and positive
for AAF/V, but had also acquiredgene for Shiga toxin (Stx2dDallmanet al.,
2012) This raisd obvious parallels to the 20 O104:H4. colioutbreak, and the
danger of emerging EAEC/STEC hybrid st(hiagarreGarcia, 2014)The serotypes
predicted for the ST31 strains in thpsoject were also reported irpreviousEAEC
infection studies For example, O15:H18 was the most prevalent EAEC serotype in
children of less than 5ears of age,which were hospitalized for acute
gastroenteritis in IsradgTobiaset al., 2015) In addition, EAEC O15:H18 strains have
been previouslyidentified containing alphdaemolysin genes, aombinationalso

identified in this study (Beutinet al., 2005)
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Altogether,this workusdl in silicotyping tools with WGS data to confirm MLST and
serotyping for these clinical EAEC isolates. This demonstrated both the efficiency
and advantages of this approach versus traditional laboratory typinggdirg
advances in typing and surveillanaae likely to significantly contribute to
improving the detection of virulent EAEC subgroups within this heterogenous

pathotype (RobinsBrowneet al., 2016)

4.3.5: Host Susceptibility

In addition to comparing viruleneassociated phenotypeand genotypedetween

ST, the data was also analysed to determine if strains isolated from disease cases
had a more virulat phenotype than those from asymptomatic carriage controls,
within the sameST It was found that case isolates did not demonstrate stronger
aggregation or colonisation than control isolates for any of the investigated
phenotypes. In fact, the control stns exhibited higher biopsy colonisation than
case isolates for ST3P < 0.01)However, the limitations of a small sample size
should also be considered, especially as only two control strains were available for
ST40.

These results suggest the importanof host susceptibility for symptomatic EAEC
infection. The heterogeneity of EAEC for causing disease, as well as variability of
symptoms, has been well describé@keke, 2009, Estradaarcia and Navarro
Garcia, P12) While thismay be associated with the genetic diversity of the
pathotype, the high occurrence of asymptomatic carriage is lédsty tobe related

to individual susceptibility to pathogenegisstradaGarciaet al., 2014) This further
complicates the study of EAEC overall, and any attempts to distinguish between the

proposed pathogenic and ngpathogenic subtypefChattawayet al., 2013)

Some possible mechanisms for host susceptibility to enteric pathogens including
EAEC have been identififldlores and Okhuysen, 2009ften these consist of SNPs

in host immune system componeni&stradaGarcia and NavarrGarcia, 2012)For
example, CD14 is@mponent of the Tollike receptor 4 complex with recognition

for bacterial LP&nd involved in the innate immune response in the intestinal
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mucosa. Specific glymorphisms in the CD14 gene were found to significantly
influence the susceptibility of adults to travef SN & RA EAENENE STEE 6 A
identified in patient stool (Mohamed et al, 2011) A similar effect hadeen

reported for lactoferrin, an irofbinding proteinwhich caninhibit growth of enteric
pathogensand disrupt surfacebound virulence facta including AAF® reduce

EAEC adherencend biofilm formationin vitro (Ochoaet al., 2006, Ochoa and

Cleary, 2009)A novel SNP in the lactoferrin gene was associated with significantly
AYONBIFAaSR NAa&| ZMohadmidet@lS 20874 MDadditiBrastubyNK 2 S |
of i NI @St f SNR& RAI NNFsRdBrotegdriR, QuyithuRdreguatoty { bt
protein within the tumour necrosis factoreceptor superfamily Osteoprotegerin

was produced by T84 cells in response to diarrhoeagEnimoliinfection, and the

SNP increased the risk of diarrhoea in an adult traveller cofdohamedet al.,

2009) EAEC infection induces production of the cytekinterleukin8 (IL:8) inin

vitro models and faecal samplé€Steineret al., 1998, Greenbergt al, 2002) A
polymorphism in the H8 promoter has been shown to increase both the chance of
EAE&ssociated diarrhea and subsequent faecal-8Lconcentration(Jianget al.,

2003) However, these studies have focused on otherwise healthy adult travellers,
andthere remains uncertainty whethesingle gene SNPs contrilewgignificantlyto

disease susceptibility overdistradaGarcia and NavarrGarcia, 2012)

Beyond host genetics, otherfactors may influence the development of
symptomatic disease in individual EAEC infections. The role of spegifi@apons

of the intestinal microbiota in the prevention of infectious disease is the topic of
extensive researcliMcKenney and Pamer, 2015 pecific interactions have been
reported in otherE. colipathotypes, including-actobacillus reuterinhibition of
EPEC adherence, and mixed microbial communities associated with preventing
EHEC attaching/effacing lesiof&alshamet al.,, 2016, Liwet al, 2015) However

while similar protective interactions are likely during EAEC infection, they have yet

to be studied in detail.

A more established factor in the development of EAlSEbciated disease is a
compromised immune system. This has been ‘stltied in the congxt of HIV
positive populations, which alongside malnourished children was one of the initial

patient groups to be significantly associated with EAEC as an enteric pathogen
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(Huanget al., 2006b) Many studies have found Hpositive individuals to be at
increased risk of EAEassociated diarrhoea, with symptomatic severity also linked

to progression of HIV diseag®lossoroet al., 2002, Samiet al., 2007, Wankest

al., 1998) Diarrhoeageni&. coliare also a risk for immunosuppreskpatients such

as those undergoing cancer therapies, with EAEC previously associated with acute

and chronic infections in this populatig@hacet al., 2017)

Another predisposing factor may be-gtfection with other enteropathogens. The
large UK 1ID1 and IID2 studiesuidl an association of EAEC infection with the
presence of other enteric bacterial pathogesisech asCampylobacteand norovirus
(Chattawayet al., 2013) A paediatric gastroenteritis study in Israel also reported
especially severe diarrhoea for -ofections of EAEC and norovir(iBobiaset al.,
2015) Data from amultisite birth cohort study NMalnutrition and Enteric Diseases
(MAL-ED) studypcross sites i\sia, Africa, ath Latin Americdound no negative
effect of subclinical EAEC infection alone, but-irfection with other
enteropathogens caused significant infant growth deficien¢igshaet al., 2017b)

It has been proposed thavhile true pathogenic EAEC variants can cause illness in
isolation, other less virulent EAEC subtypes may affect disease severity only in
combination with other pathogengChattawayet al, 2013) This would be a

confounding factor contributing to the heterogeneity of data on EAEC virulence.

As case isolates did not outperform carriage isolates for virulasseciated
phenotypes in this studythe data supports the theory that host susceptibility is a
major facor for the development of symptomatic disease following EAEC
colonisation. However, this does not diminish the significance of the difference in
phenotypes observed between ST40 and ST31. Conversely, the heterogeneity of
individual susceptibility to EAE@Gfaction enhances the value of characterising
subtypes with an intrinsic increased disease risk overall, as well as the study of
genotypes for potential molecular markers for improving identification of virulent

EAEC.
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4.3.6. Implications for identifyingEAEC virulence risk

While the primary aims of this study focused on the comparison of two sp&dic

of EAEC clinical isolates, the techniques applied in this investigation provide some
insight into both the challenges and opportunities for ongoing EAdS€arch in
general. The heterogeneity of the pathotype is well established, which is a
challenge for the identification of pathogenic strains against a background of

frequent asymptomatic EAEC carriggtebbelstrup Jenseet al., 2014)

The original classification of EAEC is based on its aggregative adherence phenotype
on HEp2 cells, which still repseents the golestandard diagnostic togKauret al.,

2010) This diagnostic technique requires timnensuming cell culture and
specialised facilities and expertise, practically restricting the use of the assay to a
limited number of sufficiently equipped refereadaboratories(Weintraub, 2007)

