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Abstract

With the majority of Canadian Campylobacter jejuni infections resulting from contaminated
poultry, I investigated how the strain NCTC 11168 capsular heptose modulates host
macrophage activation, and bacterial clearance. | hypothesized that this sugar acts to dampen
immune activation in both human and avian hosts, leading to diminished clearance by
macrophages. The heptose was found to be immunosuppressive in chicken, but not human,
macrophages and did not significantly impact clearance. Previous data also indicate that the
capsular heptose biosynthesis enzymes have a means to limit degradation of unstable
intermediates. As such, I hypothesized that these enzymes engage in substrate channeling in
order to limit substrate degradation within the cytosol. Data indicate that enzymes in the
heptose modification pathways can interact physically, potentially permitting channeling.
This work determined how the capsular heptose alters the activity of host macrophages,
while investigating if enzymatic interactions can be exploited to modulate heptose

production.
Keywords

Campylobacter, Campylobacter jejuni (C. jejuni), capsule, bacteriology, enzymology,
glycobiology, modified heptose, host-specificity, protein-protein interactions, macrophage,

substrate channeling, phagocytosis, cytokines, gastroenteritis.



Summary for Lay Audience

Campylobacter jejuni is a common cause of diarrheal disease in humans, with most cases in
Canada resulting from eating contaminated broiler chicken meat. The bacterium does not
cause disease in poultry, and different effects across hosts potentially result from differences
in the reaction of their immune systems. A key mediator of interactions with host cells may
be a modified heptose sugar which branches off the backbone of the capsule, a sugar chain
that decorates the outside of C. jejuni NCTC 11168. To study the role this heptose plays in
moderating the host immune response, | have added C. jejuni mutants that differentially
express their capsular heptose to human or chicken macrophages (white blood cells). This
work allowed me to study immune activation by looking at the production of molecules that
help kill bacteria. Bacterial clearance has been assessed by counting the bacteria after their
interaction with macrophages. 1 hypothesized that the C. jejuni NCTC 11168 capsular
heptose acts to tone down activation in both hosts, leading to less clearance by host
macrophages. Data indicate that the capsular heptose reduces immune activation by chicken,
but not human, macrophages. The capsule itself causes lower binding to and survival within

chicken macrophages, while causing lower uptake by human macrophages.

| have also investigated how the proteins that produce the heptose interact, as previous data
indicates that these proteins have a means to limit breakdown of production intermediates. |
hypothesize this is accomplished through substrate channeling, a process by which proteins
directly transfer intermediates by interacting physically. Using biochemical techniques, data
was generated which indicate that enzymes within the heptose synthesis pathways can bind

together.

These two subprojects merge with the goal of increasing clearance of C. jejuni from broiler
chickens being raised for human consumption, limiting transmission to humans. I have
investigated how the capsular heptose alters activation of host macrophages, and their ability
to clear bacteria while determining if physical interactions between proteins can be exploited

to decrease heptose production.
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Chapter 1

1 Introduction

1.1 Food and its enduring importance
To say food is important is truly an extreme understatement. Food is a necessity, required
to support life — from worms, to birds, to humans, all organisms that can eat are in
constant pursuit of nourishment. For humans, food has many additional dimensions of
significance beyond the need for sustenance. Food is an important means of cultural
expression, with the development of cuisines stemming from the intersection of the
historical, religious, and agricultural landscape in any given region [127]. Food helps
maintain and share one’s cultural identity and is an important means of expression and
communication. As such, an incredible amount of time and resources are invested into

both food preparation and preservation.

Compared to the past, with every year, there are more and more people who need to eat.
As such, humans have shifted from primarily hunting, gathering, and small-scale
agricultural endeavours, to much of the world — primarily developed countries — relying
on the large-scale production of the food industry. With an increase in food production
through large agricultural and processing efforts, there has also been an increased need
for safe food handling and preservation. Food preservation has occurred throughout
history as a means to inhibit the growth of pathogenic microorganisms, including
foodborne bacteria. Common means of preservation are classified as mechanical (e.g.,
milling and crystallizing), biological (e.g., fermenting and curdling), thermal (e.g.,
smoking, drying, and frying), and chemical (e.g., salting and pickling) [74]. The need to

produce safe food is ever increasing.

1.2 Food and waterborne pathogens

Unfortunately, when food is not handled properly, it can become contaminated by
pathogens (bacteria, viruses, parasites, and molds) that cause great harm to humans. Even

with the rise of antimicrobials, diarrheal diseases remain a large challenge to global



health, being the second leading cause of death for children under the age of 5, resulting
in 1.6 million deaths yearly [90]. On an even larger scale, the World Health Organization
(WHO) estimates that more than 2 billion people worldwide suffer from diarrheal disease
annually [120]. The most common bacterial pathogens that result in enteric disease
include Salmonella spp., Shigella spp., enterotoxigenic E. coli (ETEC), and
Campylobacter spp., accounting for roughly 95 million, 88 million, 75 million, and 75
million cases annually, respectively [147,166]. Other notable enteric pathogens include
Listeria monocytogenes, Vibrio spp., Clostridium perfringens, Yersinia enterocolitica,
Staphylococcus aureus, rotavirus, norovirus, hepatitis A, and Giardia spp. [111]. These
pathogens share a commonality in that they induce diarrhea that can result in dehydration.
This dehydration, if untreated and prolonged, is the most common way these pathogens
confer mortality.

In addition to transmission by food, a large proportion of diarrheal disease worldwide is
brought on by the consumption of contaminated drinking water. The WHO estimates that,
currently, at least 1 in 10 people worldwide have no access to basic services needed to
obtain clean drinking water [160]. This is primarily a concern in developing countries,
with lower accessibility to clean water greatly impacting the health of children under the
age of 5 [90]. Outbreaks of waterborne illness often follow periods of heavy rain or
snowfall, with increased runoff collecting pathogens in the environment (from soil,
animal feces) and depositing them within communal water supplies [38,107]. Therefore,
it is important to consider climate and meteorological events, in addition to

socioeconomic factors in disease prediction and prevention.

While yearly incidence tends to be higher in developing nations due to a lack of clean
drinking water, enteric pathogens still create a large burden in developed countries, with
food and waterborne illness estimated to cause roughly 9.4 million illnesses, 56,000
hospitalizations, and 1,400 deaths annually in the United States alone [17]. Additionally,
it is important to recognize that there are underserved communities in all countries, and
that the division of safe food and water is not always equivalent. For example, it is well
documented that the indigenous population of Canada is disproportionately affected by

food and waterborne pathogens compared to the general population [66]. In fact, a 2015



study looking at the incidence of foodborne illness in Inuit communities in Rigolet and
Igaluit, Nunavut, found the annual incidence of acute gastrointestinal illness to be as high
as 2.9-3.9 cases/person per year, relative to about 1.0 cases cases/person per year for the
general public in Ontario or British Columbia [50].

Scientists, governments, food industries, and the agricultural industries across many
countries work tirelessly to control the spread of these pathogens. The control of food and
waterborne pathogens is a major public health concern, with outbreaks of enteric disease
not only affecting people at an individual level, but also often having economic
implications as well. Foodborne illness costs the United States up to 90 billion dollars
annually [133]. Still, it is undeniable that mortality rates from food and waterborne illness
are much lower now than they were 100 years ago, due to improvements in food
handling, water treatment, and the rise of antimicrobials [36]. However, this work is far
from over, with the emergence of antibiotic resistance being seen within all of the
bacterial species listed in this section [24,36,111]. As such, it is imperative that research
continues to detail causative pathogens in a manner that can be exploited to control the

spread of disease.

1.3 Campylobacter jejuni

Though likely observed as early as 1886 by Theodor Escherich, the Campylobacter genus
was not described until 1963 [134,136]. Campylobacters are Gram negative,
microaerophilic bacteria that possess a characteristic spiral or corkscrew morphology
[113,140]. The bacteria within this genus range in size from 0.2—0.8 um in width by 0.5—
5 um in length, and are typically catalase and oxidase positive with the ability to reduce
nitrites, though select species differ [140,148]. The production of catalase and oxidase
permit growth in the presence of oxygen and help deal with oxidative stress, while nitrite
reductases help to resist nitrosative stress. These bacteria grow optimally at 42°C,
mirroring the internal temperature of avian hosts, with a significant decrease in growth at
temperatures below 37°C [84]. Stressors including changes in temperature, pH,

osmolarity, oxygen levels, and nutrient availability induce Campylobacters to take on a



protective coccoid morphology, in which the bacteria are considered to be viable but non-
culturable [52,61,87].

Campylobacter jejuni is one of the leading causes of bacterial enteritis worldwide. In
humans, upon entering the body through the fecal-oral route, C. jejuni colonizes the small
intestine before reaching its target organ, the colon [140,163]. Campylobacteriosis results
within 1-5 days of exposure and is characterized by the onset of watery, potentially
bloody, diarrhea. This is associated with abdominal pain, nausea, and vomiting, with
acute symptoms generally lasting 5-7 days [142]. Though symptoms tend to be similar
across pathogenic members of Campylobacter spp., C. jejuni is of greatest interest as it is
the most prevalent, causing between 60-80% of all pathogenic Campylobacter infections
[67]. The second most prevalent species is C. coli, accounting for roughly 10% of
Campylobacter infections in developed countries [136]. One of the most notable local
outbreaks of campylobacteriosis occurred in May of the year 2000, in Walkerton,
Ontario. Heavy, prolonged rainfall caused the runoff of E. coli O157:H7 and
Campylobacter into the town’s drinking water and surrounding wells, cumulatively

resulting in over 2000 cases of disease and 6 deaths [10,31].

The long-term complications of campylobacteriosis include increased risk of several
autoimmune disorders. Infection is most strongly associated with Guillain-Barre
syndrome, a neurodegenerative disorder in which autoreactive antibodies bind to
gangliosides found on myelin sheaths coating nerves, causing degradation [6]. Guillain-
Barre syndrome is consistently listed as the first or second leading cause of acute flaccid
paralysis, and occurs following approximately 3 of every 10,000 cases of
campylobacteriosis [18,59,88,142]. The autoreactive antibodies that cause GBS arise
against specific modifications to the bacterium’s lipooligosaccharide (LOS) that act as a
form of molecular mimicry [23]. These antibodies are thus cross reactive between the C.
jejuni LOS and human gangliosides. A study from July 2020 also implicates C. jejuni in
increasing the risk of post infection-irritable bowel syndrome (PI-1BS), with a risk 1.2
times higher in those who were infected with C. jejuni relative to those infected with
Salmonella spp. [60]. C. jejuni had the highest association with P1-IBS of all bacterial

agents studied, and was found in patients with the diarrheal or mixed subtype (diarrhea



and constipation). The association with IBS is thought to be in part caused by cytolethal
distending toxin (Cdt), a secreted toxin that disrupts tight junction proteins leading to
epithelial dysfunction, and may trigger immune responses leading to further
dysregulation [164]. Finally, a population study of Finnish patients linked
campylobacteriosis to the development of reactive arthritis (ReA), with an annual
incidence of 4.3 per 100,000 [49]. Post-infection ReA was most commonly seen in adults
and was independent of HLA-B27 expression, which is a human leukocyte antigen
commonly associated with Rheumatoid arthritis [49]. Increased incidence of ReA has

also been observed in populations following C. jejuni outbreaks [49].

As C. jejuni is an enteric pathogen, the majority of infections stem from the ingestion of
contaminated meat, milk, or drinking water. The most clinically relevant form of
transmission in developed countries is ingestion of contaminated poultry — mainly broiler
chicken meat [142]. C. jejuni resides as a commensal in the gastrointestinal tract of
broiler chickens with concentrations as high as 10° colony forming units (CFU) per gram
of caecal matter [126]. Through the slaughtering process, C. jejuni can be released onto
the meat, leading to contamination. The bacteria pose little risk if the contaminated meat
is cooked to the recommended temperature of 165°F (74°C), but can easily confer
pathogenesis if the meat undercooked, or if surfaces are cross-contaminated during food
preparation [25]. In fact, as few as 500 CFU of C. jejuni need to be ingested in order for
campylobacteriosis to occur [177]. As of 2013, Campylobacter spp. could be isolated
from 32 to 76% of broiler chicken meat tested in Europe [180]. Although estimates of
Campylobacter contaminated poultry were lower in Canada as of 2010 — ranging between
36 and 42% — chicken meat still contributes to 64.5% of all Canadian Campylobacter
infections [1]. Peak infection rates are associated with the summer months in the
Northern hemisphere, correlating to an increase in contaminated poultry found during the
same period. [64,171].

Though incidence of campylobacteriosis varies year to year, estimates per 100,000
people range from 14.3 for the United States and 27.6 for Canada, to as high as 1512 in
Japan [67,122,142]. While infections clear spontaneously in most cases, C. jejuni is a

major burden to economic, healthcare, and social systems. In the United States alone,



Campylobacter contaminated poultry causes a 6.9 billion dollar economic burden
annually [133]. Additionally, in the United States C. jejuni infection results in over
22,500 disability-adjusted life-years, which is a measure that accounts for the loss of life
and health compared to “perfect” health [132]. It is possible that this number will
increase in coming years: C. jejuni alone surpassed Salmonella spp. in numbers of
American foodborne diarrheal disease in 2017 [91]. Increased risk comes with the rise of
antibiotic resistance, with multidrug resistant strains seen in outbreaks as recently as
December 2019 [26]. Additionally, the CDC states that in 2017, 28% of all isolates
proved to be resistant to ciprofloxacin [24]. In 2017 the WHO listed Campylobacters as
high priority pathogens due to the increased prevalence of fluoroguinolone-resistant
isolates [4]. With the rise of antibiotic resistance looming, it is imperative to search for
antimicrobials that lead to diminished colonization by impairing key virulence factors.

1.4 Overview of C. jejuni virulence factors

C. jejuni uses a wide range of virulence factors to colonize, and cause disease in, humans.
One notable class of virulence factors includes the abundance of glycosylated proteins.
Though glycoproteins are more common in eukaryotes than prokaryotes, C. jejuni is able
to produce both O-linked glycosylated and N-linked glycosylated proteins [23]. O-linked
glycosylation is specific to the serine and threonine residues found on flagellins, seeing
the addition of pseudaminic acid and legionaminic acid, as well as derivatives containing
acetyl and acetamidino groups [43,98,178]. It is known that this addition is required for
flagellin polymerization, with impaired O-linked glycosylation resulting in decreased

bacterial mobility, as well as decreased adherence and invasion of host cells [45,178].

N-linked glycosylation, classically thought to only occur in eukaryotes and archaea, is
carried out on many secreted proteins across all strains of C. jejuni [155]. Glycosylation
occurs on asparagine residues, with a consensus sequence of [aspartic acid/ glutamic acid
— X —asparagine — X — serine/threonine], where X can be any amino acid except proline
[79]. The sugar residues added typically include 5 N-acetylgalactosamine residues, a
glucose, a bacillosamine, and an additional phosphoethanolamine, with the control of this

addition being under control of the pgl operon [80]. Mutations affecting glycosylation of



these proteins affect adherence and invasion of host epithelial cells, chicken and mouse
colonization, and the overall immunogenicity of many proteins [53,69,153]. Additionally,
these modifications may decrease protein degradation by host proteases, and alter host
cytokine induction by increasing binding to lectins found on the surface of immune cells
[2,145].

The formation of the flagella, facilitated by protein glycosylation, is key to the virulence
of C. jejuni. This structure allows for the bacterium’s darting motility, with average
speeds around 40 um per second [138]. This motility permits the penetration of, and
movement within, gastrointestinal mucosa. This seemingly increases contact with human
epithelial cells, which may in turn increase adhesion and invasion [154]. Interestingly,
when infecting patients with motile and non-motile phase variants, only motile bacteria
were recovered from stool, indicating motility is essential for colonization. [19]. This
structure is also vital as it acts as a flagellar type 111 secretion system, allowing for the
secretion of both flagellar and non-flagellar proteins [174]. The production and secretion
of Cia proteins (Campylobacter invasion antigens) is induced upon co-culture with host
epithelial cells [75]. Delivered by the fT3SS, these proteins accumulate within the host
epithelium and appear to play a role in epithelial invasion [28]. While there has been
relative consensus that C. jejuni exclusively uses a microtubule-dependent manner to
penetrate host cells, a recent paper indicates that CiaD is able to interact with the host
protein IQGAP1, facilitating actin restructuring and bacterial entry into the epithelium
[56,110].

Adherence to, and colonization of, host cells is bolstered by the production of adhesins.
The two best characterized proteins are Campylobacter adhesion to fibronectin (CadF)
and fibronectin-like protein A (FIpA), which bind to fibronectin on the basolateral side of
human intestinal epithelial cells [77]. When these proteins are mutated C. jejuni displays
decreased adhesion to, and invasion of, human epithelial cells, and decreased chicken gut
colonization [40,76,81]. Other adhesins, including Campylobacter adhesion protein A
(CapA), PEBL, and PEB4 also impact adherence to human and chicken intestinal
epithelial cells, but are not as well characterized as the fibronectin binding proteins
[8,9,72,114].



Another important virulence factor is the bacterium’s lipooligosaccharide, or LOS. Many
Gram-negatives have lipopolysaccharide (LPS) as a component of their cell walls, which
is composed of an antigenic lipid A, anchoring the structure to the membrane, an inner
and outer core composed of sugar residues, and an O-antigen, a chain of repeating sugar
subunits that vary in length and composition [104]. The campylobacter LOS differs from
traditional LPS in that it lacks the long O-antigens found in most Gram-negatives [23].
Campylobacters also differ in their LOS composition through the endogenous synthesis
of sialic acid. This residue is incorporated into the outer core and is responsible for the
aforementioned molecular mimicry to host gangliosides. As a benefit to the bacteria,
these modifications decrease immunogenicity and increase serum resistance.
Modifications to the LOS have been shown to alter invasiveness in a strain specific
manner [23,48].

Another major virulence factor of C. jejuni is its capsule. As the capsule polysaccharide

is the focus of the study, it is highlighted in detail in the next subsection.

1.4.1  Capsule polysaccharide

Broadly, bacterial capsules are polysaccharide layers that reside beyond the plasma
membrane. These structures can confer different selective advantages such as resistance
to desiccation, phagocytosis, or antibiotic uptake, dependant on the strain specific
configuration of the CPS [106,109,150]. Expression of the C. jejuni CPS has been shown
to increase invasion of host epithelial cells, increase chicken gut colonization, and
decrease sensitivity to serum killing in a strain specific manner [11,12,44,70,173]. The
CPS also seems to modulate the host immune system, with acapsular mutants inducing
lower levels of cytokines from murine lamina propria lymphocytes and bone marrow-
derived dendritic cells [92,130]. A recent study demonstrates that clinical isolates express
elevated levels of transcripts required for CPS expression, compared to a common
laboratory strain [78]. The association with virulence is strong enough that several groups

are targeting the CPS in vaccine development [93,102,125]. These vaccines would be



serotype specific as strains vary in CPS composition, with 47 different serotypes
described to date [23].

Generally, C. jejuni capsules are produced in a manner similar to class 2 capsules of E.
coli K1 and K5, N. meningitidis and H. influenzae, involving the sequential
polymerization of monosaccharides [46] (Figure 1). While capsular synthesis genes vary
between strains, the organization of genes is generally conserved with 3 distinct regions.
Regions 1 and 3 are well conserved between species, encoding for genes involved in
capsular assembly and transport respectively [46,162]. Region 2, conversely, is variable
between strains and encodes enzymes than synthesize and modify sugar precursors
(methyl transferases, MeOPN biosynthesis enzymes, and MeOPN transferases), that
define any given serotype [46,170]. These sugars are synthesized with attached
nucleotide tri-, di-, or monophosphates, which allow binding to modifying enzymes, and
are required for glycosyltransferases to polymerize the monosaccharides [162]. The
addition of nucleotide anchors also help confer specificity to the enzymes that act on
these sugars. While region 2 has the highest variability, there is still high conservation of
genes involved in heptose precursor synthesis (hddC, gmhA, hddA) and deoxyheptose
synthesis (dmhA) as well as genes involved in MeOPN biosynthesis (homologs of
cj1415¢c — 1418c) [23,97]. In strain NCTC 11168, capsular assembly begins with addition
of monosaccharides onto an endogenous phospholipid anchor, anchoring the chain to the
cytoplasmic side of the inner membrane. Sugar residues are then added sequentially by
glycosyltransferases, before chain termination and transfer to a dipalmitoyl-
glycerophosphate phospholipid anchor [34]. The CPS is ultimately transported to the
outer membrane via the ABC transporters KpsM and KpsT, where the CPS is exposed to
the extracellular environment [141]. The C. jejuni CPS cluster is able to undergo phase
variation by slipped strand mispairing, altering expression of the CPS as a whole, as well
as altering the expression of constituents that modify the CPS (MeOPN, capsular
heptose) in certain serotypes [12,47]. The ability for phase variation suggests that

differential expression of the CPS is advantageous based on the environment [46].
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Capsule 1
Y

Figure 1: C. jejuni capsule polysaccharide synthesis. (1) Enzymes encoded by region 2
of the CPS synthesis cluster synthesize and modify sugar precursors that define a given
serotype. These sugars are synthesized with attached nucleotide tri-, di-, or
monophosphates, denoted by a green “N”. (2) Enzymes encoded by region 1 of the CPS
cluster link the monosaccharides. Capsular assembly begins with addition of
monosaccharides onto an endogenous phospholipid anchor, anchoring the chain to the
cytoplasmic side of the inner membrane. Sugar residues are then added sequentially by
glycosyltransferases, before chain termination. (3) Transporters encoded by region 3 of
the CPS synthesis cluster export the fully generated CPS to the bacterial outer membrane.
IM denotes the inner membrane while OM denotes the outer membrane. E= enzyme, T=
a complex of several proteins acting to transport the CPS.

The C. jejuni CPS differs from other bacteria due to the inclusion of both variably linked
O-methylated phosphoramidate (MeOPN) moieties and uniquely modified heptose
residues [102]. The addition of the MeOPN has not been observed on the capsules of
other bacteria and serves to moderate several aspects of virulence and survival. MeOPN
is present in about 70% of C. jejuni strains and moderates bacteriophage entry into the
cell, while decreasing invasiveness and increasing serum resistance in a strain specific
manner [5,115,144]. Again however, this addition is not all that makes the C. jejuni CPS

unique.

The Creuzenet Lab has previously characterized enzymes involved in the biosynthesis of
the capsular heptose. In strain 81-176 the 6-deoxy-D-altro-heptose is produced through
the Ddah pathway (Figure 2) [94,96]. The precursor sugar GDP-D-glycero-D-manno-
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heptose is dehydrated at C4 and C6 by DdahA to form GDP-6-deoxy-4-keto-D-lyxo-
heptose. This, in turn, is acted on by DdahB, which catalyzes a C3 epimerization event,
producing GDP-6-deoxy-4-keto-D-arabino-heptose. Finally, the C4 reductase DdahC
converts the penultimate sugar into GDP-6-deoxy-4-keto-D-altro-heptose. This heptose
residue is always incorporated into the CPS backbone, and sometimes also branches off
the backbone producing the HS:23/36 serotype (heat stable: 23/36) [68,102]. In strain
NCTC 11168, the 6-O-Me-L-gluco-heptose is produced via the Mlgh pathway (Figure 2)
[95,173]. This modified heptose has only been found in C. jejuni as well as a few other
mucosal pathogens, namely Yersinia pseudotuberculosis, Burkholderia pseudomallei, and
Burkholderia mallei [54]. It was originally thought that GDP-D-glycero-D-manno-
heptose was oxidized at C4 by an unknown enzyme, MIghA, to form GDP-6-R-4-keto-D-
lyxo-heptose. This product is epimerized at C3 and C5 by MIghB to form GDP-6-OMe-4-
keto-L-xylo-heptose, which is ultimately reduced at C4 by MIghC to form GDP-6-OMe-
4-keto-L-gluco-heptose. O-methylation is caused by the proposed methyltransferase
MIghD, though it is presently unknown when this methylation event occurs. The heptose
in NCTC 11168 is not incorporated into the CPS backbone and instead branches off the
a-D-glucuronic acid residue, resulting in the HS:2 serotype [102]. A meta-analysis from
2021 placed HS:2 as the second most prevalent serotype worldwide, with a global pooled

prevalence indicating this serotype accounts for 12.4% of all serotypes worldwide [32].

It was previously thought that WcaG, an enzyme found in both heptose biosynthesis
pathways, acts as a scavenger reductase that competes for substrate with the epimerases
(DdahB and MlghB) [94,96]. However, studies by Huddleston et al. published in 2020
demonstrate that WcaG likely acts as an oxidase in vivo, permitted by the presence of a-
ketoglutarate which was absent in previous studies [57,58]. This cofactor causes the
conversion of NADH to NAD+, permitting the WcaG mediated oxidation of GDP-D-
glycero-D-manno-heptose to GDP-D-glycero-4-keto-a-D-lyxo-heptose, substrate of
MIghB. These studies used mass spectroscopy and nuclear magnetic resonance (NMR),
as well as co-crystallization of WcaGncrci16s With GDP and NADH to bridge a gap in
knowledge. Interestingly, they were able to demonstrate through bioinformatic analysis
that of the 484 C. jejuni genomes assessed, 24% contain homologs to WcaG (with 97%



12

sequence conservation), 36% contained DdahA homologs (with 91% sequence
conservation), and 19% contained homologs of both [58]. Strains bearing exclusively a
DdahA homolog only utilize the 6-deoxy moiety, while strains with DdahA and WcaG
homologs possess both the 6-deoxy and the 6-hydroxy moieties. Presently, NCTC 11168
is the sole strain known to contain only the 6-hydroxy moiety, though the CPS structure

is unknown for all other strains with only a WcaG homolog.
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Figure 2: C. jejuni GDP-manno-heptose modification pathways. Biological pathways
leading to 3,6-OMe-L-gluco-heptose in strain NCTC 11168 (left) and 6-deoxy-D-altro-
heptose in strain 81-116 (right). The C4 oxidation and 3,6-O methylation steps necessary
to generate 3,6-OMe-L-gluco-heptose have not yet been elucidated and are denoted by
the “?”. Figure adapted from Barnawi et al. [15].

