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Abstract

Enterohemorrhagic Escherichia coli (EHEC) is a clinically relevant foodborne pathogen,
resulting in over 95,000 cases of EHEC-associated illness and 60 deaths each year in the US alone.
Since EHEC is a continuous global issue with new outbreaks constantly occurring, the
development of new therapeutic strategies is vital to minimizing the cases of infection seen each
year. A key aspect in new drug development is the identification of vulnerabilities in EHEC’s
pathogenicity, in particular, during its transit through the human gastrointestinal (GI) tract. As
EHEC passes through the human GI tract to its site of colonization in the large intestine, it faces a
multitude of host assaults including acute acid stress in the stomach, bile salt stress and cationic
antimicrobial peptide exposure in the small intestine, and short chain fatty acid (SCFA) stress in
the large intestine. The research carried out in this doctoral dissertation focuses on understanding
how EHEC senses chemical cues from the host’s innate immune responses and how this
knowledge can be exploited to develop effective antimicrobial strategies. Our findings
successfully demonstrate that a novel antimicrobial peptide ameliorates infection in a mouse model
of infection by enhancing acid-induced pathogen killing during gastric passage, and that the DNA-
binding protein, Dps, plays a significant role in protecting EHEC against peptide killing.
Moreover, this research successfully shows that varying concentrations of SCFAs result in
differential modulation of EHEC virulence — a finding that contributes to our understanding of the
role of diet and commensal flora in host susceptibility to infection. Together the findings of this
research demonstrate how the selected innate host defences throughout the human GI tract can be

exploited and/or manipulated to effectively prevent infection by the human pathogen EHEC.
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Chapter 1: Introduction

Enterohemorrhagic Escherichia coli



1.1 Symptoms and Infection Outcomes

Enterohemorrhagic Escherichia coli (EHEC) are a class of pathogenic E. coli resulting in
food-borne illness that is typically associated with symptoms such as abdominal cramps, diarrhea,
hemorrhagic colitis, and may progress to the fatal systemic sequelae known as hemolytic uremic
syndrome (HUS) (Karmali et al., 1983; Karmali, 1989; Nguyen and Sperandio, 2012; Rahal et al.,
2012; Saxena et al., 2015). HUS is seen in about 16% of patients infected with EHEC O157:H7,
and is a major cause of renal failure in children and mortality in adults (Ho et al., 2013; Saxena et
al., 2015).

While the vast majority of E. coli are commensal bacteria typically found in the lower
gastrointestinal (GI) tract of mammals (Saxena et al., 2015), a small number of serotypes have
been linked to human disease, with the most prevalent serotype associated with human outbreaks
being EHEC O157:H7 (Horne et al., 2002; Karmali et al., 2010; Nguyen and Sperandio, 2012).
These pathogenic serotypes of E. coli are often differentiated from the normal commensal strains
by the presence of a number of virulence factors and by distinctive infectious strategies (Horne et
al., 2002). EHEC O157:H7 was first identified in 1983 during an outbreak of food-borne related
illness caused by undercooked ground hamburger meat at a fast-food chain in the United States
(Ho et al., 2013; Riley et al., 1983). According to the Center for Disease Control and Prevention
(2008, 2015), there are approximately 95,000 cases of EHEC O157:H7 associated illnesses, 2000
hospitalizations, and 50-60 deaths each year in the United States alone (Ho et al., 2013; Saxena et
al., 2015; Serna and Boedeker, 2008). The high number of infections can be attributed to EHEC’s
low infectious dose, which is less than 100 cells, and high transmissibility (Haas et al., 2000; Ho
et al., 2013; Saxena et al., 2015). The disease incubation period for EHEC ranges between 1 to 16

days, with most infections displaying symptoms between 3 to 4 days. Other important factors



associated with disease outcome include age, general health, immune status, and dose of ingested

bacteria (Ho et al., 2013; Saxena et al., 2015).

1.2 Transmission of EHEC and Recent Outbreaks

Cattle are the primary reservoir of EHEC, while other ruminants such as sheep, deer, and
goat may also act as reservoirs (Gyles, 2007; McNeilly et al., 2010; Persad and LeJeune, 2014;
Saxena et al., 2015). Although cattle colonized with EHEC shed the bacterium at levels as high as
1.1x10°> CFU/g feces for up to 10 weeks, the animals remain asymptomatic since they lack the
vascular expression of globotriaosylceramide-3 (Gb3) receptors, the receptor bound by Shiga toxin
(Fegan et al., 2004; Widiasih et al., 2004). As a result, Shiga toxin is unable to be endocytosed and
transported to other organs, thereby not causing adverse effects in ruminants ((Nguyen and
Sperandio, 2012; Persad and LeJeune, 2014; Pruimboom-Brees et al., 2000).

Humans can acquire EHEC infection either through direct or indirect contact with animal
carriers, their feces, contaminated soil or water, or through the digestion of contaminated animal
products or contaminated fruits and vegetables (Figure 1.1), leading to its high level of
transmissibility (Saxena et al., 2015). Human infections with EHEC occur worldwide, and have
been associated with eating undercooked or unpasteurized animal products, unpasteurized milk
and cheese, alfalfa or radish sprouts, lettuce, spinach, and other contaminated vegetables (Center

for Food Security and Public Health, 2009).
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Figure 1.1: Transmission of EHEC. EHEC can be transmitted directly through contaminated animal

products or indirectly through contaminated soil, water, fruits, or vegetables.

1.3 Treatment and Prevention Strategies
1.3.1 Current Treatment and Prevention Options

Currently, patients infected with EHEC are treated mainly with supportive and palliative
care consisting of fluid resuscitation, peritoneal dialysis, and plasma exchange (Goldwater and
Bettelheim, 2012; Ho et al., 2013; Nguyen and Sperandio, 2012; Saxena et al., 2015). The use of
antibiotics, which is the traditional treatment for bacterial infection, is not recommended for
treatment of EHEC since there has been much controversy surrounding the efficacy of its use.
Antibiotics have been shown to induce expression of Shiga toxin-encoding genes through
induction of the SOS response, thereby increasing production of the lethal toxin (Mellies and
Lorenzen, 2014; Nguyen and Sperandio, 2012). This, in turn, promotes lysis of the bacterial cell

envelope, and as a result, releasing higher amounts of Shiga toxin into the host system and



increasing the risk of progression to HUS (Ho et al., 2013; Karch et al., 1999; Matsushiro et al.,
1999; Mellies and Lorenzen, 2014; Nguyen and Sperandio, 2012; Obrig, 2010; Wong et al., 2012).

In an attempt to target the pathogen prior to reaching its human host, cattle vaccines that
inhibit colonization of the recto-anal junction have been developed using purified antigens (EspA,
Intimin, and Tir) which are important for colonization of ruminant intestines. These vaccines block
the attachment process at multiple stages of EHEC colonization and ultimately reduce bacterial
shedding by cattle into the environment by over 99% (Bretschneider et al., 2007; Dean-Nystrom
et al., 1998; Cox et al., 2014; McNeilly et al., 2010; Naylor et al., 2007). While the use of cattle
vaccination has the potential to drastically reduce the incidence of human infection, in conditions
of natural exposure, the cost-benefit of mass vaccination is largely dependent on how prevalently
the vaccine is used to control EHEC transmission throughout the production system. Specifically,
although there is full regulatory approval for its use in Canada, until there is economic advantage,
the widespread use of this vaccination by cattle farmers will remain low (Cox et al., 2014; Smith,

2014).

1.3.2 Latest Research on EHEC Treatment and Prevention

In recent years, there has been increased research into the development of new treatment
options for EHEC infection. /n vitro studies have reported the benefits of probiotics in preventing
colonization or spread of EHEC by building up the commensal microflora so as to outcompete the
incoming pathogen (Sherman et al., 2005). The use of zinc-based salts has also recently been
shown to be effective against EHEC infection outcomes by reducing Shiga toxin levels and
pathogen-induced intestinal tissue damage (Dolgin, 2011). Similarly, the novel use of the divalent

cation manganese (Mn”") has been implicated in managing human disease by blocking endosome-



to-golgi trafficking of Shiga toxin in vitro, thereby preventing the spread of Shiga toxin to other
organs (Ho et al., 2013; Mukhopadhyay and Linstedt, 2012).

The use of antibody treatment to limit EHEC-induced infection outcomes has been a key
target for novel treatment strategies. Thallion Pharmaceuticals produced a dual antibody product
known as Shigamabs, which is administered to patients at the onset of EHEC-induced infection
symptoms prior to manifestation of HUS (Dolgin, 2011). Shigamabs is a dual antibody system
directed at sequestering and neutralizing the two types of Shiga toxin secreted by EHEC, thereby
preventing progression of disease to HUS (Dolgin, 2011; Ho et al., 2013; Islam and Stimson,
1990). In contrast, Soliris, otherwise known as Eculizumab, is administered to patients after
progression of disease to HUS, and works by reducing inflammation through inhibition of the
immune response activated by Shiga toxin (Dolgin, 2011). Specifically, Soliris is a monoclonal
antibody targeted against the immune complement protein CS5. It suppresses the immune response
by preventing cleavage of C5 and downstream activation of the hemolytic cascade (Dolgin, 2011;
Ho et al., 2013; Lapeyraque et al., 2011; Laursen, 2011). The use of this treatment was shown to
successfully reverse HUS-associated kidney damage and neurological symptoms seen in 3 children
infected with EHEC (Dolgin, 2011).

Our laboratory has recently identified a novel antimicrobial peptide wrwycr that enhances
pathogen killing when the pathogen is pre-treated with peptide and then exposed to acute acid
stress similar to gastric passage (Lino et al., 2011). This study demonstrates high potential as a
prevention strategy against EHEC infection and provides persuasive evidence for in vivo studies

(Lino et al., 2011).



1.4 Interplay Between Human Microbiota and EHEC

The human microbiota consists of 10-100 trillion microbial cells that live in a symbiotic
manner in the human body, with the vast majority of these microbial cells residing in the GI tract
and belonging to many bacterial phyla, primarily Firmicutes and Bacteriodetes (Pifer and
Sperandio, 2014; Qin et al., 2010; Tremaroli and Backhed, 2012; Ursell et al., 2012). The initial
microbiota of an individual is a reflection of what is maternally transferred at birth. This is
subsequently grown and dynamically changed in response to diet, life-style, disease, and treatment
throughout a person’s life (Murgas Torrazza and Neu, 2011; Nicholson et al., 2012; Ravel et al.,
2011). While each person has a highly distinct and unique microbiota, there is a conserved set of
bacteria that are shared amongst individuals and referred to as the core gut microbiota. It is
speculated that this core set of microbial species may be essential for correct functioning of the
gut (Pifer and Sperandio, 2014; Qin et al., 2010; Tremaroli and Bickhed, 2012; Turnbaugh et al.,
2009). The GI microbiota serves important roles in human nutrition, physiology, development,
immunity, and behaviour. The role of the gut microbiota in host metabolism can be diet-
independent or diet-dependent. An example of diet-independent metabolism is the response of the
host in producing proteins to mediate the immune response to microbiota pro-inflammatory
molecules such as lipopolysaccharide (LPS) and peptidoglycan. In contrast, diet-dependent
metabolism may involve the breakdown of cholesterol and polysaccharides to produce primary
and secondary bile acids and short-chain fatty acids respectively, which can lead to protection
against heart disease or modulation of inflammation (Tremaroli and Béckhed, 2012). Disruption
of the balance between the host and the microbiota, termed dysbiosis, can be caused by changes
in diet, administration of antibiotic treatment, and disease, and may result in changes to the

intestinal metabolic profiles and invasion by opportunistic pathogens (Pifer and Sperandio, 2014).



Since EHEC, like other enteric pathogens, colonizes the distal colon, it must interact and
compete with the gut microbiota in order to successfully colonize its host. The interaction between
the host and microbiota typically results in a multidimensional gradient of metabolites within the
GI tract, creating distinct environmental conditions that can be utilized by EHEC as a signal for
regulation of its virulence systems in order to maximize its infectious ability (Pifer and Sperandio,
2014). Additionally, EHEC also regulates virulence gene expression through the use of quorum-
sensing signalling. While EHEC uses multiple quorum sensing systems such as the
luxS/autoinducer (Al) 2, Al3/epinephrine/norepinephrine, indole, and the luxR homolog SdiA to
achieve intercellular communication, many of the commensal microbiota also produce both AI2
and AI3. It has been hypothesized that this mode of communication may be utilized by EHEC to
signal the microbiota of its presence in the large intestine and also as a means to modulate virulence
gene expression in response to the presence of the commensal microbiota (Hernandez-Doria and
Sperandio, 2013; Pifer and Sperandio, 2014; Sperandio et al., 1999, 2003).

Whether through the production of chemical gradients or quorum sensing, it is clear that the

gut microbiota plays a vital role in the ability of EHEC to successfully colonize and infect the host.

1.5 EHEC Pathogenicity and Virulence Factors

EHEC colonizes the human large intestine at Peyer’s patches in the distal ileum (Chong et
al., 2007; Croxen and Finlay, 2009; Stahl and Karpman, 2014). Infection is characterized by
adhesion to host epithelial cells, subversion of host cell signalling pathways and processes, evasion
of host immune responses and efficient colonization which ultimately results in disease (Figure
1.2) (Bhavsar et al., 2007; Croxen and Finlay, 2009). Initial attachment of EHEC to host epithelial

cells is mediated by appendages such as fimbriae, pili, and flagella (Croxen and Finlay, 2009;



Erdem et al., 2007; Rendon et al., 2007). A more intimate attachment is then developed through
the formation of attaching and effacing (A/E) lesions, which are a hallmark feature of enteric
pathogens. The A/E lesions are characterized by destruction of microvilli on the epithelial cells,
and accumulation of polymerized actin beneath the surface of bacterial adherence, resulting in a
raised pedestal-like structure and a more intimate attachment with individual bacteria (Afset et al.,
2004; Bueris et al., 2007; Estrada-Garcia et al., 2009; Kaper et al., 2004; Nataro and Kaper, 1998;

Nguyen and Sperandio, 2012; Saxena et al., 2015).
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Figure 1.2: Overview of EHEC pathogenic mechanism. EHEC adherence to epithelial cells is
characterized by binding of the cellular membrane protein intimin to the translocated receptor Tir, followed
by formation of a pedestal-like structure caused by actin polymerization beneath the site of attachment.
This is followed by manipulation of host cell intracellular signalling pathways, production and secretion of

the characteristic Shiga toxin into the bloodstream, and downstream complications and disease.



In order to successfully hijack host cell signalling pathways, EHEC utilizes a molecular
syringe, known as the Type 3 Secretion System (T3SS), to inject approximately 50 distinct
bacterial-encoded effector proteins directly into the host cell cytoplasm (Mellies and Lorenzen,
2014; Tobe et al., 2006). The T3SS is comprised of over 16 proteins that form a channel leading
from the bacterial cytoplasm, across the inner and outer membranes, into the cytoplasm of the host
cell (Daniell et al., 2001; Ebel et al., 1998; Horne et al., 2002; Knutton et al., 1989). One of the
first secreted proteins to be injected into the host cell via the T3SS is the Translocated Intimin
Receptor (Tir), which is redirected to the host cytoplasmic membrane with its central domain
exposed to the extracellular environment. The central domain of Tir then interacts with the EHEC
surface protein intimin to form the tight attachment of the A/E lesion, thereby playing a critical
role in EHEC colonization (Deibel et al., 1998; Horne et al., 2002; Kenny et al., 1997b; Mellies
and Lorenzen, 2014). Additional T3SS effector proteins include EspA, EspB, EspD, EspF, SepL,
EscF, which mediate numerous effects including host cytoskeleton rearrangement leading to the
formation of an actin pedestal and also suppression of the host immune response (Donnenberg et
al., 1993; Franzin and Sircili, 2015; Garmendia et al., 2005; Horne et al., 2002; Ide et al., 2001;
Knutton et al., 1989; Sekiya et al., 2001).

The vast majority of effector proteins are encoded on the Locus of Enterocyte Effacement
(LEE) pathogenicity island, a 35.6 Kb island that consists of approximately 41 genes divided into
5 major operons (LEE 1-5) (Figure 1.3) (Elliott et al., 1998; Knutton et al., 1989; Mellies and
Lorenzen, 2014; Moon et al., 1983; Nguyen and Sperandio, 2012). The genes present on the LEE
pathogenicity island encode many of EHEC’s virulence factors including the T3SS regulators,
chaperones, and effector proteins secreted by the T3SS. There are also a number of non-LEE-

encoded effectors that include proteins critical for EHEC colonization such as EsplJ, NleB, NIeE,
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NleF, and NleH (Echtenkamp et al., 2008; Hemrajani et al., 2008; Kelly et al., 2006; Mellies and
Lorenzen, 2014). Another vital non-LEE encoded effector protein is the E. coli secreted protein F-
like protein from prophage U, which when secreted into the host cell works with Tir to recruit
actin nucleation-promoting factor, Wiskott-Aldrich syndrome protein, and insulin receptor
tyrosine kinase substrate p53, in order to effectively subvert the host cytoskeleton and promote

actin polymerization (Campellone et al., 2004; Nguyen and Sperandio, 2012; Weiss et al., 2009).
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Figure 1.3: Locus of enterocyte effacement pathogenicity island of EHEC O157:H7. Adapted from
(Ritchie and Waldor, 2005).

A subtype of EHEC known an Shiga-toxin producing Escherichia coli (STEC), produce a
critical virulence factor Shiga toxin, which is strikingly similar to the toxin produced by Shigella
dysenteriae type 1 (Obrig, 2010). While STEC strains can produce two different types of Shiga
toxin, Stx1 and Stx2, the combination in which they are produced is strain-dependent (Mead and
Griffin, 1998). Shiga toxin is comprised of two major subunits, A and B, with the B subunit
forming a pentamer that is noncovalently bound to the enzymatically active A subunit (Croxen
and Finlay, 2009; Lingwood et al., 1987; O’Brien et al., 1992; Paton and Paton, 1998; Toshima et
al., 2007). After Shiga toxin is released into the intestinal lumen and into enterocytes by EHEC, it
binds to the Gb3 receptor on endothelial cells, thereby permitting entry of toxin into the
bloodstream and circulation to other organs (Croxen and Finlay, 2009; Malyukova et al., 2009;
Sandvig, 2001). While many cell types produce the Gb3 receptor and are sensitive to Shiga toxin,

the receptors are particularly abundant on renal glomerular endothelium cells in the kidney
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resulting in acute renal failure, thrombocytopenia, and microangiopathic hemolytic anemia which
are all characteristic of HUS (Karmali et al., 1983; Nguyen and Sperandio, 2012; Pruimboom-
Brees et al., 2000; Rahal et al., 2012).

When the Shiga toxin B subunit binds to the Gb3 receptor on the cell membrane, more
toxin-receptor complexes are aggregated in clathrin-coated pits leading to internalization of Shiga
toxin by endocytosis (Figure 1.4) (Kurmanova et al., 2007; Rahal et al., 2012; Stahl and Karpman,
2014). Once internalized, it is then trafficked through endosomes to the trans golgi network, where
it is cleaved into the A and B subunits. The activated subunits are then transported to the
endoplasmic reticulum where it is translocated to the host cell cytoplasm. Once in the cytoplasm,
the A subunit which is a 28S ribosomal RNA (rRNA) N-glycosidase proceeds to disrupt protein
synthesis by cleaving an adenine residue from a specific nucleotide of the 28S rRNA component
on the 60S ribosomal subunit. This prevents tRNA from binding to the 60S ribosomal subunit,
which prevents peptide elongation and eventually leads to cell death (Croxen and Finlay, 2009;
Hofmann, 1993; Jackson, 1990; Rahal et al., 2012; Sandvig and van Deurs, 1996).

Together, the virulence factors utilized by EHEC represent a carefully orchestrated plan to
infect intestinal epithelial cells, subvert host cell signalling pathways, and target other organs to

cause EHEC-mediated disease outcomes such as progression to HUS.
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Figure 1.4: Mechanism of Shiga toxin-mediated cell death. Shiga toxin is produced and secreted by
EHEC into the host bloodstream where it is internalized by endothelial cells. Once in the endoplasmic
reticulum, the A and B subunits separate, allowing the A subunit to bind mRNA thereby disrupting protein
synthesis and ultimately leading to cell death. Adapted from http://what-when-how.com/acp-medici

ne/infections-due-to-escherichia-coli-and-other-enteric-gram-negative-bacilli-part-1/.

