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ABSTRACT

Inflammatory bowel disease (IBD) is a chronic condition increasing in prevalence
throughout the western world and in developing countries. Adherent-invasive Escherichia coli
(AIEC) are an opportunistic pathogen associated with IBD. Well-characterized genetic risk
factors for IBD include mutations in genes associated with host-cell autophagy. A phenotype of
interest in AIEC pathogenesis is survival within host macrophages. Intracellular survival of AIEC
strains has been correlated with existing virulence factors but no single factor has been
identified to explain this behaviour. In this thesis, infections of RAW264.7 macrophages with
AIEC strains from diverse sources demonstrates increased frequency of both bacterial uptake
and intracellular survival in disease-associated strains. A secondary infection model reveals the
effect of primary AIEC infection on downstream macrophage function and a novel phenotype
was identified in the disease-associated strain HM605. Co-localization using fluorescence
microscopy shows changes in intracellular trafficking of HM605. This work aims to provide

insight into one bacterial phenotype that contributes to the development of disease.
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1. INTRODUCTION

1.1. INFLAMMATORY BOWEL DISEASE

Inflammatory bowel disease (IBD) is a condition that affects over 200,000 Canadians,
and costs approximately $1.2 billion annually in direct medical costs®. Characterized by chronic
inflammation of the gastrointestinal (Gl) tract, the two most common types of the disease are
ulcerative colitis (UC), affecting the colon, and Crohn’s disease (CD) principally affecting the
ileum or caecum?. Patients with IBD present with symptoms such as abdominal pain, fever,
weight loss, fatigue and frequent loose diarrhea?. Treatments are available to treat the various
IBDs, including the use of antibiotics, corticosteroids, immunomodulators, antibody mediated
anti-TNF-o (tumor necrosis factor alpha), anti-IL12/1L23 or anti-integrin therapy and surgery3.
Despite the use of these treatments, occurrence of IBD is increasing globally* and, with no cure,
many patients experience bouts of the disease throughout their entire lives®.

IBD is a multifactorial disease that can develop due to a number of different influences.
Patient genetics, environmental influences and gut microbiological composition can all
contribute to the development of chronic Gl inflammation®. Several genome-wide association
studies have been performed to look for genetic differences between IBD patients and healthy
individuals. These studies look for single-nucleotide polymorphisms (SNPs) within coding
regions that are associated with the disease condition. In a 2012 study, Jostins and colleagues
identified 163 risk loci that had a statistically significant association with either UC or CD
conditions® and other studies in different populations have continued to add to the list of genes
that are associated with IBD’~. These groups identified several SNPs in genes associated with T-
cell function and immune system signaling, autophagy and intestinal barrier function. SNPs with
the highest association levels with IBD include those found in the pattern recognition receptor
NOD?2, core autophagy proteins ATG16L1 and IRGM, as well as immune response receptors
such as interleukin (IL)23R. SNPs in genes that encode intestinal mucins (MUC proteins) have
also been associated with IBD!. These lead to alterations in the extracellular secretions of the
intestinal epithelium, which affect barrier function and could lead to increased host
susceptibility. Many SNPs are found in genes associated with host-microbe interactions,

therefore, it stands to reason that disruption in either the host or the microbial population
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could potentiate disease. While existing studies offer a high-level view of host genetic
influences, very few SNPs have been directly and mechanistically investigated to confirm their
contribution to the disease state.

Environmental correlates that may contribute to IBD are often crudely referred in
publications by the catch-all term “Western lifestyle”. Few large meta-analyses of the
contributory risks of various lifestyle elements have been performed until very recently. In
2016, the European Crohn’s and Colitis Organization published an extensive review of over 200
original research publications and meta-analyses that investigated environmental risk factors
for IBD. For the purposes of issuing clinical practice guidelines, the group concluded that high
animal fat and protein diets increase the risk for developing IBD, while omega-3 fatty acids,
short triglycerides and some carbohydrates may be protective. Interestingly, smoking was
determined to be a risk factor for developing CD but was possibly protective for UC. The use of
antibiotics was also correlated with increased risk of developing disease. Several factors such as
air pollution and birth by caesarian section correlated with IBD risk, however these, as well as
many other factors, did not show enough evidence to rule out a common underlying cause. Of
note, the authors confidently described a disruption in mucosal barrier homeostasis and
changes in the intestinal mucosal microbiota as driving factors behind IBD development but did
not find enough evidence that environmental factors were sufficient to independently drive
these changes.

Microbial populations in the Gl tract are another contributing factor to IBD. Several
studies have demonstrated that the fecal and gut microbial communities are significantly
altered in individuals with IBD when compared to healthy individuals'?>*3. These studies take a
broad approach by looking at differences in the bacterial communities in the gut of diseased or
healthy patients at the phylum or family level and do not show strong associations of specific
bacterial groups with disease. A more recent, large-scale study of 668 patients associated
increases in Enterobacteriaceae and Pasteurellaceae in rectal microbiota samples with early-
stage Crohn’s disease, especially in cases where antibiotics were administered!*. The authors
were also able to associate increases in Escherichia, Veillonella, Haemophilus and

Fusobacterium in ileal samples to the disease state. As these alterations were observed in



treatment-naive patients, this supports the idea that alterations in the microbiota are a cause,
rather than a consequence of prolonged IBD.

As previously stated, IBD is a multifactorial disease. Experimental evidence suggests a
multimodal model of disease initiation whereby combinations of host risk factors,
environmental priming and bacterial phenotypes are sufficient to cause a tipping point with
respect to host immune system control. Infectious gastroenteritis has been linked to a greatly
elevated risk of developing IBD in several large studies'>'’. Furthermore, experimental
evidence supporting this model has been recapitulated using animal models of infection. In a
mouse model of disease, Small et al. showed that when previously colonized with Adherent-
invasive Escherichia coli (AIEC), a bout of acute gastroenteritis caused by Salmonella enterica or
Citrobacter rodentium led to the onset of highly increased inflammation in a tissue-specific
manner®>. Contextualized in a human setting, environmental and host-genetic factors could
allow for the persistence of AIEC in healthy individuals until the pathobiont-mediated disease is
triggered by an acute bout of gastroenteritis.

The study of individual species or strains of bacteria and their relation to IBD have been
the focus of a more significant body of research, including the above study. While a single
bacterium has not been identified as the single cause of IBD, there is evidence that AIEC are

associated with the onset and/or maintenance of disease?®.

1.2. THE IMMUNE ENVIRONMENT OF THE GUT

The point of contact between intestinal pathogens and the host in the epithelial cell
layer. As such, the cell types that make up this interface are important for bacterial sensing and
response. At homeostasis, there is continual cross talk that occurs on a cellular level that
enables the bacterial community of the gut to persist without eliciting an inappropriate
immune response. Secretion of mucus by goblet cells generates the physical barrier that limits
direct bacterial contact with the host and production of Host-defence peptides (HDPs) by
Paneth cells helps to limit and control populations of both commensal and pathogenic bacteria.

As stated earlier, disruption of these functions can predispose an individual to develop IBD, but



the maladaptation and/or incorrect response of the immune system to a microbial population
can contribute to chronic disease.

The intestine contains a variety of specialized immune cells that contribute to both
inflammation and resolution of response. Studies using macrophage-dendritic precursor cells
from the lamina propria have revealed that a variety of monocyte populations exist in the
intestine, that are distinct based on both surface protein expression as well as cellular
interactions®®. Further mechanistic studies have demonstrated that dendritic cells (DCs)
respond to microbial challenges through the signaling and polarization of Thl and Th17 T-
cells?%21, The sensing of bacteria by DCs occurs via Toll-like receptors (TLRs) 122, 223, 424 and 5%°
while different DC subtypes sense in a MyD88-independent manner?®. The most well-
characterized downstream signal of the polarized T-cells in the intestine is IL23. The Th17/IL-23
pathway is an important regulator of mucosal immunity and is involved in the coordinated
response of both intestinal epithelial cells and leukocytes to infection. It has been studied in
relation to IBD since 2006, with mechanistic evidence demonstrating that it is a strong driver of
intestinal inflammation?®. IL-23 along with separate bacterial sensing systems, also triggers
further inflammatory cytokine secretion from other monocytes in the form of IL-18%7, IL-6%4,
and TNF-a%.

Intestinal tissue-resident macrophages reside in the lamina propria where they play a
major role in both sensing and responding to intestinal bacteria. Sensing of bacteria occurs
through NOD proteins (as well as TLR4 and 5) and the importance of regulation of this function
is underscored by the fact that NOD2 mutations are one of the more well-studied genetic
markers for IBD?°. The classical view of macrophage function in intestinal immunity is that
sensing of a pathogen (either due to invasion or damage to the epithelial tissue) elicits a TNF-a
response through the NF-kB pathway3° as well as secretion of prostaglandin E;3!. These signals
recruit neutrophils to the site of infection and also trigger responses of other, now activated
monocytes.

The identification of an inflammatory cytokine “fingerprint” that is IBD specific has been
difficult to fully elucidate. This is likely due the diversity in IBDs between patient groups,

expression difference between active and inactive IBD, and the difficulty associated with tissue



sampling bias. Experimentally, IL-10 is an anti-inflammatory cytokine and important regulator
of intestinal inflammation. IL-10 knockout mice have been shown to spontaneously develop
colitis3? and a macrophage-specific IL-10 receptor (IL-10Ra) deficiency also causes this
phenotype33. This observation aligns with patient-derived data where specific IL-10 promoter
polymorphisms that lead to low production also correlate with IBD disease state and IL-10R
deficient patients develop very early-onset IBD, a particularly aggressive form of the disease34.
Transforming-growth factor (TGF)-B is another important immunoregulatory cytokine that has
been associated with IBD. A transgenic TGF-B receptor lI-mutant mouse model has been
developed to study IBD, which will develop spontaneous colitis®, although unlike IL-10, a
complete removal of TGF-B expression is fatal®®. Experiments to reduce IL-10 and TFG-B reveal
that they operate by preventing the upregulation TNF-a, IL-17 and Interferon (IFN)-y, all of
which are pro-inflammatory signals.

The importance of TNF-a and its role in IBD is revealed by the fact that anti-TNF-a
antibody therapies are very effective at treating a subset of patients3’38, The problem with
these treatments is that they appear to have no positive effect in other patient groups. Indeed,
the various treatments for IBD (corticosteroids, immunomodulators, antibiotic treatment,
antibody therapy) on appear to affect certain subsets of the patient population and many
patients often relapse3°. This once again leads to the idea that IBDs are very heterogenous in
their nature, and that each patient may have a unique combination of genetic, environmental

and microbial contributors that lead to incorrect immune function in the gut.

1.3. ADHERENT-INVASIVE ESCHERICHIA COLI

E. coli are part of the commensal microbiota in the digestive tract, forming symbiotic
relationships with other species of bacteria but also competing for resources. They are the
principle facultative anaerobe of the intestinal tract and they colonize the mucosal surface at
the oxic-anoxic interface. Their principle metabolic role is to consume the oxygen that diffuses
into the intestinal lumen, thereby contributing to the anaerobiosis that permits the growth of
strict anaerobes like Bacteroides or Firmicutes*®. Humans are colonized by E. coli shortly after

birth and at any individual time, an individual may be colonized by multiple strains of E. coli*™.



They are a metabolically flexible species that competes with others by either metabolizing
different substrates, growing at a faster rate, or entering into symbiotic relationships*2. Strain
to strain differences in carbon metabolism have been shown to affect relative fitness of E. coli
strains®® and during infection pathogenic E. coli can alter the types of carbon sources produced
in the gut, thereby promoting their own fitness**. Disruptions in gut homeostasis have been
shown to alter the monosaccharide availability in IBD patients versus healthy controls*. This
metabolic flexibility has led to wide inter-strain variation in E. coli.

Initially characterized as adherent E. coli, AIEC were first isolated by Darfeuille-Michaud
et al. from the ileal lesions of Crohn’s disease patients*®. Further characterized by Boudeau et
al. in 1999, AIEC are subset of E. coli strains that are phenotypically and genetically distinct from
other groups such as enterohemorrhagic, enteropathogenic or enterotoxigenic E. coli*’. As their
name suggests, AIEC are able to adhere to and invade host epithelial cells, as demonstrated in
vitro on HEp-2, Caco-2, Intestine-407 and HCT-8 cell lines*” as well as the macrophage cell lines
RAW264.718 and 1774%. Although HEp-2 and Intestine-407 cell lines have subsequently been
confirmed to be contaminated by Hela cells, this body of evidence still robustly demonstrates
the ability of AIEC to adhere to and invade cell lines relevant to disease.

AIEC have been described as a distinct E. coli pathovar. Animal studies demonstrated
that infection with an AIEC strain can cause the chronic intestinal inflammation that mimics
some features of that observed in IBD. Human carcinoembryonic antigen-related cell adhesion
molecule 6 (CEACAMS) is a known receptor for AIEC adhesion®. In a 2009 study, a transgenic
mouse model in which mice express human CEACAMG6 was used to successfully establish an
animal model of chronic intestinal inflammation using the clinical AIEC strain LF82°°. The
presence of CEACAMSs and a treatment with 0.25% dextran sodium sulfate allowed for AIEC
internalization within host epithelial cells and infected animals developed severe colitis, leading
to significantly decreased survival. In comparison to a non-pathogenic K12 strain, LF82 caused
significantly more damage to the colonic mucosa in CEACAM-expressing animals, again
highlighting the role of this bacterium in disease.