The Creuzenet lab has long been interested in studying the biological function of GDP-6-
OMe-4-keto-L-gluco-heptose in strain NCTC 11168. This strain differs from other
serotypes as the heptose residue only branches off the CPS, and is not incorporated into
the backbone, allowing the residue to be knocked out without completely disrupting the
CPS structure [173]. Branching of the heptose is thought to permit greater interaction

with the environment, allowing for the potential of this residue to moderate interactions
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with host cells. The Creuzenet lab has generated several knockout mutants in the Mlgh
pathway permitting study of the heptose [173]. wcaG::cat, mighB::cat, mlghC::cat, and
weaG::catA (cat denotes that a chloramphenicol resistance cassette was inserted into a
given gene) all lack the capsular heptose residue, in line with the corrected biosynthetic
pathway in which WcaG acts as the preliminary oxidase (Figure 3). These mutants differ
in their expression of certain sugar modifications, with differential attachment of MeOPN
and 2-amino-2-deoxyglycerol, in addition to differing in the overall amount of CPS
produced. These mutants all have a single gene knockout except for wcaG: :catA, which
also lacks several methyltransferase and MeOPN transferase encoding genes. This
prevents the MeOPN addition to N-acetylgalactosamine seen with wcaG::cat,
mlghC::cat, and mlghB::cat that is not present on wild-type. As such, this mutant acts as
a unique control for the addition of MeOPN. There is also kpsM::kan (kan denotes that a
kanamycin resistance cassette was inserted into a given gene) which has a knockout for
the ABC-transporter responsible for trafficking the CPS to the cell surface. As such, this
mutant does not have a CPS, permitting study of the CPS as a whole in host cell

interactions.
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Figure 3: Creation of C. jejuni capsular heptose mutants.

(A) General CPS structure for wild-type C. jejuni NCTC 11168. (B) Knocking out genes
involved in capsular heptose biosynthesis produces a CPS devoid of the capsular heptose.
MighC, MlghB, or WcaG knockouts all lack this residue, in addition to WcaGA which
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contains a knockout for WcaG in addition to several methyltransferase and MeOPN
transferase encoding genes. (C) Knocking out KpsM results in bacteria devoid of CPS.
KpsM is a transporter required for delivering the CPS to the outer membrane, hence a
knockout of this gene creates bacteria without this virulence factor.

Results from Wong et al. demonstrate key differences between the heptose biosynthesis
knockout mutants, including increased susceptibility to bile salt killing for mlghB::cat
and mlghC::cat [173]. The capsular heptose, and CPS as a whole seem to play a role in
serum resistance, with all mutants being more susceptible to killing than WT in the
presence of 20% serum. With regards to human epithelial cells grown in vitro, the
acapsular mutant demonstrated increased adherence and invasion, while mighB::cat and
mlghC::cat demonstrated wild-type levels of adherence, but significantly reduced levels
of invasion. This may indicate that the capsular heptose is important for invasion of the
human gut epithelium. Finally, the paper demonstrated that all mutants were significantly
impaired in colonizing the intestines of two-day old chicks, indicating that both the CPS
and capsular heptose play a role in chicken gut colonization. While previous research has
given insight into the role of the capsule in relation to host epithelial cells, little is known

about how the capsular heptose interfaces with the immune cells.

1.5 C. jejuni and host macrophages

Upon colonization of the human or chicken gut, enteric bacteria are rapidly sensed by the
host innate immune system. In both chicken and humans, M cells are present as part of
the intestinal epithelium, readily transcytosing invading pathogens from the intestinal
lumen to Peyer’s patches [35]. These Peyer’s patches are immune cell rich regions that
are responsible for surveying microbes and antigens [65]. Cells present represent both the
adaptive branch of the immune system, including T cells and B cells, as well as the innate
immune system, involving dendritic cells, and most relevantly to this study, resident
macrophages [65]. Macrophages are professional phagocytes and antigen presenting
cells, capable of internalizing pathogens, killing them using intracellular compartments
such as lysosomes, and processing their antigens for presentation to the adaptive immune
system. Macrophages can either arise from circulating monocytes, differentiating as

proinflammatory signals from other immune cells draw them towards the site of
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infection, or they can be tissue resident, already differentiated for the specific niche in
which they reside [85].

One of the largest pools of resident macrophages are those that line the intestinal
basolateral membrane [165]. Macrophages residing in the Peyer’s patches are
characterized by the high expression of CD11c and MHCII, and have a predominately
proinflammatory phenotype, secreting IL-1p, IL-6 and TNF«, upon challenge with LPS
[13,16,165]. However, other CD11c" intestinal macrophages however, take on a more
anti-inflammatory role, with little proinflammatory cytokine production and constitutive
expression of the anti-inflammatory cytokine IL-10 [16,165]. This anti-inflammatory
phenotype promotes lamina propria regulatory T cell expansion and aids in preventing
excessive inflammation found in conditions such as irritable bowel disease [16,165]. The
designation of proinflammatory macrophages to specific immune sentinel sites allows for
the effective detection and presentation of antigens, without causing excessive,
widespread inflammation. These macrophages interface with other immune cells in
Peyer’s patches, making their presence key for mounting a proper immune response upon
the ingestion of pathogens. As such, the means by which enteric bacteria mitigate
macrophage activation is likely to impact the clearance of these pathogens, and

progression of pathogenesis.

When researching the impact pathogens have on host macrophages, cell lines are often
used. The use of cell lines is beneficial in that cells are immortalized, allowing for
prolonged use. Additionally, they are well characterized, and are less likely to have
variations in behaviour relative to primary cells. One common lineage used for human
macrophage studies is the THP-1 cell line. THP-1 cells are a monocytic cell line derived
from a patient with childhood acute monocytic leukemia, and were therefore already
immortalized upon collection [159]. While naturally monocytic in nature, these cells are
commonly used for macrophage studies due to the fact they take on a macrophage-like
phenotype upon treatment with phorbol-myristate-acetate [157]. When assessing chicken
macrophages, Muquarrab Qureshi-North Carolina State University (MQ-NCSU) cells are
a common model. MQ-NCSU cells are an immortalized macrophage cell line derived
from the spleen of a 2-month-old female DeKalb XL chicken [124]. Immortalization was
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attained by infecting cells with the JIM/102W strain of the Marek's disease virus [124].
This cell line has largely been used for examining the induction of cytokines and nitric
oxide when these cells are co-cultured with pathogens or treated with pathogen associated
molecular patterns [14,172].

Although the role of the capsular heptose in host macrophage activation has yet to be
elucidated, the response to WT C. jejuni, has been partially characterized. In response to
in vitro challenge with NCTC 11168, human THP-1 macrophages have been shown to
upregulate secretion of interleukin-1o (IL-1a), IL-1p, IL-6, IL-8, and tumor necrosis
factor alpha (TNFa) over 24 hours (multiplicity of infection [MOI] 100) [21,63,139].
Increased transcription of NLRP3 inflammasome components, NLRP3 and Caspase-1,
have also been characterized in response to C. jejuni strain 108 (MOI 20) after 4 hours
[21]. This generally indicates that upon sensing of the bacteria, human macrophages
produce a strong proinflammatory immune response, leading to direct clearance by
resident macrophages, and chemoattraction of other immune cells. Chicken MQ-NCSU
cells upregulate transcription of IL-6, IL-8, IL-10, IL-12, and iNOS within 8 hours of
exposure to C. jejuni strain 81116 (MOI 20) [161]. These cells have also demonstrated
increased transcription of IL-1p, IL-10, IL-18, IFNy, CXCLi2, and iNOS in response to
campylobacter-derived ligands including DNA, LOS, and outer membrane proteins
[156]. TNFa production by MQ-NCSU cells in response to C. jejuni has not been
characterized, as the existence of a functional TNFa in chickens is currently contentious.
Many believe that only a truncated inactive sequence is encoded in the genome, though a
some argue that chicken TNFa transcription is induced in response to LPS [129].
Interestingly, transcription of IL-1p, IL-6, and CXCLi2 is upregulated in the mucous
membranes of chicken ileum infected with C. jejuni strain G1, though this change is

caused by multiple cells in the environment, not just macrophages [143].

A previous study partially implicates the CPS and addition of MeOPN in the moderation
of the host immune response. The absence of the CPS or MeOPN increased the
transcription of the proinflammatory cytokine IL-6 and the anti-inflammatory cytokine
IL-10 in murine bone-marrow derived macrophages [73]. This study utilized strain
11168H (a hypermotile derivative of C. jejuni NCTC 11168) and only observed this



17

phenotype with mouse, but not human or chicken, macrophages [73]. Still, this study
implicates the CPS and capsular modification may play a role in immune evasion. A
different study implicates the CPS in mitigating TLR2 and TLR4 signaling in human
THP-1 macrophages with a KpsM/ capsule deficient conferring increased TLR signal
[92]. As TLR2 and TLR4 are receptors on the host macrophages designed to sense LPS
and bacterial lipoproteins, this study suggests that the strain 81-176 CPS is
immunoprotective, hiding more immunostimulatory molecular patterns on the exterior of

C. jejuni.

C. jejuni is not consistently able to survive within host macrophages. Several studies
indicate that C. jejuni can survive within murine macrophages, but the 2015 study by
Wong et al. found that this survival is likely strain specific [101]. Here, intracellular
survival of strain NCTC 11168 decreased greatly within hours, with no difference
between WT and mutants [173]. An increase in the engulfment of the KpsM knockout
mutant, however, indicated that the CPS displays some antiphagocytic properties when
interfacing with these macrophages [173]. A study by Wassenaar et al., utilizing
macrophages derived from human peripheral monocytes, found that clearance was
consistent across all strains tested, with the majority of donor macrophages being able to
clear C. jejuni within 24-48 hours [167]. Interestingly, 10% of donors had macrophages
incapable of clearing the bacteria, potentially leaving these individuals more susceptible
to disease. Chicken peritoneal macrophages also demonstrate the ability to kill C. jejuni,
with complete clearance of strains B540 and Clin 1 within 6 hours of phagocytosis [108].
The impact of the capsular heptose in mitigating clearance by host macrophages is

presently unknown.

1.6 Substrate channelling

Substrate channelling, defined as “the process of direct transfer of an intermediate
between the active sites of two enzymes that catalyze sequential reactions in a
biosynthetic pathway” [100], may be occurring within the heptose biosynthesis pathway.
Previous work by McCallum et al. demonstrates the extremely labile nature of select
pathway intermediates, with products from both epimerases (DdahB and MIghB)
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degrading within minutes of production, therefore being too unstable for analysis by

NMR [95,96]. As such, | believe that C. jejuni capsular biosynthesis enzymes engage in
substrate channeling as a means to limit substrate degradation in the cytosol. By directly
transferring products between enzymes, degradation of products in the cytosol would be

minimized, allowing for efficient production of products using unstable substrates.

Generally, there are 3 accepted methods by which substrate channeling occurs between
two enzymes [37,137,169]. The first is by electrostatic guidance, in which a charged
intermediate is drawn from the active site of one enzyme to the next based on a charge
gradient. Substrate channelling can also occur in the case of an intramolecular tunnel
being formed, in which the binding of two enzymes causes the formation of a tunnel that
prohibits substrate diffusion into the cytosol. This tunnel may have a charge gradient, but
regardless, flux increases by limiting the diffusion of the substrate. Finally, channeling
can occur by chemical arm swings, in which the activity of the first enzyme causes a
conformational change that brings the intermediate into a favourable position to be acted

upon by the second enzyme in the series.

Substrate channelling has been hypothesized in several systems, with the most notable
being the enzymes of the tricarboxylic acid cycle (TCA) and mitochondrial membrane
proteins. It should be noted that substrate channelling is unlikely to increase the speed or
efficiency of a reaction, as diffusion between enzyme active sites is generally not a rate
limiting step [152]. Though efficiency would be increased in systems with exceedingly
low concentrations of enzyme, it is more likely that metabolomic channels form to deal
with labile or toxic intermediates, or to increase flux through a specific pathway [152].
The latter seems to be the case with TCA cycle enzymes, with enzyme kinetic and
isotope labelling studies suggesting that certain enzymes channel in order to increase
pathway flux [22,105,146,151]. More recent work has used affinity purification—-mass
spectrometry in order to identify that TCA cycle enzymes from Bacillus subtilis engage
in protein-protein interactions [99]. Structural analysis of malate dehydrogenase, citrate
synthase, and aconitase indicates that there are internal tunnels that can connect the
malate dehydrogenase and citrate synthase active sites [175]. This tunneling between

active sites is absolutely necessary for substrate channeling to occur, and these tunnels
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have been demonstrated to self-assemble in vitro [22]. There is also a charge gradient
between the two enzymes which draws the negatively charged intermediate to the active
site of citrate synthase [169,175]. Interestingly, a mutagenesis experiment was conducted
in which citrate synthase received a R65A mutation in a positively charged patch that
connected its active site to malate dehydrogenase. This mutation decreased the
probability of channeling from 0.99 to 0.023, disrupting the transport of the negatively
charged intermediate [22]. Substrate channelling is also hypothesized in enzymes
involved in purine nucleotide biosynthesis and glycolipid synthesis [82,152].

While evidence for substrate channelling in enzymes from C. jejuni does not presently
exist, there is evidence for PRODH and PSCDH, which are proline biosynthesis enzymes
found within Gram negative bacteria [131]. There is also presently very little research
looking into channelling within capsule biosynthesis pathways, with the few papers
discussing this topic ruling out the possibility of substrate channeling in their systems
[71,116,179]. This is of little concern to this study as the enzymes studied in these papers
do not have homology to the heptose biosynthesis enzymes and utilize different sugars.
Substrate channelling would effectively explain how C. jejuni is able to deal with such
labile intermediates and is currently supported by preliminary evidence, making this work

novel.

1.7 Rationale, Hypothesis, and Objectives

The ultimate goal of this research is to gain an understanding of how capsular heptose
expression alters the virulence of C. jejuni, with hopes of perturbing interactions between
heptose biosynthesis enzymes in a manner that increases clearance by the host innate
immune system. It should be noted that the capsular heptose biosynthesis enzymes are
unique to Campylobacters and present in most species, making these attractive targets for
targeting bacterial virulence [15]. As such, this research is broken into two subprojects:
simultaneously investigating how the capsular heptose alters activation of, and clearance
by, host macrophages and if physical interactions between enzymes can be exploited to

modulate heptose production.
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Host macrophage activation: 1 hypothesize that the C. jejuni NCTC 11168 capsular
heptose residue acts to dampen activation in both human and avian hosts, leading to

diminished clearance by host macrophages.

Substrate channeling during heptose synthesis: | hypothesize that C. jejuni capsular
biosynthesis enzymes engage in substrate channeling in order to limit substrate
degradation in the cytosol.

Objective 1: Assess expression of activation markers in chicken and human
macrophages in response to C. jejuni capsular heptose mutants (Figure 3).

| hypothesize that the 6-O-Me-L-gluco-heptose residue generally acts to dampen immune
activation. Several studies indicate that the capsule polysaccharide as a whole is
immunostimulatory to murine lamina propria lymphocytes and bone marrow-derived
dendritic cells, inducing the release of proinflammatory cytokines, such as TNFa and IL-
6 [92,130]. Release of these cytokines would generally promote phagocytosis and
bacterial clearance, and as such, it would be advantageous to the bacterium to produce
structures such as 6-O-Me-L-gluco-heptose to minimize host cell activation while

maintaining other protective functions.

By co-culturing host macrophages with the CPS and heptose mutants, | can collect
samples at several time points and assess them for markers of macrophage activation via
enzyme linked immunosorbent assays (ELISA), cytokine multiplexing, Griess assay,
fluorescence assays, and qRT-PCR. The use of select assays also permits direct

comparison between the response of host (chicken and human) macrophages.

Objective 2: Assess differences in clearance between chicken and human
macrophages in response to C. jejuni capsular heptose mutants.

As | expect the capsular heptose to alter the expression of activation markers and
effectors, | too expect the residue to alter the rate of phagocytosis by host macrophages.
Exposure to proinflammatory cytokines, such as TNFa, increases the capacity of
macrophages to phagocytose pathogens [7]. Therefore, if there is less cytokine release,

there should also be a decrease in bacterial uptake and killing. Additionally, expression of
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the capsular heptose may decrease the affinity for macrophage receptors or opsonizing

proteins, which would also confer resistance to phagocytosis.

The interactions with host macrophages can be measured using 3 distinct assays —
comparing adherence, invasion, and intracellular survival of capsular heptose mutants co-
cultured with host macrophages. This permits comparison between capsular mutants and
WT, as well as comparison between host macrophages in their ability to interact with WT

or mutant C. jejuni.

Objective 3: Characterize protein-protein interactions between enzymes in capsular
heptose biosynthesis pathways.

While the structure and function of each enzyme in the Mlgh and Ddah pathways has
been elucidated, there are still unknowns regarding the flow of intermediates through
these pathways. Work by McCallum et al. demonstrates the extremely labile nature of
select pathway intermediates, with products from both epimerases (DdahB and MIghB)
completely degrading within 10-30 minutes of production [95,96]. As such, | propose
that C. jejuni capsular heptose biosynthesis enzymes participate in substrate channeling,
directly transferring products between enzymes to minimize degradation of intermediates
in the cytosol. This would allow for efficient production of products in systems
containing unstable pathway intermediates. As the study of substrate channeling has
primarily focused on enzymes within the tricarboxylic acid cycle, studying channelling in
C. jejuni and channeling during capsular synthesis remains novel [22,105,146,151].

We propose testing enzymes in a pairwise manner using biochemical techniques such as
surface plasmon resonance and microscale thermophoresis as a means to investigate

physical interactions between proteins.
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Chapter 2

2  Materials and methods

2.1 Culturing C. jejuni capsular heptose mutants

C. jejuni NCTC 11168 (ATCC 700819) freezer stocks (-80°C) were created by
combining 50% glycerol with C. jejuni suspended in trypticase soy broth (TSB) in a ratio
of 1:3. The original suspensions had an optical density at 600 nm (ODeoo) of 4.0, ensuring
a final ODeoo Of 3.0 in the stocks. To start a culture, roughly 50 pL was taken from a
freezer stock and deposited without spreading onto 5% sheep’s blood trypticase soy agar
(TSA) plates. All plates contained 10 pg/mL vancomycin and 5 pg/mL trimethoprim as
background antibiotics. Concentrations of 15 pg/mL chloramphenicol was used for
MlghB, MIghC, WcaG, and WcaGA knockout mutants, while 30 pg/mL kanamycin was
used to select for the KpsM knockout mutant. All were cultured overnight at 37°C in
micro-aerobic conditions (85% humidity, 10% CO; and 5% O). To expand C. jejuni,
cultures were collected with sterile cotton swabs and resuspended in ImL TSB. These
suspensions were then diluted to an ODeoo 0f 0.01, of which 100 pL was spread on TSA
background plates using sterile glass beads, and then incubated overnight, as above. All
C. jejuni were collected in ImL TSB and diluted to a specific ODgoo dependent on the
subsequent experiment. In experiments including heat-killed C. jejuni, the WT was
harvested and diluted as described, and then inactivated in a 57°C water bath for 45

minutes with intermittent shaking.

The capsular heptose mutants were previously generated by Creuzenet lab member
Anthony Wong and Dirk Lange. Information on the antibiotic cassettes used to knockout
genes encoding the capsular heptose biosynthesis enzymes can be found in Table 1, along

with differences in CPS expression and composition as determined by Wong et al. [173].



Table 1: Composition of the C. jejuni NCTC 11168 CPS mutants.

23

Anpblotlc 3,6-0-Me, MeOPN Substituent CPS. Grov_vth

resistance | GICA | Hep on Hep on on GlcA | expression relative

cassette GalNAc level to WT

WT none + + + - EtN ++

MlghB cat + - - + EtN, GroN +/- +
MlghC cat + - - trace EtN, GroN ++++ +
WcaG cat + - - + EtN, GroN ++++ =
WcaGA cat + - - - EtN, GroN + +
KpsM kan N/A | N/A N/A N/A N/A Absent +/-

Note: This table has been adapted from Wong et al., 2015 [173]. cat= chloramphenicol,
kan = kanamycin. A plus (+) or minus (—) in the represent either the presence or the
absence of the specified component respectively, as determined by NMR spectroscopy.
GIcA, glucuronic acid; Hep, heptose; Me, methyl; MeOPN, O-methyl phosphoramidate;
GalNAc, N-acetyl galactosamine; EtN, ethanolamine; GroN, 2-amino-2-deoxyglycerol.
N/A = not analyzed as the CPS is not exported to the outer membrane in this mutant.

In all experiments using C. jejuni, inoculum colony forming units (CFU) values were
measured by serially diluting bacterial suspensions tenfold in 0.85% saline 8 times. 10 pL
from each diluted sample was then spot-plated on background TSA plates in triplicate
and incubated for 48 hours. The colonies were enumerated to back calculate the

concentration of live CFU/mL.

2.2 Culturing MQ-NCSU chicken macrophages

Freezer stocks were created by first suspending MQ-NCSU cells (originally provided by
Dr S. Sharif from the University of Guelph) in 90% heat-inactivated fetal bovine serum
(FBS) (Multicell), 10% dimethyl sulfoxide to a final concentration of ~2x10° cells/mL.
To begin culturing, 1 mL stocks were thawed and added to 6 mL of fresh MQ-NCSU
media (RPMI-1640 containing 2.05 mM L-Glutamine [Wisent Bioproducts], 10% heat-
inactivated FBS, 100 units/mL penicillin, 100 pg/mL streptomycin, 10mM HEPES, and
10 uM B-mercaptoethanol [BME], 1% non-essential amino acids [Gibco]) before being
centrifuged at 300g for 5 minutes. The supernatant was discarded, and the cell pellet was
resuspended using 10 mL of the same media before being transferred to a T-25 flask.
Flasks were incubated at 37°C under 5% CO3 for 1-2 days. MQ-NCSU cells were
maintained at concentrations up to 1x108 cells/mL, through passaging into T75 flasks, up

to a maximum of 5 passages. As these cells are adherent in the presence of BME,
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passaging of MQ-NCSU required washing with 3 mL 1x PBS pH 7.4 (137 mM NaCl, 2.7
mM KCI, 8 mM NaxHPOj4, and 2 mM KH2PO4) and treatment with 3mL 0.25% trypsin-
EDTA (Multicell) for 5 minutes at 37°C. The trypsinized cell suspension was added to
4mL MQ-NCSU media before centrifugation at 300g for 5 minutes. The pellet was
resuspended in 7 mL of culture media and the cell suspension was diluted 1:1 in 0.4%
Trypan blue exclusion dye to allow for counting of live (clear, undyed) cells via
hemocytometry. New T75 flasks were seeded at 2x10° cells/mL and the media was
replaced every 2-3 days between passages, which were conducted when ~80% adherent
confluency was achieved. Cells were then diluted in media and plated 24 hours before

the start of an experiment at a concentration dependent on the assay being conducted.

2.3 Culturing THP-1 human monocytes and
macrophages

Storage and culture initiation for THP-1 cells was the same as for MQ-NCSU cells (see
above section). THP-1 macrophages (provided by Lydia Dafoe from Western University,
ATCC TIB-202) were grown in RPMI-1640 containing 2.05 mM L-Glutamine, 10%
heat-inactivated FBS, 100 units/mL penicillin, 100 pg/mL streptomycin, 1ImM HEPES,
10 uM BME. Flasks were incubated at 37°C in a 5% CO: incubator for 1-2 days.
Macrophages were maintained at concentrations between 2x10° cells/mL and 1x10°
cells/mL (as measured by hemocytometry with Trypan blue exclusion dye), via the
addition of new media or through passaging into T75 flasks. THP-1 monocytes are non-
adherent and, as such, did not have to be trypsin treated or centrifuged between passages.
Instead counts were taken directly from flasks, and new T75 flasks were seeded at
concentrations of 2-4x10° cells/mL. THP-1 cells were grown to a maximum of 5

passages.

After about two weeks of culturing, THP-1 monocytes were plated 24 hours before the
start of an experiment, or differentiated into THP-1 macrophages, which are plated 72
hours before the start of an experiment to accommaodate for the differentiation treatment.
Suspensions of THP-1 cells in culture media to be differentiated were brought to a

concentration of 250nM phorbol-myristate-acetate (PMA). This suspension was then
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plated and incubated undisturbed for 48 hours before being washed twice with 1x PBS
and resuspended in an antibiotic free media, for an additional 24-hour PMA-free
incubation. The seeding density and type of plate used (96- or 24-well) were dependent
on the assay conducted.

2.4 Plating host cells for lactate dehydrogenase
release assay, Griess assay, TNFa ELISA, and cytokine
multiplex assay

MQ-NCSU and THP-1 macrophages were seeded into 96 well plates in a similar manner
for the lactate dehydrogenase (LDH) release assays, Griess assays, TNFa ELISAs, and
the cytokine multiplex assay. MQ-NCSU macrophages were plated at a concentration of
6x10% cells/well 24 hours before the start of co-culture (target concentration of 8.5x10°
cells/well at start of co-culture), while THP-1 macrophages were plated at a concentration
of 8.5x10° cells/well in 72 hours before. PMA-treated THP-1 cells lose much of their
proliferative capability, and as such were plated at the target concentration.

