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Abstract

Neisseria gonorrhoeae (Gc), the obligate human pathogen responsible for gonorrhea, has drastic
consequences on reproductive health, if left untreated. Although, vaginal infection in wild-type
mice can simulate asymptomatic colonization, important host-specific factors essential for human
infection are overlooked. | utilize mice expressing human CEACAM3, CEACAMS5, and
CEACAMBG, to reveal factors promoting mucosal colonization. By serial passaging Gc in the
lower genital tract of these mice, | demonstrate a higher proportion of mice colonized in
subsequent infections, suggesting selection for bacteria better capable of colonization. No changes
in susceptibility of bacteria to low pH, complement-mediated killing or antimicrobial peptides,
MCRAMP and mBD-1, were observed. Finally, a genome-wide analysis identified mutations
acquired by in vivo adapted isolates. One mutation has previously been investigated as a promising
vaccine target, validating the infection model and screening process. Further examination of other

identified changes may provide insight into the Gc lifestyle within the genital mucosa.
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Chapter 1 — Introduction




1.1 — Disease

Neisseria gonorrhoeae (Gc) is a Gram-negative, diplococcus bacteria that is the causative agent
of the sexually transmitted infection (STI) gonorrhea. With a worldwide incidence rate of 106
million cases reported annually, gonorrhea is the second most prevalent bacterial STI*. Although
infections occur in both sexes, there are several gender-specific differences in terms of disease

manifestation, immunological response and bacteria-host interactions?.

The initial site of Gc infection is typically mucosal tissue of the male urethra or female endocervix.
In men, the onset of symptoms typically arise within 2-14 days post-exposure®. The characteristic
symptoms include pain during urination and a purulent urethral exudate containing a large
population of gonococci associated with polymorphonuclear neutrophils (PMNs). Without
treatment, bacterial infections can result in epididymitis and sterility. Conversely, 80% of females
are asymptomatic*. Humans are the sole natural host of Gc; therefore, asymptomatic colonization
in females is advantageous for maintaining bacterial populations that can be transmitted to other
individuals. Moreover, in the absence of symptoms, most women do not seek treatment, leading
to prolonged infections and, often, ascension of Gc into the upper genital tract. The resultant
complications include pelvic inflammatory disease (PID), ectopic pregnancy and sterility as the

inflammatory response to Gc inadvertently damages the infected tissue

Other frequent sites of natural infection include the human nasopharynx and rectum. Infection of
the oral cavity has been implicated in increasing antibiotic resistance. Neisseria sp. are naturally
competent for genetic transmission by neisserial DNA and some strains actively export their own
DNA by the Type IV secretion system>8. Since the nasopharynx contains various commensal
Neisseria species and, occasionally Neisseria meningitidis nasopharyngeal colonization provides
an opportunity for the Gc to acquire beneficial genetic material such as genes encoding drug

resistance.

Exposure of Gc into the conjunctiva of babies during exit of the birth canal can result in blindness,
if left untreated. Additionally, Gc is capable of causing disseminated gonococcal infection if it

migrates to other regions of the body resulting in septic arthritis, meningitis and endocarditis.

1.2 — Treatment options
Treatment for gonorrheal infections during the past century has entailed the use of antibiotics.
However, throughout the decades, Gc has developed drug resistance to most major classes of

antibiotics’. Most Gc isolates remain susceptible to azithromycin, tetracycline and the third-
2



generation cephalosporin class of antibiotics, which include cefixime and ceftriaxone.
Nevertheless, in recent years, there has been a rise in the number of clinical isolates demonstrating
increasing levels of antibiotic resistance to one or more of the antibiotics mentioned above.
Cephalosporin resistance (both cefixime and ceftriaxone) has been documented in many countries
including Japan®, France® and Sweden®. Thus, in 2012, Centers for Disease Control and
Prevention (CDC), has suggested dual treatment regimens consisting of administering
azithromycin in combination with either cefixime or ceftriaxone!!. The implementation of this
regimen is to ensure the complete clearance of Gc, in an effort to reduce the spread of antibiotic
resistance worldwide. However, given that Gc strains-resistant to either one or the other of these
drugs has already emerged, this is a stop-gap measure. With the rate at which Gc has developed
resistance to all other prescribed antibiotics; the emergence of untreatable gonorrhea in upcoming
years is an urgent global health concern. Since there is presently no vaccine available for the

prevention of gonorrhea, there is an urgent necessity to identify novel vaccine and drug targets.

1.3 — Bacteria-host interactions

As previously mentioned, Gc is a human-restricted pathogen with no other natural reservoir.
Consequently, Gc has become extremely adept at survival within the urogenital tract of humans.
The bacteria-host interactions associated with infection are complex, such that Gc is capable of
evading the host immune response yet, in other instances, it is also capable of triggering a massive
inflammatory response (Figure 1). These differences can be further exemplified in the

progression of disease manifestation in males and females.

1.3.1 — Virulence factors

Through evolution alongside humans, Gc has developed mechanisms with the sole purpose of
promoting survival in their mucosal niche, including some that directly contribute to disease. For
Gc, virulence factors aid in bacterial pathogenesis by enhancing bacterial adhesion to host
epithelial cells, manipulation of the host immune system, facilitating nutrient acquisition within
the tissues, and masking of bacteria specific surface structures to prohibit identification. Since

these are known to be important for infection, I will briefly touch on each here.

Bacterial adherence to epithelial cells is the essential first step in establishing infection. During
infection, Gc utilizes a Type IV pilus, a long filamentous extension, that functions to anchor the
bacteria onto epithelial cells. Subsequent retraction of the pilus allows for the bacteria to interact
with the host cell surface. After initial attachment, the Opacity-associated proteins (Opa) facilitate

3



intimate bacteria-cell interactions. Opa adhesins aid in the invasion of Gc into epithelial cells,
allowing for the transmigration of the bacteria into the submucosal space!?!3. The submucosa is
a nutrient-rich environment with limited access for bacteria. Thus, once in the submucosa, Gc is
able to proliferate without competing for nutrients and space with other commensal bacteria. The
ability to evade immune processes and access host nutrient stores within this niche are key

attributes of the Gc infectious lifestyle.

Gonococcal isolates retrieved from male clinical samples are predominantly Opa® in expression,
suggesting Opa plays a crucial role in the infection process'®. These findings can be recapitulated
in male urethral challenges, where men infected with a predominantly Opa (transparent)
inoculum become colonized by Gc that express one or more Opa proteins'*. For women, Opa
expression varies depending on the stages of the menstrual cycle. With the exception of during
menses and shortly afterwards, most Gc isolates are Opa* throughout the menstrual cycle®. In
terms of pilus expression, clinical samples are typically piliated'®, however, male urethral
challenges with a pilE mutant result in asymptomatic colonization’. These data suggest that pilus
is not required for initially establishing infection but may facilitate the development of

symptomatic infection.

Another role of virulence factors is to enable immune evasion. The immune response to invading
pathogens comprises of an innate and adaptive immune response. The innate immune response is
a non-specific, immediate response to the presence of pathogens. One component of the innate
immune response is the complement system. Activation of the complement pathway results in a
signalling cascade leading to the formation of membrane attack complexes (MAC)*. These
MACs form pores in the bacterial cell membrane, disrupting membrane integrity and ultimately
results in cell death. It has been suggested that to combat this, Gc express porin protein B1A and
B1B. Porin B proteins bind to human serum complement 4b binding protein (C4BP) and factor H
(fH), which inhibit the classical and lectin or alternative complement cascades, respectively®2°,
Without the ability to avoid complement-dependent killing, Gc would succumb to the effects of

the complement cascade immediately upon entering the subepithelial space.

If pathogens are unable to be detected by the host immune response, this is advantageous to
bacterial pathogenesis. Neisserial antigenic variation, described in the next section, allows Gc to
evade recognition of specific antigens. Another mechanism by which Gc evades detection is
through the modification of lipooligosaccharides (LOS) decorating the outer membrane of the

4



bacteria. Typically, the LOS structure in most bacteria have immunostimulatory effects and are
often targeted by pattern recognition receptors (PRR) of the host. However, the LOS structure of
Gc can quickly vary sugar moiety composition. If the LOS variant expressed terminates with a
lacto-N-neotetraose sugar group, Gc is capable of sialylating the LOS structure utilizing host-
derived sialic acid, in the form of cytidine-5’-monophospho-N-acetylneuraminic acid (CMP-
NANA)?. Sialylation is an essential part in masking stimulatory epitopes on the LOS.
Consequently, the bacterial surface mimics sialic acid residues present on mammalian host cells,
which prevents the host immune system from being able to differentiate sialylated bacteria from

self.

During infection, acquisition of nutrients, such as iron, is a key factor restricting Gc proliferation.
Iron is fundamental for bacterial growth, but iron is severely limited within all mammalian tissues
due to its effective sequestration within intracellular stores (such as associated with ferritin or
hemoglobin) and through the high-affinity iron binding proteins transferrin and lactoferrin found
in blood and mucosal secretions, respectively. To access iron, Gc express proteins capable of

binding to extracellular hemoglobin, transferrin and lactoferrin, and to retrieve their iron?.

The development of the above mentioned virulence factors, aid in promoting bacterial
pathogenesis through all stages of infection. Pilus and Opa proteins facilitate initial attachment
and entry into the subepithelial space. Iron-binding proteins assist in nutrient acquisition, whereas
sialylation of the LOS structure and binding of C4BP and fH inhibit complement-mediated killing
by the host innate immune response. In combination, all these factors play an important role in

bacterial survival.



Neisseria spp.

—Type IV pilus
CEACAM-specific Opa

a Anchorage b Tight adherence
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Figure 1. Ge-host interactions throughout various stages of infection?®. Neisseria pilus enables initial anchorage
to host epithelial cells (a), while Opa interaction with CEACAML, -5 and -6 allow for tight adherence and
transcytosis of bacteria in the submucosa (b and ¢). Presence of CEACAML on endothelial cells and host
immune cells promote systemic infection (d) and immunosuppression and inhibition (e and f). Conversely,
CEACAMB3 expression on neutrophils results in phagocytosis and bacterial killing (g).