The basis on phenotypical observations is also subjective and may introduce
inconsistency between different practitionerBespite suggestions for improving
the ease of the HER assay, such aseluse of storable prprepared formalirafixed

HEp2 monolayers, many studies instead rely on the use of molecular techniques
(Miqdady et al, 2002) One of the most common is th€VD432 probewhich
targets the dispersin transporteoperon aat (Baudryet al., 1990) Alternatively,
multiplex PCR approaches are ugeddentify the plasmidborne genesaggRand

aap, or the chromosomahaiCgene(Croxeret al., 2013, Cernat al., 2003)

The majority of ST40 and ST&tainsused in this study were identified as EAEC
using the CVD432 probe as part of the 1ID1 and 1ID2 stf@ikattawayet al.,
2013) Therefore,the HEp2 adherence assay results are novel for these isolates.
The HEg2 adherence assay is considered insufficient for distinguishing between
pathogenic and noipathogenic EAE(EstradaGarcia and BlvarroGarcia, 2012)
However,differences were observed ime adherence phenotyes of the ST40 and
ST31 groupHEPR2 cells are not an intestinal epithelial cell type, so colonodike

T84 cells and sigmoid colonic biopsies were used as physiolpgalalfant models
(Nataroet al.,, 1996) Thedatapresented heredemonstrated that adherence to T84
cells consistently distinguished between ST40 and ST31 stiiisssuggests that

intestinal epithelial cell culure assag may have value for identifying EAEC
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subgroups with greateradherenceas a risk indicator of potential virulence.
However, this has the same practical limitations as the -BiEgssay, requiring

sufficientcell culturefacilities and expertise.

AA has since been shown to be a md#ctorial phenotype, contributing to the
genetic variety of the pathotyp@oreiraet al., 2003) As such, the use of probes
against single genes which are frequent in typical EAEC overall, will inevitably
identify strains with heterogenous virulence phenotypes. Attempts to determine
genes which area marker for EAEC virulence by direct comparison of genomes for
case and control isolates have so far y#n unsuccessful. Therefore, this project
hasused the alternative approach of investigating phenotypic differences between
groups of stains with epidemiological associations with disease or carriage,

combination with analysing virulence genotypes.

4.4: Summary

In this part of the studyit is demonstrated that ST40 strains, previously associated
with a higher epidemiological rate ofsgtase, display stronger virulerassociated
phenotypes than ST31 strains, associated with asymptomatic carriage. These
phenotypes encompassed elements of intestinal epithelial adherence and biofilm
formation, which are considered key steps in EAEC paihesis(Konget al.,

2015) Whilethe evidencesupportsan intrinsic difference in virulence between the
two SB, clinical isolates from disease cases did not outperform carriage control
isolates. This potentially indicates the importance of host susceptibility for disease

outcome, although a larger sample siganeeded to confirm this conclusion.

Bioinformatic analysis allowedonfirmation and further clarification ofthe
sequence typingserotyping, and corgenome phylogeny of these 16 EAEC isolates.
This demonstrates the power oh silicotools in combination with WGS as an
alternative to traditional lakbased typing approache@lerkins, 2015) Genotype
comparisonswere also performedwhich have identified a number of virulence
genes which differ between ST40 and ST31. These include adhesins (such as AAFs

and ECP) which may contribute to tb#ferent colonisation phenotypes obserde
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Collaborators (Lisa Crossman and John Wain, UEA) are currently expanding this
genotypic comparison to all 51 ST40 and ST31 isolates available through PHE to
determine if the differences in genes identified here are maintained in a larger
collection of grains. Future study isalsoneeded to characterise the importancé

these targets,such as applyingnolecular biology to investigate the effect of

introducing or deleting the gersanto strainsonin vitrovirulence phenotypes

It is increasingly recogged that EAEC pathogenicity cannot be predicted by any
single factor, and that virulence is dependent on a range of contributory genes
(EstradaGarciaet al, 2014) There also remains the risk of pathotype crossover
events, such as the gain of EHEC factors including Shiga toxin in the deadly O104:H4
outbreak, despite theEAEChackground strain demonstrating relatively average
virulence phenotypeg¢Haarmanret al., 2018) The advances in the use ofGS8 for
epidemiology are hoped to allow improved definition of pathogenic subpopulations
within the heterogenous EAEC pathotyfobinsBrowneet al., 2016)

The AA exhibited by EAEC is midtitorial and associated wit many putative
virulence genesThese findingdhave demonstrated thatn phenotypical analysis
identifies functional differences between EAEC isdatThis allows for future
targeted screening of candidate genes which may be responsible for the phenotypic
results.The factors identified in this study may therefore be relevantidentifying

EAEC virulence markers in the future.
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CHAPTER FIVE

CONCLUSIONS
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The aim of this PhD project was to investigate the enteric pathogenesis of EAEC.
The first part of the study involved the characterisation of interactions between
prototype EAEC strains amatestinal epithelialmodels, ad determination of the

effect of host cell adherence and oxygen concentration wrulence gene
expression.The second part of this project focused on determining functional
phenotypes and corresponding genotypes in EAEC sequence types associated with
disease or carriage in order to identifparkers of EAEC pathogenicity. This chapter
summarisa the major findings of this study and their impact, as well as propose

future research opportunities arising from this work.

5.1: Prototype EAEC colonisation andirulence gene

regulation

The relevant site of intestinal EAEC infection is an important consideration for
studies of hospathogen interactionsin the first part of this projectin vitroandex

vivo intestinal epithelial modelsvere evaluatedfor suitablity to investigate EAEC
virulence.This hasdemonstrated that two prototype EAEC strains, 042 ane217
adherewith similar efficiencyto the human intestinal epithelial cell lines T84 and
Cace2, used as models for colonocytes and small intestinal entgtes,
respectively.This contrasts with a previous study which concluded only T84 cells
were suitable for colonisation by strain Odfataroet al., 1996) and is also the first

reported example of strain 22 adkering to T84 cells to my knowledge.

The use of the IVOC model with biopsies from different parts of the human
intestine revealed a tissue tropism for EAEC colonisation of cdigsige agreeing

with previous IVOC studies. Refsoof EAEC colonisatiasf small intestinal biopsies

are less consistent in the literaturend data herein supports the suggestion that
EAEC can colonise the colonic epithelium more effectiighdradeet al,, 2011,
Nataro et al, 1996, Kntion et al, 1992, Hickst al, 1996) The predominant
association of EAEC colonisation with colonic tissue in the physiologically relevant
IVOC model allowed an informed selection of colonodie T84 cells for

experiments in the VDC system.
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This stuly represents the first use of the VDC model for EAEC researcthaand
presented evidence of separate regulatory effects of epithelial cell contact and
oxygen concentration on the expression of virulence geftds.proposel that the
increasing oxygen filusion gradient in proximity to the mucosal surface induces
the expression of virulence factors enhancing EAEC adherence to epithelial cells,
such as the adhesins AAF/Il and tBecolicommon pilus, and dispersin. Physical
contact with the colonic epitHeum then stimulates increased expression of
additional virulence genes. As well as adhereralated genes, this includes genes
involved in colony spatial organisatiomaf)), manipulation of the mucus layepi¢),

and secreted toxinsa6tA hlyE pet). Inportantly, the data suggests that the latter
response is independent of the transcriptional activator AggR, often considered a

key virulence regulator in EAEC.

