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Abstract
Enteropathogenic Escherichia coli (EPEC) are non-invasive foodborne
diarrhoeal pathogens that are a leading cause of infant death in the developing
world. As antibiotic resistance increases amongst pathogens, new treatments
are required to reduce infant mortality. Probiotic bacteria could offer a solution,
and Lactobacillus reuteri have been shown to alleviate diarrhoea and reduce
EPEC colonisation in clinical studies. Here, we utilised mucus and non-mucus
producing human intestinal epithelial cell lines as well as human duodenal
biopsies to investigate the effects of L. reuteri ATCC PTA 6475 and ATCC
53608 on EPEC infection, with particular focus on pathogen adherence, host
mucin production, and innate immune response.
Short-term protection assays demonstrated that pre-incubation with an excess
of L. reuteri inhibited EPEC epithelial binding, independently of secreted
products and probiotic epithelial adhesion. Increased pre-incubation times
enhancing L. reuteri adhesion reduced EPEC binding to HT-29 cells by ATCC
PTA 6475. While this strain did not inhibit EPEC adhesion to LS174T cells,
ATCC PTA 6475 significantly reduced cell to cell spread of EPEC, a
characteristic which has not previously been described.
In addition to reducing EPEC adherence, incubation with L. reuteri ATCC PTA
6475 increased MUC2 protein production in LS174T cells. In contrast, EPEC
infection reduced MUC2 protein levels and this effect was diminished by coincubation with ATCC PTA 6475, suggesting that L. reuteri protect against
EPEC-mediated MUC2 degradation. L. reuteri also demonstrated antiinflammatory characteristics, as ATCC PTA 6475 and ATCC 53608 inhibited
EPEC-induced interleukin-8 protein expression in HT-29 cells.
Taken together, our findings suggest that L. reuteri protects against EPEC
infection by reducing pathogen binding and modulating host mucus production
and inflammation. These effects are strain-specific and dependent on the host
model system used. Therefore, the probiotic potential of L. reuteri strains
needs to be carefully evaluated in relevant systems before application in
clinical practice.
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1.1. Enteropathogenic E. coli
Escherichia coli are rod shaped, Gram-negative, facultative anaerobes which
colonise the infant gastrointestinal (GI) tract (GIT) within hours after birth
(Kaper et al., 2004). These microbes were originally isolated from the stools
of infants by Theodor Escherich in 1885 (Bacterium coli commune) and were
seen as harmless commensals in the GIT (Reprinted in English, Escherich
(1988)). However, the identification of Bacterium coli var. neapolitanum, which
would later be renamed enteropathogenic E. coli (EPEC), as the causative
agent of “summer diarrhoea” in the UK in the 1940’s demonstrated that this
bacterial species could also have pathogenic tendencies (Bray, 1945; Bray &
Beavan, 1948; Levine et al., 1978). Since the identification of EPEC, numerous
other E. coli pathotypes have been described, which have been broadly
classified as either diarrhoeagenic or extra-intestinal pathogenic E. coli
(ExPEC) (Figure 1.1) (Kaper et al., 2004).

Figure 1.1: The colonisation sites of the major E. coli pathotypes
Modified from Croxen and Finlay (2010).
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The diarrhoeagenic E. coli pathotypes are EPEC, enterohaemorrhagic E. coli
(EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC),
enteroinvasive E. coli (EIEC), and diffusely adherent E. coli (DAEC) (Croxen
et al., 2013). The recently described pathotype adherent invasive E. coli
(AIEC) is also found in the GIT, where it has been linked to the development
of ileal Crohn’s disease. However, this strain is not specifically associated with
the development of diarrhoea (Darfeuille-Michaud, 2002). The ExPEC
pathotypes which have been described are uropathogenic E. coli (UPEC) and
neonatal meningitis E. coli (NMEC) which colonise the bladder and brain,
respectively (Croxen & Finlay, 2010). The evolution of these distinct E. coli
pathotypes is facilitated thorough the plasticity of the E. coli genome, which
contains a core genome (genes located in at least 95% of publically available
sequenced E. coli genomes) of approximately 3050 genes and a pan-genome
(genes located in fewer than 95% of publically available sequenced E. coli
genomes) of over 16,300 genes (Kaas et al., 2012). The expansive pangenome contains the E. coli virulence repertoire which enables E. coli to infect
the host and induce diarrhoea.
Diarrhoeal disease is currently the second largest killer of children under the
age of 5, responsible for the deaths of an estimated 800,000 children per year
in 2010, primarily from sub-Saharan Africa and south east Asia (Liu et al.,
2012a). In the developing world, socio-economic status is inversely
proportional to the risk of moderate to severe diarrhoea (MSD), as children
from parents with higher wealth status, greater access to clean water, and
more highly educated mothers, were less likely to present with MSD than
children from poorer backgrounds (Kotloff et al., 2013). While there are
numerous etiological factors which cause this diarrhoeal health burden,
diarrhoeagenic E. coli are a major contributor as the pathotypes ETEC and
EIEC (Shigella) have been identified as two of the four major causes for MSD
(Kotloff et al., 2013). While the incidence of EPEC infection was lower than
ETEC and EIEC, the presence of EPEC in cases of MSD was significantly
associated with infant death (Kotloff et al., 2013). Furthermore, a systematic
review of diarrhoeal mortality from 1990 to 2011 estimated that EPEC was the
second major cause of death (after rotavirus) in children under 5 years of age
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in 2011 (Lanata et al., 2013). Crucially, a rotavirus vaccine has been
developed in recent years which has shown a high clinical efficacy (Vesikari
et al., 2006). However, no vaccines have been developed for the prevention
of EPEC infection so far.
Thus, EPEC remains an important diarrhoeal pathogen and further research
into the pathogenic mechanisms is required. In this section, I will discuss the
current knowledge regarding EPEC infection.

1.1.1. Epidemiology
1.1.1.1.

Emergence and classification

The bacterial species Bacterium coli var. neapolitanum, later classified as
EPEC serogroup O111, were first described in the United Kingdom by John
Bray, who found that these bacteria were present in children with “summer
diarrhoea” but were mostly absent from healthy infants (Bray, 1945; Levine,
1987). Infections mainly affected infants (average age of 6 months) and were
associated with high mortality (20 deaths out of 51 reported cases) (Bray,
1945). The researchers identified these bacteria by developing an antiserum,
which was used in the slide-agglutination test to differentiate EPEC from nonpathogenic E. coli strains (Bray & Beavan, 1948; Levine, 1987). The use of
this technique for E. coli recognition, as well as the development of O and H
antigen serotyping by Kauffman in 1947, led to the detection of E. coli
associated with diarrhoea in children across Europe and the United States of
America (Levine, 1987; Robins-Browne, 1987). This pathotype was
subsequently renamed enteropathogenic E. coli by Neter and colleagues and
further divided into the classical EPEC serotypes O26, O55, O86, O111, O114,
O119, O125, O126, O127, O128, O142, and O158 (Neter et al. (1955) and
reviewed in Robins-Browne (1987), Levine (1987), Nataro and Kaper (1998),
and Croxen et al. (2013)).
With the identification of the E. coli pathotypes EIEC and ETEC in the
subsequent decades, popular scientific thought suggested that EPEC was a
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derivative of ETEC which had lost its enterotoxin plasmid during storage
(Gross et al., 1976). However, the absence of toxins in diarrhoea which had
an EPEC presence refuted this allegation (Gross et al., 1976). Definitive
confirmation of a distinct EPEC pathotype was finally achieved by volunteer
studies performed by Levine and colleagues, who demonstrated that EPEC
strains of the serotype O127:H6 and O142:H6, which had been stored for 7
years, were able to induce diarrhoea, but did not produce heat-stable or heatliable enterotoxins, which were characteristic for ETEC (Levine et al., 1978).
In 1995, the EPEC pathotype underwent further redefinition and now
encompasses two groups, typical and atypical EPEC (aEPEC), which are
characterised by the presence or absence of the bundle forming pilus (BFP)
encoded on the EPEC adherence factor (EAF) plasmid, respectively (Nataro
& Kaper, 1998; Trabulsi et al., 2002). The EAF plasmid has an important role
in the induction of diarrhoea by typical EPEC, as the loss of the EAF plasmid
reduced the incidence of diarrhoea relative to the parent strain in adult
volunteer studies (Levine et al., 1985). While aEPEC lack the EAF plasmid,
these strains may have acquired additional virulence factors which
compensate for the functionality of the EAF plasmid.
While typical EPEC are a relatively homogenous group, with similar virulence
factors between strains, aEPEC demonstrate greater heterogeneity and are
thought to be more closely related to EHEC, with 81% of aEPEC strains not
belonging to classical EPEC O-serotypes and 26.6% of aEPEC strains being
“O-non-typeable” (Hernandes et al., 2009). Interestingly, the aEPEC serotype
O55:H7 appears to share a common ancestor with EHEC O157:H7, with
divergence of these pathotypes approximately 400 years ago (Whittam et al.,
1993; Zhou et al., 2010).
As my focus in this PhD project was on the typical EPEC strain O127:H6
E2348/69, the term EPEC will refer exclusively to typical EPEC and atypical
EPEC will be referred to as aEPEC throughout this thesis.
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1.1.1.2.

Incidence, reservoirs, and transmission

When EPEC were initially identified, infection was widespread in developed
countries (Nataro & Kaper, 1998). While infection rates have decreased in the
developed world, EPEC infection has become prevalent in the developing
world (Nataro & Kaper, 1998). This shift in burden has been associated with
improvements in hygiene and medical treatment however, it is also important
to note that EPEC-induced diarrhoea in the developed world may be
underreported and thus, the incidence of EPEC infection may be
underestimated (Nataro & Kaper, 1998).
The prevalence of EPEC amongst isolated diarrhoeagenic E. coli can vary
between locations, with EPEC comprising 3.2% of diarrhoeagenic E. coli in
Thailand (Ratchtrachenchai et al., 2004) compared to 15.5% in India (Dutta et
al., 2013). While typical EPEC were originally thought to be more prominent in
the developing world, in recent years the detection of aEPEC has increased
relative to typical EPEC in children presenting with diarrhoea, as studies in
India (Dutta et al., 2013; Nair et al., 2010), Iran (Nakhjavani et al., 2013),
Kuwait (Albert et al., 2009), Thailand (Ratchtrachenchai et al., 2004), and
Vietnam (Nguyen et al., 2005; Thompson et al., 2015) have predominantly
isolated aEPEC from stools, with a previous study estimating that 78% of
isolated EPEC were attributable to the aEPEC group (Ochoa et al., 2008).
However, the role of aEPEC in the induction of diarrhoea is currently
controversial, as the detection of aEPEC was greater in control patients than
those presenting with diarrhoea (50% controls versus 18% with diarrhoea;
Thompson et al. (2015)). In contrast, other studies have found a significant
association between the presence of aEPEC and diarrhoeal symptoms (2.3%
controls versus 12.8% with diarrhoea; Robins-Browne et al. (2004)). As the
contribution of aEPEC to diarrhoea remains uncertain, further study is required
to determine whether aEPEC, or other factors, are the causative agent.
A key issue when interpreting epidemiological data is the difference in protocol
and inclusion criteria amongst different studies. However, the recent Global
Enteric Multicentre Study (GEMS) has provided an up-to-date evaluation on
the causes of MSD in children up to 5 years old in seven case-controlled
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populations in sub-Saharan Africa (Kenya, Mali, Mozambique, and The
Gambia) and South Asia (Bangladesh, India, and Pakistan), with standard
operating procedures across all sites (Kotloff et al., 2013). This landmark study
analysed the role of pathogens associated with MSD in 9439 children and
found that while EPEC were not a major cause of diarrhoea (with a significant
association to MSD only found in Kenya), this pathogen was significantly
associated with death (2.6-fold increased risk) when present in infants with
MSD (Kotloff et al., 2013). In contrast, aEPEC were not significantly associated
with either the development of MSD or the likelihood of death when present.
Risk of death from typical EPEC infection may be linked to specific allele
variants, in particular nleG; however, while the function of this gene is known
(E3 ubiquitin ligase), the specific cellular target has not yet been defined
(Donnenberg et al., 2015). Thus, while the incidence of typical EPEC has
reduced in recent years, this pathotype still represents a serious threat to infant
health.
While EPEC infection has been well documented, no specific reservoir in the
environment has yet been identified. As humans are the only known natural
hosts for EPEC, current thought suggests that both symptomatic and
asymptomatic humans are the primary reservoirs (Croxen et al., 2013; Levine
& Edelman, 1984). The spread of EPEC from one host to the next occurs
through faecal-oral transmission, a route shared amongst all diarrhoeagenic
E. coli, with bacterial transfer facilitated through contact with both infected
people and soiled surfaces. Additionally, contaminated water may also be a
pathogen reservoir, as EPEC infection is particularly prevalent in bottle-fed
infants (Levine & Edelman, 1984). While infection is predominant in children
under the age of two, adult infection has been observed in volunteer studies,
where a dose of 108 to 1010 EPEC were sufficient to induce diarrhoea, if the
gastric acid was neutralised prior to inoculation (Levine et al., 1978). However,
due to the high infectious dose, and the need for gastric acid neutralisation,
the study by Levine and colleagues suggested that natural adult infection was
unlikely (Levine et al., 1978). The dose required for the infection of infants is
currently unknown, although it is thought to be much lower than the observed
dose for adults (Nataro & Kaper, 1998).
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1.1.2. Pathogenesis
EPEC demonstrates tropism to the duodenum, with EPEC adhesion to the
intestinal epithelium being defined as a three-step process (Croxen et al.,
2013; Donnenberg & Kaper, 1992). Firstly, EPEC adhesins, such as BFP, bind
to the epithelial surface and form an initial attachment to the mucosa.
Secondly, the type 3 secretion system (T3SS) transfers translocated intimin
receptor (Tir) into the host cell, which self-inserts into the host cell membrane.
Finally, Tir attaches to EPEC-bound intimin, forming an intimate attachment
between EPEC and the host cell. Concurrent with the transfer of Tir, further
effector proteins are translocated into the host cell through the T3SS, which
subsequently modify host cell processes and mediate the formation of the
attaching and effacing (A/E) lesion. The attachment of EPEC to the intestinal
epithelium is a key step in the development of diarrhoea. This process has
been thoroughly investigated and we now have a good understanding of the
individual stages required for attachment to the host.

1.1.2.1.

Initial attachment

The initial attachment of EPEC to the epithelium is mediated through EPECbound adhesins such as BFP, a type IV pilus encoded on the EAF plasmid,
which adheres to phosphatidylethanolamine (PE), a phospholipid present in
the host cell membrane (Figure 1.2A) (Foster et al., 1999; Giron et al., 1991;
Khursigara et al., 2001). The role of the BFP in initial binding has been
demonstrated on cancer cell lines, as an isogenic Δbfp strain showed
significantly reduced adhesion compared to the wildtype, when incubated on
Caco-2 cells (Cleary et al., 2004). Furthermore, strains which were unable to
intimately adhere but produced BFP demonstrated comparable binding to the
wildtype strain when incubated on Caco-2 cells (Cleary et al., 2004).
Additionally, the blockage of BFP with antiserum reduced EPEC binding to
HeLa cells (Giron et al., 1991). These cancer cell line-based studies imply an
important role for BFP in epithelial binding. However, investigations with more
complex model systems, such as in vitro organ culture (IVOC) of human
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duodenal biopsies, are less conclusive, as an EPEC strain cured of the EAF
plasmid was unable to adhere to the intestinal epithelium, whereas an isogenic
Δbfp strain demonstrated comparable binding to the wildtype when incubated
on duodenal biopsies (Hicks et al., 1998; Knutton et al., 1987). These findings
suggested that while the EAF plasmid is required for epithelial colonisation,
adhesion was not mediated by BFP. In human volunteer studies, the absence
of either the EAF plasmid or the bfp gene reduced the incidence of diarrhoea,
indicating that while BFP is not essential for infection, this adhesin is
associated with the onset of diarrhoea in vivo (Bieber et al., 1998; Levine et
al., 1985).

Figure 1.2: EPEC adhesins which facilitate initial contact with the host
epithelium
Electron micrographs of EPEC BFP (A), ECP (B), EspA (C), and flagella (D).
Arrows indicate the appendage of interest. Scale bars: 1 µm (A), 0.1 µm (B),
0.25 µm (C), and 0.7 µm (D). Images adapted from Cleary et al. (2004) (A),
Saldana et al. (2009) (B), Knutton et al. (1998) (C), and Girón et al. (2002) (D).
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In addition to BFP, the E. coli common pilus (ECP) has also been implicated
in EPEC adhesion to host cells (Figure 1.2B). The ECP, which is shared
amongst both pathogenic and commensal E. coli strains, can mediate
epithelial binding, as the expression of ecp in the non-adherent E. coli strain
HB101 demonstrated comparable adhesion to a HB101 strain expressing bfp,
when incubated on HeLa and HT-29 cells (Rendón et al., 2007; Saldana et al.,
2009). Furthermore, while the isogenic ecp mutant showed comparable
adhesion to wildtype EPEC, the loss of both ecp and espA significantly
reduced EPEC binding relative to the single gene mutant strains, suggesting
an accessory role in mediating EPEC attachment to the epithelium (Saldana
et al., 2009). In addition to BFP and ECP, the presence of long polar fimbriae
(LPF) on EPEC has been identified as a potential adhesin however, the role
of these fimbriae during EPEC infection is poorly understood, with the current
knowledge suggesting that LPF are not involved in EPEC binding to the
intestinal epithelium (Tatsuno et al., 2006). A recent study found that the
production of LPF may be suppressed in EPEC, as inactivation of Histone-like
nucleoid structuring (H-NS), which represses LPF expression, enhanced
EPEC binding to Caco-2 cells, but did not significantly increase colonisation of
murine small intestinal epithelium (Hu et al., 2015). However, H-NS is a global
regulator of the EPEC genome, and as such this protein may modify the
expression of other adhesins which could improve EPEC binding to epithelial
cells (Atlung & Ingmer, 1997; Hu et al., 2015).
The translocon of the T3SS, comprised of E. coli secreted protein A (EspA)
monomers, has also been implicated in the initial attachment of EPEC to the
intestinal epithelium (Figure 1.2C) (Cleary et al., 2004; Knutton et al., 1998).
However, the interaction of EspA with the host cell is relatively weak, as
vigorous washing displaced EPEC isogenic mutant strains which lacked BFP
and intimin however, the use of a gentler washing technique increased
bacterial adhesion (Cleary et al., 2004). These findings suggest that while the
EspA translocon assists in establishing initial contact with the epithelium, this
role would appear to be supportive rather than a dominant effect.
While flagella have primarily been investigated for their role in motility, this
appendage can also adhere to the host epithelium, as the loss of the flagellum
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reduced EPEC binding to HeLa and T84 cells (Figure 1.2D) (Girón et al., 2002;
Sampaio et al., 2009). However, EPEC strains which were flagellated but did
not produce BFP and EspA were non-adherent to Caco-2 cells, indicating that
the flagellum is unable to compensate for the loss of other adhesins (Cleary et
al., 2004). A potential target for flagella are mucins, glycoproteins which are
produced by the intestinal epithelium, as EPEC flagella adhere to bovine
intestinal mucus (Erdem et al., 2007). Interestingly, flagella from the probiotic
E. coli Nissle 1917 interact with the mucus component gluconate, and this
interaction mediated persistence in the host mucus (Troge et al., 2012).
The cell surface protein lymphocyte inhibitory factor (LifA) is the largest known
effector protein to be produced by A/E E. coli, with a predicted molecular mass
of 366 kDa, and is thought to have a role in bacterial adhesion to the host
(Deng et al., 2012; Klapproth et al., 2000). A similar gene has been identified
in the A/E pathogens C. rodentium (lifA) and EHEC (efa1) where it is essential
for the onset of disease in both murine and bovine models, respectively
(Klapproth et al., 2005; Stevens et al., 2002). Interestingly, an EPEC lifA
mutant strain demonstrated both localised adherence as well as the formation
of A/E lesions when incubated with HeLa cells, implying that this protein is not
essential for EPEC binding (Klapproth et al., 2000). However, LifA may play
an accessory role in EPEC adherence to epithelial cells, as the loss of both
lifA and bfp significantly reduced adhesion relative to an EPEC strain deficient
in bfp (Badea et al., 2003).
While numerous EPEC appendages have been associated with facilitating the
initial contact between EPEC and the host epithelium, the principle factor
which is responsible for initial binding appears to be the BFP. However, the
presence of additional adhesins supports the formation of these initial
interactions and thus enhances EPEC binding to IECs. Further research is
required to determine how different adhesins interact with the host, which
could aid in the development of new vaccines against EPEC infection.
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1.1.2.2.

Formation of the A/E lesion

1.1.2.2.1. Intimate attachment
After establishing initial binding to the host cell, EPEC firmly attaches to the
intestinal epithelium by forming an A/E lesion, characterised by intimate
attachment, microvillous effacement, and actin pedestal formation. The
development of the A/E lesion is mediated through the T3SS, which is
encoded by the locus of enterocyte effacement (LEE) pathogenicity island
(PAI), as the transfer of the LEE into non-pathogenic E. coli K12 was sufficient
to enable A/E lesion formation on Caco-2 cells (McDaniel & Kaper, 1997;
Pallen et al., 2005). Interestingly, the LEE PAI appears to have been acquired
via horizontal gene transfer, as this region has a GC content of 39%, which is
substantially lower than the 51% GC content of the total E. coli genome
(McDaniel et al., 1995).
The T3SS is an approximately 3.5 MDa complex which is produced by a
number of Gram-negative pathogens, including Salmonella, Yersinia, and
EPEC (Puhar & Sansonetti, 2014). This structure spans the inner and outer
bacterial membranes and facilitates the transfer of effector proteins from the
bacterium into the host cell (Puhar & Sansonetti, 2014). The T3SS is
composed of approximately 25 proteins, which include a cytoplasmic ATPase
(EscN), a periplasmic needle-like structure (EscQ, EscJ, EscD, EscC, and
EscF), a hollow filament which extrudes away from the bacterial cell
(composed of EspA monomers), and a pore-forming domain at the tip of the
filament (EspB and EspD) (Figure 1.3) (Pallen et al., 2005; Puhar &
Sansonetti, 2014). After pore-formation in the cell membrane, bacterial
effector proteins are translocated from the bacterium to the host, at a rate of
up to 60 molecules per second (Puhar & Sansonetti, 2014).
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Figure 1.3: The structure of the EPEC T3SS
Taken from Pallen et al. (2005). IM, inner membrane; PG, peptidoglycan layer;
OM, outer membrane; EM, eukaryotic membrane.

One of the first effector proteins transferred into the cell is Tir, which inserts
into the host cell membrane and binds to intimin, encoded by eaeA, located
on the bacterial cell surface (Deibel et al., 1998; Donnenberg & Kaper, 1991;
Kenny et al., 1997; Rosenshine et al., 1992; Rosenshine et al., 1996). The
interaction between intimin and Tir is essential for the intimate attachment of
EPEC to the host cell, bringing EPEC to within 10 nm of the epithelial surface
(Frankel et al., 2001; Kenny et al., 1997; Knutton et al., 1987).
In addition to the transfer of Tir into the host cell, the EPEC T3SS delivers
further effector proteins into the cell which manipulate a multitude of host
processes (Dean & Kenny, 2009). These virulence factors are divided into
LEE-encoded (7 confirmed, including Tir) and non-LEE-encoded (Nle) (at least
20 identified) effector proteins (Deng et al., 2012). A core repertoire of 21
effector proteins, which include the 7 LEE proteins, are shared amongst all
A/E pathogens and contribute to the formation of the A/E lesion, as well as
having other roles in the subversion of host cell processes (effector proteins
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with known functions in EPEC are shown in Table 1.1) (Wong et al., 2011).
Variation in the number of Nle effector proteins amongst different isolates is
common, which may be a reflection of different infection strategies (Wong et
al., 2011).
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Table 1.1: EPEC effector proteins with known functions
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Alto et al. (2007); Dean et al. (2006);; Guttman et al. (2007);
Hodges et al. (2008); McNamara et al. (2001); Muza‐Moons
et al. (2004); Nougayrede and Donnenberg (2004); Quitard
et al. (2006); Viswanathan et al. (2009)
Gill et al. (2007); Guttman et al. (2007); Tomson et al. (2005)
Dong et al. (2010); Tu et al. (2003); Wong et al. (2012)

Disrupts TJ activity, inactivates SGLT-1, inactivates
NHE3, disrupt aquaporins, disrupt mitochondria
function, promote apoptosis, inhibit phagocytosis

Disrupt microtubules, disrupt DRA, disrupt aquaporins

Pedestal formation, disrupt phagocytosis, promote
apoptosis
Inhibit apoptosis, stabilise mitochondria, inhibit oversecretion of effector proteins
Inhibits pedestal formation, disrupt mitochondria,
inactivate SGLT-1, disrupt TJ activity
Intimate attachment, actin pedestal formation, inhibit
filopodia formation, disrupt SGLT-1, inhibit NF-κB
pathway

EspF

EspG

EspH

Marchès et al. (2008); (Young et al., 2014)
Thanabalasuriar et al. (2010); Yen et al. (2015)
Gao et al. (2013); Li et al. (2013); Lung et al. (2016); Newton
et al. (2010); Pearson et al. (2013)
Baruch et al. (2011); Mühlen et al. (2011); Pearson et al.
(2011); Yen et al. (2010)
Baruch et al. (2011); Marchés et al. (2005)
Nadler et al. (2010); Newton et al. (2010); Vossenkämper et
al. (2010)
Blasche et al. (2013); Pallett et al. (2014)
Gao et al. (2009); Hemrajani et al. (2010); Pham et al. (2012)
Gao et al. (2009); Hemrajani et al. (2010); Pham et al.
(2012)

Inhibits phagocytosis, inhibit actin pedestal

Disrupt TJ, inhibit NOD-like signalling

Inhibit NF-κB pathway, inhibit apoptosis signalling

Inhibit NF-κB pathway, inhibit MAPK pathway

Inhibit MAPK pathway, inhibit apoptosis signalling

Inhibit NF-κB pathway

Activates NF-κB pathway, inhibit apoptosis signalling

Inhibit NF-κB pathway, inhibit apoptosis signalling

Activate NF-κB pathway, activate MAPK pathway,
inhibit apoptosis signalling

Non-LEE-encoded
EspJ

NleA/ EspI

NleB

NleC

NleD

NleE

NleF

NleH1

NleH2

Tir

Map

Berger et al. (2012); Roxas et al. (2012); Roxas et al. (2014);
Shames et al. (2010); Shames et al. (2011)
Dean et al. (2006); Kenny et al. (2002); Ma et al. (2006);
Nguyen et al. (2015); Thanabalasuriar et al. (2010)
Dean et al. (2006); Gruenheid et al. (2001); Kenny et al.
(1997); Kenny (1999); Kenny et al. (2002); Wong et al.
(2012); Ruchaud-Sparagano et al. (2011); Yan et al. (2012)

Donnenberg et al. (1993a); Iizumi et al. (2007)

Translocation pore component, disrupt phagocytosis,
microvilli effacement, inhibits myosin/actin interaction

EspZ

References

Function

Effector
LEE-encoded
EspB

1.1.2.2.2. Effacement of microvilli
The effacement of microvilli is a defining characteristic of the A/E lesion (an
absence of microvilli underneath EPEC is shown in Figure 1.4A). Microvillous
effacement is thought to contribute to the production of diarrhoea by reducing
the absorptive surface available for the uptake of water and nutrients by the
host (Croxen et al., 2013). Microvillous effacement during EPEC infection of
the small intestinal epithelium is dependent on a functional T3SS, which
suggests that this process is mediated by secreted effector proteins (Shaw et
al., 2005). The effector protein Tir has been implicated in this process on Caco2 cells however, Tir is not essential for the effacement of microvilli on duodenal
biopsy tissue, demonstrating conflicting data dependent on the model system
used (Dean et al., 2006; Dean et al., 2013; Shaw et al., 2005). It is important
to note that tir-deficient EPEC demonstrate reduced adhesion to the duodenal
epithelium, which may inhibit Tir-associated microvillous effacement (Schuller
et al., 2007; Shaw et al., 2005).
The effacement of microvilli has been attributed to collaborative action of the
effectors EspF, Map, and Tir on Caco-2 cells, implying that the effectors
involved may demonstrate functional redundancy (Dean et al., 2006). Whether
these proteins work in concert to efface microvilli at the duodenal epithelium
remains to be determined.

1.1.2.2.3. Formation of the actin pedestal
The actin pedestal is a hallmark characteristic of A/E E. coli infection of
epithelial cells, which has been demonstrated on both in vitro and ex vivo
intestinal epithelial models (examples of ex vivo pedestals shown in Figure
1.4) (Knutton et al., 1989). These pedestals were first identified by Knutton
and colleagues, who noted that EPEC which were intimately attached to the
epithelium were surrounded by “cuplike projections” and later identified that
these projections contained high concentrations of filamentous actin (Knutton
et al., 1989; Knutton et al., 1987).
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Figure 1.4: Actin pedestal formation on EPEC-infected duodenal tissue
Transmission (A) and scanning (B) electron micrographs of EPEC mounted
on actin pedestals (indicated by arrows). MV = microvilli. Images were taken
from Knutton et al. (1987) (A) and this study (B).

The formation of the actin pedestal involves substantial cytoskeletal
reorganisation, as filamentous actin is recruited from the host cell cytoskeleton
and transferred to the apical surface, underneath the EPEC bacterium
(Knutton et al., 1989). This process, which was initially documented using
cancer cell lines, is instigated through the binding of intimin to Tir which causes
the cytoplasmic C-terminal domain of Tir to cluster together (Campellone et
al., 2004a). The phosphorylation of the tyrosine 474 (Y474) residue on Tir by
host cell kinases forms a binding site for the host cell adaptor protein Nck,
which subsequently recruits the host protein neural Wiskott-Aldrich syndrome
protein (N-WASP) to the Tir complex (Bommarius et al., 2007; Gruenheid et
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al., 2001; Phillips et al., 2004; Swimm et al., 2004). N-WASP activates the
actin-related protein 2/3 (ARP 2/3) complex which initiates the nucleation of
actin filaments underneath EPEC (Gruenheid et al., 2001; Kalman et al.,
1999).
Interestingly, in the absence of Y474, EPEC infection still results in weak actin
recruitment. This is mediated by phosphorylation of the tyrosine 454 (Y454)
residue on Tir and is independent of Nck (Campellone & Leong, 2005). While
these processes have been documented in vitro, studies using tissue explants
have demonstrated that Tir was essential for epithelial colonisation, but
phosphorylation of the Y454 and Y474 domains was not required for N-WASP
recruitment and formation of actin pedestals, suggesting Tir-independent actin
recruitment ex vivo (Schuller et al., 2007). Furthermore, an atypical EPEC
O125:H6 isolate lacking the Y474 domain on Tir demonstrated intimate
adherence and microvilli effacement, despite a lack of actin pedestal formation
(Bai et al., 2008). This suggests an uncoupling of intimate attachment/
microvillous effacement from actin pedestal formation (Frankel & Phillips,
2008).
While Tir is the only EPEC effector protein required to form the actin pedestal
in vitro, other effectors modulate this process. The LEE-encoded EspH protein
influences actin pedestal length by promoting the recruitment of N-WASP to
the site of EPEC infection (Tu et al., 2003; Wong et al., 2012). In contrast to
EspH, effector proteins Mitochondrial associated protein (Map) and EspJ
inhibit the formation of the actin pedestal. EspJ reduces actin polymerisation
by inhibiting host kinases (Young et al., 2014). This effector protein could
prevent the formation of actin pedestals by secondary bacteria, promoting the
translocation of non-adhered EPEC away from the site of infection (Marchès
et al., 2008; Young et al., 2014). The effector Map temporarily antagonises the
formation of the actin pedestal on HeLa cells however, this process is
subsequently inhibited by the phosphorylation of Tir (Kenny et al., 2002).
Whether Map interacts with the development of the actin pedestal when using
a more physiologically relevant model system remains to be investigated.
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1.1.2.3.

Additional mechanisms contributing to diarrhoea

1.1.2.3.1. Disruption of tight junctions
The intestinal epithelium is comprised of a single layer of enterocytes, which
prevent access of intestinal contents into underlying tissue (Turner, 2009).
These enterocytes are linked via tight junction (TJ) proteins, such as occludin
and claudin, which regulate the access of water, ions, and nutrients into the
host through paracellular channels, as well as inhibiting bacterial access to the
underlying tissues (Turner, 2009). Upon infection with EPEC, permeability of
the intestinal barrier increases, allowing the movement of ions and water into
the lumen, instigating the production of diarrhoea (Viswanathan et al., 2009).
One of the key effector proteins involved in the disruption of the TJ barrier is
EspF, as the loss of this effector significantly reduced the change in
transepithelial electrical resistance (TER) (a measure of the epithelial barrier
integrity) of EPEC-infected T84 cells (McNamara et al., 2001; Muza‐Moons et
al., 2004; Thanabalasuriar et al., 2010). TJ integrity was reduced through the
inhibition of TJ protein (zonula occludens-1 (ZO-1), occludin, and claudin-1)
recycling from the cytosol to the TJ, weakening the epithelial barrier
(McNamara et al., 2001; Muza‐Moons et al., 2004; Thanabalasuriar et al.,
2010). In addition to in vitro studies, the infection of mice with wildtype EPEC
induced occludin relocalisation and reduced TER in the terminal ileum,
whereas infection with EPEC deficient in espF demonstrated no effect on
either of these parameters, despite comparable levels of intestinal colonisation
(Shifflett et al., 2005). Similarly, claudin relocalisation has been observed in
mice infected with wildtype C. rodentium, whereas an espF-deficient mutant
did not induce TJ protein rearrangement (Guttman et al., 2006). Furthermore,
the water content of faeces in the mouse colon was reduced in mice infected
with the espF mutant relative to those infected with the wildtype, further
strengthening the link between EspF-induced changes in epithelial barrier
function and water secretion (Guttman et al., 2006).
Other effector proteins have been associated with an increased epithelial
permeability such as Map, which induced a comparable decrease in TER as
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EspF when incubated on polarised Caco-2 cells (Dean & Kenny, 2004).
However, these effects are disputed in vivo, as TJ localisation was near
identical between mice infected with map-deficient C. rodentium mutant and
those infected with wildtype pathogen (Guttman et al., 2006). TJ protein
recycling between the cytosol and the lateral surface is an important procedure
in the maintenance of epithelial barrier function and thus, this process
represents a key target to induce epithelial permeability (Glotfelty et al.,
2014a). The effector protein NleA inhibits cell protein trafficking in the host cell
and as a consequence, disrupts the exchange of TJ proteins at the epithelium
with those in the cytosol of the IEC (Thanabalasuriar et al., 2010). A similar
mechanism has been implicated for LEE-encoded EspG1 and its non-LEEencoded homologue EspG2, which fragment microtubules in the host cell via
the degradation of α-tubulin (Tomson et al., 2005). The role of EspG1/2 in TJ
disruption appears to be of less importance than EspF, as the deletion of
EspG1/2 delayed, but did not prevent, the decrease in TER induced by EPEC
infection of polarised IECs (Glotfelty et al., 2014b; Matsuzawa et al., 2005;
Tomson et al., 2005). These findings suggest that Map, NleA, and EspG1/2
may have an accessory role in altering the permeability of the epithelial barrier.

1.1.2.3.2. Ion transporter and aquaporin dysfunction
While TJ proteins control molecular access through the paracellular pathway,
transporters regulate the movement of ions and nutrients through the
transcellular pathway. Ion transporters such as Downregulated in adenoma
(DRA), Na+ /H+ -exchange protein 3 (NHE3), and the sodium-glucose linked
transporter-1 (SGLT-1) move ions from the lumen into the cell to maintain the
uptake of water into the host (Viswanathan et al., 2009).
DRA, an anion exchanger which removes Cl- from the intestinal lumen by
exchanging bicarbonate, has a decreased expression during EPEC infection,
which has been associated with microtubule degrading effector proteins
EspG1/2 (Gill et al., 2007). These effectors decrease DRA levels via the
simultaneous increase in DRA endocytosis from the epithelial surface
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alongside the inhibition of DRA exocytosis, through the manipulation of the
microtubule network (Gill et al., 2007; Gujral et al., 2015). Other T3S effector
proteins inhibit ion transporters such as EspF, which reduced NHE3 levels in
intestinal Caco-2 and PS120 fibroblast cells (Hecht et al., 2004; Hodges et al.,
2008). Similarly, EspF, Map, and Tir work in unison to partially inactivate the
SGLT-1 transporter of polarised Caco-2 cells (Dean et al., 2006). As mice
infected with a C. rodentium isogenic espF mutant demonstrated decreased
luminal water content, this supports an in vivo role for EspF in ion transporter
dysfunction, although it is important to note that this effect may be associated
with TJ disruption (Guttman et al., 2006).
In addition to the disruption of ion transporters, C. rodentium effectors EspF
and EspG have a partial role in removing aquaporins, transporters which
rapidly move water across the apical membrane (Guttman et al., 2007).
However, deletion of both espF and espG was not sufficient in preventing
aquaporin redistribution, implying that other effector proteins may be involved,
as only the infection of mice with an T3SS-deficient mutant demonstrated
comparable aquaporin distribution to the non-treated controls (Guttman et al.,
2007). The mechanism remains to be defined however, the previously
discussed roles of EspF and EspG on actin and microtubule networks,
respectively, may provide a clue to the mechanisms responsible.

1.1.2.4.

Clinical significance: symptoms, diagnosis, and

treatment
EPEC infection is characterised by the rapid onset of acute watery diarrhoea.
In addition, abdominal cramps, nausea, vomiting, and fever have been
associated with EPEC infection (Donnenberg et al., 1993b; Levine & Edelman,
1984; Nataro & Kaper, 1998).
As the classification of EPEC has become more complex, detection methods
have adapted to distinguish between individual strains. While older diagnostic
methods focused on phenotypic features of EPEC, such as O and H serotypes
(which would exclude approximately a quarter of all aEPEC strains), more
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modern techniques have focussed on histopathological characteristics, such
as actin pedestal formation, as well as distinct genetic sequences (Croxen et
al., 2013). In laboratories with cell culture facilities, actin pedestals can be
identified on EPEC-infected HeLa cells using the fluorescent actin stain (FAS)
test, which utilises fluorescein isothiocyanate (FITC) conjugated to the
phalloidin toxin to target filamentous actin (Knutton et al., 1989). While the FAS
test distinguishes between E. coli pathotypes, as only EPEC and EHEC form
actin pedestals, genetic analysis is required for further identification, utilising
either DNA probes or PCR screens to target eaeA, bfp, and stx, which encodes
Shiga toxin (Croxen et al., 2013). While molecular analysis of genetic
sequences is the current standard for the classification of EPEC strains, the
reliance on less accurate diagnostic methods in resource-poor environments,
such as serotyping, may underestimate the prevalence of aEPEC in patients
with diarrhoea.
As infections are generally self-limiting, current therapies are similar to most
diarrhoeal treatments, with a focus on rehydration of the patient with oral
rehydration therapy (Croxen et al., 2013). However, oral rehydration therapy
can fail in patients with severe EPEC diarrhoea (possibly due to dysfunction
of the SGLT-1 transporter) and thus antibiotic treatment is occasionally
required (Croxen et al., 2013; Dean et al., 2006). As with other pathogens,
antibiotic resistance is increasing with recent clinical isolates demonstrating
resistance to multiple antibiotics, particularly penicillins, quinolones, and
cephalosporins (Canizalez-Roman et al., 2013; Garcia et al., 2011; Malvi et
al., 2015; Nakhjavani et al., 2013; Sang et al., 2012; Scaletsky et al., 2010).
The development of a vaccine against EPEC infection remains an area of
particular interest, as none are currently available (Croxen et al., 2013).
Interestingly, IgA antibodies against the EPEC cell-associated proteins EspA,
intimin, EspB, and BFP have been identified in the breast milk of Mexican
mothers, which may represent potential targets for vaccine development
(Parissi-Crivelli et al., 2000).
An alternative solution could be the use of probiotics; a meta-analysis of 63
studies demonstrated that probiotics can reduce acute infectious diarrhoea
(Allen et al., 2010). However, these findings are limited by variable treatment
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regimens and the range of probiotic species investigated thus, further study is
required on specific strains to determine the mechanisms behind these antidiarrhoeal effects (Allen et al., 2010).

1.2. Probiotic Lactobacillus
1.2.1. The history of probiotics
The concept of probiotic bacteria was originally established by the Russian
scientist Élie Metchnikoff at the start of the last century, who believed that the
long life of Bulgarian peasants was associated with the consumption of
fermented milk products, which contained lactic acid bacteria (Brown &
Valiere, 2004; Holzapfel & Schillinger, 2002; Metchnikoff, 1907). Metchnikoff
noted, “The dependence of the intestinal microbes on the food makes it
possible to adopt measures to modify the flora in our bodies and to replace
the harmful microbes by useful microbes”, suggesting that certain bacteria
could deliver health benefits to the host (FAO/WHO, 2001; Metchnikoff, 1907).
While these findings received some initial attention, the probiotic concept
remained unproven and interest diminished during the following decades until
the 1970’s (FAO/WHO, 2001). The term “probiotic” (meaning: for life) was
conceived approximately 50 years after Metchnikoff’s observations, originally
in reference to products which aid the gut microbiota, a contrast to the
detrimental effects of antibiotics on microbes (Hamilton-Miller et al., 2003;
Holzapfel & Schillinger, 2002; Kollath, 1953; Vergin, 1954). The word
“probiotic” was then adapted by Lilly and Stillwell (1965) to refer to microbial
products which stimulated the growth of other microbes (Holzapfel &
Schillinger, 2002).
Parker (1974) further revised the term “probiotic” to a definition similar to the
modern usage, interpreting probiotics as ‘organisms and substances which
contribute to intestinal microbial balance’ (Hamilton-Miller et al., 2003).
Probiotics were further redefined by Fuller (1989) as, “A live microbial feed
supplement which beneficially affects the host animal by improving its
intestinal balance”, which referred specifically to live microbes, now an
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essential component for the consideration of a product as a probiotic
(FAO/WHO, 2001).
The most recent and widely used definition for probiotics was conceived by
Guarner and Schaafsma (1998) and selected by the Food and Agriculture
Organisation (FAO) and the World Health Organisation (WHO) expert
Consultation on Health and Nutritional properties of powder milk with live lactic
acid bacteria in 2001 as an appropriate definition (FAO/WHO, 2001). This
definition was recently grammatically updated (Hill et al., 2014) and its most
current form is as follows:

“Live microorganisms that, when administered in adequate amounts, confer
a health benefit on the host”.

This definition encompasses the three core components required for a product
to be characterised as a probiotic, namely that bacteria in the product must be
viable, that any health effect is associated with the minimum required dose,
and that the minimum dose is present whenever the product is administered
i.e. at the end of the products shelf life (Hill et al., 2014).
Probiotic strains are generally derived from either the Lactobacillus or
Bifidobacterium genera, although others such as E. coli Nissle 1917 and
Streptococcus salivarius ssp. thermophilus also demonstrate probiotic
characteristics (Holzapfel et al., 1998). As Lactobacillus species are naturally
present in the GIT and contribute to the maintenance of the intestinal
microbiota, these bacteria are an obvious choice in the investigation for
probiotics with novel characteristics (Holzapfel & Schillinger, 2002). However,
before discussing probiotic effects which have been associated with specific
Lactobacillus strains, it is important to first understand the role and function of
the commensal gut microbiota.
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1.2.2. The microbiota of the gastrointestinal tract
The microbiota has previously been referred to as a “virtual organ” due to its
substantial metabolic activity, which plays an essential role in the normal
functioning of the host (O'Hara & Shanahan, 2006). In physical terms,
microbial cells far outnumber the cells of the host, with an approximate 10-fold
difference between the two (O'Hara & Shanahan, 2006; Shanahan, 2002).
However, at the genetic level this difference is even larger, with the combined
microbial genome being over 100-fold greater than the human genome
(O'Hara & Shanahan, 2006; Shanahan, 2002). The majority of these microbes
are located in the GIT and are comprised of 92.9% bacteria, 5.8% viruses, and
the remaining 1.3% consisting of archaea and eukaryotes (Arumugam et al.,
2011; Turnbaugh et al., 2007). The bacterial load changes dependent on the
location within the GIT, as the stomach and duodenum contain between 101
and 103 colony forming units (CFU)/ mL which increases along the intestine to
between 1011 and 1012 CFU/ mL located in the adult colon (Figure 1.5) (O'Hara
& Shanahan, 2006; Suau et al., 1999).

Figure 1.5: Bacterial concentration within the human GIT
The bacterial load of the GIT increases in density from the stomach and
duodenum to the distal colon. Image taken from O'Hara and Shanahan (2006).
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The microbiota of the GIT is unique to an individual however, species from the
Bacteroidetes and Firmicutes phyla are generally predominant (Ottman et al.,
2012). The composition of the microbiota is influenced by numerous factors
throughout the life of the host organism, including the delivery method of the
neonate, diet, use of antimicrobial products, and host genetics. The general
consensus on the development of the microbiota is that the infant gut in utero
is sterile and upon birth, the neonatal GIT is colonised by pioneer species
which are primarily delivered from the mother, principally through the birthing
process, breast feeding, and physical contact (Palmer et al., 2007). Children
delivered via Caesarean section have greater numbers of C. difficile and E.
coli, whereas neonates delivered via vaginal birth have a greater number of
Bacteroides fragilis (Penders et al., 2006). Similar increases in C. difficile and
E. coli have also been observed in infants who are exclusively formula-fed
rather than breast-fed (Penders et al., 2006). As the infant continues onto solid
food and grows into a toddler, the microbiota continues to develop, reaching
peak complexity during adulthood wherein the microbial community stabilises
until old age and diversity begins to decrease (Figure 1.6) (Ottman et al., 2012;
Palmer et al., 2007).
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Figure 1.6: The composition of the gut microbiota develops through age
and external factors
Image taken from Ottman et al. (2012).

The constituent members of the intestinal microbiota are unique to each
individual, but key metabolic pathways are almost universally present amongst
examined microbiomes, such as carbohydrate metabolism and vitamin
biosynthesis

(Human

Microbiome

Project

Consortium,

2012).

This

demonstrates a functional redundancy amongst commensal bacterial species,
where numerous bacteria possess the genes required to synthesise a
particular product, for example riboflavin, and any of these bacterial species
can inhabit this particular niche (Human Microbiome Project Consortium,
2012). One of the essential functions that the gut microbiota performs is the
synthesis of vitamins, micronutrients used in the production of essential
enzymes, as the human host lacks the biosynthetic pathways required for
these processes (LeBlanc et al., 2013). In addition to vitamin synthesis, the
microbiota also aids in the uptake of energy by the host, as germ-free mice
have a 60% increase in body fat after inoculation with a “conventional”
microbiota, even if the overall calorie intake is reduced (Bäckhed et al., 2004).
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Alongside occupying metabolic niches, the microbiota also has an important
role in the physical development of the intestinal tract, as the morphology of
the intestine differs between germ-free and conventionally raised mice
(Sommer & Bäckhed, 2013). Histological analysis of the GIT of germ-free mice
has revealed a thinner mucus layer, thinner villi, and smaller, immature
immune features such as Peyer’s patches (Sommer & Bäckhed, 2013). This
demonstrates that the microbiota interacts with the intestinal mucosa to
develop both the physiological and immunological processes of the host.
Furthermore, while the immune response can clear potential insults, the
microbiota also acts as a barrier to infection, known as colonisation resistance,
which can prevent the access of GI pathogens such as Salmonella enterica
serovar Typhimurium to the epithelium (Stecher et al., 2007).

1.2.2.1.

Dysbiosis of the intestinal microbiota

In most individuals, the microbiota supports the host through the functions
previously discussed in 1.2.2. However, dysfunction in the microbiota has
been associated with the development of numerous pathologies. Dysbiosis,
defined as a change in the “balance” of microbes in the microbiota, can be
induced through numerous stimuli including antibiotic use, diet, hygiene, and
host immune function (Figure 1.7) (Sommer & Bäckhed, 2013; Tamboli et al.,
2004). This alteration in the intestinal microbiota has been associated with
diseases such as inflammatory bowel disease (IBD), obesity, and antibioticassociated diarrhoea (AAD), which I will briefly discuss here.
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Figure 1.7: Factors associated with dysbiosis of the intestinal microbiota
Image taken from Sommer and Bäckhed (2013).

IBD is a term that primarily refers to ulcerative colitis (UC) and Crohn’s disease
(CD), two conditions which are characterised by severe abdominal pain,
vomiting, bloody diarrhoea, and weight loss which drastically decrease the
quality of life of affected patients (Pizzi et al., 2006). The exact causes behind
IBD are presently unknown, with the current consensus suggesting that both
CD and UC have multiple triggers, including those shown in Figure 1.7 (for a
more thorough analysis of these factors, see Bernstein and Shanahan (2008)).
Of particular interest is the role of the microbiota, as diversity is decreased in
patients with CD and UC relative to patients without IBD (Ott et al., 2004;
Walker et al., 2011). The underlying reason for this decrease is unknown,
although the use of antibiotics in early childhood has been correlated with an
increased risk of developing IBD (Hviid et al., 2011; Kronman et al., 2012;
Shaw et al., 2010, 2011). Additionally, IBD has been linked to decreased levels
of Akkermansia muciniphila and increased numbers of Ruminococcus gnavus
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and Ruminococcus torques (Belzer & de Vos, 2012; Png et al., 2010).
Crucially, while changes in the levels of a particular microbial species has been
associated with IBD, it is important to note that no single microbe has been
definitively implicated in the development of these diseases. Thus, it remains
to be determined whether the decrease in the diversity of the microbiota is a
cause or symptom of IBD (Joossens et al., 2011; Manichanh et al., 2012; Sokol
et al., 2006; Walker et al., 2011; Willing et al., 2009).
Obesity is a global health crisis, as more than 1.9 billion adults were reported
as overweight in 2014, with 600 million of those classified as obese,
representing 39% and 13% of the world’s adult population, respectively (WHO,
2015). Similar to IBD, obesity is a multifactorial disease based on lifestyle,
environmental, and genetic influences (Figure 1.7). One component which is
thought to contribute to the development of obesity is the gut microbiota, due
to the role these bacteria play in the digestion of food and the acquisition of
energy. The role of the microbiota in obesity was first demonstrated by
Turnbaugh et al. (2006), who demonstrated that transfer of the microbiota from
obese mice into germ-free mice significantly increased body fat relative to
control mice with a “healthy” microbiota after 2 weeks. Interestingly, this
change in body fat was not due to an increased calorific intake, but rather an
increased energy harvest (Turnbaugh et al., 2006). Similar findings have also
been reported in germ-free mice which were inoculated with the faecal
microbiota of twins who were discordant for obesity, as mice with the obese
microflora showed higher adiposity than those with the lean microbiota
(Ridaura et al., 2013). A reported difference between the healthy and obese
microbiota is the level of diversity, as diet-induced obese mice, as well as
obese humans, have a distinct decrease in microbial diversity (Turnbaugh et
al., 2008; Turnbaugh et al., 2009). This reduction in humans is associated with
lifestyle factors, as diets have changed to more energy dense foods, the
microbiota has adapted to utilise this increased energy resource. Obesity and
associated metabolic disorders, such as type II diabetes, will likely be a key
health challenge of the 21st century and as such, a thorough understanding of
the role of the gut microbiota in obesity, and how we can modify it, may offer
solutions to this epidemic.
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While there are multiple factors contributing to the onset of obesity and IBD,
the development of AAD has a more defined aetiology. AAD is an umbrella
term for the development of diarrhoea in patients after the administration of
antibiotics (Bartlett, 2002). However, I will focus on AAD associated with C.
difficile infection, which occurs in 10-20% of cases of AAD (Bartlett, 2002).
Severe infection by C. difficile is characterised by repeated episodes of
diarrhoea, which can contain blood, as well as the formation of
pseudomembranes on the colonic epithelium, which develop after the use of
antibiotic therapy for an unrelated condition (Bartlett, 2002). The specific
reason behind the onset of C. difficile-induced AAD is thought to be due to the
unintentional removal of the microbiota by antibiotic treatment, which removes
the natural colonisation resistance that the microbiota provides (Borriello &
Barclay, 1986; Young & Schmidt, 2004). Disruption of the microbiota has been
confirmed in patients with recurrent C. difficile diarrhoea, which demonstrated
a reduction in microbial diversity compared to patients with either a single
incidence of C. difficile-induced diarrhoea or those who were not infected
(Chang et al., 2008). The lack of bacterial competition allows C. difficile, which
may naturally be present in the microflora, to establish a persistent infection
and induce diarrhoea, despite further antibiotic therapy (Bartlett, 2002). Thus,
restoration of the gut microbiota via faecal microbial transplant has been
explored as a potential therapeutic avenue. Systematic reviews of studies
reporting on the effectiveness of faecal microbial transplants on C. difficile
infection have demonstrated that this therapy has considerable potential, with
cure rates of approximately 90% in patients with recurrent infection (Gough et
al., 2011; Kassam et al., 2013; Li et al., 2016). Although both randomised
controlled trials and long term safety studies are required to support the use
of faecal microbial transplant, this treatment demonstrates the important role
of the gut microbiota in reducing the impact of infection.
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1.2.3. The Lactobacillus genus
The Lactobacillus genus consists of over 200 recorded species of lactobacilli
(http://www.ncbi.nlm.nih.gov/taxonomy), isolated from a range of locations
including faeces, breast milk, animals, and plants (Walter, 2008). Lactobacilli
are Gram-positive, non-spore forming facultative anaerobes of the Firmicute
phylum which produce lactic acid and have been traditionally used in the
development of numerous products including yoghurt, cheese, and other
fermented foods (Claesson et al., 2007). In addition to their use in food
fermentation, lactobacilli are also a normal resident of the human microbiota;
with isolates identified in the oral cavity, the GIT, and the vagina of mammals,
including humans (Walter, 2008). It is important to note that the overall
numbers of lactobacilli in the distal GIT is low relative to other bacterial
species, representing 0.01% of the total adult faecal microbiota (~106 CFU/ g)
(Harmsen et al., 2002). In the proximal GIT, the number of Lactobacillus
species increases to approximately 1% of the total microbial population
(Walter, 2008). In the adult stomach and small intestine however, the
proportion of lactobacilli which are transient relative to autochthonous isolates
remains to be determined (Walter, 2008). In contrast to findings in adults,
lactobacilli were detected in 45% of infants at 10 8-109 CFU/ g of faeces over
the first 6 months from birth (Ahrné et al., 2005; Grönlund et al., 2000). This
difference in adult and infant microbial ecology is primarily due to differences
in diet, as lactobacilli are acquired from the mother’s breast milk and are
amongst the pioneer colonisers of the infant GIT (Karlsson et al., 2011; Martín
et al., 2003; Solís et al., 2010). Additionally, Lactobacillus spp. from the
mother’s vagina have been shown to temporarily colonise approximately 1 in
4 infants after birth (Matsumiya et al., 2002). These studies demonstrate that
the mother is a reservoir of lactobacilli for infants and as such, the loss of
exposure to these species, through both Caesarean section and formulafeeding, may have an impact on the development of the newborn microbiota
(see section 1.1.2).
The role of Lactobacillus in the GIT is varied, due to the heterogeneous
characteristics of this genus; however, certain strains have been identified with

52

probiotic features which can improve host intestinal function, such as aiding
the resolution of diarrhoea.