1.3.2 — Antigenic and phase variation

The ability of Gc to be able to avoid detection by the host adaptive immune system is largely due
to the ongoing modification of surface-exposed antigens. This ongoing diversification maintains
a population of bacteria that can persist as the immune response emerges, and prevents individuals

from being protected upon future exposure to even the same bacterial strain.

Well-characterized mechanisms associated with host immune evasion by Gc include antigenic
and phase variation. Antigenic variation refers to the ability to alter the sequence of expressed
proteins through genetic recombination. For instance, the major subunit in pilus is encoded by
pilE, which contains a promoter allowing for its expression®. Gc also maintains a repertoire of 19

silent pilS genes, all lacking a promoter®*. Since the variable surface-exposed sequences are



interspersed with conserved sequences that provide the structural framework of pilin protein,
portions of any pilS gene can recombine with pilE, resulting in expression of a “new” pilus

phenotype (Figure 2A)%,

Phase variation is another mechanism that can contribute to the diverse array of bacteria within
the population. In Neisseria, phase variation occurs at a genomic level due to repeat sequences
dispersed throughout the genome. During DNA replication, slip-strand mispairing frequently
results in the insertion or deletion of repeat units?®2’. Depending on the location of the sequence,
protein expression levels can vary. For example, the leader peptide of Opa proteins, is encoded
by a string of pentameric repeats (CTCTT), where changes in the number of repeat units can result
in the protein coding sequence being shifted in or out of reading frame, altering levels of
expression (Figure 2B)?8. A single gonococcus encodes ~11 Opa proteins, each of which can
independently phase on or off, and each of which alter both epitope expression on the bacterial
surface and the host cell receptor binding capacity of these bacteria®.

Not all repeats are several nucleotides long. In many instances, repeated tracts of a single
nucleotide present within the coding sequence of genes can be responsible for changes that alter
protein sequence or introduce a premature stop codon. For example, glycosyl transferases are
enzymes responsible for the formation of glycosidic bonds between sugar moieties of the LOS
structure. In the case of Gc, lipooligosaccharide glycosyl transferase —A, —C and -D (IgtA, IgtC
and IgtD, respectively) are phase variable. All three contain a homopolymeric guanine tract in the
coding sequence, where addition and subtraction of guanine leads to a frameshift and the
introduction of a premature stop codon (Figure 2C)°. An experimental male urethral challenge
demonstrated that the infectious dose (IDso) of a Gc strain expressing IgtA, referred to as in-frame,
only required 250 bacteria®*2, On the contrary, the IDso for strains with an out-of-frame IgtA was
10°. These findings further emphasize the importance of alterations to the outer membrane surface
structures on gonococcal infectivity. With the usage of whole-genome analysis, Snyder and
colleagues have identified over 100 possible phase-variable genes in Gc3; collectively, these

genes greatly contribute to the vast diversity present within the bacterial population.

Both phase and antigenic variation contribute to the constant switching of expressed intracellular
and surface exposed proteins, enabling bacteria to avoid detection by the host immune system.
Due to the continuous modifications to surface structures, antigenic and phase variation provides

a significant barrier for vaccine development due to the lack of conserved target epitopes.
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Figure 2. Methods of antigenic and phase variation in Neisseria gonorrhoeae. A) Antigenic variation of pilus
phenotype. Silent gene (green) substitution for expressed gene (blue) via recombination, resulting in new
phenotype. B) Presence of pentameric repeat sequence in promoter region of opa contributing to alteration
in level of gene expression. C) Homopolymeric-G tract in the coding sequence of IgtA, C and D, where
subtraction of one guanine results in introduction of premature stop codon (red)

1.4 — Animal models for studying Gc infection in vivo

Humans are the only known natural host of Gc, hence, studying bacteria-host interactions are
greatly hindered by the lack of a representative animal model. Although human urethral
challenges in males are permitted, this only provides insight into the first 10 days of infection, at
which point antibiotics are employed to clear the infection. In contrast, due to the severity of
complications that may arise in females, it is deemed unethical to conduct gonococcal challenges
in women. Due to gender-specific differences in males and females, a direct comparison between
advantageous genes identified in male urethral studies and genes essential for female infections
cannot be extrapolated. Essentially, this leaves a large proportion of the population, who suffer

from the highest morbidity, left unstudied.



Jerse and colleagues have demonstrated that Gc can consistently colonize the lower genital tract
of laboratory mice that have been provided exogenous estradiol and antibiotics for an average of
6-10 days®**3¢. The administration of antibiotics is used to decrease commensal microflora to
better promote the initial establishment of infection, providing an environment more amenable to

Gc colonization.

Various morphological and physiological similarities exist between the genital tract of female
mice and women, which permits mice to be an acceptable model for Gc infection. In terms of
morphology, both consist of a lower genital tract with the cervix as a distinct junction separating
the upper genital tract (Figure 3). The lower genital tract is a non-sterile environment, consisting
of the vagina and cervix. In contrast, the upper genital tract is comparatively sterile and contains
the uterus, fallopian tubes and ovaries. In mice, however, instead of a single uterine body, there
are two uterine horns. From a physiological standpoint, the vaginal pH of mice treated with
estradiol is 6.6 (ranging between 5.8-7.2)%", whilst the average human vaginal pH is 3.5-4.5%,
However, the mouse vaginal pH is more similar to the human female cervix, which is the common
site of infection in women. The human cervical pH during the proliferative and secretory stages

of the menstrual cycle, average pH is 6.8 and 6.1, respectively®.

1.4.1 — Limitations of the mouse infection model

Although the reproductive tract of female mice and humans are quite similar and are both capable
of being colonized by Gc, mice are not the natural host for Gc. Once the effects of the exogenous
estradiol subside and mice proceed through their natural estrus cycle and enter diestrus, the rapid
clearance of bacteria ensues. Furthermore, though mice may have homologues for various human
receptors that facilitate Gc interactions, many of these are not recognized by Gc virulence factors.
Thus, factors known to play a critical role in establishing infection must be taken into account
when trying to elucidate essential components required for the infection process. As previously
stated, Gc has develop many human-specific interactions. Therefore, the usage of a transgenic
mouse line expressing receptors that facilitate essential Ge-host interactions provide better insight

into factors necessary for establishing and maintaining Gc infection.



Human Mouse

Ovary
Fallopian
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horns
Endocervix Cnvix
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Figure 3. Anatomical similarities and differences between human and mouse female genital tract *°. Genital
tract of mouse and human consist of lower genital tract, where the cervix is a junction separating the
upper genital tract. One major difference between human and mouse genital tract is the presence of a
single uterine body and two uterine horns, respectively.

1.5 - CEACAM-Opa interactions

A key factor facilitating Gc-host interactions is the expression of Opa proteins. Adherence of
Opa+ Gc to epithelial cells is mediated by their binding to carcinoembryonic antigen-related cell
adhesion molecule (CEACAM) receptors*®4!, CEACAMs are present on the mammalian cell
surface, and are involved in intercellular adhesion and interactions between cells. In terms of Gc
infection, CEACAM1, -3, -5 and -6 have been implicated in bacteria-host interactions (Figure
4)*_ All leukocytes can express CEACAM1. CEACAMLI, -5, and/or -6 can be co-expressed on
epithelial cells, whereas CEACAML1, -3 and -6 are present on neutrophils?®. Binding of Opa
adhesins to CEACAML1 and -5 provides a bacterial advantage, as binding allows for the anchorage
of Gc to the epithelial cell surface and CEACAML1 binding activates phosphatases that are
immunosuppressive**#. Alternatively, binding to CEACAM3 on neutrophils, activates bacterial
engulfment, killing by pro-inflammatory cytokine expression (Figure 1). Despite Opa proteins
being phase-variable, our group has observed that a vast majority, 93%, of low-passaged clinical
isolates bind CEACAM1 and/or -5, respectively *°. Conversely, only 27% of the same isolates
bind CEACAM3 #. Consequently, these findings suggest there is positive selection for bacterial
expression of Opa protein variants that bind CEACAML and -5, but selection against those that
bind CEACAMS.

10



New name  CEACAM1 CEACAM3 CEACAMS CEACAMG
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Figure 4. CEACAM structure and expression in humans known to interact with Gc (Modified from 23).
Structure consists of none, one or more immunoglobulin constant-region-type-2-like domains and an end
immunoglobulin variable-region-like domain. CEACAMS and 6 do not contain transmembrane domains,
while CEACAML and -3 have a cytoplasmic tail.

1.6 — Thesis Objective

Gc-host interactions are intricate, where differential expression of proteins is temporally and
spatially dependent. In addition, the absence of a representative animal model that contains host-
specific receptors to Gc greatly hinders the conclusions that can be made and applied to humans.
Furthermore, no vaccine is available for treatment of gonorrhea and with the rise of multi-drug
resistant Gc, there is an urgent need to identify conserved factors that can targeted with new

vaccines or drugs.

Colonization is the critical first step for establishing long lasting infection, and is a prerequisite
both for disease and for the transmission of bacteria from one individual to another. Therefore, |
aim to reveal factors that are required for colonization in hopes that they can be targeted with
prophylactic and/or therapeutic intervention. Due to the plastic nature of Gc, | postulate that serial
passaging of in vitro-passaged bacteria within the lower genital tract of female mice will select

for bacteria with essential genes required for colonization.
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In Chapter 2, | demonstrate that serial passaging in the genital tract of human CEACAM-
expressing CEABAC mice using a lab-adapted Gc stain results in the selection for a bacterial
phenotype capable of infecting a higher proportion of mice in subsequent infection. These in vivo
passaged isolates were phenotypically distinct from the parental strain with respect to Opa and
pilus expression, and form bacterial aggregates. In Chapter 3, | assessed possible host immune
factors potentially driving bacterial selection. My findings show that bacterial survival in the
presence of low pH is normal, as is their susceptibility to antimicrobial peptides and the
complement system, suggesting that these factors do not explain the increased infection by in vivo
passaged isolates. Lastly, Chapter 4 describes my work to take advantage of next-generation
sequencing to identify genomic mutations that arose throughout in vivo passaging, which can be
implicated in the increased bacterial fitness observed. The genome-wide screen allowed for the
identification of one single gain-of-function mutation present in all in vivo passaged isolates that
was completely absent in parental and in vitro passaged isolates. This mutation is associated with
a highly conserved surface epitope shared among clinical samples. Satisfyingly, Gulati and
colleagues have recently shown vaccination against this epitope reduces time required for
clearance of infection in female wildtype mice*®. These findings support the validity of my

genomic screen and infection model.