While transcriptional changes were significant for many virulence genes, increased
protein expressionwas only demonstratedor dispersin by 042 in response to T84
cell contact. Therefore, future work could determine the effect of these signals on
translation of other virulence factors and investigate if further regulation affects
any changes at therotein level. Oxygen concentration only influenced gene
expressionn strain042 and not 172, suggesting strain specificity differences in
transcription kinetics It would be interesting to determine the effect of oxygen
availability on additional EAEStrains, such as representative isolates from the ST40

and ST31 groups studied in the other part of this project.

Followup studies could aim to identify the mechanisms involved in the
transcriptional changes reported imis work. As it washown that te increased
gene expression in adherent bacteria is dependent on physical contact8éheell
receptors responsible foadherenceneed to be determinedEpithelial surface
factors associated with EAB@dingindude cytokeratin8 andMUC1(Izquierdoet

al., 2014b, Bolkt al., 2017) Candidate epithelial cell receptors for EAEC should be
investigated in future work for a role in regulation of virulence factor expression,
for example by gensilencing by RNA inteerence or blocking of receptors with
specific antibodiesFurthermore,physical signals such as fluid shear forces have
been associated with mechanosensatiopnEHEC and require future study in EAEC

(Alsharifet al., 2015) In addition, further research is needed to characterise the
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molecular mechanisms involved the response of EAEC to oxygen and epithelial
adherence. According to results presented in this study, the AggR transcriptional
activator is implicated in oxygesependent virulence gene expression, and has
been previously associated with thercA/FNR rdox-sensing transcription factors
(Cameroret al., 2013) Future work could experimentally investigate the potential
role of these factors by determining the effect of molecular biology interventions

on the inducton of EAEC virulence genes in response to oxygen or T84 adherence.

The VDC system allowed for the investigation of EAEC responses to oxygen
concentratiors, which would not be possible wittraditional cell culture models
However, this model does not adelss other physiologically relevant conditions in
the human gut such as the presence of bile salts and digestive enzymes, which were
not tolerated by the intestinal epithelial cell lines usédhe limitation may be the

lack of a protective mucus layer, whicould be addressed by developing a mixed
culture of T84 cellsvith a higher mucirsecretingtype such ashe goblet celllike
LS174Tcell line. Future studies of EAEC virulence genes associated with
pathogenesis wouldalso benefit from greater use ofin vivo experiments
particularly for elucidating functions related to lomgrm effects such as
malnutrition or sustained inflammatory responses. Howevdristis currently
limited by a lack ofsuitable animal models which exhibisymptomatic enteric

diseasan response to EAEC infection.

5.2: Association of EAECphenotype and genotype with

epidemiological disease or carriage

EAEC is a genetically heterogenous pathotype, likely related to the ability of
multiple factors to confer the defining aggregative adénce phenotypelt is also
recognised that EAEC contains diverse strains including pathogenic and non
pathogenic groupgChattawayet al., 2013) Previous studies demonstrated only
limited success in identifyingpecific virulence genes significantly associated with
EAEC pathogenicity, and their findings were often inconsistei# likely that EAEC

pathogenesis relies on combinations of biological functions, which ez be
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affected by different factors, theaby limiting the use of single genes absolute
virulence markerqEstradaGarciaet al, 2014) Therefore, the rationale for the
second part of the study was to evaluate EAEC straingnfaitro phenotypes
relevant to pathogenesis followed by analysis of WGS data for related genotypic

differences.

This work built on a previ@uMLST study of clinical EAEC isolates, which identified
an epidemiological association of ST40 strains with higher rates of disease and ST31
strains with asymptomatic carriag€hattawayet al., 2014b) In this project, it has

been shown that ST40 strains exhibit significantly greater adherence to T84
intestinal epithelial cells, colonisation of colonic biopsies, and formationadilroi

in comparison to ST31 strains. Additilgaa final year undergraduate student in

this group demonstrated that ST40 isolates induced higher levels-®fskcretion

from T84 cells. Therefore, the epidemiological association of the ST40 group with
disease correlates with the experimental results for phenotypes related to EAEC
pathogenesis, with T84 adherence exhibiting the most distinctive difference

between STs.

While screening for viruleneassociated phenotypes could be effective for
predicting the pathogenic risk of EAEC strains, such assays are impractical for rapid
and costeffective public health applicatien However, the characterisation of
virulence gene profiles associated withe phenotypic differences may identify
markers that can be uskefor screening by PCR or genome sequencing approaches.
Analysis of WGS data for the ST40 and ST31 strains used in this study determined
genotypic differences with relevance for EAEC biological functions. These include
adhesins associated with colonisatigunenotypes, and bacterial surface factors

implicated in induction of host inflammatory responses.

A limitation of this study was the relatively small sample size (8 strains from each
ST). However, a current collaboration with Dr Lisa Crossman, UEpargiarg the
genotypic comparison to include all available EAEC ST40 and ST31 genomes

sequenced at UEA and PHE (currently 51 total isolates)

While putative virulence genes differing between ST40 and 3/&3& identified
there remains uncertainty regardintipeir expression and importance fan vitro
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phenotypes. Therefore, future work should also focus on determining the
functional influence of these virulence factors. Molecular biology studies could be
performed to introduce, overexpress, or delete targeings in EAEC strains and

determine if virulenceassociated phenotypes are altered. It would also be
interesting to investigate if specific interventions can abolish the significant

differences between ST40 and ST31 isolates, such as changing the AAB.varian

Finally, this work applied bioinformatics tools for timesilicotyping of EAEC strains
using WGS data. The resuti§ in silicoMLSTanalysis were consistent with the
previous STassignments performed using PCR. The use of genome sequences to
predict serotypes revealed greater detail than was available from laboratory
antigen testing. However, there were some inconsistencies in assigned antigens, so
further research is needed into the relative accuracyirokilicoserotyping. It is

likely that furthe advances in sequencing and bioinformatic technologies will
continue to improve the options available for characterisipgpulations of
pathogenic bacteriaThis ispredicted to also affect the future definition d&. coli
pathotypes, which is of particat relevance fom group as heterogenouss EAEC

(RobinsBrowneet al., 2016)

5.3: Summary

In summary, workrbm this PhDproject hasdiscovered novel regulation of EAEC
virulence factors implicated in pathogenesis by signals associated with the human
gastrointestinal environment. Oxygen concentration and physical contact with host
epithelial cells both modulatéhe expression of virulence genes amight serveto
restrict transcription to intestinal niches advantageous for colonisation. This study
has also demonstrated the potential of screening clinical EAEC isolates for
virulenceassociated phenotypes. ST40astrs, epidemiologically associated with a
higher rate of disease, were compared to ST31 strains, associated with
asymptomaticcarriage. TheST40 isolates exhiled greater adherence tan vitro

and ex vivocolonic epithelium models, increased formation mbfilm, and higher

induction of preinflammatory IE8 secretion from host cellsAlso presentedare
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genotypic differences between th8E related to pathogenic functions, including
adhesins, toxins, and flagell&he findings of this project contribute tthe
understanding of EAEC pathogenesis in the human host and provide new targets for

the future development of virulence markers for highk EAEC strains.
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APPENDIX ONE

SUPPLEMENTARY DATA

Collaborative work:

Interleukin8 ELISA experiments performed by Leah Bundy and Stephanie Schiller
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Appendix 1.1 Virulence gene query sequences