In a more recent study, a model of Crohn’s disease was established in conventional mice

using a treatment with streptomycin and colonization with AIEC strain NRG857c>%. A chronic



infection with AIEC over a period of 7 days in mice allowed for evaluation of the IBD-like
phenotype in these animals. The authors found that persistent inflammation, mucosal
ulceration, sloughing of the epithelial layer and intestinal fibrosis were evident along with
cellular invasion by AIEC. Additional immune system responses were detected including
upregulation of IL-17 and Monocyte chemoattractant protein (MCP)-1, both signaling molecules
associated with increased inflammation and altered T-cell responses. Both this study and the
2009 study by Carvalho et al. demonstrate that AIEC can contribute to the development of an
IBD-like disease state in vivo when the gut is subjected to other pro-inflammatory insults, like
exposure to a low concentration of DSS>°.

Adaptations by AIEC to survive and colonize in a stressful environment represent an
important aspect of their biology. More specifically, in the setting of the inflamed intestinal
mucosal barrier, AIEC have adapted to adhere to intestinal epithelial cells, to resist innate
immune mechanisms such as host-defense peptides, and to survive intracellularly. These are

discussed further below.

1.4. ADHESION

Since the 1990s it has been recognized that IBD was associated with thinning of the
extracellular mucus layers of the intestine®2. This mucus layer represents the point of contact
between bacteria and the host, and its abundance and composition are both important for
homeostatic maintenance. Changes to the sugar composition of the mucosal layer have
associated inflammation and disease phenotypes>*>4, while thinning of the mucus layer and
increased bacterial interaction with the underlying epithelial cells have been linked in animal
models>. These changes could allow for a pathogen, adapted to adhere to the intestinal
epithelium, to fill this newly-available niche.

Mechanisms of pathogenicity have been identified in AIEC that help to explain their
adherent phenotype and which could contribute in part to the IBD state. The fimH gene
encodes the type | fimbral adhesin, and is important for binding to the bladder epithelial
surface in uropathogenic E. coli”®. AIEC are enriched in unique fimH SNPs that may reflect

altered host-interaction properties compared to non-pathogenic strains of E. coli*’.



Furthermore, experiments have shown that when AfimH AIEC were complemented with the
K12 fimH gene, they were reduced in their ability to adhere to CEACAM®6-expressing host cells
in vitro. AIEC also express long polar fimbrae (LPF), which are encoded by the Ipf operon. Similar
to other E. coli pathovars, AIEC use LPF to bind to and invade host cells. Experiments using Ipf-
deletion mutants have shown that LPF are required for AIEC invasion into M cells, a specialized
cell type that are found in the Peyer’s patches of the intestinal epitheium?2. The same study
screened a panel of AIEC isolates from CD patients and found that /pf genes had a higher
carriage rate in disease-associated strains compared to controls. This points to the potential
importance of these genes in allowing AIEC to establish intimate contact with the host
epithelium.

E. coli contain a number of uncharacterized chaperone-usher like adhesin systems that
may alter the level and specific cell tropism of bacterial binding and invasion. CEACAMG6 is the
best-characterized target for AIEC interaction with the host epithelium, but it is not likely to be
the only one. Further study is required to characterized both these adhesion systems and their

host targets in order to better understand the adhesion phenotype.

1.5. HOST-DEFENSE PEPTIDES

Host-defense peptides are ubiquitously expressed by animals and are an important part
of innate immunity. Expressed by many cell types, HDPs are commonly found at the epithelial
and mucosal layers of the human body®>°. Table 1 below adapted from Hancock, Haney and Gill
outlines a subset of HDPs that have been identified in humans and the milieu in which they are

expressed®.

Table 1: A subset of host-defense peptides that have been identified in the human intestine. Adapted from
Hancock, Haney and Gill.

Peptide Class Common Expression Sites

Cathelicidin — LL-37 Epithelial cells, macrophages, monocytes
neutrophils

a-defensins — HNP1, HNP2, HNP3, HNP4 Neutrophils, monocytes, lymphocytes




a-defensins — HD5, HD6 Paneth cells, female reproductive epithelium,

airway epithelium

B-defensins —HBD1, HBD2, HBD3, HBD4 Epithelial cells, monocytes, macrophages,

dendritic cells

LL-37 is of particular interest due to its expression in a variety of cell types and its
relative structural simplicity. It is positively charged and amphipathic, characteristics that are
shared with other HDPs that allow for interaction with membranes and extracellular structures
such as bacterial lipopolysaccharide (LPS)®'. As a short alpha-helical peptide, LL-37 is proposed
to operate via activity related to membrane disruption and the most likely mechanism of action
is through membrane pore formation induced by membrane curvature®?. The activity of LL-37
has been found to be altered by the lipid composition of its target. As such, several HDP-
resistance genes in bacteria are involved in modifications of the lipid structures on the cell
surface.

Found at many epithelial sites, defensins are an important part of the innate immune
system. Their up- or down-regulation in various disease states correlates with the absence or
presence of infection®3. Divided into several sub-classes, defensins are diverse in their
structures and sites of expression®*. Human B-defensin 3 (HBD3) is a beta-defensin that has 3 B-
sheets that are stabilized by disulfide bonds. While HBD3 self-dimerizes, dimerization is
unnecessary for the antimicrobial activity of the peptide®. Activity of HBD3 as an antimicrobial
has been observed against several bacterial species, but it also functions as a chemoattractant
for different immune system cell types®3. Expression of HBD3 has been found in a number of
different parts of the body and is known to be expressed by epithelial cells and macrophages.
As with other defense peptides, HBD3 is suspected to function via membrane disruption. A
study in Campylobacter jejuni used scanning electron microscopy to demonstrate that exposure
to HBD3 caused membrane blebbing and peeling further supporting the membrane as the site
of interaction between this molecule and gram-negative bacteria®®.

The intestinal mucosa is protected from the high bacterial concentration in the lumen

by a series of physical and chemical barriers the keep the normal concentration of bacteria at



the epithelial surface low. Consequently, it has been demonstrated that an increased mucosal
bacterial load is correlated with severity of disease®’. The presence of extracellular mucus
secreted by epithelial and goblet cells that forms distinct layers that provide physical and
chemical protection from the luminal contents of the intestine®. In addition, there is selection
for mucus-adherent phage in the intestinal tract that protect the epithelial surface from
incoming microbes®. Finally, there is the presence of a concentration gradient of HDPs that are
secreted by the intestinal epithelium that prevent colonization of the epithelial surface by
bacteria. In the presence of mucolytic bacteria, or other physical or chemical disruptions to the
mucus layers of the intestine, IBD is a possible consequence’®.

During an inflammatory episode that occurs after mucosal disruption, HDP levels
increase dramatically. This has been demonstrated in both infectious colitis’* as well as it CD’?
and UC’3 conditions and is an important selective pressure for the intestinal bacteria that are
exposed to such an environment. Interestingly, it has also been demonstrated that certain SNPs
in NOD2 are linked to decreases in the a-defensins HD5 and HD62°. While this seems
contradictory, it is possible that the lower basal levels of HDPs in individuals with mutant NOD2
alleles pre-dispose for development of a disease condition. The subsequent inflammatory
response in these individuals would still see a global increase in HDP production as a response.
Alternatively, it is possible that decreases in defensin expression and NOD2 mutations are
found in separate IBD patient populations. Increased expression of HBD3 in the terminal ileum
of Crohn’s disease patients has been demonstrated experimentally, though low level expression
is detected even in healthy individuals 72.

Work in the McPhee lab has demonstrated that peptide resistance is a conserved
phenotype among different groups of AIEC. In screens of isolates from UC, CD and healthy
control patients, LL-37 and HBD3 resistance was found to be increased in UC and CD isolates
respectively compared to controls (unpublished). Figure 1 below shows represents two
examples of conserved disease-specific peptide-resistance phenotype. HBD3 resistance (A) is
significantly higher in CD-associated AIEC isolates compared to strains isolate from healthy
patients, whereas resistance to LL-37 (B) is higher in isolates from UC patients (Cho, 2017

unpublished).
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Figure 1: Percent survival of AIEC strains exposed to: A) 2 ug/mL of HBD3 or B) 50 ug/mL of LL-37 for 10 minutes
compared to an unexposed control. 4 biological replicates were performed. Statistical significance was
determined using a one-way ANOVA. Bars of central tendency represent the average, error bars represent
standard deviation (Cho, 2017 unpublished).

Although one animal study has shown the importance of HDP resistance to potentiating
virulence’4, previous work has failed to identify genetic determinants of HDP resistance’>,
suggesting that AIEC possess unique molecular mechanisms to achieve resistance. Taken
together, this evidence suggests that HDP resistance is an important bacterial phenotype that
allows AIEC to persist in the inflamed gut and, along with other virulence mechanisms, cause

disease.

1.6. AVOIDING HOST-CELL XENOPHAGY

The ability of AIEC to adhere to and to invade has been established but the mechanisms
by which they persist intracellularly have not been well characterized. It is possible that, similar
to Salmonella species, AIEC are able to alter the host-cell endosomal pathway to promote
intracellular survival. Other enteric pathogens like Salmonella enterica can stabilize an
intracellular compartment within the host cell through well-characterized mechanisms

involving specialized Ill secretion system (T3SS) and associated effectors’®. Other enteric

11



pathogens also modify macrophage autophagy, providing a model for the function by which
AIEC could survive intracellularly”’.

As stated above, several genetic defects in macrophage function have been strongly
associated with high risk for developing IBD. SNPs in NOD2, IRGM and ATG16L1 are all well-
established and mechanistically explained risk factors for the disease. NOD2 is known to
coordinate with IRGM”® and ATG16L17° as an intracellular sensor of bacterial muramyl
dipeptide®®. Work performed in macrophages isolated from IBD patients has demonstrated that
in the disease cohort, there is a deficiency in the ability to clear bacteria compared to healthy
controls®. Furthermore, Chu and colleagues have shown that immune cells from individuals
with ATG16L1 mutations have defective Tz responses when exposed to outer membrane
vesicles from commensals®2. More recently, ATG16L1 was shown to directly interact with
complement C3 and that ATG16L1 knockout epithelial cell lines lost the ability to limit
intracellular replication of the AIEC strain LF82 in a C3-dependent manner’’. From these
studies, it is clear that host-cell xenophagy and immune system signaling both up and
downstream of this response are important in the context of IBD pathogenesis.

AIEC appear not only to be able to take advantage of these known risk factors, but to
also have mechanisms which allow for some degree of intracellular survival within host
macrophages. Several groups have studied this phenomenon using different experimental
models. Glasser and colleagues were the first to identify this phenotype in an in vitro cell
culture model using 1774-A1 cells®. Using the LF group of AIEC strains, this work demonstrated
robust intracellular replication that was strikingly similar to what is seen with Salmonella spp. In
a separate study, Sepehri et al. used isolates from UC patients to infect RAW264.7 macrophages
and demonstrated intracellular bacterial survival'®. This group did not report the same
explosive bacterial replication as Glasser and colleagues, but they did demonstrate that AIEC
persisted after a 24-hour infection. Subramanian et al. have independently assessed AIEC
invasion and survival in a cell culture model and showed that some strains demonstrate
intracellular replication after 3 hours of infection®*. This work included the HM group of AIEC
strains as well as the strain LF82 which has been well studied and was included in the work by

Glasser and colleagues.
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In the AIEC field, there is little agreement on either the ubiquity or the magnitude of the
intracellular macrophage survival phenotype expressed by these bacteria. Some groups have
reported that it is a defining characteristic of AIEC, while others suggest that it is a phenotype
that exists on a continuum and is not robustly expressed by all strains. Additionally, very little
work has been performed to identify the mechanism or mechanisms by which AIEC are able to
persist and, in some cases, replicate within macrophages. Furthermore, it is not known how any
such mechanism would affect downstream macrophage function in the context of the bacterial
community of the gut containing both pathogenic and commensal species. While it is clear that
this phenotype, in combination with host-cell defects in bacterial sensing and/or clearance
could allow for a bacterium which is already fit to survive in an inflammatory milieu (i.e. peptide
resistance, adhesion) to persist and contribute to the chronic inflammatory storm that is

characteristic of IBD.

1.7. KNOWN ALTERATIONS TO ENDOSOMAL TRAFFICKING CAUSED BY E. COLI

Trafficking of intracellular cargo within macrophages has been well-studied due to their
importance as innate immune cells. Several complex events must occur in a coordinated
fashion in order for internalized material to be trafficked to the appropriate endpoint.
Comprehensive reviews by Luzio et al. and Pauwels et al. describe endosome-lysosome as well
as phagosome-lysosome biology in great detail®>%®. In the case of bacterial uptake,
phagocytosis and subsequent phagosome maturation is required in order for phagolysosomal
fusion followed by bacterial breakdown. As is common in host-pathogen interactions, bacteria
have evolved mechanisms in order to disrupt this process.