1.6 Virulence Gene Regulation

Since the LEE pathogenicity island harbors the vast majority of EHEC’s virulence factors,
expression must be tightly regulated in order to optimize the infectious potential of the pathogen
when necessary. LEE gene expression is induced as EHEC transitions from exponential to
stationary phase, and is modulated in response to nutrient deprivation and quorum sensing
signalling (Sperandio et al., 2003). The first gene in LEE1 encodes the Lee encoded regulator

(Ler), which is a transcription factor that acts as the master regulator of the entire LEE island
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(Elliott et al., 1998; Jerse et al., 1990; Kaper et al., 2004; Nguyen and Sperandio, 2012). The 15kDa
Ler protein, an H-NS homolog, regulates LEE expression through its action as an anti-silencer,
thereby inducing LEE expression (Elliott et al., 2000; Mellies and Lorenzen, 2014). While Ler
expression is stimulated in response to distinct environmental cues including temperature, pH,
iron, ammonium, calcium, bicarbonate, and quorum sensing (Abe et al., 2002; Beltrametti et al.,
1999; Kenny et al., 1997a; Sperandio et al., 1999), it is also under control of numerous regulatory
factors including the global regulator of LEE activator, the integration host factor (IHF), and the
heat-stable nucleoid-structuring (H-NS) global regulator (Franzin and Sircili, 2015; Friedberg et
al., 1999). H-NS acts as a negative regulator to repress ler expression, while IHF works in
opposition to H-NS by binding upstream from the ler promoter to disrupt repression of /er by H-
NS (Franzin and Sircili, 2015; Friedberg et al., 1999).

This tightly coordinated regulation of virulence is critical to ensuring EHEC colonization
and infection, and the impact of distinct environmental cues on virulence gene regulation has been

the focus of extensive research recently.

1.7 Impact of Human Gut Chemical Signals on EHEC Virulence and Pathogenicity

In order for EHEC to successfully colonize the human distal colon, it must first overcome
various microenvironmental stresses encountered throughout the GI tract such as mucins and
enzymes present in saliva, acid stress in the stomach, bile secretion in the small intestine, and
antimicrobial peptides throughout the small and large intestine (Stahl and Karpman, 2014). In
order to successfully infect the host, EHEC must not only overcome these host assaults, but as

recent research shows, may also use them as chemical signals to cue virulence expression.
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One of the first major stresses encountered during passage through the human GI tract is
acute acid stress in the stomach, ranging in pH from 2-6 depending on the state of feeding and diet.
Exposure to acute acid can be lethal to enteric pathogens due to cytoplasmic acidification and
depurination of bacterial DNA. As a result of its ability to compromise bacterial survival, EHEC
must survive this stress in order to complete passage through the stomach and reach its site of
colonization. Both non-pathogenic and pathogen E. coli have been shown to encode four different
acid resistance (AR) systems which provide protection against acute acid exposure as low as pH 2
(Barnett Foster, 2013; Foster, 2004; Lin et al., 1996; Pifer and Sperandio, 2014; Stahl and
Karpman, 2014). Interestingly, EHEC’s response to acute acid has also been shown to induce
several virulence properties such as enhanced motility and cell adhesion, but has no impact on
Shiga toxin expression (Barnett Foster, 2013; House et al., 2009; Stahl and Karpman, 2014).

Once EHEC has exited the stomach and entered the small intestine, it then faces bile acid
secretion from the gall bladder. The presence of bile acids in the small intestine serve several
important functions such as absorption of dietary fats and lipid-soluble vitamins, maintaining
intestinal barrier function, and signalling of systemic endocrine functions to regulate triglycerides,
cholesterol, glucose, and energy homeostasis (Groh et al., 1993; Nicholson et al., 2012; Ridlon et
al., 2006; Swann et al., 2011). Additionally, bile has been shown to have a bactericidal role against
enteric bacteria through its damaging effects on DNA and lipid membrane integrity. As a result,
bile resistance is a vital characteristic for enteric bacteria (Kus et al., 2011; Merritt and Donaldson,
2009). EHEC resistance to bile is achieved through upregulation of a variety of resistance
nodulation division efflux systems in addition to altered outer membrane permeability which is
achieved through LPS modifications (Barnett Foster, 2013; Kus et al., 2011; Lacroix et al., 1996;

Wibbenmeyer et al., 2002).
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Following exposure to bile acids, EHEC is exposed to cationic antimicrobial peptides
(CAMPs), produced by paneth cells near the end of the small intestine. These CAMPs are part of
the innate immune system and are attracted to the negatively charged outer membrane of the
bacteria (Kus et al., 2011). These peptides serve a bactericidal role against incoming pathogens by
disrupting membrane integrity through the formation of pores within the membrane, and by
targeting intracellular molecules to disrupt function (Kus et al., 2011; Nguyen et al., 2011).
Interestingly, previous research has demonstrated that exposure of EHEC to bile salts increases
resistance to CAMP exposure, thereby allowing the bacteria to survive passage through this vital
innate immune defense strategy (Barnett Foster, 2013; Kus et al., 2011).

After exposure to antimicrobial peptides in the small intestine, EHEC encounters various
membrane lipid metabolites including ethanolamine (EA) in the large intestine, a result of the
constant turnover of intestinal epithelial cells and microbiota within the GI tract (Garsin, 2012). In
addition to serving as a nitrogen source for EHEC through the breakdown of EA, it may also act
as an important cue for virulence gene regulation by increasing expression of quorum-sensing
regulators QseA, QseC, QseE, and Ler (Barnett Foster, 2013; Mellies and Lorenzen, 2014).
Quorum sensing of AI2 and AI3 in turn induce expression of LEE-encoded and non-LEE-encoded
virulence factors including flagella and Shiga toxin (Hernandez-Doria and Sperandio, 2013;
Sperandio et al., 1999, 2003). In addition to quorum sensing, EHEC also utilizes the host-generated
hormones, epinephrine and norepinephrine, as signals to modulate virulence factor expression such
as motility and A/E lesion formation (Barnett Foster, 2013; Clarke et al., 2006; Njoroge and
Sperandio, 2012). EHEC also senses low oxygen levels in the large intestine and uses it to
modulate virulence accordingly. Specifically, while the large intestine is mainly anaerobic, there

is a microaerophilic environment adjacent to the intestinal microvilli. EHEC may sense this and
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as a result upregulate EHEC virulence factors that promote colonization of the intestinal epithelium
(Barnett Foster, 2013; Schiiller and Phillips, 2010)

Once in the small and large intestines, EHEC is exposed to increasing concentrations of
short chain fatty acids (SCFAs), primarily composed of acetate, butyrate, and propionate in
varying compositions. SCFAs serve an important role in the large intestine by decreasing colonic
pH, inhibiting growth of pathogens, stimulating water and sodium uptake, providing energy to
colonic epithelial cells, and participating in cholesterol synthesis. The presence of SCFAs at high
concentrations has been shown to exhibit toxic effects on bacteria by decreasing cytoplasmic pH,
thereby compromising metabolic reactions, and by impacting cellular physiology such as osmotic
balance (Sun and O’Riordan, 2013). However, research indicates that EHEC may use SCFAs as
an environmental signal of the site of colonization to induce T3SS expression, increase adhesion,
increase motility, and facilitate formation of microcolonies (Barnett Foster, 2013; Herold et al.,
2009; Nicholson et al., 2012; Pifer and Sperandio, 2014; Samuel et al., 2008; Stahl and Karpman,
2014).

It is clear that while these various host assaults are designed to protect against incoming
pathogens, EHEC may utilize these as environmental signals to modulate its virulence

appropriately to overcome them and successfully infect the host.

1.8 Rationale and Thesis Goals

With numerous EHEC outbreaks seen worldwide, there is an increased interest in the
development of new treatment options, particularly preventative strategies that target E. coli before
it is able to colonize and infect the host. In order to develop effective therapeutics against any

pathogen, it is critical to understand how the pathogen regulates its virulence factors to optimize
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its infectious potential. In the case of EHEC, a foodborne pathogen that infects the lower GI tract,
a key aspect in developing novel therapeutics is to gain insight into how EHEC utilizes distinct
gastrointestinal microenvironments as cues to modulate its virulence. Once a thorough
understanding of this virulence regulation is achieved, the knowledge can be used to identify
vulnerabilities in EHEC’s pathogenic mechanisms that can be exploited in order to treat or prevent
infection.

This research project focuses on two main environmental stresses present within the human
GI tract: acute acid stress in the stomach and SCFA stress in the small and large intestines. Since
acute acid stress induces high levels of bacterial DNA damage, that can result in cell death if left
unrepaired, it represents a significant vulnerability that can be exploited for development of
preventative strategies. Previous studies have identified a novel antimicrobial peptide wrwycr that
significantly reduces pathogen survival when administered prior to acid stress similar to that
encountered during gastric passage (Lino et al., 2011). Since these studies showed promising
results for the use of this peptide as a prevention strategy in vitro, this provides compelling
evidence to investigate this peptide in vivo using a suitable model of EHEC infection. Secondly,
SCFAs have been implicated in modulation of virulence of several enteric pathogens including
EHEC (Lawhon et al., 2003; Nakanishi et al., 2009; Tobe et al., 2011). Since SCFAs are present
along a concentration gradient throughout the small and large intestines, a thorough understanding
of how EHEC responds to differing concentrations of SCFAs is a vital aspect in understanding the
mechanisms utilized to increase EHEC’s potential to infect its host, and in identifying novel

therapeutic targets. The specific research objectives of this thesis are listed below.
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1. Examining the potential of a novel antimicrobial peptide as a preventative agent against
EHEC infection using a suitable in vivo model.

2. Understanding the role of DNA binding protein, Dps, in EHEC’s response to acid and
peptide treatment.

3. Investigating modulation of EHEC virulence in response to varying concentrations of short

chain fatty acids.

This thesis is organized into 6 chapters. Chapter 1 provides an overview of EHEC virulence
and pathogenicity, while chapters 2, 3, and 4 represent independent research projects reflective of
the 3 specific objectives listed above. Each of these chapters includes a more thorough
introduction, materials and methods, results, discussion, conclusions, and future directions
reflective of the respective study. Chapters 2 and 4 are based on the published manuscripts listed
at the beginning of each chapter. Chapter 5 discusses the overall conclusions from the dissertation

as a whole, followed by a complete reference list in chapter 6.
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Chapter 2: Exploiting EHEC O157:H7’s Response to Acid Stress as

a Novel Antimicrobial Strategy

Lackraj, T., Johnson-Henry, K., Sherman, P., Goodman, S., Segall, A., & Barnett Foster,
D. (2016) Novel antimicrobial peptide prevents C. rodentium infection in C57BL/6 mice
by enhancing acid-induced pathogen killing. Microbiology doi:10.1099/mic.0.000335.
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2.1 ABSTRACT

Citrobacter rodentium is a gram-negative, murine-specific enteric pathogen that infects
epithelial cells in the colon. It is closely related to the clinically relevant human pathogen,
enterohemorrhagic Escherichia coli (EHEC), a leading cause of hemorrhagic colitis and hemolytic
uremic syndrome. We have previously reported that a novel antimicrobial peptide, wrwycr,
compromises bacterial DNA repair and significantly reduces the survival of acid-stressed EHEC,
suggesting an antimicrobial strategy for targeting the survival of ingested EHEC. This study
examines the impact of peptide pre-treatment followed by acid stress on survival and infection of
the closely related murine pathogen, C. rodentium, using both in vitro and in vivo investigations.
Peptide pre-treatment of C. rodentium significantly and dramatically increases acid stress-induced
killing in a peptide-dose- and time-dependent manner. Reduction in survival rates after brief pre-
treatment with peptide (25-65uM) followed by 1 hour at pH 3.5 range from 6 to 8§ log fold, with
no detectable bacteria after 65uM peptide pre-treatment. Using a C57BL/6 mouse model of
infection, peptide pre-treatment of C. rodentium with wrwycr prior to orogastric gavage
significantly reduced fecal bacterial counts and EspB expression to below detectable limits, as well
as eliminating evidence of colonic crypt hyperplasia, and all visible signs of illness. Additionally,
peptide pre-treament prior to orogastric gavage also reduced C. rodentium-induced changes in the
gut microbiota. Of particular interest, the in vivo studies also revealed that peptide treatment alone
did not induce changes in the gut microbiota, providing evidence that its administration is safe to
the host. These findings provide compelling evidence for the role of the peptide wrwycr as a
preventative strategy against enteric pathogens through a novel approach to enhance the body’s

natural defense system of gastric acid to compromise bacterial survival prior to gut colonization.
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2.2 INTRODUCTION

2.2.1 Acute Acid Stress and DNA damage
2.2.1.1 Acid Stress as a Defense Mechanism

For enteric pathogens, the journey from ingestion to successful colonization of the host
intestine represents a series of host assaults meant to act as a barrier to pathogen infection. Among
these host assaults is the exposure to acute gastric acid stress in the stomach, which acts as one of
the primary lines of defense against incoming pathogens (Lin et al., 1996). The human stomach
represents an acidic environment with an average pH of 2.0 and an emptying time of approximately
2 hours, although this varies depending on the type and amount of food consumed (Richard and
Foster, 2004; Smith, 2003). Passage from the stomach into the small intestine provides a less
extreme acidic environment, although the presence of fermentation end products produced by the
normal intestinal flora result in the presence of weak acids, thereby creating an environment
ranging in pH from 4 to 6 (Lin et al., 1996).

Highly acidic environments such as that encountered in the human stomach results in
extreme toxicity that can be detrimental to enteric pathogens due to cytoplasmic acidification
which leads to denaturation of macromolecules and disruption of enzymatic function (Calhoun
and Kwon, 2011; Jeong et al., 2008; Lindahl and Nyberg, 1972; Smith, 2003). These damaging
effects of acute acidity result in bacterial cell death and decrease the potential for successful
colonization of the host intestine. Interestingly, research has demonstrated that mice containing a
mutation in a gastric proton pump gene, and thereby constitutively hypochlorhydric, had
significantly higher numbers of bacteria surviving passage through the stomach resulting in lower

infectious doses compared to mice lacking the mutation (Tennant et al., 2008). These results
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confirm that the presence of stomach acid poses a significant antimicrobial environment that acts

as a barrier between enteric pathogens and successful infection.

2.2.1.2 Acid Resistance Mechanisms

In order to successfully infect its host, the ability of bacteria to survive the extreme acidity
of the stomach is critical. Human enteric pathogens such as Sa/monella and E. coli have adapted a
robust response to acid stress which includes induction of both physiological and biochemical
changes upon exposure to extreme acidic environments (Goodson and Rowbury, 1989; Jeong et
al., 2008; Swenson et al., 2012). The ability to induce such mechanisms allow microorganisms to
be better equipped to survive acid challenge and cause disease (Lin et al., 1996). The strategies
that these pathogens utilize to maintain acid tolerance can be classified into three categories. The
first of these involves changes in membrane composition to promote membrane exclusion of
proteins (Brown et al., 1997), while the second strategy involves physiological and enzymatic
maintenance of pH homeostasis (Audia et al., 2001; Castanie-Cornet et al., 1999). Finally, the third
strategy involves prevention and/or repair of damage inflicted on essential cellular
macromolecules (Audia et al., 2001; Cheville et al., 1996; Jeong et al., 2008; Raja et al., 1991).
Moreover, the induction of acid stress tolerance has also been shown to activate additional adaptive
behaviours which include virulence, biofilm formation, chemotaxis, and antibiotic resistance
(Swenson et al., 2012).

In addition to these acid tolerance strategies, both non-pathogenic and pathogenic E. coli
encode four inducible acid resistance systems (AR1-4) that provide protection in extreme acidic
environments as low as pH 2.0-2.5 (Barnett Foster, 2013; Castanie-Cornet et al., 1999; Foster,

2004). The first of these systems ARI, also referred to as the oxidative or glucose-repressed
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system, employs the stationary phase alternative sigma factor RpoS and the cyclic AMP receptor
protein and provides an acid tolerance response that allows E. coli exposed to sublethal pH values
to survive subsequent exposure to lower pH values (Castanie-Cornet et al., 1999; Foster, 2004).
The second and third acid resistance systems, AR2 and AR3, require extracellular glutamate and
arginine respectively (Figure 2.1). AR2 is induced during stationary phase or during log-phase
growth in acidic minimal media, and decarboxylates glutamate to form the intracellular end
product GABA (Castanie-Cornet et al., 1999; Richard and Foster, 2004). Similarly, AR3
decarboxylates arginine to form the intracellular end product agmatine when induced by low pH
under anaerobic conditions in complex media (Castanie-Cornet et al., 1999; Gong et al., 2003;
Richard and Foster, 2004). Finally, the final acid resistance system, AR4, was recently described
as being lysine-dependent, and similarly to AR2 and AR3 likely involves the inducible lysine
decarboxylase (Iyer et al., 2003; Richard and Foster, 2004). Together, these acid resistance systems
enable enteric pathogens to resist low pH exposure, a strategy which can be critical for these
microorganisms to survive in acidic foods, food-processing treatments, and passage through the

gastro-intestinal tract (Conner and Kotrola, 1995; Lin et al., 1996).
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Figure 2.1: Acid resistance systems in E. coli. The glutamate- and arginine-dependent acid resistance
systems involve the use of hydrogen ions to convert glutamate and arginine to GABA and agmatine
respectively as a means of lowering the cytoplasmic pH within the bacterial cell. Adapted from (Lu et al.,

2013).

2.2.1.3 DNA Damage and DNA Repair Mechanisms

In addition to its detrimental effects on macromolecules and enzyme function, the low pH
exposure encountered during gastric passage is particularly damaging to bacterial DNA.
Specifically, acid stress causes DNA damage primarily through depurination and depyrimidation
and to a lesser extent through the formation of double-stranded lesions in the DNA, with the level
of DNA damage increasing linearly with a decrease in pH (Calhoun and Kwon, 2011; Choi et al.,
2000; Lindahl and Nyberg, 1972). These alterations in DNA lead to unrepaired DNA and
mismatches in repaired sequences, which can prove to be fatal to the cell (Choi et al., 2000; Raja
et al., 1991; Thompson et al., 1998). Consequently, the ability of bacteria to repair the damaged
DNA represents a major survival strategy for bacteria to withstand passage through extreme acidic

conditions such as gastric acid (Choi et al., 2000). Studies have demonstrated that mutations in
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DNA repair mechanisms result in significant decreases in acid tolerance of bacteria, thereby
confirming that the ability to repair DNA damage is a vital aspect to survival in acidic
environments (Choi et al., 2000; Thompson et al., 1998).

When DNA is damaged through the loss of a purine or pyrimidine base, the form of DNA
repair utilized by bacterial cells is site-specific recombination (Figure 2.2). During A integrase-
mediated site-specific recombination, the Int protein alongside additional accessory factors places
the two recombination substrates close together in a synaptic complex. The active site of each Int
monomer then attacks a specific phosphodiester linkage and forms a transient covalent 3’-
phosphotyrosyl bond between the enzyme and the top strand of each DNA substrate (Boldt et al.,
2004). Ligation occurs when the free 5’-OH group from an adjacent substrate acts as a nucleophile
at this phosphotyrosyl linkage. Since the two DNA strands of each substrate are cleaved
independently, a Holliday junction (HJ) is generated as a critical intermediate structure during
recombination. The complex then undergoes an isomerization, which positions the previously
inactive Int monomers into the appropriate confirmation for subsequent catalytic steps. To resolve
the HJ, a second set of DNA cleavage, strand exchange, and ligation steps on the bottom strand of
each DNA substrate occurs, resulting in two recombinant DNA molecules (Boldt et al., 2004;
Kepple et al., 2005; Lino et al., 2011).

The ability of bacterial cells to successfully repair DNA damage, and specifically the
ability to resolve the HJ intermediate structure, using this mechanism is a critical component to
surviving acute acid exposure, and ensures pathogen survival past the stomach and into the
intestine where colonization occurs. In contrast, the DNA repair process also creates a significant

vulnerability for the bacterial cells, since failure to effectively repair the DNA results in bacterial
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cell death. While this provides a large obstacle for the pathogen, it also creates a unique opportunity

to exploit this vulnerability as a means of increasing bacterial cell death during gastric passage.
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Figure 2.2: Catalytic events mediated by Int during site-specific recombination. A holliday junction is
generated after the first round of DNA cleavage, strand exchange, and ligation, and is resolved in a second

round of the same catalytic steps. Adapted from (Boldt et al., 2004).

2.2.2 Antimicrobial Peptide wrwycr
2.2.2.1 Mode of Action

The antimicrobial peptide wrwycr is a D-amino acid hexapeptide, originally identified in a
screen of chemically synthesized inhibitors of A integrase-mediated recombination (Boldt et al.,
2004; Lino et al., 2011). The active oxidized form of the peptide is a dimer linked through a
disulphide bridge which connects the cysteine present in each peptide monomer (Boldt et al., 2004;

Kepple et al., 2005).
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The peptide acts as an inhibitor of branched DNA structures such as HJs and collapsed
replication forks, albeit with lesser affinity for collapsed replication forks (Sharples et al., 1999;
Whitby et al., 1993). More specifically, peptide wrwycr is a potent inhibitor of RecG and the
RuvABC complex — enzymes which play a vital role in HJ and replication fork repair (Flores,
2001; Kepple et al., 2005; Michel et al., 2004). RecG is a monomeric DNA helicase that aids in
HIJ resolution via branch migration by unwinding the leading and lagging strands simultaneously
prior to them reannealing to each other (Whitby et al., 1993; Whitby and Lloyd, 1998). Similarly,
the RuvABC complex also acts to resolve HJs in a manner distinct from RecG. In this model,
RuvAB binds to the HJ to open it up into a square planar conformation, thus allowing for the RuvC
resolvase to bind and cleave the leading and lagging strands to unwind and reanneal (Kepple et al.,
2005).