Collectively, this work identifies various genomic mutations that can be attributed to the increased
proportion of mice initially colonized. With one of our hits currently being tested as a possible
vaccine target, there is the potential for other possible vaccine and drug targets present within our

screen.
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Chapter 2 - Selection of gonococcal isolates with
Increased bacterial fitness in the lower
genital tract of female CEABAC mice
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2.1 — Abstract

Female mice administered exogenous hormone and antibiotics are capable of being colonized by
Gc for a short period of time. With the availability of a transgenic mouse line expressing human
CEACAMB3, -5 and -6, | aimed to better understand bacteria-host interactions required to initially
establish infection. I hypothesize that serial passaging of a lab-adapted Gc in the lower genital
tract of female transgenic mice would select for bacterial phenotypes that provide a survival
advantage. Infection with a Gc isolate that had previously been mouse passaged resulted in a
higher proportion of mice being colonized, but did not extend the duration of colonization.
Differences in growth in vitro, protein expression and aggregation were also characterized. My
data suggests that in vivo passaging does select for bacteria which are phenotypically distinct from
the original infecting strain, with the adaptations advantageous for initially establishing infection.
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2.2 — Introduction

As previously described, the severity of Gc complications prohibits the use of female human
experimental challenge to study infection. Consequently, little is known about how Gc interacts
with the host upon the initial stages of infection in women. Due to the many similarities between
human and mouse reproductive tracts highlighted above, mice provide a good surrogate for
examining such interactions. Female mice undergo cyclic hormonal changes, referred to as the
estrus cycle, which is comparable to the female human menstrual cycle. In humans, the menstrual
cycle lasts ~28 days, while the mice estrus cycle is 4-5 days in duration®’. The estrus cycle can be
divided into 4 stages: proestrus, estrus, metestrus and diestrus. Each stage can be differentiated
by cell morphology and the recruitment of neutrophils, which can be identified by compound light
microscopy. Proestrus is characterized by the presence of nucleated, round epithelial cells; estrus
by stratified squamous epithelial cells; metestrus by a combination of epithelial cells and few
neutrophils; and diestrus signified by the massive influx of neutrophils* 8. For Gc infection,
estradiol is administered to promote mice entry into the estrus stage, which is more amenable to
infection than other stages. While the reason for this increased susceptibility is not certain, it is
presumed to occur because the substantial reduction in PMNs within the lower genital tract

provides an optimal environment for initial establishment of Gc infection and proliferation®.

2.3 — Results

2.3.1 — In vivo passaging of Gc increases proportion of mice colonized in subsequent
infections

Gc populations consist of a panmictic assortment of bacteria expressing different cytoplasmic
proteins and surface-exposed antigens. Therefore, | hypothesize that innate immune factors in the
lower genital tract of female CEABAC mice will select for bacteria that have a survival advantage.
Serial passaging bacteria intravaginally allows of the isolation of phenotypes that are consistently
selected for overtime, which will provide insight into what is important for establishing infection.
To distinguish advantageous traits specifically involved in increasing infectivity, Gc was also

passaged in vitro.

Vaginal lavages were conducted on 5-7 week old female CEABAC mice every day for one week
leading up to infection to track stages of estrus cycle by cytology. Once in diestrus, mice
underwent a hormone and antibiotic regimen which commenced two days prior to infection (Day
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-2). Subcutaneous injections of B-estradiol were administered on Day -2, 0 and +2 to prolong the
estrus stage of mice. Antibiotics consisted of daily intraperitoneal (IP) injections of vancomycin
and streptomycin, with the exception of two injections on Day -1. Moreover, trimethoprim was
provided orally in the drinking water. Antibiotics were administered to combat the influx of
commensal flora brought on by the B-estradiol injections, ultimately limiting competition for

nutrients and space.

For passage 1 (P1), 12 mice were each inoculated with 107 bacteria of the parental strain, a
laboratory-passaged isolate referred to as N2009 (derived from the clinical isolate MS11), and
vaginal washes were performed every two days to recover viable bacteria. On Day 2, only 2 of
the 12 mice remained colonized by the bacteria; these were denoted as M1 and M2 (Figure 5A).
In passage 2 (P2), mice were split into 2 cohorts of 4 and each was infected with either the M1 or
M2-derived isolates retrieved from P1. Upon Day 2 of infection, all mice inoculated with the M2
isolate had cleared infection, however, 3 of the 4 mice infected with the M1 isolate had viable
bacteria (Figure 5B). One mouse infected with the M1 isolate was colonized for a prolonged
period of 19 days. Therefore, for passage 3 (P3), a cohort of 8 mice were infected with bacterial
isolate M1.05 (12). Notation of the isolate denotes the origin of bacterial lineage, where M1
depicts P1, 05 signifies mouse ear tag from which P2 originated from, and (12) refers to the day
the bacterial isolate was recovered. During the P3 infection, 7 out of 8 infected mice had viable
bacteria after the second day (Figure 5C). Due to the increase in proportion of mice colonized
with bacteria in subsequent infections, these findings suggest that bacteria passaged in vivo are

better adapted for survival during the initial stages of infection.

In order to help distinguish what mutations emerged that contributed to bacterial survival in vivo,
as opposed to those adaptations that simply increase the rate of growth, the parental strain was
also passaged in vitro. These bacteria were inoculated into 5 separate culture tubes, each
containing nutrient-rich media. Cultures were sub-cultured every 10-12 hours to prevent bacteria
from reaching stationary phase, with passaging continuing for 5 consecutive days. Comparison
between the in vivo vs in vitro passaged bacteria allow for the identification of adaptations that

confer a fitness advantage solely during the infection process.
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Figure 5. Proportion of mice colonized with each subsequent passage, 2 days post infection. Mice were infected
with 107 bacteria with the denoted bacterial isolate. A) P1; mice infected with lab-adapted Gc strain MS11,
where only 2/12 mice infected. B) P2; mice were infected with either M1 or M2 isolates from P1. Mice
infected with M2 cleared infection, while 3/4 mice inoculated with M1 had viable bacteria. C) P3; mice

were infected with a P2 isolate, where (12) denotes bacterial isolates recovered from Day 12 of infection.
Proportion of mice with recoverable bacterial was 7/8.

2.3.2 — Confirmation of Gc isolation from mice

The lower genital tract of mice is a non-sterile environment where commensal microbes thrive,
therefore numerous precautions were taken to ensure that bacteria acquired from in vivo passaging
was indeed Gc. To combat this, injections of antibiotics were administered to decrease levels of

commensal flora and vaginal lavages were plated onto selective plates containing vancomycin,
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colistin, nystatin and trimethoprim. Additionally, to confirm the bacteria isolated was Gc¢, Gram-
staining was performed as a preliminary test for bacteria type and morphology. Isolates found to
be Gram-negative (pink) and diplococcus (Figure 6A) were then subject to colony PCR, with
primers specific for the Gc porA pseudogene (Figure 6B).
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Figure 6. Verification of Gc from in vivo bacterial isolates. A) Gram-staining of bacteria recovered on selective
plate from vaginal lavage. Bacteria is pink (Gram-negative) and diplococcus in shape consistent with Gc.

B) Colony PCR of bacterial isolates. Band at ~1kb indicates colonies positive for Gc, where negative
control is E. coli.

2.3.3 — Functional variation between parental, in vivo and in vitro passaged isolates

In addition to the drastic increase in the proportion of mice colonized upon infection with
previously passaged Gc isolates, one phenotypic difference was observed early in the passaging
process. Compared to the parental strain, in vivo passaged isolates had the tendency to aggregate,
while growth of parental was evenly distributed (Figure 7A). Differences in aggregation
phenotype observed suggest that in vivo passaging selects for Gc with increased intercellular
interactions. Consequently, | wanted to further investigate whether other obvious phenotypic
differences were present between parental and passaged isolates.
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Initially, I sought to determine the presence of any obvious growth differences in vitro. Parental,
in vivo, and in vitro passaged isolates were inoculated into brain heart infusion (BHI)
supplemented with 1% Isovitalex and allowed to grow at 37°C over a 20 hour timespan. Optical
density (ODsso) readings were taken every 15 mins. Consistent with our premise that repeated
passage in liquid media would select for adapted variants of the parental strain (which has
typically been cultured on solid media), in vitro passaged isolates grew slightly better than the
original parental strain (Figure 7B). Somewhat unexpectedly, the in vivo P2 isolate and 5 of 7 P3
isolates grew better than both the parental and in vitro passaged isolates. Interestingly, the other
two P3 isolates showed defects in growth compared to the parental strain, suggesting that growth

enhanced rate alone is not necessary for increased efficiency in mouse infection.

The expression of pilus and Opa are known to be essential during different phases of infection in
humans!*1. Therefore, | sought to characterize pilus and Opa expression in the passaged isolates.
Immunoblot analysis was performed on parental, P2, all isolates recovered from P3, and in vitro
isolates (Figure 7C). The parental strain expressed both pilus and Opa proteins. Fascinatingly,
the P2 isolate gained expression of a second Opa variant, while all in vitro isolates lost Opa
expression. For the in vivo re-passaged (P3) isolates, 6 of 7 were positive for the lower molecular
weight Opa variant. Conversely, all in vitro isolates did not express Opa. In terms of pilus, all in
vivo isolates appear to have lost pilin expression while, all in vitro isolates seem to express a

higher molecular weight form.
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Figure 7. Differences present between parental, in vivo and in vitro passaged Gc isolates. A) Bacterial
aggregation observed after 16 hours of growth in BHI+ISO media (Left = Media only, Middle = parental,
right = P3 isolate). Parental growth evenly distributed while P3 growth results in aggregate formation
indicated by arrows B) Growth curves over a 20 hour time course in BHI+ISO with ODsso readings
measured every 15 mins C) Changes in Opa and Pilus expression of parental, in vivo and in vitro passaged
isolates. Bars indicate mean +/- standard deviation.