>aggR  Sequence ID: FN554767.1
TTATTGGCTTTTAAAATAAGTCAAGAATTGTTTTGGTGTTATGCCAAAATGTTTTACAAAAAGCCTAATG
AAATATGATGTACTBBATCCTATCATATTAGATATTTGTGATATCTGATATGAGTTATCAAGCAACA
GCAATGCTGCTTTGCTCATTCTTGATTGCATAAGGATCTGGTTAAAAGTAATATACTCTGACTCAAGCCT
TTTCCTTATTGTTATCTCTGATACATTAAATTCATCTGCAATAATAGCTAGAGTCCATCTCTTTGATAAG
TCTTTCTCGATTATGTTTCTGACTTTATCAGAAAAGAAGCTTACAGCC GRNTAITASRAA T
TTTTTTTGTTGTTTTCGATCTTTGATATAAGATATATCAAATCTGAAGTAATTCTTGAATCATCATTATT
ATCGATACTCTTGAATGTATCTAATACAGAATCGTCAGCATCAGCTACAATTATTCCTTTTGACCAATTC
GGACAACTACAAGCATCTACTTTTGATATTCCGTATATTATCATCAGGGCATCCTTTAGGCGTCTTAATG
TATCGCTGCTTAATCTGATTGCGATARRTGGRGTTGATTTCTTCTTTTGCAATCTTACTGATAT
ATTTATTCCTCTCTCAAGAAATATGAGTTCATTTCTAAGATATGTATTGCTTCCTTCTTTTGTGTATACA
TCGATTGTACAATTAGATGTATATAGTACAGTGTACTGATGTATTCTGATATTGTTGATTTTTATAATCT
CTTTTTCGATGTTTTGTTTTAATTTCAT

>pic FN554766.1
TCAGAACATATACCGGAAATTCGCGGUIMTATCCACGTTATATTTACCAAAGGCTGACTTCTCA
AACTCCAGACCAAAGCGCATATTGTCCTTTATCTGCGCATTCATACCAACATTAAACAGCATCCGGCTGT
CCTTCTCTCCTTTTATCCGTTTCTCCCCGGACGCATCACGCAGTACGGTCTCTCCATTATTCAGCAGGTC
AAACTGCCAGCTGGTTCCGGCACGGGCCGTCACACTCCAGTCCTTACCACTGAAGGTCTTGCCCAGTTCA
ACCCCTGTTCTTCCAACCAGCGGACTGAAGTCCCTGTTCTTCATGCTCAGGTCCATATCACCGTCTTTCC
AGCGGAATGTTTTCCCGGACACGGCGCCGTAAACCAGTTCAGCCTGCGGCTCAATGAACGTGTCCTCTGT
CAGGTGATAGCGGTAACCCGTTTCAGCACCGGCATACCAGGAATGGGTGTTGTAGTGTTTCGTTCCCAGG
CTAGCAAAGTTACCTGTGTAATCATTGTCATGGTGALTANRATTAMATCGATATAGGCACCGG
ACTCAAACAATGCTGAAGCATACAGACCGCCCCCCACCGATTTCGTCTTTCCGCTGAATGCATGGCTGTC
TGCACTGCTGTCGGTATAGGTCATCGTGACACCGGTAAACAGGTCCACACCGTCCAGTTCATGTTTTTTG
TCAAAGCCGACCTGAACATGGGTGTAATTATCACTGTAACCACCGTCTGCAGAACCGGCACCACTCATGA
TGCGCGCCCAGGCATZGCACCGTTTGTGTCACGCAGGTCACCCATACGTTTGTTCAGATTGTTAAC
TTCCGTCATGAAGTTTTTATACCCGGCATTCATGAAACTGTCAGCCTTCGCGGCAGCGGCTTTATCAGCC
TCCGCTTTAAAACCATCCAGTATCCACTTCGTATTGCCACCACTGGTATCAACATGCAGGGTTGGGGTCA
CCCGACTGAAACCTGTCACCCGGGTGCCGGCCTTAAACATCTCTGCTGNABITGTGACCG
CAGAGGAATATTCAGGGCCTGTCCCTGAGCAGGATTATTCATAAAGCTGACGTTCAGGCTGTTATCTGAA
CCAGTGGCTTTTTCAGTCACATTAATTTTATCGGCATTTTTCAGGTCCGTACGCAAAACAAAATCACTGC
CTGTTGCATCCAGTTTATTCACCGTCAGGGTACGGAATGTACGGTCTCCTTCAGAACTAATACGGCTGTT
TCTGACGGTAAGACTGTGGATGGCAGAEBICCAGAGTCCACAGTGCATTATGCATACTGACATCA
GCCCTGCCACCGGTTATGGCACCATTGAATGCTGCGTTATAGCCCTCAAGAAGACTGCCGGCAAACGCCG
ATGCAGCCGTTTCCGCAGAAGCCAGTTCTGCCGGCGTGTCAGACCCGATGGTAACTGTTGATGCCGCAGA
GGCATGAATATCACCGGAAGCATGTGCTCCACGGGTAATTTCCAGTGCTGCGTTATCGCCGGTCAGGTCA
TATCGTCCGTCAGATATACAGCAGGGGCATACTGATTAGCCGTATCTTTAACCGGTGTACCGCTCAGGG
TGATTTTGCCGTTCTTACCGGCCTGAATATGCCCGTCGCTGAAAAGACCGTTCAGTGCTGTAAGATGACC
GCCATCATGCACTGTCAGTGAACTGCCGGCAAAAGCACCCGGGGCTGTCAACAGGACGTCCGGAGAGGTG
ATGCTGACGGCACTGTCATAAGCGTCAATCCCCCCGGBEAXTXTPGCTAGGGCTGAGTTAT
GGTTCAGCGTAATATTCCCTTCATACTGGCTCCTGTCATTCACGGTGTCCGGGACAGAGGTACCTTCCTC
CGGAATGACATAATTTCCTGTTCCGTCATTTTTATCCACAAATGCCCTGTCACTTCCCAGTGTGATATGG
CTGTTATCCGACTTAATGTCACTGTTCAGCGAGGCGTTACGTGAAAGATGGAAGTCAGCGTCTTTCAGCG
ACAGTGTTTTCATTGTBWRACGGTTTTCCCAGTCTTTCTGGTTCAGGCTGACCGGTGCACTGCCACT
GATGGAGGCATGGATAACCGGATGTCCCTGGAATATCAGGGTGCCACTGTCCTGACTCAGGGTACCTTCC
GGCAGGTTCACGCTACCATCAAAGATGACCTTTCTTCCCCCCGGCACCTGTGGAATGGCGACATCCATAT
TCCCGGTCAGCTGACCATGAAAGATAACGGGTTGTTTTGCCCGCCCGGCTRGGATEICTATCT
CTGAACTGCTTTGTTTTTGTCCATGCCAACAAACTCCCACTGAGCCGGATCATTCAGGCTGTTCCCCCAC
AGAGTGTTACCATAGCTGGCAGATTTCAGAATATAGAAGCGGGTCTGGCTGTTGAGTATCATGCTGTACA
GGTTTCCTGGAGTGCCGGTACCACCAAAGGGGGATATATTTCCAATCGTCGGTTCACTGACATTTGTATC
CTGAGCCTTAAGATCCAGTAAAAGCTGGGATUTGTIGCATTATTTGTAATCACCGCCCCGTAATCA
GCAGCCTGCAGTCGGGTGAAGGTAACGGCATTACCATTAAGGTCAAGCTTACCTCCCCGGTATCCCCATG
AAATGTTATCCGGATTGACCTGACGGGCATCCCCGAGCACCACGGTCGGACGTCCGCTGGCGAGGTTCAC
TGAACTGAAGGCCTGGATATTACCTGCAGTGTCTGCCTGCTGGTTAAGTACAACGATACCGTCTCCCGTT
TTCAGICTCCCGGGTTTACACCTGTTCCGTTTATGGTCAGGGTTCCTTCCCCCAGCTTATGCAAGTTGT
CACCGGCAACGCCGTTGACCTTCCAGGTTACATTCGTCCCCTTGTCAGTAATAATGCCGGCACCCGTCCA
TGTTTTTCCGGATTCAGCAGATACGGTGTAACTGTCTTTAAATTCGAGATAACCGGCACCCTGAGTCACA
CTGTCTTTCAGGATAATTGCACCATTCTGCCCGCTGAATASCBGATRITGAGGTCATTGT
CTTTCTGCCCGTGCATGGTCCAGTTTTTACTGCCCTGGCTCAGGGTACCTGTGCCTGATGTTTTGTCGTA
TGTCCAGTTCAGGGGGCCCAGTCCGGAAACAAAGTCTACGGGGGCATCGAAATCGTCCTGCATAACCTGG
TTCAGATAATCTGTTGGTATGACATTCCACCAGTTCGTAGCACCATTAATACCTGCATATGCTCTTAATA
CAGCAACAATAACCCATITIMITTGTTTATCATAAGCAAACAAAGGAGAACCACTATCCCCAGGGGC
TCCATAGTCAGGTAAAGGGCCGTTTACAGGATTATAAGTTTGCCCGGGATTAGAGACTATTGTTGCATCA
GATATCAGAGGAACTCCTGTGGTTCCTCCTGTTTTAAAAGCATATCCACCGGCAACCTTAACTAAATTTC
CGTCCTTGTCCTTAGTGTACTGCGTACCACTACCCACCCGATAAAAAGCGGBEEARRCGTTCAGT
ATAAGCATTGGCTTTGGTTCCTTCTGATGTTACCGCTGAGGGAATAACTTCTGTAACCAGTTTATTCAGA
CGTGGAGCATGGAAGTCAATAGAAGGGTGGTTATTACGGTCAACAAGGGAATATGTATTTTTCCCATTAC
CAAAGCTCACACTCCGATATCCTCCGTTATGCTTTACGCTGACGATATACTGAGGTGATACAAGCGTAGC
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AACGCCATTTGAGCTCACACTGCTGAAATTGGGGATTTACCCAGTCTTCCCACAAGTTTTCCG
TCCTTATCATATACCGGAATATCATTGGCACCAGGTACAAAAAGCCCTTTGTTTTCGGCGAAATCACGAT
AAATCTGATAGGCAATATCGGAACGGACAATACCCGCCTGGGATATCTGAGAGTAACACAGACAGATTGC
TGGAATGCCAGCCAGAAGAATATGCGTTAATCTTCGGCATGTCTTTTTTATTACCCTGCGGGCAAGTTCA
GAGACAGRATAAGCCCCCCGGTGACGGGGCAATATTTAAGAGAATAAACTTTATTCAC