Wells were washed twice with 150 pL 1x PBS pH 7.4 before antibiotic free RPMI media
(same composition as THP-1 media, without antibiotics) was added. As the target MOI
was 200, and a C. jejuni ODsgo Of 1 is equivalent to 1x10° CFU/mL, 17 pL of ODeoo=1
suspensions were added to appropriate wells containing ~8.5x10° MQ-NCSU
macrophages. Only 8.5 pL of ODsoo=1 suspensions were added to appropriate wells
containing ~4.25x10° THP-1 macrophages. This is because roughly 50% of the plated
monocytes were lost during PMA treatment (due to PMA induced toxicity or non-
adherence during washes), which was initially unexpected. Some wells received 21 L of
0.1 mg/mL E. coli VW187 LPS, which acted as a positive control for activation in the
TNFa ELISAs, and the Cytokine Multiplex Assay. Other wells containing macrophages
received only media, acting as negative controls for activation. All samples were run in
biological triplicates composed of technical triplicates, and each well had a final volume
of 275 pL. After all samples were loaded, interactions between C. jejuni and

macrophages were synchronized by centrifugation at 300g for 2 minutes.
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Plates were then incubated for various time points dependent on the assay being
conducted and supernatants were collected for further analysis as follows. Two 50 pL
supernatant samples were taken per well of MQ-NCSU at 30 minutes, 90 minutes, 5
hours of co-culture to be assessed by Griess assay. From the same wells, two 35 pL
samples were taken at 5 hours for assessment in the LDH release assay. For THP-1 cells,
two 115 pL supernatant samples were taken per well at 2, 5, 12, and 24 hours of co-
culture to be assessed by TNFa ELISA. Two 35 pL samples were taken from wells at 5,
12, and 14 hours for assessment in the LDH release assay. Finally, as with the ELISA
samples, two 115 pL supernatant samples were taken from well at 2, 5, 12, and 24 hours
of co-culture to be assessed in the cytokine multiplex assay. While samples for all assays
were taken from the same wells for MQ-NCSU cells, samples for THP-1 cell assays were
taken from independent wells (i.e., MQ-NCSU Griess and LDH samples were derived
from the same wells, but this is not so for THP-1 ELISA and LDH samples).

2.5 Griess assay

To detect levels of nitric oxide released by MQ-NCSU macrophages, 50 pL of tissue
culture supernatants were collected as detailed in section 2.4 and frozen at -20°C for later
use. A standard curve was made by serially diluting 400 uM sodium nitrite twofold in
antibiotic free RPMI media to a concentration of 6.25 uM (7 concentrations). Like the
experimental wells, all standard concentrations were created in triplicate. Controls
without any sodium nitrite were also included. An additional 50 pL of 1% sulfanilamide
in 5% phosphoric acid was added to all wells. After a 10-minute incubation at 26°C,
wells received 50 pL of 0.1% N-1-napthylethylenediamine dihydrochloride in water,
followed by an additional 10-minute incubation which allowed samples to turn purple.
The plates were read using a BioTek Eon microplate spectrophotometer at a wavelength
of 535 nm. Using the data from the sodium nitrite standards, the microplate reader was
able to generate a standard curve according to the equation Y = (A-D)/(1+(X/C)"B) + D,
where Y is the ODs3s, X is the nitrite concentration in uM, and A, B, C, and D are

modifiers that alter the shape of the curve. Using this, the Eon software is able to convert
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the OD readings to nitrite concentrations. Data were normalized to the average of the WT

samples at each time point.

2.6 LDH release assay

To detect levels of cytotoxicity induced by strain NCTC and its capsular heptose mutants,
wells containing 35 pL of macrophage supernatant (stored at 4°C for up to 2 weeks) were
diluted roughly threefold by adding 65 puL 100 mM Tris (pH 7.5). As a positive control,
wells containing macrophages were incubated at 37°C in 275uL of antibiotic free media
with 0.45% Triton X-100 for 5 minutes, before collecting 35 pl of lysate. A standard
curve was made by serially diluting 1 U/mL LDH (Roche) threefold in 100 mM Tris (pH
7.5) to a concentration of 1.37x10 U/mL (7 concentrations). Like the experimental
wells, all standard concentrations were created in triplicate. Controls without any LDH
were also included. Sample LDH concentrations were assessed using a Roche
Cytotoxicity Detection Kit, in which a reaction mixture was made by adding 250 pL of
the provided catalyst (Diaphorase/NAD+ mixture) with 11.25mL of the provided dye
(lodotetrazolium chloride and sodium lactate). 100 pL of this reaction mixture was then
added to the diluted supernatants and standard. Plates were incubated at 37°C for 30
minutes, allowing samples to turn red. Plates were read using a Biotek Eon microplate
spectrophotometer at a wavelength of 490 nm. Since a standard was constructed, the
microplate reader was able to generate a standard curve according to the equation Y =
(A-D)/(1+(X/C)"B) + D, where Y is the ODago, X is the LDH concentration in U/mL, and
A, B, C, and D are modifiers that alter the shape of the curve. Using this, the Eon
software can convert the OD readings to LDH concentrations for the diluted samples.
Values were ultimately multiplied by 2.86 to account for the initial sample dilution. Data
were normalized to the average of the triton-containing samples (with maximal LDH

release) at each time point.

2.7 TNFa ELISA

Human TNFa quantification was conducted using the Invitrogen Human TNFo ELISA

kit. Wells were coated with 100 pL of 1x capture antibody (diluted from 250x stock)
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suspended in 1x coating buffer (diluted from 10x stock) overnight at 4°C. After washing
3 times with 200 pL 1x PBS containing 0.05% Tween-20 (PBS-T), wells were blocked
with 200 pL 1x ELISA/ELISAPOT diluent (diluted from 5x stock) for 1 hour at room
temperature. A standard was created by serially diluting 1pug/mL of human TNFa
twofold, 9 times to 1.95 pg/mL. Dilutions were done in 1x ELISA/ELISAPOT diluent,
and extra wells were made containing concentrations of 750 pg/mL and 0 pg/mL to
supplement the standard curve, and account for variation at the highest concentration.
Plates were again washed before being loaded with 100 pL standard or 100 pL of 4x
dilutes samples (25 pL of macrophage supernatant that had been added to 75 pL 1x
ELISA/ELISAPOT diluent in a separate plate). Plates were incubated at room
temperature with samples for 2 hours, before samples were removed and plates were
washed 5 times with 200 pL PBS-T. Wells were loaded with 100 pL of 1x detection
antibody (diluted from 250x stock) suspended in 1x ELISA/ELISAPOT diluent, then
incubated for 1 hour at room temperature. Following an additional 3 washes, wells were
loaded with 100 pL 1x streptavidin-horseradish peroxidase (diluted from 250x stock) and
were allowed to incubate for 30 minutes at room temperature. Plates were washed 3 times
and treated with 100 uL of 1x 3,3’,5,5'-Tetramethylbenzidine (TMB) solution. After a 15-
minute incubation at room temperature, stop solution (1 M H3zPO,) was added, changing
the colour from blue to yellow, and the plates were read using a Biotek Eon microplate
spectrophotometer. The plates were read at two wavelengths, with values of 570 nM
being subtracted from those of 450 nM. Since a standard was constructed, the microplate
reader was able to generate a standard curve according to the equation Y = (A-
D)/(1+(X/C)"B) + D, where Y is the AODuso-570nm, X is the TNFa concentration in
pg/mL, and A, B, C, and D are modifiers that alter the shape of the curve. Using this, the
Eon software can convert the OD readings to TNFa concentrations for the diluted
samples. Values were quadrupled to account for the initial sample dilution. Ultimately,
data were normalized to the average value obtained with LPS (maximal activation) at
each time point.
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2.8 MOI assay

MOI assays were conducted to determine how the variability between actual WT MOI
and the theoretical MOI of 200 impacted the induction of effectors. These MOI assays
followed the same procedure as in section 2.4, where THP-1 and MQ-NCSU
macrophages were plated, and supernatants were collected for further analysis. Here 17
pL of WT campylobacter with ODegoo readings of 1.25, 1, 0.75, 0.5 and 0.25 were added
to ~8.5x10° chicken macrophages before incubating for 5 hours for the MQ-NCSU
Griess assay. Only 8.5 L of these suspensions were added to ~4.25x10° human
macrophages before incubating for 5, 12, or 24 hours for the THP-1 TNFa ELISA.
Diluting these suspensions into a final volume of 275 pL using antibiotic free RPMI
generated MOls of 250, 200, 150, 100, and 50. Supernatants were then collected as noted
in section 2.4 and samples were analyzed by Griess assay or ELISA as detailed in
sections 2.5 and 2.7 respectively.

2.9 Cytokine multiplex

To detect the presence of human cytokines in THP-1 macrophage supernatants after co-
culture with the capsular heptose mutants, samples were prepared as described in section
2.4, with both biological and technical replica being generated. Supernatants from
triplicate wells within a replica were combined and 100uL was set aside for analysis,
(three biological triplicates, of pooled technical triplicates). Samples were sent to Eve
Technologies in Calgary, Canada to quantify the amount of IL-1a, IL-1p, IL-6, IL-8, IL-
10, IL-12p40, IL-18, and TNFa. in solution. Like with the TNFa ELISA, data were
normalized to the average value obtained with LPS (maximal activation) at each time

point.

210 qRT-PCR

Reverse transcription and quantitative PCR were used to measure the transcription of
cytokine and effector genes after co-culturing THP-1 or MQ-NCSU macrophages with
WT C. jejuni. Twenty-four well plates were seeded with 7.5x10° MQ-NCSU cells/well 24
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hours before the start of co-culture, or 1.25x10° THP-1 cells/well 72 hours before the start
of co-culture (target of 1x10° cells/ well for both cell lines). THP-1 cells were
differentiated into monocytes using PMA as described in section 2.3. For THP-1 cells, 6
wells were plated per time point, with 3 wells for samples containing WT, and 3 wells for
the macrophage only samples (technical triplicates). Eighteen MQ-NCSU wells were
plated per time point, as 3 wells were pooled per sample to increase transcript abundance
before reverse transcription, based on preliminary data suggesting very low transcription

levels of the assessed targets.

WT C. jejuni was grown and harvested as above, before being diluted to an ODgoo 0f 0.4
in RPMI media. Wells containing macrophage were washed twice with 1x PBS pH 7.4
before 500uL of bacteria suspensions were added to achieve an MOI of 200 in each well.
Cells were then co-cultured for 0.5, 1.5, 2.5, or 3.5 hours at 37°C and 5% CO». After co-
culture, THP-1 cells were treated with 300 pL of Trizol Reagent (Thermo Fisher), while
wells containing MQ-NCSU cells were treated with 100uL Trizol each, with 3 wells
being pooled for a total of 300uL. Plates with Trizol were placed in the incubator for 5
minutes before cells were homogenized by pipetting up and down, and lysate was stored

at -80 °C for later analysis.

RNA was extracted by following the manufacturer’s instructions for the Trizol reagent.
60 pL of chloroform was added to each sample, with a 3-minute room temperature
incubation before mixing by inversion and centrifugation at 12,0009 for 15 minutes, 4°C.
The aqueous phase of each sample was transferred to a new tube, to which 100 ul of
isopropanol was added to precipitate the RNA. After mixing the samples by inverting
them 30 times, tubes were incubated at room temperature for 10 minutes. Samples were
spun at 12,0009 for 15 minutes, 4°C, before removing the supernatant and washing the
pellet in 1 mL 75% ethanol. After additional pelleting at 7,000g for 15 minutes, 4°C, the
supernatant was removed and the RNA pellet was air dried for 5-10 minutes. The pellet
was resuspended in 25 pL of DNAse and RNAse free water, and the concentration of
RNA recovered was quantified using a Thermo Scientific NanoDrop 2000

spectrophotometer.
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After RNA quantification, the equivalent of 1 ug THP-1 RNA or 3 ug MQ-NCSU RNA
was added to tubes containing 1 pl of random hexamer primers (Thermo Scientific),
which were brought to a final volume of 11pl with DNAse and RNAse free water.
Samples were placed in a thermocycler that maintained a temperature of 70 °C for 10
minutes, followed by primer annealing at 25 °C for 10 minutes. A master mix was made
containing the following ratio, where quantities were multiplied by 1.1 times the number
of samples: 2 pl of 0.1M DTT, 1l dNTP mix (10mM each), 4 uL of 5x SuperScript 11
reaction buffer, 1pl DNAse and RNAse free water, and 1 pL of SuperScript 11 reverse
transcriptase (invitrogen). 9 pL of this master mix was then added to each tube, before all
tubes were placed in a thermocycler. Reverse transcription was conducted as follows: 25
°C for 10 minutes, 45 °C for 45 minutes, and 75 °C for 15 minutes. Samples of newly
generated cDNA were stored at -20 °C for later use.

In order to conduct quantitative PCR (qgPCR) a master mix was made containing the
following ratio, where quantities were multiplied by 1.1 times the number of samples: 5ul
PowerUp SYBR green master mix (Applied Biosystems), 0.2 pL of each forward and
reverse gene specific primers at 25 uM (Table 2), and 2.6-3.6 pL of DNAse and RNAse
free water dependent on the amount of cDNA being added. This master mix was added to
1-2 ul of cDNA samples for a final volume of 10 pL. Samples were placed in a Corbett
Rotorgene 6000 thermocyler, and run with the following settings: 50 °C for 2 minutes 95
°C for 2 minutes, followed by 40 cycles of denaturing at 95 °C for 15 seconds, annealing
at 56 °C for 15 seconds, and extension at 72 °C for 1 minute. GAPDH and RPL37a were
included as housekeeping genes to be used as internal references.

Table 2: Gene specific primers used during gPCR on cDNA generated from human
and chicken macrophages.

Organism Gene | FIR Sequence Amplicon Melting Source
size temperature *x
OC*
Human TNFo F TCAGCAAGGACAGCAGAGG 124 60 [176]
R GTATGTGAGAGGAAGAGAACC 62
IL-18 F | ATGGCTTATTACAGTGGCAATG 138 62 [176]
R GTAGTGGTGGTCGGAGATTC 62
IL-6 F GTAGTGAGGAACAAGCCAGAG 240 64 [176]
R CATGCTACATTTGCCGAAGAG 62
IL-8 F AACCATCTCACTGTGTGTAAAC 66 62 [51]
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R | ATCAGGAAGGCTGCCAAGAG 62

-0 | F GAGGCTACGGCGCTGTCAT 60 62 [73]
R TGCTCCACGGCCTTGCTC 60

GAPDH | F | CAACGGATTTGGTCGTATTGG 72 62 [51]
R | GCAACAATATCCACTTTACCAG 64

RPL37a | F | ATTGAAATCAGCCAGCACGC 94 60 [89]
R | AGGAACCACAGTGCCAGATCC 66

ACTB | F | ATTGCCGACAGGATGCAGAA 150 60 [89]
R | GCTGATCCACATCTGCTGGAA 64

Chicken | IL-1p | F TGAGGCTCAACATTGCGCTG 213 62 [123]
R | TGTCCAGGCGGTAGAAGATG 62

IL-6 F | CGTGTGCGAGAACAGCATGG 107 64 [123]
R GGCATTTCTCCTCGTCGAAG 62

IL-8 F CCAAGCACACCTCTCTTCCA 176 62 [123]
R | GCAAGGTAGGACGCTGGTAA 62

-0 | F CTTTGGCTGCCAGTCTGTGT 221 62 [156]
R | TCATCCATCTTCTCGAACGTC 62

GAPDH | F GCCGTCCTCTCTGGCAAAG 72 62 [161]
R | GTAAACCATGTAGTTCAGATCG 62

iNOS | F | CAGCAGCGTCTCTATGACTTG 182 64 [156]
R ACTTTAGGCTGCCCAGGTTG 62

RPL37a | F | ATTGAAATCAGCCAACACGC 94 58 o
R | AGGACCCACAGTGCCAGATAC 68

ACTB | F | ATTGCTGACAGGATGCAGAA 150 58 o
R | GCTGATCCACATCTGCTGGAA 64

*Melting temperature was determined using GeneRunner version 6.5.52, representing the
combined GC+AT melting temperature.

** Primers were selected from referenced primers. Some were modified to increase

consistency of annealing temperature, or to minimize the formation of internal loops, by

adding or removing complementary bases from the 5’ and 3’ ends

*** Primers were designed using NCBI primer blast, specifying primers must span one

exon-exon junction

Fold change was analyzed using the equation, fold change = 222, This equation relies

on the use of AACt which can be derived using the equation: AACt = average ACt (WT

co-culture samples) — average ACt (untreated samples). ACt is in turn calculated using the

equation: ACt = Ct (gene of interest) — Ct (housekeeping gene), where Ct is the cycle at

which cDNA is amplified to the point the fluorescence of a sample crosses the cycling

threshold.
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2.11 Reactive oxygen species fluorescence assay

To assess the induction of reactive oxygen species within host cells, 96 well plates were
seeded with 6x10* MQ-NCSU cells/well 24 hours before the start of co-culture, or
1.6x10° THP-1 cells/well 72 hours before the start of co-culture. THP-1 cells were
differentiated into monocytes using PMA as described in section 2.3. Higher numbers of
THP-1 cells were used compared to previous assays to account for the cell death induced
by PMA, with the goal of having 8.5x10* cell/well for both macrophages. C. jejuni was
grown as described and harvested in 1 mL of TSB before being diluted to an ODegoo Of
0.17 (1.7x108 cells/mL) in antibiotic free RPMI devoid of phenol red (containing 2.05
mM L-Glutamine and 10 mM HEPES) (Dpr-RPMI) (Wisent Bioproducts).

Wells with macrophage were washed twice with 1x PBS pH 7.4, before being incubated
in 1x PBS pH 7.4 containing 50uM 2',7'-dichlorofluorescein diacetate (DCF-DA)
(Sigma) at 37°C (5% CO) for 30 minutes. Wells were again washed twice before adding
100pL of C. jejuni suspended in Dpr-RPMI. Some macrophages received 100puL of 7.5
pg/mL LPS in Dpr-RPMI as a positive control or 100uL of Dpr-RPMI alone as negative
control. Select wells had macrophages not treated with DCF-DA in Dpr-RPMI which
gave readings of background fluorescence that were subsequently subtracted from the
other readings. Finally, at this time point, wells without macrophages received DCF-DA
in PBS as a measure of fluorescence inherent to the compound. Plates were incubated for
either 30 or 90 minutes before samples were taken. 75 uL of supernatant was taken from
each well and transferred to a fluorescence plate (black plastic with clear well bottoms,
Invitrogen), after which the remaining supernatant was removed, and the wells were
washed once with 1x PBS pH 7.4. Cells were treated with 100 pL of trypsin-EDTA at
37°C for 5 minutes, before being added to 100 puL of Dpr-RPMI in a fluorescence plate.
Cells were pelleted by centrifugation at 300g for 5 minutes and were then resuspended in
100 pL of Dpr-RPMI. Plates were read using the BioTek Cytation 5 imaging reader at an
excitation wavelength of 485 nm and an emission wavelength of 528 nm. Fluorescence
intensities derived from the supernatant were multiplied by 4/3 to account for the fact that
75 pL was from 100 pL total. Like with the TNFa ELISA, data were normalized to the

average value obtained with LPS (maximal activation) at each time point.
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2.12 Adhesion, uptake, and intracellular survival assays

Plating of cells was consistent across all clearance assays, with culture information as
described above. Following protocols laid out by prior Honours student Daniel
Zimmermann, MQ-NCSU macrophage were seeded at a density of 2.5x10° cells/well 24
hours before the start of co-culture (500pul/well in 24 well plates). As both THP-1
macrophages and monocytes were used in this assay, THP-1 macrophages (cells treated
with PMA) were seeded at 2.5x10° cells/well 72 hours before the start of co-culture,
while monocytes were seeded at 1x10° cells/well at the same time point (500pul/well in 24
well plates). There were three wells per experimental condition in each biological
replicate, comprising technical triplicates. In all experiments C. jejuni was normalized to
an ODeoo of 1 in TSB before being diluted 1/100 into antibiotic free macrophage media.
Samples of these suspensions were taken and diluted tenfold in 0.85% saline. Ten pL of
each dilution was spot-plated on background TSA plates to enumerate the CFU
concentration for the inoculum. Before the start of co-culture, all wells were pelleted at
300g for 5 minutes and washed twice with 1x PBS pH 7.4, with centrifugation in
between, removing any residual antibiotics in the wells. In all clearance assays,
macrophages were enumerated using hemocytometry with trypan blue exclusion dye to
determine the MOI. Data were normalized to the WT average of each researcher, at each
time point tested.

2.12.1 Adhesion assay

To determine the ability of the capsular heptose mutants to adhere to host cells, 500 pL of
ODs0o= 0.01 bacterial suspensions were added to plated macrophages (MQ-NCSU or
THP-1 treated with PMA) and monocytes (THP-1 not treated with PMA). Interactions
between C. jejuni and host cells were synchronized by centrifugation at 300g for 2
minutes, before incubation at 4°C for 30 minutes. Control samples were taken at this time
to enumerate the bacteria in suspension, giving an indication of viability compared to the
inoculum. Wells were washed 3 times with cold 1x PBS pH 7.4, with centrifugation at
300g for 5 minutes before each wash to prevent the loss of non-adherent monocytes.

After washing, 200 ul of ddH»0 was added to the wells and the plate was placed back into
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the 37°C (5% COy) incubator for 20 minutes to lyse the host cells. After pipetting up and
down to disrupt the macrophages, lysate was serially diluted tenfold in 0.85% saline. Ten
pL of each dilution was spot-plated on background TSA plates to determine the CFU
concentration for C. jejuni that had adhered to the host macrophage.

2.12.2 Uptake assay

To determine the ability of the capsular heptose mutants to resist uptake by host cells
across two time points, 500 pL of ODeso=0.01 bacterial suspensions in RPMI were added
to plated macrophages and monocytes. Cells were synchronized by centrifugation at 300g
for 2 minutes before incubation at 37°C (5% CO3) for either 1 or 3 hours. At the 1- and 3-
hour time points, samples were taken to enumerate the number of bacteria in suspension.
After this incubation, excess C. jejuni was removed with one wash of 1x PBS pH 7.4,
with centrifugation at 300g for 5 minutes before washing to prevent the loss of non-
adherent monocytes. Cells were then incubated with 500puL RPMI containing 200 pg/mL
gentamicin (and 2.05 mM L-Glutamine, 10% heat-inactivated FBS, 10mM HEPES, and
10 uM 2-mercaptoethanol as with THP-1 media) for 1 hour at 37°C (5% CO3) to kill all
extracellular bacteria. Wells were then washed 3 times with 1x PBS pH 7.4 as described.
As with the adhesion assay, wells were incubated with 200 uL of ddH20 at 37°C (5%
CO») for 20 minutes to lyse the host cells. Lysate was serially diluted as described in the

adhesion assay and spot-plated to enumerate the intracellular bacteria.

2.12.3 Intracellular survival assay

To determine the ability of the capsular heptose mutants to survive within host cells, 500
ML of ODeoo= 0.01 bacterial suspensions in RPMI were added to plated macrophages and
monocytes. Cells were synchronized by centrifugation at 300g for 2 minutes before
incubation at 37°C (5% CO3) for 2 hours. After this incubation, excess C. jejuni was
removed with one wash of 1x PBS pH 7.4, with centrifugation at 300g for 5 minutes
before washing to prevent the loss of non-adherent monocytes. Cells were then incubated
with 500puL RPMI containing 200 pg/mL gentamicin (and 2.05 mM L-Glutamine, 10%
heat-inactivated FBS, 10mM HEPES, and 10 pM 2-mercaptoethanol as with THP-1

media) for 1 hour 37°C (5% COy) to kill all extracellular bacteria. Plates were then
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washed 3 times with 1x PBS pH 7.4 before being resuspended in antibiotic free media
and placed back in the incubator for 1 or 3 hours. Cells were then washed, lysed, and

enumerated by spot-plating tenfold serial dilutions on background TSA plates.

2.13 Expression and purification of His-tagged proteins

E. coli expression strains, previously generated by the Creuzenet lab and differing in the
enzyme they express (Table 3) were revived from freezer stocks by shaking overnight at
37°C in 20 mL of lysogeny broth (LB) [15,94-96]. The next morning cultures were
diluted 1/50 into 300 mL of LB and placed back in the shaking incubator until an
ODs00=0.6 was achieved. Protein induction was then induced by adding Isopropyl B-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.1mM and incubating at a time
and temperature dependent on the protein (Table 3). Cells were then pelleted by
centrifugation at 45009 and 4°C for 20 minutes, before washing in 20 mL 0.85% saline

and pelleting again.

To prepare for purification, pellets were suspended in 20 mL of binding buffer (5 mM
imidazole, 0.5 M NaCl, 20mM Tris, pH dependent on the protein, see Table 3) before
being lysed using a Constant Systems CF1 cell disruptor. The lysate was then pelleted by
centrifugation at 47509 and 4°C for 20 minutes. The supernatant was then filtered
through a 0.8 um filter before being passed through a 3mL Novagen His bind quick
column previously loaded with 15mL (5 column volumes [CVs]) of 50mM NiSO4and
equilibrated with 5 CVs binding buffer. After passing the cell lysate, the column was
washed with 12 mL (4 CVs) of binding buffer, followed by 9 mL (3 CVs) of wash buffer
(60 mM imidazole, 0.5 M NaCl, 20mM Tris, pH dependent on the protein, see Table 3).
Proteins were then eluted by adding 3 CVs of elution buffer (0.5 M NaCl, 20mM Tris,
pH dependent on the protein, see Table 3) containing 200, 300, 400, 500, or 1000 mM

imidazole.