2.4 — Discussion

Upon initial infection with the parent strain, clearance of Gc was very rapid in comparison to the
studies conducted by Jerse and colleagues. Jerse found wild type BALB/c mice were colonized
for an average of 6-10 days. The decrease in bacterial colonization observed could be attributed
to the use of different mouse lines. The CEABAC mouse line expresses human CEACAMS, -5
and -6. Of those, CEACAMS5 and -6 could aid in bacterial adherence, however the presence of
CEACAM3 and -6 on neutrophils can be detrimental to the bacteria because of their ability to
increase Gc clearance by neutrophils. Furthermore, the mouse background has been shown to
influence susceptibility to Gc infection. Drastic differences have been found when comparing
duration of infection and immunological responses between C57BL/6, BALB/c and C3H/HeN
mouse backgrounds: mice of the C3H/HeN background are resistant to Gc infection, with no
detectable inflammatory response, while C57BL/6 and BALB/c mice are colonized for an average

of ~6 days®. From an immunological standpoint, infected BALB/c mice had increased levels of
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pro-inflammatory cytokines and chemokines, including tumor necrosis factor alpha (TNFa),
interleukin-6 (IL-6), macrophage inflammatory protein 2 (MIP-2) and keratinocyte-derived
chemokine (KC) in vaginal secretions®. These elevations were not observed in C57BL/6 despite
the similarities in duration of infection, suggesting that successful infection and this immune
response are not necessarily linked. In the scope of my passaging experiments, the CEABAC
transgene is on the FVB mouse background. Our group has observed that wild type FVVB are less
susceptible to Gc than are BALB-c strain, but that the CEABAC transgenic mice display more
Gc association with the mucosal epithelia and have a more robust inflammatory response to
infection than for the non-transgenic FVB animals (E. Islam, manuscript in revision). While we
are convinced that human CEACAM expression increases the relevance of our infection model,
it remains difficult to attribute the differences in duration of colonization to any one of these
(mouse background, cytokine, CEACAM) factors. Further complicating a comparison between
my work and the earlier infection studies done by other groups, it is important to recognize that
the genetic variability among Gc and the phase variable nature of their virulence factor expression
makes it likely that there are numerous differences between my isolates and that used in the early
published work of others, both phylogenetically and due to ongoing passage in laboratory

conditions.

Infection with previously passaged bacteria resulted in an increased proportion of mice colonized,
however, duration of colonization was only increased in a few mice. In P2, one mouse was
infected for 20 days, at which point the mouse was euthanized. Separation of the upper and lower
genital tract tissue, followed by homogenization and plating for bacteria suggests that Gc had
ascended into the upper genital tract. For the P3 infection, | decided to use bacteria recovered
from Day 12 of the P2 infection. | speculated that this isolate was better adapted to establishing
infection in the mouse genital tract. Therefore, | would expect mice in P3 to have both a higher
frequency and longer duration of colonization. Interestingly, a higher proportion of mice in P3
were infected on the second day, but most mice, 6 of 7, cleared bacteria by Day 4. Consequently,
this indicates that bacteria previously passaged increases the proportion of mice infected but does
not impact the duration of colonization. One possibility is length of colonization requires other
human-specific host factors that are missing in our mouse model, such as human transferrin,
lactoferrin, C4BP and fH. These findings suggest a selection for bacteria that express genes which
are beneficial for the initial establishment of infection in the lower genital tract of hormone treated

mice.
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2.5 — Methods

All animal procedures conducted in this study were approved by the Local Animal Care
Committee (LACC) at the University of Toronto (Protocol #20011775), which is in compliance
with ethical and legal requirements under Ontario’s Animals for Research Act and the federal

Canadian Council on Animal Care.

Mouse strains
6-8 week old female transgenic FVB mice containing a human chromosome-derived BAC

expressing CEACAMS, -5 and -6, were used for all infection experiments unless otherwise
specified. Animals were housed in cages with sterile rodent chow, sterile water, enrichment

material, and 12 hour light-dark cycles.

Estrus cycle staging
Stages of the estrus cycle were verified by cytology. The vagina of mice between 5-7 weeks old

were washed with 30 uL of phosphate-buffered saline (PBS, Life Technologies, Burlington,
Canada) and deposited into a 96-well plate. VVaginal smears were examined under a Leica DMIL
compound light microscope (Leica Microsystems, Wetzler, Germany) at 10X objective to identify

characteristic cell types of the estrus cycle.

Antibiotic and hormone treatment
Mice in the diestrus stage were started on an antibiotic and hormone regimen prior to infection

0.6 mg vancomycin hydrochloride (Bioshop, Burlington, ON, Canada) and 2.4 mg streptomycin
sulfate (Sigma-Aldrich, Oakville, Canada) were resuspended in 200 uL of PBS and administered
by intraperitoneal (IP) injection daily from 2 days pre-infection (-2) to 5 days post infection (+5),
with the exception of two doses provided on Day -1. Trimethoprim (Sigma-Aldrich, Oakville,
Canada) was present in the drinking water at 40mg/mL for oral consumption. -estradiol (Sigma-
Aldrich, Oakville, Canada) was prepared as 0.5mg/200uL of PBS and introduced by subcutaneous

injection on Days -2, 0 and +2.

Bacterial preparation, infection and recovery
A well-characterized gonococcal strain (MS11) was used for the initial infection; this is referred

to as the parental strain. In subsequent infections, bacteria that persisted for the longest duration
was used as stated in Section 1.3. Growth conditions consisted of incubation at 37°C with 5% CO»
for 16-20 hours. To acclimate bacteria to the antibiotics used for selection during infection,
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bacteria was streaked out from a frozen stock onto GC agar (Becton, Dickinson and Company,
Sparks, USA) plates supplemented with 1% Isovitalex (ISO, Becton, Dickinson and Company,
Sparks, USA) and a vancomycin, colistin, nystatin, and trimethoprim antibiotic mix (VCNT,
Becton, Dickinson and Company, Sparks, USA) two days pre-infection. Bacteria was re-streaked
onto GC+ISO+VCNT plates on Day -1. On Day 0, bacteria were resuspended in Dulbecco’s
phosphate-buffered saline (DPBS) with calcium and magnesium (PBS**, Life Technologies,
Burlington, Canada). An inoculum of 107 bacteria in 2.5 pL PBS** per mouse was prepared and
plated to verify accuracy of bacterial preparation. Prior to infection, vaginal washes were
conducted using 30 puL of PBS™ three times. Excess fluid was removed and 2.5 pL of Gc
preparation was deposited into the vagina. Lavages were checked by microscopy to confirm mice
were in the estrus stage. Vaginal lavages were performed every two days to recover viable
bacteria. 10 puL of PBS™ was used to recover bacteria from the vagina, serially diluted, plated
onto GC+ISO+VCNT plates and incubated overnight. Bacterial enumeration was conducted after
~20 hrs and bacterial stocks were made in 50% brain heart infusion (BHI, Becton, Dickinson and
Company, Sparks, USA) and 25% glycerol (EMD Millipore, Darmstadt, Germany) and stored at
-80°C. Clearance of infection was characterized by 2 consecutive vaginal lavages that tested
negative for Gc — at which point mice were humanely euthanized by CO; inhalation and serum,
and the upper and lower genital tract tissue were collected. Genital tract tissue was homogenized
and plated on GC+ISO+VCNT plates to verify the clearance of Gc.

In vitro passaging
Five 15 mL culture tubes containing 5 mL of BHI supplemented with 1% ISO was inoculated

with the parental strain with a starting optical density at 550 nm (ODsso) of 0.05. Bacterial cultures
were placed in a 37°C shaker at 180 rpm. Every 12 hrs, bacterial stocks were frozen down and
also sub-cultured for 5 consecutive days.

Confirmation of Gc
To confirm bacteria recovered from vaginal lavages was Gc, Gram-staining was conducted in

combination with PCR analysis. For Gram-staining, a sterile pipette tip was used to select a few
colonies retrieved from each mouse and resuspended in 10 pL sterile water on a microscope slide.
Slides were air-dried, bacteria were heat killed and stained according to a BD Gram-stain Kit
(Becton, Dickinson and Company, Sparks, USA). Slides were visualized using Zeiss
AxioObserver.Z1 inverted microscope (Carl Zeiss AG, Jena, Germany) at 100X objective with

oil immersion for bacterial morphology and colour. Isolates that were Gram-negative and
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diplococcus in shape were heat killed for colony PCR. Primers for colony PCR were specific to

Gc, targeting the porA pseudogene, where presence of a ~1 kb band signified positive Gc colonies.

Comparative growth assay
Gc isolates were inoculated into BHI+1% ISO and the ODsso was taken using GENESYS™ 10S

UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham, USA). Isolates were diluted to
an ODsso of 0.1 and 100 pL of culture was loaded onto a sterile 96 well plate and covered with a
plate seal. The 96-well plate was incubated in a TECAN Infinite® 200 multimode reader
(TECAN, Ménnedorf, Switzerland) at 37°C with ODsso readings recorded every 15 mins for 20
hours. Three technical replicates were performed per plate and repeated for at least 3 biological

replicates.