>aap FN554767.1
TTATTTAACCCATTCGGTTAGAGCACGATATTTTTGGACTCCAACCTTATTTGTCTTGTTAATGTCTTGG
TTCGTATTTACAGGTGTGGAGGGGGTAACAACCCCTTTGAAGTTGCTTGTTGTGCCATCATTATAATAAA
ATACCCCAGAGACAGACACCCCCCTTACTTTCCCTTAAGRANREATACTGAGACACCGCT
GTTATAAGTATACTGTACTCCAGACTGTTTTATACATTGGGACGGGTCCACATTATCTGCGTTCCAACCG
CTACCACCCGCAAAAGCATTCAGGCTGATACCCAAGATGCCAGAAAAGATAACAAACTTAATTTTTTTCA
T

>astA FN554767.1
TCAGGTCGCGAGTGACGGCTTTGTAGTCCTTCCATGACACGAAGCGCAGGCTGTTGCGCACCATATGCAC
GATGCATAACTGGATGCGGGCCTTCGGATATACTGTGTTGATGGCAT

>hlyE FN554766.1
TCAGACTTCAGGTACCTCAAAGAGTGTCTTCTTACCGTGTCTTTTCTGATACTCATTACAGGTGTTAATC
ATTTTTTTTGCCGCTTCTTTTAGCAAAGAAAGCATTAAATCATCATAATCAACGTAGAATCTGGTTGTTT
CAGTTTCCGTTTTTATCTCCCCGATGGCGGCTATTTCGGTCSSITTKAGTGGCATCGATATC
TTTATTCGCTTGTTTAACCGTGTTAGACAGGGTGGTAAAGAAACTCTGCACAGACTTTAACTTGTTCTTC
AATTCTGGAATCAGTTTCCCTTCAACTACGCCCGCAGCAATAGAATAGGAAATGATTAATCCAAATGGAC
CGGCGACGACACCGGCTGCGGCACCGGCATACGCTTCCTTCCTGATTTTATCTACCTGTGACTGGAAATA
GCTGCTTTTTTCTGAABAATGGTTAACTGGCTATCTAACGCCAGCAGTTTTCCGGAAGCGTTGTTG
AAACTTTGTGAGCTTACCAGCAGAGATTTTTGCGCTTCATTCAGCTTCGTGATGCCGTCATCCAGTACCT
TAATGAGAATGTCTTTCTGGGCGGATGCTTTCTTCTCATTGTACTCATCAAATAGCAAAATATATGCTGC
GAGCAATTGTGTCGCAACACCACACCATTCATACACCGTTTGGGTTGCTTCASSIWCTTATC
TCCATAAGTAAGGTTTTAATATCGCCAACTAAAACGGAGGCTGCCTGTGAATACTCCTGTTTAAAGCGAC
TTAACTCTTTTATGGTTTCATCGAAGGTCTGCCAGGGGATGACCTGATCGAGATATTTATTATAAAGGTC
TAATGCTCCATCTGCGGTTTCGATTGCGTTTTTAACTACCTCTACCGTTTTATCTGCAACGATTTCAGTC
AT

