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Abstract

Crohn’s Disease (CD) is a chronic inflammatory bowel disease of unknown etiology.
Recent work has shown that a new pathotype of Escherichia coli, Adherent Invasive
E. coli (AIEC) may be associated with CD. AIEC has been shown to adhere to and
invade epithelial cells and to replicate within macrophages (together this is called the
AIEC phenotype). In this thesis, the AIEC phenotype of 84 E. coli strains were
determined in order to identify the prevalence of this phenotype within the E. coli
genus. This study showed that a significant proportion of E. coli strains (approx. 5%)
are capable of adhering to and invading epithelial cells and undergoing
intramacrophage replication. Moreover, the results presented in this study indicate a
correlation between survival in macrophage and resistance to grazing by amoeba
supporting the coincidental evolution hypothesis that resistance to amoebae could be

a driving force in the evolution of pathogenicity in some bacteria, such as AIEC.

In addition, this study has identified an important regulatory role for the CpxA/R two
component system (TCS) in the invasive abilities of AIEC HM®605, a colonic
mucosa-associated CD isolate. A mutation in cpxR was shown to be defective in the
invasion of epithelial cells and this defect was shown to be independent of motility
or the expression of Type 1 fimbriae, factors that have been shown to be involved in
the invasion of another strain of AIEC, isolated from a patient with ileal CD, called
LF82. The CpxA/R TCS responds to disturbances in the cell envelope and has been
implicated in the virulence of a number of Gram negative pathogens. In this study it
is shown that the CpxA/R TCS regulates the expression of a potentially novel
invasin called SinH. SinH is found in a number of invasive strains of E. coli and
Salmonella. Moreover work presented here shows that a critical mechanism
underpinning AIEC persistence in macrophages is the repair of DNA bases damaged

by macrophage oxidants.

Together these findings provide evidence to suggest that AIEC are a diverse group of
E. coli and possess diverse molecular mechanisms and virulence factors that
contribute to the AIEC phenotype. In addition, AIEC may have gone through
different evolutionary history’s acquiring various molecular mechanisms ultimately

culminating in the AIEC phenotype. The gastrointestinal (GI) tract harbors a diverse

vii



microbiota; most are symbiotic or commensal however some bacteria have the
potential to cause disease (pathobiont). The work presented here provides evidence
to support the model that AIEC are pathobionts. AIEC strains can be carried as
commensals in healthy guts however, when the intestinal homeostasis is disrupted,
such as in the compromised gut of CD patients, AIEC may behave as opportunistic

pathogens and cause and/or contribute to disease by driving intestinal inflammation.
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Chapter 1.0: Introduction

1.1 Introduction to Crohn’s Disease
Crohn’s Disease (CD) and Ulcerative colitis (UC) are the two major pathologies of

inflammatory bowel disease (IBD). Chronic disorders of the gastrointestinal tract,
including CD and UC, have a combined prevalence of approximately 150-200 cases
per 100,000 individuals in the Western World (Loftus Jr., 2004) with CD alone
affecting approximately 500,000 people in both North America and Europe (Naser et
al., 2012). The prevalence of CD among males and females shows little to no
difference with symptoms typically developing in late adolescence and early
adulthood, although symptoms have been shown to develop at all ages (Loftus Jr.,
2004). UC only affects the mucous membrane of the colon whereas CD can affect
any portion of the gastrointestinal (GlI) tract from mouth to anus but is most common
in the ileum. CD is characterised by chronic granulomatous inflammation of the
intestine resulting in edema (swelling), increased blood flow and ulcerations (Naser
et al., 2012). Such ulcerations can penetrate the bowel wall and patients often suffer
from bloody diarrhoea, weight loss and chronic abdominal pain (Barnich, 2003).
Moreover, signs and symptoms may occur in areas independent of the Gl tract for
example as joint pain, skin lesions, inflammation of the eyes (Baysoy et al., 2011;
Ceresara et al., 2010; Weiser et al., 2011) and recently multinodular mass lesions on
kidneys (Semjen et al., 2011).

CD, originally described by Dr. Burrill B. Crohn and his colleagues in the 1930s
(Crohn et al., 1984; Crohn. B.B et al., 1932), is a heterogeneous entity and is
separated into 3 phenotypes or disease behaviours: non-stricturing and non-
penetrating, stricturing and, finally, penetrating CD (Brand et al., 2005; Louis et al.,
2003; Naser et al., 2012). Strictures develop in areas of chronic inflammation where
scarring occurs narrowing the width of the lumen (Spinelli et al., 2009).
Interestingly, the behaviour of CD has been shown to change over the course of the
disease. In most cases patients present with non-stricturing non-penetrating disease
at diagnosis while after 25 years the majority harbour either a structuring or
penetrating pattern (Louis et al., 2003). Currently, there is no cure for CD and as a

result treatment involves supressing the immune system using medication including

1



Infliximab, 5-aminosalicylates and steroids to relieve the symptoms. Over 80% of
CD patients will undergo surgery and approximately one-third of those patients

require reoperation (Heimann et al., 1998; Lee et al., 2012)

The etiology of CD is still unknown; however, it has become widely accepted that
CD develops due to an abnormal inflammatory response to commensal enteric
bacteria providing continuous antigenic stimulation and activation of the intestinal
mucosal immune system leading to intestinal injury in genetically susceptible hosts,
thus characterising this condition as an autoimmune disease (see fig 1.1) (Eckburg &
Relman, 2007; Strober et al., 2007; Xavier & Podolsky, 2007). Moreover, siblings of
individuals affected by CD have a higher risk of acquiring the disease and recent
studies have identified specific genetic variations/polymorphisms contributing
directly to CD (Libioulle et al., 2007; Naser et al., 2012).



Genetic susceptibility

Environmental
triggers

Immune
response

Crohn’s disease

Commensal enteric bacteria

Figure 1.1 Pathogenesis of Crohn’s disease: The model
Interaction of a number of factors can contribute to the chronic intestinal inflammation in

a genetically susceptible host (Modified from Sartor, R.B 2006).



1.1.1 Gene polymorphisms associated with Crohn’s Disease
In recent years, genome-wide association studies (GWAS) using high-throughput

single nucleotide polymorphism (SNP) genotyping technologies have been applied
to robustly associate specific variants with many complex diseases such as cancer
and diabetes (Grant et al., 2008; Hampe et al., 2007). Such studies have established
that many genetic loci contribute to inflammatory bowel disease, especially in CD
(see Table 1.0). The most consistently and strongly associated variants have been in
the autophagy-related 16-like 1 (ATG16L1), NOD2/CARD15 and the interleukin 23
receptor (IL23R) genes (Cho, 2008; Csongei et al., 2010). It is important to note that
not everyone who has these polymorphisms develops CD, therefore other etiologic

factors must underlie CD pathogenesis.

Table 1.0 Gene polymorphisms in Crohn’s Disease (modified from Naser et al

2011)

Genetic Function

Chromosome

Genes

variation

NOD2/CARD15 16912-13 3020insC (1007fs) Cytosolic pattern (Cuthbert et al.,
R702W recognition receptor | 2002; Hugot et al.,
G908R 2001; Lesage et al.,
2002; Ogura et al.,
2001a)
IBD5 5031 SLC22A4(OCTN1) A 250 kb haplotype | (Daly etal., 2001;
SLC22A5(0CTN2) on chromosome 5 Peltekova et al.,
2004; Rioux et al.,
2001)
ATG16L 2937.1 rs2241880 Encodes protein that | (Grant et al., 2008;
forms part of a large | Hampe et al., 2007;
protein complex Naser et al., 2012;
necessary for Prescott et al.,
autophagy. lleal 2007; Rioux et al.,
form of CD 2007)
IRGM 5033.1 rs13361189 Involved in (Palomino-Morales
rs4958847 autophagy et al., 2009; Parkes
et al., 2007)




IL23R 1031 R381Q (rs11209026) Regulates pro- (Di Meglio et al.,
inflammatory 2011; Duerr et al.,
activities and the 2006; Pidasheva et
differentiation of al., 2011)
Th-17 lymphocytes
TNFSF15 9g32v 7 SNPs identified Encodes a protein (‘Yamazaki et al.,

within a 280 kb region

on chromosome 932

which is a cytokine

belonging to the

2005)

TNF ligand.
Strongly associated
with CD in Japanese
patients, not
European patients.

1.1.2 Crohn’s Disease and Autophagy
Macroautophagy, referred to here as autophagy, is a catabolic intracellular

degradation system in which cytoplasmic components are sequestered within double-
membrane vesicles resulting in the formation of autophagosomes. These
autophagosomes are then delivered to the lysosome for degradation by lysosomal
hydrolases (Saito et al., 2012). Cells use this pathway during nutrient starvation to
break down and recycle non-vital cellular components and use them as nutrients
(Naser et al., 2012). Basal levels of autophagy occur in most cells as a homeostatic
function allowing the turnover of cellular components and proteins. Autophagy is
initiated when structural remodelling is required to remove damaged cytoplasmic
organelles, for example during intracellular infection, accumulation of misfolded

proteins, oxidative stress and nutrient starvation (see fig. 1.2) (Fritz et al., 2011).

Autophagy plays a role in both innate and adaptive immunity by helping rid the cell
of an invading pathogen due to the autophagosomes capacity to sequester and digest
microorganisms (Naser et al., 2012; Plantinga et al., 2012). Autophagy plays a
crucial role in loading antigens onto MHC class 1l molecules of antigen presenting
cells (APCs) to induce adaptive immunity by coupling to the T-cell receptor of
CD4+ T-cells (Plantinga et al., 2012). Moreover, during the initiation phase of
autophagy, Immunity-related GTPase M (IRGM) localises to bacteria-containing

autophagic vacuoles (Fritz et al., 2011). IRGM and autophagy have been implicated




in the clearing of intracellular organisms such as Mycobacterium tuberculosis,
Helicobacter pylori and Salmonella enterica serovar Typhimurium (Gutierrez et al.,
2004; Kuballa et al., 2008; Singh et al., 2006; Zavros & Rogler, 2012).
Consequently, if the gene/genes for autophagy are mutated it may cause a shift in the
normal gut flora. The cell would be unable to respond to foreign antigens resulting in
programmed cell death and tissue damage contributing to a possible cause of CD
(Naser et al., 2012).

1.1.2.1 Autophagy-related 16-like 1 protein like complex (ATG16L1)
Recently, a polymorphism in the autophagy gene ATG16L1 was identified as a

possible factor for the development of CD (Hampe et al., 2007; Kuballa et al., 2008;
Rioux et al., 2007). The ATG16L1 protein can be found in the colon, intestinal
epithelial cells, small intestine, leukocytes and the spleen (Fujita et al., 2008). To
date approximately 30 autophagy-related genes (atg) have been identified and at
least 17 of these atg genes have been shown to be related to autophagosome
formation (Fujita et al., 2008). Two ubiquitin-like systems are required for formation
of the autophagosome, the Atgl2 system and the LC3 system (see fig 1.2) (Naser et
al., 2012). With regards the Atgl2 system, Atgl2-Atg5 associates with Atgl6L1
forming a ~800kDa protein complex (referred to as the Atgl6L1 complex). A
fraction of the complex localizes to isolation membranes and the complex is released
from the membrane just before or after autophagosome completion (Fujita et al.,
2008).

Multiple independent association studies have shown that the G allele of SNP
rs2241880 confer a strong risk for CD. A genome-wide survey of 19,779 SNPs,
showed a Threonine to Alanine (T-300-A) substitution at amino acid position 300
within the N terminus of ATG16L (Hampe et al., 2007). This SNP was found to be
highly associated with CD by using a haplotype and regression analysis (Grant et al.,
2008; Libioulle et al., 2007; Naser et al., 2012). The presence of the T-300-A
polymorphism within the ATG16L1 gene on chromosome 2qg37.1 leads to the
development of dysmorphic and dysfunctional Paneth cells in the intestine of CD
patients and consequently altered protein expression patterns, defective bacterial
handling and defective autophagy (Cadwell et al., 2008; Zavros & Rogler, 2012). A



recent study showed that ATG16L1 knockout mice induced elevated levels of the
pro-inflammatory cytokines IL-1p and IL-18 in response to microbial stimuli and
interestingly these mice are more susceptible to DSS-induced colitis (Saitoh et al.,
2008). Furthermore, two polymorphisms in the autophagy gene IRGM on
chromosome 5¢33.1 were also significantly associated with CD (Parkes et al., 2007).
These polymorphisms were shown, by means of microRNA miR-196, to affect
IRGM protein expression and, as a consequence, the ability to execute autophagic
processes is affected (Brest et al., 2011; McCarroll et al., 2008; Plantinga et al.,
2012). The associations of these autophagy genes with CD strongly support the
hypothesis that abnormal immune responses to intracellular pathogens contribute to
the pathogenesis of CD. Interestingly, a recent study showed that a deficiency in
ATG16L1 confers protection in vivo against acute and latent UPEC infections. This
could suggest that a deficiency in this key autophagy gene can protect against
infection and could provide an explanation for the prevalence of this mutation (Wang
etal., 2012).



——> Microbial infection
—> Nutrient starvation
——> Oxidative stress

f——> Protein misfolding

—

1. Induction

2. Vesicle Nucleation . .
D>

Lysosome

4. Fusion

3. Autophagosome formation

Figure 1.2: The processes inducing macroautophagy resulting in the degradation of
cytoplasmic components. Following induction, a double membrane structure forms in the
cytosol sequestering organelles, proteins etc. Atgl2 and Atg5 fuse with Atgl6 forming the
Atgl2-Atg5-Atgl6L1 complex. This complex then localizes to the outer membrane of the
forming autophagosome (steps 1-2). Upon autophagosome completion, the Atgl2-Atg5—
Atgl6L1 complex recycles from the outer membrane, and only LC3 remains associated
with the completed autophagosome. The autophagosome fuses with the lysosome and
consequently the contents of the autophagosome are released into the lysosome for

degradation by proteases (steps 3-5).



1.1.3 NOD2/CARD15
The Nucleotide-binding oligomerization domain containing 2 (NOD2)/Caspase

Recruitment Domain Family member 15 (CARD15) has been characterized as the
IBD1 locus on chromosome 16q12-13. This protein acts as a pattern recognition
receptor (PRR) and plays an essential role in the immune system by regulating
commensal bacterial flora in the intestine (Tsianos et al., 2012). NOD2 encodes a
tripartite protein consisting of two N-terminal caspase recruitment domains
(CARDs) involved in apoptosis, a centrally-located nucleotide binding
oligomerization domain (NBD) and a C-terminal domain of leucine-rich repeats
(LRR) hypothesised to be involved in ligand recognition and protein-protein
interactions (see Fig.1.3) (Hruz & Eckmann, 2011). Three main variants of the
NOD2 protein, R702W, G908R and 1007fs have previously been shown to be
strongly associated with CD. Interestingly, all 3 variants are located within, or close
to, the C-terminal domain of LRR which interacts with bacterial products (see
fig.1.3) (Cuthbert et al., 2002; Lesage et al., 2002). In a recent study, a large cohort
of European patients with IBD showed that all three polymorphisms were strongly
associated with CD and not UC. Moreover, the frequency of the NOD2/CARD15
mutations was higher with CD and not UC. Interestingly, the frequency of the
NOD2/CARD15 mutations was higher in families affected with ileal-specific disease
cases (Cuthbert et al., 2002).

1.1.3.1 NOD2/CARD15 function
NOD2/CARD15 belongs to a family of cytoplasmic proteins believed to be involved

in the detection of bacteria by acting as an intracellular sensor for bacterial
peptidoglycan (Torok et al., 2009). Interestingly, the expression of NOD2/CARD15
was originally thought to be confined to cells of the monocyte lineage however
expression is also found in intestinal epithelial cells of the small and large intestines,
particularly in the specialised epithelial Paneth cells (Cuthbert et al., 2002). The
exact function of Paneth cells is unknown, but they are likely to contribute to host
defence by secreting anti-bacterial substances in response to N-acetylmuramyl-L-
alanyl-D-isoglutamine/muramy! dipeptide (MDP) found in peptidoglycan. The MDP
is the minimal essential structure of bacterial cell wall peptidoglycan (PGN) and is
conserved in both Gram-negative and positive bacteria (Lala et al., 2003; Naser et
al., 2012).



€——— 1007fs (3020insC)

<«——— R702W
<«— G908R

1 24 124 3 573 744 1020

CARDs NBD LRR Domain

CARDS: Caspase recruitment domains
NBD: Nucleotide bindingdomain
LRR Domain: Leucine-rich repeats

Fig 1.3 NOD2/CARD15 domain structure and the position of the polymorphisms
associated with Crohn’s disease.

The N-terminal portion contains two CARD domains known to play a role

in apoptosis and NF-kB activation pathways. The NOD domain located in the middle

portion of the protein is involved in protein self oligomerization and the C-

terminal portion of the protein contains a leucine-rich repeat domain known to play a role

in protein—protein interactions. Each of the three mutations occurs within or near the
leucine-rich repeat and decrease the cells ability to activate NF-xB in response to

peptidoglycan.
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A NOD2/CARD15 mutation is thought to diminish the function of Paneth cells thus
reducing any antimicrobial activity and resulting in the development of ileal lesions.
It has been reported that NOD2 triggering by MDP induces autophagy in antigen
presenting cells such as dendritic cells (DCs) (Cooney et al., 2009). NOD2-mediated
autophagy was shown to be required for both bacterial handling and generation of
major histocompatibility complex (MHC) class Il antigen-specific CD4" T cell
responses in DCs. Therefore DCs expressing CD-associated NOD2 polymorphisms

are defective in autophagy induction, bacterial trafficking and antigen presentation.

NOD2/CARD15 is involved in the activation of nuclear factor-kB (NF-«B) (Iwanaga
et al., 2003; Ogura et al., 2001b). The NOD2 protein combines with the serine
threonine kinase receptor-interacting CLARP-associated kinase (RICK) to activate
NF-kB (Kobayashi et al., 2002). Although a cytosolic sensor, NOD?2 is also localised
to the plasma membrane and recruits RICK to activate NF-xB and IL-8 release
(Barnich et al., 2005; Lecine et al., 2007). Compared to wild-type NOD2/CARD15,
all of the three polymorphisms identified show a decreased ability to activate NF-xB
in response to PGN (Bonen et al., 2003). Moreover, CD patients with the frameshift
mutation 1007fs, exhibit decreased defensin expression by Paneth cells. Defensins
are cationic antimicrobial peptides that form pores in bacterial membranes (Ganz,
2003). As a result of the 1007fs mutation, NOD2 function is diminished allowing
entry of bacterial populations into epithelial cells. This would be expected to result in
an increase in bacterial persistence via impaired lysosomal destruction and immune
mediated clearance (see fig. 1.4) (Cooney et al., 2009) (Traub et al., 2006; Van
Limbergen et al., 2007). This suggests that NOD2/CARD15 acts to protect the
intestinal epithelium from bacterial invasion and that, in patients with CD, this
protection mechanism function poorly allowing a shift in normal bacterial flora.
Along with a number of factors such as environment, dysfunctional immune system
and altered bacterial flora, this polymorphism can contribute to the pathogenesis of
CD (Cuthbert et al., 2002).
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Figure 1.4: NOD2/CARD15 intracellular recognition of muramyl-dipeptide (MDP).
A) During normal mucosal homeostasis, in response to MDP, a CARD in the NOD2

complex binds to the adaptor kinase RICK. Phosphorylation of IKK by RICK leads to

downstream phosphorylation of the IKk subunit of NF«xB. Activated NFkB translocates

into the nucleus and upregulates genes involved in cytokine production and defensin

release. B) NOD2/CARD15 polymorphisms result in deficient epithelial cells responses

which in turn lead to increased exposure to mucosal bacteria. The 1007fs variant results in

deficient sensing of MDPs and diminished activation of NFkB resulting in decreased

cytokine and defensin expression and increased intraepithelial bacteria.
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1.1.4 Interleukin 23 Receptor (IL23-R)
It has been continuously reported that dysregulated pro-inflammatory cytokine

production by mucosal macrophages and lymphocytes is implicated in the
pathogenesis of CD (Boirivant et al., 1999; Fuss et al., 1996; Garcia de Tena et al.,
2006; Tsianos et al., 2012). IL23-R is highly involved in the regulation of pro-
inflammatory activities and the differentiation of T helper type (Th-17) lymphocytes
which are critical for host defense against bacteria, fungi and viruses at mucosal
surfaces (Naser et al., 2012). Moreover, CD4" T cells secreting interleukin-17 (Th-
17 cells) have been previously implicated in IBD as well as colitis in animal models
associated with an up-regulated T helper type 1 response (Duerr et al., 2006; Kaser
& Blumberg, 2008). Several genes in the Th-17 pathway have been attributed to IBD
susceptibility, including IL23R, TNFSF15, STAT3, IL12B, CCR6 and JAK2; however
IL23R confers the highest risk for CD development (Duerr et al., 2006; Frank, 2007;
Hampe et al., 2007; Libioulle et al., 2007; Pidasheva et al., 2011; Rioux et al., 2007;
Yamazaki et al., 2005). 1L23-R, located on chromosome 1p31, is a protein consisting
of IL-12B1 and an IL-23R chain and is highly expressed on activated memory T-
cells as well as natural Killer cells, monocytes, and dendritic cells (Tsianos et al.,
2012). I1L-23 is a key pro-inflammatory cytokine and signals through the
heterodimeric receptor complex IL-12B1/IL-23R (Gazouli et al., 2010). Upon
binding of IL-23 to IL-23R, STATS3 is phosphorylated leading to IL-23 gene
expression. Interestingly, in humans it has been shown that IL-23 is over expressed
in clinical samples of CD (Di Meglio et al., 2011; Schmidt et al., 2005).

A variant of IL23-R, rs11209026 (R381Q) was identified for conferring strong
protection against the development of CD (Libioulle et al., 2007). Moreover, this
polymorphism is significantly higher among healthy controls than in patients (Di
Meglio et al., 2011). The R381Q variant is characterised by an arginine (R) to
glutamine (Q) substitution at position 381. The R381Q polymorphism is located
between the trans-membrane domain and the putative JAK2 binding site in the
cytoplasmic portion of IL23R protein, and is highly conserved across different
species (see fig. 1.5) (Pidasheva et al., 2011). This polymorphism leads to a
decreased number of IL-23 responsive cells and as a consequence diminished 1L-23
and IL-17A activity (Pidasheva et al., 2011).
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Figure 1.5: The R381Q polymorphism (arginine at 381) of the IL23R is highly
conserved across different species.

(A) Map of the IL23R gene. (B) Sequence alignment of IL23R protein sequences from
different species (from Gazouli et al 2011). The rs11209026 (R381Q) variant in the
IL23 gene on chromosome 1p31 may act as possible protective variant against

Crohn’s disease.
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The rare R381Q polymorphism was significantly underrepresented in both
childhood-onset and adult-onset compared to control patients (Amre et al., 2008;
Dubinsky et al., 2007; Gazouli et al., 2010). Due to the role of IL-23 in activation of
inflammatory responses, blocking this pathway may lead to a good therapeutic
approach for autoimmune disorders such as CD (Libioulle et al., 2007). Additional
studies have also reported the association of the IL23R gene to CD in North

American and European cohorts (Fujita et al., 2008).

1.1.5 Environmental risk factors for Crohn’s disease
Many environmental and lifestyle factors have been implicated in CD such as

smoking, oral contraceptives (Corrao et al., 1998) and it has even been suggested
that lack of breastfeeding during infancy might influence the onset of IBD later in
life (Bergstrand & Hellers, 1983).

Varying patterns of cigarette smoking in patients with IBD have been observed. For
example, smoking is strongly associated with CD (Calkins, 1989); however, in
contrast epidemiological studies have shown an inverse correlation between the
prevalence of smoking and the incidence of UC, which is said to be largely a disease
of non-smokers and former smokers (Birrenbach & Bocker, 2004; Corrao et al.,

1998; Tobin et al., 1987). Moreover, smoking may even result in a beneficial
influence on the course of ulcerative colitis (Birrenbach & Bocker, 2004). In a

previous study examining siblings with similar genetic susceptibility for 1BD,
smokers tended to develop CD whereas non-smokers were more prone to developing
UC. It is important to note that this study did not examine genetically identical
sibling pairs and therefore gene differences between them could still influence the
disease that may develop (Bridger et al., 2002). Among the elements contained in
tobacco, it is clear that nicotine has the greatest impact upon the clinical course of
CD (Galeazzi et al., 1999; Nos & Domenech, 2011). The potential mechanisms
hypothesised to be influenced by nicotine include changes in humoral and cellular

immunity, cytokine and eicosanoid levels, gut motility, permeability, and blood flow
(Birrenbach & Bocker, 2004). Smokers show high levels of reactive oxygen species

and a lessened antioxidant capacity which could act synergically with oxidative
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stress in CD (Beltran et al.,, 2009; Nos & Domenech, 2011). The relationship
between CD and smoking was first observed in 1984 in a case-control study of 82
CD patients and matched controls drawn from general practice lists. They observed
that patients with CD were significantly more likely to be smokers than control
patients and the association was stronger for smoking habit before the onset of the
disease than for current smoking habit, the relative risks for smokers compared with
non-smokers being 4.8 and 3.5 respectively (Somerville et al., 1984). Further studies
have also confirmed the initial findings (Bridger et al., 2002; Calkins, 1989; Corrao
et al., 1998). Smoking has also been associated with a worse prognosis of CD and
CD patients who continue to smoke after diagnosis have an increased risk of relapse
as well as increased pain and an increased probability of hospital emissions
(Holdstock et al., 1984). Moreover, from a study on a Canadian cohort of 152 CD
patients, the relapse rate was higher among smokers (Timmer et al., 1998). Smoking
has been shown to have an effect on macrophages by altering alveolar macrophage
recognition and phagocytic ability (Hodge et al., 2007). However, the harmful effect
of active smoking is not uniform in all patients or in all clinical scenarios and further
study needs to be carried out. It is important to note that smoking may act on a
specific genetic background, where the risks between CD and UC are evenly

balanced, to influence whether the outcome is CD in smokers or UC in non-smokers

(Bridger et al., 2002).

Studies have also reported that diet can also contribute to CD. An imbalance in the
consumption of high in saturated fats, processed foods and high sugar foods may be
linked to the occurrence of CD, since CD is more common in the developed world
(Asakura et al., 2008). It was originally believed that the composition of the
intestinal microbiota was relatively stable from early childhood; however, recent
evidence suggests that diet can cause dysbiosis, an alteration in the composition of

the microbiota, which could lead to aberrant immune responses (Brown et al.).

1.1.6 Bacterial involvement in Crohn’s disease
As previously mentioned, the most widely held hypothesis on the pathogenesis of

CD is an aggressive hyper-active acquired Th-1 and Th-17 immune responses to a

subset of commensal enteric bacteria in a genetically susceptible host with
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environmental factors contributing to the onset or reactivation of CD. In order for
disease to become clinically apparent it was thought that some of these factors must
interact (Sartor, 2006). CD is characterized by increased production of 1L-12, 1L-23,
IL-27, interferon-y (IFN-y) and tumor necrosis factor (TNF)-a (Sartor, 2006). Over
the past decade there has been growing evidence to support the notion that
indigenous intestinal flora is an important target of the immune response underlying
IBD (Barnich & Darfeuille-Michaud, 2007b; Eckburg & Relman, 2007; Fiocchi,
2005; Lodes, 2004).

The complex, predominantly anaerobic microbiota in the distal ileum and colon can
act as a constant source of antigens and adjuvants that can stimulate chronic
immune-mediated inflammation in genetically susceptible hosts (Balfour Sartor,
2007). Bacterial adjuvants such as lipopolysaccharide, peptidoglycan, flagellin and
non-methylated DNA (CpG motif), can bind to various Toll-like receptors (TLRS)
on innate immune cells and epithelial cells resulting in the activation of innate
immune responses and consequently, the up-regulation of IL-13, TNF-a, IL-6, IL-8
and other chemokines such as IL-12 p40 which are all involved in the inflammatory
response (Sartor, 2006). Bacterial antigens can also activate the adaptive immune
response and stimulate the clonal expansion of T cells that selectively recognize the
antigen through their T-cell receptor (Sartor, 2006). Either process can lead to

overly aggressive T-cell responses to normal bacteria resulting in tissue damage (see

fig 1.6).

Experimental data from animal models of IBD show that components of the
microbial flora are necessary to develop colitis. Symptoms of IBD fail to develop if
animals are kept under germ-free (gnotobiotic) conditions (Fiocchi, 2005; Frank,
2007; Strober et al., 2002). Moreover, in some cases patients with CD experience
improvement in clinical disease when administered prolonged courses of antibiotics
such as oral ciprofloxacin and rifaximin (Arnold et al., 2002; Eckburg & Relman,
2007; Gionchetti et al., 2005). Additionally, clusters of cases of CD over time
suggest an infectious etiology (Van Kruiningen et al., 1993) and some of the

pathological features of CD, such as aphthous ulcers of the mucosa, mural abscesses,
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macrophage and epithelioid cell granulomas and macrophage recruitment are also
associated with other intestinal diseases involving Shigella spp., Salmonella spp.,
Yesinia enterocolitica and Mycobacterium tuberculosis, all of which may indicate an
Immune reaction to microbes or microbial antigens/adjuvants (Meconi, 2007).

1.1.6.1 Defective mucosal barrier function and microbial clearance
The intestinal epithelium represents a highly selective barrier between the gut lumen

and underlying cells of the immune system. Intestinal epithelial cells must adapt to
constant changes in their environment by processing both bacterial and host-derived
immune signals (Werner et al., 2010). A defective mucosal barrier could lead to
increased uptake of luminal antigens/adjuvants overwhelming the mucosal immune
response leading to constant stimulation (Sartor, 2006). As previously mentioned,
each of the polymorphisms associated with CD, including NOD2/CARD15 and IBD5
are involved in epithelial function. Immunohistochemical studies have shown the
presence of Listeria, Streptococcus species and E. coli, in CD mucosal macrophages
(Liu et al., 1995). Furthermore, high concentrations of immunoglobulin G (IgG)
directed against commensals have been shown in CD patients indicating a defective
mucosal barrier function or a breakdown in tolerance to normal gut commensals
(Eckburg & Relman, 2007; Macpherson et al., 1996). Given the intracellular location
of NOD2/CARD15 and its role in stimulating defensins and mediating intracellular
bacterial killing, the presence of invasive bacteria may be an important link between
the innate immune response and the development of inflammation associated with
CD (Rolhion, 2007).

In mouse models, when the intestinal barrier is defective due either to altered tight
junctions or removal of enteric glial cells, severe gut inflammation is observed (Bush
et al., 1998; Hermiston & Gordon, 1995). Additionally, certain bacteria such as E.
coli have been shown to increase bowel permeability in animal models (Garcia-
Lafuente et al., 2001). Altered intestinal permeability has been observed in CD
patients and interestingly, polymorphisms in the IBD5 gene, whose products play a
role in epithelial cell polarity may potentially impact on intestinal permeability
(Eckburg & Relman, 2007; Peltekova et al., 2004). It has also been demonstrated

that mucus which is an integral part of the mucosal barrier may play an important
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Figure 1.6 Histological features of the ileal mucosa from a CD patient.

A) H&E staining from a healthy patient showing normal epithelial phenotype with few
infiltrated inflammatory cells. B) Mucosal specimen from CD patient showing disrupted
mucosal architecture and the infiltration of inflammatory cells. Magnifications: x100
(Qiurong L et al 2012)
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role in by stopping penetration of the mucosa by luminal bacteria and their products
thus preventing the inflammatory process (Fyderek et al., 2009). A previous study
showed that a reduction of mucus layer thickness in adult IBD patients caused
increased exposure of the microbes to the gut immune system, which in turn
increased inflammation (Pullan et al., 1994). However, this was primarily associated
with UC rather than CD. In this study many CD patients showed an increased mucus

thickening.

1.1.6.2 Microbial diversity
The colonic microbiota is composed of hundreds of bacterial species and sub-species

and a close metabolic relationship exits exists between these microbes and their host.
The gut microbial content varies dramatically between individuals, with each
individual harbouring a stable and unique bacterial population over time (Fava &
Danese, 2011). Modern molecular techniques have shown that CD faecal samples
have a marked reduction in diversity (Friswell et al., 2010; Manichanh et al., 2006).
Such studies have shown that in healthy individuals, approximately 95% of the
bacteria in stool samples belong to the bacteroides and the Firmicutes (Friswell et
al., 2010; Suau et al., 1999). However, a marked reduction in the numbers of these
organisms was observed in IBD patients (Suau et al., 1999). Furthermore, studies of
the bacterial composition in the lumen of CD patients showed a decrease in the
amount of beneficial bacteria, such as Bifidobacterium spp. and Faecalibacterium
prausnitzii (Barnich & Darfeuille-Michaud, 2007a; Mondot et al., 2011). A strong
association has been shown between the latter firmicute and ileal CD. One
hypothesis is that butyrate producers such as low mol% G+C content gram-positive
colonic bacteria like F. prausnitzii, promote gastrointestinal tract health, as butyrate
is an important source of energy for colonic epithelial cells and also has anti-
inflammatory effects (Louis, 2007). Moreover, butyrate reinforces the mucosal
barrier by inducing mucin production and antimicrobial peptides. Therefore
decreased levels of butyrate could contribute to the inflammation of IBD (Fava &
Danese, 2011). F. prausnitzii, despite being extremely oxygen sensitive can survive
in the gut mucosa where oxygen readily diffuses from epithelial cells. This paradox
was recently explained on the basis that F. prausnitzii employs an extracellular

electron shuttle of flavins and thiols to transfer electrons to oxygen, a novel host
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microbe interaction at the gut level (Khan et al., 2012). Interestingly, patients with
CD have been reported to show higher numbers of mucosa-associated bacteria and a
thicker mucosal layer of bacteria then control patients (Seksik P, 2006; Swidsinski et
al., 2002). In a previous study, when the overlying mucus layer was removed from a
healthy patient, the underlying normal colonic mucosa was relatively free from
aerobic bacteria, whereas the CD mucosae contained a significant amount of aerobic
flora (Martin et al., 2004). Additionally, a number of studies have reported a less
diverse ecosystem and an increase in the abundance of Enterobacteriaceae,
particularly E. coli as well as other Bacteroides and Enterococcus species in CD
patients compared to the diverse collection of Firmicutes (low %GC gram-positive
bacteria) observed in healthy controls (Friswell et al., 2010; Sartor, 2009; Seksik P,
2006). Similar results were observed in a recent study on a Chinese cohort, which
showed for the first time the faecal bacterial dysbiosis in Chinese CD patients was
characterized by an increase of the richness y-Proteobacteria (especially E. coli and
Shigella flexneri) and a reduced proportion of Firmicutes (Li et al., 2012). An altered
balance of beneficial versus aggressive microbial species could lead to chronic
inflammatory response in a susceptible host and such studies indicate a possible

relationship between some bacteria and the pathology of CD.
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1.1.6.3 Association of specific microbes with Crohn’s disease
Over the years several studies have implicated different microorganisms in the

pathogenesis of CD (see table 1.1) although it is important to note no consensus

opinion exists for any one microorganism as the cause of CD.

Table 1.1 Kev microorganisms associated with the pathogenesis of Crohn’s

disease (modified from Eckburg, P.B and Relman, D.A 2007)

Organisms References
Adherent Invasive Escherichia coli (AIEC) (Claret, 2007; Darfeuille-Michaud, 2002;
Darfeuille-Michaud, 2004; Darfeuille-Michaud,
1998; Lapaquette et al., 2012a; Martin et al.,
2004; Martinez-Medina et al., 2009a)

Mycobacterium avium subspecies | (Autschbach et al., 2005; Chiodini et al., 1984;
paratuberculosis (MAP) Naser et al., 2004; Sartor, 2005)

Measles virus (Ekbom et al., 1994; Smith & Wakefield, 1993)
Saccharomyces cerevisiae (Mow et al., 2004)

Enterococcus species (Sartor, 2006)

Helicobacter pylori (D'Inca et al., 1998; Puspok et al., 1999)

Numerous studies have implicated Mycobacterium avium  subspecies
paratuberculosis (MAP) in the etiology of CD (Autschbach et al., 2005; Chiodini et
al., 1984; Naser et al., 2004; Sartor, 2005). Granulomatous inflammation associated
with CD closely resembles that of an enteritis in ruminants, known as Johne’s
disease, the causative agent of which is recognised to be MAP (Harris & Barletta,
2001). The notion that MAP is linked to CD was first proposed by Dalziel almost
100 years ago (Dalziel, 1913). In the mid-1980s strains of atypical mycobacteria
cultured from three CD-affected intestinal specimens were identified as MAP
(Chiodini et al., 1984). Non-controlled studies suggested that up to 85% of CD
patients responded to antibiotics effective against MAP (Sartor, 2006). However,
numerous groups have attempted to culture MAP from CD affected tissue with
inconsistent and conflicting results, MAP detection rates have ranged from 0-100%
(Sartor, 2006). Moreover, MAP and its DNA have been repeatedly detected in
healthy controlled tissue casting doubt on its role in CD (Eckburg & Relman, 2007).
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Atypical mycobacteria are ubiquitous in the environment and MAP was detected
using 1S900 ( the insertion sequence of MAP) in commercial pasteurized milk and in
human breast milk, providing a mode of transmission (Millar et al., 1996). As
findings are inconsistent among research groups, the role of these pathogens in CD is
inconclusive. It has been suggested that the common environmental agent MAP
selectively colonizes or lodges in the ulcerated mucosa of CD patients but is not the
causative agent of CD (Sartor, 2006). MAP could however, act as an environmental
factor by increasing AIEC intramacrophage replication via decreasing macrophage
function (Mpofu et al., 2007).

1.1.6.4 Crohn’s disease-associated E. coli
Recently, compelling and reproducible evidence supporting a role for E. coli in ileal

CD has been presented. E. coli is the predominant facultative anaerobic gram
negative species of the intestinal flora and plays an important role in maintaining
normal intestinal conditions. A previous immunohistological study observed that
approximately 69% of CD mucosal samples were positively labelled with polyclonal
E. coli antibodies (Cartun et al., 1993). Furthermore, CD patients have been shown
to have higher E. coli antibody titers than healthy individuals (Bringer, 2006).

Increased numbers of mucosa-associated E. coli are observed in CD patients
(Darfeuille-Michaud, 1998; Neut et al., 2002). It has been reported that adhesive E.
coli were isolated from 62% of CD patients compared to only 6% of healthy controls
(Giaffer et al., 1992) and interestingly, E. coli expressing adherence factors were
more readily isolated from CD and UC patients compared to normal controls
(Kotlowski et al., 2007). This suggests that adherence factors of E. coli may have a
significant role in disease aetiology. Higher concentrations of bacteria allow for
biofilm development on the surface of the gut mucosa of patients with CD (Rolhion,
2007). This property could enable the bacteria to colonize the intestinal mucosa.
Additionally, clusters of E. coli were observed in the lamina propria in CD samples
but not in healthy controls and E. coli were isolated more frequently from the
intestinal serosa of CD patients compared to controls (Ambrose et al., 1984,
Laffineur et al., 1992). Moreover, a study using laser capture microdissection (LCM)

and PCR detected the presence of E. coli in granulomas from 12 (out of 15) CD
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patients, in comparison with only 1 from, 10 non-CD granuloma control patients
(Claret, 2007). Interestingly, unusually high amounts of anti- E. coli outer membrane
porin C (anti-OmpC) antibodies have been detected in CD patients compared to
healthy controls. Anti-OmpC antibiodies have been identified in 37%-55% of CD
patients in comparison to less than 5% of healthy controls (Landers et al., 2002; Mei
et al., 2006). Significantly, reactivity to E. coli OmpC is associated with more severe
forms of CD resulting in frequent disease progression and longer disease duration
(Landers et al., 2002). Such studies have led to the description of a new pathotype of
E. coli; adherent-invasive Escherichia coli (AIEC) that is associated with CD and

other inflammatory conditions such as granulomatous colitis in boxer dogs (Simpson

et al., 2006).

1.2 Escherichia coli: commensals and pathogens
As previously mentioned E. coli are Gram-negative bacilli from the family

Enterobacteriaceae and is the dominant facultative anaerobe present in the human
intestinal flora. Therefore E. coli is commonly found as a commensal organism
colonizing the mucous layer of the mammalian colon and small intestine (Boudeau et
al., 1999). The mechanisms whereby E. coli assures its favourable niche in the colon
and small intestine are poorly understood, however one hypothesis suggests E. coli
exploits its ability to utilise gluconate more efficiently than other microbes present in
the colon and this allows it to metabolise and dominate effectively in this niche
(Kaper, 2004).