Phagocytosis is the process by which large particles are internalized within a cell. This
requires substantial remodeling of the membrane in order to surround and encapsulate the
cargo that is to be internalized by the cell. Touret and colleagues have demonstrated that
remodeling of the membrane to form pseudopods is dependent mainly on actin remodeling
and contributions of material directly from the plasma membrane®’. Others have argued that

different subcellular compartments, such as the endoplasmic reticulum, contribute to this
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process®, although this hypothesis appears controversial or at least context-dependent®. The
formation of the phagosomal cup and eventual engulfing of a bacterium is succeeded by a
series of maturation steps that are required in order for eventual phagolysosomal fusion.
Maturation of the phagosome relies on a family of GTPases called Rab proteins. An early
phagosome will acquire Rab5°° followed by Rab7 and Rab7-interacting lysosomal protein
(RILP)®! before eventually acquiring the lysosomal markers Lysosome-associated membrane
protein (LAMP)1 and LAMP2. This dynamic requires interaction with other intracellular
compartments including early and late endosomes and also relies heavily on actin
polymerization®2. Importantly, it has been demonstrated that phagosomes that fail to acquire
LAMP1 and/or LAMP2, or those with lower level expression, do not progress through lysosomal
fusion®>°*, Fusion of phagosomes with lysosomes is a relatively well-studied phenomenon and
is generally broken into four steps: Tethering, docking, consolidation and fusion. Tethering and
docking are described in literature as two distinct steps that are both actin and calmodulin-
dependent, whereas consolidation is Ca?*-dependent®?. The direct interaction between
phagosome and lysosome that is maintained through consolidation helps mediate fusion of the
two compartments. Fusion requires Soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) proteins on both compartments that form a trans-SNARE complex®®.
These act to form the initial pore that leads to fusion between the lysosome and phagosome.
Many bacterial pathogens disrupt this pathway and the way in which they do so is very
diverse. The best characterized microbe that disrupts the system is probably Salmonella
enterica, which is a facultative intracellular pathogen that is able to replicate inside
macrophages. This pathogen is able to hijack and activate the host focal adhesion kinase (FAK)
to arrest normal xenophagy through activation of the Akt-mTOR pathway®>. This allows for actin
remodeling, arrest of phagosome maturation and stabilization of the Salmonella-containing
vacuole (SCV) within the cell. Salmonella have also been shown to modulate host-cell interferon
signaling which has causes downstream deficiencies in chemokine-mediated host response®®.
These mechanisms are mediated by the Salmonella pathogenicity islands (SPIs), SPI1 and SPI2,

which encode for two type three secretion systems as well as several other effector proteins®’.
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The closest genetically related group to AIEC are extraintestinal pathogenic E. coli
(EXPEC). The ExPEC group includes a number of important pathogens, including those
associated with urinary tract infection, neonatal meningitis and invasive infections of birds. To
date the only functional comparison between the two that has been performed is one of
adherent and invasive phenotypes®. It is notable also, that at least one AIEC strain, NC101, has
been shown to form aggregates in an iron-dependent manner similar to the EXPEC subset of
strains uropathogenic E. coli (UPEC)®°. Studies of UPEC strains have found a number of different
mechanisms that allow for intracellular survival of these bacteria, which may offer insight into
how AIEC achieve this same goal. In a 2006 paper by Eto and colleagues, the authors used an ex
vivo model of mouse bladder infection to elucidate how UPEC are trafficked and eventually
come to infect and re-infect a given host'®. They show through co-localization fluorescence
microscopy that internalized UPEC in immature bladder cells are trafficked to the late
endosome and acquire LAMP1 (a finding confirmed by others'%), suggesting interaction with
lysosomes, although the bacteria persist with low-level replication. Once bladder cell
differentiation occurs, a redistribution of actin around the vacuoles containing the UPEC
contributes to the release of the bacteria into the cytosol where it begins to extensively
replicate. This suggests that these bacteria have the ability to resist the low pH environment
associated with the phagolysosome.

More recent work has identified the requirement of the host GTPase Rab35 for
intracellular UPEC survival. Through mechanistic experiments, Dikshit et al. show that Rab35 is
recruited to the UPEC-containing vacuole. This allows for interaction with TfR1, the transferrin
receptor 1 to allow iron uptake and ultimately bacterial survival'®2, This is an example of an
intracellular E. coli strain hijacking a host Rab protein to benefit itself, although a caveat must
be made that these infections are performed in bladder epithelial cells and not macrophages.

These pathogens offer some insight into the way that bacteria have evolved to avoid
killing by host cells. Disruption of some part of the phagocytic pathway via secreted effectors
usually plays a role in intracellular stability. Knowing that certain strains of AIEC persist within
macrophages for at least 24 hours, it would be informative to look for potential disruptions in

phagosomal maturation and/or lysosomal fusion as ways to explain this phenotype.
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1.8. SUMMARY AND EXPERIMENTAL RATIONALE

In summary, a number of different virulence phenotypes have identified and explored
experimentally in AIEC. This diversity of phenotypes mirrors the many possible host defects that
could contribute to the onset and/or maintenance of IBD. It is therefore likely that there are
many host-pathogen combinations that can lead to a disease state. Although no one single
bacterial phenotype may be necessary or sufficient to cause disease, focusing on individual
phenotypes is important for understanding these interactions.

Very little is known about how AIEC are able to mediate interactions with host
macrophages. Several genetic risk factors for IBD are related to either bacterial sensing or
processing by these cells. These factors, combined with the apparent ability of AIEC to persist
intracellularly are a possible a host-pathogen interaction that could contribute to the
development of IBD. To date, no studies have been performed to correlate disease state with
the ability of a clinical isolate to invade and/or persist intracellularly in macrophages, instead
these screens have focused on quantifying a panel of disease-associated strains. Developing an
experimental system that allows an evaluation of AIEC strains with respect to macrophage
processing will allow for elucidation of possible novel phenotypes. Extending this system using a
co-infection with non-pathogenic bacteria will allow for identification of any changes to
macrophage function after interaction with AIEC. Putting this information into context with the
other risk factors for IBD could help to improve to ability to predict risk for developing disease.
With this context, the research that is the focus of this thesis will address the following

hypotheses:

Hypothesis |

AIEC show a diversity of invasion and intracellular survival phenotypes towards macrophages.

Objective |

Establish an in vitro macrophage infection model using RAW264.7 cells and strains of AIEC.
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Macrophages isolated from CD patients have been shown to be defective in their ability
to clear intracellular bacteria8. Since AIEC are known to interact with macrophages,
experiments will focus on this host-pathogen interaction.

RAW264.7 murine macrophages will be cultured and used for bacterial infections using
AIEC strains. This objective will focus on narrowing the timing of infections, the multiplicity of
infection (MOI) as well as the methods for cell lysis and bacterial quantification. Data from this
objective will be used to generate standard infection conditions in order to assess AIEC uptake

and intracellular survival in RAW264.7 cells.

Objective Il
Quantify uptake and survival phenotypes of AIEC strains in comparison to non-virulent K12 E.

coli and the intracellular pathogen Salmonella SL1344 as controls.

A panel of AIEC strains isolated from CD, UC and healthy control patients, as well as K12
E. coli and Salmonella SL1344 will be used to infect RAW264.7 cells with standard conditions as
determined in objective 1. Bacterial uptake will be assessed by quantifying total intracellular
bacteria at 1 hour and comparing to total bacteria inoculated into the culture. Survival will be
assessed by quantifying intracellular bacteria after a gentamicin treatment followed by culture
for 23 hours. Survival will be determined as total intracellular bacteria at 23 hours post-

Gentamicin treatment compared to intracellular bacteria after 1 hour of invasion.

Hypothesis I
Some AIEC strains have the ability to alter macrophage function as a virulence strategy.
Objective |
Determine if a primary infection with AIEC strains alters macrophage killing of a secondary non-

pathogenic strain.

Downstream effects on macrophage function will be assessed by adding a non-virulent

antibiotic-resistant K12 strain after the primary strain (AIEC or control strain) has already been
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established intracellularly. Experiments will focus on determining changes in the uptake and/or

killing of secondary bacteria after pre-treatment with the test strain.

Objective Il
Use fluorescence microscopy to co-localize Green fluorescent protein (GFP)-expressing AIEC

strains in macrophage endosomal pathway using antibody staining.

GFP-expressing strains of AIEC or control bacteria will be used in conjunction with
antibody staining for the lysosomal marker LAMP1. Co-localization of bacteria with LAMP1, as
well as quantification of fluorescence will be used to compare macrophage response to AIEC

and control strains.
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2.

2.1.

METHODS

BACTERIAL CULTURE METHODS & LIST OF BACTERIAL STRAINS USED

Bacterial strains were routinely grown in lysogeny broth (LB) composed of 10 g/L

tryptone (Bioshop cat. #TRP402.1), 5 g/L yeast extract (Bioshop cat. #YEX401.1) and 10 g/L NaCl

(Bioshop cat. #50D002.205) in deionized water. Cultures were grown overnight at volumes of 3

mL and were subcultured prior to use. All growth occurred at 37°C while shaking at 200 rpm.

Direct quantification of bacteria on plates was performed on LB agar plates supplemented with

15 g/L of agar (Bioshop cat. # AGR001.500) and antibiotic(s) where indicated. The list of

bacterial strains used is in Table 2 below.

Table 2: List of bacterial strains used.

Strain Name

Description

Source

E.

coli NRG857¢

CD-associated clinical isolate

Eaves-Pyles et al.1%3

E. coli LF82 CD-associated clinical isolate | Darfeuille-Michaud et al.*®

S. enterica SL1344 Clinical isolate Hoiseth and Stocker!®*

E. coli DK K12 Non-virulent lab strain Sepehri et al.18

E. coli DK18 CD-associated clinical isolate | Sepehri et al.8

E. coli DK28 Clinical isolate from healthy | Sepehri et al.8
patient

E. coli DK33 Clinical isolate from healthy | Sepehri et al.8
patient

E. coli DK35 Clinical isolate from healthy | Sepehri et al.8
patient

E. coli HM605 CD-associated clinical isolate | Martin et al.1%

E. coliBW25113 Keio-collection parent strain | Baba et al.1%®

E. coliBW25113 + pCR2.1 N/A This study

E. coli DK K12 + pCR2.1-GFP N/A This study

E. coli HM605 + pCR2.1-GFP N/A This study

S. enterica SL1344 + pCR2.1-GFP | N/A This study
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2.2, CREATION OF ANTIBIOTIC RESISTANT AND GFP-EXPRESSING BACTERIA

Bacterial strains were made chemically competent and transformed with either empty
pCR2.1 TOPO vector (ThermoFisher Scientific cat. # K451020) or one containing a stable GFP
gene. Briefly, bacterial cells were grown overnight in LB broth before subculturing in 100 mL of
LB and grown to an optical density (OD) between 0.4 and 0.6. Cells were then centrifuged at
2000 x g for 10 minutes at 4°C and pellets were resuspended in 40 mL of ice-cold TFB1 solution,
composed of 30 mM potassium acetate (Bioshop cat. #70A301), 10 mM CaCl; (Bioshop cat.
#CCL302), 50 mM MnCl; (Bioshop cat. #MAN222), 100 mM RbCI (Bioshop cat. # RUB123.25) and
15% glycerol (Bioshop cat. # GLY002.4) in deionized water. Cells were incubated on ice in TFB1
for 5 minutes before pelleting by centrifugation at 2000 x g for 5 minutes at 4°C. Pellets were
resuspended in 4 mL of TFB2 solution composed of 10 mM MOPS (Bioshop cat. # MOP001), 75
mM CaCl,, 10 mM RbCl and 15% glycerol in deionized water. Cells were incubated on ice for 1
hour before the addition of vector and heat shock at 42°C for 30 seconds. Cells were recovered
on ice for 5 minutes before the addition of SOC media, composed of 20 g/L tryptone, 5 g/L
yeast extract, 10 mM NacCl, 2.5 mM KCI (Bioshop cat. #P0C308), 10 mM MgCl; (Sigma-Aldrich
cat # M8266) and 20 mM glucose (Bioshop cat. # GLU501.500) in deionized water. Cells were
recovered at 37°C shaking at 200 rpm for 2 hours before plating on LB agar containing 50 pug/mL
kanamycin (Kan) (Bioshop cat. # KAN201.5). After overnight incubation, individual colonies
were picked and placed in 3 mL overnight cultures in LB broth containing 50 pug/mL Kan.
Cultures that grew successfully were assessed visually for fluorescence. Plasmid-containing
strains were frozen in a 1:1 mix of overnight culture with 50% glycerol solution in LB media and

stored at -80°C.