>pet FN554767.1
ATGAATAAAATATAICATTAAATATAGTGCTGCCACTGGCGGACTCATTGCTGTTTCTGAATTAGCGA
AAAAAGTCATATGTAAAACAAACCGAAAAATTTCTGCTGCATTATTATCTCTGGCAGTTATTAGTTATAC
TAATATAATATATGCCGCCAATATGGATATATCTAAAGCATGGGCCCGGGATTATCTCGATCTGGCACAG
AATAAAGGGGTGTTTCAACCAGGTTCAACACATGTAAAAATAAAACTGARBGRCGGGAT
TTCCAGCACTTCCTGTTCCTGACTTTTCATCTGCAACCGCAAATGGAGCTGCAACAAGTATTGGTGGTGC
CTATGCCGTAACCGTTGCACACAATGCAAAAAATAAGTCATCAGCTAATTATCAAACATACGGTTCTACG
CAATATACTCAAATAAACAGAATGACAACTGGAAACGATTTTTCCATTCAGCGATTAAACAAGTATGTCG
TGGAAACAAGAGGGGCTGATACATCATATAATGAGAACAACCAAAATATTATTGACAGATATGG
CGTAGACGTTGGAAATGGAAAAAAAGAAATCATTGGTTTTCGTGTTGGTTCAGGAAACACCACTTTTTCC
GGAATAAAAACATCCCAAACATATCAGGCTGACCTGTTAAGTGCATCACTATTCCATATAACAAATTTAC
GAGCAAATACTGTCGGAGGTAACAAAGTGGAATATGAAAATGACTCATATTTCACTAACTTAACCACTAA
TGAGACAGTGGATCAGGCGTGTATGTATTTGATAACAAAGAAGATAAATGGGTTCTACTTGGAACAACC
CATGGAATAATAGGGAACGGAAAAACGCAAAAAACATATGTAACACCATTTGACTCCAAAACCACCAATG
AATTAAAGCAACTATTTATTCAAAATGTTAATATTGATAACAATACTGCTACCATTGGTGGTGGTAAGAT
AACTATTGGCAATACAACTCAAGATATCGAGAAAAATABAGATAABAGACCTAGTGTTCTCT
GGTGGTGGTAAAATCTCATTAAAAGAGAATCTTGATCTTGGATATGGTGGGTTTATTTTTGATGAAAATA
AAAAATATACTGTTAGCGCTGAAGGGAATAATAATGTCACCTTTAAAGGTGCAGGCATTGATATAGGTAA
AGGCAGTACTGTTGACTGGAACATCAAATATGCCTCAAATGATGCACTGCATAAAATTGGTGAAGGGAGC
CTTAATGTCATACAGGAIBAATACGAATCTGAAAACCGGGAACGGGACCGTCATTCTTGGCGCACAGA
AAACGTTCAACAATATCTATGTCGCCGGTGGCCCGGGCACAGTACAACTCAATGCAGAGAACGCCCTGGG
TGAGGGTGATTATGCTGGTATTTTTTTCACTGAAAACGGCGGAAAACTCGACCTGAATGGTCATAACCAG
ACCTTCAAAAAAATTGCTGCAACAGATTCCGGAACCACCATCACTAACABGRAESANGHGIALCTA
TACTGTCGGTCAATAACCAGAATAACTATATCTATCATGGTAATGTGGACGGCAATGTACGCCTTGAACA
TCACCTCGACACTAAGCAGGATAATGCCCGCCTGATACTGGATGGTGATATTCAGGCAAACAGTATCAGT
ATCAAAAATGCCCCTCTGGTAATGCAGGGCCATGCGACTGATCACGCCATTTTCAGAACAACAAAAACAA
ATAATTGTCCTGAGTTCCTCTGTGGCTGIGNCACCAGAATCAAAAATGCTGAGAATTCAGTAAA
TCAGAAGAATAAAACCACCTATAAATCGAATAACCAGGTTTCCGATTTGTCCCAGCCGGACTGGGAAACC
AGAAAATTTAGATTCGACAATCTGAATATTGAAGATTCATCATTATCCATTGCCAGAAATGCAGATGTTG
AAGGTAACATCCAGGCTAAAAACTCTGTGATAAATATCGGGGACAAAACGGCATATATTGATCTGTACTC
AGGAAAAATATTACCGGTGCCGGATTCACCTTTCGTCAGGACATAAAAAGCGGTGACTCCATCGGTGAA
AGTAAATTTACCGGGGGCATTATGGCAACAGATGGCTCCATCAGCATAGGGGATAAAGCCATTGTCACGC
TGAACACGGTCTCGTCTCTGGACAGAACAGCGCTGACTATCCACAAGGGGGCGAATGTTACGGCCAGCAG
TTCCCTTTTCACCACCAGTAACATCAAATCCGGAGGCGRECTGEUBITIAACAGAATCGACC
GGGGAAATCACTCCGTCGATGTTCTATGCTGCAGGAGGATATGAACTGACGGAAGACGGGGCTAACTTTA
CCGCCAAAAATCAGGCCTCTGTAACCGGTGATATTAAATCCGAAAAAGCAGCAAAACTTTCATTTGGCTC
CGCTGACAAGGATAATTCTGCCACAAGATATTCGCAGTTTGCTCTCGCGATGCTGGATGGCTTTGATACG
TCCTATCAGGGCAGCAGTAA GCACAATCCAGCCTTGCAATGAATAATGCGCTCTGGAAAGTGACCG
GCAATTCCGAGTTGAAAAAACTGAACTCCACCGGCAGTATGGTGCTCTTCAACGGAGGGAAAAACATCTT
CAATACACTGACTGTCGATGAACTGACAACCAGTAACAGTGCCTTTGTGATGCGAACCAATACACAACAG
GCAGACCAGTTAATTGTTAAAAACAAACTGGAAGGTGCAAACAACCTGCTGATRAGAGSATTTT
AAAAAGGAAACGACAAAAACGGTCTGAACATCGATCTGGTTAAGGCTCCTGAGAATACCAGTAAGGATGT
CTTCAAAACTGAAACACAGACCATTGGTTTCAGTGATGTAACCCCTGAAATTAAACAGCAGGAAAAAGAT
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GGCAAATCTGTCTGGACGCTGACCGGGTATAAAACGGTGGCAAATGCTGATGCTGCGAAAAAGGCAACAT
CACTGATGTCAGGCGGCTATAAAGCCTTGEEB3ICAACAACCTCAACAAACGTATGGGTGATCT
GCGTGACATTAACGGTGAGGCCGGTGCATGGGCCCGTATCATGAGTGGAACCGGGTCTGCCGGCGGTGGA
TTCAGTGACAACTACACCCACGTTCAGGTCGGTGCGGATAACAAACATGAACTCGATGGCCTTGACCTCT
TCACCGGGGTGACCATGACCTATACCGACAGCCATGCAGGCAGTGATGCCTTCAGTGGTGAAACGAAGTC
TGTGGGICCGGTCTCTATGCCTCTGCCATGTTTGAGTCCGGAGCATATATCGACCTCATCGGTAAGTAC
GTTCACCATGACAACGAGTATACCGCAACTTTCGCCGGCCTTGGCACCAGAGACTACAGCTCCCACTCCT
GGTATGCCGGTGCGGAAGTCGGTTACCGTTACCATGTAACTGACTCTGCATGGATTGAGCCGCAGGCGGA
ACTTGTTTACGGTGCTGTATCCGGGAAACAGTTCTCCTGGAMFTBIAREGCACCATGAAG
GATAAGGACTTTAATCCGCTGATTGGGCGTACCGGTGTTGATGTGGGTAAATCCTTCTCCGGTAAGGACT
GGAAAGTCACAGCCCGCGCCGGCCTTGGCTACCAGTTTGACCTGTTTGCCAACGGTGAAACTGTACTGCG
TGATGCGTCCGGTGAAAAACGTATCAAAGGTGAAAAAGACGGCCGTATGCTCATGAATGTTGGTCTGAAT
GCTGAGATTCGTGACAACGBTRCTGGTCTTGAGTTTGAGAAATCGGCATTTGGTAAGTACAACGTGG
ATAACGCCATCAACGCCAACTTCCGTTACTCCTTCTGA

>ecpA  FN554766.1
TTAACTGGTCCAGGTCGCGTCGAACTGTACGCTAACGTCGCCGCTCCAGATGCCTTCCGGTAGAGTGCTG
TAATCGGTTACTGCGGTGGTACCATTGGTGGTGCCGCTGATGATGGAGAAAGTGAAACCATCCTGTGCGG
TGGTACGAGCTGGCATTGTAACCGTTAGCCAGTGGGCTAAGGTTGCCGCCCAGTACGCCGTTGGCGGT
ATCGATCATCACGGTATCGCCAGTTTTTTCGACTGCCGCGCCGTTATAATCCACGCCCACATTCAGTGTG
GAACCTGAGGTATCCAACTGGGTTAAGGTGTTGGTGATAAGACGTGAGGTCAGTTTAAAGGCGGTAGCCG
TTGAGTCACCCTCGATAGCTACGTCAAATAGACCTTTCTGTGRE FRAFACITI CGGCATA
CTGGAACGCCAGGCTACCGAGTGGCGTCACAACCAGTTTACTGGTGGTGTCTTTTTTGGCTGTTGCCGAC
CAGGTCGCTACAGCCTGAGCCGTTACGTCAGCAGCCTGCGCCACACCCATGCCGGTAAACACCGTTACCA
GAGCTATTGCCAGAACCTTTTTTTTCAT