Interestingly, the preferred substrate for each of RecG, RuvC, and peptide wrwyecr is HJs
opened into a square planar conformation (Sharples et al., 1999; Sharples, 2001). In fact, the
peptide binds with 10-100X higher affinity to HJs in a square planar conformation than those
present as stacked X junctions. This is likely due to the square planar conformation opening up the
junction and allowing more space in the center for binding of the peptide (Kepple et al., 2005).
Since the peptide binds to the same site on the HJ, it follows that it prevents binding of either RecG

or RuvC thereby inhibiting their action to resolve HJ resolution (Figure 2.3) (Kepple et al., 2005).
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Figure 2.3: Peptide wrwycr mode of action. Antimicrobial peptide wrwycr binds to the square planar
conformation of HJs, thereby acting as a competitive inhibitor of RecG and RuvC — enzymes independently

involved in HJ resolution.

2.2.2.2 Peptide wrwycr as an Antimicrobial

Together, the necessity of HJ resolution for cell viability and the mode of action of the
peptide wrwycr provides an exciting potential for this peptide as an antimicrobial compound.
Results have demonstrated that the peptide has bactericidal activity through its interference of
intracellular target activity (Gunderson and Segall, 2006). However, the exact mechanism through
which the peptide enters bacterial cells remains under investigation as results have demonstrated
support for both passive and active transport (Su et al., 2010). It has been postulated that active
transport may be facilitated through endocytosis of the peptide, resulting in a higher concentration

of peptide inside the cell. In contrast, the peptide’s small size and hydrophobicity may allow it to
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passively diffuse through both lipid bilayer membranes into the cytoplasm (Lino et al., 2011; Su
et al., 2010). Similarly, it has been suggested that the peptide may act similarly to other cationic
antimicrobial peptides which enter the cell by forming pores in the membrane, causing an increase
in membrane permeability (Brogden, 2005; Brown and Hancock, 2006). However wrwycr
contains no predicted alpha helix forming domains as is seen in other pore-forming antimicrobials,
which conflicts with this theory. A more likely scenario stems from the fact that the peptide’s
amino acid composition resembles that of the cell-penetrating class of peptides (CPPs). CPPs are
characterized by their amphipathic nature and their positive charge at physiological pH, and utilize
both endocytic mechanisms and temperature- and endocytosis-independent membrane
translocation for entry into cells (Su et al., 2010). Additionally, the growth media in which the
peptide is introduced to the bacteria in may affect bacterial sensitivity to peptide treatment by
limiting uptake of the peptide. This may be due to the peptide’s interaction with the bacterial
membrane being salt sensitive, thereby requiring low salt media for efficient peptide uptake, as is
seen with other classes of antibiotics (Goldman et al., 1997; Tam, 2002).

Once inside the cell, the peptide has been shown to display bactericidal activity against
both gram-positive and gram-negative bacteria, primarily through the accumulation of DNA
breaks as a result of HJ resolution inhibition (Gunderson and Segall, 2006). This in turn leads to
filamentation of cells, chromosome segregation defects, and anucleate cells. Results have also
demonstrated that peptide treatment is effective at inhibiting growth of Salmonella present within
macrophage-like cells and murine peritoneal macrophages, and does not affect metabolic activity
of the macrophages themselves at concentrations lower than 100uM (Gunderson and Segall, 2006;
Su et al., 2010). Interestingly, the peptide WRWYCR, composed of L-amino acids, displays a

similar potency in inhibiting HJ resolution and has therefore displayed a similar level of
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bactericidal activity against non-pathogenic E. coli. However, when tested in vivo, wrwycr shows
a greater level of antimicrobial activity, likely due to the D-amino acids that renders it resistant to
degradation by peptidases (Gunderson and Segall, 2006; Kepple et al., 2005, 2008).

In addition to the effects on HJ resolution, peptide treatment has also been shown to limit
bioavailable iron but increase chelatable iron within the cell in a pH-independent manner, as seen
by qPCR analysis of Fur-regulated genes and electron paramagnetic resonance spectroscopy
(Orchard et al., 2012). The explanation for the lower levels of bioavailable iron present within
peptide-treated cells is unclear, however, the authors suggested that it may be a result of the peptide
either directly chelating iron (Fe’") weakly or indirectly sequestering iron through binding of a
siderophore. Due to this reduction in bioavailable iron, and evidence that E. coli mutants defective
in enterobactin synthesis and ferric enterobactin uptake were hypersensitive to peptide wrwycr
treatment, the authors suggested that the ability of cells to take up ferric enterobactin from the
external environment is vital for E. coli to withstand peptide treatment (Orchard et al., 2012). In
contrast, the increase in chelatable iron (Fe’) may be explained by the peptide acting similarly to
other bactericidal antibiotics that break down iron-sulfur clusters within the cell, thereby releasing
iron (Fe*") into the cell and potentially leading to iron toxicity (Calhoun and Kwon, 2011;
Kohanski et al., 2007).

More recently, the combination of peptide treatment and acute acid stress representative of
gastric passage showed significantly enhanced levels of STEC killing in seropathotypes most
highly associated with HUS infection (Lino et al., 2011). This result is likely due to an increase in
DNA damage caused as a result of acute acid stress which in turn leads to an increase in HJ
formation during the DNA repair process. The peptide is then free to bind the open HJs and inhibit

resolution through blocking RecG and RuvC binding, thereby leading to an increase in cell death
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(Lino et al., 2011). Interestingly, while peptide treatment has previously been associated with an
increase in the SOS response of bacteria (Su et al., 2010), the combination of peptide-acid
treatment showed no increase in Shiga toxin production, a finding that suggests a reduced risk of
progression to HUS. These findings provide an exciting opportunity for the use of peptide wrwycr
as a preventative strategy for EHEC infection, by targeting the pathogen during gastric passage

before it reaches the site of colonization in the large intestine.

2.2.3 Citrobacter rodentium as a Model of EHEC Infection
2.2.3.1 Comparison to EHEC

When studying human GI disease such as inflammatory bowel disease and colitis, mice
have become the preferred small animal model as they have similar GI tracts to their human
counterparts. However, since EHEC is a human-specific pathogen, it does not readily colonize the
mouse Gl tract (Lenz et al., 2015; Wiles et al., 2006a). This can be manipulated by infecting mice
with extremely high doses of EHEC, or by using germ-free or streptomycin-treated mice, however
these models do not give an accurate biological representation of infection (Rodrigues et al., 2012;
Smith and Bhagwat, 2013). To better understand the biological aspect of EHEC infection, a well
established model has been developed that employs the closely related murine pathogen
Citrobacter rodentium (C. rodentium) (Lenz et al., 2015; Rodrigues et al., 2012; Wiles et al.,
2006a). The two most commonly used strains are [CC168 and DBS100, both of which were
isolated from a diarrhea outbreak in mice at Yale University School of Medicine in 1972 (Lenz et
al., 2015).

Similarly to EHEC, C. rodentium colonizes the intestinal mucosa in mice and is

characterized by the formation of attaching and effacing lesions that allow for a more intimate
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bacterial attachment to the host (Collins et al., 2014; Frankel et al., 1998; Frankel and Phillips,
2008). At the genetic level, C. rodentium and EHEC share 67% of their genes including the LEE
pathogenicity island which encodes various effector proteins along with the T3SS that functions
as a molecular syringe used to directly inject bacterial effector proteins into the host cytoplasm
such as Tir, EspF, EspG, EspB, NleB, NleC, and NleH (Arbeloa et al., 2009; Collins et al., 2014;
Mundy et al., 2004; Petty et al., 2010). C. rodentium does not produce Shiga toxin, characteristic
of STEC infection, although a strain that expresses stx has recently been constructed, thereby
providing a convenient animal model for studying how the toxin contributes to pathogenesis in
vivo (Collins et al., 2014; Mallick et al., 2012). Nevertheless, C. rodentium has been established
as the gold standard small animal model for investigating the virulence mechanisms of A/E
pathogens such as EHEC as well as human intestinal diseases such as Crohn’s disease, ulcerative
colitis, and colon tumorigenesis (Chandrakesan et al., 2014; Collins et al., 2014; Higgins et al.,

1999).

2.2.3.2 Murine Infection Cycle and Infection Outcomes

C. rodentium infection studies involve orogastric gavage of mice with laboratory-cultured
bacteria, resulting in a highly reproducible infection model (Collins et al., 2014). Once inoculated,
C. rodentium initially colonizes the caecal patch in the caecum although the vast majority of
bacteria pass straight through the GI tract. The adherent bacteria adapt to the environmental
conditions present within the GI tract which facilitates a virulence switch to promote colonization
of the distal colon and rectum (Collins et al., 2014; Wiles et al., 2004, 2006b). Once infected, mice
develop colitis (also known as transmissible murine crypt hyperplasia) although the severity of

colitis is dictated by the genetic background of the host mice. In some cases, infection is fatal
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resulting in death, whereas in other cases it causes self-limited inflammation of the caecum and
colon (Borenshtein et al., 2008, 2009; Higgins et al., 1999; Mundy et al., 2005; Papapietro et al.,
2013; Wiles et al., 2006a). Additionally, infection causes dysbiosis in the GI microbiota which is
characterized by an overgrowth of C. rodentium to approximately 1-3% of the total microbiota and
a subsequent reduction in the overall abundance and diversity of the resident microbiota (Clare et
al., 2013; Hoffmann et al., 2009; Lupp et al., 2007). Other infection outcomes include soft stool
and loss of barrier integrity. Following the peak in bacterial infection, clearance of the pathogen
begins as colonized epithelial cells are shed into the intestinal lumen until complete clearance

occurs 2-3 weeks post-infection (Collins et al., 2014; Wiles et al., 2004, 2006b).

2.2.4 Rationale and Overall Aim

Since EHEC infections are a continuous global problem, with new outbreaks occurring
almost every year, and traditional treatments have been ineffective it is important to develop new
therapeutic strategies, particularly preventative strategies that target E. coli before it is able to
colonize and infect the host. The combination of peptide pre-treatment followed by acute acid
stress represents a unique opportunity to enhance one of the human body’s natural defenses against
incoming pathogens by exploiting the vulnerability it causes in EHEC. Since previous studies have
already demonstrated the efficacy of peptide-acid treatment on pathogen killing in vitro, the next
logical step would be to test its efficacy in vivo using a suitable animal model of infection.
Consequently, the use of the murine-specific pathogen C. rodentium provides a well established
and reproducible mouse model for EHEC infection. While a disadvantage to the use of C.
rodentium lies in its inability to produce the characteristic Shiga toxin associated with Shiga toxin-

producing strains, the fact that peptide-acid treatment showed no effect on Stx production (Lino et
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al., 2011) suggests that the use of the C. rodentium mouse model of infection is an appropriate
model for studying the efficacy of peptide treatment. In summary, the goal of this research project
is to test the potential of the antimicrobial peptide wrwycr as a prevention strategy against EHEC

infection using the C. rodentium mouse model of infection.

2.3 MATERIALS AND METHODS

2.3.1 Bacterial strains and culture conditions

Citrobacter rodentium strain DBS 100 (kindly provided by the late David Schauer,
Massachusetts Institute of Technology, Cambridge, MA) was used for in vitro and in vivo infection
studies (Rodrigues et al. 2012). Bacterial glycerol stocks were maintained at -80°C, and were
streaked onto Luria-Bertani (LB) (BioShop, Burlington, ON, Canada) agar prior to use in order to
obtain single colonies. Overnight cultures were prepared by inoculating single colonies into LB

broth and then incubating 12-16 hr at 37°C with shaking.

2.3.2 Antimicrobial peptide wrwycr

The peptide wrwycr was synthesized with a C-terminal amide group, purified to >95%
purity at Sigma-Genosys or Biosynthesis and dissolved in 50% dimethyl sulphoxide (DMSO), as
described previously (Gunderson and Segall, 2006). A wrwycr stock solution (10mM) was

maintained at -20°C in 50 or 100% DMSO.

35



2.3.3 In vitro survival assays

To assess the impact of acute acid stress on C. rodentium survival, overnight bacterial
cultures of C. rodentium were diluted 1:10 in fresh LB broth and grown 1-2 hr at 37°C with shaking
to mid-exponential phase (ODgoo 0.4-0.6). Bacteria were pelleted at 3,500 rpm for 10 min at 4°C,
re-suspended in an equal volume of LB broth at the appropriate pH (pH 3.0, 3.5, 4.0, 5.0, 6.0, or
7.0; adjusted with HCI), and then incubated statically at 37°C for 3 hrs. 10uL samples were taken
att=20, 1, 2, and 3 hrs, serially diluted in 1X phosphate-buffered saline (PBS) (137mM NaCl,
2.7mM KCl, 10mM Na,HPO;, 1.8mM KH,PO,), plated onto LB agar and grown overnight at
37°C.

For the determination of C. rodentium survival after peptide treatment, overnight bacterial
cultures of C. rodentium were diluted 1:10 in fresh LB broth and grown 1-2 hr at 37°C with shaking
to mid-exponential phase. Bacteria were pelleted as above and re-suspended in an equal volume
of 0.5X PBS (68.5mM NaCl, 1.35mM KCIl, SmM Na,HPO3, 0.9mM KH,PO,), containing either
0, 25, 50, or 65uM of peptide wrwycr or placebo peptide wkhyny. Re-suspended bacteria were
incubated for 1 hr at room temperature, static. 10uL samples were taken at t = 0, 15, 30, 45, and
60 mins, serially diluted in 1X PBS, plated onto LB agar and grown overnight at 37°C.

To evaluate C. rodentium survival after peptide pre-treatment followed by acute acid
treatment, overnight cultures were diluted 1:10 in fresh LB broth and grown 1-2 hr at 37°C with
shaking to mid-exponential phase. Bacteria were pelleted as above and re-suspended in an equal
volume of 0.5X PBS containing either 0, 25, 50, or 65uM of peptide wrwycr. Re-suspended
bacteria were incubated for 15 min at room temperature and then pelleted as above. Bacterial
pellets were then re-suspended in PBS at pH 3.5 (500mM KH,PO4, 164mM NaCl; adjusted with

phosphoric acid) and incubated at 37°C for 1 hr. Samples were taken at t = UT (untreated;
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immediately prior to addition of peptide), 0 (immediately prior to addition of acid), 15, 30, 45, and

60 mins, serially diluted in 1X PBS, plated onto LB agar and grown overnight at 37°C.

2.3.4 Growth phase dependency assay

Overnight cultures of C. rodentium were diluted 1:10 in fresh LB broth and grown 0-4 hr
at 37°C with shaking to either lag phase (ODgo 0.1), mid-exponential phase (ODggo 0.4-0.6), or
stationary phase (ODggo 0.8-1.0). Bacteria were pelleted as above and re-suspended in an equal
volume of 0.5X PBS containing 50uM of peptide wrwycr. Re-suspended bacteria were incubated
at room temperature for 1 hr, static. Samples were taken at t = 1 hr, serially diluted in 1X PBS,

plated onto LB agar and grown overnight at 37°C.

2.3.5 Biofilm formation and survival assays

Biofilms were formed by inoculating ImL of'a 1:1000 dilution of overnight culture in fresh
LB broth into 12-well plates (Greiner Bio-One, Monroe, NC, USA). Plates were incubated at 37°C
under static growth conditions for 48 hrs, with ImL fresh LB broth being replaced every 12-16
hrs. Crystal violet staining and confocal microscopy were carried out on 48 hr biofilms to ensure
sufficient biofilm growth. Once the biofilms were formed, it was washed twice with 1X PBS to
remove non-adherent cells. 0.5X PBS containing the appropriate concentration of peptide (0, 25,
50, or 65uM) was then added to each well and incubated at room temperature for 30 mins. After
incubation, wells were washed once with 1X PBS and bacteria were scraped off the bottom of each
well and suspended in 1X PBS. Bacterial cell viability was assessed by preparing serial dilutions

in 1X PBS and plating onto LB agar overnight at 37°C.
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2.3.6 Growth recovery after peptide and peptide-acid treatment

To assess the ability of C. rodentium to recover from peptide treatment, overnight cultures
were diluted to an ODggo of 0.05 in Mueller Hinton Broth (MHB) (SigmaAldrich, Oakville, ON,
Canada) containing either 0, 25, 50, or 65uM of peptide wrwycr. MHB broth was used as a
minimal media to allow efficient uptake of the peptide by the bacteria while still providing a
sufficient source of nutrients. Re-suspended bacteria were incubated statically for 50 hr at 37°C.
Samples were taken every 5 hrs, serially diluted in 1X PBS, and plated onto LB agar overnight at
37°C.

In order to assess the ability of C. rodentium to recover from peptide-acid treatment,
bacteria were diluted 1:10 in fresh LB broth and grown at 37°C with shaking to mid-exponential
phase (ODgoo 04-0.6). Bacteria were then pelleted, as described above, and then pre-treated with
either 0, 25, 50, or 65uM of peptide wrwycr followed by 1 hr acid stress (pH 3.5), as described
earlier. Following peptide-acid treatment, bacteria were pelleted as above, re-suspended in an
equal volume of MHB broth and incubated statically for 5 hours at 37°C. Samples were taken

every hour, serially diluted in 1X PBS and plated onto LB agar overnight at 37°C.

2.3.7 Resistance assays

To assess the ability of peptide pre-treatment of C. rodentium to induce resistance to further
peptide treatment, overnight cultures were diluted to an ODggo of 0.05 in MHB broth containing
either 0, 25, 50, or 65uM of peptide wrwycr. Re-suspended bacteria were incubated statically for
24 hr at 37°C. Treated bacteria were then pelleted as above, and re-suspended in an equal volume
of 0.5X PBS containing 50uM peptide. Re-suspended bacteria were incubated statically for 1 hr

at room temperature. Samples were taken after the initial 24 hr of pre-treatment, and following the
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1 hr of treatment in fresh peptide, serially diluted in 1X PBS and plated onto LB agar overnight at

37°C.

2.3.8 Mouse infection model

Six week old female C57BL/6 mice (Jackson Laboratory) were used for in vivo studies.
Mice were given free access to sterile drinking water and chow for the duration of the study. To
assess the safety of peptide administration to mice, animals were administered either peptide
wrwycr or placebo wkhyny alone at the 3 concentrations being tested (25, 50, or 65uM) via
orogastric gavage. Mice were sacrificed on day 10 post-administration, with the distal colon
excised and placed into neutral-buffered formalin for histological analysis.

For the evaluation of peptide safety in vivo, mice were divided into six experimental
groups: (1) sham-infected, (2) C. rodentium infected, (3) peptide wrwycr pre-treated C. rodentium
infected, (4) peptide alone, (5) placebo wkhyny pre-treated C. rodentium infected, (6) placebo
alone. Infection with 10° CFU C. rodentium was delivered by orogastric gavage (100uL), as
previously described (Gareau et al, 2011; Rodrigues et al, 2012). Peptide and placebo (25, 50, and
65uM) pre-treated C. rodentium groups were pre-treated for 5 minutes at room temperature prior
to orogastric gavage.

Mice were observed daily for overall health and well-being throughout the duration of the
study protocol. The presence of fur ruffling, diarrhea, lethargy, and changes in weight were used
as indicators of ill health (Gareau et al, 2011; Rodrigues et al 2012). Mice were sacrificed at the
height of infection, on day 10 post-infection, with the distal colon excised and placed into neutral-

buffered formalin. Fecal pellets were collected on days 0, 6, and 10 post-infection and stored at
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-80°C. Fecal swabs were collected and plated onto MacConkey agar on days 0, 6, and 10 post-
infection and incubated overnight at 37°C prior to scoring the level of growth. All procedures and

protocols were approved by the Animal Care Committee at the Hospital for Sick Children,

Toronto, ON.

2.3.9 Histological analysis of colon samples

Colonic epithelial hyperplasia in response to peptide safety and C. rodentium infection with
or without peptide pre-treatment was observed on coded segments of distal colon, as described
previously (Rodrigues et al, 2012). Briefly, distal colon sections were excised at the time of
sacrifice, fixed in 10% neutral-buffered formalin, and embedded in paraffin. Sections were stained
with hematoxylin and eosin and visualized using a Leica DM5000B microscope, Leica DFC350
FX camera, and ImageJ software. Crypt cell lengths were measured on coded segments, with

findings presented as the mean of 10 crypts per section from 3 non-adjacent sections per animal.