2.3. ROUTINE CULTURE OF RAW 264.7 CELLS

RAW264.7 cells were obtained frozen at passage 4 from the Botelho lab, thawed at 37°C
and centrifuged at 400 x g, 4°C. Pellets were resuspended and cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich cat. # D5796-500ML) with 10% fetal bovine serum (FBS,
Sigma-Aldrich cat. # F1051-500ML), 100 U/mL penicillin and 100 pg/mL streptomycin (Sigma-
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Aldrich cat. # P4333-100ML). Cultures were maintained in a 37°C incubator with 5% CO; up to
80% confluence and media was exchanged every 3-4 days. Subculturing of cells was performed
using mechanical detachment with a cell scraper and cells were passaged using a 1:10 dilution

of the original culture in fresh culture media. Cells were used between passages 4 and 11.

24, QUANTIFICATION OF UPTAKE AND SURVIVAL PHENOTYPES OF AIEC

Infections of RAW264.7 macrophages were performed in 24-well plates with a cell
density of approximately 68,000 cells/cm? (1.3x10° cells per well). Bacterial strains were grown
overnight in LB medium and sub-cultured to mid-log growth phase (ODeoo of 0.6-0.8) before
normalizing inoculum concentrations in 1.5 mL microcentrifuge tubes by diluting in 1X
phosphate buffered saline (Bioshop cat. # PBS405.4).

To prepare for infection, antibiotics were removed from cell cultures by washing three
times with Dulbecco’s phosphate buffered saline with no calcium or magnesium (DPBS, Gibco
cat # 14190250) and fresh culture media was added with no antibiotics. Bacterial strains were
added at a MOI of 10:1 (1.3x10° cells per well) and plates were centrifuged at 400 x g for 5
minutes at room temperature to synchronize infections. Plates were then placed in a 37°C
incubator with 5% CO,.

After 1 hour of incubation, plates were washed again three times with 1X PBS before the
addition of 200 pg/mL of gentamicin (Gent) (Bioshop cat # GTA202.10) in DMEM in order to
eliminate extracellular bacteria. Gent exposure was performed for 15 minutes at 37°C with 5%
CO; after which plates were once again washed with 1X DPBS three times. Culture wells that
were left for the assessment of 24-hour survival were maintained in DMEM with 10% FBS and
15 ug/mL of gentamicin.

Harvest of wells for the assessment of 1-hour uptake of bacteria was performed by
adding 0.1% Triton X-100 (Bioshop cat # TRX777.500) in DPBS. Aliquots of 250 uL were added to
each well and a 1 mL micropipette was used to thoroughly wash each well. Cell lysates were
collected into 1 mL titer tubes before a second aliquot of 250 pL of Triton X-100 solution was
added to each well. Wells were again washed thoroughly before cell lysate was collected.

Lysate was serially diluted in 1X DPBS and spot plated on LB agar. Plates were dried before
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incubating either at room temperature or at 37°C. Bacterial colonies were enumerated by eye.
This procedure was repeated on a separate subset of wells after 24 hours for assessment of

intracellular survival.

2.5. INFLAMMATORY CYTOKINE SAMPLE COLLECTION AND ANALYSIS

In order to investigate the effect of different bacterial strains on macrophages,
quantification of secreted inflammatory cytokines was performed. Aliquots of 800 uL of culture
media from 24-hour infections were collected into 1.5 mL microcentrifuge tubes. These were
centrifuged at 18,000 x g for 1 minutes to remove cells and debris. Subsequently, 500 pL of the
supernatant was removed into a fresh microcentrifuge tube and stored at -80°C. Multiplex
assays for 32 murine inflammatory cytokines were performed by Eve Technologies on 55 ulL of
supernatant per sample. All samples were performed in biological quadruplicate. Analysis was
performed using Heatmapper and Prism. The full list of quantified cytokines can be found in

Appendix 1.

2.6. QUANTIFICATION OF SECONDARY BACTERIAL SURVIVAL PHENOTYPE

Assessments of macrophage function downstream of 24-hour primary bacterial
infection performed by infecting with a secondary, non-virulent bacterial strain. E. coli
BW25113 Kan® was cultured overnight in LB containing 50 pg/mL of Kan before being
subcultured and grown to mid-log growth phase (OD of 0.5-0.8). Bacteria was prepared for the
addition to macrophage cultures at a MOI of 100:1 (1.3 x 107 bacteria per well).

Macrophages were cultured and infected according the procedure outlined in section
2.4 above. Instead of lysing cells to assess intracellular bacteria, primarily infected cultures
were grown for 24 hours before removing Gent-containing media and washing three times with
1X DPBS. Fresh culture media with no antibiotics was added to the previously-infected cells,
followed by BW25113 KanR®. Cultures of infected cells were centrifuged at 400 x g for 5 minutes
before incubating at 37°C with 5% CO; for either 1 hour of 24 hours.

After incubation, these cultures were then treated with 200 pug/mL of Gent for 15

minutes at 37°C with 5% CO; and then washed three more times with 1X PBS. Macrophage
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cultures were then lysed with 0.1% Triton X-100 solution and lysate was serially diluted and

plated on LB agar containing 50 ug/mL Kan to enumerate secondary Kan-resistant bacteria.

2.7. INTERROGATION OF SECONDARY BACTERIAL SURVIVAL PHENOTYPES

Subsequent uptake experiments used secondary bacterial MOls of 100:1, 1,000:1,
10,000:1 and 100,000:1 for a 1.5-hour exposure before gentamicin killing, lysis and plating.
Secondary infection time course experiments used three different infection timings: 24 hours
primary with 24 hours secondary, 30 hours primary with 18 hours secondary and 40 hours of
primary with 8 hours of secondary.

Experiments were also performed using the same procedure as described in 2.4 and 2.6
to compare inoculation of either live or heat-killed primary bacterial strains on the survival of
the secondary non-virulent strain. All procedures remained the same with the exception of
heat-killing treatment. Primary strains were split into two groups, the first was kept at room
temperature while the second was expose to 90°C for 5 minutes before inoculate in to
macrophage cultures. Samples of live and heat-killed bacteria were plated on LB agar to ensure
that heat-killing was effective.

Experiments using conditioned tissue-culture media were performed in the following
manner. Infections of macrophages were performed using primary strains according to the
procedure outlined in section 2.4. Culture media from 24 and 48-hour infections was collected
into 15 mL centrifuge tubes. A plate of naive macrophages was then treated either with live
primary bacterial strains or conditioned culture media and cultures were allowed to incubate
for 24 hours at 37°C. The remaining infection procedure was performed as outlined above in

order to quantify the uptake and survival of the secondary non-virulent strain.

2.8. QUANTIFICATION OF LACTATE DEHYDROGENASE FROM 24-HOUR PRIMARY
INFECTIONS
Lactate dehydrogenase (LDH) assays were performed using a commercial kit from Roche
(Sigma-Aldrich cat # 11644793001). Briefly, 100 uL of sample medium (cell culture medium

from infections) was added to wells of a 96-well plate. Samples were diluted 1:10 and 1:100 in
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order to create a range of analyte concentrations. Plates were incubated at 37°C, 5% CO; for 10
minutes before 2.5 uL of catalyst was added to 112.5 uL of dye solution was added. Reactions
were left in the dark at room temperature for 5 minutes before 50 uL of stop solution was

added to each well. A plate reader was used to read absorbance values at 490 nm.

2.9. VISUAL QUANTIFICATION OF INTRACELLULAR BACTERIA AND LAMP1 FLUORESCENCE

To interrogate the effects of primary infection on macrophage function, infections of
RAW264.7 macrophages were performed using GFP-expressing bacterial strains. Fluorescence
microscopy was performed in order to visualize and co-localize bacteria with the lysosomal
marker LAMP1.

Infections were performed as described previously but with the following changes. Cells
were cultured on 12x12 mm glass coverslips in order to perform antibody staining and
microscopy. Bacterial exposures were performed for 1 hour before being fixed with
paraformaldehyde (PFA). A second set of experiments included a 1-hour bacterial exposure,
gentamicin killing and then incubation of cultures for an additional 5 hours prior to fixing.

Cell cultures were fixed with 4% PFA at room temperature for 15 minutes. Cultures were
washed three times with 0.5% bovine serum albumin (BSA, Bioshop cat. # ALB005.100) solution
in DPBS before blocking for 20 minutes at room temperature in BSA solution. While blocking, 50
uL drops of rabbit-anti-E. coli antibody (Bio-Rad cat. # 4329-4906) diluted 1:200 in DPBS were
placed on a piece of parafilm. Coverslips were removed from blocking solution using tweezers
and gently dried before being placed culture-side down on antibody drops. Coverslips were
then placed in the dark at room temperature for 30 minutes for staining. Following primary
staining, coverslips were replaced in their culture wells and washed three times with BSA
solution before secondary staining with 500 pL of Dylight 650 goat anti-rabbit secondary
antibody (Bethyl Laboratories cat. #A120-201D5) and incubated in the dark for 30 minutes at
room temperature.

Staining of extracellular bacteria was succeeded by permeabilization of macrophages
with 100% ice-cold methanol for 3 minutes, followed by three washes with BSA solution.

LAMP1 staining was performed using the same flip-staining technique, with staining incubations
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of 1 hour each in order to reach an intracellular target. Primary staining was performed with
rat-anti-LAMP1 antibody (Developmental Studies Hybridoma Bank 1D4B) and secondary
staining of was performed with Dylight 550 goat anti-rat antibody (Bethyl Laboratories cat.
#A110-337D3). After LAMP1 staining, coverslips were mounted onto glass slides using Dako
fluorescence mounting media (Agilent cat. # S302380-2) and stored in the dark at room
temperature overnight to dry.

Imaging was performed using a Quorum spinning disk imaging system and image
analysis was performed in Imagel. Corrected total cell fluorescence (CTFC) of LAMP1 was
measured by taking average pixel intensity through a Z-stack of images and subtracting the
average background intensity of an adjacent region adjusted for cell area. Measurements of
total cellular LAMP1 fluorescence of cells containing bacteria were normalized cells from the
same field of view that contained no intracellular bacteria. Additional measurements were
performed on bacterial-containing endosomes in order to assess the specific acquisition of

LAMP1 to these intracellular structures.
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3. RESULTS

3.1. ESTABLISHING THE RAW264.7 INFECTION MODEL

RAW?264.7 cells have been used by other groups to assess macrophage interactions with
AIEC. As stated previously, Sepehri and colleagues screened 65 AIEC strains for their ability to
survive intracellularly in RAW264.7 cells!®. They used 24-well plates at a cell density of 5 x 10°
cells per well. Knowing this, it seemed reasonable that we would be able to replicate similar
work using small-scale infections in 12 or 24 well plates. In addition, a similar infection protocol
from the Botelho lab was used as a starting point in order to quickly generate data and
determine if the model was working as expected. In contrast to the Sepehri publication, a lower
cell seeding density of 1.3 x 10° cells was used. The justification for this change was that,
instead of a 24-hour assay, cells would remain in culture for a total of 48 hours, allowing for
some additional cell division and the lower seeding density might be conducive to this.

Figure 2 below shows an example of an MOI optimization experiment using either
BW25113 (K12) or SL1344 (Salmonella) as a pre-treatment for 1 hour, followed by 1 hour of
exposure to Kan-resistant K12. A significant difference was found between groups only when

both primary and secondary bacterial MOIs were 100:1.
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Figure 2: Internalization of Kan-resistant K12 after 1 hour of infection in pre-treated RAW264.7 macrophages.
MOI ratios represent ratio of primary bacteria to macrophages, followed by ratio of secondary bacteria to
macrophages. Experiment was performed in biological triplicate. Statistical significance was determined via
two-way ANOVA **= p<0.01. Bars of central tendency represent averages, error bars represent standard
deviation.
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These optimization experiments led to the development of an infection protocol
whereby primary infections used an MOI of 10:1 for 1 hour, followed by Gent treatment.
Cultures were then allowed to grow in fresh culture media containing 15 pug/mL gentamicin to
prevent any bacteria released from dead or lysed cells to re-infect. Intracellular bacterial
survival was assessed at 24 hours post-infection. Subsequent secondary infections were

performed with an MOI of 100:1.

3.2, DISEASE-ASSOCIATED AIEC STRAINS DEMONSTRATE HIGHER UPTAKE AND
INTRACELLULAR SURVIVAL IN RAW 264.7 MACROPHAGES

Using the optimized infection protocol developed above, a number of AIEC strains
isolated from either IBD patients or healthy individuals were used to infect RAW264.7
macrophages for 1 hour in order to quantify bacterial uptake followed by maintenance of
culture for 23 additional hours to quantify intracellular survival. These experiments were
performed in conjunction with a K12 strain as a negative control for intracellular survival and
Salmonella SL1344 as a positive control.