Western blot
For each isolate, 108 bacteria were resuspended in 100 pL of 2% sodium dodecyl sulfate (SDS) +

10% B-mercaptoethanol (Sigma-Aldrich, Oakville, Canada) and incubated at 95°C for 5 mins.
Samples were loaded onto a 12% polyacrylamide gel and run at 120 V. The gel was transferred
onto a polyvinylidene fluoride membrane (GE Healthcare Life Sciences, Mississauga, Canada)
and immunoblotted with appropriate primary and secondary antibodies.
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Chapter 3 — Effect of selected host immune factors with
the potential to driving bacterial selection
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3.1 — Abstract

Gc encounters numerous innate immune factors upon inoculation into the lower genital tract.
Factors such as low pH, presence of antimicrobial peptides and the complement system have
bactericidal activities that could promote the rapid clearance of invading pathogens. In an attempt
to elucidate the mechanism driving bacterial selection of in vivo passaged isolates, parental, P2
and a pooled P3 bacterial cultures were compared. Bacterial growth at pH 6.0-7.5 were tested and
no differences were observed between all isolates. A comparison of bacterial survival in the
presence of various concentrations of antimicrobial peptides, LL-37, mMCRAMP and mBD1, and
20% naive mouse serum determined no differences in survival between in vivo passaged isolates.
Consequently, these findings suggest that low pH, antimicrobial peptides, nor the complement

system are responsible for driving bacterial selection.
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3.2 — Introduction

Throughout the course of an infection, various bacterial and host factors contribute to the duration
of infection and the severity of pathogenesis. From the perspective of the host, the innate immune
system is the initial defense to invading pathogens. The innate immune system is non-specific,
germ-line encoded, and utilizes a number of mechanisms to combat microbes. In the case of Gc,
the typical site of infection in women is the endocervix, where common immune factors include
low environmental pH, presence of antimicrobial peptides, host complement system, and
shedding of the epithelial cell lining. Despite these typically effective defenses, Gc is capable of
thriving in such conditions through various mechanisms that prevent detection and cause a

skewing of the immune response so that it does not clear infection.
3.2.1 — Host antimicrobial factors

The innate immune response is crucial for preventing the establishment of a long lasting infection.
One mechanism for fending off pathogens is the presence of physical barriers inhibiting host
accessibility. For example, the epithelial cell lining limits access of pathogens to deeper, nutrient
rich tissue in the host. Additionally, during different stages of the menstrual cycle, constant

shedding of the epithelial cell lining eliminates pathogens that have not penetrated into tissue.

Upon initial infection, one major factor that Gc must overcome, is the low pH of the endocervical
mucus. The lower genital tract of estradiol-treated female mice is an acidic environment where
the average pH is 6.6%. In Salmonella, the bacterial LPS structure is susceptibility to acid
hydrolysis °%°1, Additionally, presence of acids such as lactic acid and hydrochloric acid increase
permeability of the outer membrane and disrupt membrane integrity of bacteria®2.

Another key factor associated with the clearance of invading pathogens in the urogenital tract is
the presence of antimicrobial peptides (AMP). AMPs are cationic peptides secreted by epithelial
and immune cells and have bactericidal activity. In mammals, AMPs can be divided into 3 classes:
defensins, cathelicidins and histatins. The amphipathic nature of defensins and cathelicidins
enables their insertion into the membrane of bacteria, thereby disrupting membrane integrity and
enabling their lysis®®*4. In the mouse genital tract, the presence of various AMPs have been
identified, including mouse cathelicidin related antimicrobial peptide (NCRAMP)® and mouse

B-defensin 1 (MBD1)% — both capable of contributing to bactericidal activity in the genital tract.
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Aside from the directly bactericidal nature of AMPs, the complement system is a major,
catalytically-driven component of the innate immune system that is instrumental in pathogen
clearance. The complement system consists of three branches: the classical, alternative and lectin
pathways. Activation of the complement system occurs through various mechanisms, where one
method is the presence of pathogen associated molecular patterns (PAMPSs). Upon activation, a
cascade of proteolytic reactions is triggered, resulting in numerous negative consequences on
bacterial survival. The downstream effects include the release of anaphylatoxins essential in
recruiting neutrophils and monocytes, opsonisation of pathogens for quick identification and
clearance by phagocytic cells, and the formation of membrane attack complexes (MACSs), which
disrupt membrane integrity of the bacteria®. Due to the potentially devastating consequences
associated with inappropriate complement activation, this system is under tight regulation. Factor
H and complement component 4b binding protein (C4BP) play major roles in inhibiting
downstream activation of the alternative and classical pathways, respectively®. The complement
system components are present in serum, therefore testing sensitivity of bacteria to serum provides
a good indication as to whether complement contributes to the clearance of pathogens. Screening
of 29 Gc strains for serum sensitivity found 21 serum resistant strains, where 16 of the 21 were
capable of binding C4BP*°. The remaining 8 strains were serum-sensitive and were unable to bind
to C4ABP®. These findings suggest that Gc is capable of binding C4BP, ultimately inhibiting
opsonisation of the bacterial cell surface with C4b.

Alternatively, the clearance of invading pathogens can be further attributed to the recruitment of
pro-inflammatory cytokines. Upon detection of pathogens, epithelial cells and other immune cells
can secrete pro-inflammatory cytokines and chemokines which recruit neutrophils and leukocytes

to the site of infection, thus, aiding in bacterial clearance.

All the factors mentioned above can have drastic consequences on bacterial survival in vivo.
Therefore, to elucidate why in vivo passaged isolates have increased initial fitness, the effects of

various innate immune factors were investigated, as detailed below.

3.2.2 — Gonococcal LOS structure

Gram-negative bacteria are enclosed in an outer membrane which is anchored to a thin
peptidoglycan layer by lipoproteins. The outer membrane comprises of lipopolysaccharides
(LPS), various surface antigens, and glycoproteins where the host immune system targets various
components to recognize host cells from pathogen. Most Gram-negative bacteria are decorated in
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LPS, which have been associated with immunostimulation, immunomodulation, and preventing
hydrophobic compounds from disrupting the inner membrane. Mutants with non-functional LPS
in N. meningitidis have demonstrated decreased virulence and pathogenicity, further emphasizing
the importance of the LPS structure in bacteria®®. The LPS structure consists of Lipid A, an inner
core, outer core, and O-antigen region. Lipid A functions in anchoring LPS to the outer membrane

of Gram-negative bacteria and is essential in stimulating the host immune response.

In the case of Gc, the outer membrane structure consists of the anchoring Lipid A, an inner core
comprising of 3-Deoxy-D-manno-oct-2-ulosonic acid (KDO) and heptose sugars, and an outer
core consisting of various linked sugar moieties (Figure 13)3>%°. The structure is truncated
relative to LPS seen in prototypical species such as E. coli, since it lacks the terminal repetitive
O-antigen and is therefore referred to as a lipooligosaccharide (LOS). As previously mentioned,
surface antigens have a crucial role in stimulation and evasion of the host immune response.
Consequently, in Gc, lipooligosaccharide glycosyl transferase A, C, D and G are capable of
undergoing phase variation, and therefore, able to manipulate the LOS structure drastically. It has
been documented that alterations in the LOS structure of Gc can have dramatic effects on the host
immune response. For example, in the absence of a functional LgtD, the enzyme responsible for
attachment of the BGalNAc to the end of the a-chain, this allows for Gc to use CMP-NANA in
the urogenital tract to sialylate the LOS structure®®-2, Sialyation of mammalian cells allows
immune cells to differentiate host and pathogen. Therefore, with the surface of Gc sialylated, this

allows for Gc to evade detection by host immune cells.

3.3 — Results
3.3.1 — Growth of parental, P2 and P3 isolates are impaired in low pH conditions

Parental, P2 and pooled P3 bacterial survival was tested under various conditions that may be
encountered during the infection process to identify mechanisms influencing bacterial selection.
All seven P3 isolates were streaked out, bacteria enumerated, pooled at equal concentrations, and
stocks made to ensure consistency over bacterial survival assays. To simulate low pH conditions
faced in the genital tract, BHI was titrated with HCI to pH 7.0, 6.6 and 6.0, and ODsso readings of
inoculated cultures was taken every 15 mins over a 14 hour time course. No significant growth
differences were observed between parental and in vivo passaged isolates at normal BHI
conditions (pH 7.5, Figure 8A), pH 7.0 (Figure 8B), and the physiologically relevant pH 6.6
(Figure 8C). At the lowest pH tested, pH 6.0, drastic growth defects were observed in all three

29



isolates compared (Figure 8D). These findings suggest that pH is not the determinant that is

driving bacterial selection in vivo.
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Figure 8. Growth of bacterial isolates in slightly acidic conditions. Parental (red), P2 (green) and pooled P3
(purple) were grown in BHI+ISO titrated to pH 7.5 (A), pH 7.0 (B), pH 6.6 (C) and pH 6.0 (D). ODsso
readings were taken every 15 mins over 14 hours. Bars depict mean +/- standard deviation.

3.3.2. — Presence of antimicrobial peptides LL-37, MCRAMP and mBD1 do not

differentially impact bacterial survival

Antimicrobial peptides are directly bactericidal to most bacteria due to their amphipathic nature,
which allows them to insert into the bacterial membrane. Comparison of bacterial survival of
30



parental and in vivo passaged isolates after incubation in the human cathelicidin (LL-37), mouse
cathelicidin-related antimicrobial peptide (INCRAMP), and the mouse 3-defensin 1 (mBD1) were
tested at various concentrations. At the lowest tested concentration for LL-37 (500nM), no
reduction in bacterial survival was observed, while increasing concentrations of LL-37 resulted
in killing of all three isolates tested (Figure 9A). Similarly, survival assays were conducted in the
presence of MCRAMP, where the lowest concentration test demonstrated no difference in
bacterial survival (Figure 9B). At 5 and 10 uM concentrations, P2 and P3 appeared to confer a
survival advantage over the parental, however these findings were not significant. Upon
incubation in 1 and 5 uM mBD1, no variation between parental and passaged isolates were
observed (Figure 9C). Interestingly, at the highest concentration, bacterial viability of P2 was
greatly diminished compared to parental and the pooled P3 isolate. This latter result is opposite
to what would be expected to enhance infection of the female genital tract and is not shared by
the subsequently passaged strains, so presumably does not explain the increased infection by this

isolate.
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Figure 9. Comparison of survival of bacterial isolates in antimicrobial peptides. Parental (red), P2 (green), and
pooled P3 (purple) isolates were incubated in the presence of LL-37 (A), mouse cathelicidin-related
antimicrobial peptide (B) and mouse p-defensin 1 (C) at indicated concentrations for 1 hour. Bacteria was
enumerated by dilution and colony counts on GC+ISO plates. Percent survival was calculated based on
CFU enumeration of untreated bacteria. Bars represent mean +/- standard deviation.