Some proteins were purified by Fast protein liquid chromatography (FPLC). The cell
lysate was prepared as above with the additional step of ultracentrifugation using a
Beckman-Coulter Optima L 100K, at 100g (with the Beckman type 70.1 Ti rotor) for 15

minutes. After this, the supernatant was passed through a Poros nickel column (4.6mm x
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100mm) which had been prepared with the sequential addition of 20mL of water, 20mL
of binding buffer (as described previously), 20mL of 500mM NiSOa, 20mL of binding
buffer, 20mL of elution buffer (1M imidazole, 0.5 M NaCl, 20mM Tris, pH dependent on
the protein), and 20mL binding buffer. After loading the lysate, weakly bound proteins
were removed using 40mL of wash buffer. After this, a gradient ranging from 0 — 100%

of the 1M elution buffer in binding buffer was passed through the column.

All fractions were diluted by half to a final concentration of 25% glycerol for storage at -
20°C.

Table 3: conditions for the expression and purification of the capsular heptose
biosynthesis enzymes

Protein Mass (kDa) Expression conditions  Purification pH
DdahA 40.5 BL21DE3pLys 37°C, 8.0
3 hours
DdahB 22.1 BL21DE3pLys 25°C, 7.0
3 hours
DdahC 41.7 ER2566 37°C, 3 hours 7.0
WcaG-PG 36.5 BL21DE3pLys 37°C, 7.0
3.5 hours
MIlghB 22.2 BL21DE3pLys 37°C, 8.0
3 hours
MIighC 40.7 BL21DE3pLys 37°C, 7.0
3.5 hours

2.14  Analysis of purified proteins (SDS-PAGE, Western
blot, Bradford assay)

As means to assess the presence of purified proteins, 40 pL protein samples were added
to 13.3uL of a 4x loading buffer containing 625mM tris, 2% sodium dodecyl sulphate
(SDS), 2% BME, 10% glycerol, and 0.002% bromophenol blue. These samples were
boiled for 5 minutes before 20uL from each sample was loaded into the wells of a 15%
polyacrylamide gel. Bio-Rad Precision Plus Protein All Blue Prestained Protein
Standards and 0.25 pg/pL BSA were also loaded to serve as molecular weight standard
and semi-quantitative loading references. Gels were run at 130V for 50-80 minutes in a
running buffer containing 25mM Tris, 192mM glycine, and 0.1% SDS at pH 8.3. Bands
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were then either visualized by staining with Coomassie brilliant blue dye or were

analyzed by Western blotting [94].

Western blotting was conducted to assess the presence of proteins with His tags. Proteins
were transferred from SDS-PAGE gels to nitrocellulose membranes in a transfer buffer
containing 192mM glycine, 25mM Tris, 20% methanol, and 0.01% SDS at 180A for 45
minutes. Bands were then visualized by Ponceau S red staining before being washed
with 1x PBS pH 7.4. The blot was then blocked with 20 mL of 10% skim milk in PBS
overnight. The milk was then removed with 2 washes with 20 mL PBS containing 0.2%
Tween-20 and 1 wash in PBS without tween. The blot was incubated with 20 mL Sigma
mouse anti-polyhistidine clone His-1 monoclonal antibody (diluted 1/5000, concentration
not supplied) for 1 hour at room temperature before being washed as described.
Afterwards, the blot was incubated in darkness with Molecular Probes goat anti-mouse
IgG secondary antibody, alexa fluor 680 (diluted 1/5000, to 400 ng/mL) for 1 hour at
room temperature. The blot was washed and subsequently imaged at 700 and 800 nm
using the LI-COR Odessey CLx.

Densitometry was conducted on gels or blots using ImageJ (version 1.51 for MacOS) to
roughly determine the concentration of proteins stored in glycerol. This was done by

comparing the band intensity for bands of interest to a lane loaded with 5 g of BSA.

Proteins concentration was further characterized using Bradford assays. This involved
creating a standard curve by diluting a stock of BSA from concentrations ranging from 0-
400 pg/mL. 10pL of these standards or purified protein samples were then added to
200puL diluted Bio-Rad Bradford reagent (1 part Bio-Rad Bradford reagent: 4 parts
water) in a 96 well plate. This plate was then read at 595 nm using the BioTek Eon
microplate spectrophotometer. As a standard was constructed, the microplate reader was
able to generate a standard curve according to the equation Y = (A-D)/(1+(X/C)"B) + D,
where Y is the ODsgs, X is the protein concentration in pg/mL, and A, B, C, and D are
modifiers that alter the shape of the curve. Using this, the Eon software can convert the

OD readings to protein concentrations for the samples.
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2.15 Surface plasmon resonance using carboxyl chips

Protein-protein interactions were assessed by SPR. To prevent bulk shift with injections
of analytes that were preserved in the presence of 25% glycerol, 500 pL of protein stocks
were loaded into Pall nanosep centrifugal devices with a 10 kDa cut-off. These units were
centrifuged at 10,000 g, 4°C until ~100ul was left in the upper chamber. The flow
through was discarded and 400pl of cold 1x PBS pH 7.4 was added to the upper
chamber. The units were centrifuged at 10,000 g, 4°C until ~100ul was left in the upper
chamber. This was repeated 3 times before resuspending the protein in the upper chamber
in a final volume of 500pL, effectively removing the majority of the glycerol.

A carboxyl sensor chip was placed in the Nicoya OpenSPR Rev3 and was allowed to
equilibrate with 1x PBS pH 7.4 running buffer by turning the flow rate up to 150
pL/minute until the signal stabilized. Once the software began data collection, a standard
bubble removal injection of 200 puL 80% isopropanol was performed, followed by a chip
cleaning injection of 200 pL 10 mM HCI (pH 2). Both of these reagents had interaction
times of 30 seconds, with running buffer flowing over the chip for one minute following
injections. The flow rate was then lowered to 20 pL/minute, with all subsequent
injections having a volume of 200 uL and a 5-minute interaction time. Aliquots of EDC
(1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride) and NHS (N-
hydroxysuccinimide), provided as part of the Nicoya amine coupling kit, were mixed in a
1:1 ratio. These reagents were then injected onto the chip with an interaction time of 5
minutes, allowing subsequent ligand immobilization. In all experiments the ligand was
then diluted to a concentration of 50 ug/mL (predicted from semi-quantitative SDS-
PAGE analyses and densitometry of the stocks) in the provided activation buffer. The
actual protein concentration was determined accurately by Bradford assays once all
interaction assays were accomplished. As per the manufacturer’s instruction, the ligand
was injected immediately after the EDC/NHS injection, whereas running buffer was
allowed to flow undisturbed between every other injection for 5 minutes. Proprietary
blocking buffer was injected to prevent non-specific binding to unoccupied portions of
the chip. To further minimize nonspecific binding, the 1x PBS buffer was swapped out

with 1x PBS buffer containing 25 pg/mL BSA, which would bind to any part of the chip
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that was not properly blocked. The new buffer was allowed to equilibrate by flowing

undisturbed for 25 minutes, and then remained in use for the duration of the experiment.

The analyte, suspended in PBS, was then injected at one of several concentrations
dependent on the experiment. All analyte injections had a 5-minute interaction time.
Regeneration was attempted, which involves injecting solutions to disrupt the interaction
between analyte and ligand to bring the absorbance back to baseline. Regeneration
solutions used included: 10-50 mM HCI, 1-4 M MgCl_, 1% Triton X-100, 2 M MgCl;
with 1% Triton X-100, and 100 mM glycine pH 3.0. After failed attempts of
regeneration, the strategy was abandoned and a single chip with bound ligand was used
for the injection of several analytes sequentially, in an attempt to further characterize

interactions between enzymes.

Curves generated were then compiled and analyzed using the Tracedrawer software
(version 1.6.1). Kinetic determination was conducted by defining the start of the rise and
falls in signal, as well as detailing the analyte concentration in molarity. One-to-One local
analysis was conducted for K, and Kq determination, meaning that each curve was

assessed independently, and not in reference to the other curves present in the analysis.

2.16  Statistical Analysis

One-way and Two-way ANOVAs with subsequent Dunnett tests were conducted to
compare the effect of different groups. In most assays conducted, the samples are
compared only to the WT samples, to see if the capsular heptose mutants caused
differential effector induction. The notable exceptions to this include the LDH assay, and
the MOI assay. In the LDH assay the macrophage only sample was the comparator, and a
statistically significant difference would indicate differential lysis compared to the
untreated condition. In the MOI assay, where the MOI of 200 was the comparator group,
a statistically significant difference would indicate that the MOI causes different
induction of effectors compared to an MOI of 200. In the case of the clearance assays,
two-way ANOVASs with subsequent Bonferroni multiple comparisons tests were used to
look at differences in the numeration of specific mutants over time. Dunnett’s test runs

multiple modified T-tests comparing WT and mutants and has high statistical power,
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meaning it is capable of discovering relatively small but significant differences among
groups. It is limited however, in that it can only look for differences between a noted
control group (WT) and other experimental conditions (CPS mutants) [83]. As such,
when comparing enumeration across time points Bonferroni tests were used. This test has
a broader range of applications and can look at differences between several variables
(mutants across time points for example) [83]. All analyses were conducted using PRISM

for MacOS (Version 9.3.1), downloadable at: graphpad.com/scientific-software/prism



https://graphpad.com/scientific-software/prism
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Chapter 3

3 Results

3.1 Validating the multiplicity of infection for macrophage
activation assays

To measure the activation of host cells by C. jejuni capsular heptose mutants, Griess
assays were used to assess the release of nitric oxide, while ELISAs were used to assess
the release of TNFa. In these experiments, the target MOI was always 200, indicating
there should be 200 bacteria for every macrophage present in the culture. Actual MOls
were calculated through the enumeration of bacteria and macrophages by spot plating and
hemocytometry respectively. These actual MOls often differed from the theoretical MOI
of 200 due to variability in viability of both the bacteria and the macrophages across
experiments and mutants. As such, Griess assays and ELISAS were run on supernatants
from MQ-NCSU or THP-1 cells co-cultured with WT C. jejuni at MOIs ranging from 0-
250.

When looking at the release of NO from MQ-NCSU at 5 hours, WT MOIs ranging from
50-250 did not cause significantly different levels of induction relative to MOI 200
(Figure 4A). However, while not significantly different from an MOI of 200, a WT MOI
of 50 caused nitrite induction that was ~50% of what was seen with a WT MOI of 200.
As such, MOIs below 100 were excluded, and if a mutant had an actual MOI between

100 and 250 in a given repeat, it was kept for analysis.

As seen with chicken macrophages, WT MOIs ranging from 50-250 did not induce
significantly different levels of TNFa from human THP-1 macrophages, relative to an
MOI of 200 at 5, 12 or 24 hours (Figure 4B). A different overall trend was seen in this
cell type however, which showed that at all times tested, the higher the MOI, the lower
the level of TNFa induction, and when tested, the MOI 50 differed significantly from
MOI 250, only at 12 hours (p=0.0332). To maintain consistency with MQ-NCSU
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analyses, MOIs between 100 and 250 were taken to be acceptable for analysis for THP-1

cells as well.
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Figure 4: Impact of multiplicity of infection on effector induction by host
macrophages co-cultured with wild-type C. jejuni. (A) MQ-NCSU cells (n=3), (B)
THP-1 cells (5hr n=3, 12, 24 hr n=4). Tissue culture supernatants from host cells co-
cultured with wild-type C. jejuni (at 37°C, 5% COx) were collected at several time points
and assessed for the presence of nitrite by Griess assay or TNFa via ELISA. Samples
were taken at 5 hours of co-culture for MQ-NCSU cells, and at 5, 12, and 24 hours for
THP-1 cells. THP-1 cells were initially treated with 250nM PMA for 48 hours, followed
by 24 hours of incubation without PMA. Statistical analysis was conducted by one-way
ANOVA and subsequent Dunnett tests for MQ-NCSU cells. Analysis was conducted by
two-way ANOVA with subsequent Dunnett tests for THP-1 cells. Each biological replica
is comprised of three technical replicates. Error bars represent the standard deviation, all
comparisons are to MOI 200. **=p<0.01, ****= p<0.0001.
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3.2 C. jejuni does not confer significant cytotoxicity to
host macrophages under conditions tested.

Before assessing activation by measuring effector levels, the cytotoxic effects of C. jejuni
on host macrophage was examined. This is because C. jejuni induced cytotoxicity could
alter the production of effectors: higher levels of cell death can decrease effector levels as
cells may die before producing their effectors, or higher effector levels may be seen due
to the release of damage associated molecular patterns (DAMPS) from lysed
macrophages, which further promote an inflammatory response. An LDH release assay
was used to assess cytotoxicity, which relies on the activity of LDH, an enzyme that
normally resides in the cytosol, but will be found extracellularly if cells have been lysed.
LDH is still active after release in the extracellular milieu. As such, the activity of
extracellular LDH released upon cell death was used as a means of assessing cell death
[128].

The data indicate that C. jejuni does not significantly induce cytotoxicity of either
macrophage cell line, with no mutant or WT inducing significantly higher levels of LDH
release than the negative control containing only macrophages (Figure 5A,B). In both cell
lines, a significant difference was only seen with the addition of 0.45% triton, a detergent
that acts to fully lyse all cells and thus release all of the LDH present in the cells. For
MQ-NCSU cells, no mutant caused higher levels of LDH release than wells with
macrophage only, while slightly higher levels of LDH were seen upon the co-culture of
C. jejuni with THP-1 cells. Again, these differences were not significant, and LDH
release was comparable between WT and mutants at all time points tested, indicating that
differential cytotoxicity is not a contributing factor in the induction of effectors by WT C.

jejuni or the capsular heptose mutants for either host cell line.



45

A _ 03- Ak

E L O wr

2 i 1 MighB

:§ 0.2 3 MighC

‘E Bl WcaG

@

2 0.1 Bl WcaGA

3 1 KpsM

5 ES NCSU only

- 0.0- N _

= 0.45% Triton
B 5hr
~ 0.08 * *kkkk *kkk
£ i i U=
% 0.06 . ] MighB
2 1 MighC
£ 0.04- | B WeaG
§ Bl WcaGA
S 0027 (1 KpsM
E _I ES THP-1only
0.00- . .
5hr 12 hr 24 hr 1 0.45% Triton

Figure 5: Host macrophage cytotoxicity induced by C. jejuni capsular heptose
mutants.

(A) MQ-NCSU macrophages (n=3), (B) PMA-treated THP-1 macrophages (5, 12 hr n=3,
24hr n=4). Tissue culture supernatants from host cells co-cultured with C. jejuni (at 37°C,
5% CO2) were collected at several time points and assessed for the presence of LDH via
Roche LDH release assay. Samples were taken at 5 hours of co-culture for MQ-NCSU
cells, and at 5, 12, and 24 hours for THP-1 cells. THP-1 cells were initially treated with
250nM PMA for 48 hours, followed by 24 hours of incubation without PMA.. Statistical
analysis was conducted by one-way ANOVA and subsequent Dunnett tests for MQ-
NCSU cells. Analysis was conducted by two-way ANOVA with subsequent Dunnett tests
for THP-1 cells. Each biological replica is comprised of three technical replicates. Error
bars represent the standard deviation, all comparisons are to macrophage only. *=p<0.05,
***=p<0.001****= p<0.0001.

3.3 The C. jejuni NCTC 11168 capsular heptose
diminishes nitrite induction in chicken macrophages
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As a means of evaluating activation in chicken macrophages, nitric oxide induction was
assessed through the use of Griess assays, as conducted by Taha-Abdelaziz, 2020 [156].
Nitric oxide is an antimicrobial component released by host immune cells that can act to
directly kill or impair invading pathogens. While the Griess assay does not directly
measure NO, it is able to quantify the concentration of nitrites, the natural degradation

products of NO, as a surrogate.

WT NCTC 11168 causes an induction of NO in MQ-NCSU macrophages, triggering a
rise in nitrite concentration from undetectable levels in the macrophage only sample, to
~400uM after 5 hours of co-culture (Figure 6). Though levels were much lower earlier

on, significant nitrite induction was found by the 90-minute time point.

Data indicate that the presence of the capsular heptose does in fact alter nitrite induction
in MQ-NCSU cells, namely causing a reduction (Figure 6). As seen at the 5-hour time
point, the MlghB, MlghC, WcaG, and WcaGA knockout mutants all had significantly
elevated levels of nitrite induction relative to WT. This is notable as all 4 mutants still
produce the capsule but lack the capsular heptose, which indicates that the normal
addition of the heptose residue tones down nitrite induction in MQ-NCSU at 5 hours of
co-culture. Conversely, the acapsular KpsM knockout mutant had diminished levels of
nitrite induction relative to the WT, indicating that the normal addition of the CPS
elevates levels of nitrite induction in WT at 5 hours of co-culture. These properties seem
to be specific to live bacteria however, with the WT heat-killed sample causing no nitrite
induction at any time point tested. Therefore, while the CPS on live C. jejuni induces
nitrites in chicken macrophages, the presence of the capsular heptose is able to

compensate, lowering nitrite induction.

Significantly differential nitrite induction between WT and any mutant was not observed

at the 30- and 90-minute time points, with overall levels of induction being relatively low
compared to what was observed at the 5-hour time point. Some trends observed at the 5-

hour time point can be seen emerging at the 90-minute time point, with the MighC

mutant causing slightly higher levels of induction than WT C. jejuni.
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A Griess assay was also attempted on THP-1 macrophages at 5 and 24 hours, despite
their reportedly low nitrite induction. Nitrite levels in THP-1 supernatants were found to
be undetectable or slightly above the level of detection, independent of capsule
expression. As such, a full analysis could not be conducted with human macrophages.

Overall, this indicates that NO induction by MQ-NCSU macrophages in response to
NCTC 11168 is a relatively slow process that is dependent on the viability of the bacteria
and on the presence of the CPS and capsular heptose. The addition of the capsular
heptose acts to dampen nitrite induction caused by live C. jejuni, while the addition of the

CPS permits greater nitrite induction.
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Figure 6: Nitrite induction in MQ-NCSU macrophages by C. jejuni capsular heptose
mutants. Tissue culture supernatants from host cells co-cultured with C. jejuni (at 37°C,
5% CO., MOI 200) were collected at several time points and assessed for the presence of
nitrites via Griess assay. Samples were taken at 30 minutes (n=3), 90 minutes (n=3), and
5 hours of co-culture (n=3 for all but WT, for which n=6). Analysis was conducted by
two-way ANOVA with subsequent Dunnett tests. Each biological replica is comprised of
three technical replicates. Error bars represent the standard deviation, all comparisons are
to WT. N.D.= none detected *=p<0.05, **=p<0.01, ***=p<0.001****= p<0.0001.

3.4 C. jejuni NCTC 11168 diminishes the levels of
ROS produced by host macrophages

Host macrophages were treated with DCF-DA before the start of co-culture with C. jejuni
to determine how the capsular heptose mutants differentially induce ROS. This
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compound is acted upon by host esterases, leaving it susceptible to oxidation by ROS,
upon which, the fluorescent compound DCF is formed. As such, fluorescence intensity

was compared between co-culture samples at 30 and 90 minutes to assess ROS induction.

Both co-culture supernatant and pelleted host cells were analyzed. The cells were
trypsinized, pelleted by centrifugation, and resuspended in media before reading. The
fluorescence intensity for the supernatant was consistently higher than what was seen
from the cell fraction. The macrophage + DCF supernatants were ~100 fold higher than
the cell fraction for THP-1 macrophages, and ~10 fold higher for MQ-NCSU
macrophages. It should be noted readings from the supernatant still represent a measure
of intracellular ROS, as DCF-DA must be converted to DCF within the cell. In ROS
assays that use DCF, the whole well (cells + supernatant) is typically measured together,

but that was not possible with the non-sterile fluorescence plates that were used.

Generally, it was observed that with regards to the supernatant specifically, the highest
levels of fluorescence were observed in samples that did not contain live bacteria; those
being macrophage only, heat-killed WT, or with the addition of LPS. WT differed
significantly from the macrophage + DCF negative control only at 90 minutes for THP-1
cultures, though a marked reduction could be observed in both cell lines at all times
tested (Figure 7A,B). This reduction in fluorescence intensity was also conserved in the
supernatants derived from co-culture of the capsular heptose mutants. Interestingly, this
phenotype is specific to live C. jejuni, as heat-killed WT caused slightly higher
supernatant fluorescence than the negative control and induced significantly higher
fluorescence than live WT across cell lines and time points tested (Figure 7A,B). The
addition of LPS generally caused supernatant fluorescence near the level of the
macrophage + DCF samples, displaying a significantly higher signal relative to live WT
at 90 minutes in both cell lines. No significant differences in fluorescence intensity, and
thereby ROS induction, were seen between WT and mutants in the supernatant of THP-1
or MQ-NCSU macrophages at 30 or 90 minutes of co-culture. This indicates that live
NCTC 11168 is able to diminish the induction of ROS by host cells, and that this

function is independent of heptose or CPS production.
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Figure 7: Induction of reactive oxygen species in THP-1 human and MQ-NCSU
chicken macrophage by C. jejuni capsular heptose mutants. Cells were incubated at
37°C, 5% CO2 with 100 uM 2',7'-dichlorodihydrofluorescein diacetate for 30 minutes
before being washed twice with PBS. Cells were then challenged with wild-type C. jejuni
or capsular heptose mutants (MOI=200) for 30 or 90 minutes. 75uL of (A) human
supernatant or (B) chicken supernatant was collected from each well for analysis.
Trypsinized (C) human cells or (D) chicken cells, were pelleted and subsequently
resuspended in 75uL antibiotic free media. Plates were then read with emission and
excitation wavelengths at 485 nm and 528 nm respectively. THP-1 cells were initially
treated with 250nM PMA for 48 hours, followed by 24 hours of incubation without PMA.
n=3, each biological replicate is comprised of three technical replicates. Error bars
represent standard deviation. Analysis was conducted by two-way ANOVA with
subsequent Dunnett tests, **=p<0.01, ***=p<0.001, ****=p<0.0001.

3.5 The C. jejuni NCTC 11168 capsular heptose does
not impact TNFa induction by human macrophages

To measure the activation of THP-1 cells by capsular heptose mutants, TNFa secretion
into the tissue culture supernatant was assessed using ELISAs. WT NCTC 11168 lead to
elevated levels of TNFa induction at all time points tested, with a significant increase
over the macrophage only samples (the negative control) at 5 and 12 hours of co-culture
(Figure 8). TNFa induction in the WT peaked at 12 hours, at a concentration of ~2500
pg/mL. A significant difference was not seen at 2 or 24 hours, likely due to the fact that
TNFa induction was quite low at these times compared to the intermediary time points.
Maximal TNFa secretion was observed all time points with the addition of LPS (the
positive control), which also peaked at 12 hours with a concentration of ~3700 pg/mL.
Again, significance was not achieved at 2 hours, likely due to the overall low levels of

induction.

Generally, data indicate the capsular heptose and CPS as a whole play little role in the
induction of TNFa by these macrophages. At no time point did the four mutants lacking
the capsular heptose (the MlghB, MlghC, WcaG, and WcaGA knockout mutants) differ
significantly in their ability to induce TNFa. Additionally, a significant difference
between WT and the KpsM mutant was only observed at the 12-hour time point, and not
at any other time tested. Here, the KpsM mutant lacking the CPS led to diminished levels
of TNFa relative to WT, indicating that, at 12 hours of co-culture, the CPS is slightly
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immunostimulatory. This trend can also be seen at the 5-hour time point, but is less

noticeable at 24 hours of co-culture.

Overall, these data indicate that the presence of the capsular heptose does not
significantly impact the induction of TNFa in THP-1 cells, and that the normal addition
of the CPS only slightly increases the induction of the cytokine at 12 hours after the start

of co-culture.
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Figure 8: TNFa induction in THP-1 macrophages by C. jejuni capsular heptose
mutants. Tissue culture supernatants from THP-1 cells co-cultured with C. jejuni (at
37°C, 5% CO2, MOI 200) were collected at several time points and assessed for the
presence of TNFa by ELISA. Samples were taken at 2 hours (n=3), 5 hours (n=2), 12
hours (n=3) and 24 hours (n=4 for all except MlghB where n=3) of co-culture. THP-1
cells were initially treated with 250nM PMA for 48 hours, followed by 24 hours of
incubation without PMA. Analysis was conducted by two-way ANOVA with subsequent
Dunnett tests. Each biological replica is comprised of three technical replicates. Error
bars represent standard deviation, all comparisons are to WT. N.D.= none detected,
*=p<0.05, ***=p<0.001, ****= p<0.0001.

3.6 The C. jejuni NCTC 11168 capsular heptose does
not impact cytokine induction by human macrophages

A cytokine multiplex assay was conducted to assess how the capsular heptose mutants
differentially induce other cytokines than TNFa from THP-1 macrophages, namely the
proinflammatory cytokines IL-1a, IL-1p, IL-6, IL-8, IL-12p40, IL-18, and the anti-
inflammatory cytokine IL-10. This assay complements the in-house TNFa ELISA by
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giving information on other proinflammatory, and anti-inflammatory, cytokines while
also validating the results of the ELISA.