Figure 3 below, shows the diversity of uptake phenotypes among different AIEC strains.
It is important to note that the descriptor of “Adherent-Invasive” is based on a phenotype
towards epithelial cells, therefore it is not surprising that strains such as NRG857c show no
significant increase in 1-hour uptake over the K12 negative control. Three disease-associated
strains - LF82, DK18 and HM®605 - all demonstrate statistically significant increased uptake by
macrophages over the non-pathogenic control. SL1344, the positive control for intracellular
survival, does not have a significantly different uptake phenotype from K12. Within the cohort
of clinical isolates from healthy patients, only strain DK33 showed a significant increase in
bacterial uptake compared to K12. This diversity in uptake was expected as the genetics of
different AIEC strains tend to be diverse, with no single virulence factor explaining their ability
to cause disease. Overall, AIEC strains isolated from patients with IBD do appear to be taken up
by macrophages to a higher degree compared with those strains isolated from healthy

individuals.
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Figure 3: Percent uptake of bacteria after a 1-hour exposure to RAW264.7 macrophages normalized to inoculum.
Experiments were performed in technical duplicate and biological replicates of at least 3. Statistical significance
was determined using a one-way ANOVA, **** = p<0.0001, ** = p<0.01. ROUT outlier analysis was performed
prior to statistical analysis. Bars of central tendency represent averages, error bars represent standard
deviation.

After the 1-hour exposure followed by 23 hours of additional incubation, a different
pattern was observed for bacterial survival. Figure 4 below shows this different, but still diverse
pattern in intracellular bacterial survival. As expected, the K12 control was eliminated almost
entirely from the intracellular macrophage environment, with survival ranging between 0.5 and
9% compared to levels measured after 1-hour uptake. One disease-associated AIEC strain, LF82,
demonstrated a moderate survival phenotype, maintaining survival between 5 and 50% of
baseline. NRG857¢c and HM605 both showed higher rates of survival, between 10 and 100%,

while SL1344 robustly replicated intracellularly in almost all replicates. From the panel of
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control strains, only DK33 reached a significant level of intracellular survival compared to K12.

No other control strains showed any significant differences from this control.
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Figure 4: Percent survival of intracellular bacteria after 24 hours in RAW264.7 cells normalized to intracellular
levels after 1 hour of uptake. Experiments were performed in technical duplicate with at least 3 biological
replicates. Statistical significance was determined using a non-parametric ANOVA, **** = p<0.0001, *** =
p<0.001, * = p<0.05. ROUT outlier analysis was performed prior to statistical analysis. Bars of central tendency
represent averages, error bars represent standard deviation.

These results are interesting because while they do show intracellular persistence of
some AIEC, they contradict other groups’ findings that AIEC robustly replicate intracellularly
within macrophages. In this model of infection, SL1344 shows robust intracellular replication,
therefore it is expected that any similar ability to do so by AIEC strains would also be

demonstrable within this 24-hour time course. Nonetheless, taken together with the uptake
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data, an overall variety of phenotypes can be seen among these different strains with the
general pattern of increased uptake and survival among disease-associated strains. Table 3

below summarizes these phenotypes.

Table 3: The phenotypic diversity of invasion and survival phenotypes of AIEC in macrophage infections. Control
strains are in blue, while disease-associated strains appear in red.

Strain Uptake Phenotype Survival Phenotype

NRG857c - ++
LF82 ++ ++
DK18 Sttt ;
SL1344 Salmonella - -+
HMG605 +++ 4+

3.3. INFLAMMATORY CYTOKINE EXPRESSION OF 24-HOUR INFECTED MACROPHAGES IS
STRAIN-SPECIFIC
In an attempt to identify potential mechanisms of cellular response to AIEC infection, a
panel of secreted inflammatory cytokines was quantified from the cell culture media of 24-hour
infections. A sample from infections with a subset of strains — K12, SL1344, LF82, NRG857c and
HM605 — were sent to a third-party company and quantified using a multiplex cytokine assay.
Of the 32 cytokines assayed, 31 generated output levels within the range of the assay.
IL-13 was consistently below the range of detection for all samples, therefore it was excluded

from analysis. Analysis of the panel was performed by running individual one-way ANOVA tests
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with the K12 strain as a control for baseline expression. This was done in order to differentiate

between a general response to LPS and a more strain-specific response.
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Figure 5: Heatmap and dendrograms showing hierarchical clustering of bacterial strains as well as secreted
cytokines from infected macrophages. Hierarchical clustering was performed on an average of 4 biological
replicates per strain, normalized against the average value from a non-infected macrophage culture. The
average linkage computational method was used with Euclidean measurement distance between clusters.

Figure 5 above shows the output of a cluster analysis of inflammatory cytokine secretion
from macrophages infected with various bacterial strains. It can be seen that all bacteria are
very distinct with respect to the differences in the cytokine expression that they induce. SL1344
induces a very distinct expression pattern when compared to all other strains. Based on
clustering, LF82 is the outgroup, whereas NRG857c has the most similar expression pattern to
K12 among the strains tested. This data suggests that LF82 induces a different response from

host macrophages, but it is clear that each AIEC strain seems to illicit a unique cytokine profile.

31



Looking at individual analytes, Figure 6 below shows that there are patterns that can be
found in the expression levels induced by both LF82 and SL1344. In measurements of IL-6,
granulocyte monocyte colony stimulating factor (GM-CSF) and leukemia inhibitory factor (LIF),
infection with LF82 caused a statistically significant increase in expression while infection with
SL1344 caused a statistically significant decrease. The full panel of cytokine expression data can

be found in Appendix 2.
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Figure 6: Secretion of A) IL-6, B) GM-CSF and C) LIF from macrophages exposed to a panel of bacteria for 1 hour,
followed by culture for 23 hours. Measurements were made from 4 biological replicates. Statistical significance
was determined using one-way ANOVA, **** = p<0.0001, *** = p<0.001, ** - p<0.01, *-p<0.05. Bars of central
tendency represent averages, error bars represent standard deviation.

Additionally, SL1344 induced statistically significant decreases in IL-1a, keratinocyte
chemoattractant (KC), and MCP-1 (see Appendix 2 for figures). No other statistically significant

differences were observed.

3.4. PRIMARY INFECTION WITH AIEC DOES NOT AFFECT 1-HOUR UPTAKE OF SECONDARY
BACTERIA
Secondary infections using a Kan-resistant K12 E. coli were used in order to probe any
effects of individual AIEC strains on downstream macrophage function. 24-hour AIEC infections
were challenged with a higher MOI of K12 in order make evident any differences between
treatments in either macrophage uptake or killing.
Figure 7 below shows the uptake phenotypes of pre-infected macrophages after 1 hour

of exposure to Kan-resistant K12. While there is variation in some groups among replicates, no
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significant differences were observed among any primary bacterial pre-infections. All groups of
macrophages show the same levels of secondary bacterial uptake. This includes cells pre-
treated with disease-associated bacteria and those that were treated with control bacteria. This
result indicates that primary infection over 24 hours has no effect on the uptake of secondary
bacteria. Of note, some experimental replicates performed on higher-passage cells generated

lower uptake values. These, however did not alter the statistical significance of the finding.
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Figure 7: Internalization of intracellular Kan-resistant bacteria found in 1-hour secondary infections of RAW264.7
macrophages with K12 E. coli Experiments were performed in at least biological triplicate and statistical
significance was assessed by non-parametric one-way ANOVA. ROUT outlier analysis was performed prior to
statistical analysis. Bars of central tendency represent averages, error bars represent standard deviation.

In order to determine if secondary uptake is concentration-dependent, and to see if
differences were evident at higher MOls, an additional series of experiments was performed to
probe any potential defects in uptake. Secondary bacteria were added, again to 24-hour
primary-exposed macrophage cultures, but at MOls ranging from 100:1 to 100,000:1 for 1.5

hours. This was intended to probe the ability of pre-treated macrophages to take up large
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amounts of secondary over a short period. Figure 8 below shows the results of this series of

experiments.
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Figure 8: Internalization of intracellular secondary Kan-resistant K12 E. coli after 1.5 hours of exposure to
RAW264.7 macrophages. Experiments were performed in biological triplicate. Statistical significance was
determined using individual one-way ANOVA tests for each MOI. Error bars represent standard deviation.

The only significant difference found in the data represented by Figure 8 is an increase in
uptake in all strains treated with primary bacteria compared to the control group with no
primary for the 107 (MOI 100:1) group. No defects in uptake were detected for any primary-
treated group at any MOI. Figure 6 also shows that a plateau was reached for bacterial uptake
by the RAW264.7 macrophages. Increases can be seen in all groups between the different MOI
treatments up to 10° bacteria. The 10%° group did not demonstrate this same increase and in
fact showed a slight decrease in intracellular bacteria (possibly due to cell death). This shows
that the capacity of these macrophages to take up bacteria is on the order of 10°/mL for a 1.5-
hour exposure.

In combination, figures 7 and 8 clearly demonstrate that infection with primary bacteria for
24 hours is not sufficient to affect the ability of macrophages to take up a secondary non-

virulent strain.
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3.5. PRE-TREATMENT WITH SL1344 OR HM605 LEADS TO A DECREASE IN INTRACELLULAR
SURVIVAL OF SECONDARY K12 AFTER 24 HOURS
Following uptake experiments, an assessment was made of 24-hour pre-treated
macrophages exposed to secondary bacteria for 24 hours. This allowed for observations to be
made about the longer-term dynamics of macrophage function. Figure 9 below shows the

results of this experiment.
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Figure 9: Internalization of intracellular secondary Kan-resistant K12 E. coli after 24 hours of exposure to
RAW264.7 macrophages. Experiments were performed in at least biological triplicate. Statistical significance
was determined using one-way ANOVA, ** - p<0.01. ROUT outlier analysis was performed prior to statistical
analysis. Bars of central tendency represent averages, error bars represent standard deviation.

Figure 9 shows that the level of intracellular secondary K12 is significantly reduced after 24
hours of exposure in both the SL1344 and HM605 pre-treatment compared to both a naive

macrophage culture as well as one pre-treated with K12. This difference was not due to
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significant macrophage death, as determined both visually and through the use of an LDH assay
(See Appendix 3). This result indicates that there are changes in the way that macrophages in
these groups are processing non-pathogenic bacteria and that changes are specific to the strain
causing the primary infection.

In a subset of experiments, streptomycin-containing LB agar plates were used to select for
the primary strains HM605 and SL1344 from the lysate of macrophages subjected to 24 hours
of primary followed by 24 hours of secondary infection (i.e. 48 hours of total infection). Figure
10 below shows that both strains can be detected at similar levels to those found after 24 hours

of primary infection.
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Figure 10: Internalization of intracellular primary after 24 hours of macrophage infection compared to
intracellular levels after 24 hours of primary plus 24 hours of secondary infection. 4 biological replicates were
performed. Bars of central tendency represent averages, error bars represent standard deviation.

Together, figures 9 and 10 demonstrate that primary and secondary bacteria are treated
differently by the intracellular macrophage environment. It is clear that both HM605 and
SL1344 are surviving for the full 48 hours of the experiment, while the secondary bacteria in

these infections is being eliminated more efficiently.
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3.6. EEFFECTS ON SECONDARY BACTERIAL SURVIVAL ARE TIME-DEPENDENT

The next set of experiments was performed in order to determine whether the differences
seen at 24 hours of secondary exposure were time-dependent. In order to test this, the total
exposure time of 48 hours was maintained, but exposure to the primary and secondary strains
was shifted from 24 and 24 hours to 30 and 18 hours as well as 40 and 8 hours. Figure 11 below

shows the results the outcome of this experiment.
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Figure 11: Internalization of intracellular Kan-resistant K12 E. coli in RAW264.7 macrophages after 40, 30 and 24
hours of primary followed by 8, 18 and 24 hours of secondary exposure respectively. Experiments were
performed in at least quadruplicate. Statistical significance was determined using a non-parametric one-way
ANOVA, * = p<0.05. ROUT outlier analysis was performed prior to statistical analysis. Bars of central tendency
represent averages, error bars represent standard deviation.

No significant differences in secondary intracellular bacteria were observed after 40 hours
of primary and 8 hours of secondary exposure, as can be seen in Figure 8. After 30 hours of
primary exposure, followed by 18 hours of secondary, both HM605 and SL1344 pre-treated
groups reach statistical significance. This significance is maintained at 24 hours of primary

followed by 24 hours of secondary. This indicates that any alterations in macrophage function
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caused by primary infections with SL1344 or HM605 decrease secondary bacteria in a time-

dependent manner.