3.3.3. — Parental and in vivo passaged isolate have similar rates of survival in the presence
of naive mouse serum

The complement system is an active heat-liable component in mouse serum, where inactivation
can be achieved by incubation at 56°C for 30 minutes. Hence, this allows one to compare bacterial
survival in the presence of an active or inactive mouse complement system. 2x10° bacteria were

incubated in 20% naive or heat inactivated mouse serum for 1 hour, at which point Gc was plated
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to determine bacterial survival. There was no difference between the survival of parental, P2 and
P3 isolate in mouse serum (Figure 10). Curiously, the isolates tended to be more susceptible to
heat inactivated serum, with this difference becoming significant only in the P3 strains. Given that
the complement cascade should not be functional after heat treatment, it is unclear what could be

the cause of this bactericidal activity
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Figure 10. Comparison of survival of bacterial isolates in naive mouse serum. Parental (red), P2 (blue) and
pooled P3 (purple) were incubated in 20% naive FVB mouse serum for 1 hour. Bacteria was plated on
GC+ISO plates, enumerated and percent survival was calculated compared to untreated bacteria.
Difference in bacterial survival of P3 serum conditions were observed. Bars signify mean +/- standard
deviation, where * indicates p<0.05 by two-tail paired t-test. Statistical analysis was performed by
Graphpad PRISM 6 software.

Cumulatively, these findings suggest that low pH and the presence of mMCRAMP and mBD1 are
not driving factors in selecting for the bacterial phenotype observed initially. Although the
increased susceptibility of P3 to heat inactivated serum was unexpected, this does not provide
insight into innate immune factors responsible for the increased infectivity observed by in vivo

passaged isolates.

3.4 — Discussion

Simulation of low pH conditions was accomplished by introducing HCI to BHI media prior to
sterilization, where pH was monitored before and after autoclaving. Disodium phosphate, one of
the components in BHI, is used to buffer the media, and reduce drastic changes in pH. Gc is a
facultative anaerobe, therefore in the presence of O2, Gc generates CO; as waste products. Excess
CO:2 levels can react with H20 and produce carbonic acid, thereby contributing to decreased pH
levels. After the 14 hour time course, the approximate pH was estimated using pH test strips,
where pH levels were observed to decrease slightly. Droge and colleagues demonstrated that the

LPS structure of Salmonella was sensitive to acid hydrolysis®l. One of the resultant cleavages was
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the ketosidic bond between Lipid A and KDO®L, In the case of Neisseria meningitidis, it has been
previously shown that mutants unable to express LOS are still viable, however have reduced
growth rates and longer double times®®. These findings are reflective of the defective growth

capacity of isolates grown in media at pH 6.0.

Antimicrobial peptides can be synthesized by epithelial cells constitutively or in the presence of
an environmental stimuli, such as a pathogen. Estimated concentrations of peptide in these cells
range from 10-100 pg/mL%. Conversely, in human neutrophils, antimicrobial peptides are
synthesized during leukocyte maturation and is stored in granules®. Interestingly, mouse
neutrophils do not express defensins®® however, they do contain mMCRAMP®’. When neutrophils
encounter bacteria, they engulf the bacteria into a phagosome that fuses with granules containing
high concentrations of antimicrobial peptide. The confined space that peptides are released into
allows exposure of bacteria to highly concentrated peptide without the production and secretion
of excessive quantities. The concentration in granules are estimated to be >10 mg/mL®. In the
case of our study, the highest concentration tested was ~40 pg/mL, which is reflective of the
median concentration of antimicrobial peptides in epithelial cells. These results suggest that there

is no difference in susceptibility to the AMPs tested.

The complement system is composed of heat-liable proteins that when activated, can trigger a
cascade resulting in the formation of the MAC. The initial steps of the complement pathway result
in the formation of C3 convertases, enzymes responsible for cleavage and activation of C3 into
C3a and C3b, the latter of which can covalently link to the bacterial surface!®. An accumulation
of C3b results in the formation of C5 convertases, which are the components that cleave C5 into
C5a and C5b8. C5b is essential in the formation of MACs. Interestingly, in different mouse
backgrounds, some components of the complement system may be absent. For example, the FVB
mouse background contains a loss-of-function mutation in C5, which suggests that they are
defective in both C5a-mediated inflammation and MAC-dependent killing, while the C57BL/6
background express C5%. | have tested the effect of serum from both of these mouse lines and
observed no differences in survival. The formation of MACs is one of the possible outcomes of
activation of the complement system. Alternatively, the complement system contributes to
recruitment of neutrophils and monocytes through the release of Cb5a and C3a and is
predominantly known for its function in assisting in the identification of foreign pathogens
through deposition of C3b. Hence, these potential avenues for bacterial selection also have to be

further characterized. The unexpected susceptibility of Gc isolates to heat inactivated serum
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compared to naive mouse serum, warrants further investigation to identify the causative

bactericidal agent.

Collectively, my findings in this section suggests that selection of the more infectious passaged
isolates does not occur due to their increased resistance to acidic pH, the AMPs mCRAMP and
mBD1 or the complement system.

3.5 — Methods

Pooling of P3 isolates

The ODsso readings of all 7 P3 isolates were measured and diluted in BHI until an ODsso of 0.1
was reached. Isolates were diluted, plated, and bacteria enumerated to ensure even distribution of
all P3 isolates. Equal volumes of P3 isolates were combined in a single tube and glycerol stock

made as per Chapter 2.

Growth in low pH

Titration of BHI to pH 7.5, 7.0, 6.6 and 6.0 was achieved by the addition of HCI (VWR, West
Chester, USA) and subsequently autoclaved. The pH was confirmed again before use to confirm
that it had not changed during sterilization. Parental, P2 and pooled P3 isolates were prepared as
per the growth assay in Chapter 2. ODsso readings were taken for 14 hrs on a Cytation 5 cell
imaging multi-mode reader (BioTek, Winooski, USA).

Bacterial survival in antimicrobial peptides

Human LL-37, mM\CRAMP (AnaSpec, Fremont, USA) and mBD1 (Abcam, Cambridge, UK) were
diluted to indicated concentrations. 5x10° bacteria was incubated in antimicrobial peptides at
various concentrations or only in PBS** for 1 hr, plated and enumerated. Percent survival in

antimicrobial peptide was calculated relative to bacteria incubated in PBS**,

Bacterial survival in naive mouse serum

Female 6-8 week old FVB and C57BL/6 mice were euthanized by CO> and cardiac punctures
performed to collect blood. Blood was left at room temperature for 1 hr to allow coagulation and
centrifuged at 10,000 rpm at 4°C for 10 mins. Serum was collected, centrifuged at 13,000 rpm for

10 mins, transferred to a new centrifuge tube, and stored on ice. Heat inactivation was
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accomplished by incubation of serum at 56°C for 30 mins. 2x10° bacteria were incubated in 20%
naive mouse, heat inactivated serum or a no serum control for 1 hr at 37°C. Bacteria were plated,

enumerated, and percent survival calculated relative the no serum control.
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Chapter 4 — Identification of mutations potentially
contributing to increase bacterial fitness

37



4.1 — Abstract

Affordability and accessibility of sequencing technologies has increased the ease for scientists to
sequence and study the genome of various organisms. To elucidate potential mutations
responsible for the increased bacterial fitness of in vivo passaged isolates, a genome-wide analysis
was performed. Standard draft genomes were generated by assembly to a previously annotated
and published Gc genome. Draft genomes were multi-aligned, mutations were documented and
variants prioritized. A single mutation in the gene IgtG was present in 100% of in vivo passaged
isolates and completely absent in parental and in vitro passaged isolates. The mutation lead to a
reading frame shift, resulting in the complete transcription of IgtG for in vivo isolates. Functional
LgtG is correlated with presence of an epitope known as 2C7. In clinical samples, the 2C7 epitope
is highly conserved. Due to its conservation, it is a currently being tested as a vaccine target. Other
groups have demonstrated mice immunized with a peptide mimic recognizing the 2C7 epitope
reduces time required for bacterial clearance in mice. Collectively, these findings validate our
infection model and screening process, and imply that the other positively-selected antigens may
be suitable targets for new vaccines and/or drug therapeutic agents.

38



4.2 — Introduction

In 1995, the entire genome of Haemophilus influenzae was sequenced, assembled and annotated ™.
This event signified a major advancement in sequencing technology as it revealed the first
complete bacterial genome. At the time, the sequencing strategy consisted of: sample preparation,
Sanger sequencing, assembly, gap closure and annotation. Twenty years later, the steps remain
similar with alterations that have decreased the timeline for genome sequencing from years to

hours.

Genomic sequencing offers scientists an avenue to broaden their understanding of genes present
in the genome and the proteins they encode. However, the low throughput, time-consuming
natural, and expensive costs associated with Sanger sequencing made it impractical for whole
genome sequencing in basic research laboratories. With the development of next-generation
sequencing (NGS) platforms, such as Illumina, millions of DNA fragments can be sequenced at
once. The decrease in time required for each run is a result of pooling multiple samples and
sequencing smaller DNA fragments, where Illumina sequencers generate millions of different
reads of between 36-300 bases’t. Comparatively, Sanger sequencing has read lengths ~500 bases,
but each reaction reveals a single sequence’?. Therefore, with the massive influx of raw sequence
reads, there is a heavy reliance on better assembly programs. Although NGS is an incredibly
useful tool, a disadvantage of smaller sized fragments is the generation of numerous disjointed
contigs within a single genome during de novo assembly’3. Unfortunately, the time and expense
associated with gap closure leaves most genomes as draft sequences’®. Therefore, third-generation
sequencing platforms are aimed at sequencing longer fragments (>1,000 bases) to minimize the
number of gaps between contigs’. Moreover, a single sequencing run generates a vast amount of
data. Hence, another major focus of the field is on the development of better computer hardware

and software capable of handling data storage, processing and analysis.