WT NCTC 11168 caused induction of nearly all tested cytokines (Figure 9). Significant
differences between WT and the macrophage only samples were only seen at 5 hours in
the induction of TNFa and IL-8 (Figure 9D,H). However, by 24 hours, a significant
increase in induction was seen for all tested cytokines, except for IL-12p40, which had a
slight trend of increased production. Cytokine concentrations peaked at 24 hours in most
WT samples, with the exception of IL-8 and IL-18, peaking at 5 and 12 hours of co-
culture, respectively (though levels for those two cytokines were fairly consistent across
time). The addition of LPS also led to the induction of tested cytokines. Generally,
cytokine concentrations induced by addition of LPS were fairly similar to WT induction,
with WT NCTC 11168 and LPS samples not differing significantly in all but the 5-hour
TNFa samples. In these samples, LPS led to significantly higher TNFa induction (Figure
9H). Though not significant, LPS consistently lead to notably lower induction of IL-1a
and IL-10 than WT, pointing to a potentially different mechanisms of induction (Figure
9A,E).

The TNFa output from this multiplex matches the results of the ELISA, with the mutants
lacking the capsular heptose not differing significantly from the WT (Figure 8, 9H).
Trends with the KpsM mutant were similar, with this mutant displaying only slightly
diminished induction relative to the WT at the 12- and 24-hour time point. The notable
difference between the two data sets is that the difference between WT and the KpsM
knockout mutant was not significant at 12 hours in the multiplex, while it was in the
ELISA. This points to the fact that while the addition of the CPS may cause some

increased TNFa induction, this effect is relatively small.

Data indicate that normal addition of the capsular heptose, or CPS, does not significantly
impact the induction of the tested cytokines. At no time point did any mutant differ
significantly from WT in their ability to induce cytokines (with the exception of IL-1a at
12 hours, with the MIghC mutant causing significantly higher signal compared to WT,

but this was not conserved at other time points and had large error). Additionally, no
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clear trends were observed with any mutant. For example, what was seen with IL-1p and
IL-18 release at 12 twelve hours of co-culture: the MlghB, MIghC, and WcaG knockout
mutants induced lower levels of cytokines than WT, however, the high variability of the
WT and the lack of this trend at other time points make it hard to create valid inferences.

Overall, these data indicate that the capsular heptose and CPS of C. jejuni NCTC 11168
do not significantly alter the induction of tested cytokines from THP-1 human

macrophages.
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Figure 9: Cytokine output from Human THP-1 macrophage co-cultured with C.
jejuni capsular heptose mutants. Tissue culture supernatants from THP-1 cells co-
cultured with C. jejuni (at 37°C, 5% COz) were collected at 5, 12, and 24 hours and
assessed for the presence of cytokines using a cytokine multiplex processed by Eve
Technology (Calgary, Canada). (A) IL-1a, (B) IL-1B, (C) IL-6, (D) IL-8, (E) IL-10, (F)
IL-12p40, (G) IL-18, (H) TNFa. THP-1 cells were initially treated with 250nM PMA for
48 hours, followed by 24 hours of incubation without PMA. MOI=200, n=3 for all times.
Statistical analysis was conducted by two-way ANOVA and subsequent Dunnett’s test,
error bars represent standard deviation. All comparisons are to wild-type at each time
point. N.D.= none detected, *= p<0.05, **=p<0.01, ***=p<0.001, ****= p<0.0001.
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3.7 Comparison of WT C. jejuni-mediated effector
transcription in THP-1 and MQ-NCSU macrophages

gRT-PCR was conducted to assess the production of effectors at the transcript level. A
preliminary experiment looking at the production of transcripts induced by WT C. jejuni
was attempted. Here, | tested the expression of GAPDH (a housekeeping gene), IL-18,
IL-6, IL-8, IL-10, and TNFa in human cells, replacing TNFa with inducible nitric oxide
synthase (iNOS) in chicken macrophages as chickens do not have a functional TNFa
gene.

Gene specific gPCR primers were selected from previously published studies that
demonstrated amplified transcript in THP-1 or MQ-NCSU cells, as listed in materials and
methods section 2.10 [51,73,123,156,161,176]. Primers were modified to increase
consistency of annealing temperature, or to minimize the formation of internal loops, by
adding or removing complementary bases from the 5’ and 3” ends. RNA samples were
collected at 0.5, 1.5, 2.5, and 3.5 hours after the start of co-culture. This preliminary
study was intended to allow us to select a time of co-culture to compare effector

induction by the capsular heptose mutants.

Preliminary THP-1 data was promising with all cytokines tested showing upregulation by
a factor >2 in at least three of the four tested time points (Supplemental Figure 1 in
appendix 1). All cytokines tested had increased transcript abundance at 2.5 hours after the
start of co-culture, making this a promising time point for comparing phenotypes induced
by the capsular mutants.

Consistent amplification was not obtained for MQ-NCSU chicken macrophages, with
cycling threshold values (Cis) being quite high even for the housekeeping gene,
indicating there was little transcript-specific cDNA in the samples. In many cases, cCDNA
amplification was not seen at all, especially for the macrophage only samples. This is an
issue as a comparison must be made between the experimental samples and macrophage
only samples in order to generate a fold change. In an attempt to fix this issue, the
number of cells used for RNA extraction was increased, as were the amounts of RNA



56

reverse transcribed, and cDNA used in gPCR. cDNA from non-exposed macrophages
was unable to be amplified consistently, and this was true for both the cytokine and
housekeeping genes. Because of this, additional housekeeping genes were tested on
cDNA generated from chicken macrophages:7 RPL37A (Ribosomal Protein L37a) and
ACTB (actin beta). Human RPL37A and ACTB primers were selected from Mael et al.
2010, while chicken RPL37A and ACTB primers were designed using NCBI primer
blast, specifying primers must span one exon-exon junction [89]. If these worked, it
would indicate that cytokine and GAPDH transcripts were being made in low abundance,

and not that reverse transcription or g°PCR were failing in some way.

The RPL37a primers worked well and amplified most samples derived from WT treated,
and non-exposed MQ-NCSU macrophages, resolving a Cifor all of the 2.5- and 3.5-hour
samples generated in a preliminary test. As such, one more test was conducted using WT
only, with samples generated at 2.5 and 3.5 hours of co-culture for both human and
chicken macrophages on the same day. These samples were all reverse transcribed on the
same day, to give the most direct comparison between the human and chicken samples.
The production of GAPDH, RPL37a, and IL-6 was assessed in both cell lines. Most
human samples led to amplification of the housekeeping genes, but amplification was not
seen for IL-6, which is inconsistent with the initial runs (Supplemental Figure 1, 2F,H).
Rerunning these samples with a new dilution of I1L-6 primers did not greatly improve the
quality of the data (Supplemental Figure 3C,F). Testing another cytokine, TNFa, worked
slightly better but still only yielded C: in 6/12 samples (Supplemental Figure 3D,F).

The chicken macrophages performed poorly in the initial screen as well, with Cts not
being produced consistently for any primer set (Supplemental Figure 2A,B,C,F). As it
was possible that contaminants were interfering with the gPCR reaction, cDNA was
diluted by a factor of 3 or 9 and rerun. Interestingly, diluted samples had lower CTs than
the undiluted samples, indicating that diluting the samples was indeed beneficial. If this
work is continued, cDNA will be diluted before being used in gPCR (Supplemental
Figure 3A,B,E).
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Overall, these data demonstrate that WT C. jejuni is capable of inducing the transcription
of IL-1B, IL-6, IL-8, IL-10, and TNFa in THP-1 cells in as little as 30 minutes of co-
culture. However, the difficulty in obtaining consistent amplification with WT C. jejuni
did not warrant continuing with the gRT-PCR study of the capsular heptose mutants in
light of the potentially very subtle differences to be expected based on the ELISA and
multiplex data. Also, the primary goal was to carry out a cross-species comparison, but
failure to establish appropriate conditions for chicken macrophages prevented moving

forward with this objective.

3.8 Adhesion, uptake, and intracellular survival of C.
Jejuni NCTC 11168 upon culture with host macrophages

To assess how the presence of the capsular heptose impacts the ability of C. jejuni to
avoid clearance by host macrophage, several assays were run. These assays rely on the
co-culture of host macrophage and monocytes with the capsular heptose mutants, to see if
they behave differentially leading up to, during, and after internalization: 1) how well do
they adhere to host cells, 2) how well are they taken up by host cells, and 3) how well do

they survive within host cells?

The first assay relies on co-culture at 4°C to assess adhesion of C. jejuni to the host cells.
Adherence is the stage in which pathogens bind receptors on the surface of macrophages,
triggering uptake. The low temperature used in this assay interferes with polymerization
of the macrophage cytoskeleton, preventing the uptake of bacteria into the cell [118,173].
After co-culture and washing off unbound bacteria, macrophages are lysed with distilled
water, releasing bound C. jejuni, which are plated and counted.

The other two assays are similar to each other, with co-culturing at 37°C and the use of
gentamicin to kill any bacteria that have not been internalized by the macrophage.
Gentamicin is an antibiotic that is unable to enter eukaryotic cells, effectively protecting
intracellular bacteria from its effects. In the uptake assay, the time of co-culture before
gentamicin treatment is varied to obtain a time-course for the entry of bacteria into the

macrophages. In contrast, the intracellular survival assay creates a time-course of
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bacterial killing by having a constant time for initial co-culture and uptake, while varying
the length of time after gentamicin treatment. As with the adhesion assay, macrophages
are lysed with water, and bacterial cells are plated for CFU counting. All assays contain
controls in which C. jejuni alone was incubated in tissue culture media, allowing for
enumeration of bacteria that have not been exposed to host macrophages, and accounting
for bacterial death or growth during incubation. Supernatant samples were also taken at
points of co-culture, to see if incubation with host cells affects the overall viability of C.
jejuni in suspension. These three assays collectively give a comprehensive description of

how the capsular heptose affects different stages of interactions with host macrophages.

It should be noted that altering the expression of genes in the capsular biosynthesis
pathway has an impact on other functions, such as overall capsular production. The
differences between WT and CPS mutants can be found in Table 4, with the exception of
the KpsM mutant that does not display CPS on its outer membrane, and thus could not be
analyzed [173]. Generally, the MighB and WcaGA mutants, in addition to lacking the
heptose residue, had diminished CPS expression compared to WT. These mutants differ
in the addition of MeOPN on GalNAc, only being seen in the MighB mutant. Conversely
the MIghC and WcaG mutants had elevated CPS expression relative to WT. Here, the
WcaG adds MeOPN on GalNAc, while only trace amounts were seen with the MighC
mutant. These differences in CPS expression and MeOPN addition are critical to

understanding the behaviour of C. jejuni in these assays.

Table 4: NMR spectroscopy analyses of hot water/phenol extracted CPS from the
wild-type C. jejuni and its isogenic capsular mutants

Strain Heptose MeOPN on Substituent Total CPS
GalNAc on GIcA expression
WT + -- EtN ++
MIighB -- + EtN, GroN +/-
MighC -- Trace EtN, GroN ++++
WcaG -- + EtN, GroN ++++
WcaGA -- -- EtN, GroN +

Note: Table adapted from Wong et al., courtesy of Dr. Carole Creuzenet [173]. A plus (+)
or minus (—) represent the presence or the absence of the specified component
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respectively. GaINAc, N-acetyl galactosamine; GIcA, glucuronic acid; MeOPN, O-
methyl phosphoramidate; EtN, ethanolamine; GroN, 2-amino-2-deoxyglycerol.

3.8.1 The C. jejuni NCTC 11168 CPS diminishes adhesion to
chicken macrophages

In all assays, controls were taken to ensure consistency in the amount of each mutant
inoculated, which would demonstrate that differences in the phenotypes observed are due
to intrinsic properties of the mutants, and not differences in inoculum. In this assay no
mutant differed significantly in inoculum values from WT, indicating consistent loading
in experiments with either human or chicken macrophages (Figure 10A,C). Samples of
culture media were taken at certain time points to assess if co-culture conditions affected
the viability of the bacteria. When assessing adhesion, supernatant samples were taken at
30 minutes of co-culture with MQ-NCSU macrophages, THP-1 macrophages, THP-1
monocytes, or tissue culture media alone. This is the length of time in which the cells are
co-cultured before washing away unbound bacteria, lysing the macrophage and
enumerating the bound bacteria. Under none of these conditions did the CFU/mL output
for WT C. jejuni or any mutant differ from the initial inoculum, indicating that co-culture

conditions did not affect the overall viability of the bacteria in suspension.

Enumerating the bacteria bound to chicken MQ-NCSU macrophages revealed that WT
adhesion was quite low, with recovered bacteria representing 0.06% of the initial
inoculum (Figure 10A,B). Data also demonstrate that the presence of the capsular heptose
has little effect on the ability of these macrophages to adhere to C. jejuni (Figure 10B).
Mutants lacking the capsular heptose (the MlghB, MighC, WcaG, and WcaGA knockout
mutants) did not differ significantly from WT in their ability to bind. Conversely, the
presence CPS partially mitigates binding to the chicken macrophages, as demonstrated by
the acapsular KpsM mutant binding at significantly higher levels than WT, though its
original inoculum was ~10% lower. Therefore, it is the normal addition of the CPS that

brings binding down to WT-like levels.

Adhesion of WT to THP-1 cells was higher than what was seen with MQ-NCSU cells,

representing 0.08% of inoculum for macrophages, and 0.27% for monocytes (Figure



60

10C,D). Like with MQ-NCSU cells however, the presence of the capsular heptose does
not affect the adhesion of C. jejuni to THP-1 macrophages, as mutants devoid of the
capsular heptose were bound in similar levels to WT (Figure 10D). Looking at THP-1
monocytes however, there was a reduction in binding of the MIghB and MIghC knockout
mutants by slightly more than 1 log, though significance was not attained by ANOVA.
This may indicate that having intact mighB and mlghC sequences helps C. jejuni to bind
to human monocytes, with reduced binding when knocked out. Additionally, the presence
of the CPS does not seem to impact levels of adhesion to either THP-1 host macrophage

or monocytes, with the KspM mutant not differing significantly from WT.

Overall, these data indicate that the capsular heptose does not impact the adhesion of C.
jejuni to either MQ-NCSU or THP-1 macrophages, though the normal expression of
MlghB and MIghC may slightly improve binding to THP-1 monocytes. Additionally, the
CPS was demonstrated to decrease binding to chicken, but not human, macrophages.
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Figure 10: Adhesion of C. jejuni capsular heptose mutants to chicken and human
macrophage and/or monocytes. (A) Inoculum and culture controls for MQ-NCSU
chicken macrophage. (B) Adhesion of capsular heptose mutants to MQ-NCSU chicken
macrophages. (C) Inoculum and culture controls for THP-1 human macrophage and
monocytes. (D) Adhesion of capsular heptose mutants to THP-1 human macrophage
(Mac) and monocytes (Mon). The number of repeats for each mutant is found in the key,
with select repeats completed by Daniel Zimmermann as detailed in appendix 2. Cells
were co-cultured (MOI=100) for 30 minutes at 4°C under atmospheric conditions before
3 washes with PBS to remove unbound bacteria. Supernatant was taken before washing
to enumerate live bacteria in culture. Cells were then lysed with distilled water and
samples were spot-plated for counting. Each biological replicate is comprised of three
technical replicates. Error bars represent standard deviation. Statistical analysis for panels
B was conducted by one-way ANOVA and subsequent Dunnett tests, while panels A, C,
and D were analyzed by two-way ANOVA. Subsequent Dunnett tests were used to
compare between WT and mutants. Subsequent Bonferroni tests were used in panels A
and C to identify differences between inoculum and culture controls. ***=p<0.001.
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3.8.2  Addition of MeOPN to the C. jejuni NCTC 11168 CPS
increases uptake by human macrophages

As with the adhesion assay, inoculum CFU/mL readings did not differ significantly
between WT and any mutant for MQ-NCSU or THP-1 experiments (Figure 10A,C).
Likewise, there were no significant differences in viability between the inoculum and the
control samples taken during co-culture with macrophages. Here, samples were collected
after 1 or 3 hours of culturing, as these were the durations of co-culture before gentamicin
treatment. Overall, this indicates differences in the uptake of the capsular heptose mutants
are caused by intrinsic properties of the bacteria and are not due to inconsistent loading of

bacteria or loss of viability.

Examining the counts of internalized bacteria after gentamicin treatment for MQ-NCSU
chicken macrophages revealed that 0.0009% of the initial inoculum was recovered after 1
hour, while 0.004% was recovered after 3 hours (Figure 11A,B). Counts of the KpsM
mutant were elevated relative to WT at both time points, though significance was not
reached (Figure 11B). Enumeration of WcaG and WcaGA mutants was slightly higher
than WT, at around the same levels of the KpsM mutant, though these differences are
also insignificant. Interestingly, though insignificant, the MIghB and MighC mutants had
diminished levels of uptake indicating that the activity of these two enzymes may slightly
increase the propensity of C. jejuni to be internalized by chicken macrophages. This
reduction in uptake was most notable at the 3-hour time point, with mutant recovery
being roughly one log lower than WT. Uptake did not differ significantly between the
time points for any mutant or WT tested, though there was a trend of increased
enumeration for WT and all mutants tested. This increase was least notable for the
MIghB and MIghC mutants.

As for uptake by THP-1 macrophages, counts of intracellular WT were much higher than
chicken macrophages, representing 0.005% of inoculum at 1 hour, rising to 0.013% by 3
hours (Figure 11C,D). Uptake of the acapsular KpsM mutant was significantly elevated
in THP-1 macrophages at 1 and 3 hours of co-culture, which indicates CPS decreases

uptake by these macrophages. When examining the capsular heptose mutants, the WcaG
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and WcaGA mutants had significantly elevated levels of uptake relative to WT at the 3-
hour time point (Figure 11D). Like the KpsM mutant, the WcaGA mutant had diminished
capsule production relative to the WT, potentially explaining its increased uptake [173].
A significant increase in uptake of the WcaGA mutant was seen between the 1- and 3-
hour time points as well, indicating the reduction in capsule increases uptake more slowly
than when the CPS is completely absent. Conversely, the WcaG mutant produces higher
levels of CPS than WT, but still had increased uptake. This mutant differs in its addition
of MeOPN onto GalNAc, indicating that the addition of MeOPN is detrimental, as higher
uptake was seen when it is present. This was not true for the MighB mutant, which adds
MeOPN to its CPS, but overall has diminished CPS production. Therefore, it seems that

MeOPN is detrimental, increasing uptake, only when large amounts of CPS are produced.

THP-1 human monocytes took up fewer bacteria than their macrophage counterparts,
with WT recovery at 0.0014% of inoculum at 1 hour, only rising to 0.0017% at 3 hours
(Figure 11C,D). Values presented reflect the increased phagocytic capacity of
differentiated macrophage. THP-1 monocytes displayed a similar trend to their
macrophage counterparts with increased, though ultimately insignificant, uptake of the
WcaG, WcaGA, and KpsM mutants (Figure 11D). Uptake did not increase significantly
for any mutant between the tested time points, though a trend of increased enumeration

was observed.

Overall, these data indicate that the production of the CPS is protective to C. jejuni
NCTC 11168, in that it decreases uptake by THP-1 macrophages. The addition of
MeOPN on GalNAc conversely increases uptake, only when the CPS is produced at high
levels. Similar trends were observed in MQ-NCSU macrophages and, more notably, in
THP-1 monocytes. Significance was attained only between mutants in their uptake by

THP-1 macrophages.
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Figure 11: Uptake of C. jejuni capsular heptose mutants by chicken and human
macrophage and/or monocytes. (A) Inoculum and culture controls for MQ-NCSU
chicken macrophage. (B) Uptake of capsular heptose mutants by MQ-NCSU chicken
macrophages. (C) Inoculum and culture controls for THP-1 human macrophage and
monocytes. (D) Uptake of capsular heptose mutants by THP-1 human macrophage (Mac)
and monocytes (Mon). The number of repeats for each mutant is found in the key, with
select repeats completed by Daniel Zimmermann as detailed in appendix 2. Cells were
co-cultured (MOI1=100) at 37°C, 5% CO. for 1 or 3 hours before being treated with
200ug/mL gentamicin for one hour. Supernatant was taken before gentamicin treatment
to enumerate live bacteria in culture. Macrophages were then lysed with distilled water
and spread plated for counting. Three PBS washes occurred between each step to remove
unbound bacteria or gentamicin. Each biological replicate represents three technical
replicates. Error bars represent standard deviation. Statistical analysis was conducted by
two-way ANOVA. Subsequent Dunnett tests were used to compare WT to mutants, while
Bonferroni tests were used to compare levels of mutants between inoculum and controls,
and between time points in the uptake output. N.D. = not determined, *=p<0.05,
***=p<0.001, ****=p<0.0001.

3.8.3 The C. jejuni NCTC 11168 CPS diminishes survival within
human and chicken macrophages

Examining intracellular survival of WT C. jejuni revealed that 0.0023% of the initial
inoculum could be found in MQ-NCSU macrophage 1 hour after gentamicin treatment,
with counts lowering to 0.001% at 3 hours (Figure 12A,B). Even with this decrease, no
significant differences were seen in the enumeration of WT or any mutant between the 1-
and 3-hour time points. This indicates that there was not a large degree of bacterial death
within chicken macrophages within this 2-hour interval. The KpsM mutant displayed
significantly increased survival relative to WT at 1 and 3 hours, indicating that the CPS is
detrimental to the survival of NCTC 11168 within these chicken macrophages. Assessing
the capsular heptose mutants, only the WcaGA mutant displayed elevated counts, though
significance was not attained at either time point (Figure 12B). This correlates well with

its slightly increased uptake caused by diminished capsule production.

Lysis of THP-1 macrophages revealed that 0.047% of the WT inoculum survived
intracellularly after 1 hour of gentamicin treatment, with 0.071% seen at 3 hours (Figure
12C,D). This small increase in enumeration was not statistically significant for the WT,
nor was it for any of the CPS mutants. The acapsular mutant had significantly elevated

counts at the 1-hour time point indicating that, like with chicken macrophages, the
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presence of the CPS diminishes survival within THP-1 macrophages, though this seems
to be exclusive to earlier times for this cell line (Figure 12D). None of the capsular
heptose mutants displayed significant differential survival to WT at the time points
tested, though the MIghB and MIghC mutants showed a trend towards decreased survival

especially at the 3-hour time point.

Compared to their macrophage counterparts, THP-1 monocytes had lower numbers of
internalized WT, corresponding to 0.0063% of the initial inoculum at 1 hour post
gentamicin treatment, and 0.0057% at 3 hours (Figure 12C,D). This is again likely due to
macrophages having increased phagocytic capabilities. The KpsM mutant had similar
levels to WT, signifying that the presence of the capsule has little impact on the survival
of NCTC 11168 within human monocytes (Figure 12D). The capsular heptose mutants
did have differential counts to WT, though significance was not attained (Figure 12D).
The MIghB and MIghC knockout mutants had diminished survival, with ~1 log
reductions compared to WT at the 3-hour time point, indicating that normal expression of
these genes may be somewhat advantageous to the intracellular survival of C. jejuni. The
WcaG and WcaGA mutants had ~1 log increases relative to WT enumeration, which
indicates that the normal expression of WcaG may be somewhat detrimental for survival
in THP-1 monocytes, though increased enumeration could result from increased uptake.

Overall, these data indicate that the CPS significantly diminishes survival in chicken
macrophages at both times tested, and in human macrophages, 1 hour after gentamicin
treatment. The normal expression of MIghB and MIghC may increase survival in human

monocytes, while the normal expression of WcaG may decrease survival.
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Figure 12: Intracellular survival of C. jejuni capsular heptose mutants within
chicken and human macrophage and/or monocytes. (A) Inoculum and culture controls
for MQ-NCSU chicken macrophage. (B) Intracellular survival of capsular heptose
mutants within MQ-NCSU chicken macrophages. (C) Inoculum and culture controls for
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THP-1 human macrophage and monocytes. (D) Intracellular survival of capsular heptose
mutants within THP-1 human macrophage (Mac) and monocytes (Mon). The number of
repeats for each mutant is found in the key, with select repeats completed by Daniel
Zimmermann as detailed in appendix 2. Cells were co-cultured (MOI=100) at 37°C, 5%
COz for 2 hours before being treated with 200pug/mL gentamicin for 1 hour. Supernatant
was taken before gentamicin treatment to enumerate live bacteria in culture. After
treatment, the media was replaced with antibiotic free media and incubated for 1 or 3
hours. Finally, macrophages were lysed with distilled water and spread plated for
counting. Three PBS washes occurred between each step to remove unbound bacteria or
gentamicin. Each biological replicate represents three technical replicates. Error bars
represent standard deviation. Statistical analysis was conducted by two-way ANOVA.
Subsequent Dunnett tests were used to compare WT to mutants, while Bonferroni tests
were used to compare levels of mutants between inoculum and controls, and between
time points in the survival output. ****=p<0.0001.

3.8.4  Overall trends and summary

There were some notable trends in the behaviour of the WT between host cells (Table 5).
As stated, the percent of recovered WT relative to the initial inoculum was generally
higher for THP-1 macrophages than monocytes in the uptake and intracellular survival
assays, caused by the increased phagocytic capability upon differentiation. Interestingly,
WT displayed higher adhesion to THP-1 monocytes than to THP-1 macrophages (at
0.27% and 0.08% of inoculum respectively). This indicates that while C. jejuni binds at
higher rates to THP-1 monocytes, much lower levels were internalized compared to
macrophages. There was also some host specificity in the behaviour of the WT across
assays, with THP-1 macrophages having a higher percentage of WT inoculum
enumerated across all assays compared to MQ-NCSU macrophages. This is in line with
C. jejuni as a commensal in chickens, where the macrophages would likely be more
tolerant and not act to clear the bacteria. In contrast, higher adherence to and enumeration
within THP-1 macrophages points to C. jejuni as a human pathogen, where macrophages
would actively attempt to eliminate the bacteria. It should be noted that values should not
be compared directly across assays, as they were conducted independently, and thus CFU
values enumerated must be compared to their initial inoculum. For THP-1 macrophage
and monocytes, the highest percent inoculum was seen in the intracellular survival
assays, where cells were co-cultured for 2 hours, treated with gentamicin for 1 hour and

then left for 1 or 3 hours. Counts at the 1-hour survival time point were even higher than
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what was seen at the 3-hour time point in the uptake assay, indicating WT C. jejuni
NCTC 11168 may be proliferating within these human cells. Previous lab members have
shown no C. jejuni were recovered at later points following gentamicin treatment,
indicating that killing is indeed happening, with sufficient time needed to clear the
pathogen.