3.7. EFFECTS ON SECONDARY BACTERIAL SURVIVAL REQUIRE DIRECT CONTACT OF LIVE
PRIMARY BACTERIA WITH MACROPHAGES

Next, in order to probe the nature of the bacterial interaction that causes the change in
secondary bacterial survival, an experiment was performed using heat-killed primary strains to
determine whether the effect requires a living primary strain. Figure 12 below shows that
indeed living HM605 or SL1344 are required to recapitulate the altered secondary survival
phenotype. The level of secondary bacteria in the heat-killed HM605 or SL1344 groups is the
same as a pre-treatment with K12 (living or killed). This confirmation that living bacteria is
required indicates that HM605 and SL1344 are an active participant in changes that are

occurring in macrophage function.
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Figure 12: Internalization of intracellular Kan-resistant K12 E. coli in RAW264.7 macrophages pre-treated for 24
hours with either with live or heat-killed bacteria before the addition of secondary bacteria. Experiments were
performed biological triplicate with two technical replicates per experiment.. Statistical significance was
determined using a non-parametric one-way ANOVA, * = p<0.05, ** = p<0.01. ROUT outlier analysis was
performed prior to statistical analysis. Bars of central tendency represent averages, error bars represent
standard deviation.
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Another possible contributor to alterations in macrophage function is paracrine
signaling between cells. As indicated above in the 24-hour inflammatory cytokine analysis, it is
clear that there are changes intracellular survival that are primary infection-specific. In order to
test the contributions of these signals to alterations in secondary bacterial processing, pre-
treatment of naive macrophages with sterile-filtered conditioned cell-culture supernatant from
24-hour infections was tested against pre-treatment with bacteria. Figure 13 below shows the

results from this comparison.
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Figure 13: Internalization of intracellular Kan-resistant K12 E. coli in RAW264.7 macrophages pre-treated for 48
hours with either primary bacteria or conditioned supernatant from a 48-hour primary infection. Experiments
were performed in biological triplicate. Statistical significance was determined using a non-parametric two-way
ANOVA. ** = p<0.01, *** = p<0.001. Bars of central tendency represent averages, error bars represent standard
deviation.

It is clear from Figure 13 that conditioned supernatant from primary macrophage
infections does not cause the same change to secondary bacterial processing as the bacteria
themselves. Killing phenotypes are lost in both HM605 and SL1344 groups when conditioned

supernatant is used, as secondary bacterial levels rise in a statistically significant fashion. We
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therefore conclude that inflammatory cytokines are not sufficient to pre-condition

macrophages to better process a secondary bacterial challenge.

This series of experiments provides several lines of evidence to suggest that alterations
in macrophage processing of the secondary bacterial strain are directly mediated by contact
between the primary strain and the macrophage. The requirement for direct contact with a live
strain of bacteria suggests that HM605 possesses one or more effectors that are able to alter

host-cell function.

3.8. MACROPHAGES CONTAINING HM605 EXPRESS LOWER LEVELS OF LAMP1

Bacterial strains were transformed with a GFP expression vector and infections of
macrophages were performed in a similar fashion to primary infection experiments described
previously. Cell cultures were fixed and stained in order to visualize both the bacteria
(intracellular with GFP, extracellular with GFP and anti-E.coli) and the lysosomal marker LAMP1.
We hypothesized that changes that were observed in previous experiments in macrophage
function may be quantified by observing changes either in LAMP1 intensity or distribution. Such
an observation would represent direct evidence of a change in macrophage function mediated
by a bacterial strain.

Prior to assessing LAMP1 expression in infected macrophages, a control experiment was
performed to demonstrate that the addition of the plasmid-encoded GFP did not affect the
previously-observed phenotypes with respect to intracellular bacterial survival. Figure 14 below
shows this comparison between wildtype and GFP-expressing strains after 24 hours of

infection.
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Figure 14: Percent intracellular survival of bacteria after 24 hours in RAW264.7 macrophages. Statistical
significance was determined using a two-way ANOVA. Bars of central tendency represent averages, error bars
represent standard deviation.

Figure 14 shows that the addition of the GFP vector did not change the intracellular
survival phenotypes of any of the test strains in a statistically significant manner. This provided
confidence that any effect seen in visualizations using GFP-tagged bacteria would also be
applicable to the corresponding wildtype strain.

Total cell LAMP1 intensity was quantified and comparisons were made by normalizing
CTFC of cells containing bacteria to the CTFC of cells with no bacteria within the same field of
view. This provided internal controls for each field of view and allowed for normalization
between cultures stained on different days. Figure 15 below shows the normalized LAMP1 CFTC
after A) 1 hour and B) 6 hours, while Figure 16 shows representative images of 1-hour

infections.
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Figure 15: Corrected total cell fluorescence of the lysosomal marker LAMP1 in HM605 or K12-infected RAW264.7
macrophages after normalizing to cells containing no bacteria after A) 1 hour and B) 6 hours. At least three
biological replicates are represented for each strain from slides stained on different days. Statistical significance
was assessed using an unpaired two-tailed t-test, ** = p<0.01, **** = p<0.001. ROUT outlier analysis was
performed prior to statistical analysis. Bars of central tendency represent averages, error bars represent
standard deviation.

From Figure 15 | draw two conclusions. The first is that within a population of
macrophages exposed to K12 bacteria, those that had internalized bacteria had increased
LAMP1 expression when compared to those that had no internalized bacteria. Conversely, in
the HM605-infected population, there was no difference in LAMP-1 expression between cells
that had internalized bacteria and those that did not. These are clear differences in the patterns
of LAMP1 expression between the test and control groups and allows for further inference

about the nature of the HM605 infection.
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Figure 16: Representative images of 1-hour GFP-K12 and GFP-HM605-infected RAW264.7 macrophages. Bacteria

are represented in green, extracellular bacteria are stained with anti-E.coli in blue and LAMP1 is represente
green. Closeups are channel-merged images from A) K12 infection and B) HM605 infection. All images were
subjected to artificial contrast enhancement to 0.3% pixel saturation for clarity.
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In addition to quantifying total cell fluorescence of LAMP1, individual endosomes
containing either HM605 or K12 from 1 and 6-hour infections were measured. Figure 18 shows
that between 1 and 6 hours of infection, HM605-containing endosomes have significantly

decreased LAMP1 fluorescence.
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Figure 17: Corrected fluorescence of the lysosomal marker LAMP1 on endosomes of HM605 or K12-infected
RAW264.7 macrophages after 1 hour and 6 hours. At least three biological replicates are represented for each
strain from slides stained on different days. Statistical significance was assessed using an one-way ANOVA, ** =
p<0.01. ROUT outlier analysis was performed prior to statistical analysis. Bars of central tendency represent
averages, error bars represent standard deviation.

Taken together with previous experiments, this data suggests that HM605 is an active
participant in the disruption of macrophage function. The decreased total cell expression of
LAMP1 suggests that HM605 has the ability to mask or protect itself from the host macrophage
by altering the way that the macrophage processes bacteria and this mechanism requires
internalized bacteria. A significant decrease in LAMP1 on HM605-containing endosomes from 1

hour to 6 hours suggests that, while there is a macrophage response to the bacteria, this
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response is abrogated in comparison to K12-infected macrophages. The correlation between
decreased LAMP1 expression and increased bacterial survival seen in HM605 suggests that this

is a phenotype that is meaningful in the context of an opportunistic intracellular pathogen.

4, DISCUSSION

4.1. OVERVIEW

Perturbation to the host microbiome can lead to an increased risk for development of IBD.
Several phenotypes have been identified in AIEC in particular, that could mechanistically
contribute to this increased risk. The body of work presented here suggests that intracellular
survival within macrophages is one of these phenotypes, but that our understanding of how
individual strains might accomplish this remains limited.

Fundamentally, there are two ways that a bacterium can influence its ability to survive
within a host cell. The first is by altering itself to become more resistant to the environment
that is created within the host cell. In the case of an endolysosomal compartment, this would
involve resistance to proteolysis and low pH. The second path that a bacterium could use is
actively interacting with the host cell in order to create a more favorable environment for itself.
It is likely that different intracellular pathogens (as well as different strains within a single
species) might use a combination of these two strategies. As discussed in detail below, our
body of work suggests that, while variation exists in the ability of AIEC strains to survive
intracellularly within macrophages, disease associated strains appear to be more successful.

It is our belief that each individual host represents a different set of selection pressures to a
given bacterial strain. As such, different AIEC strains from different hosts might achieve survival
using different mechanisms. The Crohn’s-associated strain HM605 appears to demonstrate
substantially different behaviour from the other strains tested, even though — as seen in Figures
3 and 4 — it does not behave differently from other disease-associated strains with respect to
uptake and survival. The changes in expression of the lysosomal marker LAMP1 that appear to
be induced by HM605, as well as the conditioning of a larger macrophage population to
become more lethal towards a secondary bacterium, are two phenotypes that set this strain

apart from the others tested.
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4.2. 1 AND 24-HOUR PRIMARY INFECTION PHENOTYPES OF AIEC

Prior to initiating an investigation into AIEC uptake and survival phenotypes, a standardized,
repeatable assay had to be developed. Based on the work performed by Sepehri and
colleagues'®, we performed classical gentamicin protection assays in RAW264.7 macrophages
at several timepoints up to 24 hours in order to assess bacterial uptake and survival. Figure 2
demonstrates that after 1 hour of bacterial exposure, statistically significant differences can be
observed between SL1344 and E. coli BW25113 at MOls of 100:1. This data supported
performing further experiments using this 1-hour timepoint as a baseline for bacterial uptake
by macrophages.

The 24-hour timepoint was chosen to compare to survival phenotypes that have been
previously reported by other groups. In our hands, we observed near-complete elimination of E.
coli K12 after 24 hours while also observing many-fold replication of SL1344 (Figure 4). These
two strains were used throughout the course of experimentation as negative and positive
controls for intracellular survival respectively.

Uptake of primary strains of bacteria is shown in Figure 3, with disease-associated clinical
isolates demonstrating significantly higher uptake by macrophages than the K12 control strain
or clinical strains isolated from non-IBD patients. This result is consistent with what is known
about IBD-associated E. coli. As shown in section 1.4, at least one other phenotype - host-
defense peptide resistance — is also conserved in a disease-specific manner (Cho, 2017
unpublished). Although intramacrophage survival was tested in only a small number of strains,
it appears that disease-specific selection is found with respect to phagocytosis. What is less
clear from this finding is whether differential levels of bacterial uptake are a consequence of
differences in macrophage response, or alternatively, differences in the ability of strains to
actively mediate cellular invasion. AIEC do not have the well-defined virulence factors that
other intracellular pathogens possess that might allow them to resist phagosomal killing, so it is
not clear whether they are able to perform this function. It is possible that AIEC may express
surface proteins that promote macrophage uptake. Previous reports have identified a protein,
IbeA, with invasin activity in AIEC isolate NRG857c¢ that also contributes to intramacrophage
survival'?, but it is unclear whether this function is conserved in other AIEC strains or whether
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other proteins may possess invasin activity. Nonetheless, further investigation is required in
order to identify which of these two mechanisms (or a combination) is at play.

Figure 4 shows the levels of intracellular survival at 24 hours post-infection of each strain
normalized to cellular uptake after 1 hour. Similar to the 1-hour uptake, these phenotypes
appear to occur in a disease-specific manner with higher intracellular survival in disease-
associated strains. Figure 10 shows that the level of intracellular bacteria does not change
significantly between 24 and 48 hours for two strains of interest, HM605 and SL1344.
Comparing these results to survival values found in previous investigations, Bringer and
colleagues found that LF82 reached up to 400% at 24 hours of the intracellular levels found at 1
hour, though their infections were performed in J774 macrophages and used and MOI of
100:1*8, This is quite different from our finding which showed that LF82 only persisted at levels
between 5 and 50% out to 24 hours. The work by Sepehri and colleagues showed intracellular
survival after 20 hours in RAW264.7 cells ranged between 17 and 172% depending on the
strain. Similar to our experiments, an MOI of 10:1 was used, but they infected with stationary-
phase bacteria®. Although there are some similarities between all three groups of experiments,
the small differences make it difficult to compare outcomes. What is clear is that there is wide
strain-to-strain variation in the level of intracellular survival, meaning that this is not a
ubiquitous phenotype among AIEC.

At a higher-level view, since it is clear that at least some AIEC strains can survive
intracellularly for 24 and up to 48 hours, the question arises as to whether this is sufficient to
cause or contribute to disease. Under a multi-hit model of disease where many contributing
factors converge to tip the balance of homeostasis within a patient, it seems reasonable that
intra-macrophagic survival would be a key contributor to IBD. Macrophages would be present
at a site of infection and an inability to effectively clear an intracellular pathogen could lead to
abnormal intracellular signaling as well as altered levels of expression of pro-inflammatory
cytokines that could initiate or contribute to persistent inflammation. Elliot and colleagues have
found that macrophages isolated from CD patients are deficient in handling of both adherent-
invasive as well as commensal E. coli'®®. Subsequently, the same group showed using

microdissection that LP macrophages isolated from CD patients commonly contained an
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intracellular E. coli burden'®, These findings support the idea that both the host and bacterial
phenotypes can contribute to the onset and/or maintenance of disease. This is further
supported by the fact that several host-genetic risk factors for IBD are related to both bacterial
sensing?® and clearance®!. Our work clearly shows that even healthy, non-conditioned
macrophages can be susceptible to perturbation by AIEC strains that were isolated from a
diseased condition. Coupled with other physical or chemical insults, the inflammation caused
by the persistence of intracellular bacteria could lead to tissue damage and ultimately
symptoms of IBD. It is likely, therefore, that while a combination of host and bacterial factors

play a role in the development of disease, intracellular survival may be especially important.