2.3.10 qPCR analysis of C. rodentium infection

Fecal pellets were collected at day 10 post-infection and quantitative PCR (qPCR) was
used to probe for the presence of the espB gene of C. rodentium as previously described (Livak
and Schmittgen, 2001; McKeel et al, 2002). Briefly, fecal pellets were collected and stored at -
80°C until use. Bacterial DNA was extracted using the QIAamp DNA Stool Kit (Qiagen, Toronto,
ON, Canada). A Nanodrop 2000c spectrophotometer was used to measure the concentration and
purity (A260/A280) of isolated DNA. DNA was diluted to 5 ng/mL and frozen at -20°C. qPCR
was performed on a CFX96 C1000 Thermal Cycler (BioRad, Mississauga, ON, Canada) using

SsoFast EvaGreen supermix according to the manufacturer’s instructions. C. rodentium was
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quantified relative to total bacteria using previously published primers specific to espB (Table 2.1)

(Livak & Schmittgen, 2001; McKeel et al, 2002).

2.3.11 qPCR analysis of alterations in stool microbial communities

The fecal microbiota was analyzed using 16S rRNA qPCR analysis. Briefly, fecal pellets
were collected and stored at -80°C until use. Bacterial DNA was extracted using the QITAamp DNA
Stool Kit. A Nanodrop 2000c spectrophotometer was used to measure the concentration and purity
(A260/A280) of isolated DNA. DNA was diluted to 5 ng/mL and frozen at -20°C. qPCR was
performed on a CFX96 C1000 Thermal Cycler using SsoFast EvaGreen supermix according to the
manufacturer’s instructions. Levels of Bacteriodetes, Firmicutes, Gammaproteobacteria, and
Lactobacillus were quantified relative to total bacteria using previously published primers (Table
2.1) (Bacchetti de Gregoris et al., 2011). Data analyses were performed, as previously described
(Livak and Schmittgen, 2001; Pfaffl, 2001).

Table 2.1: Primer sequences used for quantitative PCR of microbial communities.

Target Group ;1:$:r Sequence (5° — 3°) Reference
; EspB_F GCTTCTGCGAAGTCTGTCAA
rColZel;b::Zr EsiB:R CAGTAAAGCGACTTAACAGATT MeKeel, ot al, 2002
Universal 926F AAACTCAAAKGAATTGACGG Bacchetti De Gregoris
1062R CTCACRRCACGAGCTGAC etal., 2011
) 1080yF TCGTCAGCTCGTGTYGTGA Bacchetti De Gregoris
y-Proteobacteria = = 1 2R CGTAAGGGCCATGATG etal,, 2011
Bacteroidetes 798cfbF CRAACAGGATTAGATACCCT Bacchetti De Gregoris
cfb967R GGTAAGGTTCCTCGCGTAT etal., 2011
Firmicutes 928F-Firm  TGAAACTYAAAGGAATTGACG Bacchetti De Gregoris
1040FirmR ~~ ACCATGCACCACCTGTC etal., 2011
Actinobacteria Act920F3 TACGGCCGCAAGGCTA Bacchetti De Gregoris
Act1200R TCRTCCCCACCTTCCTCCG etal., 2011
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2.3.12 Statistical analyses

Results are expressed as the mean + standard error of the means (SEMs) of 3 independent
experiments. Statistical analyses were performed using Student’s t test, Mann-Whitney test, one-
way or two-way analysis of variance (ANOVA), with Tukey’s multiple comparisons testing to
determine significance between experimental conditions. A P value < 0.05 was considered

significant.

2.4 RESULTS

2.4.1 Acute acid stress or peptide treatment alone causes moderate killing of C. rodentium
Survival assays of C. rodentium over a pH 7.0 to 3.0 range identified pH 3.5 as the optimal
pH for viability loss studies (Figure 2.4a), consistent with the reported pH of murine gastric acid
(McConnell et al., 2008). Survival of C. rodentium at acidic versus neutral pH values showed a
significant 3-4 log fold decrease in C. rodentium viability at pH 3.5 after 2-3 hr treatment times (P
< 0.05) (Figure 2.4b). These results indicate that C. rodentium is sensitive to acid in a time- and

pH-dependent manner.
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Figure 2.4: Survival of C. rodentium following acute acid stress. (a) Survival assay showing CFU/mL
over 3 hr acid stress in LB broth at varying pHs at 37°C. (b) Survival assay showing CFU/mL over 3 hr
acid stress in LB broth at pH 7.0 and 3.5 at 37°C. * indicates a significant difference compared to pH 7.0
control, P < 0.05 by two-way ANOVA. Data bars represent means + SEMs, n = 3. Results are from 3

independent trials.

When C. rodentium was treated with peptide wrwycr alone, there was a significant time-
and dose-dependent decrease in bacterial viability over the course of a 60 min treatment (P < 0.05).
Viability losses ranged from 2-5 log fold for peptide concentrations of 25-65uM after 60 min
peptide treatment relative to an untreated control (Figure 2.5a). This loss of viability was specific
to the antimicrobial peptide wrwycr, and was not seen in a matching placebo peptide wkhyny
(Figure 2.5b). These results show that C. rodentium is sensitive to peptide treatment, with losses
in viability similar to findings previously reported for the human enteric pathogen EHEC O157:H7

(Lino et al, 2011).
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Figure 2.5: Survival of C. rodentium following peptide treatment. Survival assay showing CFU/mL after
1 hour (a) peptide wrwyecr; or (b) placebo wkhyny treatment (0-65uM) at room temperature, static. *
indicates a significant difference compared to OuM control, P < 0.05 by Student t test. Data bars represent

means = SEMs, n = 3. Results are from 3 independent trials.

Since the majority of experiments were carried out using C. rodentium grown to mid-
exponential phase, the effect of growth phase on peptide sensitivity was assessed. The results
demonstrated that peptide sensitivity was not significantly different for C. rodentium grown to
either lag phase, mid-exponential phase, or stationary phase treated with 50uM of peptide for 1 hr
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at room temperature, with approximately 0.01% of the starting inoculum surviving in all conditions
(Figure 2.6). These results demonstrate that peptide-induced killing of C. rodentium is not growth-

phase specific.

0.01+

Percent Survival

0.001-
lag phase log phase stat phase

Figure 2.6: Sensitivity of differential growth phases to peptide treatment of C. rodentium. Percent
survival of C. rodentium at either lag, log, or stationary phase after 1 hour peptide treatment (50uM) at

room temperature. Data bars represent means + SEMs, n = 3. Results are from 3 independent trials.

2.4.2 Peptide pre-treatment enhances acid-induced Kkilling of C. rodentium

When C. rodentium was pre-treated with peptide for 5-15 min and then exposed to acute
acid stress (pH 3.5), there was a time- and dose-dependent decrease in viability over the course of
the 60 min acid treatment (Figure 2.7). Reductions in viability ranged from 2-4 log fold for C.
rodentium pre-treated with 25-65uM peptide compared to the untreated control, with no detectable
C. rodentium observed after 65uM peptide pre-treatment followed by 60 min of acid stress. These
results demonstrate that peptide pre-treatment significantly enhances acid-induced killing (P <

0.05), and that survival is significantly lower than survival after either acid or peptide treatment

alone.
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Figure 2.7: Survival of C. rodentium following peptide-acid treatment in vitro. Surviving CFU/mL of
C. rodentium pre-treated with 0-65uM peptide wrwycr for 15 min at room temperature followed by 1 hour
acid stress (pH 3.5) at 37°C. * indicates a significant difference compared to OuM, P < 0.05 by Student t

test. Data bars represent means + SEMs, n = 3. Results are from 3 independent trials.

2.4.3 Peptide treatment does not impact survival of C. rodentium biofilms

While the focus of this research is planktonic bacteria, we also determined the effect of
peptide treatment on established C. rodentium biofilms. Confocal microscopy of DAPI-stained
biofilms showed proliferation and the formation of microcolonies throughout the biofilm (Figure
2.8a). When the established biofilms were exposed to 25-65uM peptide treatment for 30 min at
room temperature, there was no decrease in viability observed compared to planktonic C.
rodentium that showed a 2-4 log fold decrease in survival (Figure 2.8b). These results suggest that
established biofilms may be employing resistance mechanisms to prevent bacterial killing through

peptide treatment.
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Figure 2.8: Survival of established C. rodentium biofilms following peptide treatment. (a)
Representative micrographs of DAPI-stained 48 h C. rodentium biofilms. (b) Survival assay showing
CFU/mL after 0-65uM peptide treatment of established C. rodentium biofilms compared to planktonic cells
after 30 min treatment at room temperature. * indicates a significant difference compared to OuM, P < 0.05

by two-way ANOVA. Data bars represent means + SEMs, n = 3. Results are from 3 independent trials.

2.4.4 Growth recovery of peptide- and peptide-acid- treated C. rodentium

We next evaluated growth recovery of C. rodentium treated with either peptide alone or
pre-treated with peptide followed by acute acid treatment. For C. rodentium treated with peptide
alone, there was an expected decrease in survival during the initial 10 hr of treatment in a time-
and dose-dependent manner, with evidence of partial to full recovery over the course of 50 hr
(Figure 2.9a). C. rodentium growth was either fully recovered (25uM peptide) to the level of the

control group or partially recovered (50 and 65uM peptide).
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When C. rodentium was pre-treated with 25-65uM peptide followed by 1 hr acid stress
(pH 3.5), the ability to recover was dramatically reduced with no growth recovery detected for 50
and 65uM peptide pre-treated samples and only moderate growth recovery for the 25uM peptide

pre-treated samples (Figure 2.9b).
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Figure 2.9: Growth recovery of C. rodentium in vitro. (a) Recovery of C. rodentium growth during
prolonged peptide (0-65uM) treatment in MHB broth at 37°C, static. (b) Recovery of C. rodentium growth
after 15 min peptide (0-65uM) pre-treatment followed by 1 hr acid stress (pH 3.5) at 37°C in MHB broth
at 37°C. UT refers to sample taken immediately prior to peptide pre-treatment; 0 min refers to sample taken
immediately after peptide pre-treatment, prior to addition of acid stress. Data points represent means =

SEMs, n = 3. Results are representative of 3 independent trials.
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2.4.5 Prior exposure of C. rodentium to peptide treatment does not induce resistance

Since peptide-treated C. rodentium was able to achieve either moderate or full growth
recovery over prolonged exposure, we tested whether or not this was a result of a resistance
phenotype induced by peptide exposure. When C. rodentium was pre-treated with either 0 or 25uM
peptide wrwycr for 24 hr and then treated with S0uM peptide for 1 hr, there was a 2-3 log fold
decrease in survival. Additionally, C. rodentium that was pre-treated with higher concentrations
of peptide, 50 or 65uM, showed a 4 log fold decrease in survival when exposed to fresh peptide
(Figure 2.10). This increased level of killing at the higher concentrations can be attributed to the
lower starting CFU/mL of these samples at the start of the 50uM treatment. Since the samples that
were pre-treated with peptide prior to treatment with 50uM fresh peptide did not show a significant
increase in survival compared to the sample that was not pre-treated with peptide, it can be
concluded that prior exposure to peptide up to 24 h does not induce a resistance phenotype in C.

rodentium.
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Figure 2.10: Resistance of pre-exposed C. rodentium to fresh peptide. Survival of pre-treated C.
rodentium after 50uM peptide treatment for 1 hr at room temperature. Data bars represent means + SEMs,

n = 3. Results are representative of 3 independent trials.
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2.4.6 Safety assessment of peptide administration in vivo

Based on results from the in vitro survival assays, we then tested the efficacy of peptide
pre-treatment on C. rodentium infection in C57BL/6 mice. First, we evaluated safety of the peptide
and placebo administration in vivo. Results showed that at the concentrations tested (25-65uM),
overall health and well-being of the mice were not affected during the 10 day study. Additionally,
crypt cell length of mice administered the peptide were not significantly different from that of mice
administered matching concentrations of the placebo and sham-infected mice (Figure 2.11). These
results suggest that peptide administration is safe in vivo and does not cause any adverse effects

on mice.
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Figure 2.11: Safety testing of peptide administration in vivo. (a) Colonic epithelial cell hyperplasia in
mice 10 d post-adminstration of peptide wrwycr or placebo wkhyny compared to PBS control.
Representative micrographs of distal colon sections stained with hematoxylin-and-eosin stain. Black lines
indicate crypt cell length. (b) Quantitative analysis of crypt cell lengths from b. Data bars represent means

+ SEMs (3 sections per animal, 10 counts per section).
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2.4.7 Peptide pre-treatment of C. rodentium ameliorates infection and reduces infection
outcomes in mouse infection model

When mice were infected with either untreated C. rodentium or 5S0uM placebo (wkhyny)
pre-treated-C. rodentium, there was 100% infection as assessed by fecal swab scores (Figure
2.12a). In contrast, mice infected with S0uM peptide pre-treated-C. rodentium showed no gut
colonization resulting in 0% infection. There were no detectable fecal counts on MacConkey agar
in peptide pre-treated-C. rodentium infected mice and no visible signs of illness, unlike the
untreated and placebo pre-treated-C. rodentium infected mice where fecal counts were high and
mice were visibly ill with hunched posture, fur ruftling, lethargy, and weight loss. Mice pre-treated
with peptide and then challenged with C. rodentium were indistinguishable from sham, peptide, or
placebo treated mice in terms of both general visual health and fecal counts on MacConkey agar.
Similarly, qPCR analysis of espB expression in stool samples demonstrated the presence of C.
rodentium at 1-2% of the total Eubacteria in the C. rodentium and placebo pre-treated-C.
rodentium infected mice (Figure 2.12b). This was significantly increased from the 0% C.
rodentium present in the peptide pre-treated-C. rodentium and uninfected control groups.
Additional in vivo studies demonstrated that infection was peptide-dose-dependent, with 100%
infection at the lower dose of peptide pre-treatment (25uM) and 25% of animals showing
colonization at the higher dose of peptide pre-treatment (65uM) (Table 2.2).

Colonic epithelial cell hyperplasia, a characteristic feature of C. rodentium infection, was
measured in haematoxylin-and-eosin-stained sections of distal colon (representative images are
shown in Figure 2.12¢). As expected, crypt cell length of C. rodentium-infected mice was
significantly higher than in sham-challenged mice (P < 0.05) (Figure 2.12d). Similarly, crypt cell

length of placebo pre-treated C. rodentium-infected mice was significantly higher than sham
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infected mice (P < 0.05). In contrast, crypt hyperplasia of peptide pre-treated-C. rodentium
infected mice was not significantly different than mice challenged with peptide alone or the sham
infected group (P > 0.05), indicating that colonic epithelial cell hyperplasia of C. rodentium-
infected mice was attenuated by pre-treatment with the peptide. Taken together, these results
provide convincing evidence regarding the efficacy of peptide wrwycr in preventing C. rodentium-

induced colonic injury in a mouse model.
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Figure 2.12: In vivo testing of peptide pre-treatment on C. rodentium infection. (a) Fecal swab growth
scores of treated mice taken 10 days post-infection on MacConkey agar (n = 4 mice per study group). Sham
—PBS, CR - C. rodentium, PP-CR — peptide pre-treated C. rodentium, PP — peptide alone, PL-CR — placebo
pre-treated C. rodentium, PL- placebo alone. Colonies were scored based on a growth scale as previously
described (Cantey and Hosterman, 1979), where 0 = no growth, 1 = widely spread colonies, 2 = closely
spaced colonies, and 3 = confluent growth. (b) Quantitative PCR analysis of EspB expression in stool
samples taken 10 d post-infection (n = 4). Data bars represent means + SEMs. * indicates a significant
difference from the peptide pre-treated C. rodentium and sham infected groups, P < 0.05 by Mann-Whitney
test. (¢) Colonic epithelial cell hyperplasia in mice 10 d post-infection with C. rodentium (10° CFU).
Representative micrographs of distal colon sections stained with hematoxylin-and-eosin stain. Black lines
indicate crypt cell length. (d) Quantitative analysis of crypt cell lengths from b. Data bars represent means
= SEMs (3 sections per animal, 10 counts per section). * indicates a significant difference from non-infected
controls, P < 0.05 by two-way ANOVA. ** indicates a significant difference from C. rodentium infected

group, P < 0.05 by two-way ANOVA.
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Table 2.2: Peptide pre-treatment prior to orogastric gavage prevents infection in mice

infected with C. rodentium compared to uninfected mice in a dose-dependent manner.

% Infection in Treatment Groups*

Peptide wrwycr pre-treated Placebo wkhyny pre-treated

C. rodentium* C. rodentium C. rodentium
25uM 50uM 65uM 25uM 50uM 65uM
92% 100% 0% 25% 100% 100% 100%

Fecal swabs obtained from mice at Day 10 post-infection were plated onto MacConkey Agar and incubated
overnight at 37°C (n = 4 mice per group; ‘n = 12 mice). Plates with colony growth were counted as infected.

* All uninfected control treatment groups had 0% infection (n = 4-12 mice per group).

2.4.8 Peptide pre-treatment reduces C. rodentium-induced alterations of the gut microbiome

Fecal microbial composition analysis of the indicated C. rodentium-infected mice
demonstrated C. rodentium-induced alterations in the gut microbiome; namely a significant
increase in Gammaproteobacteria and a decrease in Lactobacillus (Figure 2.13a-¢). Similar
results were also seen for the placebo wkhyny pre-treated-C. rodentium infected group. In contrast,
when C. rodentium was pre-treated with peptide wrwyecr prior to infection, there was a significant
reduction in C. rodentium-induced alterations of the fecal microbial composition. Interestingly,
when mice were treated with peptide wrwycr alone, there was no significant alteration of the ratio
of Bacteriodetes:Firmicutes, mnor in the levels of Lactobacillus, or Gammaproteobacteria
compared to the sham-infected group (Figure 2.13a-c). Taken together, these results confirm that
peptide pre-treatment protects against C. rodentium-induced alterations of the gut microbiome in

vivo, and that peptide administration alone does not alter the gut microbial composition.
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Figure 2.13: qPCR analysis of fecal microbial composition of treated mice 10 d post-infection. Semi-
quantitative amount of (a) Bacteriodetes:Firmicutes; (b) Gammaproteobacteria; and (¢) Lactobacillus
relative to total Eubacteria. Data bars represent means + SEMs (n = 4 mice per study group). * indicates a

significant difference from sham and peptide pre-treated-C. rodentium infected mice, P < 0.05 by Mann-

Whitney test.

2.5 DISCUSSION

This is the first study to date that demonstrates the efficacy of the antimicrobial peptide
Wwrwycr as a prevention strategy in reducing disease outcome in a C. rodentium murine model of
EHEC O157:H7 infection. Both the in vitro and in vivo data presented here indicate that a brief

pre-treatment phase of C. rodentium with wrwycr followed by exposure to acute acid stress,
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representative of gastric passage, dramatically reduced bacterial counts to below the infectious
dose of 10" CFU, thereby decreasing the potential for successful colonization and subsequent
infection to occur.

The in vitro data clearly demonstrate that while peptide or acid treatment alone can increase
C. rodentium killing, it is the combination of peptide pre-treatment followed by acid treatment that
dramatically reduces survival to below the infectious dose. Previous research has shown that the
murine gastric fluid ranges in pH from 3.0 to 4.0, depending on the state of feeding, which is less
acidic than the human counterpart which has a pH of approximately 2.0 (Brenneman et al., 2014;
Richard and Foster, 2004; Smith, 2003). These pH values are acidic enough to induce significant
levels of DNA damage, thereby allowing the peptide wrwycr to inhibit DNA repair by
outcompeting RecG and RuvC during HJ resolution. This inhibition of DNA repair, in turn, leads
to enhanced levels of bacterial cell death due to the DNA damage inflicted by acute acid stress.
Additionally, the exposure to acid stress may be synergistic with the peptide’s effect on the cell
membrane and the cell’s inability to maintain sufficient levels of bioavailable iron, resulting in
increased toxicity to C. rodentium. Regardless of its exact mechanism, these results demonstrate
that the combination of peptide treatment with acid stress is critical in maximizing the effect of the
peptide on inhibition of DNA repair. Consequently, this finding underscores the fact that, at the
low does used in this study, the peptide would be less effective as a post-infection treatment due
to the absence of acute acid stress in the distal colon.

The combination of peptide-acid treatment was shown to be most effective in enhancing
bacterial cell death of planktonic C. rodentium, while remaining relatively ineffective against
established C. rodentium biofilms. Bacterial biofilms have been shown to display increased

resistance to many antimicrobial agents, using a combination of physical and chemical barriers to

56



prevent antimicrobial penetration into the biofilm (Mah and O’Toole, 2001). While this may
explain why an increase in bacterial cell death was not observed in C. rodentium biofilms following
peptide treatment, there are likely other mechanisms in place which cause resistance to peptide
treatment. These alternative mechanisms may include slow growth, transition of biofilm cells into
a resistance phenotype, and alterations of the microenvironment within the biofilm (Mah and
O’Toole, 2001; Stewart and Costerton, 2001).