Table 5: Percentage of WT recovered from host macrophages and monocytes in
adhesion, uptake, and intracellular survival assays.

WT % of inoculum Chicken THP-1 THP-1 Monocytes
Macrophages Macrophages
Adhesion assay 0.06% 0.08% 0.27%

Uptake assay 0.0009 t0 0.004% @ 0.005% to 0.013% & 0.0014 to 0.0017%

Intracellular 0.0023% t0 0.001% = 0.047%t0 0.071% | 0.0063 to 0.0057%
survival assay

The MQ-NCSU chicken macrophages had noteworthy trends across assays (Table 6).
The KpsM knockout is interesting as it had significantly elevated levels of adhesion and
survival, but only a trend of increased uptake. The difference between the WT and KpsM
mutant is most notable in the survival assay however, with the difference in bacterial
recovery being roughly 2 logs at the 3-hour time point. This indicates that capsule
production protects against adherence to these chicken macrophages, but the lack of a
CPS confers a significant survival advantage within these cells. While MlghB and MIghC
knockouts had diminished uptake relative to WT, they demonstrated roughly equivalent
or slightly higher levels of intracellular survival. This may indicate that these mutants
have some survival advantage within the cell, with less internalization and higher
survival combining to create a WT-like output. While WcaG and WcaGA knockouts did
not have significantly different levels of adhesion than WT, an elevation in WcaGA
counts was seen in both the uptake and survival assays. Higher uptake of this mutant was
likely a result of decreased capsule production, and higher survival likely being a
consequence of increased uptake. Significance was not attained for this mutant in either

assay.



Table 6: Summary of phenotypes displayed by C. jejuni capsular mutants in
adhesion, uptake, and intracellular survival assays, across chicken and human
macrophages/monocytes.
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Strain

Assay

Chicken
Macrophage

THP-1
Macrophage

THP-1
Monocytes

MlghB

Adhesion

Uptake 1 hr

Uptake 3 hr

Intracellular survival 1 hr

Intracellular survival 3 hr

MlghC

Adhesion

Uptake 1 hr

Uptake 3 hr

Intracellular survival 1 hr

Intracellular survival 3 hr

WcaG

Adhesion

Uptake 1 hr

Uptake 3 hr

+*

Intracellular survival 1 hr

++

Intracellular survival 3 hr

++

WecaGA

Adhesion

Uptake 1 hr

Uptake 3 hr

+*

++

Intracellular survival 1 hr

++

Intracellular survival 3 hr

+ |+ |+ |+

++

KpsM

Adhesion

+4*

Uptake 1 hr

+

++*

Uptake 3 hr

+

+4*

++

Intracellular survival 1 hr

+4*

++

Intracellular survival 3 hr

++*

++

* denotes a significant difference, while +/- denotes an increase or decrease relative to
WT. -/+ signifies a smaller change than --/++.

The THP-1 macrophages displayed quite different trends, pointing to host specificity in

interactions with NCTC 11168 (Table 6). Generally, there were no notable differences

between WT and mutants in the adhesion assay. The acapsular mutant had significantly

elevated levels of uptake at both time-points tested and demonstrated significantly

elevated survival only at 1-hour post-gentamicin treatment. The increase in the survival

of the KpsM mutant may be caused by increased uptake, or because the lack of the

capsule confers a survival advantage early on. Regardless, it is apparent that the lack of

the capsule is protective when looking at uptake by THP-1 macrophages as C. jejuni is
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taken up in significantly higher levels when it is absent, even though it does not impact
adherence. Additionally, the MlghB and MIghC knockouts demonstrated diminished
intracellular survival, indicating the normal functioning of these genes help to resist
killing upon phagocytosis. While the WcaG and WcaGA mutants were taken up in
significantly higher amounts by THP-1 macrophages at 3 hours, there were no notable
differences in intracellular survival compared to WT. These mutants are thus likely both
taken up and killed at higher rates than WT which cumulatively creates WT-like
intracellular recovery. With respect to the WcaG mutant, it was noted that even though it
had high capsule production, it was taken up at high rates likely due to the addition of
MeOPN. Additionally, the high abundance of MeOPN is likely impairing intracellular
survival. Conversely, the WcaGA mutant had low capsule production conferring
increased uptake, but the amount of capsule is likely not low enough to be protective

internally as with the KpsM mutant.

THP-1 monocytes displayed some different trends to their macrophage counterparts
(Table 6). The KpsM mutant only displayed notable differences in the uptake assay,
having increased uptake relative to WT. This indicates that, like with THP-1
macrophages, the addition of the CPS may reduce uptake by THP-1 monocytes. The
MIghB and MIghC mutants had a ~1 log reduction relative to WT in the adhesion assay,
and at 3 hours in the intracellular survival assay. These differences were insignificant, but
may indicate that the normal production of these enzymes increase binding to human
monocytes, and also aid in increasing survival when internalized. As noted in the WT,
while binding was higher to human monocytes than macrophages, internalization was
much lower overall. Besides the MIghB and MIghC knockouts, no other mutant
demonstrated altered adhesion to these monocytes. The WcaG and WcaGA mutants had
increased uptake and intracellular survival in these cells, with the increased counts in the
survival assay likely being a consequence of increased uptake. As with THP-1
macrophages, the increased uptake of the WcaGA mutant is likely due to a reduction in
capsule, while the WcaG mutant is likely taken up at higher levels due to the abundance
of MeOPN it presents.
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3.9 DdahA, DdahB, and DdahC, are able to interact in
pairs

3.9.1 SPR principle and preliminary data for DdahA/DdahB

To assess the hypothesis that enzymes in the capsular heptose biosynthesis pathways
engage in substrate channelling, physical interactions between these enzymes first had to
be established. This was accomplished by surface plasmon resonance (SPR), a method that
assesses interactions by flowing an analyte over a ligand that has been immobilized onto a
chip. Carboxyl chips were used as they allow the physical immobilization of ligand to the
chip. This is important as all enzymes analyzed were His-tagged, meaning that analytes
would compete with the ligand for binding to the sensor surface, if a nickel affinity chip
was used. Within the SPR machine, light is reflected at different angles depending on the
mass of materials bound to the chip, and this is detected by a sensor. Once the ligand has
been covalently bound, a blocking buffer is injected, which prevents non-specific binding
to unoccupied portions of the chip. As such, the only mass change after blocking should
result from analyte binding to the ligand. Using this information, the SPR software is able
to generate a binding curve in real time and can calculate association and dissociation
constants using multiple curves obtained from running different concentrations of analyte

over the same concentration of ligand.

Proteins were first overexpressed and purified for subsequent use in SPR experiments as
detailed in chapter 2.13 to 2.14. While yield varied between enzymes, nickel affinity
purification yielded fractions that were quite pure, with little co-elution of other proteins

found in the E. coli expression strains that were used (Figure 13).
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Figure 13: Representative examples of SDS-PAGE gels of purified proteins from the
Migh and Ddah pathways.

(A) WcaG (36.5 kDa, from strain 81-176), (B) MlghB (22.2 kDa), (C) MIghC (40.7 kDa),
(D) DdahA (40.5 kDa), (E) DdahB (22.1 kDa), (F) DdahC (41.7 kDa). Proteins were
purified with nickel-NTA columns using buffers with increasing concentrations of
imidazole, ranging from 200 uM to 1 M. MW denotes the lane containing the molecular
weight markers, with values on the left side of the gels denoting the mass of the markers
in kDa. Gels were composed of 16% acrylamide and wells were loaded with 20uL of
sample before being run at 130V for ~50 minutes.

An initial SPR run, presented in Figure 14, was conducted to look for interactions between
DdahA and DdahB. Here, an injection containing 200 pL of crosslinking reagent followed
by 200 pL of DdahA, at a theoretical concentration of 50 pg/mL determined by

densitometry from an SDS-PAGE gel, was used to immobilize the protein to the chip. After
blocking the chip using blocking buffer and adding BSA to the media, 200 puL of DdahB
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at a theoretical concentration of 50 pg/mL was injected. This caused a stable increase in

signal after the 5-minute interaction period, indicating these two enzymes are able to

interact.
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Figure 14: SPR signal flowing DdahB over immobilized DdahA. 1: Injection of
EDC/NHS provided by Nicoya, which covalently links proteins to the SPR sensor chip.
2: Injection of DdahA (~50 pg/mL suspended in Nicoya’s activation buffer). 3: Injection
of blocking buffer provided by Nicoya, which prevents non-specific binding of other
molecules to the chip. 4: Addition of bovine serum albumin to the buffer flowing over the
sensor (final concentration 25 pg/mL), as a control for nonspecific binding. 5: Injection
of DdahB (~50 pg/mL suspended in 1x PBS pH 7.4). The sustained increase in
absorbance, denoted by the red arrow, corresponds to a change in the reflection of light
related to the binding of DdahB onto immobilized DdahA.

One limitation of this method deals with the concept of “regeneration”, in which the
analyte should be able to dissociate from the ligand so that multiple curves can be gained
with a single chip. All of the regeneration solutions tried have either resulted in
incomplete regeneration of the tested DdahA/B complex or have denatured the ligand.
Solutions tested include: 10-50 mM HCI, 1-4 M MgClz, 1% Triton X-100, 2 M MgCl;
with 1% Triton X-100, and 100 mM glycine pH 3.0.

3.9.2 Attempt at determining Kp for DdahA and DdahB interactions
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In light of failed regeneration of chips following DdahA/DdhaB interactions, multiple
chips were used to generate binding curves between these enzymes, in which DdahA was

immobilized on a new chip for each run.

To determine binding constants between DdahA and DdahB, at least 5 runs with serially
diluted DdahB had to be conducted. To minimize variation between runs, all were
completed with the same serially diluted proteins within two days after concentration and

glycerol removal using centrifugal filters with a 10 kDa cut off.

A Braford assay was used to quantify proteins used in SPR runs. As seen in Table 7, the
concentration of DdahA and DdahB were much lower and higher than expected based on
densitometry, respectively. Even with this low DdahA concentration, high signal was

seen immobilizing this protein to the chip (Figure 15A).

Table 7: Quantification of Ddah proteins used for SPR by Bradford Assay.

Concentration Concentration
by Concentration used in SPR Mass Molar
Densitometry by Bradford based on (kDA) | concentration
of stocks (ng/mL) Bradford
(Hg/mL) (Hg/mL)
DdahA 169 19.3 5.7 40.5 0.1 uMm
34.7 (or lower,
DdahB 124 86.0 with multiple |5 ) |4 gym
dilutions, seen in
Figure 15B)
DdahC 130 262.0 100.1 41.7 2.4uM

With this preparation only a few consistent runs were achieved, in which higher

concentrations of DdahB led to larger rises in absorbance (Figure 15B). This was due

largely to significant aggregation of DdahB that occurred at tested concentrations of ~23
pg/mL or greater. It should be noted that immobilization of DdahA was inconsistent, with
the DdahA signal corresponding to the highest concentration of DdahB being lower than
what was seen on the other chips (Figure 15A). Still, this run had the highest rise in

DdahB signal, demonstrating that an increased DdahB concentration led to more binding,
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even in the presence of slightly less DdahA (ranging in signal by ~10% between the

highest and lowest immobilization).

Determination of kinetics was attempted using the Tracedrawer software. As stated, the
number of analyte dilutions needed for high accuracy was not achieved, but fitting was
conducted to get a rough order of magnitude for the Kp of enzyme interactions observed.
As only three DdahA/B curves were generated, local analysis as opposed to global
analysis was used, which gave fits that were more accurate to the curves generated due to
the low number of curves. Analysis revealed the interaction of DdahA and DdahB has a
Kp in an order of magnitude of ~10® M, which is quite strong (Figure 16A,D). While one
curve gave a magnitude of 107, it had quite a large error, making the two curves in the

order of ~10® M likely to be more accurate.
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Figure 15: Tracedrawer outputs for SPR detailing interactions between enzymes in
the Ddah pathway. (A) Immobilization of DdahA (injected at 0.1ptM suspended in
Nicoya activation buffer). Curves of the same colour in panels A, B, and C correspond to
the same run. Values in brackets seen in the key indicate the concentration of DdahB
injected (in uM) after the addition of DdahA. (B) Injections of DdahB onto immobilized
DdahA. Coloured curves correspond to concentrations injected as seen in the key. (C)
Injections of 2.4 uM DdahC onto previously formed DdahA and DdahB complexes seen
in panel B. Values in brackets seen in the key indicate the concentration of DdahB
previously injected (in uM) before the addition of DdahC. (D) Curves detailing the
immobilization of DdahA, and subsequent injections of DdahC followed by DdahB.
Protein concentrations can be found in Table 5. (E) Curves detailing the immobilization
of DdahB, and subsequent injections of DdahC followed by DdahA. Protein
concentrations can be found in Table 5. The buffer used in all experiments was 1x PBS
pH 7.4, and all samples had 200 pL injected with an interaction time of 5 minutes.
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DdahB 221 465 3.17E+03 2.61E+01 2.69E-04 7.07E-06 8.48E-08 2.93E-09
DdahB 22.1 698 1.66E+04 1.11E+02 9.79E-06 1.49E-03 5.91E-10 8.97E-08
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DdahB DdahC 40.1 2400 7.21E+03 3.90E+02 6.54E-04 3.63E-05 9.08E-08 9.98E-09
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Figure 16: Attempted kinetic determinization for the interaction of enzymes in the
Ddah biosynthetic pathway. (A) Injections of DdahB onto immobilized DdahA. (B)
Injection of DdahC onto immobilized DdahA (C) Injection of DdahC onto immobilized
DdahA. (D) Tracedrawer output of kinetic constants based on curve fittings and defined
analyte concentrations. Analyte concentrations seen in panels A-C can be found in panel
D, with all analytes being added to immobilized DdahA (injected at 0.1 uM suspended in
Nicoya activation buffer). The buffer used in all experiments was 1x PBS pH 7.4, and all
samples had 200 pL injected with an interaction time of 5 minutes.

3.9.3 Qualitative pairwise interactions, can DdahC interact with
DdahA or DdahB?

In each run of the prior experiment, after flowing DdahB over DdahA, subsequent
injections of DdahC (200ul, 2.4uM) were performed to generate more data. DdahC
consistently caused an increase in absorbance, indicating DdahC can interact with either
DdahA, DdahB, or both in a heterotrimer complex. Interestingly, as the amount of DdahB
bound to DdahA increased, the amount of DdahC bound decreased (Figure 15C). This
initially led to the belief that DdahC can bind to DdahA, but not DdahB.

After this experiment, other tests were run to further explain what was observed with
DdahC. As seen in panel D of Figure 15, injecting DdahC onto freshly immobilized
DdahA led to an increase in absorbance, indicative of binding. DdahB was injected
afterwards and did not lead to a rise in absorbance, suggesting that the DdahB cannot
interact with DdahA once the DdahA/DdahC complex has formed. Next, DdahC was
injected onto freshly immobilized DdahB, which also caused an increase in absorbance,
indicating that DdahB and DdahC can also interact if not previously engaged in
interaction with DdahA (Figure 15E). Subsequent injection of DdahA onto the
DdahB/DdahC complex did not lead to an increase in absorbance, although DdahA has
been shown to bind to DdahB and to DdahC separately.

Tracedrawer analysis gives some potentially interesting insights into the affinity these
enzymes have for each other. As reported in section 3.9.2, the DdahA/B complex had a
Kp with a rough order of magnitude of 10 M (Figure 16A,D). The DdahA/C complex
was shown to be slightly stronger with a Kp in the order of 10° M (though the error was

one magnitude larger), with the DdahB/C complex being weaker with a Kp of roughly 10
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"M (Figure 16B,C,D). This is interesting as there was not a specific trend in increasing
affinity along the cognate pathway as might be assumed with substrate channeling,
though it is important to note this analysis was based on a limited number of curves, with

varying fit quality.

These findings cumulatively demonstrate that DdahA, DdahB, and DdahC are able to
interact, but that a complex of the three enzymes is not favoured. This potentially
indicates that these three enzymes bind using the same domain, or that the binding
domains are distinct but are configured in a manner that only permits one interaction at a

time (Figure 17).
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Figure 17: Proposed method of interaction between enzymes in the Ddah pathway.
(A) Enzymes in the Ddah pathway may contain a common binding domain or (B) Enzymes in the
Ddah pathway contain multiple domains that permit interactions. (C) In either case, the interaction
of any two enzymes hinders the binding of the other enzyme in the series by hiding a previously
available binding domain.

3.10 Assessing interactions of enzymes in the Migh
pathway

After determining that enzymes in the Ddah series are able to interact, a series of SPR

runs utilizing carboxyl chips were conducted in order to look for interactions within the
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Milgh series, and between enzymes in the Mlgh and Ddah series. Generally, the first
injection of an analyte was the most important for looking at interactions, while
subsequent analytes were injected to generate additional data. It should be noted that
regeneration is still not possible, so subsequent analytes are in many cases flowing over a

ligand-analyte complex. The interactions tested are outlined in the following table:

Table 8: Enzymatic interactions tested by surface plasmon resonance without
regeneration.

Ligand immobilized | Analyte 1 | Analyte 2 | Analyte 3 | Analyte 4 | Analyte 5
DdahA MlighB-1 | MIghC | WcaG-PG | DdahB
DdahA MlghC | MighB-1
WcaG-PG MIighB-1 | MIghC DdahB DdahC
WcaG-PG MlghB-2 | MlghC DdahB DdahC DdahA
MIlghB-2 MIghC WcaG

* MlghB-1 and MIghB-2 refer to separate preparations of MIghB. These were taken from
the same stock but were ultra-filtered on centricon devices separately for concentration and
glycerol removal.

Diluted protein samples used in SPR were run on a gel, and a Bradford assay was used to
quantify centriconned protein stocks. Most of the enzymes were not quite at the target of
50pg/mL (Table 9), but these concentrations do not alter the interpretations of the

findings as explained in the subsequent sections.

Table 9: Quantification of Migh proteins used for SPR by Bradford Assay.

Concentration Concentration
_by Concentration used in SPR Mass Molar
Densitometry by Bradford based on (kDA) | concentration
of stocks (ng/mL) Bradford
(Hg/mL) (Mg/mL)
DdahA 264 55 10.5 40.5 0.3 uM
DdahB 174 103 29.6 22.1 1.3 uM
DdahC 155 194 62.6 41.7 1.5 uM
MIighB-1 112 288 128.3 22.6 3.0 uM
MighB-2 112 154 68.7 22.6 1.7 uM
MlghC 110 26 11.7 40.7 0.3 uM
WcaG 289 144 24.9 40.5 0.6 uM

3.10.1 DdahA with MighB and MighC
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While DdahA is not part of the Mlgh series, subsequent enzymes MighB and MIghC can
act upon its product, and this property was exploited to characterize these enzymes while
the initial oxidase had not been identified [15,95]. As such, interactions between DdahA
and the Mlgh series epimerase and reductase were assessed by SPR. The first run in which
DdahA was immobilized demonstrated a small interaction with MighB, with a subsequent
MIghC injection causing ~3 times the signal increase seen with MIghB (figure 19A). This
indicates that DdahA binds to MIghC with greater affinity than MIghB, as MIghC led to a
higher signal though it was injected second. Considering the actual molar concentrations
presented in Table 9, MIghB was injected in higher amounts but still led to less binding,
affirming greater interactions of MIghC with DdahA. Additionally, even though MIghC is
twice the size of MIghB, it was injected at ~1/10" the concentration, indicating that the
size of the analyte was not the reason for higher signal. Subsequent injections with WcaG
or DdahB led to no rise in signal, indicating WcaG and DdahA do not interact, and/or that
the binding sites of DdahA were occupied as was seen when assessing interactions between
DdahA, B, and C.

The next immobilization looked at DdahA in conjunction with MIlghB and MIghC, this
time testing MIghC first to confirm trends in the previous run (figure 19B). Even with the
order of the MIghC and MighB analytes reversed, very similar signals were attained with
these two enzymes as in figure 19, panel A. Within the Ddah series, it was observed that
all 3 of these enzymes can form complexes in a pairwise manner, but the interaction of any
two hinders the binding of the other enzyme in the series. This does not seem to be the case
with MIghB and MIghC, at least at the concentrations tested, as it appears that there are
still sites present on DdahA available for Migh binding after the first analyte injection,
independent of injection order. This could also be caused by a reduction in the amount of
DdahA immobilized in figure 19A,B, relative to figure 16A, causing less crowding on the
chip and permitting more binding.

Kinetic determination revealed that the DdahA/MIghC complex had a Kp with an order of
magnitude between 10® to 10° M, while the DdahA/MIghB complex had an order of
magnitude of 107 M (figure 20A,B,F). This affirms the notion that DdahA interacts more
strongly with MIghC than MIghB.
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3.10.2 WocaG with MighB and MIghC

WocaG was eventually determined to be the 1% enzyme in the Migh pathway, thus studying
the interactions of WcaG with MIghB/C represents the cognate pathway [57]. Also,
McCallum et al. (2012) noted that the presence of WcaG was able to prevent normal
heptose synthesis in the presence of DdahA, B, C, suggesting that WcaG might also interact
with DdahB and C [96]. Here I used WcaG from strain 81-176 which expresses the Ddah
enzymes, but it is 98% homologous to the WcaG found in NCTC 11168 which expresses

the Mlgh enzymes and should therefore have very similar activity.

In figure 18, panel C, the first enzyme in the Mlgh pathway, WcaG, was immobilized. The
immobilization of WcaG led to a higher signal than what was seen for DdahA. The cognate
enzymes in the series (MIghB and MIghC) were injected as analytes before injecting
DdahB and DdahC. Overall, smaller increases in signal were observed with WcaG
compared with what was observed with immobilized DdahA. These injections revealed
that the reductases (MIghC and DdahC) generally bound at higher levels than the
epimerases (MIghB and DdahB) (figure 18C). This is clear for the Mlgh enzymes as MIghC
lead to a higher increase in signal, despite being injected at a lower molarity (again MighC
is twice the size but injected at ~10x the concentration of MIghB). It is harder to draw
definitive conclusions for the Ddah enzymes however, as DdahC both lead to a higher
signal increase, was injected at a higher molarity, and is larger than MIghB. MighC caused
a higher increase in signal than DdahC though it was injected at only 1/6™ of the DdahC
concentration, and both proteins are of roughly the same size (Table 9). This may indicate
that MIghC has a stronger interaction with WcaG, or that binding sites for DdahC were
occupied by MIghC. MlghB only caused a small increase in signal although it was the first
analyte and was injected at a high concentration. DdahB caused no discernible change in
signal. Panel D in Figure 18 was essentially a repeat of panel C where WcaG was
immobilized, with newly prepared MIghB (taken from the same expression stock, but
glycerol was removed again). Though the rise in signal caused by analytes was generally

quite low, the same trends seen in the previous run can be seen here: The reductases bound
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with higher affinity than the epimerases (Figure 18C,D). Unlike the previous run, a small

increase in DdahB signal was observed, at the same level as MIghB.

Kinetic analysis revealed the WcaG/MIghC complex had a Kp with an order of magnitude
of 10%to 10® M, after the injection of MIghB (Figure 19C,D,F). As such, although MIghB
had only bound minimally to WcaG, direct comparison cannot be made to the
DdahA/MIghC complex, as MIghC was not the first analyte injected onto WcaG. It is
however likely that the WcaG/MIghC complex is stronger than the WcaG/MIghB complex,
with the latter having a Kp with an order of magnitude between 10°to 10" M (Figure
19C,D,F).