>aggA  U12894.1
ATGAAAACATTAAAAAATATGAGAAGAAAGAATTTATGCATTAURAGTIBGTCTTCTATCTA
GGGGGGCTAACGCTGCGTTAGAAAGACCTCCAATAAAAGCAACTGAGACAATCCGCCTCACCGTTACAAA
TGATTGTCCTGTTACTATAGCTACAAATAGTCCACCAAATGTTGGTGTATCGTCAACAACACCAATAATA
TTTAACGCAACAGTAACGACGACAGAGCAATGTGCTAAAAGCGGTGCAAGGGTCTGGTTATGGGGAACAG
GTGCCGCTAATAAGTGGGTBRAERATACTACAAATACAAAACAAAAATACACATTAAATCCATCTAT
AGATGGAAATTCATATTTCCAGACTCCAGGAACTAATGCAGCAATTTATAAAAATGTGACAACCAGAGAC
AGAGTTCTGAAGGCAAGTGTCAAGGTTGACCCTAAAATTCAAGTATTAATACCAGGCGAATATAGAATGA
TACTCCATGCCGGAATTAATTTTTAA

>aafA FN554767.1
ATGAAAAAAATCAGAATGTTRGTGCTACTTTATTATCAAGTGGAGCCGCTATTAATGCAACTGCGG
TAGCAAAAACTGCGACCAGTACTATCACTGTAGTGAATAATTGTGATATAACGATAACACCGGCTACAAA
TCGTGATGTCAACGTTGACAGGAGCGCAAATATCGACCTGAGTTTTACTATTAGACAACCGCAACGCTGC
GCTGATGCTGGTATGCGAATAAAAGCTTGGGGGGAAGGCAATCACGGTCAATTRINAGATAAAACC
GAGGAAATAAATCAGCAGGATTCACTCTGGCCTCTCCTAGGTTTTCTTACATTCCGAATAATCCAACAAA
CATTATGAATGGATTTGTTCTTACGAATCCTGGTGTTTATCAATTAGGAATGCAGGGCTCAATTACACCG
GCTATGCCACTACGACCAGGAATATATGAAGTAGTATTAAATGCTGAGCTTGTGACAAATTAA

>agg3A AF411067.1
ATGAAAAAGATAAGTATCATTGOGKBSTATTCAGCTTGTACAGTGGGTTATCTATAGCAGCGGGAT
CCAGTTATTACAGGGTAACAAGGGAAATATTAGCTAGTGCTACTGCAAAATTAAAGTTTGTAAACAAATG
TAGCTTAAATCTTTCAATAAGTGGTATAAACGATGAATATCAGGCTCAGCCAGGACGAGGAGCATTAAGA
GTAACGTTCACCCCAACGTTTGATAACAATTGCAAGAATATAAATGCTAAGTATCATBTTGGGGGGATG
GAAAAAAAAATCAATTAATTAATGAGCGGGGAGATAAATATACTCTTAGCGAGTATTTTGTTGGGGGTAA
CTTGGACCGCGTGGGAACAAATACTGGACATTTTTCGGGCACAGTGACAAGAAGCGGTAATTACAACGTT
CAAGTTGTTATTCCAGACCAATATATTAAACCTGGAAGTTACTCTATAACAGCCCATGGTGTTATGGTTT
TACCATAA

>hdaA  EU637023.1
ATGAAAATTAAGANTAGTGATTATTGGCGGTCTTATTTCTGGCATGTCGATAATTCCATTATGTCAGG
CTGCAACAATAACAGCTCAACACACAGTTGAATCAGATGTTGAATTCACTATGAATTGGGTTGATTCAGG
GCCAACAAAAACCACAGCAAAAAATAATGAGTTGTGGGGCTACCTGGATTTAACTCAAACCAGTGGTACT
CCGACCTATGGAAAACTCAGTAACCCAAATGGTGGAAATTCCCCGGGTRIERATGAAAG
TCATTGGCCCTAATGGCAGCAAGGCAAATGCTTATTTGGCGGCTTATGGTGCTCCTATCGATCATAAGAC
TGGGGATAGCTTTGTTAGTGGAGTTAAAGTAGGTAGTGGGAATGGATATAAACCGTTTGTTGTTGGCGCG
GTTTCAAGAATAGCTGTAAAACTAAATGGAGATCAGACGTTAACGCCTGGAGTTTATCGAACGACATTCA
ACTTGACCACTTGGAGTAATTAA

>aaf5A AB571097.1
ATGAAAAAGATAAGTATCATTGCGAGTCTGGTATTCAGCTTGTACAGTGGGTTATCTATAGCAGCAAATC
CAACACCTAGTTCTTTAACTAGTATAGCCACAGGTAAAAGTATTGTTTCATCAACTGGAACTATTACTAT
TTCTAATTCATGTTCATTATCTATTAGTTCGCCTAACCCTGTAACATATACTATTCCAACTGATAAAGCA
GATAAATATATAAATTTCCAGTTAGATTEIACCCTAGATGTAAAGCGTTAGGAGGAACTGTTTATT
TTTGGGGGGCAGATGCTAAAGATGGAAAGCTTGTCATGGTAAAGGGCAATGATAGATATACTTTAATGAC
GACGTACGGTGGAAGTGTACAGCAAAAACTAGGAGCTGGTTACGGATATTATCATGTATCTAAAAACACT
ACCCCACAAACTCTTTCTGGTGTAGTATCTAAAAACGGTCCTTACAAACCCGGACAATATACCGTAGAAT
TGATGGATTCTTCAGCTTAAATTAA
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Appendix 1.2 Supplementaryfigures

Figure A.1 The soringscalefor EAEC colony size on human colonic biopsies.
Representative images showing colonisation scale for each score. 0 = no bacteria;
isolated bacteria or very small aggregates, < 10 bact2riasmall defined colonies,
approXmately 10-100 bacteria3 = medium to large defined colonies, apgroately 100-
1000bacteria;4 = very large colonies, appimately>1000 bacterialmages btained by
scanning electron microscopy of sigmoidal colonic biopsies incubated with EAEC for

hours.
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Figure A12 Virulence gene profiles identified by alternative tool8LAST alignment was
performed for all ST40 and ST&tains using the query virulence gene sequences in
Appendix 1.11n silicoPCR was performed using primer sequences obtained from Marie

Chattaway (GBRU at PHE)
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FigureA1.3 Induction of Il-8 secretion from T84 cells by EAEThnfluent T84 cells were
incubated with EAEC for 3 hou(®OIl = 7.5 bacteria/cell)Bacteria were killed with
gentamicin (5Qug/mL), and IL8 concentrations in supernatants were determined by ELISA
after 24 hours. Data is shown for three independent expents, in duplicate. **P <
0.001. Th work was performed by Leah Bundy and Stephanie SdBiiltaty, 2018)
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The Norwich Biorepository

The donation, collection, storage and use of samples of tissue
and/or fluids and/or other material from an adult for research

Information sheet for patients - Version 15 (21 February 2014)

Thank you for considering giving a sample for biomedical research. This information
sheet provides a brief summary to help you to understand what this means and
involves.

There is a consent form after the information sheet. It is important that you complete
and sign it, if you decide to give us a sample. Please complete all parts of the consent
form.

Doctors and other health professionals often take samples (which may be blood, small
biopsies, or something else) from patients to help tell us what is wrong and how best to treat
it. Larger pieces of tissue or whole organs may be removed by surgeons from some patients
as part of their treatment.

Cluite often, some of the test sample or surgical tissue is left over at the end. The left-over
sample can be used by other doctors or researchers in special experments to leam more
about illness, how it happens and how to treat it, and sometimes to help make new
medicines.