A vital aspect to any study of antimicrobials is the ability of the pathogen to recover from
sub-inhibitory concentrations of the antimicrobial agent. The findings of this study showed that
prolonged treatment of C. rodentium with the peptide alone resulted in either partial or full growth
recovery only after 50 hrs, and that recovery was dose-dependent with the highest concentrations
of peptide showing lower levels of recovery. The growth recovery seen may be attributed to the
peptide being consumed as greater numbers of bacteria accumulate in the culture through cell
division. Alternatively, the recovery of bacterial growth may also be due to the employment of
various antimicrobial resistance mechanisms by the pathogen, such as upregulation of efflux
systems that prevent the drug from reaching its intracellular target, or production of alternative
metabolic pathways that bypass the action of the antimicrobial drug (McManus, 1997; Tenover,
2006). In contrast, when peptide pre-treatment was followed by acid exposure, recovery was
significantly impaired, with no growth recovery seen at the highest peptide concentration tested
and relatively limited recovery at the lower concentrations. These observations indicate that while
C. rodentium can recover from peptide treatment alone, the ability to recover is strongly
compromised when peptide pre-treatment is followed by acute acid stress as revealed by both the
in vitro and in vivo studies. Moreover, when C. rodentium is treated with peptide for a 24 hr period

then exposed to a second treatment of peptide, they are at least equally if not more sensitive to the
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second dose of peptide, with no evidence of resistance in the recovered population. These results
suggest that a second course of peptide treatment can mitigate recovery after the first peptide
treatment, although multiple exposures to peptide treatment may induce resistance to further
peptide treatment.

Finally, the in vivo studies confirmed that administration of peptide over the range of
concentrations tested in this study caused no adverse effects on the overall health and well-being
of mice over the 10 day study period. Additionally, colonic histology analysis of peptide-treated
mice was unchanged relative to the sham and placebo-treated groups. These findings are consistent
with previous reports that show no evidence of cytotoxicity in a variety of human cell lines and
murine primary cells exposed to peptide at concentrations below 100uM (Dey et al., 2013; Su et
al., 2010). Moreover the in vivo studies revealed that 50-65uM peptide pre-treatment of C.
rodentium prior to infection of mice ameliorated any evidence of infection based on C. rodentium
colonization levels, fecal scores, colonic histology, and visual observation of overall animal health.
Furthermore, analysis of the fecal microbiome showed no differences between the peptide pre-
treated C. rodentium infected group and the sham infected group, while there was a significant
difference between the peptide pre-treated C. rodentium infected group and the C. rodentium
infected and placebo pre-treated C. rodentium infected groups. These findings provide further
evidence that peptide pre-treatment of C. rodentium prior to infection is effective at preventing
infection in vivo.

In summary, both the in vitro and in vivo findings of this study confirm and extend our
previous findings which show a dose-dependent increase in acid-induced killing of peptide pre-

treated EHEC seropathotypes associated with severe human disease (Lino et al., 2011).
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2.6 CONCLUSIONS & FUTURE DIRECTIONS
2.6.1 Conclusions

In summary, we have successfully demonstrated that peptide wrwycr pre-treatment of C.
rodentium followed by acute acid stress, representative of passage through gastric acid, is effective
at significantly reduced pathogen survival in vitro and ameliorating infection in a murine model of
EHEC O157:H7 infection. The efficacy of peptide-acid induced pathogen killing was seen
regardless of bacterial growth phase, and only low levels of growth recovery were observed up to
72 hours later in vitro. Additionally, when C. rodentium was pre-treated with peptide prior to
infection of mice, the infection outcomes such as colonic histology and fecal microbiota
composition were unchanged compared to the sham-challenged mice. Furthermore, peptide
administration alone did not affect fecal microbiota composition or colonic histology, indicating
that these markers of colonic health were unaffected at the peptide doses tested. Taken together,
these findings support a potential role for the peptide wrwycr as a prevention strategy against
enteric pathogen infection by enhancing the body’s natural defense system of gastric acid to
compromise bacterial survival prior to intestinal colonization. In the proposed model (Figure
2.14), foods such as beef and spinach that are commonly associated with EHEC outbreaks would
be pre-treated with the peptide at the grocery store level as a means of getting the peptide into the
pathogen. Once ingested by the host, the contaminated food enters the stomach where the low pH
of gastric acid induces a high amount of bacterial DNA damage. As the bacteria attempt to repair
this DNA damage, HJs are formed as an intermediate structure in the repair process and their
subsequent resolution is inhibited by peptide wrwycr. This inhibition of DNA repair, together with
the peptide’s additional effects on iron toxicity within the cell, results in a dramatic increase in

bacterial cell death prior to entering the small intestine. Since no viable bacterial cells are able to

59



enter the small intestine, they are therefore unable to colonize the host at the preferred site of

colonization in the large intestine.
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Figure 2.14: Model of the antimicrobial peptide wrwycr as a prevention strategy for EHEC infection.
In the proposed model, commonly contaminated foods are pre-treated with peptide wrwycr. Once ingested,
the ingested food then enters the stomach where the low pH exposure induces significant DNA damage.
During the DNA repair process, the resolution of HJs is inhibited by the antimicrobial peptide thereby
inhibiting DNA repair and causing bacterial cell death.

While this model provides promise as a prevention strategy for EHEC infection, there are
still many challenges that need to be examined. For example, questions that need to be addressed
include the stability of the peptide, required frequency of antimicrobial treatment of foods, the
optimal temperature for peptide uptake, the potential for development of peptide resistance after
multiple treatments, and the safety of multiple ingestions of peptide-treated foods by the host.

Addressing these and other key questions represents an important next step.
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2.6.2 Future Directions & Significance

While this study successfully demonstrates the use of this antimicrobial peptide as an
effective prevention strategy using an in vivo animal model, there is still much to be investigated.
When considering the use of this peptide as a therapeutic, it is important to note that the minimum
effective dose of peptide wrwycr tested in vivo is 50uM. While the use of this peptide at S0uM
has been demonstrated to be safe to the host, its use as a widespread preventative strategy can be
limiting due to high costs of using such a high concentration. An alternative, and more cost-
effective, approach would be to combine the use of this peptide with a second antimicrobial that
acts in a similar manner at a lower effective concentration. This dual antimicrobial approach may
prove to be even more potent than the use of peptide wrwycr on its own while being cost-effective.
Additionally, the combination of peptide wrwycr treatment with a second antimicrobial that
induces acid stress, DNA damage, or oxidative stress would enhance the efficacy of peptide
wrwycr treatment and may enable it to be used as a post-infection treatment as well as a prevention
strategy. Secondly, a vital aspect of the proposed model involves the inclusion of the peptide in
foods that are at high risk of contamination. To better test this model, an in vivo model in which
the animal chow is exposed to C. rodentium or peptide pre-treated C. rodentium prior to ingestion
by the animal may be useful. A final aspect of the peptide’s efficacy that would be beneficial for
marketing of it as an antimicrobial strategy would be testing of its potency on other foodborne
pathogens such as Salmonella, Listeria, Clostridium botulinum, Campylobacter, and Vibrio
vulnificus. Since the mechanisms by which RecG and RuvC promote HJ resolution are conserved
in over 300 bacterial species, it is likely that peptide wrwycr treatment will act in a similar manner
as seen in EHEC in these other foodborne pathogens. If the peptide is able to act as an antimicrobial

in the majority of foodborne enteric pathogens, its marketability would significantly increase.
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Interestingly, the combination of peptide treatment and acid stress represents a significant
advancement in the development of preventative strategies for EHEC infection, as this strategy
not only introduces a new antimicrobial but utilizes an antimicrobial to enhance the host innate
defense systems. The key to this novel and innovate strategy is to kill the pathogen prior to
colonization of the host by enhancing the killing action of the innate host defenses. This novel
strategy has widespread potential as it can be utilized to potentiate the pathogen killing action of

such host defenses as bile salts, CAMPs, and SCFAs.

In conclusion, the use of this novel antimicrobial strategy has widespread potential as an
antimicrobial prevention strategy which targets EHEC, and potentially other foodborne pathogens,
prior to colonization of the host, thereby eliminating the adverse effects caused by Shiga toxin
secretion into the bloodstream. Moreover, if the studies testing a combination of peptide wrwycr
with another antimicrobial compound proves successful, it may also show potential as a post-
infection treatment in addition to its use as a preventative strategy. This research represents a major
breakthrough in the treatment, and more specifically prevention, of EHEC infection which may
lead to a reduction in the outbreaks seen globally each year by enhancing the innate human defense

system through the use of small antimicrobial peptides.
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Chapter 3: Examining the Role of DNA-Binding Protein, Dps, in
EHEC’s Response to Peptide wrwycr Treatment

Lackraj, T., Kacori, M., & Foster, D.B. Dps protects Enterohemorrhagic Escherichia coli
against acid-induced antimicrobial peptide killing. [Manuscript in preparation]
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3.1 ABSTRACT

Dps, a DNA-binding protein from starved cells in E. coli, is a member of the ferritin
superfamily and is part of a bacterial defense system that protects DNA against damage. It is also
involved in protection against cellular stresses such as UV and gamma irradiation, iron and copper
toxicity, thermal stress, and acid and base stress. We previously demonstrated that a novel
antimicrobial peptide wrwycr enhances acid-induced killing of enterohemorrhagic Escherichia
coli (EHEC) and ablates infection in a C. rodentium mouse model of EHEC infection. Wrwycr has
been shown to bind to Holliday Junctions and prevent their resolution. It has also been shown to
increase chelatable iron within the cell, suggesting that it may promote the formation of hydroxyl
radicals through the Fenton Reaction. This, combined with the effect of peptide and acid stress on
DNA damage, suggests a key defense role for Dps in peptide- and peptide-acid induced killing of
EHEC. The goal of this study is to evaluate the role of Dps in peptide- and peptide-acid induced
killing of EHEC. Our results demonstrate that disruption of the dps gene in EHEC O157:H7
enhances each of acid-, or peptide-, or peptide-acid-induced killing relative to the wild-type EHEC,
and complementation restores it. Using flow cytometric analysis, we have also demonstrated
increased levels of hydroxyl radicals in peptide-treated wild-type EHEC relative to the untreated
control. Disruption of the dps gene further increases hydroxyl radical levels. These findings
indicate that peptide treatment of EHEC enhances the formation of hydroxyl radicals, likely
through the Fenton reaction thereby contributing to the killing action of the peptide, and that dps
protects against peptide killing of EHEC, in part by protecting against hydroxyl radical formation.
We have also demonstrated through survival assays and flow cytometry of hydroxyl radical
formation that the peptide wrwycr acts similarly to the bactericidal class of antibiotics, supporting

a role for this novel antimicrobial peptide as a prevention strategy against EHEC infection. This
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study provides important insights into antimicrobial peptide wrwycr-mediated killing of EHEC,

which could be exploited in the development of more effective antimicrobials.

3.2 INTRODUCTION

3.2.1 Bactericidal Antibiotics

Bactericidal antibiotics are a class of drugs that kill bacteria with an efficiency of greater
than 99.9%, while bacteriostatic drugs do not kill bacteria but rather simply inhibit growth
(Kohanski et al., 2007; Pankey and Sabath, 2004). The novel antimicrobial peptide, wrwycr, was
previously shown to cause an increase in bacterial killing, similarly to that seen by bactericidal
antibiotics, suggesting that it may behave in a manner parallel to this class of drugs. The drug-
target interactions of these bactericidal antibiotics are predominantly classified into 3 categories:
beta lactams that inhibit cell wall biosynthesis, fluoroquinolones that inhibit DNA replication and
repair, and aminoglycosides that inhibit protein synthesis through interference with proper
ribosome function (Dwyer et al., 2015; Kohanski et al., 2007; Von Doéhren, 2009; Walsh, 2000).
Interestingly, bactericidal antibiotics, unlike bacteriostatic antibiotics, stimulate the production of
hydroxyl radicals in both gram negative and gram positive bacteria alike (Kohanski et al., 2007).
More specifically, bactericidal antibiotics cause an increase in Fe** within the bacterial cell, likely
due to the breakdown of iron-sulfur clusters, which drives the Fenton reaction forward, thereby
leading to the formation of highly deleterious hydroxyl radicals which eventually result in bacterial
cell death (Figure 3.1) (Kohanski et al., 2007). In contrast, the bacterial cell can be protected
against hydroxyl radical-induced cell death through the expression of DNA-protecting proteins

such as Dps.
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Figure 3.1: Bactericidal antibiotics mode of action. The breakdown of iron-sulfur clusters leads to the
release of Fe*” and formation of hydroxyl radicals through Fenton Chemistry, thereby resulting in cell death.

This can be mediated through expression of DN A-protecting proteins such as Dps.

3.2.2 Dps, a DNA-Binding Protein
3.2.2.1 Dps as a Protective and Regulatory Protein

The E. coli DNA-binding protein from starved cells (Dps) belongs to a subfamily of
ferritin-like proteins that was first characterized as a DNA-binding protein induced during
stationary phase or in cells under stress (Almirdn et al., 1992; Huergo et al., 2013). Dps proteins
are widely distributed in the bacterial kingdom, with the sequence being conserved in over 300
bacterial species. Bacterial genomes typically encode one Dps protein, although some may encode
up to two or three (Chiancone and Ceci, 2010; Karas et al., 2015). E. coli Dps shares many
structural features in common with other bacterial ferritins and is composed of at least 12 subunits
that form spherical dodecamers (Choi et al., 2000; Grant et al., 1998; Wolf et al., 1999). Dps
expression is seen at low levels during late exponential growth and slowly accumulates during the

stationary growth phase until it becomes the most abundant protein in the cell (Ali Azam et al.,

66



1999; Halsey et al., 2004; Jeong et al., 2008). Moreover, E. coli Dps expression is regulated by the
stationary phase sigma factor RpoS (0°*), OxyR, and IHF (Altuvia et al., 1994; Halsey et al., 2004).

Since bacteria encounter a multitude of stresses in the environment, within foods and
during food processing, and throughout the human gastrointestinal tract, they have evolved a
variety of strategies to survive and adapt under such stressful conditions. These strategies range
from measures such as sporulation to the expression of stress mediation proteins such as Dps
(Battesti et al., 2011; Karas et al., 2015). E. coli Dps acts as a critical component of various stress
response pathways in bacterial cells and enhances survival during exposure to a multitude of
stresses such as starvation, heat shock, oxidative stress, UV and ionizing radiation, acid and base
stress, and metal toxicity (Almirdn et al., 1992; Altuvia et al., 1994; Jeong et al., 2008; Martinez
and Kolter, 1997; Nair and Finkel, 2004). These protective effects of Dps are likely a result of
either one or both of its dual biochemical functions — DNA binding and ferroxidase activity

(Calhoun and Kwon, 2011; Karas et al., 2015).

3.2.2.2 DNA-Binding as a Protection Mechanism

The physical mode of protection by Dps, DNA binding, is not common to all members of
the Dps family. In the bacterial species where Dps-DNA complexes are formed, they play a vital
protective role against such stresses as acid and base shock, iron and copper toxicity, high salt or
radiation, and oxidative stress (Chiancone and Ceci, 2010; Nair and Finkel, 2004). While DNA is
the common target for Dps protection through physical association, Dps-DNA binding has no
apparent sequence specificity although the complex proves to be extremely stable and thereby
resistant to DNase and oxidative damage (Almiro6n et al., 1992; Chiancone and Ceci, 2010; Jeong

et al., 2008). The DNA binding activity of Dps is activated by Fe*" or H,0, at acidic pH, while
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binding is inhibited by NaCl and Mg®* which suggests the role of ionic interactions between Dps
and DNA (Huergo et al., 2013). The exact mechanism through which Dps binds DNA is poorly
understood, although it has been suggested that an initial DNA binding event occurs prior to
condensation into highly ordered DNA-protein structures (Ceci et al., 2007; Chiancone and Ceci,
2010).

The DNA shielding provided through Dps-DNA binding provides a major mode of
protection for the bacterial cell against the chemical and reactive damage caused during exposure
to acid and oxidative stress (Calhoun and Kwon, 2011; Zhao et al., 2002). Interestingly, in vitro
studies have confirmed that Dps-DNA binding protects DNA from low pH-induced damage.
Moreover, the ability of Dps-bound DNA to condense into a co-crystallized structure protects the
DNA against acid stress by maintaining genetic integrity (Calhoun and Kwon, 2011; Jeong et al.,
2008). Together these findings confirm a vital role for Dps in acid tolerance and oxidative stress

protection in E. coli (Choi et al., 2000).

3.2.2.3 Ferroxidase Activity as a Protection Mechanism

In addition to its physical mode of protection through DNA binding, Dps also exhibits a
chemical mode of protection through its ferroxidase activity. Unlike other members of the ferritin
superfamily, the ferroxidase activity of Dps prefers H,O, over O, when carrying out iron oxidation
(Chiancone and Ceci, 2010; Franceschini et al., 2006; Zhao et al., 2002). The most distinct
structure of the Dps family is the ferroxidase center, which is located between the subunits where
two Fe?" jons bind to form a binuclear iron center (Iari et al., 2000; Zeth, 2012). Through the
ferroxidase activity of Dps, DNA protection is exerted indirectly via the removal of free Fe*" from

the cytoplasm which in turn reduces the formation of highly reactive oxygen species (hROS)
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through Fenton chemistry (Almiron et al., 1992; Ceci et al., 2007; Huergo et al., 2013). This is a
critical component of E. coli’s protective mechanism as excess iron within the cell can become
toxic and potentially fatal through the production of hROS. However, once iron is bound within
the ferroxidase center of Dps, it is oxidized from ferrous ions to ferric ions which are non-toxic to
the cell (Calhoun and Kwon, 2011; Nair and Finkel, 2004). Together, these findings demonstrate

a vital role for Dps in protection against iron toxicity in E. coli cells.

3.2.3 Rationale and Overall Aim

While the effects of peptide wrwycr treatment on bacterial cells have been previously
studied, the relationship between its different roles in interfering with DNA damage repair and
restricting iron availability within the cell is poorly understood (Orchard et al., 2012). The DNA
binding protein, Dps, represents an interesting DNA-protecting mechanism which involves
protection against multiple cellular stresses including acid stress and iron toxicity. Consequently,
Dps may provide a unique link between the different effects of peptide treatment. It is hypothesized
that Dps expression may protect EHEC against peptide wrwycr and peptide-acid treatment both
through (1) binding DNA to protect against the detrimental effects of peptide-acid treatment, and
(2) sequestering Fe" to protect against iron toxicity that leads to hydroxyl radical formation.
Furthermore, it is hypothesized that peptide wrwycr behaves as the bactericidal class of antibiotics
by causing bacterial killing and inducing hydroxyl radical formation. The overall objective of this
research project then is to determine the role of Dps as a protective mechanism during acid,
peptide, and peptide-acid treatment of EHEC through its DNA-binding and ferroxidase center
abilities, as well as to confirm whether peptide wrwycr falls into the bactericidal classification of

antibiotic drugs.
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3.3 MATERIALS AND METHODS

3.3.1 Bacterial strains and culture conditions

Escherichia coli O157:H7 strains used for this study (kindly provided by Dr. Charles Kaspar,
University of Wisconsin, Madison, WI) are listed in Table 3.1. Bacterial glycerol stocks were
maintained at -80°C, and were streaked onto LB (BioShop, Burlington, ON, Canada) agar
containing the appropriate antibiotics prior to use in order to obtain single colonies. Overnight
cultures were prepared by inoculating single colonies into LB broth containing the appropriate

antibiotics and then incubating 12-16 hours at 37°C with shaking.

Table 3.1: Bacterial strains and plasmids used in study.

Strain Relevant Characteristics Reference

stx; Stx,; serotype O157:H7 isolate from

EDL933, ATCC 43895 (Choi et al., 2000)

hamburger
EDL933 dps.:npt] Km' (Choi et al., 2000)
EDL933 dps.:nptl/pUC18+dps Km', Ap" This study
EDL933 dps.:nptl/pUC18 Km', Ap" This study

3.3.2 Complementation of the dps::npt] mutant

The dps gene and upstream promoter region was amplified from EHEC O157:H7 genomic
DNA by PCR using a pair of primers carrying EcoRI or Pstl sites on the 5 ends: (1) 5°-
CGGAATTCCATAACCATGCAGAATTTCT-3’ and (2) 5’-CGGCTGAGCAGCGATGGATTT
ATTCGAT-3’. The resulting PCR fragment was digested with EcoRI and Pstl (FastDigest
Enzymes; ThermoFisher, Scientific, Waltham, MA, USA), and ligated into the multiple cloning
site of the vector pUCI18, previously digested with the same enzymes. The resulting plasmid,

pUCI18 with dps, was analyzed for insertion of the PCR fragment using PCR amplification of the
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dps gene and gene sequencing using dps-specific primers (ACGT Corp, Toronto, ON, Canada).

Sequence comparisons were conducted using Serial Cloner 2.1.