At the moment, there are 5157 complete, and over 37,000 permanent draft bacterial genome
sequences available on the integrated microbial genomes (IMG) database’®. Advances in
sequencing technology in the past decade have provided scientists with an improved and more
affordable platform for answering questions that could otherwise take years. For example, with
whole-genome sequencing, scientists can gain insight into genes responsible for the pathogenic
or non-pathogenic nature of different bacterial strains of the same species. This allows for the

identification of possible genes essential in pathogenesis. In this chapter, standard draft sequences
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of the parental, in vivo-passaged, and in vitro-passaged isolates were generated to identify
genomic mutations that can be attributed to the increased bacterial colonization rate observed in
Chapter 2.

4.3 — Results

4.3.1 — Identification of mutations present in passaged isolates

Genomic DNA was obtained from the parental, P2, P3 and all in vitro passaged isolates and
prepared for whole-genome sequencing by Illumina MiSeq (2x150 nt). Upon retrieval of raw
sequence reads, quality of reads were checked by FastQC’’. The average number of total reads
per strain was 846 525. The quality score ranged from 37-38 and GC content was 51-53% (Table
1). All strains contained failure notices for the per base sequence content parameter, where
nucleotide biases were observed within the first 10 bases (Figure 11A). These results are
consistent with fragmentation biases associated with Nextera XT library preparation.
Additionally, all sequenced isolates contained warnings in Kmer content within the first 9 bases

(Figure 11B), also reflective of biases during the tagmentation process of library generation.

Table 1. Bacterial strains submitted for Illumina sequencing with FastQC basic statistics

Type of passage | Strain name | Total sequences | Average quality | %6GC Content
score

Parental N2009 422 995 38 51

In vivo passage 2 | M1.05(12) 771 410 38 52

In vivo passage 3 | M1.05.521 969 741 37 52
M1.05.580 950 679 38 52
M1.05.581 774 954 38 52
M1.05.676 475 944 38 52
M1.05.680 816 897 38 52
M1.05.691 921 338 37 52
M1.05.698 914 834 37 53

In vitro passage T1D5 827 750 37 52
T2D5 915 066 37 52
T3D5 852 147 37 52
TA4D5 1317 419 37 52
T5D5 920 187 37 53
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Failures and warnings from FastQC quality check. Raw sequence reads were imported into FastQC
to check for quality. All sequences contained failures in base sequence content (A) and warnings in Kmer
content (B), due to biases present in the first 10 bases of reads, which is due to inherent fragmentation
biases in library preparation.
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Geneious 9.0.2 was used to trim low quality sequences, pair reads, assemble and multi-align
genomic sequences. Parental and passaged isolate genomes were assembled to the published and
annotated Gc MS11 genome from NCBI using a Bowtie2 plugin. Multi-genome alignment was
performed by Geneious alignment, MUSCLE and ClustalW. A list of mutations present in three
or more passaged isolates but completely absent in the parental was generated using the Geneious
alignment and presence of mutations verified on MUSCLE and ClustalW alignments programs
(Figure 12).
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In vitro

In vivo

Locus Tag

NGFG_RS00105
NGFG_RS00175
NGFG_RS00375
NGFG_RS01300
NGFG_RS01955
NGFG_RS02510
NGFG_RS03380
NGFG_RS03385
NGFG_RS03555
NGFG_RS04180
NGFG_RS04495
NGFG_RS05380
NGFG_RS05450
NGFG_RS06310%
NGFG_RS06385 %
NGFG_RS06665
N/A
NGFG_RS07430
NGFG_RS07880
NGFG_RS08070
NGFG_RS08275
NGFG_RS08290
NGFG_RS08295
N/A
NGFG_RS08545
NGFG_RS08610
NGFG_RS09070
NGFG_RS09070
NGFG_RS09075
NGFG_RS09085%
NGFG_RS103356
NGFG_RS10335
NGFG_RS10420
NGFG_RS10590
NGFG_RS10610
NGFG_RS10640
NGFG_RS11180 *
NGFG_RS11460
NGFG_RS11460 %
N/A
NGFG_RS11510
NGFG_RS11595%
NGFG_RS11705
NGFG_RS11900
NGFG_RS11935
NGFG_RS12025
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4.3.2 — Prioritization of mutations of interest

The purpose of this study was to identify mutations that were selected for in vivo, under the
premise that these could be contributing to the increased bacterial infectivity. Therefore, while
analyzing the list of mutations (Figure 12), those present in most in vivo isolates but absent or of
low prevalence in vitro were further assessed for potential downstream effects. Six loci
(NGFG_RS02510, NGFG_RS06310, NGFG_RS06385, NGFG_RS09085, NGFG_RS11460, and
NGFG_RS11595) contained mutations in all in vivo passaged isolates with a low prevalence in
vitro, and were therefore deemed high in priority. At NGFG_RS02510, NGFG_RS06385, and
NGFG_RS09085, the mutation present consisted of a mixed consensus call, suggesting the
presence of two populations of bacteria. For example, at NGFG_RS06385, the consensus base
call of in vivo passaged isolates is A and C, while the base call of the parental strain is A. This
could suggest a mixed bacterial population, where one population contained a single nucleotide
polymorphism (SNP) encoding for a single amino acid variant. Changes in amino acid sequence
could result in a change in protein folding and consequently alterations to the binding site.
Therefore protein sequences were imported in PredictProtein, an open online resource, capable of
predicting binding motifs. Interestingly, the SNP in NGFG_RS06385 was present near a predicted
binding motif of the protein TrkA. The sequencing data reported a consensus call of a mixed
population, where all in vivo passaged isolates expressed either threonine (same as parental) or a
proline. Threonine is a polar amino acid, whereas proline is hydrophobic, therefore it is possible

this amino acid change can have drastic consequences on protein function.

Mutations NGFG_RS06310 and NGFG_RS11460 were consistent with small deletions in the
nucleotide sequence. These deletions could potentially be attributed to phenotypically-selected
errors introduced during DNA replication or in silico errors in genome alignment. Validation of

mutations by Sanger sequencing would be needed to validate the presence of these mutations.

Interestingly, a mutation at NGFG_RS11595 was present in all in vivo passaged isolates but
completely absent in all in vitro passaged isolates. The mutation was associated with the addition
of a cytidine in a homopolymeric tract in the coding sequence. The parental and in vitro passaged
isolates all maintained a consensus call of 10 Cs, however, all in vivo passaged isolates contained
a consensus call of 11 Cs. The insertion resulted in a frameshift, allowing for the complete
translation of the gene. Conversely, the parental and in vitro isolates had a premature stop codon.
The sequence coverage of the insertion region was at least 24x coverage and analysis of the raw

sequence reads indicated that ~45-70% of reads present in in vivo isolates contained 11 Cs.
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BLAST search of the genomic sequence corresponded with the lipooligosaccharide glycosyl
transferase G (IgtG) gene. To validate the nucleotide insertion, genomic DNA was extracted from
individual colonies of parental or in vivo passaged isolates and the region was submitted for
Sanger sequencing. Sanger sequencing results were consistent with whole-genome sequencing
results, where 11 Cs were present in vivo passaged and 10 Cs in parental. Moreover, immunoblot
analysis for the 2C7 epitope, which is generated in the presence of functional LgtG, further
verified sequencing results (Figure 13).

Genomic Level Functional Level

STOP

Ix>

Parental Strain 10 Cs

Parental
Anti-Gc Anti-2C7

In vitro Passaged 10 Cs > N

l Lipid A

Passage 3 — Isolate 521

In vivo Passaged 11 Cs

Anti-Gc Anti-2C7

N 4 o
Figure 13. Genomic and functional implications of mutation at NGFG_RS11595 (IgtG). In vivo passaged
isolates encode additional cytidine resulting in functional LgtG and presence of Glc-Gal (B-chain)

attachment to Hepll of Gec LOS structure. B-chain attachment was verified by an immunoblot assay for
the 2C7 epitope.

4.4 — Discussion

In this section, | took advantage of high throughput sequencing to reveal and compare mutations
acquired during in vivo and in vitro adaptations of Gc. Phase and antigenic variation contributes
to the plasticity of Gc, enabling the bacteria to undergo constant adaptation so that the population
can survive during environmental selective pressures. Consequently, one single colony would not
be representative of the entire bacterial population. Therefore, for the infection and sequencing
processes, whole bacterial populations were used as opposed to single colonies. As such, raw

sequence reads were analysed when consensus calls were variable. This allows for the
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identification of a mixture of genotypes present in the population and indicates that further
validation is required for each mutation loci. To validate mutations of interest, bacterial isolates
were streaked out onto GC+ISO+VCNT plates and single colonies re-streaked, stored and
submitted for Sanger sequencing for each locus of interest. If Sanger sequencing results

corresponded to WGS results, mutations were considered real and further analysis warranted.

Sequence quality analysis using FastQC resulted in a number of warnings in base sequence calls
and Kmer content within the first 10 bases of the raw reads. This result is expected when using
Nextera XT library preparation kits. During library preparation, DNA fragments are sheared into
smaller fragments and adapters are attached to both ends of each fragment through a process
known as tagmentation. Nextera XT library preparation kit utilizes a transposase that cleaves at a
preferred sequence, ultimately introducing low-level biases’®®. Therefore, reads have a base

sequence bias found in the first 10 nucleotides as indicated in Figure 11.

One method of prioritizing mutations of interests for single amino acid variants was through the
usage of protein prediction software to approximate the location of protein binding motifs.
Although there has been improvements to the accuracy of protein prediction resources in recent
years, accuracy of predictions is dependent on sequence similarity between query and template
sequences®’. Therefore, usage of PredictProtein was limited to narrowing-down mutations that

had already been characterized as high interest.