We would like to do some experiments on any left-over sample or surgical tissue, once your
tests are finished. To do that, we need your permission and signed consent.

Samples donated (given) to the Norwich Biorepository are not:

+ MNormally used in animal research. It will be made clear to you if animal research is an
integral part of the project for which we are sesking a donation.

+ Lsed in cloning experiments. However, the Biorepository would consider the use of
donations in non-reproductive cloning experiments based on their scientific value and
in the context of prevailing law and ethical standards. It will be made clear to you if
cloning experiments are part of the research project for which we are seeking a
donation.

If you want to help us, please sign the form at the end of this document.

Continued ...
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If you give permission for a sample to be taken —
+ The Hospital will own the sample.

+ The sample may be stored, usually in a deep freezer, until it is used. The freezer is
refermed to as a tissue hank in the consent form.

+ Mobody involved in the research will know where the sample has come from.

+« The sample will be used only in experiments that are ethical and to help other people.
Please see the section enfitled ‘Scienfific and ethical approval® below to understand
what we mean by ethical.

« Your donated sample(s) and any genstic material derived fram it (them) may he stored
for an indefinite amount of time for future research projects, which may include whole
genome sequencing. Whole genome seguencing means reading your total DNA code
{your genetic blugprint) in a single assessment.

« We might give some of or all the sample to other doctors or researchers for their
expenments, if they are ethical and to help other people. Some of these people might
waork in companies in this country or abroad.

« [Data denved from your sample{s) may be placed anonymously in an international
datahase to be used in future research. While we will take all possible steps to
maintain your anonymity and protect your privacy, there is a very small risk that
genetic information produced in the research and stored on databases could lead to
your identification by being linked to other stored information.

+« We will keep some facts about you on our Biorepository database.

+ Although these facts might be given to the research doctors or scientists to help their
experiments, we will NOT tell them your name or other details that would let them
know who you are.

+ Daoctors in the Hospital might also read your hospital records to help them understand
what the doctors or scientists find out in the experiments. This is possible because
your hospital records can be linked to the anonymous research sample without loss of
confidentiality as far as the researchers are concermned. If the research results are
important for you, it might be possible using this linkage to feed back the information
to your doctor, so that any appropriate action can be considered.

Your treatment will not be affected in any way, if you do not feel able to say yes to our
request for a research sample.

The next sections give you some more detailed information. If you have any
questions, please do not hesitate to ask the person who is seeking your permission.

WHAT WILL HAPPEN

Tissue, blood or other samples taken from you for diagnosis andfor treatment of your
condition will be sent to the Pathology Laboratories, where they will be tested to decide
exactly what they are and whether any further treatment will be necessary. This is a standard
part of treatment. Only as much tissue or fluid as is needed will be removed.

Continued............
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MEDICAL RESEARCH AND WHY THIS PROGRAMME IS IMPORTANT

When all the routine tests have been done, if any samples are left over, with your consent,
they could be donated (given) for use in medical research. As part of a research programme
which now includes the Norfolk and Morwich University Hospitals NHS Foundation Trust, the
James Paget University Hospitals NHS Foundafion Trust, the University of East Anglia
{(UEA), and the Institute of Food Research (IFR), some of the sample or material extracted
from it will be stored in the Norwich Biorepository (usually in a special deep freezer) for use
by ourselves or by researchers from other centres at a later date. Some of this research
may invalve an assessment of genetic material (DMNA andfor RMA) to help us understand the
genetic basis of health and disease.

The purpose of this research is to understand more about human health and disease, and to
develop new methods of prevention or new treatments for the benefit of future patient care.
Some of these research programmes could lead to the development of new products and
processes, which may be developed commercially for the improvement of patient care, in
which case there would be no financial benefit to you.

Medically qualified doctors or other suitably qualified staff at the hospital may need to review
your hospital records, including case notes, as part of this research in order to relate the
research findings to the clinical outcome. It is important to he able see how you progress
after the tissue or other samples you have donated (given) have been used in the research
project(s). They will not give your name to those doing the research.

The research may also involve fraining doctors and researchers in scientific medicing, and
may lead to higher qualifications for them (e.g., PhD or MD degrees). This is important for
future research into diseases and for looking for new, more effective, treatments for them.

LINKS WITH OTHER ORGANISATIONS

If you agree, we may send stored material or products derived from it fo other approved
tissue banks or companies in this country or abroad to support their research programmes or
the research programmes of those companies’ clients. Such outside organisations will
provide financial support for the Norwich Biorepository {our tissue bank), to help it recover its
operating costs. We are not, however, allowed to sell tissue or other samples in order to
make any financial profit from these commercial links.

SCIENTIFIC AND ETHICAL APPROVAL
The Morwich Biorepository acts as a custodian of the samples it holds. It releases them only
to individuals or organisations that have an acceptable scientific background and work fo
high ethical standards. We require that all such medical research has been approved by a
properly constituted Research Governance Committee before it starts. It must also be
approved by a Research Ethics Committee or on behalf of the Resesarch Ethics Commitiee
that oversees the work of the Norwich Biorepository under the terms of the Biorepository's
own Research Ethics Committee approval. That committee is the Cambrdge East Research
Ethics Committee. These committess look particularly at the purpose and validity of the
research proposal, the welfare of any participants and issues of consent and confidentiality.
We will release samples to commercial companies only if they work to appropriate ethical
and scientific standards.

Continued............
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DONATING EXTRA SAMPLES FOR RESEARCH

In certain circumstances you may he asked by the doctor treating you (or by a doctor,
research nurse or nurse praciitioner working with him/her) to consider donating {(giving)
tissue or other samples in addition to those to be removed as part of your diagnostic
investigation or freatment. Such extra samples will be taken only if you give your
consent and if their removal does not cause you any harmful effects now or in the
future.

YOUR RIGHTS

If your samples are stored, information about your case will be kept on a computer in the
Morwich Biorepository. This will help us understand what your iliness was like and relate what
we find in experiments o what happens to patients. Under the Data Protection Act, you are
entitled to ask to see what is recorded about you by applying to the Chairman of the Norwich
Biorepository Committee, Morfolk & MNorwich University Hospital, cfo Dept. of Cellular
Pathology, The Cotman Centre, Colney Lane, Morwich, NR4 TUB. No one other than you has
the right to see these records and any information needed for research purposes will he
made anonymous before it is given to the researcher.

The researchers will not be able to find out your name or any personal details about
you from the information that they receive.

You will have the opportunity to discuss with a doctor issues relating to the possible use of
your samples for research purposes. He or she will answer any guestions you may have.

MAKING A DONATION (GIFT) OF TISSUE AND/OR OTHER MATERIAL FOR RESEARCH

If you decide that you want your tissue, etc., to be stored in the Norwich Biorepository
and used for research purposes, you will be asked to sign a special Consent Form
confirming your decision and stating that you have read and understood this sheet.
When you sign the form you will give the ownership of the tissue or other samples fo the
Morfolk & Morwich University Hospitals NHS Foundation Trust. The fissue or other samples
will then belong to the Trust, which will store it for an indefinite period of time and will able to
decide how it should be used for research. It will also have the right to dispose of unused
stored material in an appropriate legal and ethical manner following normal procedures.

If you do not want your tissue to be stored in the Morwich Biorepository, please tell us and do
MNOT sign the special Consent Form.

If you do not sign this form, the tissue or other samples will still be sent to the laboratory to
undergo those fests that are necessary for your care but they will not be used for research
purposes. All unused tissue from your procedure will be disposed of using normal hospital
methods. We will respect your decision and it will not affect in any way the treatment you
receive.

Continwed............
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