3.3.3 Antimicrobial peptide wrwycr

The peptide wrwycr was synthesized with a C-terminal amide group, purified to >95% purity
at Sigma-Genosys or Biosynthesis and dissolved in 50% dimethyl sulphoxide (DMSO), as
described previously (Gunderson and Segall, 2006). A wrwycr stock solution (10mM) was

maintained at -20°C in 50 or 100% DMSO.

3.3.4 Bactericidal versus bacteriostatic antibiotic assay

To compare the action of the peptide wrwycr to the bactericidal and bacteriostatic class of
antibiotics, an overnight bacterial culture of EHEC EDL933 WT was diluted 1:25 in fresh LB
broth and grown 1.5 hours at 37°C with shaking to mid-exponential phase (ODggo 0.4-0.6).
Bacteria were pelleted at 3,500 rpm for 10 min at 4°C and re-suspended in Mueller Hinton Broth
(MHB) (Sigma Aldrich, Oakville, ON, Canada) containing either Sug/mL kanamycin, 400ug/mL
spectinomycin, or 50uM peptide wrwycr. Samples were incubated at 37°C, 300rpm for 3 hours.
Samples were taken at t =0, 1, 2, 3 hrs, serially diluted in 1X PBS, plated onto LB agar and grown
overnight at 37°C. Additional samples were taken at t = 3 hr and prepared for flow cytometric

analysis of hydroxyl radical formation (see below).

3.3.5 Survival assays
To determine the role of Dps in acid stress of EHEC, overnight bacterial cultures of EHEC

were diluted 1:25 (wild-type and dps-) or 1:15 (dps-/dps and dps-/pUC18) in fresh LB broth and
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grown 2 hours at 37°C with shaking to early stationary phase (OD., 0.9-1.0). Bacteria were
pelleted at 3,500 rpm for 10 min at 4°C, re-suspended in 1X PBS at pH 3.5, and then incubated at
37°C for 1 hour, static. Samples were taken at t =0, 15, 30, 45, and 60 mins, serially diluted in 1X
PBS, plated onto LB agar and grown overnight at 37°C.

In order to evaluate the role of Dps in peptide treatment of EHEC, overnight bacterial
cultures of EHEC were subcultured as outlined above. Bacteria were pelleted at 3,500 rpm for 10
min at 4°C, re-suspended in 0.5X PBS containing 50uM peptide wrwycr, and then incubated at
room temperature for 1 hour, static. Samples were taken at t = 0, 15, 30, 45, and 60 mins, serially
diluted in 1X PBS, plated onto LB agar and grown overnight at 37°C.

Finally, to assess the role of Dps in peptide-acid treatment of EHEC, overnight bacterial
cultures of EHEC were subcultured as above. Bacteria were pelleted at 3,500 rpm for 10 min at
4°C, re-suspended in 0.5X PBS containing 50uM peptide wrwycr, and then incubated at room
temperature for 15 mins, static. Bacteria were pelleted as above, re-suspended in 1X PBS at pH
3.5, and incubated at 37°C for 1 hour, static. Samples were taken at t = UT (immediately prior to
peptide addition), 0 (immediately prior to acid addition), 15, 30, 45, and 60 mins, serially diluted

in 1X PBS, plated onto LB agar and grown overnight at 37°C.

3.3.6 Flow cytometric analysis of hydroxyl radical formation

Bacterial cultures of EHEC were grown and subjected to either acid (pH 3.0), peptide
wrwycr (50uM), or peptide-acid (50uM — 15 mins, pH 3.0 — 1hr) stress as outlined above. Bacteria
were pelleted as above, re-suspended in 2% PFA, and incubated at room temperature for 15 mins,
static. Following fixation, bacteria were pelleted, washed 1X in PBS, and diluted 1:10 in 1X PBS,

pH 7.2 + 5uM hydroxyphenyl fluorescein (HPF) (Life Technologies, Carlsbad, CA, USA) for 30
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min at room temperature. Propidium iodide (Life Technologies, Carlsbad, CA, USA) was added
to each sample just prior to measuring with a 488nm argon laser on a Becton Dickinson LSR

Fortessa X-20 Cell Analyzer. At least 10,000 cells were collected for each sample.

3.3.7 Statistical analyses

All data are represented as means + standard error of the means (SEMs) of at least 3
independent experiments. Either one-way or two-way analysis of variance (ANOVA) with
Tukey’s multiple-comparison test was used to determine differences among multiple groups. A P

value of < 0.05 was considered significant.

3.4 RESULTS

3.4.1 Complementation of the dps::nptlI mutant

Positive transformants from the cloning of the dps ORF and promoter from E. coli
O157:H7 EDL933 into the vector plasmid pUC18 were kanamycin- and ampicillin-sensitive.
Plasmid DNA showed a clear increase in size from 2.7Kb to 3.4Kb after insertion of the dps gene,
and PCR amplification of dps showed a distinct band at 790bp in both the control genomic DNA
and the cloned plasmid, which is in agreement with the projected size of the dps gene and promoter
region (Figure 3.2). Positive transformants were sequence compared to the EDL933 dps gene, and

showed 91% similarity, confirming the insertion of dps into the MCS of pUC18.
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PCR amplified dps

Template DNA:  pUC18 pUC18 gDNA puUC18 pUC18
+dps +dps

3000 bp —

1500 bp —

700 bp —

Figure 3.2: Cloning of dps ORF + promoter into vector plasmid pUC18. Insertion of the dps ORF + P
sequence into the pUC18 plasmid, as validated through mini-prep (lanes 2 & 3) and PCR-amplification of
dps (lanes 4-6) on a 0.8% agarose gel.

3.4.2 Peptide wrwycr behaves as a bactericidal antibiotic

Survival assays of EHEC EDL933 WT exposed to various antibiotics showed a 1.5-log
fold increase in survival when exposed to the control media (MHB) containing no antibiotics and
no change in survival when exposed to spectinomycin, a bacteriostatic antibiotic (Figure 3.3a). In
contrast, when EHEC was exposed to either kanamycin, a bactericidal antibiotic, or peptide
wrwycr there was a 5-log fold decrease in survival, demonstrating a significant level of bacterial
killing. Similarly, flow cytometry analysis showed an increase in hydroxyl radical formation in
cells treated with either kanamycin or peptide wrwyecr, but not with either MHB or spectinomycin-
treated cells (Figure 3.3b-c), consistent with previous studies that show an increase in hydroxyl
radical formation in the presence of bactericidal but not bacteriostatic antibiotics (Kohanski et al.,
2007). These results indicate that peptide wrwycr behaves similarly to kanamycin, and more

broadly, to the bactericidal class of antibiotics.
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Figure 3.3: Comparison of peptide wrwyer to bactericidal and bacteriostatic antibiotics. (a) Survival
of EHEC exposed to MHB broth containing either no antibiotics, Sug/mL kanamycin, 400ug/mL
spectinomycin, or 50uM peptide wrwycr for 3 hours at 37°C, with shaking. (b) Flow cytometric analysis
of hydroxyl radical formation in EHEC exposed to antibiotics using hydroxyphenyl fluorescein (HPF), as
outlined in a. (¢) Quantified HPF signal from b.

3.4.3 Disruption of dps makes EHEC hypersensitive to acid, peptide, and peptide-acid
treatment

When EHEC EDL933 WT was exposed to acid stress at pH 3.0, a time-dependent decrease
in viability was seen, with only 15% of the bacteria surviving 60 min of exposure (Figure 3.4a-

b). Disruption of dps further enhanced this decrease in survival by 1-log fold, with only 4% of
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bacteria surviving 60 min of exposure, while complementation of the dps gene restored survival
to wild-type levels. The enhancement of bacterial killing seen in the dps mutant compared to wild-
type EHEC was more pronounced at the lower pH of 2.5, where a 2-log fold difference in survival
was seen between the two strains (data not shown).

Similarly, when EHEC was exposed to 50uM peptide wrwycr treatment, a 2-log fold
decrease in survival was observed for WT bacteria (Figure 3.4¢). Disruption of dps enhanced this
decrease in survival by 2-log fold, for a total 4-log fold decrease in survival compared to t = 0, and
complementation restored survival to wild-type levels. Survival of the dps mutant containing the
empty vector, pUC18, matched that of the dps mutant strain.

Finally, when EHEC was pre-treated with peptide for 15 min and then exposed to acute
acid stress (pH 3.0), there was a greater decrease in survival over the 60 min acid treatment (Figure
3.4d). Reduction in viability was 3.5-log fold for wild-type EHEC, while disruption of the dps
gene further increased this to a 5.5-log fold decrease in survival compared to t = 0.
Complementation of dps restored survival to wild-type levels, while the presence of the empty
vector showed survival similar to that of the dps mutant strain. These results suggest that disruption
of dps makes EHEC hypersensitive to acid, peptide, and peptide-acid treatment, consistent with
previous studies indicating a protective role of Dps against cellular stress (Almirén et al., 1992;

Altuvia et al., 1994; Jeong et al., 2008; Nair and Finkel, 2004).
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Figure 3.4: Survival of EHEC following acid, peptide, or peptide-acid treatment. Survival assays
showed CFU/mL or percent survival after 1 hour (a-b) acid (pH 3.0) stress; or (¢) peptide wrwycr (50uM)
treatment; or (d) peptide-acid treatment (15 min peptide pre-treatment at 50uM followed by 1 hour acid

stress at pH 3.0). Data bars represent means +SEMs, n = 2.

3.4.4 Hydroxyl radical formation is increased following peptide treatment of EHEC

When EHEC EDL933 WT was treated with peptide wrwycr, a distinct increase in hydroxyl
radical formation was observed, as seen by flow cytometric analysis (Figure 3.5) with the HPF
signal increasing from 256 to 282. This increase was even more pronounced in the absence of dps,
with the HPF signal increasing to 306, and was restored in the complemented strain. These results

suggest that Dps is playing a significant role in protecting EHEC against peptide-induced hydroxyl

radical formation.
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Figure 3.5: Hydroxyl radical formation in peptide-treated EHEC. (a) Flow cytometric analysis of

hydroxyl radical formation using hydroxyphenyl fluorescein (HPF) following 50uM peptide wrwycr

treatment for 1 hour at room temperature. (b) Quantified HPF signal from a.

3.5 DISCUSSION

This is the first study to date to classify peptide wrwycr’s mechanism of bacterial killing

as that of the bactericidal class of antibiotics, and to demonstrate a relationship between peptide

wrwycr’s different antimicrobial roles through the protective mechanisms of the DNA binding
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protein, Dps. The data presented here indicate that treatment of EHEC with peptide wrwycr
induces bacterial cell death and increases hydroxyl radical formation to levels similar to that seen
with the bactericidal, but not bacteriostatic, class of antibiotics. These results suggest that, like
other bactericidal antibiotics, peptide wrwycr may act by breaking down iron-sulfur clusters within
the bacterial cell to release Fe**, thereby driving the Fenton reaction to form hydroxyl radicals and
eventually leading to bacterial cell death (Kohanski et al., 2007; Orchard et al., 2012).

The survival assays demonstrated that disruption of the dps gene made EHEC significantly
more sensitive to acute acid stress (pH 3.0), peptide treatment (50uM), or a combination of
peptide-acid treatment during stationary phase of growth. The hypersensitivity of the dps mutant
to acute acid exposure was profoundly enhanced at a lower pH of 2.5. Since both of the pH values
tested are acidic enough to induce significant levels of DNA damage, the results are consistent
with previous reports that dps directly binds DNA to protect against acid-induced DNA damage
(Choi et al., 2000; Jeong et al., 2008). Similarly, the hypersensitivity of the dps mutant to peptide
treatment can be explained by the bactericidal activity of the peptide, in which Fe*" is released and
leads to increased levels of hydroxyl radicals within the cell. Since dps expression is known to be
induced and sequester Fe** in response to hydroxyl radical formation, disruption of dps would
result in excess levels of Fe*" present within the cell, thereby leading to higher levels of hydroxyl
radicals and an increase in bacterial cell death (Kohanski et al., 2007). The combination of peptide-
acid treatment combines both of these effects, and therefore requires two mechanisms of DNA
protection from Dps — DNA binding and ferroxidase activity (Chiancone and Ceci, 2010). This is
supported by the enhanced level of bacterial killing seen in both the wild-type and dps mutant

strains when exposed to peptide-acid treatment.
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In summary, the findings of this study extend our previous findings of peptide wrwycr’s
potential as an antimicrobial agent by demonstrating its action to be similar to that of the
bactericidal class of antibiotics, and provide a unique link between the two major antimicrobial

roles of this peptide through the DNA-binding protein Dps.

3.6 CONCLUSIONS & FUTURE DIRECTIONS
3.6.1 Conclusions

We have successfully demonstrated that the DNA-binding protein, Dps, plays a vital
protective role against peptide wrwycr treatment of EHEC through its DNA-binding and
ferroxidase center activity. Disruption of the dps gene resulted in hypersensitivity to each of acute
acid exposure, peptide treatment, and peptide-acid treatment compared to the wild-type strain.
Moreover, flow cytometric analysis demonstrated increased levels of hydroxyl radical formation
in peptide-treated EHEC compared to untreated EHEC, and this was further enhanced in the
absence of dps. It is of importance to note that the flow cytometric data may be an
underrepresentation of hydroxyl radical formation in each of the treatment groups due to the short
lifetime of hydroxyl radicals in the cell. Taken together, these results suggest that upon acid or
peptide exposure of EHEC, Dps is upregulated and acts by directly binding DNA to protect against
acid-induced DNA damage and by sequestering Fe*" to prevent the formation of hydroxyl radicals
through the Fenton reaction. Additionally, we have also demonstrated that the peptide wrwycr acts
similarly to the bactericidal class of antibiotics by causing significant levels of bacterial killing

and inducing hydroxyl radical formation.
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3.6.2 Future Directions & Significance

This study sheds light on one of the protective mechanisms employed by EHEC upon
exposure to peptide treatment through Dps. Since the findings of this study show that Dps acts to
protect EHEC against peptide treatment, and disruption of the dps gene results in significantly
enhanced levels of bacterial killing, this may suggest a unique strategy to enhance the efficacy of
peptide treatment. For example, the combination of peptide treatment with another drug or
antibody treatment that neutralizes and/or counteracts the protective effects of Dps may enhance
peptide-induced bacterial killing, thereby enhancing its ability as a prevention strategy against
EHEC infection. Additionally, while this study demonstrates a unique link between the different
antimicrobial effects of peptide wrwycr through the protective action of Dps, there are likely other
protective mechanisms at play. A deeper analysis of these protective mechanisms and
antimicrobial resistance mechanisms is vital to fully understanding how EHEC responds to peptide
treatment. While our previous studies did not demonstrate acquired resistance to peptide treatment,
analysis of antimicrobial resistance mechanisms such as expression of efflux pumps, changes in
cell membrane permeability, and alterations of antimicrobial target proteins would allow us to gain
better insight into how EHEC changes its metabolism in response to this antimicrobial. This insight
would allow for the development of combination drug treatments that target the antimicrobial

resistance mechanisms at play to enhance the efficacy of peptide treatment.
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In conclusion, this research sheds light on how Dps provides a unique link between the
different antimicrobial roles of peptide wrwycr treatment, by binding DNA directly to protect
against acid-induced DNA damage and by its ferroxidase activity to sequester Fe*" and protect
against iron toxicity and hydroxyl radical-mediated cell death. Moreover, these results provide an
interesting opportunity to develop a combination drug therapy that targets Dps as a means to

enhance peptide-induced bacterial killing.
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Chapter 4: Modulation of EHEC O157:H7 Virulence by

Short Chain Fatty Acids

Lackraj, T.*, Kim, J.*, Tran, S., & Barnett Foster, D. (2016) Differential modulation of
flagella expression in enterohemorrhagic Escherichia coli O157:H7 by intestinal short
chain fatty acid mixes. Microbiology doi:10.1099/mmic.0.000357.

* Co-first authors; Editor’s Choice
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4.1 ABSTRACT

During passage through the human gastrointestinal tract, enterohemorrhagic Escherichia
coli (EHEC) encounters various microenvironmental stresses, including acute acid stress in the
stomach, bile salt stress in the small intestine, and short chain fatty acid (SCFA) stress in the small
and large intestines. Each of these microenvironmental stresses produces unique antimicrobial
conditions that EHEC must overcome prior to reaching its desired site of colonization in the distal
colon. While EHEC uses various strategies to combat and survive these host assaults, it may also
use them as chemical cues about the local microenvironment in order to modulate its virulence
accordingly. Of particular interest to this study is how EHEC may utilize changing concentrations
of SCFAs in the small and large intestines to modulate virulence as it approaches the site of
colonization, and specifically how it modulates flagella expression and motility in response to
SCFAs. In this study, we investigate the impact of exposure to short chain fatty acid mixtures,
which simulate the concentrations and compositions within the small and large intestine, on EHEC
flagella expression and function. Using a combination of transcriptome analysis, quantitative real-
time PCR, immunofluorescence, and immunoblot analyses, we show that when EHEC is exposed
to low concentrations (30mM) of SCFAs representative of the small intestine, there is a strong
significant upregulation of flagellar genes and the key flagellar protein FliC. By contrast, when
EHEC is exposed to high concentrations (172mM) of SCFAs representative of the large intestine,
there is a significant downregulation of flagellar genes and FliC protein expression. Similarly,
EHEC motility is also modulated in response to these different SCFA mixes. Interestingly, the
impact of the individual SCFAs within each mix is not equivalent to the response of the SCFA
mixes, suggesting that the specific composition of each mix is vital to the regulatory response.

Collectively, these results demonstrate that EHEC modulates flagella expression and motility
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differentially in response to varying concentrations of SCFAs typical of the small and large

intestines.
4.2 INTRODUCTION

4.2.1 Short Chain Fatty Acids and Colonic Health

The human gastrointestinal tract is comprised of multiple distinct microenvironmental
niches. In particular, the environment of the small and large intestines are characterized by
changing concentrations of short chain fatty acids (SCFAs). SCFAs are a major group of metabolic
end products from the fermentation of dietary fibers, protein, and peptides (Cummings, 1983; Roy
et al., 2006; Smith and Bryant, 1979; Tobe et al., 2011). Since humans lack the enzymes necessary
for degradation of the majority of dietary fibers, these non-digestible carbohydrates pass through
the upper GI tract to the cecum and large intestine where they are fermented by the anaerobic cecal
and colonic microbiota (den Besten et al., 2013; Roy et al., 2006). By definition, SCFAs are
saturated aliphatic organic acids consisting of one to six carbons, and are most abundantly (>95%)
made up of acetate, butyrate, and propionate (Figure 4.1) (Cook and Sellin, 1998; Cummings et
al., 1987; Cummings and Macfarlane, 1991; den Besten et al., 2013; Macfarlane et al., 1992; Roy

et al., 2006; Tobe et al., 2011).
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Figure 4.1: Chemical structure of SCFAs. The three most abundant SCFAs present through the
breakdown of dietary fiber are acetate (C2), propionate (C3), and butyrate (C4).

85



Although the relative concentration and composition of SCFA mixes in the lumen of
specific regions along the human GI tract are broad and dynamic over time, the overall trend shows
that SCFA levels are lowest in the small intestine, ranging from approximately 20 to 40mM, and
increasing dramatically in the cecum and colon to concentrations ranging between 160 to 200mM
(Herold et al., 2009; Lawhon et al., 2003; Macfarlane et al., 1992). Within the large intestine, total
SCFA concentrations range from 70 to 140mM in the proximal colon and 20 to 70mM in the distal
colon, with acetate being the most abundant (Cummings and Macfarlane, 1991; den Besten et al.,
2013; Tobe et al., 2011; Topping and Clifton, 2001). The total concentrations and composition of
SCFAs within the GI tract are affected mainly by two vital aspects: diet (the amount and type of
food consumed) as well as the composition of the gut microbiota (den Besten et al., 2013; Flint et
al., 2008; Herold et al., 2009).

The human diet, specifically the amount and type of dietary fiber consumed, constitutes
one of the major determinants of SCFA concentration and composition present within the intestinal
lumen (Fernandes et al., 2014; Flint et al., 2008). The average human diet in western societies
contains approximately 20-25 grams of fiber per day, and may reach as high as 60 grams per day
in diets rich in fruits and vegetables (Bingham et al., 2003; den Besten et al., 2013; Musso et al.,
2011). The specific type of fiber consumed affects the relative SCFA composition. For example,
the fermentation of starch results in high levels of butyrate, whereas the fermentation of pectin
results in higher levels of acetate (Cummings and Macfarlane, 1991; Gilbert et al., 2005; Herold
et al., 2009).

Additionally, the composition of the gut microbiota constitutes the second major
determinant of SCFA concentration and composition. The three most abundant phyla present in

the intestine, Bacteriodetes, Firmicutes, and Actinobacteria, have differential impacts on SCFA
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composition. Specifically, the Bacteriodetes phylum mainly produce acetate and propionate as its
metabolic end product, whereas the Firmicutes phylum primarily produces butyrate (den Besten
et al., 2013; Macfarlane and Macfarlane, 2003). The microbial species present within the lower GI
tract produce SCFAs as a necessary waste product required to balance redox equivalent production
in the anaerobic environment of the gut (van Hoek and Merks, 2012).