E. coli colonizes the gastrointestinal tract of human infants shortly after birth.
Normally, as a commensal E. coli co-exists with its human host in good harmony
and only causes disease in immunocompromised hosts or when the intestinal barrier
is breached (Rolhion, 2007). However, some E. coli have acquired different sets of
virulence genes via horizontal transfer of DNA on plasmids, transposons,
bacteriophages and pathogenicity islands (PAI) allowing them to adapt to new niches
and cause a broad spectrum of diseases (see fig 1.7) (Kaper, 2004; Nataro & Kaper,
1998). Additionally, commensal E. coli can also undergo point mutations or

deletions that contribute to virulence in these strains (Kaper, 2004). Pathogenic E.
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coli can be therefore defined on the basis of their pathogenic mechanisms (known

genes contributing to phenotypic characteristics and pathogenesis).

1.2.1 Pathotypes of Escherichia coli
Pathogenic E. coli can be classified as either extraintestinal E. coli (EXPEC) or

diarrhoeagenic E. coli. EXPEC can be subdivided into two pathotypes —
uropathogenic E. coli (UPEC) and neonatal meningitis E.coli (NMEC). Within the
diarrhoeagenic group, six pathotypes exist: enterohaemorrhagic E.coli (EHEC),
enteroinvasive E. coli (EIEC), enterotoxigenic E. coli (ETEC), enteropathogenic E.
coli (EPEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli
(DAEC) (Kaper, 2004; Nataro & Kaper, 1998; Rolhion, 2007). An additional animal
pathotype, known as avian pathogenic E. coli (APEC), causes extraintestinal
infections; primarily respiratory infections and septicaemia of poultry (Kaper, 2004).
The various pathotypes of E. coli tend to be clonal groups characterised by shared O-

(lipopolysaccharide) and H- (flagellar) antigens (Kaper, 2004).

Colonisation is mediated by adhesins on the surface of bacteria, which allow the
bacteria to bind to specific receptors on the host cell. For example, Salmonella spp.
can adhere to follicle-associated epithelial cells with the help of multiple fimbriae or
pili (rod-like structures of 5-10 nm diameter that are distinct from flagella), some of
which are encoded by the Ipf, pef and agf operons (Detweiler, 2003). E. coli typically
express filamentous surface adhesive organelles known as Type 1 fimbriae (Type IV
pili or Pap pili may also be present in UPEC). It has been shown, that the distal tip of
Type 1 fimbriae contains an adhesin protein known as FimH. FimH recognises
mannose and mannose-containing glycoproteins and has been shown to mediate
UPEC attachment to host bladder cells (Eto, 2008). Adhesins of some pathogenic E.
coli include non-fimbrial proteins e.g. afa and outer membrane proteins such as
intimin of EPEC and EHEC. Ultimately, adhesion enables the bacteria to effectively

colonise the intestinal mucosa and to resist mechanical removal (Rolhion, 2007).
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Figure 1.7 Mobile genetic elements contributing to the evolution of pathogenic E.
coli.

E. coli virulence factors are encoded by a number of mobile genetic elements, including
transposons (Tn), bacteriophage, plasmids and pathogenicity islands (PAI). Commensal
E. coli can also undergo deletions resulting in point mutations or other DNA
rearrangements that can contribute to virulence. These additions, deletions and other
genetic changes can give rise to E. coli pathotypes capable of causing diarrhoea (EPEC,
EHEC, EAEC, DAEC), dysentery (EIEC), haemolytic uremic syndrome (EHEC), urinary
tract infections (UPEC) and neonatal meningitis E.coli (NMEC) (Kaper et al 2004).
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1.2.1.1 Enteropathogenic E. coli (EPEC)
EPEC was the first pathotype of E. coli to be described and it is linked to infant

diarrhoea in the developing world. Moreover, numerous case-control studies on six
continents have found EPEC to be more frequently isolated from infants with
diarrhoea than adults. EPEC infection is characterised by its hallmark intestinal
histopathology; known as ‘attaching and effacing (A/E)’ which can be observed in
both intestinal biopsy samples from patients and in cell culture (Andrade et al., 1989;
Donnenberg et al., 1989; Donnenberg et al., 1990; Jerse et al., 1990). This
phenotype involves the bacteria intimately attaching to intestinal epithelial cells and
inducing marked cytoskeletal changes such as accumulation of polymerized actin
under the adherent bacteria. Consequently, the microvilli of the intestinal epithelial
cells are effaced and the bacteria usually sit upon a raised pedestal-like structure
(Moon et al., 1983). Pedestal formation is a dynamic process as video microscopy
studies have shown that these EPEC pedestals can bend and stretch while remaining
in place on the epithelial cell surface (Sanger et al., 1996). Localized adherence of
EPEC to epithelial cells is mediated by 7-nm diameter type IV fimbriae which
aggregate and form bundles thereby acquiring the name “bundle-forming pilus”
(BFP) (Giron et al., 1991). The genes for BFP are located on a 70-100kb plasmid
called the EAF (EPEC adherence factor) plasmid (Nataro & Kaper, 1998).
Subsequent genetic studies have revealed that 13 genes on the EAF plasmid are
required for the expression and assembly of BFP, many of which encode proteins
showing homology to proteins required for type IV pilus assembly in Pseudomonas

aeruginosa (Sohel et al., 1996).

The ability to induce the characteristic A/E phenotype is due to a collection of genes
located on 35-kb pathogenicity island (PAI) known as the locus of enterocyte
effacement (LEE) which encodes a type Ill secretion system, multiple secreted
proteins, and the bacterial adhesin intimin (McDaniel et al., 1995; Nataro & Kaper,
1998). Following adhesion, the type Il secretion system is activated and various
effectors such as Tir, EspF, EspG EspH and MAP are translocated into the host cell.
Furthermore, Tir (translocated intimin receptor) is shown to be inserted into the host-
cell membrane, where it functions as a receptor for the intimin outer-membrane

protein (Kenny et al., 1997). EPEC can now bind intimately with the epithelial cell

27



due to the interaction of intimin with Tir. Secretion of effectors resulting in
numerous cytoskeletal changes and tight junctions loosen leading to increase
permeability. Diarrhoea occurs due to microvillus effacement resulting in active ion
secretion, increased intestinal permeability and intestinal inflammation (Kaper,
2004).

1.2.1.2 Enterohaemorrhagic E. coli (EHEC)
EHEC causes bloody diarrhoea (haemorrhagic colitis), non-bloody diarrhoea and

haemolytic uremic syndrome (HUS). EHEC can be found in the fecal flora of a wide
variety of animals including sheep, goats, pigs, cats and dogs however, the most
important reservoir regarding human infection is cattle (Burnens et al., 1995). A
wide variety of food items are associated with EHEC infection including
hamburgers, sausages, unpasteurised milk, lettuce, apple juice and radish sprouts
(Beutin & Martin, 2012; Gaulin et al., 2012; Xiong et al., 2012). The most important
EHEC pathogens are associated with the O157:H7 serotype and this serotype is most
commonly associated with outbreaks in North America, the United Kingdom and
Japan (Kaper, 2004). EHEC contains the LEE pathogenicity island but the key
virulence factor and defining characteristic for EHEC is the production Stx (Shiga
toxin) also known as verocytotoxin (VT). This potent cytotoxin is the main factor
that leads to death and many other symptoms associated with EHEC infection. Stx is
encoded on a bacteriophage inserted into the chromosome of E. coli (O'Brien et al.,
1984). The Stx family contains two subgroups Stx-1 and Stx-2 and a single EHEC
strain can possess, Stx1, Stx2 (Nataro & Kaper, 1998). Stx-1 differs from Stx by
only 1 amino acid. Stx-2 shares 56% sequence homology with Stx-1 (Nataro &
Kaper, 1998). Stx is a complex A-B toxin consisting of a single A subunit that
cleaves ribosomal RNA disrupting protein synthesis and 5 identical B subunits that
allow the toxin to bind to glycolipid globotriaosylceramide (Gb3) on the target host
cell surface (Khan et al., 2003). The resulting disruption of protein synthesis leads to
critical damage of renal endothelial cells, apoptosis of intestinal epithelial cells,
HeLa cells, or any cells which possess the Gb3 receptor (Nataro & Kaper, 1998).

Following infection, Stx is produced in the colon and migrates, via the bloodstream,

to the kidney. Here, it can damage renal endothelial cells and induce production of
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local chemokines and cytokines resulting in inflammation. If severe, this damage can
lead to HUS characterized by haemolytic anaemia and in some cases fatal acute renal
failure (Andreoli et al., 2002). EHEC strains also contain the LEE pathogenicity
similar to EPEC and the classic intestinal histopathology characteristic of E. coli
0157:H7 infection includes haemorrhage and swelling in the lamina propria (Griffin
et al., 1990). The genome sequence of O157:H7, which was the first reported
genome sequence of a pathogenic E. coli, revealed numerous chromosomal islands
that encode additional potential virulence factors such as novel fimbriae and iron

uptake systems (Perna et al., 2001).

1.2.1.3 Enterotoxigenic E. coli (ETEC)
ETEC strains are associated with both childhood diarrhoea in the developing world

and diarrhoea in travellers to developing countries (Nataro & Kaper, 1998). The
diarrhoea is usually watery without blood. ETEC colonises the surface of the small
bowel mucosa and colonisation is mediated by one or more proteinaceous fimbrial or
fibrillar colonization factors (CFs), which are designated by CFA (colonization
factor antigen), CS (coli surface antigen) or PCF (putative colonization factor)
(Kaper, 2004). Over 70% of human ETEC express either CFA/l, CFA/Il or CFA/IV
although more than 20 different CFs have been identified (Wolf, 1997). ETEC
produces enterotoxins that belong to one of two groups: (i) the heat-labile
enterotoxin (LT) or (ii) the heat-stable enterotoxin (ST). CFA genes are usually
encoded on plasmids, which typically also encode the enterotoxins ST and/or LT
(Nada et al., 2011) and ETEC strains cause diarrhoea through the action of the
enterotoxins. LT enterotoxins, predominantly found in human isolates are closely
related to the cholera enterotoxin (CT) in Vibrio cholerae (Hicks et al., 1996). LT is
a complex A-B toxin consisting of a single A subunit and five identical B subunits.
The A subunit is responsible for the enzyme activity of the toxin whereas the
mediate binding of the toxin to the host cell surface gangliosides GM1 and GD1b
(Kaper, 2004).. The A subunit has ADP-ribosyltransferase activity and acts by
transferring an ADP-ribosyl moiety from NAD+ to the alpha subunit of the GTP-
binding protein, Gs resulting in stimulation of adenylate cyclase activity. This leads
to increased levels of intracellular cyclic AMP (CAMP) and the activation of the

main chloride channel of epithelial cells, the cystic fibrosis transmembrane
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conductance regulator (CTFR). The net result is inhibition of NaCl absorption by
villus tip cells and increased water content ultimately resulting in osmotic diarrhoea
(Sears & Kaper, 1996). In contrast to LT, ST is a small, single peptide toxin that
contains multiple cysteine residues. The resulting disulfide bonds account for the
heat stability of these toxins (Nataro & Kaper, 1998). There are two unrelated classes
of STs that differ in both structure and function: (i) STa and (ii) STb and genes for
both classes are predominantly found on plasmids and on transposons (Nataro &
Kaper, 1998). Only the STa class has been associated with human infection and the
main receptor for STa is a membrane-spanning guanylate cyclase. Binding of STa
leads to increased guanylate cyclase activity and increased cGMP which, in turn,
activates cGMP-dependent and/or cAMP-dependent kinases. All of which ultimately
leads to increased secretion and watery diarrhoea (Kaper, 2004).

1.2.1.4 Enteroaggregative E. coli (EAEC)
EAEC are the cause of persistent diarrhoea of children and adults in both the

developing and developed countries. EAEC strains characteristically enhance mucus
secretion from the mucosa which traps the bacteria in a thick bacterium-mucus
biofilm as a ‘stacked brick’ configuration adhering loosely to the mucosal surface
(Nataro & Kaper, 1998). The pathogenesis of EAEC is not well understood although
the basic strategy appears to be colonisation of the mucosa of the colon followed by
secretion of enterotoxins and cytotoxins (Nataro et al., 1998). EAEC adhesion is
mediated by fimbrial structures known as aggregative adherence fimbriae (AAFS)
although it should be noted that not all EAEC strains adhere via AAFs (Czeczulin et
al., 1997; Nataro et al., 1992). Many EAEC strains also secrete an autotransporter
toxin called Pet encoded on the same virulence plasmid as AAF. This autotransporter
could potentially be involved in cytoskeletal changes in epithelial cells (Navarro-
Garcia et al., 1998). Following adhesion, enhanced mucus production may occur,
leading to a deposition of a thick mucus containing biofilm encrusted with EAEC
(Nataro & Kaper, 1998). A number of toxins have been described for EAEC such as
the oligomeric enterotoxin Shigella enterotoxin 1 (ShET1). Although the mode of
action of ShET1 is poorly understood it may contribute to damage to intestinal cells
and watery diarrhoea exhibit by EAEC and Shigella infections (Noriega et al., 1995).
Interestingly, a recent outbreak that comprised 3,801 cases of human infections with
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an emerging E. coli pathotype enteroaggregative hemorrhagic Escherichia coli
(EAHEC) 0104:H4 occurred in Germany in May 2011 with a further 100 cases
reported in 12 other countries (Mellmann et al., 2011). EAHEC strains have evolved
from EAEC by acquisition of a Shiga toxin 2a (Stx2a)-encoding bacteriophage. This
is a clear example of how the acquisition of mobile genetic elements can lead to the

evolution of pathogenic traits in E coli.

1.2.1.5 Enteroinvasive E. coli (EIEC)
EIEC are biochemically, genetically and pathogenically related to Shigella spp. Both

organisms invade the colonic epithelium mediated by both plasmid and
chromosomal loci. Moreover, both organisms produce one or more secretory
enterotoxins that may play roles in diarrheal pathogenesis (Nataro & Kaper, 1998).
However, due to the clinical significance of Shigella a nomenclature distinction has
been maintained (Kaper, 2004). EIEC elicits watery diarrhoea that is
indistinguishable from infections by other pathogenic E coli (Nataro & Kaper,
1998). The initial phase of EIEC/Shigella infection involves epithelial cell
penetration, followed by lysis of the endocytic vacuole. Following this, intracellular
multiplication occurs and the bacterium undergoes directional movement through the
cytoplasm and extends into neighbouring adjacent epithelial cells. This movement
with the cytoplasm is mediated by nucleation of cellular actin which extends from
one pole of the bacterium as a “tail” and allows for bacterial movement through the
cell (Sansonetti, 2002). VirG (IcsA) is a surface protein found to be essential for
nucleation of actin filaments allowing movement (Goldberg et al., 1993).. Genes
necessary for invasiveness are carried on a 140-MDa plasmid, known as plnv, in
EIEC and other Shigella serotypes. This plasmid encodes a type 11l secretion system
which secretes multiple proteins, such as IpaA, IpaB, IpaC and IpgD, which are
effectors of the invasive phenotype and mediate epithelial signalling events,
cytoskeletal rearrangements, lysis of the endocytic vacuole and other actions
(Sansonetti et al., 2000). Prominent genes also located on this plasmid are the mxi
and spa loci, which encode the type Ill secretion apparatus. This enables the
insertion of a pore containing IpaB and IpaC proteins into host cell membrane. IpaC
has been shown to promote the uptake of Shigella spp. into the eukaryotic cell

(Marquart et al., 1996) and IpaB is thought to function in the lysis of the phagocytic
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vacuole (Nataro & Kaper, 1998) and in the induction of apoptosis in macrophages
(Zychlinsky et al., 1994).

1.1.4.1.5 Diffusely adherent E. coli (DAEC)
The term “diffusely-adherent E coli” refers to the characteristic diffuse pattern of

adherence to HEp-2 cell monolayers (Nataro et al., 1987). A number of studies have
shown that DAEC induce finger-like projections extending from the surface of
infected Caco-2 or HEp-2 cells (Cookson & Nataro, 1996; Yamamoto et al., 1994).
DAEC have been implicated as the cause of diarrhoea in a number of studies
primarily affecting children under the age of 12 (Scaletsky et al., 2002). Some
DAEC express a surface fimbrial adhesin which mediates the diffusely-adherent
(DA) phenotype. This fimbrial adhesin, known as F1845 is found in approximately
75% of DAEC and these fimbrial genes show homology to members of the Afa/Dr
group of bacterial adhesins (Servin, 2005). Other DEAC express afimbrial adhesin
(Afa). Afa/Dr adhesins utilise decay-accelerating factor (DAF), a cell-surface
glycosylphosphatidylinositol- anchored protein, which normally protects cells from
damage by the complement system, as the receptor (Kaper, 2004). Dr fimbriae
cluster at the DAF receptor and lead to the activation of signal transduction cascades
(Peiffer et al., 1998). Afa/Dr adhesins also recognise the membrane bound receptors
type IV collagen, CEACAM1, CEA, and CEACAMG6 which lead to proinflammatory
responses in polarized intestinal cells (Servin, 2005). Moreover, DAEC expressing
the fimbrial adhesion F1845 induce dramatic changes in the architecture of the
microvilli (limited to the point of bacterial contact with the microvilli, showing
disruption and then nucleation) and induce apical F-actin disorganization without
bacterial entry (Peiffer et al., 1998).
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Figure 1.8 Interaction of diarrhoeagenic E.coli with the epithelial cells of the gut
(Modified from Maciver, S.K 2002 and Kaper et al 2004).

A.

ETEC adhere to small bowel enterocytes and induce watery diarrhoea by the secretion
of heat-labile (LT) and/or heat-stable (ST) enterotoxins.

EPEC adhere to small bowel enterocytes, but destroy the normal microvillar
architecture, inducing the characteristic attaching and effacing lesion (pedestal
formation). Cytoskeletal derangements are accompanied by an inflammatory response
and diarrhoea.

EIEC invades the colonic epithelial cell, lyses the phagosome and moves through the
cell by nucleating actin microfilaments.

EHEC also induce the attaching and effacing lesion, but in the colon. The
distinguishing feature of EHEC is the production of Shiga toxin (Stx), systemic
absorption of which leads to potentially life-threatening complications.

EAEC adheres to small and large bowel epithelia forming a thick biofilm matrix and
elaborates secretory enterotoxins and cytotoxins.

DAEC elicits a characteristic signal transduction effect in small bowel enterocytes that

manifests as the growth of long finger-like cellular projections. (DAF: decay-

accelerating factor).
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1.2.1.6 Uropathogenic E. coli (UPEC)
E. coli is the most common cause of urinary tract infections (UTI’s) worldwide,

accounting for approximately 95% of community acquired infections and 50% of
hospital acquired infections (Foxman & Brown, 2003; Kucheria et al., 2005). As
previously mentioned, UPEC isolates are classified as extra intestinal pathogenic E.
coli (EXPEC), a genetically diverse group of E. coli strains that can cause sepsis,
UTlIs and neonatal meningitis. Interestingly, EXPEC are believed to originate in the
gut where they do not appear to cause any form of diarrhoeal disease (Dhakal et al.,
2008).

The urinary tract is normally a sterile environment kept free of microbes by
antimicrobial peptides, flowing urine and effector immune cells. However, UPEC
have developed an array of diverse virulence factors to aid their survival in this harsh
environment. These include the expression of P (pap) fimbriae, afimbrial adhesins,
haemolysin, secreted toxins, and siderophores like enterobactin and aerobactin which
sequester iron away from host cells (Bower et al., 2005; Dhakal et al., 2008; Kaper,
2004). UPEC strains possess large and small pathogenicity islands containing sets of
genes that are not found in the chromosome of other E. coli strains (Kaper, 2004).
Infection begins with the colonisation of the bowel with a UPEC strain that can
spread to the periurethral area and ascend the urethra to the bladder (Kaper, 2004).
Studies using mouse cystitis model systems have shown that UPEC become
localised within acidic membrane-bound vacuoles that have many characteristics of
late endosomes and lysosomes (Anderson et al., 2003; Eto et al., 2006; Mulvey et
al., 1998; Mulvey et al., 2001). Entry of UPEC into host bladder epithelial cells
benefit the microbes, providing them with a niche in which to multiply and persist
(Dhakal et al., 2008).

Type 1 fimbriae are a major facilitator of host cell invasion by UPEC. The distal part
of the tip of Type 1 fimbriae contains the mannose-binding adhesin FimH which can
attach to mannose moieties of the uroplakin receptors that coat transitional epithelial
cells (Jones et al., 1995; Mulvey et al., 1998; Sauer et al., 2000). FimH-mediated
bacterial invasion of bladder cells requires localized rearrangements of the actin

cytoskeleton resulting in the engulfment of the adherent bacteria. These internalised
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bacteria may persist for long periods, providing a source for recurrent UTIs (Dhakal
et al., 2008).

Type 1 fimbriae are continually expressed in cystitis and the infection is confined to
the bladder. However, in strains that cause infection of the kidneys (pyelonephritis)
the invertible element that controls type 1 fimbriae expression turns to the ‘off’
position and type 1 fimbriae are no longer expressed. (Gunther et al., 2001). It has
been suggested that this allows the bacteria to attach, using P fimbriae, to
digalactoside receptors that are expressed on the kidney epithelium (Kaper, 2004;
Korhonen et al., 1986). P fimbriae can interact with UPEC-associated cytotoxic
factors like a-haemolysin to facilitate bacterial invasion and dissemination within
host tissues (Dhakal et al., 2008; Mulvey, 2002). Haemolysin can disrupt tight
junctions, modulate host signalling resulting in increased production of IL-6 and IL-
8 and induce host cell death (Kaper, 2004; Uhlen et al., 2000).

1.2.1.7 Neonatal meningitis E. coli (NMEC)
NMEC is the most common cause of Gram negative neonatal meningitis, with a case

fatality rate of 15-40% and severe neurological defects in the majority of the
survivors (Dawson et al., 1999; Kaper, 2004). NMEC are classified as extraintestinal
pathogenic E. coli (EXPEC) and 80% of these strains are of the K1 capsule type
(Kaper, 2004). These bacteria translocate from the blood to the central nervous
system and levels of bacteraemia correlate with the development of meningitis
(Kaper, 2004). Studies have shown that K1 strains use S fimbriae to bind to the
surfaces of brain microvascular endothelium in neonatal rats (Parkkinen et al., 1988)
and invasion is dependent on the outer membrane protein OmpA. This protein binds
to the antigenic determinant GICNAcB1-4GIcNAc of the brain microvascular

endothelial cell receptor glycoprotein (Prasadarao et al., 1996).
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1.3 Adherent-invasive Escherichia coli (AIEC) and Crohn’s disease
As stated, E. coli is increasingly implicated in the pathogenesis of CD (see section
1.1.6.4). E. coli DNA has been detected in 80% of microdissected granulomas of CD

patients indicating a possible role for E. coli in CD lesions (Bringer et al., 2011;
Ryan et al., 2004). Previous analysis of bacterial flora associated with early and
chronic ileal lesions of CD patients showed that the ileal mucosa of 36.7% of CD
patients is abnormally colonized E. coli strains compared to only 5-10% of control
patients (Darfeuille-Michaud, 2002; Darfeuille-Michaud, 1998; Martin et al., 2004).
Similar results showing higher numbers of CD-associated E. coli in CD patients
compared to asymptomatic controls have been observed in several independent
studies from the United Kingdom (Martin et al., 2004), Ireland (Ryan et al., 2004)
and America (Dogan et al., 2012). In a study to assess the predominance of E. coli
strains associated with the ileal mucosa of CD patients, E. coli was recovered from
65% of chronic lesions (resected ileum) and from 100% of the biopsies of early
lesions (Darfeuille-Michaud, 1998). E. coli counts from the rectal mucosa were also
observed to be higher in active CD and UC rather than inactive and healthy controls
(Mylonaki et al., 2005).

Most of these CD-associated E. coli strains can adhere to cultured intestinal
epithelial cells such as differentiated Caco-2 cells, a property that could allow them
to colonise the intestinal mucosa (Darfeuille-Michaud, 1998). Subsequent studies of
the interaction between these strains and cultured human epithelial cells also
revealed an invasive phenotype (Boudeau et al., 1999). Furthermore, independent
studies have shown that invasive E. coli can be found in 29%-36% of CD patients
compared to 3%-9% in healthy controls (Martin, 2004). Such studies have led to a
new category of E. coli designated adherent-invasive Escherichia coli (AIEC)
(Darfeuille-Michaud, 2002). The high levels of AIEC colonizing the intestinal
mucosa of patients with CD suggests that it may play an important role in the
etiopathogenesis of CD (Caprilli, 2008). However, it is important to note that AIEC
strains do not represent a specific pathogen exclusively found in CD because of their
presence in a few ileal or colonic specimens from healthy individuals suggesting that
AIEC strains may belong to a transient normal microbiota (Darfeuille-Michaud,
2004).
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Most of the experimental data on the AIEC phenotype is based on gene deletion
studies with E. coli LF82 (serotype 0O83:H1), isolated in France from an ileal biopsy
of a patient with CD (Darfeuille-Michaud, 1998). Other CD-associated E. coli strains
with similar properties have been isolated suggesting these observations are
generalizable (Wine et al., 2011). However, MLST analysis suggests that E. coli
isolated from CD patients did not evolve from a unique ancestral background and not
all of these phenotypically-defined strains may share all of the same proposed
virulence genes (Eaves-Pyles, 2008; Sepehri et al., 2009; Wine et al., 2011). The
current criteria for inclusion into the AIEC group are (i) the ability to colonies the
intestinal mucosa by adhering to and invading intestinal epithelial cells with a
macropinocytosis-like process of entry dependent on actin microfilaments and
microtubule recruitment, (ii) the ability to survive and to replicate in large vacuoles
within macrophages and (iii) the ability to induce the release of high amounts of pro-
inflammatory cytokines such as TNF-a and IL1-f (Boudeau et al., 1999; Boudeau et
al., 2001; Darfeuille-Michaud, 2002; Darfeuille-Michaud, 2004; Martin et al., 2004).

1.3.1 AIEC and the Epithelial Barrier
Intestinal epithelial cells not only act as a physical barrier in preventing enteric

bacteria from entering and interacting with immune cells in the lamina propria but
these cells also act as innate immune sensors for pathogens, as well as commensals
(Kagnoff & Eckmann, 1997). Bacterial adhesion to intestinal epithelial cells is the
first step in the pathogenicity of many bacteria involved in infectious diseases of the
gut. Adhesion limits bacterial clearance from the intestine and enables the bacteria to
colonise the gut (Eaves-Pyles, 2008). Interestingly, it was shown using PCR that the
AIEC strain LF82 does not possess any of the known virulence factors normally
associated with pathogenic E. coli involved in gastrointestinal outbreaks (Darfeuille-
Michaud, 1998; Martin et al., 2004), for example the ipaB, ipaC and ipaD plasmid
genes encoding the invasion phenotype of EIEC, the eae gene encoding the intimin
of EPEC, or the tia gene encoding a 25-kilodalton outer membrane protein involved
in ETEC invasiveness (Darfeuille-Michaud, 2004).
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Figure 1.9 Transmission electron micrographs of C2Bbel epithelial cells infected with
AIEC strain HM605. A) A section of the cell monolayer showing numerous intracellular
bacteria after a 4h infection period. B) High magnification showing invasion of bacteria into
epithelial cell. Septum formation on the bacteria indicates that the strain HM605 can survive
and replicate inside C2Bbel epithelial cells. Magnification: A, X4,000; B, X30,000.
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1.3.1.1 Type 1 pili and flagella mediated adhesion/invasion to epithelial cells.
Type 1 fimbriae-mediated adherence is involved in LF82 invasion of intestinal

epithelial cells (Boudeau et al., 2001). Type 1 fimbriae are the most common
filamentous bacterial appendages of many Gram-negative bacteria such as E. coli
and they promote bacterial adhesion to various types of eukaryotic cells. By using
TnphoA insertion mutagenesis, non-invasive mutants of LF82 were identified and
subsequently were shown to have the transposon inserted into the type 1 fimbriae-
encoding operon. Such mutations showed a decrease in adherence suggesting the
involvement of type 1 fimbriae in adherence of AIEC (Boudeau et al., 2001). The
type 1 fimbriae-encoding operon is composed of nine genes and the fimbriae itself
consists of the major subunit FimA and the three minor subunits FimF, FimG and
FimH (Jones et al., 1995; Klemm & Christiansen, 1990). As stated, FimH binds to
terminally located D-mannose moieties on cell-bound and secreted glycoproteins
that coat transitional epithelial cells allowing bacterial adhesion (Boudeau et al.,
2001). It is well documented that the adhesin FimH is involved in the virulence of
UPEC, mediating invasion of host bladder epithelial cells via initiation of host cell
signalling cascades (see section 1.2.1.6). Multiple alignment of the predicted amino
acid sequence of FimH for LF82 and K-12 strains showed that variations occurred in
the predicted LF82 FimH sequence indicating point amino acid substitutions along
the entire length of the sequence (Barnich & Darfeuille-Michaud, 2007b; Boudeau et
al., 2001). Interestingly, LF82 fimH sequence showed strong homology with
invasive E. coli strains, mainly NMEC strain IHE3034 and APEC strain MT78
(Boudeau et al., 2001).

In LF82, type 1 fimbriae trigger the formation of membrane extensions at the sites of
intimate contact between the entering bacteria and the epithelial cells. These
membrane extensions surround the bacteria and allow for uptake into the epithelial
cell. Membrane extensions are not observed when epithelial cells are infected with
LF82 fimF and fiml mutant cells that are unable to produce Type 1 fimbriae and
consequently invasion is reduced (Boudeau et al., 2001). Therefore, LF82 adhesion
to, and invasion of, epithelial cells depends on type 1 fimbriae triggering these
membrane extensions in epithelial cells. Interestingly the expression of the Type 1
fimbriae from LF82 in another, non-invasive strain of E. coli, did not induce

invasiveness highlighting that there are other genes in LF82 that are required for
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invasion (Boudeau et al., 2001). Interestingly, dose dependent degradation of type 1
pili in the presence of the protease meprin impairs the ability of LF82 to bind to
mannosylated host receptors on epithelial T84 cells and leads to decreased
production of the pro-inflammatory cytokine IL-8. Proteases can act as host defence
mechanisms to counteract bacterial colonization. Meprin is abundantly expressed in
intestinal epithelial cells, however, decreased levels of the meprin are observed in
CD patients and consequently it has been speculated that this may contribute to
increased AIEC colonization (Vazeille et al., 2011). It must be noted that the studies
above focused on LF82, other studies have shown that colonic AIEC isolates
expressing fimH also bind to intestinal epithelial cells but in a mannose independent
manner e.g. AIEC HM605 (Martin et al., 2004; Simpson et al., 2006)

Flagella have also been shown to play a direct role in adherence and an undefined
role in invasion of epithelial cells by LF82 (Barnich et al., 2003; Eaves-Pyles, 2008).
The transcriptional activator of flagellar biogenesis, FIhD,C, and the sigma factor
FIiA have been shown to be involved in the coordination of flagellar and type 1
fimbriae synthesis. If fliA is deleted in LF82, type 1 fimbriae formation and
adherence to epithelial cells is dramatically decreased due to the intracellular
concentration of the cyclic-di-GMP secondary messenger (Claret, 2007). The loss of
type 1 fimbriae in the fliA was attributed to the decreased expression of the FliA
dependent yhjH gene in the LF82 AfliA mutant (Claret, 2007). YhjH is an EAL
domain phosphodiesterase involved in degradation of the bacterial second messenger
c-di-GMP and in LF82 it was reported that lower c-di- GMP levels seem to stimulate
type 1 fimbriae synthesis (Claret, 2007). This indicates LF82 FliA is a key regulatory
component linking flagellar and type 1 fimbriae synthesis and furthermore LF82
FliA effect on type 1 pili is appears to mediated via a c-di-GMP dependent pathway
(Claret, 2007). AIEC flagellin has also been shown to induce the release of the pro-
inflammatory cytokine IL-8 (Subramanian, 2008).

The non-motile aflagellar fliC mutant also shows a drastic down-regulation of type 1
fimbriae synthesis and a decrease in the adhesive and invasive abilities of LF82
(Claret, 2007). Such studies demonstrate that flagellar motility and other factors (e.g.
Type 1 fimbriae) are co-regulated in LF82. Other adhesins such as the lipoprotein
NIpl have been reported to play a role in adherence and invasion of LF82 (Barnich et
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al., 2004). Surface-exposed lipoproteins can play a role as adhesins and NIpl is
reported to be targeted to the outer membrane in the E. coli (Barnich et al., 2004).
An nlpl-negative isogenic mutant was shown to be reduced in its ability to adhere to
and invade Intestine-407 cells. Although both type 1 fimbriae and flagella were not
expressed in this mutant the adherence/invasion phenotype was shown to be

independent of both type 1 fimbriae and flagella.

1.3.1.2 Type 1 fimbriae and Carcinoembryonic antigen-related cell adhesion
molecule 6 (CEACAM-6) expression
The high prevalence of AIEC strains associated with the ileal mucosa observed in

CD patients suggests that the abnormal expression of a specific host receptor on host
epithelial cells may be recognized by bacterial lectin-like surface adhesins in a
genetically predisposed host (Barnich et al., 2007). Consequently, it was shown that
ileal AIEC adhesion to epithelial cells depends on type 1 fimbriae expression on the
bacterial cell surface and the recognition of the glycoprotein carcinoembryonic
antigen—related cell adhesion molecule 6 (CEACAM-6) on the apical surface of ileal
epithelial cells by type 1 fimbriae (see fig 1.10) (Barnich & Darfeuille-Michaud,
2007a; Barnich & Darfeuille-Michaud, 2010). A number of glycosylated receptors
for type 1 fimbriae have been documented, however western blot analysis of total
protein extract from ileal specimens of 9 CD patients and 9 healthy controls showed
an abnormally strong expression of CEACAM-6 on the brush border of enterocytes
in the ileal mucosa of CD patients in both active and inactive areas compared to
controls (Barnich et al., 2007). No up-regulation of CEACAM-6 expression was
observed in the colonic mucosa indicating that the up-regulation of CEACAM-6
expression is specific to the ileal segment of the intestine of CD patients (Barnich et
al., 2007). Interestingly, in vitro studies show an increase in epithelial CEACAM-6
expression after infection with AIEC strain LF82 and after stimulation with IFN-y or
TNF-a (Barnich et al., 2007; Barnich & Darfeuille-Michaud, 2010). This suggests
that inflammatory conditions and/or infection with AIEC can induce CEACAM-6
expression in intestinal epithelial cells and LF82 may, therefore, promote its own
colonisation in CD patients. Similarly, LF82 adhesion to intestinal epithelial cells
was significantly increased when the expression of CEACAM-6 was induced after
IFN-y stimulation highlighting that the adhesion of AIEC increases with CEACAM-
6 expression (Barnich et al., 2007).
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Figure 1.10 Stages of AIEC colonization in the ileal mucosa.

(1) The abnormal expression of CEACAM-6 in ileal results AIEC LF82 binding to
CEACAM-6 allowing for (2) AIEC colonization, adhesion and (3) epithelial invasion,
which allow the bacteria to cross the mucosal barrier. (4) AIEC bacteria are taken up by
macrophage and can (5) survive and replicate within infected macrophages in the lamina

propria, and induce pro-inflammatory secretion
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In vivo, AIEC expressing type 1 fimbriae bind to CEACAM-6 allowing AIEC to
colonize the intestinal mucosa of transgenic mice expressing human CEACAM-6
and also induce gut inflammation (Carvalho et al., 2009). Absence of colonization
and inflammation was observed when the non-piliated mutant of LF82, which is
unable to bind CEACAM-6, was orally administered to transgenic mice (Carvalho et
al., 2009). This indicates that the adhesion of LF82 to the ileal mucosa via type 1
fimbriae binding to CEACAM-6 is essential for LF82 adhesion and for the
development of inflammation (see Fig. 1.10). In a recent study, infection of
CEABACI10 transgenic mice expressing human CEACAM-6 with LF82, but not
with non-pathogenic E. coli, led to a significant 3-fold increase in intestinal
permeability and disruption of mucosal integrity, in a type 1 fimbriae-dependent
manner (Denizot et al., 2011). This is consistent with the abnormal expression of the
pore-forming tight junction protein claudin-2 at the plasma membrane of intestinal
epithelial cells observed in AIEC-infected CEABAC10 mice (Denizot et al., 2011).
These findings suggest that LF82 type 1 fimbriae-mediated interaction with
CEACAM-6 may also disrupt intestinal barrier integrity.

1.3.1.3 AIEC and M-cells: A potential entry point.
Clinical observations suggest that the sites of initial inflammation in ileal CD are the

lymphoid follicles as erosions can be seen at the specialized follicle associated
epithelium (FAE), which lines Peyer’s patches (PPs) (Chassaing et al., 2011;
Fujimura et al., 1996). Epithelial cells emerging from the follicle-associated crypts
migrate as a dome is formed by the underlying lymphoid follicle, thus they are often
referred to as dome epithelial cells (Kraehenbuhl & Neutra, 2000). FAE contain
specialized membranous/microfold cells (M cells) that are involved in the
immunological sampling of microorganisms and foreign antigens (Kraehenbuhl &
Neutra, 2000). M cells facilitate the adherence and uptake of microorganisms and
microbial antigens on their apical microfold membranes and allow for presentation
to lymphoid or antigen-presenting cells in the sub-epithelial tissue (Knight et al.,
2008; Kraehenbuhl & Neutra, 2000). They account for approximately 3% of the cells
in the dome epithelium that overlies PPs in the distal small intestine and the
lymphoid follicles in the colon (Knight et al., 2008). A number of pathogens exploit

the features of M cells that are intended to promote uptake for the purpose of
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immunological sampling and use them to cross the intestinal barrier, for example
invasive pathogens such as Shigella and Salmonella are unable to invade via normal
colon cells but enter via M cells (Knight et al., 2008; Sansonetti & Phalipon, 1999).
Yersinia enterocolitica and Yersinia pseudotuberculosis also cross the intestinal
epithelial barrier through M cells of the FAE (Marra & Isberg, 1997) and EPEC
translocate across an in vitro M cell model under the regulation of a type Il
secretion system (Martinez-Argudo et al., 2007). M cells have a number of features
that allow for such exploitation: a poorly organized brush border, the lack of goblet
cells and as a result a lack of mucus covering the intestinal epithelial cells facilitating
contact between the bacteria and the M cells (Knight et al., 2008; Neutra et al.,
1999). As other invasive pathogens utilise M cells as an entry point into epithelium,
it is likely that AIEC may also enter in this manner. Evidence for this comes from M
cells cultured in vitro (Roberts et al., 2010). An interesting observation is that the
peaks of greatest cases of CD occur between 15-25 years of age, this correlates with
the peak number of PP (Van Kruiningen et al., 1997). This correlation suggests that
CD may develop as an inflammatory process specifically targeting M cells. It has
been recently reported that a protein located on the apical plasma membrane of M
cells among enterocytes interacts with type 1 fimbriae on bacteria (Hase et al.,
2009). Glycoprotein 2 (GP2) recognized the FimH adhesin of type 1 fimbriae on
Salmonella enterica serovar Typhimurium and E. coli and suggests that entry into M
cells could occur via the recognition of FimH by GP2 (Hase et al., 2009).
Interestingly, in Salmonella enterica serovar Typhimurium appendages known as
long polar fimbriae (LPF) are responsible for specific adherence to M cells of the
murine FAE (Baumler et al., 1996). Moreover, in addition to type 1 fimbriae, the
AIEC strain LF82 also expresses long polar fimbriae (LPF), encoded by the Ipf
operon (Chassaing et al., 2011). A recent study reported that the LPF of LF82
interact with murine and human PPs and ultimately allow translocation across M
cells (Chassaing et al., 2011). An isogenic mutant, Alpf4, in LF82 (which still have
type 1 fimbriae) was reduced in its ability to interact with murine and human isolated
PPs and was also impaired in its ability to translocate across M-like cell monolayers
and to interact with murine M cells in vivo (Chassaing et al., 2011). These results
indicate that LPF of LF82 play a key role in targeting M cells which could allow
subsequent entry into lymphoid tissue. As stated, type 1 fimbriae (FimH) binds to
GP2 therefore it is likely that LPF is not binding to GP2 directly but is binding via a
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mannose-independent manner (associated with GP2 positive cells). LPF expression
is not necessary for LF82 binding to polarized enterocytes, this binding is associated
solely with CEACAM-6 and type 1 fimbriae (Chassaing et al., 2011; Strober, 2011).