The most obvious mutation found in the screen was a SNP at the locus that encodes for LgtG,
since it was expressed in every in vivo passaged isolate and not expressed in the parental or in
vitro passaged isolates, and since its function had been previously assigned. The average coverage
over the mutation was 24x, which is adequate for the identification of SNPs®2. Further validation
by Sanger sequencing was conducted to ensure the mutation present on the screen is valid in the
bacterial population. LgtG is the enzyme responsible for the attachment of the $-chain onto the
LOS structure of Gc*. Consequently, expression of the B-chain results in the presence of the 2C7
epitope®, which is conserved in 95% of clinical samples®. Hence, Gulati and colleagues are
currently investigating the role of immunization against 2C7 on Gc infection. Their findings
suggest that immunizing with a peptide mimic of the 2C7 epitope enables mice to clear Gc
infection more rapidly than do unvaccinated mice*. As such, these results further validate our

infection model, selection process and screening method, suggesting that the other positively-
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selected mutations are worth exploring further since they may also represent effective vaccine and

drug targets.
4.5 — Methods

Genomic extraction
Parental, in vivo and in vitro passaged isolates were resuspended in 200uL of PBS++ and genomic

DNA was extracted by a QIAGEN DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany).
Approximate quality and quantity was checked by a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, USA). Quant-iT™ PicoGreen® dsDNA Assay Kit (Life
Technologies, Oregon, USA) was used to accurately quantify amount of dsDNA from genomic
extractions prior to library preparations.

Library preparation

Genomic DNA was prepared for whole genome sequencing by a Nextera XT library preparation
kit (Illumina, San Diego, USA). Libraries were run on a 1% agarose gel to ensure libraries were
of the correct length prior to pooling. Pooled library sample was submitted to the Donnelly

Sequencing Centre for sequencing by lllumina MiSeq.

Quality check, assembly and alignment

Raw sequence reads were imported into FastQC to assess quality and potential problems with the
dataset. All sequences were imported into Geneious 9.0.2, where sequence reads were trimmed
and pair-ended. Sequences were assembled to the reference Gc MS11 genome published and
annotated on the NCBI database using the Bowtie2 plugin with default settings. Multi-alignment
of references, parental and passaged isolates were performed by Geneious Alignment, ClustalW
and MUSCLE according to manufacturer settings. Sequence disagreements present in 3 or more
passaged isolates but absent in parental were identified using the Geneious alignment file and
mutations were verified by ClustalW and MUSCLE alignments.

Changes in amino acid sequence
Proteins encoded by NGFG_RS02510, NGFG_RS06385 and NGFG_RS09085 were imported
into PredictProtein to predict potential binding site.
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Chapter 5 — Summary and Future Directions

48



5.1 — Summary
Gc is a human-restricted pathogen that can cause devastating complications in women if left

untreated. With the absence of an available vaccine and the rapid development of resistance to
most relevant antibiotics, Gc has become a pressing global health concern. Consequently, there is
a necessity to identify new vaccine and drug targets focused on preventing initial colonization and
prolonged infection. The availability of a transgenic mouse line expressing human CEACAMS3, -
5 and -6 provides a good model for investigating the Gc lifestyle and host response during mucosal

infection.

Intravaginal serial passaging of a lab-adapted Gc strain resulted in an increased proportion of mice
colonized in subsequent infections. The in vivo-passaged isolates were phenotypically distinct
from the original infecting strain in Opa and pilus expression, and in growth rate in nutrient-rich
media. In this work, I have eliminated low pH, various tested concentrations of the AMPs LL-37,
MCRAMP and mBD1, and naive mouse serum as possible host immune factors driving the
bacterial phenotype observed, at least when considered in isolation. Therefore, a genome-wide
sequencing approach was performed to identify mutations that can be implicated in the increased
colonization rate. A single mutation was present in 100% of in vivo passaged isolates but
completely absent in all parental and in vitro passaged isolates. This mutation was associated with
the lipooligosaccharide glycosyl transferase G gene, where mutations resulted in the complete
translation of IgtG for in vivo passaged isolates. LgtG is responsible for the attachment of the 3-
chain on the LOS structure and is highly conserved in clinical isolates. As such, other groups have
demonstrated that immunization against this epitope reduces time required for bacterial clearance
in mice. When considered together, these findings imply that the LgtG modification is an

important determinant of the infectivity of Gc.

Moreover, these findings support the validity of our infection model and screening approach,
suggesting that other positively-selected factors may be equally important for Gc infection. This
makes them biologically interesting and suggests that they might provide new avenues by which

to prevent and/or treat gonococcal disease.
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5.2 — Future Directions
5.2.1 — Validation of high priority hits

The genome-wide screen identified numerous mutations absent in the parental strain but present
in most in vivo passaged isolates. While the most striking results was the complete switch in LgtG
expression off (in vitro) to on (in vivo), other loci are also enticing. For example, certain mutations
were consistently on in vivo but either on or off in vitro, suggesting that they may be useful to
establish infection and less of a fitness drain during in vitro growth. Also, there were mutations
that were on in vitro but off in vivo, suggesting that the phenotype might be helpful for unimpeded
growth but imped initial colonization. In each case, it will be interesting to explore whether a
targeted mutation in each single gene or a combination of genes could be attributed to the
increased bacterial fitness observed. To accomplish this, site-directed mutagenesis should
introduce point mutations in the original parental strain so that the specific effect of these
mutations on the bacterial phenotype can be tested. These mutants should be used to challenge

female CEABAC mice to test ability to colonize.

5.2.2 — Elucidation of mechanism driving bacterial selection

Although various possible innate immune factors were eliminated as driving selection in Chapter
3, many other possible mechanisms remain to be investigated. One aspect not examined in this
work is the contributions of neutrophils on infection. As previously mentioned, neutrophils
recognize invading pathogens, phagocytose and destroy most microbes through their
characteristic oxidative burst and degranulation of bactericidal enzymes and peptides. Mice used
in this study express CEACAM3 on neutrophils, which allows them to more effectively engulf
Gc and triggers a potent bactericidal response. Isolation of bone marrow-derived neutrophils from
CEABAC mice can allow for the assessment of differences in opsonin-independent phagocytosis
and killing amongst isolates which would reflect their relative susceptibility to neutrophils
encountered during infection. Testing bacterial survival of Gc isolates after incubation with
neutrophils would provide insight into bactericidal effects possibly faced during infection. If
neutrophils are driving bacterial selection, the parental isolate should have diminished bacterial

numbers compared to in vivo passaged isolates.

Another avenue of the host immune response that could impact Gc phenotypic selection is
variations in the levels of pro-inflammatory cytokines and chemokines recruited. To explore this,
serum collected from mice originally infected with parental and passaged isolates should be
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analyzed for differences in cytokine and chemokine profiles by enzyme linked immunosorbent
assay. Mice infected with the parental isolate should express higher levels of pro-inflammatory
cytokines and chemokines compared to in vivo passaged isolates if this mechanism is suspected

of increasing bacterial infectivity.

As described in Chapter 2, | observed increased bacterial aggregation for in vivo passaged isolates
compared to the parental. This suggests possible changes in surface exposed structures that
promote intercellular interactions. Consequently, adherence of parental and passaged isolates to
epithelial cells in the lower genital tract of CEABAC mice should be examined. To accomplish
this, CEABAC mice should be infected with the parental or in vivo isolates, euthanized at various

time points and immunofluorescence imaging performed to identify localization of bacteria.

5.2.3 — Comparison of transcriptomic and genomic hits of interest

Whole-genome sequencing is a great resource for determining where variability occurs, which
allows one to narrow focus on what might contribute to changes in bacterial fitness. However,
WGS does not provide insight into variations in the level of gene expression. Hence, RNASeq of
isolates in combination with WGS results can aid in elucidating key factors responsible for the
heightened infection phenotype.

5.2.4 — Identification of essential genes required for infection

The results of this study help to identify possible genomic mutations that are selected for during
infection. This suggests that these mutations provide a survival advantage for bacteria, however
it does not indicate that these mutations are absolutely necessary for establishing infection. To
better elucidate which genes are essential for initial colonization, a transposon mutant library
could be generated from one of the in vivo passaged isolates. Subsequent inoculation into the
lower genital tract of CEABAC mice, bacterial recovery and sequencing could ascertain genes

essential for infection.

5.2.5 — Identification of common adaptations and previously unidentified mutations
contributing to infectivity
The overall goal of this study is to identify bacterial factors that are important for establishing
infection. Therefore, comparisons between in vivo and in vitro passaged isolates allowed for the
prioritization of mutations of interest. One caveat of this approach is the potential for in vitro
passaged isolates to already have genomic mutations that are beneficial for infection but are not
selected against in vitro. If these mutations do not provide a growth disadvantage in vitro, it can
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be maintained within the genome, preventing its identification. Therefore, repeating this study
using clinical isolates that are first passaged in vitro can reveal new factors not identified here.
Additionally, the presence of common adaptations present in this study would further emphasize

the importance these mutations have on bacterial fitness.

5.2.6 — Investigation of the role other human-specific innate immune factors have on
infection

The presence of Gc-host specific factors has been emphasized throughout this thesis. In my study,
| utilized a transgenic mouse line expressing human CEACAMS3, -5 and -6, however, there are
other human factors that can contribute to the maintenance of Gc infection. For example, Gc have
been documented to bind inhibitors of the complement system such as fH and C4BP!%?,
However, Gc is unable to recognize mouse fH and C4BP, therefore the availability of transgenic
mouse lines expressing human fH or C4BP would contribute to our understanding of the role that
the complement system plays on infection. Moreover, iron acquisition is a major factor limiting
bacterial persistence. Hence, mice expressing human transferrin or lactoferrin, which the Gc can
use as iron sources within human tissues?, would allow us to compare the contribution iron to

infection.

5.3 — Conclusion

This work utilizes serial passaging of Gc in a vaginal infection model in female mice expressing
human CEACAMS3, -5 and -6 to select for bacteria better capable of establishing initial
colonization. Through the use of next-generation sequencing, | identify a list of possible genomic
mutations, where one hit is currently being investigated as a promising vaccine target. As such,
this approach represents a powerful approach to reveal and compare the adaptation of the

genetically plastic Gc within their vaginal or other infectious niches.
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