Figure 18, panel E detailed the immobilization of MighB with MIghC and WcaG as
analytes. MIghC led to an increased signal of about 300 units, while the subsequent WcaG
injection caused no increase in signal. This indicates that MIghB is capable of interacting
with MIghC, but does not interact very strongly with WcaG, as demonstrated in panel C.
It also indicates that MIghC does not readily interact with WcaG once pre-engaged in
interaction with MIghB. The MIghB/C complex had a Kp with a rough order of magnitude
of 107 M, which was quite similar to the established DdahB/C complex, and these
interactions seem stronger than the association of the WcaG/MIghB complex (Kp of 107
to 107 M) (Figure 19E,F).
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Figure 18: Tracedrawer outputs for SPR detailing interactions with MIghB and
MiIghC. (A) Injections of MIghB-1 and MIghC on immobilized DdahA. (B) Injections of
MIghC and MlghB-1 on immobilized DdahA. (C) Injections of MIghB-1, MIghC,
DdahB, and DdahC on immobilized WcaG. (D) Injections of MlghB-2, MIghC, DdahB,
and DdahC on immobilized WcaG. (E) Injections of MIghC and WcaG on immobilized
MIghB-2. All proteins had 200uL injected at a concentration presented in Table 9, with a
5-minute interaction time. All analytes were suspended in running buffer (1x PBS pH
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7.4), while immobilized ligands were suspended in running buffer and then diluted %2 in
Nicoya activation buffer (to the concentrations presented in Table 9) immediately before
injection. Immobilization and subsequent injection of analytes occurred in the same order
as presented in the keys above the Tracedrawer outputs. The colours of the curves
presented correspond to a specific protein and are consistent between panels
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ligand analyte run prior analytes (l:::;:s) concentration (nM) (1/(M*s) error  k;(1/s) error K,(M) error
DdahA MighB 222 1650 3.25E+02 5.95E+02 3.63E-05 142E-04 1.12E-07 2.73E-07
MighC MighB 40.7 286 L13E+04 1.02E+02 7.60E-05 1.13E-05 6.74E-09 1.06E-09
DdahA MighC 40.7 286 1.58E+04  4.06E+01 1.94E-04 4.21E-06 1.22E-08 2.97E-10
MighB MighC 222 1650 449E+02  4.55E+01 1.63E-04 1.74E-06 3.63E-07 4.10E-08
WeaG MighB 222 1500 3.14E+02 1.13E+02 3.92E-04 8.74E-06 125E-06 5.47E-07
MighC MighB 40.7 286 112E+04  2.81E+01 4.79E-04 8.20E-06 4.28E-08 8.40E-10
DdahC Mlgl]’féaﬂghc’ 40.1 1340 1.29E+03  3.67E+01 1.54E-04 3.74E-05 1.20E-07 3.25E-08
MighB MighC 40,7 286 3.27E+03  1.69E+01 3.18E-04 4.33E-05 9.72E-08 1.37E-08
WeaG MighB 222 1650 1.38E+03  2.51E+01 8.12E-04 1.68E-05 5.89E-07 2.29E-08
MighC MighB 40.7 286 6.28E+02 1.37E+02 2.79E-03 1.46E-05 4.43E-06 1.04E-06
DdahB MighB, MIghC, 221 1500 7.78E+03  2.08E+01 1.50E-04 3.92E-06 1.92E-08 5.55E-10
DdahC Mlgl;;ad,al;:[];ghc, 40.1 1340 6.30E+02  1.21E+02 2.15E-03 5.48E-06 3.41E-06 6.89E-07

Figure 19: Attempted kinetic determinization for the interaction of enzymes in the
Mligh and Ddah biosynthetic pathways.

(A) Injections of MIghB-1 and MIghC on immobilized DdahA. (B) Injections of MIghC
and MIghB-1 on immobilized DdahA. (C) Injections of MIghB-1, MIghC, and DdahC on
immobilized WcaG. (D) Injections of MighB-2, MIghC, DdahB, DdahC, and DdahA on
immobilized WcaG. (E) Injections of MIghC on immobilized MIghB-2. (F) Tracedrawer
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output of Kkinetic constants based on curve fittings and defined analyte concentrations.
Analyte concentrations seen in panels A-E can be found in panel F, with all analytes being
injected at concentration according to Table 9. The buffer used in all experiments was 1x
PBS pH 7.4, and all samples had 200 pL injected with an interaction time of 5 minutes.

Taken as a whole, these data indicate that the reductase MIghC is able to interact with the
first enzyme in the Mlgh or Ddah pathways more strongly than the epimerase MighB
(Figure 20A). This trend is also observed with immobilized WcaG for the Ddah
homologs, with DdahC exhibiting greater binding than DdahB (though the higher
concentration of DdahC may explain this). This is somewhat different from what was
seen with the complete Ddah series where it was determined that interactions of any two
enzymes hindered the interaction of the third. In Mlgh runs 1 and 2, MighB and MIghC
bound similarly to DdahA regardless of the order in which they were injected. As such, it
is possible MighB and MIghC bind to DdahA using different domains, allowing the
formation of a multienzyme complex (Figure 20B). It is also possible they bound
separately to unoccupied DdahA, without resulting in complete saturation (Figure 20D).
Within the cognate Mlgh pathway, it appears that both MIghB and MIghC can bind to
immobilized WcaG (or that WcaG was incompletely saturated by analyte), but WcaG is
unable to displace preformed MIghB/C complex (Figure 18E, 20C,D,E). This may also

be true for DdahA, but that injection order has not yet been tested.
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Figure 20: Proposed interactions between enzymes in the Mlgh pathway. (A) MlghC
has been demonstrated to interact with WcaG, the cognate dehydratase in the Mlgh
pathway, or DdahA, the initial oxidase in the Ddah pathway. MIghB, comparatively,
interacts weakly with WcaG, DdahA, and DdahC. (B) MighB and MIghC result in the
same binding to DdahA regardless of injection order. As such, it is possible that all three
interact in three enzyme complexes, binding using different domains. (C) WcaG is unable
to effectively bind to MighB or MIghC when these two enzymes are in complex. (D)
MIghB and MIghC both interact with DdahA and WcaG, but it is possible that there was
enough immobilized ligand to cause the first analyte to not saturate all possible binding
sites. Thus, MIghB and MIghC may bind to multiple ligands instead of forming
complexes with a single ligand, at the same time. (E) Theoretical configuration
permitting MighB and MIghC to interact with WcaG at the same time, while not
permitting WcaG to bind to a preformed MIghB/C complex.



93

3.11 Microscale thermophoresis affirms formation of the
DdahA/B complex

Like SPR, microscale thermophoresis (MST) is a technique that assesses binding between
biomolecules. This technique works by placing fluorescently labelled, or intrinsically
fluorescent, biomolecules in a temperature gradient, inducing thermophoresis. The
movement of a protein across this gradient differs significantly from the movement of a
protein—ligand complex, permitting the assessment of physical interactions [62]. This
technique offers several benefits that complement my SPR work thus far. The first
advantage is that MST studies interactions between molecules in solution and does not
require the immobilization of a ligand as in SPR. This is beneficial as immobilization
may alter the interaction characteristics, especially in cases using NTA chips, which will
bind all proteins by the N-terminal His-tag. Additionally, because this work is conducted
in capillaries and uses small volumes, | would be able to test the effect that the substrate
has on modulating interactions efficiently, using much less than if it was added in an SPR

experiment.

We have begun this work in collaboration with the Feuilloley group at the University of
Rouen, Normandy (France). | have expressed and purified the capsular heptose
biosynthesis enzymes, which have been sent to France for analysis. Work has been
started to assess the interactions of DdahA and DdahB, as these were first shown to
interact by SPR. In their experiments, DdahA was labelled with a fluorophore to allow
detection by MST. Their work has affirmed the finding that these proteins interact, with
initial runs using 25 nM DdahA and a starting concentration of 0.5 uM DdahB,
demonstrating an interaction with an estimated Kp of 623 nM (Figure 22A). Interestingly,
when 0.1 mM of the substrate GDP-mannose was added, the Kp decreased over fivefold
to 118 nM (Figure 22B). While GDP-D-glycero-D-manno-heptose is the preferred
substrate of DdahA, it can catalyze GDP-mannose, indicating that the presence of
substrate is important for stabilizing the interaction between these two enzymes. Since
catalysis of this substrate is very slow, taking 3-5 hours under the conditions tested, and

the MST experimental time frame is ~ 15 min, the simple binding of substrate affects the
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interactions even in absence of significant catalysis. The reduction in Kp brought on by
the presence of substrate gives more credence to the hypothesis of substrate channeling,
as this process relies on binding between enzymes to allow for the transfer of pathway
intermediates. Work is being continued to further characterize these interactions by MST,

but protein aggregation within the capillaries must first be overcome.
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Figure 21: Microscale thermophoresis dose response curves assessing interactions
between DdahA and DdahB. (A) In the absence of substrate or (B) in the presence of
0.1 mM GDP-mannose. The ligand concentration seen on the x axis refers to the
concentration of DdahB present within a given capillary. A reduction in normalized
fluorescence indicates an interaction between the analyte and ligand. DdahA was
fluorescently labelled using the Monolith NT Protein Labeling Kit RED-NHS and was
present in all capillaries at a concentration of 25 nM, suspended in 1x PBS pH 7.4.
Graphs generated by Olivier Lesouhaitier and Florian Defontaine in the Feuilloley
laboratory at the University of Rouen, Normandy.
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Chapter 4

4 Discussion

4.1 C. jejuni NCTC 11168 capsular heptose in the activation
of host macrophages

When looking at the activation by capsular heptose mutants, data indicate that the heptose
is immunosuppressive to MQ-NCSU chicken macrophages, leading to significantly
higher levels of nitrite induction when absent. Conversely, when the CPS was absent,
lower levels of nitrites were seen, indicating that the CPS permits greater
immunostimulation in this context. The heptose residue being slightly
immunosuppressive aligns with the hypothesis of this study, which postulates that the
heptose acts to diminish immune activation as a means to protect the bacteria. The CPS
increasing immunostimulation was somewhat unexpected however, as capsules are
structures often used by bacteria to evade the immune system, and structures that impair
survival should be selected against. It is likely that the normal addition of this CPS has
both beneficial and detrimental effects, and that these beneficial effects outweigh the
detrimental ones, depending on the environment the bacterium is in. For example,
expression of the C. jejuni CPS has been demonstrated to increase invasion of host
epithelial cells, increase chicken gut colonization, and decrease sensitivity to serum
killing in a strain specific manner [11,12,44,70,173]. These protective features are
therefore selected for, at the cost of a slightly increased inflammatory response.
Additionally, the CPS has been shown to be regulated by phase variation, indicating its

expression can change based on the environment C. jejuni is in [46].

These trends in the nitrite induction were specific to live NCTC 11168, with heat-killed
WT not resulting in detectable levels of nitrite. This is somewhat incongruent with
current literature, which has shown that purified LOS, DNA, and outer membrane
proteins from C. jejuni strain 81-176 induce nitric oxide in MQ-NCSU chicken
macrophages [156]. These structures are however likely hidden, at least partially, by the
CPS in both live and heat-killed bacteria. Currently, no studies have been conducted

which implicate the C. jejuni CPS in nitrite induction, though the impact of the capsule
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on other chicken macrophage effectors has been researched. An acapsular mutant of
strain 11168H (a hypermotile derivative of C. jejuni NCTC 11168) demonstrated
equivalent induction of IL-6 and IL-10 transcripts to WT in chicken bone marrow-
derived macrophages, indicating that the CPS causes specific induction of NO, while not
altering the expression of these cytokines [73]. Likewise, in the referenced study, a
mutant lacking MeOPN backbone modifications demonstrated no difference in cytokine
induction from WT. This indicates that differences in effector induction are either
conferred by the modified heptose specifically, or that CPS modifications are specifically

anti-inflammatory in the context of NO induction.

Unlike chicken macrophages, THP-1 macrophages showed little difference in effector
induction between capsular heptose mutants. Several cytokines were tested by either in-
house ELISA, or an external cytokine multiplex assay. These two assays gave quite
similar results. The in-house ELISA looked at TNFa production and found no differences
between WT and mutants, with the exception of the 12-hour time point. Here, the
acapsular mutant exhibited lower levels of TNFa induction than WT, indicating that the
CPS is immunostimulatory at this time, as with the MQ-NCSU cells at 5 hours. However,
the cytokine multiplex did not show a difference between WT and mutants in the
induction of the proinflammatory cytokines IL-1a, IL-1f, IL-6, IL-8, IL-12p40, IL-18,
and TNFa or the anti-inflammatory cytokine IL-10. As this difference in TNFa induction
caused by the acapsular mutant was only seen at one time point in the ELISA, and was
not recapitulated in the multiplex, it is most likely that the capsular heptose and CPS do
not greatly impact cytokine induction by C. jejuni NCTC 11168, in THP-1 human
macrophages. This is not in line with the initial hypothesis, indicating that the capsular
heptose does not play a protective role in the moderation of cytokine production within
these cells. Similar results were found in the closely related strain 11168H where both an
acapsular mutant and a mutant lacking MeOPN caused equivalent I1L-6 and IL-10
expression to WT in human bone marrow-derived macrophages [73]. Conversely, the
CPS does seem to be immunomodulatory with regards to strain 81-176, with an acapsular
mutant resulting in greater TLR2 and TLR4 signaling in reporter THP-1 cells than WT
[92]. This would indicate that, in this strain, the CPS is protective, lowering signaling that
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leads to a proinflammatory response and as such the C. jejuni CPS is immunomodulatory,
but in a strain specific manner. The C. jejuni strain 81-176 CPS is likely acting to protect
against the presentation of other immunostimulatory surface components such as LOS,

which has previously been demonstrated to induce TNFa in THP-1 cells [149].

It should be noted that control experiments were conducted to ensure the validity of the
induction experiments. The MOI experiment was conducted to find an acceptable range
of MOls that could be used when analyzing effector induction, ensuring that slight
variability in MOI between replicates did not greatly alter the data or confound the
results. Likewise, the LDH release assay was conducted to assess macrophage
cytotoxicity, which has the potential to impact effector induction. High death (denoted by
a marked increase in LDH release) may result in low effector induction, due to killing
before sufficient production, or higher effector induction caused by damaged cells
releasing proinflammatory factors. Generally, WT C. jejuni and the capsular heptose
mutants did not confer cytotoxicity when co-cultured with chicken macrophages. Human
THP-1 macrophages also tolerated C. jejuni quite well, with no mutant or WT causing
significantly greater LDH release than the macrophage only background, though LDH
levels were slightly higher in all samples containing bacteria. Similar results were found
by Bouwman et al. (2014), in which tested strains (not including strain NCTC 11168) of
C. jejuni caused inflammasome formation but did not confer cytotoxicity in mouse
J744.A1 macrophages [21].

One major limitation of the Griess assays and the ELISA/ cytokine multiplex is that they
prohibit direct comparison between host cell lines. As stated, the Griess assay could not
be used on THP-1 macrophages due to the fact that they are not potent producers of NO,
and when tested, nearly all samples were below the threshold of detection [29,42,117].
Likewise, TNFa ELISAs could not feasibly be conducted on MQ-NCSU cells as these
cells lack a functional TNFa gene, making it impossible to compare induction. While
there are ELISA kits for the chicken homologues of other cytokines tested, they are
prohibitively expensive. Therefore, to directly compare between human and chicken
macrophages in their activation by C. jejuni, ROS induction was assessed using a

fluorescence assay, and effector transcript induction was assessed by qRT-PCR.
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The ROS induction assays demonstrated that C. jejuni NCTC 11168 diminishes
intracellular ROS induction in both chicken and human macrophages in as little as 30
minutes, and that this activity was not impacted by the presence of the capsular heptose
or the CPS. This trend was most notable in THP-1 macrophages, which had higher
background levels of ROS, likely due to PMA differentiation. Mirroring my work, a 2022
preprint by Hong et al. indicates that C. jejuni moderates intracellular ROS induction in
human intestinal epithelial cells [55]. They noted that co-cultured C. jejuni (strains
11168H, 81-176, and 488) resulted in a reduction of intracellular ROS after 3 and 24
hours. RT-gPCR data from the same study indicates that C. jejuni is causing a decrease in
the transcription of NADPH oxidase Nox1, which acts to produce NO. Though initially
thought to be caused by bacterial sequestration of active DCF, or a decrease in
macrophage membrane permeability, a change in Nox1 production is likely the cause for
the reduction in DCF found in macrophage supernatants after co-culture with NCTC
11168. It should be noted that while Hong et al. report a difference in intracellular ROS
specifically, they are essentially conducting the same assay used in this thesis. In their
assay, cells were co-cultured and then DCF was added, with a reading taken of the total
well: cells + DCF containing supernatant. | however, read the supernatant and cell
fractions separately and noted most of the signal observed was found in the supernatant.
Again, it should be noted readings from the supernatant still represent a measure of
intracellular ROS, as DCF-DA must be converted to DCF within the cell. As such, it
appears that C. jejuni can downregulate intracellular ROS production in host cells (both
human and chicken). Hong et al. did note strain specific differences in the measurement
of extracellular H>Oz, indicating that overall, the ability to moderate ROS production is
likely strain specific. While the CPS did not impact the ability of C. jejuni to moderate
host ROS induction, we are the first group to study the C. jejuni CPS in this context.
Additionally, we are the first group to characterize a reduction of ROS induction by C.

jejuni in host macrophages.

There is a clear difference between how C. jejuni deals with oxidative and nitrosative
stress. As demonstrated, live NCTC 11168 causes NO induction in chicken macrophages,
but decreases ROS levels relative to baseline in host macrophages. Induction of toxic
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ROS compounds is reduced through the downregulation of Nox1, effectively protecting
the bacteria before the active compound is produced [55]. This is likely because, as a
microaerophile, C. jejuni is ill equipped to deal with oxidative stress after it arises. It is
currently unknown how Nox1 transcriptional downregulation is mediated. When dealing
with nitrosative stress however, it appears that C. jejuni uses a different tactic to protect
itself, expressing proteins to combat NO, while still causing NO induction. These factors
are CgB, a globin that is produced to efficiently neutralize NO that has entered the
cytoplasm, and NrfA, a periplasmic reductase that acts on both nitrites and NO directly
[39,119]. Interestingly, CgB is induced upon NO/nitrite stress specifically, and is not
produced in response to superoxide [39]. NrfA conversely, is constitutively expressed
and neutralizes its substrates by catalyzing reactions that produce ammonium ions and
water [119].

Work assessing effector transcription by gRT-PCR, while quite preliminary, did generate
interesting results. WT C. jejuni NCTC 11168 increased the transcription of IL-1f, I1L-6,
IL-8, IL-10, and TNFa by a factor > 2 at nearly all time points tested between 0.5 and 3.5
hours in THP1 macrophages. Additionally, these early times of co-culture were chosen to
determine when C. jejuni causes consistent transcript induction as literature indicates LPS
significantly upregulates many transcripts within 1-4 hours of exposure to THP-1 cells
[27,135]. The increase in transcription seen is consistent with literature, as bone marrow
derived macrophages also displayed increased IL-6 and IL-10 transcription after 3 hours
of co-culture with strain 11168H. At the effector level, co-culture of NCTC 11168 with
THP-1 macrophages has been shown to upregulate secretion of IL-1a, IL-1p, IL-6, I1L-8,
and TNFa over 24 hours [63]. This indicates that increased transcription should have
occurred, seen in as little as 30 minutes with my study. It should be noted that the data
presented in Supplemental Figure 1 consists of only a single biological replicate,
however. My data indicate that if gRT-PCR work is continued, it may be beneficial to
compare transcript induction between capsular mutants at 2.5 hours of co-culture, due to
all cytokines tested having increased transcription > 2 fold at this time point.

As noted in the results section, the transcription of effectors in MQ-NCSU macrophages
was harder to assess due to issues with the gRT-PCR. Consistent Cts were unable to be
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generated between equivalent samples, and often no Cts were given, not only for the
cytokines tested in untreated samples, but also when looking at housekeeping genes and
transcription within co-cultured macrophages. While a lack of Cts may indicate that there
is little effector induction, several things point to this not being the case. The first is that
if housekeeping gene expression is not seen or is inconsistent, there is more likely to be
an issue with the PCR than a lack of appropriate transcript. Additionally, previous
literature has demonstrated that MQ-NCSU cells upregulate the transcription of IL-6, IL-
8, IL-10, IL-12, and iNOS within 8 hours of exposure to C. jejuni strain 81116 (109).
These cells have also demonstrated increased transcription of IL-1p, IL-10, IL-18, IFNy,
CXCLi2, and iNOS in response to campylobacter-derived ligands after 2-18 hours,
dependent on the cytokine (110). It is apparent that these cells are likely to increase
effector transcription in response to being challenged with Campylobacter. Several things
were attempted to solve the issue of inconsistent Cts, including increasing the number of
cells used, increasing the amount of RNA reverse transcribed, and increasing the amount
of cDNA used in gPCR. My most recent work using this technique saw stabilization and
consistency within Cts when cDNA was diluted by a factor of 3 or 9. These dilutions
likely reduce the concentration of inhibitory contaminants in any reaction, permitting
better replication. As such, if this work is continued, cDNA generated from both MQ-
NCSU and THP-1 macrophages should be diluted before gPCR. These findings will help
in comparing effector induction between mutants and between host cell lines.
Additionally, if gRT-PCR studies are continued in the lab it may be interesting to also
assess Nox1 expression to see if it correlates to the reduced supernatant fluorescence seen

in the ROS assay.

Another way of assessing macrophage activation could be through looking at the activity
of NF-kB, a key pro-inflammatory transcription factor in macrophages. One way to
measure NF-«B indirectly is to assess the relative levels of its inhibitor IkBa, which is
degraded upon a proinflammatory signalling (such as TLR stimulation) to permit NF-xB
translocation to the nucleus. Therefore, decreases in IkBa levels correspond to an
increase in NF-«B activity. This could be assessed in both human and chicken

macrophages by conducting western blots on cell lysate. A loading control such as beta
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actin would be required, and relative levels of IkBa in macrophages alone, or those co-

cultured with C. jejuni, could be assessed by densitometry.

One limitation of this study, beyond the lack of direct comparison between host
responses, is the use of cell lines. Cell lines, while useful, are considered to be less
translatable to in vitro infection than primary cells. Therefore, it may be interesting to
attempt to recapitulate the findings of this study with bone-marrow derived macrophages
or peripheral blood mononuclear cells. Particularly, what was seen with NO release, as
this indicates that both CPS and heptose play a role in the nitrite induction from chicken
cells. In addition to testing primary chicken macrophages, primary human macrophages
may show differential NO release, which could not be studied in THP-1 cells due to their
low NO production. While it could also be interesting to assess cytokine release in human
primary cells, no notable phenotype was seen with THP-1 cells, making it unlikely to see
a phenotype with primary cells. Still, THP-1 cells do express receptors differentially to
primary cells, being known to be much less responsive to bacterial components such as
LPS [20].

As a whole, this activation data indicates that the capsular heptose plays a protective role
in the induction of NO from chicken macrophages, but does not impact human
macrophage cytokine induction or host macrophage ROS induction, under the conditions
tested.

4.2 C. jejuni NCTC 11168 capsular heptose in interactions
with host macrophages.

Data presented indicate that the CPS and capsular heptose modify interactions of C.
jejuni with host macrophages, though not according to the proposed hypothesis. |
hypothesized that the capsular heptose would be protective, resulting in diminished
adhesion to and uptake by the host macrophage, while increasing the intracellular

survival of C. jejuni that were internalized.

Looking at the adhesion of C. jejuni to host macrophages and monocytes, it was observed

that there were no statistically significant differences between WT and any mutant
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lacking the heptose, indicating that the heptose does not significantly impact adhesion to
host macrophages. The MlghB and MIghC knockout mutants did have decreased
adhesion to THP-1 monocytes, indicating that normal expression of these genes may
slightly increase bacterial adhesion to the host monocyte membrane. gPCR conducted by
Wong et al. indicates that these two mutants upregulate the expression of ¢j1429 by > 18-
fold, which may be the cause of these phenotypes as the function of this unknown gene
may alter other surface properties in these mutants [173]. Additionally, the presence of
the CPS diminished adhesion to chicken, but not human, macrophages. Interestingly,
when viewed with other presented data, the CPS diminishes adhesion but results in
increased NO release from MQ-NCSU macrophages. In line with the behaviour of
chicken macrophages, the absence of the CPS has been shown to increase adhesion to
Caco-2 cells relative to WT [173]. The magnitude of this phenotype is much larger for
Caco-2 cells than MQ-NCSU cells, with the KpsM mutant binding at roughly 600% and
400% compared to WT in each cell line, respectively. This work also demonstrates that
the presence of the capsular heptose does not impact adhesion to either human Caco-2
intestinal epithelial cells or murine Raw 267.4 macrophages [173].

The increased binding of the acapsular KpsM mutant may occur for several reasons. The
first reason is that the lack of the capsule increases exposure of other surface factors.
These factors may bind scavenger receptors on the host macrophage cell surface,
promoting adhesion. Many bacterial adhesins are also likely to have greater exposure to
the environment, further permitting C. jejuni to bind to the host cell. Finally, the KpsM
mutant has been demonstrated to have increased agglutination due to the exposure of
adhesins, so it is possible that clusters of bacterial cells are binding to the host membrane,

increasing the number of adherent bacteria enumerated [173].

It should be noted that many controls were used to ensure the validity of the phagocytosis
assays. To ensure that the inoculum of each mutant was consistent with the inoculum of
the WT, input suspensions were spot-plated and enumerated. Statistical analysis revealed
that the inoculum of any mutant did not differ significantly from WT, in all assays
conducted. Likewise, samples of co-culture supernatants were taken to examine if co-

culture conditions (media alone or in the presence of macrophages/monocytes) impacted
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bacterial viability. In no assay did any mutant differ between their initial inoculum and
the CFU concentration found in the co-culture supernatants. This ultimately indicates that
phenotypes observed are due to the functioning of the bacteria and not a difference in
inoculum, or a change in bacterial viability. Macrophage cytotoxicity should also not be a

confounding factor as seen with the LDH assays conducted when assessing activation.

One comment about this assay is that it may be beneficial to further limit internalization
beyond what was done with the current methodology. Here, adherent bacteria were
enumerated by co-culturing at 4°C, which should limit cytoskeletal rearrangement. This,
however, is likely to be more effective in cells that are not professionally phagocytotic, as
these cells have much lower phagocytic capacity than macrophages. As such, it may
prove useful to further limit internalization using a chemical inhibitor such as dynasore.
This inhibitor targets dynamin, a GTPase involved in clathrin mediated endocytosis, and
internalization during phagocytosis [121]. While the addition of dynasore may be a
refinement, no phenotype was observed in the presence or absence of the capsular
heptose under the conditions tested in several cell lines, making the addition of dynasore
unlikely to yield positive results. Additionally, similar methodologies to that used in this
study are present in literature, demonstrating a great decrease in the internalization of
bacteria by host macrophages and neutrophils at reduced temperatures [118,173].