1.2.4. Use of Lactobacillus in the treatment of diarrhoea
Numerous meta-analyses have investigated the impact of Lactobacillus spp.
on diarrhoea, with positive outcomes reported in the prevention of AAD (2164% reduction) (Kale‐Pradhan et al., 2010; McFarland, 2006, 2015; Pattani et
al., 2013; Szajewska et al., 2006) as well as a reduction in the duration of acute
infectious diarrhoea by between 16.8 – 26.4 hours (Allen et al., 2010; Huang
et al., 2002; Szajewska et al., 2013; Urbańska et al., 2016; Van Niel et al.,
2002). It is important to note that while meta-analyses provide a powerful
technique to evaluate the efficacy of a particular therapeutic regimen by
pooling data from multiple studies, probiotic characteristics are strain-specific
and thus, effects observed at the genus and species level may not be
applicable to every strain of a particular species. Thus, while these metaanalyses are useful in the general assessment of probiotics on GI disorders,
differences in the probiotic strains used as well as variation in study
methodology (such as length of treatment, follow up period, and the selection
of inpatients versus outpatients) should be appreciated when considering
these findings. However, two systematic reviews of L. rhamnosus GG have
shown that treatment with this strain reduces the incidence of AAD by 30%
(McFarland, 2006; Szajewska et al., 2006). Additionally, both L. rhamnosus
GG and L. reuteri DSM 17938 decrease the duration of acute infectious
diarrhoea by 26.4 hours and 24.82 hours, respectively (Szajewska et al., 2013;
Urbańska et al., 2016). These studies demonstrate that specific Lactobacillus
strains can improve diarrhoeal conditions. Potential mechanisms behind these
probiotic characteristics will be discussed.
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1.2.4.1.

Mechanisms of probiotic action

In vitro studies investigating the probiotic effects of lactobacilli have aimed to
identify the specific mechanisms behind probiotic action, which can be broadly
classified as microbe-host and microbe-microbe interactions. Microbe-host
mechanisms include modulation of the host immune response, epithelial
barrier integrity, and mucin production (Mack et al., 2003; Resta-Lenert &
Barrett, 2003; Vizoso Pinto et al., 2009). Microbe-microbe inhibitory actions
include the production of antimicrobial compounds as well as competition for
nutrients and binding sites (Lebeer et al., 2008). These protective actions can
be widespread amongst probiotic Lactobacillus or specific at either the species
or strain level (Figure 1.8) (Hill et al., 2014).

Figure 1.8: Distribution of potential protective characteristics amongst
probiotics
Beneficial characteristics can be widespread amongst probiotics or specific to
certain species or strains. Image taken from Hill et al. (2014).
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Adhesion to the host is a frequently investigated probiotic characteristic, as
intestinal colonisation, even if transient, is thought to be necessary to allow a
probiotic to deliver its beneficial effects (Tuomola et al., 2001). Thus, the
identification of specific proteins which enhance this process has been a topic
of much interest (Vélez et al., 2007). Bacterial adhesins are generally
classified according to their binding target (e.g. mucus-binding protein), the
location on the bacterial cell (e.g. surface layer protein), or the mode of
attachment to the bacterial surface (e.g. sortase-dependent proteins) (Vélez
et al., 2007). The adhesive potential of probiotics is normally assessed in vitro
using mucus-deficient intestinal epithelial cell lines, such as Caco-2, HT-29,
and T84, and thus binding efficiencies may not be applicable to the in vivo
situation (further discussed in 1.4).
Interestingly, adhesion can also have anti-pathogenic effects through the
competitive exclusion of pathogens from the intestinal epithelium. Pathogen
exclusion is thought to be dependent on either competition for mutual binding
sites/receptors or steric hindrance, where the probiotic cell physically blocks
the access of a pathogen to the epithelial surface (Lebeer et al., 2008). These
characteristics in vivo would be similar to colonisation resistance, where the
probiotic bacteria and the host microbiota outcompete the infectious agent by
preventing the pathogen from gaining a foothold in the intestinal milieu.
In addition to inhibition of pathogens through “passive” mechanisms,
Lactobacillus strains also produce a battery of antimicrobial compounds which
can either kill or reduce the growth of competitor bacteria (Servin, 2004). The
organic acids produced by Lactobacillus have potent antibacterial properties,
as high lactic acid-producing strains inhibited S. Typhimurium, EHEC, and C.
difficile infection in vitro (De Keersmaecker et al., 2006; Makras et al., 2006;
Ogawa et al., 2001; Tejero-Sariñena et al., 2012). Similar effects have been
reported in vivo, where production of lactic acid was associated with increased
protective effects against the infection of chickens and mice with
Campylobacter jejuni and S. Typhimurium, respectively (Annuk et al., 2003;
Neal-McKinney et al., 2012). Likewise to lactic acid, the production of
hydrogen peroxide by Lactobacillus has been associated with anti-pathogenic
effects, although this is more common in vaginal isolates rather than intestinal
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lactobacilli (Servin, 2004). However, hydrogen peroxide produced by intestinal
Lactobacillus johnsonii strains NCC 533 and 933 can kill S. Typhimurium and
so this method of inhibition may be more prevalent amongst other lactobacilli
in the gut (Atassi & Servin, 2010; Pridmore et al., 2008).
Lactobacillus species also produce bacteriocins, which are small heat-stable
peptides targeted against related microbes inhabiting a similar niche (Eijsink
et al., 2002). The mechanism of action of these peptides is generally through
the formation of pores in the membrane of target bacteria, causing the
intracellular contents to leak out from the cell (Eijsink et al., 2002; O’Connor et
al., 2015). The best described bacteriocin is nisin, a class I bacteriocin
(lantibiotic) produced by the lactic acid bacterium Lactococcus lactis, which
has been used in the food manufacturing industry for the last 50 years due to
its broad-spectrum inhibitory activity against Gram-positive bacteria,
particularly the food contaminant Listeria monocytogenes (Delves-Broughton
et al., 1996). While the inhibitory effects of these peptides are generally
assessed in vitro, the protection of mice by Lactobacillus salivarius UCC118
against L. monocytogenes was dependent on the production of the class II
bacteriocin Abp118, demonstrating that these proteins are also effective in
vivo (Corr et al., 2007). Interestingly, a small number of bacteriocins produced
by lactobacilli can also kill Gram-negative bacteria, such as the L. salivarius
1077 peptide L-1077 which inhibited both C. jejuni and Salmonella enterica
serovar Enteritidis in vitro, as well as reducing the levels of these pathogens
in the liver and spleen of infected chickens (Svetoch et al., 2011). It is important
to note that these antimicrobials can inhibit both pathogenic and commensal
bacteria, as the administration of Abp118-producing L. salivarius UCC118
altered the microbiota in both murine and porcine models (Murphy et al., 2012;
Riboulet-Bisson et al., 2012). While there were no reported changes in the
health of animals which consumed the bacteriocin-producing lactobacilli,
alterations to the microbiota may have unintended side effects and thus, the
impact of these antimicrobials on the microbial community requires
further investigation.
In addition to antimicrobial characteristics, probiotic lactobacilli can also
interact with the host. These interactions can have beneficial effects, such as
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strengthening the epithelial barrier, which can be weakened during GI
conditions such as IBD and infection (Lebeer et al., 2008). Beneficial effects
of probiotics on epithelial barrier function have been demonstrated in vitro, as
L. plantarum DSM 2648 and L. rhamnosus GG attenuated the decrease in
TER associated with EPEC and EHEC infection of intestinal epithelial cells
(Anderson et al., 2010; Johnson-Henry et al., 2008). The protection of
epithelial barrier function has been associated with the prevention of TJ
proteins ZO-1, claudin-1, and occludin dissociation from the lateral surfaces of
the epithelial cells (Johnson-Henry et al., 2008; Miyauchi et al., 2009; Roselli
et al., 2007). Similar findings have been reported in vivo, as L. rhamnosus
OLL2838 and the mixed species probiotic product VSL#3 (containing
Bifidobacterium longum, B. infantis, B. breve, L. acidophilus, L. casei, L.
delbrueckii subsp.

Bulgaricus,

L.

plantarium,

and Streptococcus

salivarius subsp. Thermophilus) inhibited TJ protein redistribution in mice with
induced colitis (Madsen et al., 2001; Mennigen et al., 2009; Miyauchi et al.,
2009). Similar effects have also been reported in humans, as L. plantarum
WCFS1 increased occludin localisation to TJs, relative to mock-treated
controls (Karczewski et al., 2010). However, while these studies have
demonstrated changes in epithelial barrier function induced by Lactobacillus
species, the specific mechanisms for these effects, i.e. the molecules and
associated receptors which initiate these changes, remain poorly defined
(Lebeer et al., 2008). One protein which has shown promising effects on
maintaining TJ integrity is the L. rhamnosus GG-derived protein p40, which
alleviates DSS-induced colitis in mice via interaction with the epidermal growth
factor (EGF) receptor (Yan et al., 2011). Whether similar proteins, which utilise
the same mechanism, are present in other Lactobacillus strains requires
further investigation.

1.2.5. Lactobacillus reuteri
The gut symbiont Lactobacillus reuteri is an autochthonous inhabitant of the
mammalian gut, with the taxonomic classification shown in Figure 1.9 (Walter
et al., 2011). L. reuteri isolates have been identified in numerous mammals,
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including humans, mice, pigs, hamsters, cattle, rats, and dogs (Casas &
Dobrogosz, 2000; Korhonen et al., 2007; Reuter, 2001; Salzman et al., 2002).
In the porcine gut, L. reuteri is one of the most numerous Lactobacillus species
isolated from the ileum, where biofilms of lactobacilli and other commensals
bind directly to the intestinal surface (Walter, 2008). In human adults, L. reuteri
has been detected throughout the GIT and in faeces, and has been noted as
a predominant species in the small intestine, although this is controversial as
other studies have suggested that only 4% of the population has an indigenous
L. reuteri population (Dal Bello et al., 2003; Hayashi et al., 2005; Reuter, 2001;
Valeur et al., 2004). In addition to the GIT, L. reuteri has also been isolated
from both the vagina and breast milk, and strains sequestered from these
environments have been widely associated with probiotic health benefits,
including the synthesis of vitamins such as B12 and folate, as well as the
prevention and treatment of infectious diarrhoea (Abrahamsson et al., 2009;
Saulnier et al., 2011; Shornikova et al., 1997a; Shornikova et al., 1997b;
Urbańska et al., 2016).

Figure 1.9: Taxonomic classification of L. reuteri
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1.2.5.1.

Interaction of L. reuteri with the host

Phylogenetic analysis of L. reuteri strains isolated from numerous
backgrounds (human, mouse, rat, pig, chicken, and turkey) has determined
that L. reuteri demonstrates host specificity (Oh et al., 2010). These findings
have been confirmed experimentally, as L. reuteri strains sequestered from
rodents (mouse and rat) outcompeted isolates from others backgrounds in
germ-free mice (Oh et al., 2010). Additionally, murine L. reuteri strains lacking
host-specific genes demonstrated reduced levels of colonisation of the murine
foregut, further demonstrating that certain genes enhance ecological fitness in
L. reuteri (Frese et al., 2013). These genes have numerous roles in the host,
such as survival of gastric acid and encoding adhesins, which enhance binding
to the mucosa, such as Mucus binding protein (MUB) and Cell and mucus
binding protein (CmbA), produced by L. reuteri ATCC 53608 and ATCC PTA
6475, respectively (Table 1.2). The evolution of these host-specific adhesins
demonstrates the symbiotic relationship that mammals and birds have with L.
reuteri, as the development of these evolutionary lineages is thought to span
millions of years (Oh et al., 2010). The identification of these adhesins offers
a method for the evaluation of potential probiotics for both human and animal
consumption, as the presence of adhesins may enhance L. reuteri persistence
in the host.
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Human

ATCC PTA 64752, DSM
200163, ATCC PTA
46594, ATCC PTA 52895
100-23

100-23

TMW1.106

CmbA

Lr70902

GtfA/ Inu

Adhesion to
forestomach
epithelium
Cell aggregation/
biofilm formation

Sourdough
fermentation

Adhesion to
forestomach
epithelium

Adhesion to cells or
mucus
Adhesion to mucus
and/or IgA, cell
aggregation
Adhesion to cells
and mucus

Function in the GIT

Rat

Rat

Human,
hamster, pig
Pig

DSM 20016, RC-14,
104R
ATCC 536081

CnBP/
MapA
Mub

Lsp

Origin

Strain(s)

Protein

Walter et al. (2008)

Frese et al. (2013)

Walter et al. (2005)

Jensen et al. (2014)

Roos et al. (1996), Heinemann et
al. (2000), Miyoshi et al. (2006)
Roos and Jonsson (2002),
MacKenzie et al. (2010)

References

(Frese et al.,
2013;

Heinemann et

al.,

et

2000;

MacKenzie et

al., 2010; Roos
al.,

Roos

1996;
&

Jonsson, 2002;

Walter et al.,

2005; Walter et

al., 2008)

Table 1.2: L. reuteri proteins associated with adhesion to the mucosa

Alternative strain names; 11063, 2MM4-1a, 3JCM112, 4MM2-3, 5FJ1.

60

1.2.5.2.

Probiotic characteristics of L. reuteri

The application of L. reuteri as a probiotic has increased in recent years, as
numerous studies have identified beneficial effects on the host, including the
attenuation of diarrhoea and immunomodulation (summarised in Table 1.3). In
addition to these host effects, L. reuteri can also inhibit other microbes, as
certain strains produce 3-hydroxypropionaldehyde, a potent antimicrobial
commonly referred to as reuterin (Talarico et al., 1988). Reuterin is produced
as an intermediate compound during the fermentation of glycerol into 1, 3propanediol, which is used to reoxidise NAD+ from NADH (pathway shown in
Figure 1.10) (Lüthi-Peng et al., 2002; Schaefer et al., 2010). While L. reuteri
has a high resistance to reuterin, this anti-microbial has broad inhibitory activity
against Gram-positive and Gram-negative bacteria, as well as yeast, fungi,
and protozoa (Axelsson et al., 1989; Casas & Dobrogosz, 2000; Chung et al.,
1989). Interestingly, L. reuteri actively secretes reuterin into its local
environment when other bacteria are present, indicating that this mechanism
may be used to gain a competitive advantage in the GIT milieu (Schaefer et
al., 2010). As the production of reuterin has been demonstrated by L. reuteri
JCM 1112 in the murine intestine in vivo, this further supports this mode of
action (Morita et al., 2008). Due to reuterin’s broad inhibitory effects on
microbial pathogens, this compound has numerous potential applications,
such as a food preservative and as a pharmaceutical product (Vollenweider &
Lacroix, 2004).
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Table 1.3: Summarised probiotic characteristics of three L. reuteri
strains
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Reduced diarrhoea, antiinflammatory, reuterin producer,
increased bone density, improved
sociability
Immunomodulation, reduced
diarrhoea, reduced NEC, reduced
colic

Anti-inflammatory, reuterin
producer, increased mucus
thickness

ATCC PTA 6475

ATCC PTA 4659

ATCC 55730/
DSM 17938

Effect

Strain

Emara et al. (2013), Francavilla et al. (2014), Preidis et al. (2012),
Spinler et al. (2008), Jones and Versalovic (2009), Lin et al. (2008),
Britton et al. (2014), Collins et al. (2016), McCabe et al. (2013), Gao et
al. (2015), Thomas et al. (2012), Buffington et al. (2016).
Valeur et al. (2004), Francavilla et al. (2012), Dinleyici et al. (2014),
Gutierrez-Castrellon et al. (2014), Shornikova et al. (1997a), (Urbańska
et al., 2016), Shornikova et al. (1997b), Tubelius et al. (2005), Savino
et al. (2015), Oliva et al. (2012), Twetman et al. (2009), Liu et al.
(2014), Hunter et al. (2012), Bird et al. (2016)
Spinler et al. (2008), Liu et al. (2010), Ahl et al. (2016).

References

Figure 1.10: Reuterin synthesis pathway
Reuterin is produced by L. reuteri as an intermediate compound during the
production of 1, 3- Propanediol from glycerol. Reuterin is composed of an
equilibrium mixture of hydrated monomeric, monomeric, and cyclic dimeric
forms of 3-hydroxypropionaldehyde. Image taken from Casas and Dobrogosz
(2000).

In addition to reuterin, some L. reuteri strains (such as LTH2584) produce
reutericyclin, a broad-spectrum antibiotic that alters the electrochemical
gradient of the Gram-positive bacterial cell membrane (Gänzle et al., 2000).
Reutericyclin has demonstrated inhibitory effects against numerous important
pathogens, including Staphylococcus aureus, Bacillus subtilis, and C. difficile
(Gänzle et al., 2000; Gänzle & Vogel, 2003; Hurdle et al., 2011). While this
antibiotic shows promising effects, it still remains to be determined whether it
is produced in vivo, as only L. reuteri isolates from sourdough have currently
been shown to produce this compound (Gänzle & Vogel, 2003).
While numerous L. reuteri strains synthesise the anti-microbial reuterin, other
effects are strain-specific. Thus, we will discuss the demonstrated probiotic
characteristics of two of the most commonly used human L. reuteri isolates,
ATCC PTA 6475 and ATCC 55730.
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1.2.5.2.1. L. reuteri ATCC PTA 6475
L. reuteri ATCC PTA 6475, also known as MM4-1a, were originally isolated
from the breast milk of a healthy Finnish woman, and is currently used in
formulations by the probiotic company Biogaia (Stockholm, Sweden) (Liu et
al., 2010). Investigations into the probiotic characteristics of ATCC PTA 6475
have revealed that this strain can alleviate the effects of gastritis in vivo when
used in combination with L. reuteri DSM 17938, as two randomised controlled
trials in humans have identified a reduction in Helicobacter pylori symptoms,
including diarrhoea (Emara et al., 2013; Francavilla et al., 2014). ATCC PTA
6475 monoculture has also demonstrated anti-diarrhoeal effects, as probiotic
supplementation reduced the production of diarrhoea by 1 day in rota-virusinfected mice (Preidis et al., 2012). Additionally, germ-free mice pre-treated
with ATCC PTA 6475 prior to EHEC infection shed decreased numbers of
EHEC as well as maintained body weight, relative to non-treated littermates
(Eaton et al., 2011). The mechanism behind the reduction of diarrhoea is
unknown however, ATCC PTA 6475 is a reuterin producer and this strain has
been linked to the inhibition of numerous enteric pathogens in vitro, including
EHEC, ETEC, and S. enterica, which may partially explain these probiotic
effects (Spinler et al., 2008). An alternative mechanism may be associated
with the modulation of the host inflammatory state, as ATCC PTA 6475 has
demonstrated potent anti-inflammatory effects, both in vitro and in vivo (Jones
& Versalovic, 2009; Lin et al., 2008; Preidis et al., 2012). The anti-inflammatory
characteristics of ATCC PTA 6475 have also been associated with an
increased bone density in both male and oestrogen-deficient female mice
(Britton et al., 2014; Collins et al., 2016; McCabe et al., 2013). A potential
mechanism behind the immunomodulatory effects of ATCC PTA 6475 is the
production of histamine from dietary L-histidine, which suppresses protein
kinase A signalling, subsequently reducing the production of inflammatory
cytokines (Gao et al., 2015; Thomas et al., 2012). Inhibition of the inflammatory
response through the production of histamine by L. reuteri has been
demonstrated both in vitro and in vivo, further supporting this mechanism (Gao
et al., 2015; Thomas et al., 2012).
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Interestingly, a recent study by Buffington et al. (2016) has identified that
supplementation of ATCC PTA 6475 into mice with social disorders, induced
via maternal high fat diet, improved sociability. While the authors linked this
effect to the neuropeptide oxytocin, which can be induced by ATCC PTA 6475
(Poutahidis et al., 2013), the immunomodulatory characteristics of this strain
may also have an effect, as inflammation has also been associated with
altered brain development (Bolton & Bilbo, 2014). The implications of these
findings, both ethically and scientifically, remain to be determined as these
data suggest that specific probiotics may impact the host in ways which have
not previously been appreciated. As such, further study is required to fully
understand the effects of ATCC PTA 6475 on the host.

1.2.5.2.2. L. reuteri ATCC 55730
L. reuteri ATCC 55730 were first isolated from the breast milk of a Peruvian
mother who lived in the Andes, and have previously been used in probiotic
products by Biogaia (Liu et al., 2010). As ATCC 55730 contained a plasmid
with antibiotic resistance, this strain has now been superseded by the plasmidcured daughter strain DSM 17938, which has maintained the probiotic
characteristics of ATCC 55730 (Liu et al., 2010; Rosander et al., 2008).
Similarly to ATCC PTA 6475, the impact of ATCC 55730/ DSM 17938 on
diarrhoea has been an area of investigation in numerous studies. These
findings have implied that the administration of either ATCC 55730 or DSM
17938 can reduce both the occurrence and symptoms of acute diarrhoea in
children (Dinleyici et al., 2014; Francavilla et al., 2012; Gutierrez-Castrellon et
al., 2014; Shornikova et al., 1997a; Urbańska et al., 2016). However, one study
did not identify any beneficial effects of DSM 17938 against nosocomial
diarrhoea in children, although the reason behind this contrast with the other
studies is unknown (Wanke & Szajewska, 2012). Interestingly, DSM 17938
specifically reduced the incidence of both EPEC- and rotavirus-associated
diarrhoea in infants (Savino et al., 2015; Shornikova et al., 1997b). Similar
findings have also been reported in adults, as the incidence of GI and
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respiratory illness decreased by 60% in volunteers consuming ATCC 55730,
relative to those in the placebo group (Tubelius et al., 2005). These probiotic
strains were well tolerated with no side effects in either healthy or
immunocompromised individuals and thus, represent a potential option to treat
diarrhoea (Mangalat et al., 2012; Wolf et al., 1998).
In contrast to ATCC PTA 6475, ATCC 55730 has often been described as an
immunostimulatory probiotic (Liu et al., 2010). In healthy human volunteers,
ATCC 55730 increased the number of B lymphocytes in the duodenum and
CD4+ T-lymphocytes in the ileum (Valeur et al., 2004). Immune stimulation has
also been observed in vitro, as ATCC 55730 secreted products stimulated the
production of TNF-α by the monocyte cell line THP-1 (Lin et al., 2008).
However, in children with active rectal UC, the direct administration of ATCC
55730 by enema to the inflamed area reduced mucosal inflammation, as well
as increasing the levels of the anti-inflammatory cytokine interleukin-10 (IL-10)
at the site of inflammation (Oliva et al., 2012). Similar findings have also been
reported in patients with active gingivitis, as volunteers using chewing gums
containing L. reuteri ATCC 55730 and ATCC PTA 5289 demonstrated
decreased levels of pro-inflammatory IL-8 and tumour necrosis factor-α (TNFα) (Twetman et al., 2009). Thus, these findings suggest that ATCC 55730 and
DSM 17938 have immunomodulatory features, rather than only stimulating the
immune response. This is supported by recent findings in a mouse model of
necrotising enterocolitis (NEC), as DSM 17938 decreased numbers of Teffector cells and increased T-regulatory cells in the inflamed tissue, as well
as decreasing mortality and disease severity (Liu et al., 2014). Similar findings
have been reported in high-risk human neonates, as prophylactic treatment
with DSM 17938 significantly reduced the risk of NEC (Hunter et al., 2012).
Infantile colic is defined as excessive crying with no apparent cause and is a
common condition in infants up to 6 months (Sung et al., 2012). A recent metaanalysis of 444 infants identified that treatment with ATCC 55730 and DSM
17938 decreased crying 2.3-fold, relative to infants given either placebo or
standard therapy (simethicone) (Bird et al., 2016). Importantly, there were no
apparent side effects associated with L. reuteri supplementation, indicating
that this therapy would be safe for future usage (Bird et al., 2016).
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1.3. Innate mechanisms of host defence
The intestinal epithelium, which provides the first line of defence against
foreign antigens and bacteria, is composed of a single layer of enterocytes,
Paneth cells, enteroendocrine cells, and goblet cells, which work in unison to
regulate the movement of nutrients and water out of the lumen, while
preventing microbial access across the epithelium. Homeostasis in the GIT is
maintained by the epithelial cells through multiple mechanisms, such as the
production of the mucus layer and the innate immune response (Johansson &
Hansson, 2011c; McGuckin et al., 2011). The failure of these barriers is a basis
for dysbiosis in the gut, as well as the development of IBD (Neuman & Nanau,
2012). Whilst the mucus layer and the innate immune response inhibit
bacterial access, these defences can be modified through microbial
interaction, including both EPEC and Lactobacillus, and thus the role of
bacteria on these systems remains an important area of research.

1.3.1. Mucus
1.3.1.1.

Intestinal mucus production

The lining of the GIT encompasses the largest surface area of any part of the
human body, totalling approximately 400 m 2 in adults, and is covered by a
thick layer of mucus (Mowat & Viney, 1997). The mucus layer is a biochemical
coating which protects the intestinal epithelium by lubricating the mucosal
surface, preventing mechanical damage from food passing through the
intestines. The mucus layer also acts as a barrier and a habitat for microbes,
preventing bacterial access to the epithelium while also providing a glycan-rich
environment for commensal bacteria to inhabit.
The thickness and structure of the mucus layer is dependent on the location
in the GIT, which corresponds with the role of each section in digestion as well
as the bacterial burden (Johansson et al., 2011b). The current understanding
of mucus thickness is based on findings in rodents, although a more recent
study with human colonic biopsies was in agreement with these observations
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(Figure 1.11) (Atuma et al., 2001; Gustafsson et al., 2012). In the stomach, a
thick mucus layer is required to protect the epithelium from the harsh acidic
conditions which could damage the epithelial surface (Ermund et al., 2013).
The mucus structure changes in the small intestine, as the mucus thickness
decreases and becomes loose and penetrable (Ermund et al., 2013). This
change in the mucus facilitates the absorption of nutrients by villi while also
protecting the epithelial surface, as the rapid transit time of digested food, the
efficient capture of bacteria by the mucus as well as the production of
antimicrobial compounds, inhibits microbial access to the epithelium (Ermund
et al., 2013). In the distal small intestine and the large bowel (ileum and colon,
respectively), the mucus thickness increases drastically, as the bacterial load
reaches its peak in the colon (Ermund et al., 2013). As the transit time of food
in the colon is reduced, the thick outer mucus layer provides a habitat for the
large microbial population, which extract inaccessible nutrients from digested
material in the lumen (Bäckhed et al., 2005). These changes in mucus
thickness represent a dynamic response to the specific challenges that the
regions of the GIT encounter.

Figure 1.11: Mucus thickness throughout the rat GIT
The thickness of the inner and outer mucus layers change dependent on the
location in the GIT. Image adapted from Juge (2012).
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In addition to variable mucus thickness, the structure of the mucus layer also
differs between GI locations (Atuma et al., 2001). In the rat colon, the mucus
forms an inner (~150 µm) and an outer (~550 µm) layer, the former excluding
bacterial access to the epithelium whereas the latter facilitates bacterial
colonisation (Figure 1.12A) (Johansson et al., 2011a). These layers
demonstrate different physical properties, as the outer mucus layer can be
easily removed via aspiration, while the inner layer remains adherent (Atuma
et al., 2001; Gustafsson et al., 2012). The outer mucus layer is formed from
the inner layer via the cleavage of cysteine residues in the mucin proteins,
which initiates a four-fold expansion of the mucin glycoprotein while
maintaining the structural integrity of the mucus layer (Figure 1.12B)
(Johansson et al., 2011a; Johansson et al., 2008).
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Figure 1.12: The inner and outer mucus layers of the colon
(A) The inner stratified (S) and outer mucus layer (green) where the former is
devoid of bacteria (red) whereas the latter demonstrates distinct bacterial
colonisation. Scale bar = 20 µm. Image taken from Johansson et al. (2008).
(B) Cleavage of cysteine residues in the MUC2 mucin initiates a four-fold
expansion of the glycoprotein. Images taken from Johansson et al. (2011a).

In contrast to the colon, the mucus layer of the small intestine is comprised of
a single layer of loose mucus, which can be aspirated to reveal the villous
surface (Atuma et al., 2001; Ermund et al., 2013). However, microbial access
to the small intestinal epithelium is rarely observed, as bacteria are inhibited
by antibacterial compounds such as defensins and RegIII lectins, which are
released by Paneth cells and enterocytes (Figure 1.13) (Bevins, 2006;
Vaishnava et al., 2011).
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Figure 1.13: Mucus structure in the small and large intestine
Bacterial access to the small intestinal epithelium is inhibited through the
production and secretion of anti-microbial compounds into the loose mucus
layer (A). In the large intestine, the dense inner mucus layer inhibits bacterial
movement to the epithelium (B). Image adapted from Johansson and Hansson
(2011c).

Mucus has an essential role in inhibiting the access of biological and chemical
insults to the epithelial surface. This has been demonstrated in mice deficient
in Muc2, the primary secreted mucin in the murine small and large intestine,
which spontaneously develop a severe colitis, characterised by the production
of bloody stools as well as reduced weight gain (Van der Sluis et al., 2006).
The induction of colitis is partly due to the microbiota contacting the gut
epithelium. Mice deficient in O-glycan formation, and hence demonstrated
altered mucus properties, showed reduced colitis when treated with broadspectrum antibiotics, which depleted aerobic and anaerobic bacteria (Fu et al.,
2011). Furthermore, when Muc2-deficient mice were exposed to A/E pathogen
C. rodentium, the symptoms of infection were amplified, as these mice rapidly
lost weight and demonstrated a 90% mortality rate, whereas wildtype mice
recovered from infection after one week (Bergstrom et al., 2010). These
studies demonstrate the importance of mucus in maintaining a healthy GIT.
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1.3.1.2.

Mucin structure and production

The mucus layer is produced by secretion of mucin glycoproteins from
epithelial goblet cells. Up to date, 17 mucins have been identified in humans,
with 10 of these produced in the GIT (Arike & Hansson, 2016). Mucins can be
divided into two groups, secreted gel-forming mucins (MUC2, -5AC, -5B, and
-6) and membrane-bound mucins (MUC1, -3, -4, -12, -13, and -17) (Arike &
Hansson, 2016). All mucin glycoproteins share a common core structure, a
protein domain which is rich in proline, threonine, and serine residues (called
the PTS domain), and can be over 2000 amino acids long (Arike & Hansson,
2016). The serine and threonine residues of the PTS domain are heavily
glycosylated, forming a distinct “bottle brush” structure, contributing up to 70%
of the mucin mass (Figure 1.14) (Arike & Hansson, 2016; Johansson et al.,
2011b; Juge, 2012; Lindén et al., 2008a).

Figure 1.14: Structure of gel-forming and transmembrane mucins
Mucin glycoprotein structure with the protein core (red) and oligosaccharides
decorations (green). Image taken from (Johansson et al., 2011b)

Bacterial access to the epithelium throughout the GIT is inhibited by the
adhesion of bacteria to mucins which mimic cell surface receptors, trapping
microbes away from the epithelium (Lindén et al., 2008a). Trapped bacteria
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are subsequently removed during the turnover of mucus through sheer
mechanical force, which is generated from the movement of digested food
through the intestines (Kerss et al., 1982). In the small and large intestine,
MUC2 is the predominant secreted mucin, which forms a net-like structure
upon release from the goblet cell, acting as a filter to prevent microbial
passage to the epithelium (Johansson et al., 2011a). The formation of the
MUC2 mucin in the goblet cell has been relatively well defined. Briefly, the
MUC2 protein dimerises at the C-terminus in the endoplasmic reticulum before
transportation to the Golgi body (Figure 1.15A) (Ambort et al., 2012a;
Johansson et al., 2011b). In the Golgi body, the PTS domains of the apomucin
are glycosylated and N-terminal oligomerisation occurs, before the mucin
molecules are packed into vesicles (Ambort et al., 2012a; Johansson et al.,
2011b). Upon release from the goblet cell, the mucin molecules expand and
combine to form the net-like structure, linked by covalent and non-covalent
bonds (Figure 1.15B) (Ambort et al., 2012b; Johansson et al., 2011b).

Figure 1.15: Formation of the MUC2 mucin structure
(A) C-terminal dimerisation of MUC2 apomucin (indicated by the arrow), (B)
MUC2 polymeric net-like structure. Image adapted from Johansson et al.
(2011b).

One of the key roles of glycan decorations of MUC2 are to protect the mucin
from degradation by host digestive enzymes (Arike & Hansson, 2016). The
glycans of the MUC2 mucin are themselves resistant to proteases and further
prevent the access of these enzymes to the vulnerable mucin protein core
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(Lidell et al., 2006). Additionally, glycans also play an important role in the
selection of the host microbiota, as O-glycans act as adhesion sites and
nutrient sources for commensal bacteria (Juge, 2012; Koropatkin et al., 2012;
Tailford et al., 2015b).

1.3.1.3.

Mucus as a habitat for the microbiota

The mucus layer facilitates the colonisation of a diverse range of microbes, as
mucin O-glycans have a diverse structure which offer numerous binding sites
for different bacteria (Derrien et al., 2010; Juge, 2012). Bacterial localisation
in the GIT is influenced by mucin glycan structures, as these carbohydrates
differ across the GIT, which may be a host mechanism to encourage the
growth of certain bacteria in specific areas of the gut (Donaldson et al., 2016).
In mice, differences in glycan structures have been identified across the GIT,
as the levels of sulfation, fucosylation, and sialyation of mucins was dependent
on the location in the small and large intestine (Larsson et al., 2013). The
importance of glycosylation in bacterial binding to mucins has been
demonstrated in animal models, as mice deficient in the production of Oglycans with a core-1 structure demonstrated an altered gut microbiota, with
increased abundance of Bacteroidetes relative to Firmicutes, whereas
wildtype mice were the inverse (Sommer et al., 2014). Bacterial adhesion to
mucins is mediated by a variety of surface receptors, such as the MUB protein
of L. reuteri ATCC 53608, which binds to terminally sialyated glycans (Etzold
et al., 2014a; MacKenzie et al., 2010). The MUB protein contains multiple
repeats constituted of Ig- and mucus binding domains with homology to the
MucBP domain of L. monocytogenes (Boekhorst et al., 2006; Etzold et al.,
2014a; Juge, 2012; MacKenzie et al., 2009). While MUB is unique to ATCC
53608, surface proteins containing the MucBP domain are located throughout
all sequenced L. reuteri genomes such as the CmbA adhesin from human L.
reuteri isolates (Etzold et al., 2014b; Jensen et al., 2014; MacKenzie et al.,
2010). Other Lactobacillus species also produce surface proteins with mucusbinding domains, including L. rhamnosus GG (mucus-binding factor protein)
and L. plantarum strains WCFS1 and 299v (mannose-specific adhesin)
74

(Pretzer et al., 2005; von Ossowski et al., 2011). The prevalence of adhesins
containing mucus-binding characteristics indicates the importance of these
proteins in Lactobacillus colonisation/survival in the host. Besides specific
mucus binding proteins, bacterial extracellular appendages also interact with
intestinal mucins, such as the L. rhamnosus GG SpaCBA pilin and the
probiotic E.coli Nissle 1917 flagella (Juge, 2012; Kankainen et al., 2009;
Lebeer et al., 2012; Nishiyama et al., 2015; Troge et al., 2012).
In addition to providing binding sites for the microbiota, the mucus layer also
acts as a food source, as glycans from mucins can be utilised by bacterial
species that produce mucin-degrading enzymes (Koropatkin et al., 2012;
Tailford et al., 2015a). Ruminococcus, Bifidobacterium, Bacteroides, and
Akkermansia species have all been identified as mucin degraders however,
these effects, as well as the specific glycans targeted, are strain specific (Crost
et al., 2013; Crost et al., 2016; Derrien et al., 2004; Ruas-Madiedo et al., 2008;
Sonnenburg et al., 2005). For example, A. muciniphilia demonstrates a narrow
glycan range whereas Bacteroides thetaiotaomicron targets both dietary- and
host-derived glycans (Derrien et al., 2004; Sonnenburg et al., 2005).
As a consequence of mucin degradation, mucinolytic bacteria produce a range
of metabolites, including short chain fatty acids (SCFA), particularly butyrate,
which aid in the maintenance of epithelial homeostasis and provide an energy
source for colonocytes (Hamer et al., 2008). Butyrate can also increase the
production of mucus by IEC’s (Barcelo et al., 2000; Finnie et al., 1995;
Hatayama et al., 2007; Tazoe et al., 2009). The exact mechanism remains
unknown but the ERK signalling cascade has been implicated (Tazoe et al.,
2009). It is important to note that the majority of studies have investigated the
impact of butyrate on the colon rather than the small intestine. However,
butyrate, as well as the SCFAs acetate and propionate, are detected in
ileostomy effluent, which indicates that SCFAs are present in the small
intestine and thus may have similar beneficial effects (Zoetendal et al., 2012).
In addition to effects on the host, butyrate also influences bacterial virulence
and reduces the expression of the key S. enterica pathogenicity island SPI1,
which is necessary for epithelial colonisation (Gantois et al., 2006). The health
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benefits of SCFAs on maintaining host homeostasis remains an area of active
research.

1.3.1.4.

Pathogen subversion of the mucus layer

In order to initiate infection in the healthy GIT, pathogens must either infiltrate
or degrade the mucus layer (Figure 1.16) (reviewed in McGuckin et al. (2011)).
The flagellum is a key bacterial appendage which facilitates movement
through mucus as well as enhancing microbial persistence by binding to
mucins, as demonstrated for EPEC, EHEC, and C. difficile (Erdem et al., 2007;
Tasteyre et al., 2001). Interestingly, the EPEC flagellum is not essential for the
colonisation of human duodenal biopsies with an intact mucus layer, as a fliCdeficient mutant demonstrated enhanced binding relative to the wildtype
(Schüller et al., 2009). This implies that the interaction between flagella and
the mucus may inhibit epithelial infection (Schüller et al., 2009). However,
components of the C. difficile flagella specifically bind to mucus from the
mouse caecum but not the porcine stomach, which could indicate either host
or GIT location selection by C. difficile (Tasteyre et al., 2001).
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Figure 1.16: Pathogenic mechanisms to subvert the mucus layer
Pathogens can either (A) degrade the mucus layer with extracellular
mucinases, (B) target microfold (M) cells which sample the gut microbiota and
are not covered by a thick mucus layer, or (C) secrete toxins which diffuse
through the mucus and disrupt TJs and inhibit mucus production. Image
adapted from McGuckin et al. (2011).

Some GI pathogens produce enzymes which degrade mucus (Figure 1.16A)
(McGuckin et al., 2011). Mucinase production has been identified in numerous
pathogens including EAEC (Pic), EHEC (StcE), and Vibrio cholerae (TagA)
(Dutta et al., 2002; Grys et al., 2005; Szabady et al., 2011). The EHEC
metalloprotease StcE cleaves the protein core of the mucin glycoprotein,
degrading the mucus coating and revealing the epithelial surface for
colonisation (Angel et al., 2012; Grys et al., 2005). Additionally, the
degradation of the mucus layer creates a nutrient-poor environment for
commensal bacteria, which reduces colonisation resistance by the host
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microbiota against EHEC infection (Bäumler & Sperandio, 2016). Alternatively,
H. pylori modifies the local environment to reduce mucus viscoelasticity,
without degrading the mucus layer (Celli et al., 2009). The stomach mucus
forms an effective barrier at a low pH however, H. pylori releases a urease
which hydrolyses urea and elevates the pH of the mucus from 4 to 6 (Celli et
al., 2009). By altering the rheological properties of the mucus, H. pylori can
move freely toward the epithelium, to escape from the harsh acidic
environment of the stomach lumen (Celli et al., 2009; Montecucco & Rappuoli,
2001).
In the small intestine, microfold (M) cells, present in the dome epithelium of
Peyer’s patches, sample antigens from the lumen and transport them to
underlying immune cells (Wang et al., 2014b). The sampling of the microbiota
is an essential component of the localised immune system in the gut, which
allows the host to prepare an antigen-specific IgA response against potential
insults, without inducing an inflammatory response (Neutra et al., 2001). For
effective sampling in the lumen, M cells have minimal mucus coverage, due to
a lack of goblet cells in the Peyer’s patch, and thus offer a preferential site for
infection in the small intestine (Figure 1.16B) (McGuckin et al., 2011; Wang et
al., 2014b). Infection of M cells has been demonstrated by numerous invasive
GI pathogens, including S. Typhimurium, S. flexineri, and L. monocytogenes
(Jensen et al., 1998; Jepson & Clark, 2001; Jones et al., 1994; Sansonetti et
al., 1996).
Some GI pathogens produce toxins which travel through the functional mucus
layer and access the epithelium (Figure 1.16C) (McGuckin et al., 2011). These
toxins can alter the mucus in various ways, such as H. pylori-secreted
cytotoxins CagA and VacA, which directly inhibit mucin synthesis and
secretion (Beil et al., 2000; Byrd et al., 2000). Alternatively, toxins can modify
the mucus layer indirectly, such as those produced by V. cholerae, which
impact on the normal functioning of the cell and further induce apoptosis or
weaken TJs in the epithelial barrier (Arce et al., 2005; Fasano et al., 1997;
Lucas, 2010). Through interaction with the epithelium, cholera toxin induces
the secretion of water into the lumen which disrupts the mucus layer and
induces diarrhoea, providing an opportunity for V. cholerae to both establish
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infection in the host and disseminate into the external environment (Lucas,
2010).
The current understanding of the interaction between EPEC and the mucus is
limited however, the infection of mice with the related A/E pathogen C.
rodentium induced the depletion of Muc2 from goblet cells, mediated by the
host immune response, indicating that the detection of A/E bacteria induced
changes in the mucus layer (Bergstrom et al., 2008). Additionally, EPEC
produces SslE (secreted and surface-associated lipoprotein from E. coli; also
produced by ETEC and ExPEC), a secreted enzyme which has mucinolytic
properties in vitro and in vivo (Luo et al., 2014; Nesta et al., 2014; Valeri et al.,
2015). While this enzyme offers a mechanism behind EPEC access to the
epithelium, the impact of this mucinase during human infection still remains to
be determined.

1.3.2. Innate immune response
1.3.2.1.

Innate immune response to pathogens

If a pathogen subverts the mucus layer and gains access to the epithelium,
the host then initiates innate immune defence mechanisms against the
invading microbe (Figure 1.17). This response detects ubiquitous microbial
molecules, referred to as microbe-associated molecular patterns (MAMPs),
which are detected by pattern recognition receptors (PRRs). PRRs are
comprised of Toll-like receptors (TLRs), receptors that detect MAMPs at the
host cell surface or in endosomes, and nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), which detect intracellular MAMPs
(Figure 1.18) (Chen et al., 2009). Due to the constant evolution of pathogens
which can quickly adapt to avoid host defences, PRRs have evolved to identify
a limited range of highly conserved motifs which are not produced by higher
eukaryotes, such as peptidoglycan, lipopolysaccharide (LPS) , and flagellin,
detected by TLR2, TLR4, and TLR5, respectively (Aderem & Ulevitch, 2000).
The detection of a MAMP initiates a cascade via the nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB) and mitogen-activated protein
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kinase (MAPK) signalling pathways, which activate the pro-inflammatory
transcription factors NF-κB and activator protein-1 (AP-1), respectively
(Aderem & Ulevitch, 2000; Chen et al., 2009; de Grado et al., 2001). The target
genes of NF-κB include the cytokines interleukin (IL)-1β, IL-6, IL-8, TNF-α, and
interferon-γ (IFN-γ), which are secreted from the host cell and induce the
chemotactic migration of macrophages, phagocytes, neutrophils, and dendritic
cells to the site of infection (Tak & Firestein, 2001). These immune cells attack
pathogens with DNA-damaging free-radicals (such as H2O2 and NO) as well
as engulfing and phagocytosing microbes (Knight, 2000).

Figure 1.17: Innate immune response in the GIT
The innate immune response is initiated upon detection of MAMPs by PRRs
(either TLRs or NLRs). The PRRs initiate the NF-κB signalling cascade,
upregulating the expression of pro-inflammatory genes, which encode
secreted antimicrobial proteins (AMP) and inflammatory cytokines. The
secretion of cytokines recruits phagocytes to the site of infection, inducing
transepithelial migration to the apical surface. These immune cells release
free-radicals (such as NO and H2O2) and phagocytose invading microbes.

Furthermore, the detection of pathogens by the intestinal epithelium (through
TLRs and NLRs) can induce the production and secretion of antimicrobial
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peptides, such as defensins, REGIII lectins, and cathelicidins, which integrate
into the bacterial cell wall and/or membrane and form pores, resulting in
osmotic leakage and cell death (Mukherjee & Hooper, 2015). These small
peptides are produced by Paneth cells, enterocytes and goblet cells and are
specifically targeted against bacteria, as these antimicrobials have net positive
charges, whereas the bacterial cell wall has a net negative charge, allowing
electrostatic interactions between the peptide and the bacterial cell (Dürr et
al., 2006; Fujii et al., 1993; Mukherjee et al., 2014). In contrast, only the
cytoplasmic surface of the eukaryotic cell membrane is negatively charged,
thus the controlled secretion of these cationic peptides outside the membrane,
prevents interaction with the host cell (Mukherjee & Hooper, 2015).
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Figure 1.18: Inflammatory signalling pathway activation by PRRs upon
detection of MAMPs
(A) TLR-mediated and (B) NLR-mediated signalling pathways. Image adapted
from Chen et al. (2009).
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1.3.2.2.

Innate immune response against EPEC infection

The innate immune response raised against EPEC infection has been well
investigated and has been associated with neutrophil infiltration at the site of
infection (Moon et al., 1983). The migration of neutrophils across the epithelial
surface is mediated by the chemoattractant IL-8, a cytokine which is
significantly increased during EPEC infection (Khan et al., 2008; Nadler et al.,
2010; Pearson et al., 2011; Ruchaud-Sparagano et al., 2007; Savkovic et al.,
1997; Schüller et al., 2009; Sharma et al., 2006; Zhou et al., 2003). Flagellin,
the principle component of the EPEC flagellum, has been implicated as the
primary immunostimulatory factor, as flagellin induced the production of IL-8
in both in vitro (HT-29 and T84) and ex vivo (duodenal biopsies) models (Khan
et al., 2008; Schüller et al., 2009; Sharma et al., 2006; Zhou et al., 2003).
Whilst flagellin has been identified as a key inducer of the IL-8 response, it is
important to note that the loss of fliC does not completely abrogate the
production of IL-8, implying that other immunostimulatory factors are involved
(Khan et al., 2008; Schüller et al., 2009; Sharma et al., 2006). While EPEC
LPS, DNA, and EspC do not induce an IL-8 response in vitro, the additional
immunogenic factor(s) remain unknown (Sharma et al., 2006).
Interestingly, the innate immune response against EPEC infection is thought
to contribute to the onset of diarrhoea, as migrating neutrophils initiate the
release of chloride ions by the epithelium, which induces fluid secretion from
epithelial cells into the lumen (Crane et al., 2002; Crane et al., 2007;
Viswanathan et al., 2009). However, EPEC counteracts the host immune
response via the secretion of effector proteins into the host cell.

1.3.3. The effect of EPEC on innate defences
The innate immune response raised against EPEC perturbs the normal
intestinal milieu, creating a hostile environment, which aids in the clearance of
the pathogen from the host. However, the EPEC genome encodes a vast
repertoire of effector proteins that dampen the host response to infection
(Kaper et al., 2004). These effectors target the NF-κB and the MAPK signalling
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pathways and effectively inhibit the immune response through the
mechanisms described below.
The NF-κB transcription factor is a key mediator in the propagation of the
innate immune response against EPEC infection. NF-κB is comprised of two
subunits, p50 and p65, which are dimerised at the Rel homology domain on
the N-terminus of each subunit (Pearson et al., 2011). In the non-inflamed cell,
NF-κB is located in the cytoplasm in an inactive form bound to IκB however,
upon initiation of the pro-inflammatory cascade, IκB is phosphorylated by IκB
kinase (IKK), which induces IκB ubiquitination (Tak & Firestein, 2001). The
removal of IκB subsequently activates NF-κB, which translocates to the
nucleus and initiates the transcription of genes containing a κB enhancer
element, such as IL-8 (Figure 1.17A) (Kunsch & Rosen, 1993; Tak & Firestein,
2001). The EPEC effector protein NleE prevents NF-κB activation by inhibiting
phosphorylation of IKK and subsequent degradation of IκB (Figure 1.19)
(Nadler et al., 2010; Newton et al., 2010; Vossenkämper et al., 2010; Yen et
al., 2010). NleB has a similar, though less pronounced, effect on IKK (Gao et
al., 2013; Li et al., 2013; Nadler et al., 2010; Pearson et al., 2011). In addition,
NleB reduces the GAPDH-mediated degradation of TNF receptor associated
factor-2 (TRAF2), which is activated during the TNF-α-induced inflammatory
response, which further inhibits NF-κB activation (Gao et al., 2013; Li et al.,
2013). In contrast to NleE and NleB, NleC directly targets the NF-κB
heterodimer by cleaving the p65 subunit at the N-terminus, degrading NF-κB
(Figure 1.19) (Baruch et al., 2011; Mühlen et al., 2011; Pearson et al., 2011;
Yen et al., 2010). The effector proteins NleH1 and NleH2 also target the NFκB complex, specifically the non-Rel component human ribosomal protein S3
(RPS3), which inhibits the localisation of NF-κB to κB enhancer sites (Gao et
al., 2009; Pham et al., 2012; Wan et al., 2007). However, despite substantial
homology between these proteins, these effectors induce different effects on
RPS3, as NleH1 and NleH2 inhibit and activate RPS3, respectively (Gao et
al., 2009; Pham et al., 2012). Interestingly, despite NleH1 reducing RPS3
translocation to the nucleus, an EHEC ΔnleH1 mutant strain induced a more
severe disease in infected pigs, which was associated with an enhanced
inflammatory response, even though little diarrhoea was produced (Gao et al.,
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2009). As both NleH1 and NleH2 can interact and bind to each other, this
suggests that these proteins modulate the innate immune response in unison
however, the mechanism behind this effect remains unknown (Pham et al.,
2012). Finally, the EPEC Tir protein also inhibits the NF-κB pathway through
the recruitment of Src homology region 2 domain-containing phosphatase-1
(SH-1), which subsequently binds to and inhibits TRAF6 phosphorylation,
preventing the activation of TGF-β activated kinase-1 and further downstream
processes (Figure 1.19) (Ruchaud-Sparagano et al., 2011; Yan et al., 2012).