4.3. 24-HOUR EXTRACELLULAR CYTOKINE EXPRESSION

Looking at a panel of secreted inflammatory cytokines after 24 hours of infection, there are
a number of interesting observations that are found. Figure 5 shows a cluster analysis of all 31
analytes, while Figure 6 highlights three individual analytes (IL-6, GM-CSF and LIF) and
represents statistical significance compared to the expression levels found in K12-infected
cultures. It is clear that SL1344 causes the most dramatic shift in cytokine expression by
macrophages and from Figure 6 we can see that this is in fact due to a decrease in the levels of
several analytes compared to K12. This aligns with what is known about the ability of
Salmonella to modify extracellular signaling of macrophages while in the SCV. Salmonella are
able to suppress IFN-B expression by the host cell®® and this may explain the decrease seen in
several other inflammatory cytokines. Some Salmonella serovars have evolved the ability to
induce IL-10 expression by macrophages via activation of STAT3, which in turn has been shown

111 'We did not see this increase in IL-10

to decrease pro-inflammatory cytokine production
levels with our strain SL1344, however decreases in other cytokines may be indicative of an
anti-inflammatory phenotype.

IL-6 can act as either a pro- or anti-inflammatory signal in a context-dependent manner. A
detailed review by Hunter and Jones discusses IL-6 in the context of disease'!?. In the context of
innate immunity, IL-6 induces monocyte differentiation away from the dendritic lineage

towards macrophages!!3. It has also been reported that in Mycobacterium tuberculosis
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infections, an induction of IL-6 inhibits the IFN-y response of uninfected macrophages, blocking
an inflammatory response. Conversely, IL-6R knockout mice or anti-IL6 treatment in

114 suggesting that

conventional animals leads to an attenuated phenotype in a model of colitis
IL-6 is at least involved in the inflammation characteristic of colitis. In relation to our cytokine
data, a decrease in the overall pool of secreted IL-6 by Salmonella-infected macrophages may
indicate that there is inhibition or disruption of some factor upstream of IL-6 signaling. This has
not, to our knowledge, been previously reported in Salmonella literature, but would seem to
agree with the known role of IL-6 in the context of macrophage differentiation.

GM-CSF is a cytokine that triggers the recruitment of neutrophils, monocytes and
leukocytes to infected tissue and is a robust inflammatory signal*'®. Additionally, defective
expression of the GM-CSF receptor, CD116, has been correlated with IBD in human patients?®,
This may seem counter-intuitive, since a defect in innate immunity should lead to a subdued
inflammatory response, although others have suggested that defects in the innate response are
compensated by a highly inflammatory adaptive immune response in IBD*Y’. Our data show
that in Salmonella infections, there is a marked decrease in GM-CSF secretion by macrophages,
a finding that suggests a suppression of the normal acute inflammatory immune response. LIF is
a far less well studied cytokine but is classified as an IL-6-like protein. LIF is secreted by injured

118 ‘Macrophage-derived LIF has also been

nerve cells as a chemoattractant to macrophages
identified as a regulator of fut2 expression in a murine model*!°. Mutations that cause defects
in FUT2 secretion have been identified as a risk factor for IBD*?°, so it is possible that there is a
link between LIF and IBD. It is possible that LIF is functioning in our infection assays as an
autocrine signal, and that a decrease in the amount of secreted protein is once again a
manipulation of the inflammatory response caused by Salmonella.

Elliot et al. assessed the expression of several inflammatory cytokines from LP
macrophages isolated from CD patients and found that those cells that had a pre-existing
intracellular bacterial burden generated expressed higher IL-10 and lower IL-6, TNF-a and iNOS

109 We did not see the similar associated

regardless of macroscopic assessment of inflammation
decreases in our in vitro assessment of AIEC infection. It is clear that the overall disease state is

far more complex than what is represented by reducing infections to a single bacterial species
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interacting with one cell type. Considering that the inflammation that is characteristic of IBDs is
complex in etiology, we can be assured that multiple host cell types are playing a role in the
response to any bacterial insult. It is also possible that the changes in cytokine secretion cannot
be captured by looking at a single timepoint (in our case 24 hours post-infection). IBD is a
chronic condition that expresses in bouts of active inflammation interspersed by clearance. It is
possible that longer-term infection experiments looking at multiple cell types could yield more

useful information about the inflammasome associated with AIEC infection.

4.4, SECONDARY BACTERIAL INFECTION PHENOTYPES

When macrophages undergo phagocytosis, they increase in their ability to successfully
phagocytose subsequent bacteria/viruses*?!. This suggests that during inflammation, when
there is a decrease in the mucosal barrier and elevated recruitment of neutrophils and
macrophages to the site of infection, the interaction between AIEC and host-macrophages may
alter the interactions between those macrophages and other components of the microbiota.
Thus, the objective of infecting with a secondary non-pathogenic bacterial strain was to use it
as a tool to probe macrophage function. Prior to initiating this line of investigation, we
expected that infections with disease-associated strains of AIEC would cause defects in either
uptake or processing that would be seen as either decreases in secondary bacterial uptake or
increases in survival. What we found contradicted this hypothesis.

No differences were found in secondary uptake after 1 hour of exposure between any
primary bacterial pre-treatments. Figure 7 shows very clearly that there are no significant
differences between pre-treatment groups indicating that any effects observed downstream of
infection are not due to altered uptake. In order to ensure that this result was not due to an
insufficient MOI, another experiment was performed at 10-fold higher MOls to see if increased
loads of secondary bacteria would make obvious any defects in macrophage uptake. Figure 8
shows the result from this experiment, where no significant differences were found between
pre-treatment groups at any MOI up to 100,000:1. This second experiment gave us confidence

to conclude that primary infection with a virulent or disease-associated strain does not cause
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defects in macrophage uptake. We then went on to interrogate secondary bacterial survival at
24 hours.

Secondary bacteria at 24-hours post-infection are no different from either the no-primary
control or K12 pre-treatment control with the exception of two pre-treatment groups. These
are pre-treatment with HM605 and SL1344 for 24 hours, where the level of secondary bacteria
decreased significantly, which can be seen in Figure 9. This was unexpected since we
anticipated that defects in intracellular processing would manifest as increases in secondary
bacterial survival. Since this result did not agree with what was expected, LDH assays were
performed on the cell culture media of these infections to look for increases in cell death. LDH
has been used previously to assess cell culture health and viability so this seemed to be a valid
approach'??, Our results in Appendix 3 show that no differences were found in the LDH levels of
any groups. This implies that the decreases in secondary bacteria seen in the HM605 and
SL1344 pre-treatment groups are a result of effects on cellular behaviour due to the primary
infection and not from increased/altered macrophage cell death.

Next, we wished to characterize the nature of the priming effect of HM605 and SL1344 on
secondary bacterial processing by macrophages. Figure 10 shows that a decrease in secondary
bacteria requires the primary bacteria to be internalized for at least 18 hours, and that this
effect is time-dependent. Figure 11 shows that a pre-treatment with either heat-killed HM605
or SL1344 causes a loss of the secondary decrease phenotype, as does pre-treatment with
supernatant of cell cultures infected with either of these strains for up to 48 hours (Figure 12).
These results indicate that direct contact with living HM605 or SL1344 is necessary to elicit this
phenotype. This implies that this is an effect of active primary infection and not some non-
specific side-effect.

Our interpretation of this group of results is that there are likely two different effects that
are at play on the pool of infected macrophages. It is clear from the 24-hour cytokine data that
all macrophages populations show LPS-activation in response to bacterial exposure. Only a
small subset of these macrophages have internalized primary bacteria once they are exposed to
the secondary strain. As such, there is a large pool of macrophages in each infection with no

internalized bacteria, but in the case of HM605 and SL1344 infections, these uninfected cells
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presumably clear secondary bacteria more efficiently. This is similar to the effect observed by
Elliott and colleagues whereby infection of a subset of macrophages was sufficient to lead to
decreased expression of inflammatory cytokines, but there was still a drive of uninfected cells
towards a pro-inflammatory phenotype!®. There are likely direct effects of the individual AIEC
strains on the cells that they have internalized, but due to the relatively small population of
macrophages that this represents, there must be a secondary effect.

We believe that there must be a paracrine effect from those cells that have internalized
primary bacteria, since the number of cells that are co-infected with both primary and
secondary strains would be very small relative to the total population of macrophages.
Paradoxically the results of priming macrophages with the supernatant of primary infections
shows that this cannot be recapitulated by exposure to 24 hour cultures of primary infected
cells (Figure 12). This suggests either that a putative paracrine effector(s) must require constant
stimulation from a primary bacterial source in order to maintain the level required in order to
prime cells for increased killing, or that more than 24 hours of primary infection is required to
observe the effect. In order to test this, experiments could be performed using selectively
permeable membranes in order to isolate an infected macrophage population from one that is
sterile. Figure 18 below shows a model of this hypothesis. Splitting a culture with such a
membrane could allow for an effector molecule to continually interact with the unprimed cell
population as it is infected with secondary bacteria. If a paracrine effector is responsible for this
phenotype, we would expect to see a decrease in secondary bacterial survival in this type of
treatment even without direct interaction with the primary HM605 strain. Nonetheless, it
would still be unclear from these experiments what this effector might be and further chemical

analysis would be required for identification.
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Figure 18: A model of how internally persistent HM605 might influence macrophage activity towards an
infection with a secondary bacterial strain. Constant stimulation of a putative paracrine signal might be required
in order to condition non-HM605-infected cells for increased activity towards secondary bacteria.

4.5. LAMP1 EXPRESSION AS A PROXY FOR LYSOSOMAL ACTIVITY

In order to further investigate the potential effects that primary infections with AIEC are
having on macrophage cultures, co-localization fluorescence microscopy was performed using
GFP-expressing bacteria. LAMP1 was used as a marker for phagolysosomal fusion, with the
hypothesis that increased levels of LAMP1 would indicate more lysosomal fusion. Other groups
have used LAMP1 as a proxy for lysosomal fusion with good success'?*'24 and based on our
uptake and survival data, we expected that an infection with an AIEC strain would lead to
reduced LAMP1 expression within the macrophage population.

Figures 14 shows that infections with GFP-expressing bacteria generates similar phenotypes
to the wild-type strains used in previous experiments. The intracellular survival phenotypes as
measured by both gentamicin protection assays are not significantly different. This gives us
confidence that other data generated using these reflect that of wild-type infections and that

addition of the GFP vector has not significantly altered their intracellular survival phenotypes.
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Figure 15 shows the total cell LAMP1 fluorescence of cells containing intracellular bacteria
normalized to cells that did not have internalized bacteria, over A) 1 hour and B) 6 hours of
infection. Based on this data, LAMP1 appears to have increased in cells containing internalized
K12 but those that contain internalized HM605 show no increase. When looking at phagosome-
specific fluorescence of LAMP1, Figure 17 shows that there is an overall decrease in the level of
LAMP1 in HM605-containing phagosomes between 1 and 6 hours. In comparison K12-infected
cells show no difference between 1 and 6 hours. A decrease in LAMP1 over time with
concurrent bacterial survival suggests that HM605-containing phagosomes are either not fusing
with lysosomes, or they are doing so at a decreased rate in comparison to K12-containing
phagosomes. This is direct evidence that HM605 modulates macrophage function in a way that

could benefit intracellular survival. Figure 19 below shows a summary of these findings.
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Figure 19: A summary of LAMP1 expression and intracellular bacterial survival of A) K12 E. coli or B) HM605
AIEC. Panel i) shows the initial interaction between the bacteria and the host cell. Panel ii) represents
internalized bacteria with phagosome-associated LAMP1 expression that is similar, regardless of bacterial strain.
In K12-infected cells there is a significant increase in total-cell expression of LAMP1 as seen in panel iii), followed
by elimination of the bacteria. In HM605 infection, there is a suppression of total-cell LAMP1, as well as
decreased levels of phagosome-associated LAMPI, correlating with increased intracellular survival.

These findings combine to generate a picture of a more favorable intracellular environment

for HM605. Bringer and colleagues used the AIEC strain LF82 to infect J774 macrophages and
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demonstrated that, in their hands, bacterial-containing phagosomes underwent complete
maturation, acquiring both LAMP1 and LAMP2%. Our work shows that after initial acquisition of
LAMP1, HM605-containing phagosomes appear to lose a significant amount, suggesting a
different mechanism leading to intracellular survival. While these two outcomes seem
contradictory, we know that AIEC are both genetically and phenotypically diverse and therefore
it would not be unexpected that different strains that survive intracellularly accomplish this feat
in different ways. Bringer and colleagues also used the pH-sensitive dye LysoTracker to assess
the acidity of the LF82-containing phagosolysosome. They concluded that LF82 survives in an
acidified compartment, although their assessment is qualitative and they do not present
control infections using non-virulent bacteria®®. Future experiments using this infection model
with HM605 will include the use of pH-sensitive dyes to assess this aspect of phagolysosomal
functionality.

Putting this into context of IBD and intestinal inflammation, we have clear evidence that
disease-associated AIEC strains have an increased ability to survive within macrophages. Our
work with HM605 shows that this strain has the ability to alter macrophages function in a way
that allows for increased bacterial persistence and that this is a divergent phenotype from LF82
which has been reported to replicate within fully-mature phagolysosomes® This latter
statement is somewhat controversial as other groups have anecdotally been unable to replicate
this result. Ultimately, this is an example once again of the variety of evolutionary paths that

different AIEC strains have charted that have led to virulence potential.