Interestingly, the amount and type of fiber intake plays a vital role in the composition of
the gut microflora, and consequently the SCFA on the type and amounts of SCFAs produced (den
Besten et al., 2013; Fernandes et al., 2014). Dietary fibers which result in high concentrations of
SCFAs cause a decrease in colonic pH, which subsequently affects the composition of the colonic
microbiota and further SCFA production. The decrease in luminal pH is a result of the exchange
of SCFAs by the host cells for bicarbonate (den Besten et al., 2013). The pH-induced changes in
the microbiota within the colon are a vital aspect of SCFA production, especially within the
proximal colon where the highest amount of bacterial activity occurs. Similarly, this is also where
the greatest amount of carbohydrate substrates is available, making the proximal part of the colon
the principle site of fermentation (den Besten et al., 2013; Topping and Clifton, 2001).

In addition to the impact of diet and gut microflora on SCFA concentration, the time after
digestion also plays a vital role. While the cecum yields approximately 400 to 600 mmol of SCFAs
each day through the fermentation of carbohydrates, the total concentration decreases rapidly as
almost 95% of SCFAs are absorbed by the colonocytes for use as 5-10% of the total dietary energy
(Bergman, 1990; Dawson et al., 1964; Erickson and Doyle, 2007; Roediger, 1982; Royall et al.,
1990; Ruppin et al., 1980; Topping and Clifton, 2001).

In addition to its multitude of applications including artificial flavourings, pharmaceutical

agents, and plasticizers for medical and commodity plastics, SCFAs are also widely used as
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antimicrobial agents in the food, cosmetics, and pharmaceutical industries. Moreover, studies have
demonstrated that exposure of E. coli to SCFAs slows growth, a finding that suggests a role for
SCFAs in enzyme inhibition, cytoplasmic acidification, redox imbalances, and cellular membrane
damage (Black and DiRusso, 1994; DiRusso et al., 1999; Jarboe et al., 2013; Lennen et al., 2011;
Rodriguez-Moya and Gonzalez, 2015).

Recently, dietary fibers and their fermentation end product, SCFAs, have been of interest
due to their beneficial effects on metabolic functions such as body weight, glucose homeostasis,
food intake, and insulin sensitivity (Delzenne and Cani, 2005; Marlett et al., 2002; Nicholson et
al., 2012; Venn and Mann, 2004). Interestingly, SCFAs have been implicated to play a role in
maintaining colonic health and reducing the risk of irritable bowel syndrome, inflammatory bowel
disease, cardiovascular disease, diabetes, and colon cancer (den Besten et al., 2013; Galisteo et al.,
2008; Kasubuchi et al., 2015; Tobe et al., 2011; Wong et al., 2006). Moreover, it has been
hypothesized that SCFAs may play a key role in the prevention and treatment of these bowel
disorders and cancers since butyrate is a major energy source for colonocytes and promotes cell
differentiation, and has been shown to protect epithelial cell lines from Campylobacter invasion
and translocation (Donohoe et al., 2011; Fukuda et al., 2011; Harig et al., 1989; Van Deun et al.,
2008; Wong et al., 2006). Clinical studies have also demonstrated the beneficial effects of SCFA
administration in the treatment of ulcerative colitis, Crohn’s disease, and antibiotic-associated
diarrhea (Binder, 2010). Together, these studies demonstrate a vital role for SCFAs in maintaining
colonic health and may suggest a key role for SCFAs in protecting the host against incoming

pathogens.
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4.2.2 Short Chain Fatty Acids and Virulence Gene Expression

A critical feature of enteric infection involves the ability of the incoming pathogen to
tolerate, possibly adapt to, and potentially exploit the various conditions encountered in the local
environment through alterations in their physiology and virulence properties. In order to achieve
this, pathogens have evolved unique systems to sense these environmental conditions (such as
temperature, oxygen, and nutrients) and subsequently transduce the signal in order to reprogram
their virulence gene expression accordingly to ensure successful infection (Heroven et al., 2012).

SCFAs have been shown to affect the expression of virulence genes in Salmonella and
EHEC (Lawhon et al., 2003; Nakanishi et al., 2009; Tobe et al., 2011). Specifically, the exposure
of Salmonella enterica to acetate provides a signal for invasion gene expression through the
production of acetyl phosphate in the cytoplasm (Lawhon et al., 2003; Tobe et al., 2011).
Additionally, the exposure of EHEC to butyrate, but not to acetate or propionate, enhances
virulence gene expression, specifically genes involved in the adherence of EHEC to epithelial cells
thereby increasing the adherence capacity of EHEC through increased LEE gene expression. This
is achieved through the sensing regulator leucine-responsive regulatory protein (Lrp) (Nakanishi
et al., 2009; Tobe et al., 2011). Exposure to butyrate activates the expression of leuO in EHEC
through the virulence regulators Pch, Ler, and Lrp. Conversely, LeuO positively regulates
transcription of the LEE1 operon, which includes the Ler gene, thereby enhancing virulence gene
expression through a positive feedback loop (Takao et al., 2014).

Of interest is the BarA/UvrY two-component system (TCS) in E. coli, which is often
utilized by pathogens to sense external signals in the local environment and adapt their bacterial
fitness and virulence accordingly. Amongst the various environmental conditions that are sensed

by BarA/UvrY are weak acids, specifically formate and acetate, which leads to modulation of the
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carbon storage regulator (Csr) system (Suzuki et al., 2002; Weilbacher et al., 2003). The Csr
system is a post-transcriptional regulatory system present in most animal pathogens and has been
implicated to have a key role in the adaptation of these pathogens to changing environmental
conditions. This system is comprised of a dimeric RNA-binding protein, CsrA, and two
independent small non-coding RNAs, CsrB and CsrC, which act as antagonists of CsrA. CsrA is
a post transcriptional RNA-binding regulator which functions by binding mRNAs and affecting
their translation and/or stability (Babitzke and Romeo, 2007; Wang et al., 2005; Wei et al., 2001).

Typically, the binding of mRNAs by CsrA leads to negative regulation of translation,
although it has been shown to have a positive stabilizing effect on the f/ADC mRNA in E. coli.
FIhDC encodes the master regulator for synthesis of the flagellum, one of the most complex
cellular machinery in bacteria (Heroven et al., 2012; Wei et al., 2001). Flagella synthesis involves
14 different operons and over 50 genes. The expression of these genes is tightly regulated in order
to control this process, and regulation has been organized into a three-tier hierarchy. FIhDC is at
the top of this hierarchy, in class I, and recognizes class II flagellar promoters (Liu and Matsumura,
1994). Genes in class II encode proteins for the basal body and the hook of the flagellum, as well
as for FliA, which is required for transcription of class III genes. The genes in this class are required
for assembly of the flagellar filament, motor activity, and chemotaxis (Hughes et al., 1993; Wei et
al., 2001). Once fully assembled, the flagellum is an intricate multiprotein assembly (Figure 4.2)
which is most often characterized by its role in the propulsion or motility of bacteria (Rossez et
al., 2015). It follows then that the recognition of acetate through the BarA/UvrY TCS leads to
increased expression of CsrB and CsrC, which leads to inhibition of CsrA and a subsequent
decrease in motility, since the f/ADC mRNA is no longer stabilized through CsrA binding (Suzuki

et al., 2002; Weilbacher et al., 2003). This suggests that exposure to acetate, at concentrations high

90



enough to be detected by the BarA/UvrY TCS, leads to decreased flagella expression and motility.
In contrast, it has also been shown that exposure of EHEC to low concentrations of butyrate
simultaneously enhances flagella production, motility, and LEE gene expression. This response of
flagella to SCFAs is mediated through two steps of the flagella regulatory hierarchy — through Lrp
and independently of FIhDC activation (Takao et al., 2014; Tobe et al., 2011). Taken together,

these findings suggest that each individual SCFA may modulate bacterial virulence differentially.

Filamentcap — FliD —

A

Filament— FIiC

_—

Hook-filament
junction

FIgE — Hook

Figure 4.2: Flagella structure and organization. (a) The flagellum is a multiprotein assembled
appendange spanning from the bacterial cytoplasm, across the double membrane into the extracellular
space. (b) The organization of flagella around the bacterial body can be either i) monotrichous, ii)

lophotrichous, iii) amphitrichous, or iv) peritrichous. Adapted from (Chevance and Hughes, 2008).

4.2.3 Rationale and Overall Aim
The production of SCFAs, through fermentation of dietary fiber by the gut microflora,
results in a unique and dynamic environment within the lower GI tract. The presence of these

metabolites may serve as an environmental cue for EHEC to regulate its virulence through several
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complex systems. During transit through the lower GI tract, a vital aspect of EHEC’s virulence is
motility, which may provide an important advantage in avoiding detrimental locations and
successfully reaching its favourable site of colonization in the colon. It follows then that the
expression of flagella is important for successful infection, as it is the main driving force behind
bacterial motility, but may also serve as adhesive appendages during the initial phases of
colonization. The goal of this study is to characterize the effect of differential concentrations of
SCFAs, representative of transit through the small and large intestines, on expression of flagella
in EHEC and subsequently on motility. Furthermore, since previous studies have demonstrated
differential effects of the three major SCFAs, acetate, butyrate, and propionate, this study will

examine the effects of each individual SCFA on flagella expression.

4.3 MATERIALS AND METHODS

4.3.1 Bacterial strains and culture conditions

Escherichia coli O157:H7 strain 86-24 was used in this study. Bacterial glycerol stocks were
maintained at -80°C, and were streaked onto Luria-Bertani (LB) (BioShop, Burlington, ON,
Canada) agar prior to use to obtain single colonies. Overnight cultures were prepared by

inoculating single colonies into LB broth, and incubating 12-16 hr at 37°C with shaking.

4.3.2 SCFA treatment of EHEC
Overnight cultures were diluted in fresh LB containing 100mM MOPS
(morpholinepropanesulfonic acid; pH 6.7) and either 30mM NaCl, 30mM SCFA mix (25mM

sodium acetate, 2.5mM sodium butyrate, 2.5mM sodium propionate) (Herold et al., 2009), or
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172mM NaCl to an OD,, of 0.05, 0.05 or 0.15 respectively. Cultures were then incubated 6 hr at
37°C + 5% CO:. to late exponential phase (ODy, = 0.8 — 1.0). Due to the prolonged lag phase of
EHEC incubated with the 172mM SCFA mix, the overnight culture was diluted in fresh LB
containing 100mM MOPS to an OD,, of 0.2, then incubated at 37°C + 5% CO, for 2 hr prior to
addition of the 172mM SCFA mix (95mM sodium acetate, 1 7mM sodium butyrate, 60mM sodium
propionate) (Herold et al., 2009) and continued growth to late exponential phase.

For treatment of EHEC with individual SCFAs, solutions of sodium acetate, sodium
butyrate, and sodium propionate were either prepared to a set concentration of 30mM or 172mM
or set to the original concentrations within the original 30mM or 172mM mixes. Bacterial cultures
were diluted in fresh LB containing 100mM MOPS and the appropriate stress and then incubated
as described above. All cultures with a concentration of SCFA larger than 30mM was set to an
OD, of 0.2 and incubated for 2 hr prior to addition of the SCFA stress.

A concentration gradient of individual SCFAs (0, 30, 60, 90, 130, and 170mM) was prepared
and bacterial cultures were diluted in fresh LB containing 100mM MOPS and the appropriate
stress and incubated as described above. All cultures with a concentration of SCFA larger than

30mM was set to an OD,, of 0.2 and incubated for 2 hr prior to addition of the SCFA stress.

4.3.3 Quantitative real-time PCR analysis of gene expression

Following SCFA treatment, total RNA was isolated using the GeneJet RNA Purification
Kit (ThermoFisher Scientific, Waltham, MA, USA) and converted to cDNA using the iScript
cDNA synthesis kit (BioRad, Mississauga, ON, Canada) according to manufacturers’ instructions.
Gene expression was assessed using primers against gapA (control), fliC, flhC, flhD, motAB, cheA,

and cheW (see Table 4.1 for primer sequences), Roche LightCycler FastStart DNA Master SYBR
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Green I, and Roche LightCycler 2.0 Instrument (Roche, New York, NY, USA). At least 3

independent experiments were carried out for each primer set.

Table 4.1: Primer sequences used for quantitative real-time PCR.

Primer Sequence (5’ — 3°) Reference
gapA_F AGGTCTGATGACCACCGTTC e stud
1S Stu
gapA R GGAACGCCATACCAGTCAGT Y
flic_F CAAGTTGCCTGCATCGTCTA ,
L This study
flic R TCAGCTTCAAAACGTGATGC
fInC_F GTGGGATAATATCGGCAGGA .
- This study
flnC_R GCGGTTTGTTGAAAGTGGAT
flnD_F GATGCCGGTATGAATTTGCT ,
- This study
flaD R CAGCGTCTGATTGTTCAGGA
motAB_F TTCTAAACATCGGGCGATTC .
motAB R CAGGGGGAAGTGAATAAGCA 1o Sy
cheA_F CTGATGTTCGGCAGACAGAA .
cheA R AACTCGGCAAGCAGGTAGAA 1o Sy
cheW F CGTCAATGAAAGCACGTCTG o
1S Stu
cheW R AGGTAACACGGATTGCGAAC Y

4.3.4 Immunoblot analysis of FliC expression

Following SCFA treatment, bacteria were collected by centrifugation at 3,500rpm for 10 min
at 4°C, washed twice in 1X PBS (137mM NacCl, 2.7mM KCI, 10mM Na,HPO,, 1.8mM KH.PO.),
and re-suspended in 1X sodium dodecyl sulfate (SDS) sample buffer (10% Glycerol, 60mM
Tris/HCI pH 6.8, 2% SDS, 0.01% bromophenol blue, 1.25% B-mercaptoethanol). Samples were
run on a 10% SDS-polyacrylamide gel (70V for 30 mins, 120V for 90 mins) and transferred onto
a 45um Immobilon-P PVDF membrane (EMD Millipore, Etobicoke, ON, Canada) (100V for 2 hr
at 4°C). Membranes were blocked in 5% TBST + milk for 1 hr at room temperature with shaking,

and incubated overnight at 4°C in either anti-H7 (1:1000 dilution; Denka-Seiken, Tokyo, Japan)
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or anti-DnaK (1:10,000 dilution; Enzo Life Sciences, Farmingdale, NY, USA). This was followed
by incubation with a horseradish peroxidase-conjugated secondary antibody (1:10,000 dilution;
Bethyl Laboratories Inc., Montgomery, TX, USA) and visualization using ECL detection. At least

3 independent experiments were carried out for each condition.

4.3.5 Soft-agar motility assays

The effect of SCFA treatment on EHEC motility was assessed by soft agar motility assay
using 0.25% Bacto™ Tryptone agar plates supplemented with the appropriate SCFA mixtures or
NaCl controls. After SCFA treatment, 2ul. of EHEC was spotted onto the soft-agar plates and
incubated at 37°C for 12 hours, followed by measurement of the motility halo diameter. At least 3

independent experiments were carried out for each condition.

4.3.6 Statistical analysis

All data are represented as means + standard error of the means (SEMs) of at least 3
independent experiments. Either one-way or two-way analysis of variance (ANOVA) with
Tukey’s multiple-comparison test was used to determine differences among multiple groups. A P

value of < 0.05 was considered significant.

4.4 RESULTS

4.4.1 Transcriptome analysis of SCFA-treated EHEC
In order to determine the impact of differential short chain fatty-acid treatment on EHEC

O157:H7 (strain EDL933) gene expression, a DNA microarray was carried out using either 30mM
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or 172mM SCFA treatment; the full dataset is available through the GEO database (GEO accession
no. GSE79509). For each treatment, the expression of each gene was normalized to its expression
in the matching sodium chloride control samples. With a cut-off value of 2 for the fold change in
expression (P < 0.05), we found that 104 genes were upregulated and 106 genes were
downregulated 2-fold or more after exposure to the lower concentration of SCFA relative to its
NaCl control (data not shown). In contrast, 143 genes were upregulated and 214 downregulated
following exposure to the higher concentration of SCFA relative to its NaCl control. Interestingly,
the vast majority of flagellar genes showed differential expression in response to the two SCFA
treatments, with flagellar genes being upregulated 1.5-4.3 fold by 30mM SCFA and downregulated

3-23 fold by 172mM SCFA (Table 4.2).

Table 4.2: Flagellar genes as determined by DNA microarray®.

Gene Gene Description Class 30mM 172mM
flgA Flagellar basal body P-ring biosynthesis protein 2 233 -6.60
flgB Flagellar basal body rod protein 2 * -23.53
flgC Flagellar basal body rod protein 2 2.00 -20.37
flgD Flagellar hook assembly protein 2 2.08 -15.68
flgE Flagellar hook protein 2 2.37 -14.55
flgG Flagellar basal body rod protein 2 2.26 -20.50
flgH Basal body L-ring lipoprotein 2 2.28 -11.98
flgl Flagellar basal body P-ring protein 2 1.78 -10.22
flgJ Flagellar rod assembly protein 2 2.11 -7.09
flgK Flagellar hook filament junction protein 2 2.50 -8.43
flgM Anti-FliA: FIhD regulator 2 2.23 *
flgN Intiator of flagellar filament assembly 2 2.24 *
fIhC Transcriptional activator 1 2.50 *
fIhD Transcriptional activator 1 2.40 *

fIhE Flagella protein 2 2.98 -12.24
flid Alternative sigma factor 28 2 2.62 -21.00
flic Flagellin 3 1.75 *

fliF Flagellar basal body MS-ring & collar protein 2 1.94 -11.37
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fliG Flagellar motor switch protein 2 2.02 -11.78
Slil Flagellum specific ATP synthase 2 2.52 -9.12
fliJ Flagellar rod assembly protein 2 2.28 -17.14
fliK Flagellar hook length control protein 2 237 -9.66
SliL Flagellar basal body —associated protein 2 2.12 -10.50
SliM Flagellar motor switching 2 2.27 -13.02
SIiN Flagellar switch protein 2 2.22 -10.29
fliO Flagellar biosynthesis protein 2 2.82 -10.05
fliP Flagellar biosynthesis protein 2 2.71 -16.38
fliQ Flagellar biosynthesis protein 2 2.81 -4.43
fliR Flagellar biosynthesis: export pore protein 2 4.27 -9.88
fliZ RpoS antagonist 2 1.90 -10.92
motA Proton conductor component of flagella motor 3 1.58 *
motB Protein that enables flagellar motor rotation 3 1.76 *
cheA Chemotaxis response regulator 3 1.26 *
cheW Purine-binding chemotaxis protein 3 1.44 *

Significant fold changes for flagellar genes under 30mM and 172mM SCFA treatments relative to their
respective sodium chloride controls (P < 0.05). * indicates a non-significant change. * The DNA microarray

data presented was conducted by Dr. Seav-Ly Tran (University of Cambridge, Cambridge, UK).

Quantitative real-time PCR confirmed the changes in gene expression of selected flagellar
genes following exposure to either 30mM or 172mM SCFA treatment. Specifically, fliC, the
primary structural flagella gene, showed a consistent 1.64 fold upregulation following 30mM
SCFA treatment relative to 172mM SCFA treatment. Similarly, fTAC and fIhD, the master
regulatory genes were significantly upregulated 2.95 and 2.37 fold respectively by 30mM SCFA
treatment relative to 172mM SCFA treatment (Figure 4.3a). Additionally, quantitative real-time
PCR indicated a significant upregulation of genes associated with motility, motAB (2.57 fold), as
well as chemotaxis genes ched (3.71 fold) and cheW (2.84 fold) under 30mM SCFA relative to

172mM SCFA treatment (Figure 4.3b).
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Figure 4.3: Gene expression analysis following SCFA mix treatment of EHEC O157:H7. Quantitative
real-time PCR analysis of (a) fIiC, fIhC, and fIhD; and (b) motAB, cheA, and cheW after either 30mM or
172mM SCFA stress for 6 hr at 37°C + 5% CO,, normalized to gapA. Data bars represent means + SEMs,
N = 3. * indicates a significant difference from 172mM SCFA treatment, P < 0.05 by two-way ANOVA.

4.4.2 F1iC protein expression is upregulated in response to 30mM SCFA
Since the transcriptional analysis revealed differential expression of flagellar genes in
response to either low or high SCFA treatments, we then assessed FliC protein expression in

response to each treatment. Immunoblot analysis confirmed a strong, significant 3.7 fold increase
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of F1iC expression following 30mM SCFA treatment relative to 172mM SCFA treatment (Figure
4.4). When compared to their respective sodium chloride controls, immunoblot analysis of FliC
expression showed a significant 4.8 fold increase for 30mM SCFA relative to its 30mM NaCl
control, and a small 1.3 fold upregulation for 172mM SCFA relative to its 172mM NaCl control,

indicating that flagella expression is not responding to osmolarity changes alone.
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Figure 4.4: Immunoblot analysis of FliC (H7) protein expression following SCFA mix treatment of
EHEC 0157:H7. (a) ECL-detected blot images of FliC (H7) after either 30mM or 172mM SCFA stress
for 6 hr at 37°C + 5% CO.. (b) Quantified protein expression from (a), normalized to DnaK (loading
control). Data bars represent means = SEMs, N = 3. * indicates a significant difference from corresponding
NacCl control; ** indicates a significant difference from 30mM SCFA treatment, P < 0.05 by two-way
ANOVA.