Interestingly, a high prevalence of putatively functional IpfA-positive AIEC strains
was observed in CD patients compared to control patients (21.8% and 3.5%
respectively) and most of the E. coli strains associated with the ileal mucosa of
controls were non-AIEC and did not harbor the IpfA gene (Chassaing et al., 2011).
Since the initial lesions in CD appear to occur at PPs CD-associated AIEC
expressing LPF could use PPs as an open gate promoting invasion. It was also
observed that NOD2-deficient mice expressed increased amounts of GP2 on M cells
and consequently had increased numbers of LPF+ AIEC bacteria; however this did
not induce colitis in the mice (Chassaing et al., 2011). It should be noted that this
does not imply that LPF binds to GP2 as a previous study has shown that bile salts
increase the expression of LPF on AIEC (Chassaing et al., 2012).

1.3.1.4 Outer membrane vesicles (OMVs) contribute to AIEC invasion
Outer membrane vesicles (OMVs) are a means by which bacteria interact with

prokaryotic and eukaryotic cells in their environment (Kuehn & Kesty, 2005).
OMVs arise from the surfaces of many Gram-negative bacteria and consist of outer
membrane and entrapped periplasmic components (Rolhion et al., 2005). In
pathogenic bacteria OMVs contain adhesins, toxins, and other virulence factors for
intercellular transport and they directly mediate bacterial binding and invasion as
well as modulating the host immune response (OMVs have been shown to be pro-
inflammatory) (Kuehn & Kesty, 2005; Subramanian, 2008). OMVs therefore act as
potent virulence factors in the host-bacteria interaction. For example, OMVs are
associated with the IpaB, IpaC and IpaD virulence factors in S. flexneri
(Kadurugamuwa & Beveridge, 1998) as well as delivery of the LT toxin in ETEC
(Wai et al., 1995).

In AIEC, OMVs may act as a potential virulence factor as it has been reported that
deletion of yfgL gene leads to a strong decrease in OMVs release and consequently a

reduction in the invasive ability of LF82 into Intestine-407 epithelial cells (Rolhion
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et al., 2005). The yfgL gene encodes the YfgL lipoprotein involved in the syntheses
and/or degradation of peptidoglycan (Eggert et al., 2001). The deletion of yfgL gene
in LF82 was also shown to affect the release of the integral outer membrane proteins
OmpA and OmpC in the culture supernatant by decreasing the release of OMVs
compared to wildtype (Eggert et al., 2001). The protein OmpA has been previously
reported act as a virulence factor playing many important roles in adhesion, invasion
and persistence of E. coli. For example, in NMEC OmpA is required for invasion
into brain microvascular endothelial cells by interacting with the endothelial cell
glycoprotein Ecgp96 (Prasadarao, 2002; Rolhion et al., 2010). In intestinal epithelial
cells a homologue of Ecgp96, known as the endoplasmic reticulum (ER)-localised
stress response chaperone Gp96 can be found (Cabanes et al., 2005; Rolhion et al.,
2010). Interestingly, it has been recently reported that OmpA at the surface of LF82
OMVs interacts with epithelial Gp96 allowing the adhesion and invasion of LF82 to
intestinal epithelial cells (Rolhion et al., 2010). Deletion of the ompA gene markedly
reduced LF82 invasion of Intestine-407 epithelial cells and exhibited a loss of fusion
of OMVs with the host cell. Gp96 is overexpressed at the apical plasma membrane
of ileal epithelial cells of patients with CD (Rolhion et al., 2010). This suggests that
in CD patients, AIEC may take advantage of this Gp96 overexpression to allow
delivery into host cells of virulence factors that contribute to the invasion process via
OMVs (Rolhion et al., 2011). Similarly, deletion of ompC in LF82 significantly
reduced the adhesion and invasion levels of LF82 into Intestine-407 epithelial cells
(Rolhion et al., 2007). This defect was shown to be independent of type 1 fimbriae
and flagella. However, under conditions of high osmolarity, similar to that in the
GIT, increased expression of OmpC in LF82 and activation of the RpoE (c%)
regulatory pathway which responds to envelope stress was observed (Rolhion et al.,
2007). Activation of the RpoE pathway can regulate the expression of several
virulence factors promoting AIEC adhesion and invasion into intestinal epithelial
cells as well as biofilm formation (Chassaing et al., 2012; Rolhion et al., 2007).
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Table 1.2 Key virulence factors associated with epithelial cell invasion in AIEC

LF82
Virulence factor Function References
Type 1 fimbriae Induce membrane extensions (Barnich et al., 2003;
Boudeau et al., 2001)
Flagella Bacterial mobility and down regulation of | (Barnich et al.,, 2003;
Type 1 fimbriae Eaves-Pyles, 2008)
Outer membrane | Delivery of bacterial effector proteins to host | (Rolhion et al., 2005)

vesicles (OMVs)

cells

Long polar fimbriae | Interact with Peyer’s patches and M-cells (Chassaing et al., 2011)
(LPF)
OmpA Interacts with Gp96 on host membrane (Rolhion et al., 2010;
Rolhion et al., 2011)
OmpC Regulates the expression of several | (Rolhion etal., 2007)
virulence factors via RpoE pathway
Nlpl Adherence/invasion of epithelial (Barnich et al., 2004)

1.3.2 Replication in macrophages.

In the intestine, macrophages are located underneath the intestinal epithelium, with
the lamina propria containing the largest number of macrophages in the body
(Barnich et al., 2004). Macrophages act as the first line of defence, eliminating
unwanted microorganisms by engulfing them into phagosomes, which rapidly
develop into bactericidal phagolysosomes after fusion with lysosomes (Barnich et
al., 2004). Invasive bacteria such as M. tuberculosis, Legionella pneumophila and
Listeria monocytogenes have developed various methods to counteract and/or disrupt
these mechanisms, which, when successful, enable them to survive, replicate and, in
some cases, lyse macrophages (see fig.1.11) (Finlay & Cossart, 1997; Flannagan et
al., 2009; Glasser et al., 2001). Once through the epithelial barrier, AIEC are
phagocytised by macrophages. Evidence for this is highlighted by the isolation of E.
coli in macrophages localised in the lamina propria, in granulomas and also within

mesenteric lymph nodes of CD patients (Lodes et al., 2004). A number of studies
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have shown that AIEC strains isolated from ileal and colonic CD patients are capable
of surviving and replicating within J774A.1 murine macrophages and primary
human monocyte derived macrophages (Darfeuille-Michaud et al., 2004; Glasser et
al., 2001; Meconi et al., 2007; Mpofu et al., 2007; Subramanian, 2008).

1.3.2.1 AIEC replicates in mature phagolysosomes
Upon infection, LF82 is engulfed by macrophage within phagosomes that rapidly

evolve and mature into organelles termed phagolysosomes (Bringer et al., 2006). As
phagosomes mature they acidify and interact with the endosomal network and/or the
biosynthetic pathway (Bringer et al., 2006; Desjardins, 1995). After infection LF82-
containing phagosomes acquire early endosome antigen 1 EEAL. This protein is
associated with early endosome development (Desjardins, 1995). This allows for the
late endosome stage of maturation, characterised by the acquisition of Rab7 GTPase
were the phagosome continues to acidify (Bringer et al., 2006). In pathogenic
bacteria such as Mycobacterium tuberculosis and Mycobacterium avium, maturation
of the phagosome is blocked by inhibiting stages controlled by Rab5 and Rab7
resulting in the retention of Rab7 GTPase on the phagosome. This allows the
bacteria to replicate within an immature phagosome (Clemens & Horwitz, 1995).
However, in LF82-infected macrophages, the Rab7 GTPase was not retained on the
phagosome, indicative of phagosome maturation into a phagolysosome (Bringer et
al., 2006; Clemens & Horwitz, 1995). Following this maturation, peripheral
transmembrane glycoproteins (Lamps) are observed on the LF82-containing
phagosome and intraluminal concentrations of the degradative protease cathepsin D
are increased. Therefore, LF82-containing phagosomes mature into active
phagolysosomes where they are exposed to low pH and also to degradative proteases
(Bringer et al., 2006).
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A) Mycobacterium tuberculosis

C) Listeria monocytogenes

B) Legionella pneumophila

Cell to cell spread

Figure 1.11 Strategies used by three intracellular bacterial pathogens to modulate

phagosome maturation for survival inside the macrophage.

A) M. tuberculosis. After internalization, the bacterium uses a number of effector

B)

©)

molecules, including the lipids phosphatidylinositol mannoside (PIM) and
lipoarabinomannan (LAM), and the phosphatidylinositol-3-phosphate (P1-3-P)
phosphatase SapM to stop phagosome maturation at the early stage.

L. pneumophila. This bacterium impairs fusion of the Legionella-containing vacuole
with endolysosomal compartments and following this promotes fusion with
endoplasmic reticulum (ER)-derived membranes.

L. monocytogenes. This pathogen evades phagolysosomal fusion after internalization
by escaping the phagosome through secretion of listeriolysin O (LLO) and two
phospholipases, PIcA and PIcB. Once in the cytoplasm, L. monocytogenes can
undergo replication and become motile by manipulating host cell actin inducing
‘tails’ generated by the effector ActA.
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Interestingly, when macrophages were treated with vacuolar pH-neutralizing agents
such as chloroquine and ammonium chloride the intracellular replication of LF82
was inhibited suggesting that an acidic pH is required for LF82 replication and may
switch on expression of virulence genes which allow these bacteria to replicate
(Bringer et al., 2006). Moreover, it has been previously reported that the stress
protein HtrA plays an essential role in the adaptation of intracellular AIEC LF82
bacteria to acidic pH conditions (Bringer et al., 2005). Deletion of the htrA gene in
LF82 induced increased sensitivity of the isogenic mutant to oxidative stress caused
by hydrogen peroxide and low growth in an acid and nutrient-poor medium partly
reproducing the microenvironment of the phagosome (Bringer et al., 2005).
Furthermore, in vitro experiments showed that the htrA gene was 38-fold up-
regulated in LF82 intramacrophagic bacteria. These studies indicate the importance
of phagosomal acidification for intramacrophagic survival and/or replication of LF82
(Bringer et al., 2005). Similarly, htrA has also been shown to be important for the
intracellular replication of Salmonella (Baumler et al., 1994; Eriksson et al., 2003),
Legionella pneumophila (Pedersen et al., 2001) and Brucella abortus (Elzer et al.,

1996) in macrophage cells.
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Figure 1.12: Transmission electron micrograph of LF82 inside J774-Al
macrophages. Large numbers of intracellular AIEC LF82 in a large vacuole 48 hours
after infection (From Caprilli R et al 2010).
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1.3.2.2 The periplasmic oxidoreductase DsbA and the RNA binding protein Hfg
are required for intramacrophage replication of AIEC strain LF82.
Many strategies for intramacrophage survival involve proteins that are exported from

the cytoplasm to either the periplasm or the outer membrane or are secreted out of
the cell (Bringer et al., 2007; Bruggemann et al., 2006; Celli, 2006). Many proteins,
especially membrane and exported proteins are stabilized by intramolecular disulfide
bridges between cysteine residues which are essential for the correct functioning of
proteins (Bringer et al., 2007). In E. coli, the Dsb proteins are responsible for the
formation of disulfide bonds (Heras et al., 2009). DsbA is a 21-kDa periplasmic
protein and is responsible for the introduction of disulfide bonds to newly
synthesised proteins (Bringer et al., 2007; Heras et al., 2009). The activity of DsbA
IS maintained by the function of the inner membrane protein DsbB, which oxidizes
DsbA (Bringer et al., 2007; Heras et al., 2009).

The role of DsbA in the virulence of pathogenic E. coli has been previously reported.
It has been shown to be involved in the biogenesis of bacterial cell surface
appendages such as flagella (Dailey & Berg, 1993) and fimbriae in EPEC and UPEC
(Donnenberg et al., 1997; Jacob-Dubuisson et al., 1994). Similarly, it is crucial in
the biogenesis of toxins such as the heat-labile and heat-stable toxins of ETEC
(Okamoto et al., 2001). In LF82 it was shown that a AdsbA mutant was unable to
replicate in macrophages (Bringer et al., 2007). In addition, LF82 AdsbA was
affected in the ability to adhere to and invade Intestine-407 epithelial cells,
suggesting that DsbA is essential for multiple virulence functions in AIEC strain
LF82 (Bringer et al., 2007). Similar to the htrA gene, transcription of the dsbA gene
was up-regulated when LF82 was grown in vitro in a medium that partly mimicked
conditions encountered in the phagolysosome, suggesting that DsbA is activated
under phagolysosomal conditions (Bringer et al., 2007). Therefore, the DsbA
oxidoreductase is essential for LF82 to resist killing in the hostile environment of the
phagosome. Similarly to the LF82 dsbA mutant, a S. flexneri dsbA mutant also grow

poorly within macrophages (Yu et al., 2001).

It has also been reported that the RNA binding protein, Hfq, is important for LF82
survival and multiplication within macrophages (Simonsen et al., 2011). Hfq is a

small RNA-binding protein that functions as a global posttranscriptional regulator of
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gene expression by binding to small regulatory RNA molecules (sRNA) and
facilitating their interaction with their target mMRNA molecules (Ansong et al., 2009;
Simonsen et al., 2011). Deletion of hfg in LF82 resulted in reduced host cell
invasion as well as reduced intracellular survival and replication in cultured
macrophages (Simonsen et al., 2011). Moreover, deletion of hfg increased sensitivity
of LF82 to stress conditions encountered within the phagolysosome, such as low pH,
reactive oxygen species and reactive nitrogen species (Ansong et al., 2009). These
results demonstrate that LF82 Hfg may play an important role in promoting bacterial
adaptation to the multiple stress conditions encountered in the mature

phagolysosome.

1.3.2.3 Defects in autophagy enhance intracellular replication of AIEC strain
LF82
As previously mentioned, CD associated polymorphisms in NOD2, ATG16L1 and

IRGM affect bacterial autophagy (see table 1.0). Defects in autophagy lead to
abnormal immune responses to intracellular pathogens and may contribute to the
pathogenesis of CD (Lapaquette et al., 2012b). Moreover, dysfunction in autophagy
leads to persistent infection of intracellular pathogens such as S. enterica serovar
Typhimurium, Streptococcus pyogenes, and M. tuberculosis (Birmingham et al.,
2006; Nakagawa et al., 2004; Singh et al., 2006). It was recently reported that LF82
induced autophagy in mouse embryonic fibroblasts (MEFs) and autophagy restricted
the intracellular replication of LF82. In addition, LF82 were shown to interact with
autophagy in a variety of epithelial cell lines (Lapaquette et al., 2012c). Treatment
of HelLa cells with rapamycin to induce autophagy significantly reduced the number
of intracellular LF82 bacteria in a dose-dependent manner (Lapaquette et al., 2012c).
However, intracellular AIEC LF82 was shown to replicate within HeLa cells having
impaired ATG16L1 expression. A reduction in ATG16L1 expression allowed for a
significant increase in the numbers of intracellular AIEC LF82 bacteriaat 1 and 6 h
post infection (Lapaquette et al., 2012c¢).

It is also been recently reported that AIEC LF82 induces recruitment of the
autophagic machinery at the site of entry in human monocyte-differentiated THP-1
macrophages (Lapaquette et al., 2012b). Autophagy was analysed by comparing
LC3-II turnover in the presence or absence of Bafilomycin Al, a lysosomal inhibitor

that blocks autophagosome maturation (Klionsky et al., 2008). A significant increase
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in LC3-1l accumulation was observed at early time point post infection in
Bafilomycin Al-treated THP-1 macrophages in response to infection, indicating
stimulation of autophagy by AIEC (Lapaquette et al., 2012b). ATG16L1- and LC3-
positive AIEC-containing vacuoles were closely associated with actin
rearrangements induced for bacteria engulfment which indicates that the autophagic
proteins were recruited at the LF82 entry site. This suggests that invading AIEC
LF82 is immediately brought into contact with the autophagy machinery (Caprilli et
al., 2010; Lapaquette et al., 2012b). Furthermore, similar to autophagy in epithelial
cells, siRNA analyse showed that decreased expression of ATG16L1, IRGM and also
NOD?2 significantly increases the numbers of intramacrophagic LF82 bacteria in
THP-1 macrophages (Lapaquette et al., 2012b). Thus, the two autophagy-related
proteins ATG16L1 and IRGM as well as NOD2-dependent autophagy control the
number of intracellular AIEC LF82 bacteria in human THP-1 macrophages.
Interestingly, it was also shown that defective autophagy results in an increased
release of the pro-inflammatory cytokines TNF-a and IL-6 by LF82-infected
macrophages (Lapaquette et al., 2012b). These findings show that lack of autophagic
response resulting from altered ATG16L1, IRGM or NOD2 expression favours AIEC
LF82 replication inside the macrophage (Lapaquette et al., 2012b).

1.4 Comparative genomics.
To date the genomes of four AIEC strains, LF82 (Miquel et al., 2010), HM605

(Clarke et al., 2011), UM146 (Krause et al., 2010) and NRG857¢ (Nash et al., 2010)
have been published. These genomes, and other comparative genomic studies,
suggest that AIEC most closely resemble EXPEC (Martinez-Medina et al., 2009b).

Moreover, AIEC strains cluster genetically with EXPEC and share some of their
phenotypic traits including the ability to colonize mucosal epithelial cells, invade
eukaryotic host cells, and to induce inflammatory responses (Nash et al., 2010).
Interestingly, a later study observed that, although AIEC and EXPEC have similar
virulence gene profiles and phylogenetic backgrounds, the majority of EXPEC do not
behave phenotypically like AIEC (Martinez-Medina et al., 2009d). Phylogenetic
analyses of AIEC NRG857c and comparison of this genome with other EXPEC,
AIEC LF82, EPEC and commensal E. coli facilitated the identification of 35 high-

confidence genomic islands and 66 genes unique to E. coli displaying the adherent
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and invasive phenotype (Nash et al., 2010). The conservation of these 35 genomic
islands between NRG8578c and LF82 was high, suggesting that they may encode
traits unique to the adherent and invasive phenotype (Nash et al., 2010). Although
these strains are closely related, each strain harbours a large plasmid that shows
almost no conservation between them suggesting that they have different ancestry
(Nash et al., 2010). The plasmid in NRG857c is an antimicrobial resistance plasmid
with a suite of genes encoding resistance to aminoglycosides, b-lactams,
chloramphenicol, mercury, quaternary ammonium salts, sulfonamides, tetracycline,
and trimethoprim (Nash et al., 2010). LF82 and NRG857c genomes possess genes
which encode for virulence associated factors such as type-VI secretion systems, iron
acquisition, motility, adherence/invasion associated proteins such as type | pili, curli,
biofilm formation, LPS production, transcriptional regulators of virulence genes, and
alternative carbon source catabolism such as propanediol (a carbon source crucial to
Salmonella virulence) (Miquel et al., 2010; Nash et al., 2010). Similarly, NRG857¢
contains genes that are important for adhesion and invasion of AIEC LF82, including
nlpl, htrA and dsbA (Nash et al., 2010). Interestingly, LF82 and NRG857¢ produce
SPATE proteins (53% of E. coli isolated form CD patient) and adhesins (61.5% of E.
coli isolated from CD patients) that are associated with UPEC (Kotlowski et al.,
2007). SPATE are serine protease autotransporter proteins that are key virulence
genes in UPEC which have been grouped with AIEC strains through multi-locus
sequence typing (MLST) analysis (Sepehri et al., 2009). However, phylogenetic
analyses of AIEC HM605 show that it is more divergent than NRG8578c and LF82
(which are of the same serotype O83:H1) and genomic comparisons suggest that
there are few AIEC-specific regions and that the regions identified as characteristic
of AIEC in a comparison of LF82 and NRG857c only reflect the close relationship
of the two AIEC O83:H1 strains (Clarke et al., 2011). An interesting feature of
AIEC UM146 is that it possesses a range of resistance determinants that may help to
explain the varied effectiveness in treating inflammatory bowel disease patients with

antimicrobials (Krause et al., 2010).
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Table 1.3 General features of AIEC genomes

Chromosome Plasmid

Strain Phylogroup Size G+C @ Accession Size (kb)
* (kb) (%) | number
LF82 B2 4,773 | 50.7 | CU651637 108
NRG8578c | B2 4,748 | 50.7 | CP001855 147
HM605 B2 4,989 | 51.8 | CADZ01000001 | 1. 135 2. 92
to (plasmid (plasmid
CADZ01000154 pS88) pR3521)

* CD AIEC mainly associated with B2/D phylogroups (Martinez-Medina et al., 2009c)

1.5 Pathoadaptive mutations
It has been well established that pathogens can evolve from non-pathogenic

ancestors via gene acquisition by horizontal gene transfer, allowing these bacteria to
colonise new niches. Furthermore, the bacterial cells core genes and newly acquired
genes may undergo further genetic modifications to further enhance fitness levels in
this new environment. This process is referred to as pathoadaptation (Sokurenko et
al., 1998). Pathoadaptive mutations occur in a many pathogenic bacteria. In Shigella
spp. and EIEC a typical pathoadaptation is the inactivation of the cad locus which
comprises the genes necessary for lysine decarboxylation, an enzyme involved in pH
homoeostasis. This mutation allows these bacteria to survive and multiply within
epithelial cells (Casalino et al., 2009). Similarly, in UPEC the FimH adhesin has
undergone genetic modification, enabling it to better bind to its ligand and therefore
increase the ability of the bacteria to colonise the bladder (Sokurenko et al., 1998).
Interestingly, analysis of the LF82 genome sequence revealed a novel amino acid
substitution in the fimH gene (T158P), which has not been identified in any E.coli
strain sequenced to date (Miquel et al., 2010). The position of this substitution is
located in the flexible loop which connects the pilin and the lectin domains. Previous
studies show that amino acid substitutions in this interdomain region increase the

affinity (up to 300-fold) of FimH to its mannose receptor (Aprikian et al., 2007).
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Therefore it has been speculated that this substitution may enhance LF82 interaction
with host cells. The analysis of the OmpA amino acid sequences in LF82 showed an
OmpA variant having V110F and Y111D substitutions located at the top of the
inflexible external L3 loop. This substitution is hypothesised to be involved in the
recognition of a host cell receptor (Miquel et al., 2010). Similarly, the OmpC and
YfgL sequences in LF82 showed strong homology to other pathogenic E. coli such
as CFT073 and ED1a compared to non-pathogenic E coli (Miquel et al., 2010). The
analyses of the LF82 genome clearly show that pathoadaptive mutations could play a
major role in making AIEC pathogenic in a compromised host (Miquel et al., 2010).
Due to the varying genetic relationships between AIEC strains it has been proposed
that AIEC are similar to EXPEC and have acquired genes and pathoadaptive
mutations over time that allows them to take advantage of the micro-environment of
a CD intestine (Sepehri et al., 2009).

1.6 Obijectives of this study
There were three main objectives of this study. The initial objective was to examine

the relationship between AIEC and other commensal and pathogenic strains of E.
coli. In accordance with this objective the aim was to establish the distribution of the
AIEC phenotype (ability to adhere and invade epithelial cells and the ability to
replication in macrophage) in the E. coli genus. Furthermore, as the phenotypic
characteristics of AIEC are based on gene knockout experiments on the ileal AIEC
strain LF82, a second objective of this study was to examine the role of two
component pathways in the pathogenesis of the AIEC strain HM605. To achieve this
attention was initially focused on the potential role of two component signal
transduction pathways in intramacrophage replication and ability to adhere and
invade epithelial cells. Finally, as little is still known how AIEC survive
phagocytosis and intraphagolysosomal killing by macrophage, the final objective
was to investigate the role of the oxidative stress response in the ability of AIEC

HM®605 to resist killing by macrophages.
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Chapter 2.0 Materials and Methods

2.1 Bacterial strains and Plasmids
The bacterial strain Escherichia coli HM605 isolated from a colonic mucosal biopsy

of a CD patient is referred to as the wild-type in this study (Martin et al., 2004). The
strains used in this study are presented in Table 2.1 and the plasmids in Table 2.2.

2.2 Cell lines and cell culture

2.2.1 J774.A1 murine macrophages
J774 is a mouse macrophage cell line that was derived from a tumour in a female

BALB/c mouse and has been shown to possess characteristics of macrophages. The
murine macrophage-like cell line J774 (American Type Culture Collection ATCC
No. TIB67) was maintained in an atmosphere containing 5% CO, at 37°C in
Dulbecco’s Modified Eagle Medium (DMEM), High glucose (25mM), GlutaMAX™
(L-Anayl-L-Glutamine, 3.97mM) (GIBCO) supplemented with 10% (v/v) fetal
bovine serum (Sigma-Aldrich®), 100 U/ml penicillin and 100 pg/mL streptomycin
(Sigma-Aldrich®).

2.2.2 C2Bbel epithelial cells
The C2Bbel cell line, which was sub-cloned from human colon adenocarcinoma

Caco-2 cells, demonstrate features of enterocytic differentiation and form polarized
monolayers with an apical brush border morphology comparable with that of human
intestine were purchased from ATCC (CRL-2012) and maintained in an atmosphere
containing 5% CO; at 37°C in DMEM medium (Invitrogen) supplemented with 10%
fetal bovine serum (Sigma-Aldrich®), 1% non-essential amino acids (Sigma-
Aldrich®), 0.01mg/ml human transferrin (Calbiochem®) and 100 U/ml penicillin
and 100 pg/mL streptomycin (Sigma-Aldrich®).

2.2.3 Acanthamoeba polyphaga
Acanthamoeba polyphaga was obtained from Dr Susan Joyce (Alimentary

Pharmabiotic Centre (APC), Ireland) and grown in proteose peptone-yeast-glucose
(PYG) medium as monolayers in 75 cm2 tissue culture flasks at 24°C. Amoebae
were sub-cultured weekly by gently tapping flasks to detach cells before diluting 1:
10 in fresh medium. Stationary phase (3-5 day) cultures were used throughout this

study.
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2.3 Growth conditions
Luria-Bertani (LB) broth, MILLER (Merck) (5g yeast extract, 10g peptone from

casein and 10g sodium chloride per litre of water) was used to culture all bacterial
strains used in this study. Solid media was prepared by adding 1.5% (w/v) agar
(Merck). Unless otherwise stated, E. coli cultures were incubated at 37°C, either
statically or shaking at 200rpm. Antibiotics were added to the media when required
at the following concentrations; ampicillin (Amp) 100 pg/ml, chloramphenicol (Cm)
20 pg/ml, kanamycin (Km) 30 pg/ml and gentamicin (Gm) 20 pg/ml.

2.4 Overnight Starter Cultures
A single colony of the required bacterial strain was inoculated into a round bottom

20ml Sterilin tube containing 5ml LB using a sterile inoculating loop. Appropriate
antibiotics were added as required. The culture was incubated shaking in a Grant
OLS200 water bath at 37°C or statically in an incubator at 37°C. Glycerol stocks
were made of each strain (750ul 40% (v/v) glycerol: 750ul overnight culture) in
cryovials and were stored at -80°C. At the end of each week strains were freshly
restreaked from glycerol stocks onto solid media in preparation for the following

week.

Table 2.1: List of strains relevant to this study

Strain Relevant features Source Comments
ECOR 72 Library Standard collection of 72 Ochman, Used in
wildtype E. coli H. and macrophage
Selander, infection
R.K. 1984
E. coli MC4100 F [araD139], A(argF-lac)169, | Labstock | E.coli K-12
A el4 flhD5301 A(fruK-yeiR), control

725(fruA25), relAl
rpsL150(StrY), rbsR22 A(fimB-
fimE)632(::1S1) deoC1

E. coli W3110 X, IN* (mD-rmE)1, rph1 Lab stock | E.coli K-12
control
E. coli ZK2686 W3110 A(argF-lac)U169 Lab stock E.coli K-12
control
E. coli CSH50 F A" ara A(lac-pro), rpsL thi Lab stock | E.coli K-12
fimE::1S1 control
E. coli A0 34/86 Wildtype porcine isolate Lab stock | E.coli K-12
(083:K24:H31) control
E. coli MG1655 F A" ilvG- rfb-50 rph-1 Lab stock | E.coli K-12
control
AcpxR::km knockout mutant in | This study | Response
AcpxR::km E. coli MG1655. regulator mutant
in HM605
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A(araD-araB)567, Lab stock | E. coli K-12
Alacz4787(::rrnB-3), lambda control

E. coli BW25113 , Iph-1, A(rhaD-
rhaB)568, hsdR514
AcpxR::km knockout mutant in | This study | Response

AcpxR::km E. coli BW25113. regulator mutant

in HM605

E. coli HM229 E. coli isolated from a colonic Barry Used in
mucosal biopsy of a colon Campbell macrophage
cancer patient (Martin et | infection

al., 2004)

E. coli HM454 E. coli isolated from a colonic Barry Used in
mucosal biopsy of a healthy Campbell macrophage
patient (Martinet | infection

al., 2004)

E. coli HM358 E. coli isolated from a colonic Barry Used in
mucosal biopsy of a cancer Campbell macrophage
patient (Martinet | infection

al., 2004)

E. coli HM605 (WT) E. coli isolated from a colonic Barry The wild-type

mucosal biopsy of a CD patient | Campbell (WT) strain in this
(Martinet | study
al., 2004)

E. coli LF82 E. coli isolated from a patient Arlette AIEC strain

with ileal CD Darfeuille-
Michaud
(Boudeau
etal.,
1999)

WT + pCA24N-nlpE E. coli HM605 complemented This study | Overproduction of
with pCA24N expressing a copy nlpE to activate
of nlpE (Cm®) Cpx AR pathway

WT + pUAB6-rpoE-gfp WT HM®605 with rpoE-gfp This study | Used in gene
transcriptional promoter fusion expression
(PUAB6-KmF) analyses

WT + pUAG66-sinH-gfp WT HM605 with sinH-gfp This study | Used in gene
transcriptional promoter fusion expression
(PUAB6-KmMF) analyses

WT + (pUA66-sinH::Km) + WT HM605 with sinH-gfp This study | Used in gene

(pCA24N-nlpE::Cm) transcriptional promoter fusion expression
(PUAB6-KmF) + pCA24N analyses
expressing a copy of nlpE
(cm®)

WT + (pUA66-sinl::km) WT HM605 with sinl-gfp This study | Used in gene
transcriptional promoter fusion expression
(PUABB-Km®) analyses

WT + (pUA66-sinl::Km) + WT HMB605 with sinl-gfp This study | Used in gene

(pCA24N-nlpE::Cm) transcriptional promoter fusion expression
(PUAB6-KmMF) + pCA24N analyses
expressing a copy of nlpE
(Cm")

WT + (pUA66-ycfS::Km) WT HM605 with ycfS-gfp This study | Used in gene
transcriptional promoter fusion expression
(PUABB-Km"®) analyses
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WT + (pUA66-ycfS::Km) + WT HMG605 with ycfS-gfp This study | Used in gene
(pCA24N-nlpE::Cm) transcriptional promoter fusion expression
(PUABG-Km®) + pCA24N analyses
expressing a copy of nlpE
(cm®)
WT + (pUA66-yebE::Km) WT HM605 with yebE-gfp This study | Used in gene
transcriptional promoter fusion expression
(PUAB6-KmF) analyses
AcpxR::km AcpxR::km knockout mutantin | This study | Response
E. coli HM605. regulator mutant
in HM605
A cpxR AcpxR markerless mutant in E. This study | Km®removed by
coli HM605 Flp recombinase
AcpxR::km (pCA24N- AcpxR::km knockout mutant in | This study | Complementation
cpxR::Cm) E. coli HM605 complemented of AcpxR::km in
with pCA24N expressing a copy HM605
of cpxR (Cm")
AcpxR::km (pCA24N- AcpxR::km knockout mutant in | This study | Overproduction of
nlpE::Cm) E. coli HM605 complemented nlpE to activate
with pCA24N expressing a copy Cpx A/R pathway
of nlpE (Cm%)
AcpxR::km (pCA24N- AcpxR::km knockout mutant in | This study | Overproduction of
dsbA::Cm) E. coli HM605 complemented dsbA in
with pCA24N expressing a copy AcpxR::km
of dsbA (CmF) mutant of HM605
AcpxR::km (pCA24N- AcpxR::km knockout mutant in | This study | Overproduction of
degP::Cm) E. coli HM605 complemented degP in
with pCA24N expressing a copy AcpxR::km
of degP (Cm") mutant of HM605
AcpxR (PUABG-rpoE::Km) + | AcpxR markerless mutant in E. This study | Used in gene
(pCA24N-dsbA::Cm) coli HM605with rpoE-gfp expression
transcriptional promoter fusion analyses
(PUAB66-KmF) + pCA24N
expressing a copy of dshA
(Cm")
AcpxR (PUABG-rpoE::Km) + | AcpxR markerless mutant in E. This study | Used in gene
(pCA24N-degP::Cm) coli HM605with rpoE-gfp expression
transcriptional promoter fusion analyses
(PUAB6-KmMF) + pCA24N
expressing a copy of dsbA
(cm®)
AcpxR (pUAB6-rpoE::Km) AcpxR markerless mutant in E. This study | Used in gene
coli HM605with rpoE-gfp expression
transcriptional promoter fusion analyses
(PUABB-Km®)
AcpxR (PUABG-ycfS::Km) + | AcpxR markerless mutant in E. This study | Used in gene
(pCA24N-nlpE::Cm) coli HM605with ycfS-gfp expression
transcriptional promoter fusion analyses

(PUAB6-KmMF) + pCA24N
expressing a copy of nlpE
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(Cm")

AcpxR::km (pBAD33- AcpxR::km knockout mutant in | This study | Complementation

sinH::Cm) E. coli HM605 complemented of sinH in
with pBAD33 expressing a copy AcpxR: :km
of sinH (Cm®) mutant of HM605

AcpxR (pUAB6-sinH::km) AcpxR markerless mutant in E. This study | Used in gene
coli HM605with sinH-gfp expression
transcriptional promoter fusion analyses
(PUABB-Km®)

AcpxR (PUABG-sinH::Km) + | AcpxR markerless mutant in E. This study | Used in gene

(pCA24N-nlpE::Cm) coli HM605with sinH-gfp expression
transcriptional promoter fusion analyses
(PUAB6-KmF) + pCA24N
expressing a copy of nlpE
(Cm")

AcpxR (PUAB6-sinl::Km) AcpxR markerless mutant in E. This study | Used in gene
coli HM605with sinl-gfp expression
transcriptional promoter fusion analyses
(PUABB-Km")

AcpxR (PUABG-sinl::Km) + AcpxR markerless mutant in E. This study | Used in gene

(pCA24N-nlpE::Cm) coli HM605with sinl-gfp expression
transcriptional promoter fusion analyses
(PUAB66-KmF) + pCA24N
expressing a copy of nlpE
(Cm")

ArcsB::Cm AresB::Cm knockout mutant in | This study | Response
E. coli HM605. regulator mutant
A zraR::km knockout mutant in | This study | Response

AzraR::km E. coli HM605. regulator mutant
A ypdB::km knockout mutant in | This study | Response

AypdB::km E. coli HM605. regulator mutant
A yehT::km knockout mutant in | This study | Response

AyehT::km E. coli HM605. regulator mutant
A phoB::km knockout mutant in | This study | Response

AphoB::km E. coli HM605. regulator mutant
A narL::km knockout mutant in | This study | Response

AnarL::km E. coli HM605. regulator mutant
A uhpA::km knockout mutant in | This study | Response

AuhpA::km E. coli HM605. regulator mutant
A ompR::km knockout mutant in | This study | Response

AompR::km E. coli HM605. regulator mutant
A uvrY::km knockout mutant in | This study | Response

AuvrY::km E. coli HM605. regulator mutant

ArssB::km This study | Response

A rssB::km knockout mutant in
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E. coli HM605.

regulator mutant

E. coli HM605 with Tn5 This study | Tn5 motility
flgG::km insertion within flgG::km mutant of HM605
E. coli HM605 with Tn5 This study | Tn5 motility
flgD::km insertion within flgD::km mutant of HM605
E. coli HM605 with Tn5 This study | Tn5 motility
fliH: :km insertion within fliH::km mutant of HM605
E. coli HM605 with Tn5 This study | Tn5 hydrogen
hemF::km insertion within hemF::km peroxide sensitive
mutant of HM605
E. coli HM605 with Tn5 This study | Tn5 hydrogen
katG::km insertion within katG::km peroxide sensitive
mutant of HM605
E. coli HM605 with Tn5 | Thisstudy | Tn5 hydrogen
uvrD::km insertion within uvrD::km peroxide sensitive
mutant of HM605

uvrD::km (pCA24N-

E. coli HM605 with Tn5
insertion  within  uvrD::km
complemented with pCA24N
expressing a copy of uvrD

This study | Complementation
of uvrD::km in

HM®605

uvrD::Cm) (Cm®)
AuvrB::km Knockout mutant in | Thisstudy | DNA repair
AuvrB::Km E. coli HM605. mutant of HM605
Anfo::km knockout mutant in E. | Thisstudy | DNA repair
Anfo::Km coli HM605. mutant of HM605
AmutS::km knockout mutant in | Thisstudy | DNA repair
AmutS:-Km E. coli HM605. mutant of HM605
Table 2.2: List of plasmids relevant to this study
Plasmids ‘ Relevant features Source Comments
pFLP3 Source of FlIp recombinase | Jerry Reen (Dept. | Used to remove
Microbiology, kanamycin cassette
University from HM605AcpxR::km
College Cork
(uce)
pCA24N Cm~; lacl 9, pCA24N Baba etal., 2006 | Used in plasmid based

complementation

pCA24N-cpxR

Cm”; lacl 9, pCA24N Prs.

lac::CPXR ¥

Baba et al., 2006

Used in plasmid based
complementation

pCA24N-nlpE

Cm~; lacl %, pCA24N Prs.

lac-:NIPE *

Baba et al., 2006

Used in plasmid based
complementation
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PCA24N-dsbA

Cm~; lacl 9, pCA24N Prs.
lac:dSbA *

Baba et al., 2006

Used in plasmid based
complementation

pCA24N-degP

Cm~; lacl 9, pCA24N Prs.
ac.:degP *

Baba et al., 2006

Used in plasmid based
complementation

pCA24N-uvrD

Cm~; lacl 9, pCA24N Prs.

lacsuvrD ¥

Baba et al., 2006

Used in plasmid based
complementation

pUAGG Vector, SC101 ori, Km~ | Zaslaver A., et al | GFP expression vector
GFP  reporter  plasmid | 2006
carrying gfpmut2

pUAG6-rpoE Vector, SC101 ori, Km® | Zaslaver A., et al | GFP expression vector
GFP  reporter  plasmid | 2006
carrying gfpmut2::rpoE

pUAG6-ycfS Vector, SC101 ori, Km" | Zaslaver A, et al | GFP expression vector
GFP  reporter  plasmid | 2006
carrying gfpmut2::ycfS

pUAG6-yebE Vector, SC101 ori, Km~ | Zaslaver A., et al | GFP expression vector
GFP  reporter  plasmid | 2006
carrying gfpmut2::yebE

pUA66-sinH Vector, SC101 ori, Km® | This study GFP expression vector
GFP  reporter  plasmid
carrying gfpmut2::sinH

pBAD33 Arabinose inducible | Guzman et al. | Used in plasmid based
expression vector, Cm~* 1995 complementation

pBAD33-sinH Arabinose inducible | This study Used in plasmid based
expression vector, complementation
Cm®*::sinH

2.5 Kits and Enzymes

Plasmids were purified using the QIAprep® Spin Miniprep kit (Qiagen) after

overnight cultures were centrifuged for 15 min at 2,700rcf at 20°C in a benchtop

centrifuge. PCR and restriction products were cleaned using the Qiagen QIAquick®

PCR purification kit (Qiagen) according to the protocol provided. Bands excised

from 1% agarose gels were placed in a 1.5ml microcentrifuge tube, weighed and

then cleaned using the QIAquick® Gel Extraction Kit (Qiagen) according to the

protocol provided. For the extraction of RNA, cultures were first treated with
RNAprotect™ (Qiagen) before RNA was extracted using the RNAeasy ® Mini kit
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(Qiagen) (see section 2.11). Genomic DNA was extracted using the GenElute™
Bacterial Genomic DNA Kit (Sigma-Aldrich®) (see section 2.6). Enzymes were
supplied by New England Biolabs (NEB) or Promega.

2.6 Electrophoresis
Gels containing 1.0% agarose in 1 x TAE (4.84g Tris, 1.14ml glacial acetic acid, 2ml

0.5M EDTA pH 8.0 per litre of sdH,0) and 5ug/ml Ethidium Bromide (Sigma®)
were prepared for the electrophoresis of DNA, with running buffer 1 x TAE. Gels

were compared against Promega 1kb ladder as a reference and run at 200mV for 30
minutes. For RNA, gels containing 1.5% agarose in 1 x TBE (Ambion) and 5ug/ml
Ethidium Bromide (Sigma®) were prepared. Gel units were cleaned with RNase
wipes (Ambion) and rinsed in dH,0 before use. RNA gels were loaded with Low
Molecular Weight DNA ladder (NEB) as a reference and run in a 1 x TBE running
buffer for 30 min at 200mV.