Figure 1.19: Inhibition of the NF-κB inflammatory pathway by EPEC
effector proteins
EPEC effector proteins (blue) target both inflammatory cascade proteins (red)
and helper proteins (brown) which initiate the innate immune response. Image
adapted from Raymond et al. (2013).
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While the NF-κB pathway is the predominant mechanism responsible for the
innate immune response against EPEC infection, the MAPK pathway also
contributes to inflammation through the induction of AP-1 (Figure 1.20).
However, activation of the MAPK pathway is inhibited by EPEC effector
proteins such as NleD, which cleaves JNK and p38, subsequently preventing
the nuclear translocation of AP-1 (Marchés et al., 2005). Interestingly, the loss
of nleD does not reduce IL-8 protein production (Baruch et al., 2011; Marchés
et al., 2005). Similarly to NleD, NleC also targets and cleaves p38,
demonstrating the multifunctional activity of this protein, which also targets the
p65 subunit of NF-κB (discussed above) (Sham et al., 2011). In contrast to
other EPEC effector proteins, NleH2 stimulates an increase in AP-1 activity
however, the mechanism behind this effect remains to be determined (Gao et
al., 2009).

Figure 1.20: Inhibition of the MAPK signalling pathway by EPEC effector
proteins
EPEC effector proteins NleD and NleC cleave signalling molecules in the
MAPK signalling pathway. Image based on Morrison (2012).
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1.3.4. The effect of Lactobacillus on innate defences
As the mucus layer is the primary colonisation site for lactobacilli in the GIT,
as well as the initial barrier to infection, microbial modulation of this surface is
an area of ongoing investigation (Juge, 2012; Walter, 2008). Upregulation of
MUC3 gene and protein expression has been demonstrated by the probiotic
strain L. plantarum 299v when incubated on HT-29 cells (Mack et al., 2003;
Mack et al., 1999). Furthermore, changes in MUC3 expression in HT-29 cells
were associated with a decrease in EPEC binding (Mack et al., 2003; Mack et
al., 1999). Lactobacillus also modulate the production of secreted mucins, as
MUC2 protein levels in LS174T cells and mice were increased by the L.
rhamnosus GG secreted protein p40, which interacted with the EGF receptor
(Wang et al., 2014a). Furthermore, L. reuteri ATCC PTA 4659 and R2LC
increased the mucus thickness in mice with DSS-induced colitis and in healthy
controls (Ahl et al., 2016).
In addition to enhancing the mucus layer, some Lactobacillus strains also have
potent immunomodulatory characteristics, which can aid in the maintenance/
restoration of gut homeostasis during inflammatory events. Moreover, the
influence of probiotics on ailments with persistent GI inflammation, such as
IBD, has shown some promising outcomes, although further randomised
controlled trials are required to ensure clinical efficacy (Ghouri et al., 2014).
The effects of probiotics on the innate immune response have generally been
determined by measuring changes in pro-inflammatory cytokine production,
using both in vitro and in vivo model systems. Lactobacillus strains are usually
classified as either anti-inflammatory or immunostimulatory, such as L. reuteri
ATCC PTA 6475 and L. reuteri ATCC 55730, respectively (previously
discussed in 1.2.4.1.1 and 1.2.4.1.2). Importantly, immunomodulatory effects
can be dependent on either the model system used or the immune stimulus,
as L. rhamnosus GG decreased the production of IL-8 in Caco-2 cells treated
with flagellin, yet induced IL-8 production in HT-29 cells infected with S.
Typhimurium (Lopez et al., 2008; Pinto et al., 2009). Furthermore, mice with
DSS-induced colitis presented with an increased disease severity when
treated with L. rhamnosus GG relative to mice which did not receive the
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probiotic, demonstrating that probiotic choice can influence clinical outcome in
vivo (Mileti et al., 2009).
The exact mechanisms responsible for the immunomodulatory characteristics
of Lactobacillus strains are often poorly defined however, inhibition of IκB
degradation has been suggested in multiple studies (Ko et al., 2007; Lopez et
al., 2008; Ma et al., 2004; Petrof et al., 2009; Tien et al., 2006). Alternatively,
some Lactobacillus strains increase the production of anti-inflammatory
cytokines by dendritic cells, such as IL-10 (Christensen et al., 2002; Drakes et
al., 2004; Fernandez et al., 2011; O'Hara et al., 2006). Additionally, secreted
products produced by lactobacilli have been associated with decreased
expression of inflammatory cytokines (Coconnier et al., 2000; Nemeth et al.,
2006). In a small number of studies, the decrease in inflammation has been
directly associated with specific compounds, such as the anti-oxidant
glutathione and histamine, which are produced by L. fermentum 5716 and L.
reuteri ATCC PTA 6475, respectively (Peran et al., 2006; Thomas et al., 2012).
Whether the production of these compounds is widespread amongst antiinflammatory lactobacilli remains to be determined and is an area of ongoing
research.

1.4. Model systems for studying bacterial interaction with the
intestinal mucosa
1.4.1. Cultured epithelial cell lines
The most frequently used model for the assessment of both Lactobacillus and
EPEC interactions with the intestinal epithelium are cultured epithelial cell
lines. Generally, either HeLa cells, derived from a cervical carcinoma, or colon
carcinoma cells have been used to determine the effects of lactobacilli and
EPEC on microbial binding, the innate immune response, and mucin
regulation (Law et al., 2013). As the intestinal epithelium exhibits distinct
polarity, cell-based models have been adapted to resemble this structure, with
polarised Caco-2 and T84 cells frequently being used to determine the impact
of bacterial interaction with the epithelia. However, the interactions between
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microbes and cancer cell lines is known to differ from those which occur at the
intestinal epithelium, which is due to a number of reasons (Law et al., 2013).
Firstly, the intestinal epithelium consists of four main cell types (enterocytes,
goblet cell, enteroendocrine cells, and Paneth cells), whereas cultured
epithelial cells represent a single cell type. Thus, the interaction and crosscommunication between the various cell types in the epithelium is not
observed in cultured cell line based models. Furthermore, the most frequently
used IECs (HT-29, Caco-2, and T84) are enterocyte-like cells, which do not
secrete mucins and are thus not protected by a mucus layer. As the mucus
protects the epithelium in vivo, the absence of this layer removes an essential
component of intestinal defence against microbes in the healthy intestinal
environment (Johansson et al., 2011b; Johansson et al., 2011a; Johansson et
al., 2008). Thus, the use of non-mucus producing IECs to evaluate probiotic
binding is more representative of ailments with a perturbed mucus barrier,
such as IBD, rather than the healthy GIT. Finally, immortal cancer cell lines
have undergone substantial genomic mutations which enable these cells to
continuously propagate, whereas non-malignant cells enter senescence. This
presents a key problem, as these mutations can alter the basic cell physiology
and the function of the cell.
However, cancer cell lines enable the researcher to dissect the gut epithelium
from the complex environment of the GIT, which can assist in the identification
of novel bacterial features. Nonetheless, it is crucial to complement results
from cell-based assays with more physiologically relevant models, to ensure
that these findings are representative of the in vivo situation (Law et al., 2013).

1.4.2. In vivo model systems
The identification of relevant in vivo models for EPEC infection remains an
active area of investigation, as experiments on infants would be highly
unethical (Goosney et al., 2000; Law et al., 2013). A small number of studies
have been performed on adult volunteers to assess EPEC virulence
(Donnenberg et al., 1993b; Levine & Edelman, 1984; Levine et al., 1985;
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Tacket et al., 2000; Vallance & Finlay, 2000). It is important to note that
stomach acid neutralisation and a large EPEC dose were required to induce
diarrhoea in adults, which does not represent the conditions required for
natural infection (Nataro & Kaper, 1998).
Investigators have used gnotobiotic piglets as an in vivo infection model for
human EPEC infection and identified EPEC colonisation in the porcine
midileum (Moon et al., 1983; Tzipori et al., 1985). However, the required
maintenance costs for larger animals and maintaining germ-free status, as well
as few genetically modified lines, encourages the use of alternative model
systems. Mice have also been utilised to investigate EPEC infection of the
GIT, with Savkovic et al. (2005) identifying mucosal colonisation and neutrophil
migration to the epithelium. However, these data are conflicting with other
reports, which show minimal colonisation of the mouse GIT by EPEC
(Klapproth et al., 2005; Mundy et al., 2006). In contrast, streptomycin-treated
and neonatal mice supported EPEC adhesion when treated with a high
bacterial dose, suggesting colonisation resistance by the intestinal microbiota
as a cause for absent EPEC binding in conventional mouse models (Dupont
et al., 2016; Royan et al., 2010). Although EPEC-infected germfree and
neonatal mice demonstrated A/E lesion formation at the epithelial surface,
these mice do not develop watery diarrhoea after infection (Dupont et al.,
2016; Meador et al., 2014; Vallance & Finlay, 2000). Thus, no murine model
to date presents with the complete repertoire of clinical symptoms associated
with EPEC infection of human infants (Law et al., 2013; Vallance et al., 2002).
The natural murine pathogen C. rodentium has often been used as a proxy for
EPEC to examine intestinal infection by A/E pathogens, as the Citrobacter
genome contains a LEE PAI which shares 41 open reading frames with the
EPEC LEE PAI (Deng et al., 2001). However, 32% of the C. rodentium
genome is not shared with EPEC, which includes at least seven putative T3S
effector proteins (Petty et al., 2010). Further differences from EPEC infection
include location of intestinal colonisation, as C. rodentium adhere to the murine
cecum and colon, and different pathologies, as C. rodentium infection does
not induce profuse, watery diarrhoea in the host (Law et al., 2013).
Additionally, C. rodentium infection is not limited to infant mice (Law et al.,
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2013). In contrast, infection of weaned rabbits with rabbit EPEC demonstrated
a similar phenotype to human EPEC colonisation, as the infection was age
restricted and induced a similar tissue pathology, alongside potentially lethal
diarrhoea (Law et al., 2013; Moon et al., 1983; Robins-Browne et al., 1994).
However, the severity of diarrhoea in infant rabbits inhibits the investigation
into moderate changes in disease phenotype (Law et al., 2013). Furthermore,
there are few genetically modified rabbit lines, which limits the evaluation of
the host response to EPEC infection (Law et al., 2013).
In contrast to EPEC infection studies, clinical studies investigating probiotic
characteristics are more prevalent, as Lactobacillus species are generally
regarded as safe (GRAS) and can thus be consumed without risk of harm to
the participant, which reduces ethical and safety concerns (Salminen et al.,
1998). Furthermore, L. reuteri strain ATCC 55730 was not detrimental in
immunocompromised patients, further supporting the GRAS status of these
microbes (Wolf et al., 1998). In addition to human volunteer studies, animals
have been used to investigate probiotic characteristics including mice, rats,
chickens, and pigs. However, as L. reuteri strains demonstrate ecological
adaption to their original host species, this limits the use of animals when
investigating the probiotic characteristics of human-derived strains, as findings
in one species may not be applicable to another (Walter, 2008).

1.4.3. Ex vivo model systems
To overcome the lack of relevant in vivo models for EPEC infection studies,
Knutton and colleagues developed an in vitro organ culture (IVOC) system,
which used intestinal mucosal biopsy samples to investigate the interaction of
A/E E. coli with the intestinal epithelium (Knutton et al., 1987). IVOC has
numerous advantages over traditional cell culture, including the presence of
all major epithelial cell types and the protective mucus layer (Fang et al.,
2013). A limitation of IVOC is that EPEC infection is not restricted to the
mucosal surface. However, a polarised system (pIVOC) has been developed,
which confines bacterial access to the epithelial biopsy surface, enabling the
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investigation of the innate immune response against EPEC infection (Schüller
et al., 2009).
IVOC is a valuable model for the study of microbe-host interactions at the
intestinal mucosa however, there are a number of limitations which prevent
the routine use of this system. Firstly, IVOC studies require ethical approval,
as samples are acquired from patients in addition to any biopsies which are
taken for diagnostic use. Secondly, access to human tissue can be
unpredictable due to the need for patient consent. Thirdly, different host
backgrounds can result in considerable variation between experiments.
Finally, IVOC experiments are limited to approximately eight hours, as tissue
survival is reduced in the absence of blood supply. While there are limitations
to the IVOC method, this system is currently regarded as the gold standard for
the investigation of pathogenic E. coli interaction with the intestinal mucosa
(Girard et al., 2007; Phillips & Frankel, 2000; Schüller et al., 2009).
Human intestinal tissue has also been used in the investigation of probiotic
Lactobacillus characteristics, such as samples from patients with IBD to
determine the impact of probiotic strains on inflammation (Tsilingiri et al.,
2012). The interaction between lactobacilli and GI pathogens has also been
explored with intestinal tissue from the porcine gut (Bogovič Matijašić et al.,
2006; Collins et al., 2010). Nonetheless, the use of intestinal tissue for
probiotic research remains a niche area.
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1.5. Aims and objectives
The overarching aim of this PhD project was to determine the influence of
probiotic L. reuteri on EPEC infection of the human intestinal epithelium, with
particular focus on 1) EPEC binding, 2) mucus production, and 3) proinflammatory host response. Both in vitro and ex vivo human intestinal
epithelial cell models were used in this study.
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2.1. Bacterial strains and growth conditions
2.1.1. Bacterial strains
The bacterial strains used in this study are listed in Table 2.1. All experiments
using EPEC were performed in a containment level 2 facility.

Strain
L. reuteri
ATCC PTA 6475
ATCC PTA 6475 CmbADSM 20016
LMS11-3
ATCC 55730
ATCC 53608
ATCC 53608 MUB100-23C

Description

Reference

Human isolate
Human isolate
Human isolate
Human isolate
Human isolate
Pig isolate
Pig isolate
Rat isolate

Oh et al. (2010)
Etzold et al. (2014b)
Oh et al. (2010)
Oh et al. (2010)
Oh et al. (2010)
Oh et al. (2010)
MacKenzie et al. (2010)
Oh et al. (2010)

LB54

Chicken isolate

Oh et al. (2010)

Levine et al. (1978)

CVD452

EPEC wildtype (O127:H6)
EPEC escN mutant

AGT01

EPEC fliC mutant

Girón et al. (2002)

UMD864

EPEC espB mutant

Donnenberg et al. (1993a)

EPEC
E2348/69

Jarvis et al. (1995)

Table 2.1: Bacterial strains used in this study

2.1.2. Culture methods
L. reuteri were routinely cultured in de Man, Rogosa and Sharpe (MRS) culture
medium (Oxoid), which is selective for Lactobacillus by low pH (6.2 ± 0.2). L.
reuteri broth cultures were inoculated from frozen glycerol stocks and grown
standing in an anaerobic cabinet (5% CO2, 10% H2 and 85% N2, Don Whitley
Scientific) at 37 °C overnight. L. reuteri colonies were cultured at 37 °C on
MRS agar (1.5% w/v agar, Formedium) plates overnight under anaerobic
conditions.
EPEC were routinely cultured in Lennox Lysogeny Broth (LB) (Formedium)
and grown standing in aerobic conditions at 37 °C overnight. EPEC colonies
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were cultured at 37 °C on LB agar (1.5% w/v agar) plates overnight under
aerobic conditions.
EPEC cultures were stored as streaks on LB plates for up to one month at 4
°C before re-streaking. EPEC deletion mutants were selected with the
appropriate antibiotic at the following concentrations: kanamycin (50 µg/ mL)
and chloramphenicol (25 µg/ mL).

2.1.3. Cryopreservation and thawing of strains
Stock cultures of L. reuteri and EPEC were preserved in 15% (v/v) glycerol
solution. A 50% glycerol solution was prepared in deionised distilled H2O
(ddH2O) and sterilized by autoclaving. 300 µL 50% glycerol solution was mixed
with 700 µL fresh overnight culture in a sterile ampoule by pipetting and snap
frozen on dry ice before long term storage at -70 °C.

2.2. Cell culture
All cell lines were routinely cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 4500 mg/ L glucose and 3700 mg/ L sodium bicarbonate
(Sigma). DMEM medium was supplemented with 4 mM L-glutamine (Sigma)
and 10% foetal bovine serum (FBS, Sigma). Cells were maintained at 37 °C
in a 5% CO2 atmosphere. Media used during routine cell culture were warmed
to 37 °C prior to use. Cells were grown in 25 cm 2 culture flasks (Sarstedt and
Greiner Bio-One) and passaged at full confluency.
HT-29 (ECACC 91072201) and LS174T cells (ECACC 87060401), originally
isolated from human colon adenocarcinoma, were used between passages 5
to 20 and 7 to 27, respectively.
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2.2.1. Trypsinisation and passaging of cell lines
At confluency, the cell culture media were removed and cells were washed
twice with 4 mL PBS (Sigma) to remove residual FBS, which can deactivate
trypsin. Cells were washed once with 0.5 mL 0.25% trypsin- 0.02%
ethylenediaminetetraacetic acid (EDTA) solution (T/E, Sigma) before 0.5 mL
T/E were applied. Cells were incubated at 37 °C until cell detachment from the
flask (approximately 5 min). Trypsin was deactivated by resuspending the cells
in 4.5 mL supplemented DMEM, and cells were split at dilution ratios of 1:10
into a new 25 cm2 culture flask. Cells were split approximately every 7 days
and the cell culture media were replaced every 2 days, to prevent acidification.

2.2.2. Determination of cell concentration and cell seeding
After trypsinisation, 10 µL of cell suspension was mixed with 10 µL trypan blue
(Sigma) to identify nonviable cells. Trypan blue is unable to permeate the cell
membrane of live cells, and only dead cells are stained blue. Viable cells were
counted using an improved Neubauer haemocytometer (Hawksley; depth 0.1
mm) and an inverted light microscope (Zeiss Invertoskop ID03). Two fields (1
x 10-4 mL/ field) (Figure 2.1) were counted and multiplied by 104 to determine
the cell concentration. The volume of cell suspension required for seeding (x)
was determined by the following formula;
x = (y * w) / z
y is the desired number of cells/ well, w is the number of wells to be seeded,
and z is the cell concentration.
Cells were seeded into 24 well plates at 1 x 105 cells/ well (HT-29) or 1.5 x 105
cells/ well (LS174T). Cells were seeded onto sterile coverslips (CS), for
microscopy analysis, or directly onto wells for all other experiments. Cells were
grown to confluence (7 days) and, prior to infection, cell culture media were
replaced with plain DMEM.

97

Figure 2.1: Neubauer cell counting chamber
Red boxes indicate the cell counting area with a defined volume of 0.1mm3,
equivalent to 10-4 mL.

2.2.3. Cryopreservation and resurrection of cell lines
2.2.3.1. Cryopreservation of cell lines
Cells were grown in 75 cm2 culture flasks until confluence. Cells were
trypsinised and resuspended in 5 mL supplemented DMEM, and the cell count
was determined as described in 2.2.2. Cell concentration was adjusted to 2-4
x 106 cells/ mL, and 950 µL cell suspension was added to a freezing vial. 50
µL dimethyl sulfoxide (DMSO) (5% final concentration, Sigma) was added, and
vials were placed in a freezing container (Mr Frosty, Nalgene), containing
isopropanol (Sigma), and cooled to -80 °C overnight at a cooling rate of 1 °C/
min to reduce ice crystal formation. Frozen vials were transferred to liquid
nitrogen storage (vapour phase; -190 °C) for long term preservation.
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2.2.3.2. Resurrection of cell lines
Frozen vials were removed from liquid nitrogen storage and warmed quickly
to room temperature (RT). The cell suspension was transferred into 5 mL
supplemented DMEM, resuspended and centrifuged for 7 min at 188 x g to
remove DMSO. The supernatant was discarded, and the cell pellet was
resuspended in 7 mL supplemented DMEM. The cell suspension was
transferred into a 25 cm2 culture flask and cultured as previously described.

2.3. Infection assay
2.3.1. Adhesion assay
Prior to inoculation, L. reuteri and EPEC were spun down at 18,000 x g for 5
min and resuspended in DMEM. Approximately 5 x 107 bacteria (Multiplicity of
infection (MOI) of 50 bacteria/ cell) were incubated with the cell monolayers at
37 °C in a 5% CO2 atmosphere for 1 h. The cell monolayers were washed with
PBS (3x) to remove non-adherent bacteria, and processed according to further
applications.

2.3.2. Protection assay
2.3.2.1. Short-term protection assay
For short-term protection assays, 5 x 108 L. reuteri (MOI 500) were preincubated with cell monolayers for 1 h. Subsequently, 5 x 106 EPEC (MOI 5)
were added for 1 h. At the end of the experiment, cell monolayers were
washed with PBS (3x), and processed according to further applications.
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2.3.2.2. Long-term protection assay
Cells were pre-incubated with 5 x 108 L. reuteri for 4 h, and the cell culture
media were tested with pH indicator strips (ThermoFisher, pH range 4.5-10.0
at 0.5 intervals) after the incubation to determine potential acidification.
Non-adherent lactobacilli were removed by washing with DMEM for 5 min on
a rocking platform (30 rotation/ min), and cells were incubated with 5 x 106
EPEC for 1 or 3 h. At the end of the experiment, cells were washed with PBS
(3x) and processed for further applications.

2.3.3. Contact killing assay
To assess the impact of L. reuteri on EPEC viability, 5 x 108 L. reuteri were
pre-incubated for 1 h in 1 mL DMEM medium at 37 °C in 5% CO2 atmosphere,
and 5 x 106 EPEC were added and further incubated for 1 h. As 1% Triton X100 (TX-100, Sigma) was used in protection assay experiments to release
adherent bacteria (see 2.3.5), 1% TX-100 was added to the co-culture for 10
min after the EPEC incubation. EPEC survival was assessed by plating out
serial dilutions of the co-culture on LB agar plates and viable EPEC were
determined relative to the initial inoculum by plate counting.

2.3.4. Co-culture assay
To determine the effect of L. reuteri and EPEC on mucus production and the
inflammatory response, 5 x 107 L. reuteri were incubated with 5 x 107 EPEC
on cell monolayers at 37 °C in 5% CO2 atmosphere for 6 h. Cell culture media
were spun down at 18,000 x g for 5 min and the supernatant frozen at – 80 °C
until processing. Cells were washed with PBS (3x) and processed for further
applications.
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2.3.5. Quantification of bacterial colonisation
Cells were lysed with 1% TX-100 in PBS for 10 min at RT to release adherent
bacteria. The lysate was serially diluted in PBS, plated out and incubated
overnight at 37 °C. Bacterial colonies were counted, and adherence was
determined according to the following formula;
% adherence = (adherent bacteria/ mL/ inoculated bacteria/ mL) * 100

2.4. In vitro organ culture (IVOC) of human intestinal biopsy
tissue
2.4.1. Ethical approval and collection of biopsy samples
This study was performed with ethical approval from the University of East
Anglia Faculty of Medicine and Health ethics committee (ref 2010/11-030). All
biopsies were collected through the Norwich Biorepository, which has National
Research Ethics Service approval (ref 08/h0304/85+5). Samples were
provided by the Gastroenterology Department at the Norwich and Norfolk
University Hospital.
Up to six biopsies from the second part of the duodenum were obtained with
informed consent from 87 adults (24-87 years; average age 64.7; 42 male and
45 female) undergoing routine upper endoscopy for investigation of GI
symptoms (see Appendix 1 for a copy of the Norwich Biorepository information
sheet and consent form for adult patients). Patients were not included in the
study if they met any of the following criteria;
Previous infection of Human Immunodeficiency Virus or Hepatitis B.
The patient suffered from any conditions of the small bowel.
For studies investigating the immune response, patients were also excluded if
they had used immunosuppressive medication within the past month.
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Biopsies were taken from macroscopically normal areas, transported to the
laboratory in IVOC medium and processed for experimentation within the next
hour.

2.4.2. Culture of biopsy samples
Biopsies were maintained in IVOC medium (0.94 g NCTC 135 medium
(Sigma), 0.22 g sodium bicarbonate (Sigma), and 1 g D-(+)-mannose (Sigma),
to prevent bacterial adhesion by type I fimbriae, dissolved in 90 mL ddH2O).
The solution was filter sterilized with a 0.45 µm syringe filter (Sartorius Stedim),
and combined with 90 mL DMEM and 20 mL newborn calf serum (Sigma). The
medium was stored at 4 °C.
IVOC was performed as described previously (Knutton et al., 1987). Briefly,
biopsies were cut with a disposable scalpel to a diameter of 2-3 mm and
orientated with the mucosal side upwards on a foam support (Simport) in a 12
well plate in 1 mL IVOC medium. IVOC medium in the well was adjusted to
allow a thin film of medium to cover the biopsy. Biopsies were infected with 25
µL standing overnight culture (2.5 x 107 bacteria) and incubated on a seesaw
rocker with 12 revolutions/ min in air with 5% CO2 at 37 °C for up to 8 h.
Medium was changed at 4 h and 6 h to maintain pH and prevent bacterial
overgrowth. At the end of the experiment, biopsies were transferred to glass
screw cap tubes and washed twice with PBS by vigorous shaking to remove
mucus and non-adhering bacteria. Alternatively, biopsies were processed
without washing to allow assessment of the mucus layer.

2.4.2.1. Polarised IVOC
The polarised IVOC technique was pioneered by Schüller et al. (2009), and is
an adaption of IVOC which restricts bacterial access to the mucosal surface.
For this, the biopsy was sandwiched between two Perspex disks (12 mm
diameter, Faculty of Science Mechanical Workshop, University of East Anglia)
with a central aperture (2 mm diameter), as demonstrated in Figure 2.2.
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For mounting of the biopsy, a cellulose nitrate membrane filter (3 µm pore size,
Whatman) was soaked in IVOC medium and placed onto the basal disk. The
biopsy was placed centrally on the membrane and orientated with the mucosal
side facing upwards under a dissection microscope. To prevent bacterial
leakage, the apical disk was sealed to the mucosal biopsy surface with
Histoacryl tissue glue (Braun Medical). The biopsy-containing unit was
mounted into a Snapwell support (polycarbonate membrane, Corning) and
placed into a 6 well plate with 3 mL IVOC medium in the basolateral chamber.
For adherence assays, biopsies were submerged in 180 µL IVOC medium and
infected with 20 µL standing overnight bacterial culture (2 x 107 CFU). The
biopsies were incubated on a seesaw rocker at 37 °C in a 5% CO2 atmosphere
for up to 6 h. Apical medium was removed after 2 h, and biopsies were washed
with 200 µL IVOC medium. Biopsies were further incubated under slightly
submerged conditions (~50 µl of medium) to reduce epithelial shedding. For
protection assays, biopsies were pre-incubated with 109 L. reuteri in 300 µL
IVOC medium for 2 h. Biopsies were washed with IVOC medium to remove
non-adherent L. reuteri and biopsies were incubated with 2 x 107 EPEC for 4
h. At the end of the experiment, specimens were removed from the support,
washed, and processed according to further applications.

Figure 2.2: pIVOC system
Biopsies were mounted between two Perspex disks with a central aperture to
limit bacterial access to the mucosal biopsy surface. Adapted from
Schüller et al. (2009).
103

2.4.3. Scanning electron microscopy
Biopsies were fixed in 2.5% glutaraldehyde (Agar Scientific) in PBS overnight
and stored at 4 °C until processing. All subsequent incubation steps were
performed on a rocker. Samples were washed twice with PBS and once with
ddH2O for 10 min. The biopsies were dehydrated by subsequent incubation in
30%, 50%, 70%, and 90% acetone in ddH2O for 15 min followed by two 15
min incubations in 100% acetone. The specimens were dried by incubation in
tetramethylsilane (Sigma) for 10 min and air-dried for at least 10 min. Samples
were orientated under a dissecting microscope and mounted with the mucosal
surface facing upwards on aluminium stubs (TAAB Laboratory Equipment
Ltd.) using silver paint (Agar Scientific). The biopsies were sputter-coated with
gold (Polaron SC7640 sputter coater, Quorum Technologies), and viewed with
a JEOL JSM 4900 LV scanning electron microscope (School of Environmental
Sciences, UEA).

2.4.4. Biopsy cryosections
Biopsies with preserved mucus layers were embedded in optimal cutting
temperature compound (Sakura) in a cryotube, snap-frozen in an ethanol/dry
ice bath and stored at -80 °C. Serial sections of 7 µm were cut with a Microm
HM550 cryostat (Thermo Scientific), picked up on poly L-lysine-coated slides
(Agar Scientific) and air-dried for at least 30 min. Slides were stored at -80 °C
until processing.

2.4.5. Quantification of bacterial colonisation of biopsies
Biopsies were transferred to microcentrifuge tubes and lysed in 1 mL 1% TX100 for 15 min at RT. The specimens were homogenised with a sterile pestle
(Sigma), and vortexed. Serial dilutions of the lysate were plated on LB agar,
and adherent bacteria were quantified by plate counting.
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2.4.6. Preparation of biopsy lysates for cytokine analysis
Biopsies were transferred to microcentrifuge tubes containing 250 µL ice cold
lysis buffer (1% TX-100 and 0.5% protease inhibitor cocktail (Sigma) in PBS).
Samples were incubated on ice for 5 min and homogenised with a sterile
pestle. The lysate was centrifuged at 18,000 x g for 15 min at 4 °C to pellet
insoluble proteins. The supernatant was removed and stored at -80 °C until
further processing.

2.5. Fluorescence staining
2.5.1. Antibodies and dilutions
The antibodies used in this study are listed in Table 2.2.

Antigen

Host species

Dilution

Source

CmbA

Rabbit

1:250

D. MacKenzie

MUB

Rabbit

1:250

D. MacKenzie

Srr
E. coli

Rabbit

1:250

D. MacKenzie

Goat

1:500

abcam

NF-κB

Rabbit

1:200

Santa Cruz

MUC2

Mouse

1:250

Santa Cruz

MUC5AC

Rabbit

1:250

Santa Cruz

Table 2.2: Primary antibodies used in this study

All incubations with antibodies were performed at RT.

2.5.2. Staining of adherent cell lines and tissue cryosections
Slides containing cryosections were equilibrated to RT for 10 min, and sections
were encircled with a PAP pen (Sigma) to prevent antibody crossover between
sections. For mucus preservation, coverslips and cryosections were fixed with
ice-cold methanol/ acetone (1:1; MeOH/ acetone) for 4 min on ice, and washed
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once with PBS. For all other applications, fixation was performed in 3.7%
formaldehyde in PBS (formalin) for 15 min at RT. All samples were stored at
4 °C in PBS until further processing.
Samples were incubated in 0.5% bovine serum albumin (BSA; Sigma), and
0.1% TX-100 (formalin-fixed samples only) in PBS for 20 min to block nonspecific binding sites and permeabilise the cell membrane. All reagents were
diluted in 0.5% BSA in PBS, as detailed in Table 2.2. Samples were washed
once with PBS and incubated with the first primary antibody for 60 min at RT.
Unbound antibody was removed by washing with PBS on a rocking platform
for 10 min, and specimens were incubated with the secondary antibody for 30
min in the dark. Secondary antibodies were either Alexa Fluor-488 or Alexa
Fluor-568 (IgG; Life Technologies) and were used at a 1:400 dilution. Unbound
antibody was removed by washing, and incubations in primary/ secondary
antibodies were repeated with the remaining antibodies. If required, samples
were counterstained with 4', 6-diamidino-2-phenylindole (DAPI; 1:5000;
Roche) to label cell nuclei and/or fluorescein isothiocyanate (FITC)conjugated phalloidin (1:200; Sigma) to visualise filamentous actin and actin
pedestals. Samples were washed for 40 min with a single PBS change, airdried for 5 min, and mounted in Vectashield (Vector Laboratories). Samples
were stored at 4 °C in the dark until evaluation with a fluorescence microscope
(Axiovert 200M or Axioimager M2, Zeiss).

2.5.3. Analysis of fluorescence microscopy images
To quantify EPEC actin pedestal and microcolony formation, images were
taken from ten random fields of view at a set exposure time. EPEC were
counted and each bacterium was classified on whether they were associated
with an actin pedestal and whether they were contained in a microcolony (five
or more bacteria grouped together).
To quantify mucin protein in LS174T cells, images were taken at set exposure
times and analysed using ImageJ, a public domain imaging software (Wayne
Rasband, NIH). Protein levels were determined by measuring fluorescence
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intensity by analysis of integrated density. To reduce background,
fluorescence intensity was limited to a minimum threshold for inclusion in the
analysis which was kept constant for all images within an experiment.

2.6. Gene expression analysis using quantitative real time
PCR (qPCR)
2.6.1. RNA extraction
Eukaryotic RNA from LS174T cells was extracted using the RNeasy Mini kit
(Qiagen) with RNase-free tubes, tips, and reagents. Confluent LS174T cells
were lysed with 350 µL RLT buffer, supplemented with 3.5 µL βmercaptoethanol (Sigma) to inhibit intrinsic RNases. Cells were detached by
scraping with a pipette tip. The lysate was homogenised by vortexing for 10
sec and stored at -80 °C until further processing. RNA extraction was
performed according to the manufacturer’s protocol for “RNA extraction from
animal cells using spin technology”. Genomic DNA was removed by “oncolumn” digestion with DNase I as described in the manufacturer’s protocol.
RNA was eluted in 30 µL RNase-free water and stored at -20 °C
until further processing.

2.6.2. Assessment

of

RNA

quality

by

agarose

gel

electrophoresis and spectrophotometry
RNA

integrity

was

determined

by

agarose

gel

electrophoresis

in

Tris/Borate/EDTA (TBE) buffer (10x TBE:108 g Tris (Sigma), 55 g boric acid,
and 40 mL 0.5 M EDTA, pH 8.0 (Sigma) in 1 L ddH2O). RNA samples were
labelled with DNA nontox dye (PanReac AppliChem) separated in a 1% (w/v)
agarose (Sigma) gel at 250 mA and 90 V for 30 min (Consort E863), and
visualised using a U:Genius ultra violet gel imager (Syngene). RNA integrity
was confirmed by identification of the 28S and the 18S ribosomal RNA
subunits (Figure 2.3).
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RNA quantity and purity was assessed with a NanoDrop ND-1000
spectrophotometer (Thermo Scientific). Protein contamination was evaluated
by the ratio of absorbance at 260 nm and 280 nm with a value between 1.8
and 2.0 considered acceptable. The ratio of absorbance at 230 nm and 260
nm was used as a secondary measure to assess salt contamination, with a
value between 1.5 and 2 considered acceptable. RNA quantity was
determined by absorbance at 260 nm, and RNA concentrations were
presented as ng/ µL.

Figure 2.3: Representative image of intact RNA
RNA degradation was assessed by agarose gel electrophoresis. Each lane
represents an individual sample.

2.6.3. cDNA synthesis
Complementary DNA (cDNA) was synthesised from 1 µg RNA using the
qScript

cDNA

supermix

(Quanta

Biosciences),

according

to

the

manufacturer’s instructions, and a thermal cycler (Biometra Professional Trio).
A reverse transcriptase-negative (RT-) control, with no added cDNA supermix,
was run alongside the cDNA synthesis to assess DNA contamination during
qPCR analysis. cDNA was diluted at a ratio of 1:3 with sterile nanopure H2O
and stored at 4 °C for up to 1 week or at -20 °C for long-term storage.
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2.6.4. Primers used in this study

Target
gene
MUC1

Primer sequence
F 5’CGACGTGGAGACACAGTTCA 3’

Product
size (bp)
165

Reference
This Study

233

This Study

121

This Study

212

This Study

256

This Study

104

(F) Moal et al. (2005)
(R) This Study

158

This Study

122

This Study

98

Ou et al. (2009)

94

Jacob et al. (2013)

180

Schüller et al. (2009)

R 5’AGAACACAGACCAGCACCAG 3’
F 5’ACTGCACATTCTTCAGCTGC 3’

MUC2

R 5’ATTCATGAGGACGGTCTTGG 3’
MUC3A

F 5’ACCACCCTTACATCACGCAG 3’
R 5’AAGCACACTGTCCCTGTTCC 3’

MUC5AC

F 5’CTGGGGTCCTCATTCAGCAG 3’
R 5’CCCGAATTCCATGGGTGTCA 3’
F 5’GCTTCGTATTCGACGGCAAC 3’

MUC6

R 5’ATGTCCACGACAAGGCTCAG 3’
MUC12

F 5’TGAAGGGCGACAATCTTCCTC 3’
R 5’AGTGTAGTCTGCCTCCAGGAT 3’

MUC13

F 5’TGTAAACACAGCCACCAACCA 3’
R 5’AAGTAGCTGTTGGGAAAGGTGT 3’

MUC17

F 5’GTTTCAACACCACTGGCACC 3’
R 5’CTGGTCCCGGTACTCCACTA 3’

IL-8

F 5'TTGAGAGTGGACCACACTGC 3'
R 5'TGCACCCAGTTTTCCTTGG 3'

YWHAZ

F 5'ACTTTTGGTACATTGTGGCTTCAA 3'
R 5'CCGCCAGGACAAACCAGTAT 3'

POLR2A

F 5'GATGGGCAAAAGAGTGGACTT 3'
R 5' GGGTACTGACTGTTCCCCCT 3'

Table 2.3: Primers used in this study

2.6.5. Primer design
All primers selected for this study were based on publically available human
gene sequences (http://www.ensembl.org/index.html) and supplied by Sigma
Genosys. Primers were designed using the PrimerBLAST software
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/)

with

the

following

parameters:


Primer length: 15-25 base pairs (bp)



Melting temperature (Tm): 58 – 63 °C
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GC content: 20-80%



Self-complementarity: <8

In addition, forward and reverse primers for a specific gene were designed
to have a melting temperature within 2 °C of each other. When possible,
the following additional parameters were employed:


Amplicon length: 80 – 250 bp



Amplicon GC content: <60%



Spanning of exon-intron boundaries

Primers were evaluated for the formation of secondary structures and primer
dimers using the Sigma design tool. Lyophilised oligonucleotides were
resuspended in RNase-free water to a final concentration of 100 µM and
stored at -20 °C.

2.6.6. qPCR
qPCR experiments were performed using SYBR® Green JumpStart™ Taq
ReadyMix™ (SYBR) (Sigma). Each experiment was performed in a 96 well
PCR plate (Sarstedt), with each well containing 5 µL SYBR Readymix, 1 µL
primer solution (containing 10 µM forward and reverse primer), 0.1 µL internal
reference dye, 1 µL cDNA, and 3 µL nanopure H2O. The plate was kept on ice
during pipetting to prevent amplification before the start of the cycling protocol.
Samples were run in duplicate for each gene tested. Corresponding RT- and
non-template controls (without cDNA) controls were included for each primer
pair to assess DNA contamination of RNA preparations and reagents,
respectively. The plate was sealed with transparent sealing film (Sarstedt) and
spun down using a swing-rotor centrifuge at 2000 x g for 1 min, to gather
reagents at the base of the wells. The qPCR reaction was performed using an
ABI7500 Taqman real-time PCR system (Applied Biosystems) with the
following cycling parameters:
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Stage 1 – 1 cycle


95 °C for 2 min – Initial denaturation

Stage 2 – 40 cycles


95 °C for 30 sec – Denaturation



60 °C for 30 sec – Annealing



72 °C for 35 sec – Elongation

Stage 3 – 1 cycle


72 °C for 5 min – Final elongation (for gel electrophoresis)

Stage 4 – 1 cycle – Dissociation curve analysis


95 °C for 15 sec



65 °C for 60 sec



95 °C for 15 sec



60 °C for 15 sec

Amplification and dissociation curves were analysed using Taqman SDS
software.

2.6.7. Primer validation
Primer specificity was assessed by dissociation curve analysis (single peak)
and agarose gel electrophoresis to determine product size. Primer efficiency
was determined by amplifying two-fold serial dilutions (1:2 to 1:32) of template
cDNA. Cycle threshold (CT) values were log transformed and plotted against
dilutions, and the slope of the regression line was determined. Slopes of -3.0
to -3.6 were considered acceptable, indicating 85 to 115% amplification
efficiency according to the formula;
Amplification efficiency = (10^(-1/slope-1)) *100.
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2.6.8. Relative quantification of gene expression (ΔΔCT)
The ΔΔCT method determines relative changes in gene expression between
treated and non-treated samples (Livak & Schmittgen, 2001). CT values for the
gene of interest (GOI) were normalised by subtraction of the geometric mean
of the reference genes (YWHAZ and POLR2A), the normalised value referred
to as ΔCT. To determine the relative change in gene expression (ΔΔCT) of the
GOI, the non-treated ΔCT was subtracted from the ΔCT of the treated sample.
Fold expression values were determined as follows:
Fold-expression = 2–ΔΔCT

2.7. Quantification of IL-8 expression by ELISA
IL-8 production was quantified using the human IL-8 enzyme-linked
immunosorbent assay (ELISA) development kit (Peprotech) according to the
manufacturer’s instructions. Reactions were performed in Nunc Maxisorb
immunoassay 96 well plates (Fisher Scientific), and colour development was
quantified using a Benchmark Plus Microplate Spectrophotometer plate reader
and Microplate Manager 5.2.1 software (Bio-Rad). IL-8 production in biopsy
lysates was normalised against total protein content, determined using the DC
protein colorimetric assay (Bio-Rad) according to the manufacturer’s protocol
for microtitre plates. The standard curve was prepared with 0.1 – 0.5 µg/ mL
BSA in lysis buffer and 10 µL of sample/standard were used for analysis.

2.8. Statistical analysis
All data are shown as means ± standard errors of the mean (SE). Statistical
analysis was performed using GraphPad Prism software (version 5). Student’s
T-test was used to determine differences between two groups. One-way
ANOVA with Tukey’s multiple comparisons test was used to determine
differences between multiple groups. Non-parametric Kruskal-Wallis with
Dunn’s post hoc test was used for quantification of IL-8 production in biopsies.
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All gene expression data were log10 transformed before statistical analysis. A
P value of <0.05 was considered significant with degrees of statistical
significance presented as follows: *=P<0.05, **=P<0.01, ***=P<0.001.
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CHAPTER THREE: L. reuteri inhibition of EPEC adherence to
the human intestinal epithelium
TURN WHITE

CHAPTER THREE

L. reuteri inhibition of EPEC
adherence to the human
intestinal epithelium

The work contained in this chapter was the basis of the following
publication:

Walsham, A. D., MacKenzie, D. A., Cook, V., Wemyss-Holden, S., Hews, C.
L., Juge, N., & Schüller, S. (2016). Lactobacillus reuteri Inhibition of
Enteropathogenic Escherichia coli Adherence to Human Intestinal
Epithelium. Frontiers in microbiology, 7.
(See Appendix 2)
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3.1. Introduction and objectives of study
Adhesion to the host is an important step in EPEC pathogenesis (Knutton et
al., 1987). EPEC adhere to the epithelium by forming A/E lesions, which have
been observed in both human in vitro and ex vivo models (Knutton et al., 1989;
Knutton et al., 1987). A/E lesions are characterised by intimate attachment of
EPEC to the host cell, effacement of underlying microvilli and the
polymerisation of actin beneath the bacterium (Knutton et al., 1989; Moon et
al., 1983). Formation of the A/E lesion reduces the absorptive surface and,
alongside the effects of other T3S effector proteins, contributes to the onset of
diarrhoea (Moon et al., 1983; Viswanathan et al., 2009). Therefore, inhibition
of EPEC binding to the host provides an attractive target for prevention and
treatment strategies.
Probiotics offer a solution to inhibit pathogen binding, with those which
persevere within the host being particularly valuable (Juge, 2012;
Kleerebezem et al., 2010). Probiotic persistence in the GIT is seen as
beneficial as this increases the interaction time between the host and the
probiotic to deliver beneficial effects, such as competing with pathogens to
reduce infection (Lebeer et al., 2008). To investigate probiotic-pathogen
interaction, in vitro models have been developed which typically use three
intervention protocols: pre-incubation of the probiotic before infection
(protection), inoculation of pathogen and probiotic together (competition), and
probiotic administration after infection (displacement). Protection assays
simulate the use of probiotics as a preventative measure before infection,
whereas displacement assays investigate the effect of probiotics after
infection, resembling therapeutic intervention. Previous studies investigating
the impact of lactobacilli on EPEC adherence to epithelial cell lines have
demonstrated that pre- or co-incubation of live Lactobacillus spp. reduced
EPEC binding (Bernet et al., 1994; Coconnier et al., 1993a; Forestier et al.,
2001; Sherman et al., 2005). In addition, non-viable lactobacilli have also
shown antagonistic effects against diarrhoeagenic E. coli adhesion to
intestinal cell lines (Chauvière et al., 1992b; Coconnier et al., 1993a;
Coconnier et al., 1993b). Competitive exclusion has been suggested as one
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mechanism responsible for the reduction in pathogen binding by probiotics,
through both physical inhibition (steric hindrance) and competition for mutual
binding sites (Chan et al., 1985). While the specific host receptors are
generally undefined, carbohydrate-containing receptors have previously been
linked to adhesion of lactobacilli and enteric pathogens to host cells
(Adlerberth et al., 1996; Lee & Puong, 2002; Neeser et al., 2000). Interestingly,
cell-surface adhesins isolated from L. crispatus and L. helveticus reduced S.
Typhimurium, EIEC, EHEC, and EPEC binding to epithelial cells and
extracellular matrix proteins, suggesting mutual receptors (Chen et al., 2007;
Horie et al., 2002; Johnson-Henry et al., 2007).
However, the accessibility of cell-surface receptors to probiotic bacteria in a
healthy individual is uncertain, as the epithelium is covered by a thick layer of
mucus (Atuma et al., 2001; Juge, 2012). The mucus layer of the GIT is the
primary colonisation site for commensal bacteria, facilitating host-microbe and
microbe-microbe interactions (Johansson et al., 2011a). Yet, most studies
investigating adherence of probiotic bacteria and their interaction with
pathogens have generally used non-mucus producing IECs, such as Caco-2,
HT-29, and T84 cells (Navabi et al., 2013a; van Klinken et al., 1996). As these
cell lines lack a functional mucus layer, the observed interactions may better
represent a diseased state such as IBD, in which the mucus layer has been
compromised, rather than the healthy mucosa prior to infection (Sheng et al.,
2012).
In this study, we sought to determine the effects of L. reuteri on EPEC binding
to the intestinal epithelium in the absence and presence of a mucus layer. For
this, we selected the colon adenocarcinoma cell lines HT-29 and LS174T, as
these cell lines represent the two interfaces for L. reuteri to exert an effect
against EPEC binding; at the epithelial surface (HT-29) and in the mucus layer
(LS174T). HT-29 cells resemble the enterocytes of the small intestine and
produce MUC3, a membrane-bound mucin which is present in the small and
large intestine (Mack et al., 2003), and have been used in a number of studies
investigating inhibition of pathogen colonisation by lactobacilli (Candela et al.,
2008; Mack et al., 1999; Rousset, 1986; Zhang et al., 2010b). In contrast,
LS174T cells are goblet cell-like and produce MUC2 and MUC5AC, the major
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secreted mucins of the intestines and stomach, respectively (Kuan et al., 1987;
van Klinken et al., 1996). In addition to cancer cell lines, the IVOC model was
utilised with human duodenal biopsies. IVOC demonstrates greater
physiological relevance to the GIT, as biopsies demonstrated the native gut
structure and were covered by a representative mucus layer. While IVOC is
considered the gold standard for the investigation into EPEC interaction with
the intestinal epithelium, few studies have utilised this model for probiotic
research (Collins et al., 2010).

3.2. Results
3.2.1. L. reuteri adhesion to HT-29 cells is strain specific
To select adhering L. reuteri strains for further protection assays, several L.
reuteri isolates, from human, pig, chicken, and rat (Table 2.1), were incubated
with HT-29 cells for 1 h. Bacterial adhesion was initially evaluated by
fluorescence microscopy using antibodies specific to L. reuteri adhesins. As
shown in Figure 3.1A, adhesion varied between L. reuteri strains with the rat
isolate 100-23C demonstrating minimal adhesion, with few bacteria attached
to HT-29 cells, while the human strain ATCC PTA 6475 and the pig isolate
ATCC 53608 displayed greater adhesion, with bacteria localised across the
monolayer.

We

also

observed

that

ATCC

53608

demonstrated

aggregative properties.
Bacterial binding to HT-29 cells was further quantified by plating out serial
dilutions of cell lysates and counting colony forming units (CFU). Whereas
ATCC 53608 demonstrated the highest adherence to HT-29 cells, the human
strains ATCC PTA 6475 and DSM 20016 exhibited similar adhesion as EPEC
and isolates ATCC 55730 and LB54, from human and chicken respectively,
exhibited the lowest binding potential (Figure 3.1B). As the strains with the
greatest binding, we selected ATCC PTA 6475 and ATCC 53608 for further
analysis. Additionally, these L. reuteri isolates showed distinct binding
patterns, as aggregates of ATCC 53608 were bound to individual HT-29 cells.

117

In contrast, fewer ATCC PTA 6475 were bound to individual cells, but these
bacteria were more dispersed across the epithelial surface.

Figure 3.1: L. reuteri adhesion to HT-29 cells is strain specific
HT-29 cells were incubated with various L. reuteri strains and EPEC for 1 h.
Adherent bacteria were observed by immunofluorescence staining (A) and
quantified by plate counting (B). (A) ATCC PTA 6475, ATCC 53608 and 10023C were stained with antisera specific to the adhesins CmbA, MUB, and SRR
respectively (red) while cell nuclei were labelled with DAPI (blue). Images are
representative of three independent experiments performed in duplicate.
Scale bars = 10 µm. (B) Bacterial adhesion is expressed as a percentage
relative to the inoculated dose. Data are shown as means ± standard error of
the mean (SE) of three independent experiments performed in duplicate.
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3.2.2. Mucus binding proteins increase L. reuteri adhesion to
HT-29 and LS174T cells
The role of L. reuteri adhesins, such as CmbA (ATCC PTA 6475) and MUB
(ATCC 53608), has previously been investigated, and binding to mucus
(CmbA and MUB) and Caco-2 cells (CmbA) has been demonstrated (Jensen
et al., 2014; MacKenzie et al., 2010). We aimed to identify the importance of
the adhesins CmbA and MUB in binding to mucus-producing LS174T and
mucus-deficient HT-29 cells. The presence of MUC2 was investigated in both
cell lines by immunofluorescence staining, which demonstrated that MUC2
was only expressed in LS174T cells (Figure 3.2A).
To investigate the role of CmbA and MUB in L. reuteri adhesion to mucus and
the epithelium, LS174T and HT-29 cells were incubated with ATCC PTA 6475,
ATCC 53608, and isogenic adhesin deletion mutants (ATCC PTA 6475 CmbAand ATCC 53608 MUB-) for 1 h. Quantification of adhered bacteria revealed
that the absence of MUB significantly reduced adherence to HT-29 and
LS174T cells (Figure 3.2B). We also observed a reduction in the binding of the
CmbA- mutant relative to the wildtype strain, but this did not reach significance.
Furthermore, the adhesion of all strains to LS174T cells was significantly
higher than HT-29 cells.
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Figure 3.2: Mucus binding proteins enhance L. reuteri adhesion to HT-29
and LS174T cells
(A) Immunofluorescence staining confirmed production of MUC2 (green) in
LS174T but not HT-29 cells. Cell nuclei were stained with DAPI (blue). Images
are representative of three independent experiments performed in duplicate.
Scale bar = 10 µm.
(B) EPEC, L. reuteri ATCC PTA 6475, ATCC 53608, or isogenic adhesin
mutants (ATCC PTA 6475 CmbA- and ATCC 53608 MUB-) were incubated
with HT-29 and LS174T cells for 1 h. Adhesion of bacteria is expressed as a
percentage relative to the inoculated dose. Data are shown as means ± SE of
three independent experiments performed in duplicate. ** = P <0.01.
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3.2.3. L. reuteri inhibits EPEC adhesion to HT-29, but not
LS174T cells
To investigate the effect of L. reuteri on EPEC adhesion, we pre-incubated
HT-29 and LS174T cells with L. reuteri before EPEC infection. To determine
the pre-treatment period for further experiments, HT-29 cells were preincubated with a 100x excess of L. reuteri for 1 or 3 h before addition of EPEC
for 1 h. EPEC adhesion was assessed by plate counting. As shown in Figure
3.3A, pre-treatment of HT-29 cells with L. reuteri ATCC PTA 6475 and ATCC
53608 for 1 and 3 h significantly inhibited EPEC adhesion. As the protective
effect did not significantly change between the 1 and 3 h pre-treatment, we
used a 1 h pre-incubation for further experiments. We then determined the
minimal dose required to inhibit EPEC binding by pre-incubating HT-29 cells
with a 100x, 10x or 1x (equivalent numbers) excess of L. reuteri, relative to the
EPEC inoculum, before infecting with EPEC for 1 h. While 100x excess of
ATCC PTA 6475 or ATCC 53608 significantly inhibited EPEC adhesion, no
effect was observed with a 10x or 1x excess of L. reuteri (Figure 3.3B). In
contrast to HT-29 cells, pre-treatment with a 100x L. reuteri excess did not
significantly reduce EPEC binding to LS174T cells (Figure 3.3C).
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Figure 3.3: L. reuteri pre-incubation inhibits EPEC adhesion to HT-29, but
not LS174T cells
(A) HT-29 cells were pre-incubated with a 100x excess of L. reuteri ATCC PTA
6475, ATCC 53608, or left untreated (-) for 1 h or 3 h before EPEC was added
for 1 h. Cell-associated EPEC were quantified by plate counting and adhesion
was expressed as a percentage relative to the EPEC inoculum. Data are
shown as means ± SE of three independent experiments performed in
duplicate. * = P <0.05; ** = P <0.01.
(B) HT-29 cells were pre-incubated with a 100x, 10x or 1x (equivalent
numbers) excess of L. reuteri ATCC PTA 6475, ATCC 53608 or left untreated
(-) for 1 h before the addition of EPEC for 1 h. Cell-associated EPEC were
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quantified by plate counting, and adhesion was expressed relative to
inoculated EPEC. Data are shown as means ± SE of three independent
experiments performed in duplicate. * = P <0.05.
(C) LS174T cells were pre-incubated with a 100x excess of L. reuteri ATCC
PTA 6475, ATCC 53608, or left untreated (-) for 1 h before the addition of
EPEC for 1 h. Cell-associated EPEC were quantified by plate counting, and
adhesion was expressed relative to inoculated EPEC. Data are shown as
means ± SE of three independent experiments performed in duplicate.