4.6. SIGNIFICANCE AND FUTURE WORK

Investigating interactions between AIEC and macrophages is an important part of
understanding the pathogenesis of IBD. While other groups have focused on the simple fact
that AIEC can survive and/or replicate intracellularly, very little is known about the mechanisms
by which AIEC persist within macrophages nor what the consequences of this intracellular
survival are. Many pathogenic bacteria have evolved mechanisms to survive inside
macrophages as these cells are a critical node in the primary innate immune response. Since

several genetic risk factors for IBD, such as ATG16L11% and IRGM?, affect macrophage function,
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it is reasonable to suggest that a bacterium that is able to take advantage of such deficiencies
may significantly contribute to disease.

Several new questions have come about from this work. It is unclear why HM605-infected
macrophages would have lower expression of LAMP1 but more efficiently eliminate a
secondary bacterial infection. It is possible that, within a population of macrophages, those that
contain a persistent HM605 population have a protective environment, while other cells in the
population have been conditioned to clear secondary bacteria more efficiently. This potential
divergence is consistent with altered responses observed in Elliott et al, in which cytokine
responses from macrophages containing E. coli vs. those that do not, have altered innate
immune responses, such that the cells containing bacteria are in a more immunotolerant state
than others adjacent to them!®. In our hands though, only HM605 exhibited the enhanced
killing effect, while most AIEC strains tested showed enhanced intracellular survival. It is clear
from this work that HM605 can persist as a stable intracellular population for at least 48 hours.
This suggests that while survival itself is strongly selected for, the specific mechanisms by which
this occurs are not.

Another question that remains is what specific proteins are required in order for an AIEC
strain like HM605 to persist intracellularly and/or disrupt immune cell function. It is possible
that these two phenomena are linked and that a bacterium that does not have these proteins
might be more easily processed by the macrophage after what amounts to priming by HM®605.
This model of AIEC infection would align with the idea that abnormal host-bacterial interaction
is at least partially responsible for chronic intestinal inflammation.

Future work on this project will focus on functional characterization of the endosomes
containing HM605 bacteria as well as identifying the specific HM605 protein (or proteins)
responsible for modifying the endosomal compartment. Salmonella is able to stabilize its
intracellular compartment and prevent endosome-lysosome fusion, preventing acidification of
the environment. An investigation could be made into whether HM605 is also able to mediate a
similar response. This would contribute to the understanding of how HM605 survives as an
intracellular pathogen. There are several different aspects of phagosomal biology that could be

interrogated in order to identify specific effects. Co-localization of phagosomes with lysosomes
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over a time course of HM605 infection could elucidate whether there is in fact an overall
decrease in fusions between these intracellular compartments, thereby explaining the
intracellular survival phenotype that we observe. Using several other characteristic
compartmental markers such as Rab5, Rab7 and LAMP2 could allow for a more complete
characterization of both the HM605-containing compartments as well as the lysosomes of the
cells containing these bacteria. Finally, functional assessments of the phagosomal environments
to which HM605 are exposed would help to identify mechanisms of bacterial survival.
Intracellular probes that are pH-sensitive or that are activated based on proteolytic activity
have been used in previous studies in order to assess mechanisms of intracellular pathogen
survival and the application of these probes here would be beneficial.

It should also be noted that there is a possibility that the priming effect of HM605 and the
alterations in LAMP1 acquisition could be unrelated phenotypes. As such it would also be
informative to investigate other disease-associated strains that demonstrate at least some level
of intracellular survival using the same panel of intracellular markers to see if there are
conserved or divergent patterns of disruption to phagosomal processing by macrophages.

Another aspect of investigation that would be valuable would be to look at interactions
between HM605-containing phagosomes and the autophagy pathway. Bringer and colleagues
assessed this aspect of AIEC survival by co-localizing bacteria with the autophagy marker LC3. In
their case there was no evidence that the AIEC strain LF82 was interacting with this pathway?,
however, the authors could not rule out a transient interaction with LC3 that, to our
knowledge, has never been followed up experimentally. More recently it was shown
mechanistically that LF82 modifies microRNA levels in epithelial cells to impair autophagic

response’?®

. We also know that ATG16L1, an important autophagy protein, is a strong risk allele
for CD and others have shown that intracellular pathogens such as Salmonella and Shigella
disrupt autophagy by interrupting signaling through ATG16L1”’. For our part, we don’t believe
that any one specific cause and effect mechanism is at play with respect to AIEC mediating
host-cell autophagy in all IBD contexts. Rather, different strains have likely evolved a variety of
solutions to this problem, and that the host associated risk factors vary from patient group to

patient group. As we have evidence that HM605 already appears to act in a different manner
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than LF82, additional experimentation to interrogate any interactions with the autophagy
pathway would be informative.

A final avenue of investigation will focus on identifying and knocking out proteins in HM605
that may have the potential to cause changes in host cell behaviour, in order to assess whether
or not they contribute to the distinctive phenotype that is observed characteristic of this strain.
HM®605 has a complete genome sequence®?® and there is no evidence of a T3SS. There are some
elements of a type six secretion system (T6SS), a nanomachine that is able to interact with both
eukaryotic and prokaryotic cells in a contact-dependent manner. A detailed review by
Alcoforado Diniz and colleagues outlines that diverse groups of both Gram positive and
negative species possess this machinery and also the effectors that it secretes!?’. At least one
known T6SS effector, haemolysin co-regulated protein (Hcp), has been shown to interact with
macrophages in vitro and lead to increased uptake of Aeromonas hydrophila*?8. Hcp has been
found in a T6SS-postive E. coli strain K1 R$218 and was shown to mediate pathogenesis of
meningitis?°. This makes a reasonable justification to interrogate a putative T6SS in HM605
using knockout studies of T6SS genes to look for attenuated uptake and/or survival phenotypes.
HM®605 also possesses several proteins that have significant sequence similarity to known
autotransporters. Autotransporters are a class of protein that contain a signal sequence,
passenger domain and translocator domain, many of which have been implicated in host cell
toxicity®3°. The Tat and Sec translocation systems have both been implicated in the transport of
these proteins, but they do not require a dedicated effector secretion system such as the
T35S, HM605 has a homologue for tamB, a protein required for stabilization of the

132

translocation and assembly module'>4, a protein complex involved in the secretion of some

130 35 well as several

virulence factors. Homologues for yfal'33, vacuolating autotransporters
other putative but poorly annotated autotransporters can be found in the HM605 genome. If a
protein or group of proteins can be identified using knockout studies, that causes either
increased intracellular survival and/or abnormal bacterial processing by macrophages, these
could be screened for in other clinical AIEC isolates.

Ultimately, we believe that, in addition to host genetic and environmental factors, bacterial

contributions to the IBD state are likely to be different on a patient to patient basis. The diverse
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mechanisms that IBD-associated strains have evolved serve as a means to a common goal of
increased survival within a host. Identifying and characterizing these behaviours will allow for
better understanding of the pathogenesis of the disease and potentially lead to better

screening methods to assess individual patient risk.
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Appendix 1 — Cytokines analyzed from 24-hour infections

Table 4: List of full inflammatory cytokine names.

G-CSF — Granulocyte-colony stimulating factor

IP-10 — IFNy-inducible protein 10

IFN-y — Interferon-gamma

KC — Keratinocyte chemoattractant

IL-1a — Interleukin 1 alpha

LIF — Leukemia inhibitory factor

IL-1B — Interleukin 1 beta

LIX — Lippolysaccharide-induced CXC chemokine

IL-2 — Interleukin 2

MCP-1 — Monocyte chemoattractant protein

IL-3 — Interleukin 3

M-CSF — Monocyte colony stimulating factor

[L-4 — Interleukin 4

MIG — Monokine induced by interferon gamma

IL-5 — Interleukin 5

MIP -1a — Macrophage inflammatory protein 1 alpha

[L-7 — Interleukin 7

MIP- 1B — Macrophage inflammatory protein 1 beta

[L-9 — Interleukin 9

MIP-2 — Macrophage inflammatory protein 2

[L-10 — Interleukin 10

RANTES — Regulated on activation, normal T-cell
expressed and secreted

IL-12(p70) — Interleukin 12 heterodimer

VEGF — Vascular endothelial growth factor

IL-12(p40) — Interleukin 12 p40 subunit

TNFa — Tumor necrosis factor alpha

[L-17 — Interleukin 17

factor

GM-CSF — Granulocyte-monocyte colony stimulating

[L-15 — Interleukin 15

IL-6 — Interleukin 6

Table 5: Average 24-hour inflammatory cytokine values (pg/mL) from RAW264.7 macrophages.

No
Analyte Media | Primary K12 HM605 NRG857c LF82 SL1344

Eotaxin 0.560 1.103 2.288 2.803 2.433 2.665 2.253
G-CSF 0.640 612.133 | 11247.133 | 11151.230 | 10319.038 | 10565.618 | 10619.450
GM-CSF 1.550 2.320 23.663 15.445 17.040 60.248 6.648
IFN-y 0.620 0.620 5.030 4.745 4.500 5.280 3.830
IL-1a 0.710 11.070 64.913 65.263 61.940 75.715 47.380
IL-1B 3.200 5.980 35.778 32.775 30.950 47.810 18.275
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IL-2 0.125 | 1.330 5.783 7.015 5.900 6.930 4.293
IL-3 0.640 |0.725 3.215 3.325 2.745 3.125 2.390
IL-4 0.075 | 0.205 0.510 0.558 0.513 0.575 0.448
IL-5 0.650 | 1.890 7.113 8.045 7.455 8.373 6.783
IL-6 0.640 |0.738 2488.783 | 1625.175 |2653.775 |5014.948 | 225.823
IL-7 1.120 | 2.400 5.930 7.535 4.913 6.003 4.690
IL-9 0.990 | 3.903 40.478 43.908 37.068 54.065 19.728
IL-10 0.640 | 3.765 369.780 | 396.643 |623.605 |1078.075 | 110.720
IL-12(p70) | 0.640 | 0.600 1.215 2.065 0.928 1.468 0.558
IL-12(p40) | 0.330 | 4.625 28.505 28.510 23.785 29.740 16.518
IL-15 0.640 |10.545 |39.323 50.480 34.620 27.523 20.143
IL-17 0.660 | 1.285 3.678 3.995 4.045 4.293 3.425
IP-10 0.640 |458.940 |5575.913 |4182.330 |2912.650 | 3605.435 |2671.595
KC 0.640 | 5.590 29.130 25.270 25.368 32.078 17.940
LIF 0.545 |2.228 178.780 | 166.640 |188.653 | 266.563 | 98.330
LIX 17.300 |29.260 [334.503 |325.403 |[313.523 |430.150 | 173.068
MCP-1 6.070 | 742.858 |13785.568 | 13360.785 | 12894.335 | 14595.920 | 7047.363
M-CSF 0.640 | 1.445 5.318 6.925 5.405 5.628 4.035
MIG 0.390 | 0.563 2.588 3.855 2.685 2.945 1.793
MIP-1a |8.990 |6085.643 | 8736.415 |9249.863 |5762.885 |6132.413 |8100.398
MIP-1B | 17.360 | 2403.643 | 24265.875 | 17859.748 | 15084.118 | 17189.490 | 18460.753
MIP-2 13.860 | 1128.558 | 16771.653 | 16332.423 | 20095.760 | 14006.428 | 16940.388
RANTES [0.610 |6.563 1093.463 | 892.243 |966.800 | 1294.748 |497.115
TNFa 0.440 |71.725 [806.073 [899.610 [731.990 |[773.923 |861.988
VEGF 0.115 | 6.785 50.333 57.060 70.960 132.763 | 31.030
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Appendix 2 — Supplementary 24-hour cytokine data
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Figure 20: Secretion of IL1-a from macrophages exposed to a panel of bacterial for 1 hour, followed by culture

for 23 hours. Measurements were made from 4 biological replicates. Statistical significance was determined
using one-way ANOVA, *-p<0.05.
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Figure 21: Secretion of KC from macrophages exposed to a panel of bacterial for 1 hour, followed by culture for
23 hours. Measurements were made from 4 biological replicates. Statistical significance was determined using
one-way ANOVA, *-p<0.05.
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Figure 22: Secretion of MCP-1 from macrophages exposed to a panel of bacterial for 1 hour, followed by culture
for 23 hours. Measurements were made from 4 biological replicates. Statistical significance was determined
using one-way ANOVA, *-p<0.05.
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Appendix 3 — Lactate dehydrogenase data

Blank media controls were performed in triplicate while all other samples were performed in

triplicate with technical duplicates. All technical duplicates are presented.
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Figure 23: Absorbance units representing LDH levels in supernatant taken from RAW264.7 macrophages infected
for 24 hours with bacterial strains. Biological n of 3 with two technical replicates each. Error bars represent
standard deviation.
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