2.7 Genomic DNA Extraction
Genomic DNA from the bacterial strain of interest was extracted using methods

described in the GenElute™ Bacterial Genomic DNA Kit (Sigma-Aldrich®). All
centrifugation steps were carried out at room temperature unless otherwise stated. An

overnight culture of the bacterial strain of interest was grown to saturation. A 1.5ml
sample from the overnight culture was transferred to a 2ml microcentrifuge tube
before being spun in a centrifuge for 2 min at 11,000rcf. The supernatant was
discarded and the pellet resuspended in 180ul Lysis Solution T before adding 20ul
of 20mg/ml Proteinase K, mixed and incubated at 55 °C for 30 min. After which
time 200ul of Lysis Solution C was added, mixed and incubated at 55 °C for 10 min.
At this stage, the binding column was prepared by adding 500ul of Column
Preparation Solution to each column before being spun in a centrifuge for 1 min at
9,000rcf. The flow-through was discarded. After lysis of cells, 200ul of ethanol was
added, mixed and the contents of the tube were added to the pre-treated binding
column and spun for 1 min at 7,000rcf. The flow through was discarded and the
column was transferred to a new collection tube where 500ul of Wash Solution 1
was added to the column and spun at 7,000rcf for 1 min. The flow through was
discarded and the column was again placed in a new collection tube and 500ul of

Wash Solution Concentrate was added to the column and spun at 9,000rcf for 3
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minutes to dry the column. Finally, the column was transferred to a 2ml collection
tube, 200ul of sterile water was added to the column’s membrane before spinning at
7,000rcf for 1 min to elute DNA that was then stored at -20°C. A 5ul sample of DNA

was then run on a 1% agarose gel.

2.8 Primer List
All primers were ordered from MWG Biotech (Germany) and resuspended in sterile

H,O to a concentration of 100pmol/pl.

Table 2.3: List of primers used in this study

Primer = Sequence (5°-3’) (including restriction sites T.,,°C  Description

highlighted in bold)

ATAT
ARB2 GGCCACGCGTCGACTTAGTTAC 60.1 Arbitrary PCR
ARBG6 GGCCACGCGTCGACTAGTACNNNNNNNNNNA 76.7 Arbitrary PCR
CGCC

Tn5int GAATATGGCTCATAACACCC 50.6 Arbitrary PCR

Tn5ext CCTGATTGCCCGACATTATCGCG 60.4 Arbitrary PCR

KtpKD4 CGGCCACAGTCGATGAATCC 58.4 KmF cassette

K2pKD4 CGGTGCCCTGAATGAACTGC 59.2 KmF cassette

pBAD33- | TTATGAGCTCCATTGTCACAGGGAAGTGCATG | 69.9 Forward  primer

sinH Fw CTGCGATGGAAACGC for cloning sinH
into pBAD33

pBAD33- | TTATTCTAGAGACTGGCCTTACGCCAATCTTAT | 65.9 Reverse  primer

sinH Rv TTTTTGGTATACAGCACGC for cloning sinH
into pBAD33

CpxPF TTATCTCGAGGCGACAGAAAGATTTTGGAGC 68.2 Forward  primer
for cpxP

cpxPR TTATGGATCCCAGGGATGGTGTCTATGGCAAG | 69.5 Reverse  primer
for cpxP

oL4 GACAGAACAACGATTGCCAG 54.2 PCR switch assay

oL20 CCGTAACGCAGACTCATCCTC 59.8 PCR switch assay
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2.9 Electrocompetent Escherichia coli
One hundred ml of LB broth was inoculated with 200ul of an overnight culture and

allowed to grow at 37°C to mid-exponential phase (ODgpo=0.5-0.7). Cells were
harvested by centrifugation at 2,700rcf for 10 min at 4°C. Supernatant was discarded
and pellet was resuspended in 100ml ice-cold HPLC water. Cells were harvested as
previously described and resuspended in 50ml ice-cold HPLC water. Again, cells
were harvested and resuspended in 1.6ml ice-cold sterile 20% glycerol. Finally, cells
were harvested and resuspended in 160ul ice-cold sterile 20% glycerol and frozen at

—80°C. 50 pl cells were used per electroporation.

2.10 Construction of HM605 Tn5 mutant library
Electrocompetent cells were transformed with the EZ-Tn5 transposome®

(Epicentre®), according to the manufacturers protocol, allowing for random
insertion of the transposon. The electroporation mix was plated onto LB plates
supplemented with 50ug/ml kanamycin and incubated at 37°C overnight. Colonies
were picked into well plates containing 150ul LB freezing buffer (36mM K;HPO,,
13.2mM KH,PO,, 1.7mM sodium citrate, 0.4AmM MgSO,, 6.8mM (NH,;),SO4, 44%
glycerol) supplemented with 50ug/ml kanamycin and stored at —80°C.

2.11 Screening for motility minus mutants in E. coli HM605 Tn5 mutant library
To facilitate high-throughput analysis, a 5,568 Tn5 transposon mutant library of E.

coli HM605 (see section 2.10), grown in wells of a 96-well polystyrene plate
(Genetix®) was hand replicated onto Q-trays (Genetix®) containing 250ml of 0.3%
swim motility agar (see table 2.4) using a 96-well pin replicator (Boekel®) . Plates
were incubated overnight in the dark at 37°C. Motility was examined visually and
colonies showing reduced motility were examined in secondary and tertiary screens.
Transposon insertion sites were determined by Arbitrary primed PCR (see section
2.13).

2.12 Screening for hydrogen peroxide sensitive (H,O,) mutants in E. coli
HMG605 Tn5 mutant library
To facilitate high-throughput analysis, a 5,568 Tn5 transposon mutant library of E.

coli HM605 (see section 2.10), grown in wells of a 96-well polystyrene plate

(Genetix®). The mutants were transferred to a new 96 well plate containing LB
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broth supplemented with 0.6mM H,0; using a 96-well pin replicator (see Fig 2.1).
Plates were incubated overnight at 37°C and ODgqo readings were taken to determine
growth. Mutants showing growth < 0.1 ODgy Were considered H,O, sensitive.
Transposon insertion sites were determined by Arbitrary primed PCR (see section
2.13).

5,568 Tn5 mutants

............

Overnights in LB (+Km 30 pg/ml™) Sub-cultured into LB (+0.6mM H,0,)

Figure 2.1: Work flow diagram for each HM605 Tn5 mutant. 5,568 mutants were
grown overnight in LB supplemented with kanamycin (30 pg/ml™) in wells of a 96-well
polystyrene plate. Using a 96-well pin replicator, the mutants were transferred to a new
96 well plate containing LB broth supplemented with 0.6mM H,0, to identify H,0,
sensitive mutants.

2.13 Arbitrarily primed PCR
DNA was isolated from mutants using the GenElute™ Bacterial Genomic DNA Kit

(Sigma-Aldrich®) (see section 2.7). Transposon insertion sites were determined by
amplifying the region within the genome surrounding the transposon using two
rounds of arbitrarily primed PCR. Primers ARB1, ARB6 and Tn5ext were used in
round one. Reaction mix is as follows: 1pmol/ul each primer, 10X buffer number 2
for KOD polymerase, 25mM MgCl,, 10mM each dNTP, 0.5U KOD polymerase and
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5ul genomic DNA. Cycling conditions were as follows: 5 min at 95°C; 30 cycles of
30 sec at 95°C, 30 sec at 56°C, 1 min at 72°C and 5 min at 72°C. PCR product was
purified using the QIAquick PCR purification Kit (Qiagen). Primers ARB2 and
Tn5int were used in round two. Reaction mix was identical to that used in round one,
except 5ul of purified PCR product from round one was used as a template. Cycling
conditions were also identical to round one, with an annealing temperature of 50°C
for 30 sec. Products were purified as above and sequenced. To determine which gene
was disrupted, sequences obtained from the PCR products were compared to

sequences in the NCBI database using a BLAST search.

2.14 Minimum inhibitory concentration (MIC) determination of E. coli HM®605
to hydrogen peroxide
A spectrophotometric assay for the minimum inhibitory concentration was

determined in a sterile 96 well flat bottom polystyrene plate (Genetix®). Overnight
cultures grown in LB broth were adjusted to an ODgoe hm of 0.5 in 150ul of LB
broth in a 96 well plate. Using a 96-well pin replicator, diluted bacteria were
transferred to a new 96 well plate containing LB broth with various concentrations of
hydrogen peroxide (H,O,) ranging from 0.3mM to 0.8mM (increasing in intervals of
0.05). Control wells contained LB broth with no H,O, (positive control). Plates were
incubated in the dark at 37°C for 24 h. To determine the minimum inhibitory
concentration after 24 hours the optical density was determined at 600nm. The MIC
is reported as the lowest concentration of test material which results in 100%

inhibition of growth of the test organism.

2.15 Sensitivity of E. coli strains to hydrogen peroxide.
Sensitivity to H,O, induced oxidative stress was determined by an agar overlay

diffusion method on LB agar previously described with some modifications
(Bertrand et al., 2010). Overnight cultures grown in LB broth were adjusted to an
ODgoo nm of 0.5. 100ul of each culture was suspended in 4 ml of LB soft agar (0.5%
agar) and poured over the LB agar plates. Sterile blank disks were added to the
surfaces of the solidified overlays and 10ul of H,O, (30%) was spotted onto the
disks. The plates were then incubated overnight at 37°C and the diameters of

inhibition zones were measured.
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2.16 Catalase test
The catalase test facilitates the detection of the enzyme catalase in bacteria. A small

amount of a well isolated 18- to 24-h colony was placed onto a microscope slide. 1-2
drops of 3% H,0, was added and the formation of bubbles was assessed.

2.17 Bacterial stress tolerance
Bacterial cultures were grown at 37°C in LB medium to an OD600nm= 0.1 and 5 pl

samples were spotted onto LB agar plates containing 1 mM IPTG, 50 pg/ml
kanamycin or 20 pg/ml Chloramphenicol when appropriate, and one of the following
stress agents: 100 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.0, 100 mM
MES pH 5.0 + 1 mM Sodium nitrite (NaNO,), Plates were incubated overnight at
37°C.

2.18 Identification of hydrogen peroxide-sensitive mutant strains of E. coli
HM605
A 5,568 Tn5 transposon mutant library of E. coli HM605 (see section 2.10) was

screened for mutants showing reduced growth in hydrogen peroxide. In brief,
cultures of individual colonies were grown in 96-well microtitre plate (Genetix®),
replica plated into fresh LB broth and LB broth containing 0.6mM hydrogen
peroxide. To determine growth after 24 h the optical density was determined at
600nm. Wells that exhibited poor growth in the presence of hydrogen peroxide were
presumptive hydrogen-sensitive mutants. These potential mutants were further
examined for reduced growth in secondary and tertiary screens. Transposon insertion

sites were determined by Arbitrary primed PCR (see section 2.13).

2.19 Determination of fim switch orientation
The method used to determine the fim switch orientation on the chromosome has

previously been described (Smith & Dorman, 1999). The orientation in the
chromosome of the 314 bp DNA segment harbouring the fimA promoter was
determined using a PCR-based assay. This method exploited a unique BstUI
restriction site in the fim switch that results in restriction fragment length
dimorphism among BstUI-digested PCR products that are characteristic of phase-on
and -off switches. Individual bacterial colonies were harvested from plates following

overnight incubation at 37°C with bacteriological loops and resuspended in 100l of
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sterile distilled water. This suspension was boiled for 5 min to release genomic
DNA. The switch region was amplified with oligonucleotides OL4 and OL20 (Table
2.3) to generate a 726 bp DNA product. DNA was amplified with Taq polymerase
(Promega), using the following PCR cycle: denature at 94°C for 3 min followed by
30 cycles (94°C for 1 min, 58°C for 1 min and 72°C for 1 min) and a final extension
of 10 min at 72°C. Samples were cooled to 60°C, 10 units of BstUl were added to
each reaction and incubation was continued at 60°C for 3 h. Digested PCR products
were electrophoresed on 2% agarose gels. Using this assay, phase ON populations of
bacteria yielded two DNA fragments 433 and 293 bp in length; whereas phase OFF
populations yielded two fragments of 539 and 187 bp (see Figure 2.2). Mixed

populations contained a mixture of all four fragments.
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Fig. 2.2: Diagrammatic representation of the fim switch orientation showing the
phase -ON and —OFF switches, the location of the BstUl mobile restriction site and
the fimA promoter (modified from Smith and Dorman 1999).
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2.20 Yeast aggregation assay
To test the production of type 1 fimbriae, mannose-sensitive yeast agglutination

assays were performed as described previously (Bringer, 2007). Commercial baker’s
yeast (Saccharomyces cerevisiae) was suspended in PBS to a final concentration of
4mg (dry weight) /ml. Bacterial strains were grown overnight statically in LB broth
at 37°C, washed and resuspended in PBS to an ODggo nm of 0.5. Equal amounts of
yeast suspension and bacterial suspension were mixed in a 24-well polystyrene plate
(Sartstedt®) and aggregation was monitored visually.

2.21 Flp recombinase-mediated marker_excision from chromosomally-inserted
DNA
Site-specific recombinases, usually yeast Flp recombinase or bacteriophage P1 Cre

recombinase, can be used for site-specific excision (deletion) of DNA fragments
flanked by the cognate recombination sites, i.e. FIp recombinase target (FRT) sites
for Flp (see Fig 2.3). Excision of antibiotic selection markers allows recycling of the
same resistance determinants in subsequent genetic manipulation procedures. The
plasmid pFLP3 (see table 2.1) is a tetracycline and ampicillin resistant plasmid
showing induction of FLP recombinase. To mediated marker excision, pFLP3 was
transformed into a kanamycin resistant E. coli HM605 strain containing a
chromosomally integrated kanamycin cassette and incubated at 37°C until single
colonies were visible. Colonies were then screened for tetracycline resistance
indicating uptake of plasmid. The plasmid pFLP3 is curable from its host by
sucrose™ selection since it carries the counter-selectable sacB marker. pFLP3 was
cured by generously streaking cells onto LB containing 5% sucrose followed by
incubation at 37°C. Loss of pFLP3 was tested by patching sucrose™ colonies on a
tetracycline resistant agar plate, as well as a kanamycin resistant agar plate to
confirm excision of kanamycin cassette and a plain LB agar plate. Growth on only
the plain LB agar plate indicates loss of plasmid and excision of kanamycin cassette.
Excision events were initially assessed by performing colony PCR on kanamycin
sensitive colonies using two primers, k2pKD4 and ktpKD4 (see table 2.3) to confirm

loss of kanamycin marker.
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Figure 2.3: Diagrammatic representation of Flp recombinase-mediated marker
excision from chromosomally-inserted DNA. The antibiotic resistance marker is
flanked by Flp recombinase target FRT sites which allow the antibiotic marker to be

eliminated with the use of a FLP expression plasmid.
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2.22 Construction of deletion mutants in E. coli using P1 transduction
This method of creating deletion mutants in Escherichia coli has been previously

described (Silhavy et al., 1984). This technique relies on the transfer of genetic
material from a donor strain to a recipient strain via the bacteriophage P1lcml or
P1kml. Donor strains containing the desired mutant allele were obtained via the keio
collection (Baba et al., 2006). The keio collection comprises a set of single-gene in-
frame deletion mutants of most non-essential genes (3,985) of E. coli and therefore
provides a useful resource for the transfer of mutant alleles to recipient strains via P1
transduction. The Keio collection was constructed on E. coli K-12 BW25113
(laclrrnBT14, AlacZWJ16, hsdR514, AaraBADAH33, and ArhaBADLD78) (Baba et
al., 2006)

2.22.1: Preparation of Lysogens
Three colonies of the donor strain (from keio collection) were re-suspended in 50ul

of LB Broth. 50 pl of previous phage lysate (from wild-type E. coli strain) and 5 pl
CaCl; (1 M) was then added. The sample was incubated in a 30°C water-bath for 30
min. The whole suspension was plated on LB agar supplemented with
Chloramphenicol or Kanamycin and incubated overnight at 30°C. One colony of the

lysogen was purified by re-streaking it on Chloramphenicol or Kanamycin LB plates.

2.22.2: Preparation of high titre P1 c/kml lysate
2 ml of LB (+Cm or +Km) was inoculated with a single colony and incubated at 30°

C overnight. The overnight culture was then used to inoculate 5 ml of LB Broth
supplemented with 5 pl of Chloramphenicol or Kanamycin to an ODggnm = 0.02. A
1: 100 dilution of the culture was carried out therefore 50 ul of the culture was added
to 5 ml of LB Broth. The sample was then incubated and let grow at 30°C until the
ODgoonm=0.1 to 0.2 (~2h). The sample was heat-shocked by incubation at 42°C for
20 min without agitation (vigorously shaken for 3-4sec during incubation). The P1
phage is in the chromosome of the bacteria and the heat-shock step brings the phage
out of the chromosome and allows it to begin replicating and begin to lyse the cells.
The culture was incubated at 37°C with agitation until the cells had lysed (~2 h). 100

ul of Chloroform was added to the culture and the whole suspension centrifuged at
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2,700rcf for 10 min at 4°C. The supernatant was transferred to a 15ml tube and 100
ul of Chloroform was added. The Lysate was stored at 4°C.

2.22.3 Transduction
5 ml of LB Broth was inoculated with the recipient and incubated overnight at 37°C.

The cells were centrifuged at 2,700rcf for 10 min and re-suspended in 2.5 ml MgSO,
(10mM), CaCl, (5mM). A number of volumes of phage lysate (10ul, 50ul and
100ul) were added to 100 ul of recipient cells. A control used consisted of recipient
strain and LB only (no phage lysate). Samples were incubated at 37°C for 30 min
WITHOUT AGITATION. 200ul of Sodium Citrate (1 M) and 1 ml of LB Broth
(pre-warmed at 37°C) was added to each sample and incubated at 37°C for 1 h.
Centrifugation at 11,000rcf for 1 min was used to pellet the cells and 100ul of LB
containing 20mM Sodium Citrate was used to re-suspend the cells. 50ul Sodium
Citrate (1 M) was spread onto selective medium to induce transduction. The cells
were plated onto the selective medium and incubated overnight at 37°C. One colony

was purified from each on selective plates.

2.23 Colony PCR for kanamycin cassette

Following P1 transduction, a colony PCR was used to confirm the presence of the
kanamycin cassette. Primers ktpKD4 and k2pKD4 were used. Reaction mix is as
follows: 2pmol/ul each primer, 5X Green GoTaq buffer, 10mM each dNTP, 0.5U
Taqg polymerase. Template for the reaction consisted of 1ul of one colony suspended
in 50ul sterile HPLC water. Cycling conditions were as follows: 5 min at 95°C; 30
cycles of 30 sec at 95°C, 30 sec at 56°C, 1 min at 72°C and 5 min at 72°C.

2.24 Plasmid based complementation using pCA24N
An attempt was made to complement all knock out mutants using a plasmid based

complementation method. The complementation vector routinely used in the
complementation of E. coli deletion mutants is pCA24N (see Table 2.1) from the
ASKA library. The ASKA library is a complete set of open reading frame clones of
E. coli K-12. The ASKA library contains 85% of E. coli K-12 ORFs. The ORFs
were amplified by PCR and cloned between Sfil restriction sites. The ASKA
plasmids use the high copy number plasmid vector pCA24N (Kitagawa et al., 2005).
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Expression of cloned genes is directed by the Prs.;oc promoter that can be activated
by IPTG but normally repressed by a copy of lacl? on the plasmid. The ASKA set
has been wused for a wide variety of genomics applications, including
complementation and overexpression phenotypes (Arifuzzaman et al., 2006;
Sugihara et al.). To validate the results obtained by knockout mutants, plasmids
encoding the knocked-out genes were extracted from colonies in the ASKA library

and transformed to their respective strains (see Section 2.9).

2.25 Plasmid based complementation using pPBAD33
For complementation into pBAD33, cloned genes are inserted under the control of

an arabinose pBAD-inducible promoter. Primers were designed to amplify the target
region for cloning but to also include a tail which was engineered to contain Sacl and
Xbal restriction sites. Gene sinH was amplified from HM605 using 0.25 units
Phusion polymerase, 10mM dNTP’s, 5X HiFi Buffer, 1pmol/ul pBAD33-sinH Fw,
1pmol/ul pBAD33-sinH Rv in a total volume of 50ul. Cycling conditions were as
follows: 2 min at 98°C; 30 cycles of 30 sec at 98°C, 30 sec at 63°C, 15 sec at 72°C
and 5 min at 72°C. The DNA fragment was digested with Sacl and Xbal and was
ligated to the Sacl and Xbal sites in the previously digested pBAD33 vector.

2.26 Phenotypic characterisation

2.26.1 Swim motility agar
In order to assess swimming motility, 0.3% (w/v) LB agar was freshly prepared on

the day of the assay. In order to reduce the amount of condensation on the lid this
agar was allowed to cool significantly before being poured onto 90mm Petri dishes.
In addition, plates were left to solidify with lids on in order to retain moisture. An
overnight culture was diluted to an ODgyponm of 1.0 and 5ul inoculated onto the
surface of the agar. For E. coli HM605 the agar had to be pierced in order for
motility to be observed. Inoculated plates were left to dry before transferring to the
37° C incubator, ensuring that plates were kept level at all times. After 24 hours
incubation swim motility could be scored by the appearance of a swim halo

surrounding the colony.
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Table 2.4 Composition of broth and agars used in this study

* Media was sterilised at 121 °C for 15 minutes and allowed to cool before use

Media

LB broth*

Composition

12.5g LB granules (Merck)
500ml dH,0

Purpose

Routine culturing

LB agar*

12.5g LB granules (Merck)
7.5g agar (Merck)
500ml dH,0

Routine culturing

LB freezing buffer*

36mM K,HPO, (anhydrous)
13.2 mM KH,PO,

1.7 mM sodium citrate

6.8 mM ammonium sulphate
4.4% (viv) glycerol

in LB broth

Storage of Tn5 transposon

library

5% Sucrose agar*

5.0g Tryptone
2.5g Yeast extract (Bacto™)
259 Sucrose (Sigma-aldrich)

Used to select for colonies that

have lost plasmid pFLP3 in

7.5g agar (Merck) construction of a E. coli
500ml dH,0 HM605AcpxR markerless
mutant
Swim motility agar (0.03% 12.5g LB granules (Merck) Used to determine swim

(w/v) agar) *

1.5¢g agar (Merck)
500ml dH,0

motility and freshly prepared

on day of use

PYG broth* 7.59 proteose peptone (oxoid Routine culturing of A
L85) Ivoh
9g D-glucose (Sigma) polyphaga
1.25¢ Yeast extract (Merck)
500ml dH,0
PYG agar* 7.5g proteose peptone (oxoid Used for A. polyphaga grazing

L85)
9g D-glucose (Sigma)
1.25¢ Yeast extract (Merck)

resistance assays

Page’s Amoeba Saline (PAS)

7.5g agar (Merck)

500ml dH,0

Combine 5ml of solution 1 and
5ml of solution 2 in 1L of
sdH,O*:

Solution 1: 500ml: 12g
NaCl,0.4g MgSO,, 0.69
CaCl2.6H20

Solution 2: 500ml: 14.2g

Na,HPO,, 13.6g KH,PO,

Used for coinfection assays of

A. polyphaga
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2.27 Growth

2.27.1 Measuring growth in conical flasks
Overnight culture was used to inoculate 50ml of LB broth (containing appropriate

antibiotics) to ODggo M 0.05 in a 200ml conical flask. Each strain was represented
by 3 individual overnights and hence 3 individual cultures in the growth curve.
Inoculated cultures were grown shaking in a 37°C incubator at 200rpm. ODggo NM
readings were taken every 30 min by diluting 1:10 or 1:20 in LB broth as necessary

and reading absorbance using a spectrophotometer.

2.27.2 Measuring growth using MWG Sirius HT growth curve machine
Overnight cultures were diluted in fresh LB broth (containing appropriate

antibiotics) to ODgg nm 0.05 and 150ul of diluted culture was inoculated into wells
of a 96 well flat bottom translucent Sarstedt® plate or a 96 well black optical bottom
Nunc® plate for gfp expressing strains. (50ul) of Mineral oil was added to each well
to prevent condensation build up and evaporation of culture. The MWG Sirius HT
machine was programmed to incubate the plates at 37°C and to take an ODggo NM

reading every 15 min over a period of 24 h.

2.27.3 Measuring growth at low pH using MWG Sirius HT growth curve
machine
Overnight cultures were diluted in M9 minimal media (pH 4.5) supplemented with

0.02% (w/v) glucose and buffered with 100mM MES (containing appropriate
antibiotics) to ODgoo nm 0.05, 150l of diluted culture was inoculated into wells of a
96 well flat bottom translucent Sarstedt® plate. 50ul of mineral oil was added to
each well to prevent condensation build up and evaporation of culture. The MWG
Sirius HT machine was programmed to incubate the plates at 37°C and to take an
ODggo nm reading every 15 min over a period of 12 h.

2.27.4 Measuring growth in the presence of Copper sulphate (CuSO,) using
MWG Sirius HT growth curve machine
Overnight cultures were diluted in fresh LB broth (containing appropriate

antibiotics) to ODgoo nm 0.05, 150pl of diluted culture was inoculated into wells a 96

well black optical bottom Nunc® plate. Cultures were incubated until ODggo 0.2 and
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0.5mM CuSO, was added to the appropriate wells. The cultures were again
incubated at 37°C and ODggo and gfp fluorescence (excitation 485/20nm, emission
528/20nm) readings were taken every 15 min over a period of 24 h using a MWG
Sirius HT plate reader.

2.28 Copper sensitivity test
Copper sensitivity test was performed as previously described (Yamamoto &

Ishihama, 2006) to examine sensitivity of AcpxR mutants to external copper.
Overnight cultures were diluted to ODggo =1.0 in fresh LB. The diluted culture was
then serial diluted in 1 X PBS and plated onto LB agar containing 0.8 mM copper

sulphate (CuSQ,) to determine the number of colony forming units (cfu).

2.29 Gentamicin protection assay
Macrophage survival assay was modified from a previously described method

(Subramanian, 2008). J774.A1 cells were seeded into 24-well tissue culture plates at
4 x 10° per well and maintained in DMEM with 10% Fetal Bovine Serum and used
20 hours later. The monolayers were washed twice with sterile phosphate buffer
saline (PBS). Prior to infection of cells, bacteria were washed three times,
resuspended in antibiotic free DMEM and added to cells at a multiplicity of infection
of 10 (4 x 10° cfu/ml). Following a 2 h incubation at 37° C (5% CO,) to allow
internalization, cell monolayers were washed three times in PBS to remove
nonadherent bacteria and treated with fresh culture medium containing 20pg/ml
gentamicin for 1 h to kill extracellular bacteria. Following this the cells were washed
three times with PBS and cells were lysed by adding 500pl ice cold water containing
1% Triton-X 100 for 5 min to release internalized bacteria. Tenfold dilutions of cell
lysates were made and 100ul from each dilution was plated onto LB agar plates.
Parallel plates were incubated at 37° C and colony forming units (CFU) were counted
after 6h as a measure of viable bacteria. Survival/replication measured by comparing

6h post-gentamicin to 1h post-gentamicin.

2.30 Addition of vacuolar-pH-neutralizing reagent to infected cells
Ammonium chloride (NH4CI; Sigma-Aldrich®) at a concentration of 2mM was used

to neutralize the vacuolar pH. Macrophages were infected as described above. The

reagent was added to cells at 1 h post-infection. Infected and untreated cells were
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analysed in parallel. All experiments were performed in triplicate. Results are
expressed as the number of viable intracellular bacteria at 6 hours post-infection

relative to that obtained at time 0, taken as 100%.

2.31 Detection of cytokines IL-18 and TNF-¢ in the supernatant of infected

macrophages.
Macrophages were seeded and infected as described above. At time 1h and 24 h post

gentamicin, supernatants were collected and stored at -20 ° C. The amounts of murine
cytokines interleukin-1p (IL-1B) and tumor necrosis factor alpha (TNF-a) released in
the culture supernatant or remaining in cells was analysed using Meso Scale
Discovery technology (MSD® Meso Scale Discovery, Gaithersburg, MD) (MSD®
96 well MULTI-ARRAY® mouse cytokine assay) according to the manufacturer's
instructions. In brief, 25ul of each calibrator and sample solution were dispensed
into separate wells of the MSD® plate. Following this, the plate was sealed and
incubated for 2 h with vigorous shaking (300rcf) at room temperature to ensure rapid
binding of the sample to the capture antibodies. After this time, 25ul of the 1X
Detection Antibody Solution was dispensed into each well. The detection antibodies
are provided premixed in solution at a 50X concentration and the working detection
antibody solution should be prepared at 1X (or 1.0 pg/ml). The plate was again
sealed and incubated for 2 h with vigorous shaking (300rcf) at room temperature.
Finally, each well was washed three times with PBS+0.05% Tween-20 followed by
the addition of 150ul of 2X Read Buffer T to each well of the plate. The plate was
then analysed on the SECTOR® Imager. Cytokine concentrations in picograms per

millilitre (pg/ml) were assessed according to the manufacturer’s instructions.

2.32 Epithelial cell adhesion and invasion assay
Epithelial cell adhesion and invasion assay was performed as previously described

(Martinez-Medina et al., 2009c). Monolayers were seeded in triplicate 24 well tissue
culture plates with 4x10° C2Bbel cells per well and incubated for 20h at 37°C /5%
CO,. Monolayers were then infected in 1ml of DMEM with 10% Fetal Bovine
Serum without antibiotics at a multiplicity of infection of 10 bacteria per epithelial
cell. After addition of bacteria cells were centrifuged for 5 min at 300rcf to allow
closer interaction of bacteria and epithelial cells. After 3h infection, the monolayers
of one plate were washed twice in sterile 1X PBS, lysed with 1% triton X-100,
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serially diluted and plated onto LB plates to determine the number of colony forming
units (cfu) corresponding to the total number of cell associated bacteria (adherent
and intracellular bacteria). To determine the number of intracellular bacteria, cell
culture medium containing 100pg/ml gentamicin was added to the second plate for
1hr to Kkill extracellular bacteria. Monolayers were then washed twice with sterile 1X
PBS, lysed with 1ml of ice cold 1% triton X-100, and the bacteria were quantified as
described above.

2.33 Amoeba grazing resistance
Amoeba grazing resistance assay was adapted from a previously described method

(Adiba et al., 2010). Amoebae were harvested by gently tapping flask, followed by
centrifugation at 300rcf for 5min and washing twice in Page’s Amoeba Saline
Solution (PAS) before numbers were adjusted to 1 x 10% cells per ml using a
haemocytometer. A volume of 300pl of a high bacterial population size (1 x 10° cells
per ml) was plated on proteose peptone-yeast-glucose (PYG) agar and allowed to dry
for 20 min in a laminar flow hood. The same volume of amoeba culture adjusted to 1
x 10% cells per ml was added on these plates and allowed to dry for 20 min in a
laminar flow hood. Plates were covered with a parafilm and incubated for six days at
24°C. Three replicates were performed for each experiment. Plates were screened at
day three and day seven to assess the occurrence of bacterial lysis plaques formed by

A. polyphaga.

2.34 Amoeba Co-culture (Predation)
For coculture experiments amoebae were harvested by gently tapping flasks,

followed by centrifugation (300 rcf, 5 min) and washing twice in PAS, before
numbers were adjusted to 2 x 10° cells per ml using a haemocytometer (Huws et al.,
2008). Cocultures were prepared in 24-well plates (Sarstedt®). Wells were seeded
with A. polyphaga (2 x 10° cells per ml) and amoebae were allowed to adhere for 60
min before the addition of bacteria (2 x 10° cells per ml). Plates were incubated at
37°C, and following various time intervals, wells were scraped, with dilution of the
resulting cell suspension in saline (0.9% wi/v) and colony counts of extracellular
bacteria determined. Control bacterial and amoebal monocultures were also set up.
Viability of A. polyphaga was assessed using the trypan blue exclusion assay (Gao et
al., 1997).
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2.35 RNA Extraction
Overnight cultures of the strains of interest were prepared in LB broth (with

appropriate antibiotics). The following day the overnight cultures were diluted to an
ODgoo nm of 0.05 in 50ml of fresh LB broth (with appropriate antibiotics) in 200ml
conical flasks that had been autoclaved a total of 3 times at 121°C for 15 min. When
the cultures had reached OD 0.2-0.3 10uM Isopropyl-b-D-thiogalactoside (IPTG)
was added to induce expression of cloned gene for 30 min, at which time three 4ml
samples were harvested. The RNA was stabilized using Qiagen RNA protect, 2
volumes of RNA protect was added to an RNase free tube before 1 volume of the
culture was added and mixed vigorously. The mixture was then incubated for 5 min
at room temperature before being spun in a centrifuge at 5,000rcf for 10 min. The
supernatant was discarded and the pellet stored at -80°C. Pellets were thawed before
RNA extraction was performed following protocols #4 and #7 in the Qiagen
RNeasy kit. In brief 15ul of proteinase K was added to 200ul of TE buffer
containing lysozyme (30mM Tris.Cl, 1mM EDTA, pH8.0, containing 15mg/mi
lysozyme) and used to resuspend the thawed pellet. The mixture was initially
vortexed for 10 sec before being incubated at room temperature for 10 min, during
which time the mixture was vortexed approximately every 2 min for 10 sec. Seven
hundred ul of buffer RLT (with added B-mercaptoethanol) was then added to the
mixture and vortexed vigorously. The mixture was then spun in a centrifuge at
maximum speed for 2 min and the supernatant transferred to a fresh RNase free tube.
500ul of 96% ethanol was added to the supernatant and mixed via pipetting. Up to
700ul at a time was added to the RNeasy spin column with 2ml collection tube,
which was spun using a centrifuge at 8,000rcf for 15s. The flow-through was
discarded and 700ul of Buffer RW1 was added to the column, which was spun at
8,000rcf for 15s. Flow through was discarded. A further 500ul of Buffer RPE was
added to the spin column, which was spun at 8,000rcf for 2 min. The column was
transferred to a fresh collection tube and spun for a further 1 minu at 11,000rcf.
Finally the column was transferred to an RNase free 1.5ml microcentrifuge tube;
30pl of RNase-free water was added to the column’s membrane before spinning at
8,000rcf for 1 min to elute the RNA. As three 4ml samples were used for each strain
and replicates, this step was repeated four times with a final volume of 120ul that

was then stored at -80°C or precipitate immediately by ethanol precipitation.
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2.36 Precipitation of RNA
To ethanol precipitate the RNA samples, 5M Ammonium acetate was added to a

final concentration of 0.5M and mixed well. Following this, 2.5 volumes of ice-cold
ethanol was added, mixed and chilled at -20°C for at least 20 min. RNA was
recovered by centrifuging the samples for 15 min at maximum speed (11,000rcf) in a
microcentrifuge at 4°C if possible. The supernatant was removed carefully and the
tube was re-spun for a few seconds at room temperature to remove any residual
fluid. RNA pellets recovered in this manner do not require further drying. The RNA
may be kept as an alcohol precipitate and stored at -80°C or resuspended in 50l
sterile water.

A 2ul sample of the extracted RNA was run through a 1.5% agarose TBE gel to
check the RNA. Once the presence of RNA had been confirmed the rest of the
sample was treated with DNase (Ambion). Approximately 46ul of RNA was mixed
with 1pl of DNase (2U/ul) and 5pl 10 x DNase buffer before incubating at 37°C for
1 hour. DNase was inactivated by adding 5ul of DNase inactivation reagent to the
tube which was mixed well before incubating at room temperature for 2 min. The
tube’s contents were mixed well again before spinning at maximum speed in a
microcentrifuge for 2 min. The DNase inactivation reagent pelleted at the bottom of
the tube enabling the RNA to be removed to a fresh centrifuge tube. After DNase
treatment the RNA was again checked by running a sample through a 1.5% agarose
TBE gel. A PCR was performed using a sample DNase treated RNA as template and
cpxP primers cpxP Fw(Xhol) and cpxP Rv(BamHI) to confirm the absence of DNA.

2.37 Transmission electron microscope (TEM)
Cross sections of C2Bbel epithelial cells were prepared as follows. The cells were

fixed in 0.165 molar phosphate buffered fixative, 2.0% glutaraldehyde, 2.5%
paraformaldehyde for 90 min and buffer washed in 0.165 molar phosphate buffer for
30 min. Secondary fixation occurred with 0.165 molar phosphate buffered 2%
Osmium tetroxide 90 min. After dehydration in a graded series of ethanol, the
samples were embedded in polymerised araldite and polymerised at 50°C for 48 h.
Araldite embedded specimens were sectioned using a Reichert-Jung Ultracut E
ultramicrotome. Samples were then stained with Uranlyl Acetate and Lead Citrate

for photography in the transmission electron microscope. Sections were examined in
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a Jeol JEM-2000FXII Transmission electron microscope and photographed using a
Mega View Soft Imaging System digital camera. Calibration grid to determine real
as distinct magnification: Agar Scientific cross grating, 2160 lines/mm. = 2159
intervals per 1000 microns for average spacing between lines. Specimen
micrographs can only be correlated with calibration micrographs of the same

magnification (and ideally from the same TEM Session)

2.38 Statistical analysis
All statistical analysis, except that performed on the transcriptome data, was

performed using SigmaPlot 10.0 software. Each experiment was performed in
triplicate unless otherwise indicated. For analysis of the significance of differences in
adhesion and invasion levels, gfp expression, cytokine production and uptake and
survival within J774-A1 macrophages, Student’s t-test was used for comparison of
two groups of data. A result was considered to be significant when p<0.05. For the
microarray analysis, statistical significance was evaluated using one-way ANOVA
and p-values were adjusted for multiple comparisons using the Benjamini and

Hochberg method.
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Chapter 3.0: Distribution of AIEC phenotype within Escherichia
coli genus

3.1 Introduction
As previously stated, Escherichia coli, is ubiquitous and a usually harmless

commensal of the human GIT flora as well as a common member of the flora of
other mammals and birds. Furthermore, E. coli also include pathogens which are an
important cause of sickness and mortality throughout the world (Souza et al., 1999).
Virulence is often associated with distinct clusters of genes referred to as
‘pathogenicity islands (PAIs)’ (Wirth et al., 2006). PAIs are present on the genomes
of pathogenic strains but absent from the genomes of non-pathogenic members of the
same or related species (Hacker & Kaper, 2000). The effects of virulence on the
patterns of evolution of the E. coli genome remain unclear (Wirth et al., 2006).
Previous studies have shown that natural populations of E. coli harbor an extensive
genetic diversity that is organized in a limited number of clones (Guttman &
Dykhuizen, 1994; Pupo & Richardson, 1995; Souza et al., 1999; Whittam, 1989).
The first attempt to examine the genetic structure and diversity of E. coli, known as
the Milkman study, used multilocus enzyme electrophoresis (MLEE) to analyse 849
isolates obtained primarily from humans (Milkman, 1973). MLEE uses the relative
electrophoretic mobilities (EM) of multiple intracellular metabolic enzymes to
characterise and differentiate organisms by generating an electromorph type (ET).
The relatedness of isolates can then be visualized from the differences between the
ETs (Stanley & Wilson, 2003). This study led to MLEE being adopted as a common
technique for the study of bacterial diversity. Over a number of years further studies
using MLEE with more extensive strain collections claimed that certain
combinations of alleles occurred multiple times, indicating a clonal population
structure with recombination serving a limited role in the evolution of E. coli
(Ochman et al., 1983; Ochman & Selander, 1984b; Selander & Levin, 1980; Wirth et
al., 2006). However, more recent studies have shown strong evidence for
recombination playing a significant role in shaping the genomic evolution and
diversification of E. coli (Cooper, 2007; Didelot et al., 2012; Mau et al., 2006;
Winkler & Kao, 2012). Recombination can influence the evolution of E. coli both

by replacing fragments of genes with an homologous sequence and also by
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introducing new genes (Didelot et al., 2012). In one study comparing 27 whole
genomes of E. coli several non-random patterns of these events were identified
which correlated with important changes in the lifestyle of the bacteria (Didelot et
al., 2012). In particular, the genomes of three enterohaemorrhagic (EHEC) strains
have converged from originally separate backgrounds as a result of both homologous
and non-homologous recombination (Didelot et al.,, 2012). Furthermore,
intraspecific recombination in E. coli has been shown to be much more common than
previously appreciated and may even show a bias for certain types of genes,
including those involved in recombination, transport and motility (Mau et al., 2006).
Construction of a multiple whole genome alignment facilitates a global survey of
recombination among published genome sequences of several E. coli (Mau et al.,
2006) and as additional E. coli strains are sequenced, the role of homologous
recombination in bacterial genome evolution will become clearer, and may force
reassessment of traditional methods for describing relationships among bacterial taxa
(Mau et al., 2006).