To determine whether inhibition of EPEC adhesion to HT-29 cells by L. reuteri
was dependent on L. reuteri adhesion to the epithelium, HT-29 cells were
incubated with a 100x excess of L. reuteri for 2 h (total incubation time of L.
reuteri and HT-29 cells in previous experiments) and washed to remove
unbound bacteria before the addition of EPEC for 1 h. In addition, the effect of
L. reuteri secreted products on EPEC adherence was investigated by
incubating HT-29 cells with L. reuteri-conditioned cell culture medium (DMEM
pre-incubated with L. reuteri for 2 h) before infection with EPEC for 1 h. As
shown in Figure 3.4, EPEC binding was not significantly reduced by adherent
L. reuteri or conditioned medium.
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Figure 3.4: Inhibition of EPEC adhesion is independent of adherent L.
reuteri and secreted anti-microbial compounds
HT-29 cells were exposed to the following treatments before incubation with
EPEC for 1 h: L. reuteri for 1 h (total LR), L. reuteri for 2 h and subsequent
removal of non-adherent bacteria (adherent LR), L. reuteri-conditioned
medium for 2 h (supernatant), or non-treated (-). Cell-associated EPEC were
quantified by CFU and adhesion was expressed as a percentage relative to
inoculated EPEC. Data are shown as means ± SE of three independent
experiments performed in duplicate. * = P <0.05.
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3.2.4. L. reuteri ATCC 53608 decreases EPEC viability
in co-culture
While secreted products from L. reuteri did not affect EPEC adherence, we
further investigated whether L. reuteri or its secreted products reduced EPEC
viability. A 100x excess of L. reuteri or L. reuteri-conditioned cell culture
medium was pre-incubated for 1 h in cell-free wells before the addition of
EPEC for 1 h. While incubation with ATCC PTA 6475 or conditioned media did
not affect the number of EPEC recovered, incubation with ATCC 53608
demonstrated a reduction in recovered EPEC, although this did not reach
significance (Figure 3.5A).
As described in previous studies (MacKenzie et al., 2010) and demonstrated
in Figure 3.1A, ATCC 53608 forms autoaggregates mediated by the adhesin
MUB. This property may have caused the reduced EPEC CFU counts
observed in the previous assay by “trapping” EPEC bacteria within bacterial
clusters. To investigate this hypothesis, co-culture experiments were repeated
with ATCC 53608 MUB-, which does not aggregate (Figure 3.5B). In addition,
some co-cultures were treated with TX-100, the detergent we used to lyse the
HT-29 and LS174T cell monolayers, at the end of the experiment to determine
whether TX-100 affected aggregate formation or EPEC recovery. As shown in
Figure 3.5C, co-incubation with ATCC 53608 or the MUB-deficient mutant
significantly decreased the recovery of EPEC. In addition, TX-100 treatment
did not impact on EPEC growth or ATCC 53608-mediated reduction of EPEC
retrieval.
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Figure 3.5: Co-incubation with L. reuteri ATCC 53608 reduces EPEC
recovery independent of aggregate formation
(A) L. reuteri ATCC PTA 6475, ATCC 53608 (100x excess), conditioned
medium, or untreated medium was pre-incubated for 1 h before the addition
of EPEC for 1 h. Recovered EPEC were quantified by plate counting and
expressed as a percentage relative to the number of inoculated bacteria. Data
are shown as means ± SE of three independent experiments performed in
duplicate.
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(B) Phase contrast images of L. reuteri ATCC 53608 wildtype and ATCC
53608 MUB-. Images are representative of three independent experiments
performed in duplicate. Scale bars = 10 µm.
(C) L. reuteri ATCC 53608 wildtype or a MUB-deficient mutant (53608 MUB-)
were pre-incubated for 1 h before the addition of EPEC for 1 h. At the end of
the experiment, some co-cultures were treated with TX-100, and EPEC were
quantified by plate counting. Recovered EPEC are expressed as a percentage
relative to the number of inoculated EPEC. Data are shown as means ± SE of
three independent experiments performed in duplicate. Asterisks denote a
significant difference from EPEC only control. ** = P <0.01; *** = P <0.001

3.2.5. Adherent L. reuteri ATCC PTA 6475 inhibit EPEC
adhesion to HT-29 but not LS174T cells
In our previous experiments, we did not observe inhibition of EPEC binding to
HT-29 cells by adherent L. reuteri after 2 h incubation (Figure 3.4). However,
after a 1 h incubation, few L. reuteri were bound to HT-29 cells (Figure 3.1A).
To increase L. reuteri adhesion, incubations were extended to 4 and 6 h, and
adhesion was assessed by immunofluorescence. Whereas binding of L.
reuteri was similar after 4 or 6 h incubation (data not shown), detachment of
HT-29 and LS174T cell monolayers increased with longer incubations.
Therefore, a 4 h pre-incubation period was selected for further studies.
As shown in Figure 3.6A, L. reuteri ATCC PTA 6475 and ATCC 53608
extensively adhered to LS174T cells, while binding to HT-29 cells was less
pronounced. In addition, aggregate formation of ATCC 53608 was evident on
HT-29 cells, as previously observed (Figures 3.6A). Having established
efficient L. reuteri adherence, the protection assay was modified. Cells were
pre-incubated with L. reuteri (100x excess) for 4 h, non-adherent L. reuteri
were removed, and EPEC were added for 1 h. Results demonstrated in Figure
3.6B showed that adherent ATCC PTA 6475, but not ATCC 53608,
significantly inhibited EPEC adherence to HT-29 cells. In contrast, no effect
was observed in LS174T cells (Figure 3.6B).
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Figure 3.6: Adherent L. reuteri ATCC PTA 6475 inhibit EPEC binding to
HT-29 but not LS174T cells
(A) Confluent HT-29 and LS174T cells were incubated with ATCC PTA 6475
or ATCC 53608 for 4 h. Adherent L. reuteri (green) were visualised by
immunofluorescence microscopy. Cell nuclei were counterstained with DAPI
(blue). Colour channels are merged for HT-29 whereas only the green channel
is shown on LS174T cells, to improve clarity of L. reuteri. Images are
representative of three independent experiments performed in duplicate.
Scale bars = 10 µm.
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(B) HT-29 and LS174T cells were pre-incubated with ATCC PTA 6475, ATCC
53608 (100x excess), or left untreated (-) for 4 h. Non-adherent bacteria were
removed and EPEC were added for 1 h. Cell-bound EPEC were quantified by
plate counting, and adhesion was expressed as a percentage relative to
inoculated EPEC. Data are shown as means ± SE of three independent
experiments performed in duplicate. * = P <0.05.

3.2.6. Pre-incubation with L. reuteri ATCC PTA 6475 increases
the formation of EPEC microcolonies on LS174T cells
As LS174T cells produce mucus, CFU counts in cell lysates may not provide
an accurate measure of EPEC adherence to the epithelial surface. To
differentiate between mucus- and cell surface-bound bacteria, we utilised the
fluorescent actin staining test to identify actin pedestal formation, a
characteristic of A/E lesion formation (Figure 3.7A). EPEC were incubated with
LS174T cells for 3 h to enable pedestal formation, and total EPEC and EPEC
associated with pedestals were quantified by immunofluorescence microscopy
and counting. While pre-treatment with L. reuteri did not influence EPEC A/E
lesion formation (Figure 3.7B), more prominent clusters of EPEC were
observed in LS174T cells pre-incubated with ATCC PTA 6475 (Figure 3.7C).
Quantification of EPEC contained within these microcolonies confirmed that
significantly more EPEC were located in microcolonies after pre-incubation
with ATCC PTA 6475 compared to ATCC 53608- and non-treated
cells (Figure 3.7D).
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Figure 3.7: Adherent ATCC PTA 6475 enhance EPEC microcolony
formation in LS174T cells
(A) LS174T cells were incubated with EPEC (red) for 3 h. Actin pedestal
formation was visualised by immunofluorescence staining for filamentous actin
(green) and E. coli (red). Image representative of four independent
experiments performed in duplicate. Scale bar = 10 µm.
(B) Quantification of EPEC associated with actin pedestals. LS174T cells were
pre-incubated with ATCC PTA 6475, ATCC 53608 or left untreated (-) for 4 h,
and EPEC were added for 3 h. Pedestal formation was expressed as a
percentage relative to the total number of adherent EPEC. Data are shown as
means ± SE of four independent experiments performed in duplicate.
(C) Pre-incubation of LS174T cells with ATCC PTA 6475 increased EPEC
microcolony formation compared to untreated cells (-). EPEC were visualised
by immunofluorescence staining and are shown in black and white to increase
clarity. Image is representative of four independent experiments performed in
duplicate. Scale bars = 10 µm.
(D) Quantification of EPEC microcolony formation (five or more bacteria).
EPEC contained within microcolonies were expressed as a percentage
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relative to the total number of adherent EPEC observed. Data are shown as
means ± SE of four independent experiments performed in duplicate. *** = P
<0.001

3.2.7. L. reuteri is localised in the mucus layer of human
duodenal biopsies
While cultured cells are a useful tool in the assessment of host-microbe
interactions, these cell lines lack the complex epithelial structure formed from
multiple cell types (Law et al., 2013). Thus, findings using cultured cells require
further validation in more physiologically relevant model systems, such as
IVOC. Therefore, to further investigate bacterial binding to the human intestinal
mucosa, duodenal biopsies were inoculated with L. reuteri ATCC PTA 6475,
ATCC 53608, or EPEC for 8 hours, and colonisation was assessed by
scanning electron microscopy (SEM). To distinguish between bacterial
localisation in the mucus layer and at the epithelial surface, biopsies were fixed
with either the mucus layer present or removed to reveal the epithelium. We
identified that EPEC were localised in the mucus layer and at the epithelial
surface of the biopsy, with prominent A/E lesion formation and microvillous
elongation across the villous surface (Figure 3.8A). In contrast, both L. reuteri
strains were located exclusively in the mucus layer, with no apparent binding
to the epithelium (Figure 3.8A, images shown for ATCC PTA 6475 only). This
was confirmed by immunofluorescence staining of cryosections, which
demonstrated that L. reuteri were restricted to the mucus layer (Figure 3.8B).
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Figure 3.8: L. reuteri localise to the mucus layer of human duodenal
biopsies
(A) SEM of duodenal biopsies incubated with L. reuteri ATCC PTA 6475 or
EPEC for 8 h. Biopsies were fixed with the mucus layer present (mucus) or
washed to allow visualisation of the epithelium (epithelium). Images are
representative of three independent experiments performed in duplicate.
(B) Fluorescence microscopy of duodenal biopsies incubated with L. reuteri
ATCC PTA 6475 for 8 h. Cryosections were stained for MUC2 (green), ATCC
PTA 6475 (red) and cell nuclei (blue). Images are representative of three
independent experiments performed in duplicate. Scale bars = 10 µm.
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3.2.8. Pre-incubation with L. reuteri inhibits EPEC colonisation
of the intestinal epithelium by polarised IVOC
To quantify EPEC adherence to the duodenal biopsy epithelium, a polarised
IVOC (pIVOC) model restricting bacterial access to a defined mucosal surface
area was used (Schüller et al., 2009). The time period of EPEC infection was
optimised to enable sufficient colonisation of the epithelium without epithelial
shedding. Biopsies were infected for 6 to 8 h, and EPEC colonisation and
epithelial integrity were assessed by SEM. While no epithelial shedding was
observed on non-infected controls (8 h incubation), substantial shedding of the
epithelium occurred after 7 and 8 hours of EPEC infection (Figure 3.9). In
contrast, epithelial integrity was maintained after 6 h of infection (Figure 3.9),
and this period was chosen for further pIVOC experiments.
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Figure 3.9: EPEC colonisation of human duodenal biopsy epithelium in
pIVOC
Biopsies were infected with EPEC or left non-infected for 6 to 8 h and
examined by SEM. The epithelium was preserved on both uninfected (8 h) and
biopsies incubated with EPEC for 6 h, demonstrated by the discernible brush
border. However, shedding of the biopsy epithelium and exposure of the
basement membrane was observed after 7 and 8 h of EPEC infection. Images
are representative of eight independent experiments performed in duplicate.
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3.2.9. L. reuteri reduces EPEC colonisation of human
duodenal biopsy epithelium
To investigate the influence of L. reuteri on EPEC colonisation ex vivo,
duodenal biopsies were pre-incubated with 50x excess of ATCC PTA 6475,
ATCC 53608, or left untreated (-) for 2 h. After removal of non-adherent L.
reuteri, biopsies were infected with EPEC for 4 h. At the end of the experiment,
the mucus layer was removed by washing and EPEC colonisation of the
epithelium was quantified by plating out biopsy lysate and determining CFUs.
Our data revealed a significant reduction in EPEC colonisation by L. reuteri
compared to non-treated biopsies (Figure 3.10).

Figure 3.10: L. reuteri ATCC PTA 6475 and ATCC 53608 significantly
inhibit EPEC colonisation of duodenal biopsy epithelium
Duodenal biopsies were pre-incubated with ATCC PTA 6475, ATCC 53608,
or left untreated (-) for 2 h, non-adherent bacteria were removed, and EPEC
were added for 4 h. Cell-bound EPEC were quantified by plate counting and
adhesion is presented as EPEC CFU/ biopsy. Data are shown as means ± SE
of four independent experiments performed in duplicate. * = P <0.05; ** = P
<0.01.
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3.3. Discussion
The colonisation efficacy of probiotic bacteria is often assessed using
epithelial cancer cell lines (Joint FAO/WHO Working Report, 2002; Vélez et
al., 2007). However, most of these cell lines lack a functional mucus layer
which is likely to impact on bacterial binding, as the mucus layer is the primary
habitat for commensal bacteria (Johansson et al., 2008; Navabi et al., 2013a).
In this study, we examined the effects of L. reuteri on EPEC colonisation of the
human intestinal epithelium using enterocyte- and goblet cell-like cell lines as
well as human duodenal biopsies as models of human infection. Through this
investigation, we aimed to develop our understanding of probiotic-pathogen
interaction and evaluate the probiotic potential of L. reuteri.

3.3.1. Influence of L. reuteri strain selection on epithelial
adhesion
In this study, we demonstrated that L. reuteri binding to HT-29 cells is straindependent. This is consistent with previous findings, which have emphasised
the importance of strain specificity when investigating Lactobacillus adhesion
to IECs (Chauviere et al., 1992a; Tuomola & Salminen, 1998). One study
identified variable adhesion efficacy between a selection of Lactobacillus
species to HT-29 cells, with strain-specific cell surface molecules aiding L.
reuteri adhesion (Wang et al., 2008). These cell surface molecules may have
evolved due to adaptation of lactobacilli to their local environment (Frese et
al., 2011). Niche adaptation has previously been documented in L. reuteri, as
genomic clades which contain adhesins that enhance adhesion to the host
organism have been identified in strains isolated from humans, rodents, and
pigs (Oh et al., 2010; Wegmann et al., 2015). Supporting previous studies,
deletion of host-specific adhesin genes in the rodent strain L. reuteri 100-23
diminished colonisation of Lactobacillus-free mice (Frese et al., 2011).
Therefore, the presence of specific adhesins in L. reuteri provides a rationale
for the selection of candidate probiotics. However, adhesion studies are
required to confirm binding efficacy.
136

Interestingly, ATCC 53608, a porcine isolate, demonstrated the highest
adherence of the L. reuteri strains examined. Similarities between the porcine
and human GIT (Heinritz et al., 2013) may account for this characteristic, and
thus the porcine gut may provide an additional avenue for the isolation of novel
probiotic strains. It is important to note the ecological variation within the
porcine and human GIT however, with numerous Lactobacillus species
forming biofilm layers directly contacting the squamous epithelium of the pig
stomach (Fuller et al., 1978). Within humans, no such niche has been
identified and relatively few Lactobacillus species are thought to be persistent
in the GIT (Walter, 2008). Efficient adhesion of ATCC 53608 to human IECs
may be linked to the formation of aggregates mediated by the MUB protein,
as ATCC 53608 MUB- did not aggregate and showed diminished adherence
to IEC’s (MacKenzie et al., 2010; Wadstroum et al., 1987).
L. reuteri strains ATCC PTA 6475, DSM 20016, and LMS11-3, originally
isolated from human hosts, demonstrated comparable binding to HT-29 cells,
whereas human strain ATCC 55730 showed reduced adhesion. These
findings are supported by previous studies, which demonstrated high
adherence of ATCC PTA 6475 (referred to as MM4-1a) and DSM 20016 to
HT-29, Caco-2, and LS174T cells, whereas the ATCC 55730-derived strain
DSM 17938 showed reduced binding (Jensen et al., 2012). Interestingly,
ATCC 55730 is currently marketed as a dietary supplement, and previous
studies have demonstrated colonisation of the stomach and duodenum of
human volunteers, suppression of Helicobacter pylori infection, and reduction
of diarrhoeal episodes in children (Francavilla et al., 2008; Valeur et al., 2004;
Weizman et al., 2005). Therefore, the lack of correlation between in vitro and
in vivo data suggests that probiotic screening with cell line models requires
further validation with more physiologically relevant model systems.
Mucus binding proteins (MBPs) facilitate adhesion of lactobacilli to the host
(reviewed in Juge (2012); Lebeer et al. (2008); Van Tassell and Miller (2011);
Vélez et al. (2007)) and have been identified within a range of Lactobacillus
species, such as the L. rhamnosus GG SpaCBA pillin (Kankainen et al., 2009)
and the L. reuteri 104R surface protein MapA (Miyoshi et al., 2006; Rojas et
al., 2002). MBPs typically consist of a sorting peptide, an LPxTG motif in the
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C-terminus (anchoring the MBP to the bacterial cell wall), and multiple repeats
of the mucus binding domain mub, which shares homology with the bacterial
mucin binding protein domain Pfam-MucBP, a sequence located in a number
of L. monocytogenes proteins (Boekhorst et al., 2006; Juge, 2012). The MUB
protein of ATCC 53608 and the CmbA protein of ATCC PTA 6475 have been
characterised as MBPs which mediate adhesion to mucus and the epithelium
in vitro (Etzold et al., 2014a; Jensen et al., 2014; Roos & Jonsson, 2002). In
our study, we identified that MUB and CmbA enhanced L. reuteri binding to
both mucus-secreting LS174T cells and mucus-deficient HT-29 cells. As HT29 cells have been shown to express cell-bound MUC3 when stimulated by L.
rhamnosus GG and L. plantarum 299v, this may suggest a potential receptor
for L. reuteri binding (Mack et al., 2003).
While CmbA and MUB enhance L. reuteri adhesion, ATCC PTA 6475 CmbAand ATCC 53608 MUB- still partially bound to LS174T cells. This finding
suggests that additional cell surface proteins may contribute to the adhesion
of these L. reuteri strains to mucus. One study identified three L. acidophilus
NCFM cell surface proteins, FbpA, Mub, and SlpA, which contributed to
adhesion to Caco-2 cells (Buck et al., 2005). Furthermore, these binding
proteins may be multifactorial in purpose, with additional roles to cellular
adhesion. The elongation factor Tu protein of L. johnsonii La1, a guanosine
nucleotide protein which assists protein synthesis in the cytoplasm, has been
identified as an adhesin-like molecule on the bacterial cell surface (Granato et
al., 2004). While our findings are supported by these studies, the presence of
additional

adhesins

on

L.

reuteri

ATCC

PTA

6475

requires

further investigation.
We further observed increased adhesion of L. reuteri and EPEC to LS174T
compared to HT-29 cells, suggesting that mucus enhanced microbial binding.
This is in agreement with our data on duodenal biopsies, which demonstrated
L. reuteri localisation to the mucus. Previous studies have demonstrated
increased binding of L. rhamnosus GG, L. johnsonii La1, and L. bulgaricus
ATCC 11842 human intestinal mucus compared to resected human colonic
tissue (Ouwehand et al., 2002). Put together with our data, these findings
suggest preferential lactobacilli binding to mucus, potentially due to MBPs
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such as MUB and CmbA. While further investigation is required to confirm that
enhanced L. reuteri binding to LS174T cells is mediated by the adhesion of
MBPs to mucins, these findings support the use of mucus-producing models
when investigating probiotic adhesion

3.3.2. Influence of L. reuteri on EPEC adherence in vitro
In this study, we report that L. reuteri ATCC PTA 6475 and ATCC 53608
significantly inhibit EPEC adhesion to HT-29 cells. One mechanism of
pathogen inhibition is competitive exclusion, where probiotics compete with a
pathogen to access binding sites on the epithelial surface. Previous reports
investigating competitive exclusion have suggested that either pre-incubation
of the probiotic or co-incubation with the pathogen is required, as pathogen
displacement is uncommon (Lebeer et al., 2008). One study investigating preincubation, co-incubation, and displacement of DAEC and ETEC binding by L.
acidophilus La1 demonstrated that inhibition of E. coli binding to Caco-2 cells
was only achieved during protection and co-incubation studies (Bernet et al.,
1994). A similar study investigating the effect of L. salivarius and L. plantarum
on S. aureus adhesion to Caco-2 cells identified that only pre-incubation and
competition assays inhibit S. aureus binding (Ren et al., 2012). As previous
reports have demonstrated successful inhibition of pathogenic E. coli adhesion
by pre-incubation with Lactobacillus species (Bernet et al., 1994; Coconnier et
al., 1993a), we selected this intervention protocol for our study.
We initially investigated the influence of L. reuteri pre-incubation time on EPEC
binding. We determined that 1 and 3 hour pre-incubation of L. reuteri inhibited
EPEC adhesion to HT-29 cells. A previous study identified that 1 hour preincubation of L. acidophilus ATCC 4356 and S. thermophilus ATCC 19258
significantly inhibited EIEC adhesion to Caco-2 cells (Resta-Lenert & Barrett,
2003). Longer pre-incubation periods have also been reported, with 6 hour
pre-incubation of either L. acidophilus R0052 or L. rhamnosus R0011 inhibiting
both EPEC and EHEC adhesion to polarised T84 cells (Sherman et al., 2005).
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Previous studies investigating the protective effects of lactobacilli on EPEC
adhesion to non-mucus producing IECs have found different dosage
requirements with equivalent numbers of L. acidophilus La1 inhibiting EPEC
adherence to Caco-2 cells (Bernet et al., 1994; Coconnier et al., 1993a).
Interestingly, the study by Coconnier et al. (1993a) also found that preincubation with heat-killed L. acidophilus decreased EPEC binding too Caco2 cells, although a 10-fold excess was required for this effect. Similarly, EPEC
binding to polarised T84 cells was reduced by L. acidophilus and L. rhamnosus
when pre-incubated at 10x and 1,000x excess, respectively (Sherman et al.,
2005). Furthermore, L. rhamnosus and a selection of L. acidophilus strains
inhibited EHEC adherence to HT-29 cells when incubated at 1,000x excess
(Kim et al., 2008). Thus, our findings that a 100-fold excess of L. reuteri
reduced EPEC binding agree with other studies investigating the protective
characteristics of Lactobacillus.
It has been demonstrated that lactobacilli produce anti-microbial compounds
(Servin, 2004). Some L. reuteri strains, including ATCC PTA 6475 and ATCC
53608, produce the antimicrobial compound reuterin from glycerol, which
inhibits a broad spectrum of bacterial species, including E. coli (Spinler et al.,
2008; Talarico et al., 1988). Furthermore, lactic acid produced by L. casei
Shirota and L. acidophilus YIT 0070 has bacteriostatic and bactericidal effects
on EHEC (Ogawa et al., 2001). However in our study, EPEC adherence was
not affected by L. reuteri-conditioned medium, which suggests that neither
lactic acid nor reuterin are responsible for the suppression of EPEC binding.
We further investigated the interaction between L. reuteri and EPEC in the
absence of HT-29 cells, to determine the effect of L. reuteri on EPEC viability.
We observed that co-incubation with ATCC 53608 wildtype and a MUBdeficient mutant decreased EPEC viability independently of secreted products.
With these initial experiments, we were unable to identify a specific
mechanism behind this reduction in EPEC viability. However, further studies
could investigate whether this effect is dependent on live bacteria and whether
this effect is constitutive or a specific response to competitor bacteria.
Competitive binding of probiotics to pathogen cell surface receptors has also
been suggested as an inhibitory mechanism. One study found that EPEC
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adherence to HT-29 cells was inhibited by L. plantarum 299v, but not by an L.
plantarum 299v mutant deficient in a mannose-specific adhesin (Mack et al.,
2003). The loss of this adhesin may have prevented the competitive exclusion
of EPEC from shared receptors, as EPEC produces mannose-sensitive type I
fimbriae (Adlerberth et al., 1996; Knutton et al., 1987). However, it should be
noted that the role of type I fimbriae in EPEC host cell binding is currently
undefined (Elliott & Kaper, 1997). In contrast to these previous findings, during
our short-term protection assays, L. reuteri bound to the epithelium were
unable to reduce EPEC adherence. As we only observed a protective effect
when non-adherent L. reuteri were maintained, these findings suggest that L.
reuteri exclude EPEC by steric hindrance, where L. reuteri cells impede EPEC
access to the epithelial surface, during short-term pre-incubations (Chan et al.,
1985).
In contrast to HT-29 cells, L. reuteri did not affect EPEC adhesion to LS174T
cells during short-term protection assays. Previous studies on pathogenprobiotic interaction within mucus have shown that a 1 hour pre-incubation of
L. casei Shirota and L. johnsonii LJ1 reduced S. Typhimurium adhesion to
immobilised human mucus (Tuomola et al., 1999). This effect appeared to be
species-specific as a selection of L. rhamnosus strains had either no effect or
significantly increased S. Typhimurium adhesion (Tuomola et al., 1999).
Similarly, the probiotic E. coli Nissle 1917 reduced EHEC binding when cocultured for 2 hours with LS174T cells (Rund et al., 2013). This difference to
our observations is likely due to alternative experimental conditions, such as
the probiotic species investigated and the models used. It is currently not
known why L. reuteri did not inhibit EPEC access to LS174T cells although the
presence of additional binding sites in the secreted mucus is one potential
explanation.
As we observed low levels of L. reuteri binding to the epithelium during shortterm protection assays, we modified the cell culture model to investigate the
impact of adherent L. reuteri on EPEC binding by increasing the pre-incubation
period to 4 hours, and removing non-bound L. reuteri. Interestingly, we
observed a reduction in EPEC adherence to HT-29 cells after pre-incubation
with ATCC PTA 6475, but not ATCC 53608. This difference may be associated
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with the strain-specific adherence characteristics. While ATCC PTA 6475
binding was uniformly distributed across the epithelial surface, aggregates of
ATCC 53608 were associated with fewer cells thus potentially blocking fewer
EPEC binding sites.
Surprisingly, neither L. reuteri strain inhibited EPEC binding to LS174T cells
when pre-incubated for 4 h, despite higher adherence to this cell line. As
LS174T cells produce mucus, EPEC may access additional binding sites
within the mucus layer, and the EPEC flagellum has previously been shown to
increase binding to bovine mucus (Erdem et al., 2007). To differentiate
between EPEC binding to mucus and the cell surface epithelium, we adapted
the infection protocol to enable actin pedestal formation, a marker of epithelial
adhesion, which can be detected by fluorescence microscopy (Moon et al.,
1983; Viswanathan et al., 2009). However, we found no significant difference
in the number of cell-bound EPEC on LS174T cells pre-treated with either L.
reuteri strain compared to non-treated controls. These findings suggest that
ATCC PTA 6475 and ATCC 53608 do not reduce EPEC binding to the LS174T
cell surface. This could be associated with the secreted mucus layer, as MUC2
may reduce L. reuteri access to epithelial receptors which are shared with
EPEC, reducing competition for mutual binding sites.
Interestingly, we observed a significant increase in the number of EPEC
contained in microcolonies on LS174T cells pre-incubated with ATCC PTA
6475 compared to both ATCC 53608-treated and non-treated controls, which
may be associated with different L. reuteri binding characteristics. Although
the adhesion of both L. reuteri strains to LS174T cells appeared similar, we
were unable to differentiate between mucus and cell-bound L. reuteri. As such,
adherence to the LS174T cell surface may differ between L. reuteri strains, as
we observed on HT-29 cells. Thus, the adhesion of ATCC PTA 6475 to
LS174T cells may inhibit the cell-cell spread of EPEC, resulting in microcolony
formation. Further investigation with CmbA-deficient ATCC PTA 6475 as well
as removal of the LS174T mucus layer (through inhibition of mucus synthesis
or mucus degradation) could be utilised to investigate ATCC PTA 6475 binding
to LS174T cells.
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3.3.3. Influence of L. reuteri on EPEC colonisation ex vivo
Investigations into probiotic-pathogen interactions have generally used cellline based models to identify potential beneficial outcomes. However, cancer
cell lines consist of clonal cell populations whereas in vivo, the intestinal
epithelium is comprised of a mixture of different cell types (including
enterocytes and goblet cells) with a defined mucus layer and host microbiota
(Johansson & Hansson, 2011c; Noah et al., 2011). To address this difference
between the in vitro and in vivo situation, we further investigated the interaction
of L. reuteri and EPEC by IVOC of human duodenal biopsies. IVOC is
regarded as the current gold standard for investigating interactions of EPEC
with the human intestinal mucosa (Fang et al., 2013; Knutton et al., 1987). Yet,
IVOC has not been used to investigate probiotic effects against pathogens at
the human epithelial surface. However, a previous study has shown that preincubation with L. plantarum JC1 did not reduce S. Typhimurium adhesion to
porcine jejunal and colonic intestinal tissue (Collins et al., 2010). In contrast,
pre-incubation with L. reuteri LM1 and L. salivarius LM2 inhibited Brachyspira
pilosicoli colonisation of chicken caecal tissue (Mappley et al., 2011).
In this study, we showed that L. reuteri ATCC PTA 6475 and ATCC 53608
were localised in the mucus layer and were unable to access the epithelium of
human duodenal biopsies. Previous studies have identified epithelial binding
of lactobacilli to human and porcine intestinal tissue samples, in the absence
of the mucus layer (Bogovič Matijašić et al., 2006; Tsilingiri et al., 2012). Our
findings, alongside these previous studies, suggest that lactobacilli do not
access the epithelium when the mucus layer is intact. Thus, investigations into
the effects of probiotics on mucus-free models may only represent conditions
where the mucus layer is either absent or non-functional, such as IBD (Sheng
et al., 2012). Furthermore, the exclusion of L. reuteri from the duodenal
epithelium may also be due to anti-microbial products secreted by enterocytes
and Paneth cells into the mucus layer (Ouellette, 1997). The mouse
antimicrobial lectin RegIIIγ (a homologue of human Hepatocarcinomaintestine-pancreas/pancreatic associated protein (HIP/PAP)) has previously
been identified as an inhibitor of Gram-positive bacteria which is secreted by

143

villous by enterocytes (Cash et al., 2006; Vaishnava et al., 2011). The
secretion of RegIIIγ, as well as other antimicrobials such as β-defensins, is
thought to maintain an exclusion zone between the small intestinal epithelium
and the microbiota (McGuckin et al., 2011; Ouellette, 2004; Porter et al., 1997).
Thus, it is probable that the production of antimicrobial products and the
secretion of the mucus layer exclude L. reuteri from the duodenal epithelium.
Interestingly, pre-incubation with L. reuteri significantly reduced EPEC binding
to the epithelium of duodenal biopsies. As L. reuteri were restricted to the
mucus layer, inhibition of EPEC binding to the epithelium must occur at the
mucus interface, e.g. by steric inhibition of EPEC penetration of the mucus
layer. These data contrast with our observations in mucus-producing LS174T
cells where L. reuteri did not reduce EPEC adhesion. This could be due to
differences in mucus composition, as the secreted mucus layer of the
duodenum is mainly comprised of MUC2, whereas LS174T cells produce
MUC2, MUC5AC (usually expressed in the stomach), and gallbladder mucin
(Atuma et al., 2001; van Klinken et al., 1996). Therefore, future studies should
utilise physiologically relevant model systems, such as IVOC, to assess
probiotic characteristics.

3.4. Summary
In this study, we have demonstrated strain-specific protective effects of L.
reuteri against EPEC adhesion to intestinal cell lines and duodenal biopsies.
These protective mechanisms include competitive exclusion, both within the
mucus layer and at the epithelial surface, as well as potential inhibition of
EPEC dispersion across the epithelium. Furthermore, we observed that
inhibition was dependent on the model system used. Therefore, these findings
emphasise the importance of model and strain selection when investigating
probiotic characteristics.
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4.1. Introduction and objectives of study
The mucus layer is the first line of defence against invading pathogens of the
GIT. Mucus is structurally composed of mucins, heavily glycosylated proteins
with tandem repeats of PTS residues, which form a mesh-like structure
enabling colonisation by commensal bacteria and impeding microbial access
to the epithelium (Johansson et al., 2011b; Juge, 2012). The mucus of the
colon forms two layers, the outer loose layer which facilitates microbial
colonisation and the inner adherent layer which excludes the microbiota from
the epithelium (Johansson et al., 2008). In contrast, the mucus of the small
intestine forms a single loose layer, which is colonised by microbes, to facilitate
nutrient absorption (Johansson et al., 2011b). The colonic and small intestinal
mucus layers are composed of MUC2, the major secreted mucin in the human
intestine (Johansson et al., 2011b). In addition to the secreted mucus layer,
intestinal epithelial cells are covered by the glycocalyx, which is composed of
the cell-bound mucin MUC3 (Kim & Ho, 2010). The glycocalyx and secreted
mucus impede bacterial movement, as flagella of EPEC and EHEC bind to
mucin O-glycans (Erdem et al., 2007; Ye et al., 2015). Furthermore, mucins
act as decoy receptors for pathogen adhesion, as the binding of H. pylori and
EPEC to cell-bound mucins MUC1 and MUC3 inhibits pathogen access to the
epithelial cell surface (Lindén et al., 2009; Mack et al., 2003). In addition to the
physical mucus barrier, bacterial access to the intestinal epithelium is inhibited
by the secretion of antimicrobial compounds, such as defensins and lectins,
by intestinal epithelial cells into the mucus layer (Johansson & Hansson,
2011c; Vaishnava et al., 2011).
Pathogens have evolved multiple strategies to circumvent the host mucus
layer. The stomach pathogen H. pylori secretes cytotoxins CagA and VacA,
which reduce mucin synthesis by inhibiting intracellular processing of
glycoproteins (Beil et al., 2000; Byrd et al., 2000). Alternatively, pathogenic E.
coli produce mucin-degrading enzymes such as StcE (EHEC, Grys et al.
(2005)), SslE (secreted and surface-associated lipoprotein from E. coli; EPEC,
ETEC, and ExPEC, Luo et al. (2014), Nesta et al. (2014)), and Pic (Dutta et
al., 2002), which reduce the viscosity of the mucus layer and facilitate
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penetration to the epithelial surface. Therefore, enhancing the mucus layer
could inhibit EPEC colonisation and probiotics offer a potential mechanism, as
previous studies have identified modulation of host mucin expression by
Lactobacillus isolates. While production of cell-associated MUC3 is enhanced
by L. rhamnosus GG and L. plantarum 299v in HT-29 cells, secreted L.
rhamnosus GG protein p40 has been associated with an increase in MUC2
expression in LS174T cells and murine intestinal models (Caballero-Franco et
al., 2007; Mack et al., 2003; Wang et al., 2014a). Thus, stimulation of host
mucin production by probiotics may offer a therapeutic strategy to reduce
pathogen binding to the epithelium.
In this study, we aimed to investigate the effect of EPEC and L. reuteri strains
ATCC PTA 6475 and ATCC 53608 on mucin dynamics in mucus-secreting
LS174T cells and human duodenal biopsies.

4.2. Results
4.2.1. MUC5AC expression in LS174T cells is significantly
increased by L. reuteri ATCC 53608 and EPEC
To investigate the effects of L. reuteri and EPEC on mucin gene expression,
LS174T cells were incubated with L. reuteri or EPEC for different time periods,
and expression of intestinal mucins MUC1, MUC2, MUC3A, MUC5AC, MUC6,
MUC12, MUC13, and MUC17 was determined by relative qPCR analysis,
using the ΔΔCt method (Livak & Schmittgen, 2001). Prior to gene expression
studies, specificity and amplification efficiency of all primers was determined
by Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and qPCR
(Figure 4.1). Specificity of each primer set was determined by the presence of
a single peak in the dissociation curve (Figure 4.1A) and the presence of a
single band at the predicted size on an agarose gel (Figure 4.1B). The
formation of a primer dimer was noted during MUC13 amplification, as a single
peak was identified on the dissociation curve, but two bands were observed
by gel electrophoresis (Figure 4.1A and B). We excluded MUC3A from further
analysis as only one in three MUC3A primer sets demonstrated amplification
147

of a single product. Furthermore, when the amplicon was examined by gel
electrophoresis, only a faint band was observed (Figure 4.1B).

Figure 4.1: Validation of primer specificity and amplification efficiency
(A) Dissociation curves were generated for each primer pair. The presence of
a single peak indicated primer specificity to a single target. (B) Agarose gel
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electrophoresis analysis of qPCR products to determine amplicon product
size. Representative image from two experiments (C) Amplification efficiency
of primer pairs. Primers were tested in a qPCR assay with cDNA which had
been serially diluted two-fold. Ct values of each dilution were plotted on a
scatter graph and the slope was used to determine the primer efficiency of
each primer set. Data are representative of four independent experiments.

To normalise our qPCR data, we selected the housekeeper genes tyrosine 3monooxygenase/ tryptophan 5-monooxygenase activation protein, zeta
polypeptide (YWHAZ, Jacob et al. (2013)) and RNA polymerase II (POLR2A,
Schüller et al. (2009)), as the expression of these genes did not change during
treatment with either ATCC PTA 6475 (Figure 4.2A) or EPEC (Figure 4.2B)
and non-treated cells.

Figure 4.2: Housekeeper genes YWHAZ and POLR2A demonstrate stable
expression under treated and non-treated conditions
LS174T cells were treated with L. reuteri ATCC PTA 6475 (A), EPEC (B) or
left non-treated (NT) for 6 h and expression of YWHAZ and POL2RA was
determined by qPCR. Data are shown as means of Ct ± SE of three
experiments performed in duplicate.
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Subsequent qPCR analysis demonstrated that incubation with L. reuteri ATCC
53608 significantly increased MUC5AC and MUC1 gene expression at 1-4 h
and 1 h, respectively (Figure 4.3). In contrast, expression of MUC6, MUC12,
MUC13 and MUC17 did not significantly change after 1 to 6 h incubation with
either EPEC or L. reuteri (Figures 4.3–4.5).

150

Figure 4.3: Incubation with L. reuteri ATCC 53608 significantly increases
MUC5AC and MUC1 gene expression in LS174T cells
LS174T cells were incubated with ATCC 53608 for 1, 3, 4, and 6 h or left nontreated for 6 h. (A) Expression of mucin genes which did not significantly
change, or were only significantly increased at one time point, relative to NT
controls. (B) Fold change in MUC5AC gene expression at 1, 3, 4, and 6 h,
relative to non-treated control. Data are shown as means ± SE of three
independent experiments performed in duplicate. * = P <0.05; ** = P <0.01;
*** = P <0.001.
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In contrast to L. reuteri ATCC 53608, incubation of LS174T cells with ATCC
PTA 6475 did not significantly change mucin gene expression at any time point
(Figure 4.4).

Figure 4.4: ATCC PTA 6475 does not significantly induce mucin gene
expression in LS174T cells
LS174T cells were incubated with ATCC PTA 6475 for 1, 3, 4, and 6 h or left
non-treated for 6 h, and expression of mucin genes was determined relative
to non-treated controls. Data are shown as means ± SE of three independent
experiments performed in duplicate.

Interestingly, infection of LS174T cells with EPEC significantly upregulated
expression of MUC5AC at 1-6 h and MUC2 at 1 and 6 h post-infection (Figure
4.5B and C).
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Figure 4.5: EPEC significantly induces MUC2 and MUC5AC gene
expression in LS174T cells
LS174T cells were incubated with EPEC for 1, 3, 4, and 6 h or left untreated
for 6 h. (A) Expression of mucin genes which did not significantly change
relative to non-treated controls. (B) Fold change in MUC2 gene expression at
1, 3, 4, and 6 h, relative to non-treated controls. (C) Fold change in MUC5AC
gene expression at 1, 3, 4, and 6 h, relative to non-treated controls. Data are
shown as means ± SE of three independent experiments performed in
duplicate. * = P <0.05; ** = P <0.01; *** = P <0.001.
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4.2.2. MUC2 protein levels in LS174T cells are significantly
altered by L. reuteri ATCC PTA 6475 and EPEC
As we observed an increase in MUC2 gene expression by EPEC as well as
an upregulation of MUC5AC by both ATCC 53608 and EPEC, we sought to
confirm these findings at the protein level. Therefore, LS174T cells were
incubated with EPEC, ATCC 53608, ATCC PTA 6475, or left untreated for 6 h
and MUC2 and MUC5AC protein expression was investigated by
immunofluorescence staining. Fluorescence was subsequently quantified by
integrated density using ImageJ software (Wayne Rasband, NIH).
MUC5AC immunofluorescence staining of non-treated cells demonstrated
mucin localisation on distinct cells (Figure 4.6A). In contrast to our qPCR
findings, neither L. reuteri nor EPEC significantly affected the total amount of
MUC5AC protein relative to NT controls (Figure 4.6B-D).
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Figure 4.6: MUC5AC protein content in LS174T cells was not altered by
incubation with EPEC or L. reuteri
(A) MUC5AC immunofluorescence staining in LS174T cells. Image is
representative of three independent experiments. Scale bar = 10 µm. (B-D)
Integrated density quantification of MUC5AC immunofluorescence staining in
LS174T cells incubated with (B) ATCC 53608, (C) ATCC PTA 6475, or (D)
EPEC for 6 h. Data were compared to the NT control and are shown as means
± SE of three independent experiments performed in duplicate.

Immunofluorescence staining of MUC2 in non-treated LS174T cells
demonstrated a distinct cellular localisation on the majority of cells (Figure
4.7A). Whereas incubation of LS174T cells with ATCC 53608 did not
significantly change MUC2 protein expression (Figure 4.7B), treatment with
ATCC PTA 6475 significantly increased MUC2 protein levels relative to NT
controls (Figure 4.7C). In contrast, infection with EPEC significantly decreased
the MUC2 fluorescence density in LS174T cells (Figure 4.7D).
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To determine whether incubation with L. reuteri could restore MUC2 levels in
EPEC-infected LS174T cells, equivalent numbers of ATCC PTA 6475 and
EPEC were added to LS174T cells for 6 h. As shown in Figure 4.7E, coincubation of ATCC PTA 6475 with EPEC restored MUC2 protein in LS174T
cells to non-treated levels.
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Figure 4.7: MUC2 protein levels in LS174T cells are modulated by ATCC
PTA 6475 and EPEC
(A) Immunofluorescence staining of MUC2 protein in LS174T cells. Image is
representative of five independent experiments. Scale bar = 10 µm. (B-E)
Integrated density quantification of MUC2 immunofluorescence staining in
LS174T cells incubated with (B) ATCC 53608, (C) ATCC PTA 6475, (D)
EPEC, or (E) ATCC PTA 6475 and EPEC for 6 h. Data are shown as means
± SE of either three (A-D) or five (E) independent experiments performed in
duplicate. * = P <0.05; ** = P <0.01; *** = P <0.001 versus NT controls.
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4.2.3. Mucus analysis in duodenal biopsies
As we observed differences between mucin gene and protein expression in
LS174T cells, we investigated mucus protein levels in duodenal biopsies. This
represented a substantial technical challenge, as the mucus layer collapses if
the sample becomes dehydrated, due to the high water content which supports
the mucus structure (Johansson & Hansson, 2012; Johansson et al., 2008).
To optimise mucus preservation in human duodenal biopsies, cryosections
were fixed with MeOH/ acetone (1:1) or processed without fixation and stained
for MUC2 and cell nuclei. Cryosections fixed with MeOH/ acetone
demonstrated discernible MUC2 staining in goblet cells, but not staining of the
mucus layer, whereas an external mucus layer was observed in non-fixed
samples (Figure 4.8A). Therefore, further experiments were performed on
non-fixed samples.
To investigate whether L. reuteri or EPEC altered mucus production by human
tissue, as observed in LS174T cells, duodenal biopsies were incubated with
L. reuteri or EPEC for 8 h. Cryosections were stained for MUC2 and cell nuclei,
and L. reuteri and EPEC were detected by using antisera specific to CmbA,
MUB, or E. coli. Mucus thickness was examined at numerous points along the
villous. However, mucus preservation was inconsistent along the biopsy
surface, ranging from the presence of an intact mucus layer (Figure 3.8B) to
small patches of mucus covering the epithelium (Figure 3.8C). Therefore, this
method was unsuitable for assessing changes in mucus thickness due to L.
reuteri and EPEC.
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Figure 4.8: Preservation of MUC2 protein in biopsy cryosections
(A) MUC2 staining (green) of cryosections of duodenal biopsies without
fixation or fixed in MeOH/ acetone. Cell nuclei were labelled in blue. White
arrows indicate goblet cells, M indicates the external mucus layer. Images are
representative of two independent experiments performed in duplicate. Scale
bar = 10 µm. (B-C) MUC2 fluorescence staining of cryosections showing a
well-preserved mucus layer overlaying the villus epithelium (B) or mucus
detachment (C). Mucus and villous tips are indicated by M and V, respectively.
Images are representative of three independent experiments performed in
duplicate. Scale bars = 50 µm (B) and 100 µm (C).
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4.3. Discussion
The mucus layer is a dynamic environment which acts as a habitat and food
source to commensal bacteria, as well as providing a barrier to infection.
Disruption of the mucus layer to gain access to the epithelium is a key process
during GI infection by a number of pathogens thus, restoration of the mucus
layer through probiotics may offer therapeutic solution to inhibit infection.
In this study, we have analysed the modulatory effects of L. reuteri and EPEC
on mucus production using the MUC2-producing LS174T cell line. Our results
suggest that EPEC reduces MUC2 protein levels and that this effect can be
mitigated through co-incubation with L. reuteri ATCC PTA 6475.

4.3.1. Mucin gene expression does not directly correlate with
protein levels
To investigate the impact of L. reuteri and EPEC on mucin production, we
analysed the expression of major intestinal mucin genes and MUC2 and
MUC5AC protein levels in LS174T cells. While MUC5AC gene expression was
significantly upregulated by ATCC 53608 and EPEC, no significant changes
in MUC5AC protein levels were detected. In addition, incubation with EPEC
significantly upregulated MUC2 gene expression, but resulted in a significant
decrease in MUC2 protein levels. Ultimately, treatment with ATCC PTA 6475
caused a significant increase in MUC2 protein levels despite absent effect on
MUC2 gene expression. Taken together, these results show a lack of
correlation between mucin gene expression and protein levels. This has been
previously demonstrated in mice with cystic fibrosis, where Muc2 gene
expression was decreased in the ileum of mice with cystic fibrosis compared
to WT mice, but no change in mucin quantity was detected (Parmley &
Gendler, 1998). Differences in mucin gene and protein levels have also been
reported during C. rodentium infection of mice, where Muc1 and Muc2 gene
expression in the distal colon was highest during the early stage of infection,
while increased mucus thickness was only observed 10 days later (Gustafsson
et al., 2013). These findings demonstrate that mucin gene expression is not
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directly correlated with protein levels and suggest different stages of posttranslational regulation, as outlined below.
As the biosynthesis of mucin is a multi-step process, there are numerous
opportunities for pathogens to disrupt mucin protein production and secretion.
After protein synthesis, apomucins are N-glycosylated and dimerized in the
rough endoplasmic reticulum before being translocated into the Golgi
apparatus, where O-glycosylation occurs (Asker et al., 1998). H. pylori LPS
reduces mucin production in rat gastric biopsies by inhibiting sulfation and Oglycosylation of apomucins (Liau et al., 1992). After glycosylation, mucins are
packed into granules and secreted into the lumen. Mucin secretion can be
initiated by secondary messengers, such as Ca2+ and cyclic AMP (Ambort et
al., 2012a; Takahashi et al., 1999) or bacterial proteins such as the potent
secretagogue Cholera toxin (Forstner et al., 1981; Lencer et al., 1990). In
contrast, H. pylori reduces mucus turnover in the mouse stomach by
increasing the time from mucin synthesis to secretion (Navabi et al., 2013b).

4.3.2. Influence of L. reuteri on mucin expression
In this study, we determined that L. reuteri ATCC PTA 6475 significantly
increased MUC2 protein levels in LS174T cells relative to non-treated controls.
This agrees with similar observations reported for other Lactobacillus species.
L. rhamnosus GG secreted protein p40 increases MUC2 gene and protein
expression in LS174T cells and mouse colonic epithelium, by activating EGF
receptor (Wang et al., 2014a). Modulation of MUC2 gene expression by L.
rhamnosus GG has also been demonstrated in Caco-2 cells (Mattar et al.,
2002). However, as Caco-2 cells do not secrete MUC2 protein (van Klinken et
al., 1996), the biological relevance of these findings are questionable. In
addition, L. rhamnosus GG and L. plantarum 299v stimulate expression of cellassociated MUC3 protein in HT-29 cells (Mack et al., 2003). While we did not
detect MUC3A mRNA in LS174T cells, future experiments could investigate
the expression of MUC3A protein at the intestinal epithelium using human
duodenal biopsies, to determine whether MUC3A is modulated by L. reuteri

161

and

whether

mucin

expression

was

associated

with

decreased

microbial binding.
Mucus secretion from goblet cells into the gut lumen is a continuous process,
excluding microbes from the epithelial surface and providing lubrication for the
movement of digested material (Deplancke & Gaskins, 2001). This process
can be induced by secretagogues such as carbachol or calcium ionophores,
thereby increasing the thickness of the mucus layer and reducing pathogen
access to the epithelium (Deplancke & Gaskins, 2001; McCool et al., 1990).
Previous studies have shown that administration of the probiotic VSL#3,
containing a mixture of Lactobacillus, Bifidobacterium, and Streptococcus
spp., increased Muc1, Muc2, and Muc3 gene expression and total mucin
secretion in the rat intestine (Caballero-Franco et al., 2007). Furthermore,
conditioned medium of the individual VSL#3 Lactobacillus species stimulated
mucin secretion by LS174T cells (Caballero-Franco et al., 2007).
Unfortunately, the secretagogues were not identified in the study and thus, we
do not know whether this effect is strain-specific or a generic feature
of Lactobacillus.
In our investigation, we did not determine whether the increase in MUC2
protein levels in LS174T cells was caused by stimulation of MUC2 production
or exocytosis. Mucin synthesis could be determined by pulse-chase
experiments using labelled mucins (GalNAz or [3H] glucosamine) (Byrd et al.,
2000; Cole et al., 2013). Alternatively, mucin synthesis could be inhibited with
benzyl-α-GalNAc and total MUC2 levels could be compared between nontreated, L. reuteri-treated, and secretagogue-treated LS174T cells (Kuan et
al., 1989; McCool et al., 1990).