Additionally, we examined flagella expression using immunofluorescence microscopy of
SCFA-stressed EHEC stained with anti-H7 (FliC) and an Alexa Fluor 488-conjugated secondary
antibody. Consistent with the immunoblot analysis, baseline levels of flagella were seen in the
30mM NacCl treated sample with a strong increase in flagella expression in the 30mM SCFA
treated sample (Figure 4.5). In contrast, no visible flagella were detected in either of the 172mM

NaCl control or 172mM SCFA treated sample groups. These results are consistent with the DNA
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microarray, qRT-PCR, and immunoblot analyses which suggest upregulation of FliC expression
after exposure to 30mM SCFA and downregulation of FliC expression following exposure to

172mM SCFA.

DAPI ALEXA FLUOR 488 MERGE

172mM NacCl 30mM SCFA 30mM NacCl

172mM SCFA

Figure 4.5: Immunofluorescence analysis of flagella expression following SCFA mix treatment of
EHEC 0157:H7. Immunofluorescence staining of flagella after either 30mM or 172mM SCFA stress for
6 hr at 37°C + 5% CO.,. Flagella were stained with anti-H7 (F1iC) followed by an AlexaFluor-488
conjugated secondary antibody and DAPI.
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4.4.3 EHEC motility is modulated in response to 30mM and 172mM SCFA treatment

We then assessed the impact of differential SCFA treatment on functional motility of
EHEC O157:H7, as seen by soft-agar motility halos. Treatment with 30mM SCFA showed a
significant increase in motility relative to the 30mM NaCl control, consistent with the increase in
expression of FliC seen under the same treatment (Figure 4.6). Similarly, treatment with 172mM
SCFA showed a significant decrease in motility relative to both its 172mM NaCl control and to
the 30mM SCFA treatment, consistent with the decrease in FliC expression seen under the same
treatment. Taken together, these results suggest that flagella expression is directly proportional to

motility, where an increase in flagella expression is associated with an increase in motility and

vice versa.
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Figure 4.6: Soft-agar motility analysis following SCFA mix treatment of EHEC O157:H7'. (a)
Representative images of motility halos after either 30mM or 172mM SCFA stress for 6 hr at 37°C + 5%
CO.. (b) Quantified average halo diameter from a. Data bars represent means = SEMs, N = 3. * indicates a
significant difference from respective NaCl controls; ** indicates a significant difference from 30mM
SCFA treatment, P < 0.05 by two-way ANOVA. * The motility data presented was carried out in

conjunction with Jeeln Kim (Ryerson University, Toronto, ON).
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4.4.4 Impact of individual SCFAs on flagella expression of EHEC

Since varying concentrations of the SCFA mix treatment resulted in differential expression
of FliC, we next assessed the impact of the individual components (acetate, butyrate, and
propionate) on FliC expression. The individual SCFAs were either set to their original
concentration within the SCFA mix or set to 30mM or 172mM in order to determine if they were
able to induce a similar level of expression as the SCFA mix at 30mM or 172mM. When the
individual components were set to their original concentrations within the 30mM SCFA mix, they
each elicited a significant increase in FliC expression relative to the 30mM NaCl control, similar
to that shown by the 30mM SCFA mix (Figure 4.7a-b). When acetate and propionate were set to
their original concentrations within the 172mM SCFA mix, they each induced a similar small
increase in FliC expression as the 172mM SCFA mix relative to its NaCl control. Interestingly,
when butyrate was set to its original concentration within the 172mM SCFA mix, it elicited a
strong significant increase in FliC expression relative to the 172mM NaCl control, unlike the
172mM SCFA mix (Figure 4.7a-b), suggesting that butyrate may be acting in a pathway
independent of acetate and propionate to regulate flagella expression.

To confirm this, we tested the impact of the individual SCFAs all set to either 30mM or
172mM. When acetate, butyrate, and propionate were set to 30mM, they each induced a significant
increase in FliC expression similar to that of the 30mM SCFA mix (Figure 4.7¢-d). Similarly,
when acetate, butyrate, and propionate were set to 172mM, they each induced a similar low level
of FliC expression as the 172mM SCFA mix, suggesting that the upregulation of FliC may be

limited to only low concentrations of the individual SCFAs.
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Figure 4.7: Immunoblot analysis of FIiC (H7) protein expression following individual SCFA
treatment of EHEC O157:H7. (a) ECL-detected blot images of FliC (H7) after individual SCFA
treatment, set to original concentration within SCFA mix, for 6 hr at 37°C + 5% CO, (N — NaCl; S — SCFA
mix; A — acetate; B — butyrate; P — propionate). (b) Quantified protein expression from a, normalized to
DnaK (loading control). (¢) ECL-detected blot images of F1iC (H7) after individual SCFA treatment, set to
either 30mM or 172mM. (d) Quantified protein expression from a, normalized to DnaK. Data bars represent
means = SEMs, N = 3. * indicates a significant difference from corresponding NaCl control, P < 0.05 by

two-way ANOVA.

With both the western blot and fluorescent microscopy results, there was a modest level of
FliC expression in the 30mM NaCl control and virtually none in the 172mM NaCl control.
However, FliC expression under 30mM SCFA treatment was always significantly higher than
either the 30mM or 172mM NacCl controls. While the contribution of an osmolarity effect cannot
be fully ruled out, particularly at the higher SCFA mix concentration, collectively the data suggest
that osmolarity is not the defining factor in FliC expression.

To test whether the individual SCFAs caused upregulation of FIliC at different
concentration ranges, we tested the impact of a concentration gradient (0-170mM) of acetate,
butyrate, and propionate on F1iC expression. For all 3 individual SCFAs, FliC expression peaked
at 30mM and had a sharp decline in expression at 60mM, which remained consistent through to
170mM (Figure 4.8). Together these results demonstrate that while acetate, butyrate, and
propionate may be acting through independent pathways, they cause a similar level of FliC

expression at all concentrations tested.
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Figure 4.8: Immunoblot analysis of FliC (H7) protein expression following a concentration gradient
of individual SCFA treatment of EHEC O157:H7. (a) ECL-detected blot images of FIiC (H7) after
treatment with a concentration gradient of acetate, butyrate, and propionate for 6 hr at 37°C + 5% CO.. (b)
Quantified protein expression from a, normalized to DnaK (loading control). Data points represent means

+ SEMs, N =3.

4.5 DISCUSSION

This study shows the differential modulation of EHEC flagella in response to
physiologically relevant short chain fatty acid mixtures typical of those encountered during transit
through the human GI tract. The findings of this study suggest that EHEC utilizes the changing
SCFA concentrations as an environmental cue to determine its location along the GI tract, and
consequently modulate numerous virulence genes including flagella and motility genes.

When EHEC is exposed to lower concentrations of a SCFA mix, representative of the small
intestinal conditions, flagellar genes are significantly upregulated. Immunoblot and
immunofluorescence analysis confirm the upregulated expression of H7 flagella and the main
structural protein, FliC, under these low SCFA mix conditions. The motility data subsequently

confirmed that the upregulation of flagella at low SCFA concentrations is correlated with a
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significant increase in EHEC motility. Consequently, when EHEC is exposed to higher
concentrations of a SCFA mix, representative of the large intestinal conditions, flagellar genes are
significantly downregulated. The immunoblot and immunofluorescence analysis further confirm
these results for the H7 flagella and FliC protein. Moreover, the motility data supports the
correlation between the downregulation of flagella at high SCFA concentrations and a decrease in
EHEC motility. Together, these findings support a model in which exposure to low concentrations
of SCFAs cues EHEC to upregulate flagella and ensure functional motility during transit through
the small intestine, whereas exposure to high concentrations of SCFAs cues EHEC to
downregulate flagella and motility as EHEC nears its preferred site of colonization in the distal
colon (Bannas et al., 2013; Lewis et al., 2015).

Although the relative levels and composition of SCFA mixes in the lumen of specific
regions along the human GI tract are broad and dynamic over time, there appears to be a consensus
that SCFA levels are lowest in the small intestine, ranging from approximately 20 to 40mM,
increasing dramatically in the cecum and colon to concentrations ranging between 160 to 200mM,
and then declining through the descending and sigmoidal regions of the large intestine to
concentrations between 70 to 85mM (Herold et al., 2009; Lawhon et al., 2003; Macfarlane et al.,
1992). In this study, we chose 30mM total SCFA concentration as representative of the small
intestine and 172mM total SCFA concentrations as representative of the large intestine, and most
importantly, close to that typically encountered in the specific site of colonization. Our findings,
which demonstrate a significant downregulation of flagella expression and motility under this
higher SCFA mix, may suggest a switch from EHEC’s swimming motility to adhesion of the host

epithelium. Motility and host cell adhesion fulfill antagonistic functions, and pathogens often
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employ mechanisms to reciprocally regulate these functions (Akerley et al., 1995; Allison et al.,
2012; Liet al., 2001; Morgan et al., 2013).

Changes in oxygen concentration have also been reported to modulate EHEC motility and
adhesion, with increased motility associated with a microaerophilic environment similar to that
encountered within the mucosal epithelial layer (Schiiller and Phillips, 2010). Since the focus of
this study was to understand the role of changing concentrations of SCFAs alone on flagella and
motility modulation, we chose to examine motility and flagella expression under static with 5%
CO; conditions rather than either microaerophilic or shaking culture conditions. Static conditions
have traditionally been used in studies of virulence factor expression in EHEC, and have been
suggested to roughly mimic the oxygen concentration within the intestinal lumen (Yin et al., 2011).

This study also examined the role of specific SCFAs (acetate, butyrate, and propionate) in
modulation of flagella expression. The findings suggested that when the individual SCFAs are
each set to a concentration of 172mM, these conditions each elicit an equal upregulation of the H7
flagella protein, FliC. Interestingly, we found that the FliC expression under 30mM acetate
matched that of the 30mM SCFA mix while treatment with 30mM propionate resulted in slightly
lower FliC expression, suggesting that the response to acetate may be more important in
contributing to the overall response to the SCFA mix. However, when a concentration gradient of
each SCFA between 0 to 170mM was tested, all three demonstrated the same trend in expression,
with a peak in flagella expression at 30mM and a significant downregulation from 60 to 170mM.
Several other studies have examined the role of specific SCFAs on EHEC virulence including
motility. Momose et al reported that any of acetate (12 to 72mM), propionate (7 to 42mM), or
acetate plus propionate (12:7, 24:14, or 36:21) all reduced EHEC motility under anaerobic

conditions (Momose et al., 2008). Additionally, Takao et al reported that when exposed to 20mM
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butyrate, similar to that encountered in the large intestine, EHEC showed increased flagellar gene
expression (Takao et al., 2014). Interestingly, this response was specific to butyrate and not seen
with either acetate or propionate, leading the authors to conclude that butyrate at 20mM
concentration played a key role in the upregulation of EHEC motility. It is of interest to note that
the concentration of butyrate present within the 172mM SCFA mix used in this study is 17mM,
and we also observed a significant increase in FliC expression under 17mM butyrate treatment
alone. However, when combined within the total mix of SCFAs representative of the large
intestine, that increase was not observed and a decrease in flagellar expression was seen relative
to that seen under the 30mM SCFA mix.

Motility provides EHEC with a profound advantage during transit through the human GI
tract, permitting the pathogen to avoid detrimental locations and to find more favourable niches.
Consequently, microenvironmental stressors along the GI tract can act as cues that modulate
EHEC virulence and motility, and may play a vital role in its pathogenesis. Together, the findings
of this study demonstrate that differing concentrations of SCFA mixes elicit differential
modulation of EHEC motility and flagella expression, with higher expression seen at small

intestinal-like SCFA mixes and decreased expression seen under large intestinal-like SCFA mixes.

4.6 CONCLUSIONS & FUTURE DIRECTIONS
4.6.1 Conclusions

In summary, we have successfully demonstrated that low and high concentrations of SCFA
mixes representative of transit through the small and large intestines respectively differentially
modulates flagella and motility, a critical component of EHEC’s virulence. At lower SCFA

concentrations, representative of transit through the small intestine, flagella expression was
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increased at both the transcriptional and translational level. A similar increase in motility was also
observed at these low SCFA concentrations. However, at higher SCFA concentrations,
representative of transit through the large intestine, flagella expression and subsequent motility
was decreased. Since motility is a vital aspect of a pathogen’s ability to transit through the host GI
tract, thereby permitting the pathogen to avoid detrimental locations and to find more favourable
niches, the results of this study suggest that SCFAs are acting as an environmental cue for EHEC
relative to its colonization site in the GI tract. Moreover, a model could be envisioned in which
SCFA mixes typical of the small intestine, stimulates increased flagella expression to promote
motility toward the colonization site in the large intestine (Figure 4.9). Conversely, when EHEC
enters the large intestine and senses the high concentrations of SCFAs, it downregulates flagella
expression as it nears the preferred site of colonization. This change may promote EHEC adhesion
to the host epithelium in the caecum and colon and infect the host.
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Figure 4.9: Model of the differential modulation of flagella expression by varying concentrations of
short chain fatty acids. In the proposed model, low concentrations of SCFAs in the small intestines
upregulate flagella to promote motility to the large intestine. Once in the large intestine at the site of
colonization, high concentrations of SCFAs downregulate flagella to decrease motility and promote

adherence to the host epithelium in order to effectively infect the host.
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4.6.2 Future Directions & Significance

While this study indicates that microenvironmental stresses within the human GI tract, such
as SCFAs, may act as chemical cues to modulate EHEC virulence in a way that could promote
infection of the host, the exact mechanisms by which SCFAs modulate virulence is still under
investigation. Our lab has recently identified several two-component systems in E. coli K12 that
may play a role in SCFA-induced modulation of EHEC virulence (Kim, 2016, unpublished
Master’s thesis). A deeper understanding of how these two-component systems sense SCFAs, and
if different two-component systems respond to different individual SCFAs is necessary.
Furthermore, in order to fully understand how SCFAs are sensed and cause flagella modulation, it
is vital to determine what other proteins are involved in this pathway. Aside from understanding
the mechanism by which SCFAs are sensed by EHEC, analyzing how different SCFA
compositions affect virulence modulation is also critical for downstream applications. More
specifically, since the breakdown of different dietary fibers results in differing SCFA
compositions, a more thorough understanding of how different SCFA compositions affect
virulence modulation can be exploited as a means to protect the host against infection
susceptibility. Additionally, since the composition of the gut microbiota results in differing SCFA
compositions, a more thorough understanding of how the microbiota can be manipulated to
produce SCFA compositions which do not significantly enhance EHEC virulence would be most
benefecial. For example, the use of probiotics or prebiotics may have a profound impact on the
SCFA compositions produced through fermentation of dietary fiber, and in turn impact the

modulation of EHEC virulence.
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In conclusion, this research sheds light on the fact that differing concentrations and
compositions of SCFAs act as an environmental cue to modulate EHEC virulence to promote
successful infection of the host. Moreover, since SCFAs are a biproduct of dietary fiber, the
findings of this research have significant implications for how humans can manipulate their risk
of being infected through changes to their diet and microbiota composition. More specifically, by
changing our diets in such a way that optimizes our GI tract SCFA concentration and composition,
and subsequently the composition of our GI microbiota, we may be able to enhance our resistance

to EHEC infection.
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5. CONCLUSIONS & SIGNIFICANCE
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The clinically relevant foodborne pathogen enterohemorrhagic Escherichia coli (EHEC)
remains a global concern, with new outbreaks seen each year. Consequently, there is an increased
interest in the development of novel therapeutic strategies, in particular prevention strategies which
target the pathogen prior to colonization of the human large intestine. Interestingly, as EHEC
navigates through the human GI tract to its preferred site of colonization, the pathogen faces a
multitude of host assaults that act as an antimicrobial barrier. Although exposure to these innate
host defenses poses a significant threat to the survival of EHEC, the bacteria have evolved
mechanisms to not only survive these stresses but also use them as cues to modulate its virulence
so as to that enhances its potential to successfully infect its host. The research carried out in this
doctoral dissertation aimed to understand the response of EHEC O157:H7 to these human
gastrointestinal chemical signals, in particular gastric acid stress in the stomach and short chain
fatty acid stress in the large intestine, and to use this understanding to develop novel antimicrobial
strategies.

The first objective of this study focussed on the use of a novel antimicrobial peptide wrwycr
as a prevention strategy to enhance acid-induced killing of EHEC, a result of increased DNA
damage inflicted by exposure to gastric acid in the human stomach. Using the C. rodentium mouse
model of EHEC infection, our findings demonstrated that brief peptide pre-treatment of C.
rodentium prior to infection ameliorated infection outcomes and reduced colonic epithelial cell
hyperplasia, a hallmark of C. rodentium infection, in a dose-dependent manner with the minimum
effective concentration tested being 50uM. Moreover, we successfully showed that neither
administration of the peptide alone nor infection with peptide pre-treated C. rodentium induced
alterations in the gut microbiome as determined by fecal microbial composition analysis. Taken

together the results indicate that the peptide-induced killing is specific to the pathogen which is
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initially pre-treated with the effective dose of the peptide. These results also demonstrate that DNA
damage induced by acute acid exposure, similar to that encountered during gastric passage, may
be potentiated by brief pre-treatment with the antimicrobial peptide wrwycr. The combination of
peptide-acid treatment enhances bacterial cell death, thereby effectively killing the pathogen prior
to entering the lower GI tract.

In the second objective of this study, we aimed to identify a connection between two
distinct effects of the peptide wrwycr on bacterial cells — (1) its role in enhancing acid-induced
killing through inhibition of DNA repair mechanisms, and (2) its role in causing an increase in
chelatable iron within the bacterial cell, likely due to the breakdown of iron-sulfur clusters — by
exploring the role of the DNA-binding protein, Dps, on peptide- and peptide-acid- induced EHEC
killing. Our findings demonstrate a key role for Dps in protecting EHEC against acid, peptide, and
peptide-acid treatment. Specifically, we showed that when dps is disrupted, there is significantly
increased levels of bacterial cell death upon exposure to either acid, peptide, or peptide-acid
treatment. This decrease in survival is restored when dps is re-inserted on a vector plasmid. Our
findings also demonstrate that Dps protects EHEC against these stresses in part by protecting
against the formation of hydroxyl radicals, likely due to the peptide-induced increase in chelatable
iron which drives the Fenton reaction. These findings suggest that Dps may provide a key link
between the two distinct effects of this antimicrobial peptide on EHEC.

The third and final obbjective of this study examined how EHEC differentially modulates
its virulence, and specifically its motility, in response to changing concentrations of a SCFA mix
containing acetate, butyrate, and propionate. We examined the response of EHEC flagella
expression and motility to a low concentration of SCFA mix (30mM), representative of transit

through the small intestine, and to a high concentration of SCFA mix (172mM), representative of

114



transit through the large intestine. Our findings demonstrate that exposure to low concentrations
of a SCFA mix dramatically upregulated H7 flagella protein, FliC, expression and significantly
upregulated motility, consistent with the model that EHEC upregulates motility during transit
through the small intestine in order to reach its site of colonization in the large intestine. In contrast,
when EHEC is exposed to high concentrations of a SCFA mix, both flagella expression and
motility were significantly downregulated, suggesting that motility is less important once at the
site of colonization, and possibly the function of existing flagella may in fact be switched for use
in initial adhesion to the host epithelial cells. These findings reveal a key mechanism by which
EHEC modulates its virulence in response to changing concentrations and compositions of SCFAs.

Taken together, the findings of this study reveal how EHEC has adapted and evolved
mechanisms to not only survive the multitude of host defenses encountered during transit through
the human GI tract, but also use these stressors as environmental cues within the GI tract to
modulate virulence in a way that increases its potential to successfully infect the host. Interestingly,
these results also demonstrate a unique strategy for preventing EHEC infection prior to
colonization, by exploiting the innate host defenses along the GI tract. The use of the antimicrobial
peptide wrwycr to potentiate acid-induced bacterial cell death presents a key model in which small
antimicrobial peptides can be used to enhance the innate host defenses present throughout the
human GI tract, such as bile salts and CAMPs, thereby potentiating the detrimental effects of these
host defenses to increase bacterial cell death. This novel strategy demonstrates the potential to
reduce the risk of increased disease risk as seen with traditional antibiotic treatments, by effectively
targeting the pathogen prior to infection of the host. Moreover, this strategy may be applied to
other pathogens, providing a successful means of preventing enteric infection by enhancing the

natural host assaults present along the human GI tract.
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