3.1.1 The ECOR strain collection
The E. coli reference collection, referred to as ECOR, is a standard collection of 72

wildtype strains that are representative of the known genetic diversity of the species
as indicated by MLEE (see fig. 3.1) (Ochman & Selander, 1984a). These 72 E. coli
strains were isolated from humans and 16 other mammalian hosts incorporating both
geographical distribution and varied host range. Although both commensal and
pathogenic strains (mainly UPEC) were included, the collection does not contain
diarrhoeagenic strains (Chaudhuri & Henderson, 2012). To facilitate the study of
diarrhoeagenic E. coli, a separate collection of 78 diarrhoeagenic E. coli (DEC)
strains has been established, again chosen to represent the diversity seen using
MLEE (Chaudhuri & Henderson, 2012; Whittam et al., 1993).
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Figure 3.1: Phylogenetic relationships of the ECOR 72 collection assessed by
multi-locus enzyme electrophoresis (MLEE). A) Phylogeny constructed using the

UPGMA method B) Phylogeny constructed using the neighbour-joining method
(Chaudhuri and Henderson 2012).
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MLEE revealed four main phylogenetic groups designated A, B1, B2 and D, plus a
minor group E although this has been largely ignored as it has been shown to cluster
inconsistently in subsequent analyse (Wirth et al., 2006). More recent data suggests
that group A, which includes E. coli K-12, was the earliest to diverge, with groups
B1 and B2 as sister-taxa (Chaudhuri & Henderson, 2012). Independently of MLEE,
the major phylogenetic groups have been consistently supported in a variety of
studies utilising various data types including randomly amplified polymorphic DNA
(RAPD) (Desjardins et al., 1995), multiple-locus variable-number tandem repeats
analysis (MLVA) (Lindstedt et al., 2007) and variation at mononucleotide repeat loci
(Diamant et al., 2004). A drawback of MLEE is that enzymes with little sequence
similarity may exhibit similar electrophoretic mobility (Chaudhuri & Henderson,
2012) therefore multilocus sequence typing (MLST) was proposed as an alternative
to MLEE to examine differences between bacterial strains (Maiden et al., 1998).
MLST measures the DNA sequence variations in a set of housekeeping genes (adk,
fumC, gyrB, icd, mdh, purA and recA) and characterizes strains by their unique
allelic profiles (Wirth et al., 2006). A number of studies have utilised MLST to
undertake large scale investigations of E. coli (Reid et al., 2000; Turner et al., 2006;
Wirth et al., 2006). Such studies have suggested that the diversity of E. coli may
extend beyond the range represented in the ECOR collection. Moreover, a recent
MLST study investigated a number of isolates that were phenotypically
indistinguishable from E. coli but exhibited divergent nucleotide sequences (Walk et
al., 2009) . Such strains were more likely to be found in environmental isolates than
the mammalian gastrointestinal tract, suggesting they may represent environmentally
adapted organisms (Chaudhuri & Henderson, 2012). Recent studies including several
genomic methods like DNA microarrays, optical mapping, and whole genome
sequencing have shed new light on the level of diversity within bacterial populations,
making it clear that the level of genomic diversity had been grossly underestimated
previously (Jackson et al., 2007; Jackson et al., 2011). DNA microarrays are
becoming increasingly useful tools to investigate diversity, for example one study
utilised microarray technology to examine the gene content of 207 diverse isolates
of E. coli and Shigella spp. as well as the entire ECOR collection (Jackson et al.,
2011). Interestingly, for the most part, the whole genome analysis of the ECOR
collection correlated well with previous designated phylogenetic groups as shown by
MLST. However, a number of notable exceptions were identified. For example,
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strains ECOR70, ECOR71, and ECOR72 that were previously defined in group Bl
were found to be part of group A and notably, as with MLST, array analysis showed
group D strains to be more heterogeneous than other groupings, seemingly reflecting
diverse and distinct lineages of Group D strains (Jackson et al., 2011). It is important
to note that the diversity within the species E. coli, and the overlap in gene content
between this and related species is far greater than many had anticipated and
represents a broad set of functions for adapting to many different environments
(Lukjancenko et al., 2010).

3.1.2 Diversity among AIEC
Most commensal strains tend to belong to phylogenetic groups A or B1, whilst

extraintestinal pathogenic strains typically belong to phylogenetic groups B2 or D,
and they possess more virulence factors than commensal strains which allow them to
induce diseases in both healthy and compromised hosts (Abdallah et al., 2011; Lee et
al., 2010). Owver the last thirty years, it has been becoming increasingly evident that
groups B2 and D are emerging as the dominant phylogroups in the western world
(Kotlowski et al., 2007). Moreover, there is increasing evidence that IBD isolates
tend to be members of the B2 or D groups and this has been suggested to correlate
with the increased frequency of IBD in the western world (Kotlowski et al., 2007).
The AIEC strains isolated to date are diverse and belong to distinct serotypes
(Martinez-Medina et al., 2009c). Moreover, even though AIEC are primarily
associated with group B2, AIEC strains belonging to the A, B1, and D phylogroups
have also been isolated (Martinez-Medina et al., 2009a; Martinez-Medina et al.,
2009c). As previously stated, AIEC display EXPEC features and harbour virulence
associated genes characteristic of ExPEC. A high diversity of serotypes and
virulence gene profiles exists among EXPEC strains, which complicates their
classification into pathotypes and similarly a variety of seropathotypes can also be
found among AIEC strains (Martinez-Medina et al., 2009c). A comparison of two
AIEC genome sequences showed a close relationship between these two strains
(LF82and NRG685c) and suggested AIEC-specific gene sets (Nash et al., 2010);
however comparisons with a third more divergent AIEC strain, HM605 highlighted
that the similarity between the two previous strains is only indicative of their

serotype suggesting there are no AIEC specific genes (Chaudhuri & Henderson,
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2012; Clarke et al., 2011). Moreover, in a recent study several AIEC isolates
belonging to the same clonal group showed different invasive properties (Martinez-
Medina et al., 2009a) suggesting that the AIEC pathovar harbors great internal
variability and genomic diversity possibly due to differential expression of key genes
or specific pathoadaptive mutations (Chaudhuri & Henderson, 2012). The lack of
conserved genes in AIEC also suggests no pathogenicity islands and the possible

role of recombination in the diversity of this pathotype.

3.2 Objectives
The main characteristics for inclusion into AIEC are (i) the ability to colonise the

intestinal mucosa by adhering to and invading intestinal epithelial cells (ii) ability to
survive and to replicate within macrophages and (iii) to induce the release of high
amounts of pro-inflammatory cytokines such as TNF-a and IL1-p (Boudeau et al.,
1999; Boudeau et al., 2001; Darfeuille-Michaud, 2002; Darfeuille-Michaud, 2004;
Martin et al., 2004). Therefore, the initial aim of this research was to examine
replication in macrophages to determine if this phenotype is widespread in the E. coli
genus. To date, little is known whether this characteristic is common to a large
number of E. coli. To achieve this objective, we determined the ability of the
ECOR72 collection and 12 other wildtype E coli strains to survive and replicate

within macrophages.

3.3 Results

3.3.1 The ability to replicate in J774.A1 macrophages is distributed across all
phylogenetic groups.
An important feature of AIEC is its ability to persist and replicate in macrophages. In

order to determine whether the ability to replicate within macrophages is widespread
throughout the E. coli genus or restricted to a particular phylogroup or clade it was
decided to use the well-characterised ECOR72 library and the macrophage-like
J774A.1 cell line (ATCC TIB-67). The experimental set up consisted of 3 biological
replicates and for each strain. The E. coli strains were grown overnight, adjusted to
an OD600nm=1 and added to 4x10° macrophages at a multiplicity of infection of 10.
After 2 hours infection gentamycin was added to kill any extracellular bacteria and

macrophage were lysed to determine the level of bacteria within the macrophage at
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1h and 6h post-gentamicin. The level of bacterial replication was determined by
comparing 1lh post-gentamicin with 6h post-gentamicin. The results of the
intramacrophage replication assays are summarised in figure 3.2. A fold replication
of 1 was designated to indicate the net growth/death of the different E. coli strains
over the 6 hours. The known AIEC strain HM605 survived and replicated within
macrophages over this period whilst only a few strains showed a significant decrease
in numbers over the 6 hours e.g. ECOR-1, ECOR-32 and ECOR-63. This result
implied that intramacrophage persistence is not a unique feature of AIEC; on the
contrary it appears that the ability of E. coli to persist is widespread across the

phylogenetic groups A, B1, B2 and D.

The mean number of replication was 2-fold range and any strain that had the ability
to replicate >1 standard deviation from this mean was considered to replicate within
the macrophage. Initially, 10 ECOR strains showed high levels of replication.
However, secondary screening of these strains showed that only 5 out of the 10
ECOR strains showed reproducibly similar levels of intramacrophage replication as
AIEC HMG605 (see fig. 3.3). Therefore these strains could potentially be
characterised as AIEC due to their ability to replicate at high levels similar to AIEC
strain HM605. These strains were again distributed across each phylogenetic group.
The results of the intramacrophage replication assays support the conclusion that

AIEC are a diverse group and are not a clonal group.
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Figure 3.2: Distribution of intramacrophage replicating Escherichia coli within each
phylogenetic group. A) Group A, B) Group B1, C) Group B2 and D) Group D. Black
line refers to the net growth/death of the E. coli strains over the 6 hours. Red dotted line
represents the value of 1 standard deviation greater than the average 2-fold replication
(n=3.6). Results shown are from 3 experiments with 1 technical replicate per experiment.
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3.3.1.1 A number of ECOR strains showed intramacrophage replication levels
similar to known AIEC strain HM®605.
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Figure 3.3: Fold replication of the ECOR strains showing similar levels as known
AIEC strain HM605 in J774.A1 macrophage. Five strains showed reproducibly similar
levels of intramacrophage replication as AIEC HM605. Black line refers to the net
growth/death (n=1) of the E. coli strains over the 6 hours. Red dotted line represents the
value of 1 standard deviation greater than the average fold replication (n=2.5). Results
shown are from 3 experiments with 1 technical replicate per experiment.
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3.3.2 Adhesion and invasion of C2Bbel epithelial cells
The next stage in assessing the distribution of the AIEC phenotype across the E. coli

genus was to examine the ECOR strains identified as capable of intramacrophage
replication for their ability to adhere to, and invade, C2Bbel (ATCC CRL-2102)
colonic epithelial cells. This cell line is a clone of the better known Caco-2 and is
used because C2BBel cells form a polarized monolayer with an apical brush border
(BB) morphologically comparable to that of the human colon. To test for an effect
on adherence and invasion, bacteria were added to C2Bbel epithelial cells at a
multiplicity of infection of 10 bacteria per epithelial cell and allowed to infect for 3
hours. Following infection, the monolayers of one plate were washed twice in sterile
1X PBS, lysed with 1% triton X-100, serially diluted and plated onto LB plates to
determine the number of colony forming units (cfu) corresponding to the total
number of cell associated bacteria (adherent and intracellular bacteria). Adhesion
ability is calculated as the mean number of bacteria per C2Bbel cell after 3 hours
(Martinez-Medina et al., 2009c). For the bacterial invasion assays, the number of
intracellular bacteria was determined by plating following 1 hour gentamicin
(100ug/ml) treatment and after cell lysis with 1% Triton X-100. Invasion ability is
calculated as the percentage of the original inoculum that survives after 1 hour
gentamicin treatment. Strains with an I ADH > 1.0% and an I_INV > 0.1% can be
classified as AIEC (Martinez-Medina et al., 2009c). The bacterial adhesion results
demonstrated that all ECOR strains examined, apart from ECOR-50, could adhere to
C2Bbel epithelial cells (see Table 3.1). Similarly, all of the ECOR strains examined,
apart from ECOR-50, were able to invade C2Bbel epithelial cells (see Table 3.1).
Therefore, after determining the capacity of the ECOR strains to adhere to and
invade intestinal epithelial cells and their ability to survive and replicate within
macrophages, we classified 4 strains out of 84 tested (i.e. 4.96%) as possessing

AIEC characteristics.
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Strain Adhesion ability Invasive ability (I_INV)

(I_ADH)
ECOR-12 6.75 + 1.34 0.42 £0.18
ECOR-20 6.35 £ 2.41 0.73£0.20
ECOR-69 1.77 £ 051 0.20 £ 0.10
ECOR-53 3.83£0.19 0.12 £0.03
ECOR-50 0.05 £ 0.09 0.02 £0.01

Table 3.1: Adhesion and invasion of C2Bbel epithelial cells. Adhesion ability is
calculated as the mean number of bacteria per C2Bbel cell after 3 hours. Invasion ability is
calculated as the percentage of inoculum surviving after 1 hour gentamicin treatment.
Those strains with an I ADH > 1.0 and an I_INV > 0.1% were classified as adherent and
invasive strains. All strains, apart from ECOR-50, were able to both adhere to and invade
C2BBel epithelial cells. Results are from triplicate determinations.

3.3.3 Investigating the role of low pH on intracellular replication of ECOR
strains
The strategy used by AIEC to resist macrophage degradation is unknown. However,

it has been reported that the AIEC strain LF82 is able to survive and to replicate
within a compartment harbouring hostile features of mature phagolysosomes
including acidic pH and active cathepsin D (Bringer et al., 2006). Moreover, the
acidification of then phagolysosome has been reported as necessary for the
replication of AIEC LF82 bacteria within J774 macrophages (Bringer et al., 2006).
In order to investigate if acidification of the phagosome is required for intracellular
replication of the four ECOR strains identified in this study as having AIEC
characteristics, the effect of the vacuolar pH-neutralizing reagent ammonium
chloride (NH4CI) on the replication ability within J774 macrophages was examined.
Ammonium chloride (NH4CI) is a lysosomotropic compound that is membrane
permeable in its non-protonated forms but impermeable when protonated in acidic

phagosomes (Bringer et al., 2006). The result of this is that the pH of the phagosome
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is neutralised. NH4ClI was not directly lethal to either the bacteria or the host cells at
the concentrations used. Following treatment with NH4CI, the results indicate that
the intracellular replication of some strains, such as HM605 and ECOR-69, does
require acidification of the phagosome, whereas the replication of strains ECOR-20
and ECOR-53 appears to be increased in the presence of NH4Cl, indicating that
acidification of the phagosome may compromise the intracellular replication of these
strains (See fig 3.4). The replication of the final strain, ECOR-12, appeared to be
independent of NH4Cl. This data suggest that an acidic environment is not required
for intracellular replication of all strains examined and further highlights the

diversity associated with the AIEC phenotype.

In an extension of the aforementioned phagosome acidification assay, growth curves
in low pH minimal medium were conducted to determine if pH dependent
intracellular replication corresponds to an increased level of acid tolerance. For these
tests a pH of 4.5 was chosen as this is generally considered to be the intracellular pH
of the mature phagosome (Jabado et al., 2000). Growth curves for AIEC strains
HMG605, LF82 and two K-12 strains ZK2686 and MG1655 are presented in Figure
3.5. From the results of the growth experiments it can be seen that both AIEC strains
appear to have an increased tolerance to low pH compared to the two E. coli K-12
strains. The determination of the growth rates of the 4 ECOR strains identified in this
study as having the AIEC phenotype revealed that AIEC strain HM605 and ECOR-
69, strains that both require acidification of the phagosome (pH dependent) for
intracellular replication, show similar growth rates at low pH. Both strains show
significantly higher growth rates at pH 4.5 compared to MG1655 (a K-12 strain non
able to replicate in the macrophage) and ECOR-20 and ECOR-53, strains whose
intramacrophage replication is inhibited by the low pH of the phagosome. Together
these findings indicate possibly 3 different types of AIEC intramacrophage
replication. Replication dependent on the acidification of the phagosome (HM605
and ECOR-69) similar to AIEC LF82, increased replication when the acidification of
the phagosome is neutralised (ECOR-12 and ECOR-69) and replication independent
of both the acidification and neutralisation of the phagosome (ECOR-12). However,
as all strains can undergo intramacrophage replication these experiments indicate
that phagosome acidification and tolerance to low pH are not prerequisites for the

intracellular replication of E. coli.
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Figure 3.4: Treatment of infected macrophage with 2mM NH4CI to neutralise

phagosome. Results are expressed as the number of viable bacteria at 6 h post-
gentamicin relative to that obtained at 1h post-gentamicin, taken as 100%. Results show
some strains ability to persist is pH dependent as they require acidification of the
phagosome such as HM605 and ECOR-69, whereas strains such as ECOR-20 and
ECOR-53 ability to persist appear to be pH independent. Results are from triplicate
determinations. For analysis of the significance of differences in uptake and survival
within J774-A1 macrophages, Student’s t-test was used for comparison of two groups of
data (* P-value < 0.05).
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Fig 3.5: Growth in M9 minimal media (pH 4.5) supplemented with 0.02%
(w/v) glucose and buffered with 100mM MES. The data represent the mean
results of 3 experiments each one carried out in triplicate. Overnight cultures were
diluted in fresh media to ODgw=0.05 and 150ul of this diluted culture was
inoculated, in triplicate, into wells of a 96 well optical flat bottom plate. ODggq
readings were taken every 15 minutes over a period of 12 hours using a MWG
Sirius HT plate reader, programmed to incubate plates at 37°C. Only the values for
every 60 minutes are plotted here.

Strain Growth rate (h™)
HM605 (AIEC) 0.098
MG1655 (K-12) 0.031
ECOR-12 0.068
ECOR-20 0.046
ECOR-69 0.083
ECOR-53 0.056

Table 3.3: Growth rates of E. coli strains in pH 4.5 M9 minimal media
supplemented with 0.02% glucose and 100mM MES. AIEC strain HM605 and
ECOR-69 who both require acidification of the phagosome (pH dependent) show
similar growth rates at low pH. Both strains show higher growth rates compared to
both ECOR-20 and ECOR-53.
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3.3.4 Detection of cytokines TNF-a and IL1-B in the supernatant of infected

macrophages
It has been previously reported that AIEC LF82-infected macrophage secrete large

amounts of tumour necrosis factor-alpha (TNF-a), which in turn increases the
intramacrophagic replication of LF82 (Bringer et al., 2011; Glasser et al., 2001).
Similarly, in the same studies it was reported that no interleukin-1 beta (IL1-p)
production could be detected 1 h post LF82 infection of macrophages pre-stimulated
with LPS overnight (Glasser et al., 2001). In order to explore the possible
mechanisms in an inflammatory response induced by the ECOR strains, the levels of
cytokines TNF-a. and IL1-B produced by these strains was analysed using Meso
Scale Discovery technology (MSD® Meso Scale Discovery, Gaithersburg, MD)

according to the manufacturer's instructions.

Quantification of TNF-a secretion was completed with J774.A1 macrophage
infected with bacteria at an MOI of 10. After 1h post-gentamicin treatment, similar
amounts of TNF-a were induced by all E. coli strains (see fig 3.6 A). At 24h post-
gentamicin, all of the E. coli strains examined, including the commensal strain
MG1655, showed an increase in TNF-a induction. No significant difference was
observed between MG1655 and HM605 or any of the AIEC-like ECOR strains (see
fig 3.6 A). This suggests that, in contrast to what was previously published, the
production of large amounts of TNF-a is not a distinguishing feature of AIEC, as
similar amounts of TNF-a are induced by a known AIEC strain and a commensal
control. The quantification of IL1-B release was obtained again with J774.A1
macrophage infected for 2 h with bacteria at an MOI of 10. After 1h post-gentamicin
treatment, very low levels of IL-1b could be detected from all of the infected
macrophage (see fig 3.6 B). However, at 24 h post-gentamicin, macrophage infected
with HM605 and the AIEC-like ECOR strains showed release of significant
quantities of IL1-B (see fig 3.6 B). In contrast, a much reduced level of IL1-p was
detected in macrophage infected with the MG1655 control. These findings indicate
that AIEC can induce higher amounts of IL1-3 compared to a non-replicating E. coli

strain.
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Fig 3.6: Production of proinflammatory cytokines TNF-a and IL1-$ by
J774-A1 cells after E. coli infection. A) Production of pro-inflammatory
cytokine TNF-a by J774.A1 cells after infection. TNF- a does not appear to
be induced to significantly high levels as all strains induce similar amounts
of TNF- a. B) Production of pro-inflammatory cytokine IL1- by J774.A1
cells after infection. High levels of IL1-B was induced by all strains, apart
from the K-12 strain MG1655. Results are from triplicate determinations. For
analysis of the significance of differences in cytokine production, Student’s t-test
was used for comparison of two groups of data (+ P-value < 0.05).
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3.3.5 Amoeba as evolutionary reservoirs for intracellular bacterial pathogens
We have established that the ability to replicate in macrophage is a phenotype that is

widespread throughout the E. coli genus. However, what could be the selection for
the evolution of this phenotype? The coincidental evolution hypothesis suggests that
virulence traits in bacteria might result from selective pressure exerted by protozoan
predators such as amoeba. Thus, grazing resistance may be an evolutionarily
exaptation for bacterial pathogenicity (Adiba et al., 2010). A number of
microorganisms such as Legionella pneumophila (Atlan et al., 2012; Rowbotham,
1986), E. coli 0157 (Barker et al., 1999) and Mycobacterium spp (Salah et al., 2009)
have developed mechanisms to become resistant to killing by amoebae since they are
not internalized or are able to survive, replicate and exit free-living amoebae after
internalization (Wildschutte & Lawrence, 2007). These genetic adaptive changes
include evolution by beneficial mutations and by the lateral transfer of genes
(Ochman et al., 2000) that led to the expression of symbiotic or pathogenic
phenotypes according to their impact on the host cell (Greub & Raoult, 2004).
Consequently, amoebae represent a potent evolutionary reservoir for internalized
microbes. The aim was to determine if the intramacrophage replicating ECOR strains

were resistant to killing and/or grazing by predatory amoeba.
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Table 3.1 Examples of bacteria that have evolved resistance

to killing by

amoeba (modified from Greub, G., and Raoult, D. 2004)

Bacteria resistant ~ to | Amoeba Host Life style
amoeba killing
Legionella pneumophila Many species Facultative (Rowbotham,
intracellular 1980)
E. coli 0157 Acanthamoeba Extracellular (Barker et al.,,
1999)
Helicobacter pylori Acanthamoeba Facultative (Winiecka-
intracellular Krusnell et al.,
2002)
Listeria monocytogenes Acanthamoeba Facultative (Ly & Muller,
intracellular 1990)
Vibrio cholerae Acanthamoeba, Extracellular (Thom et al.,
Naegleria 1992)
Francisella tularensis Acanthamoeba Facultative (Berdal et al.,
intracellular 1996)
Coxiella burnetii Acanthamoeba Obligate (La Scola &
intracellular Raoult, 2001)
Mycobacterium avium Acanthamoeba Facultative (Cirillo et al.,
intracellular 1997: Miltner &
Bermudez,
2000)
Mycobacterium leprae Acanthamoeba Facultative (Lahiri &
intracellular Krahenbuhl,
2008;
Vaerewijck et
al., 2005)
Mycobacterium marinum Acanthamoeba Facultative (Cirillo et al.,
intracellular

1997)

3.3.5.1 AIEC HM®605 is resistant to killing by amoeba

In order to compare the ability of HM605 to resist grazing by predatory protozoa

with that of a commensal strain, a plating assay was performed for each strain with a

bacterial population size of 10° cells and an Acanthamoeba polyphaga population




size of 10 cells (Adiba et al., 2010). Therefore cells were mixed and spread onto the
surface of agar plates. After several days at 25°C the formation of plaques was
examined. A strain of E. coli associated with neonatal meningitis, RS218, was used
as a positive control as this strain has been previously shown to be resistant to killing
by amoeba and undergo intramacrophage replication (Alsam et al., 2006). The
results (see fig 3.7) show that no plaques (indicative of grazing by the 4. polyphaga)
were observed for HM605 or the positive control RS218, suggesting that these
strains have the grazing resistance phenotype. In contrast, plaques were observed
with MG1655, suggesting that this strain is not able to resist grazing by the amoeba
(see fig 3.7). These data suggest that there may be a correlation between grazing

resistance and the ability to replicate inside macrophages.

HM605 RS218 MG1655

Fig 3.7: Amoeba grazing assay. AIEC strain HM605 and NMEC strain RS218 were
plated with Acanthamoeba polyphaga. No bacterial lysis plaques were observed,
characteristic of the grazing resistance phenotype. HM®605 appears to be resistant to killing
by amoeba. MG1655 K-12 was plated with Acanthamoeba polyphaga. Bacterial lysis
plagues were observed, characteristic of grazing phenotype. Shown is the result of a typical
experiment. Experiments were carried out in triplicate.

3.3.5.2 Amoeba grazing phenotype of the ECOR strains studied
As AIEC HMG605 is resistant to killing by amoeba it was important to determine

whether any of the AIEC-like ECOR strains also had the grazing resistance
phenotype. Eight non-intramacrophage replicating ECOR strains (2 from each
phylogenetic group) were also selected as controls to determine if there is a
correlation between intramacrophage replication and grazing resistance. The results

are summarised in Table 3.3.
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Strain

Bacterial lysis

formation of

plaques (+ refers to

plaques, -refers to no

plaque formation)

Intramacrophage
replication (+ refers to
ability to replicate, - refers

to inability to replicate

Amoeba

HM605 (AIEC) — GR
RS218 (NMEC) - GR
MG1655 (K-12) - G

i

ECOR-12 -——- GR
ECOR-20 -+ + G
ECOR-69 -——- GR
ECOR-53 - GR

ECOR-1 (A) +++ G
ECOR-13 (A) -+ + G
ECOR-32 (B1) -+ + G
ECOR-45 (B1) +++ G
ECOR-54 (B2) -——= GR
ECOR-56 (B2) +++ G
ECOR-39 (D) +++ G
ECOR-46 (D) +++ G

Table 3.3: Amoeba grazing phenotype of the E. coli strains studied. Strains in red are
ECOR strains showing AIEC like characteristics. E. coli strains with the ability to survive
inside macrophage shows higher grazing resistance suggesting a correlation between
intramacrophage survival and resistance to killing by amoeba. Results are from triplicate
determinations. G= Grazing, GR= Grazing Resistance.
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The ‘‘grazing resistance’” (GR) phenotype corresponds to the plates where we did
not observe any plaques in the three replicates. The ‘‘grazing’’ (G) phenotype
corresponds to plates where we observed lysis plaques for at least one replicate or for
all three replicates (Adiba et al., 2010). The results revealed that approximately 75%
(3/4) of the intramacrophage replicating ECOR strains show grazing resistance
phenotype similar to HM605 (see table 3.3 and see fig 3.7). In contrast, only 12.5%
(1/8) of non-intramacrophage replicating ECOR strains showed grazing resistance
phenotype. The combined results from these experiments indicate a possible
correlation between intramacrophage replication and resistance to killing by amoeba
as significantly more intramacrophage replicating strains showed grazing resistance

phenotype (Student t-test, P value < 0.05).

3.3.6 Co-interactions of bacteria and amoeba
In order to determine if amoeba were capable of sustaining bacterial growth or if the

bacteria were Killing the amoeba, co-culture/predation assays were conducted as
previously described (Huws et al., 2008). In the co-culture system, the extracellular
bacterial viable count was compared with the survival of bacteria grown without
amoebae. If the comparative counts in the presence of amoebae were lower than this
was evidence of predation. Similarly, if counts were higher than amoebae were
sustaining bacterial growth and/or survival. Co-culture/ predation assays for HM605,
RS218 and MG1655 are presented in Figure 3.8. It can be seen that at TO ( no
significant difference is observed as similar numbers are seen in all strains (fig 3.8).
However, 24 hours post-infection MG1655 was significantly (P < 0.05) lower in
numbers in the presence of the amoebae compared with controls in the absence of
amoebae. This indicates the occurrence of predation suggesting that the amoebae are
feeding on MG1655 (fig 3.8 B). In contrast, RS218 and HM605 increased in
numbers in the presence of amoeba suggesting the amoeba are sustaining bacterial
growth (fig 3.8B). There were no significant differences (P < 0.05) in amoebal
viability in the various bacterial co-cultures compared with amoebae alone (trypan
blue analysis) (fig 3.8C). These findings show a direct correlation with grazing
resistance and indicate that A. polyphaga are sustaining growth of AIEC HM605

whereas the numbers of MG1655 are significantly reduced.
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Figure 3.8: Co-interactions of bacteria and amoeba. A) Percentage bacteria at time 0
relative to growth without amoeba. No significant difference is observed as similar
numbers are seen in all strains. B) Percentage bacteria after 24 hours relative to growth
without amoeba. After 24 hours RS218 and HM605 show an increase in numbers in the
presence of amoeba suggesting the amoeba are sustaining bacterial growth whereas
MG1655 shows a decrease in numbers showing evidence of predation. Student’s t-test
(P < 0.05). C) Viability of Acanthamoeba polyphaga following 24 h of co-incubation
with the test bacteria. Results illustrate percentage survival relative to control (absence
of bacteria) amoebal counts. Results are from triplicate determinations.

107



3.3.6.1 Co-interactions of ECOR strains showing AIEC characteristics and
amoeba
In addition to the previous experiment, co-culture/predation assays were conducted

with the AIEC-like ECOR strains in order to further investigate if the amoeba A.
polyphaga is sustaining the growth of these strains, similar to what is observed with
HM605 (see Section 3.3.6). The co-culture experiments were set up as previously
described (see Section 3.3.6 and Section 2.34). From the results, it can be thatat T 0
no significant difference is observed as similar numbers are seen in all strains (fig
3.9 A). However, at 24 h post-infection all of the AIEC-like ECOR strains showed
an increase in bacterial numbers in the presence of amoeba compared with controls
in the absence of amoeba (see fig 3.9 B). This suggests that the amoeba is sustaining
the growth of these strains similar to AIEC HM605. However, even ECOR-20
showed an increase despite the fact that this was reported as not resistant to grazing
in Table 3.3. As expected MG1655 was significantly (P < 0.05) lower in numbers in
the presence of the amoebae compared with controls in the absence of amoebae. This
indicates the occurrence of predation as the amoebae are feeding on MG1655 (see
fig 3.9 B). There were no significant differences (P < 0.05) in amoebal viability in
the various bacterial co-cultures compared with amoebae alone (fig 3.9 C). These
findings provide further evidence for the correlation of resistance to killing by

amoeba with intramacrophage replication.
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Figure 3.9: Co-interactions of ECOR strains showing AIEC characteristics and
amoeba. A) Percentage bacteria at time O relative to growth without amoeba. No significant
difference is observed as similar numbers are seen in all strains. B) Percentage bacteria after
24 hours relative to growth without amoeba. After 24 hours all strains show an increase in
numbers in the presence of amoeba suggesting the amoeba are sustaining bacterial growth
whereas MG1655 shows a decrease in numbers showing evidence of predation. Student’s t-
test (P < 0.05). C) Viability of Acanthamoeba polyphaga following 24 h of co-incubation
with the test bacteria. Results illustrate percentage survival relative to control (absence of
bacteria) amoebal counts. Results are from triplicate determinations.
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Figure 3.10: Proposed model of amoeba as evolutionary training ground for AIEC.

E. coli encounters amoeba and becomes phagocytised. During the cycle of intra-amoebal
replication, bacteria select virulence traits and adapt to survival with the amoeba. Moreover,
amoebal vacuoles may represent an important reservoir of bacteria. E. coli adapted to survive
in amoeba could then be transmitted and come into contact with macrophage. As a result
they may be resistant to killing by macrophage and hence undergo intramacrophage
replication
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3.4 Conclusion
The AIEC pathotype has been repeatedly reported for its association with CD

(Barnich et al., 2007; Barnich & Darfeuille-Michaud, 2007a; Bringer et al., 2006;
Darfeuille-Michaud, 1998). Although studies have examined the relationship of
AIEC with extraintestinal E. coli (EXPEC) (Martinez-Medina et al., 2009a;

Martinez-Medina et al., 2009c) to date little is known on the genetic relationship

between AIEC and other commensal and pathogenic strains of E. coli. This chapter
focused on investigating the distribution of the AIEC phenotype within the E. coli
genus. AIEC are characterised by their ability to colonise the intestinal mucosa by
adhering to and invading intestinal epithelial cells and by their ability to survive and
to replicate within macrophages (Bringer et al., 2006; Bringer et al., 2011,
Darfeuille-Michaud, 1998). To determine the distribution of the AIEC phenotype,
the ECOR collection and 12 other wildtype E coli strains were selected and
examined for their ability to adhere to and invade intestinal epithelial cells, as well as
their capacity to survive and replicate within macrophages. The advantage of using
the ECOR collection is that it is a well-characterized strain set that is representative

of the genetic diversity of the E. coli genus.

Initial findings concluded that the ability of E. coli to undergo intramacrophage
replication is not a unique feature of AIEC; on the contrary it appears that the ability
of E. coli to persist is widespread across the phylogenetic groups A, B1, B2 and D.
On average the E. coli examined could undergo 2-fold replication inside the
macrophage. Further characterisation of the intramacrophage replication phenotype
identified that a number of strains had the ability to reproducibly replicate >1
standard deviation greater than the average to levels similar to a known AIEC strain.
These 5 strains could therefore be potentially characterised as AIEC due to their
ability to replicate at levels similar to other AIEC strains such as HM605. Each of
these strains was distributed across the phylogenetic groups. These findings support
the previous observation that AIEC is not a clonal group of E. coli (Martinez-Medina
et al., 2009a; Sepehri et al., 2009). All AIEC strains isolate to date are reported to be
diverse and belong to distinct serotypes (Martinez-Medina et al., 2011).
Furthermore, even though they primarily fall into the B2 group, AIEC strains
belonging to groups A, B1, and D have also been isolated (Martinez-Medina et al.,

2011). As the secondary screen removed a number of false positives it is important

111



to note that the primary screen possibly gave some false negatives. Therefore, 5
strains are likely to be an underestimation of the real number. However, this does not
detract from the findings presented here that the ability to replicate is widespread in
the E. coli genus. Of these strains, 4 showed an ability to adhere and invade C2Bbel
epithelial cells. In total, 4 out of 84 (4.96%) strains from our collection were found to
share the phenotypic characteristics that describe the AIEC pathovar. These results
suggest that approximately 5% of the E. coli genus show AIEC phenotype. This is
significant as E .coli possessing AIEC characteristics could constitute the normal
flora of an individual and as AIEC strains have been found in healthy controls it
suggests that they behave as opportunistic pathogens in CD patients. Furthermore,
recent studies have identified AIEC in the intestine of several animal species
suggesting a putative zoonotic risk and provide support for the absence of host
specificity of this pathotype (Martinez-Medina et al., 2011; Simpson et al., 2006).
Although some genes have been implicated in the pathogenesis of AIEC (Barnich et
al., 2003; Barnich et al., 2004; Bringer et al., 2005), these genes are found in non-
pathogenic E. coli K-12 strains therefore pathoadaptive mutations or difference in
gene expression could contribute to the characteristics of AIEC. This hypothesis is
supported by previous reports showing that considerable intraspecies genomic size
variation of E. coli is found in different strains indicating the addition or deletion of
genes for an adaptive phenotype (Sepehri et al., 2009).

Phagosome acidification is an important component of the microbicidal response of
eukaryotic cells (Steele-Mortimer et al., 2000). Intracellular pathogens must either
block phagosome acidification or be able to survive at low pH. In Salmonella
enterica serovar Typhimurium, vacuolar acidification may only play a role in
intracellular survival of certain salmonellae only under certain conditions and in
specific cell types as acidification was essential for Salmonella intracellular survival
in J774.A1 cultured macrophages but not essential in other macrophage cell lines
(Steele-Mortimer et al., 2000). Therefore, in order to investigate if acidification of
the phagosome is required for intracellular replication of the four ECOR strains with
AIEC characteristics, the effect of the vacuolar pH-neutralizing reagent ammonium
chloride (NH4CI) on the replication ability within J774 macrophages was examined.
It was concluded that some strains intracellular replication ability is pH dependent as

they require acidification of the phagosome such as HM605 and ECOR-69, whereas
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strains such as ECOR-20 and ECOR-53 ability to replicate appear to be pH
independent (See Fig 3.4). ECOR-12 should little to no change. Acid vacuolar pH
has been reported to play a key role in the AIEC LF82 replication within
macrophages (Bringer et al., 2006). However, as only AIEC LF82 was examined in
previous studies it was not clear if acidification of the phagosome was a phenotype
of other AIEC. The findings presented here would suggest that AIEC is
phenotypically diverse as 3 different requirements for phagosome acidification were
identified. Furthermore, as all strains can undergo intramacrophage replication these
results seem to suggest that phagosome acidification and tolerance to low pH are not

essential for the intracellular replication of all E. coli.

Further characterisation of the ECOR strains sharing AIEC characteristics focused
on the detection of cytokines TNF-a and IL1-B in the supernatant of infected
J774.A1 macrophages. Previous studies suggest that AIEC LF82-infected
macrophage secrete large amounts of tumour necrosis factor-alpha (TNF-a), which
in turn increases the intramacrophagic replication of LF82 (Bringer et al., 2011;
Glasser et al., 2001). However, as previously stated no E. coli K-12 control was used
in any of these studies to obtain a level of cytokine production of a commensal, non-
intramacrophage replicating E. coli relative to LF82. VValues were only compared to
LPS-stimulated macrophage or non-replicating mutants of LF82. Therefore, in these
studies it is not clear if the TNF-a level induced by LF82 is a characteristic of AIEC
or all E. coli as TNF-a is one of the highest induced cytokines in macrophage in
response to bacterial peptidoglycan (PGN) (Xu et al., 2001). The purpose of
conducting cytokine analysis on the ECOR strains was to attempt to elucidate if high
levels of TNF-a production are induced by these strains similar to AIEC LF82 or if
IL1-B levels are induced in these strains. Cytokine analysis revealed that at 24 hours
post-infection no significant difference was observed between the E. coli K-12
control and AIEC HMG605 or any ECOR strain. All strains induced TNF-a
production to similar levels. As stated, it has been reported that TNF-a is induced by
macrophage in response to bacterial PGN and PGN-induced expression of TNF-a. is
directly mediated through the transcription factor NFxB and indirectly through the
transcription factor EIk-1 (Xu et al., 2001). This data would suggest that the increase
in TNF-a induction by all E. coli examined could just be in response to bacterial
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PGN and no significant amount of TNF-o is produced by infected J774.Al
macrophage. However, the results from the cytokine analysis revealed that 24 hours
post-infection, AIEC HM®605 and the ECOR infected J774.A1 macrophage induced a
significantly higher release of IL1-f in comparison to the commensal E. coli K-12
control. Secretion of IL-1p, a potent pyrogen that elicits a strong pro-inflammatory
response, is tightly controlled by a diverse class of cytosolic complexes known as
inflammasomes (Shimada et al., 2011). IL1-B is first synthesized as biologically
inactive pro-IL-1beta, then processed into mature, biologically active IL1-B by
caspase-1, and subsequently released (Eder, 2009). This pro-inflammatory reaction is
a key element of pyroptosis, cell death seen in response to infection by the
pathogens Salmonella enterica, Shigella flexneri, and L. pneumophila (Whitfield et
al., 2009). Until recently, very little was known of the ability of bacteria to interfere
with or to utilize extracellular cytokines secreted by the host cells or intracellular
cytokines within phagocytic cells (Meduri et al., 2001). Studies have reported
enhancement of bacterial growth in the presence of IL-1p for E. coli (Porat et al.,
1991). Similarly, the intracellular bacterial pathogen Chlamydia trachomatis triggers
the secretion of IL-1B (Kavathas et al., 2012). The findings presented here suggest
that intramacrophage replicating E. coli induce significantly higher amounts of 1L1-
B, not TNF-a in comparison to a non-replicating E. coli K-12 control. Therefore the
production of IL1-B appears to be specific for AIEC.