4.3.3. Influence of EPEC on mucin expression
In this study, we determined that EPEC reduced MUC2 protein levels in
LS174T cells. While previous studies have investigated the interaction of
EPEC with mucus, these reports have mainly focused on microbial binding
rather than the effect of EPEC on mucin protein levels. One study showed a
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significant increase in expression of MUC2 and MUC5AC protein in HT-29
MTX cells infected with atypical EPEC, but not EPEC E2348/69 used in our
study (Vieira et al., 2010). This discrepancy may be due to the difference cell
lines used as HT-29 MTX cells predominantly secrete MUC5AC, whereas
LS174T cells primarily produce MUC2 (Hennebicq-Reig et al., 1998).
Further studies have investigated the effect of related pathogens on mucus
production in vivo. Infection of rabbits with a rabbit EPEC strain induced mucus
secretion and increased the number of ileal goblet cells (Ramirez et al., 2005).
Similarly, infection of mice with C. rodentium increased mucus secretion
(Bergstrom et al., 2008; Lindén et al., 2008b). Interestingly, these effects were
dependent on the adaptive immune response, as mucus secretion in
immunocompromised mice was unaffected by C. rodentium infection
(Bergstrom et al., 2008). In contrast, our study focussed on the localised rather
than systemic response during the early stages of infection and in the absence
of an adaptive immune response. While we did not determine the mechanisms
underlying reduced MUC2 protein levels, we can suggest potential
explanations and future experiments to test these hypotheses. Firstly, EPEC
infection could inhibit mucin synthesis as shown for H. pylori, which
suppresses MUC5AC and MUC1 synthesis in gastric cells and MUC1
synthesis in the stomach of infected mice (Byrd et al., 2000; Navabi et al.,
2013b). These effects were also mediated by bacterial lysates and could be
caused by the cytotoxins CagA and VacA, which inhibit mucin production (Beil
et al., 2000; Byrd et al., 2000). No homologous toxins have been identified in
EPEC, but other proteins might mediate a similar effect. To further investigate
this hypothesis, pulse-chase experiments with labelled mucins could be
performed as previously described (4.3.2).
An alternative mechanism could be degradation of MUC2 protein by secreted
enzymes. The extracellular E. coli serine protease autotransporter of the
Enterobacteriaceae (SPATE) proteins have previously been associated with
mucin degradation (Dutta et al., 2002). In particular, the class II SPATE Pic
(produced by EAEC and S. flexneri) and Tsh (produced by avian pathogenic
E. coli), but not the EPEC class I SPATE protein EspC, degrade bovine
submaxillary mucus (Dutta et al., 2002). While class I SPATEs have not
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previously been associated with glycoprotein degradation (Ruiz-Perez &
Nataro, 2014), it is important to note that the impact of EspC on intestinal
MUC2 has not been investigated thus far. Specificity of SPATEs to particular
mucins has previously been demonstrated for the class II SPATE EatA
produced by ETEC, which degraded MUC2, but not bovine submaxillary
mucus (Kumar et al., 2014). In addition, the secreted serine proteases from
the nematode Trichuris muris selectively degrade murine Muc2, but not
Muc5ac (Hasnain et al., 2012).
Alternative secreted enzymes produced by E. coli pathotypes have also been
associated with mucin degradation, such as the EHEC extracellular zinc
metalloprotease StcE, which degrades salivary MUC7 (Grys et al., 2005). StcE
has been suggested to enhance intimate attachment to the epithelium by
removing cell-bound mucins, as an isogenic stcE mutant formed fewer actin
pedestals on Hep-2 cells than the wildtype strain, despite similar levels of
adhesion (Grys et al., 2005). Surprisingly, recombinant StcE did not degrade
intestinal MUC2 or MUC5AC in cell lysates (Grys et al., 2006). In contrast, the
E. coli metalloprotease SslE degrades both bovine submaxillary mucus and
human MUC2 (Luo et al., 2014; Nesta et al., 2014; Valeri et al., 2015). SslE
(previously referred to as YghJ) is produced by ETEC, ExPEC, and EPEC and
can be expressed on the cell surface or secreted (Baldi et al., 2012; Iguchi et
al., 2009; Luo et al., 2014). SslE promotes rabbit EPEC infection, as an
isogenic sslE mutant demonstrated reduced colonisation and pathogenesis
(Baldi et al., 2012). Thus, SslE and EspC represent potential candidates and
their role in MUC2 degradation during EPEC infection should be further
investigated by construction of isogenic deletion mutants.
Our study has also demonstrated that incubation with L. reuteri ATCC PTA
6475 inhibits the reduction in MUC2 protein levels induced by EPEC. Our
findings in Chapter 3 demonstrate that L. reuteri ATCC PTA 6475 does not
affect EPEC viability or inhibit binding to LS174T cells. It is therefore unlikely
that inhibition of EPEC binding would explain the effect of L. reuteri on MUC2
levels in LS174T cells co-incubated with EPEC. As ATCC PTA 6475 enhanced
MUC2 protein amounts when incubated with LS174T cells alone, this suggests
that the increase in MUC2 induced by L. reuteri counteracts the decrease
164

induced by EPEC. Thus, further investigation is required to identify the
molecular determinants responsible for EPEC and ATCC PTA 6475-mediated
modulation of MUC2 protein levels.

4.3.4. Investigating mucus production in intestinal biopsies
In addition to the studies on LS174T cells described above, we also used
human duodenal biopsies to investigate the effects of L. reuteri and EPEC on
mucus production ex vivo. Unfortunately, we were unable to reliably quantify
mucus thickness due to lack of consistent mucus preservation on biopsy
samples. Preservation of the mucus layer has previously been described as
problematic due to high water content, as dehydration of this layer causes the
mucus layer to collapse (Johansson & Hansson, 2012).
Non-fixed tissue samples have been used to assess the mucus thickness of
the human stomach (Jordan et al., 1998) and the colon (Fyderek et al., 2009)
using the histochemical stains Alcian Blue and Periodic Acid Schiff, which
detect acidic and neutral mucins, respectively (Matsuo et al., 1997).
Comparison of mucus thickness by evaluation of stained cryosections and in
vivo measurements in the rat distal colon, has produced similar results for the
inner adherent mucus layer, while the outer loose mucus layer was lost during
histological processing (Strugala et al., 2003). In contrast to the stomach and
the colon, the mucus layer of the small intestine is loose and can be easily
removed (Atuma et al., 2001; Gustafsson et al., 2012). Thus, determining the
thickness of the small intestinal mucus layer presents a substantial technical
challenge. Fixation with Carnoy’s solution (60% dry ethanol, 30% chloroform,
and 10% glacial acetic acid) and paraffin embedding has demonstrated
excellent preservation of both the loose outer and the adherent inner mucus
layer of the murine colon (Johansson et al., 2008; Johansson et al., 2009).
However, this protocol required the preservation of a whole piece of murine
colon with the faecal pellet in situ, to prevent mucus layer detachment
(Johansson et al., 2011a). As we used human duodenal biopsies in our study,

165

it is uncertain whether comparable preservation of the small intestinal mucus
layer would have been achieved with Carnoy’s fixation.
Measurements of mucus layer thickness in the murine small intestine have
previously been achieved by visualising the mucus with inactivated charcoal
particles (Atuma et al., 2001; Gustafsson et al., 2012). Mucus thickness was
subsequently determined in situ by measuring the mucus with a
micromanipulator connected to a microscope (Atuma et al., 2001; Gustafsson
et al., 2012). The advantage of this technique is the lack of additional
processing steps as well as real-time measurements of changes in the mucus
layer. However, specialist equipment and method adaption for human
duodenal samples would be required.
An alternative method to assess the impact of EPEC and L. reuteri on mucus
production ex vivo would be to analyse de novo mucin synthesis, as previously
described in 4.3.2. This technique has previously been used on resected
colonic tissue and colonic biopsies from patients with ulcerative colitis and thus
could potentially be adapted for IVOC (Finnie et al., 1995; Tytgat et al., 1996).

4.4. Summary
In this study, we identified that L. reuteri ATCC PTA 6475 and EPEC enhanced
and reduced MUC2 protein levels in LS174T cells, respectively. Furthermore,
when these strains were co-incubated with LS174T cells, ATCC PTA 6475
counteracted the decrease in MUC2 protein content induced by EPEC. While
the specific mechanisms behind these changes still remain to be investigated,
these data suggest that both EPEC and L. reuteri ATCC PTA 6475 affect
mucus production in the human GIT.
As the mucus layer is the first line of defence against infection, the
development of probiotics supporting the mucus layer may have applications
for reducing enteric infections and alleviating diseases with a compromised
mucus layer, such as IBD. As mucus-stimulating characteristics are strainspecific, further research is required to identify the mechanisms behind these
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effects as well as the bacterial strains capable of modulating mucus
production. Furthering our understanding of these processes may contribute
to the development of new therapies and vaccines against EPEC infection.
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5.1. Introduction and objectives of study
EPEC infection of the intestinal mucosa is characterised by moderate
inflammation and the recruitment of neutrophils to the site of infection
(Savkovic et al., 1996). This response is modulated by both pro- and antiinflammatory signals generated by EPEC (Savkovic et al., 1996; Sharma et
al., 2006). The initial immune response against EPEC is dependent on the
detection of bacterial flagellin by host TLR5, which activates NF-κB and
induces the translocation of this transcription factor into the nucleus (Khan et
al., 2008; Ruchaud-Sparagano et al., 2007; Schüller et al., 2009; Sharma et
al., 2006; Zhou et al., 2003). Binding of NF-κB to inflammatory genes
subsequently initiates the production of pro-inflammatory cytokines such as
the neutrophil chemoattractant IL-8 (Kunsch et al., 1994; Savkovic et al.,
1996). However, EPEC downregulate the immune response by T3S effector
proteins, inhibiting NF-κB translocation into the nucleus and counteracting
other signalling pathways, such as AP-1 (Hartland et al., 2000; Jarvis et al.,
1995; Knutton et al., 1998; Wong et al., 2011). The reduced inflammatory
response inhibits EPEC clearance from the host (Wong et al., 2011).
Probiotics can restore immune homeostasis to the intestinal milieu and specific
strains exhibit anti-inflammatory or immuno-stimulatory characteristics in in
vitro and in vivo systems (Díaz‐Ropero et al., 2007). For example, the antiinflammatory probiotic mixture VSL#3 induced and maintained remission in
patients with ulcerative colitis (Bibiloni et al., 2005; Huynh et al., 2009; Miele
et al., 2009; Sood et al., 2009; Tursi et al., 2010). Immunomodulation has also
been demonstrated for L. reuteri as strains ATCC 55730 and ATCC PTA 5289
reduced pro-inflammatory cytokine expression in patients with gingivitis
(Twetman et al., 2009). Furthermore, ATCC PTA 4659 and ATCC 55730derived strain DSM 17938 reduced the incidence of LPS-induced necrotising
enterocolitis by modulation of TLR4 and NF-κB signalling (Liu et al., 2012). As
inflammation contributes to the development of diarrhoea, anti-inflammatory
probiotics could be applied to reduce diarrhoeal symptoms (Viswanathan et
al., 2009). A promising candidate probiotic is L. reuteri ATCC PTA 6475, which
produces histamine that suppresses the pro-inflammatory response (Jones &

169

Versalovic, 2009; Lin et al., 2008; Liu et al., 2010; McCabe et al., 2013; Preidis
et al., 2012; Thomas et al., 2012). In line with these studies, we investigated
the influence of L. reuteri ATCC PTA 6475 and ATCC 53608 on IL-8 cytokine
production during EPEC infection of intestinal cell lines and human duodenal
biopsies.

5.2. Results
5.2.1. L. reuteri inhibits EPEC-induced IL-8 production by
HT-29 cells
To investigate the effects of L. reuteri on IL-8 protein production, HT-29 cells
were incubated with L. reuteri ATCC PTA 6475, ATCC 53608, EPEC, or left
non-treated for 6 h, and IL-8 protein levels in cell culture media were
determined by ELISA. As shown in Figure 5.1A, IL-8 production by HT-29 cells
was significantly induced by EPEC infection relative to non-treated controls. In
contrast, neither L. reuteri isolate induced the production of IL-8. To determine
whether these strains demonstrated anti-inflammatory effects against EPECinduced IL-8 production, HT-29 cells were co-incubated with equivalent
numbers of EPEC and either ATCC PTA 6475 or ATCC 53608 for 6 h. We
identified that co-incubation with L. reuteri significantly reduced IL-8 levels
relative to HT-29 cells incubated with EPEC alone, though this did not reach
baseline levels (Figure 5.1B).
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Figure 5.1: Co-incubation with L. reuteri ATCC PTA 6475 and ATCC 53608
inhibits EPEC-induced IL-8 production by HT-29 cells
(A) HT-29 cells were incubated with L. reuteri ATCC PTA 6475, ATCC 53608,
EPEC, or left non-treated (NT) for 6 h. (B) HT-29 cells were co-incubated with
equivalent numbers of EPEC and ATCC PTA 6475, ATCC 35608, or EPEC
alone for 6 h. IL-8 protein levels in cell culture media were assessed by ELISA.
Data are shown as means ± SE of three independent experiments performed
in duplicate. ** = P <0.01; *** = P <0.001 versus non-treated controls. £ = P
<0.05; £££ = P <0.001 versus EPEC-infected samples.

To determine the kinetics of IL-8 production in mucus-producing LS174T cells,
incubations with L. reuteri or EPEC were performed for 3, 4 and 6 h, and IL-8
was determined as previously described. In contrast to HT-29 cells, incubation
with L. reuteri ATCC PTA 6475 and ATCC 53608 induced IL-8 production in
LS174T cells, suggesting pro-inflammatory effects in this cell line (Figure 5.2),
therefore HT-29 cells were used for further experiments.
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Figure 5.2: L. reuteri and EPEC induce IL-8 protein production by
LS174T cells
LS174T cells were incubated with ATCC PTA 6475, ATCC 53608, EPEC for
3, 4, or 6 h or left non-treated (NT) for 6 h. IL-8 levels in cell culture media
were assessed by ELISA. Data are shown as means ± SE of three
independent experiments performed in duplicate. ** = P<0.01; *** = P <0.001
versus NT.
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5.2.2. EPEC supernatant induces IL-8 production in HT-29
cells
Previous studies have shown that EPEC-induced IL-8 response in vitro and ex
vivo is predominantly associated with flagellin, although other factors have
been described (Khan et al., 2008; Schüller et al., 2009; Sharma et al., 2006;
Zhou et al., 2003). To determine whether EPEC flagellin caused increased
IL-8 production in HT-29 cells, 6 h incubation were performed with wildtype
EPEC, an isogenic fliC mutant (AGT01), or filter sterilised supernatant from
EPEC overnight cultures (SN). As shown in Figure 5.3, incubation with
wildtype EPEC and EPEC SN significantly increased IL-8 production relative
to HT-29 cells treated with the fliC mutant or the NT control.
.

Figure 5.3: EPEC supernatant induces IL-8 production in HT-29 cells
HT-29 cells were incubated with wildtype EPEC (WT), EPEC supernatant
(SN), isogenic fliC mutant strain AGT01 (ΔfliC), or left non-treated (NT) for 6
h. IL-8 protein levels in cell culture media were assessed by ELISA. Data are
shown as means ± SE of either three (WT SN) or six independent experiments
performed in duplicate. ** = P<0.01; *** = P <0.001 versus NT. £ = P<0.05; ££
= P<0.01 versus isogenic fliC mutant.
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5.2.3. L. reuteri ATCC PTA 6475 inhibits EPEC supernatantinduced IL-8 production in HT-29 cells
As EPEC SN induced a comparable inflammatory response to EPEC, we
investigated the impact of L. reuteri on IL-8 induction in HT-29 cells treated
with EPEC SN or SN diluted 10- to 1000-fold. We identified that non-diluted
and 10 to 100-fold diluted EPEC SN significantly increased IL-8 production,
and that ATCC PTA 6475 inhibited IL-8 production in HT-29 cells treated with
100-fold diluted EPEC SN (data not shown). Therefore, EPEC SN was diluted
100-fold for further experiments. As anti-inflammatory characteristics have
been linked to secreted products, L. reuteri-conditioned medium (cell culture
medium treated with L. reuteri for 6 h) and EPEC SN were co-incubated with
HT-29 cells for 6 h. As shown in Figure 5.4, only incubation with ATCC PTA
6475 significantly reduced IL-8 production stimulated by EPEC SN, whereas
treatment with ATCC 53608 or L. reuteri-conditioned medium had no effect.
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Figure 5.4: ATCC PTA 6475-mediated inhibition of IL-8 production is
independent of secreted products
HT-29 cells were incubated with EPEC supernatant (ESN) and L. reuteri ATCC
PTA 6475, ATCC 53608 or L. reuteri-conditioned medium, or left non-treated
(NT) for 6 h. IL-8 levels in cell culture media were assessed by ELISA. Data
are shown as means ± SE of three independent experiments performed in
duplicate. ** = P<0.01 versus ESN.

5.2.4. NF-κB translocation in HT-29 cells
The translocation of NF-κB from the cytoplasm to the cell nucleus is a key step
in the upregulation of IL-8 protein in response to EPEC infection (Savkovic et
al., 1997). To determine whether this process was modulated by L. reuteri, a
protocol for establishing NF-κB p65 (RelA) translocation into the nucleus was
required. For this purpose, HT-29 cells were incubated with EPEC for 1 and 2
h or treated with 10 ng/ mL TNF-α for 1 and 4 h. Non-confluent HT-29 cells
were used to improve visual acuity, and short time points were chosen to
reduce NF-κB suppression by EPEC effector proteins.
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While we observed cytoplasmic staining of p65 in all samples, we did not
detect nuclear translocation of NF-κB in EPEC- or TNF-α-treated HT-29 cells
(Figure 5.5). This finding suggests that alternative techniques are required to
investigate changes in NF-κB localisation in HT-29 cells.

Figure 5.5: Anti-p65 immunofluorescence staining did not detect NF-kB
nuclear translocation in HT-29 cells
HT-29 cells were infected with EPEC for 1-2 h, treated with 10 ng/ mL TNF-α
for 1-4 h, or remained non-treated. Cells were stained for p65 (green), E. coli
(red), and cell nuclei (blue). Black and white images of the green channel is
shown to improve clarity. Images are representative of either two (EPEC) or
176

three (TNF-α) independent experiments performed in duplicate. Scale bars =
10 µm.

5.2.5. Influence of L. reuteri on IL-8 production in EPECinfected duodenal biopsies
As L. reuteri inhibited EPEC-induced IL-8 production in HT-29 cells, we further
investigated the effects of L. reuteri and EPEC on IL-8 protein levels in
duodenal tissue using pIVOC and evaluated by ELISA. As biopsies were of
variable size, IL-8 protein levels were adjusted against total protein content of
the biopsy lysate. As shown in Figure 5.6, there was no significant difference
in IL-8 protein levels between L. reuteri and non-treated controls, whereas
EPEC infection significantly increased IL-8 protein content. In contrast to HT29 cells, co-incubation with L. reuteri did not significantly affect IL-8 production
in EPEC-infected tissues. (Figure 5.6).

Figure 5.6: L. reuteri does not affect EPEC-induced IL-8 production in
duodenal biopsies
Duodenal biopsies were exposed to L. reuteri ATCC PTA 6475, ATCC 53608,
EPEC, or left non-treated (NT) for 6 h. In addition, co-incubations of equivalent
numbers of L. reuteri and EPEC were performed. Each data point represents
an individual biopsy sample. The median is indicated by a line. * = P <0.05; **
= P <0.01; *** = P <0.001 versus NT.
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5.2.6. The IL-8 response is not suppressed by EPEC during
infection of duodenal biopsies
As we did not observe L. reuteri modulation of the IL-8 response in EPECinfected biopsies, we investigated whether EPEC suppression of the immune
response described in cell lines may have obscured any protective effects of
L. reuteri. Therefore, HT-29 cells were incubated with wildtype EPEC or a
T3SS-deficient escN mutant (CVD452; Jarvis et al, 1995) for up to 8 h. As
shown in Figure 5.7A, HT-29 cells produced significantly more IL-8 when
infected with ΔescN mutant versus wildtype EPEC after 4-8 h of incubation.
Interestingly, no immunosuppressive effect was observed in human duodenal
as incubation with T3SS-deficient mutants ΔescN and ΔespB (UMD864;
Donnenberg et al, 1993a) induced comparable IL-8 levels to wildtype EPEC
(Figure 5.7B). In addition, infection with a fliC mutant did not induce a
significant increase in IL-8 levels compared to NT controls.
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Figure 5.7: The IL-8 response is not downregulated by EPEC during
infection of duodenal biopsies
(A) HT-29 cells were incubated with wildtype EPEC (WT) or isogenic escN
mutant strain CVD452 (ΔescN) for 2-8 h. IL-8 levels in cell culture media were
assessed by ELISA. Data are shown as means ± SE of three independent
experiments performed in duplicate. * = P<0.05; **** = P <0.0001 versus WT.
(B) Duodenal biopsies were infected with either wildtype EPEC, isogenic
mutants deficient in fliC (AGT01), espB (UMD864), escN (CVD452), or left
non-treated (NT) for 6 h. IL-8 protein was determined from biopsy lysates and
is displayed relative to the total protein content of each biopsy. Each data point
represents an individual biopsy sample. The median is indicated by a line. * =
P<0.05; ** = P<0.01 versus NT.

179

5.3. Discussion
The innate immune system is a key component of the host response which is
responsible for the initial defence against invading pathogens. While the innate
immune response prevents the vast majority of potential insults, some GI
pathogens have evolved mechanisms to inhibit inflammation. The weakened
immune response contributes to the production of diarrhoea in the host.
Probiotics may offer a solution to reduce the incidence of diarrhoea, as certain
bacterial strains have been identified as having immunomodulatory
characteristics.
In this investigation, we have explored the immunomodulatory effects of L.
reuteri on EPEC-induced IL-8 protein production using both in vitro and ex vivo
models. Furthermore, we have examined the role of the T3SS in IL-8
production during EPEC infection of the small intestinal epithelium.

5.3.1. Role of flagellin and the T3SS in IL-8 induction during
EPEC infection
In this study, we determined that EPEC induced the production of the immune
cytokine IL-8 by HT-29 cells and human duodenal biopsies. As HT-29 cells
showed a diminished IL-8 response when infected with an isogenic fliC mutant,
this suggests that flagellin is a major inducer of the IL-8 response during EPEC
infection. This finding is consistent with previous reports which have identified
EPEC flagellin as a key inducer of IL-8 production by intestinal HT-29, T84,
and Caco-2 cells (Khan et al., 2008; Ruchaud-Sparagano et al., 2007; Sharma
et al., 2006; Zhou et al., 2003). The role of flagellin in IL-8 induction has also
been demonstrated in paediatric duodenal biopsies, as both wildtype EPEC
and purified flagella induced IL-8 protein production (Schüller et al., 2009).
Similar to our own results in duodenal biopsies, infection with a fliC deletion
mutant resulted in a diminished, although not completely abrogated, IL-8
response, which suggests other inflammatory factors may be produced by
EPEC. The induction of IL-8 by a FliC-independent mechanism has been
shown in non-polarised HT-29 and Caco-2 cells, although the exact
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mechanism has not been clarified (Khan et al., 2008; Schüller et al., 2009;
Sharma et al., 2006).
While EPEC flagellin induces IL-8 protein expression, the T3SS has been
implicated in down-regulating the innate immune response (RuchaudSparagano et al., 2007). This effect has been attributed to several effector
proteins encoded outside the LEE region (Nle) (Nadler et al., 2010; Newton et
al., 2010; Vossenkämper et al., 2010). NleE prevents the phosphorylation of
Iκβ kinase (IKK), and thus reduces the degradation of the NF-κB inhibitor IκB,
inhibiting activation of NF-κB (Nadler et al., 2010). This effect has been
demonstrated in HeLa and Caco-2 cells as well as isolated dendritic cells and
has been associated with a diminished IL-8 response (Nadler et al., 2010;
Newton et al., 2010; Vossenkämper et al., 2010). The inhibitory action of NleE
is further enhanced by the effector protein NleB, which inhibits the activation
of NF-κB by reducing GAPDH-mediated ubiquitination of TRAF2, a protein
involved in TNF-α mediated NF-κB activation (Gao et al., 2013; Nadler et al.,
2010). Furthermore, the effector protein NleC degrades the p65 subunit of the
NF-κB complex (Pearson et al., 2011; Yen et al., 2010). Notably, the roles of
these effector proteins have primarily been documented in cancer cell lines,
and their effect in the in vivo situation remains largely unknown. While we
observed a T3SS-dependent immunosuppressive effect in EPEC-infected HT29 cells, this was not evident during infection of human duodenal biopsies. A
similar lack of immunosuppression has recently been demonstrated during
EHEC infection of human colonic biopsies, suggesting a delay or absence of
this mechanism in human intestinal tissues (Lewis et al., 2016).

5.3.2. Impact of L. reuteri on the EPEC-induced IL-8 response
in vitro
In our study, we showed that L. reuteri strains ATCC PTA 6475 and ATCC
53608 induced IL-8 production in LS174T, but not HT-29 cells. This difference
could be due to cell line-specific features, such as cell type (goblet cell versus
enterocyte) and the genetic background of the host, which can impact on
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probiotic effects (van Baarlen et al., 2013). This has previously been observed
in L. rhamnosus GG, which stimulated IL-8 production in HT-29 cells infected
with S. Typhimurium, but reduced IL-8 protein in Caco-2 cells treated with
flagellin, despite similar methodologies (Lopez et al., 2008; Pinto et al., 2009).
While the immune stimulus was different in each of the prior studies (S.
Typhimurium versus isolated flagellin from Pseudomonas aeruginosa) which
may have influenced probiotic effects, these findings demonstrate that
thorough evaluation of probiotics on relevant model systems is necessary to
determine immunomodulatory characteristics of specific Lactobacillus strains.
Probiotic immunomodulation of pathogen-induced immune responses by
intestinal epithelial cell lines has previously been reported, and strain-specific
anti-inflammatory and immunostimulatory characteristics have been shown. In
this study, we found that co-incubation with L. reuteri ATCC PTA 6475 and
ATCC 53608 significantly reduced IL-8 production in EPEC-infected HT-29
cells. Similar findings have been reported for other Lactobacillus species, such
as the porcine isolate Lactobacillus sobrius DSM 16698, which upregulated
anti-inflammatory IL-10 and reduced IL-8 protein content in ETEC-infected
porcine IECs (Roselli et al., 2007). In addition, pre-incubation of T84 cells with
L. rhamnosus JB-1 or mixed probiotic VSL#3 prior to infection with Salmonella,
reduced IL-8 production (Ma et al., 2004; Madsen et al., 2001). In contrast,
lactobacilli can sensitise cells to pathogenic insult, as the pre-treatment of HT29 cells with L. plantarum BFE or L. rhamnosus GG increased the IL-8
response to S. Typhimurium (Pinto et al., 2009). This effect may be due to
increased production of TLR2 and TLR5, which detect lipoteichoic acid and
flagellin, respectively (Pinto et al., 2009).
As flagellin is a potent inducer of the pro-inflammatory response to many
pathogens, the effect of lactobacilli on flagellin-induced IL-8 production has
been investigated in previous studies. Pre-treatment with L. rhamnosus GG
attenuated IL-8 induction in Caco-2 cells stimulated with flagellin from P.
aeruginosa (Lopez et al., 2008). Interestingly, anti-inflammatory effects of
probiotics against a pathogen do not imply reduction of the immune response
to particular bacterial components, as L. salivarius UCC118 attenuated IL-8
production in HT-29 cells treated with S. Typhimurium but not with Salmonella
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flagella (O'Hara et al., 2006). These findings are similar to our own, as L.
reuteri ATCC 53608 significantly reduced the production of IL-8 by HT-29 cells
when co-cultured with EPEC. However, there was no reduction in IL-8 protein
when HT-29 cells were treated with ATCC 53608 and EPEC SN. In contrast,
L. reuteri ATCC PTA 6475 significantly reduced the IL-8 response to both
EPEC and EPEC SN. The mechanism behind this strain-specific effect
remains to be defined but potential explanations will be discussed.
While EPEC SN contains EPEC flagella (Girón et al., 2002; Zhou et al., 2003),
it may also comprise additional pro-inflammatory factors, such as LPS, which
induce the production of IL-8 (Cario et al., 2000; Hoshino et al., 1999; Poltorak
et al., 1998). Probiotics have previously demonstrated anti-inflammatory
effects against LPS-induced inflammation, as VSL#3, L. paracasei 1602,
and L. reuteri 6798 decreased the production of TNF-α in LPS-treated ileal
and colonic explants from IL-10-deficient mice (Madsen et al., 2001; Peña et
al., 2005). Interestingly, L. reuteri ATCC PTA 6475, ATCC PTA 4659, and
ATCC PTA 5289 inhibited LPS-induced IL-8 production in porcine IECs and
rat ileum (Liu et al., 2010). As we utilised SN rather than EPEC-derived LPS
or flagellin, further experimentation is required to determine whether L. reuteri
inhibits IL-8 production induced by these specific components. These findings
would elucidate the host signalling pathways through which L. reuteri
modulates the innate immune response. Additionally, as EPEC-derived
flagella induce IL-8 production in duodenal biopsies (Schüller et al., 2009), it
would be interesting to investigate whether L. reuteri inhibited flagelluminduced IL-8 production in duodenal samples.
As mentioned previously, production of IL-8 and other pro-inflammatory
cytokines is mediated by the transcription factor NF-κB. A number of
Lactobacillus strains, such as L. rhamnosus GG and JB-1, as well as L.
plantarum ATCC 8014, have been shown to inhibit NF-κB activation by
preventing IκB degradation in HeLa, T84, and Caco-2 cells (Ko et al., 2007;
Lopez et al., 2008; Ma et al., 2004). Unfortunately, we were unable to
determine whether ATCC PTA 6475-mediated IL-8 reduction in EPECinfected
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immunofluorescence staining of NF-κB was unsuitable to detect nuclear
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translocation in HT-29 cells treated with EPEC or TNF-α. This was consistent
with

a

previous

study

reporting

the

absence

of

nuclear

NF-κB

immunofluorescence staining in IL-1β-treated HT-29 cells, whereas Caco-2
cells demonstrated distinct NF-κB nuclear localisation (Jobin et al., 1997).
However, use of electrophoretic mobility shift assays and ELISA showed
nuclear localisation in IL-1β-treated HT-29 cells, although at lower levels than
treated Caco-2 cells (Jobin et al., 1997; Sibartie et al., 2009). These findings
suggest that immunofluorescence microscopy is unsuitable to determine
changes in NF-κB localisation in HT-29 cells, and alternative methods such as
mobility shift assays or ELISA should be used.
Some Lactobacillus strains secrete factors inhibiting immune stimulation by
pathogens. The mechanism behind this inhibition is often undefined, and
possibly dependent on bactericidal effects. However, pre-incubation of
Salmonella with supernatant from L. acidophilus LB, L. casei 2756, L. curvatus
2775, or L. plantarum 2142 reduced IL-8 induction in Caco-2 cells (Coconnier
et al., 2000; Nemeth et al., 2006). Alternatively, some Lactobacillus strains
secrete products which directly impact on the immune state of the host cell.
For example, L. reuteri ATCC PTA 6475 SN reduced production of TNF-α by
LPS-treated monocytes and macrophages from children with active Crohn’s
disease (Jones & Versalovic, 2009; Lin et al., 2008). This has been linked to
the production of the immunoregulatory compound histamine, which is derived
from the essential amino acid L-histidine (Thomas et al., 2012). ATCC PTA
6475-derived histamine activates the histamine H2 receptor, which reduces the
production of TNF-α via inhibition of the MAPK pathway in monocytoid cells
(Thomas et al., 2012). These findings contrast our own observations, as the
conditioned medium of ATCC PTA 6475 did not attenuate the production of
IL-8 by HT-29 cells stimulated with EPEC SN. These differences may be due
to differences in cell type (IECs versus monocytes), cytokines investigated (IL8 versus TNF-α), or bacterial culture conditions (as histamine may not have
been produced during our experiments). Taken together, our findings
demonstrate that L. reuteri ATCC PTA 6475 and ATCC 53608 have
immunomodulatory effects on IECs. These effects are independent of
secreted products and thus may be dependent on the presence of the bacteria
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at the epithelium.. Further investigation is required to define the mechanism
behind the reduction in IL-8 protein levels in L. reuteri ATCC PTA 6475- and
ATCC 53608-treated IECs, such as the impact of L. reuteri cell surface
proteins on the innate immune response. An improved understanding of the
mechanisms behind this effect will further validate the probiotic potential of
these anti-inflammatory bacteria on the inflamed epithelium.

5.3.3. The effect of L. reuteri on the EPEC-induced IL-8
response ex vivo
In contrast to findings in HT-29 cells, incubation with L. reuteri did not reduce
IL-8 production in EPEC-infected duodenal biopsies. As L. reuteri did not
penetrate the mucus layer, this could imply that adhesion to the epithelium is
necessary for modulation of the immune response. This has previously been
demonstrated by L. rhamnosus GG, which required the SpaCBA pilus for
epithelial binding and inhibition of IL-8 expression in Caco-2 cells (Lebeer et
al., 2012). Similarly, adherent live L. rhamnosus JB1 were required to inhibit
IL-8 production in stimulated T84 and HT-29 cells (Ma et al., 2004). It is
important to note that trauma of tissue removal induced inflammation in
biopsies, as non-treated samples produced elevated levels of IL-8. The
induction of the innate immune response due to tissue removal is a technical
limitation of pIVOC when investigating the innate immune response.
Therefore, it would be interesting to assess the anti-inflammatory effects of L.
reuteri using an in vivo model, which would not present with background
inflammation.
Additionally, the immune status of the host can also impact on probiotic
immunomodulation, as L. rhamnosus GG downregulated the immune
response to milk in hypersensitive patients, but increased the expression of
immunostimulatory receptors in the control group (Pelto et al., 1998). Active
inflammation can also sensitise the epithelium to probiotics, as TNF-α-treated
HT-29 cells showed enhanced IL-8 protein levels when subsequently exposed
to L. plantarum BFE 1685 or L. rhamnosus GG, whereas neither strain induced
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IL-8 production in non-treated cells (Pinto et al., 2009). Furthermore, the
incubation of L. rhamnosus GG, L. plantarum NCIMB8826, and L.
paracasei B21060 with tissue samples from patients with UC and CD caused
severe degradation of biopsy tissue, whereas incubation with healthy samples
did not alter tissue structure (Tsilingiri et al., 2012).
Moreover, it is important to note that the immunomodulatory effects of
probiotics may be cell-specific, as L. rhamnosus GG and L. plantarum
NCIMB8826 did not induce IL-8 production in Caco-2 cells, but stimulated IL12 and TNF-α expression in human peripheral blood monocytes (Mileti et al.,
2009). Furthermore, L. rhamnosus GG and L. plantarum NCIMB8826
amplified the progression of colitis in DSS-treated mice (Mileti et al., 2009).
Crucially, these characteristics are strain-specific, as L. paracasei B21060
reduced the symptoms of DSS-induced colitis versus mice without the
probiotic (Mileti et al., 2009). In addition to chemically-induced inflammation,
lactobacilli also decreased inflammation induced by pathogens. L. johnsonii
La1 reduced keratinocyte-derived protein chemokine (KC; mouse cytokine
homologous to human IL-8) serum levels in mice with ongoing H. pylori
infection, and L. paracasei ssp. paracasei NTU 101 decreased IL-1β and IL-6
expression in EHEC-infected mice (Sgouras et al., 2005; Tsai et al., 2010).
Anti-inflammatory effects have also been described in human studies, as L.
reuteri ATCC 55730 and ATCC PTA 5289 decreased IL-8 and TNF-α levels in
patients with active gingivitis (Twetman et al., 2009).
As previous studies have demonstrated that probiotics can deliver antiinflammatory effects during acute inflammation events, it would be interesting
to investigate the impact of ATCC PTA 6475 and ATCC 53608 on inflamed
tissue samples using the pIVOC model; to determine whether the antiinflammatory characteristics we observed were applicable to an inflamed
milieu. Furthermore, future study into the role of epithelial binding on
immunomodulation of intestinal samples would be beneficial for developing
our understanding of how probiotics modulate the innate immune response.
Aspiration of the mucus layer has been demonstrated on murine duodenal
tissue (Atuma et al., 2001; Gustafsson et al., 2012). Therefore, this approach
could be applied to human duodenal biopsies, to investigate whether epithelial
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contact with the epithelium is necessary for L. reuteri immunomodulation.
Additionally, it would be interesting to assess the impact of L. reuteri on EPECinduced IL-8 production in paediatric biopsies. As the immune system matures
with age, the inflammatory response to EPEC infection may differ between
adult and paediatric samples (Levy, 2007).

5.4. Summary
In this part of the study, we demonstrated that L. reuteri ATCC PTA 6475 and
ATCC 53608 inhibited IL-8 induction in EPEC-infected HT-29 cells. This effect
appeared to be dependent on L. reuteri adhesion to the host epithelium, as we
did not observe IL-8 inhibition by L. reuteri supernatants or biopsy samples
with an intact mucus layer. While the specific mechanisms behind L. reuteri
immune modulation remain undefined, our findings demonstrate that ATCC
PTA 6475 and ATCC 53608 can modulate the innate immune response
induced by EPEC infection.
The innate immune system provides a key barrier against EPEC infection of
the intestinal epithelium. The secretion of T3S proteins weakens the
inflammatory response which inhibits EPEC clearance but contributes to the
production of diarrhoea in the host. Modulation of the inflammatory response
by anti-inflammatory probiotics could reduce diarrhoeal symptoms in these
patients. Therefore, the identification of probiotics with anti-inflammatory
characteristics is an important area of research for developing therapies to
reduce the burden of EPEC-induced diarrhoea.
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The aim of this PhD project was to evaluate the potential of Lactobacillus
reuteri to reduce pathogenesis of enteropathogenic Escherichia coli infection.
In particular, the effects of L. reuteri on 1) EPEC binding to the intestinal
epithelium, 2) mucus production, and 3) the innate immune response were
characterised. To investigate these effects, mucus- and non-mucus producing
intestinal epithelial cells (HT-29 and LS174T cells, respectively) and duodenal
biopsies were utilised as models of the human intestinal epithelium.
In the first part of this study, we identified that L. reuteri inhibited EPEC binding
to intestinal epithelium at the mucus and epithelial level. These effects were
strain-specific and included competition for binding receptors and the inhibition
of EPEC dispersal across the epithelial surface. The protective effects
observed were also dependent on the intestinal epithelial model used, which
emphasised the requirement for physiologically relevant model systems.
Therefore, future studies should investigate whether L. reuteri ATCC PTA
6475 and ATCC 53608 inhibit EPEC colonisation of the intestinal epithelium
in animal trials and clinical studies.
A limitation of this study was the use of non-polarised IECs, as the human
intestinal epithelium demonstrates distinct apical and basolateral polarisation
of cell surface receptors. Thus, it would be interesting to assess the efficiency
of L. reuteri binding to polarised cells which may have an alternative
distribution of receptors on the apical surface than non-polarised cells.
Additionally, polarised cells could be used to investigate the impact of L. reuteri
on EPEC-induced changes to TJ integrity, a key mechanism behind the
induction of diarrhoea in vivo. However, it is not possible to polarise HT-29
cells, thus alternative small intestinal models, such as Caco-2 cells,
xenografts, or intestinal biopsies, would be required. Furthermore, while we
assessed the impact of L. reuteri monocultures on EPEC infection, mixed
probiotic cultures have been suggested to deliver greater benefits to the host.
Therefore, it would be interesting to investigate the impact of L. reuteri cocultures on EPEC pathogenesis.
We also examined the impact of L. reuteri and EPEC on mucus production
and determined that these bacteria significantly increased and decreased
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MUC2 protein levels in LS174T cells, respectively. The effect of probiotic
bacteria on the production of mucus has previously been poorly investigated,
thus our data provide evidence that certain L. reuteri strains influence GI mucin
levels. A limitation of this study was that we determined relative changes in
fluorescence rather than total change in mucin protein. Therefore, it would be
beneficial to confirm that the change in fluorescence which we identified
corresponded with a significant change in MUC2 protein, by analysis of de
novo mucin synthesis or Western blot. Future research should investigate the
mechanism behind L. reuteri-induced change in MUC2 levels and determine
whether ATCC PTA 6475 induced de novo mucin synthesis or enhanced
mucus secretion, as well as the role of L. reuteri epithelial binding, cell surface
proteins, and secreted products on mucus production.
In the final part of this study, we determined that L. reuteri inhibited IL-8
production by EPEC-infected intestinal epithelial cells. This is the first study to
identify that L. reuteri ATCC PTA 6475 and ATCC 53608 can modulate the
production of IL-8 protein by enterocytes in response to infection. As these
anti-inflammatory effects appear to be dependent on epithelial binding, it
would be interesting to investigate whether L. reuteri modify the innate immune
response of intestinal samples with a compromised mucus layer. Additionally,
future studies should assess the impact of L. reuteri on other pro- and antiinflammatory markers, such as IL-1β, IL-6, and IL-10 to further elucidate the
mechanisms behind L. reuteri immunomodulation.
In summary, the findings from this PhD demonstrate that L. reuteri ATCC PTA
6475 and ATCC 53608 can protect the human intestinal epithelium against
EPEC infection. These effects were particularly pertinent to ATCC PTA 6475,
which inhibited EPEC microcolony dispersal, enhanced the levels of MUC2,
and inhibited EPEC-induced IL-8 protein production. The characterisation of
L. reuteri protective effects provides further evidence for the selection of these
lactobacilli in the prevention of EPEC-induced acute infectious diarrhoea.

190

References
Abrahamsson, T. R., Sinkiewicz, G., Jakobsson, T., Fredrikson, M., &
Björkstén, B. (2009). Probiotic lactobacilli in breast milk and infant stool
in relation to oral intake during the first year of life. Journal of Pediatric
Gastroenterology and Nutrition, 49(3), 349-354.
Aderem, A., & Ulevitch, R. J. (2000). Toll-like receptors in the induction of the
innate immune response. Nature, 406(6797), 782-787.
Adlerberth, I., Ahrné, S., Johansson, M.-L., Molin, G., Hanson, L. A., & Wold,
A. E. (1996). A mannose-specific adherence mechanism in
Lactobacillus plantarum conferring binding to the human colonic cell
line HT-29. Applied and Environmental Microbiology, 62(7), 2244-2251.
Ahl, D., Liu, H., Schreiber, O., Roos, S., Phillipson, M., & Holm, L. (2016).
Lactobacillus reuteri increases mucus thickness and ameliorates
dextran sulphate sodium‐induced colitis in mice. Acta Physiologica.
Ahrné, S., Lönnermark, E., Wold, A. E., Åberg, N., Hesselmar, B., Saalman,
R., Strannegård, I.-L., Molin, G., & Adlerberth, I. (2005). Lactobacilli in
the intestinal microbiota of Swedish infants. Microbes and Infection,
7(11), 1256-1262.
Albert, M. J., Rotimi, V. O., Dhar, R., Silpikurian, S., Pacsa, A. S., Molla, A. M.,
& Szucs, G. (2009). Diarrhoeagenic Escherichia coli are not a
significant cause of diarrhoea in hospitalised children in Kuwait. BMC
Microbiology, 9(1), 1.
Allen, S. J., Martinez, E. G., Gregorio, G. V., & Dans, L. F. (2010). Probiotics
for treating acute infectious diarrhoea. Cochrane Database Syst Rev,
11.
Alto, N. M., Weflen, A. W., Rardin, M. J., Yarar, D., Lazar, C. S., Tonikian, R.,
Koller, A., Taylor, S. S., Boone, C., & Sidhu, S. S. (2007). The type III
effector EspF coordinates membrane trafficking by the spatiotemporal
activation of two eukaryotic signaling pathways. The Journal of cell
biology, 178(7), 1265-1278.
Ambort, D., Johansson, M. E., Gustafsson, J. K., Ermund, A., & Hansson, G.
C. (2012b). Perspectives on mucus properties and formation—lessons
from the biochemical world. Cold Spring Harbor Perspectives in
Medicine, 2(11), a014159.
Ambort, D., Johansson, M. E. V., Gustafsson, J. K., Nilsson, H. E., Ermund,
A., Johansson, B. R., Koeck, P. J. B., Hebert, H., & Hansson, G. C.
(2012a). Calcium and pH-dependent packing and release of the gelforming MUC2 mucin. Proceedings of the National Academy of
Sciences, 109(15), 5645-5650. doi:10.1073/pnas.1120269109
Anderson, R. C., Cookson, A. L., McNabb, W. C., Kelly, W. J., & Roy, N. C.
(2010). Lactobacillus plantarum DSM 2648 is a potential probiotic that
enhances intestinal barrier function. FEMS Microbiology Letters,
309(2), 184-192.
Angel, C., Worrall, L. J., & Strynadka, N. C. (2012). Structural insight into the
bacterial mucinase StcE essential to adhesion and immune evasion
during enterohemorrhagic E. coli infection. Structure, 20(4), 707-717.
Annuk, H., Shchepetova, J., Kullisaar, T., Songisepp, E., Zilmer, M., &
Mikelsaar, M. (2003). Characterization of intestinal lactobacilli as
191

putative probiotic candidates. Journal of Applied Microbiology, 94(3),
403-412.
Arce, S., Nawar, H. F., Russell, M. W., & Connell, T. D. (2005). Differential
binding of Escherichia coli enterotoxins LT-IIa and LT-IIb and of cholera
toxin elicits differences in apoptosis, proliferation, and activation of
lymphoid cells. Infection and Immunity, 73(5), 2718-2727.
Arike, L., & Hansson, G. C. (2016). The densely O-glycosylated MUC2 mucin
protects the intestine and provides food for the commensal bacteria.
Journal of Molecular Biology.
Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T., Mende, D.
R., Fernandes, G. R., Tap, J., Bruls, T., & Batto, J.-M. (2011).
Enterotypes of the human gut microbiome. Nature, 473(7346), 174180.
Asker, N., Axelsson, M. A., Olofsson, S.-O., & Hansson, G. C. (1998).
Dimerization of the human MUC2 mucin in the endoplasmic reticulum
is followed by a N-glycosylation-dependent transfer of the mono-and
dimers to the Golgi apparatus. Journal of Biological Chemistry, 273(30),
18857-18863.
Atassi, F., & Servin, A. L. (2010). Individual and co-operative roles of lactic
acid and hydrogen peroxide in the killing activity of enteric strain
Lactobacillus johnsonii NCC933 and vaginal strain Lactobacillus
gasseri KS120. 1 against enteric, uropathogenic and vaginosisassociated pathogens. FEMS Microbiology Letters, 304(1), 29-38.
Atlung, T., & Ingmer, H. (1997). H‐NS: a modulator of environmentally
regulated gene expression. Molecular Microbiology, 24(1), 7-17.
Atuma, C., Strugala, V., Allen, A., & Holm, L. (2001). The adherent
gastrointestinal mucus gel layer: thickness and physical state in vivo.
American Journal of Physiology - Gastrointestinal and Liver Physiology,
280(5),
G922-G929.
Retrieved
from
http://ajpgi.physiology.org/content/280/5/G922.abstract
Axelsson, L. T., Chung, T. C., Dobrogosz, W. J., & Lindgren, S. E. (1989).
Production of a Broad Spectrum Antimicrobial Substance by
Lactobacillus reuteri. Microbial Ecology in Health and Disease, 2(2),
131-136. doi:doi:10.3109/08910608909140210
Bäckhed, F., Ding, H., Wang, T., Hooper, L. V., Koh, G. Y., Nagy, A.,
Semenkovich, C. F., & Gordon, J. I. (2004). The gut microbiota as an
environmental factor that regulates fat storage. Proceedings of the
National Academy of Sciences of the United States of America,
101(44), 15718-15723.
Bäckhed, F., Ley, R. E., Sonnenburg, J. L., Peterson, D. A., & Gordon, J. I.
(2005). Host-bacterial mutualism in the human intestine. Science,
307(5717), 1915-1920.
Badea, L., Doughty, S., Nicholls, L., Sloan, J., Robins-Browne, R. M., &
Hartland, E. L. (2003). Contribution of Efa1/LifA to the adherence of
enteropathogenic Escherichia coli to epithelial cells. Microbial
Pathogenesis, 34(5), 205-215.
Bai, L., Schüller, S., Whale, A., Mousnier, A., Marches, O., Wang, L., Ooka,
T., Heuschkel, R., Torrente, F., Kaper, J. B., Gomes, T. A. T., Xu, J.,
Phillips, A. D., & Frankel, G. (2008). Enteropathogenic Escherichia coli
O125:H6 Triggers Attaching and Effacing Lesions on Human Intestinal
192

Biopsy Specimens Independently of Nck and TccP/TccP2. Infection
and Immunity, 76(1), 361-368. doi:10.1128/iai.01199-07
Baldi, D. L., Higginson, E. E., Hocking, D. M., Praszkier, J., Cavaliere, R.,
James, C. E., Bennett-Wood, V., Azzopardi, K. I., Turnbull, L., Lithgow,
T., Robins-Browne, R. M., Whitchurch, C. B., & Tauschek, M. (2012).
The Type II Secretion System and Its Ubiquitous Lipoprotein Substrate,
SslE, Are Required for Biofilm Formation and Virulence of
Enteropathogenic Escherichia coli. Infection and Immunity, 80(6),
2042-2052. doi:10.1128/iai.06160-11
Barcelo, A., Claustre, J., Moro, F., Chayvialle, J., Cuber, J., & Plaisancie, P.
(2000). Mucin secretion is modulated by luminal factors in the isolated
vascularly perfused rat colon. Gut, 46(2), 218-224.
Bartlett, J. G. (2002). Antibiotic-associated diarrhea. New England Journal of
Medicine, 346(5), 334-339.
Baruch, K., Gur‐Arie, L., Nadler, C., Koby, S., Yerushalmi, G., Ben‐Neriah, Y.,
Yogev, O., Shaulian, E., Guttman, C., & Zarivach, R. (2011).
Metalloprotease type III effectors that specifically cleave JNK and NF‐
κB. The EMBO journal, 30(1), 221-231.
Bäumler, A. J., & Sperandio, V. (2016). Interactions between the microbiota
and pathogenic bacteria in the gut. Nature, 535(7610), 85-93.
Beil, W., Enss, M. L., Müller, S., Obst, B., Sewing, K.-F., & Wagner, S. (2000).
Role of vacA and cagA inHelicobacter pylori Inhibition of Mucin
Synthesis in Gastric Mucous Cells. Journal of Clinical Microbiology,
38(6),
2215-2218.
Retrieved
from
http://jcm.asm.org/content/38/6/2215.abstract
Belzer, C., & de Vos, W. M. (2012). Microbes inside—from diversity to function:
the case of Akkermansia. The ISME journal, 6(8), 1449-1458.
Berger, C. N., Crepin, V. F., Baruch, K., Mousnier, A., Rosenshine, I., &
Frankel, G. (2012). EspZ of enteropathogenic and enterohemorrhagic
Escherichia coli regulates type III secretion system protein
translocation. mBio, 3(5), e00317-00312.
Bergstrom, K. S. B., Guttman, J. A., Rumi, M., Ma, C., Bouzari, S., Khan, M.
A., Gibson, D. L., Vogl, A. W., & Vallance, B. A. (2008). Modulation of
Intestinal Goblet Cell Function during Infection by an Attaching and
Effacing Bacterial Pathogen. Infection and Immunity, 76(2), 796-811.
doi:10.1128/iai.00093-07
Bergstrom, K. S. B., Kissoon-Singh, V., Gibson, D. L., Ma, C., Montero, M.,
Sham, H. P., Ryz, N., Huang, T., Velcich, A., Finlay, B. B., Chadee, K.,
& Vallance, B. A. (2010). Muc2 Protects against Lethal Infectious Colitis
by Disassociating Pathogenic and Commensal Bacteria from the
Colonic
Mucosa.
PLoS
Pathog,
6(5),
e1000902.
doi:10.1371/journal.ppat.1000902
Bernet, M. F., Brassart, D., Neeser, J. R., & Servin, A. L. (1994). LactobacillusAcidophilus La-1 Binds to Cultured Human Intestinal-Cell Lines and
Inhibits Cell Attachment and Cell Invasion by Enterovirulent Bacteria.
Gut, 35(4), 483-489. Retrieved from <Go to ISI>://A1994ND77700013
Bernstein, C. N., & Shanahan, F. (2008). Disorders of a modern lifestyle:
reconciling the epidemiology of inflammatory bowel diseases. Gut,
57(9), 1185-1191.