Assessment of uptake by host macrophages revealed that the production of the CPS is
protective to strain NCTC 11168, in that it decreases uptake by THP-1 macrophages.
Conversely the addition of MeOPN is detrimental, causing higher uptake when produced
in high quantities. The trend of elevated uptake for mutants with increased MeOPN
addition, or diminished CPS, was also seen in the THP-1 monocytes and MQ-NCSU
chicken macrophages, though significance was not achieved. Finally, the MilghB and
MIghC mutants displayed roughly 1 log lower uptake by MQ-NCSU macrophages
compared to WT after 3 hours, again indicating that the upregulation of ¢j1429 may be
protective in this context. While it was hypothesized that the capsular heptose is
protective, decreasing uptake, it is now apparent that the CPS and addition of MeOPN

that alter these interactions, specifically in human macrophages.
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For Raw 267.4 murine macrophages, it was found that the acapsular KpsM knockout
mutant was taken up at significantly higher levels than WT, indicating that the capsule
generally decreases internalization by host macrophages [173]. No differences in Raw
267.4 uptake were seen for the other mutants tested, contrasting the finding that increased
presentation of MeOPN augmented uptake by human macrophages. This, compounded
by the difference in overall trends, indicates there is likely a degree of host specificity in
how macrophages respond to C. jejuni expressing a modified capsule. Intriguingly, the
MIghB and MIghC knockout mutants were unable to invade human intestinal epithelial
cells, paralleling the 1 log reduction in uptake by chicken macrophages [173]. Uptake by
these cells was also significantly increased in WcaG and WcaGA mutants, mirroring the
phenotype exhibited by human macrophages. However, the acapsular mutant
demonstrated the greatest uptake in human intestinal epithelial cells, while never

surpassing uptake of WcaGA in human or chicken macrophages.

Data presented also affirm what was established with strain 11168H in human and
chicken bone marrow derived macrophages. In this strain, when MeOPN synthesis is
inhibited, both human and chicken macrophages exhibited decreased bacterial uptake
[73]. This mirrors the increased uptake of the WcaG mutant by THP-1 macrophages,
which produces a high abundance of MeOPN containing CPS, where WT does not.
However, while the lack of the NCTC 11168 CPS resulted in a notable rise in uptake of
all cells tested, the loss of the 11168H CPS did not alter uptake of this strain by host
macrophages. This may be due to the fact that 11168H CPS contains MeOPN, while the
NCTC 11168 CPS is devoid of it (though it possesses the machinery to produce and add
MeOPN, as demonstrated in the capsular heptose mutants). The loss of the protective
CPS may be balanced out by the loss of the detrimental MeOPN, creating WT-like

output.

When looking at intracellular survival, data from the KpsM mutant indicates that the C.
jejuni NCTC 11168 CPS decreases bacterial survival in both human and chicken
macrophages, with this finding being specific to the earlier 1-hour time point for THP-1

cells. The increased survival of the WcaGA knockout mutant, which has lower CPS
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expression than WT, mirrors this. The MighB and MIghC mutants had diminished uptake
by MQ-NCSU cells, but WT-like enumeration in the survival assay. This potentially
indicates knockout of these genes (or the increased expression of ¢j1429) decreases both
uptake and killing, causing this WT-like enumeration. THP-1 monocytes behaved
similarly in the survival assay, with the MighB and MIghC knockout mutants having a ~1

log reduction in survival at the later 3-hour time point.

As with the uptake assay, differences were seen from what was previously established
with murine macrophages, pointing to host specificity in the clearance of C. jejuni. The
CPS displayed no ability to modify bacterial survival within Raw 267.4 cells, but
diminished survival in human and chicken macrophages [173]. Likewise, capsular
modifications were shown not to impact survival in murine macrophages, while the
expression of MIghB and MIghC insignificantly altered the survival within human
monocytes. Strain NCTC 11168 was shown to survive somewhat differently compared to
strain 11168H. The 11168H capsule does not affect survival within chicken bone marrow
derived macrophages, but was shown to diminish survival in human bone marrow
derived macrophages 3 hours after gentamicin treatment [73]. In line with my findings
however, a lack of MeOPN did not notably impact survival of 11168H in human or
chicken macrophages, and the highly MeOPN expressing WcaG mutant did not display

altered survival compared to WT in tested human or chicken macrophages.

The overall trends of the acapsular KpsM mutant in chicken macrophages are interesting,
as this mutant displayed significantly elevated levels of adhesion and survival, but only a
trend of increased uptake. The elevated adhesion likely leads to increased uptake, which
in turn leads to increased enumeration during the survival assay. The difference between
the WT and KpsM mutant is most notable in the survival assay however, with the
difference in CFU/mL output being roughly 2 logs at the 3-hour time point. This
indicates that the lack of a CPS confers a significant advantage within these cells. While
not expected, with capsules typically providing resistance to phagocytosis, there are
reasons why this would occur. Increased survival may arise because the lack of a CPS
increases aggregation of the KpsM mutant. These bacteria could then bind in higher

numbers due to clumping but have higher survival due with aggregates being less
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accessible to the cytotoxic components produced by the host macrophage. Data presented
also demonstrate that MQ-NCSU cells produced less NO in response to the KpsM mutant
than WT. As NO is an antimicrobial compound, logic holds that a significant reduction in
NO production would confer an increase in intracellular survival. Additionally, the lack
of NO production in THP-1 macrophages may indicate why increased survival of the

KpsM mutant was not seen at the later time point tested.

One interesting future direction for this study would be the development of a ¢j1429
knockout mutant. As demonstrated, the MIghB and MIghC knockout mutants lead to
notable, though insignificant reductions, in adhesion to and intracellular survival in THP-
1 monocytes, and uptake by MQ-NCSU macrophages. These mutants both upregulate
cj1429 transcription, a presently uncharacterized gene that is thought to be involved in
capsular biosynthesis due to its placement within the NCTC 11168 genome [30].
Generating a knockout mutant of this gene, as well as potential double knockouts in the
mlghB/C mutants that upregulate its transcription, may be beneficial for several reasons.
Firstly, it may permit characterization of this gene, allowing study of how its expression
alters the production and composition of the CPS. Secondly, it will allow for comparison
both to WT and other mutants in the assays presented within this thesis. This would
create an understanding of how altered cj1429 transcription affects the virulence of

NCTC 11168 and impacts the behaviour of the currently characterized mutants.

A limitation common to the phagocytosis assays is the lack of endogenous opsonins
during co-culture. Opsonization is a process in which microbial surfaces are coated with
host factors to better permit recognition and phagocytosis by immune cells [158].
Opsonization increases the sensitivity of host macrophages to pathogens, and as such
greatly increases the rate of phagocytosis. Therefore, if opsonization is differential
between WT C. jejuni and capsular heptose mutants, the phagocytosis of these bacteria
may differ from non-opsonized conditions. Adding opsonins to the phagocytosis assays
may not only display more notable or differential trends from what was observed, but
could also convey how the CPS and capsular heptose impact resistance to opsonization.
One technique to permit opsonization would be to incubate C. jejuni in media containing

heat-inactivated autologous serum (human or chicken depending on the cell line) before
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co-culturing with host macrophages [103]. Another method would be to coat C. jejuni
with a nonspecific lectin and then use an anti-lectin antibody as an opsonin. This works
as the Fc (fragment crystallizable) portion of a given antibody can be bound by Fc
receptors on host macrophages, acting as an opsonin [158]. As such, opsonization may be

an interesting next step in this study.

In addition to enumerating mutants to assess differences in phagocytosis, a potential
future direction would entail tracking the phagocytosis of C. jejuni by host macrophages
using fluorescence microscopy. Using labelled C. jejuni, as well as Lysotracker staining
coupled with immunostaining of host cell lysosome-associated protein 1 (LAMP-1), the
localization of bacteria within mature, acidic phagolysosomes can be determined [41].
Differences in compartmentalization would occur most likely with the acapsular mutant,
being the one to display differential intracellular survival most notably. C. jejuni could be
labelled with eFluor-670 dye to not only visualize the bacteria, but also to assess
proliferation within the host macrophage. This dye is diluted as cells divide, providing an
indication of proliferation. No significant differences in survival were seen between the
1- and 3-hour time points of the intracellular survival assay for any mutant, indicating
little death between these time points. C. jejuni strain 81-176 has previously been shown
to survive within human epithelial cells by avoiding trafficking to the lysosome, though
human and chicken macrophages have demonstrated C. jejuni clearance within 24-48
hours [108,167,168].

Overall, significant differences between capsular heptose mutants and WT indicate that
the NCTC 11168 CPS acts to diminish adhesion to and survival within chicken
macrophages. The CPS also diminishes uptake by human macrophages, as well as
survival early after internalization. Additionally, increased presentation of MeOPN to the

CPS increases uptake by human macrophages.

4.3 Capsular heptose biosynthesis enzymes are able
to interact physically
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Data presented indicate that enzymes within, and between, the Ddah and MIgh pathways
are able to interact physically. SPR interactions between DdahA, B, and C indicate that
these three enzymes can interact in a pairwise manner, but the binding of any two of
these enzymes limits the binding of the third. The higher the signal obtained in the
interactions between the DdahA/B complex, the less DdahC could bind when
subsequently injected. Likewise, the formation of the DdahA/C or DdahB/C complex
completely prevented a rise in signal when the third enzyme was injected. This was likely
the result of much higher DdahC concentrations saturating the analyte, however, this still
demonstrates the lack of displacement when the third cognate enzyme is injected. The
DdahA/C complex seemed to be the most stable with an estimated Kp value at an order
of magnitude of 10° M, compared to 10 M for the DdahA/B complex and 10~ for the
DdahB/C complex. This likely indicates that these three enzymes bind using a common
domain, so that when two enzymes interact, their binding domains are hidden from the

third enzyme.

Interactions within the Migh pathway again revealed that all three enzymes, WcaG,
MlghB, and MIghC, can interact. Here it appeared that the initial oxidase WcaG was able
to bind tighter to the final enzyme MIghC than to MiIghB, with Kp values in the orders of
10°t010®M and 10°to 107" M respectively. MIghB also bound to MIghC with an
estimated Kp in the order of 10”7 M, with a WcaG injection not causing a rise in signal
after the formation of the MIghB/C complex. Data provided also demonstrate binding
between DdahA and MIghB or MIghC, with stronger interactions seen with MighC
(estimated Kp of 10 to 10°° M compared to 10" M for MighB), following the trends
demonstrated with WcaG. DdahB and DdahC demonstrated interaction with WcaG, with
DdahC exhibiting higher binding. This finding is harder to draw conclusions on however,
as DdahC was injected at higher concentrations and has a greater mass, with both
enzymes added after MIghB and MIghC already bound to the ligand. Overall, this work
demonstrated that the epimerase MIghB interacts weakly with the initial enzyme in either
series and with MIghC, relative to the interactions seen between DdahA or WcaG and the
ultimate reductase MIghC. It appears likely that MIghB and MIghC are able to bind to
DdahA at the same time. As such, it is possible that these three enzymes form a complex



109

together, in which each interacts using a unique set of binding domains (Figure 20B), or
that MIghB and MIghC formed separate complexes (Figure 20D). This is also possible
for the oxidase WcaG, either binding MIghB and MIghC at the same time, or forming
separate pairwise complexes. It was demonstrated that WcaG cannot effectively displace
the MIghB/C complex at the concentrations tested (Figure 20C), and thus if a tripartite
complex forms on WcaG, it would have to be in an orientation that does not permit the

direct interaction between MighB and MIghC, as seen in Figure 20E.

Data from the Ddah pathway may seem to conflict with the proposed hypothesis that
these enzymes interact in order to engage in substrate channeling, thereby protecting
pathway intermediates. In this pathway, there was not a trend in tighter interactions, or
decreasing Kp values following the sequential order in which these enzymes modify the
precursor heptose. The DdahA/B and DdahA/C complexes were stronger than the
DdahB/C complex. Additionally, data demonstrates that, under the conditions tested, the
addition of the third enzyme to the pairwise complex of any two other enzymes does not
cause great displacement. However, it should be noted that the substrate was not present
in these analyses, which may greatly impact the flow of product between enzymes. For
example, the DdahA/B complex may have high affinity in the presence of the DdahA
product GDP-6-deoxy-4-keto-D-lyxo-heptose, but when acted on by DdahB to form
GDP-6-deoxy-4-keto-D-arabino-heptose, affinity may decrease, permitting the formation
of the DdahB/C complex. This may also be the case in the Mlgh series, with the
WcaG/MlghB and MIghB/C complexes having Kp values with the same order of
magnitude, in the absence of substrate. As such, it will be beneficial to study interactions
in the presence of substrate. Masters’ student Brian Yang has been working diligently to
produce the precursor sugar GDP-D-glycero-D-manno-heptose, though a high yield stock
has not been generated as of writing this section. Until then, a surrogate sugar GDP-
mannose can be used in interactions, though it is not the preferred substrate and is
catalyzed much slower than GDP-D-glycero-D-manno-heptose. This could however
provide the opportunity to preload the substrate onto the ligand prior to immobilization,
allowing assessment of how its presence (with limited catalysis) impacts interactions

between enzymes.
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The finding that the reductases (DdahC and MIghC) can interact with WcaG gives
credence to a thought proposed in the article where these enzymes were first
characterized. Here it was hypothesized that WcaG and DdahC are able to interact in
some way, as the addition of DdahC to a reaction mixture greatly increased the activity of
WcaG, independent of the amount of product produced by DdahC [96]. As such, it is
possible that even though the reductases are not sequential to the WcaG oxidase in the
reaction pathway, the presence of DdahC or MIghC increases flux through the oxidase.
This may result from an interaction between enzymes causing some conformational
change, or stabilizing interactions between WcaG and the epimerases, further permitting
channeling. This would be beneficial in strain NCTC 11168 as it would result in greater
6-O-Me-L-gluco-heptose production. In strain 81-176, increased flux through WcaG
would result in a higher production of heptose with a 6-hydroxy moiety, the proportions

of which have not been quantified relative to 6-deoxy-D-altro-heptose.

There were some limitations to this study that caused analysis to be mostly qualitative.
As noted in the results section, many solutions were used in an attempt to regenerate,
stripping analyte from ligand. Because of incomplete ligand regeneration or loss of
analyte activity, separate chips were used in an attempt to derive kinetic data. At most,
three dilutions of the analyte resolved proper signals, meaning accurate determination
could not be completed. While more runs can be conducted with carboxyl chips, which
covalently immobilize the ligand, they are not ideal as the ligand cannot be uncoupled,
meaning the chip can only be used once. As such, many chips are needed to attain
adequate data, especially noting that ligand immobilization is not always consistent

between experimental runs, despite proteins coming from the same stock.

One way to get more use out of the sensor chips, thereby decreasing costs and increasing
feasibility, is switching to the nickel affinity chips (NTA chips). These chips permit the
non-covalent immobilization of His-tagged proteins via the interaction of the His-tag and
nickel bound to the chip. Nickel can be stripped by chelation with EDTA and thus these
chips can potentially be reused. As noted, however, all of the enzymes purified and tested

by SPR have been His-tagged, meaning they cannot be used as analytes, because they
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would compete for binding to the chip with any ligand. One way to deal with this is by
developing constructs with TEV-cleavable His-tags, permitting non-tagged analytes to be
used. Currently, the Creuzenet lab possesses TEV-cleavable DdahB and MighB
(previously generated by Heba Barnawi [15]), meaning that an SPR experimental next
step will be the immobilization of HIS-tagged DdahA or DdahC, flowing over cleaved
DdahB. These three enzymes showed strong, clear interactions, and as such will be the
first targets from proper kinetic determination. The TEV cleavable DdahB construct has
an extra methionine and serine residue on its N-terminus compared to native DdahB, but
this should have little impact on the interactions seen due to the relatively small addition
at the end of the protein. Additionally, the His-tags, which are much larger than the MS
sequence, still permit the interactions seen by SPR. A similar experiment can be
performed using the immobilization of HIS-tagged DdahA or DdahC, flowing over
cleaved MIghB. I have also begun work to insert TEV cleavage sequences into the other
Ddah and Mlgh series enzymes, as well as remove the DdahB-TEV MS residues. No
success was obtained despite repeated attempts using primers and methods previously
reported [15,86]. To move forward, complementary primers were designed following
instructions for Aligent QuikChange Il Site-Directed Mutagenesis [3], and PCR is

currently underway by Honours thesis student Mahmoud Mahmoudpour.

In addition to attempting further analysis by SPR, it will be beneficial to confirm
interactions using other biochemical techniques such as gel filtration chromatography,
and analytical ultracentrifugation. In gel filtration chromatography, enzymes are passed
through a gel filtration column by FPLC, both individually and combined in solution. If
enzymes form complexes, fractions corresponding to the combined mass of several
enzymes will be eluted [112]. Analytical ultracentrifugation characterizes interactions by
assessing sedimentation velocity or sedimentation equilibrium of proteins in solution. Put
simply, this technique uses optics to assess the behaviour of macromolecules as they are
centrifuged, with the behaviour of these molecules being dependent on the degree to
which they interact [33]. Techniques like these require an estimation of binding affinity
however, as this is needed to determine what concentration of proteins will resolve

complexes. As such, the SPR work presented here can permit further characterization of
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the capsular heptose biosynthesis enzymes. One additional biochemical technique that the
Creuzenet lab has been pursuing is MST, which affirmed that DdahA and DdahB can
interact. Use of this technique also demonstrated the importance of substrate, with the Kp
lowering 5-fold upon the addition of GDP-mannose. This work gives more credence to
the hypothesis of substrate channeling, as this process depends on physical interactions

between enzymes to allow for the transfer of pathway intermediates.

We hypothesized that the C. jejuni capsular biosynthesis enzymes engage in substrate
channeling to limit substrate degradation in the cytosol. Though interactions between the
enzymes of the capsular heptose biosynthesis pathways have been established, and data
affirms the possibility of substrate channelling, work has not been completed to say that
substrate channelling is occurring definitively. It is important to characterize interactions
however, as physical interactions between subsequent enzymes in a biosynthetic pathway
is required for substrate channelling to occur. Beyond this, these interactions must permit
the passing of pathway intermediates from one enzyme to the next. Therefore, to determine
if physical interactions between enzymes are important for pathway efficiency, Creuzenet
lab plans to create binding mutants for partners identified by SPR. The crystal structure of
the capsular heptose biosynthesis enzymes has recently been elucidated through
collaboration with the Naismith group [15]. In silico docking studies can be conducted to
determine which residues are important for interfacing between binding partners.
Additionally, this analysis will help determine the probability of electrostatic guidance and
intramolecular tunnel formation [37,137,169]. Once the residues that impact binding are
determined, mutants can be generated, and their binding capacity can be assessed using

biochemical techniques such as SPR or MST.

To assess if altered protein-protein interactions affect pathway efficiency, reaction
mixtures containing groups of wild-type enzymes, or binding mutants, will be created and
product quantity can be assessed via capillary electrophoresis. | expect that reaction
mixtures containing binding mutants will have lower heptose output than mixtures
containing the wild-type enzymes, due to the increased degradation of pathway

intermediates. Another means of studying the importance of physical interactions in
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product formation would be to physically immobilize the enzymes in a reaction mixture,

forcing intermediates to diffuse between active sites [152].

Overall, data presented in this thesis indicates that the enzymes of the Mlgh and Ddah
capsular heptose biosynthesis pathways are able to interact physically, with subsequent
testing needed to further characterize these interactions, both in terms of how strong

binding is, and how interactions impact heptose production.

4.4 Overall significance and conclusions

Campylobacter jejuni is one of the leading causes of gastrointestinal disease worldwide,
and with growing concerns of antibiotic resistance, it is likely that this pathogen will only
pose a growing threat in the future. As such, it is imperative to characterize bacterial
virulence factors, as even a mechanistic understanding of virulence factor production, or
the impact of virulence factors on the interface with host cells, has the potential to shape
treatment and prophylaxis. As stated in the introduction, the ultimate goal of this research
would be to perturb the production of virulence factors in C. jejuni residing commensally
in chickens, such that transmission to humans is reduced. While research is not at that
stage, inquiry has revealed how modifications to the NCTC 11168 capsule impacts the
behaviour of host macrophages, and provides further insights into capsular heptose

production.

Overall, in this thesis | have characterized interactions between capsular heptose
biosynthesis enzymes, and have assessed how the NCTC 11168 CPS and capsular
heptose impact the interaction between C. jejuni and host macrophages. | provide
evidence that enzymes within, and between, the Ddah and Mlgh capsular heptose
biosynthesis pathways can interact physically, and that these interactions are likely
modified by the presence of substrate. | also saw that live WT induced NO in chicken
macrophages, while lowering the induction of intracellular ROS from human and chicken
macrophages. The capsular heptose decreased nitrite induction, while the presence of the
CPS increased nitrite induction, though neither impacted ROS levels. WT induced the
transcription of IL-1p, IL-6, IL-8, IL-10, and TNFa, and caused notable increases in the
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secretion of proinflammatory cytokines IL-1a, IL-1p, IL-6, IL-8, IL-18, TNFa, and the
anti-inflammatory cytokine 1L-10, from THP-1 macrophages. Analysis revealed that the
presence of the CPS or capsular heptose did not affect the induction of any tested
cytokine. Looking at interactions between C. jejuni and host cells revealed that the NCTC
11168 CPS acts to diminish adhesion to, and survival within, chicken macrophages. The
CPS also diminishes uptake by human macrophages, as well as survival early after
internalization. Additionally, high levels of MeOPN presentation on the CPS impairs

uptake by human macrophages.

Overall, this work presents novel data regarding the behaviour of C. jejuni NCTC 11168
and how its uniquely modified capsule impacts interactions with host macrophages. This
furthers knowledge in the study of this pathogen and provides a scaffold for further
investigation at the intersection of strain-specific virulence, host-specific immune

responses, and mechanistically targeted treatment.
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Appendix 1: gRT-PCR figures
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Supplemental Figure 1: Fold change in the expression of THP-1 macrophage
cytokine mRNA upon challenge with WT C. jejuni. Data consists of a single biological
replicate (n=1), run with technical triplicates. 1x10° cells were co-cultured at an MOI of
200 (37°C, 5% COy) for 0.5 to 3.5 hours before being lysed with Trizol reagent. RNA
was subsequently extracted and quantitated by nanodrop. One pug of RNA was reverse
transcribed using Superscript I reverse transcriptase. One pL of the cDNA preparation
was added to PowerUp SYBR Green master mix for gPCR analysis. The fold change is
expressed relatively to samples from non-exposed macrophages.
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Supplemental Figure 2: Cycling threshold values for cDNA generated from the co-
culture of wild-type C. jejuni with host macrophages. 1x10° THP-1 (hu) or 3x10® MQ-
NCSU (ch) macrophages were co-cultured at an MOI of 200 (37°C, 5% CO,) for 2.5 or
3.5 hours before being lysed with Trizol reagent. RNA was subsequently extracted and
quantitated by nanodrop. One pg of THP-1 or 3ug of MQ-NCSU derived RNA was
reverse transcribed using SuperScript 11 reverse transcriptase (Invitrogen). Two pL of the
cDNA preparation was added to PowerUp SYBR Green Master Mix (Thermofisher
Scientific) for gPCR analysis, n=1. Graphs indicate the cycling threshold values for
chicken (A,B,C) or human (D,E,F) cDNA amplified with primers targeting
GAPDH(A,D), RPL37a (B,E), or IL-6 (C,F). Graphs depict the cycling profiles of
chicken (G) or human (H) cDNA over 40 cycles. CJ= C. jejuni.
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Supplemental Figure 3: Cycling threshold values for cDNA generated from the co-
culture of wild-type C. jejuni with host macrophages, rerun with modifications.
MRNA was prepared and reserve transcribed as in figure 10. Chicken (ch) cDNA was
diluted by a factor of 3 or 9 after which 2L of these samples were amplified with primers
targeting GAPDH (A) or RPL37a (B). Two pL of human (hu) cDNA was amplified with
primers targeting IL-6 (C) or TNFa (D). Graphs depict the cycling profiles of chicken (E)
or human (F) cDNA over 40 cycles. CJ= C. jejuni.
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Appendix 2: Macrophage clearance work accomplished by

Daniel Zimmermann
Supplemental Table 1: Macrophage clearance data generated by Daniel

Zimmermann.

Assays

# of
WT

repeats

# of
MIighB

repeats

# of
MighC

repeats

# of
WcaG

repeats

# of
WcaGA

repeats

# of
KpsM

repeats

THP-1 adhesion,
inoculum, macrophage
and monocyte output, 30
min macrophage control,
30 min monocyte control,
30 min media only
control

n=6

n=3

n=3

n=3

n=3

n=1

THP-1 uptake inoculum,

inoculum, 1- and 3-hour

macrophage controls, and
the 1- and 3-hour
macrophage output

n=7

n=5

n=5

n=4

n=4

n=2

THP-1 uptake 1-hour
monocyte control, 1- and
3-hour monocyte uptake

output

n=5

n=3

n=3

n=2

n=2

n=2

THP-1 uptake 3-hour
monocyte control

n=5

n=2

n=2

n=3

n=3

n=2

THP-1 uptake 1- and 3-
hour media controls

n=4

n=4

n=4

n=3

n=3

n=0

MQ-NCSU uptake
inoculum, 1- and 3-hour
macrophage controls, 1-

and 3- hour uptake output

n=3

n=3

n=3

n=3

n=3

n=3

THP-1 survival
inoculum, 1- and 3-hour
monocyte survival output
and 1 hour macrophage
survival output

n=7

n=4

n=4

n=2

n=2

n=1

THP-1 survival 3-hour
macrophage survival
output

n=7

n=3

n=3

n=2

n=2

n=1

THP-1 survival 2-hour
media only control

n=5

n=3

n=3

n=4

n=4

n=2
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