It has been previously suggest that grazing resistance to protozoa was an
evolutionary precursor of bacterial pathogenicity (King et al., 1988). For example, it
was recently shown that the Shiga toxin genes carried by some intestinal pathogenic
E. coli strains increase bacterial survival in presence of the protozoa Tetrahymena
pyriformis indicating that such interactions might have driven the evolution of this
virulence factor (Adiba et al., 2010; Steinberg & Levin, 2007). As stated, the
coincidental evolution hypothesis suggests that virulence traits in bacteria might
result from selective pressure exerted by protozoan predators such as amoeba (Adiba
et al., 2010). To help examine the hypothesis that AIEC could have evolved the
ability to replicate in macrophage via their interaction with amoeba, AIEC HM605
and the intramacrophage replicating ECOR strains were examined for their ability to
resist killing by amoeba. The results from the grazing resistance assay showed that

the intramacrophage replicating AIEC strain HM605 is resistant to killing by the
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amoeba A. polyphaga. In contrast the non-replicating commensal E. coli K-12
control was readily killed by the amoeba. The co-culture results show a direct
correlation with grazing resistance and indicate that A. polyphaga are sustaining
growth of AIEC HM605 whereas the numbers of MG1655 are significantly reduced.
Similarly, the grazing resistance results for the ECOR strains revealed that
approximately 75% (3/4) of the intramacrophage replicating ECOR strains show
grazing resistance phenotype similar to HM605. In contrast, only 12.5% (1/8) of
non-intramacrophage replicating ECOR strains showed grazing resistance
phenotype. The selection of virulence traits may explain the observed adaptation to
macrophages of most microbes able to survive and grow intracellularly in free-living
amoebae (Greub & Raoult, 2004). For example, there are large similarities between
the way in which Legionella sp, adapted to both macrophage and amoeba (Greub &
Raoult, 2004). The absence of phagosome-lysosome fusion is characteristic of the
survival of Legionella in both macrophage and amoeba (Bozue & Johnson, 1996;
Greub & Raoult, 2004; Horwitz, 1983). Moreover, the rtxA gene, which has been
implicated the formation of pores in both human and murine monocytes and in
intracellular replication in human monocytes (Greub & Raoult, 2004) was shown to
be implicated in both adherence to and entry into A. castellanii (Cirillo et al., 2002).
Similarly, Mycobacterium avium mutants lacking pathogenicity islands exhibited
highly similar defects in invading Acanthamoeba castellanii and human

macrophages (Salah et al., 2009).

In conclusion the results presented here indicate a correlation between survival in
macrophage and resistance to killing by amoeba. Our observations support the
hypothesis that amoeba may act as an evolutionary ‘training ground’ for AIEC as
significantly more intramacrophage replicating strains showed grazing resistance
phenotype. Selective pressures placed by amoebae on amoeba-resistant AIEC may
have been involved in the evolution of virulence in this group with the hypothesis
that adaptation to life within human macrophages may be possible following
exposure to environmental predators such as free-living amoebae. The results
presented here support the hypothesis that the variety of survival strategies used by
intracellular bacteria for resisting macrophages may reflect the long co-evolution
process of bacteria and amoebae (Greub & Raoult, 2004). The possible involvement
of amoeba in the evolution of AIEC phenotype is also important for ecological and
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epidemiological reasons. Amoeba and bacteria are in a closed relationship in their
different habitats and the capacity to resist grazing by protozoa may manifest itself in
a human host as increasing virulence (Adiba et al., 2010). As protozoa are widely
distributed in water, soils and effluents, they may constitute an important
environmental reservoir for transmission and acquisition of E. coli possessing

AIEC characteristics and other pathogens from the environment.
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Chapter 4.0: Role of the Cpx A/R two component pathway in the

pathogenesis of adherent invasive Escherichia coli strain HM605

4.1 Introduction
For any bacteria, the key to successful adaptation to environmental variation is to

recognise signals and rapidly adapt gene expression profiles to new situations
(Szurmant et al., 2007). Two component signal transduction systems are an
important means by which bacteria sense and respond to a wide variety of external
signals, stressors and other changes in the environment (Capra & Laub, 2012; Laub
& Goulian, 2007). Two component systems (TCS) are typically composed of a
sensor histidine kinase (HK) which, in response to an input stimuli
autophosphorylates and transfer the phosphoryl group to a DNA-binding response
protein known as the response regulator (RR) that can than effect appropriate
changes in gene expression and cellular physiology (see fig 4.1) (Capra & Laub,
2012; Laub & Goulian, 2007; Szurmant et al., 2007). Both the HK and RR have
intrinsic modularity that separates signal input, phosphotransfer, and output response
(Capra & Laub, 2012). Environmental stimuli are detected either directly or
indirectly by the N-terminal sensing domain of the HK. These diverse sensing
domains share little primary sequence similarity, suggesting a role in specific
ligand/stimulus interactions (Stock et al., 2000). The majority of HKs are
transmembrane spanning proteins, which in principle allow for the detection of
extracellular signals and a C-terminal transmitter kinase domain catalyses the
autophosphorylation at a conserved histidine residue in an ATP dependent manner
(Mizuno, 1997). Most RRs consist of two domains: a conserved N-terminal
regulatory domain and a variable C-terminal effector domain (Stock et al., 2000).
The conserved N-terminal receiver domain of RRs serves as a phospho-accepting
domain, in which an invariant aspartate residue is located. The receiver domain
catalyses transfer of a phosphoryl group from the phospho-histidine of the HK to this
aspartate residue (see fig 4.1) (Gao et al., 2008; Mizuno, 1997).
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Figure 4.1: Two component signal transduction.

Receipt of an external input signal stimulates autophosphorylation of a histidine
kinase (HK). The phosphoryl group is subsequently passed to a cognate response
regulator (RR), which can trigger changes in gene expression or other cellular
physiological processes (output response).
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The phosphorylated RR functions as the ultimate control element that modulates the
activity of its output domain and elicits the particular response. The majority of
effector domains have DNA-binding activity and function to activate and/or repress
transcription of specific genes. However, the specific DNA sequences that are
recognized and the specific mechanism of transcriptional regulation differ for each
RR (Stock et al., 2000). In addition, a small number of two component pathways
contain a histidine-containing phosphotransfer domain (HPt) composed of
approximately 120 amino acids and a short consensus motif in which an invariant
histidine residue is located (Mizuno, 1997). This His residue is capable of
participating in phosphoryl transfer reactions (Mizuno, 1997). The HPt domains do
not exhibit kinase or phosphatase activity and are ideally suited to serve as specific
cross-communication modules between different proteins (Stock et al., 2000;
Tsuzuki et al., 1995). Although TCS are present in organisms from all domains of
life, His-Asp phosphotransfer systems account for the majority of signalling
pathways in the Bacteria (Stock et al., 2000). To date there are approximately 30
HKs (5 of which are hybrid kinases) and 34 RRs in E. coli MG1655 and it is
reported that both lineage-specific expansion and horizontal gene transfer have
contributed to the evolution of the diversity of TCS that allow bacteria to adapt to
complex environments (Alm et al., 2006; Gao et al., 2008; Mizuno, 1997; Zhao et
al., 2009).

4.1.1 Two-component pathways and virulence
During the course of infection, bacteria must co-ordinately regulate gene expression

in response to environmental stimuli and consequently gene clusters contributing to
processes such as cell growth, biofilm formation, drug resistance, virulence factor
expression and pathogenicity are often controlled by TCS (Crepin et al., 2011;
Gotoh et al., 2010; Kawada-Matsuo et al., 2011; Watanabe et al., 2008). For
example, a number of studies have highlighted the importance of the phosphate
(Pho) regulon in bacterial pathogenesis (Crepin et al., 2011; Lamarche et al., 2008).
The Pho regulon plays a key role in phosphate homeostasis and it is controlled by the
PhoR/B TCS (Lamarche et al., 2008). The phosphate-specific transport (Pst) system
belongs to the Pho regulon and several studies have linked Pst with virulence
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(Lamarche et al., 2008). Deletion of the pst genes in an EXPEC strain belonging to
the avian pathogenic E. coli (APEC) group led to constitutive activation of the Pho
regulon and was shown to reduce virulence in a chicken infection model (Lamarche
et al., 2005). Furthermore, inactivation of phoB in Vibrio cholerae showed a
decreased capacity for colonization of adult rabbit ligated ileal loops in competitive
colonization assays with the wild-type strain indicating a role for PhoR/PhoB as a

modulator of virulence attributes (Crepin et al., 2011).

In addition the TCS PhoP/Q has also been shown to play a role in the virulence and
polymyxin resistance of a number of Gram negative species such as E. coli,
Pseudomonas aeruginosa and Salmonella enterica serovar Typhimurium (Gellatly et
al., 2012; Golubeva & Slauch, 2006; Moon & Gottesman, 2009). PhoQ is a sensor
kinase that phosphorylates and activates the transcription factor PhoP (Lippa &
Goulian, 2009). The PhoP/Q TCS acts as a transcriptional regulator that responds to
Mg®* starvation and PhoPis considered a virulence regulator despite being
conserved in both pathogenic and non-pathogenic Enterobacteriaceae (Monsieurs et
al., 2005). In P. aeruginosa a phoQ mutant co-cultured on epithelial cells produced
less secreted protease and lipase and demonstrated reduced cytotoxicity relative to
wild-type (Gellatly et al., 2012). In addition, it was established that PhoP/Q is
directly involved in the regulation and expression of the SPI-2 pathogenicity
island of Salmonella enterica demonstrating that the Mg**-modulated system plays
an important regulatory role in Salmonella during infection (Aguirre et al., 2006;
Bijlsma & Groisman, 2005).

The EnvZ/OmpR TCS was found to modulate virulence in S. flexneri according to
environmental conditions (Bernardini et al., 1990; Bernardini et al., 1993). In S.
flexneri, the ompB locus (containing the ompR and envZ genes) was found to
regulate the expression of the vir genes, which are responsible
for invasion of epithelial cells. The expression of the vir genes was up-regulated
under conditions of high osmolarity, similar to that encountered in tissues, both
extra- and intracellularly (Bernardini et al., 1990; Bernardini et al., 1993). Similarly,
at high osmolarity, increased expression of OmpC in AIEC LF82 bacteria and
activation of the ot regulatory pathway are also observed (Rolhion et al., 2007). This
activation modulates AIEC virulence factors, flagella and/or type 1 fimbriae
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encoding gene expression involved in the interaction of LF82 with host epithelial
cells (Rolhion et al., 2007). Other TCS such as BarA/UvrY have also been
implicated in the pathogenesis of Gram negative bacteria such as avian pathogenic E.
coli (APEC) (Herren et al., 2006). Mutations in barA and uvrY significantly reduces
APEC survival within chicken macrophages as well as increasing susceptibility to
oxidative stress and reducing expression of exopolysaccharide and pili (Herren et al.,
2006). These studies highlight the importance of two-component signal transduction
systems as modulators of virulence in pathogenic bacteria.

Finally recent evidence indicates that the CpxA/R TCS is frequently involved in
regulating structures required for virulence in pathogenic Gram-negative bacteria
(Raivio, 2005). Moreover, some of these effects may be resulting from Cpx
regulation of major virulence regulatory proteins in these organisms (Raivio, 2005).
The CpxA/R TCS is an envelope stress response system that mediates a response to
envelope protein misfolding (Price & Raivio, 2009). CpxA/R TCS comprises the
inner membrane sensor CpxA (HK) and the cytoplasmic cognate response regulator
CpxR (RR) (Dorel et al., 2006; Raivio, 2005). The CpxA/R pathway has been shown
to be important for the assembly and expression of the P pilus of UPEC, which
mediates UPEC adherence to kidney cells (Hung et al., 2001). Expression of
misfolded PapG and PapE pilin subunits up-regulates the CpxA/R TCS. Upon
sensing subunit misfolding of pilus in the periplasm, the CpxA/R TCS increases the
expression of degP and dsbA, encoding proteins that are required for efficient pilus
assembly (Jones et al., 1997; Raivio, 2005). DegP is a protease that degrades
misfolded pilins, and DsbA is an enzyme that catalyses the disulfide bond formation
required for the assembly of P pili (Jones et al., 1997). Furthermore, cpxR null
mutations and P pilus overexpression plasmids induce P pili that are dramatically
shorter than those of the wildtype strain (Hung et al., 2001; Raivio, 2005). In
addition, the CpxA/R TCS has also been shown to be involved in the expression of
the type IV bundle-forming pilus (BFP) of EPEC (Leuko & Raivio, 2012; Vogt et
al.,, 2010). EPEC strains lacking CpxR exhibit reduced BFP expression and
diminished auto-aggregation and adherence to eukaryotic cells, both of which are
BFP-mediated (Raivio, 2005; Stock et al., 2000; Vogt et al., 2010). Activation of the

Cpx A/R TCS upon pilus expression appears to be an important mechanism in
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ensuring efficient assembly of the P pilus, likely by providing necessary folding and
degrading factors (Nevesinjac & Raivio, 2005). Moreover, a recent study has shown
that mutations that activate the CpxA/R TCS have a dramatic effect on the ability of
EPEC to establish a lethal infection in wax moth larvae Galleria mellonella (Leuko
& Raivio, 2012). Activation of the Cpx A/R TCS in EPEC decreases transcription of
several operons on the locus of enterocyte effacement (LEE) pathogenicity island
inhibiting components of the type 3 secretion apparatus, the bacterial adhesin
intimin, and the translocated bacterial receptor Tir, required for the adherence and

invasion of epithelial cells (Macritchie et al., 2008).

4.2 Objectives
TCS can alter gene expression in response to environmental changes and are well

characterised as having an important role in regulating many bacterial characteristics
such as virulence (Gotoh et al., 2010). Therefore, the objective of this Chapter was to
determine the potential role of TCS in the pathogenesis of AIEC strain HM605.

4.3 Results

4.3.1 Response regulator mutants of AIEC HM605
In order to facilitate a role for two component pathways in the pathogenesis of

HM®605, deletion mutants in genes encoding predicted RR were constructed using P1
bacteriophage transduction (see Section 2.22). Donor strains containing the desired
mutant allele were obtained from the KEIO collection (Baba et al., 2006). The KEIO
collection comprises a set of single gene in-frame deletion mutants of most non-
essential genes (3,985 in total) in E. coli BW3115 and therefore provides a useful
resource for the transfer of mutant alleles to recipient strains via P1 transduction. In
the KEIO library individual genes have been replaced with a kanamycin resistance
cassette flanked by FRT (FLP recombinase target) sequences. The FRT sequences
enable excision of the resistance gene by site-specific recombination using the FLP
recombinase on plasmid pFLP3 (Baba et al., 2006). In total, 11 mutants were
constructed (see table 4.1). TCS are not essential in E. coli and one possible reason
for the inability to construct all RR mutants could be an unexpected loss of synteny
with the genome of E. coli BW3115. In order for successful transduction to occur,

the location of the desired gene must be in the same location in both donor and

122



recipient strains. Therefore, loss of synteny with the genome of E. coli BW3115

could affect the transfer of genomic material to HM605.

Table 4.1: Response regulators mutants of AIEC strain HM605

Response regulator Function

AcpxR::Km Envelope stress response

AompR::Km Adaption to changes in osmolarity.
AphoB::Km Response to environmental phosphate levels.
AzraR::Km Senses high periplasmic metal levels (Zn).
AuhpA::Km Unknown.

AnarL::Km Nitrate/nitrite response regulator. Pleiotrophic regulation of

anaerobic respiration.

AypdB::Km Unknown.

AyehT::Km Drug resistance.
ArcsB::Cm Colanic acid capsule synthesis.
ArssB::Cm Regulates degradation of Sigma S.
AuvrY::Cm DNA repair and carbon metabolism.

4.3.2 All RR mutants tested were non-essential for intramacrophage replication
of AIEC HM®605.
To date, little is known how AIEC survive phagocytosis by the macrophage and,

therefore, the first objective of this study was to examine the 11 response regulator
mutants for their ability to replicate inside J774.A1 macrophage using the gentamicin
protection assay (see section 2.29). From the data presented in Figure 4.2A it was
observed that there was no significant difference between the fold replication of the
response regulator mutants compared to wildtype AIEC HMG605. Therefore, these
findings indicate that none of the RR examined play a role in the survival of AIEC
HMG605 in J774.A1 macrophages. However, the cpxR mutant showed a statistically
significant lower percentage of internalised bacteria 1h post-gentamicin compared to
wildtype HMG605 (see fig 4.2 B). Interestingly, this result implies that although the
deletion of cpxR does not affect the ability of AIEC HM®605 to replicate inside
macrophage, this mutation does appear to have an effect on the ability of the

macrophage to internalise the mutant bacteria.
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Figure 4.2: 11 response regulator mutants HM605 are examined for their ability
to replicate in J774.A1 macrophages.

A) Bacterial survival and replication after 6 h of gentamicin treatment. All
response regulator mutants could undergo intramacrophage replication. Results are
expressed as the number of intracellular bacteria at 6 h relative to that obtained at 1 h
after gentamicin exposure, taken as 100%. B) Internalization of wild-type and
mutant bacteria. HM605 carrying a mutation in the cpxR response regulator is
reduced in its uptake by J774.A1 macrophages but is not reduced in its ability to
replicate (see (A)). Results are expressed as the number of internalised bacteria after
1 h of gentamicin treatment relative to that obtained for the wild-type, taken as 100%.
For analysis of the significance of differences in uptake and survival within J774-Al
macrophages, Student’s t-test was used for comparison of two groups of data (* P-
value < 0.05).
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Although this defect in internalisation is probably due to surface changes arising
from the inactivation of the CpxA/R TCS, it is formally possible that the mutant
bacteria may be stressed during internalization and therefore harder to recover from
the macrophage. However, we have shown that the growth rate of the cpxR mutant is
indistinguishable from the wild-type in both DMEM and the macrophage suggesting

that the cpxR mutant is not stressed in the macrophage (see fig. 4.3).
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Figure 4.3: A) Growth of the wild-type strain HM605 and of HM605AcpxR::Km in
DMEM medium supplemented with 10% FBS. Deletion of the cpxR gene does not affect
the growth in HM605AcpxR::Km. B) Growth rate of HM605 and of HM605AcpxR::Km
inside J774.A1 macrophage. Both wildtype and cpxR mutant show similar growth rates
inside macrophage indicating that the cpxR mutant is not affected in intramacrophage
replication.
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4.3.3 Sensitivity of cpxR mutant to external copper
In E. coli K-12 (MC4100) it has been shown that the CpxA/R TCS is involved in the

response to copper stress. In particular it has been previously shown that a cpxR

mutant is more sensitive to copper stress than a wild type strain (Yamamoto &
Ishihama, 2005; Yamamoto & Ishihama, 2006). To determine whether this
phenotype was solely specific for the K-12 strain, overnight cultures of HM605 and
HMG605 AcpxR::Km were diluted to ODggo =1.0 in fresh LB. The diluted culture was
then serial diluted in 1 X PBS and plated onto LB agar containing 0.8 mM copper
sulphate (CuSQ,4). HM605 AcpxR::Km was significantly more sensitive to external
copper than wildtype suggesting that the CpxA/R TCS is involved in mediating
resistance to copper stress in HM605 (see fig 4.4).
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0.00E+00
HM605 HM605 AcpxR::km

Figure 4.4: The cpxR mutant is more sensitive to external copper Overnight cultures of
HM605 and HM605 AcpxR::Km were diluted to ODgy =1.0 in fresh LB. The diluted
culture was then serial diluted in 1 X PBS and plated onto LB agar containing 0.8 mM
CuSQ,. The graph represents the mean results of 3 cultures per strain replicated in
triplicate. For analysis of the significance of differences in numbers, Student’s t-test was
used for comparison of two groups of data (+ P-value < 0.05).
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The expression of two genes, yebE and ycfS, has also been shown to be induced by
the addition of copper, in a CpxA/R dependent manner (Yamamoto & Ishihama,
2005; Yamamoto & Ishihama, 2006). YcfS is predicted to be localized to the
periplasm and contains a potential inner-membrane-anchoring sequence together
with a LysM motif that may mediate an interaction with peptidoglycan (Kaserer et
al., 2008; Price & Raivio, 2009). YebE is predicted to be an inner membrane protein
(Price & Raivio, 2009). The expression of ycfS and yebE was measured using
promoter-GFP fusions taken from an E. coli promoter collection made by the
Weizmann Institute of Science (Zaslaver et al., 2006). The E. coli promoter
collection is a library of transcriptional fusions of gfp to each of approximately 2,000
different promoters in E. coli K12. Each promoter fusion is expressed from a low-
copy plasmid (pUAG6) (Zaslaver et al., 2006). As the pUA66 plasmid carries a
kanamycin cassette, the kanamycin marker in HM605 AcpxR::Km was removed.
The kanamycin marker is flanked two FRT sites which allow the antibiotic marker to
be eliminated with the use of a FLP expression plasmid. The kanamycin resistance
gene can be eliminated by using the helper plasmid pFLP3 expressing the FLP
recombinase, which acts on the directly repeated FRT (FLP recognition target) sites
flanking the kanamycin resistance gene (see Chapter 2 Fig 2.2) (Baba et al., 2006).
To analyse activation of the CpxA/R pathway, plasmids carrying the promoters of
yebE and ycfS fused to GFP were transformed into HM605 and HM605 AcpxR.
Cultures were incubated at 37°C in 96-well microtitre plates until ODgy=0.2 and,
where appropriate, 0.5mM CuSO, was added to the wells. The cultures were
incubated at 37°C and ODgg and GFP fluorescence was measured every 15 min over
a period of 24 h using a MWG Sirius HT plate reader. As can be seen in Fig 4.5,
there was a significant increase in the expression of both ycfS and yebE in HM605,
after the addition of CuSO,. In contrast, there was little or no increase in expression
observed in the cpxR mutant. Therefore, both copper resistance and the copper-
dependent expression of certain genes are dependent on the CpxA/R TCS in HM605.
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Figure 4.5: GFP/ODgy(nm) showing the levels of GFP expression using A)
yebE-gfp reporter gene and B) ycfS-gfp reporter gene after 24 hours. In the
wildtype, activation of the wildtype cpxA/R TCS using copper sulphate shows a
significant increase in GFP expression as the pathway is activated whereas in the
cpxR mutant little to no increase in GFP expression is observed as the pathway has
been disrupted. Each strain was represented by 3 individual cultures). Black lines
refer to addition of CuSO,. For analysis of the significance of differences in
expression, Student’s t-test was used for comparison of two groups of data (* P-
value < 0.05).
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4.3.4 Adhesion and invasion of C2Bbel epithelial cells
As previously mentioned, the CpxA/R TCS is an envelope stress response system

that mediates a cellular response to envelope protein misfolding (Price & Raivio,
2009). As such the main function of this pathway is to respond to damage to the cell
envelope via the production of proteases and chaperones (Dorel et al., 2006; Price &
Raivio, 2009). As already discussed it has been well documented that the CpxA/R
TCS plays an important role in the virulence of pathogenic Gram negative bacteria
(De Wulf et al., 1999; Raivio, 2005). In particular the CpxA/R TCS has been linked
to adhesion of EPEC to epithelial cells through the expression of the type IV bundle-
forming pilus (BFP) (Leuko & Raivio, 2012; Vogt et al., 2010). As the CpxA/R TCS
appears to play a role in the initial interaction between HM605 and the J774.Al
macrophage, the next stage was to examine HM605AcpxR for its ability to adhere to,
and invade, C2Bbel epithelial cells.

4.3.4.1 HM®605 AcepxR is reduced in its ability to invade C2Bbel epithelial cells.
To test for an effect on adherence and invasion, bacteria were incubated with

C2Bbel epithelial cells at an M.O.I of 10 at 37C for 3 h. Following infection,
monolayers were washed twice in sterile 1X PBS, lysed with 1% (v/v) Triton X-100

and plated onto LB plates to determine the total number of cell-associated bacteria.
To specifically determine the number of intracellular bacteria, cell culture medium
containing 100ug/ml gentamicin was added to the wells for 1 h in order to kill any
extracellular bacteria and the bacteria were quantified as described above. No
significant difference in the numbers of cell-associated bacteria (adherent plus
intracellular) was observed between the wild-type and the cpxR mutant since the
mean numbers of cfu per well were 1.86 x 10° + 3.15 10° and 2.26 x 10° + 7.46 10°,
respectively (see fig 4.5A). However, the ability of the AcpxR mutant to invade
C2Bbel epithelial cells was significantly (P < 0.05) impaired (see fig 4.5B). The
percentage of invaded bacteria for the cpxR mutant relative to the wild type was
37.13% * 13.5%. Importantly, complementation of the AcpxR mutant with a cloned
CpXR gene restored the invasion phenotype to a level similar to that displayed by the
wild-type strain. Thus, the cpxR gene is required for invasion of HM605 into
C2Bbel epithelial cells.
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Figure 4.6: A) Cell-association and B) invasion of HM605 and HM605 AcpxR
into epithelial cells. (A) The results are expressed as levels of cell-associated
bacteria (adherent plus intracellular) relative to those obtained for wild-type strain
HM®605, taken as 100%. (B) The cpxR gene is reduced in its ability to invade but
is not reduced in adherence. The results are expressed as levels of intracellular
bacteria/ associated bacteria relative to those obtained for wild-type strain
HMG605, taken as 100%. For analysis of the significance of differences in
association and invasion into C2Bbel epithelial cells, Student’s t-test was used
for comparison of two groups of data (+ P-value < 0.05).
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4.3.5 Motility is reduced in HM6054¢cpxR
Numerous studies have implicated flagella-mediated motility in the adherence and

invasive abilities of AIEC strain LF82 (Barnich et al., 2003; Eaves-Pyles, 2008). In

LF82, flagella have been shown to play a direct role in the adhesion process.

Moreover, in addition to down-regulating type 1 fimbriae expression, flagella also
play an undefined role in LF82 invasion of epithelial cells (Barnich et al., 2003).
Due to the important role of flagella in the pathogenesis of LF82 and in order to
examine a possible role of flagella in the invasiveness of HM605 AcpxR::Km,
motility was assessed on swim agar plates. Mutants in cpxR were also constructed in
E. coli strains MG1655 and BW25113 using P1 transduction in order to ascertain if
CpxR regulates motility in other E. coli strains. Overnight cultures were diluted to
and ODggo =1.0 in fresh LB and 5ul of the diluted culture was spotted into the 0.3%
w/v swim motility agar plate. The plates were incubated for 24h at 37C and the
results showed that motility was reduced in the HM605 AcpxR mutant (see fig 4.7).
The halo size in millimetre (mm) of the AcpxR mutant (6.7mm + 1.2) was
significantly reduced (P < 0.05) compared to the wildtype (14.3mm % 1.5) (see fig
4.7A). Moreover, motility in the AcpxR mutant was successfully restored through the

expression of cpxR in trans (13.3mm + 0.6) (see fig 4.7).

A B C

Figure 4.7: Swim motility on 0.3% w/v agar of A) HM605 and B) HM605AcpXR and
C) HM605AcpxR transformed with cloned cpxR gene (pCA24N). Motility is reduced in
HM605AcpXR. Motility was visualized on a 0.3% agar plate as a halo of diffusion of
bacteria around the primary inoculum after 24 h at 37°C
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In addition, deletion of cpxR in both MG1655 (see fig 4.8) and BW25113 (see fig
4.8) dramatically reduced motility similar to what is observed in AIEC HM605.

Figure 4.8: Swim motility on 0.3% w/v agar. A) MG1655 and B) MG1655AcpxR:
Km C) BW25113 and D) BW25113AcpxR::Km. Motility is reduced in HM605AcpxR.
Motility was visualized on a 0.3% agar plate as a halo of diffusion of bacteria around
the primary inoculum after 24 h at 37°C

The combined results from these experiments suggest that the CpxA/R TCS
positively regulates motility in E. coli. Furthermore, as flagella are important for
invasion by LF82 it implies that the invasion defect seen in HM605 AcpxR could be
the result of defective flagella synthesis.

4.3.5.1 ldentification and characterization of non-motile mutants in HM605
In order to establish whether there was a role for motility in the invasion of C2Bbel

epithelial cells by HM605 it was decided to screen a transposon mutant library for
mutants that were defective in motility. A Tn5 mutant library in HM605, consisting
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of 5,568 mutants, was previously created using the EZ-Tn5 transposome®,
according to the manufacturers protocol. To facilitate high-throughput analysis, the
mutant library was grown in 96-well polystyrene plates (Genetix®) and hand
replicated onto Q-trays (Genetix®) containing 250ml of 0.3% swim motility agar
(see section 2.9.1) using a 96-well pin replicator. Plates were incubated overnight at
37°C and motility was examined visually. Colonies showing reduced motility were
further examined in secondary and tertiary screens. It is important to note that
motility in HM605 is very poor and quite difficult to reproduce. Significant
heterogeneity in motility is observed in HM605.

4
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Figure 4.9: An example of a plate from the primary screen of the HM605 Tn5 mutant
library screened for swimming motility on 0.3% (w/v) agar. Colonies surrounded by
red halo indicate examples of motility minus mutants that were selected for further
characterisation. Colonies surrounded by yellow halo indicate examples of colonies
showing small halo of diffusion. Only colonies showing a complete reduction in motility
were selected (red halo). Motility was visualized on a 0.3% agar plate as a halo of
diffusion of bacteria around the primary inoculum after 24 h at 37°C.

Following further screens, a total of 3 non-motile mutants were identified showing a

reproducible lack of motility (see table 4.2). Genomic DNA was extracted from all 3

of the these mutants and transposon insertion sites were determined by arbitrarily
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primed PCR (see section 2.13). Amplicons were subsequently purified and

sequenced and compared to sequences in the NCBI database using a BLAST search.

Table 4.2: The insertion site of the Tn5 for each mutant and the identification of the
disrupted gene

Mutant ID in library Tn5 insertion Gene disrupted

#37:H8 235544 bp flgG
#10:C2 238530 bp flgD
#29:D8 4366270 bp fliH

Mutant #37:H8 was found to have a Tn5 insertion into codon 112 out of 261 for flgG
which encodes the flagellar component of cell-distal portion of basal-body rod. FIgG
is one of four proteins that comprise the rod section of the basal-body assembly of
the flagellar motor (Jones et al., 1990). The basal body spans the cytoplasmic
membrane, the peptidoglycan layer, and the outer membrane. A series of rings are
linked by a rod to make of the structure of a basal body lying at the base of the
flagellar structure. The basal body functions to anchor the flagellum in the
cytoplasmic membrane and functions as a rotor during movement (Jones et al.,
1990). FIgB, FIgC, FIgF, and FIgG are four proteins that comprise the rod section of
the basal-body assembly of the flagellar motor (Saijo-Hamano et al., 2004).

The Tn5 insertion mutant #10:C2 was found to be in codon 121 out of 229 for flgD,
a gene encoding the flagellar protein FIgD which is reported to act as a scaffold
where assembly of hook proteins takes place. Immunoelectron microscopy shows
that once the rod is completed, FIgD is added to its end, allowing assembly of hook
proteins. Transport of FIgD occurs via the type 111 flagellar export apparatus. Once
the hook is formed, the hook-filament junction proteins FIgK are added to the end
and FlgD dissociates (Ohnishi et al., 1994). In S. enterica serovar Typhimurium

mutants in flgD are non-motile (Ohnishi et al., 1994).
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Finally, the insertion site of the Tn5 mutant #29:D8 was found to be in codon 136
out of 229 for fliH which encodes for the protein FliH, a cytoplasmic protein which
exists as a dimer in solution and forms a stable heterotrimeric complex

with Flil, inhibiting its ATPase activity (Minamino & MacNab, 2000). FliH is a
soluble protein component of the flagellar export apparatus, a type Ill secretion
system that functions in the export of several components of the flagellum across the
cytoplasmic membrane into the channel of the flagellum for assembly (Minamino &
MacNab, 2000).

4.3.5.2 Flagella are not required for invasion of AIEC HM605
The flagellar mutants were next examined for their ability to adhere to, and invade,

C2Bbel epithelial cells. All of the motility mutants could adhere to, and invade,
C2Bbel epithelial cells as well as the wild type (see fig 4.10). Only the cpxR mutant
was significantly reduced in its ability to invade the epithelial cells. These findings
indicate that the invasion defect observed in the AcpxR mutant is independent of

flagella.
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Figure 4.10: Motility is not required for (A) association with, or (B) invasion of,
epithelial cells. . (A) Cell-associated bacteria were quantified after a 3-h infection
period. The results are expressed as levels of cell-associated bacteria (adherent plus
intracellular) relative to those obtained for wild-type strain HM®605, taken as 100%. (B)
Bacterial invasion was determined after gentamicin treatment for an additional 1 h. The
cpXR gene is reduced in its ability to invade whereas no other mutant is affected. The
results are expressed as levels of intracellular bacteria/associated bacteria relative to
those obtained for wild-type strain HM605, taken as 100%. For analysis of the
significance of differences in association and invasion into C2Bbel epithelial cells,
Student’s t-test was used for comparison of two groups of data (* P-value < 0.05).
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4.3.6 HM605 does not produce Type 1 fimbriae
Type 1 fimbriae are the most common filamentous bacterial appendages of E. coli

and many Gram-negative bacteria and these appendages are major facilitators of host
cell invasion by UPEC (Boudeau et al., 2001). The distal part of the tip of type 1
fimbriae contains the mannose-binding adhesin FimH which can attach to mannose
moieties of the uroplakin receptors that coat transitional epithelial cells and allow
invasion (Jones et al., 1995; Mulvey et al., 1998; Sauer et al., 2000). Furthermore,
type 1 fimbriae have previously been reported to be required for epithelial cell
invasion of AIEC strain LF82 (Barnich et al., 2003; Boudeau et al., 2001). Two non-
invasive type 1 fimbrial mutants in AIEC LF82, which harboured an insertion within
the fiml and fimF genes, still adhered but had lost the ability to induce host cell
membrane elongations at the sites of contact with the epithelial cells (Boudeau et al.,
2001). As type 1 fimbriae are known invasion factors of LF82, the next stage was to

examine the potential role of type 1 fimbriae in the invasion of HM605.

The presence of functional type 1 fimbriae on the bacterial surface was assessed by
the ability of the bacteria to aggregate yeast cells via binding to D-mannose residues
(Barnich et al., 2003). Commercial baker’s yeast (Saccharomyces cerevisiae) was
suspended in PBS (4 mg/ml dry weight). Equal amounts of yeast suspension and
bacterial suspension were mixed in a 24-well polystyrene plate (Sartstedt®) and
aggregation was monitored visually. The commensal E. coli MG1655 was used as a
positive control. MG1655 strongly aggregated yeast cells whilst, HM605 and the
AcpxR::Km mutant were both unable to aggregate yeast cells (fig 4.11). Therefore

HM®605 does not produce type 1 fimbriae.

Figure 4.11: HM605 does not produce Type 1 fimbriae. A) MG1655 strongly
aggregated yeast. B) HM605 and C) HM605 AcpxR were unable to aggregate yeast.
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In E. coli the expression of type 1 pili expression is mediated by a process called
phase variation, in which the bacteria can switch between piliated and non-piliated
states under the control of a 314-bp invertible DNA element, the fim switch (fimS),
that is located upstream of the fim operon, encoding the type 1 fimbriae and
containing the promoter of the fim operon (see section 2.19) (Barnich et al., 2003;
Smith & Dorman, 1999). Therefore the orientation of the fim switch determines

whether the fim operon is transcribed or not (see fig 2.2).

The genome sequence of HM605 revealed that this bacterium does contain a fim
operon. However there is an insertion within the coding region of an upstream gene
called fimB. FimB is a recombinase that catalyses the site-specific recombination
required for inversion of the fim switch (Klemm, 1986; McClain et al., 1991). FimB
is responsible for both OFF-to-ON and ON-to-OFF switching at equal rates (see
section 2.19) (Klemm, 1986). In contrast, fimE which encodes a second recombinase
is only responsible for only ON-to OFF switching (Stentebjerg-Olesen et al., 1999).
In accordance with the reported directionality of the FimB and FimE recombinase
activities, an insertion in fimB would readily account for the off orientation of the
phase switch and the Fim-negative status of the cells. To confirm that the fim switch
was locked OFF in HM605 and that the orientation of the switch was not affected by
the cpxR mutation the orientation of the fim switch was determined using a PCR-
based assay. (Smith & Dorman, 1999). This method exploited a unique BstUI
restriction site in the fim switch that results in restriction fragment length
dimorphism among BstUI-digested PCR products that can distinguish between
switches that are in the ON or OFF orientation. Using this assay, bacteria with the
fim switch in the ON orientation would yield 2 DNA fragments of 433 and 293 bp,
whereas bacteria with the fim switch in the OFF orientation would yield fragments
of 539 and 187 bp (see section 2.18 fig 2.2). For MG1655, as expected, all 4 bands
were detected suggesting that within the population of bacteria tested the fim switch
could be detected in both the ON and OFF orientation, typical of phase variation (see
fig 4.12). However, HM605 and HM605 AcpxR produced the products associated
exclusively with the OFF orientation confirming the fim switch is locked OFF in
HM®605 and the cpxR mutant resulting in no expression of the fim operon. Therefore
Type 1 fimbriae are unlikely to play a role in the invasion of epithelial cells by
HMG605.
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Figure 4.12: Determination by PCR analysis of the invertible element
orientation of the fim operon. 433-bp and 293-bp products revealed the
phase-ON orientation, and 750-bp and 187-bp products revealed the phase-
OFF orientation of the invertible element. A mixture was observed for
MG1655 indicating the expression of type 1fimbriae. HM605 and HM605
AcpxR::km revealed the phase-OFF orientation indicating a lack of type
fimbrial expression.
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4.3.7 6" (RpoE) expression is up-regulated in HM605AcpxR
The observed lack of involvement of previously described invasion factors led to the

question of whether the cpxR mutant was accumulating misfolded outer membrane
proteins leading to alterations in the expression of potential outer membrane invasion
factors. As previously stated, the main function of the CpxA/R TCS is to respond to
damage to the cell envelope via the production of proteases and folding catalysts
(Dorel et al., 2006; Price & Raivio, 2009). In addition to the CpxA/R TCS, the c©
(RpoE) envelope stress response pathway is also activated by events or mutations
that results in damage to the outer membrane (Mecsas et al., 1993; Raivio, 2005).
Accumulation of misfolded outer membrane proteins (OMP) leads to the proteolytic
cleavage of the membrane-bound antisigma factor RseA, which releases ot into the
cytoplasm resulting in the transcriptional activation of a set of genes that includes
many that are involved in OMP folding and outer membrane biogenesis (Raivio,
2005). One possibility is that membrane damage due to the cpxR mutation may result
in the misfolding of an outer membrane protein that might be involved in invasion.
Membrane damage will result in activation of c" activity and, as the rpoE gene is
auto-regulated, activation of o© activity will result in an increase in rpoE (Price &
Raivio, 2009; Raivio, 2005). Therefore, rpoE expression can be used as a reporter of
possible outer membrane folding problems in the cpxR mutant. A transcriptional
rpoE-gfp fusion was used to analyse the expression of rpoE in wildtype HM605 and
the cpxR mutant. The data produced from monitoring growth and GFP indicate that
the expression of rpoE is significantly up-regulated in the cpxR mutant compared to
the wild-type (fig 4.13). In addition, Figure 4.13C shows the activity of the rpoE
promoter (calculated as [AGFP/At]/AOD) reached a maximal level after
approximately 2h in both strains. This indicates that growth is associated with an
increase rpoE activity probably due to the requirement to fold OMPs as the cells
grow and divide during exponential growth. However; there was a significantly
higher level of rpoE promoter activity in the cpxR mutant compared to the wild-type
confirming that there is likely to be an accumulation of mis-folded OMPs in the cpxR
mutant compared to wild-type.
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Figure 4.13: Expression of rpoE in HM605 and HMG605 AcpxR. A) The
expression of rpoE is significantly up-regulated in the cpxR mutant throughout
growth. Results are expressed as the amount of GFP expressed relative to growth
(GFP/OD). B) Growth of wildtype HM605 and the cpxR mutant in LB. C) Promoter
activity of rpoE-gfp. Each strain was represented by 3 individual cultures and each
value is the mean of the 3 individual cultures.
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4.3.7.1 Overproduction of cell envelope maintenance proteins DsbA and DegP
in HM6054cpxR restore RpoE expression to wildtype levels
In the previous section it was shown that misfolded OMPs are accumulating in the

cpXR mutant and it is possible that these OMPs are required for invasion of epithelial
cells. DegP and DsbA are periplasmic proteins produced by the cell in response to
misfolded extracellular proteins. The genes encoding these proteins are positively
regulated by the Cpx A/R TCS and it is likely that the accumulation of misfolded
OMPs in the cpxR mutant is due to a reduction in the production of one, or both, of
these proteins. It was decided to determine whether OMP stress in the cpxR mutant
could be alleviated by the heterologous production of either DegP or DsbA and if
this correlated with a restoration of invasion. The ASKA library contains 85% of E.
coli K-12 ORFs cloned into plasmids under the control of the Pys.joc promoter that
can be activated by IPTG (Kitagawa et al., 2005). Plasmids encoding the dsbA and
degP genes were transformed into HM605 (rpoE-gfp) or HM6054c¢pxR (rpoE-gfp)
and growth and fluorescence were monitored over time in the presence of IPTG (see
fig 4.14).