193

Bevins, C. L. (2006). Paneth cell defensins: key effector molecules of innate
immunity. Biochemical Society Transactions, 34(2), 263-266.
Bibiloni, R., Fedorak, R. N., Tannock, G. W., Madsen, K. L., Gionchetti, P.,
Campieri, M., De Simone, C., & Sartor, R. B. (2005). VSL#3 ProbioticMixture Induces Remission in Patients with Active Ulcerative Colitis.
The American journal of gastroenterology, 100(7), 1539-1546.
Bieber, D., Ramer, S. W., Wu, C. Y., Murray, W. J., Tobe, T., Fernandez, R.,
& Schoolnik, G. K. (1998). Type IV pili, transient bacterial aggregates,
and virulence of enteropathogenic Escherichia coli. Science,
280(5372), 2114-2118. doi:10.1126/science.280.5372.2114
Bird, A. S., Gregory, P. J., Jalloh, M. A., Cochrane, Z. R., & Hein, D. J. (2016).
Probiotics for the Treatment of Infantile Colic A Systematic Review.
Journal of pharmacy practice, 0897190016634516.
Blasche, S., Mörtl, M., Steuber, H., Siszler, G., Nisa, S., Schwarz, F., Lavrik,
I., Gronewold, T. M., Maskos, K., & Donnenberg, M. S. (2013). The E.
coli effector protein NleF is a caspase inhibitor. PloS one, 8(3), e58937.
Boekhorst, J., Helmer, Q., Kleerebezem, M., & Siezen, R. J. (2006).
Comparative analysis of proteins with a mucus-binding domain found
exclusively in lactic acid bacteria. Microbiology, 152(1), 273-280.
doi:10.1099/mic.0.28415-0
Bogovič Matijašić, B., Narat, M., Zorič Peternel, M., & Rogelj, I. (2006). Ability
of Lactobacillus gasseri K7 to inhibit Escherichia coli adhesion in vitro
on Caco-2 cells and ex vivo on pigs' jejunal tissue. International Journal
of
Food
Microbiology,
107(1),
92-96.
doi:http://dx.doi.org/10.1016/j.ijfoodmicro.2005.08.017
Bolton, J. L., & Bilbo, S. D. (2014). Developmental programming of brain and
behavior by perinatal diet: focus on inflammatory mechanisms.
Dialogues Clin Neurosci, 16(3), 307-320.
Bommarius, B., Maxwell, D., Swimm, A., Leung, S., Corbett, A., Bornmann,
W., & Kalman, D. (2007). Enteropathogenic Escherichia coli Tir is an
SH2/3 ligand that recruits and activates tyrosine kinases required for
pedestal formation. Molecular Microbiology, 63(6), 1748-1768.
Borriello, S., & Barclay, F. E. (1986). An in-vitro model of colonisation
resistance to Clostridium difficile infection. Journal of Medical
Microbiology, 21(4), 299-309.
Bray, J. (1945). Isolation of antigenically homogeneous strains of Bact. coli
neapolitanum from summer diarrhœa of infants. The Journal of
Pathology
and
Bacteriology,
57(2),
239-247.
doi:10.1002/path.1700570210
Bray, J., & Beavan, T. E. D. (1948). Slide agglutination of Bacterium coli var.
neapolitanum in summer diarrhæa. The Journal of Pathology and
Bacteriology, 60(3), 395-401. doi:10.1002/path.1700600306
Britton, R. A., Irwin, R., Quach, D., Schaefer, L., Zhang, J., Lee, T.,
Parameswaran, N., & McCabe, L. R. (2014). Probiotic L. reuteri
treatment prevents bone loss in a menopausal ovariectomized mouse
model. Journal of Cellular Physiology, 229(11), 1822-1830.
Brown, A. C., & Valiere, A. (2004). Probiotics and medical nutrition therapy.
Nutrition in clinical care: an official publication of Tufts University, 7(2),
56.

194

Buck, B. L., Altermann, E., Svingerud, T., & Klaenhammer, T. R. (2005).
Functional Analysis of Putative Adhesion Factors in Lactobacillus
acidophilus NCFM. Applied and Environmental Microbiology, 71(12),
8344-8351. doi:10.1128/aem.71.12.8344-8351.2005
Buffington, S. A., Di Prisco, G. V., Auchtung, T. A., Ajami, N. J., Petrosino, J.
F., & Costa-Mattioli, M. (2016). Microbial Reconstitution Reverses
Maternal Diet-Induced Social and Synaptic Deficits in Offspring. Cell,
165(7), 1762-1775.
Byrd, J. C., Yunker, C. K., Xu, Q. S., Sternberg, L. R., & Bresalier, R. S. (2000).
Inhibition of gastric mucin synthesis by Helicobacter pylori.
Gastroenterology,
118(6),
1072-1079.
doi:http://dx.doi.org/10.1016/S0016-5085(00)70360-X
Caballero-Franco, C., Keller, K., Simone, C. D., & Chadee, K. (2007). The
VSL#3 probiotic formula induces mucin gene expression and secretion
in colonic epithelial cells. American Journal of Physiology Gastrointestinal and Liver Physiology, 292(1), G315-G322.
doi:10.1152/ajpgi.00265.2006
Campellone, K. G., & Leong, J. M. (2005). Nck‐independent actin assembly is
mediated by two phosphorylated tyrosines within enteropathogenic
Escherichia coli Tir. Molecular Microbiology, 56(2), 416-432.
Campellone, K. G., Rankin, S., Pawson, T., Kirschner, M. W., Tipper, D. J., &
Leong, J. M. (2004a). Clustering of Nck by a 12-residue Tir
phosphopeptide is sufficient to trigger localized actin assembly. Journal
of Cell Biology, 164(3), 407-416. doi:10.1083/jcb.200306032
Candela, M., Perna, F., Carnevali, P., Vitali, B., Ciati, R., Gionchetti, P.,
Rizzello, F., Campieri, M., & Brigidi, P. (2008). Interaction of probiotic
Lactobacillus and Bifidobacterium strains with human intestinal
epithelial
cells:
Adhesion
properties,
competition
against
enteropathogens and modulation of IL-8 production. International
Journal of Food Microbiology, 125(3), 286-292. doi:DOI
10.1016/j.ijfoodmicro.2008.04.012
Canizalez-Roman, A., Gonzalez-Nuñez, E., Vidal, J. E., Flores-Villaseñor, H.,
& León-Sicairos, N. (2013). Prevalence and antibiotic resistance
profiles of diarrheagenic Escherichia coli strains isolated from food
items in northwestern Mexico. International Journal of Food
Microbiology, 164(1), 36-45.
Cario, E., Rosenberg, I. M., Brandwein, S. L., Beck, P. L., Reinecker, H.-C., &
Podolsky, D. K. (2000). Lipopolysaccharide activates distinct signaling
pathways in intestinal epithelial cell lines expressing Toll-like receptors.
The Journal of Immunology, 164(2), 966-972.
Casas, I. A., & Dobrogosz, W. J. (2000). Validation of the probiotic concept:
Lactobacillus reuteri confers broad-spectrum protection against
disease in humans and animals. Microbial Ecology in Health and
Disease, 12(4), 247-285.
Cash, H. L., Whitham, C. V., Behrendt, C. L., & Hooper, L. V. (2006). Symbiotic
bacteria direct expression of an intestinal bactericidal lectin. Science,
313(5790), 1126-1130.
Celli, J. P., Turner, B. S., Afdhal, N. H., Keates, S., Ghiran, I., Kelly, C. P.,
Ewoldt, R. H., McKinley, G. H., So, P., & Erramilli, S. (2009).
Helicobacter pylori moves through mucus by reducing mucin
195

viscoelasticity. Proceedings of the National Academy of Sciences,
106(34), 14321-14326.
Chan, R. C., Reid, G., Irvin, R. T., Bruce, A. W., & Costerton, J. W. (1985).
Competitive exclusion of uropathogens from human uroepithelial cells
by Lactobacillus whole cells and cell wall fragments. Infection and
Immunity,
47(1),
84-89.
Retrieved
from
http://iai.asm.org/content/47/1/84.abstract
Chang, J. Y., Antonopoulos, D. A., Kalra, A., Tonelli, A., Khalife, W. T.,
Schmidt, T. M., & Young, V. B. (2008). Decreased diversity of the fecal
microbiome in recurrent Clostridium difficile—associated diarrhea.
Journal of Infectious Diseases, 197(3), 435-438.
Chauvière, G., Coconnier, M.-H., Kerneis, S., Darfeuille-Michaud, A., Joly, B.,
& Servin, A. L. (1992b). Competitive exclusion of diarrheagenic
Escherichia coli (ETEC) from human enterocyte-like Caco-2 cells by
heat-killed Lactobacillus. FEMS Microbiology Letters, 91(3), 213-217.
Chauviere, G., Coconnier, M.-H., Kerneis, S., Fourniat, J., & Servin, A. L.
(1992a). Adhesion of human Lactobacillus acidophilus strain LB to
human enterocyte-like Caco-2 cells. Microbiology, 138(8), 1689-1696.
doi:doi:10.1099/00221287-138-8-1689
Chen, G., Shaw, M. H., Kim, Y.-G., & Nuñez, G. (2009). NOD-like receptors:
role in innate immunity and inflammatory disease. Annual Review of
Pathological Mechanical Disease, 4, 365-398.
Chen, X., Xu, J., Shuai, J., Chen, J., Zhang, Z., & Fang, W. (2007). The Slayer proteins of Lactobacillus crispatus strain ZJ001 is responsible for
competitive exclusion against Escherichia coli O157:H7 and
Salmonella typhimurium. International Journal of Food Microbiology,
115(3),
307-312.
doi:http://dx.doi.org/10.1016/j.ijfoodmicro.2006.11.007
Christensen, H. R., Frøkiær, H., & Pestka, J. J. (2002). Lactobacilli
differentially modulate expression of cytokines and maturation surface
markers in murine dendritic cells. The Journal of Immunology, 168(1),
171-178.
Chung, T. C., Axelsson, L., Lindgren, S. E., & Dobrogosz, W. J. (1989). In Vitro
Studies on Reuterin Synthesis by Lactobacillus reuteri. Microbial
Ecology
in
Health
and
Disease,
2(2),
137-144.
doi:doi:10.3109/08910608909140211
Claesson, M. J., Van Sinderen, D., & O'Toole, P. W. (2007). The genus
Lactobacillus—a genomic basis for understanding its diversity. FEMS
Microbiology Letters, 269(1), 22-28.
Cleary, J., Lai, L. C., Shaw, R. K., Straatman-Iwanowska, A., Donnenberg, M.
S., Frankel, G., & Knutton, S. (2004). Enteropathogenic Escherichia coli
(EPEC) adhesion to intestinal epithelial cells: role of bundle-forming pili
(BFP), EspA filaments and intimin. Microbiology-Sgm, 150, 527-538.
doi:10.1099/mic.0.26740-0
Coconnier, M.-H., Bernet, M.-F., Kernéis, S., Chauvière, G., Fourniat, J., &
Servin, A. L. (1993a). Inhibition of adhesion of enteroinvasive
pathogens to human intestinal Caco-2 cells by Lactobacillus
acidophilus strain LB decreases bacterial invasion. FEMS Microbiology
Letters, 110(3), 299-305. doi:10.1111/j.1574-6968.1993.tb06339.x

196

Coconnier, M.-H., Liévin, V., Lorrot, M., & Servin, A. L. (2000). Antagonistic
activity of Lactobacillus acidophilus LB against intracellular Salmonella
enterica serovar Typhimurium infecting human enterocyte-like Caco2/TC-7 cells. Applied and Environmental Microbiology, 66(3), 11521157.
Coconnier, M. H., Bernet, M. F., Chauvière, G., & Servin, A. L. (1993b).
Adhering heat-killed human Lactobacillus acidophilus, strain LB,
inhibits the process of pathogenicity of diarrhoeagenic bacteria in
cultured human intestinal cells. Journal of Diarrhoeal Diseases
Research, 235-242.
Cole, C. M., Yang, J., Šečkutė, J., & Devaraj, N. K. (2013). Fluorescent LiveCell Imaging of Metabolically Incorporated Unnatural CyclopropeneMannosamine
Derivatives.
ChemBioChem,
14(2),
205-208.
doi:10.1002/cbic.201200719
Collins, F. L., Irwin, R., Bierhalter, H., Schepper, J., Britton, R. A.,
Parameswaran, N., & McCabe, L. R. (2016). Lactobacillus reuteri 6475
Increases Bone Density in Intact Females Only under an Inflammatory
Setting. PloS one, 11(4), e0153180.
Collins, J. W., Coldham, N. G., Salguero, F. J., Cooley, W. A., Newell, W. R.,
Rastall, R. A., Gibson, G. R., Woodward, M. J., & La Ragione, R. M.
(2010). Response of Porcine Intestinal In Vitro Organ Culture Tissues
following Exposure to Lactobacillus plantarum JC1 and Salmonella
enterica Serovar Typhimurium SL1344. Applied and Environmental
Microbiology, 76(19), 6645-6657. doi:Doi 10.1128/Aem.03115-09
Corr, S. C., Li, Y., Riedel, C. U., O'Toole, P. W., Hill, C., & Gahan, C. G. (2007).
Bacteriocin production as a mechanism for the antiinfective activity of
Lactobacillus salivarius UCC118. Proceedings of the National Academy
of Sciences, 104(18), 7617-7621.
Crane, J. K., Olson, R. A., Jones, H. M., & Duffey, M. E. (2002). Release of
ATP during host cell killing by enteropathogenicE. coli and its role as a
secretory mediator. American Journal of Physiology-Gastrointestinal
and Liver Physiology, 283(1), G74-G86.
Crane, J. K., Shulgina, I., & Naeher, T. M. (2007). Ecto-5′-nucleotidase and
intestinal ion secretion by enteropathogenic Escherichia coli. Purinergic
signalling, 3(3), 233-246.
Crost, E. H., Tailford, L. E., Le Gall, G., Fons, M., Henrissat, B., & Juge, N.
(2013). Utilisation of mucin glycans by the human gut symbiont
Ruminococcus gnavus is strain-dependent. PloS one, 8(10), e76341.
Crost, E. H., Tailford, L. E., Monestier, M., Swarbreck, D., Henrissat, B.,
Crossman, L. C., & Juge, N. (2016). The mucin-degradation strategy of
Ruminococcus gnavus: the importance of intramolecular transsialidases. Gut Microbes(just-accepted), 00-00.
Croxen, M. A., & Finlay, B. B. (2010). Molecular mechanisms of Escherichia
coli pathogenicity. Nature Reviews Microbiology, 8(1), 26-38. doi:Doi
10.1038/Nrmicro2265
Croxen, M. A., Law, R. J., Scholz, R., Keeney, K. M., Wlodarska, M., & Finlay,
B. B. (2013). Recent Advances in Understanding Enteric Pathogenic
Escherichia coli. Clinical Microbiology Reviews, 26(4), 822-880.
Dal Bello, F., Walter, J., Hammes, W., & Hertel, C. (2003). Increased
complexity of the species composition of lactic acid bacteria in human
197

feces revealed by alternative incubation condition. Microbial Ecology,
45(4), 455-463.
Darfeuille-Michaud, A. (2002). Adherent-invasive Escherichia coli: a putative
new E. coli pathotype associated with Crohn's disease. International
Journal of Medical Microbiology, 292(3), 185-193.
de Grado, M., Rosenberger, C. M., Gauthier, A., Vallance, B. A., & Finlay, B.
B. (2001). Enteropathogenic Escherichia coli infection induces
expression of the early growth response factor by activating mitogenactivated protein kinase cascades in epithelial cells. Infection and
Immunity, 69(10), 6217-6224.
De Keersmaecker, S. C., Verhoeven, T. L., Desair, J., Marchal, K.,
Vanderleyden, J., & Nagy, I. (2006). Strong antimicrobial activity of
Lactobacillus rhamnosus GG against Salmonella typhimurium is due to
accumulation of lactic acid. FEMS Microbiology Letters, 259(1), 89-96.
Dean, P., & Kenny, B. (2004). Intestinal barrier dysfunction by
enteropathogenic Escherichia coli is mediated by two effector
molecules and a bacterial surface protein. Molecular Microbiology,
54(3), 665-675.
Dean, P., & Kenny, B. (2009). The effector repertoire of enteropathogenic Ecoli: ganging up on the host cell. Current Opinion in Microbiology, 12(1),
101-109. doi:DOI 10.1016/j.mib.2008.11.006
Dean, P., Maresca, M., Schuller, S., Phillips, A. D., & Kenny, B. (2006). Potent
diarrheagenic mechanism mediated by the cooperative action of three
enteropathogenic Escherichia coli-injected effector proteins.
Proceedings of the National Academy of Sciences of the United States
of America, 103(6), 1876-1881. doi:10.1073/pnas.0509451103
Dean, P., Young, L., Quitard, S., & Kenny, B. (2013). Insights into the
pathogenesis of enteropathogenic E. coli using an improved intestinal
enterocyte model. PloS one, 8(1), e55284.
Deibel, C., Krämer, S., Chakraborty, T., & Ebel, F. (1998). EspE, a novel
secreted protein of attaching and effacing bacteria, is directly
translocated into infected host cells, where it appears as a tyrosine‐
phosphorylated 90 kDa protein. Molecular Microbiology, 28(3), 463474.
Delves-Broughton, J., Blackburn, P., Evans, R., & Hugenholtz, J. (1996).
Applications of the bacteriocin, nisin. Antonie Van Leeuwenhoek, 69(2),
193-202.
Deng, W., Hong, B. Y., de Hoog, C. L., Stoynov, N., Li, Y., Foster, L. J., &
Finlay, B. B. (2012). Quantitative proteomic analysis of type III
secretome of enteropathogenic Escherichia coli reveals an expanded
effector repertoire for attaching/effacing bacterial pathogens. Molecular
& Cellular Proteomics, 11(9), 692-709.
Deng, W., Li, Y., Vallance, B. A., & Finlay, B. B. (2001). Locus of enterocyte
effacement from Citrobacter rodentium: sequence analysis and
evidence for horizontal transfer among attaching and effacing
pathogens. Infection and Immunity, 69(10), 6323-6335.
Deplancke, B., & Gaskins, H. R. (2001). Microbial modulation of innate
defense: goblet cells and the intestinal mucus layer. The American
Journal of Clinical Nutrition, 73(6), 1131S-1141S. Retrieved from
http://ajcn.nutrition.org/content/73/6/1131S.abstract
198

Derrien, M., van Passel, M. W., van de Bovenkamp, J. H., Schipper, R., de
Vos, W., & Dekker, J. (2010). Mucin-bacterial interactions in the human
oral cavity and digestive tract. Gut Microbes, 1(4), 254-268.
Derrien, M., Vaughan, E. E., Plugge, C. M., & de Vos, W. M. (2004).
Akkermansia muciniphila gen. nov., sp. nov., a human intestinal mucindegrading bacterium. International Journal of Systematic and
Evolutionary Microbiology, 54(5), 1469-1476.
Díaz‐Ropero, M., Martin, R., Sierra, S., Lara‐Villoslada, F., Rodriguez, J.,
Xaus, J., & Olivares, M. (2007). Two Lactobacillus strains, isolated from
breast milk, differently modulate the immune response. Journal of
Applied Microbiology, 102(2), 337-343.
Dinleyici, E. C., Group, P. S., & Vandenplas, Y. (2014). Lactobacillus reuteri
DSM 17938 effectively reduces the duration of acute diarrhoea in
hospitalised children. Acta Paediatrica, 103(7), e300-e305.
doi:10.1111/apa.12617
Donaldson, G. P., Lee, S. M., & Mazmanian, S. K. (2016). Gut biogeography
of the bacterial microbiota. Nature Reviews Microbiology, 14(1), 20-32.
Dong, N., Liu, L., & Shao, F. (2010). A bacterial effector targets host DH‐PH
domain RhoGEFs and antagonizes macrophage phagocytosis. The
EMBO journal, 29(8), 1363-1376.
Donnenberg, M., & Kaper, J. (1992). Enteropathogenic Escherichia coli.
Infection and Immunity, 60(10), 3953.
Donnenberg, M., Tacket, C., James, S., Losonsky, G., Nataro, J., Wasserman,
S., Kaper, J., & Levine, M. (1993b). Role of the eaeA gene in
experimental enteropathogenic Escherichia coli infection. Journal of
Clinical Investigation, 92(3), 1412.
Donnenberg, M. S., Hazen, T. H., Farag, T. H., Panchalingam, S., Antonio, M.,
Hossain, A., Mandomando, I., Ochieng, J. B., Ramamurthy, T.,
Tamboura, B., Zaidi, A., Levine, M. M., Kotloff, K., Rasko, D. A., &
Nataro, J. P. (2015). Bacterial Factors Associated with Lethal Outcome
of Enteropathogenic Escherichia coli Infection: Genomic Case-Control
Studies.
PLoS
Negl
Trop
Dis,
9(5),
e0003791.
doi:10.1371/journal.pntd.0003791
Donnenberg, M. S., & Kaper, J. B. (1991). Construction of an eae deletion
mutant of enteropathogenic Escherichia coli by using a positiveselection suicide vector. Infection and Immunity, 59(12), 4310-4317.
Retrieved from http://iai.asm.org/content/59/12/4310.abstract
Donnenberg, M. S., Yu, J., & Kaper, J. B. (1993a). A second chromosomal
gene necessary for intimate attachment of enteropathogenic
Escherichia coli to epithelial cells. Journal of Bacteriology, 175(15),
4670-4680.
Retrieved
from
http://jb.asm.org/content/175/15/4670.abstract
Drakes, M., Blanchard, T., & Czinn, S. (2004). Bacterial probiotic modulation
of dendritic cells. Infection and Immunity, 72(6), 3299-3309.
Dupont, A., Sommer, F., Zhang, K., Repnik, U., Basic, M., Bleich, A., Kühnel,
M., Bäckhed, F., Litvak, Y., & Fulde, M. (2016). Age-Dependent
Susceptibility to Enteropathogenic Escherichia coli (EPEC) Infection in
Mice. PLoS Pathog, 12(5), e1005616.
Dürr, U. H., Sudheendra, U., & Ramamoorthy, A. (2006). LL-37, the only
human member of the cathelicidin family of antimicrobial peptides.
199

Biochimica et Biophysica Acta (BBA)-Biomembranes, 1758(9), 14081425.
Dutta, P. R., Cappello, R., Navarro-García, F., & Nataro, J. P. (2002).
Functional Comparison of Serine Protease Autotransporters of
Enterobacteriaceae. Infection and Immunity, 70(12), 7105-7113.
doi:10.1128/iai.70.12.7105-7113.2002
Dutta, S., Guin, S., Ghosh, S., Pazhani, G. P., Rajendran, K., Bhattacharya,
M. K., Takeda, Y., Nair, G. B., & Ramamurthy, T. (2013). Trends in the
Prevalence of Diarrheagenic <italic>Escherichia coli</italic> among
Hospitalized Diarrheal Patients in Kolkata, India. PloS one, 8(2),
e56068. doi:10.1371/journal.pone.0056068
Eaton, K. A., Honkala, A., Auchtung, T. A., & Britton, R. A. (2011). Probiotic
Lactobacillus reuteri ameliorates disease due to enterohemorrhagic
Escherichia coli in germfree mice. Infection and Immunity, 79(1), 185191.
Eijsink, V. G., Axelsson, L., Diep, D. B., Håvarstein, L. S., Holo, H., & Nes, I.
F. (2002). Production of class II bacteriocins by lactic acid bacteria; an
example of biological warfare and communication. Antonie Van
Leeuwenhoek, 81(1-4), 639-654.
Elliott, S. J., & Kaper, J. B. (1997). Role of type 1 fimbriae in EPEC infections.
Microbial Pathogenesis, 23(2), 113-118.
Emara, M. H., Mohamed, S. Y., & Abdel-Aziz, H. R. (2013). Lactobacillus
reuteri in management of Helicobacter pylori infection in dyspeptic
patients: a double-blind placebo-controlled randomized clinical trial.
Therapeutic advances in gastroenterology, 1756283X13503514.
Erdem, A. L., Avelino, F., Xicohtencatl-Cortes, J., & Girón, J. A. (2007). Host
Protein Binding and Adhesive Properties of H6 and H7 Flagella of
Attaching and Effacing Escherichia coli. Journal of Bacteriology,
189(20), 7426-7435. doi:10.1128/jb.00464-07
Ermund, A., Schütte, A., Johansson, M. E. V., Gustafsson, J. K., & Hansson,
G. C. (2013). Studies of mucus in mouse stomach, small intestine, and
colon. I. Gastrointestinal mucus layers have different properties
depending on location as well as over the Peyer's patches. American
Journal of Physiology - Gastrointestinal and Liver Physiology, 305(5),
G341-G347. doi:10.1152/ajpgi.00046.2013
Escherich, T. (1988). The intestinal bacteria of the neonate and breast-fed
infant. Review of Infectious diseases, 10(6), 1220-1225.
Etzold, S., Kober, O. I., MacKenzie, D. A., Tailford, L. E., Gunning, A. P.,
Walshaw, J., Hemmings, A. M., & Juge, N. (2014a). Structural basis for
adaptation of lactobacilli to gastrointestinal mucus. Environmental
Microbiology, n/a-n/a. doi:10.1111/1462-2920.12377
Etzold, S., MacKenzie, D. A., Jeffers, F., Walshaw, J., Roos, S., Hemmings,
A. M., & Juge, N. (2014b). Structural and molecular insights into novel
surface‐exposed mucus adhesins from Lactobacillus reuteri human
strains. Molecular Microbiology, 92(3), 543-556.
Fang, S.-B., Schüller, S., & Phillips, A. D. (2013). Human Intestinal In Vitro
Organ Culture as a Model for Investigation of Bacteria–Host
Interactions. Journal of Experimental & Clinical Medicine, 5(2), 43-50.
doi:http://dx.doi.org/10.1016/j.jecm.2013.02.006

200

FAO/WHO. (2001). Joint FAO/WHO expert consultation on evaluation of
health and nutritional properties of probiotics in food including powder
milk and live lactic acid bacteria., 1-34. Retrieved from
http://www.fao.org/3/a-a0512e.pdf website:
Fasano, A., Uzzau, S., Fiore, C., & Margaretten, K. (1997). The enterotoxic
effect of zonula occludens toxin on rabbit small intestine involves the
paracellular pathway. Gastroenterology, 112(3), 839-846.
Fernandez, E. M., Valenti, V., Rockel, C., Hermann, C., Pot, B., Boneca, I. G.,
& Grangette, C. (2011). Anti-inflammatory capacity of selected
lactobacilli in experimental colitis is driven by NOD2-mediated
recognition of a specific peptidoglycan-derived muropeptide. Gut, gut.
2010.232918.
Finnie, I., Dwarakanath, A., Taylor, B., & Rhodes, J. (1995). Colonic mucin
synthesis is increased by sodium butyrate. Gut, 36(1), 93-99.
Forestier, C., De Champs, C., Vatoux, C., & Joly, B. (2001). Probiotic activities
of Lactobacillus casei rhamnosus: in vitro adherence to intestinal cells
and antimicrobial properties. Research in Microbiology, 152(2), 167173. Retrieved from <Go to ISI>://000167803700006
Forstner, J. F., Roomi, N. W., Fahim, R., & Forstner, G. G. (1981). Cholera
toxin stimulates secretion of immunoreactive intestinal mucin. American
Journal of Physiology-Gastrointestinal and Liver Physiology, 240(1),
G10-G16.
Foster, D. B., Philpott, D., Abul-Milh, M., Huesca, M., Sherman, P. M., &
Lingwood, C. A. (1999). Phosphatidylethanolamine recognition
promotes enteropathogenic E. coli and enterohemorrhagic E. coli host
cell attachment. Microbial Pathogenesis, 27(5), 289-301.
Francavilla, R., Lionetti, E., Castellaneta, S., Ciruzzi, F., Indrio, F., Masciale,
A., Fontana, C., La Rosa, M., Cavallo, L., & Francavilla, A. (2012).
Randomised clinical trial: Lactobacillus reuteri DSM 17938 vs. placebo
in children with acute diarrhoea‐a double‐blind study. Alimentary
Pharmacology & Therapeutics, 36(4), 363-369.
Francavilla, R., Lionetti, E., Castellaneta, S. P., Magistà, A. M., Maurogiovanni,
G., Bucci, N., De Canio, A., Indrio, F., Cavallo, L., Ierardi, E., & Miniello,
V. L. (2008). Inhibition of Helicobacter pylori Infection in Humans by
Lactobacillus reuteri ATCC 55730 and Effect on Eradication Therapy:
A Pilot Study. Helicobacter, 13(2), 127-134. doi:10.1111/j.15235378.2008.00593.x
Francavilla, R., Polimeno, L., Demichina, A., Maurogiovanni, G., Principi, B.,
Scaccianoce, G., Ierardi, E., Russo, F., Riezzo, G., & Di Leo, A. (2014).
Lactobacillus reuteri strain combination in Helicobacter pylori infection:
a randomized, double-blind, placebo-controlled study. Journal of
clinical gastroenterology, 48(5), 407-413.
Frankel, G., & Phillips, A. D. (2008). Attaching effacing Escherichia coli and
paradigms of Tir-triggered actin polymerization: getting off the pedestal.
Cellular
Microbiology,
10(3),
549-556.
doi:10.1111/j.14625822.2007.01103.x
Frankel, G., Phillips, A. D., Trabulsi, L. R., Knutton, S., Dougan, G., &
Matthews, S. (2001). Intimin and the host cell—is it bound to end in Tir
(s)? Trends in Microbiology, 9(5), 214-218.

201

Frese, S. A., Benson, A. K., Tannock, G. W., Loach, D. M., Kim, J., Zhang, M.,
Oh, P. L., Heng, N. C. K., Patil, P. B., Juge, N., MacKenzie, D. A.,
Pearson, B. M., Lapidus, A., Dalin, E., Tice, H., Goltsman, E., Land, M.,
Hauser, L., Ivanova, N., Kyrpides, N. C., & Walter, J. (2011). The
Evolution of Host Specialization in the Vertebrate Gut Symbiont
<italic>Lactobacillus reuteri</italic>. PLoS Genet, 7(2), e1001314.
doi:10.1371/journal.pgen.1001314
Frese, S. A., MacKenzie, D. A., Peterson, D. A., Schmaltz, R., Fangman, T.,
Zhou, Y., Zhang, C., Benson, A. K., Cody, L. A., & Mulholland, F.
(2013). Molecular characterization of host-specific biofilm formation in
a vertebrate gut symbiont. PLoS Genet, 9(12), e1004057.
Fu, J., Wei, B., Wen, T., Johansson, M. E., Liu, X., Bradford, E., Thomsson,
K. A., McGee, S., Mansour, L., & Tong, M. (2011). Loss of intestinal
core 1–derived O-glycans causes spontaneous colitis in mice. The
Journal of Clinical Investigation, 121(4), 1657-1666.
Fujii, G., Eisenberg, D., & Selsted, M. E. (1993). Defensins promote fusion and
lysis of negatively charged membranes. Protein Science, 2(8), 13011312.
Fuller, R. (1989). Probiotics in man and animals. Journal of Applied
Bacteriology, 66(5), 365-378.
Fuller, R., Barrow, P. A., & Brooker, B. E. (1978). Bacteria associated with the
gastric epithelium of neonatal pigs. Applied and Environmental
Microbiology,
35(3),
582-591.
Retrieved
from
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC242883/
Fyderek, K., Strus, M., Kowalska-Duplaga, K., Gosiewski, T., Wedrychowicz,
A., Jedynak-Wasowicz, U., Sladek, M., Pieczarkowski, S., Adamski, P.,
& Kochan, P. (2009). Mucosal bacterial microflora and mucus layer
thickness in adolescents with inflammatory bowel disease. World J
Gastroenterol, 15(42), 5287-5294.
Gantois, I., Ducatelle, R., Pasmans, F., Haesebrouck, F., Hautefort, I.,
Thompson, A., Hinton, J., & Van Immerseel, F. (2006). Butyrate
specifically down-regulates Salmonella pathogenicity island 1 gene
expression. Applied and Environmental Microbiology, 72(1), 946-949.
Gänzle, M. G., Höltzel, A., Walter, J., Jung, G., & Hammes, W. P. (2000).
Characterization of reutericyclin produced by Lactobacillus reuteri
LTH2584. Applied and Environmental Microbiology, 66(10), 4325-4333.
Gänzle, M. G., & Vogel, R. F. (2003). Studies on the mode of action of
reutericyclin. Applied and Environmental Microbiology, 69(2), 13051307.
Gao, C., Major, A., Rendon, D., Lugo, M., Jackson, V., Shi, Z., Mori-Akiyama,
Y., & Versalovic, J. (2015). Histamine H2 Receptor-Mediated
Suppression of Intestinal Inflammation by Probiotic Lactobacillus
reuteri. mBio, 6(6), e01358-01315.
Gao, X., Wan, F., Mateo, K., Callegari, E., Wang, D., Deng, W., Puente, J., Li,
F., Chaussee, M. S., Finlay, B. B., Lenardo, M. J., & Hardwidge, P. R.
(2009). Bacterial Effector Binding to Ribosomal Protein S3 Subverts
NF-κB
Function.
PLoS
Pathog,
5(12),
e1000708.
doi:10.1371/journal.ppat.1000708
Gao, X., Wang, X., Pham, Thanh H., Feuerbacher, Leigh A., Lubos, M.-L.,
Huang, M., Olsen, R., Mushegian, A., Slawson, C., & Hardwidge,
202

Philip R. (2013). NleB, a Bacterial Effector with Glycosyltransferase
Activity, Targets GAPDH Function to Inhibit NF-κB Activation. Cell Host
&
Microbe,
13(1),
87-99.
doi:http://dx.doi.org/10.1016/j.chom.2012.11.010
Garcia, P. G., Silva, V. L., & Diniz, C. G. (2011). Occurrence and antimicrobial
drug susceptibility patterns of commensal and diarrheagenic
Escherichia coli in fecal microbiota from children with and without acute
diarrhea. The Journal of Microbiology, 49(1), 46-52.
Ghouri, Y. A., Richards, D. M., Rahimi, E. F., Krill, J. T., Jelinek, K. A., &
DuPont, A. W. (2014). Systematic review of randomized controlled trials
of probiotics, prebiotics, and synbiotics in inflammatory bowel disease.
Clin Exp Gastroenterol, 7(7), 473-487.
Gill, R. K., Borthakur, A., Hodges, K., Turner, J. R., Clayburgh, D. R., Saksena,
S., Zaheer, A., Ramaswamy, K., Hecht, G., & Dudeja, P. K. (2007).
Mechanism underlying inhibition of intestinal apical Cl-/OH- exchange
following infection with enteropathogenic E-coli. Journal of Clinical
Investigation, 117(2), 428-437. doi:10.1172/jci29625
Girard, F., Dziva, F., van Diemen, P., Phillips, A. D., Stevens, M. P., & Frankel,
G. (2007). Adherence of enterohemorrhagic Escherichia coli O157,
O26, and O111 strains to bovine intestinal explants ex vivo. Applied
and Environmental Microbiology, 73(9), 3084-3090.
Giron, J. A., Ho, A. S. Y., & Schoolnik, G. K. (1991). An Inducible BundleForming Pilus Of Enteropathogenic Escherichia-coli. Science,
254(5032), 710-713. doi:10.1126/science.1683004
Girón, J. A., Torres, A. G., Freer, E., & Kaper, J. B. (2002). The flagella of
enteropathogenic Escherichia coli mediate adherence to epithelial
cells. Molecular Microbiology, 44(2), 361-379. doi:10.1046/j.13652958.2002.02899.x
Glotfelty, L. G., Zahs, A., Hodges, K., Shan, K., Alto, N. M., & Hecht, G. A.
(2014b). Enteropathogenic E. coli effectors EspG1/G2 disrupt
microtubules, contribute to tight junction perturbation and inhibit
restoration. Cellular Microbiology, 16(12), 1767-1783.
Glotfelty, L. G., Zahs, A., Iancu, C., Shen, L., & Hecht, G. A. (2014a).
Microtubules are required for efficient epithelial tight junction
homeostasis and restoration. American Journal of Physiology-Cell
Physiology, 307(3), C245-C254.
Goosney, D. L., Gruenheid, S., & Finlay, B. B. (2000). Gut feelings:
enteropathogenic E. coli (EPEC) interactions with the host. Annual
Review of Cell and Developmental Biology, 16(1), 173-189.
Gough, E., Shaikh, H., & Manges, A. R. (2011). Systematic review of intestinal
microbiota transplantation (fecal bacteriotherapy) for recurrent
Clostridium difficile infection. Clinical Infectious Diseases, 53(10), 9941002.
Granato, D., Bergonzelli, G. E., Pridmore, R. D., Marvin, L., Rouvet, M., &
Corthésy-Theulaz, I. E. (2004). Cell Surface-Associated Elongation
Factor Tu Mediates the Attachment of Lactobacillus johnsonii NCC533
(La1) to Human Intestinal Cells and Mucins. Infection and Immunity,
72(4), 2160-2169. doi:10.1128/iai.72.4.2160-2169.2004
Grönlund, M., Arvilommi, H., Kero, P., Lehtonen, O., & Isolauri, E. (2000).
Importance of intestinal colonisation in the maturation of humoral
203

immunity in early infancy: a prospective follow up study of healthy
infants aged 0–6 months. Archives of Disease in Childhood-Fetal and
Neonatal Edition, 83(3), F186-F192.
Gross, R. J., Scotland, S. M., & Rowe, B. (1976). Enterotoxin Testing Of
Escherichia coli Causing Epidemic Infantile Enteritis In The U.K. The
Lancet, 307(7960), 629-631. doi:http://dx.doi.org/10.1016/S01406736(76)90429-3
Gruenheid, S., DeVinney, R., Bladt, F., Goosney, D., Gelkop, S., Gish, G. D.,
Pawson, T., & Finlay, B. B. (2001). Enteropathogenic E-coli Tir binds
Nck to initiate actin pedestal formation in host cells. Nature Cell Biology,
3(9), 856-859. doi:10.1038/ncb0901-856
Grys, T. E., Siegel, M. B., Lathem, W. W., & Welch, R. A. (2005). The StcE
Protease Contributes to Intimate Adherence of Enterohemorrhagic
Escherichia coli O157:H7 to Host Cells. Infection and Immunity, 73(3),
1295-1303. doi:10.1128/iai.73.3.1295-1303.2005
Grys, T. E., Walters, L. L., & Welch, R. A. (2006). Characterization of the StcE
protease activity of Escherichia coli O157: H7. Journal of Bacteriology,
188(13), 4646-4653.
Guarner, F., & Schaafsma, G. J. (1998). Probiotics. International Journal of
Food
Microbiology,
39(3),
237-238.
doi:http://dx.doi.org/10.1016/S0168-1605(97)00136-0
Gujral, T., Kumar, A., Priyamvada, S., Saksena, S., Gill, R. K., Hodges, K.,
Alrefai, W. A., Hecht, G. A., & Dudeja, P. K. (2015). Mechanisms of
DRA recycling in intestinal epithelial cells: effect of enteropathogenic E.
coli. American Journal of Physiology-Cell Physiology, 309(12), C835C846.
Gustafsson, J. K., Ermund, A., Johansson, M. E. V., Schütte, A., Hansson, G.
C., & Sjövall, H. (2012). An ex vivo method for studying mucus
formation, properties, and thickness in human colonic biopsies and
mouse small and large intestinal explants. American Journal of
Physiology - Gastrointestinal and Liver Physiology, 302(4), G430G438. doi:10.1152/ajpgi.00405.2011
Gustafsson, J. K., Navabi, N., Rodriguez-Piñeiro, A. M., Alomran, A. H. A.,
Premaratne, P., Fernandez, H. R., Banerjee, D., Sjövall, H., Hansson,
G. C., & Lindén, S. K. (2013). Dynamic Changes in Mucus Thickness
and Ion Secretion during Citrobacter rodentium Infection and
Clearance.
PloS
one,
8(12),
e84430.
doi:10.1371/journal.pone.0084430
Gutierrez-Castrellon, P., Lopez-Velazquez, G., Diaz-Garcia, L., JimenezGutierrez, C., Mancilla-Ramirez, J., Estevez-Jimenez, J., & Parra, M.
(2014). Diarrhea in Preschool Children and Lactobacillus reuteri: A
Randomized Controlled Trial. Pediatrics, 133(4), e904-e909.
doi:10.1542/peds.2013-0652
Guttman, J. A., Li, Y. L., Wickham, M. E., Deng, W. Y., Vogl, A. W., & Finlay,
B. B. (2006). Attaching and effacing pathogen-induced tight junction
disruption in vivo. Cellular Microbiology, 8(4), 634-645.
doi:10.1111/j.1462-5822.2005.00656.x
Guttman, J. A., Samji, F. N., Li, Y. L., Deng, W. Y., Lin, A., & Finlay, B. B.
(2007). Aquaporins contribute to diarrhoea caused by attaching and

204

effacing bacterial pathogens. Cellular Microbiology, 9(1), 131-141.
doi:10.1111/j.1462-5822.2006.00773.x
Hamer, H. M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F., &
Brummer, R. J. (2008). Review article: the role of butyrate on colonic
function. Alimentary Pharmacology & Therapeutics, 27(2), 104-119.
Hamilton-Miller, J., Gibson, G., & Bruck, W. (2003). Some insights into the
derivation and early uses of the word ‘probiotic’. British Journal of
Nutrition, 90(04), 845-845.
Harmsen, H. J., Raangs, G. C., He, T., Degener, J. E., & Welling, G. W. (2002).
Extensive set of 16S rRNA-based probes for detection of bacteria in
human feces. Applied and Environmental Microbiology, 68(6), 29822990.
Hartland, E. L., Daniell, S. J., Delahay, R. M., Neves, B. C., Wallis, T., Shaw,
R. K., Hale, C., Knutton, S., & Frankel, G. (2000). The type III protein
translocation system of enteropathogenic Escherichia coli involves
EspA–EspB protein interactions. Molecular Microbiology, 35(6), 14831492.
Hasnain, S. Z., McGuckin, M. A., Grencis, R. K., & Thornton, D. J. (2012).
Serine Protease(s) Secreted by the Nematode <italic>Trichuris
muris</italic> Degrade the Mucus Barrier. PLoS Negl Trop Dis, 6(10),
e1856. doi:10.1371/journal.pntd.0001856
Hatayama, H., Iwashita, J., Kuwajima, A., & Abe, T. (2007). The short chain
fatty acid, butyrate, stimulates MUC2 mucin production in the human
colon cancer cell line, LS174T. Biochemical and Biophysical Research
Communications, 356(3), 599-603.
Hayashi, H., Takahashi, R., Nishi, T., Sakamoto, M., & Benno, Y. (2005).
Molecular analysis of jejunal, ileal, caecal and recto-sigmoidal human
colonic microbiota using 16S rRNA gene libraries and terminal
restriction fragment length polymorphism. Journal of Medical
Microbiology, 54(11), 1093-1101.
Hecht, G., Hodges, K., Gill, R. K., Kear, F., Tyagi, S., Malakooti, J.,
Ramaswamy, K., & Dudeja, P. K. (2004). Differential regulation of
Na+/H+ exchange isoform activities by enteropathogenic E. coli in
human intestinal epithelial cells. American Journal of PhysiologyGastrointestinal and Liver Physiology, 287(2), G370-G378.
Heinemann, C., van Hylckama Vlieg, J. E., Janssen, D. B., Busscher, H. J.,
van der Mei, H. C., & Reid, G. (2000). Purification and characterization
of a surface-binding protein from Lactobacillus fermentum RC-14 that
inhibits adhesion of Enterococcus faecalis 1131. FEMS Microbiology
Letters, 190(1), 177-180.
Heinritz, S. N., Mosenthin, R., & Weiss, E. (2013). Use of pigs as a potential
model for research into dietary modulation of the human gut microbiota.
Nutrition research reviews, 26(02), 191-209.
Hemrajani, C., Berger, C. N., Robinson, K. S., Marchès, O., Mousnier, A., &
Frankel, G. (2010). NleH effectors interact with Bax inhibitor-1 to block
apoptosis during enteropathogenic Escherichia coli infection.
Proceedings of the National Academy of Sciences, 107(7), 3129-3134.
Hennebicq-Reig, S., Lesuffleur, T., Capon, C., De Bolos, C., Kim, I., Moreau,
O., Richet, C., Hémon, B., Recchi, M. A., Maës, E., Aubert, J. P., Real,
F. X., Zweibaum, A., Delannoy, P., Degand, P., & Huet, G. (1998).
205

Permanent exposure of mucin-secreting HT-29 cells to benzyl-Nacetyl-alpha-D-galactosaminide induces abnormal O-glycosylation of
mucins and inhibits constitutive and stimulated MUC5AC secretion.
Biochemical Journal, 334(Pt 1), 283-295.
Retrieved from
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1219690/
Hernandes, R. T., Elias, W. P., Vieira, M. A., & Gomes, T. A. (2009). An
overview of atypical enteropathogenic Escherichia coli. FEMS
Microbiology Letters, 297(2), 137-149.
Hicks, S., Frankel, G., Kaper, J. B., Dougan, G., & Phillips, A. D. (1998). Role
of intimin and bundle-forming pili in enteropathogenic Escherichia coli
adhesion to pediatric intestinal tissue in vitro. Infection and Immunity,
66(4), 1570-1578.
Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., Morelli,
L., Canani, R. B., Flint, H. J., & Salminen, S. (2014). Expert consensus
document: The International Scientific Association for Probiotics and
Prebiotics consensus statement on the scope and appropriate use of
the term probiotic. Nature reviews Gastroenterology & hepatology,
11(8), 506-514.
Hodges, K., Alto, N. M., Ramaswamy, K., Dudeja, P. K., & Hecht, G. (2008).
The enteropathogenic Escherichia coli effector protein EspF decreases
sodium hydrogen exchanger 3 activity. Cellular Microbiology, 10(8),
1735-1745. doi:10.1111/j.1462-5822.2008.01163.x
Holzapfel, W. H., Haberer, P., Snel, J., Schillinger, U., & in't Veld, J. H. H.
(1998). Overview of gut flora and probiotics. International Journal of
Food Microbiology, 41(2), 85-101.
Holzapfel, W. H., & Schillinger, U. (2002). Introduction to pre-and probiotics.
Food Research International, 35(2), 109-116.
Horie, M., Ishiyama, A., Fujihira-Ueki, Y., Sillanpää, J., Korhonen, T. K., &
Toba, T. (2002). Inhibition of the adherence of Escherichia coli strains
to basement membrane by Lactobacillus crispatus expressing an Slayer. Journal of Applied Microbiology, 92(3), 396-403.
doi:10.1046/j.1365-2672.2002.01539.x
Hoshino, K., Takeuchi, O., Kawai, T., Sanjo, H., Ogawa, T., Takeda, Y.,
Takeda, K., & Akira, S. (1999). Cutting edge: Toll-like receptor 4
(TLR4)-deficient mice are hyporesponsive to lipopolysaccharide:
evidence for TLR4 as the Lps gene product. The Journal of
Immunology, 162(7), 3749-3752.
Hu, J., Ross, B. N., Cieza, R. J., & Torres, A. G. (2015). Finding regulators
associated with the expression of the long polar fimbriae in
enteropathogenic Escherichia coli. Journal of Bacteriology, 197(23),
3658-3665.
Huang, J. S., Bousvaros, A., Lee, J. W., Diaz, A., & Davidson, E. J. (2002).
Efficacy of probiotic use in acute diarrhea in children: a meta-analysis.
Digestive Diseases and Sciences, 47(11), 2625-2634.
Human Microbiome Project Consortium. (2012). Structure, function and
diversity of the healthy human microbiome. Nature, 486(7402), 207214.
Hunter, C., Dimaguila, M. A. V., Gal, P., Wimmer, J. E., Ransom, J. L., Carlos,
R. Q., Smith, M., & Davanzo, C. C. (2012). Effect of routine probiotic,
Lactobacillus reuteri DSM 17938, use on rates of necrotizing
206

enterocolitis in neonates with birthweight< 1000 grams: a sequential
analysis. BMC pediatrics, 12(1), 1.
Hurdle, J. G., Heathcott, A. E., Yang, L., Yan, B., & Lee, R. E. (2011).
Reutericyclin and related analogues kill stationary phase Clostridium
difficile at achievable colonic concentrations. Journal of Antimicrobial
Chemotherapy, 66(8), 1773-1776.
Huynh, H. Q., debruyn, J., Guan, L., Diaz, H., Li, M., Girgis, S., Turner, J.,
Fedorak, R., & Madsen, K. (2009). Probiotic preparation VSL# 3
induces remission in children with mild to moderate acute ulcerative
colitis: a pilot study. Inflammatory Bowel Diseases, 15(5), 760-768.
Hviid, A., Svanström, H., & Frisch, M. (2011). Antibiotic use and inflammatory
bowel diseases in childhood. Gut, 60(1), 49-54.
Iguchi, A., Thomson, N. R., Ogura, Y., Saunders, D., Ooka, T., Henderson, I.
R., Harris, D., Asadulghani, M., Kurokawa, K., Dean, P., Kenny, B.,
Quail, M. A., Thurston, S., Dougan, G., Hayashi, T., Parkhill, J., &
Frankel, G. (2009). Complete Genome Sequence and Comparative
Genome Analysis of Enteropathogenic Escherichia coli O127:H6 Strain
E2348/69.
Journal
of
Bacteriology,
191(1),
347-354.
doi:10.1128/jb.01238-08
Iizumi, Y., Sagara, H., Kabe, Y., Azuma, M., Kume, K., Ogawa, M., Nagai, T.,
Gillespie, P. G., Sasakawa, C., & Handa, H. (2007). The
enteropathogenic E. coli effector EspB facilitates microvillus effacing
and antiphagocytosis by inhibiting myosin function. Cell Host &
Microbe, 2(6), 383-392.
Jacob, F., Guertler, R., Naim, S., Nixdorf, S., Fedier, A., Hacker, N. F., &
Heinzelmann-Schwarz, V. (2013). Careful selection of reference genes
is required for reliable performance of RT-qPCR in human normal and
cancer cell lines. PloS one, 8(3), e59180.
Jarvis, K. G., Giron, J. A., Jerse, A. E., McDaniel, T. K., Donnenberg, M. S., &
Kaper, J. B. (1995). Enteropathogenic Escherichia coli contains a
putative type III secretion system necessary for the export of proteins
involved in attaching and effacing lesion formation. Proceedings of the
National Academy of Sciences, 92(17), 7996-8000.
Jensen, H., Grimmer, S., Naterstad, K., & Axelsson, L. (2012). In vitro testing
of commercial and potential probiotic lactic acid bacteria. International
Journal
of
Food
Microbiology,
153(1-2),
216-222.
doi:10.1016/j.ijfoodmicro.2011.11.020
Jensen, H., Roos, S., Jonsson, H., Rud, I., Grimmer, S., van Pijkeren, J.,
Britton, R. A., & Axelsson, L. (2014). Role of Lactobacillus reuteri cell
and mucus-binding protein A (CmbA) in adhesion to intestinal epithelial
cells and mucus in vitro. Microbiology, 160(Pt 4), 671-681.
Jensen, V. B., Harty, J. T., & Jones, B. D. (1998). Interactions of the Invasive
PathogensSalmonella typhimurium, Listeria monocytogenes, and
Shigella flexneri with M Cells and Murine Peyer’s Patches. Infection and
Immunity, 66(8), 3758-3766.
Jepson, M. A., & Clark, M. A. (2001). The role of M cells in Salmonella
infection. Microbes and Infection, 3(14), 1183-1190.
Jobin, C., Haskill, S., Mayer, L., Panja, A., & Sartor, R. B. (1997). Evidence for
altered regulation of I kappa B alpha degradation in human colonic