Overproducing either DsbA or DegP in the cpxR mutant restored rpoE expression
and promoter activity to wildtype levels indicating that overproduction of these
periplasmic proteins could alleviate the OMP stress observed in the cpxR mutant (fig
4.14). Furthermore, DsbA or DegP did not rescue the invasion defect associated with
the cpxR mutant. Therefore the OMP stress induced by the cpxR mutation can be
rescued by the overproduction of membrane chaperone/proteases although invasion
appears to be independent of this OMP stress or requires a protein(s) that is not a
substrate for either DegP or DsbA (fig 4.15).
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Figure 4.14: Overproduction of DsbA and DegP in HM6054cpxR restores the
expression of rpoE to wildtype levels. A) GFP/OD600 showing the levels of GFP
expression. The expression of rpoE is significantly up-regulated in the cpxR mutant.
However, rpoE expression was restored to wildtype levels in the cpxR mutant when DsbA
and DegP were overproduced. Results are expressed as the amount of GFP expressed
relative to growth (GFP/OD). B) Growth of all strains in LB. C) Promoter activity of
rpoE-gfp. Promoter activity reached its maximal level at approximately 2h in all strains
however; there was a significantly higher induction in the cpxR mutant which was
reduced when both DsbA and DegP were overproduced. Each strain was represented by 3

individual cultures.
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Figure 4.15: Phenotype of HMG60SAcpXR (pCA24N-dsbA) and HM605ACpXR
(pCA24N-degP) in C2Bbel epithelial cells. (A) Adhesion to C2Bbel epithelial cells.
Cell-associated bacteria were quantified after a 3-h infection period. The results are
expressed as levels of cell-associated bacteria (adherent plus intracellular) relative to
those obtained for wild-type strain HM605, taken as 100%. (B) Bacterial invasion of
C2Bbel epithelial cells was determined after gentamicin treatment for an additional 1 h.
Overproduction of DsbA and DegP in the cpxR mutant did not restore the invasion
phenotype. The results are expressed as levels of intracellular bacteria/associated
bacteria relative to those obtained for wild-type strain HM605, taken as 100%. For
analysis of the significance of differences in association and invasion into C2Bbel
epithelial cells, Student’s t-test was used for comparison of two groups of data (x P-
value < 0.05).
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4.3.8 Preparing RNA for Microarray
The HM605 4cpxR mutant, although proficient at attachment, is reduced in its ability

to invade C2Bbel epithelial cells and this invasion defect is independent of flagella
and type 1 fimbriae, known invasion factors in another strain of AIEC called LF82.
In order to investigate the role of the CpxA/R TCS in the process of invasion it was

decided to characterise the Cpx regulon in HM605 using transcriptomics.

It has been well established that moderate overexpression of the outer membrane
lipoprotein NIpE activates the CpxA/R TCS (Otto & Silhavy, 2002; Snyder et al.,
1995). Therefore the nlpE clone from the ASKA library (in the pCA24N vector and
under the control of the Pys.5c promoter) was transformed into HM605 containing
the ycfS transcriptional GFP-promoter fusion. Expression of the ycfS gene is
positively regulated by the Cpx pathway in HM605 (see fig 4.5) and the induction of
the CpxA/R TCS by NIpE can therefore be monitored by examining the GFP
expression of HM605 (ycfS-gfp). Four concentrations of IPTG were tested (1uM,
10pM, 100puM and 1mM) to identify a concentration that allows induction without
affecting bacterial growth. Overnight cultures of the test strains were diluted to
ODggo 0.05 in 5mls of LB (Km Cm) and each strain was represented by 3 individual
cultures. Cultures were grown until ODggo 0.2 and either 1uM, 10uM, 100uM or
ImM IPTG was added to overproduce NIpE. ODgyp and GFP fluorescence
(Ex.485/20 and Em.528/20) readings were taken every 15 minutes over a period of
24 hours. In wildtype HM605 the overproduction of NIpE with all concentrations of
IPTG activates the CpxA/R TCS as significant increases in fluorescence were
observed indicating an increase in the expression of the ycfS-gfp promoter fusion
(see fig 4.16). However, all concentrations of IPTG, apart from 10uM, affected the
growth of HM605 and, therefore, it was decided to use 10uM IPTG in future
transcriptomic experiments. Induction of ycfS-gfp expression was confirmed to be

dependent on cpxR.
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Figure 4.16: Activation of Cpx pathway in HM605 ycfS-gfp (pCA24N-nlpE) using
various concentrations of IPTG A) GFP/OD600 showing the levels of GFP expression.
The expression of ycfS is significantly up-regulated at IPTG concentrations above 1uM.
Results are expressed as the amount of GFP expressed relative to growth (GFP/OD). B)
Growth of all strains in LB with various concentrations of IPTG. 10 uM was the only
concentration that activated the pathway but didn’t affect growth. Each strain was
represented by 3 individual cultures.

The research group of Prof Tracy Raivio (University of Alberta) is currently looking
at the CpxA/R regulon in E. coli K-12 using the ASKA pCA24N-nlpE clone and

inducing expression of the nlpE for 25-30 minutes during the mid-exponential phase

of growth before isolating RNA (Tracy Raivio, personal communication). Therefore,

in order to facilitate downstream comparative studies, it was decided to replicate

these conditions as closely as possible. The growth and fluorescence of
HM605AcpxR ycfS-gfp (pCA24N-nlpE) and HM605 ycfS-gfp (pCA24N-nlpE) was
measured after 30 minutes induction of pCA24N-nlpE with 10uM IPTG and this
confirmed that the CpxA/R TCS is activated under these conditions (see fig 4.17).
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Figure 4.17: GFP/ODgynm showing the levels of GFP expression using ycfS-
gfp reporter gene after 30 minutes. In the wildtype, activation of the wildtype
cpxA/R TCS using NIpE shows a significant increase in ycfS-GFP expression as
the pathway is activated whereas in the cpxR mutant little to no increase in GFP
expression is observed as the pathway has been disrupted. Each strain was
represented by 3 individual cultures. For analysis of the significance of
differences in expression, Student’s t-test was used for comparison of two groups
of data (* P-value < 0.05).
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Therefore, using these conditions, microarray RNA samples were prepared from 3
individual cultures of HM605-ycfS-gfp (pCA24N-nlpE) and HM605AcpxR-ycfS-gfp
(pCA24N-nlIpE). Briefly, overnight cultures were diluted to an ODggo 0f 0.05 in 50ml
of fresh LB broth (with appropriate antibiotics) in 200ml conical flasks. When the
cultures had reached OD600=0.5, 10uM IPTG was added for 30 min, at which time
three 4ml samples were harvested. The RNA was stabilized using Qiagen RNA
protect before pellets were frozen at -80°C. RNA was extracted using Qiagen
RNeasy kit (see section 2.34). The RNA was treated with DNase (Ambion) and after
DNase treatment, the RNA was checked by running a sample through a 1.5% (w/v)
agarose 1XTBE gel. A PCR was performed using a sample DNase treated RNA as
template and cpxP primers (cpxP Fw(Xhol) and cpxP Rv(BamHI)) to confirm the
absence of DNA. The RNA was quantified and the concentrations are summarised in
Table 4.3.

Table 4.3: RNA concentrations of each sample

Strains A260/280 A260/230 Volumein g/ sample

tube (pl)
HM605-ycfS-gfp 2.11 1.96 704.7 35 24.66
(pCA24N-nipE) 1

HM®605-ycfS-gfp 2.11 2.12 1198 44 52.71
(pCA24N-nlpE) 2

HM®605-ycfS-gfp 2.09 2.14 1307.1 | 44 57.52
(pCA24N-nlpE) 3

HM605AcpxR -ycfS- 2.02 1.98 704.2 35 24.64
ofp ()CA24N-nlpE) 1

HMG605AcpxR -ycfS- 2.06 1.97 682.5 40 27.30
gfp (pCA24N-nlpE) 2

HMB605AcpxR -ycfS- 2.09 1.97 580.2 40 23.21
gfp (pCA24N-nlpE) 3

The RNA samples were shipped on dry ice to Roche NimbleGen™ High-definition
genomics where hybridisations to E. coli HM®605 tiled arrays were performed. The
output data from the hybridisations was processed by NimbleGen using their
stringent criteria for normalised calls. The data was returned in the form of original

data and normalised calls that could then be further analysed.
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4.3.9 Microarray analysis
The tiling array was produced based on the genome sequence of HM605 (Clarke et

al., 2011). The spacing in the tiling array is 141bp and therefore there are >36,000
70-mer oligonucleotides spanning the genome sequence. Microarray data was
analysed by Mr lan O Neill, Department of Microbiology, University College Cork
(personal communication) using the ANAIS online tool

(http://anais.versailles.inra.fr/) (Simon & Biot, 2010). Prior to differential expression

analysis, each probe on the array was matched to annotated genes on the HM605
genome using custom perl scripts. Where multiple probes matched a single gene, the
median value of all probes was taken. Differential expression analysis between wild
type HM605 and the AcpxR mutant was performed on all HM605 genes using the
ANAIS tool. Raw probe reads were normalised using RMA background correction
and quantile normalisation. Statistical significance was evaluated using one-way
ANOVA and p-values were adjusted for multiple comparisons using the Benjamini

and Hochberg method.

Table 4.4: The top 40 genes found to be significantly down-regulated in AcpxR
compared to WT. Significant fold changes determined using the Students T-test and
those genes previously shown within literature to be regulated by the Cpx A/R TCS are
in bold.

Locus tag Gene Name Description

cpxP

HM605 2086 P Periplasmic repressor -215.19 3E-04
cfS

HM605 0238 y promoter-gfp fusion -119.80 2E-03

S

HM605_ 4614 by periplasmic protein -44.02 3E-03
yncJ

HM605_ 4896 predicted signal peptide -30.87 5E-04

yqjB (mzrA)

HMG605_2966 modulator of EnvZ/OmpR) -26.98 1E-02
fdX

HMG605_3823 Y hypothetical protein -17.23 2E-02
eal

HM605_ 4569 y putative diguanylate cyclase -16.06 8E-03
nfD

HM605 4781 y ynfD -13.82 2E-03

sinl/sivl . . .

HM605 3701 Invasion —like protein -13.36 2E-02
jK

HM605 2961 ya hypothetical protein -12.61 1E-02
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http://anais.versailles.inra.fr/

yoaE putative membrane protein
fused with conserved
HM605 4539 domain -12.60 2E-03
chaA calcium/sodium:proton
HM®605 0080 antiporter -11.97 2E-03
HM605_ 4828 ydeQ fimbrial operon -11.63 8E-03
ygjA putative inner membrane
protein (co-transcribed with
HM605_ 2967 ybjB (mzrA)) -11.28 3E-03
HM605 1398 gnsB hypothetical protein -10.76 1E-02
HM605 2702 nirc nitrite transporter -10.09 5E-03
HM605 2099 rha L-rhamnose isomerase -9.28 2E-03
HM605 2088 cPxA Sensor kinase -9.23 4E-03
HM®605 4009 ytab hypothetical protein -9.22 9E-02
ybbP putative ABC transporter
HMG605 0814 permease -8.94 5E-03
mdtl multidrug efflux system
HM605 4768 protein -8.50 1E-02
ygaU LysM domain/BON
HM605_3538 superfamily protein -8.49 9E-04
ydeP putative oxidoreductase
(downstream from
HM605_4829 HM®605_4828 above) -8.23 5E-03
yebE conserved hypothetical
protein; putative inner
HM605 4506 membrane protein -8.12 1E-02
HM605 1946 bic Chorismate lyase-like -8.10 1E-02
HMG605_4524 ntpX heat shock protein -7.87 1E-03
glpA sn-glycerol-3-phosphate
HM605 4013 dehydrogenase subunit A -7.84 3E-02
sivH/sinH putative intimin ((attaching
and effacing protein) or
HM605 3700 invasin protein (sivH-like) -7.51 1E-02
HM605 4509 yobB hypothetical protein -7.51 1E-02
cdaR carbohydrate diacid
HM605 1159 transcriptional activator -7.42 1E-02
fruB bifunctional fructose-
specific PTS HA/HPr
HM605_4090 protein -7.39 2E-02
slt lytic murein
HM605 1345 transglycosylase -7.23 5E-03
ybbA putative ABC transporter
HMG605 0815 ATP-binding protein -7.08 2E-02
cspl cold shock protein; Qin
HM605_1399 prophage -7.08 2E-03
HM605_4190 .
HM605 4190 potential phage operon -6.70 1E-02
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csiR DNA-binding
HM605 3539 transcriptional regulator -6.58 1E-02
yjeT Conserved inner membrane
HM605_ 1687 protein -6.31 9E-03
HM605_ 0376 tusk sulfur transfer protein Tusk -6.29
1E-02

Table 4.5: The top 40 genes found to be significantly up-regulated in 4cpxR compared to

WT. Significant fold changes determined using the Students T-test.

Locus tag Gene Name Description 1 Fold P
change value
glcD
HM605 3107 Glycolate oxidase subunit 80.47 2E-03
yagU Conserved hypothetical
protein; putative inner
HM605 1037 membrane protein 51.03 5E-04
gicE Glycolate oxidase FAD
HM605_3108 binding subunit 38.80 8E-03
glcF Glycolate oxidase iron-
HM605 3109 sulfur subunit 23.09 8E-03
cysD Sulfate adenylyltransferase
HM605_ 3438 subunit 2 22.55 8E-03
agaB N-acetylgalactosamine-
specific PTS system
HMG605 2927 transporter subunit 11B 14.59 1E-02
HM605 2103 YIE Hypothetical protein YiiE 12.34 1E-03
HM605 3110 gleG Hypothetical protein 11.91 2E-03
ynfD Downstream from formate
dehydrog., potential small
HMG605 2104 RNA 10.97 3E-02
HM605 3112 yghk Glycolate transporter 10.37 3E-02
HM605 2532 hdeA Acid-resistance protein 9.15 2E-02
pgaA N-deacetylated poly-p-1,6-
N-acetyl-D-glucosamine
HMG605 0328 outer membrane porin; 9.13 1E-02
ppsR (ydiA) Regulator of PEP synthase
HM®605_ 4655 (ppsA)) 8.18 1E-02
adiy DNA-binding transcriptional
HM®605 1835 activator 8.14 1E-02
HM605 3111 gleB Malate synthase G 7.61 4E-03
xylF D-xylose transporter subunit
HM®605 2465 XylF 7.46 1E-02
aceB
HM605 1979 Malate synthase 7.44 1E-02
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pgaC

HM605_0330 N-glycosyltransferase 7.44 6E-03
HM605 1978 aceA Isocitrate lyase 7.39 1E-02
pgaB Putative polysaccharide
deacetylase associated with
biofilm formation; putative
HM605 0329 lipoprotein 7.32 2E-02
HM605 2533 deB Acid-resistance protein 7.19 2E-02
bdm Biofilm-dependent
HM605_4850 modulation protein 7.13 6E-02
gadE DNA-binding transcriptional
HM605 2530 activator 7.04 1E-02
ykgC Pyridine nucleotide-disulfide
HM605 1014 oxidoreductase 7.00 3E-02
glts Putative PTS system
transcriptional
HM605 2369 antiterminator 6.94 8E-03
tppB Putative tripeptide
HM605 4729 transporter permease 6.72 2E-03
HM605 1024 yaqy Hypothetical protein 6.70 9E-03
HM605 4218 OpE Tail protein E 6.70 1E-02
ygbE hypothetical protein (part of
HM605_3441 cysDNC operon) 6.59 2E-02
HM605 2034 "SpA putative enolase/dehydratase 6.48 2E-02
yahA cyclic di-GMP
HM®605 0998 phosphodiesterase 6.47 2E-02
HM605 1025 | Putative NADH-dependent
HM605 1025 flavin oxidoreductase 6.30 2E-03
hdeD Acid-resistance membrane
HM605 2531 protein 6.16 2E-02
kdpE KDP operon transcriptional
regulator protein (KdpE-
HM605_0650 like) 6.11 3E-02
yneJ Putative DNA-binding
transcriptional regulator
HMG605 4799 HTH family 6.07 9E-03
pgaD Putative inner membrane
protein associated with
HMG605 0331 biofilm formation 6.02 3E-02
HMG605 3780 cyse Cysteine synthase A 5.93 2E-02
cysN Sulfate adenylyltransferase
HM605_3439 subunit 1 5.82 4E-02
HM605 0332 PhoH Hypothetical protein 5.76 6E-02
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4.3.9.1 Microarray data
The first striking observation from the transcriptome data was that a large number of

genes were up (409 genes) or down (524) regulated in AcpxR, compared to wildtype,
by > 2 fold following the activation of the pathway by NIpE. Interestingly, many of
the genes identified are predicted to encode proteins that influence envelope protein
folding, acid resistance and functions undefined or unrelated to envelope
maintenance. Such an observation has been observed in other Cpx regulon studies
(Price & Raivio, 2009). For example, the gene ygjA was shown to be expressed at
lower levels in the cpxR mutant compared to wildtype. YQjA is predicted to be an
inner membrane protein and mutations of ygjA lead to altered levels of phospholipids
in the inner membrane and cell division defects (Price & Raivio, 2009; Thompkins et
al., 2008). Similarly, chaA which encodes the ionic
transporter membrane protein ChaA involved in sodium ion extrusion in E. coli at
alkaline pH was significantly expressed at lower levels in the cpxR mutant compared
to wildtype. It is important to note that a large number of genes expressed at lower
levels in AcpxR compared to the wild-type have been previously reported to be
controlled by the Cpx pathway, some of which implicated in envelope protein
folding functions, cpxP, cpxA, spy and secA (see table 4.3) (Danese & Silhavy, 1998;
Price & Raivio, 2009; Raivio et al., 1999; Raivio et al., 2000). Other genes
expressed at lower levels in 4AcpxR compared to the wild-type such as ycfS, yebE
(Price & Raivio, 2009), yqjB (mzrA) (Gerken et al., 2009), ygjA (Weatherspoon-
Griffin et al., 2010), yncJ and yeal (Zare et al., 2009) have all also been previously
reported to be controlled by the Cpx pathway. The gene htpX which encodes the heat
shock protein HtpX was shown to be expressed significantly lower in AcpxR
compared to wildtype. Similarly, ygjB (mzrA) which encodes the EnvZ/ OmpR
modulator MzrA has been previously reported to link the two-component envelope
stress response regulators, CpxA/CpxR and EnvZ/OmpR and its expression is

reduced in a cpxR mutant (Gerken et al., 2009).

An interesting observation was that a number of acid resistance genes were
expressed at a significantly higher level in the cpxR mutant compared to wildtype,
primarily hdeA, hdeB, hdeD and gadE. The CpxA/R TCS has previously been
implicated in resistance to alkaline pH were cpxR null mutants show increased

sensitivity to alkaline pH (Danese & Silhavy, 1998). However, no reports show
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evidence of cpxR null mutants displaying a higher resistance to low pH. The results
presented here suggest that HM6054cpxR may be more resistant to acid than
wildtype HM605. To test this overnight cultures of the test strains were diluted to
ODggo 0.05 in 5ml of LB (+ Km for mutants) and each strain was represented by 3
individual cultures. Cultures were grown until ODgy 0.5 and following this strains
were acid challenged by diluting cultures 1 in 10 into pH 2.5 LB (+ 100mM MES)
for 30 minutes. Strains were then serial diluted and plated on to LB agar plates and
incubate at 37°C for approximately 24 h. The results from the acid challenge
experiment show that HM6054¢pxR was significantly more tolerant to low pH as it
was able to survive better at pH 2.5 compared to wildtype HM605 (see fig 4.18).
These results support the findings of the microarray where acid resistance genes
hdeA, hdeB, hdeD and gadE are expressed significantly higher in HM6054cpxR
compared to wildtype. In contrast, no difference was observed between MG1655 and
MG16554cpxR. Both strains showed similar levels of survival at low pH (see fig
4.18). This indicates that in MG1655 deletion of cpxR does not affect growth at low
pH.

In addition, a number of genes that were not previously shown to be regulated by the
CpxA/R TCS were also identified. Members of the glc operon (glcD, gIcE and glcF)
were shown to be expressed at a significantly higher level in the cpxR mutant
compared to wildtype suggesting a role for the Cpx pathway in regulating glycolate
utilization in HM605. Furthermore, members of the pgaABCD operon, encoding
proteins required for the production of PGA (Poly-beta-1,6-N-acetyl-d-
glucosamine), an EPS involved in biofilm formation (Wang et al., 2004), was also
shown to be expressed at a significantly higher level in the cpxR mutant. The Cpx
TCS has been reported to affect biofilm formation by regulating the production of
curli fimbriae in response to osmotic conditions (Prigent-Combaret et al., 2001) and
by playing a key role in the regulation of adhesion-induced gene expression (Otto &
Silhavy, 2002). This result suggests the involvement of the Cpx pathway in
negatively regulating the pgaABCD operon. Production of PGA can be discriminated
on congo red agar (red-stained cells indicated the presence of the EPS driven by the
pgaABCD operon) (lonescu & Belkin, 2009).
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Figure 4.18: Acid challenge. The graph represents the mean results of 3
cultures per strain replicated in triplicate. HM6054cpxR is more tolerant to
low pH than the wildtype. No differences were observed between MG1655
and MG16554cpxR. For analysis of the significance of differences in
numbers, Student’s t-test was used for comparison of two groups of data (*
P-value < 0.05).
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However, no difference in PGA production was observed between wildtype and the
cpxR mutant when assessed on Congo red agar (data not shown). Studies have
reported that Congo red binding does not always correlate with PGA production,
despite its widespread use as an indicator of biofilm production (Yoong et al., 2012).
Therefore, the possible involvement of the Cpx pathway in negatively regulating the

pgaABCD operon should not be disregarded.

It is important to note that a number of results from the microarray have previously
been verified in this study independent of the microarray. For example, from the
microarray both ycfS and yebE are both significantly down-regulated in 4cpxR and
previous transcriptional gfp-promoter fusions confirm that the level of expression of
both ycfS and yebE is reduced in AcpxR compared to wildtype (fig 4.5). Moreover,
microarray analysis show that rpoE is significantly up-regulated in 4cpxR (1.6 fold)
and previous transcriptional gfp-promoter fusions confirm that rpoE expression is
up-regulated in AcpxR compared to wildtype. Furthermore, a number of gfp
transcriptional fusions were made independently of this study by Dr. Emma Smith,
Alimentary Pharmabiotic Centre (APC), University College Cork (personal
communication) which verified a number of results from the microarray. For
example, from the microarray pgaA, glcD, hdeA, cysD and yagU were expressed
significantly higher in the AcpxR mutant compared to wildtype. The gfp
transcriptional fusions constructed by Dr. Emma Smith confirmed that the level of
expression of each of these genes is significantly higher in AcpxR compared to
wildtype. In addition, we previously showed that show that HM6054cpxR was
significantly more tolerant to low pH as it was able to survive better at pH 2.5
compared to wildtype HM®605 (see fig 4.18). Together, these results help to support
the findings of the microarray.

4.3.9.2 Cpx A/R pathway positively requlates the expression of sinH in AIEC
HM605
The aim of this transcriptome analysis was to identify invasion factors that were

positively regulated by the Cpx A/R TCS i.e down-regulated in AcpxR. From the

analysis, 2 genes were found to be significantly down-regulated, sivH/sinH (7.5 fold)
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to encode a putative intimin protein/invasion protein. SinH is a member of the family
of intimin-like proteins/invasins and it shares a short region of homology with
intimin. Intimin is a virulence factor (adhesion) of EPEC and EHEC involved in the
attaching and effacing (A/E) phenotype and has recently been reported to be
important for the intracellular pathogen Yersinia pestis (Seo et al., 2012; Stevens et
al., 2006). Analysis of SivH/SinH shows it to be primarily associated with E. coli
and Salmonella spp. showing strong homology with a gene found in sequenced
UPEC strains, AIEC strains (including LF82), NMEC strains and S. enterica.
Moreover, in S. enterica serovar Typhimurium, sivH/sinH has been shown to
contribute to the colonization of Peyer’s patches (Kingsley et al., 2003) and it has
recently been predicted to be a potential invasion factor in AIEC strain NRG857c
(Nash et al., 2010). The genes encoding SinH and Sinl are always found together
with a 3" gene called ratA, encoding a putative outer membrane protein which was
not identified on our array as being regulated by the Cpx pathway (see fig 4.19). The
amino acid sequence of SinH in HM605 exhibited strong homology with SinH of
other E. coli (> 94% identity) primarily the AIEC strain UM146 and E. coli APEC
O1 (see Sig 4.19). However, gaps in some of the nucleotide sequences of sinH
suggest possible transfer or deletion events (see fig 4.19 A). It could be hypothesised
that such events could lead to differential expression of the sinH gene between E.
coli strains. Ultimately, the presence of sivH, sivl, and ratA in a number of E. coli

strains suggests a complex evolutionary history of this region.
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Figure 4.19: A) The loci of sinH and sinl in E. coli. These genes are associated with E.
coli and Salmonella spp. and are always located near ratA and engA (der) which encodes a
GTP —binding protein. Both of which were not shown to be regulated by the Cpx pathway
in this study. B) ClustalW multiple sequence alignment analysis comparing SinH in
other E. coli to HM605 (734 aa). Amino acid sequence shows strong homolog with other
E. coli.
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The deduced amino acid sequence of sivH/sinH in HM605 exhibited homology in its
N-terminal with intimin of EPEC. The amino termini of intimin serve as a
membrane-spanning anchor in the bacterial outer membrane. Homology with the N-
termini of intimin suggests that SivH may be an integral outer membrane protein.
The potential location of this protein suggested a possible involvement with the Cpx
envelope stress response and it is possible to hypothesis that alterations in the
membrane by deletion of cpxR could have a significant effect on the folding of the
SivH/SinH protein resulting in the invasion defect observed in AcpxR. In S. enterica
serovar Typhimurium, sivH/sinH contributes to the colonization of Peyer’s patches
(Kingsley et al., 2003) and it has recently been predicted, based on in silico analysis,
to be a potential invasion factor in AIEC strain NRG857c (Nash et al., 2010).
Interestingly, further analyse of the amino acid sequence of sivH/sinH in HM605
using SignalP 4.0 (Petersen et al., 2011) identified the presence of an N-terminal
signal peptide (residues 1 to 20) and signal peptide cleavage site between positions
19 and 20. The presence of a signal peptide indicates a potential secretion
mechanism for SinH. This signal peptide was conserved in the amino acid sequence

of sivH/sinH in all E. coli strains examined (see fig 4.19).

In order to confirm that sinH expression is regulated by the CpxA/R TCS a sinH-gfp
transcriptional fusion was constructed using plasmid pUA66. The plasmid was
transformed into wild-type and AcpxR mutant cells containing the nlpE
overexpressing plasmid and overnight cultures of the test strains were diluted to
ODggo =0.05 in 5mls of LB. Cultures were grown until ODgg 0.5 and 10uM IPTG
was added to induce the expression of NIpE and growth and fluorescence were
monitored for several hours. This transcriptional fusion confirmed that sinH
expression was significantly down-regulated in the cpxR mutant (4.2 fold) compared
to the wild-type (see fig. 4.20). A sinl-gfp transcriptional fusion was also constructed
using plasmid pUA66 however no significant GFP expression was detected

suggesting that sinH and sinl may be transcribed as an operon (see Fig. 4.20).
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Figure 4.20: Expression of sinH and sinl using gfp reporter fusions. Cells were
grown under inducing conditions for 12 hours and ODgy and fluorescence was
measured after 12 hours. In the wildtype, activation of the wildtype CpxA/R
pathway using NIpE results in a significant increase in fluorescence from cells
carrying the sinH-gfp fusion. Each strain was represented by 3 individual cultures.
For analysis of the significance of differences in expression, Student’s t-test was
used for comparison of two groups of data (* P-value < 0.05).
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Comparing HM605 sinH-gfp + nlpE and AcpxR sinH-gfp + nlpE is equivalent to the
microarray (except GFP is done at 12 hours, not 30 minutes); nonetheless, it is clear
the expression of sinH is down-regulated in the cpxR mutant. Also, there is a Cpx-
dependent increase in sinH when NIpE production is increased confirming the

positive regulation of sinH by the Cpx pathway.

4.3.9.3 Investigating the role of sinH in the invasion of HM6054¢cpxR
The results of the microarray analysis revealed that the Cpx TCS positively regulates

the expression of sinH. Unfortunately numerous attempts to make a direct knockout
of sinH in HM605 failed. Indeed, no directed knockouts have been constructed in
HMG605 to date. Therefore, in order to try and implicate sinH with a role in invasion,
it was decided to overexpress sinH from a plasmid (pBAD33), under the control of
the araBAD promoter. Therefore, expression of sinH can be induced by the addition
of 0.2% (w/v) L-arabinose to the growth medium and will be independent of CpxR.
Adhesion and invasion experiments were set up as previously described and it is
clear that the overproduction of SinH does not affect the ability of the HM605
bacteria to adhere to C2Bbel epithelial cells (see Fig 4.21). However, the
overproduction of SinH did restore the invasion defect observed in the cpxR mutant
(see fig 4.21). These findings indicate that the invasion defect observed in
HM605AcpxXR is, at least partially, due to the defect in sinH expression observed in
the cpxR mutant strain. Although a directed knockout of sinH in HM605 has not
been constructed, these results suggest that SinH is involved in the invasion of
epithelial cells by HM605.
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Figure 4.21: Complementation of HM605AcpxR with cloned sinH restores
invasion into C2Bbel epithelial cells. (A) Adhesion to C2Bbel epithelial cells.
Cell-associated bacteria were quantified after a 3-h infection period. The results
are expressed as levels of cell-associated bacteria (adherent plus intracellular)
relative to those obtained for wild-type strain HMG605, taken as 100%. (B)
Bacterial invasion of C2Bbel epithelial cells was determined after gentamicin
treatment for an additional 1 h. The results are expressed as levels of intracellular
bacteria/associated bacteria relative to those obtained for wild-type strain HM605,
taken as 100%. For analysis of the significance of differences in association and
invasion into C2Bbel epithelial cells, Student’s t-test was used for comparison of
two groups of data (* P-value < 0.05).
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4.4 Conclusion
The objective of this chapter was to examine the role of two component signal

transduction pathways in the pathogenesis of the AIEC strain HM605. In total 11
systems were tested and initial findings suggested that none of the two component
pathways examined were required for AIEC HM605’s ability to replicate in J774.A1
macrophages. However, it was observed that the AcpxR mutant showed an 85%
reduction in internalisation after 1 h compared to wildtype (see Fig 4.2). In support
of this observation, despite having no effect on adhesion to epithelial cells, a deletion
of the cpxR gene resulted in a significant (P < 0.05) decrease in the ability of the
HM®605 to invade C2Bbel epithelial cells (see Fig 4.6). These results suggested a
potential role for the Cpx TCS in the interaction of HM605 with eukaryotic cells.

The CpxA/R TCS is an envelope stress response system that mediates the cellular
response to envelope protein misfolding (Price & Raivio, 2009). Furthermore, the
size of the Cpx regulon (50 genes in 34 operons) and the diversity of the
physiological functions associated with the genes controlled by the Cpx TCS
(mobility, adherence factors, metabolism, etc.) indicate that this signalling pathway
has a complex role in controlling bacterial physiology (Dorel et al., 2006; Price &
Raivio, 2009; Raivio, 2005). As previously stated, the CpxA/R TCS has been shown
to be involved in the expression of the type IV bundle-forming pilus (BFP) of EPEC
(Leuko & Raivio, 2012; Vogt et al., 2010). EPEC strains lacking CpxR exhibit
diminished auto-aggregation and adherence to eukaryotic cells, both of which are
BFP-mediated (Raivio, 2005; Vogt et al., 2010). The Cpx pathway has also been
implicated in the virulence of other pathogenic Gram-negative bacteria. For example,
the invasive intestinal pathogens Shigella flexneri and S. enterica serovar
Typhimurium contain CpxP, CpxR, CpxA proteins that are highly conserved (>95%
identity) relative to those of E. coli (De Wulf et al., 1999; Raivio, 2005). In S.
enterica serovar Typhimurium gain of function mutations in the cpxA gene lead to a
reduction and invasion of eukaryotic cells as well as impaired ability to grow in mice
(Humphreys et al., 2004). Recently, Sh. sonnei cpxA mutants were also shown to
affect the post-transcriptional levels of the InvE regulatory protein, a second central
regulator of virulence genes, including those encoding the type Il secretion system
(T3SS) (Mitobe et al., 2005; Raivio, 2005). Cpx pathway activation also restricts
levels of the RovA global regulator of gene expression in pathogenic Yersinia
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pseudotuberculosis (Liu et al., 2011). These examples highlight the important role of
the Cpx pathway and suggests that, as in E coli, the Cpx pathway may work at both
transcriptional and post-transcriptional levels to affect pathogenesis (Raivio, 2005).

Numerous studies have identified flagella and type 1 fimbriae as essential invasion
factors in AIEC (Barnich et al., 2003; Eaves-Pyles, 2008). However in contrast, this
study has shown that neither of these factors is important for the invasion of
epithelial cells by HMG605. This provides further evidence for our previously
reported observation that AIEC are a phenotypically diverse group (see Chapter
3.3.7). Initial findings from swim agar plates (see Fig 4.7) confirmed that motility
was reduced in the HM605 AcpxR::Km mutant compared to wild-type (see Fig 4.7).
Interestingly, previous studies with the E. coli K-12 strain W3110 showed that
activation of the Cpx pathway severely impaired motility due to the negative
regulation of motAB (motility) and cheAW (chemotaxis) (De Wulf et al., 1999; Price
& Raivio, 2009). In contrast, the findings in this study indicate that the Cpx pathway
may positively regulate motility in E. coli. However there is no evidence in the
microarray to suggest a transcriptional effect on motility. Interestingly, analyses of
the Cpx regulon in E. coli MC4100 showed moderate negative Cpx-mediated
regulation of the transcription of motAB- lux fusions (Price & Raivio, 2009). A
possible explanation for reduced motility in the absence of cpxR in these strains
could be the result of physical changes to the cell membrane. In the
entomopathogenic bacterium Xenorhabdus nematophila, a cpxR deletion results in
reduced motility and lipase activity as well as reduced virulence. This reduction in
motility is hypothesised to be caused by alterations in flagellar type Ill secretion

caused by physical changes in the cell membrane (Herbert et al., 2007).

The transcriptome results revealed that a large number of genes were up-(409 genes)
or down-(524 genes) regulated in AcpxR, compared to wildtype, by > 2 fold
following the activation of the pathway by NIpE. One interesting observation was
that a number of acid resistance genes were significantly up-regulated in AcpxR,
primarily hdeA, hdeB, hdeD and gadE and this has led to the cpxR mutant being
significantly more resistant to acid stresses than the wildtype. In contrast, no

difference in acid resistance was observed between MG1655 and MG16554cpxR.
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This could possibly be an adaptation by some E. coli strains to better colonise the
gut. Furthermore, the EvgS/A TCS is involved in acid resistance and acid resistance
in exponentially growing cells is induced by the overexpression of EvgA (Eguchi et
al., 2007). It has been reported that EvgA also directly induces GadE expression
(Eguchi et al., 2007; Ma et al., 2004). Subsequently, GadE directly up-regulates
hdeA, the periplasmic chaperone gene protecting the cell from organic acid stress,
and hdeD, the putative membrane protein gene participating in acid resistance
(Eguchi et al., 2007; Hommais et al., 2004; Ma et al., 2004; Mates et al., 2007).
These data indicate a possible link between the CpxA/R pathway and the EvgS/A

system in regulating the expression of acid resistance genes.

The most interesting observation was the significant down-regulation of two genes,
sivH/sinH (7.50 fold down) and sivl/sinl (13.35 fold down). The first, sivH/sinH
encodes a putative intimin protein/invasion protein. Homology with the N-termini of
intimin suggested that SivH may be an integral outer membrane protein and the
identification of an N-terminal signal peptide and signal peptide cleavage site
indicates a possible mechanism of secretion. The potential location of this protein
suggests involvement of the Cpx TCS in its regulation. Furthermore, homology with
the N-termini of invasin of Yersinia pseudotuberculosis suggests a possible role for
this protein in invasion as the virulence factor invasin allows efficient entry of Y.
pseudotuberculosis into mammalian cells (Dersch & Isberg, 1999). Interestingly, a
mutation in sivH reduces colonization of Peyer's patches but does not affect the
ability of S. enterica serotype Typhimurium to colonize cecum or faeces of mice
(Kingsley et al., 2003). Moreover, in S. enterica serotype paratyphi A, it has been
suggested that the conserved pseudogene sivH may be involved in the convergent

adaptation of Salmonella to its host (Holt et al., 2009).

The findings presented in this chapter suggest that the Cpx TCS is required for the
invasion of AIEC HMG605 into C2Bbel epithelial cells. Furthermore, this invasion
defect is independent of known AIEC invasion factors of AEIC LF82 (flagella and
type 1 fimbriae). Transcriptome results revealed that the CpxA/R TCS positively
regulates the expression of a putative intimin/invasion protein SinH (SivH) and

overproduction of SinH restored the invasion defect in the cpxR mutant to levels
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similar to wildtype. The presence of SinH in a number of pathogenic E. coli, suggest
it may have an important role in the virulence of other E. coli. The results suggest
that role of the CpxA/R TCS in AIEC HM®605 is to optimise the expression of the
protein SinH to result in successful invasion into C2Bbel epithelial cells.
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Chapter 5.0: Oxidative stress and the intramacrophage survival of

adherent invasive Escherichia coli strain HM605

5.1 Introduction
Oxidative stress, through the production of reactive oxygen species (ROS), is an

unavoidable consequence of aerobic metabolism (Chiang & Schellhorn, 2012).
Oxidative stress arises when the concentration of active oxygen species increases to
a level that exceeds the cell’s capacity to remove these harmful molecules (Cabiscol
et al., 2000). Therefore, the ability to maintain intracellular concentrations of ROS
within safe limits is essential for all aerobic life forms (Dubbs & Mongkolsuk,
2012). Genetic responses to oxidative stress occur in bacteria, yeast, and mammalian
cell lines (Cabiscol et al., 2000). ROS, including superoxide anion, hydroxyl radical,
and hydrogen peroxide (H20,) are known to cause damage to DNA, RNA, protein
and lipids (Mukhopadhyay & Schellhorn, 1997). For example, free radicals can
directly attack polyunsaturated fatty acids in membranes and initiate lipid
peroxidation which alters membrane properties and disrupts membrane-bound
proteins (Cabiscol et al., 2000). In addition to being an unavoidable consequence of
respiration, bacteria can encounter toxic levels of ROS produced by macrophages,
neutrophils and other phagocytic cells during phagocytosis (Cabiscol et al., 2000;
Mukhopadhyay & Schellhorn, 1997).

Bacteria and other organisms possess several enzymes that prevent oxidative damage
and repair DNA lesions resulting from oxidative damage (Mukhopadhyay &
Schellhorn, 1997). For example, E. coli cells are equipped with two superoxide
dismutases (SODs), a manganese containing SOD (Mn-SOD, encoded by sodA) and
an iron containing SOD (Fe-SOD, encoded by sodB) (see Fig. 5.1) (Cabiscol et al.,
2000; Farr & Kogoma, 1991). The expression of sodB is modulated by intracellular
iron levels and sodA (encoding the predominant enzyme during aerobic growth)
expression is transcriptionally regulated by at least six control systems (Compan &
Touati, 1993; Niederhoffer et al., 1990).
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Figure 5.1: Bacterial defence against oxidative damage. E. coli and other organisms
use superoxide dismutase, catalases, and peroxidases to scavenge O, and H,O,
preventing damage to the cell. O, does not react directly with polypeptides but it has
become clear that O, can disable the TCA cycle and branched-chain biosynthetic
pathways by destroying the iron-sulphur clusters of critical enzymes causing cell
damage. H,O, reacts with the intracellular pool of unincorporated ferrous iron and
thereby generates hydroxyl radicals which react with virtually all biomolecules such as
DNA (modified from Mertens.et al 2005).
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SODs function by converting the superoxide anion (O;) into H,O, and O, (Cabiscol
et al., 2000; Farr & Kogoma, 1991; Mertens et al., 2005). Furthermore, E coli
possess two catalases: hydroperoxidase | (HPI) and hydroperoxidase Il (HPII) that
convert H,0O, to H,O and O, (see Fig. 5.1) (Cabiscol et al., 2000).