207

epithelial cells. The Journal of Immunology, 158(1), 226-234. Retrieved
from http://www.jimmunol.org/content/158/1/226.abstract
Johansson, M. E., & Hansson, G. C. (2012). Preservation of mucus in
histological sections, immunostaining of mucins in fixed tissue, and
localization of bacteria with FISH. Mucins: Methods and Protocols, 229235.
Johansson, M. E. V., Ambort, D., Pelaseyed, T., Schutte, A., Gustafsson, J.
K., Ermund, A., Subramani, D. B., Holmen-Larsson, J. M., Thomsson,
K. A., Bergstrom, J. H., van der Post, S., Rodriguez-Pineiro, A. M.,
Sjovall, H., Backstrom, M., & Hansson, G. C. (2011b). Composition and
functional role of the mucus layers in the intestine. Cellular and
Molecular Life Sciences, 68(22), 3635-3641. doi:10.1007/s00018-0110822-3
Johansson, M. E. V., & Hansson, G. C. (2011c). Keeping Bacteria at a
Distance. Science, 334(6053), 182-183. doi:10.1126/science.1213909
Johansson, M. E. V., Larsson, J. M. H., & Hansson, G. C. (2011a). The two
mucus layers of colon are organized by the MUC2 mucin, whereas the
outer layer is a legislator of host-microbial interactions. Proceedings of
the National Academy of Sciences of the United States of America, 108,
4659-4665. doi:10.1073/pnas.1006451107
Johansson, M. E. V., Phillipson, M., Petersson, J., Velcich, A., Holm, L., &
Hansson, G. C. (2008). The inner of the two Muc2 mucin-dependent
mucus layers in colon is devoid of bacteria. Proceedings of the National
Academy
of
Sciences,
105(39),
15064-15069.
doi:10.1073/pnas.0803124105
Johansson, M. E. V., Thomsson, K. A., & Hansson, G. C. (2009). Proteomic
Analyses of the Two Mucus Layers of the Colon Barrier Reveal That
Their Main Component, the Muc2 Mucin, Is Strongly Bound to the
Fcgbp Protein. Journal of Proteome Research, 8(7), 3549-3557.
doi:10.1021/pr9002504
Johnson-Henry, K., Donato, K., Shen-Tu, G., Gordanpour, M., & Sherman, P.
(2008).
Lactobacillus
rhamnosus
strain
GG
prevents
enterohemorrhagic Escherichia coli O157: H7-induced changes in
epithelial barrier function. Infection and Immunity, 76(4), 1340-1348.
Johnson-Henry, K. C., Hagen, K. E., Gordonpour, M., Tompkins, T. A., &
Sherman, P. M. (2007). Surface-layer protein extracts from
Lactobacillus helveticus inhibit enterohaemorrhagic Escherichia coli
O157:H7 adhesion to epithelial cells. Cellular Microbiology, 9(2), 356367. doi:10.1111/j.1462-5822.2006.00791.x
Joint FAO/WHO Working Report. (2002). WHO working group report on
drafting guidelines for the evaluation of probiotics in food. London,
Ontario, Canada, 30.
Jones, B. D., Ghori, N., & Falkow, S. (1994). Salmonella typhimurium initiates
murine infection by penetrating and destroying the specialized epithelial
M cells of the Peyer's patches. The Journal of experimental medicine,
180(1), 15-23.
Jones, S. E., & Versalovic, J. (2009). Probiotic Lactobacillus reuteri biofilms
produce antimicrobial and anti-inflammatory factors. BMC
Microbiology, 9. doi:10.1186/1471-2180-9-35

208

Joossens, M., Huys, G., Cnockaert, M., De Preter, V., Verbeke, K., Rutgeerts,
P., Vandamme, P., & Vermeire, S. (2011). Dysbiosis of the faecal
microbiota in patients with Crohn's disease and their unaffected
relatives. Gut, 60(5), 631-637.
Jordan, N., Newton, J., Pearson, J., & Allen, A. (1998). A novel method for the
visualization of the in situ mucus layer in rat and man. Clinical Science,
95(1), 97-106. doi:10.1042/cs0950097
Juge, N. (2012). Microbial adhesins to gastrointestinal mucus. Trends in
Microbiology,
20(1),
30-39.
Retrieved
from
<Go
to
ISI>://WOS:000300656000005
Kaas, R. S., Friis, C., Ussery, D. W., & Aarestrup, F. M. (2012). Estimating
variation within the genes and inferring the phylogeny of 186
sequenced diverse Escherichia coli genomes. BMC Genomics, 13(1),
577.
Kale‐Pradhan, P. B., Jassaly, H. K., & Wilhelm, S. M. (2010). Role of
Lactobacillus in the Prevention of Antibiotic‐Associated Diarrhea: A
Meta‐analysis.
Pharmacotherapy:
The
Journal of Human
Pharmacology and Drug Therapy, 30(2), 119-126.
Kalman, D., Weiner, O. D., Goosney, D. L., Sedat, J. W., Finlay, B. B., Abo,
A., & Bishop, J. M. (1999). Enteropathogenic E. coli acts through WASP
and Arp2/3 complex to form actin pedestals. Nature Cell Biology, 1(6),
389-391.
Kankainen, M., Paulin, L., Tynkkynen, S., von Ossowski, I., Reunanen, J.,
Partanen, P., Satokari, R., Vesterlund, S., Hendrickx, A. P. A., Lebeer,
S., De Keersmaecker, S. C. J., Vanderleyden, J., Hämäläinen, T.,
Laukkanen, S., Salovuori, N., Ritari, J., Alatalo, E., Korpela, R., MattilaSandholm, T., Lassig, A., Hatakka, K., Kinnunen, K. T., Karjalainen, H.,
Saxelin, M., Laakso, K., Surakka, A., Palva, A., Salusjärvi, T., Auvinen,
P., & de Vos, W. M. (2009). Comparative genomic analysis of
Lactobacillus rhamnosus GG reveals pili containing a human- mucus
binding protein. Proceedings of the National Academy of Sciences,
106(40), 17193-17198. doi:10.1073/pnas.0908876106
Kaper, J. B., Nataro, J. P., & Mobley, H. L. T. (2004). Pathogenic Escherichia
coli.
Nature
Reviews
Microbiology,
2(2),
123-140.
doi:10.1038/nrmicro818
Karczewski, J., Troost, F. J., Konings, I., Dekker, J., Kleerebezem, M.,
Brummer, R.-J. M., & Wells, J. M. (2010). Regulation of human
epithelial tight junction proteins by Lactobacillus plantarum in vivo and
protective effects on the epithelial barrier. American Journal of
Physiology-Gastrointestinal and Liver Physiology, 298(6), G851-G859.
Karlsson, C. L., Molin, G., Cilio, C. M., & Ahrné, S. (2011). The pioneer gut
microbiota in human neonates vaginally born at term—a pilot study.
Pediatric Research, 70(3), 282-286.
Kassam, Z., Lee, C. H., Yuan, Y., & Hunt, R. H. (2013). Fecal microbiota
transplantation for Clostridium difficile infection: systematic review and
meta-analysis. The American journal of gastroenterology, 108(4), 500508.
Kenny, B. (1999). Phosphorylation of tyrosine 474 of the enteropathogenic
Escherichia coli (EPEC) Tir receptor molecule is essential for actin

209

nucleating activity and is preceded by additional host modifications.
Molecular Microbiology, 31(4), 1229-1241.
Kenny, B., DeVinney, R., Stein, M., Reinscheid, D. J., Frey, E. A., & Finlay, B.
B. (1997). Enteropathogenic E. coli (EPEC) Transfers Its Receptor for
Intimate Adherence into Mammalian Cells. Cell, 91(4), 511-520.
doi:http://dx.doi.org/10.1016/S0092-8674(00)80437-7
Kenny, B., Ellis, S., Leard, A. D., Warawa, J., Mellor, H., & Jepson, M. A.
(2002). Co‐ordinate regulation of distinct host cell signalling pathways
by multifunctional enteropathogenic Escherichia coli effector
molecules. Molecular Microbiology, 44(4), 1095-1107.
Kerss, S., Allen, A., & Garner, A. (1982). A simple method for measuring
thickness of the mucus gel layer adherent to rat, frog and human gastric
mucosa: influence of feeding, prostaglandin, N-acetylcysteine and
other agents. Clinical Science, 63(2), 187-195.
Khan, M. A., Bouzari, S., Ma, C., Rosenberger, C. M., Bergstrom, K. S.,
Gibson, D. L., Steiner, T. S., & Vallance, B. A. (2008). Flagellindependent and-independent inflammatory responses following
infection by enteropathogenic Escherichia coli and Citrobacter
rodentium. Infection and Immunity, 76(4), 1410-1422.
Khursigara, C., Abul-Milh, M., Lau, B., Giron, J., Lingwood, C., & Foster, D. B.
(2001). Enteropathogenic Escherichia coliVirulence Factor BundleForming Pilus Has a Binding Specificity for Phosphatidylethanolamine.
Infection and Immunity, 69(11), 6573-6579.
Kim, Y., & Ho, S. (2010). Intestinal Goblet Cells and Mucins in Health and
Disease: Recent Insights and Progress. Current Gastroenterology
Reports, 12(5), 319-330. doi:10.1007/s11894-010-0131-2
Kim, Y., Kim, S. H., Whang, K. Y., Kim, Y. J., & Oh, S. (2008). Inhibition of
Escherichia coli O157 : H7 attachment by interactions between lactic
acid bacteria and intestinal epithelial cells. Journal of Microbiology and
Biotechnology, 18(7), 1278-1285.
Retrieved from <Go to
ISI>://WOS:000257993800012
Klapproth, J.-M. A., Sasaki, M., Sherman, M., Babbin, B., Donnenberg, M. S.,
Fernandes, P. J., Scaletsky, I. C., Kalman, D., Nusrat, A., & Williams, I.
R. (2005). Citrobacter rodentium lifA/efa1 is essential for colonic
colonization and crypt cell hyperplasia in vivo. Infection and Immunity,
73(3), 1441-1451.
Klapproth, J.-M. A., Scaletsky, I. C., McNamara, B. P., Lai, L.-C., Malstrom,
C., James, S. P., & Donnenberg, M. S. (2000). A large toxin from
pathogenic Escherichia coli strains that inhibits lymphocyte activation.
Infection and Immunity, 68(4), 2148-2155.
Kleerebezem, M., Hols, P., Bernard, E., Rolain, T., Zhou, M., Siezen, R. J., &
Bron, P. A. (2010). The extracellular biology of the lactobacilli. FEMS
Microbiology
Reviews,
34(2),
199-230.
doi:10.1111/j.15746976.2009.00208.x
Knight, J. A. (2000). Review: Free radicals, antioxidants, and the immune
system. Annals of Clinical & Laboratory Science, 30(2), 145-158.
Knutton, S., Baldwin, T., Williams, P. H., & McNeish, A. S. (1989). Actin
accumulation at sites of bacterial adhesion to tissue culture cells: basis
of a new diagnostic test for enteropathogenic and enterohemorrhagic

210

Escherichia coli. Infection and Immunity, 57(4), 1290-1298. Retrieved
from http://iai.asm.org/content/57/4/1290.abstract
Knutton, S., Lloyd, D. R., & McNeish, A. S. (1987). Adhesion of
enteropathogenic Escherichia coli to human intestinal enterocytes and
cultured human intestinal mucosa. Infection and Immunity, 55(1), 6977. Retrieved from http://iai.asm.org/content/55/1/69.abstract
Knutton, S., Rosenshine, I., Pallen, M. J., Nisan, I., Neves, B. C., Bain, C.,
Wolff, C., Dougan, G., & Frankel, G. (1998). A novel EspA-associated
surface organelle of enteropathogenic Escherichia coli involved in
protein translocation into epithelial cells. EMBO Journal, 17(8), 21662176. doi:10.1093/emboj/17.8.2166
Ko, J.-S., Yang, H.-R., Chang, J.-Y., & Seo, J.-K. (2007). Lactobacillus
plantarum inhibits epithelial barrier dysfunction and interleukin-8
secretion induced by tumor necrosis factor-alpha.
Kollath, W. (1953). Ernährung und Zahnsystem (Nutrition and the tooth
system). Deutsche Zahnärtz Z, 8(11), 7-16.
Korhonen, J., Sclivagnotis, Y., & Wright, A. v. (2007). Characterization of
dominant cultivable lactobacilli and their antibiotic resistance profiles
from faecal samples of weaning piglets. Journal of Applied
Microbiology, 103(6), 2496-2503.
Koropatkin, N. M., Cameron, E. A., & Martens, E. C. (2012). How glycan
metabolism shapes the human gut microbiota. Nature Reviews
Microbiology, 10(5), 323-335.
Kotloff, K. L., Nataro, J. P., Blackwelder, W. C., Nasrin, D., Farag, T. H.,
Panchalingam, S., Wu, Y., Sow, S. O., Sur, D., Breiman, R. F., Faruque,
A. S. G., Zaidi, A. K. M., Saha, D., Alonso, P. L., Tamboura, B., Sanogo,
D., Onwuchekwa, U., Manna, B., Ramamurthy, T., Kanungo, S.,
Ochieng, J. B., Omore, R., Oundo, J. O., Hossain, A., Das, S. K.,
Ahmed, S., Qureshi, S., Quadri, F., Adegbola, R. A., Antonio, M.,
Hossain, M. J., Akinsola, A., Mandomando, I., Nhampossa, T., Acácio,
S., Biswas, K., O'Reilly, C. E., Mintz, E. D., Berkeley, L. Y., Muhsen, K.,
Sommerfelt, H., Robins-Browne, R. M., & Levine, M. M. (2013). Burden
and aetiology of diarrhoeal disease in infants and young children in
developing countries (the Global Enteric Multicenter Study, GEMS): a
prospective, case-control study. The Lancet, 382(9888), 209-222.
Retrieved
from
http://linkinghub.elsevier.com/retrieve/pii/S0140673613608442
Kronman, M. P., Zaoutis, T. E., Haynes, K., Feng, R., & Coffin, S. E. (2012).
Antibiotic exposure and IBD development among children: a
population-based cohort study. Pediatrics, 130(4), e794-e803.
Kuan, S.-F., Byrd, J. C., Basbaum, C. B., & Kim, Y. S. (1987). Characterization
of Quantitative Mucin Variants from a Human Colon Cancer Cell Line.
Cancer Research, 47(21), 5715-5724.
Retrieved from
http://cancerres.aacrjournals.org/content/47/21/5715.abstract
Kuan, S. F., Byrd, J. C., Basbaum, C., & Kim, Y. S. (1989). Inhibition of mucin
glycosylation by aryl-N-acetyl-alpha-galactosaminides in human colon
cancer cells. Journal of Biological Chemistry, 264(32), 19271-19277.
Retrieved from http://www.jbc.org/content/264/32/19271.abstract
Kumar, P., Luo, Q., Vickers, T. J., Sheikh, A., Lewis, W. G., & Fleckenstein, J.
M. (2014). EatA, an Immunogenic Protective Antigen of Enterotoxigenic
211

Escherichia coli, Degrades Intestinal Mucin. Infection and Immunity,
82(2), 500-508. doi:10.1128/iai.01078-13
Kunsch, C., Lang, R. K., Rosen, C. A., & Shannon, M. F. (1994). Synergistic
transcriptional activation of the IL-8 gene by NF-kappa B p65 (RelA)
and NF-IL-6. The Journal of Immunology, 153(1), 153-164.
Kunsch, C., & Rosen, C. A. (1993). NF-kappa B subunit-specific regulation of
the interleukin-8 promoter. Molecular and Cellular Biology, 13(10),
6137-6146.
Lanata, C. F., Fischer-Walker, C. L., Olascoaga, A. C., Torres, C. X., Aryee,
M. J., Black, R. E., for the Child Health Epidemiology Reference Group
of the World Health, O., & Unicef. (2013). Global Causes of Diarrheal
Disease Mortality in Children <5 Years of Age: A Systematic Review.
PloS one, 8(9), e72788. doi:10.1371/journal.pone.0072788
Larsson, J. M. H., Thomsson, K. A., Rodríguez-Piñeiro, A. M., Karlsson, H., &
Hansson, G. C. (2013). Studies of mucus in mouse stomach, small
intestine, and colon. III. Gastrointestinal Muc5ac and Muc2 mucin Oglycan patterns reveal a regiospecific distribution. American Journal of
Physiology-Gastrointestinal and Liver Physiology, 305(5), G357-G363.
Law, R. J., Gur-Arie, L., Rosenshine, I., & Finlay, B. B. (2013). In Vitro and In
Vivo Model Systems for Studying Enteropathogenic Escherichia coli
Infections. Cold Spring Harbor Perspectives in Medicine, 3(3).
doi:10.1101/cshperspect.a009977
Lebeer, S., Claes, I., Tytgat, H. L., Verhoeven, T. L., Marien, E., von Ossowski,
I., Reunanen, J., Palva, A., de Vos, W. M., & De Keersmaecker, S. C.
(2012). Functional analysis of Lactobacillus rhamnosus GG pili in
relation to adhesion and immunomodulatory interactions with intestinal
epithelial cells. Applied and Environmental Microbiology, 78(1), 185193.
Lebeer, S., Vanderleyden, J., & De Keersmaecker, S. C. J. (2008). Genes and
Molecules of Lactobacilli Supporting Probiotic Action. Microbiology and
Molecular Biology Reviews, 72(4), 728-764. doi:10.1128/mmbr.0001708
LeBlanc, J. G., Milani, C., de Giori, G. S., Sesma, F., van Sinderen, D., &
Ventura, M. (2013). Bacteria as vitamin suppliers to their host: a gut
microbiota perspective. Current Opinion in Biotechnology, 24(2), 160168.
Lee, Y.-K., & Puong, K.-Y. (2002). Competition for adhesion between
probiotics and human gastrointestinal pathogens in the presence of
carbohydrate. British Journal of Nutrition, 88(S1), S101-S108.
Lencer, W. I., Reinhart, F. D., & Neutra, M. R. (1990). Interaction of cholera
toxin with cloned human goblet cells in monolayer culture. American
Journal of Physiology-Gastrointestinal and Liver Physiology, 258(1),
G96-G102.
Levine, M. M. (1987). Escherichia coli that cause diarrhea: enterotoxigenic,
enteropathogenic,
enteroinvasive,
enterohemorrhagic,
and
enteroadherent. Journal of Infectious Diseases, 155(3), 377-389.
Levine, M. M., & Edelman, R. (1984). Enteropathogenic Escherichia-coli Of
Classic Serotypes Associated With Infant Diarrhea - Epidemiology And
Pathogenesis. Epidemiologic Reviews, 6, 31-51. Retrieved from <Go
to ISI>://WOS:A1984TN16500002
212

Levine, M. M., Nalin, D. R., Hornick, R. B., Bergquist, E. J., Waterman, D. H.,
Young, C. R., Sotman, S., & Rowe, B. (1978). Escherichia coli strains
that cause diarrhoea but do not produce heat-labile or heat-stable
enterotoxins and are non-invasive. The Lancet, 311(8074), 1119-1122.
Levine, M. M., Nataro, J. P., Karch, H., Baldini, M. M., Kaper, J. B., Black, R.
E., Clements, M. L., & Obrien, A. D. (1985). The Diarrheal Response
Of Humans To Some Classic Serotypes Of Enteropathogenic
Escherichia-coli Is Dependent On A Plasmid Encoding An
Enteroadhesiveness Factor. Journal of Infectious Diseases, 152(3),
550-559. Retrieved from <Go to ISI>://WOS:A1985ASH8700016
Levy, O. (2007). Innate immunity of the newborn: basic mechanisms and
clinical correlates. Nature Reviews Immunology, 7(5), 379-390.
Lewis, S. B., Prior, A., Ellis, S. J., Cook, V., Chan, S. S., Gelson, W., &
Schüller, S. (2016). Flagellin Induces β-Defensin 2 in Human Colonic
Ex vivo Infection with Enterohemorrhagic Escherichia coli. Frontiers in
cellular and infection microbiology, 6.
Li, S., Zhang, L., Yao, Q., Li, L., Dong, N., Rong, J., Gao, W., Ding, X., Sun,
L., & Chen, X. (2013). Pathogen blocks host death receptor signalling
by arginine GlcNAcylation of death domains. Nature, 501(7466), 242246.
Li, Y. T., Cai, H. F., Wang, Z. H., Xu, J., & Fang, J. Y. (2016). Systematic
review with meta‐analysis: long‐term outcomes of faecal microbiota
transplantation for Clostridium difficile infection. Alimentary
Pharmacology & Therapeutics, 43(4), 445-457.
Liau, Y., Lopez, R., Slomiany, A., & Slomiany, B. (1992). Helicobacter pylori
lipopolysaccharide effect on the synthesis and secretion of gastric
sulfomucin. Biochemical and Biophysical Research Communications,
184(3), 1411-1417.
Lidell, M. E., Moncada, D. M., Chadee, K., & Hansson, G. C. (2006).
Entamoeba histolytica cysteine proteases cleave the MUC2 mucin in
its C-terminal domain and dissolve the protective colonic mucus gel.
Proceedings of the National Academy of Sciences, 103(24), 92989303.
Lilly, D. M., & Stillwell, R. H. (1965). Probiotics: growth-promoting factors
produced by microorganisms. Science, 147(3659), 747-748.
Lin, Y. P., Thibodeaux, C. H., Pena, J. A., Ferry, G. D., & Versalovic, J. (2008).
Probiotic Lactobacillus reuteri suppress proinflammatory cytokines via
c‐Jun. Inflammatory Bowel Diseases, 14(8), 1068-1083.
Lindén, S., Sutton, P., Karlsson, N., Korolik, V., & McGuckin, M. (2008a).
Mucins in the mucosal barrier to infection. Mucosal immunology, 1(3),
183-197.
Lindén, S. K., Florin, T. H. J., & McGuckin, M. A. (2008b). Mucin Dynamics in
Intestinal
Bacterial
Infection.
PloS
one,
3(12),
e3952.
doi:10.1371/journal.pone.0003952
Lindén, S. K., Sheng, Y. H., Every, A. L., Miles, K. M., Skoog, E. C., Florin, T.
H. J., Sutton, P., & McGuckin, M. A. (2009). MUC1 Limits Helicobacter
pylori Infection both by Steric Hindrance and by Acting as a Releasable
Decoy.
PLoS
Pathog,
5(10),
e1000617.
doi:10.1371/journal.ppat.1000617

213

Liu, L., Johnson, H. L., Cousens, S., Perin, J., Scott, S., Lawn, J. E., Rudan,
I., Campbell, H., Cibulskis, R., & Li, M. (2012a). Global, regional, and
national causes of child mortality: an updated systematic analysis for
2010 with time trends since 2000. The Lancet, 379(9832), 2151-2161.
Liu, Y., Fatheree, N. Y., Mangalat, N., & Rhoads, J. M. (2010). Human-derived
probiotic Lactobacillus reuteri strains differentially reduce intestinal
inflammation. American Journal of Physiology-Gastrointestinal and
Liver Physiology, 299(5), G1087-G1096.
Liu, Y., Fatheree, N. Y., Mangalat, N., & Rhoads, J. M. (2012). Lactobacillus
reuteri strains reduce incidence and severity of experimental
necrotizing enterocolitis via modulation of TLR4 and NF-κB signaling in
the intestine. American Journal of Physiology-Gastrointestinal and Liver
Physiology, 302(6), G608-G617.
Liu, Y., Tran, D. Q., Fatheree, N. Y., & Rhoads, J. M. (2014). Lactobacillus
reuteri DSM 17938 differentially modulates effector memory T cells and
Foxp3+ regulatory T cells in a mouse model of necrotizing enterocolitis.
American Journal of Physiology-Gastrointestinal and Liver Physiology,
307(2), G177-G186.
Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2− ΔΔCT method.
methods, 25(4), 402-408.
Lopez, M., Li, N., Kataria, J., Russell, M., & Neu, J. (2008). Live and ultravioletinactivated Lactobacillus rhamnosus GG decrease flagellin-induced
interleukin-8 production in Caco-2 cells. The journal of Nutrition,
138(11), 2264-2268.
Lucas, M. L. (2010). Diarrhoeal disease through enterocyte secretion: a
doctrine untroubled by proof. Experimental physiology, 95(4), 479-484.
Lung, T. W. F., Giogha, C., Creuzburg, K., Ong, S. Y., Pollock, G. L., Zhang,
Y., Fung, K. Y., Pearson, J. S., & Hartland, E. L. (2016). Mutagenesis
and functional analysis of the bacterial arginine glycosyltransferase
effector NleB1 from enteropathogenic Escherichia coli. Infection and
Immunity, 84(5), 1346-1360.
Luo, Q., Kumar, P., Vickers, T. J., Sheikh, A., Lewis, W. G., Rasko, D. A.,
Sistrunk, J., & Fleckenstein, J. M. (2014). Enterotoxigenic Escherichia
coli Secretes a Highly Conserved Mucin-Degrading Metalloprotease To
Effectively Engage Intestinal Epithelial Cells. Infection and Immunity,
82(2), 509-521. doi:10.1128/iai.01106-13
Lüthi-Peng, Q., Dileme, F., & Puhan, Z. (2002). Effect of glucose on glycerol
bioconversion by Lactobacillus reuteri. Applied Microbiology and
Biotechnology, 59(2-3), 289-296.
Ma, C., Wickham, M. E., Guttman, J. A., Deng, W., Walker, J., Madsen, K. L.,
Jacobson, K., Vogl, W. A., Finlay, B. B., & Vallance, B. A. (2006).
Citrobacter rodentium infection causes both mitochondrial dysfunction
and intestinal epithelial barrier disruption in vivo: role of mitochondrial
associated protein (Map). Cellular Microbiology, 8(10), 1669-1686.
Ma, D. L., Forsythe, P., & Bienenstock, J. (2004). Live Lactobacillus reuteri is
essential for the inhibitory effect on tumor necrosis factor alpha-induced
interleukin-8 expression. Infection and Immunity, 72(9), 5308-5314.
doi:10.1128/iai.72.9.5308-5314.2004

214

Mack, D. R., Ahrne, S., Hyde, L., Wei, S., & Hollingsworth, M. A. (2003).
Extracellular MUC3 mucin secretion follows adherence of Lactobacillus
strains to intestinal epithelial cells in vitro. Gut, 52(6), 827-833.
Retrieved from <Go to ISI>://000182741300009
http://gut.bmj.com/content/52/6/827.full.pdf
Mack, D. R., Michail, S., Wei, S., McDougall, L., & Hollingsworth, M. A. (1999).
Probiotics inhibit enteropathogenic E-coli adherence in vitro by inducing
intestinal mucin gene expression. American Journal of PhysiologyGastrointestinal and Liver Physiology, 276(4), G941-G950. Retrieved
from <Go to ISI>://000079632100020
http://ajpgi.physiology.org/content/276/4/G941.full.pdf
MacKenzie, D. A., Jeffers, F., Parker, M. L., Vibert-Vallet, A., Bongaerts, R. J.,
Roos, S., Walter, J., & Juge, N. (2010). Strain-specific diversity of
mucus-binding proteins in the adhesion and aggregation properties of
Lactobacillus
reuteri.
Microbiology,
156(11),
3368-3378.
doi:10.1099/mic.0.043265-0
MacKenzie, D. A., Tailford, L. E., Hemmings, A. M., & Juge, N. (2009). Crystal
structure of a mucus-binding protein repeat reveals an unexpected
functional immunoglobulin binding activity. Journal of Biological
Chemistry, 284(47), 32444-32453.
Madsen, K., Cornish, A., Soper, P., McKaigney, C., Jijon, H., Yachimec, C.,
Doyle, J., Jewell, L., & De Simone, C. (2001). Probiotic Bacteria
Enhance Murine and Human Intestinal Epithelial Barrier Function.
Gastroenterology,
121(3),
580-591.
doi:http://dx.doi.org/10.1053/gast.2001.27224
Makras, L., Triantafyllou, V., Fayol-Messaoudi, D., Adriany, T.,
Zoumpopoulou, G., Tsakalidou, E., Servin, A., & De Vuyst, L. (2006).
Kinetic analysis of the antibacterial activity of probiotic lactobacilli
towards Salmonella enterica serovar Typhimurium reveals a role for
lactic acid and other inhibitory compounds. Research in Microbiology,
157(3), 241-247.
Malvi, S., Appannanavar, S., Mohan, B., Kaur, H., Gautam, N., Bharti, B.,
Kumar, Y., & Taneja, N. (2015). Comparative analysis of virulence
determinants, antibiotic susceptibility patterns and serogrouping of
atypical
enteropathogenic
Escherichia
coli
versus
typical
enteropathogenic E. coli in India. Journal of Medical Microbiology,
64(10), 1208-1215.
Mangalat, N., Liu, Y., Fatheree, N. Y., Ferris, M. J., Van Arsdall, M. R., Chen,
Z., Rahbar, M. H., Gleason, W. A., Norori, J., & Tran, D. Q. (2012).
Safety and tolerability of Lactobacillus reuteri DSM 17938 and effects
on biomarkers in healthy adults: results from a randomized masked
trial. PloS one, 7(9), e43910.
Manichanh, C., Borruel, N., Casellas, F., & Guarner, F. (2012). The gut
microbiota in IBD. Nature Reviews Gastroenterology and Hepatology,
9(10), 599-608.
Mappley, L. J., Tchórzewska, M. A., Cooley, W. A., Woodward, M. J., & La
Ragione, R. M. (2011). Lactobacilli Antagonize the Growth, Motility, and
Adherence of Brachyspira pilosicoli: a Potential Intervention against
215

Avian Intestinal Spirochetosis. Applied and Environmental
Microbiology, 77(15), 5402-5411. doi:10.1128/aem.00185-11
Marchès, O., Covarelli, V., Dahan, S., Cougoule, C., Bhatta, P., Frankel, G., &
Caron, E. (2008). EspJ of enteropathogenic and enterohaemorrhagic
Escherichia coli inhibits opsono‐phagocytosis. Cellular Microbiology,
10(5), 1104-1115.
Marchés, O., Wiles, S., Dziva, F., La Ragione, R. M., Schüller, S., Best, A.,
Phillips, A. D., Hartland, E. L., Woodward, M. J., & Stevens, M. P.
(2005). Characterization of two non-locus of enterocyte effacementencoded type III-translocated effectors, NleC and NleD, in attaching
and effacing pathogens. Infection and Immunity, 73(12), 8411-8417.
Martín, R., Langa, S., Reviriego, C., Jimínez, E., Marín, M. L., Xaus, J.,
Fernández, L., & Rodríguez, J. M. (2003). Human milk is a source of
lactic acid bacteria for the infant gut. The Journal of Pediatrics, 143(6),
754-758.
Matsumiya, Y., Kato, N., Watanabe, K., & Kato, H. (2002). Molecular
epidemiological study of vertical transmission of vaginal Lactobacillus
species from mothers to newborn infants in Japanese, by arbitrarily
primed polymerase chain reaction. Journal of Infection and
Chemotherapy, 8(1), 43-49.
Matsuo, K., Ota, H., Akamatsu, T., Sugiyama, A., & Katsuyama, T. (1997).
Histochemistry of the surface mucous gel layer of the human colon.
Gut, 40(6), 782-789.
Matsuzawa, T., Kuwae, A., & Abe, A. (2005). Enteropathogenic Escherichia
coli type III effectors EspG and EspG2 alter epithelial paracellular
permeability. Infection and Immunity, 73(10), 6283-6289.
Mattar, A., Teitelbaum, D. H., Drongowski, R., Yongyi, F., Harmon, C., &
Coran, A. (2002). Probiotics up-regulate MUC-2 mucin gene expression
in a Caco-2 cell-culture model. Pediatric Surgery International, 18(7),
586-590. doi:10.1007/s00383-002-0855-7
McCabe, L. R., Irwin, R., Schaefer, L., & Britton, R. A. (2013). Probiotic use
decreases intestinal inflammation and increases bone density in
healthy male but not female mice. Journal of Cellular Physiology,
228(8), 1793-1798. doi:10.1002/jcp.24340
McCool, D. J., Marcon, M. A., Forstner, J. F., & Forstner, G. G. (1990). The
T84 human colonic adenocarcinoma cell line produces mucin in culture
and releases it in response to various secretagogues. Biochemical
Journal, 267(2), 491-500.
McDaniel, T. K., Jarvis, K. G., Donnenberg, M. S., & Kaper, J. B. (1995). A
genetic locus of enterocyte effacement conserved among diverse
enterobacterial pathogens. Proceedings of the National Academy of
Sciences, 92(5), 1664-1668. doi:10.1073/pnas.92.5.1664
McDaniel, T. K., & Kaper, J. B. (1997). A cloned pathogenicity island from
enteropathogenic Escherichia coli confers the attaching and effacing
phenotype on E. coli K-12. Molecular Microbiology, 23(2), 399-407.
doi:10.1046/j.1365-2958.1997.2311591.x
McFarland, L. V. (2006). Meta-analysis of probiotics for the prevention of
antibiotic associated diarrhea and the treatment of Clostridium difficile
disease. The American journal of gastroenterology, 101(4), 812-822.

216

McFarland, L. V. (2015). Probiotics for the primary and secondary prevention
of C. difficile infections: a meta-analysis and systematic review.
Antibiotics, 4(2), 160-178.
McGuckin, M. A., Linden, S. K., Sutton, P., & Florin, T. H. (2011). Mucin
dynamics and enteric pathogens. Nature Reviews Microbiology, 9(4),
265-278. doi:10.1038/nrmicro2538
McNamara, B. P., Koutsouris, A., O'Connell, C. B., Nougayrede, J. P.,
Donnenberg, M. S., & Hecht, G. (2001). Translocated EspF protein from
enteropathogenic Escherichia coli disrupts host intestinal barrier
function. Journal of Clinical Investigation, 107(5), 621-629.
doi:10.1172/jci11138
Meador, J. P., Caldwell, M. E., Cohen, P. S., & Conway, T. (2014). Escherichia
coli pathotypes occupy distinct niches in the mouse intestine. Infection
and Immunity, 82(5), 1931-1938.
Mennigen, R., Nolte, K., Rijcken, E., Utech, M., Loeffler, B., Senninger, N., &
Bruewer, M. (2009). Probiotic mixture VSL# 3 protects the epithelial
barrier by maintaining tight junction protein expression and preventing
apoptosis in a murine model of colitis. American Journal of PhysiologyGastrointestinal and Liver Physiology, 296(5), G1140-G1149.
Metchnikoff, E. (1907). Lactic acid as inhibiting intestinal putrefaction In: The
prolongation of life: Optimistic studies (L. W. Heinemann Ed.): Putnam.
Miele, E., Pascarella, F., Giannetti, E., Quaglietta, L., Baldassano, R. N., &
Staiano, A. (2009). Effect of a Probiotic Preparation (VSL&num; 3) on
induction and maintenance of Remission in children with ulcerative
colitis. The American journal of gastroenterology, 104(2), 437-443.
Mileti, E., Matteoli, G., Iliev, I. D., & Rescigno, M. (2009). Comparison of the
immunomodulatory properties of three probiotic strains of Lactobacilli
using complex culture systems: prediction for in vivo efficacy. PloS one,
4(9), e7056.
Miyauchi, E., Morita, H., & Tanabe, S. (2009). Lactobacillus rhamnosus
alleviates intestinal barrier dysfunction in part by increasing expression
of zonula occludens-1 and myosin light-chain kinase in vivo. Journal of
Dairy Science, 92(6), 2400-2408.
Miyoshi, Y., Okada, S., Uchimura, T., & Satoh, E. (2006). A mucus adhesion
promoting protein, MapA, mediates the adhesion of Lactobacillus
reuteri to Caco-2 human intestinal epithelial cells. Bioscience,
Biotechnology, and Biochemistry, 70(7), 1622-1628.
Moal, L. L., Servin, A. L., & Coconnier‐Polter, M. H. (2005). The increase in
mucin exocytosis and the upregulation of MUC genes encoding for
membrane‐bound mucins induced by the thiol‐activated exotoxin
listeriolysin O is a host cell defence response that inhibits the cell‐entry
of Listeria monocytogenes. Cellular Microbiology, 7(7), 1035-1048.
Montecucco, C., & Rappuoli, R. (2001). Living dangerously: how Helicobacter
pylori survives in the human stomach. Nature Reviews Molecular Cell
Biology, 2(6), 457-466.
Moon, H. W., Whipp, S. C., Argenzio, R. A., Levine, M. M., & Giannella, R. A.
(1983). Attaching and effacing activities of rabbit and human
enteropathogenic Escherichia coli in pig and rabbit intestines. Infection
and
Immunity,
41(3),
1340-1351.
Retrieved
from
http://iai.asm.org/content/41/3/1340.abstract
217

Morita, H., Toh, H., Fukuda, S., Horikawa, H., Oshima, K., Suzuki, T.,
Murakami, M., Hisamatsu, S., Kato, Y., & Takizawa, T. (2008).
Comparative genome analysis of Lactobacillus reuteri and
Lactobacillus fermentum reveal a genomic island for reuterin and
cobalamin production. DNA Research, 15(3), 151-161.
Morrison, D. K. (2012). MAP kinase pathways. Cold Spring Harbor
perspectives in biology, 4(11), a011254.
Mowat, A. M., & Viney, J. L. (1997). The anatomical basis of intestinal
immunity. Immunological Reviews, 156(1), 145-166.
Mühlen, S., Ruchaud-Sparagano, M.-H., & Kenny, B. (2011). Proteasomeindependent degradation of canonical NFκB complex components by
the NleC protein of pathogenic Escherichia coli. Journal of Biological
Chemistry, 286(7), 5100-5107.
Mukherjee, S., & Hooper, L. V. (2015). Antimicrobial defense of the intestine.
Immunity, 42(1), 28-39.
Mukherjee, S., Zheng, H., Derebe, M. G., Callenberg, K. M., Partch, C. L.,
Rollins, D., Propheter, D. C., Rizo, J., Grabe, M., & Jiang, Q.-X. (2014).
Antibacterial membrane attack by a pore-forming intestinal C-type
lectin. Nature, 505(7481), 103-107.
Mundy, R., Girard, F., FitzGerald, A. J., & Frankel, G. (2006). Comparison of
colonization dynamics and pathology of mice infected with
enteropathogenic Escherichia coli, enterohaemorrhagic E. coli and
Citrobacter rodentium. FEMS Microbiology Letters, 265(1), 126-132.
Murphy, E. F., Cotter, P. D., Hogan, A., O'Sullivan, O., Joyce, A., Fouhy, F.,
Clarke, S. F., Marques, T. M., O'Toole, P. W., & Stanton, C. (2012).
Divergent metabolic outcomes arising from targeted manipulation of the
gut microbiota in diet-induced obesity. Gut, gutjnl-2011-300705.
Muza‐Moons, M. M., Schneeberger, E. E., & Hecht, G. A. (2004).
Enteropathogenic Escherichia coli infection leads to appearance of
aberrant tight junctions strands in the lateral membrane of intestinal
epithelial cells. Cellular Microbiology, 6(8), 783-793.
Nadler, C., Baruch, K., Kobi, S., Mills, E., Haviv, G., Farago, M., Alkalay, I.,
Bartfeld, S., Meyer, T. F., Ben-Neriah, Y., & Rosenshine, I. (2010). The
Type III Secretion Effector NleE Inhibits NF-kappa B Activation. PLoS
Pathogens, 6(1). doi:10.1371/journal.ppat.1000743
Nair, G. B., Ramamurthy, T., Bhattacharya, M. K., Krishnan, T., Ganguly, S.,
Saha, D. R., Rajendran, K., Manna, B., Ghosh, M., & Okamoto, K.
(2010). Emerging trends in the etiology of enteric pathogens as
evidenced from an active surveillance of hospitalized diarrhoeal
patients in Kolkata, India. Gut Pathogens, 2(1), 1.
Nakhjavani, F. A., Emaneini, M., Hosseini, H., Iman-Eini, H., Aligholi, M.,
Jabalameli, F., Haghi-Ashtiani, M. T., Taherikalani, M., & Mirsalehian,
A. (2013). Molecular analysis of typical and atypical enteropathogenic
Escherichia coli (EPEC) isolated from children with diarrhoea. Journal
of Medical Microbiology, 62(2), 191-195.
Nataro, J. P., & Kaper, J. B. (1998). Diarrheagenic Escherichia coli. Clinical
Microbiology Reviews, 11(2), 403-403. Retrieved from <Go to
ISI>://000073038700008
http://cmr.asm.org/content/11/2/403.full.pdf
218

Navabi, N., Johansson, M. E. V., Raghavan, S., & Lindén, S. K. (2013b).
Helicobacter pylori Infection Impairs the Mucin Production Rate and
Turnover in the Murine Gastric Mucosa. Infection and Immunity, 81(3),
829-837. doi:10.1128/iai.01000-12
Navabi, N., McGuckin, M. A., & Lindén, S. K. (2013a). Gastrointestinal Cell
Lines Form Polarized Epithelia with an Adherent Mucus Layer when
Cultured in Semi-Wet Interfaces with Mechanical Stimulation. PloS one,
8(7), e68761. doi:10.1371/journal.pone.0068761
Neal-McKinney, J. M., Lu, X., Duong, T., Larson, C. L., Call, D. R., Shah, D.
H., & Konkel, M. E. (2012). Production of organic acids by probiotic
lactobacilli can be used to reduce pathogen load in poultry. PloS one,
7(9), e43928.
Neeser, J.-R., Granato, D., Rouvet, M., Servin, A., Teneberg, S., & Karlsson,
K.-A. (2000). Lactobacillus johnsonii La1 shares carbohydrate-binding
specificities with several enteropathogenic bacteria. Glycobiology,
10(11), 1193-1199. doi:10.1093/glycob/10.11.1193
Nemeth, E., Fajdiga, S., Malago, J., Koninkx, J., Tooten, P., & Van Dijk, J.
(2006). Inhibition of Salmonella-induced IL-8 synthesis and expression
of Hsp70 in enterocyte-like Caco-2 cells after exposure to non-starter
lactobacilli. International Journal of Food Microbiology, 112(3), 266274.
Nesta, B., Valeri, M., Spagnuolo, A., Rosini, R., Mora, M., Donato, P., Alteri,
C. J., Del Vecchio, M., Buccato, S., Pezzicoli, A., Bertoldi, I., Buzzigoli,
L., Tuscano, G., Falduto, M., Rippa, V., Ashhab, Y., Bensi, G., Fontana,
M. R., Seib, K. L., Mobley, H. L. T., Pizza, M., Soriani, M., & Serino, L.
(2014). SslE Elicits Functional Antibodies That Impair In Vitro Mucinase
Activity and In Vivo Colonization by Both Intestinal and Extraintestinal
Escherichia coli Strains. PLoS Pathog, 10(5), e1004124.
doi:10.1371/journal.ppat.1004124
Neter, E., Westphal 0, Luderitz 0, & MH, N. (1955). Demonstration of
antibodies against enteropathogenic Escherichia coli in sera of children
of various age. Pediatrics, 16, 801-808.
Neuman, M. G., & Nanau, R. M. (2012). Inflammatory bowel disease: role of
diet, microbiota, life style. Translational Research, 160(1), 29-44.
Neutra, M. R., Mantis, N. J., & Kraehenbuhl, J.-P. (2001). Collaboration of
epithelial cells with organized mucosal lymphoid tissues. Nature
Immunology, 2(11), 1004-1009.
Newton, H. J., Pearson, J. S., Badea, L., Kelly, M., Lucas, M., Holloway, G.,
Wagstaff, K. M., Dunstone, M. A., Sloan, J., Whisstock, J. C., Kaper, J.
B., Robins-Browne, R. M., Jans, D. A., Frankel, G., Phillips, A. D.,
Coulson, B. S., & Hartland, E. L. (2010). The Type III Effectors NleE
and NleB from Enteropathogenic E. coli and OspZ from Shigella Block
Nuclear Translocation of NF-κB p65. PLoS Pathog, 6(5), e1000898.
doi:10.1371/journal.ppat.1000898
Nguyen, M., Rizvi, J., & Hecht, G. (2015). Expression of enteropathogenic
Escherichia coli map is significantly different than that of other type III
secreted effectors in vivo. Infection and Immunity, 83(1), 130-137.
Nguyen, T. V., Le Van, P., Le Huy, C., Gia, K. N., & Weintraub, A. (2005).
Detection and characterization of diarrheagenic Escherichia coli from

219

young children in Hanoi, Vietnam. Journal of Clinical Microbiology,
43(2), 755-760. doi:10.1128/jcm.43.2.755-760.2005
Nishiyama, K., Ueno, S., Sugiyama, M., Yamamoto, Y., & Mukai, T. (2015).
Lactobacillus rhamnosus GG SpaC pilin subunit binds to the
carbohydrate moieties of intestinal glycoconjugates. Animal Science
Journal.
Noah, T. K., Donahue, B., & Shroyer, N. F. (2011). Intestinal development and
differentiation. Experimental Cell Research, 317(19), 2702-2710.
doi:http://dx.doi.org/10.1016/j.yexcr.2011.09.006
Nougayrede, J. P., & Donnenberg, M. S. (2004). Enteropathogenic
Escherichia coli EspF is targeted to mitochondria and is required to
initiate the mitochondrial death pathway. Cellular Microbiology, 6(11),
1097-1111. doi:10.1111/j.1462-5822.2004.00421.x
O'Hara, A. M., O'Regan, P., Fanning, A., O'Mahony, C., MacSharry, J., Lyons,
A., Bienenstock, J., O'Mahony, L., & Shanahan, F. (2006). Functional
modulation of human intestinal epithelial cell responses by
Bifidobacterium infantis and Lactobacillus salivarius. Immunology,
118(2), 202-215.
O'Hara, A. M., & Shanahan, F. (2006). The gut flora as a forgotten organ.
EMBO reports, 7(7), 688-693.
O’Connor, P. M., Ross, R. P., Hill, C., & Cotter, P. D. (2015). Antimicrobial
antagonists against food pathogens: A bacteriocin perspective. Current
Opinion in Food Science, 2, 51-57.
Ochoa, T. J., Barletta, F., Contreras, C., & Mercado, E. (2008). New insights
into the epidemiology of enteropathogenic Escherichia coli infection.
Transactions of the Royal Society of Tropical Medicine and Hygiene,
102(9), 852-856.
Ogawa, M., Shimizu, K., Nomoto, K., Tanaka, R., Hamabata, T., Yamasaki,
S., Takeda, T., & Takeda, Y. (2001). Inhibition of in vitro growth of Shiga
toxin-producing Escherichia coli O157:H7 by probiotic Lactobacillus
strains due to production of lactic acid. International Journal of Food
Microbiology, 68(1–2), 135-140. doi:http://dx.doi.org/10.1016/S01681605(01)00465-2
Oh, P. L., Benson, A. K., Peterson, D. A., Patil, P. B., Moriyama, E. N., Roos,
S., & Walter, J. (2010). Diversification of the gut symbiont Lactobacillus
reuteri as a result of host-driven evolution. Isme Journal, 4(3), 377-387.
doi:10.1038/ismej.2009.123
Oliva, S., Di Nardo, G., Ferrari, F., Mallardo, S., Rossi, P., Patrizi, G.,
Cucchiara, S., & Stronati, L. (2012). Randomised clinical trial: the
effectiveness of Lactobacillus reuteri ATCC 55730 rectal enema in
children with active distal ulcerative colitis. Alimentary Pharmacology &
Therapeutics, 35(3), 327-334.
Ott, S., Musfeldt, M., Wenderoth, D., Hampe, J., Brant, O., Fölsch, U., Timmis,
K., & Schreiber, S. (2004). Reduction in diversity of the colonic mucosa
associated bacterial microflora in patients with active inflammatory
bowel disease. Gut, 53(5), 685-693.
Ottman, N., Smidt, H., De Vos, W. M., & Belzer, C. (2012). The function of our
microbiota: who is out there and what do they do? Frontiers in cellular
and infection microbiology, 2, 104.