5.1.1 Antioxidant defense systems of Escherichia coli
E. coli cells possess a specific defense against peroxides, mediated by the

transcriptional activator OxyR, and another against superoxide, controlled by the
SoxR/S regulon (Cabiscol et al., 2000). OxyR and SoxR undergo conformational
changes when oxidized in the presence of H,O, and O, respectively, and
subsequently control the expression of cognate genes (Chiang & Schellhorn, 2012).
In response to an increase in H,O, and other organic peroxides the cellular
concentrations of at least 30 proteins become elevated over basal levels. The
induction of 9 of the 30 proteins is under the positive control of OxyR, a member of
the LysR family of transcriptional regulators (Christman et al., 1985; Christman et
al., 1989; Mukhopadhyay & Schellhorn, 1997). The OxyR protein is a dimer that
acts both as a sensor of oxidative stress and as the transcriptional activator for the
regulon (Seaver & Imlay, 2001b). Furthermore, OxyR is found in a large number of
bacteria and has been shown to be vital for survival after exposure to ROS, including
H.0,. OxyR is reversibly activated by the formation of an intramolecular disulfide
bond between the 2 subunits of the OxyR, resulting from the altered redox state of
the cell (Cabiscol et al., 2000). The resulting conformational change allows the
protein to bind to its target sequences and activate expression of proteins in the
regulon (Zheng et al., 1998). Using the formation and reduction of a disulfide bond
as an “on-off” switch allows for a rapid response to changes in the oxidative
conditions within the cell (Cabiscol et al., 2000). OxyR controls the induction of,
amongst others, katG (encoding HPI catalase), ahpCF (encoding NADPH-alkyl
hydroperoxidase reductase), gorA (glutathione reductase) and dps (a protective
DNA-binding protein) (Cabiscol et al., 2000; Farr & Kogoma, 1991; Mukhopadhyay
& Schellhorn, 1997; Seaver & Imlay, 2001b). The SoxR/S regulon is controlled by
the SoxR sensor protein and the SoxS transcription factor that activates genes in the
regulon (Storz & Imlay, 1999). The SoxR/S regulon contains at least ten genes,

including those encoding the Mn-SOD which removes the superoxide anion,
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endonuclease 1V, glucose-6-P dehydrogenase, fumarase C, aconitase A, ferredoxin
reductase and micF RNA (Cabiscol et al., 2000; Liochev & Fridovich, 1992;
Pomposiello et al., 2003; Seaver & Imlay, 2001a; Seaver & Imlay, 2004; Storz &
Imlay, 1999). SOD synthesis is positively regulated by the SoxR/S regulon, which
convert O, to H,0; and O,. As H,0, is harmful it needs to be detoxified and this is
achieved via enzymes encoded by genes under the control of OxyR (Storz & Imlay,
1999). Evidence from a number of studies shows interplay between antioxidant
defense systems and DNA repair mechanisms (Hassett & Cohen, 1989; Lombard et
al., 2005; Mukhopadhyay & Schellhorn, 1997; Suvarnapunya et al., 2003). For
example, OxyR is involved in the up-regulation of uvrD, which encodes a DNA
helicase Il involved in nucleotide excision repair (NER) and mismatch repair
(MMR) (Mukhopadhyay & Schellhorn, 1997). Such studies highlight a relationship
between the defense against oxidative stress and the maintenance of the cells

genomic integrity.

5.1.2 Oxidative damage to bacteria by macrophages
Macrophages represent a powerful defense system against invading microorganisms

and their antimicrobial activity is mediated, in large part, by an array of reactive
molecules that have bactericidal activity. These include ROS such as H,0,, and
reactive nitrogen species (RNS), such as nitric oxide (Suvarnapunya et al., 2003).
When macrophages Kill micro-organisms, they ingest them into phagosomes and
bombard them with a burst of ROS (Winterbourn & Kettle, 2012). Within host cells,
ROS are generated by multiple mechanisms including the nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH oxidase), myeloperoxidase, lipoxygenases,
and cellular respiration (Llewellyn et al., 2011). The phagocyte NADPH oxidase
(phox), a multiprotein complex, exists in the dissociated state in resting cells
(Robinson, 2008). Upon engulfment, the unique membrane bound NADPH-
dependent oxidase complex is activated and transfers electrons from NADPH in the
cytoplasm to oxygen in the phagosomal lumen yielding superoxide. Superoxide is
unstable and rapidly reduced (spontaneously or enzymatically by SOD) to H,O, in a
pH dependent fashion. The formation of H,O, is favoured at the acid pH achieved in
the phagocytic vacuole (Hassett & Cohen, 1989; Splettstoesser & Schuff-Werner,
2002; Winterbourn & Kettle, 2012). Physiological stimuli capable of activating the
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NADPH oxidase include particles such as bacteria and yeast, certain molecules that
induce chemotaxis in these cells, some bioactive lipids, and antibodies (Robinson,
2008). Neutrophils (but not macrophages) contain high concentrations of
myeloperoxidase (MPO), an enzyme that catalyses the conversion of H,O, to
hypochlorous acid (HOCL), provided adequate chloride is available. Studies with
specific probes have shown that HOCI is produced in the phagosome and reacts with
ingested bacteria (Hassett & Cohen, 1989; Winterbourn & Kettle, 2012). In addition,
nitric oxide (NO") synthesis, via the inducible nitric oxide synthase (iNOS), also
occurs (Suvarnapunya et al., 2003). NO™ acts as a destructive molecule destroying
cancer cells, parasites, and intracellular pathogens and is produced in large amounts
by activated murine macrophages (Splettstoesser & Schuff-Werner, 2002). NO
production is independent from ROS but the interaction of NO™ with ROS leads to
the formation of peroxynitrite (ONOOQO), a potent oxidant (Splettstoesser & Schuff-
Werner, 2002). The consequence of these different activities is that phagocytosed
bacteria are killed by oxidative damage that targets a range of molecules, including
DNA, RNA, protein and lipids (Suvarnapunya et al., 2003).

Even within this potentially hostile environment, a number of bacteria persist and
survive inside macrophages. S. enterica serovar Typhimurium possess a type 3
secretion system encoded by the Salmonella pathogenicity island 2 (SP12) which
allows Salmonella to limit its exposure to macrophage oxidants by disrupting the
targeting of phox to the Salmonella-containing vacuole (SCV) (Suvarnapunya et al.,
2003; Vazquez-Torres et al., 2000). Repair of oxidative DNA damage has also been
implicated; as disruption of recA attenuates Salmonella virulence and base excision
mediated repair of DNA damage resulting from ROS has been implicated in the
establishment of Salmonella infection (Buchmeier et al., 1993; Suvarnapunya et al.,
2003). The intracellular pathogen Francisella tularensis employs numerous
strategies to resist oxidative stress including limiting the activation of the NADPH
oxidase and using multiple enzyme systems to detoxify reactive oxygen compounds
(Llewellyn et al., 2011). Furthermore, deletion of the htrA stress gene in strain AIEC
LF82 induces increased sensitivity of the mutant to oxidative stress caused by H,0,
(Bringer et al., 2005). Microbial pathogens have adapted to escape one or more host

defences and in the context of bacteria such as AIEC that induce inflammation,
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response to oxidative stress can be viewed as an important feature of such adaptation
(Hassett & Cohen, 1989).

5.2 Objectives
During phagocytosis, macrophages generate ROS which are involved in antibacterial

activity. However, AIEC are able to replicate and survive within macrophages
suggesting that AIEC may have adapted to resist killing by ROS. Therefore the aim
of this research was to investigate whether we could identify H,O, (oxidative stress)
response genes involved in the ability of AIEC HM®605 to resist killing by

macrophages and to replicate within phagocytic cells.

5.3 Results

5.3.1 The minimum inhibitory concentration (MIC) of hydrogen peroxide on
AIEC HM605
In order to facilitate a relatively rapid screening method to identify H,O, sensitive

mutants of HMG605, the minimum inhibitory concentration (MIC) of H,O, on
wildtype HM605 was determined. The MIC of H,0, was determined by dilution of
overnight cultures into LB supplemented with H,O, in a 96 well plate. Overnight
cultures were grown in LB broth and adjusted to an ODgyo of 0.5 in 150ul of LB
broth. Using a 96-well pin replicator, diluted bacteria were transferred to a new 96
well plate containing LB broth with various concentrations of H,O, ranging from
0.3mM to 0.8mM (increasing in intervals of 0.05mM). Control wells contained LB
broth with no H,O, (positive control). As H,O, degrades in the presence of light
plates were incubated in the dark at 37°C for 24 hours (Feuerstein et al., 2006).
ODgoo readings were taken to determine the MIC. The MIC is reported as the lowest
concentration of test material which results in 100% inhibition of growth of the test
organism. The data indicated that HM605 could grow in concentrations of H,0,
ranging from 0.3mM to 0.65mM (see fig 5.2). However, complete inhibition of
growth of HM605 was observed at concentrations above 0.65mM (see fig 5.2).
Therefore, from the results obtained, an MIC of 0.6mM H,0O, was sufficient to
enable its use in a rapid screening method to identify H,O, sensitive mutants of
HM605. The MIC of H,0, identified was 0.7mM for HM605 therefore we choose
0.6mM for the screen so we could identify mutants that had even small increases in

sensitivity to H,0,.
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Figure 5.2: The minimum inhibitory concentration (MIC) of hydrogen peroxide on
HM®605. Overnight cultures were grown in LB broth adjusted to 0.5 ODgg in 150l of
LB broth with various concentrations of H,O, ranging from 0.3mM to 0.8mM. The graph
represents the average ODgg readings from 3 individual cultures. Error bars represent the
standard deviation (SD). For analysis of the significance of differences in numbers,
Student’s t-test was used for comparison of two groups of data.
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5.3.2 HM605 Tnb5 transposon mutant library screen
In order to identify mutants with increased sensitivity to H,O, 5,568 mutants were

screened for H,0, sensitivity (see section 2.12). The primary screen resulted in the
identification of 12 (0.21% hit rate) H,O, sensitive mutants and these mutants were
re-screened to confirm their reduced growth. The secondary screen resulted in the
identification of 3 mutants (out of the original 12) showing a complete, and

reproducible, reduction of growth in the presence of 0.6mM H,0, (see fig 5.3).
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Figure 5.3: Secondary screen to identify hydrogen peroxide sensitive mutants. 3
mutants were identified that exhibited a reproducible H,O, sensitive phenotype. The arrow
identifies the mutants showing reduced growth in 0.6mM H,0, The graph represents the
average ODggo readings from 3 individual cultures. Error bars represent the standard
deviation (SD). For analysis of the significance of differences in numbers, Student’s t-test
was used for comparison of two groups of data (Red arrow represents a P-value < 0.05).

174



In addition to growth in a 96 well plate, the 3 mutants identified in the secondary
screen were examined for their sensitivity to H,O, by an agar overlay diffusion assay
(Bertrand et al., 2010). The results from the agar overlay diffusion method (see fig
5.4) confirmed that the 3 mutants identified from the secondary screen showed a
reproducible increase in H,O, sensitivity. The halo size in millimetre (mm) of
mutants #2:B12 (41.4mm % 0.7), #3:F9 (39.5mm £ 0.7) and #13:G2 (41.0mm % 1.4)
were significantly increased (P < 0.05) compared to wildtype HM605 (32.0 mm =
2.8) (see fig 5.4). Furthermore, the halo size of MG1655 (40.0 mm £ 1.1) was also
significantly increased (P < 0.05) compared to wildtype HM605 indicating that
HM®605 is more resistant to oxidative stress than MG1655 (see fig 5.4).
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Plate #2 B12

Plate #3 F9 Plate #13 G2

Figure 5.4: Sensitivity to hydrogen peroxide by agar diffusion. Overnight cultures
grown in LB broth were adjusted to an ODgo = 0.5.and 100ul of each culture was mixed
with 4 ml of LB soft agar (0.5% (w/v) agar) and poured onto a LB agar plates. Sterile
blank filter paper disks were placed on the surfaces of the solidified soft agar and 10ul of
H,0, (30% (v/v)) was spotted onto the disks. The plates were then incubated overnight at
37°C and the diameters of inhibition zones were measured. Shown is the result of a typical
experiment. Experiments were carried out in triplicate.

176



5.3.2.1 ldentifying the Tn5 motility minus mutants
Genomic DNA was extracted from all 3 of the H,O»-sensitive mutants confirmed as

a result of the mutant library screen and the site of insertion was identified using
arbritarily-primed PCR (as described previously).

Table 5.1: The insertion site of the Tn5 for each mutant and the identification of the
disrupted gene

Mutant ID Tn5 insertion Gene disrupted
#2:B12 2002737 bp katG
#3:F9 3721329 bp hemF
#13:G2 2159125 bp uvrD

Mutant #2:B12 was found to have a Tn5 insertion into codon 722 out of 740 for
katG which encodes the bifunctional HPI hydroperoxidase enzyme, KatG (catalase).
The expression of katG is known to be regulated by OxyR in a H,O, dependent

manner (Mukhopadhyay & Schellhorn, 1997). During oxidative stress katG is

upregulated resulting in increased production of the hydroperoxidase enzyme which
uses a two-electron transfer in the dismutation of H,O, to O, and H,O (Loewen et
al., 1985; Mukhopadhyay & Schellhorn, 1997).

The Tn5 insertion mutant #3:F9 was found to have a Tn5 insertion into codon 107
out of 897 for the gene hemF which encodes the aerobically produced enzyme
known as corpophyrinogen Il oxidase. Corpophyrinogen Ill oxidase catalyses the
decarboxylation of coproporphyrinogen Il to protoporphyrinogen IX (Troup et al.,
1994). This enzyme is required for the production of protoheme IX (Mukhopadhyay
& Schellhorn, 1997) which is required for the activity of both HPI hydroperoxidase
(encoded by katG) and HPII hydroperoxidase (encoded by katH) (Loewen et al.,
1993). When cultures are exposed to H,O, in exponential phase, there is a rapid

increase in katG (structural gene for HPI hydroperoxidase) transcription (Morgan et

177




al., 1986; Mukhopadhyay & Schellhorn, 1997). However, to form a functional HPI
hydroperoxidase to deal with the challenge, the cell needs to synthesize an adequate
amount of protoheme IX. Thus, the hemF gene product is required for functional
HPI catalase. (Mukhopadhyay & Schellhorn, 1997). hemF is reported to be a
member of OxyR regulon and a deficiency is reported to render the cell vulnerable to
H.0, challenge (Mukhopadhyay & Schellhorn, 1997).

Finally, the insertion site of the Tn5 mutant #13:G2 was found to be in codon 107
out of 721 for uvrD, whose product is a DNA helicase 1l enzyme that is involved in
nucleotide excision repair (NER) and also mismatch repair (MM) of DNA. NER is
an ubiquitous DNA repair pathway that is found in the sequenced genomes from
almost every kingdom, genus, and species that has been examined. The core set of
genes involved in the E. coli NER system are uvrA, uvrB, uvrC, uvrD, and mfd (Van
Houten et al., 2005). The UvrA/B complex recognizes and binds to the distortion in
the DNA duplex caused by DNA damage. UvrB recruits UvrC to the lesion, where it
acts as a single-stranded DNA endonuclease cleaving the DNA 5’ and 3’ from the
lesion. UvrD (helicase 1) then removes the single stranded segment carrying the
lesion. DNA polymerase | resynthesizes the DNA copying the undamaged template,
and ligase completes the repair (Van Houten et al., 2005). Interestingly, uvrD has
been identified as a H,O, sensitive mutant in a previously published study

identifying H,O, sensitive mutants in E. coli (Mukhopadhyay & Schellhorn, 1997).

As 2 of the mutants (katG and hemF) are involved in the formation of the catalase
enzyme these mutants should exhibit reduced bubbling in the presence of H,O, as
they should be unable produce a functional catalase enzyme. All 3 H,0, sensitive
mutants were tested for catalase activity by flooding the cells with 30% (v/v) H,0,
and the results (see fig 5.5) show that all 3 mutants exhibited reduced bubbling in the
presence of H,O, compared to wild-type. This indicates that there is reduced catalase
activity in all 3 mutants. The reduction in bubbling in the uvrD mutant suggests a
possible link with OxyR highlighting the previously reported observation that OxyR
is involved in the up-regulation of wwvrD (Modrich, 1994; Mukhopadhyay &
Schellhorn, 1997)
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Figure 5.5: Catalase activity of HM605 and hydrogen peroxide sensitive mutants.
The H,0, sensitive mutants were tested for catalase activity by flooding colonises of test
strains with 30% (v/v) H,O, All mutants tested exhibited reduced bubbling in the
presence of H,0,, suggesting reduced catalase activity Shown is the result of a typical
experiment. Experiments were carried out in triplicate.

5.3.3 The uvrD gene is required for survival in the J774 macrophage
In order to determine whether any of these H,O, sensitive mutants are required for

HM®605 survival in macrophage, the mutants were examined for their ability to
survive and replicate inside J774.A1 macrophage. No significant difference in the
numbers of intracellular bacteria was observed at either 1h or 6h post-gentamicin
between the wild-type strain and the katG and hemF mutants. This indicates that
both of these genes are not required for the survival and replication of HM605.
However, the intracellular numbers of the uvrD mutant were significantly reduced, at
1h and 6h post-gentamicin, compared to wildtype. Already at 1h post-gentamicin
(which corresponds to 3 hours after the bacteria have been added to the
macrophage), the number of intracellular HM605 uvrD::Km was 19% compared to
wild-type and at 6h hours post-gentamicin, the number of intracellular bacteria was
14% compared to HM605. As previously stated, the product of uvrD is a DNA
helicase Il involved in nucleotide excision repair (NER) and also mismatch repair
(MM) of DNA. This results suggest that uvrD is required for the intracellular
survival of AIEC HM605.
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Figure 5.6: Phenotype of H,O, sensitive mutants in J774.A1 macrophage.
No significant difference in the numbers of intracellular bacteria was
observed at 1h and 6hrs post-gentamicin between the wildtype strain and the
katG and hemF mutants. However, deletion of uvrD significantly reduces the
intracellular bacterial numbers at 1h and 6hrs post-gentamicin compared to
wildtype HM605. Results are from triplicate determinations. For analysis of
the significance of differences in uptake and survival within J774.Al
macrophage, Student’s t-test was used for comparison of two groups of data
(* P-value < 0.05).
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Macrophages produce ROS and NOS which can damage DNA, amongst other
targets (Curti et al., 2007). Therefore, DNA repair systems serve an important
housekeeping role in maintaining genomic integrity and may be especially critical in
the context of bacterial pathogenesis (Suvarnapunya & Stein, 2005). Moreover, the
role of DNA repair systems in the pathogenesis of S. enterica serovar Typhimurium
and Helicobacter pylori has been previously reported (O'Rourke et al., 2003;
Suvarnapunya & Stein, 2005). The critical mechanism of both S. enterica serovar
Typhimurium and H. pylori persistence in macrophages is the specific repair of
DNA bases oxidized by macrophage oxidants (O'Rourke et al., 2003; Suvarnapunya
& Stein, 2005). Interestingly, the intracellular bacterial numbers at 1h and 6h post-
gentamicin of the uvrD mutant were significantly reduced compared to HMG605.
However, transcomplementation of the HM605 uvrD::Km mutant with a cloned
uvrD gene (plasmid pCA24N) restored the intracellular numbers to a level similar to

that displayed by the wild-type strain (see fig 5.7).

Therefore the absence of uvrD significantly reduced the ability of HM605 to resist
prolonged exposure to DNA damaging conditions.
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Figure 5.7: Intracellular survival of uvrD::Km in J774.A1 macrophage.
Deletion of uvrD significantly reduces the intracellular bacterial numbers at 1h
and 6h post-gentamicin compared to wildtype HM605. Transcomplementation of
the uvrD::Km mutant with a cloned uvrD gene restored the intracellular numbers
to a level similar to that displayed by the wild-type strain. Results are from
triplicate determinations. For analysis of the significance of differences in uptake
and survival within J774.A1 macrophage, Student’s t-test was used for
comparison of two groups of data (* P-value < 0.05).
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As previously shown in the agar overlay diffusion method (see fig 5.4), the
uvrD::Km mutant was significantly more sensitive to H,O, compared to wildtype
HM605. Transcomplementation of the HM605 uvrD::Km mutant with a cloned uvrD
gene (plasmid pCA24N) restored the halo size produced by H,0, to a level similar to
that displayed by the wild-type strain (see fig 5.8). The halo size in millimetre (mm)
of the uvrD mutant (39.5mm + 0.57) were significantly increased (P < 0.05)
compared to wildtype HM605 (33.0 mm £ 0.81) (see Fig 5.8). The expression of
uvrD in trans was sufficient to restore this phenotype (halo size=35.0mm % 0.57).
This result confirms that uvrD is required for the HM605 response to ROS but the
sensitivity to H,O, is not the reason why this mutant is unable to replicate in

macrophages.

Figure 5.8: Decreased oxidative stress tolerance of the
uvrD::Km mutant. Transcomplementation of the uvrD::Km
mutant with a cloned uvrD gene restored the halo size produced
by H,O, to a level similar to that displayed by the wild-type
strain. Shown is the result of a typical experiment. Experiments
were carried out in triplicate.
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5.3.4 Deletion of uvrD affects survival after exposure to nitrosative and
oxidative stresses
As previously mentioned, the distinguishing feature of AIEC is their ability to

survive and replicate inside macrophages (Bringer et al., 2005). In contrast to other
intracellular pathogens, which evade phagocytosis by either escaping the endosome
or preventing its fusion with the lysosomal compartment, AIEC replicate within the
acidic and harsh vacuolar environment of mature phagolysosomes (Bringer et al.,
2006; Simonsen et al., 2011). As the reduced intracellular numbers of the uvrD
mutant might reflect a low tolerance to conditions characteristic of the mature
phagolysosome (e.g. acidic pH, ROS and NOS) we tested the ability of the uvrD
mutant to grow on agar plates containing various chemical stressors. We already
established that the uvrD mutant is sensitive to H,O, (see fig 5.8) therefore we also
tested acidic pH and NOS. The results of the stress tests are summarised in Figure
5.9.

Resistance to acid was assessed by buffering the LB agar plates with the addition of
100 mM MES pH 5.0 (Simonsen et al., 2011). Bacterial cultures were grown at 37°C
in LB medium to an ODgg= 0.1 and 5 pl aliquots were spotted onto LB agar plates
containing 100 mM MES pH 5.0. Plates were incubated overnight at 37°C. As
shown in Figure 5.9, the growth of HM605 uvrD::Km was not impaired on LB agar

plates adjusted to pH 5.0.

Sensitivity to NOS was assessed by the addition of acidified 1mM sodium nitrite
(NaNO,). Under acidic conditions, NaNO, generates nitrous acid, which decomposes
to generate a range of NOS (Kurthkoti et al., 2008). Bacterial cultures were grown at
37°C in LB medium to an ODgy= 0.1 and 5 pl aliquots were spotted onto LB agar
plates containing 100 mM MES pH 5.0 and 1mM NaNO,. Plates were incubated
overnight at 37°C. Inclusion of 1mM acidified NaNO, severely impeded growth of
the uvrD mutant while leaving the wild type unaffected (see Fig 5.9).
Transcomplementation of the HM605 uvrD::Km mutant with a cloned uvrD gene
(plasmid pCA24N) restored bacterial growth to a level similar to that displayed by
the wild-type strain (see fig 5.9). Therefore, the deletion of uvrD gene clearly
increases HM605 sensitivity to NOS.
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Figure 5.9: Decreased nitrosative stress tolerance of the uvrD::Km mutant.
Stress tolerance of HM605 was compared to that of uvrD mutant and the
complemented strain (uvrD (pCA24N-uvrD) on plates containing no stress (LB),
low pH (100 mM MES pH 5.0), and reactive nitrogen species (100 mM MES pH
5.0 + 1 mM NaNO2). Shown is the result of a typical experiment. Experiments
were carried out in triplicate.
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These results indicate that UvrD is important for the response of HMG605 to
nitrosative and oxidative stresses and the likely explanation for the reduction in the
intracellular numbers of the uvrD mutant in J774.A1 macrophage is that this mutant
has become more sensitive to the ROS and NOS produced by the macrophage. As
UvrD is involved in 2 DNA repair pathways, it also suggests a possible role for NER

and MMR in the intramacrophage survival of HM605.

5.3.5 Nucleotide excision repair (NER) is required for intracellular replication
of HM605
NER is a highly conserved DNA repair mechanism, responsible for the repair of

bulky, helix distorting DNA damage induced by oxidative stress, UV radiation and
cis-platinum (Kamenisch et al., 2010). Two major roles for NER have been reported,
1) as a backup for when base-excision repair (BER) of small lesions becomes
saturated, and 2) as a primary repair pathway for DNA damage produced by lipid
peroxidation products (Kamenisch et al., 2010). As previously stated ROS and NOS
can directly attack polyunsaturated fatty acids in membranes and initiate lipid
peroxidation which alters membrane properties and disrupts membrane-bound
proteins as well as attacking DNA resulting in damage (Cabiscol et al., 2000).
Inactivation of the uvrD gene has been found to reduce M. tuberculosis persistence
in a mouse model of tuberculosis infection suggesting an important fitness role for
the uvrD gene product (Curti et al., 2007). In addition it has been established that
the uvrB gene in M. tuberculosis also has a role during pathogenesis in mice
(Darwin & Nathan, 2005).

Interestingly, the BER pathway is reported to be the most important cellular
protection mechanism responding to oxidative DNA damage (Lu et al., 2001).
Reports suggest that S. enterica serovar Typhimurium initially prevents death by
oxidative stress by preserving its genomic integrity through the function of BER,
allowing the up-regulation of genes on SPI2 to further limit its exposure to
macrophage oxidants (Suvarnapunya et al., 2003; Suvarnapunya & Stein, 2005).
Nitric oxide deaminates cytosine to uracil, adenine to hypoxanthine, and guanine to
xanthine and oxidative stress results in formation of abasic sites, single- and double-

stranded breaks in DNA and damage to nitrogenous bases such as the conversion of
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guanine to 7,8-dihydro-8-oxoguanine (8-oxoG) (Kurthkoti et al., 2008). Therefore
DNA lesions are often subject to overlapping repair processes (Kurthkoti et al.,
2008). The next stage was to examine if mutations in other DNA repair pathways
(specifically BER, NER and MMR) could affect the intramacrophagic numbers of
HM605. The DNA repair genes nfo (BER), uvrB (NER) and mutS (MMR) were
deleted in HM605 using P1 transduction and gentamicin protection assays were
carried out. BER works to repair damaged DNA by multiple steps: removal of the
damaged base by a cleavage of the glycosidic bond by a glycosylase enzyme
generating an apyrimidinic or apurinic (AP) site; removal of the AP site by an AP
endonuclease. Nfo is one of two (the other being XthA) 5" AP endonucleases in E.
coli (Levin et al., 1988; Motta et al., 2010). As stated, the uvrB gene product takes
part in the prokaryotic NER pathway, which removes bulky adducts on DNA and
mutS is the master regulator of MMR (Lamers et al., 2000). After 9h infection in a
macrophage (corresponds to 6h post-gentamicin) no significant difference was
observed in the intracellular levels of Anfo::Km and AmutS::Km compared to
HMG605. This would suggest that BER and MMR are not required for the
intracellular survival of HM605. In contrast, deletion of uvrB significantly reduced
the intracellular bacterial numbers at 1h and 6h post-gentamicin compared to HM605
to the same level as seen for mutations in uvrD. As both uvrB and uvrD are involved
in NER, these findings indicate that the disruption of NER in HM605 significantly
reduces the number of intracellular bacteria inside J774.A1 macrophage. As we have
previously shown that the uvrD mutant is sensitive to commonly encountered DNA
damaging agents such as ROS and acidified nitrite, these findings suggest a role for
NER in the ability of HM605 to survive prolonged exposure to DNA-damaging

conditions encountered in the phagosome of macrophage.

187



7.00E+06 -

6.00E+06 - l

5.00E+06 -
__ 4.00E+06 - HTime 1 (h) post-
£ gentamicin
<
5

3.00E+06 - ® OTime 6 (h) post-

gentamicin
*
2.00E+06 -
*
1.00E+06 - *
0.00E+00 -

HM605 HM605 HM605A HM6054 HM6E05 A
uvrD::Km  uvrB::Km nfo::Km  mutS::Km

Figure 5.10: NER is required for replication in the macrophage. No significant
difference in the numbers of intracellular bacteria was observed at 1h and 6hrs
post-gentamicin between the wildtype strain and the nfo and mutS mutants.
However, deletion of uvrD and uvrB significantly reduces the intracellular bacterial
numbers at 1h and 6hrs post-gentamicin compared to wildtype HM605. Results are
from triplicate determinations. For analysis of the significance of differences in
uptake and survival within J774.A1 macrophage, Student’s t-test was used for
comparison of two groups of data (* P-value < 0.05).
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5.4 Conclusion
Although studies have identified genes required for the intramacrophage replication

of AIEC LF82 (Bringer et al., 2005; Bringer et al., 2007; Bringer et al., 2011), to

date little is known how other AIEC survive and replicate inside macrophage.

Reactive oxidants are a primary antibacterial utilised by macrophage (Suvarnapunya
et al., 2003). ROS and NOS damage a range of macromolecules within the cell, but
it is damage to DNA that is most likely to be lethal (Houghton et al., 2012; Nathan &
Shiloh, 2000). Moreover, several genetic factors have been identified in S. enterica
serovar Typhimurium that are required for macrophage survival including resistance
to ROS and NOS in the Salmonella-containing vacuole (SCV) and DNA repair
(Suvarnapunya et al., 2003; Suvarnapunya & Stein, 2005). Therefore, the initial aim
of this chapter was to determine the role of resistance to oxidative stress during
intramacrophage survival of the AIEC strain HM®605. It is important to note that
since transposon insertions were used to generate these mutants, this screen may
have missed the identification of genes essential for survival during H,O,-stressed
conditions or during growth.

A total of 3 non-essential genes with increased sensitivity to H,O, were identified
and the mutated genes were shown to be katG which encodes the bifunctional HPI
hydroperoxidase enzyme, KatG (catalase), hemF which encodes the aerobically
produced enzyme known as corpophyrinogen 111 oxidase and uvrD, whose product is
a DNA helicase Il involved in nucleotide excision repair (NER) and also mismatch
repair (MMR) of DNA. All of these genes have previously been reported to be
regulated by OxyR in a H,O, -dependent manner in E. coli and have been previously
identified as H,O, -sensitive mutants in E. coli MC4100 (Mukhopadhyay &
Schellhorn, 1997). Therefore, the identification of theses mutants in HM605 served

to validate the screen as an effective means of selecting H,O, sensitive mutants.

In vitro models, where the direct effect of H,O, on bacterial cells was analysed,
identified two separate modes of killing for E. coli (Linn & Imlay, 1987). At low
concentrations of H,O; (2.5 mM), the main cause of E. coli cell death was due to
DNA damage (Imlay & Linn, 1987; Linn & Imlay, 1987). At H,O, concentrations of
10-50 mM, cell death resulted from cytotoxic effects due to hydroxyl radicals
formed from H,O, (Brudzynski et al., 2011; Imlay & Linn, 1987). Thus, the
identification of a H,O, -sensitive mutant involved in DNA repair provides further
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evidence for the interplay between the ROS scavenging system and DNA repair
pathways. Moreover, studies of bacterial responses to oxidative stress found that
several genes involved in DNA repair are important for resistance to H,0,
(Buchmeier et al., 1993; Darwin & Nathan, 2005; Kurthkoti & Varshney, 2011,
Levin et al., 1988; Mertens et al., 2005; Stohl & Seifert, 2006). Increased sensitivity
to H,O, was observed in both recA and recBCD mutants in E. coli, and this is
thought to be due to these mutants being deficient in the induction of the SOS
response, which provides a global response to DNA damage (Linn & Imlay, 1987).
Furthermore, in Neisseria gonorrhoea, recA and the recombination associated gene

recN, are both important for survival after H,O, exposure (Stohl & Seifert, 2006).

Initial findings showed that it was only the intracellular survival of the uvrD mutant
that was significantly (P < 0.05) reduced in J774.A1 macrophage compared to wild
type (see fig 5.7). Further experimentation showed that the deletion of uvrD clearly
increased the sensitivity of HM605 to a variety of chemical stress conditions,
primarily ROS and NOS (see fig 5.9). These results indicate that HM605 is
subjected to oxidative and nitrosative stress during phagocytosis supporting the
hypothesis that the phagosome is mature. The importance of phagosomal maturation
for intramacrophagic survival and/or replication of AIEC has already been reported
(Bringer, 2006). Therefore, HM605 UvrD could potentially play an important role in
promoting bacterial adaptation to the multiple stress conditions encountered in the
phagocytic vacuole. Recent studies in M. tuberculosis showed that deletion of uvrD
showed increased susceptibility to ROS and NOS and also showed decreased
intracellular survival following infection of macrophages (Houghton et al., 2012;
Kurthkoti & Varshney, 2011). Together these findings suggest that a critical
mechanism underpinning AIEC persistence in macrophages is the repair of DNA
bases damaged by macrophage oxidants. However, given that every E. coli possesses
uvrD but not every E. coli can grow inside macrophage, it is likely that AIEC may
have evolved additional adaptation mechanisms to allow growth in the harsh

environmental conditions of the mature phagosome.
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Chapter 6.0: General discussion

In this study the adhesion, invasion, and intramacrophage replication capabilities
(AIEC phenotype) of 84 E. coli strains were determined in order to identify the
prevalence of the AIEC phenotype within the E. coli genus. It was demonstrated that
approximately 5% of the E. coli genus exhibits the AIEC phenotype (see Chapter 3.0
Figure 3.2 and Table 3.2). This indicates that a significant proportion of E. coli
strains are capable of adhering to and invading epithelial cells and undergoing
intramacrophage replication. The significance of this is that E. coli exhibiting the
AIEC phenotype in the compromised gut of CD patients could behave as
opportunistic pathogens. Moreover, although a number of genes have been
implicated in the pathogenesis of the AIEC it is important to note that these genes
are also found in non-pathogenic E. coli K-12 strains (Barnich et al., 2003; Rolhion
et al., 2007; Simonsen et al., 2011). Analysis of the genome sequence of several
strains of AIEC has also failed to identify any specific virulence factors associated
with this group of bacteria although there does appear to be some similarity, at least
at the genomic level, with UPEC and APEC (Miquel et al., 2010). Furthermore,
whilst the relationship between AIEC and EXPEC strains has been examined, further
work is required to examine the genetic relationship between AIEC and other
commensal and pathogenic strains of E. coli. Indeed, from this and other studies it
now seems likely that AIEC are pathobionts i.e. commensals in a healthy gut but

opportunistic pathogens when present in the compromised gut of a patient with CD.

The observation that intramacrophage replication is widespread in the E. coli genus
led to the speculation as to what could be the selection or the driving force for the
evolution of this phenotype? Could E. coli have adapted mechanisms to survive
killing in protozoa which allowed them to survive phagocytosis by mammalian
macrophage? Furthermore, what could this mean for the etiology of CD? Recent
studies on the interactions between bacteria and protozoan predators have revealed
new insights into how bacterial adaptive traits, such as cell surface properties and
intracellular replication increase the survival of bacteria under grazing pressure
(Casadevall, 2008; Matz et al., 2004; Matz & Kjelleberg, 2005; Wildschutte et al.,
2004). The long co-evolutionary history between bacteria and protozoan predators
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suggests that a series of adaptations ensuring bacterial survival could have emerged
(Adiba et al., 2010; Matz & Kjelleberg, 2005). The results presented in this study
indicate a correlation between survival in macrophage and resistance to grazing by
amoeba (Chapter 3 Table 3.3). Therefore, it could be hypothesised that amoeba
harbouring AIEC-containing vesicles may be agents of transmission and
environmental reservoirs of AIEC strains. This opens up the possibility of acquiring
AIEC from the environment via drinking water and as AIEC could behave as
opportunistic pathogens in the compromised gut of CD patients this could potentially
add more complexity to the etiology of CD. In support of this hypothesis, studies
have shown that strains of Acanthamoeba spp. have been found to produce
Legionella-containing vesicles, which may be agents of transmission of Legionnaires
Disease (Evstigneeva et al., 2009). Interestingly, the selective pressure exerted by
protozoan predators, in particular amoebae, is thought to have given rise to several
facultative and obligate intracellular pathogens such as M. avium and L.
pneumophila (Adiba et al., 2010; Bozue & Johnson, 1996; Miltner & Bermudez,
2000). The fact that these intracellular pathogens exhibit intracellular survival within
both amoebae and human macrophages by using similar mechanisms supports the
coincidental evolution hypothesis that resistance to amoebae is an important
prerequisite and, indeed, a driving force in the evolution of some bacteria, such as
AIEC, as pathogens (Casadevall, 2008; Matz & Kjelleberg, 2005).

This is the first study to examine in depth, the molecular mechanisms of motility,
cell association/invasion and intramacrophage survival/replication of an AIEC strain
other than LF82. This study supports the hypothesis that AIEC are likely a diverse
group of E. coli and possess diverse molecular mechanisms and virulence factors
that contribute to the AIEC phenotype. For example, flagella and type 1 fimbriae
have been shown to be essential invasion factors in LF82 (Barnich et al., 2003;
Eaves-Pyles, 2008). However, this study has shown that neither motility nor type 1
fimbriae are important for the invasion of epithelial cells by HM605 (see Chapter 4.0
fig 4.10 and fig 4.11). Moreover, the CpxA/R TCS has been shown not to be
involved in the adhesion and invasion abilities of LF82 (Rolhion et al., 2007).
However, this study has shown that the CpxA/R TCS is involved in the invasion
abilities of HM605 (see Chapter 4.0 fig. 4.6). This study has also added to the
diverse molecular mechanisms of AIEC by identifying a potentially new invasin,
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SinH whose expression is regulated by the CpxA/R TCS (see Chapter 4.0 fig. 4.20).
The presence of SinH in a number of pathogenic E. coli and the AIEC strain LF82,
suggest it may have an important role in the virulence of other E. coli. Together
these results provide evidence to suggest that no one gene or virulence factor is
involved in the AIEC phenotype and it appears the AIEC strains may have gone
through different evolutionary history’s acquiring various molecular mechanisms but
ultimately culminating in the adhesion, invasion, and intramacrophage replication
capabilities of AIEC.

In conclusion, this study supports the model that AIEC are pathobionts. Therefore
these strains can be carried as commensals in healthy guts however, when the
intestinal homeostasis is disrupted, such as in the compromised gut of CD patients,
AIEC can behave as opportunistic pathogens and cause and/or contribute to disease.
Several recent studies have identified environmental conditions that can result in
pathobionts becoming pathogenic. For example it has been shown that dietary fats,
by promoting changes in host bile acid composition, can drastically alter conditions
for gut microbial assemblage, resulting in a dysbiosis that can disrupt immune
homeostasis (Carvalho et al., 2012; Devkota et al., 2012). Such alterations in
intestinal homeostasis could allow AIEC to behave as opportunistic pathogens.
Similarly, a recent study described a sepsis-like disease that occurs upon gut injury
in antibiotic-treated mice (Ayres et al., 2012). Sepsis was attributed to the specific
out-growth of a multidrug-resistant E. coli O21: H+ pathobiont. After antibiotic
treatment this pathobiont (a normal member of the mouse gut microbiota) was able
to establish a systemic infection that resulted in the activation of the inflammasome
and the death of the host (Ayres et al., 2012). Importantly in the absence of antibiotic
treatment or gut injury no disease was apparent in mice carrying these bacteria in
their gut. Further evidence can be seen with Helicobacter hepaticus, a Gram-
negative bacterium of the intestinal microbiota. H. hepaticus promotes inflammation
in animal models of colon cancer and causes a chronic inflammatory response
similar to human IBD (Chow & Mazmanian, 2010; Erdman et al., 2009). However,
H. hepaticus only causes disease in immunocompromised animals that lack immune
regulation and mount inflammatory responses toward intestinal bacteria (Erdman et
al., 2009). In a healthy individual, H. hepaticus limits colonization and intestinal
inflammation, promoting a balanced relationship with the host (Chow &
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Mazmanian, 2010). However, disruption of such balances contributes to human
disorders such as IBD and colon cancer (Chow & Mazmanian, 2010). Together these
studies also provide evidence for the convergent contributions of host genetic factors
and epigenetic variables (i.e. the microbiota) to the cause of complex immunologic
diseases such as CD (Chow & Mazmanian, 2010).

It has been recently proposed that CD-associated bacteria such as LF82 may not
merely colonize the gut as a consequence of disease and/or be an aggravating factor
of established disease but rather these bacteria might play an early role in disease
pathogenesis, particularly as instigators of inflammation (Carvalho et al., 2012). An
important observation is that AIEC are also detected in healthy patients and do not
appear to be pathogenic (Barnich & Darfeuille-Michaud, 2007b). This suggests that
AIEC strains present in the compromised gut of their hosts may, under certain
conditions, cross the epithelial barrier and replicate in macrophages. In doing so
these bacteria may cause an increase in pro-inflammatory cytokines and thus
contribute to the inflammation associated with CD. Therefore, AIEC may drive
intestinal inflammation if their ‘balance’ with the host is altered. However, the
challenge still remains to characterize the various molecular mechanisms that
underpin the AIEC phenotype with the aim of identifying potential targets that might
be useful in the treatment of AIEC-associated CD. Therapeutics which selectively
target pathobionts may prove invaluable as a treatment for intestinal diseases such as
CD.
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