220

Ou, G., Baranov, V., Lundmark, E., Hammarström, S., & Hammarström, M. L.
(2009). Contribution of intestinal epithelial cells to innate immunity of
the human gut–studies on polarized monolayers of colon carcinoma
cells. Scandinavian Journal of Immunology, 69(2), 150-161.
Ouellette, A. J. (1997). Paneth cells and innate immunity in the crypt
microenvironment.
Gastroenterology,
113(5),
1779-1784.
doi:http://dx.doi.org/10.1053/gast.1997.v113.pm9352884
Ouellette, A. J. (2004). Defensin-mediated innate immunity in the small
intestine. Best Practice & Research Clinical Gastroenterology, 18(2),
405-419.
Ouwehand, A. C., Salminen, S., Tölkkö, S., Roberts, P., Ovaska, J., &
Salminen, E. (2002). Resected Human Colonic Tissue: New Model for
Characterizing Adhesion of Lactic Acid Bacteria. Clinical and
Diagnostic
Laboratory
Immunology,
9(1),
184-186.
doi:10.1128/cdli.9.1.184-186.2002
Pallen, M. J., Beatson, S. A., & Bailey, C. M. (2005). Bioinformatics, genomics
and evolution of non-flagellar type-III secretion systems: a Darwinian
perpective. FEMS Microbiology Reviews, 29(2), 201-229.
Pallett, M. A., Berger, C. N., Pearson, J. S., Hartland, E. L., & Frankel, G.
(2014). The Type III Secretion Effector NleF of Enteropathogenic
Escherichia coli Activates NF-κB Early during Infection. Infection and
Immunity, 82(11), 4878-4888. doi:10.1128/iai.02131-14
Palmer, C., Bik, E. M., DiGiulio, D. B., Relman, D. A., & Brown, P. O. (2007).
Development of the human infant intestinal microbiota. PLoS Biol, 5(7),
e177.
Parissi-Crivelli, A., Parissi-Crivelli, J. M., & Girón, J. A. (2000). Recognition of
enteropathogenic Escherichia coli virulence determinants by human
colostrum and serum antibodies. Journal of Clinical Microbiology, 38(7),
2696-2700.
Parker, R. (1974). Probiotics, the other half of the antibiotic story. Anim Nutr
Health, 29(29), 4-8.
Parmley, R. R., & Gendler, S. J. (1998). Cystic fibrosis mice lacking Muc1 have
reduced amounts of intestinal mucus. Journal of Clinical Investigation,
102(10), 1798.
Pattani, R., Palda, V. A., Hwang, S. W., & Shah, P. S. (2013). Probiotics for
the prevention of antibiotic-associated diarrhea and Clostridium difficile
infection among hospitalized patients: systematic review and metaanalysis. Open Medicine, 7(2), 56-67.
Pearson, J. S., Giogha, C., Ong, S. Y., Kennedy, C. L., Kelly, M., Robinson,
K. S., Lung, T. W. F., Mansell, A., Riedmaier, P., & Oates, C. V. (2013).
A type III effector antagonizes death receptor signalling during bacterial
gut infection. Nature, 501(7466), 247-251.
Pearson, J. S., Riedmaier, P., Marchès, O., Frankel, G., & Hartland, E. L.
(2011). A type III effector protease NleC from enteropathogenic
Escherichia coli targets NF-κB for degradation. Molecular Microbiology,
80(1), 219-230. doi:10.1111/j.1365-2958.2011.07568.x
Pelto, L., Isolauri, E., Lilius, E., Nuutila, J., & Salminen, S. (1998). Probiotic
bacteria down-regulate the milk-induced inflammatory response in milkhypersensitive subjects but have an immunostimulatory effect in
healthy subjects. Clinical and Experimental Allergy, 28(12), 1474-1479.
221

Peña, J. A., Rogers, A. B., Ge, Z., Ng, V., Li, S. Y., Fox, J. G., & Versalovic, J.
(2005). Probiotic Lactobacillus spp. diminish Helicobacter hepaticusinduced inflammatory bowel disease in interleukin-10-deficient mice.
Infection and Immunity, 73(2), 912-920.
Penders, J., Thijs, C., Vink, C., Stelma, F. F., Snijders, B., Kummeling, I., van
den Brandt, P. A., & Stobberingh, E. E. (2006). Factors influencing the
composition of the intestinal microbiota in early infancy. Pediatrics,
118(2), 511-521.
Peran, L., Camuesco, D., Comalada, M., Nieto, A., Concha, A., Adrio, J. L.,
Olivares, M., Xaus, J., Zarzuelo, A., & Galvez, J. (2006). Lactobacillus
fermentum, a probiotic capable to release glutathione, prevents colonic
inflammation in the TNBS model of rat colitis. International journal of
colorectal disease, 21(8), 737-746.
Petrof, E. O., Claud, E. C., Sun, J., Abramova, T., Guo, Y., Waypa, T. S., He,
S. M., Nakagawa, Y., & Chang, E. B. (2009). Bacteria‐free solution
derived from lactobacillus plantarum inhibits multiple NF‐kappaB
pathways and inhibits proteasome function. Inflammatory Bowel
Diseases, 15(10), 1537-1547.
Petty, N. K., Bulgin, R., Crepin, V. F., Cerdeño-Tárraga, A. M., Schroeder, G.
N., Quail, M. A., Lennard, N., Corton, C., Barron, A., & Clark, L. (2010).
The Citrobacter rodentium genome sequence reveals convergent
evolution with human pathogenic Escherichia coli. Journal of
Bacteriology, 192(2), 525-538.
Pham, T. H., Gao, X., Tsai, K., Olsen, R., Wan, F., & Hardwidge, P. R. (2012).
Functional differences and interactions between the Escherichia coli
type III secretion system effectors NleH1 and NleH2. Infection and
Immunity, 80(6), 2133-2140.
Phillips, A. D., & Frankel, G. (2000). Intimin-mediated tissue specificity in
enteropathogenic Escherichia coli interaction with human intestinal
organ cultures. Journal of Infectious Diseases, 181(4), 1496-1500.
Phillips, N., Hayward, R. D., & Koronakis, V. (2004). Phosphorylation of the
enteropathogenic E. coli receptor by the Src-family kinase c-Fyn
triggers actin pedestal formation. Nature Cell Biology, 6(7), 618-625.
Pinto, M. G. V., Gómez, M. R., Seifert, S., Watzl, B., Holzapfel, W. H., & Franz,
C. M. (2009). Lactobacilli stimulate the innate immune response and
modulate the TLR expression of HT29 intestinal epithelial cells in vitro.
International Journal of Food Microbiology, 133(1), 86-93.
Pizzi, L. T., Weston, C. M., Goldfarb, N. I., Moretti, D., Cobb, N., Howell, J. B.,
Infantolino, A., DiMarino, A. J., & Cohen, S. (2006). Impact of chronic
conditions on quality of life in patients with inflammatory bowel disease.
Inflammatory Bowel Diseases, 12(1), 47-52.
Png, C. W., Lindén, S. K., Gilshenan, K. S., Zoetendal, E. G., McSweeney, C.
S., Sly, L. I., McGuckin, M. A., & Florin, T. H. (2010). Mucolytic bacteria
with increased prevalence in IBD mucosa augment in vitro utilization of
mucin by other bacteria. The American journal of gastroenterology,
105(11), 2420-2428.
Poltorak, A., He, X., Smirnova, I., Liu, M.-Y., Van Huffel, C., Du, X., Birdwell,
D., Alejos, E., Silva, M., & Galanos, C. (1998). Defective LPS signaling
in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science,
282(5396), 2085-2088.
222

Porter, E. M., van Dam, E., Valore, E. V., & Ganz, T. (1997). Broad-spectrum
antimicrobial activity of human intestinal defensin 5. Infection and
Immunity,
65(6),
2396-2401.
Retrieved
from
http://iai.asm.org/content/65/6/2396.abstract
Poutahidis, T., Kearney, S. M., Levkovich, T., Qi, P., Varian, B. J., Lakritz, J.
R., Ibrahim, Y. M., Chatzigiagkos, A., Alm, E. J., & Erdman, S. E.
(2013). Microbial symbionts accelerate wound healing via the
neuropeptide hormone oxytocin. PloS one, 8(10), e78898.
Preidis, G. A., Saulnier, D. M., Blutt, S. E., Mistretta, T.-A., Riehle, K. P., Major,
A. M., Venable, S. F., Barrish, J. P., Finegold, M. J., Petrosino, J. F.,
Guerrant, R. L., Conner, M. E., & Versalovic, J. (2012). Host Response
to Probiotics Determined by Nutritional Status of Rotavirus-infected
Neonatal Mice. Journal of Pediatric Gastroenterology and Nutrition,
55(3), 299-307. doi:10.1097/MPG.0b013e31824d2548
Pretzer, G., Snel, J., Molenaar, D., Wiersma, A., Bron, P. A., Lambert, J., de
Vos, W. M., van der Meer, R., Smits, M. A., & Kleerebezem, M. (2005).
Biodiversity-based identification and functional characterization of the
mannose-specific adhesin of Lactobacillus plantarum. Journal of
Bacteriology, 187(17), 6128-6136.
Pridmore, R. D., Pittet, A.-C., Praplan, F., & Cavadini, C. (2008). Hydrogen
peroxide production by Lactobacillus johnsonii NCC 533 and its role in
anti-Salmonella activity. FEMS Microbiology Letters, 283(2), 210-215.
Puhar, A., & Sansonetti, P. J. (2014). Type III secretion system. Current
Biology, 24(17), R784-R791.
Quitard, S., Dean, P., Maresca, M., & Kenny, B. (2006). The enteropathogenic
Escherichia coli EspF effector molecule inhibits PI‐3 kinase‐mediated
uptake independently of mitochondrial targeting. Cellular Microbiology,
8(6), 972-981.
Ramirez, K., Huerta, R., Oswald, E., Garcia-Tovar, C., Hernandez, J. M., &
Navarro-Garcia, F. (2005). Role of EspA and Intimin in Expression of
Proinflammatory Cytokines from Enterocytes and Lymphocytes by
Rabbit Enteropathogenic Escherichia coli-Infected Rabbits. Infection
and Immunity, 73(1), 103-113. doi:10.1128/iai.73.1.103-113.2005
Ratchtrachenchai, O.-A., Subpasu, S., Hayashi, H., & Ba-Thein, W. (2004).
Prevalence of childhood diarrhoea-associated Escherichia coli in
Thailand. Journal of Medical Microbiology, 53(3), 237-243.
Raymond, B., Young, J. C., Pallett, M., Endres, R. G., Clements, A., & Frankel,
G. (2013). Subversion of trafficking, apoptosis, and innate immunity by
type III secretion system effectors. Trends in Microbiology, 21(8), 430441.
Ren, D., Li, C., Qin, Y., Yin, R., Li, X., Tian, M., Du, S., Guo, H., Liu, C., Zhu,
N., Sun, D., Li, Y., & Jin, N. (2012). Inhibition of Staphylococcus aureus
adherence to Caco-2 cells by lactobacilli and cell surface properties
that
influence
attachment.
Anaerobe,
18(5),
508-515.
doi:http://dx.doi.org/10.1016/j.anaerobe.2012.08.001
Rendón, M. a. A., Saldaña, Z., Erdem, A. L., Monteiro-Neto, V., Vázquez, A.,
Kaper, J. B., Puente, J. L., & Girón, J. A. (2007). Commensal and
pathogenic Escherichia coli use a common pilus adherence factor for
epithelial cell colonization. Proceedings of the National Academy of
Sciences, 104(25), 10637-10642.
223

Resta-Lenert, S., & Barrett, K. E. (2003). Live probiotics protect intestinal
epithelial cells from the effects of infection with enteroinvasive
Escherichia coli (EIEC). Gut, 52(7), 988-997. doi:10.1136/gut.52.7.988
Reuter, G. (2001). The Lactobacillus and Bifidobacterium microflora of the
human intestine: composition and succession. Current Issues in
Intestinal Microbiology, 2(2), 43-53.
Retrieved from <Go to
ISI>://MEDLINE:11721280
Riboulet-Bisson, E., Sturme, M. H., Jeffery, I. B., O'Donnell, M. M., Neville, B.
A., Forde, B. M., Claesson, M. J., Harris, H., Gardiner, G. E., & Casey,
P. G. (2012). Effect of Lactobacillus salivarius bacteriocin Abp118 on
the mouse and pig intestinal microbiota. PloS one, 7(2), e31113.
Ridaura, V. K., Faith, J. J., Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L.,
Griffin, N. W., Lombard, V., Henrissat, B., & Bain, J. R. (2013). Gut
microbiota from twins discordant for obesity modulate metabolism in
mice. Science, 341(6150), 1241214.
Robins-Browne, R., Tokhi, A., Adams, L., Bennett-Wood, V., Moisidis, A.,
Krejany, E., & O'Gorman, L. (1994). Adherence characteristics of
attaching and effacing strains of Escherichia coli from rabbits. Infection
and Immunity, 62(5), 1584-1592.
Robins-Browne, R. M. (1987). Traditional enteropathogenic Escherichia coli of
infantile diarrhea. Review of Infectious diseases, 9(1), 28-53.
Robins-Browne, R. M., Bordun, A.-M., Tauschek, M., Bennett-Wood, V. R.,
Russell, J., Oppedisano, F., Lister, N. A., Bettelheim, K. A., Fairley, C.
K., & Sinclair, M. I. (2004). Escherichia coli and community-acquired
gastroenteritis, Melbourne, Australia. Emerg Infect Dis, 10(10), 17971805.
Rojas, M., Ascencio, F., & Conway, P. L. (2002). Purification and
Characterization of a Surface Protein from Lactobacillus fermentum
104R That Binds to Porcine Small Intestinal Mucus and Gastric Mucin.
Applied and Environmental Microbiology, 68(5), 2330-2336.
doi:10.1128/aem.68.5.2330-2336.2002
Roos, S., Aleljung, P., Robert, N., Lee, B., Wadström, T., Lindberg, M., &
Jonsson, H. (1996). A collagen binding protein from Lactobacillus
reuteri is part of an ABC transporter system? FEMS Microbiology
Letters, 144(1), 33-38.
Roos, S., & Jonsson, H. (2002). A high-molecular-mass cell-surface protein
from Lactobacillus reuteri 1063 adheres to mucus components.
Microbiology,
148(2),
433-442.
Retrieved
from
http://mic.sgmjournals.org/content/148/2/433.abstract
Rosander, A., Connolly, E., & Roos, S. (2008). Removal of antibiotic
resistance gene-carrying plasmids from Lactobacillus reuteri ATCC
55730 and characterization of the resulting daughter strain, L. reuteri
DSM 17938. Applied and Environmental Microbiology, 74(19), 60326040.
Roselli, M., Finamore, A., Britti, M. S., Konstantinov, S. R., Smidt, H., de Vos,
W. M., & Mengheri, E. (2007). The novel porcine Lactobacillus sobrius
strain protects intestinal cells from enterotoxigenic Escherichia coli K88
infection and prevents membrane barrier damage. The journal of
Nutrition, 137(12), 2709-2716.

224

Rosenshine, I., Donnenberg, M. S., Kaper, J., & Finlay, B. (1992). Signal
transduction between enteropathogenic Escherichia coli (EPEC) and
epithelial cells: EPEC induces tyrosine phosphorylation of host cell
proteins to initiate cytoskeletal rearrangement and bacterial uptake.
The EMBO journal, 11(10), 3551.
Rosenshine, I., Ruschkowski, S., Stein, M., Reinscheid, D., Mills, S., & Finlay,
B. (1996). A pathogenic bacterium triggers epithelial signals to form a
functional bacterial receptor that mediates actin pseudopod formation.
The EMBO journal, 15(11), 2613.
Rousset, M. (1986). The human colon carcinoma cell lines HT-29 and Caco2: two in vitro models for the study of intestinal differentiation.
Biochimie, 68(9), 1035-1040.
Roxas, J. L., Ryan, K., Vedantam, G., & Viswanathan, V. (2014).
Enteropathogenic Escherichia coli dynamically regulates EGFR
signaling in intestinal epithelial cells. American Journal of PhysiologyGastrointestinal and Liver Physiology, 307(3), G374-G380.
Roxas, J. L., Wilbur, J. S., Zhang, X., Martinez, G., Vedantam, G., &
Viswanathan, V. (2012). The enteropathogenic Escherichia colisecreted protein EspZ inhibits host cell apoptosis. Infection and
Immunity, 80(11), 3850-3857.
Royan, S. V., Jones, R. M., Koutsouris, A., Roxas, J. L., Falzari, K., Weflen,
A. W., Kim, A., Bellmeyer, A., Turner, J. R., & Neish, A. S. (2010).
Enteropathogenic E. coli non‐LEE encoded effectors NleH1 and NleH2
attenuate NF‐κB activation. Molecular Microbiology, 78(5), 1232-1245.
Ruas-Madiedo, P., Gueimonde, M., Fernández-García, M., Clara, G., &
Margolles, A. (2008). Mucin degradation by Bifidobacterium strains
isolated from the human intestinal microbiota. Applied and
Environmental Microbiology, 74(6), 1936-1940.
Ruchaud-Sparagano, M.-H., Mühlen, S., Dean, P., & Kenny, B. (2011). The
enteropathogenic E. coli (EPEC) Tir effector inhibits NF-κB activity by
targeting TNFα receptor-associated factors. PLoS Pathog, 7(12),
e1002414.
Ruchaud-Sparagano, M. H., Maresca, M., & Kenny, B. (2007).
Enteropathogenic Escherichia coli (EPEC) inactivate innate immune
responses prior to compromising epithelial barrier function. Cellular
Microbiology, 9(8), 1909-1921. doi:10.1111/j.1462-5822.2007.00923.x
Ruiz-Perez, F., & Nataro, J. P. (2014). Bacterial serine proteases secreted by
the autotransporter pathway: classification, specificity, and role in
virulence. Cellular and Molecular Life Sciences, 71(5), 745-770.
Rund, S. A., Rohde, H., Sonnenborn, U., & Oelschlaeger, T. A. (2013).
Antagonistic effects of probiotic Escherichia coli Nissle 1917 on EHEC
strains of serotype O104:H4 and O157:H7. International Journal of
Medical
Microbiology,
303(1),
1-8.
doi:http://dx.doi.org/10.1016/j.ijmm.2012.11.006
Saldana, Z., Erdem, A. L., Schuller, S., Okeke, I. N., Lucas, M., Sivananthan,
A., Phillips, A. D., Kaper, J. B., Puente, J. L., & Giron, J. A. (2009). The
Escherichia coli Common Pilus and the Bundle-Forming Pilus Act in
Concert during the Formation of Localized Adherence by
Enteropathogenic E. coli. Journal of Bacteriology, 191(11), 3451-3461.
doi:10.1128/jb.01539-08
225

Salminen, S., von Wright, A., Morelli, L., Marteau, P., Brassart, D., de Vos, W.
M., Fondén, R., Saxelin, M., Collins, K., & Mogensen, G. (1998).
Demonstration of safety of probiotics—a review. International Journal
of Food Microbiology, 44(1), 93-106.
Salzman, N. H., de Jong, H., Paterson, Y., Harmsen, H. J., Welling, G. W., &
Bos, N. A. (2002). Analysis of 16S libraries of mouse gastrointestinal
microflora reveals a large new group of mouse intestinal bacteriab.
Microbiology, 148(11), 3651-3660.
Sampaio, S. C., Gomes, T. A., Pichon, C., du Merle, L., Guadagnini, S., Abe,
C. M., Sampaio, J. L., & Le Bouguénec, C. (2009). The flagella of an
atypical enteropathogenic Escherichia coli strain are required for
efficient interaction with and stimulation of interleukin-8 production by
enterocytes in vitro. Infection and Immunity, 77(10), 4406-4413.
Sang, W. K., Oundo, V., & Schnabel, D. (2012). Prevalence and antibiotic
resistance of bacterial pathogens isolated from childhood diarrhoea in
four provinces of Kenya. The Journal of Infection in Developing
Countries, 6(07), 572-578.
Sansonetti, P. J., Arondel, J., Cantey, J. R., Prévost, M.-C., & Huerre, M.
(1996). Infection of rabbit Peyer's patches by Shigella flexneri: effect of
adhesive or invasive bacterial phenotypes on follicle-associated
epithelium. Infection and Immunity, 64(7), 2752-2764.
Saulnier, D. M., Santos, F., Roos, S., Mistretta, T.-A., Spinler, J. K., Molenaar,
D., Teusink, B., & Versalovic, J. (2011). Exploring metabolic pathway
reconstruction and genome-wide expression profiling in Lactobacillus
reuteri to define functional probiotic features. PloS one, 6(4), e18783.
Savino, F., Fornasero, S., Ceratto, S., De Marco, A., Mandras, N., Roana, J.,
Tullio, V., & Amisano, G. (2015). Probiotics and gut health in infants: A
preliminary case–control observational study about early treatment with
Lactobacillus reuteri DSM 17938. Clinica Chimica Acta, 451(0), 82-87.
doi:10.1016/j.cca.2015.02.027
Savkovic, S. D., Koutsouris, A., & Hecht, G. (1996). Attachment of a
noninvasive enteric pathogen, enteropathogenic Escherichia coli, to
cultured human intestinal epithelial monolayers induces transmigration
of neutrophils. Infection and Immunity, 64(11), 4480-4487.
Savkovic, S. D., Koutsouris, A., & Hecht, G. (1997). Activation of NF-κB in
intestinal epithelial cells by enteropathogenic Escherichia coli.
American Journal of Physiology - Cell Physiology, 273(4), C1160C1167.
Retrieved
from
http://ajpcell.physiology.org/content/273/4/C1160.abstract
Savkovic, S. D., Villanueva, J., Turner, J. R., Matkowskyj, K. A., & Hecht, G.
(2005). Mouse model of enteropathogenic Escherichia coli infection.
Infection and Immunity, 73(2), 1161-1170.
Scaletsky, I. C., Souza, T. B., Aranda, K. R., & Okeke, I. N. (2010). Genetic
elements associated with antimicrobial resistance in enteropathogenic
Escherichia coli (EPEC) from Brazil. BMC Microbiology, 10(1), 1.
Schaefer, L., Auchtung, T. A., Hermans, K. E., Whitehead, D., Borhan, B., &
Britton, R. A. (2010). The antimicrobial compound reuterin (3hydroxypropionaldehyde) induces oxidative stress via interaction with
thiol groups. Microbiology, 156(6), 1589-1599.

226

Schuller, S., Chong, Y. W., Lewin, J., Kenny, B., Frankel, G., & Phillips, A. D.
(2007). Tir phosphorylation and Nck/N-WASP recruitment by
enteropathogenic and enterohaemorrhagic Escherichia coli during ex
vivo colonization of human intestinal mucosa is different to cell culture
models. Cellular Microbiology, 9(5), 1352-1364. doi:10.1111/j.14625822.2006.00879.x
Schüller, S., Lucas, M., Kaper, J. B., Girón, J. A., & Phillips, A. D. (2009). The
ex vivo response of human intestinal mucosa to enteropathogenic
Escherichia coli infection. Cellular Microbiology, 11(3), 521-530.
doi:10.1111/j.1462-5822.2008.01275.x
Servin, A. L. (2004). Antagonistic activities of lactobacilli and bifidobacteria
against microbial pathogens. FEMS Microbiology Reviews, 28(4), 405440. doi:10.1016/j.femsre.2004.01.003
Sgouras, D. N., Panayotopoulou, E. G., Martinez-Gonzalez, B., Petraki, K.,
Michopoulos, S., & Mentis, Α. (2005). Lactobacillus johnsonii La1
attenuates Helicobacter pylori-associated gastritis and reduces levels
of proinflammatory chemokines in C57BL/6 mice. Clinical and
Diagnostic Laboratory Immunology, 12(12), 1378-1386.
Sham, H. P., Shames, S. R., Croxen, M. A., Ma, C., Chan, J. M., Khan, M. A.,
Wickham, M. E., Deng, W., Finlay, B. B., & Vallance, B. A. (2011).
Attaching and effacing bacterial effector NleC suppresses epithelial
inflammatory responses by inhibiting NF-κB and p38 mitogen-activated
protein kinase activation. Infection and Immunity, 79(9), 3552-3562.
Shames, S. R., Croxen, M. A., Deng, W., & Finlay, B. B. (2011). The type III
system-secreted effector EspZ localizes to host mitochondria and
interacts with the translocase of inner mitochondrial membrane 17b.
Infection and Immunity, 79(12), 4784-4790.
Shames, S. R., Deng, W., Guttman, J. A., De Hoog, C. L., Li, Y., Hardwidge,
P. R., Sham, H. P., Vallance, B. A., Foster, L. J., & Finlay, B. B. (2010).
The pathogenic E. coli type III effector EspZ interacts with host CD98
and facilitates host cell prosurvival signalling. Cellular Microbiology,
12(9), 1322-1339.
Shanahan, F. (2002). The host–microbe interface within the gut. Best Practice
& Research Clinical Gastroenterology, 16(6), 915-931.
Sharma, R., Tesfay, S., Tomson, F. L., Kanteti, R. P., Viswanathan, V. K., &
Hecht, G. (2006). Balance of bacterial pro- and anti-inflammatory
mediators dictates net effect of enteropathogenic Escherichia coli on
intestinal epithelial cells (Vol. 290).
Shaw, R. K., Cleary, J., Murphy, M. S., Frankel, G., & Knutton, S. (2005).
Interaction of enteropathogenic Escherichia coli with human intestinal
mucosa: role of effector proteins in brush border remodeling and
formation of attaching and effacing lesions. Infection and Immunity,
73(2), 1243-1251.
Shaw, S. Y., Blanchard, J. F., & Bernstein, C. N. (2010). Association between
the use of antibiotics in the first year of life and pediatric inflammatory
bowel disease. The American journal of gastroenterology, 105(12),
2687-2692.
Shaw, S. Y., Blanchard, J. F., & Bernstein, C. N. (2011). Association between
the use of antibiotics and new diagnoses of Crohn's disease and

227

ulcerative colitis. The American journal of gastroenterology, 106(12),
2133-2142.
Sheng, Y. H., Hasnain, S. Z., Florin, T. H. J., & McGuckin, M. A. (2012). Mucins
in inflammatory bowel diseases and colorectal cancer. Journal of
Gastroenterology and Hepatology, 27(1), 28-38. doi:10.1111/j.14401746.2011.06909.x
Sherman, P. M., Johnson-Henry, K. C., Yeung, H. P., Ngo, P. S. C., Goulet,
J., & Tompkins, T. A. (2005). Probiotics reduce enterohemorrhagic
Escherichia coli O157 : H7-and enteropathogenic E-coli O127 : H6induced changes in polarized T84 epithelial cell monolayers by
reducing bacterial adhesion and cytoskeletal rearrangements. Infection
and Immunity, 73(8), 5183-5188. doi:Doi 10.1128/Iai.73.8.51835188.2005
Shifflett, D. E., Clayburgh, D. R., Koutsouris, A., Turner, J. R., & Hecht, G. A.
(2005). Enteropathogenic E. coli disrupts tight junction barrier function
and structure in vivo. Laboratory Investigation, 85(10), 1308-1324.
Shornikova, A. V., Casas, I. A., Isolauri, E., Mykkanen, H., & Vesikari, T.
(1997a). Lactobacillus reuteri as a therapeutic agent in acute diarrhea
in young children. Journal of Pediatric Gastroenterology and Nutrition,
24(4), 399-404. doi:10.1097/00005176-199704000-00008
Shornikova, A. V., Casas, I. A., Mykkanen, H., Salo, E., & Vesikari, T. (1997b).
Bacteriotherapy with Lactobacillus reuteri in rotavirus gastroenteritis.
Pediatric
Infectious
Disease
Journal,
16(12),
1103-1107.
doi:10.1097/00006454-199712000-00002
Sibartie, S., O'Hara, A. M., Ryan, J., Fanning, Á., O'Mahony, J., O'Neill, S.,
Sheil, B., O'Mahony, L., & Shanahan, F. (2009). Modulation of
pathogen-induced CCL20 secretion from HT-29 human intestinal
epithelial cells by commensal bacteria. BMC Immunology, 10(1), 54.
Sokol, H., Seksik, P., Rigottier‐Gois, L., Lay, C., Lepage, P., Podglajen, I.,
Marteau, P., & Doré, J. (2006). Specificities of the fecal microbiota in
inflammatory bowel disease. Inflammatory Bowel Diseases, 12(2), 106111.
Solís, G., de Los Reyes-Gavilan, C., Fernández, N., Margolles, A., &
Gueimonde, M. (2010). Establishment and development of lactic acid
bacteria and bifidobacteria microbiota in breast-milk and the infant gut.
Anaerobe, 16(3), 307-310.
Sommer, F., Adam, N., Johansson, M. E., Xia, L., Hansson, G. C., & Bäckhed,
F. (2014). Altered mucus glycosylation in core 1 O-glycan-deficient
mice affects microbiota composition and intestinal architecture. PloS
one, 9(1), e85254.
Sommer, F., & Bäckhed, F. (2013). The gut microbiota—masters of host
development and physiology. Nature Reviews Microbiology, 11(4), 227238.
Sonnenburg, J. L., Xu, J., Leip, D. D., Chen, C.-H., Westover, B. P.,
Weatherford, J., Buhler, J. D., & Gordon, J. I. (2005). Glycan Foraging
in Vivo by an Intestine-Adapted Bacterial Symbiont. Science,
307(5717), 1955-1959. doi:10.1126/science.1109051
Sood, A., Midha, V., Makharia, G. K., Ahuja, V., Singal, D., Goswami, P., &
Tandon, R. K. (2009). The probiotic preparation, VSL# 3 induces

228

remission in patients with mild-to-moderately active ulcerative colitis.
Clinical Gastroenterology and Hepatology, 7(11), 1202-1209. e1201.
Spinler, J. K., Taweechotipatr, M., Rognerud, C. L., Ou, C. N., Tumwasorn, S.,
& Versalovic, J. (2008). Human-derived probiotic Lactobacillus reuteri
demonstrate antimicrobial activities targeting diverse enteric bacterial
pathogens.
Anaerobe,
14(3),
166-171.
doi:http://dx.doi.org/10.1016/j.anaerobe.2008.02.001
Stecher, B., Robbiani, R., Walker, A. W., Westendorf, A. M., Barthel, M.,
Kremer, M., Chaffron, S., Macpherson, A. J., Buer, J., & Parkhill, J.
(2007). Salmonella enterica serovar typhimurium exploits inflammation
to compete with the intestinal microbiota. PLoS Biol, 5(10), e244.
Stevens, M. P., van Diemen, P. M., Frankel, G., Phillips, A. D., & Wallis, T. S.
(2002). Efa1 influences colonization of the bovine intestine by Shiga
toxin-producing Escherichia coli serotypes O5 and O111. Infection and
Immunity, 70(9), 5158-5166.
Strugala, V., Allen, A., Dettmar, P. W., & Pearson, J. P. (2003). Colonic mucin:
methods of measuring mucus thickness. Proceedings of the Nutrition
Society, 62(01), 237-243.
Suau, A., Bonnet, R., Sutren, M., Godon, J.-J., Gibson, G. R., Collins, M. D.,
& Doré, J. (1999). Direct analysis of genes encoding 16S rRNA from
complex communities reveals many novel molecular species within the
human gut. Applied and Environmental Microbiology, 65(11), 47994807.
Sung, V., Hiscock, H., Tang, M., Mensah, F. K., Heine, R. G., Stock, A., York,
E., Barr, R. G., & Wake, M. (2012). Probiotics to improve outcomes of
colic in the community: Protocol for the Baby Biotics randomised
controlled trial. BMC pediatrics, 12(1), 1.
Svetoch, E. A., Eruslanov, B. V., Levchuk, V. P., Perelygin, V. V., Mitsevich,
E. V., Mitsevich, I. P., Stepanshin, J., Dyatlov, I., Seal, B. S., & Stern,
N. J. (2011). Isolation of Lactobacillus salivarius 1077 (NRRL B-50053)
and Characterization of Its Bacteriocin, Including the Antimicrobial
Activity Spectrum. Applied and Environmental Microbiology, 77(8),
2749-2754. doi:10.1128/aem.02481-10
Swimm, A., Bommarius, B., Li, Y., Cheng, D., Reeves, P., Sherman, M.,
Veach, D., Bornmann, W., & Kalman, D. (2004). Enteropathogenic
Escherichia coli use redundant tyrosine kinases to form actin pedestals.
Molecular biology of the cell, 15(8), 3520-3529.
Szabady, R. L., Yanta, J. H., Halladin, D. K., Schofield, M. J., & Welch, R. A.
(2011). TagA is a secreted protease of Vibrio cholerae that specifically
cleaves mucin glycoproteins. Microbiology, 157(2), 516-525.
Szajewska, H., Ruszczyński, M., & Radzikowski, A. (2006). Probiotics in the
prevention of antibiotic-associated diarrhea in children: a meta-analysis
of randomized controlled trials. The Journal of Pediatrics, 149(3), 367372. e361.
Szajewska, H., Skorka, A., Ruszczyński, M., & Gieruszczak‐Białek, D. (2013).
Meta‐analysis: Lactobacillus GG for treating acute gastroenteritis in
children–updated analysis of randomised controlled trials. Alimentary
Pharmacology & Therapeutics, 38(5), 467-476.
Tacket, C. O., Sztein, M. B., Losonsky, G., Abe, A., Finlay, B. B., McNamara,
B. P., Fantry, G. T., James, S. P., Nataro, J. P., & Levine, M. M. (2000).
229

Role of EspB in Experimental Human Enteropathogenic Escherichia
coli Infection. Infection and Immunity, 68(6), 3689-3695.
Tailford, L. E., Crost, E. H., Kavanaugh, D., & Juge, N. (2015a). Mucin glycan
foraging in the human gut microbiome. Frontiers in genetics, 6, 81.
Tailford, L. E., Owen, C. D., Walshaw, J., Crost, E. H., Hardy-Goddard, J., Le
Gall, G., de Vos, W. M., Taylor, G. L., & Juge, N. (2015b). Discovery of
intramolecular trans-sialidases in human gut microbiota suggests novel
mechanisms of mucosal adaptation. Nature communications, 6.
Tak, P. P., & Firestein, G. S. (2001). NF-κB: a key role in inflammatory
diseases. The Journal of Clinical Investigation, 107(1), 7-11.
Takahashi, S., Takeuchi, K., & Okabe, S. (1999). EP 4 receptor mediation of
prostaglandin E 2-stimulated mucus secretion by rabbit gastric
epithelial cells. Biochemical Pharmacology, 58(12), 1997-2002.
Talarico, T. L., Casas, I. A., Chung, T. C., & Dobrogosz, W. J. (1988).
Production and isolation of reuterin, a growth inhibitor produced by
Lactobacillus reuteri. Antimicrobial Agents and Chemotherapy, 32(12),
1854-1858. doi:10.1128/aac.32.12.1854
Tamboli, C., Neut, C., Desreumaux, P., & Colombel, J. (2004). Dysbiosis in
inflammatory bowel disease. Gut, 53(1), 1-4.
Tasteyre, A., Barc, M.-C., Collignon, A., Boureau, H., & Karjalainen, T. (2001).
Role of FliC and FliD Flagellar Proteins ofClostridium difficile in
Adherence and Gut Colonization. Infection and Immunity, 69(12), 79377940.
Tatsuno, I., Mundy, R., Frankel, G., Chong, Y., Phillips, A. D., Torres, A. G., &
Kaper, J. B. (2006). The lpf gene cluster for long polar fimbriae is not
involved in adherence of enteropathogenic Escherichia coli or virulence
of Citrobacter rodentium. Infection and Immunity, 74(1), 265-272.
Tazoe, H., Otomo, Y., Karaki, S.-i., Kato, I., Fukami, Y., Terasaki, M., &
Kuwahara, A. (2009). Expression of short-chain fatty acid receptor
GPR41 in the human colon. Biomedical Research, 30(3), 149-156.
Tejero-Sariñena, S., Barlow, J., Costabile, A., Gibson, G. R., & Rowland, I.
(2012). In vitro evaluation of the antimicrobial activity of a range of
probiotics against pathogens: evidence for the effects of organic acids.
Anaerobe, 18(5), 530-538.
Thanabalasuriar, A., Koutsouris, A., Weflen, A., Mimee, M., Hecht, G., &
Gruenheid, S. (2010). The bacterial virulence factor NleA is required for
the disruption of intestinal tight junctions by enteropathogenic
Escherichia coli. Cellular Microbiology, 12(1), 31-41.
Thomas, C. M., Hong, T., van Pijkeren, J. P., Hemarajata, P., Trinh, D. V., Hu,
W., Britton, R. A., Kalkum, M., & Versalovic, J. (2012). Histamine
Derived from Probiotic Lactobacillus reuteri Suppresses TNF via
Modulation of PKA and ERK Signaling. PloS one, 7(2), e31951.
doi:10.1371/journal.pone.0031951
Thompson, C. N., Phan, M. V., Hoang, N. V. M., Van Minh, P., Vinh, N. T.,
Thuy, C. T., Nga, T. T. T., Rabaa, M. A., Duy, P. T., & Dung, T. T. N.
(2015). A prospective multi-center observational study of children
hospitalized with diarrhea in Ho Chi Minh City, Vietnam. The American
journal of tropical medicine and hygiene, 92(5), 1045-1052.
Tien, M.-T., Girardin, S. E., Regnault, B., Le Bourhis, L., Dillies, M.-A., Coppée,
J.-Y., Bourdet-Sicard, R., Sansonetti, P. J., & Pédron, T. (2006). Anti230

inflammatory effect of Lactobacillus casei on Shigella-infected human
intestinal epithelial cells. The Journal of Immunology, 176(2), 12281237.
Tomson, F. L., Viswanathan, V. K., Kanack, K. J., Kanteti, R. P., Straub, K. V.,
Menet, M., Kaper, J. B., & Hecht, G. (2005). Enteropathogenic
Escherichia coli EspG disrupts microtubules and in conjunction with
Orf3 enhances perturbation of the tight junction barrier. Molecular
Microbiology, 56(2), 447-464. doi:10.1111/j.1365-2958.2005.04571.x
Trabulsi, L. R., Keller, R., & Gomes, T. A. T. (2002). Typical and atypical
enteropathogenic Escherichia coli. Emerging Infectious Diseases, 8(5),
508-513. Retrieved from <Go to ISI>://WOS:000175415300011
Troge, A., Scheppach, W., Schroeder, B. O., Rund, S. A., Heuner, K.,
Wehkamp, J., Stange, E. F., & Oelschlaeger, T. A. (2012). More than a
marine propeller–the flagellum of the probiotic Escherichia coli strain
Nissle 1917 is the major adhesin mediating binding to human mucus.
International Journal of Medical Microbiology, 302(7), 304-314.
Tsai, Y.-T., Cheng, P.-C., & Pan, T.-M. (2010). Immunomodulating activity of
Lactobacillus
paracasei
subsp.
paracasei
NTU
101
in
enterohemorrhagic Escherichia coli O157H7-infected mice. Journal of
Agricultural and Food Chemistry, 58(21), 11265-11272.
Tsilingiri, K., Barbosa, T., Penna, G., Caprioli, F., Sonzogni, A., Viale, G., &
Rescigno, M. (2012). Probiotic and postbiotic activity in health and
disease: comparison on a novel polarised ex-vivo organ culture model.
Gut, 61(7), 1007-1015. doi:10.1136/gutjnl-2011-300971
Tu, X., Nisan, I., Yona, C., Hanski, E., & Rosenshine, I. (2003). EspH, a new
cytoskeleton‐modulating effector of enterohaemorrhagic and
enteropathogenic Escherichia coli. Molecular Microbiology, 47(3), 595606.
Tubelius, P., Stan, V., & Zachrisson, A. (2005). Increasing work-place
healthiness with the probiotic Lactobacillus reuteri: a randomised,
double-blind placebo-controlled study. Environmental Health, 4(1), 25.
Tuomola, E., Crittenden, R., Playne, M., Isolauri, E., & Salminen, S. (2001).
Quality assurance criteria for probiotic bacteria. The American Journal
of Clinical Nutrition, 73(2), 393s-398s.
Tuomola, E. M., Ouwehand, A. C., & Salminen, S. J. (1999). The effect of
probiotic bacteria on the adhesion of pathogens to human intestinal
mucus. FEMS Immunology & Medical Microbiology, 26(2), 137-142.
doi:10.1111/j.1574-695X.1999.tb01381.x
Tuomola, E. M., & Salminen, S. J. (1998). Adhesion of some probiotic and
dairy Lactobacillus strains to Caco-2 cell cultures. International Journal
of
Food
Microbiology,
41(1),
45-51.
doi:http://dx.doi.org/10.1016/S0168-1605(98)00033-6
Turnbaugh, P. J., Bäckhed, F., Fulton, L., & Gordon, J. I. (2008). Diet-induced
obesity is linked to marked but reversible alterations in the mouse distal
gut microbiome. Cell Host & Microbe, 3(4), 213-223.
Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, A.,
Ley, R. E., Sogin, M. L., Jones, W. J., Roe, B. A., & Affourtit, J. P.
(2009). A core gut microbiome in obese and lean twins. Nature,
457(7228), 480-484.

231

Turnbaugh, P. J., Ley, R. E., Hamady, M., Fraser-Liggett, C., Knight, R., &
Gordon, J. I. (2007). The human microbiome project: exploring the
microbial part of ourselves in a changing world. Nature, 449(7164), 804.
Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., &
Gordon, J. I. (2006). An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature, 444(7122), 1027-1131.
Turner, J. R. (2009). Intestinal mucosal barrier function in health and disease.
Nature Reviews Immunology, 9(11), 799-809.
Tursi, A., Brandimarte, G., Papa, A., Giglio, A., Elisei, W., Giorgetti, G. M.,
Forti, G., Morini, S., Hassan, C., & Pistoia, M. A. (2010). Treatment of
Relapsing Mild-to-Moderate Ulcerative Colitis With the Probiotic
VSL&num; 3 as Adjunctive to a Standard Pharmaceutical Treatment: A
Double-Blind, Randomized, Placebo-Controlled Study. The American
journal of gastroenterology, 105(10), 2218-2227.
Twetman, S., Derawi, B., Keller, M., Ekstrand, K., Yucel-Lindberg, T., &
Stecksén-Blicks, C. (2009). Short-term effect of chewing gums
containing probiotic Lactobacillus reuteri on the levels of inflammatory
mediators in gingival crevicular fluid. Acta Odontologica Scandinavica,
67(1), 19-24.
Tytgat, K., Opdam, F., Einerhand, A., Büller, H., & Dekker, J. (1996). MUC2 is
the prominent colonic mucin expressed in ulcerative colitis. Gut, 38(4),
554-563.
Tzipori, S., Robins-Browne, R., Gonis, G., Hayes, J., Withers, M., &
McCartney, E. (1985). Enteropathogenic Escherichia coli enteritis:
evaluation of the gnotobiotic piglet as a model of human infection. Gut,
26(6), 570-578.
Urbańska, M., Gieruszczak‐Białek, D., & Szajewska, H. (2016). Systematic
review with meta‐analysis: Lactobacillus reuteri DSM 17938 for
diarrhoeal diseases in children. Alimentary Pharmacology &
Therapeutics, 43(10), 1025-1034.
Vaishnava, S., Yamamoto, M., Severson, K. M., Ruhn, K. A., Yu, X., Koren,
O., Ley, R., Wakeland, E. K., & Hooper, L. V. (2011). The antibacterial
lectin RegIIIγ promotes the spatial segregation of microbiota and host
in the intestine. Science, 334(6053), 255-258.
Valeri, M., Paccani, S. R., Kasendra, M., Nesta, B., Serino, L., Pizza, M., &
Soriani, M. (2015). Pathogenic E. coli exploits SslE mucinase activity to
translocate through the mucosal barrier and get access to host cells.
PloS one, 10(3), e0117486.
Valeur, N., Engel, P., Carbajal, N., Connolly, E., & Ladefoged, K. (2004).
Colonization and Immunomodulation by Lactobacillus reuteri ATCC
55730 in the Human Gastrointestinal Tract. Applied and Environmental
Microbiology,
70(2),
1176-1181.
doi:10.1128/aem.70.2.11761181.2004
Vallance, B. A., Chan, C., Robertson, M. L., & Finlay, B. B. (2002).
Enteropathogenic and enterohemorrhagic Escherichia coli infections:
emerging themes in pathogenesis and prevention. Canadian Journal of
Gastroenterology and Hepatology, 16(11), 771-778.
Vallance, B. A., & Finlay, B. B. (2000). Exploitation of host cells by
enteropathogenic Escherichia coli. Proceedings of the National

232

Academy of Sciences of the United States of America, 97(16), 87998806. doi:10.1073/pnas.97.16.8799
van Baarlen, P., Wells, J. M., & Kleerebezem, M. (2013). Regulation of
intestinal homeostasis and immunity with probiotic lactobacilli. Trends
in Immunology, 34(5), 208-215.
Van der Sluis, M., De Koning, B. A. E., De Bruijn, A. C. J. M., Velcich, A.,
Meijerink, J. P. P., Van Goudoever, J. B., Büller, H. A., Dekker, J., Van
Seuningen, I., Renes, I. B., & Einerhand, A. W. C. (2006). Muc2Deficient Mice Spontaneously Develop Colitis, Indicating That MUC2 Is
Critical for Colonic Protection. Gastroenterology, 131(1), 117-129.
doi:http://dx.doi.org/10.1053/j.gastro.2006.04.020
van Klinken, B. J.-W., Oussoren, E., Weenink, J.-J., Strous, G. J., Büller, H.
A., Dekker, J., & Einerhand, A. W. C. (1996). The human intestinal cell
lines Caco-2 and LS174T as models to study cell-type specific mucin
expression.
Glycoconjugate
Journal,
13(5),
757-768.
doi:10.1007/bf00702340
Van Niel, C. W., Feudtner, C., Garrison, M. M., & Christakis, D. A. (2002).
Lactobacillus therapy for acute infectious diarrhea in children: a metaanalysis. Pediatrics, 109(4), 678-684.
Van Tassell, M. L., & Miller, M. J. (2011). Lactobacillus adhesion to mucus.
Nutrients, 3(5), 613-636.
Vélez, M. P., De Keersmaecker, S. C. J., & Vanderleyden, J. (2007).
Adherence factors of Lactobacillus in the human gastrointestinal tract.
FEMS Microbiology Letters, 276(2), 140-148. doi:10.1111/j.15746968.2007.00908.x
Vergin, F. (1954). Anti- und Probiotika (Anti- and probiotics). Hippokrates,
25(4), 116-119.
Vesikari, T., Matson, D. O., Dennehy, P., Van Damme, P., Santosham, M.,
Rodriguez, Z., Dallas, M. J., Heyse, J. F., Goveia, M. G., & Black, S. B.
(2006). Safety and efficacy of a pentavalent human–bovine (WC3)
reassortant rotavirus vaccine. New England Journal of Medicine,
354(1), 23-33.
Vieira, M. A. M., Gomes, T. A. T., Ferreira, A. J. P., Knobl, T., Servin, A. L., &
Lievin-Le Moal, V. (2010). Two Atypical Enteropathogenic Escherichia
coli Strains Induce the Production of Secreted and Membrane-Bound
Mucins To Benefit Their Own Growth at the Apical Surface of Human
Mucin-Secreting Intestinal HT29-MTX Cells. Infection and Immunity,
78(3), 927-938. doi:10.1128/iai.01115-09
Viswanathan, V. K., Hodges, K., & Hecht, G. (2009). Enteric infection meets
intestinal function: how bacterial pathogens cause diarrhoea. Nature
Reviews Microbiology, 7(2), 1-10. doi:10.1038/nrmicro2053
Vizoso Pinto, M. G., Rodriguez Gómez, M., Seifert, S., Watzl, B., Holzapfel,
W. H., & Franz, C. M. A. P. (2009). Lactobacilli stimulate the innate
immune response and modulate the TLR expression of HT29 intestinal
epithelial cells in vitro. International Journal of Food Microbiology,
133(1–2),
86-93.
doi:http://dx.doi.org/10.1016/j.ijfoodmicro.2009.05.013
Vollenweider, S., & Lacroix, C. (2004). 3-Hydroxypropionaldehyde:
applications and perspectives of biotechnological production. Applied
Microbiology and Biotechnology, 64(1), 16-27.
233

von Ossowski, I., Satokari, R., Reunanen, J., Lebeer, S., De Keersmaecker,
S. C., Vanderleyden, J., de Vos, W. M., & Palva, A. (2011). Functional
characterization of a mucus-specific LPXTG surface adhesin from
probiotic Lactobacillus rhamnosus GG. Applied and Environmental
Microbiology, 77(13), 4465-4472.
Vossenkämper, A., Marchès, O., Fairclough, P. D., Warnes, G., Stagg, A. J.,
Lindsay, J. O., Evans, P. C., Luong, L. A., Croft, N. M., Naik, S., Frankel,
G., & MacDonald, T. T. (2010). Inhibition of NF-κB Signaling in Human
Dendritic Cells by the Enteropathogenic Escherichia coli Effector
Protein NleE. The Journal of Immunology, 185(7), 4118-4127.
doi:10.4049/jimmunol.1000500
Wadstroum, T., Andersson, K., Sydow, M., Axelsson, L., Lindgren, S., &
Gullmar, B. (1987). Surface properties of lactobacilli isolated from the
small intestine of pigs. Journal of Applied Bacteriology, 62(6), 513-520.
Walker, A. W., Sanderson, J. D., Churcher, C., Parkes, G. C., Hudspith, B. N.,
Rayment, N., Brostoff, J., Parkhill, J., Dougan, G., & Petrovska, L.
(2011). High-throughput clone library analysis of the mucosaassociated microbiota reveals dysbiosis and differences between
inflamed and non-inflamed regions of the intestine in inflammatory
bowel disease. BMC Microbiology, 11(1), 7.
Walter, J. (2008). Ecological Role of Lactobacilli in the Gastrointestinal Tract:
Implications for Fundamental and Biomedical Research. Applied and
Environmental
Microbiology,
74(16),
4985-4996.
doi:10.1128/aem.00753-08
Walter, J., Britton, R. A., & Roos, S. (2011). Host-microbial symbiosis in the
vertebrate gastrointestinal tract and the Lactobacillus reuteri paradigm.
Proceedings of the National Academy of Sciences, 108(Supplement 1),
4645-4652. doi:10.1073/pnas.1000099107
Walter, J., Chagnaud, P., Tannock, G. W., Loach, D. M., Dal Bello, F.,
Jenkinson, H. F., Hammes, W. P., & Hertel, C. (2005). A highmolecular-mass surface protein (Lsp) and methionine sulfoxide
reductase B (MsrB) contribute to the ecological performance of
Lactobacillus reuteri in the murine gut. Applied and Environmental
Microbiology, 71(2), 979-986.
Walter, J., Schwab, C., Loach, D. M., Gänzle, M. G., & Tannock, G. W. (2008).
Glucosyltransferase A (GtfA) and inulosucrase (Inu) of Lactobacillus
reuteri TMW1. 106 contribute to cell aggregation, in vitro biofilm
formation, and colonization of the mouse gastrointestinal tract.
Microbiology, 154(1), 72-80.
Wan, F., Anderson, D. E., Barnitz, R. A., Snow, A., Bidere, N., Zheng, L.,
Hegde, V., Lam, L. T., Staudt, L. M., & Levens, D. (2007). Ribosomal
protein S3: a KH domain subunit in NF-κB complexes that mediates
selective gene regulation. Cell, 131(5), 927-939.
Wang, B., Wei, H., Yuan, J., Li, Q. R., Li, Y. S., Li, N., & Li, J. S. (2008).
Identification of a surface protein from Lactobacillus reuteri JCM1081
that adheres to porcine gastric mucin and human enterocyte-like HT-29
cells. Current Microbiology, 57(1), 33-38. doi:10.1007/s00284-0089148-2
Wang, L., Cao, H., Liu, L., Wang, B., Walker, W. A., Acra, S. A., & Yan, F.
(2014a). Activation of Epidermal Growth Factor Receptor Mediates
234

Mucin Production Stimulated by p40, a Lactobacillus rhamnosus GGderived Protein. Journal of Biological Chemistry, 289(29), 2023420244. doi:10.1074/jbc.M114.553800
Wang, M., Gao, Z., Zhang, Z., Pan, L., & Zhang, Y. (2014b). Roles of M cells
in infection and mucosal vaccines. Human vaccines &
immunotherapeutics, 10(12), 3544-3551.
Wanke, M., & Szajewska, H. (2012). Lack of an effect of Lactobacillus reuteri
DSM 17938 in preventing nosocomial diarrhea in children: a
randomized, double-blind, placebo-controlled trial. The Journal of
Pediatrics, 161(1), 40-43. e41.
Wegmann, U., MacKenzie, D. A., Zheng, J., Goesmann, A., Roos, S.,
Swarbreck, D., Walter, J., Crossman, L. C., & Juge, N. (2015). The pangenome of Lactobacillus reuteri strains originating from the pig
gastrointestinal
tract.
BMC
Genomics,
16(1),
1-18.
doi:10.1186/s12864-015-2216-7
Weizman, Z., Asli, G., & Alsheikh, A. (2005). Effect of a Probiotic Infant
Formula on Infections in Child Care Centers: Comparison of Two
Probiotic Agents. Pediatrics, 115(1), 5-9. doi:10.1542/peds.2004-1815
Whittam, T. S., Wolfe, M. L., Wachsmuth, I. K., Orskov, F., Orskov, I., &
Wilson, R. (1993). Clonal relationships among Escherichia coli strains
that cause hemorrhagic colitis and infantile diarrhea. Infection and
Immunity, 61(5), 1619-1629.
WHO. (2015). Obesity and overweight. Fact sheet N 311. Updated January
2015: Accessed 31/07/2016.
Willing, B., Halfvarson, J., Dicksved, J., Rosenquist, M., Järnerot, G.,
Engstrand, L., Tysk, C., & Jansson, J. K. (2009). Twin studies reveal
specific imbalances in the mucosa‐associated microbiota of patients
with ileal Crohn's disease. Inflammatory Bowel Diseases, 15(5), 653660.
Wolf, B. W., Wheeler, K. B., Ataya, D. G., & Garleb, K. A. (1998). Safety and
tolerance of Lactobacillus reuteri supplementation to a population
infected with the human immunodeficiency virus. Food and Chemical
Toxicology, 36(12), 1085-1094. doi:http://dx.doi.org/10.1016/S02786915(98)00090-8
Wong, A. R., Raymond, B., Collins, J. W., Crepin, V. F., & Frankel, G. (2012).
The enteropathogenic E. coli effector EspH promotes actin pedestal
formation and elongation via WASP‐interacting protein (WIP). Cellular
Microbiology, 14(7), 1051-1070.
Wong, A. R. C., Pearson, J. S., Bright, M. D., Munera, D., Robinson, K. S.,
Lee, S. F., Frankel, G., & Hartland, E. L. (2011). Enteropathogenic and
enterohaemorrhagic Escherichia coli: even more subversive elements.
Molecular Microbiology, 80(6), 1420-1438. doi:10.1111/j.13652958.2011.07661.x
Yan, D., Wang, X., Luo, L., Cao, X., & Ge, B. (2012). Inhibition of TLR signaling
by a bacterial protein containing immunoreceptor tyrosine-based
inhibitory motifs. Nature Immunology, 13(11), 1063-1071.
Yan, F., Cao, H., Cover, T. L., Washington, M. K., Shi, Y., Liu, L., Chaturvedi,
R., Peek, R. M., Wilson, K. T., & Polk, D. B. (2011). Colon-specific
delivery of a probiotic-derived soluble protein ameliorates intestinal

235

inflammation in mice through an EGFR-dependent mechanism. The
Journal of Clinical Investigation, 121(6), 2242-2253.
Ye, J., Song, L., Liu, Y., Pan, Q., Zhong, X., Li, S., Shang, Y., Tian, Y., He, Y.,
Chen, L., Chen, W., Peng, Z., & Wang, R. (2015). Core 2 Mucin-Type
O-Glycan Is Related to EPEC and EHEC O157:H7 Adherence to
Human Colon Carcinoma HT-29 Epithelial Cells. Digestive Diseases
and Sciences, 1-14. doi:10.1007/s10620-015-3548-5
Yen, H., Ooka, T., Iguchi, A., Hayashi, T., Sugimoto, N., & Tobe, T. (2010).
NleC, a Type III Secretion Protease, Compromises NF-κB Activation by
Targeting
p65/RelA.
PLoS
Pathog,
6(12),
e1001231.
doi:10.1371/journal.ppat.1001231
Yen, H., Sugimoto, N., & Tobe, T. (2015). Enteropathogenic Escherichia coli
uses NleA to inhibit NLRP3 inflammasome activation. PLoS Pathog,
11(9), e1005121.
Young, J. C., Clements, A., Lang, A. E., Garnett, J. A., Munera, D., Arbeloa,
A., Pearson, J., Hartland, E. L., Matthews, S. J., & Mousnier, A. (2014).
The Escherichia coli effector EspJ blocks Src kinase activity via
amidation and ADP ribosylation. Nature communications, 5.
Young, V. B., & Schmidt, T. M. (2004). Antibiotic-associated diarrhea
accompanied by large-scale alterations in the composition of the fecal
microbiota. Journal of Clinical Microbiology, 42(3), 1203-1206.
Zhang, Y.-C., Zhang, L.-W., Tuo, Y.-F., Guo, C.-F., Yi, H.-X., Li, J.-Y., Han, X.,
& Du, M. (2010b). Inhibition of Shigella sonnei adherence to HT-29 cells
by lactobacilli from Chinese fermented food and preliminary
characterization of S-layer protein involvement. Research in
Microbiology,
161(8),
667-672.
doi:http://dx.doi.org/10.1016/j.resmic.2010.06.005
Zhou, X., Girón, J. A., Torres, A. G., Crawford, J. A., Negrete, E., Vogel, S. N.,
& Kaper, J. B. (2003). Flagellin of Enteropathogenic Escherichia coli
Stimulates Interleukin-8 Production in T84 Cells. Infection and
Immunity, 71(4), 2120-2129. doi:10.1128/iai.71.4.2120-2129.2003
Zhou, Z., Li, X., Liu, B., Beutin, L., Xu, J., Ren, Y., Feng, L., Lan, R., Reeves,
P. R., & Wang, L. (2010). Derivation of Escherichia coli O157:H7 from
Its
O55:H7
Precursor.
PloS
one,
5(1),
e8700.
doi:10.1371/journal.pone.0008700
Zoetendal, E. G., Raes, J., van den Bogert, B., Arumugam, M., Booijink, C. C.,
Troost, F. J., Bork, P., Wels, M., de Vos, W. M., & Kleerebezem, M.
(2012). The human small intestinal microbiota is driven by rapid uptake
and conversion of simple carbohydrates. The ISME journal, 6(7), 14151426.

236

APPENDIX 1: The Norwich Biorepository – Information sheet
for patients and Consent Form – Adult
TURN WHITE

APPENDIX 1

Norwich Biorepository
Information Sheet for Patients and
Consent Form – Adult

237

238

239

240

241

242

243

244

APPENDIX 2: Publication containing data presented in
Chapter Three
TURN WHITE

APPENDIX 2

Publication containing data presented
in Chapter Three

245

246

247

248

249

250

251

252

253

254

255

